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Abstract

The solar atmosphere is structured by the evolving magnetic fields. These
structures occur on different spatial scales. On small scale - bright points with
thin boundaries have been observed. On large spatial scale - plages, sunspots
and filaments/prominences have been observed. In the large scale structures,
the magnetic field dominates and convection is inhibited. In each of these
structures the magnetic field varies spatially and temporally. The spatial
variation depends on the structures and the temporal variation depends on
the flux emergence, cancellation and shear motions of its foot points. One such
magnetic structure is solar filament which contain dense and cool (~ 10* K)
plasma embedded in the tenuous and hot corona. They normally form in
active regions, though not very uncommon in quiet regions. Filaments appear
above a boundary between the opposite polarity of magnetic fields on the
Sun, normally called as polarity inversion line. When viewed in Hea, filaments
appear to be aligned along the PIL and the field lines are mostly non-potential
in nature. Their presence is visible in the chromosphere and lower part of the
corona. The quiet filament structures are highly stable and most of them will
survive for weeks to months. On the other hand, the active region filaments
evolve rapidly and they can survive over a period varying from few hours to
days. Most often, the filament ends up with eruption associated with solar
flares and CMEs. In this thesis, I have studied a few active region filament
eruption using high resolution coronal data from ATA /SDO and ground based
Ha data from BBSO and GONG.

Filaments/prominences exhibit a variety of dynamical processes during
their formation, evolution and prior to eruption. The observation made in
multiple wavelengths around a chromospheric spectral line are used to infer
dynamical processes such as converging motions and rotational motions in
the ends of the filaments during the eruption. In this thesis, another work
is to develop a narrow band imager using Fabry-Perot interferometer, which
can provide images at the chromospheric height in the solar atmosphere and
also it is capable of producing dopplergrams to study the line-of-sight motions

during the filament eruptions. This thesis is organized as follows:
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The first chapter highlights the different trigger and instability mecha-
nisms behind filament eruptions studied in the past. I have discussed differ-
ent dynamical processes often seen during filament eruptions. This chapter
also discussed the motivation to build a narrow band imager to study the
rotational motion at the legs of the filaments/prominence during eruption.
Finally, a brief content of each chapters are presented.

In the second chapter, I have discussed about different data set used for
the observational study of the filament eruption events. A two-stage filament
eruptions associated with the active region NOAA 11444 have been stud-
ied to understand sequence of events occurred during eruptions. A detailed
study about converging motion and flux cancellation in connection with pre-
eruption brightening and bright flow at the coronal images during activation
of first phase of eruption are presented here. During the second phase of
eruption, the flux cancellations, expansion of loops, brightened cusp shaped
loops and the contraction of overlying coronal loops near the filament have
been observed. The importance of the magnetic flux cancellations, expansion
of loops, reconnection and contraction of overlying coronal loops towards the
second phase of filament eruption are also discussed in this chapter.

In the third chapter, the study of an another active region filament erup-
tion event is presented in EUV and visible wavelength regime. The filament
eruption occurred in the southern hemisphere of the Sun on 08 July 2011.
The study suggests that the emerging flux, converging motion and injection
of opposite magnetic helicity could be responsible for destabilization of the
western footpoint of the filament leading to eruption. As an interesting phe-
nomena, an anti-clockwise rotational motion in both the footpoints just after
the onset of filament eruption is observed during the eruption. In this chap-
ter, a plausible reason for the eruption in the context of observed rotational
motion has been discussed.

Primary objective of the fourth chapter is to understand the relation be-
tween the occurrence of the rotational /vortical motion observed near the ends
of the filament and eruption of the filaments. Several active region filament
eruptions are presented in details. For all the reported events, the rota-

tional /vortical motion in the photosphere near the ends of all active region
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filaments during their initial phase of eruption or at the onset phase of the fast
rise of the filament are observed. The importance of this rotational /vortical
motions at the endpoints of the filaments during their activations towards
eruptions are discussed in this chapter.

Fifth chapter describes the development of the narrow band imager (NBI)
using Fabry-Perot (FP) interferometer and an order sorting filter. The FP
and filter have been tested in a series of experiments carried out in the labo-
ratory. The NBI is capable to imaging the solar atmosphere at 6563 A chro-
mospheric Ha line. The observed data are used to produce dopplergrams at
the chromospheric height to study the rotational motion near the legs of the
filaments during its activation. At the end, I have presented several observed
filaments using NBI and made few dopplergrams of the filament region at
chromospheric height.

The last chapter provides the summary and conclusions of this thesis work.
The thesis ends with a brief descriptions of the planned future work in which

research can be carried out further.
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Chapter 1

Introduction

1.1 The Sun

The Sun is our nearest star. The Sun is a common main sequence star of
spectral class G2V. There are more than 100 million G2 class stars in our
galaxy, so the Sun is not peculiar from the astronomical point of view. How-
ever, the Sun is the only star we can observe with highest spatial, temporal
and spectral resolution. Study of the Sun aided us to understand the physical
properties of other stars. In a way Sun is the key to understand the rest of
the universe.

The Sun is in plasma state throughout with hydrogen as the major con-
tent. The structure of the Sun can be considered as a series of concentric
spherical layers, each of them characterized by a unique combination of phys-
ical processes. The center of the Sun is the nuclear burning core. Traveling
outward, one encounters first radiative zone, then convective zone and then
solar atmosphere. The solar atmosphere is divided into the photosphere, the
chromosphere, the transition region and the corona. The cartoon in Figure 1.1

shows the different layers of the Sun.
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Figure 1.1: The cartoon shows the different layers of the Sun from interior to solar
atmosphere. The solar interior is divided as the core, the radiative zone and the convection
zone. The solar atmosphere is divided as the photosphere, the chromosphere, a transition
region and the corona (Image Credit: NASA).

1.2 Solar Atmosphere

1.2.1 Photosphere

The visible surface of the Sun is called photosphere from where energy gener-
ated at the Sun’s core begins to escape into space as radiation. Photosphere
has the thickness of about 300 - 500 km. It is a region where optical depth 7,
is unity for radiation of wavelength 5000 A. The temperature at this surface
is about 6400 K. On the photosphere one can see sometimes small or big dark
regions called sunspots. Apart from these, there are convective patterns - the
granulation and near the limb one can also see bright patches called faculae.
Sunspots and faculae both have strong magnetic fields. They are the two
main photospheric activities that vary in magnitude and location with time.
Appearance of sunspots is the direct indication of solar activities. All these

features survive from a few minutes to several months. For example, faculae
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may survive for a few weeks and the sunspots last for a few hours to several

months, the normal lifetime of a granule pattern is about 3 to 12 minutes.

1.2.2 Chromosphere

The chromosphere situated just above the visible surface of the sun extends
to about 10,000 km height. Chromosphere (chromos meaning “color”) was
named by 19th century solar astronomers because of the distinct reddish (be-
cause of strong Balmer Ha emission) arcs seen in this layer during a total
solar eclipse. This layer consists of a tenuous gas having a density much less
than photosphere. The density decreases as a function of radial distance or
height from the surface. Assuming local thermodynamic equilibrium (LTE),
according to hydrostatic standard models the temperature of the solar atmo-
sphere reaches first a minimum of around 4300 K at a height of around 500 km
above the photosphere and then increases gradually to 10,000 K in the upper
chromosphere, but at the same time the hydrogen density drops by about a
factor of 10% over the same chromospheric height range. One can also see
some interesting features with appropriate narrow band optical filters in this
layer. These features are best seen in the strong Fraunhofer lines of ionized
Calcium, Magnesium and neutral Hydrogen. The chromospheric features are

spicules, filaments/prominences, Ca-II and Ha network etc.

1.2.3 Transition region and Corona

The region where temperature reaches ~ 10° K and densities are very low
compared to the chromosphere is known as the solar corona. There is a sharp
increase of temperature from about 10* K at the top of the chromosphere
to 10° K in the corona. This change occurs in a very narrow region of few
hundred kilometers of the solar atmosphere, which is called the transition
region. This transition region is best observed in the strong EUV resonance

lines such as Fe IX, Fe XII, Fe XV, He II and Mg IX etc. The solar corona is
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optically thin at visible wavelengths and the optical radiation are not absorbed
while traversing the corona over the solar disk like the chromosphere and
photosphere, hence the coronal features are not seen in the visible light on
the solar disk. The solar corona is highly structured and it consists of fine
filamentary coronal loops and plumes, helmets-shape features, streamers etc.,
which are outwardly directed and extended far out from the solar disk. These

coronal features are visible in X-rays and EUV radiation.

1.3 The Sun and the Earth

The Sun is essential for us since it is a source of light and energy, which
supports life on the Earth. Apart from providing energy and steady light,
the Sun affects the near Earth space and terrestrial atmosphere in a variety
of ways. High energy radiation and particle emission are the two processes
by which it can affect the Earth’s atmosphere. Sun is the source of solar
wind which is a flow of gases that streams off in all directions at speeds

exceeding 500 km s~!.

This solar wind, which is flowing against Earth’s
magnetic field, shapes the near-Earth space environment. Disturbances in the
solar wind shake Earth’s magnetic field and pump energy into the radiation
belts. Regions on the surface of the Sun often flare and emit ultraviolet
rays and X-rays that heat up the Earth’s upper atmosphere and also create
ionosphere. The coronal mass ejections (CMEs) are the large eruption of
magnetized plasma from the corona in the form of charged particles that
propagates outward into interplanetary space. These charged particles can
physically damage satellites, communication systems, power grids and pose
a threat to astronauts. These charged particles also cause the aurora in the
polar region. Solar magnetic fields play a major role in production of particle
emission and high energy radiation. Hence, the evolution of magnetic fields

in the solar atmosphere influences some aspects of the space weather, near

Earth space environment and Earth climate. It is very important to study
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the evolution of magnetic field to predict the space weather and long-term

variations in the Earth’s climate.

1.4 Solar Magnetic Field

The solar magnetic fields control all the dynamics observed in the solar atmo-
sphere. Solar activity rises and falls with an 11-year cycle, called solar cycle.
The total radiation from the Sun is also known to be varied with the solar
cycle. Increased solar activity includes enhancement in extreme ultraviolet
and X-ray emissions. The polarities of the global magnetic field of the Sun
is reversed in every 11-year. Figure 1.2 shows a synoptic mapping of surface
magnetic field of the Sun. It shows that the polarities of the poloidal mag-
netic field component undergoes cyclic variations and changes polarities at
the times of sunspot maximum. The East-West magnetic field orientations
in the active regions is found to be opposite in northern and southern hemi-
spheres and it also shows reversal in every 11-year cycle. The total magnetic
flux reaches maximum during the peak of the solar cycle and drops to almost

zero during the minimum of the solar cycle.

1.5 Solar Magnetic Field Evolution

Evidently, the solar atmosphere is structured by the evolving magnetic fields.
These structures occur on different spatial scales. On small scale - bright
points with thin boundaries have been observed. On large spatial scale -
plages, sunspots and filaments/prominences have been observed. Convection
is one of the energy transport mechanisms which results in convective pat-
terns on the Sun such as granulation, mesogranulation, supergranulation and
giant cells. Only granules and supergranules have been observed and well
studied. These convective cells are embedded within small scale magnetic

fields (Leighton, Noyes, and Simon, 1962; Simon and Leighton, 1964). In
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Figure 1.2: Synoptic magnetogram of the radial component of the solar surface magnetic
field obtained from instruments on Kitt Peak and SOHO. This figure illustrates polar
field reversals. (courtesy of D. Hathaway, NASA /MSFC; http://solarscience.msfc.nasa.gov

/images/magbfly.jpg).

association with the magnetic field, supergranulation forms a pattern called
network cells (Hart, 1956; Simon and Leighton, 1964; Simon et al., 1988).
The magnetic network is not regularly distributed on the boundaries of su-
pergranulation cells but rather concentrates into localised structures. The
edges of the network coincide with boundaries of the photospheric velocity
cells. The horizontal plasma motions inside the supergranulation push the
frozen-in field line towards the cells boundaries.

In the large scale structures (active regions and plages), the magnetic
field dominates and convection is inhibited. In each of these structures the
magnetic field varies spatially and temporally. The spatial variation depends
on the structures and the temporal variation depends on the flux emergence,
cancellation and shear motions of its footpoints. Most of the small scale
structures contribute to the solar irradiance (e.g., Schnerr and Spruit 2011).
However, the large scale structures not only contribute to the solar irradiance
(e.g., Mordvinov and Willson 2003), they also affects the space weather in
the form of mass ejections from the solar corona (e.g., Fainshtein and Ivanov

2010).
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Large scale magnetic fields are the sites of sudden release of magnetic
energy. Solar flares and coronal mass ejections (CMEs) are powered by the
release of magnetic energy stored in coronal magnetic fields (e.g., Gold and
Hoyle 1960; Sturrock 1980). Solar flares are explosive phenomena observed in
the solar atmosphere and the energy releases during a flare are about 103°-
1032 ergs. Flares are observed in a wide range of electromagnetic wavelength
such as radio, visible light, X-rays, and gamma rays. Emissions in these wave-
lengths come from the chromosphere to the corona of the solar atmosphere.
In Ha chromospheric image, one can see a flare often shows two ribbons of
bright patches, and the distance between these ribbons increases with time
(Svestka, 1976; Zirin, 1988). The frequency of occurrence of these events is
related to the 11-year solar cycles, but unlike global magnetic fields, these
events have duration of few minutes to hours. During solar maxima, several
large as well as small solar flares can be observed on most of the days. These
solar flares are always located near the sunspots and plage regions. They
occur very often when sunspot number is large. This does not mean that
sunspots are the direct cause of flares but rather indicate that solar flares
are associated with the magnetism of the sunspots. These spectacular and
energetic events affects the space weather and near earth environment. They
may have direct bearing on human life on Earth.

Coronal mass ejections (CME) are spectacular eruptions in the solar atmo-
sphere. They have loop like structure, expands in the forward direction and
carries material to the interplanetary space. One example of CME is shown
in Figure 1.3, which occurred on 02 December, 2002. While propagating from
the low corona to the interplanetary space, they frequently interact with the
Earth (and other planets), producing a series of impacts on the terrestrial
environment and influence the performance and reliability of human space-
borne and ground-based technological systems (e.g., Pulkkinen 2007; Schwenn
2006). CMEs tend to occur, when the upward forces dominate over the down-

ward forces in a balanced coronal loop. At coronal heights the plasma <
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Figure 1.3: Image shows a large coronal mass ejections on 02 December, 2002 (from
SOHO/LASCO database), where the white circle marks the solar photosphere.

1 that implies the magnetic pressure dominates the plasma pressure, espe-
cially in the active regions. Hence, magnetic energy is the one that can push
the materials to the distant heliosphere. The photospheric motions e.g., the
differential rotation, supergranular, and granular convections etc. drag the
footpoints of all the magnetic field lines to move in both organized and ran-
dom ways which builds up a highly stressed coronal magnetic field (Forbes,
2000). As a result, Poynting flux is continuously injected into the corona
and the magnetic energy is thus accumulated gradually. Though most of the
CMEs are followed by the flares, on many occasions the filament /prominence
eruptions are the major source of CMEs (e.g., Gilbert et al. 2000) and they
are also strongly related (e.g., Gopalswamy et al. 2003a; Jing et al. 2004), as
shown in Figure 1.4. The part of the erupting filament becomes the bright
core of the CME, with the remaining part falling back to the solar surface. In
order to understand the severity of the space weather, it is important to un-
derstand the dynamics of solar flares and the associated filament /prominence

eruptions.
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Figure 1.4: Left: A Solar Maximum Mission archive image showing the principal features
of a CME Image (Courtesy of van Driel-Gesztelyi and Culhane 2009, copyright by Springer).
Right: A schematic view of the CME features (Courtesy of Forbes 2000).

1.6 Solar Filaments/Prominences

Solar filaments are large magnetic structures which contain dense and cool
(~ 10* K) plasma embedded in the tenuous and hot corona. They are ob-
served on the solar disk and appear as dark, thin threads for example in Ha
6562.8 A and in He-II 304 A wavelengths (which is among the brightest lines
produced by the chromosphere). Filaments absorb all of the light in the Ha
line and re-emit it. In the direction of the observer the amount of light the
filament re-emits is very less compared to light coming from the rest of the
solar disk in the same wavelength band. As a result, the filament appears
dark on the solar disk. When the filaments are observed on or above the
solar limb, they appear as bright arcade-like structures (or thin and long
clouds). In this case they were historically called prominences. The light
emitted by prominences towards the observer is more than that scattered by
the tenuous corona and as a result they appear bright. Thus, filaments and
prominences are two different perspectives of looking at the same solar fea-

ture. Figure 1.5 shows a full disk image of the Sun in Ha from Kodaikanal
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Figure 1.5: A full disk image of the Sun in Ha wavelength obtained on 11 February 2015
using 20 cm Ha telescope installed at Kodaikanal Solar Observatory. The image has the
resolution of 1.2” /pixel. On the disk, the filaments appear darker than the surrounding
quiet Sun. The off-limb prominence appears as bright structure.

Solar Observatory, taken on 11 February 2015. Few long filaments in each
hemisphere on the solar disk, can be seen in the image, in addition to several
smaller ones and a prominence structure is also visible above the solar limb.
Filaments/prominences are observed in the layer of solar atmosphere, such as
the chromosphere, or the lower corona.

Apart from the Ho (6562.8 A), other lines in the solar spectrum are also
used to observe filaments. Filaments are not seen in the photospheric images
such as continuum and G-band images. However, their presence is visible in
the chromosphere and lower part of the corona. From 1995, the Extreme-
Ultraviolet Imaging Telescope (EIT; Domingo, Fleck, and Poland 1995) on
board Solar and Heliospheric Observatory (SOHO; Delaboudiniere et al. 1995)
has been extensively used to observe filaments as well as prominences in He II
304 A wavelength. These are also visible as dark structure in the coronal
images taken in 171 A(Fe IX), 195 A (Fe XII) and 284 A (Fe XV) etc.

Filaments normally form in active regions, though not very uncommon
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Figure 1.6: Left: A quiescent filament observed on 04 March 2015 from 20 cm Ho
telescope installed at Kodaikanal Solar Observatory. Right: A filament associated with
active region NOAA 12282, observed from the same telescope on 11 February 2015. The
images have the resolution of 1.2” /pixel.

in quiet regions. They are classified as active region and quiescent filament
based on their formation region. Figure 1.6 shows the active region and
quiescent filament observed from Kodaikanal Solar Observatory. The active
region filaments are found in and around the active regions, i.e., areas with
high magnetic fields. On the other hand, the quiescent filaments are found
in the quiet Sun region or areas with low magnetic fields. The long axis of
the filament, often seen as a well-defined sharp edge is known as the spine.
The spine lies above a boundary between the opposite polarity of magnetic
fields on the Sun, normally called as polarity inversion line (PIL; Babcock and
Babcock 1955). When viewed in He, filaments appear to be aligned along
the PIL and the field lines are mostly non-potential in nature. Filaments
on the disk show that they are supported by a series of legs, which extend
outwards on either side of the spine. These legs are known as barbs, which
are anchored in the low chromosphere and photosphere (Engvold, 1998). The
quiescent filaments are highly stable and most of them survive for weeks to
months (Martin, 1998a). On the other hand, the active region filaments evolve

rapidly and they can survive over a period varying from few hours to days.
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Most often, the filament ends up with eruption associated with solar flares

and as core of CMEs (Gopalswamy et al., 2003b; Schmieder et al., 2002).

1.7 Filaments/Prominences Eruption

This thesis attempts to study the active region solar filament eruption for few
events. The active region filament structure can sustain for a few hours to
days in the corona. The equilibrium of this structure in the solar atmosphere
is maintained by the balance between several forces. Some of these forces
acting upwards (buoyancy force and magnetic pressure) and others acting
downward (magnetic tension and gravitation). The equilibrium structure of
a system of magnetic field and plasma on the Sun can be described by the

magnetohydrodynamics equation as,

1
—Vp+;(V><B) xB—pVd =0 (1.1)

Where, p is the plasma pressure, B is the magnetic field, p is the density, and

® is the gravitational potential on the Sun’s atmosphere. Using the vector

identity
BQ
(VxB)xB=(BeV)B — V(T) (1.2)
eq. 1.1 can be written as
B B B?
—Vp+ﬂ —V(=—)—=pVOP =0 (1.3)

24
It is clear from the eq. 1.3 that the magnetic field introduces a pressure B?/2u
and other term (B e V)B/u is of nature of a tension force along the magnetic
field lines. The equilibrium of the filament is ensured by the downward acting
gravitational force and a component of the tension force, upwardly directed

magnetic and gas pressure.
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The ratio of plasma and magnetic pressures is given by

p
5= g (14)

In the chromosphere and coronal regions, the magnetic field generally domi-
nates the plasma pressure and gravity forces. In the corona, p = 10%cm =3, B =
10 G and T = 10° K, the plasma 3 << 1. Where, p is the plasma density
at the thermal temperature 7' with ambient magnetic field of magnitude B.

Hence, the equilibrium can be written as, approximately
(VxB)xB=0 (1.5)

This eq. 1.5 defines the force-free magnetic field, in which Lorentz force
balances by itself. From Ampere’s law, V x B = uJ, where J is current
density, so, one can also write force-free equation in terms of currents as,
JxB=0.

The destabilization of the filaments can happen internally or it may be
caused by some external factor. Pre-eruption phase and activity near the
filament are important to understand the trigger mechanism for the eruption
and rapid energy release. As an external trigger, several models are proposed
to explain the solar eruptions and to examine the role of the initial magnetic
reconnection which set up the conditions that are favorable for the magnetic
core fields to erupt. In the past decades, several triggering mechanisms have
been proposed either conceptually or through MHD analysis and/or simula-
tions. An overview of the few possible triggering mechanisms that favorable

for filament eruption are described below.

1.7.1 Tether-cutting reconnection mechanism

Tether cutting mechanism is an implosive/explosive reconnection process

which occurs within the twisted and deep sheared core field of a bipole above
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the polarity inversion line of the arcade (Moore and Labonte, 1980; Moore
et al., 2001). Moore and Labonte (1980) analyzed a filament eruption event
which occurred on 29 July 1973, associated with a large expanding two-ribbon
solar flare. They found that the magnetic field is strongly sheared near the
magnetic neutral line and the eruption was proceed by small Ha brighten-
ings and mass motion along the magnetic neutral line. This Ha brightening
and the initial brightening of the flare are both located in the vicinity of the
steepest magnetic field gradient. Following the observation, the tether-cutting
mechanism is depicted in Figure 1.7. A filament is supported somehow on
dips, by magnetic field, which is nearly aligned with the PIL. The magnetic
field is strongly sheared (the field lines AB and CD), which could correspond
to the associated SXR sigmoid (for details see review paper by Chen (2011)).
Before the filament eruption, the downward magnetic tension force is balanced
by an outward magnetic pressure force. When the magnetic shear increases,
the field line AB become close to be anti-parallel to the other field line CD,
which forms a strong current sheet in between (see Figure 1.7 left panel). The
line-tied field lines AB and CD are now like tethers constraining the filament.
After magnetic reconnection commences, the line-tied field lines AB and CD
are cut from being tied to the photosphere, which finally forms a long field
line AD and a short loop CB (see Figure 1.7 middle panel). This kind of
reconnection could produce Ha brightenings and mass motions along PIL.
After the reconnection, the loop AD is concave-upward near the reconnec-
tion site, which finally pulls up the filament to rise by imposing an upward
magnetic tension force. The short loop CB is concave-downward, which may
even submerges downward. Sterling, Moore, and Freeland (2011) analyzed
an active region filament eruption occurred on 12 May 2010, which was due
to the onset of a magnetic instability and/or runaway tether cutting. Recent
results show a direct observational evidences for ‘“Tether-Cutting’ mechanism

in at least two events (Chen et al., 2014).
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Before Onset Eruption Onset Ejective Eruption, Midlife

Figure 1.7: The cartoon depicts the idea of tether-cutting triggering mechanism sequen-
tially in three panels (figure courtesy of Chen 2011; Moore et al. 2001). The dashed curve
represents the photospheric polarity inversion line, dividing line between the two opposite-
polarity domains of the bipoler magnetic roots. Left: The strongly sheared core field lines
AB and CD are restrained by the overlying less-sheared envelope field. Middle: The recon-
nection is happening between field lines AB and CD, which triggers the core field to move
upward. Right: Following the reconnection outflow, the long loop AD expands upward and
the small loop CB shrinks downward.

1.7.2 Flux cancellation mechanism

Simulation by van Ballegooijen and Martens (1989) suggest that the magnetic
flux cancellation near the magnetic neutral line of a sheared magnetic arcade
could produce helical magnetic flux rope, that can support a filament. If the
flux cancellation continue further, which could result in the eruption of the
previously-formed filament (Amari et al., 2003). The flux cancellation model
is the same as the tether-cutting model in nature. The flux cancellation
model might emphasize a more gradual evolution of magnetic reconnection in
the photosphere, while tether-cutting is a relatively more impulsive process
occurring in the low corona. The flux cancellation allows the flux rope to
move upward. Chen, Jiang, and Ma (2009) studied a Ha filament eruption
associated the active region NOAA 10044 on 29 July 2002. Their study shows
that as an internal trigger, opposite polarity magnetic flux cancellation at the
footpoints of the filament and along the main magnetic neutral line, lead to

the destabilization and eruption of the filament.
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(a) (b)

Figure 1.8: Depiction of the evolution of the magnetic field in the breakout model. The
reconnection above the central flux system removes the constraint over the core field (thick
lines) and which finally ends up with drastic eruption (figure courtesy of Antiochos, DeVore,
and Klimchuk 1999).

1.7.3 Breakout model

There is another reconnection process named as ‘breakout’, as shown in Fig-
ure 1.8. In this case the topology of the erupting system is multi-polar and
it is a tension release mechanism that occurs between a sheared arcade and
neighboring flux system which triggers the eruption (Antiochos, 1998; An-
tiochos, DeVore, and Klimchuk, 1999). The null point is located above the
central flux system. When the central flux system experiences shear motions,
it expands upward, pressing the X-type null point to form a current layer.
If one now consider the gas pressure and resistivity, the current sheet would
undergo magnetic reconnection owing to anomalous resistivity or other non-
ideal effects. This reconnection process removes the constraint of the higher
magnetic loops, which leads to drastic formation and eruption of the core
field (thick lines in the Figure 1.8). This magnetic breakout model can be
regarded physically same as the tether-cutting mechanism, and it can be con-
sidered as the external tether cutting. Lynch et al. (2004) has compared the
MHD simulation results of such an eruption process with the CME features

in observations. Aulanier et al. (2000) presented the first evidence support-
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ing the breakout model for the active region 8270, associated with a M3-class
flare on 14 July 1998. They found a null point above the source region in the
extrapolated coronal magnetic field. Ugarte-Urra, Warren, and Winebarger
(2007) attempted to test current initiation models of CMEs, with an empha-
sis on the magnetic breakout model and they found the initiation of 7 out
of 26 CME events in their study can be interpreted in terms of the breakout

model.

1.7.4 Instability

As we know filament eruptions happen in a very short time scale as compared
to the time scale of the coronal magnetic energy accumulation, hence there
should be some kind of instability related to the trigger of the eruption. Fol-
lowing this, various instability mechanisms have been modeled (see review by
Forbes 2000). Sakurai (1976b) numerically analyzed the development of the
kink instability of a twisted flux tube. He selected three types of prominences
(arch type, loop type, and gigantic arch type, identified on the basis of their
shapes) to clarify the relationship between the motion and the magnetic field
in eruptions of chromospheric prominences. His study suggests that the kink
instability can explain the observed height-time profile of an erupting promi-
nence. By taking into account the line-tying effect of the photosphere on the
kink instability of the twisted flux tubes, Hood and Priest (1979) mentioned
that there is a critical twist, above which the flux tube is unstable. This value
depends on the aspect ratio of the loop, the ratio of the plasma to magnetic
pressure and the detailed transverse magnetic structure. In their analysis, the
critical twist ranges from 27 to 67. However, we can not rule out the effect
of the external magnetic field overlying the twisted flux tube. If the overlying
magnetic arcade decreases slowly with height, the kink instability would be
suppressed, which may lead to failed eruption, and if the overlying magnetic

field decreases very rapidly, the kink instability would lead to an eruption
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Figure 1.9: Filament eruption event on 27 May 2002 shows a significant kinking, as
observed by TRACE 195 A (figure courtesy of Gilbert, Alexander, and Liu 2007).

(Torok and Kliem, 2005). There are several observational evidences where
the kink instability is the trigger mechanism for the solar filament eruption.
One of the recent example of a filament eruption is analyzed by Yan et al.
(2014) for the active region NOAA 11485. Their study showed that the leg of
the filament rotated up to 2.837 around the axis of the filament with a max-
imum rotation speed 100 degrees/minute. Figure 1.9 shows an example of a
significant kinking during eruption. This failed filament eruption occurred on
27 May 2002 as observed by TRACE 195 A. The kinking motion is clearly
seen when observed in projection, it exhibit a clear “ inverted gamma” shape
formed by the crossing of the filament legs.

The filament /flux rope can face an another type of instability called “torus
instability” (see, Kliem and T6rok 2006; Zuccarello et al. 2014). Using MHD
numerical simulations in a three-dimensional spherical geometry, Fan and
Gibson (2007) studied the emergence of a flux rope from the subsurface into
the magnetized corona. Their study suggests that when the background mag-
netic field decreases slowly with height, a strongly-twisted flux tube emerging
out of the solar surface, which may rupture through the arcade field via kink
instability. But when the background magnetic field decreases rapidly with
height, then the flux rope can become unstable to the lateral expansion and
then it erupts. This kind of loss of equilibrium could be interpreted as “torus

instability” (Chen, 2011). In this model, a current ring of major radius R
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is embedded in an external magnetic field (Be,). The current rings are sub-
jected to a radially outward-directed hoop force. When the ring expands, the
hoop force decreases. If the inward-directed Lorentz force due to the external
field (B.;) decreases faster with radius R than the hoop force, the system is
unstable to perturbations. The decay index for a current ring of major radius
R and embedded in an external field B.,, is defined as follows (Zuccarello
et al., 2014):

d
n= —Rﬁ(lan) (1.6)

Assuming external magnetic field B, o« R™", Bateman (1978) numerically
showed such an instability will occur when n > nguica = 1.5 Recently
Zuccarello et al. (2014) present an analysis of the observation of a filament
eruption which occurred on 4 August 2011 and the eruption mechanism agrees
with the torus instability model. They also mentioned that some pre-eruptive
processes such as magnetic flux cancellation at the neutral line and magnetic
reconnection during the observed flares, triggered the eruption and helps to
bring the filament to a region where the magnetic field was more vulnerable
to the torus instability.

The filament eruptions can be triggered in a variety of ways. It could
be either by instability or reconnection or both. Hence, it is very important
to study which of these above mentioned mechanisms dominate under what
circumstances for a successful eruption. One of the aims of this thesis is to
examine and understand the detailed mechanism behind the filament eruption

in a few selected events.

1.8 Motivation to Build Narrow Band Imager

During the formation, evolution and prior to eruption, filaments exhibit a
variety of dynamical processes. Bidirectional flows of plasma were observed
within quiet region filament (Zirker, Engvold, and Martin, 1998) as well as in

active region filament (Alexander et al., 2013). Oscillations were observed in
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Figure 1.10: Schematic of the two forms of the roll effect in erupting prominence, which
initiates at the top of a prominence and propagates downward into the legs (Courtesy of
Panasenco et al. 2013).

erupting filaments (Bocchialini et al., 2012). Panesar et al. (2013) observed
tornado-like rotations along the side of the erupting prominence. Liggett
and Zirin (1984) studied rotational motion in 5 non-eruptive prominences.
In some events they reported only a part of the prominence rotating while
in other the entire body was in rotation. They interpreted the rotation in
terms of a twisting of magnetic structure resulting from the reconnection.
When a filament erupts non-radially, as frequently happens, the top of its
main axis bends first to one side and propagates into sideways rolling mo-
tion, known as the roll effect. The rolling motion propagates down the legs of
erupting prominences/filaments, which results in a large scale twists in both
legs of erupting filaments (e.g., Bangert, Martin, and Berger 2003; Filippov,
Gopalswamy, and Lozhechkin 2001; Panasenco and Martin 2008; Panasenco
et al. 2011, 2013). Figure 1.10 depicts the rolling of the spine of prominences
initiates structural twist with opposite chirality in the two legs. When fila-
ment rises slowly upwards, it is observed that the rotational motions with the
opposite signs of twist in the two legs flow downward.

Another reason for the roll effect could be due to the vortical motions in
the legs of prominences/filaments in the chromosphere, which might readily

propagate upward in prominences/filaments and lead to a similar topological
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pattern (Bangert, Martin, and Berger, 2003; Martin, 2003a). The sign of
rotation/twist in filaments could be resolved by observation during eruption
when they clearly reveal their twisted structure. Time series of data on the
Doppler shifts in the legs of erupting prominence/filament can help to differ-
entiate between initiation of the rolling motion near the top of the prominence
or at the base of its legs. If the Doppler shifts of rotation are sufficiently large,
the sense of twist and rotation can be understood definitely. Hence, either
spectra or narrow band filtergrams can be used for observing filament erup-
tion when the filaments are close to the limb (>60°). The observation made
in multiple wavelengths around a chromospheric spectral line could provide
valuable data to infer the sense of rotation/twist. In this thesis, another work
is to develop a narrow band imager using Fabry-Perot interferometer, which
can provide images at the chromospheric height in the solar atmosphere and
also with some technique it is capable of producing dopplergrams to study

the rotational motions during the onset of filament eruptions.

1.9 Outline of the Thesis

As has been mentioned already, every filament invariably ends up with erup-
tion, usually as the core of a CMEs. Most often, the filament ends up with
eruption associated with solar flares and CMEs, which affects the Earth’s at-
mosphere and space weather by high energy radiations and particle emission.
Hence it is important to study the filament eruptions mechanism to under-
stand the CMEs initiations and broadly, to predict the space weather and
Earth’s atmosphere. Many have studied the filament eruptions in different
context and several events to understand the possible trigger and instability
mechanisms for the filament eruptions. But the sequence of events occurred
during the filament activation and the relation between the initiation of the
eruption and sequence of events occurred in the active region are needed to

understand from the recent high resolution observations for different active
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region filament eruption events. In this thesis, we have studied a few active
region filament eruptions to understand the sequence of events occurred dur-
ing the eruptions and the possible trigger and instability mechanisms towards
eruptions using high resolution imaging and magnetograms data. The next
three chapters are devoted to study the active regions filament eruptions and
the rotational motions during the filament eruptions. In the end, we dis-
cussed about the development of the narrow band imager and some initial
observations made using this instrument.

The thesis is organized as follows:

e In the second chapter, we discuss about different data set used for the
observational study of the filament eruption events. We have studied a
two-phase filament eruptions associated with the active region NOAA
11444 using space-based data. Our aim is to study the sequence of
events occurred before the filament eruption and find out the connection
between the initiation of the filament eruption and sequence of events.
A converging motion between opposite-polarity sunspots resulted in a
cancellation of magnetic field for few hours around the magnetic neu-
tral line, close to the main axis of the filament, are observed before and
during first phase of filament activation. This filament’s buildup to-
ward eruption shows pre-eruption brightenings of the strands near the
filament in coronal images. The importance of the magnetic flux cancel-
lations, brightenings towards first phase of filament eruption is discussed
in this chapter. During the second phase of eruption, we have observed
the flux cancellations, expansion of loops, brightened cusp shaped loops
and contraction of loops near the filament. The importance of the
magnetic flux cancellations, expansion of loops, reconnection and con-
traction of overlying coronal loops towards the 2nd phase of filament

eruption are also discussed in this chapter.

e In the third chapter, we have studied another filament eruption oc-
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curred in the southern hemisphere of the Sun on 08 July 2011. The
filament was located close to the active region NOAA 11247. We posed
the question if there is any single mechanism responsible for this fila-
ment eruption or several mechanisms which occurred one after another
in sequence? We found that the emerging flux, converging motion and
injection of opposite magnetic helicity could be responsible for desta-
bilization of the Western footpoint of the filament leading to eruption.
As an interesting phenomena, we observed an anti-clockwise rotational
motion in both the footpoints just after the onset of filament eruption
which lasted for 6 min during the eruption process. We conjuncture
that the torque imbalance between the expanded portion of the flux
tube and the photosphere is believed to have caused the rotation in the
footpoint region. However, various possible different mechanisms for

the rotational motion are discussed in the next chapter of the thesis.

e Now the question is whether the observed rotational motion near the
footpoints of the filament is just a coincidence of a normal feature of the
photosphere which occurs randomly or is it really related to the filament
eruption? To answer this question, we needed statistically significant
samples. Therefore, we extended this study in the fourth chapter to
several erupting active region filaments and searched for such rotational
motions in and around the end points of these filaments. We have
observed the rotational/vortical motion in the photosphere near the
ends of all active region filaments during their initial phase of eruption,
at the onset of the fast rise phase. In many events, in the vicinity of the
conjugate ends of the filament the direction of rotation was opposite.
In this chapter of my thesis, we have discussed about the importance
of this vortical motions at the endpoints of the filaments during their

activations towards eruptions.

e Panasenco et al. (2011, 2013) observed rotational motion in legs of



1.9 Outline of the Thesis 24

erupting prominences in the chromospheric images. Such rotational
motion was explained as ‘roll effect’. We can study such events with
narrow band imager, which is capable of producing dopplergrams at
chromospheric height. In the fifth chapter of the thesis, we describe
the development of the narrow band imager at the Indian Institute
of Astrophysics using Fabry-Perot interferometer and an order sorting
filter. The entire instrument comprises: i) a parallel plate scanning
Fabry-Perot unit ii) an electronic controller for maintaining the plate
parallelism and accurate cavity tuning iii) the CCD camera for taking
the images and iv) a temperature stabilized order sorting filter to se-
lect the desired wavelength band and eliminate the multiple orders. We
have tested the Fabry-Perot interferometer in the laboratory in series
of experiments. This instrument is capable to image the solar atmo-
sphere at 6563 A chromospheric Ho line. The observed data are used
to produce dopplergrams at the chromospheric height.

In summary, we studied a few selected active region solar filaments erup-
tion in this thesis work. Attempts have been made to understand and explain
the eruption mechanism using multi-wavelength observations. We found that
mostly filament eruption is associated with the converging motion and sub-
sequent flux cancellation/emergence near the footpoints of the filament or
in PIL for these selected events. But from the progress of the individual
events towards eruption, our study suggests that in each event the onset of
instability could be different. To study the dynamics of filament at different
heights in the solar atmosphere and also to study dynamics in the erupting
limb filaments, we have developed a narrow band imger using Fabry-Perot
Interferometer. We are able to scan the chromospheric Ha spectral line using
this instrument. The data are obtained from the scan at a few positions on
line profile for filament regions. Finally, I end the thesis by summarizing the
results obtained in each chapters and the planned future work for further

improvement of the instrument and observations.



Chapter 2

A study of two - phase filament
eruption observed in AR NOAA
11444 in association with flux
cancellations and coronal loop

dynamics

2.1 Introduction

Filaments/prominences are chromospheric and coronal features, relatively
cool, dense plasma material suspended along the polarity inversion line (PIL)
between the regions of opposite magnetic polarities. When these features
erupt, the plasma and magnetic fields both expel together. The flares and
CMEs are often associated with such eruptions (Gopalswamy et al., 2003b;
Schmieder et al., 2002), which eventually affect the space weather. The fun-
damental processes responsible for these eruptions are of magnetic in origin

(Priest and Forbes, 2002).
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The filament mass and the associated magnetic structure are coupled
to each other. Observationally it is possible to distinguish between them
while eruption. The filament mass sometimes remains confined in the lower
corona throughout the eruption along the channel, but the supporting mag-
netic structure can erupt and disturbs the corona (e.g., Liu, Alexander, and
Gilbert 2007). To understand the relation between the filament mass and
corresponding supporting magnetic structure, Gilbert, Alexander, and Liu
(2007) defined the filament eruptions observationally as “full”, “partial” and
“failed” eruptions. In case of “full eruption”, the most of the filament mass
(> 90%) escapes along with the entire magnetic structure without falling
back to the solar surface. But for the “failed eruption”, none of them escapes
the Sun. The “partial eruption” is the most complex one to define obser-
vationally. The partial eruption can be of two categories. In first category,
the entire magnetic structure erupts with the eruption containing either some
or none of its supported pre-eruptive filament mass. In the second category,
the magnetic structure partially erupts with some or none of the pre-eruptive
filament mass.

Several observations show that the activity occurring near the filament
location is important during its pre-eruption phase. Small scale magnetic
reconnection occurring during the pre-eruptive phase triggers the large scale
flares which involve large scale reorganization of the magnetic connections.
Therefore, it is very important to know the location and height of the small
scale reconnection sites. Several models are proposed to examine the role of
the initial magnetic reconnection which set up the conditions that are favor-
able for the magnetic core fields to erupt. One of the mechanisms is ‘tether
cutting’ in which implosive/explosive reconnection occurs within the twisted
and deep sheared core field of a bipole above the polarity inversion line (PIL)
of the arcade (Moore and Labonte, 1980; Moore et al., 2001). They explained
that these slowly driven internal tether cutting mechanism lead to the in-

stability of the overlying field (see Section 1.7.1 for more details). There is
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another reconnection process named as ‘breakout’. In this model the topol-
ogy of the erupting system is multi-polar and a tension release mechanism
that occurs between the sheared arcade and neighboring flux systems triggers
the eruption (Antiochos, 1998; Antiochos, DeVore, and Klimchuk, 1999) (see
Section 1.7.3 for more details). In the context of these models, the role of
magnetic reconnection for the eruption can be understood by examining their
observational signatures during the pre-eruption phase.

The magnetic reconnection can also happen at low level in the solar at-
mosphere (e.g., Wang and Shi 1993; Nelson et al. 2013). In the photosphere
it is seen as a cancellation of magnetic features (Priest, Parnell, and Martin,
1994). Flux cancellation (Martin, Livi, and Wang, 1985) is the process where
the magnetic flux disappear at the PIL; as formulated by van Ballegooijen and
Martens (1989). This cancellation occurring a few hours prior to eruption is
a commonly observed phenomenon. The gradual flux cancellation continuing
over an extended period triggers the filament eruption (Sterling et al., 2010).
Green, Kliem, and Wallace (2011) observed that flux cancellation at the PIL
leads to the formation of X-ray sigmoid which eventually triggers the CME.
Newly emerging magnetic flux adjacent to the filament over a longer period
can lead to the slow rise of the filament due to magnetic reconnection and
eventually triggers the filament eruption (Sterling, Harra, and Moore, 2007).

Initially filaments often undergo relatively slow rising motions before the
onset of eruptions (Kahler et al., 1988; Liewer et al., 2009; Nagashima et al.,
2007; Sterling, Harra, and Moore, 2007; Sterling, Moore, and Freeland, 2011;
Xu, Jing, and Wang, 2010). These early slow rise motion was considered as
one of the reason to trigger the eruption (Moore and Sterling, 2006; Sterling,
Harra, and Moore, 2007; Sterling et al., 2010). On several occasions a tran-
sient brightening at or near the polarity inversion line (PIL), coincident with
emerging and/or canceling magnetic flux has been observed. This kind of
brightenings are considered as precursors to the flare and filament eruption

(Chifor et al., 2007; Kim et al., 2007; Liu et al., 2009; Martin, 1980; Sterling,
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Moore, and Freeland, 2011).

The filament eruption and flares are sometimes associated with the con-
traction of coronal loops. Liu and Wang (2009) observed the contraction of
the EUV corona in the wake of filament eruption. When the filament rose ex-
plosively, the loops started to contract due to the reduced magnetic pressure
underneath with the filament escaping. The loop was overlying on the flaring
region during the early phase of a C-class flare. It was started to contract
at the speed of about 100 km s~! and was sustained for about 12 minutes.
Liu and Wang (2010) have reported for September 8, 2005 event that a coro-
nal loop overlying the active region NOAA 10808 started to contract at the
peak of X-class flare. This loop contraction was initiated during the flare

I and then after few minutes

preheating phase with a speed about 6 km s~
it began a fast contraction at about 120 km s™'. Yan et al. (2013) observed
the rotational motion of the sigmoid filament and the contraction of overlying
coronal loop during its eruption on 22 May 2012. They suggested that due
to the rising filament the magnetic pressure is reduced suddenly underneath
the filament that could have caused the contraction of the coronal loop.

In this chapter, we present the study of a filament eruptions that oc-

curred in the vicinity of the active region NOAA 11444, observed in different

wavelengths regime. We choose this event because:

e the filament erupted in two phases consecutively within a short time

period of ~1 hr 27 min associated with the same active region,

e the filament eruption was associated with the small C-class flares, there

by the energy involved in the event is less,

e the data was available in all possible AIA’s [Atomospheric Image As-
sembly (Lemen et al., 2012)] wavelength and hence we could cover the

event from photosphere to the corona,

e cven the magnetic fields configuration is simple and largely it shows

only the bipolar configuration.
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The first part of the filament has started activation at ~01:56 UT on 27 March
2012. The other part of the filament eruption initiated at ~04:20 UT on the
same day. The eruption was initiated between the positive and negative po-
larity region of the sunspot that had been converging for an extended period
before the eruption. We observed pre-eruption brightening beneath the main
axis of the top filament near the polarity inversion line about 30 min prior
to first phase of the eruption. Gradual magnetic flux cancellations were also
observed at the same location over which the filament was located. We ob-
served the post flare loops which are contracting over the filament. There is
also a rise of coronal loops on the east side of the filament, reconnected with
the overlying loops. The 2nd part of the filament erupted after the reconnec-
tion. Here we present the important morphological changes in and around
the filament prior to the eruption and the possible triggering mechanism of
the first and second part of the filament associated with AR NOAA 11444.
This chapter is organized as follows. In the next section, we describe
about the different instruments which are used in this study as well as in
other chapters. A brief description about the filament and the sequences of the
events in the corona, chromosphere as well as in the photosphere are presented
in Section 2.4. Finally, a brief summary of the results and discussions is

presented in Section 2.5.

2.2 Instruments

Data collected from different ground and space based instruments were used
for the filament eruption study in this thesis. A few important details about
the instruments, purpose and spatial, temporal resolutions are presented in

the next subsections.
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2.2.1 Instruments on board the Solar Dynamics Obser-

vatory

The Solar Dynamics Observatory (SDO; Pesnell, Thompson, and Chamber-
lin 2012) is one of the largest solar observing space- craft ever placed in the
orbit. It is the first mission launched for NASA’s Living With a Star (LWS)
Program. Instruments is designed to understand the causes of solar variabil-
ity and its impacts on Earth. It was launched from Kennedy Space Centre
in Florida on 11 February 2010. SDO’s inclined geosynchronous orbit was
chosen to allow continuous observations of the Sun and enable its excep-
tionally high data rate through the use of a single dedicated ground station.
SDO spacecraft with different instruments on board is shown in Figure 2.1.
The main goal of SDO is to understand the Sun’s influence on Earth and
Near-Earth space by monitoring the solar interior and different layers of its
atmosphere with high spatial and temporal coverage and in many wavelengths

simultaneously. There are three main instruments on board SDO.

e Atmospheric Imaging Assembly (AIA) built in partnership with the
Lockheed Martin Solar & Astrophysics Laboratory (LMSAL),

e Helioseismic and Magnetic Imager (HMI) built in partnership with
Stanford University, and

e Extreme ultraviolet Variability Explorer (EVE) built in partnership
with the University of Colorado at Boulder’s Laboratory for Atmo-
spheric and Space Physics (LASP).

The individual instruments (AIA and HMI) are discussed in the following
sections. Only EVE is not described here, since the data from this instrument

was not used in this thesis work.
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Figure 2.1: Figure shows the SDO spacecraft with all the three instruments on board
(Image credit: NASA).
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2.2.1.1 Atmospheric Imaging Assembly

The Atmospheric Imaging Assembly (Lemen et al., 2012) on board SDO pro-
vides multiple simultaneous high-resolution full-disk images of the corona and
transition region up to 0.5 solar radii of the solar limb with 1.5” spatial resolu-
tion and 12 second temporal resolution. It was launched as a part of NASA’s
SDO mission on 11 February 2010. The AIA instrument consists of four gen-
eralized Cassegrain telescopes. Each telescope has a 20-cm primary mirror
and an active secondary mirror. Each telescope field of view is approximately
41 arc-min circular diameter and captures the full-disk over a 4k x 4k CCD at
a spatial resolution of 0.6” per pixel. A dedicated guide telescope is mounted
on the side of the telescope tube and consists of an achromatic refractor with a
band-pass entrance filter centered at 570 nm and a Barlow-lens assembly. The
active secondary is pointed in response to the signals from guiding telescope.

The telescope mirrors are fabricated on Zerodur substrates, which provide a
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low coefficient of thermal expansion. The ATA consists of four telescopes that
employ normal-incidence, multilayer-coated optics to provide narrow band
imaging of seven extreme ultraviolet (EUV) bandpasses centered on specific
lines: Fe XVIII (94 A), Fe IX (171 A), Fe VIII, XXI (131 A), Fe XII, XXIV
(193 A), Fe XIV (211 A), He IT (304 A), and Fe XVI (335 A). One telescope
observes C TV (1600 A) and the nearby continuum (1700 A) and has a filter
that observes in the visible (around 4500 A) to enable co-alignment with im-
ages from other telescopes. Entrance filters at the telescope aperture suppress
unwanted UV, visible and IR radiation for the EUV channels. Two filter ma-
terials, aluminum and zirconium are used for the filters. Filters are located
in a wheel in front of the focal plane, which are used to select the wavelength
channel of interest in three of the telescopes. A selector mechanism is used to
choose the desired wavelength for the fourth telescope. To regulate the expo-
sure time, a mechanical shutter has been used. The instrument calibration,
wavelength responses and other related information can be found in Boerner
et al. (2012). The temperature diagnostics of the EUV emissions cover the
range from 6x10* to 2x 107 K. The response functions for the six EUV band-
passes that are dominated by iron emission lines are shown in Figure 2.2.
The primary ions for each wavelength band and their characteristic emission
temperatures, along with regions of solar atmosphere observed are given in

Table 2.1.

2.2.1.2 Helioseismic and Magnetic Imager

The Helioseismic and Magnetic Imager (HMI; Scherrer et al. 2012; Schou
et al. 2012a) is part of the NASA Solar Dynamics Observatory (SDO) mission.
The instrument designed to study oscillations and the magnetic field at the
solar surface, or photosphere using the 6173 A Fe I absorption line. The
HMI instrument consists of three main parts: 1) an optics package, 2) an
electronics box, and 3) a harness to connect the two. HMI optics package

contains a front-window filter, a telescope, a set of waveplates for polarimetry,
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Figure 2.2: Temperature response functions for the six EUV channels. These channels are
dominated by iron emission lines calculated from the effective area functions and assuming
the CHIANTT model for the solar emissivity (courtesy of Lemen et al. 2012).

a blocking filter, an image-stabilization system, a five-stage Lyot filter with
one tunable element, two wide-field tunable Michelson interferometers, a pair
of 4kx4k cameras with independent shutters. The front-window filter of
bandpass 50 A is used to limit the heat input to the instrument. The telescope
is a two-element refracting telescope with a 140 mm clear aperture, giving
an image with a nominal diffraction limit of 0.91 arcsec. The primary lens
is convex spherical on the back surface and convex aspherical on the front
surface. The secondary lens is bi-concave. Both the lenses are connected
with a low coefficient-of-thermal-expansion metering tube, which is made of
a carbon fiber composite to maintain focus. The details of the telescope and
key parameters of the optical system can be found in Schou et al. (2012a).
The polarization selectors consist of three quartz waveplates, which are used
to convert the desired incoming polarization into the fixed linear polarization
selected by the polarizing beamsplitter. The nominal retardances of these

waveplates are 10.5, 10.25, and 10.5 waves in a sequence. The details of the
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Table 2.1: The list of seven EUV and three UV-visible channels used in ATA. The primary
ions observed by AIA. Many are species of iron covering more than a decade in coronal
temperatures (Courtesy of Lemen et al. 2012).

| Channel | Primary ion(s) | Region of atmosphere | Char. log(T) |
4500 A | continuum photosphere 3.7
1700 A | continuum temperature minimum, photosphere 3.7
304 A | Hell chromosphere, transition region 4.7
1600 A | C IV+4cont. transition region, upper photosphere 5.0
171 A | Fe IX quiet corona, upper transition region 5.8
193 A | Fe XII, XXIV | corona and hot flare plasma 6.2, 7.3
211 A | Fe XIV active-region corona 6.3
335 A | Fe XVI active-region corona 6.4
94 A Fe XVIII flaring corona 6.8
131 A | Fe VIII, XXI transition region, flaring corona 5.6, 7.0

polarimetric design of the instrument can be found in Schou et al. (2012b).
The blocking filter is an dielectric interference filter with a FWHM bandpass
of 8 A. It rejects the unwanted orders of the Lyot and Michelson filters and
limits the heat input into the oven. The Lyot filter uses the same basic design
as Michelson Doppler Imager (MDI; Scherrer et al. 1995) where some of the
elements were doubled in order to reduce unwanted side lobes in the untuned
part. The narrowest filter element of the Lyot filter is tuned by a rotating
half-wave plate. The bandpass of the untunned part of it is 612 mA. Two solid
tunable Michelson interferometers with clear apertures of 32 mm are used and
they have nominal free spectral ranges of 345 mA and 172 mA. Tuning of
the two Michelson interferometers is accomplished by rotating a combination
of a half-wave plate, a polarizer and a half-wave plate. Figure 2.3 shows the
six tuning positions with respect to the Fe I solar line at disk center and at
rest.

HMI uses the Zeeman effect of Fe I absorption line at 6173 A, to measure
the Stokes parameters required to make both longitudinal and vector magne-
tograms (maps of the photospheric magnetic field) of the entire visible disk
of the Sun. The magnetogram has pixel resolution 0.5”. HMI also measures
full-disk scalar quantities - dopplergram (map of solar surface velocity), con-

tinuum intensity, line depth, and line width - using a repeating sequence of
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Figure 2.3: The plot shows an example of HMI tuning-position profiles obtained from
the wavelength-dependence calibration procedure (courtesy Schou et al. 2012a).

narrow-band images recorded every 45 seconds at resolution of 0.5” per pixel
with a 4kx4k camera called the “Doppler” camera (Hoeksema et al., 2014).
The HMI telescope feeds a solar image through a series of bandpass filters
onto two CCD cameras. Each camera records a full-disk image of the Sun in
a 76 mA wavelength band selected by tuning the final stage of a Lyot filter
and two Michelson interferometers across the line profile in every 3.75 sec-
onds. Six wavelengths are measured in different polarizations in a sequence.
The right and left circular polarization at each wavelength is measured by
one camera, completing a 12-filtergram set every 45s from which the Doppler
velocity, line-of-sight (LOS) magnetic field, and intensities are determined.
The second camera measures six polarization states (I£V, [+Q, and I+U) at
every 90 - 135s and ordinarily averaged into a 12-minute product, where I, Q,
U, and V are the Stokes polarization parameters. Very Fast Inversion of the
Stokes Vector (VFISV; Borrero et al. 2011), an inversion code for the polar-
ized radiative transfer equation routinely analyze pipeline data from HMI and
provides full-disk maps of the magnetic field vector on the solar photosphere

every ten minutes.
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2.2.2 Global Oscillation Network Group

The Global Oscillation Network Group (GONG; Harvey et al. 1996) is a
community-based program to conduct a detailed study of solar internal struc-
ture and dynamics using helioseismology. It operate a six-site helioseismic
observing network to do the basic data reduction, provide data and software
tools to the community, and to coordinate analysis of the rich data set. The
GONG network began full operation in October 1995. Since mid-2010 the
GONG has collected Ha images at six-station network of extremely sensitive,
and stable velocity imagers located around the Earth to obtain nearly con-
tinuous observations of the Sun. The H-alpha system is an additional system
to the normal GONG helioseismology instrument and it does not interfere
with regular observations. The six sites comprising the GONG Network are
Big Bear Solar Observatory in California, USA, High Altitude Observatory
at Mauna Loa in Hawaii, USA, Learmonth Solar Observatory in Western
Australia, Udaipur Solar Observatory in India, Observatorio del Teide in the
Canary Islands, and Cerro Tololo Interamerican Observatory in Chile. The
dark, flat, smear corrected and compressed Ha images are available with al-
most 1-minute cadence. These Ha images are obtained with 2kx2k pixel

CCD camera whose pixel resolution is about 1”(Harvey et al., 2011).

2.2.3 Geostationary Operational Environmental Satel-

lites

The Geostationary Operational Environmental Satellites (GOES) program
consists of a series of geostationary satellites, which are orbiting the Earth
at a height of 35,790 km (Donnelly, Grubb, and Cowley, 1977; Grubb, 1975).
The satellites overlap in time so that there are always one to three space-
craft present and hence, guarantee an essentially uninterrupted time series
of solar soft X-ray fluxes, besides continuous meteorological observations of

the Earth. The GOES cover over 40 years during the period of 1974 — 2015.
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The GOES first satellite (GOES-1) was launched on 1974 October 16 and
GOES-2 and GOES-3 followed in 1977 and 1978. Then a series continued
up to GOES-15, was launched on 4th March 2010. The future satellites
GOES-R and GOES-S (with soft X-ray imaging capabilities) are in the queue
for a launch in March, 2015 and 2017, respectively (Ref: http://www.goes-
r.gov/mission/history.html). More details about operational and technical
details of GOES satellites can be found in Donnelly, Grubb, and Cowley
(1977); Garcia (1994); Grubb (1975); Lemen et al. (2004); Neupert (2011);
Pizzo et al. (2005); Stern et al. (2004), or the National Oceanographic and At-
mospheric Administration (NOAA) Web site http://www.oso.noaa.gov/goes/,
or the NASA Web site http://qoespoes.gsfc.nasa.gov/project/index.html. The
National Oceanic and Atmospheric Administration’s (NOAA) GOES space-
craft includes an X-ray telescope that monitors the Sun for predicting solar
energetic events and for providing information about the large-scale solar
magnetic field (Lemen et al., 2004). GOES N includes Solar X-ray Imager,
which made use of a super-polished grazing incidence mirror, a highly efficient
back-thinned CCD, and thin metalized filters to observe the million-degree
corona with 10-arcsec resolution. The Solar X-ray Imager data are used to
forecast space weather. For our study, we are concerned with the soft X-
ray light curves that are integrated sunlight measured at 1 AU. These are
recorded in two energy channels: 1) the softer energy range of 1-8 A and 2)
the harder energy range of 0.5-4 A. The light curves for both energy ranges
are available with a cadence of 3 sec and 2 sec, respectively, after 2009 Decem-
ber 1. According to the X-rays peak flux (Watts/m?) of 1-8 A near Earth
as measured by XRS instrument on-board GOES-15 satellite, the solar flares
are classified as A, B, C, M and X. The Table 2.2 shows the classification
of solar flares. Each X-ray class category is divided into a logarithmic scale

from 1 to 9, such as C1 to C9, Bl to B9, etc.



2.3 Data Analysis 38

Table 2.2: The classification of solar flares based on GOES soft X-ray data.

‘ Class ‘ Watts m~2 (between 1 — 8 A) ‘

A <1077
B > 107" <1076
C > 1076 <107°
M >107° <1074
X > 1074

2.3 Data Analysis

The filaments appear with high contrast in the chromospheric Ha and EVU
images. We have used the EUV images obtained from AIA on board the SDO
to study the filament eruption in detail. In particular we have used the data
obtained in the wavelength of 171, 193, 335 and 304 A which correspond to
the imaging of the corona and chromosphere of the Sun. We have obtained the
data at Level-1.0 which have been converted from Level-0, with corrections
including bad-pixel removal, despiking due to high energy particles and flat-
fielding. Then we used aia_prep.pro routine available in SSW packages to
co-align the images from all of the ATIA channels (171, 193, 335 and 304 A) to
a specified pointing, rescale the images to a common plate scale and derotate
the images. We also normalized the images to 1-sec exposure time for all
the wavelengths (171, 193, 335 and 304 A). From these data set the filament
regions are extracted and tracked over time. We acquired the data starting
from 22:00 UT on 26 March 2012 till 07:00 UT on 27 March 2012 which covers
activation of the filament eruption and subsequent runaway motion for the
entire event.

In order to examine the changes in the photospheric magnetic field near
the filament footpoints, we obtained the full-disk line-of-sight magnetograms
at level-1.0 for about little more than a day starting from 26 March 2012 from
HMI with a cadence of 45 sec. Both the EUV images and magnetograms

have slightly different spatial resolutions. Hence, we used aia_prep.pro rou-
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tine available in SSW packages to upgrade HMI magnetogram to level-1.5
from level-1.0 so that it is interpolated to the AIA pixel-resolution. We have
tracked the region-of-interest (ROI) by utilizing the heliographic co-ordinate
information and finally corrected for the line-of-sight effect by multiplying
1/cosf, where 6 is the heliocentric angle. We then averaged 4 magnetograms
to reduce the noise level to about 10 G. These magnetograms have been used
to study the evolution of magnetic fields in and around the filament at the
photospheric level.

The morphology of the filament at the chromospheric heights can be stud-
ied with Ha images. We obtained full-disk Ha images from GONG, starting
from 23:00 UT on 26 March 2012 till 06:00 UT on 27 March 2012. The data
set covers first and second eruption of the filament and subsequent flares for
the entire event. The ROI was extracted in the image using the heliographic

co-ordinate information.

2.4 Observations and Results

2.4.1 AIA observations of the filament eruption

The filament was formed in the active region NOAA 11444 when it was at a
location 19° North and 26° East of the central meridian point and survived
for almost 3 days. On 27 March 2012, before the eruption, the filament was
observed in the same active region at heliographic position of N21 W17. The
filament appeared as inverse J shaped in Ha (top-left), He 1T 304 (top-right),
193 A (bottom-left) and 171 A (bottom-right) images in Figure 2.4, respec-
tively. The arrows in Figure 2.4 show the filament and the arrow followed by
letter ‘A’ in Ha image indicates the location of the protrusion which appears
as barb. The inverse J shape of the filament indicates the filament has the
right handed twist and it is consistent with hemispheric rule. The appear-

ance of the filament in the coronal images (193 and 171 A) are also shown in
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Figure 2.4: Filament observed in Ho image (top-left), 304 A (top-right), 193 A (bottom-
left) and 171 A (bottom-right) channel of ATA. The top and bottom filament locations are
shown by white arrow with ‘T’ and ‘B’ symbol respectively. The arrow with ‘A’ symbol
in Ha image shows the location of the protrusion which appears as barb of the filament.
The white boxed region in 304, 193 and 171 A images shows the surge location close to the
filament. The red boxed region in the top-right panel shows the location of the preflare
brightening in 304 A image.

Figure 2.4 (bottom-left and right, respectively).

The filament appears to have two elements. One is broad inverse J shaped
which is visible in Ha-6563, 171, 193 and 304 A wavelengths. This filament
region is shown by an arrow with letter ‘T” symbol, indicating the top most
filament. One more thin filament sitting below the top filament or it could
be just a bifurcation of the main filament. It appears to start at a location
of ~35” in the horizontal direction and at ~425” in the vertical direction in
EUV images. It bends down at ~45” and later continues with the main ‘T’
filament, also taking inverse J shape. The bottom side or bifurcated filament

is shown by the letter ‘B’ in Figures 2.4 and 2.5.
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Figure 2.5: Filament observed in 171 A channel of AIA. The top and bottom filament
locations are shown by white arrow with ‘T’ and ‘B’ symbol respectively. The contours of
the magnetic fields are overlaid on the images. The orange and red contours represent the
positive and negative polarities with magnetic field strength values of + 100, 150, 200 and
250 G, respectively.

In order to study the filament eruption in detail, we have made a movie
of the erupting filament in 304, 171, 193 and 335 A channel of AIA. The
movie clearly shows that the filament erupted in two stages. In the first
stage, the southern portion of the filament erupted. This eruption is followed
by C5.3 class flare identified by GOES detector at ~02:52 UT. The second
eruption initiated at around 3:50 UT, during that time the northern part of
the filament got activated and accelerated at 4:20 UT followed by C1.7 class
flare observed in the active region at ~04:25 UT. The movies are made in 171,
193, 304 and 335 A wavelengths and available in the web linked with this
site hitp://skdhara2.webnode.com/videos/solar-event-videos/*. The zoomed-
in versions of the erupting filament is also shown in the same movies.

The contours of photospheric magnetic fields overlaid upon the 171 A im-
ages, shown in Figure 2.5 indicate that the filament is passing through the

neutral line and the southern portion of the filament ending in the bipolar
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Figure 2.6: A sequence of line-of-sight magnetograms showing the location of the bright
ejecta, seen in the white boxed region in Figure 2.4. The white and black region represent
the positive and negative polarities of the magnetic field respectively. The locations of flux
cancellations and emergence are shown by circles.

regions where the magnetic fields are canceling. The surge in the cusp shaped
regions observed close to the filament is shown by white boxed region in the
304, 193 and 171 A wavelengths in Figure 2.4. This reconnecting region is
repeatedly becoming bright and expels some dark ejecta. Over the period of
2.5 hrs starting from 00:00 UT to 02:30 UT (on 27 March 2012), it became
bright 5 times periodically and ejected the mass. In the same location, the
photospheric magnetograms showed repeated emergence and cancellations of
magnetic flux. Figure 2.6 shows the sequence of line-of-sight magnetograms
for the same location at different times during the surge event. The emer-
gence and cancellation of magnetic flux regions are marked by circles in the

time sequence of magnetograms.

"Movies generated from SDO/AIA 171, 193, 304 and 335 A images of the filament
eruption associated with active region NOAA 11444 discussed in this chapter are available
on our website (http://skdhara2.webnode.com/videos/solar-event-videos/). The movies
are named according to the wavelengths of observations of the event.
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Figure 2.7: Left: The filament channel is shown by arrow 1 and 2 in the 304 A image.
Right: The filament portion after the first eruption, appeared in 171 A image is shown by
white arrow.

2.4.2 Pre-flare brightening and initiation of filament
eruption

Near the east end of the bottom-side filament, a brightening was observed
starting at 01:56 UT. The brightening location is shown in 304 A channel by
a red box in Figure 2.4 (top-right). This brightening occurred at a location
of ~38"” on the x-axis in Figure 2.5. The brightening was followed by a bright
flow which moved from east end of the filament to the west. During the
flow, the filament appeared as a sequence of bright and dark threads. The
bright flow reached the barb like protrusion at 02:03 UT. During that time
the bottom or bifurcated filament moved up little and also raised the top or
main filament. Later, in the top portion of the filament we observed a dark
flow moving towards the east direction from west direction and in the bottom
portion the bright flow direction was from east to west. At around 2:35 UT
the separation between the bright and dark threads of the filament became
large and in the west side, one end of the filament started moving upward.
At around 2:53 UT there was a C5.3 class flare and during that time a large

amount of bright mass was ejected along with the filament eruption.
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Soon after the first part of the filament erupted, bright and dark long
threads were visible in the location of northern portion of the filament in
coronal as well as upper chromospheric images. These bright and dark threads
appeared to be a filament channel whose positions are shown by arrows 1 and
2 in 304 A image in Figure 2.7 (left). A dark filament portion appeared
over this bright and dark thread at 3:14 UT. This portion is shown by an
arrow in 171 A image in Figure 2.7 (right). At, around 4:20 UT this filament
showed acceleration followed by C1.7 class flare that occurred in the same
location. The filament disappeared from the field-of-view at around 4:30 UT
in 171 A images.

2.4.3 Space-time diagram of filament eruption

The entire filament was erupted in two phases. In the first phase the southern
portion of the filament erupted and in the second phase the northern portion
of the filament erupted. The space-time (ST) maps are helpful in under-
standing the evolution of filament over a fixed region. We have constructed
space-time maps from a series of 304 A and 171 A images. The ST map for
the first filament eruption is extracted from slit-I and the second eruption is
extracted from slit-IT (shown in Figure 2.8 (top)). The ST maps are shown
in Figure 2.8 for 304 and 171 A images. The ST maps have been constructed
from a series of 304 and 171 A images starting from 27 Mar 2012 at 01:00 UT.
The position of the filament in ST map generated from 304 A images (middle-
left image), is shown by an arrow ‘A’. It is located at about 50th pixel in the
Y-direction. At or around ~01:56 UT there was a pre-flare brightening close
to the filament. The location of the brightening in ST map is shown by an
arrow ‘Br’. A similar brightening is also visible in other ST map, generated
from 171 A images (bottom-left). Then onward the filament showed an indi-
cation of slow-rise. At around 2:30 UT there was another brightening which

could be related to the C5.3 class flare. The filament started to rise little
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faster during this time and showed a different slope. This location is indi-
cated by a vertical line close to the filament in ST map. The peak time of
the flare occurred at around 3:08 UT. After that the filament accelerated and
erupted with a projected speed of 130.1+2.9 km /sec.

We have constructed space-time maps from a series of 304 A and 171 A im-
ages for the second eruption too and these were extracted from slit-1T (shown
in Figure 2.8 (top)). The initial position of the filament before activation is
shown by an arrow in the ST map (middle and bottom-right image), which
is located at about 90th pixel in the y-direction. This filament erupted in
a different manner compared to the previous eruption. After its activa-
tion it took an anti-clockwise turn and then moved away towards south.
The projected distance traveled by the filament is visible in both 304 and
171 A ST maps. This filament accelerated and erupted with a projected
speed of 37+2.1 km/sec. This event was followed by C1.7 class flare occurred

in the same location.

2.4.4 Temporal evolution of light curves during slow

and erupting phase of filament

Figure 2.9 shows the intensity variations in 171, 304, 335 and 193 A wave-
length images close to the end point of the bottom filament where the pre-flare
brightening was observed. The light-curve is obtained by integrating the in-
tensity in a small box shown in Figure 2.9 (top-left). The box is also shown
in the magnetogram and the magnetic flux is computed from the boxed re-
gion (shown in Figure 2.9 (top-right)). The light-curves in 171, 193, 335 and
304 A wavelengths showed a brightening at around 01:56 UT in the boxed
region. The ST maps indicated that the filament activation started at the
same time. Later, at around 2:50 UT there was a jump in the GOES X-ray
curve in the 1.0-8.0 A band. At the same time we observed a jump in in-

tensity of all the 304, 335, 171 and 193 A wavelength bands. The peak in
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Figure 2.8: Top: The filament is shown in 304 A image. Two white slits overlaid on
the image represent the position from which the space-time maps have been generated.
The slit-I crosses 1st eruption of the filament. The slit-II crosses 2nd eruption of the
filament. Middle: The space-time map of filament eruption for slit-I (left) and for slit-IT
(right) respectively extracted from 304 A images. Bottom: The space-time map of filament
eruption for slit-I (left) and for slit-II (right) respectively extracted from 171 A images. A
dark bent portion of the filament represents the path of the filament while erupting. The
white arrow followed by letter ‘A’ (left images) shows initial position of the filament before
eruption. Other white arrow followed by letter ‘Br’ shows the brightening position during
eruption.
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the 171 and 195 A wavelength bands coincided with the peak in GOES X-ray
curve indicating that the soft X-ray and EUV channel observe a similar tem-
perature layer in the solar atmosphere. The brightening in the GOES and in
other EUV wavelengths reaches the background level over a period of about
40 minutes after the flare.

During the initiation of the C5.3 class flare the filament showed an accel-
eration and eventual eruption. The magnetic flux computed inside the boxed
region. The negative flux in the boxed region decreased till the onset of the
flare with some undulations indicating that the flux cancellations in the same
locations. The positive flux also decreased starting from 01:00 UT till the
beginning of flare. Over the period of 2-hrs almost a similar amount of flux
(~0.15x10% Mx) canceled in both the polarities. The change in flux could
be due to several reasons. The decrease in the flux is due to the flux cancella-
tions and the increase in flux is due to the emergence as well as the magnetic

flux entering into the boxed region from the surrounding region.

2.4.5 Contraction of the coronal loop in the first phase

Just a few minutes before the first phase of filament eruption there was one
coronal loop contracted on the eastern part of the filament. In that location
the top filament (T) was ending. The loop contraction was visible starting
from 2:32 UT till 2:35 UT. Figure 2.10 (top — 1st panel) shows the contraction
of the coronal loop in a sequence of 171 A images in different time epoch.
Magnified portion of the contracting loop regions (blue boxed region) are
shown in Figure 2.10 (top — 2nd panel) for the corresponding time of the top
— 1st panel images. The time sequence of high-pass filtered 171 A images
for the contraction loop are shown in Figure 2.10 (bottom — 1st panel) for
better contrast. Magnified portion of the contracting loop regions (blue boxed
region) are shown in Figure 2.10 (bottom — 2nd panel) for the corresponding

time of the bottom — 1st panel filtered images. These high-pass filtered images
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Figure 2.9: Top-left: The boxed region shows the brightening region in 304 A image.
Top-Right: Line of sight magnetogram for the same region and the boxed region is also
shown here. Bottom: top plot: GOES 1-8 A flux profile. The normalized fluxes are plotted
for the boxed region at wavelengths 171 A, 193 A and 304 A (2nd plot from top). The
projected height—time plot for the 1st eruption is shown in 3rd plot. The calculated positive
and negative fluxes for the boxed region (from top-right magnetogram) are also shown in
the subsequent plots.
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are obtained by using the wavelet transform (Young, 2007). The contracted
loop is shown by arrow in every images in both the panels. During collapsing
period it covered about 15” in height. Later, though its signature is not visible
due to the weakening of its brightness, we do see some drop of material on to
the filament at 2:37 UT indicating the collapsing loop reaching the filament
location at that time. Soon after the collapse of the loop the filament started

to erupt.

2.4.6 Contraction of the postflare loop

After the first eruption of the filament, the north-west portion of the filament
got into activation. One of the post-flare loop started to shrink over the
filament which is shown by an arrow (L) in Figure 2.11 (top). The loop
height reduced over the time. During this period, there was a westward flow
in the dark portion of the filament. Once the shrinking loop disappeared in
171 A channel, a dark feature appeared to be moving towards western side at
3:40 UT. After this, several loops around the filament cooled down and the
length of the dark feature increased in size at 4:15 UT.

To find the height of the loop and the rate at which it was shrinking we
have extracted the loop using the wavelet transform based low-pass filtering
as above. Later we fitted a semi-circle to the identified loop and extracted
its radius over the time. We then plot a reduction in radius over the time
and is shown in Figure 2.12. The loops were identified in 3 wavelengths,
171, 304 and 335 A images. The loop first disappeared in 335 A wavelength,
later it disappeared in 171 A wavelength and finally in 304 A wavelength. In
304 A wavelength it was visible for about 30 minutes.

In sequence of Ha images, the shrinking loop was not visible, but the
motion of the dark feature in the filament channel was visible over the time.
At 3:20 UT, a dark arc shaped filament in the northern portion of the two

ribbon flare was visible and is shown in Figure 2.11 (bottom).
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Figure 2.10: Top — st panel: Sequence of 171 A images (A, B, C) for the east portion
of the filament just before the first eruption showing the contraction of the loop over time.
The white arrow shows the bright loop which was contracting. Top — 2nd panel: Sequence
of 171 A images (a, b, ¢) (zoomed portion of the blue boxed region of 1st panel image)
showing the contraction of the loop. Bottom — 1st panel: Sequence of 171 A high-pass
filtered images (A, B, C) for showing the contraction of the loop. Bottom — 2nd panel:
Sequence of 171 A high-pass filtered images (a, b, ¢) (zoomed portion of the blue boxed
region of 1st panel image) showing the contraction of the loop.



2.4 Observations and Results 51

500

»~
&)
o

Y (arcsecs)

IS
Q
=]

03:10UT 03:20UT 03:30UT 03:40UT

&
&)
o

-50 0 50 100 150 -50 0 50 100 150 =50 6] 50 100 150 -50 0 50 100 150
X (arcsecs) X (arcsecs) X (arcsecs) X (arcsecs)

Figure 2.11: Top: Sequence of 171 A images for the north-west portion of the filament
after the first eruption showing the contraction of one of the post-flare loop. The white
arrow followed by ‘L’ shows the bright loop which was contracting before the second acti-
vation. The white arrow followed by ‘F’ indicate the filament location. Bottom: Sequence
of H, images showing the filament position by white arrows (F) with time.

2.4.7 Expansion, reconnection and collapse of coronal

loops near the filament ends

Near the east side of the filament, several post flare loops were visible. At
around 03:45 UT, there was an expansion of loops towards higher heights in
those regions, as shown in a sequence of 171 A images in Figure 2.13 (panel
A-F). The arrow followed by ‘1’ shows the expanding loops. A small bright-
ening was observed at around 03:40 UT in EUV channel in the eastern foot-
point location of the expanding loop. This brightening location is shown by
a blue rectangular box in Figure 2.13 (panel A & B) in 171 A channel. In
the same location, a small scale magnetic flux cancellation was observed dur-
ing the brightening (shown in boxed region in Figure 2.14 (panel A)). The
magnified view of the boxed region in magnetograms are also shown in the
same Figure 2.14 (panel B — I) with time. In the magnified magnetograms,

the circled region show the canceling features wherein the positive polarity
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Figure 2.12: The radius of the loop (shown in Figure 2.11) is plotted over time observed
in 335 (blue plot), 304 (green plot) and 171 (orange plot) A images.

region moved towards the negative region and eventually canceled. During
the time period 03:45 UT to 04:21 UT expanding loops reached about 60" in
height from initial position with a projected speed of 2042.3 km/sec, while
the collapsing coronal loops came down by 35" with a projected speed of
11.942.0 km/sec. While the loop is raising, the brightening was seen in the
adjacent loop top. This brightened loop was cusp shaped, as shown by white
arrow ‘3’ in the sequence of 171 A images in Figure 2.13 (panels F — J). The
magnified view of the green boxed region (shown in Figure 2.13 (panel J)) are
shown in 171, 304 and 193 A wavelengths in the panels (a - f) of Figure 2.13.
One can observe that the brightened cusp shaped loop is visible in 171 and
193 A channels, but not in 304 A channel. This brightened loop is shown by
arrow ‘3’ in 171 and 193 A channels and the erupting filament is shown by
arrow ‘F’ in 304 A channel. The contour of the erupting filament extracted
from 304 A channel (panel b) is overlaid on the 171 and 193 A channels,
shows the position of the filament. This brightened loop was visible from
~04:16 UT till ~04:27 UT. The brightening could be due to the reconnection

between the rising and overlying loops. At the same time the filament got
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activated and started to raise in height. The top coronal loop on the western
side of the filament started to collapse at the time ~03:59 UT. The arrow
followed by ‘2’ in Figure 2.13 (panel C & D) shows the collapsing of the coro-
nal loops. Later, the filament rose to higher heights and the overlying loop
in the western footpoint collapsed. While erupting, the filament appeared
as twisted into the helical form and eventually disappeared from the FOV.
On the east side of the filament the loops moved in upward direction and
expanded. On the west side of the filament the loops moved in downward

direction and shrunk.

2.4.8 Photospheric flow in and around filament region

The filament was formed at the polarity inversion line of the plage region. In
order to find the direction of flows in and around the filament at the pho-
tospheric level we applied a Differential Affine Velocity Estimator (DAVE;
Schuck 2006, 2008) to the time sequence of magnetograms. The DAVE incor-
porates the advantages of differential local correlation tracking (LCT; Novem-
ber and Simon 1988, see Section 3.3.4 for more details about LCT.), includ-
ing a quantitative measure of the goodness of the affine flow model (Schuck,
2005). In this technique, a local affine velocity model is assumed allowing
linear spatial deformations of the velocity within the apodizing window. The
measured velocity satisfies induction equation in a least-square sense within
the apodizing window. In brief, this technique is compatible with the induc-
tion equation, has ability to detect flow patterns inside the apodizing window
and allow high time cadence images. Hence, DAVE can estimate photospheric
velocities from magnetograms. This tracking method depends on two param-
eters, 1) the apodizing window size and 2) the time interval between the
images. For a given time, the window size should be large enough so that
tracked features remain confined within the window and also, it should be

small enough to be consistent with an affine velocity profile.
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Figure 2.13: Panel (A)-(L): sequence of 171 A images for the north-west portion of the
filament before the second eruption showing the expansion and collapse of coronal loops.
The white arrow 1 and 2 show the expansion and collapse of coronal loops, respectively
over time. The white arrow 3 in the panels F—J shows the brightened loop close to eastern
footpoint of the filament during filament activation. The blue boxed region (panel A &
B) shows the brightening close to eastern footpoint of the expanding loops. Panel (a)—(f):
magnified version of the green colored boxed region of panel J image, are shown here in
three different wavelengths 171, 304 and 193 A, respectively. The brightened loops are
shown by arrow ‘3’ in 171 and 193 A images and the erupting filament is shown by arrow
‘F’ in 304 A image (panel b & e). The erupting filament contour overlaid on 171 and
193 A images is extracted from 304 A image.
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Figure 2.14: Panel A shows the line-of-sight magnetogram for the similar field of view
of the top 171 A images of Figure 2.13. The boxed region is the same region as shown in
Figure 2.13. The zoomed version of the boxed region of this magnetograms are displayed
in a time sequence in which circled regions indicate the flux canceling region over time
(Panel B - I).

It has been observed that rectangular size apodizing window seems to work
better than the square window (Welsch et al., 2007). After several trials we
have chosen a window size of 12" x10.8” and time difference of 4.5 minutes
to compute the velocities. The obtained velocity v, and v, are averaged over
5 hr to find the steady flow directions. Figure 2.15 (top) shows the long lived
flow field in and around active regions, obtained after averaging over 5 hr
starting from 22:50 UT (on March 26) to 03:50UT (on March 27). Clearly
in the figure, it is easy to see the supergranular flows in and near the plage
regions. These are shown by the blue polygon which are drawn at the edges of

the flow which meets from opposite sides. The average size of these polygon
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Figure 2.15: Top: The horizontal averaged velocity vectors shown in arrows are overlaid
upon the 4 hr averaged magnetogram. The averaging time interval is given above the
figure. The supergranular flows near the PIL and plage regions are shown by the blue

polygons. Bottom: A blow up view of the velocity flow fields near the PIL (green boxed
region of top figure) during the brightening time.
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is about 40”. The flows are convergent near the PIL where the positive and
negative polarity fields meet. The supergranular flows are responsible for the
continuous converging flows near the PIL. The PIL region is shown by the
green colored rectangular box. Magnified view of the velocity flow for this
boxed region are shown in Figure 2.15 (bottom) without averaging during
the pre-flare brightening time. It also shows a continuous motion of opposite
polarity features moving towards each other. A solar rotational motion re-
moved (2 km/sec), 5 hr averaged dopplergram also shows the supergranular
flows with upflows in the center of the supergranulation and downflows near
the periphery of the boundary of the supergranular flows. Clearly, the super-
granular flows is responsible for the observed converging motion of features

near the PIL.

2.4.9 Photospheric magnetic field

The magnetogram shows that the filament location is near the PIL of the two
opposite polarity plage regions (Figure 2.9 (top)). A time sequence of mag-
netograms before and during the first phase of filament activation is shown in
Figure 2.16 (top). It is observed that the opposite polarity magnetic regions
are interacting with each other at the PIL. The cancellation of magnetic flux
was observed in this region. This region also showed a pre-flare brightening
at around 01:56 UT on 27 March 2012. Some of the canceling features during
the observation of pre-flare brightening are marked by the red circles in the
magnetograms at the PIL. The flux cancellations near the PIL could be the
cause for the preflare brightening near the filament.

Figure 2.16 (bottom-left) shows the magnetogram few minutes before pre-
flare brightening. Magnetic flux in the active region was computed within the
contoured region shown in Figure 2.16 (bottom-left). This contour encloses
the bipolar region of interest. Figure 2.16 (bottom-right) shows the calculated

negative and positive fluxes for this contoured region. It is observed that



2.4 Observations and Results 58

L) L

00:36UT 00:54UT 01:12UT

" , ‘ 7“1
".1 LC Y
02:03UT 02:33UT

Pos.flux(X10™Mx)

Y (arcsecs)

-28F
-29F

~30F

Neg.flux(X10% Mx)

-~

|
|
|
|
|
|
|
|
|
|
|
I

-32F

-50 0 50 100 \
X (aresecs) 12:00  16:00
Start Time (26-Mar—12 09:23:02)

20:00 00:00 04:00 08:00 12:00

Figure 2.16: Top: A sequence of line-of-sight magnetogram show the flux cancellation
at the PIL during pre-flare brightening. The flux cancellation regions are marked by the
circles. Bottom—Right: The plot shows the calculated positive and negative fluxes for the
irregular contour (Bottom-left line-of-sight magnetogram). The dashed and solid vertical
lines represent the onset time of first activation and second activation of the filament
eruptions, respectively.

the flux is not balanced in this region. The magnetic flux in the negative
polarity is larger than in the positive polarity. The flux start to decrease
in both the polarities from the beginning of observations. However, in the
negative polarity region the flux started to decrease clearly after 16:00 UT.
The flux decreased at a rate of 2.52x 10 Mx/hr in the positive and 5.89 x 10
Mx/hr in the negative polarity regions over 9 hours time period starting from
16:00UT on 26th Mar 2012. When the flux decrease is stopped we observed
the first event of the filament eruption followed by C5.3 class flare (shown by

dashed line in the plot). The second event occurred when there was a slight
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increase of negative flux and decrease in positive flux (shown by solid line in
the plot). The temporal evolution of the flux suggests us that there was a

continuous cancellations of the flux in this region.

2.5 Summary and Discussions

We observed an eruption of filament associated with an active region NOAA
11444 that located in the northern hemisphere at a latitude of 21°. The
filament was inverse ‘J’ shaped and located along the polarity inversion line.
It has erupted in two different phases. In the first phase of the eruption
the southern portion of the filament erupted, while in the second phase the
northern portion erupted. The sequential progress of the events are given in
the Table 4.1. These two phases of eruptions were accompanied with a GOES
(5.3 and C1.7 class flares respectively.

The transient brightening in EUV started at ~01:56 UT at the location
of one end of the filament. Photospheric magnetograms showed continuous
cancellation of the flux near the PIL and the DAVE derived velocity showed
converging motion in the same location. After the transient brightening, the

filament rose slowly at a velocity of 1.54:0.3 km s

Later, it accelerated
during the flare. That is the time the rate of flux cancellation has decreased
near the PIL. The slow rise of the filament in the first phase of the eruption
could be caused by the reconnection occurred in the low level as explained
by Moore and Roumeliotis (1992). The reconnection occurring in the low
level can reduce the tension of the overlying twisted fields, there by the over
powered magnetic pressure could have pulled the filament to higher heights.

The flux cancellation in the photosphere emphasize gradual progress of
magnetic reconnection in the upper layers, while tether-cutting is relatively
more impulsive process occurring in the lower corona. Sterling, Moore, and

Freeland (2011) analyzed an active region filament eruption which occurred

on 12 May 2010. In their case, they observed a gradual magnetic flux can-
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Table 2.3: Progress of events during eruption.

Time (UT)

Observation

~01:56

~01:57 — ~02:35

~02:30

~02:32 —~02:35

~02:53

~03:08

~03:14

~03:14 —~03:40

~03:45

~04:15

~04:16 — ~04:26

~04:20

A brightening was observed (red boxed region in Figure 2.4
(top-right)) in 171, 193, 335 and 304 A.

A bright flow was observed, which moved from east side of
the filament to the west side.

One more brightening was observed near the east end of the
filament which is related to preflare brightening of C5.3 class
flare (see Figure 2.8) and filament showed an acceleration.

Contraction of coronal loop on the eastern part of the fila-
ment (see Figure 2.10).

C5.3 class flare and a large amount of bright mass ejected
along with the filament eruption.

Peak time of the C5.3 class flare.

A dark filament portion appeared over the bright and dark
filament channel (see Figure 2.7).

The north-west portion of the filament started activation.
Shrinking of one of the post-flare loop is visible (see Fig-
ure 2.11).

There was an expansion of loops towards higher heights in
the east side of filament. At the same time a contraction of
loops in the west side are also visible and these loops were
sitting over the filament (see Figure 2.13).

Several loops around the filament cooled down and length
of the dark feature increased in size.

A brightened cusp shaped loop was observed near the east
end of the filament, as shown by arrow ‘3’ in the Fig-

ure 2.13 (panel a — f).

This filament eruption started followed by C1.7 class flare.

cellation under the filament, which built the filament flux rope over the time,

causing it to rise gradually. The filament eventually erupted due to the onset

60



2.5 Summary and Discussions 61

of a magnetic instability and/or runaway tether cutting. During the onset
and early development of the explosion for six bipolar events, Moore et al.
(2001) observed that in each of the events the magnetic explosion was un-
leashed by runaway tether-cutting via reconnection in the middle of the sig-
moid. Their study suggest that this internal reconnection is essential for
the starting of sigmoid eruption and grows in step of the magnetic explosion
in eruptive flares. Recent results show a direct observational evidences for
‘Tether-Cutting’ mechanism in at least two events (Chen et al., 2014). We
believe that the observed brightening near the low lying filament end followed
by a bright flow along the filament could be the reconnection occurred in the
lower layers and a signature of ‘Tether-Cutting” mechanism which could have
initiated the slow rise of the filament.

Flux cancellation across the neutral line could be one of the reason by
which the overlying field could destabilize. The underlying field after the
flux cancellation gets submerged, the imbalance in the magnetic tension and
pressure of the overlying layer could cause the expansion of the field lines. Nu-
merical simulations indicated that the flux cancellations along the PIL can
form the twisted helical flux rope which support the filament (Chae, 2003; van
Ballegooijen and Martens, 1989) and the same processes can also destabilize
the filament (Amari et al., 2003; Martin and Livi, 1992). The flux cancella-
tion at the polarity inversion line can lead to the coronal structure evolving
towards highly sheared fields which eventually can erupt in the later stage
(Green, Kliem, and Wallace, 2011). Sterling et al. (2010); Zuccarello et al.
(2007) observed that the filament ejection being triggered by flux cancella-
tion between the positive flux elements and the surrounding negative field.
The work reported here supports the flux cancellation at the PIL could have
destabilized the filament which eventually erupted during C5.3 class flare.

In summary for the first phase of eruption, our observations show that
there was a continuous converging flows and magnetic flux cancellation near

the PIL followed by transient brightening related to the tether-cutting mech-
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anism. This could eventually destabilized the bottom filament in the first
phase of eruption and pushed the top filament to little higher heights. The
top filament showed a slow rise, followed by the bright lows and it eventually
started to erupt during the coronal loop collapsing phase which could be due
to the decreasing of the tension force under the coronal loop after the small
reconnection beneath the bottom of the loop.

Further, in the same active region NOAA 11444, we observed a second
phase filament eruption, after ~1 hr 27 min of the first filament eruption. It
was suggested that in the flaring region a decrease of the magnetic pressure af-
ter the stored energy released could cause a contraction of the overlying loops
(Liu and Wang, 2009). Further, we observed there was an expansion of the
coronal loops near the east end of the filament. The collapsing/shrinking loops
and simultaneous outward moving loops during the decay phase of solar flare
could reconnect (Khan, Fletcher, and Nitta, 2006). The expansion of these
coronal loops may lead to the reconnection (with the overlying/collapsing
loops), which could remove a sufficient amount of overlying flux, making an
opening for a flux rope, as numerically explained by Torok et al. (2011). A
brightened cusp shaped loop was observed near the east end of the filament,
which tells us that there was a reconnection between the expanding loop and
the collapsing/overlying loops. In summary for the 2nd phase of eruption,
converging motion, cancellation of magnetic flux, raising loops, reconnection
with the overlying loops all suggest that the flux cancellation is responsible
for the activation and eventual eruption of the filament in the second phase
too. The brightened loop closer to the eastern end of the filament indicate
the reconnection occurred at coronal level, which could have made an opening
for a flux rope by removing a sufficient amount of overlying flux, leading to
the eruption of the filament. The reason for the collapsing loop observed near
the western end of the filament is not clear. However, Liu and Wang (2010);
Yan et al. (2013) explained that the collapsing of the loops could be due to

the reduced magnetic pressure underneath the filament.
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The increasing spatial resolution in the EUV wavelength and high tempo-
ral cadence observations provided a good data to study the very complicated
events like the one studied here. In the next chapter, we have reported one
more active region filament eruption event to understand the sequences of
events occurring before the filament eruption in EUV wavelength regime from
a large pool of data observed by the AIA telescope and Ha images from Big
Bear Solar Observatory (BBSO; Denker et al. 1999).



Chapter 3

A study of an active region
filament eruption associated
with rotational motions near

the footpoints

3.1 Introduction

Twisted magnetic fields support the filaments in the corona. The equilib-
rium loss initiated by kink-mode instability in twisted magnetic fields is one
of the leading mechanisms for filament destabilization and eruption (Saku-
rai, 1976a). The kink-instability occurs when the twist of the emerged flux
ropes exceeds a critical value, causing writhing of flux rope around its axis
(Fan, 2005). As a result, the flux rope can loose its equilibrium and erupt
(Liu, Alexander, and Gilbert, 2007). By observing an active region filament,
Romano, Contarino, and Zuccarello (2003) found that a total twist in one
of the prominence threads changed from 5-turns to 1-turn as it raised dur-

ing filament activation. They concluded that prominence was destabilized
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by kink-mode instability and magnetic field later relaxed to a new equilib-
rium position. Romano, Contarino, and Zuccarello (2005) suggested that in
one of the filament eruption events, the injected magnetic helicity via the
photospheric shearing motion exceeded the kink instability threshold.

The filament eruption could be triggered by the magnetic reconnection at
low level in the solar atmosphere (Contarino, Romano, and Zuccarello, 2006;
Contarino et al., 2003). In the photosphere it is seen as a cancellation of mag-
netic features (Priest, Parnell, and Martin, 1994). Many times it has been
observed that magnetic flux cancellation occurs at the photosphere near the
PIL (Martin, 1998a). If the flux cancellation at the photosphere continues
after the flux rope has been formed, it may result in instability leading to
eruption; as formulated by Amari et al. (2003, 2011); van Ballegooijen and
Martens (1989). It has also been observed that flux cancellation at the PIL
lead to the formation of X-ray sigmoid which eventually triggers the CME
(Green, Kliem, and Wallace, 2011). A successive reconnection in the coronal
arcade can change the configuration such that filament below the arcade can
no longer be sustained. This destabilization can cause the eruption of the
filament (Zuccarello et al., 2007). “Tether-cutting” mechanism is another ex-
ample of magnetic reconnection where strapping of magnetic tension force is
released by internal reconnection above the PIL (e.g., Moore et al., 2001) to
destabilize the filament. But, Aulanier et al. (2010) found that magnetic flux
cancellations at the photosphere and the tether-cutting reconnection at the
coronal heights do not initiate the CMEs in bipolar magnetic field configura-
tions. However, they are essential to buildup flux ropes in the pre-eruptive
stage. Subsequently, the flux rope rises to a height at which the torus insta-
bility can set in to cause the eruption.

Sunspot rotation in the vicinity of filament can also be responsible for the
formation and ejection of active region filament (Yan et al., 2012). Zuccarello
et al. (2012) have observed a B7.4 class flare associated with filament erup-

tion which occurred in the active region. By examining the magnetic field
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configuration and photospheric velocity maps they concluded that a shearing
motion of the magnetic field lines could increase the axial field of the filament,
thus bringing the flux rope to a height where the torus instability criteria is
met to favor the eruption.

In this chapter, we present the study of a filament eruption that occurred
in the vicinity of the active region NOAA 11247 that was observed in different
wavelength regimes. The filament eruption occurred at about 23:20 UT on
08 July 2011 and it was followed by B4.7 class flare starting at ~ 00:45 UT.
Prior to eruption, a flux emergence in the vicinity of filament footpoint and
converging flow were observed in two footpoints of the filament at the photo-
sphere. These footpoints of the filament were rooted in the West-most plage
region. Just after the filament activation, a rotational motion was also ob-
served at the footpoint locations (Dhara, Ravindra, and Banyal, 2014a). In
the next Section of this chapter, we describe the data preparation and the
analysis method used. The observational results starting with flux emergence,
converging flow around the filament footpoint, filament eruption and subse-
quent rotation in the footpoint are presented in Section 3.3. Finally, in the
last section, we discuss the importance of the flux emergence and converging
motion associated with filament destabilization and eruption. We also give

plausible explanation for the observed rotation in the footpoints.

3.2 Observation and Data Analysis

We used EUV data from AIA at 171, 193 and 304 A wavelengths (image
cadence of 12 sec) to study the filament eruption in detail. The acquired data
set starting from 15:00 UT (08 July 2011) to 04:00 UT (09 July 2011) covers
the entire filament eruption event. The details about the data and analysis is
given in Section 2.2.1.1. The corrected data has been tracked over the region
of interest. This tracked region data cube was prepared and used to study

the dynamics of the filaments at the coronal level.
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Complementary to the coronal data sets, we also obtained a few full-disk
H, images from the Big Bear Solar Observatory to study the morphology of
the filament at the chromospheric heights. These H, images were acquired
at BBSO (Denker et al., 1999) with 2k x 2k pixel CCD camera having a pixel
resolution of 1”. Similar to AIA data, we also extracted the region of interest
in H, images by tracking it in heliographic co-ordinate system. However, due
to their limited availability, we used them only for the morphological study
of the filament in the chromosphere.

We have obtained the line-of-sight magnetograms from HMI for about 2
days starting from 08 July 2011. The data has been interpolated to the ATA
pixel resolution. Later, the obtained data has been tracked over the region
of interest, corrected for the line-of-sight effect by multiplying 1/cosf, where
0 is the heliocentric angle. The details about the data and analysis is given
in Section 2.2.1.2. We averaged 4 magnetograms to reduce the noise level to
10 G. These magnetograms were then used to study the evolution of magnetic
fields in and around the filament at the photospheric level.

Apart from these data sets, we also acquired the continuum intensity
images from the HMI telescope for which the cadence and pixel resolution
are same as the line-of-sight magnetograms. The obtained images have been
tracked over the region of interest as has been done for the other data set men-
tioned above. The ‘rotation-corrected” images were then used to determine

the velocity of small features near the filament footpoints.

3.3 Results

3.3.1 Filament observations at various heights

The filament was located just outside the active region NOAA 11247 at a
latitude of 19° in the southern hemisphere. The filament was visible on the

Eastern limb when the active region turned towards Earth on 05 July 2011.
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Figure 3.1: Observed filament in the 171 A channel of the coronal image (top left),
304 A of the transition region image (top right), Ha chromospheric image (bottom left)
and photospheric continuum image (bottom right). The field-of-view is same in all the four
images. In top two images, the filament location is indicated by white arrow. The inset
image on the top right of H, image shows the magnified portion of the bifurcated thin
thread like structure of the filament.

During the filament eruption the active region was located at a longitude
of 14° East of the central meridian. Figure 3.1 shows the active region as
observed in different wavelengths from the corona to the photosphere. The
‘S-shaped’ filament is vividly seen in coronal 171 A image (top-left) and in
the higher chromosphere-transition region image taken in 304 A wavelength
(top-right). The filament in EUV wavelength is observed as dark feature. In
the H, image (bottom-left) the filament is visible as a thick dark structures
located away from the active region and thin thread like structures extended

up to bright plage region. The thin thread like structure bifurcates into
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two parts. The one part extends up to the plage region and the other one
terminates somewhere in the quiet sun region. The bifurcation can be clearly
seen in the enlarged portion displayed in the same H, image, indicated by an
arrow. Note that the thin thread like structure seen in H, image appears as
thick dark structure in the coronal image. This bifurcation of the filament
in the Western footpoint is not visible in 304 A image rather a continuous
thick dark structure which ends in the Western plage region is seen. In the
H, image the filament exhibits a discontinuity at a location of -300 to -350
arcsec along the horizontal axis. The discontinuity in filament structure is
also seen in coronal image (top-left) close to the East-side that is indicated
by white arrow. The photospheric image (bottom-right) shows two sunspots

in the AR 11247 that are located in the vicinity of the filament structure.

3.3.2 Filament eruption

Rust and Kumar (1996) suggested that the solar filaments and its neighboring
structures exhibit the same sign of twist. The filament studied here appeared
as ‘S-shaped’ structure. This suggests that the filament has left-handed chi-
rality with positive helicity sign (Martin, 2003b). Also, the axial field of the
filament is left-bearing for an observer looking at the filament from North po-
larity side of magnetic field (c.f. Figure 3.5) and hence the filament is sinistral
(Martin, 1998b).

Figure 3.2 shows a sequence of 304 A images while the filament is in erupt-
ing phase. In each of these images, the location of the filament is indicated by
an arrow. In the middle-left panel image of Figure 3.2 we overlaid the contour
of the filament extracted from an image obtained an hour before the filament
eruption. It is evident that filament had started erupting at this stage. The
region which is producing out of the contoured region (shown by an arrow)
suggests the initiation of the filament eruption. The filament started to erupt

at ~ 23:20 UT on 08 July 2011 and became elongated. Later, it completely
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Figure 3.2: A time sequence of erupting filament is shown at different epoch in
He II 304 A images. The white arrow indicates the position of the filament and the
letter ‘A’ (bottom-right) with an arrow shows the position of a small portion attached
to the bottom side of the filament that took an anomalous path while erupting. In the
middle-left image the contour of the filament channel is overlaid on the erupting filament.
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Figure 3.3: Erupting filament shown in 171 A image taken by AIA/SDO. The arrows
indicate crossing of dark threads over the bright threads. The box on the bottom right of
the image shows the zoomed in version of the cross over threads.

disappeared from the field of view at around 00:29 UT on July 09. In mid-
dle portion of the filament a discontinuity was observed (see Section 3.3.1).
During the eruption this portion was seen as a tail shown by a letter ‘A’ with
an arrow in the bottom-right image of Figure 3.2. The filament eruption was
followed by two-ribbon flare (B4.7 class), observed at ~ 00:45 UT.

The erupting filament (see Figure 3.3) shows a crossing of bright and
dark threads in 171 A images. The crossing of dark features over the bright
regions is easily identified in the zoomed image where a bright feature in
the background is seen going from right to left while the dark feature in the
foreground crosses it from left to right. This crossing corresponds to the
positive mutual (type I) helicity (Chae, 2000). Overall, the filament exhibits
positive sign of helicity when it is quiet and also shows the same sign while
it is erupting.

The space-time map has been made using 304 A images to study the

evolution of erupting filament. The top image in Figure 3.4 shows two slit
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Figure 3.4: Top: The filament is shown in 304 A image. Two white slits overlaid on the
image represent the position from which the space-time maps have been generated. The
slit number 1 crosses the Western footpoint of the filament. The slit number 2 crosses
the filament midway between the footpoints. Bottom: The space-time map of filament
eruption for slit number 1 (left) and for slit number 2 (right). A dark bended portion of
the filament represents the path of the filament while erupting. The white arrow followed
by letter ‘A’ (bottom-right image) showing portion of the filament which took a anomalous
path. Other two white arrows shows the location of surge in the space-time map.

positions from which space-time maps were extracted in 304 A wavelength.
The slit position 1 provided the space-time map for the Western footpoint of
the filament (bottom-left). The bottom-right image shows the space-time map
for the erupting filament extracted from the slit position 2. The bottom-left
space-time map shows that the filament activation started at about 23:20 UT
at the Western footpoint. The space-time maps show the path of the erupting
filament which is curved.

A brightening on the top and bottom part of the erupting filament from
23:55 to 00:12 UT (shown by two inward arrows) can be seen in the bottom-
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Figure 3.5: The line-of-sight magnetogram showing the location of the active region and
plages. A white contours overlaid upon the magnetogram indicates the filament boundaries.
The box A and B represent the plage region and box C represents the emerging flux region.

right space-time map. This type of brightening, also observed simultaneously
in other wavelengths (171 A & 193 A ), is caused by a surge which started
from the footpoint of the filament and moved faster than the erupting fila-
ment.

A small portion of the filament marked as ‘A’ in Figure 3.2 (bottom-
right) can also been seen in space-time map (shown by the letter ‘A’ with an
arrow). Unlike normal curved path, this portion took a different trajectory
and moved away from the main filament channel. This anomalous path is
not visible in 171 A images, suggesting that it may have collapsed before
entering the corona. This portion arose from discontinuity in the filament
region (see Section 3.3.1). The projected velocity of the erupting filament is
56 4= 1.4 km s—!. This is obtained by extracting the data points on the curved
portion of the path of the erupting filament in the space-time map and then
fit a linear least square fit to the data points. The filament was not visible in

coronal images after 00:30 UT on 09 July 2011.
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Figure 3.6: A time sequence of magnetograms. Black and white colors represent the
negative and positive polarity of the magnetic field, respectively. The boxed region in the
last three images show the quadrupolar configuration of magnetic flux distribution.
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3.3.3 Emerging flux region

The location of the filament in the photosphere can be identified by overlying
contour of the filament extracted from 304 A image on the magnetogram.
Figure 3.5 shows the contour map of the filament overlaid upon the magne-
togram. The contour of the filament was extracted from the 304 A image
obtained at 23:20 UT on 08 July 2011 which is about 5 min before the mag-
netogram displayed in Figure 3.5. The East side footpoint of the filament is
located in the positive polarity plage region and the West side is anchored in
the negative polarity plage region. These are shown in Figure 3.5 in boxed
regions A and B respectively. The box C shows the emerging flux region with
positive and negative polarity flux associated with two small sunspots that
were present during the eruption.

Figure 3.6 shows a sequence of magnetograms taken at different time in
which the emerging flux region (region C) was visible. At about 00:50 UT
on July 08, small mixed polarity regions resembling salt and pepper emerged
between the positive polarity regions. At about 04:00 UT new negative mag-
netic flux started to emerge in the positive magnetic field region of the Western
plage. In the meanwhile, at around 15:50 UT, an intrusion of positive flux is
observed between the pre-existing negative flux region of plage and the newly
emerged negative flux. The flux emergence and intrusion resulted in a final
configuration of quadrupolar flux distribution of the Western magnetic field
region. The boxed region (shown by dashed lines) in the last three panels
of Figure 3.6 shows the intrusion of the positive flux into the negative flux
region. The boxed region also shows the quadrupolar configuration of the
magnetic field distribution.

Figure 3.7 shows the evolution of magnetic flux for locations A and B
of the plage regions. The flux has been computed for those pixels whose
absolute magnetic field strength is larger than 10 G in the boxed region A

and B. The positive flux in the boxed region A was almost constant until
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Figure 3.7: Top: The evolution of flux plotted as a function of time shown for the positive
polarity plage region of Figure 3.5 (box A). Bottom: Same as top side plot but for negative
polarity plage region of Figure 3.5 (box B). The first dashed vertical line represents the
filament eruption time and the second dotted line represents the starting time of the flare.

about 08:00 UT on 08 July 2011. After 08:00 UT it increased slowly for few
hour and became little faster after the eruption (Figure 3.7 (top)). After
the B-class flare, the magnetic flux in this region became almost constant for
about 5 h. The filament footpoint associated with this region were detached
in the later part of eruption. The negative flux in Western footpoint of the
filament (shown as box B) exhibited a different type of flux evolution. The
flux started to increase from the beginning of the observations (Figure 3.7
(bottom)). This was because of a small negative flux region emerging in the
vicinity of the Western plage. The increase in flux is also due to the merging
of separated regions in plage, thereby increasing the strength of the plage
region, though the area decreased slightly. The increase in flux was small in
the beginning of 08 Jul 2011. Later, at around 12:00 UT onward the negative
flux started to increase until an hour before the filament eruption. Western
footpoint of the filament associated with this region had erupted at around
23:20 UT. The flux in the associated region had started to decrease about an

hour before the filament eruption.
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Figure 3.8: The horizontal velocity vectors shown in black arrows are overlaid upon the
continuum image. The boxed region 1 and 2 show Western footpoint of the filament and
the location of the bifurcation. The boxed region 3 shows the Eastern footpoint of the
filament. The axes are labeled in pixel units.

3.3.4 Flows in and around the filament footpoints

Figure 3.8 shows the photospheric flow in and around the sunspot regions,
plages and filament. The flow field has been obtained by using the local cor-
relation tracking (LCT) technique applied on continuum images. The LCT
is the most popular technique for inferring an optical flow from a sequence
of images and it was originally developed by Leese, Novak, and Clark (1971)
for tracking clouds. This technique was introduced into the solar physics by
November and Simon (1988). The LCT is commonly used in motion tracking
in solar physics. November and Simon (1988) used this technique to analyze
white light observations made at Sacramento Peak Vacuum Tower telescope
and identified the solar granular patterns from the measured vector displace-
ments. This method is commonly applied to the intensity images to track
the features and Chae (2001) first applied it to magnetograms. Before ap-

plying the LCT on the images, one needs to choose two parameters carefully,
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which are critical to the accuracy of LCT. These are: 1) the full width at
half maximum (FWHM) of the apodizing window function and 2) the time
interval between two images. The LCT method can be briefly summarized
as follows. A local sub-image is first defined with a localized apodization
function peaked at position z in the image taken at time ¢. The apodization
function decreases toward the edges of the sub-image and it is mostly char-
acterized by its FWHM, which defines the effective window. This sub-image
is cross-correlated with another sub-image centered at x + Az in the next
image (taken at ¢t + At). The best correlation found, over the sub-images
of the second image in the vicinity of z, defines the LCT velocity Az/At. A
velocity map is built by repeating the procedure for all x positions. After
several trials we selected the optimum value of FWHM = 4.5” corresponding
to a time interval of 3 minute between two images to obtain the horizontal
velocity of the photospheric plasma. The obtained velocity vectors were in-
tegrated over two hours period, as shown in Figure 3.8. The results mainly
shows the long lived flows in and around the sunspots and plage regions. In
the sunspot group an outward flow has been observed. Besides, a long lived
flows in the quiet sun is a diverging motions whose size is about 30-40 arcsec.
The pattern is similar to the one observed by De Rosa and Toomre (2004).
These diverging flow patterns are the supergranular outflows that are seen
everywhere. The box 1 shows the location of the Western footpoint and box
3 shows the Eastern footpoint of the filament. The box 2 region is a location
of the another part of bifurcated footpoint in the Western side. In boxes 1
and 2 the flow direction is always converging inward.

The long term behavior of the flow field in the filament region is recorded
in Figure 3.8. The space-time diagram shows that the filament activation
initiated at around 23:20 UT. We have also looked at the boxed regions 1 and
2 during the filament eruption time. Figure 3.9 shows the temporal sequence
of flow field in Western footpoint of the filament marked 1 in Figure 3.8. These

velocity flow fields were obtained from 3-min time sequence images without
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Figure 3.10: Same as Figure 3.9, but for boxed region 2 of Figure 3.8. The rotation
region is shown by white arrow in the middle panels of Figure.

averaging. Until 23:22 UT on Jul 08 we see the converging flow into the
small pore and filament footpoint region (Figure 3.9(top-left)). However, at
23:23 UT, the situation changed at the filament Western footpoint location
and a counter clockwise rotational motion was observed. This rotational
motion persisted only until 23:27 UT.

Apart from location 1, the rotational motion has also been observed in
location 2 (Figure 3.10). This is the another part of bifurcated footpoint of

the filament in the Western portion where the filament eruption was observed
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Figure 3.11: Same as Figure 3.9, but for boxed region 3 of Figure 3.8. The rotation
region is shown by white arrow in the middle panels of Figure.

in coronal images. The location of the rotational motion is shown by the
white arrow in the middle row of Figure 3.10. This rotational motion started
at around 23:24 UT and ended at around 23:29 UT. Apart from this the
rotational motion, starting from 23:27 UT to 23:31 UT, was also observed in
another location in top-right corner in the middle & last row of Figure 3.10.

In Eastern footpoint of the filament (box 3 in Figure 3.8) the anti-clockwise
rotational motion has been observed at around 23:34 UT (Figure 3.11). The

rotational motion continued for couple of minutes before vanishing.
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3.3.5 Magnetic helicity

The magnetic helicity provides information about the degree of twist in the
magnetic flux ropes (Berger, 1984). It is a conserved quantity even in recon-
nection processes. However, it can vary because of changes occurring at the
boundaries due to emergence/submergence of the magnetic fields and coronal
mass ejections where the magnetic field lines opens up partially. The mag-
netic helicity of a divergence-free field B within a volume V, bounded by a

surface S, is defined by (Elsasser, 1956)

H:/AoBdV (3.1)

Where, the vector potential A satisfies the relation B = V x A. Since, the
normal component B,=B e n vanishes on surface S, eq. 3.1 is independent
of the gauge selection for A (i. e. independent of the transformation A —
A+ V ®. where, ® is any single valued derivable scalar function of space and
time). In the case, where V is part of the corona, we clearly have magnetic
fluxes crossing its boundary S. Berger and Field (1984) have shown that for
cases where B, # 0 on some part of S, one can define a relative magnetic
helicity, H by subtracting the helicity of the potential field B, which has the
same normal component B, on S. A general expression for H, valid for any

gauge is given by (Finn and Antonsen, 1985)

H :/(Aj:Ap) «(BEB,)dV (3.2)

The time variation of H can be expressed as Berger and Field (1984)

dH o
E_2/S(ApxE)dS—z/V(E.B)dV—z/SEAp.ds (3.3)

where, E is the electric field associated to B evolution and B, = Vi (¢

is potential field). The last term on the right is computed with the classical
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Coulomb gauge V o A, = 0. If the boundary condition A, e i = 0, the
last term in eq. 3.3 vanishes. Under ideal condition, E = - v x B, from the
eq. 3.3, it is now possible to measure the helicity injection rate dH/dt through

a surface bounding the volume as

dH

ar 2/5 [(ApeBy)v,|dS — 2/3 [(Ap e vy)B.]dS (3.4)

Where, A, is the vector potential of the potential magnetic field (Bp),
which is uniquely specified by the observed flux distribution on the surface

(x-y plane) as

VxA,e2=DB,;VeA,=0;A,ez=0 (3.5)

where, Z refers to unit vector along vertical direction of Cartesian-geometry.
Further details and explanation of the equ. 3.4 is given in Ravindra, Long-
cope, and Abbett (2008); Vemareddy et al. (2012). Two terms in the eq. 3.4
have a clear physical interpretations. The first term (advection term) cor-
responds to inflow (or outflow) of helicity through S and the second term
(shear term) corresponds to helicity flux by the footpoint motions parallel
to S. Several attempts have been made to estimate magnetic helicity from
suitable solar observations. Chae (2001) developed a method for determining
the helicity flux using the second term in equ. 3.4. It should be noted here
that the current-free field B is fully specified by the distribution of vertical
component of magnetic field B, on the surface S. They used a time series
of photospheric line-of-sight magnetograms to determine horizontal veloci-
ties by using local correlation tracking (LCT; November and Simon 1988)
and obtained the vertical component of magnetic field B, from line-of-sight
magnetograms observations after correcting for geometrical effects.
Following Démoulin and Berger (2003), the eq. 3.4 can be recast in the

form,
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dH
— = —2/ [Ulct [ ] AP]BZCZS (36)
dt S

Where, Uy = v, — (v, %By) /B, and B = By, + B, Z is the local magnetic
field vector.

Pariat, Démoulin, and Berger (2005) have shown that the helicity flux
density measured using eq. 3.6 may produce some artifacts (artificial polarities
of both signs in the helicity flux density maps with many flow patterns),
though the net helicity flux may be correct. To overcome this problem, a
modified expression for the helicity flux density whose integration provides
the helicity flux as in eq. 3.6, should be used. The correct equation for the

helicity flux density, therefore is,

dH 1 do(x — x' / /
k. / / Wx=X) 5 B asds (3.7)
dt 2 S Jg dt
Where,
di(x—x') [(x—x)x(u—-u),
dt B | x —x' |2 (3:8)
where, % represents relative rotation rate between the two photospheric

points x and x moving on the photosphere with the flux transport velocity u
and u’, respectively. B., B; are the magnetic field at two different locations.
Observationally, one can measure B, from a time series of magnetograms at
the photosphere. There are several tracking methods (e. g., LCT, DAVE
etc.) to estimate u.

From eq. 3.7 the helicity flux density proxy Gy that represents the distri-
bution of helicity density at the photosphere is given by (Pariat, Démoulin,
and Berger, 2005)

B, [ di(x—x)

Gol) = =57 | =g s (3.9)

Magnetic helicity is a global quantity. The helicity flux density is only

meaningful when considering a whole magnetic flux tube, which requires the
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Figure 3.12: A map of helicity flux density for the active region. The boxed region is
same as in Figure 3.5.

knowledge of the magnetic connectivity in the volume V(Dalmasse et al.,
2014; Pariat, Démoulin, and Berger, 2005). Therefore, the above eq. 3.7 for
helicity flux distribution serves as a proxy only.

We have measured the helicity injection rate dH/dt at the filament foot-
point using the eq. 3.7 and eq. 3.9. To compute the helicity flux density we
measured the magnetic footpoint velocity using the Differential Affine Veloc-
ity Estimator (DAVE, see Section 2.4.8 for more details.) method applied to a
sequence of magnetograms. In any velocity detection technique it is essential
to select the proper window size and suitable time difference between the two
images. While applying DAVE to the sequence of magnetograms, we have
used a 9”x7.2"” pixel box size as the apodizing window and 15 min as the time
difference between images in our velocity field computation which gives the
best results. The computed transverse velocities along with the correspond-
ing sequence of magnetograms have been used to calculate the helicity flux
density. We used DAVE technique because this technique is consistent with
the magnetic induction equation (Schuck, 2005, 2006, 2008), which governs
the temporal evolution of the photospheric magnetic fields. However, we also

carried out this exercise by applying LCT to derive the flow fields in magne-
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Figure 3.13: Top left: Evolution of helicity flux as a function of time shown for the boxed
region A of Figure 3.12. Top right: Same as left side plot but for region B of Figure 3.12.
Bottom left: The integrated helicity flux is plotted as a function of time for region A.
Bottom right: Same as left side plot but for region B. The dashed vertical line represents
onset time of filament eruption.

tograms. In both the cases (LCT and DAVE) we observed the similar pattern
of flow fields. Since, the DAVE showed a better flow field pattern for magne-
tograms for a long time period (about 15 minutes), we preferred to use DAVE
derived velocity to measure the helicity injection rate. The map of helicity
flux density is shown in Figure 3.12. In the region A the positive helicity
dominates. However, in region B, both signs of helicity flux are present.

To find how the helicity flux changed over time in each of these footpoints,
we have plotted the computed helicity flux separately for both the footpoints
(A & B) marked in boxes. Figure 3.13 shows the magnetic helicity flux for
the box region A (top-left) and for the box region B (top-right). The injected
helicity flux is almost positive in sign in box region A and it increased to
double the amount just after the filament eruption and remain unchanged

even 8 h after the filament eruption. But, in box region B the observed
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injected helicity flux is predominantly positive during the first half on 08
July 2011 and turned negative after 16:00 UT on the same day. Though some
fluctuations in its sign can still be seen. This is also the time the negative flux
starts to emerge in the same region. The emerged flux would have injected
opposite helicity flux into the corona. The chirality of the filament located
in this region is sinistral having the positive helicity sign. It should be noted
here that the injected helicity flux for about 10 h duration before the filament
eruption is opposite to the filament chirality. The co-existence of both sign of
helicity flux in the helicity flux density map support this result (Figure 3.12).
After the filament eruption the dominance of the positive helicity flux is
restored in box region B.

The total accumulated helicity is positive in box region A and it was in-
creasing with time (Figure 3.13 (bottom-left)). In box region B, though there
was a net positive helicity injection, the decrease in the helicity started about
10 h before the filament eruption and increased afterward. This decrease
in the net helicity is due to the injection of negative helicity flux from the
emerging flux region. This can be clearly seen in the magnetic flux evolution
plot in region B for the temporal coincidence. In either cases there is a net

positive helicity injection in both footpoints of the filament.

3.4 Summary and Discussions

As a summary, we studied a filament eruption that was formed in the vicinity
of active region NOAA 11247. While a large portion of filament was embed-
ded in the quiet sun, the end footpoints were rooted in the plage regions.
The filament was located in the southern hemisphere with ‘S-shaped’ struc-
ture. The filament is of sinistral type and has positive helicity. The filament
eruption was initiated in the Western footpoint at around 23:20 UT, with
a projection speed of 56 km s~! at the higher chromosphere and transition

region heights.
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The Western end of the filament was rooted in negative polarity plage and
the Eastern end was located in the positive polarity plage region. There was a
flux emergence in the nearby active region. The increase in flux of the Western
footpoint stopped a couple of hours before the filament eruption. During the
flux emergence, the negative flux pushed the pre-existing positive flux of
the active region further West. Soon after the filament activation initiated
there was an anti-clockwise rotational motion for about 6 min in the Western
footpoint of the filament. On the other hand the flux started to increase in the
Eastern footpoint of the filament a few hours before the filament eruption was
initiated. After the B4.7 class flare the increase in the flux stopped. Here also
an anti-clockwise rotational motion was observed at around 23:33 UT -just
after the filament activation started in the Eastern footpoint of the filament.
In Eastern and Western regions of filament footpoint the computed magnetic
helicity had positive sign. There was a rise in the injected helicity flux a few
minutes after the filament eruption in the Eastern footpoint of the filament.
But, in the Western footpoint both signs of helicity were present, though
it was completely positive at 10 h before the filament activation. After the
filament eruption, the dominance of positive magnetic helicity was restored.

The new magnetic flux emergence with opposite magnetic sign can desta-
bilize the filament by decreasing the magnetic tension of the overlying field
(Wang and Sheeley, 1999). Along with the flux emergence the long duration
converging motions observed in the vicinity of the filament footpoints can re-
duce magnetic tension of the overlying field which can destabilize the filament
(Amari et al., 2003, 2010, 2011; Zuccarello, Meliani, and Poedts, 2012). The
long lasting converging motion can also increase the axial flux of the filament
by transferring the overlying field into the underlying field of the filament
that eventually increase the outward magnetic pressure on the filament. The
increase in the magnetic pressure can push the filament to a height where
the torus instability can set in and drive the filament eruption as has been

discussed in Zuccarello et al. (2012) and Aulanier et al. (2010); Démoulin and
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Aulanier (2010).

On the other hand, the existence of the opposite magnetic helicity in one of
the footpoints of the filament can introduce a mutual interaction of magnetic
field having opposite magnetic helicity flux. In the Western footpoint of the
filament there was a dominant positive helicity flux injection in the beginning.
Later, there was a injection of opposite helicity flux into the existing positive
helicity flux system. Finding of injection of opposite sign helicity in a local
region is potentially important for eruption models (Chandra et al., 2010).
Kusano et al. (2003, 2004) concluded through numerical simulations that the
coexistence of opposite helicity flux would cause a reconnection while merging
of different helicity flux system takes place. The reconnection in the system
can reduce the tension of the overlying field and thereby pushing the filament
to higher heights in the corona and thus driving the filament eruption as
discussed previously. Since we observed flux emergence, converging motion
and the opposite magnetic helicity flux in the filament footpoint, we believe
one or more mechanisms may be playing a major role in initiating the filament
eruption. Several of these possible mechanisms are discussed in Green, Kliem,
and Wallace (2011); Romano et al. (2011) and Schmieder et al. (2011).

The more interesting event is the observed rotational motion in the foot-
points of the filament when the eruption had just set in. A possible ex-
planation of the observed rotational motion is advanced as follows. Once
the filament eruption starts, there is an axial expansion of the filament flux
rope. If the footpoint of the flux rope is still anchored to the photosphere,
the expansion of the filament flux rope usually leads to the torque imbal-
ance between the photospheric footpoints and the coronal counter part of
the expanded flux rope. The immediate consequence of the torque imbalance
is the generation of the shear flows at the photospheric footpoints (Jockers,
1978; Parker, 1974). At the footpoint it is expected that unwinding motion
reduced the shear at the unexpanded portion and transferred a helicity into

the expanded portion. This would increase the helicity flux of the same sign
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in the expanded portion. The filament with sinistral chirality has positive
helicity flux in the system. As the filament expands during the eruption, a
change in the helicity flux from negative to positive soon after the filament
eruption in the Western footpoint suggests that there was a transfer of pos-
itive helicity into the corona from the unexpanded part of the flux tube to
the expanded part. Later, the Eastern footpoint also showed the rotational
motion and there was a jump in the positive helicity after the initiation of the
filament eruption. This can be attributed to the expansion of the filament
flux rope and subsequent torque imbalance as has been suggested by Chae
et al. (2003); Parker (1974) and observed by Smyrli et al. (2010); Zuccarello
et al. (2011). This explains the observations of transient rotational motion
in the photospheric footpoints and increased positive magnetic helicity flux
after the filament eruption. The rotational motion was no longer observed
once the footpoints were detached from the photosphere.

The filament eruption initiated just after the flux emergence stopped in
one of the footpoints. This kind of flux emergence followed by converg-
ing/shearing motions will stress the overlaying fields and hence builds up
energy in the corona (Feynman and Martin, 1995). In such condition, a small
perturbation can trigger the filament eruption. In dynamic plasma, the pres-
ence of small triggering agents is not uncommon. Hence, it can be concluded
that in each event the onset of instability could be different. What is required
is to probe the magnetic shear and stress in and around the filament region
at least at two heights using vector magnetic field measurements.

Now the question is whether the observed rotational motion near the
footpoints of the filament is just a coincidence of a normal feature of the
photosphere which occurs randomly or is it really related to the filament
eruption? To understand this observation, we need statistically significant
samples. Hence, it is important to look for the rotational/vortial motion at
the footpoints of the filaments and associated changes in the magnetic helicity

after the onset of filament eruption statistically. This can provide an impor-
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tant clue to the generation of torque imbalance during/after the filament
eruption and help validate Jockers (1978); Parker (1974) results statistically.
Therefore, we extended this study to several other erupting active region fil-
aments in the next chapter and searched for such rotational motions in and

around the end points of these erupting filaments using large data sets of

AIA, HMI/SDO.



Chapter 4
Study of photospheric vortical
motions during active region

filament eruption

4.1 Introduction

Filaments/prominences exhibit a variety of dynamics during their formation,
evolution and prior to eruption. Bidirectional flows of plasma were observed
within quiet region filament (Zirker, Engvold, and Martin, 1998) and in ac-
tive region filament (Alexander et al., 2013). Oscillations were observed in
erupting filaments (Bocchialini et al., 2012). Rotational motion was observed
in the erupting filaments/prominences (Panesar et al., 2013).

Normally, the filament is considered as lower part of the flux rope, where
the dense matter is suspending in the magnetic cavity. In the CME structure,
the dark cavity, below the bright leading edge is considered as the twisted flux
rope (Gibson et al., 2006) and the filament is located below the dark cavity.
In quiet sun regions, the large quiescent filament cavities are considered as

flux-ropes. But, identification of cavities are difficult in active regions. The
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cavity or flux ropes are low lying, compact structures in active regions. Hence,
it is not possible to identify the flux ropes in active regions prior to eruption.
On many occasions the ends of filaments are considered as the ends of the
lower part of flux rope that roots in the photosphere (van Ballegooijen 2004;
Kliem et al. 2013).

During rising phase of eruptions, filaments are sometimes observed to
undergo a rotation about the vertical axis (e.g., Zhou et al. 2006; Green et al.
2007; Liu et al. 2009; Thompson 2011). This kind of filament rotation is
interpreted as a conversion of twist into writhe in a kink-unstable flux rope.
The flux rope axis rotation is usually clockwise (as viewed from above) if
it has right-handed twist and counter-clockwise if it has left-handed twist
(e.g., Rust and LaBonte 2005; Green et al. 2007; Wang, Muglach, and Kliem
2009). Erupting prominences which are considered as magnetic flux ropes,
very often develop into a helical-like structure (e.g., Rust 2003; Rust and
LaBonte 2005; Williams et al. 2005; Liu, Alexander, and Gilbert 2007), which
indicates the signature of a magnetohydrodynamics (MHD) kink instability
of a twisted magnetic flux rope (Rust and LaBonte, 2005). In the twisted
flux rope, the upward directed kink instability leads to the upward motion
of the flux rope that eventually turn into helical deformation and formation
of current sheets. The helical kink instability of a pre-existing flux rope can
trigger the solar eruptions (T6rok and Kliem, 2005). In the MHD instability,
half the magnitude of the twist will be converted into writhe having the same
sign as twist. The ‘S’ shaped stable filament reverses its shape to inverse ‘S’
while it is rising. During the rising phase, the shape of the erupting filament
straightens out and later acquires the deformation of the axis in opposite
direction suggesting the transition from ‘S’ to inverse ‘S’. The possibility of
this mechanism is confirmed in the numerical simulation of kink unstable flux
rope by Torok, Berger, and Kliem (2010). During the observation of such
events the deformation of the shape can be seen as rotation of the axis.

The filament/flux rope can face an another type of instability due to lat-



4.1 Introduction 94

eral kink-instability, also called as “torus instability” (Kliem and Térok 2006;
Zuccarello et al. 2014). The toroidal current carrying flux rope experience an
outward directed self Lorentz force (also called as hoop force) which coun-
teracts with the external poloidal fields of the background magnetic fields
(Chen 1989; Titov and Démoulin 1999). But, if the external poloidal field
decreases faster with the radial distance in such a way that the confining force
due to the external poloidal field decreases rapidly than the self Lorentz force
then the flux rope can become unstable to the lateral expansion. A loss of
equilibrium of the flux rope due to this effect can lead to its eruption.

Liggett and Zirin (1984) studied rotational motion in 5 non-eruptive promi-
nences. In some events they reported only a part of the prominence rotating
while in other the entire body was in rotation. They interpreted the rota-
tion in terms of a twisting of magnetic structure that occurred due to the
reconnection. Atmospheric Imaging Assembly (AIA; Lemen et al. 2012) ob-
servations show that the feet of solar prominences exhibit coherent rotation
for over three hours in the lower corona and it was due to the material flowing
along helical flux tubes (Li et al., 2012).

Su et al. (2012) reported two solar tornadoes during the evolutionary
stage of the quiet prominence. This tornado was observed for about 2 days.
A systematic analysis of giant tornadoes by Wedemeyer et al. (2013) using
AIA 171 A images and high-resolution SST observations show that giant
tornadoes are an integral part of solar prominences. The tornadoes inject
mass and twist into the filament spine until it becomes unstable and erupts.
Su and van Ballegooijen (2013) also reported a quiescent filament eruption
in which a part of the quiescent filament exhibits a strong clockwise rolling
motion.

When a filament erupts non-radially, the top of its axis bends first to one
side and propagates into sideways rolling motion, known as the roll effect
which results in a large scale twists in both legs of erupting filaments (e.g.,

Bangert, Martin, and Berger 2003; Filippov, Gopalswamy, and Lozhechkin
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2001; Panasenco et al. 2011; Panasenco et al. 2013). This rotational mass
motion is observed to flow down as the structure of the filament raises to
higher heights. If the observed sense of rotations were generated by the
external forces at the legs of the erupting filament then sense of twist in
both the legs is opposite to each other (Panasenco et al., 2013). In case of
asymmetric eruption with respect to the polarity inversion line, the spine of
the filament bends one side which not necessarily results rotation in both legs
of filament depending upon the instability (e.g., Martin 2003b; Panasenco
and Martin 2008).

In aforementioned cases, it is either the whole prominence is rotating
around its vertical axis or individual footpoints are rotating around itself.
Only in some cases a part of the prominence was rotating. Dhara, Ravindra,
and Banyal (2014a) have reported a rotational motion at the ends of the
filament at the photospheric level during its eruption. In that observation they
have reported the rotational motion started soon after the filament eruption
initiated and lasted for a few minutes.

In this chapter, we extended the work of Dhara, Ravindra, and Banyal
(2014a) to twelve active region erupting filaments and searched for such ro-
tational motions in and around the ends of each erupting filaments. The
rotational motions were studied by applying local correlation tracking tech-
nique (LCT; November and Simon 1988) to the photospheric dopplergram
data. We looked for the rotational motion near the ends of filaments/flux
ropes during the on-set of the filament eruption. This chapter is organized as
follows. In next Section, we describe the data used to detect the rotational
motion near the ends of filaments during its eruption, the results of observa-
tions of rotational motion are described in Section 4.3, a brief summary and

discussions are presented in Section 4.4.
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4.2 Data

We obtained the chromospheric data observed in He IT 304 A wavelength from
ATA/SDO for ten active regions (NOAA 11226, 11283, 11515, 11560, 11451,
11936, 12027, 12035, 12261 and 12297) associated with twelve events. The
full-disk EUV images of the Sun observed in 304 A wavelength are obtained
on 07 June 2011, 07 September 2011, 02 July 2012, 02 September 2012, 07
April 2012, 31 December 2013, 01 January 2014, 04 April 2014, 15 April
2014, 12 January 2015 and 16 March 2015 that covers the twelve events of
filament eruption. The obtained data is corrected for the flat fielding, the
bad pixels and the spikes due to high energy particles. The details about the
instruments and data are given in Section 2.2.1.1. From these data sets the
filament regions are extracted and tracked over time. This process provided
data cubes showing the filament eruption for each of the events.

We also acquired the dopplergram data set from HMI at a cadence of
45 sec. We obtained the dopplergram data for each event for about six hours
covering the whole event of filament eruption. The obtained dopplergrams
show several velocity patterns and while looking for the small scale feature
motions one has to remove the long term and very short term velocity patterns
in sequence. To start with, we first removed the overall solar rotation from
the dopplergram data. This has been done by using the following method.
We first averaged the dopplergram data set without correcting for solar rota-
tion. The gradient part of the rotational velocity pattern was extracted and
subtracted from each of the dopplergram data. This procedure removed the
overall solar rotational velocity patterns in the full-disk dopplergrams. Later,
we interpolated these dopplergram data set to the AIA pixel resolution to
match the spatial size of each pixel in the data set. Further, the doppler-
grams were differentially rotated to the central meridian passing time of the
active region. The usual 5-minute oscillations in the dopplergrams were sup-

pressed by applying a subsonic filter with a upper cutoff velocity magnitude of
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4 km s~!. This corrected data set is used to determine the horizontal velocity
of features near the footpoints of the filament and its surrounding regions at
the photospheric level. This has been done by applying the LCT technique
to the processed dopplergram data set as has been done in Ravindra (2006)
and De Rosa and Toomre (2004).

Along with the aforesaid data sets, we also obtained the line-of-sight mag-
netograms from HMI for each events at a cadence of 45 sec for about a few
hours before, during and after the eruption. We corrected the data set for
the solar rotation in similar way as has been done for the dopplergrams. The
correction for the line-of-sight effect is made by multiplying 1/cosfl, where
0 is the heliocentric angle. The details about the data analysis is given in
Section 2.2.1.1. We used these magnetograms to locate the filament position

in the active region (AR).

4.3 Observations and Results

4.3.1 Events description

4.3.1.1 Events 1-4

The general appearance and location of filaments are depicted in Figure 4.1 for
four different events observed in He 1T 304 A channel. Each of these filaments
are associated with the ARs. In Figure 4.1 their location is shown by an arrow
mark. The contours of the magnetic field is overlaid upon the 304 A images
to show that the filaments are associated with active regions. The location of
these filaments on the Sun is listed in Table 4.1. We used the events whose
apparent central meridian longitude is less than 65° to avoid large projection
effects on the observations. The filament in EUV wavelengths appeared as
dark features. The shape of the filament in top-right Figure appear as ‘S’ in
304 A wavelength before the activation and the other two filaments (in the

bottom panels) appeared as small arcade shaped structures. While erupting,
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Figure 4.1: Filaments observed in the 304 A channel of the chromosphere image in
different active regions. The filament positions are shown by white arrows. The contours
of the magnetic strength values are overlaid on the images. The red and green contours
represent the positive and negative polarities with magnetic field strength values of 4+ 150,

400, 600 and 900 G, respectively.

filaments became dark over large areas and large amount of material was
ejected out.

A time sequence of images showed that for events 1 and 2, both the Eastern
and Western footpoints of the filament were detached near simultaneously
from the solar surface after activation, reached some height and eventually fell
back to the solar surface. The movies for these erupting events are available on
ITA’s ftp site!. In events 3 and 4, the eruptions took place in different manner.
The Eastern footpoint of both filaments were detached first from the solar

surface in association with brightening at the same location and later a bulk
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of filament material was seen escaping from the solar surface. As soon as
the Eastern footpoint of the filament detached, the filament expanded in its
structure and started to rotate. The rotational motion was observed starting
from ~10:50 UT to ~11:45 UT for the event 3 and it was counter clockwise in
direction as seen from above. A similar kind of rotational motion was observed
for the event 4 which lasted for about 9 minutes starting from ~18:11 UT to
~18:20 UT. The direction of rotation was observed to be clockwise. These
movies are available on ITA’s ftp site!. The zoomed in versions of the erupting
filaments are also shown in the same movies. This kind of rotation of the

filament was not observed for events 1 and 2.

Table 4.1: Event number in accordance with the increasing date of observations is shown
in the first column of the Table. The date, time, filament location on the sun and associ-
ated active region number are given in the next three columns. Filament activation time,
strength of the flare and velocities of erupting filaments are listed in the next four columns.

Event Date Filament AR Activation GOES  Velocity
No. Location NOAA Time Flares (km/s)

1 07 June 2011 ~S22W64 11226  ~05:56UT M2.5 181.7+7.1
2 07 September 2011 ~N14W30 11283 ~22:08UT X1.8 193.9+£1.9
3 02 July 2012 ~S17E03 11515 ~10:31UT M5.6 90.94+0.8
4 02 September 2012 ~NO3W18 11560 ~17:52UT C5h.5 42.9+0.4
5 07 April 2012 ~N18W30 11451 ~17:45UT C2.4 39.44+1.6
6 31 December 2013  ~S16W32 11936  ~21:26UT M6.4 149.04+2.7
7 01 January 2014 ~S16W46 11936  ~16:18UT - 11.4+0.3
8 01 January 2014 ~S16W48 11936  ~18:21UT M9.9 73.4+£2.9
9 04 April 2014 ~N13E15 12027 ~13:28UT CR.3 109.5+3.0
10 15 April 2014 ~S18E23 12035 ~17:33UT Cc7.3 44.6+1.4
11 12 January 2015 ~S11E32 12261 ~14:55UT — 49.845.9
12 16 March 2015 ~S18W51 12297  ~09:17UT M1.6 27.9+1.1

By examining the time series of 304 A images for each events we deter-
mined the filament activation time (see Table 4.1). The projected velocities
of the erupting filaments also shown in Table 4.1, are computed by tracking
the features on the erupting filaments within the field-of-view during their

eruptions.

"Movies generated from 304 A images of the filament eruptions associated with active
region NOAA 11226, 11283, 11515 and 11560 discussed in this chapter are available on
our ftp site (ftp://ftp.iiap.res.in/sajal/). The movies are named according to the date of
observations of the events.



4.3 Observations and Results 100

4.3.1.2 Events 5-12

The filament locations in He IT 304 A channel for the events 5-12 are dis-
played in Figures 4.7 to 4.14 (top-left) respectively. The date and time of the
observations, filament location on the sun, associated active region number,
filament activation time, strength of the flare and velocities of erupting fila-
ments are mentioned in Table 4.1. The filament in event 5 (Figure 4.7) is long
one, associated with 2 active regions. Its one end is located in AR 11451 and
the other end is at 11450. Before the filament eruption, a bi-directional flow
was observed in the filament. There were three filament eruptions observed
in AR 11936. The event 6 (Figure 4.8) was observed on 31 December 2013.
Two more events were observed on 01 January 2014. On 31 December 2013
only one filament was existing in the active region and before the eruption
this filament bifurcated into two halves. The right-side half erupted and the
left-side one did not erupt. Later, again the filament was formed in the same
region and the bifurcation disappeared. The event 7 (Figure 4.9) also oc-
curred in the same active region, but the filament was located at North side
of the December 31 event. This filament eruption appeared as failed one.
Event 8 (Figure 4.10) also occurred on the same day, couple of hours after
the event 7. This filament is the same as the one which erupted on 31 De-
cember 2013. Unlike December 31st event, here the whole filament erupted
without any bifurcation. But it was a failed eruption. The active region
12027 was surrounded by the filament structure in all the directions. It was
not a single filament, in fact it was web of 3-4 circular filaments. On 04 April
2014 the North-East portion of the filament erupted (event 9 (Figure 4.11)).
Before the eruption a large scale mass flow was observed inside the filament.
The event 10 (Figure 4.12) occurred in AR NOAA 12035. The filament was
hard to see before the eruption in the active region. But, during the filament
activation a cusp shaped filament was observed in the active region. This

filament erupted completely during the C7.3 class flare. The event 11 (Fig-
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ure 4.13) was associated with the AR NOAA 12261. The filament was arcade
shaped. While eruption, a brightening was observed at the eastern footpoint
of the filament. The eruption was appeared as a failed eruption and it was
not associated with any flare. The event 12 (Figure 4.14) occurred in AR
NOAA 12297. The filament was S-shaped. While eruption, a brightening
was observed beneath the spine of the filament and both the footpoints of the
filament detached from the solar surface near simultaneously. This filament
eruption was associated with M1.9 GOES flare and appeared as a successful
eruption. The movies for the filament eruptions (events 5-12) are available

on ITA’s ftp site?.

4.3.2 Flows in and around the filament footpoints

In order to identify the flow in and around sunspot regions and filaments,
we applied the Fourier local correlation tracking (FLCT; Welsch et al. 2004)
technique on dopplergrams. The two parameters such as the time difference
between the two images and the size of the Gaussian apodizing window func-
tions are crucial in finding the velocity vectors. We used the dopplergram
images which are 3 minutes apart and the apodizing window width of 9” as a
window function. The obtained velocity vectors are averaged over ~1.5 hours
to examine the long term flows in and around the active regions. Figure 4.2
shows the long lived flows in and around active regions for the first four events
listed in Table 4.1. The contours of the filament is overlaid upon the velocity
map to identify the location of the filament and its end points. These filament
contours are extracted from the 304 A images for each event. The boxed re-
gions 1 and 2 show the Eastern and Western footpoints of the filament regions
respectively. In sunspot regions a large scale outward flows are observed. In

filament end points (boxed regions 1 and 2) either a converging motion or a

2Movies generated from 304 A images of the filament eruptions associated with active
region NOAA 11451, 11936, 12027, 12035, 12261 and 1229 discussed in this chapter are
available on ITA’s ftp site (ftp://ftp.ilap.res.in/sajal/). The movies are named according
to the date of observations of the events.
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Figure 4.2: The horizontal velocity vectors shown in arrows are overlaid upon the aver-
aged dopplergram for 1st to 4th events. The black, white and gray regions in the averaged
dopplergram represent, respectively, the line-of-sight doppler velocities with upflow, down-
flow and close to zero velocity. The white contours of the filaments, extracted from the 304
A images are overlaid upon the averaged dopplergram. The boxed regions 1 and 2 show
the location of the Eastern and Western footpoints of the filament respectively.

large scale outflow was observed.

In the boxed regions, during the early stage of the filament eruption the
situation was different. The flow fields in the boxed regions of Figure 4.2
showed a rotational motions for a few minutes. These velocity flow fields
were obtained from time sequence of images without averaging the velocity
maps. Figure 4.3 shows the temporal sequence of flow field in the footpoints of
the filaments which erupted on 07 June 2011. We observed counter-clockwise
rotation in the Eastern footpoint and clock-wise rotation in the Western foot-

points. The rotational pattern persisted for 7 and 15 minutes in the Eastern

and Western footpoints respectively.
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Figure 4.3: The temporal evolution of rotational velocity pattern observed for event 1.
Left column corresponds to location 1 and right column for location 2 of Figure 4.2 (top-
left). The filament contour extracted from the 304 A image is overlaid upon dopplergram.
The rotation region is shown by white arrow. The date and time of the computed velocity

is shown on the top of each map. The size of arrow in the bottom of each map represents
the magnitude of velocity.
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The 07 September 2011 event showed clockwise rotation in the Eastern
footpoint and anti-clockwise rotation in the Western footpoint. But, only in
the Eastern footpoint of the erupting filament an anti-clockwise rotational
motion was observed on 02 July 2012 event. The Western footpoint did not
show any rotational motion during the filament eruption in this event. This
footpoint was located close to the penumbral portion of the sunspot region.
Similarly, the 02 September 2012 event showed a clockwise rotation in the
Eastern footpoint and anti-clockwise rotation in the Western footpoint of the
filament. In all the events the filament footpoint was located in the periphery
of the rotating center. The rotation lasted for 4-29 minutes in each of these
events.

The observed rotational motion is not simultaneous in both ends of the
filament. There is about one to ten minute time difference between the end-
ing of the rotational motion in one of the footpoint and starting in another
footpoint of the filament. Table 4.2 provides the starting and ending time
of the rotational motion seen in the ends of the filaments for all the events.
The starting and ending time of the rotational motions in any one footpoint
is differed by about 4-29 minutes. In each of these events, the fast rise of the
filament was observed either during or after the rotational motion observed.
Table 4.2 provides the direction of rotation in each of the footpoint. It should
be noted here the direction of rotation is opposite in each filament ends. In
two events (3 and 10), one end of the filament located in sunspot penumbral
region where we did not find the rotational motion. We did not see any cor-
relation between the speed of the filament eruption and duration of rotation.
The average speed of the filament at the footpoint is about 0.2 km s~!. This
corresponds to the average rotational speed of about 6 deg/hr.

We have also observed rotational motions in other locations in the active
region during the onset of the filament eruption. But the sizes of the rotating
region is significantly smaller compared to the reported one and they survived

for 2-3 minutes only. One such rotational motion can be seen in Figure 4.3
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(top-right) at (70”, 50”) pixel location. The rotational region is small, 10"
in size. But, the one seen close to the filament ends are of supergranular
size. The filaments are considered as the lower ends of the flux ropes which
are embedded in the cavities of helical fields (Mackay et al. 2010; Guo et al.
2010). The 193 movies of four regions (events no. 1-4) provided on the ftp
site’ show that the erupting filament and the evolving bright flux rope. The
details about the flux rope evolution can be obtained at Cheng et al. (2014).

Table 4.2: The filament activation time (AT), fast rise time (FRT) of the filament,
duration and type of rotational motions observed for each events are listed here. In the
fifth and seventh column of the table, the abbreviation AC corresponds to Anti-clockwise
and C corresponds to clockwise direction of rotational motions.

Event AT FRT Rotational Motion Observed in
No. (UT) (UT) Eastern footpoint Western footpoint
Duration (UT)  Type  Duration (UT)  Type

1 ~05:56 ~06:14 05:55:26-06:02:11 AC  06:08:56-06:23:11 C
2 ~22:08 ~22:30 22:13:22-22:17:07 C 22:17:52-22:24:37  AC
3 ~10:31 ~10:43 10:34:25-10:46:25 AC - -
4 ~17:52  ~18:03 18:08:51-18:14:51 C 17:56:51-18:04:21  AC
5 ~17:45 ~17:58 17:45:34-17:52:19 AC  17:45:34-17:56:04 C
6 ~21:26 ~21:46 21:37:54-21:43:54 AC  21:16:54-21:36:24 C
7 ~16:18 ~16:23 16:09:24-16:18:24 AC  16:19:09-16:23:39 C
8 ~18:21 ~18:40 18:14:39-18:23:39 AC  18:10:09-18:25:09 C
9 ~13:28 ~13:33 13:28:17-13:39:32 C 13:46:17-13:58:17 AC
10 ~17:33 ~17:51 17:31:19-17:44:49  AC - -
11 ~14:55 ~15:10 14:51:24-15:03:24 C 15:10:09-15:23:39  AC
12 ~09:17  ~09:56 09:16:15-09:25:15 C 09:40:59-10:09:29  AC

The filament locations in He II 304 A channel for the events 5-12 are
displayed in Figures 4.7 to 4.12 (top-left) respectively. The positions of the
filament on the dopplergram are shown by overlying their contours of the
filament extracted from 304 A images. These are shown in Figures 4.7 to
4.12 (top-right) respectively. The observed rotational motions at the ends of
the filament footpoints for all the events are also shown in bottom-left and

bottom-right rows in Figures 4.7 to 4.12. The starting and ending time of

"Movies generated from 193 A images of the filament eruptions associated with active
region NOAA 11226, 11283, 11515 and 11560 discussed in this chapter are available on
our web site (ftp://ftp.ilap.res.in/sajal/). The movies are named according to the date of
observations of the events.
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Figure 4.5: Same as Figure 4.3, but for the region 1 of the event 3.

the rotational motion seen on the ends of the filaments for all events are also

shown in Table 4.2.

4.4 Summary and Discussion

We have analyzed twelve filament eruptions from ten different active regions
at different times during Solar Cycle 24. Ten out of the twelve filament erup-
tion events were followed by a flare. In one event, the filament destabilized
a couple of hours before the large flare (event no. 7). During the initial
stages of filament eruption, in ten events, if one type of rotational motion
was observed in one end of the filament, the opposite direction of rotational
motion was observed in the other end of the filament (Dhara, Ravindra, and

Banyal, 2014b). In two events (3 and 10) the rotational motion was observed
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Figure 4.7: Top-Left: Filaments observed in the 304 A channel of the chromosphere
image in the active region for event 5. The filament position is shown by white arrow
in Figure (top-left). The contours of the magnetic strength values are overlaid on the
304 A image. The red and green contours represent the positive and negative polarities
with magnetic field strength values of + 150, 400, 600 and 900 G, respectively. Top-—
Right: The horizontal velocity vectors shown in arrows are overlaid upon the averaged
dopplergram. The contour of the filament, extracted from the 304 A image is overlaid
upon the averaged dopplergram. The boxed regions 1 and 2 show the location of the
Eastern and Western ends of the filament respectively. Middle & Bottom: Rotational
velocity pattern observed for this event. Left side (middle and bottom) images correspond
to location 1 and right side (middle and bottom) images for location 2 of top-right image.
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Figure 4.10: Same as Figure 4.7, but for event 8.
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Figure 4.12: Same as Figure 4.7, but for event 10. Bottom: Rotational velocity pattern
observed in the location 1 only for this event.

only in one end of the filament. The rotational motions persisted for about
4-29 minutes and the rate of rotation was about 6° hr=!. The observed rota-
tional motion in both ends of the filament is not simultaneous. There is a few
minutes difference between the ending of the rotational motion at one end of
the filament and starting of the rotational motion in the vicinity of another
end of the filament. In all these events, the fast rising phase initiated either
during the rotational motions or after it has ceased.

The filament destabilization and subsequent eruption may have been initi-
ated due to several reasons such as kink-mode instability in twisted magnetic

fields (Sakurai, 1976a), the magnetic reconnection at low level (Contarino
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et al., 2003), flux cancellation at the photosphere (e.g., Amari et al. 2003)
etc.. Once the filament starts to erupt, it expands axially towards higher
heights. As it rises, the local external pressure is smaller compared to the
previous location of the filament. Because of the pressure difference, the top
portion of the filament can expand radially thereby inducing a torque im-
balance between the regions of the expanded portion and the undisturbed
portion of the filament (Jockers, 1978; Parker, 1974). The consequence of
the radial expansion of the filament is a rotational motion in the expanded
portion of the filament. This can happen by transferring the twist from the
undisturbed portion to the expanded portion. The effect of the transfer of
twist from the undisturbed portion to the expanded portion can cause the
rotation in the legs of the filaments which could extend from the corona to
the chromosphere. In this case two footpoints of the filament should exhibit
oppositely directed motions (Jockers, 1978). The plasma inside the filament
will also rotate with the flux rope. However, this can not cause the observed
rotational motions of the plasma in the photosphere where the plasma beta
is large.

Alternatively, the bending of the top portion of the erupting filament can
induce the rotation of the legs. Martin (2003b) and Panasenco and Martin
(2008) have observed a bending motion of the top portion of the erupting
prominence and subsequently observed an oppositely twisting motion in two
legs. They name this observation as the “roll effect”. Similarly, Panasenco
et al. (2013) mention that the non-radially erupting prominence first exhibits
the bending motion of the top of the prominence and later the oppositely
directed rolling motion propagates into its legs. In this mechanism the plasma
inside the flux rope can rotate with the magnetic field and the rotational
motion may not reach the photosphere as the torque and force required for
the photospheric plasma to rotate is probably much larger than this.

The observed photospheric rotational motion near the ends of the filament

could possibly be resulting from the photospheric or subphotospheric shearing
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flows. We observed that the fast rise of the filament was initiated during/after
the vortical motion of the plasma had set in. We have also observed vortical
flows offset from the ends of the filament. However, their lifetime is too short
and their size is about 10” which is much smaller than the ones observed
near the filament ends. The spatial correlation between the observed end
points of the filament and the location of the rotational motion, the temporal
coincidence of the rotational motions with the filament eruption time in twelve
events suggest that the observed rotational motion is not randomly occurring
in the vertices of the supergranulations (Innes et al., 2009).

When the filament starts to erupt, it expands axially towards higher
heights. The immediate consequence of the deformation of the axial com-
ponent of the magnetic field in the flux rope is the launch of a shear Alfven
waves by shearing its footpoints (by the Lorentz force) that in turn carry
the axial component of the flux into the expanded portion of the flux rope
(Manchester et al., 2004). The increase in the axial flux in the flux rope will
increase the magnetic pressure. The tendency of the outward directed mag-
netic pressure will push the flux rope slowly to higher heights. Once the top
of the flux rope reaches a critical height where the “torus instability” criteria
are satisfied then the flux rope becomes unstable and eventually it will erupt
(Kliem and Térok, 2006).

Another possibility is that, if there is an emergence of a poloidal flux
results in a rotation of the footpoints. The injection of the poloidal flux into
the flux rope, will increase the magnitude of the outward Lorentz self force
(hoop force). This will push the flux rope slowly to critical height where the
external poloidal flux is deceasing faster than the decrease of the hoop force.
This condition will again lead to the “torus instability” and in that condition
the flux rope is no longer in equilibrium scenario and eventually it erupts.
But, the generation and emergence of the poloidal field is very unlikely and
there is no observational report to this [see also; Chen and Kunkel 2010].

Martin (2003b) and Panasenco et al. (2011) reported that there is a cor-
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relation between the direction of the rolling motion observed in the erupting
filament and the chirality of the filament. The observed direction of rotation
in both legs of the prominence is opposite to each other. In future, we plan to
study the rotation in the footpoints of a large number of erupting filaments
using spectroscopic technique both in the photosphere and chromosphere si-
multaneously along with their sign of chirality using vector magnetic field
measurements. This may provide a vital clue to the origin of the rotational
motion near the ends of the erupting filaments.

To study the rotational motions at chromospheric height, near footpoints
of the active region filament during their activation, we proposed a Fabry
perot interferometer based narrow band imager (NBI) at Indian Institute of
Astrophysics, Bangalore. The NBI is able to image the solar atmosphere at
chromospheric height and produce the dopplergrams using some post-facto
techniques. In next chapter of the thesis, I have discussed about the develop-

ment of NBI and preliminary observations carried out using this instrument.



Chapter 5
Development of a Fabry-Pérot
based Narrow Band Imager for

Solar Filament Observations

5.1 Introduction

It is well known that features in the solar atmosphere change very rapidly.
During the active periods on the sun, there is a rapid change in the magnetic
field and velocity field at various heights in the solar atmosphere. To under-
stand the solar activity on the Sun, it is important to measure the magnetic
and velocity fields on the solar atmosphere at different heights. To measure
the solar magnetic and velocity fields, a high resolution spectrograph or tun-
able narrow-band imager is needed in an imaging system (Zirin, 1995). The
spectrograph based instruments obtain spectra with very high spectral reso-
lution but to obtain a two-dimensional image of the Sun, a spatial scanning
is required across the field-of-view (FOV) (Judge et al., 2010). Moreover the
FOV is limited by the length and scan range of the spectrograph slit. Us-

ing imaging spectroscopy one can obtain two-dimensional images of the Sun,
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but it requires scanning across multiple wavelength positions to build up the
spectra. It also suffers from low spectral resolution. The rasterization of the
spectrograph to make the two-dimensional image can be avoided in the nar-
row band imaging system. In both cases, the ground based observations are
affected by atmospheric turbulence. By using the high-order adaptive optics
and /or post-facto techniques, one can minimize the atmospheric seeing effects
to achieve high spatial resolution imaging for a limited FOV.

Narrow-band imaging can be carried out by using Fabry-Perot (FP) inter-
ferometer. Using a single FP a narrow band imaging system can be developed.
But when two FPs are used in tandem gives a very good spectral resolution.
Since the light throughput is very high for the FP based imaging system, one
can obtain two-dimensional images by scanning across the spectral lines in
shorter time periods depending upon the number of wavelength positions to
be scanned along the line profile. One of the major advantages of this system
is that it can be switched between wavelengths very fast. Hence one can ob-
tain the images in different wavelengths by combining the FP with different
set of pre-filters. Fabry-perot interferometers can be of two types; a) solid
etalons b) air gap FP. In case of air gap FP, tuning is achieved by varying the
separation between the two plates of the FP. But for solid etalons the tuning
is done by varying the refractive index of the electro-optic material. To obtain
the 2-D images with a fast cadence some of the instruments use either air gap
FPs (e.g., Bello Gonzélez and Kneer 2008; Cavallini 2006; Kentischer et al.
1998) or solid etalons (e.g., Kleint, Feller, and Gisler 2011; Martinez Pillet
et al. 2011; Mathew et al. 1998; Raja Bayanna et al. 2014; Rust et al. 1996) in
the imaging systems. Air gap based FPs requires a control system that main-
tain the parallelism between the two highly polished plates to an accuracy
better than A/100. It provides a larger wavelength shift than electro-optically
tunable solid-state etalons for the same FOV because of their lower refractive
index. It can also be operated at a faster rate as fast as LINbO3 etalons while

tuning (Martinez Pillet et al., 2011).
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Figure 5.1: A schematic representing the optical and control layout of the narrow band
imager. L1-15 cm objective lens with focal length F1=225 cm, L2-10 c¢m re-imaging lens
with focal length F2=100 cm, AS— circular aperture stop, PF—pre-filter inside temperature
controlled oven, FP—Fabry-Perot interferometer and CCD— camera.

At the Indian Institute of Astrophysics (ITA), a narrow-band imaging sys-
tem (imager) has been developed using an air gap based Fabry-Perot inter-
ferometer in combination with a order sorting Ha filter. The FP has 50 mm
clear aperture with transmission wavelength range 400 nm to 700 nm. The
effective FWHM and free spectral range of the FP are 238 mA and 5 A at
A = 630 nm, respectively. We have used a Ha filter (central wavelength at
6562.8 A with FWHM 2.34 A at 30°C) as an order sorting pre-filter. In this
chapter of the thesis, we discuss the characterization of the FP and order-
sorting pre-filter in detail and evaluate their suitability for observations at the
spectral line (Ha-6563 A). In Section 5.2 we discuss about the schematic lay-
out of the narrow band imager, various tuning options and the observations
made with this instrument. In Section 5.3 we have shown some of the images
of the filament taken with this instrument and generated dopplergrams from

the observed images.

5.2 Description of the Instrument

Figure 5.1 shows the schematic layout of the instrument. Light from coelostat
is imaged by the achromatic doublet lens (L1) of 15 cm aperture at its focal
point (F1). We have used 10 cm aperture during observations to reduce the

intensity. The focal length of the objective lens is 225 cm, this makes Fio 5
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beam. The image size of the Sun at this focal plane is 21 mm. Then it
is re-imaged by another achromatic doublet lens (L2) of diameter and focal
length 10 cm and 100 cm respectively. The lens L2 is placed at a distance
of 130 cm away from the focal point of the objective lens. Hence the final
image is formed at 433.3 cm away from lens 1.2 . This makes F75 beam at the
imaging plane on CCD. The image size of the Sun at this imaging plane is
70 mm. A circular aperture stop (AS) is placed infront of the pre-filter (PF)
to cut down the stray light induced scattering inside the instrument box.
The main component of the narrow band imger is Fabry-Perot interferometer
(FP), which is mounted after the pre-filter in the optical path. The details

about FP and PF are given in Section 5.2.1 and Section 5.2.4, respectively.

5.2.1 Fabry Perot Interferometer (FP)

A Fabry-Perot interferometer is a device which consists of two highly polished
reflecting parallel glass plates. In combination with the order sorting filter,
it selectively transmits a particular wavelength of light corresponding to the
resonance of the etalon cavity. For the separation between two plates of FP
is d, wavelength of incident light A with incident angle # and order m, the
interference intensity attains the maximum value when the following formula

is satisfied.

2udceos = mA (5.1)

The transmitted beam from the FP is a fringe pattern. A passband is
produced with a very narrow FWHM due to multiple beam interference. The

intensity distribution of the transmitted beam is given by the Airy’s formula

I
—_Tmar 5.9
1+ Frsin®(2) (5:2)

Where, ., = A?*T?/(1-R)? is the maximum value of the intensity and
Fr = 4R/(1 — R)? is the finesse due to reflectivity of the FP plates. T
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Figure 5.2: The transmission profile of the air gap based Fabry-Perot interferometer with
different plate reflectivities. The intensity is normalized to unity.

and R are the transmitivity and reflectivity of the FP respectively. A is
the amplitude of the incident light. ¢§ is the phase difference between the
successive transmitted rays and is given by,

§= 2;(2/Ld0050) (5.3)

where g is the refractive index of the media between the plates and A is
wavelength of the incident ray, d is the distance between the plates and 6
is the angle of the incident ray. The phase difference between the successive
transmitted rays can be varied by changing the refractive index of the mate-
rial between the plates or by changing separation between the plates of the
FP or by changing the incidence angle of the rays. Hence the spectral line
profile can be scanned by one of these methods. The transmitted beam con-
sists of periodic fringes with a maximum intensity of I,,,,, and the minimum
intensity is I, = A*T?/(1+R)?. The transmission profile of FP working at
6563 A wavelength is shown in Figure 5.2. The maximum values are reached

for )=2mm.
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5.2.1.1 Passband, finesse and spectral resolution of FP

The two key parameters for characterization of FP are: (i) the finesse (F) and
(ii) the free spectral range (FSR). The finesse is related to the sharpness of the
interference fringes. It is the ratio between the distance of two neighbouring
peaks and their halfwidth. A measured finesse has a number of contributing
factors: the mirror reflectivity, the mirror surface quality (flatness of the
plates and parallelism of the plates) and the illumination conditions (beam
alignment and diameter) of the mirrors. The FSR is the distance between
two successive maxima and is given by
A A2

FSR=2—-_~
SR m  2udcost

(5.4)
Hence, the FSR is inversely proportional to the spacing between the plates.
The FSR should be larger than the closely spaced solar spectral lines so that
there will not be any overlapping of the other solar line while scanning in the
desired wavelength band.

The passband of the FP can be estimated from the FSR and finesse. They

are related as
B FSR

AN Ia

(5.5)

By decreasing the spacing between the plates of the FP the FWHM of the
transmitted beam will increase. In a single FP system the spectral resolution

depends on the finesse and is given by,

A 2dF
Y (5:6)

The effective finesse (F.yy;) in the collimated beam is given by

T 1
Fcoll = § 1 1 5
\/F_R + (7r/\—pa cos )

(5.7)

The finesse is a function of surface flatness, parallelism, and reflectivity R of
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Figure 5.3: The variation of the effective finesse as a function of wavelength is shown
here. The dash-dotted, dashed and solid curves are for the reflectance of 0.85, 0.90 and
0.95, respectively.

the plates. Here, Fr is the finesse due to reflectivity of the FP plates, A,
is the peak transmission wavelength, 1/q full width fractions of a reference
wavelength \,.. The variation in finesse as a function of wavelength is shown
in Figure 5.3. The plot is shown for three values of reflectivity 0.85, 0.90 and
0.95. The surface flatness is taken to be A\/150 or better at 5000 A. From
the plot it is clear that effective finesse decreases with decrease in reflectivity.
But at the same time it does not depend on the wavelength in the visible and
infrared regions.

The spectral resolution of the FP system in the collimated beam is given

by,

dpcos
)\p

Res = 2Fcoll (58)

Figure 5.4 shows the plot of minimum spacing needed to obtain a resolu-
tion of 3 x 10* as a function of wavelength. The results are shown for three
different reflectivities. It is clear from the plot that the spacing between the
plates increases as the wavelength increases to maintain the same resolution

of 3 x 10*. For keeping the same resolution, the change of required spacing
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Figure 5.4: A plot of optimal spacing needed to obtain a resolution of 3 x 10* as a function
of wavelength. The dash-dotted, dashed and solid curves are for the reflectance of 0.85,
0.90 and 0.95 respectively.

between the plates is comparatively smaller for the higher reflectivity of the
plates. But at the same time one has to note that as the spacing increases,
the FSR decreases which results in larger ghosts in the image.

Figure 5.5 shows the plot of resolution as a function of wavelength for a
fixed spacing between the FP plates for the reflectivity 0.85. From the plot
it is clear that the resolution decreases as the wavelength increases and the

resolution is large for larger plate separation.

5.2.2 Specifications of the procured FP

We have used air gap based FP for NBI system. This FP was procured
several years ago from Queens gate, UK (presently IC' Optical System Ltd.,
UK). The servo-stabilized FP system comprises ET-Series II etalons and the
CS100 control unit, which stabilizes the etalon spacing and parallelism. The
(CS100 is a three-channel controller, which uses capacitance micrometers and
PZT actuators, incorporated into the etalon, to monitor and correct errors in
mirror parallelism and spacing. Two channels control the parallelism and the

third channel maintains spacing up to nanometer accuracy by referencing the
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Figure 5.5: The variation of spectral resolution as a function of wavelength for a various
plate spacing.

cavity length-sensing capacitance micrometer to a fixed reference capacitor.
This is a closed-loop system. Hence, the non-linearity, hysteresis in the PZT
drive, drifts in mirror parallelism and spacing are eliminated completely. The
(CS100 will control the etalon spacing and parallelism to better than 0.01%
of a FSR. The CS100 can be operated manually from front panel controls,
or under computer control using either the IEEE - 488, RS232C or analogue
interfaces. We have developed GUI in LabVIEW using the IEEE - 488 as well
as analogue interface using PCle - DAQ to control the CS100 controller via
PC. The separation between the plates is varied in discrete steps from 0 to
4095 via IEEE - 488 interface to the CS100 controller via PC. In addition to
this, a two-pin socket is provided on the CS100 rear panel to enable analogue
control of the etalon spacing. A £10V differential input has been given using
DAQ to produce #1000 nm of plate movement for the cavity. The GUI
developed in Labview. Figure 5.6 shows the GUI for the CS100 controller.
We have used National Instruments PCle-6361 DAQ to generate the square
wave analogue signal with a frequency 1000 Hz. This signal is fed to CS100
controller to enable analogue control of the etalon spacing. The amplitude of

the signal can be varied in step of 0.05 V. We changed the amplitude from



5.2 Description of the Instrument 129

Seon
GUI FOR CS100 CONTROLLER

Follow the Steps:_

1. Power on.
2. Select the Frequency
3. Select the Initial Differential Voltage
4. Change the Differential Yoltage by 1 step
5. To make Cavity Length minimun, enter '0’ in Diff. Volit.
‘Frequency
;) 1000
Differential
Woltagedy 20} 3;
g 3
Offset EL
0.25
Stop (F)
=

o | OIEI|L.|;|‘IE’ 1 | 13pt Application Font | ngv H:I:I_n' | |@$v ”i&ﬁ|

Offset Frequency
.......... input data
4 {FE] iz
b A
Differential ) H
Wolbagely 20} Sirnulate Signal
. Square [ )
ﬁzsb - ..@ [
"
[ |
DA Assistant
il data
—

Figure 5.6: Top: Front panel of the GUI for CS100 controller unit using LabVIEW. The
plate separation of the FP can be varied by applying differential voltage. Bottom: Block
diagram of the GUI as shown in above using LabVIEW.

-1.5 V to 1.5 V in step of 0.1 V during observations.

Table 5.1: Details of the specifications of the procured FP for narrow band imager.

Specifications ‘ Value

Fabry-Perot Model ET-50-FS(SN 1006)
Clear Aperture 50 mm

Nominal Cavity Spacing 400 pm

Cavity Scan Range +2.5 um
Reflectivity ~ 95% at 633 nm
Transmission Wavelength Range | 400 nm to 700 nm
Controller Model CS100 (SN 8088)
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This FP has a clear aperture of 50 mm, high average reflectivity (~95%)
for the wavelength range from 400 nm to 700 nm. The calculated finesse due
to reflectivity with 95% is ~61 and FSR is ~ 5.0 A at A= 633 nm. The spec-
ifications of FP system as provided by the vendor are listed in Table 5.1. The
performance characteristic of the FP needs to be checked against the specifi-
cations given by the vendor before using it for NBI system. In the next section
we describe the methods used to evaluate the performance characteristic of

the FP and obtained results.

5.2.3 Characterization of FP

5.2.3.1 Experimental setup

Before using the procured Fabry-Perot interferometer in the NBI system,
we have evaluated its specification in the laboratory experiments. We have
characterized the Fabry-Perot using a collimated configuration, shown in Fig-
ure 5.7. A He-Ne laser of a central wavelength 633 nm was used as a source to
perform the experiment. The laser beam was passed through a spatial filter.
The spatial filtering setup is a combination of 15 ym pinhole and 40x micro-
scopic objective. It is designed to be used with lasers to clean up the beam.
In order to get a clean Gaussian beam, this spatial filter is used to remove the
unwanted multiple-order energy peaks and pass only the central maximum of
the diffraction pattern. Then the expanded beam from the spatial filter, was
collimated by a lens (L1) with focal length f = 600 mm, resulting in a beam
of diameter 50 mm to feed FP. The beam was re-imaged by a f = 225 mm
lens (L2) on a CCD camera (2kx2k). In order to check the light beam after
the lens L1 is collimated or not, we used shearing Interferometer as shown
in Figure 5.8. The shearing interferometer consists of a wedged optical flat
mounted at 45° angle and a diffuser plate on the top to view the interference
fringe pattern with a reference wire in the middle. This interferometer is de-

signed to provide qualitative analysis of a beam’s collimation (Darlin et al.,
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1995; Zhao et al., 1995). The wedged optical flat is made of uncoated UV
fused silica and the wedge angle for each plate size is optimized for the range
of the acceptable beam sizes. Our shearing interferometer has wedge optical
flat of 50 mm diameter. The interference fringes created by Fresnel reflections
from the front and back surfaces of the optical flat can be seen in the diffuser
plate. If the beam is collimated, the resulting fringe pattern will be parallel
to the reference wire line (N1IN2). Panel A in Figure 5.8 shows the observed
fringe pattern parallel to the reference wire line when the beam is collimated.

The plate spacing was controlled via IEEE - 488 interface to the CS100
controller via a PC. The CCD camera was controlled by the same PC to
capture images as the cavity spacing was varied in incremental steps. We
have used 2k x 2k CCD, procured from Princeton Instruments to record the
images. The CCD has pixel size = 13.5 um with total imaging area 27.6 x 27.6
mm?. The PIXIS CCD is a back-illuminated CCD and can be interfaced to the
PC via USB 2.0. The CCD will collect a dark current, which is dependent on
the exposure time and camera temperature. The readout noise is ~40 counts

which is less than photon noise in the image (~220 counts).

5.2.3.2 Bandpass

Assuming that the bandwidth of laser beam is much narrower than the band-
pass of FP and the FP bandpass profile does not change too much in a very
narrow spectral range, the FWHM of the bandpass was measured in the fol-
lowing way. The spacing of the FP plates was changed by 5 steps to get
different orders of fringes and at the same time CCD camera captures the im-
ages at each wavelength steps. The scan is performed in discrete steps from
0 to 4095. In this way, a 3D data cube is generated by the scan. Figure 5.9
shows the transmitted images of the laser beam through the Fabry-Perot as
the cavity spacing was varied from one maximum to other maximum.

An intensity profile which is the average of intensity in the central part of

each images (100x100 pixels?) from the data cube, is shown in Figure 5.10
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Figure 5.7: Top: Picture of experiment setup. Below: sketch of the optical set-up to
characterize the FP. ND: neutral density filter, SF: spatial filtering set-up, L1: collimating
Lens, L2: reimaging Lens and FP: Fabry- Perot interferometer.

Figure 5.8: Top: Picture of experimental setup for examining collimated light. SF: spatial
filtering set-up, L1: collimating lens, and SI: shearing interferometer. Panel A shows the
obtained fringes observed in the top diffuser plate.
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Figure 5.9: Captured images from the scanning of one transmission peak to other. The
scanning steps corresponding to the images are shown in the label below. P1, M1 are the
peak position and minimum position images respectively of the first transmission profile
and P2, M2 are the peak position and minimum position images respectively of the second
transmission profile.

(left). The effective FWHM of the bandpass is obtained by fitting a Gaussian
profile of the measured intensity values. The effective FWHM is found to
be 29 steps, which corresponds to ~23.77+0.46 pm. The conversion factor
between wavelength units and discrete steps is given by 0.82 pm/step. In a
similar way, a surface plot of the FP bandpass in 2D space was constructed for
each resolution element from the same data cube. Figure 5.11(left) shows the
surface plot of FWHM of the FP bandpass and its corresponding histogram
is shown in Figure 5.11(right). The shape of the histogram implies that the

bandpass is not homogeneous but possesses a pattern across the field-of-view
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Figure 5.10: Left: The average intensity profile of one transmission peak. The red line
shows Gaussian fitting to the measured intensity profile. Right: The average intensity
profile of several transmission peaks. The wavelength regime is given in discrete steps
(0-3000) of the CS100 controller.

(FOV). The bandpass varied from ~14.75 pm (~18 steps) to ~31.97 pm (~39
steps) at different position of the FP.

5.2.3.3 Free spectral range and finesse

If the scan range is extended further, more than one intensity peak can be
obtained. Here, we carried out a scan from 0 to 4095 steps, which included five
transmission peaks. Figure 5.10 (right) shows the several transmission peaks
to illustrate the FSR of the FP. The measured FSR is 610 steps (~499.93
pm). Since the nominal spacing between two parallel plates is 400 pm, then
from the eq. 5.4, the calculated FSR is 500.9+4.1 pm at wavelength 633 nm.
The total scanning range is 3.36 nm.

The average effective finesse is found to be 21.03. A 2D surface plot of
the finesse and its corresponding histogram of the frequency distribution were
constructed. These are shown in Figure 5.12. The distribution of finesse over
the field of view is inhomogeneous and most of its values range from 13 to 35
(neglecting some spurious data at extreme edge). The effective finesse is the
most important part for the performance evaluation of Fabry-Perot Interfer-
ometer. It is dependent on the finesse due to reflectivity (Fg), finesse due to

plate defects (Fs, Fg and Fp) and the finesse due to the illumination of the
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Figure 5.11: Left: The surface plot of the FP bandpass. Right: Histogram of the
corresponding frequency distribution.

plates (F7). In detail, the finesse due to plate defects is dependent on overall
flatness and roughness of the FP plates and departure from the parallelism of
the two plates. The effective finesse of a Fabry-Perot can be represented com-

pletely as (Gary, Balasubramaniam, and Sigwarth, 2003; Gullixson, 1998),

1 1 1 1 1 —1/2

(5.9)

The eq. 5.9 reduces to the following after incorporating the terms into the

individual finesse.

(1—R)® 402 22662 36t2 9t 177
F= 2 " 1
2R + 2 + 2 + 2 + 61 + (5.10)

Where, 0t is the peak-to-valley deviation from perfect flatness, 6t, is
the plate rms deviation, 6t, is the plate deviation from parallel and 6 is the

angular size of the accepted beam.
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Figure 5.12: Left:The surface plot of the FP effective finesse. Right: Histogram of the
corresponding frequency distribution.

5.2.3.4 Plate flatness

An appropriate understanding of the flatness of the Fabry-Perot plates is
needed as it affects the bandpass and finesse of the system. With measure-
ments of the surface flatness and surface roughness we can estimate the overall
finesse of the FP plates. In this study, from the same data cube for each res-
olution element the peak position of transmission maxima is measured. A 3D
map of the surface flatness and its corresponding histogram was constructed
as shown in Figure 5.13(left). From the maximum and minimum of the his-
togram we have determined that the surface has a peak-to-valley deviation
about 15 steps. This implies a surface flatness of about A/35. The root mean
square surface roughness calculated from the same data by neglecting some
lower and upper pathological data is about 7 steps, which implies a surface
roughness of \/74.

Reflectivity of the FP plate given by the vendor is 95%. Hence, we can
find out Fr = 61.24, Fg = 17.28 and Fz = 15.76 using eq. 5.9 and eq. 5.10.
The comparison between vendor’s specification and experimentally measured
values are given in Table 5.2. In conclusion, the calculated effective finesse

is not in agreement with the measured finesse. The following possible rea-
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Figure 5.13: Left: The surface plot of the FP surface flatness. Right: Histogram of the
corresponding frequency distribution.

Table 5.2: Comparison between vendor supplied value and experimentally measured value.

Parameters Vendor’s specification Experimentally
measured values

Reflectivity +95% +86%

FSR ~5A(A=656.3 nm) ~5A(A=633 nm)

FWHM ~81.7mA (A=656.3 nm) ~237.7mA (A=633 nm)

Finesse due to Reflectivity ~61.24 ~21.38

Effective Finesse ~61.73 ~21.03

Surface Quality A/50 - A\/200 at A= 633 nm  Flatness: ~ \/35,

Roughness: ~ \/74

son might be helpful to interpret the observed differences between calculated
and measured values. a) The measured FWHM for this FP may have been
broadened by the finite bandwidth of the laser beam, resulting in decreasing
of the measured effective finesse. b) If the expanded source is not perfectly
collimated to feed the FP, it will result in lowering the finesse. But before
feeding the collimated beam to the FP, we have used shearing interferometer
to check whether the collimation is proper or not? We achieved the proper
collimation using this method. Hence, we can easily rule out this reason. c)
From the measured finesse, the estimated reflectivity of the FP plates is about

86%, which is not consistent with the vendor specified values. Since our FP
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Figure 5.14: Top: A snap shot of the experimental setup placed before the spectrograph.
Below: sketch of the optical set-up to characterize the FP. ND: neutral density filter, L1:
collimating lens, L2: reimaging Lens and FP: Fabry-Perot interferometer.

was purchased several years ago, it is very likely that exposure to humidity

and dust may have caused the gradual degradation in reflectivity over time.

5.2.3.5 FP channel spectra

It is to be noted that, a collimated set-up is preferred for characterizing the
FP. The reason is that the collimated set-up is theoretically insensitive to any
additional optical path length changes caused due to placing and removal of
FPs depending on whether the etalons are being characterized individually or
in tandem. For obtaining the channel spectra of the FP, Littrow spectrograph
setup was used in conjunction with a telescope with a 15 cm clear aperture
objective lens as the light feed. The schematic diagram of the spectrograph
is shown in Figure 5.14. The Fi5 beam from the telescope was collimated and
reimaged using lenses L1 and L2. L1 lens has diameter of 50 mm and focal

length of 225 mm. The lens L2 has diameter of 60 mm and focal length of 600
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Figure 5.15: Top: Channel spectrum of FP. Bottom: Observed solar spectrum.

mm. Light passing through the slit (of width 80 pm) was collimated using
a lens of focal length 1000 mm. The collimated light dispersed by a plane
grating (1200 lines/mm) and reimaged using the same Littrow lens. On the
CCD, the dispersion per pixel is 20.9 mA at 6563 A. The spectral coverage
of the spectrograph is 42.8 A. We have used 2k x 2k CCD camera, procured
from apogee imaging system to record the spectra. The CCD has pixel size =
7.4 pm with total imaging area 15.2 x 15.2 mm?. The Alta F4000 CCD have
a 4-megapixel interline transfer sensor with good quantum efficiency (41.5%
at 400 nm) and the dynamic range 74.7 dB. The typical dark current and
linear full well capacity are 0.0075 e~ /pixel/sec and 31,000e, respectively.
The CCD can be interfaced to the PC via USB 2.0.

The FP was introduced in the collimated beam after L1. Figure 5.15
shows the channel spectra obtained with this optical setup. The bottom
panel show the solar spectra which include the 6563 A spectral line. The
recorded channel spectra were analyzed to obtain the FSR and the FWHM
for the FP. The central 100 pixels of the recorded spectrum were averaged in
the slit direction to obtain the transmission profile of the FP. This is shown
in Figure 5.16. The wavelength scale was calculated from the solar spectra,

which were recorded before placing the FP in the beam path. All the channels
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Figure 5.16: Transmission profile of the FP obtained by averaging the central 100 pixels
of the recorded channel spectrum.

0.0

in the recorded channel spectrum were used to compute the mean FSR and
FWHM. The measured FSR and FWHM from the transmission profile are
5.3 A and 320.243.2 mA, respectively. Although the obtained FSR nearly
matches the values obtained by experiment done using laser, the FWHM
measured with the channel spectra is larger than for the previously measured
values. The difference is mainly attributed to the low spectral resolution of
the spectrograph due to the larger width of the slit. Theoretically calculated
resolution of the spectrograph is 91 mA at 6563 A. The FWHM of the

spectrograph (0),) is estimated as follows:

(6A)? = (0Xs)* + (0A.)? (5.11)

Where, (0),) is the FWHM of the recorded 6563 A spectral line profile,
(0A.) is the obtained FWHM from the BASS2000 atlas. The FWHM of the
spectrograph is estimated to be about 182.6 mA. This higher value could be
due to the larger slit width of 80 um and also due to F}y beam which covers

only %th of grating there by reducing the spectral resolution.
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Figure 5.17: Panel A: Temperature controller and filter oven. Panel B: Inside view of the
oven. The filter is kept inside this oven. Panel C: Temperature sensors DS620 and PT100,
which are kept inside the oven.

5.2.4 Pre-filter

We used Ha filter centered at 6562.8 A wavelength as a order sorting fil-
ter kept in front of FP. It is a interference filter procured from Andover
Corporation. The central wavelength of the filter gets shifted towards lower
wavelength with the increase of incident angle. Equation 5.12 implies that
the central wavelength shift depending upon the angle of incidence and effec-
tive refractive index of the filter. The effective refractive index of the filter’s

dielectric material is 2.05. The specified temperature for the filter is 23°C.

sin? 6
Mo = doy[1 = — (5.12)

Where \g, \g - central wavelength at an angle 6 and zero, respectively. n

is the effective refractive index of the dielectric material of the filter.
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5.2.4.1 Temperature controller

We developed a temperature stabilized oven which can keep the filter within
0.19C of the set temperature in collaboration with Udaipur Solar Observatory.
The oven temperature can be set between 30 and 50°C. Figure 5.17 shows
the developed temperature controller and the oven in the panel A and B,
respectively. The filter is kept inside the oven during observations. Two
ways of the temperature control are implemented in the oven. First one is a
temperature stabilization circuit which keeps the temperature within 0.1°C
of the set temperature and second one is a safety circuit which switches-
off the power to the heater in case the first stabilization circuit fails due
to some reasons and the temperature crosses the preset temperature value.
The circuit diagram for the overshooting cut-off and stabilization circuit are
shown in panel B and C, respectively in Figure 5.18. The stabilization circuit
uses a temperature sensor IC (DS620) from Dallas Semiconductor, which is
a band-gap based temperature sensor. The wiring diagram for the DS620 is
shown in Panel A (Figure 5.18). SDA and SCL pins in the IC are wired to
the computer parallel port. The temperature is read out using a computer
parallel port and the correction of the signal is generated through Pulse Width
Modulation (PWM) and fed to the heater. The safety circuit uses a PT100
resistor connected to one arm of a Wheatstone resistor bridge to detect the
threshold cross-over. Upon crossing the threshold a relay switch cut off the
power to the heater until the temperature drops below the threshold (see
Gupta et al. (2008) for details about the temperature controller). Panel C in
Figure 5.17 shows the IC DS620 and PT100, which are kept inside the oven.

We have tested the performance of the temperature controller in the lab-
oratory. Figure 5.19 shows the test results. We have set the temperature at
30°C. Figure 5.19 (left) shows the oven temperature reached at the set tem-
perature within 9 minutes and it maintained the temperature through out

experiment. Figure 5.19 (right) shows the plot of safety cut-off temperature.
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Figure 5.18: Panel A: Wiring diagram of DS620. Panel B: Overshooting cut-off circuit.
Panel C: Schematic of the amplifier circuit (Courtesy of Gupta et al. 2008).

We have set the safety cut-off temperature at 40°C. Upon crossing the cut-off
temperature, the associated op-amp and relay circuit with PT100 switched
off the power to the heater until the temperature is restored below the cut-off

value.

5.2.4.2 Characterization of the pre-filter

We have also characterized the pre-filter using the spectrograph. We have
used the optical setup before the spectrograph slit similar to the one used for
the testing FP, as shown in Figure 5.15. The ND filter and FP were removed
from the optical path and then the filter was placed in the collimated beam
after the lens L1. The spectra have been obtained by placing the filter in
different angle positions from 0 to 9° in step of 1.5°. Figure 5.20 (top-left and
right) show the obtained spectra at 0 and 4.5° filter positions, respectively.
Ha absorption line is visible in the Figure 5.20 (top-left). We obtained the
filter transmission profile at 3° angle position by averaging 200 pixel along
y-direction of the spectrum. The normalized filter transmission profile is
shown in Figure 5.20(bottom-left). The red line shows the Gaussian fitting
to the measured profile. The FWHM of the filter at 3° angle position is
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Figure 5.19: Left: Temperature vs time plot for the temperature controlled oven. Right:
Temperature of the overshooting safety control unit is plotted as a function of time.

found to be 2.33+£0.01 A. We obtained the transmission profiles of the filter
at different angle positions and fitted with Gaussian profile to obtain the peak
transmission wavelength of the filter. Figure 5.20 (bottom-right) shows the
variations of the measured peak transmission wavelength with different angle
positions. The red curve shows the calculated peak transmission wavelength
at different angle positions using the eq. 5.12. The central wavelength of the
filter transmission peak gets blue shifted from 6563 to 6545 A wavelength
with the increase of incident angle from 0 to 9°. The small deviation of the
calculated and measured peak transmission wavelengths is due to the placing

of the filter at different angles, which is within £0.5° error.

5.2.5 Fabry-Perot interferometer in combination with
the pre-filter

In the NBI setup, one FP kept in tandem with order sorting interference filter

in narrow band imager (see Figure 5.1). If two such optical filters are kept in

series then the resulting instrumental profile I(\) is obtained by (Cavallini,

2006; Ravindra and Banyal, 2010),

100 = (V) Irp(V) (5.13)
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Figure 5.20: Top-Left: Observed Spectrum taken while filter is at 0° angle position. Ha
absorption line is visible inside filter transmission. Top- Right: Observed spectrum taken
while filter is kept at 3° angle position. Bottom-Left: Transmission profile of the filter at 3°
angle position. It has been obtained by averaging along the y-direction of top-right image.
The red line shows Gaussian fitting to the measured intensity profile. Bottom-Right: The
black line shows the measured peak transmission of the filter at different angle position
and red line shows the estimated values for the same using eq. 5.12.

where, Ipp(A) and Irpp()) is the transmission of the order sorting filter and

FP, respectively. In estimating the transmission profile of the NBI we have

used the spacing of the FP as 0.4 mm with a plate reflectivity of 85% and
the FWHM of the interference filter 2.3 A. The FP and pre-fiter kept in

tandem in a collimated beam. The red curve in Figure 5.21 shows theoretically

estimated transmission profile of the FP in combination with a pre-filter. As

the pre-filter is an interference filter, we assumed the profile of the pre-filter

as Lorentzian (Cavallini, 2006), which can be expressed as
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Figure 5.21: The red curve shows the transmission profile of the FP in combination with
a pre-filter (pass band 2.3 A). The green and blue curves shows the transmission profiles
of the FP and pre-filter, respectively.

TIF
Iir(N) = 5.14

where, n is the number of cavities, A\ is the wavelength separation from
the transparency peak and 7;r is the peak transparency of the filter. The
green and blue curves shows the transmission profiles of the FP and pre-
filter, respectively. From the combined transmission profile it is clear that
the out of band rejection is large out side the pre-filter profile.

We have also done the experiment to see the out of band rejection and
recorded the FP channel spectra by keeping the pre-filter and FP in a colli-
mated beam configuration using the optical setup shown in Figure 5.14. The
channel spectra is shown in the top panel of Figure 5.22. The bottom panel
shows the the observed solar spectra using the pre-filter, while FP is removed
from the optical path. The position of the channel spectra can be shifted by
changing the plate separation of the FP and obtain the images at different
wavelength positions.

When the FP is mounted in a collimated setup, a wavelength gradient

will be developed across the FOV of the interest. In this set up the FP is
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Figure 5.22: Top panel shows the channel spectra of the FP in combination with pre-
filter using the optical setup as show in Figure 5.14. Bottom panel shows the observed
solar spectra using only the pre-filter (Figure 5.14), while FP is removed from the optical
path.

mounted close to the image of the telescope’s entrance pupil. Every point on
the image will subtend certain angle with respect to the optical axis of the
FP and hence experiences different plate separations for each image point.
This will develop a wavelength gradient across the FOV and the wavelength
shifts radially towards the blue, from the center to the edge of the field. The
shift in the wavelength due to the angle of incidence is given by well-known
equation (Cavallini, 2006; Ravindra and Banyal, 2010),
A 62

g = -2 1
=3 (5.15)

where # is the angle of incidence. The maximum angle of incidence can be

obtained as

A etescope
0 = FOV, jp —tescore (5.16)
Afp

where, F'OV)/, is the half diagonal of FOV. A;escope and Ay, are the
aperture of the telescope and FP, respectively. In our NBI set up (Figure 5.1),

the FP is mounted in a slowly converging beam. The diameter of the objective
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Figure 5.23: Surface plot of the wavelength gradient developed across the FOV in the
FP.

lens (L1) was used 100 mm during observations and finally, F;5 beam was
created at the imaging plane on CCD. The image size of the Sun at this
imaging plane is 70 mm. Assuming this as a collimating set up, we have
calculated the wavelength gradient plot over the 12" FOV for the central
wavelength 6562.8 A. The plot is shown in Figure 5.23. One can see the
calculated maximum wavelength shift towards edge is around -40 mA, which

is much less than the passband of the NBI system.

5.3 Preliminary Observations

After testing the FP, we have used it as a main component for developing
narrow band imager (NBI). The schematic layout of the NBI is shown in Fig-
ure 5.1. The NBI system is setup in the laboratory of IIA, Bangalore campus.
The pre-filter centered on 6562.8 A was placed before the FP to select the
desired wavelength channel for observations. A series of images were obtained
by tuning the plate separation of FP across different wavelength positions on

the Ha spectral line. Figure 5.24 shows the images taken on different days
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in the line center at 6563 A. Top-left panel in the figure shows the image
of active regions NOAA 11960 and NOAA 11959 and a quiet filament taken
using the NBI. These two sunspots (NOAA 11960 and NOAA 11959) were
visible on the southern hemisphere of the Sun from 19th January to 29th
January, 2014 and they were associated with series of C-class flares. We have
observed these sunspot regions on 22nd January, 2014 and is shown in Fig-
ure 5.24 (top-left). This image is compared with the image taken from Global
Oscillation Network Group (GONG) observed in the Ha wavelength taken
close to the time of our observations (top-right). Clearly, both images show
the sunspots and filament structure. The contrast of the filament is better
in the FP based NBI image compared to the GONG. This is because of very
narrow passband of the NBI filter compared to the GONG, which is about
0.4 A (Harvey et al., 2011). Middle-left and right images in Figure 5.24 show
the image taken using the NBI and GONG for a quiet region filament, respec-
tively on 26 February 2015. It was a very long filament and the size is about
750 Mm, which covers almost half the diameter of the Sun. This filament was
visible on the solar disk from 22nd February to 2nd March 2015. We have
observed the part of the filament on 26 February 2015 (shown in Figure 5.24
(middle-left)). Bottom-left and right panel in Figure 5.24 show the image
of active region NOAA 12297 on 10 March 2015 using the NBI and GONG,
respectively. In both the images, one can see dark sunspot surrounded by
bright patches and a large quiet filament structure. This sunspot appeared
on the solar disk at S17 E53 on 8th March 2015 and it was visible on the
solar disk for next 10 days. This sunspot region was associated with series of
C and M-class flare. We have observed this region for few days. In the NBI
images we see more structures compared to the GONG image.

Images acquired at different wavelength positions on the line profile are
shown in Figure 5.25. The images were obtained from 792 mA on the blue
wing of the spectrum to 616 mA on the red wing away from the Ha line

center, with a step size of 88 mA. After the dark current correction and flat
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Figure 5.24: Left: top, middle and bottom panels show the observed filaments on different
days using NBI at the Ha line core positions. Right: top, middle and bottom panels show
the observed filaments on the same days close to the time of observations of left side panel

obtained from NSO-GONG.



5.3 Preliminary Observations 151

fielding, the images are shown here. In Figure 5.25 top-panel show the images
obtained at different wavelength positions for the active region NOAA 11949.
This sunspot was located at S17W46 on 17th January 2014. Two filament
structures are visible in the line center and close to line center images, as
shown by the two arrows. It should be kept in mind here that the quality of
these images is affected by the poor seeing conditions at the Bangalore. The
image is acquired with field of view 12.6" and has pixel resolution 0.37”. We
have also performed the spectral line scan for another active region NOAA
12297 on 10th March 2015. This active region was located at S1I6E26. The
observed images at different wavelength positions are shown in Figure 5.25
(bottom-panel). We have constructed the Ha spectral line profile from the
scanned images after dark current correction and flat fielding. The flat fields
were taken at each wavelength positions on the line profile. We have calcu-
lated the mean intensity of 100x100 pixel® from the quiet part of the Sun
to retrieve the line profile. Figure 5.26 shows the obtained mean intensity at
different wavelength positions. We have fitted the higher order polynomial
to construct the Ha absorption line profile. The red curve shows the polyno-
mial fitting to the mean intensity. One can see the line profile could not be

constructed completely. This could be due to small passband of the pre-filter.

5.3.1 Dopplergram

To study the line-of-sight velocity of solar features, Doppler shifts of the
spectral lines are regularly used. The Doppler shift of the spectral line A for

a defined velocity v is calculated by using the relation

Ar v

- (5.17)

where c is the speed of light. In order to compute the Doppler velocity map,
information of the line center and computed shift of wavelength from the line

center is required. This can be done only if the simultaneous spectral line
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Figure 5.25: Images obtained at the different wavelength positions of the Ho 6563 A line
profile. The images have resolution 0.37”/pixel. Top panel images are taken on 17th

January 2014 for the active region NOAA 11949 and bottom panel images are taken on
10th March 2015 for the active region NOAA 12297.
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Figure 5.26: Constructed line profiles at 6563 A from the observations. The line profile
is scanned at 18 wavelength positions from -792 mA to +616 mA with a step of 88 mA.

data for the same region is available (one from the spectrograph and other
from NBI).

Alternatively, using FP based tunable narrow band imager one can make
the Doppler velocity maps by using the red- and blue-wing intensity images
of a chosen spectral line. Intensity at a fixed wavelength point in the blue
and red wing of any spectral line varies depending on the Doppler shift.
Hence, from the intensity difference between the red- and blue-wing images,
one can estimate the Doppler shift and hence the Doppler velocity at a fixed
wavelength position. For small shift in line profile, one may assume the solar
spectral line to be linear as well as symmetric, Doppler velocities are estimated

by using the following relation:

I, — 1

~K
VTR

(5.18)

Where, I, and I, are the intensity images at red wing and blue wing of a
spectral line. K is a calibration constant which depends on the chosen spectral
line and the spectral resolution (Padinhatteeri, Sridharan, and Sankarasub-

ramanian, 2010; Rimmele, 2004; Stix, 2004). The denominator in eq. 5.18
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corrects the intensity variations. I, and [, can be expressed as

dl
=1+ %A
T
dl
I=1— A0 (5.19)

Where, I is the photometric signal at the spectral line core position and
dI represents the variations of signal with wavelength variation d\ from the

central wavelength A. By combining the eq. 5.17 and eq. 5.19, we can get

L—I, %M\
IL.+I, I ¢
Ic I, — I,

V= — (5.20)
AL T, 4T,

By comparing the eq. 5.18 and eq. 5.20, one can obtain the calibration con-
stant K as
c dA

K = X[ i (5.21)
If we plot, the variations of d—II against %, the slope of the graph will equal to
s To estimate the calibration constant K, we have taken Ha spectral pro-
file from solar atlas BASS 2000 (http://bass2000.0bspm.fr/). We have used
240 mA FWHM of our narrow band imager. The spectral line is convolved
with the instrumental profile. The convolved spectral line is then shifted by
an amount of d\ and the normalized intensity difference (d—II) is calculated.
We have repeated this exercise for a range of velocities. Figure 5.27 shows
the variations of d—II as a function of %. The linear part of the curve is fitted
with a straight line (solid line) and ¢/slope provides the calibration constant

value K. The calculated value of K is 56.54+0.1km/s.

To generate the dopplergrams, we have carried out observations using
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Figure 5.27: The normalized intensity difference versus % curve computed for the spec-

tral line Ho 6562.8 A. The solid line shows the straight line fit to the computed values.

our narrow band imager. We have obtained the blue and red wing images
at £176 mA wavelength positions, respectively away from the line center
(6562.8 A) of the Ha spectral line. The dopplergrams have been generated
using eq. 5.18. Figure 5.28 (right panel) shows the obtained dopplergrams
for a small field of view at chromospheric height for a quiet-Sun region. The
left-side panels show the images taken at Ha line core wavelength position
(6562.8 A) for the same region. One can see a quiet filament structure is
visible in the image. The white contour of the filament is overlaid on the
dopplergram to locate its position. This filament was visible on the southern
hemisphere of the Sun from 9th March to 16th March 2015. On 10th March,
the location of the filament was at (-400”, -500”) and it was 180 Mm long.
Along the spine of the filament we observed a blue shift. The maximum
and minimum line-of-sight velocities are shown by the colour bar in images.
By analyzing the doppler velocity maps, we found that redshifts appeared
near the east end of the filament. We also generated the dopplergram for
the active region NOAA 12297 and its surrounding region on 10th and 11th
March, 2015. On 10th March, the active region was located at S19 E26. The
angle subtended by the solar disk center and the active region is 32°. The
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Figure 5.28: Left: top and bottom panel show the images taken at Ha line core posi-
tion (6562.8 A) for the quiet Sun filament region on 10th and 11th March 2015, respec-
tively. Right: images show the corresponding generated dopplergrams at the chromospheric
height. The filament contour is overlaid on the dopplergram.

maximum and minimum velocities along the line-of-sight (LOS) in the field of
view of our observations are +5 km/s and —16 km/s, respectively, as shown
in Figure 5.29. In the periphery of the filament of the same dopplergram,
one can see blue and red-shift of LOS velocity. These maps appear similar to
the one reported by Joshi et al. (2015). In this case, the true maximum and
minimum velocities along the LOS in the spine of the filament are about +5.8
km/s (= 5/Cos 32°) and —18.8 km/s (= — 16/Cos 32°), respectively. We have
observed the same filament for two more days and no significant change in

the filament structure observed. Hence from our observations, we can infer
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Figure 5.29: Left: top and bottom panel show the images taken at Ha line core posi-
tion (6562.8 A) for the active region NOAA 12297 on 10th and 11th March 2015, respec-
tively. Right: images show the corresponding generated dopplergrams at the chromospheric
height. The filaments and sunspot contours are overlaid on the dopplergram.

that the observed blueshift and reshift at the periphery of the filament as the

downflows and upflows, respectively across the filament spine.

5.4 Discussions

We have developed single FP based narrow band imager at the Indian In-
stitute of Astrophysics, Bangalore. We have tested each of the optical com-
ponents at the laboratory for its parameter value and compared it with the

vender specified parameters. Most of the observed parameters compare well



5.4 Discussions 158

with the vender’s specifications with few deviations in some cases. This is
mostly because of the reduced reflectivity of our FP over the time. We have
tested the NBI system in the laboratory and finally we have made several days
of solar observations. We have also scanned the Ha line profile and obtained
the images at each positions. We compared our images with the GONG Ha
images and found the features are matching well in both the images. In fu-
ture, we will install this NBI system in the Kodaikanal Tunnel Telescope for
regular observation of solar filaments.

A step further we have also made the dopplergrams by making the obser-
vations in the blue and red wing of the Ha spectral line. The Ha line center
forms at the upper chromosphere and the wing forms from the photosphere
to chromosphere. There are a few more ways to produce the dopplergrams
(Joshi, 2011). Unlike the other methods in the present procedure we need
the intensity only in two positions on the line profile-one in the red and an-
other one in blue wing. using this method we can produce dopplergrams at
high cadence. At present there is no chromospheric dopplergrams available
on regular basis. Hence we cannot make a detailed comparison of the devel-
oped dopplergrams with the other data. However, we find some similarity in
velocity patterns in and around the filament regions with the velocity maps
produced by Joshi et al. (2015). In future, we would like to compare the
dopplergrams made in the Ha from the Kodaikanal observatory using the
Lyot filters.

The spectral resolution of a single FP based narrow band imager directly
proportional to the separation between the two plates of the FP. To get better
spectral resolution one needs to increase the plate separation. But at the same
time the parasitic light from the out of band will increase due to the reduced
FSR. Hence, it is difficult to optimize between FSR and desired spectral
resolution. To overcome this problem, one can use either Fabry-Perot etalon
in double-pass configuration (e.g., Alvarez-Herrero et al. 2006) or two FPs

in tandem (e.g., Cavallini 2006). In future, we would like to develop a dual
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FP based narrow band imager at the Indian Institute of Astrophysics, which
will have spectral resolution 40 mA or better and FSR of the system will
be sufficiently large to reduce parasitic light from the out of band from the
desired spectral line. In the next chapter of this thesis, I have discussed about
the preliminary design of a dual FP based narrow band imager, which will
be used for the proposed National Large Solar Telescope (NLST; Hasan et al.
2010a).



Chapter 6
Summary, Conclusions and

Future Works

In this thesis, I studied the solar filament eruption and given the explanation
based on the observations and theory in detail. Few case studies are presented.
Attempts have been made to understand and explain the eruption mechanism
using multi-wavelength observations. The first chapter introduces the topic
of my research, discusses the related studies of filament eruptions conducted
in the past, and also describes some of the unsolved problems. Here, I will
summarize the major results reported in four chapters. Later I will briefly

describe a few directions in which I would like to continue my work in future.

6.1 Major Results

6.1.1 Two-phase filament eruption in association with

flux cancellations and coronal loop dynamics

In this chapter, I have presented the results on the filament eruptions as-
sociated with the active region NOAA 11444 using space-based data. The
filament has erupted in two different phases. During the first phase of fila-
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ment activation, we observed a converging motion between opposite-polarity
regions for few hours near the PIL. Cancellation of the magnetic flux was also
observed at the same location followed by transient brightenings related to
the idea of runaway tether-cutting mechanism, which could eventually desta-
bilized the bottom filament in the first phase of eruption and pushed the top
filament to little higher heights. Afterwards, the top filament showed a slow
rise, followed by the bright flows and it eventually erupted during the flare.
Later, the postflare loops over the filament in the western side were observed
to be contracting. The coronal loops in eastern side were seen to be expand-
ing towards higher heights. At the same location, we observed the magnetic
flux cancellations. A brightened cusp shaped loop was observed near the east
end of the filament due to the reconnection between the expanding loops and
the overlying loops. At the same time we have also observed another set of
loops collapsing in the west end of the filament. Our results suggest that the
first phase of filament eruption occurred due to the decreasing of the tension
under the loops, caused by the magnetic flux cancellation and reconnection
occurring first under the bottom of the loop and then at higher level. The
second phase of eruption is also due to the magnetic flux cancellations. The
brightened cusp shaped coronal loops near the east end of the filament is the
result of reconnection at coronal height, which could have removed a sufficient
amount of overlying magnetic flux. Thus, it could have made an opening for
filament to expand and finally leading towards eruption. We observed the
contracting and falling back of the coronal loops near western side of the
filament, which could be due to the decrease in magnetic pressure after the

reconnection.
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6.1.2 An active region filament eruption associated with

rotational motion near footpoints

In the third chapter, I have investigated another active region filament erup-
tion occurred in the southern hemisphere of the Sun on 08 July 2011 using
HMI and AIA/SDO data. During observations, the magnetic flux was emerg-
ing in the active region and also in the plage regions. The flux emergence
was stopped in West-most footpoint of the plage region about an hour before
the filament eruption. The new magnetic flux emergence with opposite mag-
netic sign can destabilize the filament by decreasing the magnetic tension of
the overlying field (Wang and Sheeley, 1999). The filament had left-handed
twist and the net injected magnetic helicity was positive in Eastern footpoint.
Both signs of magnetic helicity were observed in the Western footpoint of the
filament where the eruption has initiated. The coexistence of opposite he-
licity flux could cause a reconnection while merging of different helicity flux
system takes place, as numerically simulated by Kusano et al. (2003, 2004).
The reconnection in the system can reduce the tension of the overlying field
and thereby pushing the filament to higher heights in the corona, where the
torus instability can set in and finally drive the filament eruption (Aulanier
et al., 2010; Démoulin and Aulanier, 2010; Zuccarello et al., 2012).

As an interesting phenomena, we observed an anti-clockwise rotational
motion in both the ends of the filament when the eruption had just set in.
This rotational motion was lasted for 6 min during the eruption process. Af-
ter the filament activation, there will be an axial expansion of the filament
flux rope. If the footpoint of the flux rope is still anchored to the photosphere,
the expansion of the filament flux rope usually leads to the torque imbalance
between the photospheric footpoints and the coronal counter part of the ex-
panded flux rope. Hence, as a immediate consequence of the torque imbalance
there will be a generation of the shear flows at the photospheric footpoints

(Jockers, 1978; Parker, 1974). We believe that the torque imbalance between



6.1 Major Results 163

the expanded portion of the flux tube and the photosphere could have caused
the rotation in the footpoint region. However, there could be other reasons
for the observed rotation in filament footpoints and are explained in the sum-
mary of next chapter. The rotational motion was no longer persisted after

the footpoints were detached from the photosphere.

6.1.3 Photospheric vortical motions during active re-

gion filament eruption

In this chapter, I have analyzed several erupting active region filaments at
different times during Solar Cycle 24 and searched for the rotational motions
in and around the end points of these filaments. The photospheric dopp-
lergram data from HMI/SDO have been used for each event for about six
hours covering the whole event of filament eruption. We have observed the
rotational /vortical motion in the photosphere near the ends of the filaments
during their initial phase of eruption, at the onset of the fast rise phase. The
photospheric vortical motions we observed are about supergranulation size
and lasted for 4-29 minutes. In the vicinity of the conjugate ends of the
filament the direction of rotation was opposite. The observed photospheric
rotational motion near the ends of the filament could possibly be resulting
from the photospheric or subphotospheric shearing flows. We observed that
the fast rise of the filament was initiated during/after the vortical motion
of the plasma had set in. The spatial correlation between the observed end
points of the filament and the location of the rotational motion and the tem-
poral coincidence of the rotational motions with the filament eruption time
signifies that this is not due to something what is seen normally in the ver-
tices of the supergranulations (Innes et al., 2009). When the filament starts
to erupt, it expands axially towards higher heights. The immediate conse-
quence of the deformation of the axial component of the magnetic field in

the flux rope is the launch of a shear Alfven waves by shearing its footpoints
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(by the Lorentz force) that in turn carry the axial component of the flux into
the expanded portion of the flux rope (Manchester et al., 2004). Our study
suggest that the sudden onset of a large photospheric vortex motion could
have played a role in destabilizing the filament by transporting axial flux into
the activated filament thereby increasing the outward magnetic pressure in
it. The tendency of the outward directed magnetic pressure will push the flux
rope slowly to higher heights. Once the top of the flux rope reaches a critical
height where the torus instability criteria are satisfied then the flux rope be-
comes unstable and eventually it could have caused the filament instability

and eruption (Kliem and T6rok, 2006).

6.1.4 Development of a Fabry-Pérot based Narrow Band

Imager

Panasenco et al. (2011, 2013) observed rotational motion of the prominence
legs in the chromosphere during its eruption. When a filament erupts non-
radially, the top of its axis bends first to one side and propagates the rolling
motion into sideways, known as the roll effect which results in a large scale
twists in both legs of erupting filaments. One can study such events with
narrow band imager, capable of producing dopplergrams. The chromospheric
dopplergrams of the erupting filament and simultaneous photospheric LCT
velocities can help us to understand what is causing the rotational motion
observed in the footpoint of the filament. Hence a narrow band imager is re-
quired which can produce the dopplergram of the chromosphere for this study.
In this chapter of the thesis, I described about the development of narrow
band imager, which we have developed using an air gap based Fabry-Perot
interferometer at the Indian Institute of Astrophysics, Bangalore. A detailed
technical description of the NBI system including lab test results of individual
components and some initial observations carried out with this instrument are

presented here. Narrow band imaging is achieved by using Fabry-Perot inter-
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ferometer working in combination with an order sorting pre-filter. The NBI
can be tuned to different wavelength position on the line profile by changing
the plates separation of the FP. The developed NBI is used to observe the
solar filament in Ha wavelength. The instrument is capable of imaging the
sun at chromospheric height and it is also able to scan the Ha spectral line
profile at different wavelength positions, thereby able to observe the sun from
photosphere to chromosphere. We have made a few Doppler velocity maps
at chromospheric height by taking the blue and red wing images at +176
mA wavelength positions, respectively away from the line center of the spec-
tral line (Padinhatteeri, Sridharan, and Sankarasubramanian, 2010; Rimmele,
2004; Stix, 2004). In the periphery of the filament of the same dopplergram,
we observed blue and red-shift of LOS velocity, similar to the velocity maps
shown by Joshi et al. (2015). We could not make a detailed comparison of the
developed dopplergrams with the other data due to unavailability of chromo-
spheric dopplergram on regular basis. In future, we would like to install this
NBI in Kodaikanal observatory to produce the dopplergrams on regular basis
and compare with the chormospheric dopplergrams made in the Ha using the

Lyot filter available at the Kodaikanal Observatory.

6.2 Future Directions

In this thesis I made an attempt to show that eruption mechanisms are differ-
ent for each filament eruptions. Broadly speaking, the filament destabilization
is related to either the flux cancellation or emergence in the photosphere. In
both of my observations, I found that mostly filament eruption is associated
with the converging motion and subsequent flux cancellation/emergence near
the footpoints of the filament or in PIL. However, a few question still remains
unsolved about how the filaments are accelerated and eventually disappear,
which prompt us to carry this work forward. Some of the possible future

directions are explained here.
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Our study suggests that in each filament event the onset of trigger and
instability mechanism could be different. In one event (discussed in chap-
ter 3), we concluded that the progress of events towards eruption, is broadly
consistent with flux cancellation, that subsequently erupts due to onset of a
runaway tether cutting magnetic reconnection. In other event (discussed in
chapter 4), we found that the emerging flux, converging motion and injection
of opposite magnetic helicity could be responsible for destabilizing of the fil-
ament leading towards its eruption. The increasing spatial resolution in the
EUV wavelength and high temporal cadence observations provided a good
data to study the different filament eruption events in details. In future, we
plan to study more filament eruption events statistically to understand the
trigger mechanisms behind a broad range of eruption events from a large pool
of space based data observed by the AIA telescope and ground based Ha data
provided by GONG and Kodaikanal Ha telescope.

To observe the photosphere and chromosphere of the Sun near simultane-
ously and to study the rotational motion near the end of solar filaments and
also to find the speed of the erupted prominences/filaments, we have devel-
oped a NBI system using FP. It is needed to look for the rotational motion
at the legs of the filaments and associated changes in the magnetic helicity
after the onset of filament eruption statistically. There could be a correlation
between the chirality of the filament and the direction of the rolling motion
observed in the erupting filament (e.g., Martin 2003b; Panasenco et al. 2011).
In future, we plan to study the rotational motion in the legs of a large number
of active region erupting filaments using spectroscopic technique both in the
photospheric and chromospheric height simultaneously along with their sign
of chirality using vector magnetic field measurements. This may provide the
important informations about the rotational motion which could be a cause
or effect of filament eruption. Hence, in future we are planning for more ob-
servations from the NBI instrument for the erupting filaments/prominences

to produce dopplergrams at chromospheric height.
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The spectral resolution of the single FP based NBI system is small. Using
two or more FPs in tandem one can increase the spectral resolution of the
imaging system as has been done in IBIS (Cavallini, 2006; Reardon and Cav-
allini, 2008) and TESOS (Tritschler, Bellot Rubio, and Kentischer, 2004). At
the Indian Institute of Astrophysics we have designed dual Fabry-Perot based
narrow band imager, which will be a good exercise to develop a narrow band
imager as a back-end instrument for National Large Solar Telescope (NLST:
Hasan et al. 2010a) or any existing telescopes at Kodaikanal Observatory in
future. Using this instrument we will be able to study the dynamics of the
filaments both in the photosphere and chromosphere near simultaneously at
very high spectral resolution. In the next section, I will discuss about the

preliminary design and required specification about this instrument.

6.2.1 Dual Fabry-Perot based narrow band imager

When the FPs are used in tandem, the system has better performance than
just a single FP. In this case the unwanted side interference orders will be
suppressed and the spectral resolving power will also increase. But using
this complicated system, the overall throughput of the system decreases. To
scan Ha spectral line, we would like to have: (1) high spectral resolution
(~40 mA), (2) large spectral range (5000A-8600A), (3) large field-of-view (~4
- 5 arc-min, at least to cover the sunspot as a whole), (4) high transmission
throughput to have sufficient light, (5) fast tunning rate (> 10 pm/ms), (6)
good wavelength stability (< 10 mA /hr), and (7) minimum stray light. Hence,
we preferred a dual FP system rather than triple or more. In this proposed
narrow band imager, there are two FPs kept in tandem with the narrow
bandpass order sorting interference filter (IF) in a collimated beam. If I;p(\)
and [;(\) are the transmission profiles of the IF and i-th FP, one can obtain

the resulted instrumental profile I(\) as
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Figure 6.1: A plot of parasitic light vs spacing ratio of two FPs. Solid line, dotted line
and dash-dotted line show the parasitic light plot for wavelength 6563 A, 5576 A and
8542 A, respectively. The three horizontal lines indicate the 1%, 0.1% and 0.01% level of
the parasitic light. The two vertical dashed lines define a range where the deepest minima
can be obtained.

n

IO\) = IIF()‘)HIZ'(A) (6-1)

i=1

One can adopt a Lorentzian transparency profile for the interference filter.
The transmission profile I;p(A) of the pre-filter can be estimated using the
eq. 5.14. Transmission profile I;(\) of the FPs is given in the eq. 5.2.

After defining the number of FPs and the optical mount of the imaging
system, one needs to search for the optimum ratio between the separation
of two plates of the interferometer. At a particular spacing ratio of FPs it
is possible to reduce the parasitic light from the side bands drastically. The
parasitic light is defined as the ratio between the flux outside and inside the
instrumental profile. By using the methodology given in Cavallini (2006);
Ravindra and Banyal (2010), we estimated the parasitic light (P) for this
dual FP system. To generate the filter profile using eq. 6.1, we have chosen
FWHMr =4 A (centered at Ha 6563 A, Fe-I1 5576 A and Ca-IT 8542 A),
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Figure 6.2: A plot of spectral resolving power (R) at 6563 A vs spacing of the thickest
FP for a plate reflectivity 90%, 91%. 92%, 93%, 94% and 95%.

cavity number (n) = 2 and peak transmission (7;7) = 0.3. There are few
advantages for selecting wider passband of the order-sorting filter as follows:
1) one can cover the full desired line profile, which allows to scan the line
profile from blue continuum to red continuum, 2) high accuracy temperature
controlled oven is not required to keep the passband of the filter in the desired
wavelength position, and 3) it reduces the cost of the filter. We obtained the
over all transmission for the filter I;z(\) ~ 107 for AX =+ 2 nm and found
similar value as mentioned in Cavallini (2006). We have selected the following
parameters for the air gaped based FPs: absorption coefficient (A) = 0.01,
coating reflectivity (R) = 0.95, the refractive index = 1 and the incidence
angle = 0. In dual FP system of a imager, plate separation of each FP play
an important role for the imager. The FP with a lower plate spacing, decides
the FSR of the imager. The other FP with larger plate spacing, determines
the spectral resolution of the system. First, we selected the spacing between
two plates of the first FP (FP-I) d1 = 880um to achieve the spectral resolution
~ 40 mA at A=6563 A. Then, we varied the spacing (d2) of the second FP
(FPI-II) insteps of 0.01, till the ratio (d2/d1) equal to 1. Figure 6.1 shows
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the plot of parasitic light versus spacing ratio for different wavelengths. Solid
line, dotted line and dashed-dotted line show the parasitic light plot for A =
6563 A, 5576 A and 8542 A, respectively. The plot shows a series of minima
and maxima in the level of the parasitic light. It is clear from the plot that
the parasitic light decreases with increasing wavelength. The smallest level of
the parasitic light is obtained for the spacing ratio 0.382 for all the selected
wavelengths.

Once the optimum ratio has been found, one has to look for the best
spacing for the both FPs. Hence, the spectral resolving power (R,) is need
to estimate, which is dependent on different instrumental parameters. For a
single FP, it can be expressed as (Cavallini, 2006)

_ 2udR'?

B=S0—h (6.2)

Figure. 6.2 shows a plot of spectral resolving power at 6563 A  versus
spacing of the thickest FP for a different reflectivity. It shows the resolving
power increases with the increase of the spacing. But with increasing spacing
the parasitic light increases. Hence, the best spacing will be a compromise
between a low parasitic light and a high resolving power. For our NBI, we
have the spectral resolution ~ 40 mA at A=6563 A. To achieve this, the
plate spacing for the first FP should be 880 pm, and while maintaining the
low parasitic light, the spacing ratio is 0.382. Hence, we require the 2nd FP
with plate spacing 336 pm.

Figure 6.3 shows the transmission profile of narrow band imager (red
curve) using the air gap based spacing of the dual FPs. We have used the
spacing of the 1st and 2nd FP as 880 pum and 336 um with a reflectivity
of 93% (as one can obtain the optimum reflectivity from Figure 6.1). We
have used a order sorting filter with a FWHM of 4 A centered at 6563 A. The
transmission profile shown is for prefilter (pink color) and two FPs (solid blue

and dotted green curves) while placing them in a collimated beam in tandem.
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Figure 6.3: The transmission profile (red color) of the dual air-gap based FPs in combi-
nation with a transmission filter of FWHM 4 A centered at 6563 A. The reflectivity of FP
plate 93% is taken in computing the transmission profile. PF—pre-filter, FP1 and FP2-air
gaped Fabry-Perot interferometers

To design a NBI system, the next step is to decide the size of the FPs,
which depends on the diameter of the telescope used and desired field-of-view
(FOV). To make the preliminary design of NBI, we used the concept design of
NLST (Hasan, 2010; Hasan et al., 2010a,b), which has a FOV of 3.3 arc-min
and the final image at the focal plane produces Fjyy 43 beam, which produces
a image scale of 2.5” /mm. We have selected a FOV of 1.2 arc-min for narrow
band imaging and used Zemax software to make the preliminary optical de-
sign of it for multiple wavelengths 6563 A, 6302 A and 5576 A. The optical
layout is shown in Figure 6.4. The light beam from image plane of NLST
(I1, as shown in Figure 6.4) is collimated using an achromatic doublet (L1)
of focal length 1617.2 mm to generate a collimated beam of diameter 40 mm.
We require minimum size of the FPs are of 40 mm. There are few advantages
of using smaller size of FPs are :

1) A pre-filter of that small size (~4 cm) is easy to procure and it costs less.
2) It is easy to maintain the plate parallelism in small sized FPs.

3) Small size of air-gap based FPs reduces the other optical component’s size
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Figure 6.4: Zemax software design of optical configuration of the dual FP based narrow
band imaging system for NLST. I1 —focal plane of NLST, L1-achromatic doublet with focal
length F1=1617.2 mm to collimate the beam, L2-re-imaging achromatic doublet with focal
length F2=1721.2 mm, 12 — focal plane of L2, M1- plane mirror, PF—pre-filter, FP1 and
FP2-air gaped Fabry-Perot interferometers.
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and space.

Two FPs (FP1 and FP2) are placed in collimated beam and finally, the beam
is re-imaged by another achromatic doublet (L2), which has the focal length
of 1721.2 mm. The whole setup has a length of about 4 m. To reduce the
size of the instrument, we have folded the beam using a plane mirror (M1)
keeping at —45° angle in x-y plane. The spot diagrams and encircled energy
plots at image plane 12 for 1.2 arc-min FOV for NBI system are shown in Fig-
ure 6.5 and Figure 6.6, respectively for three different wavelengths. From the
Figure 6.5 it is clear that aberrations are minimized and the configuration is
optimized for the diffraction limited performance. The blue line in Figure 6.6
denote a Oth field angle whereas the pink line belongs to 1.2 arc-min FOV.
Both the achromatic doublets (L1 and L2) are contact doublet and we have
selected BK7 and SF7 material to design the lenses. After optimizing the
radii of curvatures and focal lengths of both the achromatic lens (L1 and L2)
for a desired FOV of 1.2 arc-min, we obtained the image size at the focal
plane (I2) is 28.8 mm. Hence, we require a standard 2kx2k CCD with pixel
size 15um to image the 1.2 arc-min FOV with a pixel resolution 0.038".
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To this end, we have presented a preliminary design of a dual air gap FP
based narrow band imager to study various aspects of solar atmosphere at
different wavelengths. The initial designed specification is achieved by the
studies comprising stray light modeling, optimum plate spacings of the FPs
and simulations described in the previous Section 6.2.1. These results show
that the imager will be capable of achieving the desired spectral resolution.
Still a more efficient design can be made. In future, we would like to continue
the work on a detailed design study including the stability of the instrument,
signal to noise ratio (SNR) at the detector, and optimization of the instru-

ments, space etc.
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Coelostat used for observations of the solar chromosphere using narrow
band imager at Indian Institute of Astrophysics, Bangalore
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