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Abstract

Solar filaments are intriguing structures suspended in the solar corona at heights up

to 100 Mm above the chromosphere, but they are made of chromospheric material

which is one hundred times cooler and denser than the coronal material, indicat-

ing that they are thermally and pressure isolated from the surrounding environ-

ment. Studying filaments’ topological magnetic field structures, magnetic energy

and electric current density is crucial to know its stability, because unstable con-

ditions can result in explosive events: flare and coronal mass ejection (CME). All

the studies in the area are limited to the small scale filaments near to the size of

sunspot. This study is the first to use non-linear force-free field (NLFFF) model in

spherical geometry to study a gain filament (with length more than 800Mm) along

polarity inversion line (PIL) where it is in weak-field region (with photospheric field

region of ≈ 500G). Moreover, the non-linear force-free extrapolation code take un-

certainties in to account in the photospheric field data which occur due to noise,

incomplete inversions or azimuth resolving techniques.

Both potential field and nonlinear force-free coronal magnetic field modeling

methods are applied with preprocessing of photospheric full-disk vector magne-

tograms from the Helioseismic and Magnetic Imager (HMI) of solar dynamics ob-

servatory (SDO) and the Vector Spectromagnetograph (VSM) of the Synoptic Opti-

cal Long-term Investigations of the Sun (SOLIS) using the optimization procedure

to full-disk vector magnetograms in spherical geometry is carried-out to make the

boundary data more consistent with the force-free principle. In this process the

pressure gradient and gravity are neglected, and only Lorentz force is considered.

However, in solar corona for the force-free condition the Lorentz force is zero, where

the current density is parallel to the magnetic field.
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Topological magnetic field structure of the filament is resulted from sheared ar-

cades over the PIL. The magnetic field lines obtained from non-linear force-free

extrapolation based on HMI and VSM data have good agreement though they have

different structures with the magnetic field lines from potential field source surface

(PFSS) model. The non-linear force-free extrapolation based on HMI data have

greater total magnetic energy, free magnetic energy, and surface electric current

density compared to the one from VSM data.
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Introduction

1.1 Solar Filaments or Prominences

Solar filaments are intriguing structures of the solar atmosphere. They are sus-

pended in the solar corona at heights up to 100 Mm above the chromosphere but

they are made of chromospheric material which is one hundred times cooler and

denser than the coronal material, indicating that they are thermally and pressure

isolated from the surrounding environment. Because of these properties they ap-

pear darker than their background on the solar disk indicating the presence of a

plasma absorption process. On the other hand, they appear at the solar limb as

bright features when observed in the optical or the EUV cool lines, in this case

they are called Prominences. Nevertheless, both terms, filament or prominence,

are often used interchangeably in the literature. Filament plasma is embedded in

a magnetic environment that lies above magnetic inversion lines, denoted a fila-

ment channel. Filaments always lie between opposite polarities of the magnetic

field, i.e., along polarity inversion line (PIL) [1] The PIL can be easily identified in

a magnetogramas the gray area between the negative (black) and positive (white)

magnetic polarities, where the longitudinal magnetic field is absent. Generally, fil-

aments may be grouped as: active region (AR) filaments, which are located inside

1



1.1 Solar Filaments or Prominences 2

active regions or very close to sunspots, lie in the lower solar atmosphere [2–4] and

they harbor stronger magnetic fields, quiescent (QS) filaments which include polar

crown (found around the border of polar coronal holes ) and intermediate filaments

(found between active regions or surrounding them). Quiescent filaments are typ-

ically much larger and more stable than AR ones. The longest filaments can cover

about the solar diameter, and it is called transequatorial filament Fig. (1.1). Many

Figure 1.1: Image of the Sun as seen in the He II 304Å channel on SOHO/EIT, on 23

February 2004, revealing three dark filaments (shown by arrows). One of them ex-

tends over almost a solar diameter. Credits: ESA/NASA/EIT; Catania Astrophysical

Observatory.

excellent reviews have been written about this topic, e.g., [5–11]. The magnetic field

strength and orientation inside filaments has been inferred. Several models that ex-
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plain the formation mechanism and the balance of forces of these structures have

been developed in the last decades. But still, many new questions have arisen re-

cently owing to the spectacular improvement of instruments, telescopes, and nu-

merical simulations.

This thesis will focus on three-dimensional magnetic field topology of giant solar

filament, which will be analyzed in order to understand how magnetic field struc-

ture of the filament is formed and support relatively cool plasama.

1.1.1 Historical Background

Being visible during eclipses, prominences have been known for a long time. How-

ever, only during the eclipse of 1860, when photography was introduced for the

first time, were prominences finally recognized as solar features and not an effect

of the Earths atmosphere [12]. In the following years spectroscopy started to de-

velop; during the eclipse of 1868 the yellow D3 line at 5877Å was observed for the

first time in prominences, later identified as coming from solar He emission [13].

Further advances in prominence knowledge and spectroscopic methods came with

the discovery that prominence emission could be observed outside the limb even

during daylight [14] with coronagraphs.

In the 1890s the observations of filaments on the disk with spectroheliographs

began, and the first systematic photometric measurements in prominences were

made by Schwarzschild in 1906. Lyot developed the coronagraph in 1936, ushering

in a new era in which systematic prominence limb observations can be made out-

side of eclipses [15]. The first studies relating prominences to the solar cycle were

published in [16] and [17]. Further information on historical prominence observa-

tions can be found in [5, 18] and references therein. Daily images of the Sun from
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the ground and from space are available today. They allow us to fully record solar

activity in all structures, including filaments/prominences. These observations are

presented in the next Section (1.2).

1.1.2 Motivations for Solar Filament Study

Decades of study have shown that it is very difficult to characterize filament prop-

erties. Filaments show differences in morphology, lifetime, position on the solar

disk, complexity of their magnetic field environments, etc. They are not uniform

in shape and show a fine, dynamic structure at the limit of the instrumental reso-

lution. This high variability results in a wide range of physical conditions deduced

from observations that poorly constrain the models of filament formation and their

disappearance [19].

Generally, support and stability, mass motion, radiative losses, magnetic field,

formation and disappearance of filaments are still unsettled issues motivating their

studies. Therefore, understanding the origin of such variety and attaining better

knowledge of these structures and their environment during the different phases of

their life can provide valuable information on the physics of the solar atmosphere,

and hence, provide valuable knowledge on flares and CME that affect both solar and

Earth’s atmosphere.

1.2 Filament Observations

Filament material is made almost completely of hydrogen and helium like the rest

of the Sun. Due to their low temperature, filaments abound in neutral or low ion-

ization charge states. They are best observed in the intense H and He Lyman and

Balmer lines series.
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For the study of filaments, finding chromospheric spectral lines that are neither

too faint nor too broad, and have measurable polarization signatures is not an easy

task. The most popular chromospheric spectral lines are the Hα line at 6563Å, the

He I 10830Å triplet, the D3 line of He I at 5876Å, the three Ca II lines in the 8542Å

spectral region, the Ca II H line at 3968Å and the Ca II K line at 3934Å. However, it

is also essential to study the photosphere below filaments using the two Fe I lines at

6301.5 and 6302.5Å or the Si I line at 10827Å. Moreover, The spectral range around

the helium 10830Å triplet offers a unique opportunity to study simultaneously the

chromosphere and the photosphere. The main obstacles in observing magnetic

fields in chromosphere [20] are:

(1) the chromosphere is an inhomogeneous layer whose structure has to be taken

into account when interpreting magnetograms,

(2) some chromospheric lines are blended by photospheric lines which affects the

final magnetic field measurements,

(3) the chromosphere changes very fast and hence requires high spatial and tempo-

ral resolution for its analysis, and

(4) The presence of scattring-polarization (and its modification through the Hanle

effect), Chromospheric magnetic fields are weaker and therefore the polarization

signals are fainter and harder to measure.

Most often, observations are taken in the strong red visible Balmer Hα line, be

it from the ground or from space (Hinode/SOT, [21]). This long wavelength allows

spatial resolutions of fractions of an arcsecond to be achieved. The Hα 6563Å ob-

servation is crucial for the effective mapping of prominences and filaments. Since

the Hα spectrum is polarized [22], it was originally used to study the magnetic field

strength in prominences (e.g., [23, 24]). Nowadays, it is mainly used to study their
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morphology [26], fine structure and evolution [27, 28], and Doppler shifts [29, 30].

Figure 1.2: Upper row: Hα fibrils aligned with the PIL forming a filament channel.

Lower row: relation between the direction of the barbs that extend from the fila-

ment and the global polarities found on each site of the filament. This figure origi-

nally appears in [25].

The Hα line is optically thick most of the time during filament observation on

the disk. For this reason, by scanning the line at different wavelengths it is possible

to image different plasma layers: the filament is seen at line center, while at about

0.5Å away from this position we see the chromospheric fibrils below it.

The filaments seen in Hα are also located above PILs [31]. They usually appear

to be composed of a spine and barbs. [32] defined the spine as the horizontal fine

structure along the long axis of the filament and the barbs as extensions along the

sides of the filament, protruding from the spine. [33] investigated chromospheric

fibrils around PILs. He found that the fibrils tended to align with what would be-

come the long axis of the filament before it formed, i.e., parallel to the PIL (upper
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panels in Fig. 1.2). Based on Hα images, [34] concluded that filaments were formed

in filament channels. However, [35] highlighted that a filament channel does not

necessarily have a filament above it.

From Hα images a chirality property for filaments and filament channels has

been inferred [36]. As a result, when filaments are seen from their positive polar-

ity side, one can find right-bearing and left-bearing filaments. In the former type,

the barbs extend from the spine and point to the right, while in the left-bearing

filaments the barbs point to the left (lower panels in Fig. 1.2). [36] found a cor-

relation between the magnetic field direction along the axis of the filament and

the right/left-bearing barbs. The magnetic field points (bigarrow in Fig 1.2) to the

right (dextral) in right-bearing filaments and to the left (sinistral) in left-bearing fil-

aments. According to these findings, [37] developed the chiral method and its ap-

plication to solve the 1800 ambiguity of the magnetic field orientation.

Due to the strong absorption of the H and cHe continua, filaments on disk ap-

pear as dark features when observed in the EUV below 912Å, that is in the H Lyman

continuum head (504Å for He I and 228Å for He II). This property is used to inves-

tigate the opacity of the medium and derive information on the prominence mass

and degree of ionization. Furthermore, the dark aspect of filaments at high tem-

perature emission observed in this waveband may come from the lack of emission

at such high temperatures [38, 39]. At wavelengths longer than 912Å filaments are

often not visible on the Sun at chromospheric temperatures, meaning that their

plasma is transparent to such wavelengths and that their emission is probably too

faint to be measured against the disk emission.
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1.3 Models of Filament Magnetic Structure

In the past few decades, many researches have been carried out in order to under-

stand the formation, growth and eruption of solar filaments/prominences. Both

ground and space observations show that filaments are embedded in magnetic

fields that are highly non-potential. As the dominant component of the field lies

along the filaments long axis, such non-potential fields exhibit strong magnetic

shear. However, the detailed structure of these fields and the associated electric

currents are not well understood. Several filament magnetic field structure mod-

els have been developed by different authors in order to explain the observed fila-

ments. Since the aim of this thesis is to get a better understanding on the formation,

support and topology of giant solar filaments, some models that are quite related to

our observations have been discussed below.

1.3.1 Kippenhahn-Schlüter and Kuperus-Raadu Models

Filaments are always located above the PILs, across which signs of radial compo-

nents of magnetic fields are reversed. [40] model presented a simple 2D station-

ary support for filaments where the magnetic structure presented by Kippenhahn-

Schlüter (KS) corresponded to horizontal magnetic field lines which were able to

support the plasma. The basic magnetic structure is the arcade field and the dip

structure is formed by the weight of condensations. This model agreed with the

observations at the time (e.g., [41]).

In [42] model the dip is a part of a twisted loop-like magnetic structure. After

Kuperus-Raadu (KR) model [43] has found that the magnetic reconnection is trig-

gered by the proximity of oppositely directed vertical magnetic field lines. To bal-
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ance gravity, there is an upward force produced by magnetic tension. The obser-

Figure 1.3: Schematic drawings of the Kippenhahn-Schlüter model and the

Kuperus-Raadu model.

vational difference between KS and KR models is the magnetic polarity inside the

filament relative to the ambient overlying magnetic arcade (Fig. 1.3). The KS model

has normal polarity (NP) configuration (i.e., the field lines point from the positive

towards the negative photospheric polarity). The KR model has inverse polarity

(IP) configuration (i.e., the field lines point from the negative towards the positive

photospheric polarity). The statistical study shows that both normal and inverse

polarity filaments are existing in the solar atmosphere [44].

1.3.2 Sheared Arcade Model

A sheared magnetic arcade are formed by shearing motions of the magnetic field

connected to dipole located below the photosphere, localized around the PIL

[45, 46]. Numerical models of filament-channel formation mechanism began with

a simple bipole embedded in a larger scale background dipolar field, subjected to

strong footpoint motions, parallel to the PIL [47]. These oppositely directed flows

drag the innermost portion of the bipole into a zone of weaker overlying field, yield-

ing elongated, low-lying field lines that bulge upward at their less constrained ends

and hence become dipped in the middle of the loop. In Fig. (1.4): the dipped field
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lines are the red lines with an inverse polarity (IP), field lines that carry the promi-

nence plasma, and the overlying green field lines, coronal arcades, have normal

polarity (NP).

The filament dips can be extended which corresponds to feet, or barbs [49].

Since these lateral extensions are located in dipped arcades, their chirality is op-

posite to the one present in flux rope.

Figure 1.4: A sketch shows the sheared arcade model for magnetic field lines.

Sheared arcade is shown in red colour lines and green lines represent the coronal

arcade field lines. The image is adapted from [48].

1.3.3 Flux Rope Model

Magnetic flux ropes can be formed by magnetic reconnection of stressed arcades in

the corona, and bodily flux emergence from below the photosphere.

In reconnection model, the formation of flux rope, twisted magnetic field lines, that

support filaments or prominences was presented by [50]. The authors introduced
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the model for the formation of filaments through the flux cancellation by consid-

ering the shear motions (which could be due to differential rotation on the Sun)

in a bipolar configuration. In this model a flux rope results from a potential field

that is sheared along the PIL. That is the footpoints of the field lines experience mo-

tions converging towards the PIL. This structure eventually reconnects with other

sheared field lines to produce small and large loops. The small loops submerge in to

the solar surface because of their small radius of curvature which possess stronger

tension force, and magnetic buoyancy prevents the submergence of large loops be-

cause of its radius resulting in smaller tension force (Fig. 1.5 a-f). This process re-

peats many times to build a long helical structure in corona. The dipped magnetic

field lined carry the plasma and higher to the corona for the formation of filaments.

[51, 52] presented about converging and shearing motions of different polarities,

Figure 1.5: The flux rope formation model by [53] is shown. The initial configura-

tion in panel (a) has potential field lines (solid lines) that cross the PIL (dashed line).

Shearing motions and convergence towards the PIL in panels (b) and (c) trigger

magnetic reconnection and finally, in panel (f), generate a flux rope. Small loops,

points G and F in panel (f), that are perpendicular to the PIL have appeared and

submerge below the photosphere.
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rotation of sunspots, and magnetic flux cancellation twist and stretch the initial po-

tential field gradually, leading to magnetic reconnection. If an electric current is

generated in the corona, its magnetic field spreads in all directions until it meets

plasma able to resist to the generated magnetic field pressure. In the low density

corona, this boundary could be far away from the position of the current. Diamag-

netic currents are induced at the surface of the photosphere. These induced photo-

spheric currents are sometimes referred as a mirror current because they produce

a magnetic field in the corona equivalent to the magnetic field of the mirror image

of the coronal current with an opposite direction [42].

In the emergence model, a twisted flux tube is assumed to emerge from the con-

vection zone due to the magnetic buoyancy effect into a preexisting coronal po-

tential field [54–56]. Below the photosphere, the magnetic field of the flux rope is

confined by the shielding oppositely directed boundary current [57, 58], which is

held by a plasma pressure gradient (Fig.1.6).

[59, 60] reported that a helical flux rope was emerging from below the photo-

sphere into the corona along the PIL under the preexisting prominence using ob-

servations obtained with the Solar Optical Telescope (SOT) on board the Hinode

satellite. They proposed that this supply of a helical magnetic flux to the corona is

associated with an evolution and maintenance of active region prominences. Emer-

gence of the flux rope has been supported by few new observations [61–63]. Re-

cently, from simultaneous observations in the photosphere and chromosphere, [63]

have inferred a helical structure supporting the filaments plasma.

Many authors (e.g., [64–73]) have studed the rise of flux ropes from the convec-

tion zone into the corona using numerical simulations. [74], proposed that the flux

rope rises through the convection zone owing to magnetic buoyancy (i.e., the flux
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rope is lighter than its surroundings). After it reaches the photosphere, density and

pressure decrease sharply with height [75]. The flux rope evolves in to an Ω-shaped

rope that barely crosses the photosphere, but its body stops rising just before reach-

ing the surface (e.g., [67]) or slightly above it [76]. The flux rope lying just above

the photosphere, expands laterally producing a broadening of the polarity inver-

sion line. The larger the twist of the flux rope and the stronger the field, the more

flux moves from the photosphere into the chromosphere [69]. The expanding field

lines might reconnect with the overlying coronal magnetic field. Finally, reconnec-

tion below and above the formed flux rope eventually leads to eruptions, (e.g., [77]),

producing a coronal mass ejection (CME).

Figure 1.6: Emergence of a twisted flux tube from the convection zone into the

corona.

1.3.4 Injection Model

According to injection model, cool plasma is forced to move upward in the flux

tubes of a filament-channel [48, 78, 79]. The authors reported that the plasma is

ejected upward due to heating or by reconnection at the base of the foot-point of

the field lines (Fig. 1.7). [80] model proposed that the reconnection sites are at the

PIL, while [78], suggested that the jets originate at minority-polarity intrusions off-



1.3 Models of Filament Magnetic Structure 14

set from the PIL. Filament barbs might be explained by the injection of cool plasma

by reconnection between the filament channel field and small bipoles emerging

in the channel [81–83]. Both large and small scale up-flows have been recorded in

quiet-Sun filaments [84,85], although it is difficult to determine whether these flows

originate at the photosphere due to spicules and other obscuring chromospheric

activity. An observation made by SOT revealed that the strong jetting through out

chromospheric network occurs within filament-channels on field lines and capable

of hosting filament materials [86].

On the other hand, there are a few unclear properties on injection model. These

include: whether injection can account for all aspects of the observed dynamic evo-

lution of quiet-Sun prominences, whether cancellation reconnection preferentially

occurs in or below the chromosphere, and heating at the footpoint which was dis-

cussed by many researchers [87–89] is not well understood. The heating length is

smaller than the length of the loop [90], thus the plasma can cool down in the mid-

dle of the loop where heating is almost negligible [91–93].

1.3.5 Extrapolation

Obtaining the magnetic field structure in the solar atmosphere by measurement

or theoretical calculation is one of the most important tasks to improve our un-

derstanding of physical processes in the solar atmosphere [94]. The measurement

of fields throughout the coronal volume is an intrinsically more difficult problem

since it requires three dimensional information, whereas photospheric fields are

measured on a two dimensional surface. The techniques used to measure magnetic

fields in the photosphere rely on Zeeman splitting and Stokes profile measurements

and are not as effective in the solar corona, since lines formed at coronal tempera-



1.3 Models of Filament Magnetic Structure 15

Figure 1.7: A sketch of an injection model, prominence plasma is shown in purple

colour, heating is in blue colour and black lines are the filament channel field lines.

Dashed line indicates the PIL. Figure adopted from [48].

tures are intrinsically broader and are scarce in the infrared where Zeeman splitting

is (relatively) large. Alternatively, the Hanle effect on ultraviolet emission lines can

be used to measure the coronal magnetic field but this requires space-based obser-

vations. In particular, [95] used the He I 1083 nm multiplet and [96] used the HI Lyα

and Lyβ lines to test their ability to probe the coronal magnetic field. Coronal emis-

sion lines at optical frequencies are very faint and extremely broadened due to the

low coronal plasma density and the high temperature of emitting ions, respectively.

The measurement techniques applicable to the lower layers of the solar atmo-

sphere can also be applied to measure magnetic fields at somewhat greater heights

(e.g., [97]). Using the boundary conditions being taken to be the measured values of

the magnetic field in the denser and cooler photosphere, we can infer the coronal

magnetic field. Therefore, the extrapolation of magnetic field measurements taken

at photosphere (and/or chromospheric) level into the corona to get an estimate of

the coronal magnetic field is an essential tool for solar physics [98–123].
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For the extrapolation of photospheric magnetic fields into the corona, we have

to solve the following questions: does the boundary condition of the magnetic field

on the photosphere suffice for a unique solution in the corona with a proper asymp-

totic behavior at infinity? What are contributions of electric currents in the corona

to its magnetic field distribution? Such questions cannot be answered in a simple

way which leaves the door open to approximations and a priori assumptions in

making physical models of the system (photosphere to corona) to compute coro-

nal magnetic fields [124].

The most commonly used magnetic field extrapolation (or reconstruction)

methods rely on various assumptions of the solar corona which include: the coro-

nal magnetic field is in equilibrium (∂/∂t ≈ 0) and plasma flow can be neglected,

plasma densities are small, thus the Lorentz force greatly exceeds the gravitational

force, the ratio of thermal pressure to magnetic pressure (the plasma β) in the

corona is small, and the corona structures change on length scales comparable to

or shorter than the typical coronal scale height. Therefore, the ideal magnetohydro-

dynamic (MHD) equations relevant for the extrapolations are reduced to:

J× B = 0 (1.1)

4πJ = ∇× B (1.2)

∇ · B = 0 (1.3)

where, J is a current density and B is the magnetic field. From Eq. (1.1) we see that

the current density is parallel to the magnetic field. Therefore,

4πJ = αB (1.4)

where, α is the force-free parameter, and it is a function of position but remains

constant along each field line. It gives information of the level of twist of the field
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line. Eq. (1.2) can be written as

∇× B = 0 (1.5)

The three different force-free magnetic field extrapolation are potential (α = 0),

linear force-free (α is constant and unique value for all field lines), and non-linear

force-free (α varies from field line to field line but remains constant along each

field line). All these methods of magnetic field extrapolation are briefly discussed

in Chapter 3.

1.4 Magnetic Field Measurements

1.4.1 Polarimetry

An electromagnetic (EM) wave such as light always consists of a coupling oscillat-

ing electric field and magnetic field which are perpendicular to each other and per-

pendicular to the direction of propagation. If the electric field vector of a group of

EM waves oscillates in an organized way we say that the light is polarized. By con-

vention the polarization of EM waves refers to the direction of electric field. The

components of an electric field vector in x-y plane can be given as

Ex = E1cos(ωt− φ1), Ey = E2cos(ωt− φ2) (1.6)

where, E1 and E2 are constants representing the amplitude of the wave, ω is the

angular frequency, t is the time coordinate, and φ1 and φ2 are the phases of each

component. The amplitudes of the wave (E1, E2) together with the phase difference

between Ex and Ey , i.e., φ1 − φ2, describe the polarization state of the wave: linear,

circular or elliptical. Thus, when both phases have the same value φ1 = φ2, the elec-

tric field vector E follows a straight line in the x–y plane, the light beam is linearly

polarized. The circular polarization state (a circle is traced out by the electric field
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vector in the x–y plane) is achieved when the components have their phases shifted

by π/2 (or 3π/2), i.e., φ1 − φ2 = ±90◦, and their amplitudes are the same. If none

of the previous cases apply, the light is elliptically polarized. Although the electric

field is not directly measured, we can make a measurement from an observation of

superposition of many wave packets. This can be done using Stokes parameters: I,

Q, U and V , which are average of the amplitude and phase E:

I =< E2
1 + E2

2 >, Q =< E2
1 − E2

2 >

U =< 2E1E2cos(φ1 − φ2) >, V =< 2E1E2sin(φ1 − φ2) >

(1.7)

In Eq. (1.7) I is the total intensity andQ is the intensity difference between horizon-

tal and vertical linear polarizations. Stokes U gives information about the intensity

difference between linear polarization at +450 and 450 and Stokes V allows us to

distinguish between right or left-handed circular polarization. The advantage of

these parameters is that a polarimeter, installed at the telescope, is able to measure

linear combinations of time averages of the four Stokes parameters.

A polarimeter is an instrument that can measure linear combinations of the

Stokes I, Q, U , and V parameters. The basic properties of the Stokes parameters

are:

I2 = Q2 + U2 + V 2 (1.8)

for purely monochromatic coherent radiation, and

I2 ≥ Q2 + U2 + V 2 (1.9)

for non-coherent radiation.

Two fundamental components of a polarimeter are the polarizer and the re-

tarder (e.g., [125,126]). When the light beam reaches the polarizer, only the compo-

nent of the electric field vector oscillating along a particular axis will pass through it.
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If the electric vector oscillates perpendicular to that axis, then the polarizer is com-

pletely opaque to that light. Therefore, a desired polarization state of the incoming

light beam (e.g., linear at 900) can be selected. On the other hand, a retarder divides

the incident beam into two orthogonal components and shifts the phase of one of

them with respect to the other. As the result, the polarization state can be modified.

Once the radiation goes through the retarder and polarizer (see the scheme in Fig.

2 by [125]), the output beam Iout(α, φ) is a linear combination of the four Stokes pa-

rameters, where α is the angle of the transparent axis of the polarizer with respect to

an arbitrary reference axis and φ is the phase shift introduced by the retarder. Sev-

eral variations of α and φ yield different measurements of Iout(α, φ). A combination

of the obtained Iout(α, φ) leads to the determination of the Stokes parameters. In

particular, Stokes Q, U , and V are calculated combining several Iout(α, φ) measure-

ments.

The optimization of modulation efficiency of the polarimeter at the wavelengths

of the two chromospheric He I lines is therefore of primary importance. As it turns

out, the polarimeter is fairly achromatic, with good levels of modulation efficiency

anywhere between 570 nm and 1200 nm. This fact allows the investigation of other

important chromospheric lines, like the Na I D doublet (589.3 nm), Hα (656.3 nm),

and the Ca II IR triplet (849.8nm, 854.2nm, 866.2nm), as well as the forbidden coro-

nal lines of Fe XIII (1074.7nm and 1079.8nm). In particular, Hα adds the possibility

of plasma density diagnostics through the modeling of the net circular polarization

induced by the micro-turbulent electric plasma fields [127].
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1.4.2 Zeeman Effect

Zeeman effect is named after Dutch discoverer, Pieter Zeeman in 1896, who began

to study the effect of an external magnetic field on light. He noticed that spectral

lines split under the influence of the field though he could not fully explain the phe-

nomenon (due to the fact that quantum physics had not yet been devised), he was

able to prove the theory of electromagnetic radiation put forth by Lorentz.

The magnetic field of the Sun can be probed in a rather precise and direct man-

ner because in the presence of a magnetic field the energy levels of atoms (and ions

and molecules) are split into more than one level. This causes spectral transition

lines to split into more than one line, with the amount of splitting proportional to

the strength of the magnetic field. This is called the Zeeman Effect, and the corre-

sponding increase in the number of spectral lines is called Zeeman splitting. Thus,

we can infer the presence of magnetic fields if we observe Zeeman splitting in the

spectrum, and we can measure the strength of the field by measuring quantitatively

the amount of Zeeman splitting.

In quantum mechanics, a shift in the frequency and wavelength of a spectral line

implies a shift in the energy level of one or both of the states involved in the tran-

sition. The Zeeman effect that occurs for spectral lines resulting from a transition

between singlet states is called the normal effect, while that which occurs when the

total spin of either the initial or final states, or both, is nonzero is called the anoma-

lous effect.

In the normal Zeeman effect the electron spins cancel each other in both the

initial and final state and the energy of an atomic state in a magnetic field depends

only on the magnetic moments of the electron orbit. The energy difference, ∆E
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Figure 1.8: Zeeman Effect.

which occurs as a result of magnetic field applied to the orbital magnetic moment

can be given as

∆E = mlµBB (1.10)

This energy gap is what causes the Zeeman Effect. Each value of l has 2l + 1 values

of ml associated with it. Thus, when an external magnetic field is turned on, the

electrons with the same value for l split into their different values for ml , raising or

lowering their total energy as described in Eq.(3.5). Transitions are governed by the

following transition rules

∆l = ±1 (1.11)

∆ml = 0,±1 (1.12)

Because of the uniform splitting of the levels, there are only three different transi-

tion energies. The central line, with ∆ml = 0, is called the main line or the π line,
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and the lines for which ∆ml = ±1 are the satellites or σ lines. The π spectral line is

polarized parallel to the magnetic field lines, and the σ lines are polarized perpen

dicularly to the magnetic field lines.

The anomalous Zeeman effect occurs when the spin of either the initial or the

final states, or both, is nonzero. For this type of Zeeman effect the magnetic mo-

ment due to spin is 1 rather than 1
2

, and as a result the total magnetic moment is not

parallel to the total angular momentum. The total change in energy is given by

∆E = gmjµBB (1.13)

where g is called the Landé g factor, which is given by

g = 1 +
j(j + 1) + s(s+ 1)− l(l + 1)

2j(j + 1)
(1.14)

Each energy level is split into 2j + 1 levels, corresponding to the possible values of

mj , and there are more than three different transition energies due to the fact that

the upper and lower states are split by different amounts and purely quantum me-

chanical [128]. As expected, for s = 0, j = 1, and g = 0 in Eq. (3.7) gives the splitting

in the normal Zeeman effect. When spin is taken into account, the transition rules

are:

∆j = 0,±1

∆mj = 0,±1

(1.15)

It is important to note that the π component (∆mj = 0) is not displaced in wave-

length, while the σ components (∆mj ± 1) are shifted symmetrically to the red (σr

for ∆m = +1) and and blue (σb for ∆m = −1) of the original wavelength. When

the magnetic field B is oriented parallel to the observers line-of-sight (LOS), only

the σ transitions of the spectral line are seen and are circularly polarized while no

π transitions are seen (longitudinal Zeeman effect). The circular polarization spec-
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trum shows two antisymmetric lobes (see e.g., Fig.1 in [129]). Longitudinal mag-

netograms are based on this effect and are extremely useful to obtain 2D images of

the Sun showing the longitudinal component of B. When B is perpendicular to the

LOS, both π and σ components can be measured and represent linearly polarized

light (transverse Zeeman effect). The linear polarization spectrum shows one cen-

tral lobe (π component) and two symmetric lobes placed on each side (σb and σr).

However, usually B is neither completely longitudinal nor transverse with respect

to the LOS and therefore has certain inclination and azimuth.

1.4.3 Hanle Effect

The Hanle effect have revealed the existence of vast amounts of hidden magnetic

flux in the solar atmosphere which remains invisible to the Zeeman effect due to

cancellations inside each spatial resolution element of the opposite-polarity con-

tributions from this small-scale, tangled field. It is the modification of the atomic

level polarization (and of the ensuing observable effects on the emergent Stokes

profiles Q and U) caused by the action of a magnetic field inclined with respect

to the symmetry axis of the pumping radiation field. In the presence of an inclined

magnetic field that breaks the symmetry of the scattering polarization problem, for-

ward scattering processes can produce linear polarization signals in spectral lines.

In this case, the linear polarization is created by the Hanle effect, a physical phe-

nomenon that has been clearly demonstrated via spectropolarimetry of solar coro-

nal filaments in the HeI 10830Å multiplet [130].

The magnetic field intensity, B (measured in gauss), sufficient to produce sig-

nificant change in the atomic level polarization results from equating the Zeeman

splitting with the natural width (or inverse lifetime) of the energy level under con-
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sideration:

2πνLg = 8.79× 106Bg ≈ 1/tlife (1.16)

where νL is the Larmor frequency, g is Landé factor and tlife is lifetime (in seconds),

which can be either the upper or the lower level of the chosen spectral line. This re-

lation shows that the Hanle effect allow us to diagnose stellar magnetic fields having

intensities between milligauss and a few hundred gauss which is very hard to study

via the Zeeman effect alone. It is therefore clear that the Hanle effect is an important

diagnostic tool to study structures that involve weak fields in the solar atmosphere.

[131] presented that reliable Hanle-effect diagnostics can be achieved by means

of three dimensional (3D) multilevel scattering polarization calculations in snap-

shots taken from realistic simulations of solar surface convection (see [132, 133]).

These radiation hydrodynamical simulations of the photospheric physical condi-

tions are very convincing because spectral synthesis of a multitude of iron lines

shows remarkable agreement with the observed spectral line profiles when the me-

teoritic iron abundance is chosen [134].

1.4.4 Inversion

In radiative transfer equation, inversion codes are the best tool available to infer the

physical properties of the solar atmosphere. Although these inversion codes have

been used successfully in multiple investigations (see reviews by [135–138]), they

do not adequately address the questions of convergence and uniqueness. This has

led many researchers to rely on simpler methods in their investigations: separation

between I +V and I −V to determine the line-of-sight component of the magnetic

field [139, 140], center-of-gravity or bisector analysis to find the line-of-sight com-

ponent of the velocity [141, 142], separation of σ components in Stokes I to get the
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total magnetic field strength [143, 144], weak-field approximation to determine the

magnetic field vector [145].

The main idea of any Stokes inversion code is to iteratively fit the observed

Stokes vector at each wavelength position Iobs(λ) = (I,Q, U, V ). This fit is done

by producing a synthetic Stokes vector Isyn(λ,M), that it is then compared at each

wavelength position with the observed one via the χ2 of the fit:

χ2 =
1

4L− F

L∑
i=1

4∑
j=1

[
Iobsj (λi)− Isynj (λi,M)

]2ω2
ij

σ2
j

(1.17)

where L is the number of wavelength points observed (L = 6 in HMI’s case) and F

is the number of free parameters. Therefore, 4L−F refers to the number of degrees

of freedom in the inversion. Iobsj (λi) and Isynj (λi,M) refer to each of the four Stokes

parameters, σj refers to noise level, ωij refers to weighting function andM indicates

synthetic profiles that depend on series of model parameters.

Figure 1.9: Hanle Effect in scattering.

Nowadays, Inversion codes for the radiative transfer equation are used in or-

der to analyze many data pipelines for space-borne and ground-based instruments.

That is the case of Hinode/SP [146], SDO/HMI [147], and SOLIS/VSM [148]. We have
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applied the most widely used inversion codes, called Milne-Eddington (M-E) codes

that solve the radiative transfer equation under the M-E approximation [149]. Al-

though M-E codes operate under restrictive assumptions about the thermodynam-

ics of the solar plasma, they are often regarded as being able to retrieve reliable val-

ues for the magnetic and kinematic properties of the solar photosphere, and even

chromoshere [150].However, the interpretation of M-E inferences is not straightfor-

ward, as the Milne-Eddington solution for the radiative transfer equation assumes

that the magnetic field and velocity are constant with height through the solar at-

mosphere.

1.4.5 Resolving 1800 Ambiguity

From polarimetric observations it is possible to infer the vector magnetic field B.

However, complications occur when the observed region is far away from the disk

center and consequently the line-of-sight and vertical magnetic field components

are far apart (see [151], for details). The inverted horizontal magnetic field compo-

nents cannot be uniquely derived, but contain a 1800 ambiguity in azimuth, which

has to be removed before the fields can be extrapolated into the corona.

This ambiguity is attributed to the fact that the polarization signal due to the

transverse field component provides only the plane of linear polarization. Us-

ing the linear polarization of magnetically sensitive spectral lines to determine the

field perpendicular to the line-of-sight results in an ambiguity of 1800 in its direc-

tion [152].

There is no known method for resolving the ambiguity through direct obser-

vation using the Zeeman effect, unless some a priori assumptions regarding the

structure of the magnetic field vector are used (e.g., regarding smoothness). Some
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methods require an approximation regarding the 3D magnetic field structure (usu-

ally from a potential field extrapolation); for example to minimize the divergence of

magnetic field vector or the angle with respect to the potential field.

Although, there is no easy way to solve this problem, several methods have

been used to address this issue (see [153], for a complete review on this issue).

Among others: the Improved Acute Angle method [154, 155], the Minimum En-

ergy method (e.g., [156]), the Magnetic Pressure Gradient [157], the Uniform Shear

method [158], the Structure Minimization method [159], the AZAM Utility (see Ap-

pendix A in [160]) and the Chiral method [161]. A description of each of them is far

beyond the scope of this thesis. Nevertheless, a brief description of the Minimum

Energy method utility is presented below since that code was applied to the data of

this thesis.

Minimum Energy Method

The minimum energy method has been developed by [162]. As other sophisticated

methods it uses the potential-field acute angle method as the initial step. Subse-

quently a pseudo energy, which is defined as a combination of the magnetic field

divergence and electric current density, is minimized. In the original formulation

the energy was defined as E = (|∇ ·B|+ |j|), which was slightly modified to

∑
E = (|∇ ·B|+ |j|)2 (1.18)

in an updated version. For computing jx , jy , and ∂Bz/∂z, a linear force-free model

is computed. The method minimizes the functional (1.18) with the help of a simu-

lated annealing method, which is a robust algorithm to find a global minimum. In

a recent update (published in [163]) the (global) linear force-free assumption has

been relaxed and replaced by local linear force-free assumptions in overlapping
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parts of the magnetogram. The method was dubbed nonlinear minimum energy

method, although it does not use true NLFF fields (would be too slow) for comput-

ing the divergence and electric currents. The original linear method got a fraction

of 0.98 of pixels correctly and the nonlinear minimum energy method even 1.00. Al-

most all pixels have been correct, except a few on the boundary. Among the fully au-

tomatic methods this approach had the best performance on accuracy. A problem

for practical use of the method was that it is very slow, in particular for the nonlin-

ear version. Minimum energy methods are routinely used to resolve the ambiguity

in active regions as measured, e.g., HMI on SDO.

1.5 Outline of the Thesis

The main aim of this thesis is to improve our understanding on giant solar filament

by comparing observation with theoretical models. From observed photospheric

vector magnetogram, we have implemented spherical potential field source surface

(PFSS) and nonlinear force-free field (NLFFF) extrapolation of a coronal magnetic

field over a giant filament on the solar disk. We use full-disk or cutout HMI vector

data. Using those data we have investigated the magnetic field strength, electric

current density and magnetic energy, which help us to infer stability of the filament

and support our efforts to improve space weather predictive capabilities. There

have been extensive studies of filaments using NLFFF models (e.g., [164]). However,

all these works are limited to relatively small-scale filaments (length within tens of

megameters) whose channel is close to sunspots and along the main polarity inver-

sion line (PIL) with strong transverse field and magnetic shear, and those filaments

are quite smaller than the giant filament we have studied. Spherical NLFFF code

have been used to investigate topological magnetic field structure of selected giant
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filament using currently available SDO/HMI full-disk or cutout data [124]. Although

the presence of a large-scale flux rope can hardly be predicted from the noisy vec-

tor magnetogram for the giant filament, its three-dimentional magnetic field topol-

ogy is modeled using HMI vector magnetograms which have been pre-processed

by Schucks decontamination algorithm. Magnetic field lines of the region contain-

ing the giant filament have been reconstructed from full-disk or cutout data while it

crosses the solar disk. We have compared SDO/HMI and SOLIS/VSM data models

with the observation from SDO/AIA.



2

Observation and Instrumentations

The Earth receives light from the Sun at all wavelengths of electromagnetic radi-

ation. The radiation is quite essential to study many solar features. We use both

space and ground based instruments to study the solar filaments from the Earth’s

surface. The use of space-based telescopes is quite important to study the hotter

plasma in the solar corona, particularly in solar filaments which is mainly observed

in the Extreme ultraviolet (EUV), X-rays and gamma rays.

A giant filament observed on February 10, 2015 (see Fig. 2.1) is investigated un-

der this study using observational data from Solar Dynamic Observatory (SDO)-the

Helioseismic and Magnetic Imager (HMI), space-based optical instrument and Syn-

optic Long-term Investigations of the Sun (SOLIS)-Vector Spectromagnetograph

(VSM), ground-based optical instrument for solar observation.

2.1 The SDO

The Solar Dynamic Observatory (SDO) is a NASA satellite mission. It was launched

on February 11, 2010 from Cape Canaveral Air Force Station [165]. The main objec-

tives of the SDO are to understand the 11-year solar variability, how it is generated

and how the solar activity is related to the space weather, to understand the mag-

netic field configuration from the Sun’s interior to the outside (in the corona) and

30
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to understand what drives Coronal Mass Ejections (CME), filament eruptions and

flares. To achieve these scientific goals, three different instruments (AIA, HMI and

EVE) have been built on SDO (see Fig. 2.2).

Figure 2.1: Giant filament observed on February 10, 2015 at the wavelength of 171Å

using SDO/AIA. Image credit: NASA’s SDO/AIA.

2.1.1 SDO/AIA

The Atmospheric Imaging Assembly (AIA) is an instrument on board of the SDO

spacecraft. It began capturing data on the 27th of March 2010 and has since been

providing full-disc images with unprecedented resolution and cadence, revealing

the breathtaking structure of the solar atmosphere in a way which has not before

been seen. It observes the Sun in multi-wavelength channels to investigate a broad

range of scientific objectives. For example, dynamics of coronal structures, coronal

heating–what is the source of heating and coronal emission?, magnetic reconnec-
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tion, origin of coronal mass ejections and how they propagate into the heliosphere.

Figure 2.2: An image of the SDO spacecraft, showing its three main instruments:

HMI, AIA and EVE. Solar arrays and high-gain antennas are on the left and bottom

side. Image adapted from [165].

As mentioned above, AIA has been built to study the temporal evolution of the

solar coronal structures [166]. To achieve this goal, AIA has been designed to take

high cadence full-disk images in ten different wavelength bands, seven in EUV, two

in UV and one in Visible channel as shown in Fig. (2.3). It provides high spatial res-

olution images of 0.6
′′

per pixel of entire solar disk (4096×4096 pixel images) with

a cadence of 12 seconds. The AIA is capable of taking almost simultaneous obser-

vations of the entire solar disk in wavelength bands selected to pickout structures

with plasma temperatures from 104 to 107K (see Fig. 2.3).
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Figure 2.3: AIA images in each bandpass, as well as three HMI images. Image credit:

NASA/SDO/AIA.

The AIA instrument is made up of four Cassegrain telescopes, and Each of the four

telescopes is divided into two parts. Fig. (2.4) shows the schematic diagram of four

AIA telescopes in different wavelength band passes. One half of telescope 3 has

three selectable UV-Visible wavebands and the other half of it has 171Å wavelength

band filter. The remaining three telescopes, 1, 2 and 4, have one wavelength filters

on each half (see Table. 2.2). Further detailed information about the telescopes is

given in the papers by [168, 169].

2.1.2 SDO/HMI

The Helioseismic and Magnetic Imager (HMI) was built at the Lockheed Martin So-

lar and Astrophysics Laboratory (LMSAL) in collaboration with Stanford University.

It is designed to study the dynamics and origin of magnetic field on the Sun [170].

The Joint Science Operations Center (JSOC) serves both the HMI and Atmospheric
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Figure 2.4: Sketch of the four AIA telescopes showing the division of wavelength

bands. Each telescope is divided into two parts. The waveband of each part is

shown in Table 2.2 (courtesy of [167]).

Imaging Assembly (AIA) instruments on SDO, providing pipeline processing of the

incoming data products as well as archival and retrieval services for investigators

who want to use the data. Extensive online documentation for the JSOC data center

can be accessed 1.

HMI makes two independent measurmenents of the line-of-sight components

of the photospheric magnetic field using two 4096×4096 pixel CCD cameras. Each

camera records a full-disk image of the Sun every 3.75 seconds in a 76 mÅ wave-

length band selected by tuning the final stage of a Lyot filter and two Michelson

interferometers across the FeI 6173.34Å absorption line. The two measurements

are:

i. hmi.M.45s magnetogram measure full-disk scalar quantities-Doppler shift, lon-

gitudinal magnetic field, continuum intensity, line depth, and line width-using

1http://jsoc.stanford.edu
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a repeating sequence of narrow-band images recorded every 45 seconds with a

4096×4096 camera called the
′′
Doppler

′′
camera, where the difference in Doppler-

grams obtained in right or left polirized light.

ii. hmi.M-720s magnetogram are computed every 12 minutes by combining reg-

istered filtergrams collects during several sequences in which the image provide a

full disk low-noise image of the sun using the second identical camera called the

′′
Vector

′′
camera. The camera measures six polarization states every 135s: nomi-

nally I±V , I±Q, and I±U ; where I, Q, U & V are the Stokes polarization parameters.

From these the vector magnetic field and other plasma parameters can be derived.

Table 2.1: The primary ions observed by AIA and their approximate height of for-

mation. The table is taken from [166].

Channel Primary ion(s) Region of atmosphere log(T)

4500Å continuum photosphere 3.7

1700Å continuum temperature minimum, photosphere 3.7

1600Å CIV transition region, upper photosphere 5.0, 4.0

304Å HeII chromosphere, transition region 4.7

171Å FeIX quite corona, upper transition region 5.8

193Å FeXII, FeXXIV corona and hot flare plasma 6.2, 7.3

211Å FeXIV active-region corona 6.3

335Å FeXVI active-region corona 6.4

94Å FeXVIII flaring corona 6.8

131Å FeVIII, FeXXI transition region, flaring corona 5.6, 7.0

This paper focuses primarily on the analysis of data from the second camera

that measures linear and circular polarization with a 135s cadence frame list [171].

From these filtergrams the vector magnetic field and other plasma parameters can
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be derived.

Table 2.2: The position and central wavelength of different AIA channels. This table

is taken from [167].

Telescope Position Center Wavelength

1 Top 335Å

1 Bottom 131Å

2 Top 211Å

2 Bottom 193Å

3 Top UV/Visible

3 Bottom 171Å

4 Top 304Å

4 Bottom 94Å

2.1.3 SDO/EVE

Extreme Ultraviolet Variability Experiment (EVE) is mainly focusing on the under-

standing of solar EUV irradiance, how the EUV spectral irradiance varies, try to fore-

cast the EUV spectral variability to avoid the geospace disturbances. Because the

solar EUV radiance is the primary source of disturbances at the Earths atmosphere.

Detailed information can be found in paper by [172].

2.2 The SOLIS

SOLIS (Synoptic Long-term investigations of the Sun) is one of the recent advances

in a ground-based optical instrumentation for solar observation, It has proved the

usefulness of ground-based synoptic data for making newer discoveries, in con-

junction with space based data, such as those from SDO. Ground based systems
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are attractive because of distributed costs over several observatories spread across

nations. Such a situation permits uninterrupted solar monitoring, overcoming bar-

riers that constrain centrally focused observatories, particularly space based mis-

sions.

Figure 2.5: The NSO’s SOLIS telescope mounted atop the Kitt Peak Vacuum Tele-

scope.

The Synoptic Optical Long-term Investigations of the Sun has been designed

and built via the National Solar Observatory (NSO) to advance our understanding

of long-term changes in solar activity. In a nutshell, SOLIS is composed of a sin-

gle equatorial mount carrying three telescopes: the 50 cm Vector Spectromagneto-

graph (VSM), the 14 cm Full-Disk Patrol (FDP), and the 8 mm Integrated Sunlight

Spectrometer (ISS), Figure (2.5).

The prototype system is located on top of the Kitt Peak Vacuum Telescope build-

ing (see Fig. 2.5; left). SOLIS instruments are designed to address three major ques-

tions: What causes the solar cycle? How is energy stored and released in the solar

atmosphere? How do the solar radiative and non-radiative outputs vary in time?
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2.2.1 Vector Spectromagnetograph (VSM)

VSM is a 50 cm primary mirror and a two-lens field corrector telescope in which the

entrance of the telescope is protected by a thin (6 mm) fused silica window and the

whole telescope is filled with helium to minimize the internal seeing. A fan system

circulates the helium to minimize the temperature gradients inside the telescope.

The image of the Sun is built on the entrance slit. The length of the slit covers 2048

arcseconds (angular diameter of the Sun varies between 1896 and 1962 arcseconds

during the year).

The image of spectra is formed near the spectrograph slit, where the focal beam-

splitter splits the image of the spectrograph slit into two equal parts each of 1024

arcseconds long. Light from each part is reimaged to a separate CCD camera of

1024× 512 pixels in size. The polarizing beam-splitters are located in front of each

camera. With these optical arrangements, one camera is taking data from one solar

hemisphere and the other camera records images of spectra from the other hemi-

sphere. Both cameras are taking data in two orthogonal polarization states.

A full disk magnetogram is constructed by scanning the solar image, which is

achieved by moving the telescope in declination. It takes about 0.6 seconds to

record one scan line in FeI 6301-6302Å region, and about 1.2 seconds for the CaII

8542Å line. In addition to full disk, VSM can take a series of area scans by scanning

portion of solar disk in the declination (e.g.; the giant filament area in this study).

Additional technical details on VSM can be found in [173] and at SOLIS website 2.

Generally, One can obtain the following data products from VSM:

1. photospheric full-disk vector-magnetograms using the FeI 6301.5 and 6302.5Å

2http://solis.nso.edu/VSMoverview.html
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lines (field strength, azimuth, inclination, flux, Doppler velocity, continuum inten-

sity)

2. chromospheric full-disk magnetograms using the CaII 8542Å line (line-of-sight

magnetic flux, Doppler velocity, line core intensity)

3. full-disk HeI 10830Å line characteristics (equivalent width, continuum intensity,

Doppler velocity, line depth, line asymmetry, Doppler width, Si line width, Si line

depth, Si Doppler velocity)

4. photospheric full-disk longitudinal magnetograms using the FeI 6301.5 and

6302.5Å lines (line-of-sight magnetic flux).

2.2.2 The Integrated Sunlight Spectrometer (ISS)

The ISS is designed to obtain both high (R = 300,000) and moderate (R = 30,000)

spectral resolution observations of the Sun as a star over a broad range of wave-

lengths of 3500-11000Å. The optical feed for the ISS consists of an 8 mm diameter

lens located on the side of main mount of VSM. The lens builds the image of the

Sun on the input face of the fiber optic assembly, which transmits light to a McPher-

son 2m Czerny-Turner double-pass spectrograph. The spectrograph is located in a

temperature controlled room inside the telescope tower. The use of the fiber op-

tic feed insures the complete integration of the sight in angular and spatial direc-

tions as required for the Sun as a star observations. The spectra are recorded using

a back-illuminated 512×1024 CCD camera in the focal plane of the spectrograph.

Further details on the observations and the data reduction pertaining to the ISS can

be found in [174].
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2.2.3 The Full Disk Patrol (FDP)

The FDP is a full-disk imager that uses tunable Lyot filters and a 2048×2048 CCD

camera (about 1 arcseconds pixel size). It is designed to take observations with high

temporal cadence (about ten seconds) in several selected spectral lines including

H, CaIIK, HeI 10830Å, continuum (white light), and photospheric lines, as well as

the capability of observing Doppler velocity maps. In June 2011, the FDP has been

integrated to the SOLIS and is now going taking observations. The FDP will provide

crucial imaging data for space-weather forecasting, to help understand triggering

and evolution of solar filament, flares and coronal mass ejections, and it will also

complement space-based X-ray and EUV observations.

2.3 Data Analysis Techniques

In this study, we consider a giant filament observed by SDO and SOLIS on Febru-

ary 10, 2015 and we mainly deal with the study of 3D magnetic field structure, an

electric current density and magnetic energy of the filament.

Atmospheric Imaging Assembly (AIA) provides full-disk images with high spatial

and temporal cadence (Section 2.1.1). By using the continuous AIA images we study

the flows and dynamics of the prominences. The AIA data are freely accessible from

the website 3. Calibration of the AIA data is described in the paper by [169]. A de-

tailed description the AIA data calibration is also available on the web 4. The AIA

data has three levels of Calibration: level 0, level 1.0 and level 1.5.

Level 0 - It contains the raw elementary data.

Level 1.0 - It contains the compressed FITS files and all files are corrected for bad

3http : //www.lmsal.com/get aia data/
4https : //www.lmsal.com/sdodocs/doc/dcur/S DOD0060.zip/zip/entry/
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pixels, flat field and cosmic ray spikes (these are formed due to the collisions of high

energy particles). All higher level data are constructed from level 1.0.

level 1.5 - After getting the level 1.0 data, it has to be converted into level 1.5 by

using the SolarSoft routine -aia-prep.pro. All images are corrected for its different

plate scale and roll angle.

Photospheric line-of-sight (LOS) and vector magnetograms are retrieved from

filtergrams with a plate scale of 0.5 arc-second. From filter-grams averaged over

about ten minutes, Stokes parameters are derived and inverted using the Milne-

Eddington (ME) inversion algorithm of [175] (the filling factor is held at unity).

Within automatically identified regions of strong magnetic fluxes [176], the focus of

view (FOV) inversion data are from the second HMI vector data release (JSOC data

series: hmi.B-720s). The 180-degree azimuthal ambiguity in the strong field region

is resolved using the Minimum Energy Algorithm [162, 163, 177]. For the weak field

region where noise dominates, we adopt a radial-acute angle method to resolve the

azimuthal ambiguity.

The SOLIS/VSM can provide photospheric full-disk vector-magnetograms using

the FeI 6301.5 and 6302.5Å lines (field strength, azimuth, inclination, flux, Doppler

velocity, continuum intensity) and extrapolation to the lower corona helps to study

solar filaments.

Quick-look (QL) vector magnetograms were created based on an algorithm by

[149]. Beginning January 2012, QL vector magnetograms are created using weak-

field approximation [178]. The algorithm uses the Milne-Eddington model of so-

lar atmosphere, which assumes that the magnetic field is uniform (no gradients)

through the layer of spectral line formation [179]. It also assumes symmetric line

profiles, disregards magneto-optical effects (e.g., Faraday rotation), and does not
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distinguish the contributions of magnetic and non-magnetic components in spec-

tral line profiles (i.e., magnetic filling factor is set to unity). A complete inversion

of the spectral data is performed later using a technique developed by [180]. The

ME inversion is only performed for pixels with spectral line profiles above the noise

level. For pixels below the polarimetric noise threshold, the magnetic field param-

eters are set to zero.

From the measurements, the azimuths of transverse magnetic field can be de-

termined with 180-degree ambiguity. This ambiguity is resolved using the non-

potential field calculation (NPFC; see [181]). The NPFC method was selected on

the basis of a comparative investigation of several methods for 180-degree ambi-

guity resolution [163]. Both QL and ME magnetograms can be used for potential

and/or force-free field extrapolation. However, in strong fields inside sunspots, the

QL field strengths may exhibit an erroneous decrease inside the sunspot umbra due

to so-called magnetic saturation. For this study, we choose to use fully inverted ME

magnetograms.



3

Magnetic Field Modeling

The magnetic fields observed in the solar photosphere extend out in to the corona,

where they structure the plasma, store free magnetic energy and produce a wide

variety of phenomena. While the distribution and strength of magnetic fields are

routinely measured in the photosphere, the same is not true for the corona, where

the plasma has very low density. To understand the nature of coronal magnetic

fields, theoretical models that use the photospheric observations as a lower bound-

ary condition are required. Therefore, one can use the photospheric 3D numer-

ical magnetic field models to infer magnetic field structures of solar filaments in

the lower corona. The spatial resolution of measurements has improved steadily,

and models are able to incorporate some departures from the force-free field ap-

proximation. Several of these models are now capable of reproducing the observed

sheared coronal magnetic features. In the following subsections, basic coronal

magnetic field models such potential field, linear force-free field and nonlinear

force-free field will be discussed independently though we only use the potential

and non-linear force-free field models in this thesis.

43
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3.1 Potential Field Source Surface (PFSS) Model

Potential field models are the most straightforward and therefore most commonly

used technique for modeling the global coronal magnetic fields, require only the

LOS photospheric magnetic field component as boundary condition. Current-free

equilibria are mathematically simple and represent the lowest possible energy state

of a coronal magnetic field. For computations on a global scale the potential-field

source-surface (PFSS) models assumes that the electric currents in the corona do

not significantly influence the global field structure and all field lines become radial

at the source surface (at about 2.5 solar radii; see [182] for details). These models

are popular because they are easy to compute and are capable of reproducing the

basic coronal magnetic field structure.

Potential field models have led to an almost routine type reconstruction, used

for observational purposes [183], but also for building initial conditions for dynam-

ical MHD numerical simulations [184, 185]. This assumption has proven to be ad-

equate for many quiescent, old active regions and even for the non-eruptive global

coronal-heliospheric interface (e.g., [186–188]). That is the models give a first im-

pression on the global coronal field structure which do not contain free energy and

therefore cannot erupt.

In electromagnetic theory the current-free magnetic field is the state of mini-

mum energy subjected to the given boundary condition. In other words, the varia-

tional problem for solenoidal vector field B is given as

W =

∫
V

B2

8π
dV = stationary (3.1)

where,Bn is the normal component of B and given on the boundary surface S. This

leads to the Euler equation for variational problem which reduces to ∇ × B = 0
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and it can be shown that the solution is unique and that it makes the functional W

minimum [189].

Therefore, the potential field models are only used to estimate the lowest-energy

state corresponding to an observed line-of-sight magnetic field. For region that can

support flares, coronal mass ejection and filament eruptions (regions that contain

strong electric currents) the model do not provide any estimate of energy.

The magnetic scalar potential Φ is uniquely determinable if Φ itself or if its nor-

mal derivative ∂nΦ is specified on the boundaries and, therefore, one has to solve

a Dirichlet or Neumann boundary value problem, respectively. As the line-of-sight

component of the magnetic field near the solar disk center is essentially radial it

can determine the distribution of magnetic sources which show a straight forward

relation to the current-free field above the photosphere, the Laplace field can also

be calculated far off disk center from the line-of-sight components. A solution is

obtained by solving the Laplace equation for Φ with the normal magnetic field as a

boundary condition and standard methods, using either Greens functions or Eigen

function expansions.

The solution of this boundary-value problem in a standard form of harmonic

expansion in terms of Eigen solutions of the Laplace equation written in a spheri-

cal coordinate system, (r, θ, φ) can be obtained by assuming a currentless (J = 0)

approximation that holds either throughout the space above the photospheric sur-

face Sp, or between the photosphere and some spherical surface Ss (source surface).

Then, the force-free equation reduces to ∇ × B = 0, and can be rewritten using

scalar potential Φ as

B = −∇Φ (3.2)

Substituting Eq. (3.2) into divergence-free equation,∇·B = 0, one can find Laplace
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equation for Φ as

∇2Φ = 0 (3.3)

Using separation of variable in spherical (r, θ, φ) coordinates Eq. (3.3) has the solu-

tion [190]:

Φ(r, θ, φ) =
∞∑
l=0

l∑
m=−l

[
Almr

l +Blmr
−(l+1)

]
Ylm(θ, φ) (3.4)

where Ylm are Spherical Harmonics expressed through the associated Legendre

polynomials, Pm
l (cosθ) by eqation

Ylm(θ, φ) =

√
2l + 1(l +m)!

4π(l +m)!
Pm
l (cosθ)eimφ (3.5)

where, Alm and Blm are the Spherical Harmonics coefficients. An integrable func-

tion g(θ, φ) can be represented as

g(θ, φ) =
∞∑
l=0

l∑
m=−l

ClmYlm(θ, φ) (3.6)

with Clm given by

Clm =

∫ 2π

0

∫ π

0

Y ∗lm(θ, φ)g(θ, φ)sinθdθdφ (3.7)

and Ylm = (−1)mYl,−m. From the radial component of the vector magnetic field

measured on the photosphere at r = R�, we can prescribe Von Neumann boundary

condition as Br(R�, θ, φ) = ∂Φ
∂r

and applying Eq. (3.7) to calculate Clm for g(θ, φ) =

Br(R�, θ, φ). Hence the radial component of the magnetic field is given by

Br(r, θ, φ) =
∞∑
l=0

l∑
m=−l

[
Almlr

l−1 +Blm(l + 1)r−(l+2)

]
Ylm(θ, φ) (3.8)

The values of Alm and Blm are not completely determined with Clm , hence we have

to impose additional boundary condition with the assumption that magnetic field

at source surface Ss is completely radial at r ≥ rs as:

Bθ =
1

r

∂Φ(r, θ, φ)

∂θ
= 0 and Bφ =

1

rsinθ

∂Φ(r, θ, φ)

∂φ
= 0 at r = rs (3.9)
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Consequently the potential depends only on the radial component r ≥ rs, where

Φ(r) =
∞∑
l=0

l∑
m=−l

[
Almr

l +Blmr
−(l+1)

]

and all coefficient of Ylm except Y00 = 1 have to vanish. Together with the photo-

spheric boundary condition Eq. (3.7), one can get two equations to calculate Alm

and Blm for l ≥ 1:

AlmlR
l−1
� −Blm(l + 1)R

−(l+2)
� = Clm (3.10)

Almr
l
s +Blmr

−(l+1)
s = 0 (3.11)

which leads to:

Alm =
ClmR

l+2
�

r2l+1
s l(Rl+2

� + r2l+1
s )

(3.12)

Blm = − ClmR
l+2
� r2l+1

s

r2l+1
s l(Rl+2

� + r2l+1
s )

(3.13)

The distance of the source surface sphere rs might be chosen in a way that we

can fit some additional constraints, e.g., observations of radiating loops or helmet

streamer. We might compare the magnetic field and observed plasma structures

similar as for the Cartesian linear force-free case and minimize with respect to rs .

Therefore, all components of potential field B can be calculated analytically from

Φ.

In general, even if there are several limitations to potential field models which

led to the introduction of the so-called constant-α and non-constant-α force-free

hypothesis (both allow for the presence of electric currents in the corona), the po-

tential field has been used as initial condition for many nonlinear force-free model

codes for extrapolating coronal magnetic field.
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3.2 Linear Force-free Fields

A generalized representation of linear-force field (LFFF) was first described by [191]

to provide (non-unique) solutions of force-free equation using a Fourier series ex-

pansion in Cartesian coordinates. [192] used a Fourier representation to seek the so-

lution to the set of linear force-free equations in a Cartesian coordinate system. He

pointed out that fields being linear force-free in the whole volume outside the Sun

neither possess a finite energy content nor can be determined uniquely from the

normal photospheric magnetic field component alone. In other words, he found

that the consideration of global-scale LFFF fields is problematic.

For special case that α has the same value (for LFFF), the variation in force-free

problem lead to a linear differential equation and collapse to the potential field

when α vanishes.

The proportionality constant α is the ratio of the vertical (LOS) current density

and the vertical (LOS)magnetic field magnitude, and that the vertical (LOS) current

density can be derived from the horizontal (transverse) magnetic field, where the

knowledge of all three vector components of the magnetic field is required. More-

over, comparing model magnetic field lines and coronal observations, either di-

rectly with coronal loops seen in EUV images, or coronal loops extracted from such

images, α can be deduced and/or optimized.

On global scales, although the LFFF are not frequently employed, they are math-

ematically and computationally possible, specially for two main reasons. Firstly, the

maximum allowed value of α scales with the inverse of the length scale of the com-

putational domain. Consequently very small values of α are possible but they are so

small that they have no significant effect (i.e., the resulting magnetic field is almost
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similar to a potential field configurations). Secondly, observations show that both

signs of α can be present in different regions on the Sun, at the same time. This is a

contradiction to the LFFF assumption, namely that α is constant (i.e., has the same

value for different regions on the Sun).

On smaller scales (i.e., to analyze active regions), however, LFFF models were

used, though more frequently before the time when vector magnetograms started

to became routinely available (as provided to date by, e.g., SDO/HMI). On these

smaller scales, the maximum value of α can be significantly larger than on global

scales and consequently active-region LFFF can be very different from potential

ones, e.g., the associated field lines can be sheared. Also for LFFF models employed

on active-region (AR) scales, however, the observation of different values of α in dif-

ferent portions of the same AR contradicts the basic assumption of a single value of

α being representative for the entire AR under consideration.

3.3 Nonlinear Force-free Fields

Despite the popularity and frequent use of the simplified models (potential and

linear force-free field), there are several limitations in these models. Both obser-

vational and theoretical arguments show that the magnetic field prior to eruptive

processes in the corona is neither potential nor linear force-free field [193].

On the other hand, the non-linear force-free field (NLFFF) extrapolations for

which α is a function of position shows the most realistic results [194]. It is a re-

alistic way to model the non-potential coronal fields in active regions is to assume

that the electric currents are parallel to the magnetic field, ∇ ×B = α(r)B, with α

being constant only along every field line (B · ∇α = 0), but varying from field line

to field line, giving us the nonlinear force-free field (NLFFF).



3.3 Nonlinear Force-free Fields 50

NLFFF extrapolations require the three components of the magneticfield (Br, Bθ, Bφ

for spherical geometry). A flux rope structure is obtained from NLFFF extrapo-

lations of the magnetic field of an active region for the first time by [195]. Later,

a few works have been presented in order to detect a flux rope topology sustain-

ing a filament by using NLFFF extrapolations starting from the photosphere (e.g.,

[196–198]). However, [196] also found a sheared arcade structure in a different

section of the same filament. Different methods for computing NLFF fields have

been given by [193]. The corresponding numerical implementations have been in-

tensively reviewed, and repeatedly evaluated and improved within the last decade

(see [199–201]). The numerical schemes have been implemented in cartesian and

spherical geometry to infer filaments magnetic field. As boundary condition, either

the magnetic field vector at the bottom boundary of the computational domain

or, alternatively, the vertical magnetic field and vertical electric current density is

usually required. In this particular thesis, we use an optimization method where a

global functional of B is minimized.

Due to low plasma-β in the corona, it is difficult to compute NLFFF though this

does not work in the photosphere. In the photosphere, β is on average of the order

of unity or more [202], although locally considerable smaller values may be found.

The photospheric measurements as boundary condition for NLFFF computations

has to be carefully considered. Because it cannot be guaranteed that the photo-

spheric magnetic field vector is consistent with the assumption of a force-free field

in the corona. It is possible to find out whether the vector magnetic field measure-

ments are consistent by writing the force-free equations as the divergence of the

Maxwell stress tensor, integration over the entire computational volume and apply-

ing Gauss’ law. For force-free consistency, the value of the resulting surface integrals
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has to vanish, or in practice must then be sufficiently small. Theoretically, the sur-

face integrals need to be evaluated over the entire boundary of the computational

domain, but in practice this is only possible for the bottom (photospheric) bound-

ary, where the field is measured.

Nonlinear force-free field extrapolation from vector magnetograms observed si-

multaneously at multiple heights (at a photospheric and chrmospheric level) has

been performed by [203] to study the structure of an AR filament. One difficulty in

combining and comparing two such data sets is that the exact height in the atmo-

sphere of the chromospheric measurement is unknown. As a reasonable approx-

imation, the authors assumed that the chromospheric measurements refer to the

height of best agreement with the NLFFF reconstruction based on the photospheric

vector field (about 2 Mm above the solar surface). Despite the difficulties discussed

above, NLFFF extrapolations are a powerful tool for deriving the 3D coronal mag-

netic field above active regions and solar filaments.

In order to use the force-free models, the measurement errors and non-magnetic

forces in photospheric field which make the data inconsistent must be resolved. To

deal with these uncertainties, one has to:

1. preprocess the surface measurements in order to make them compatible with a

force-free field, and

2. keep a balance between the force-free constraint and deviation from the photo-

spheric field measurements. Both methods contain free parameters, which have to

be optimized for use with data (from SDO/HMI and SOLIS/VSM in this thesis). It

has been already mentioned that the magnetic field is not force-free in either the

photosphere or the lower chromosphere (with the possible exception of sunspot

areas, where the field is exceptionally strong). Furthermore, measurement errors,



3.3 Nonlinear Force-free Fields 52

in particular for the transverse field components (e.g., perpendicular to the line

of sight of the observer), will destroy the compatibility of a magnetogram with the

condition of being force-free. One way to ease these problems is to preprocess the

magnetograph data as suggested by [204]. The vector components of the total mag-

netic force and the total magnetic torque on the volume considered are given by

six boundary integrals that must vanish if the magnetic field is force-free in the full

volume [205–207]. The preprocessing changes the boundary values of B within the

error margins of the measurement in such a way that the moduli of the six bound-

ary integrals are minimized. The resulting boundary values are expected to be more

suitable for an extrapolation into a force-free field than the original values.

3.3.1 Preprocessing Procedure in Spherical Geometry

We know that the magnetic field is not force-free in either the photosphere or the

lower chromosphere (with the possible exception of sunspot areas, where the field

is exceptionally strong). Furthermore, measurement errors, in particular for the

transverse field components (eg. perpendicular to the line of sight of the observer),

will destroy the compatibility of a magnetogram with the condition of being force-

free. However, the problems are solved by using preprocessing procedure of the

magnetogram data.

The vector components of the total magnetic force and the total magnetic torque

on the volume considered are given by six boundary integrals that must vanish if the

magnetic field is force-free in the full volume.

In this work, we use a spherical version of both the preprocessing and the opti-

mization code for restricted parts of the Sun, large area which accommodates the

giant solar filament. A preprocessing routine in spherical geometry is used to deal



3.3 Nonlinear Force-free Fields 53

with noisy data and data with other uncertainties. While preprocessing does not

model the details of the interface between the forced photosphere and the force-

free base of the solar corona the procedure helps us to find suitable boundary con-

ditions for a force-free modelling from measurements with inconsistencies.

Boundary Conditions in Spherical Geometry

The force-free and torque-free conditions for spherical geometry can be formulated

as in [208], and the integrated forms of the equation for the free-force magnetic

fields were summarized [209]. The Lorentz force is

F =
1

4π
(∇×B)×B (3.14)

where B is the magnetic field vector. By integrating Eq. (3.14) over a volume V sur-

rounded by a surface S one can obtain a global force-balance equation.

∫
V

F dV =

∫
V

(∇×B)×BdV = 0 (3.15)

But, imploying the vector identity:

∇(A ·B) = A× (∇×B) + B × (∇×A) + (A · ∇)B + (B · ∇)A (3.16)

If A = B, the identity reduces to

(∇×B)×B = −∇(
1

2
B2) + (B · ∇)B (3.17)

from HMI data substituting equation (3.17) into equation (3.15) and using Gauss

divergence theorem one can find,

1

2

∫
S

B2dS −
∫
S

(B · dS)B = 0 (3.18)

The vector dS is directed into the volume V . We will consider the equation de-

scribed above in spherical polar coordinates (r, θ, φ), with usual axes. The volume
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V is space outside of a sphere of radius R� and the origin of the vector r is at the

center of the sphere (Sun), with dS = dsêr and ds = R�sinθdθdφ. The force balance

equation (3.18) is still valid if S is spherical surface. For magnetic field vector,

B = Brêr +Bθêθ +Bφêφ

with

B · dS = Brds

equation (3.18) becomes

∫
S

1

2
(B2

r +B2
θ +B2

φ)dS −
∫
S

Brds(Brêr +Bθêθ +Bφêφ) = 0 (3.19)

Notice that the spherical unit vectors vary over S . For the numerical evaluation, we

therefore calculate the cartesian components of Eq. (3.19). One can derive the force

and torque balance equations for the three components as follows:

For force-balance condition along x-axis, we have

∫
r>R�

FxdV = 0

Multiplying equation (3.19) by êx

êx ·
[∫

S

1

2
(B2

r +B2
θ +B2

φ)dS −
∫
S

Brds(Brêr +Bθêθ +Bφêφ)

]
= 0 (3.20)

Using the spherical unit vectors

êr = sinθcosφêx + sinθsinφêy + cosθêz

êθ = cosθcosφêx + cosθsinφêy − sinθêz

êφ = −sinφêx + cosφêy

hence,

êx · êr = sinθcosφ
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êx · êθ = cosθcosφ

êx · êφ = −sinφ

Using those conditions one can arrive at

∫
S

[
1

2
(B2

θ +B2
φ −B2

r )sinθcosφ−BrBθcosθcosφ+BrBφsinφ

]
dΩ = 0 (3.21)

Similarly for force-balance condition along y-component is

∫
r>R�

FydV = 0

êy ·
[∫

S

1

2
(B2

r +B2
θ +B2

φ)dS −
∫
S

Brds(Brêr +Bθêθ +Bφêφ)

]
= 0

This leads to

∫
S

[
1

2
(B2

θ +B2
φ −B2

r )sinθsinφ−BrBθcosθsinφ−BrBφcosφ

]
dΩ = 0 (3.22)

The force-balance along the z-component is

∫
r>R�

FzdV = 0

êz ·
[∫

S

1

2
(B2

r +B2
θ +B2

φ)dS −
∫
S

Brds(Brêr +Bθêθ +Bφêφ)

]
= 0

Then ∫
S

[
1

2
(B2

θ +B2
φ −B2

r )cosθ +BrBθsinθ

]
dΩ = 0 (3.23)

For the torque balance equations, the volume integral of torque in the box, in the

field of view, must vanish. ∫
V

(r × F )dV = 0

Using Gauss divergence theorem this will reduce to

∫
V

(r × F )dV =
1

2

∫
S

B2(r × dS)−
∫
S

(r ×B)(B · dS) = 0
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Using r = R�êr, (r × dS) = 0 and B · dS = BrdΩ

The above equation reduces to

∫
S

(r ×B)BrdΩ = 0 (3.24)

Using the cross product

r ×B = 0êr −R�Bφêθ +R�Bθêφ

Then equation (3.24) becomes

∫
S

[
−R�Bφêθ +R�Bθêφ

]
BrdΩ = 0 (3.25)

Hence the torque balance along each component will be

êx ·
[∫

S

(−R�Bφêθ +R�Bθêφ)BrdΩ

]
= 0

Which is actually reducing to

∫
S

Br(Bφcosθcosφ+Bθsinφ)dΩ = 0 (3.26)

Similarly

êy ·
[∫

S

(−R�Bφêθ +R�Bθêφ)BrdΩ

]
= 0

Then ∫
S

Br(Bφcosθsinφ−Bθcosφ)dΩ = 0 (3.27)

Finally

êz ·
[∫

S

(−R�Bφêθ +R�Bθêφ)BrdΩ

]
= 0

hence ∫
S

BrBφsinθdΩ = 0 (3.28)

1. The total force on the boundary has to vanish because force-free fields can not

exert pressure on the photospheric boundary S and cannot induce shear stresses
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along axes parallel to the boundaries, i.e.,

F1 =

∫
S

[
1

2
(B2

θ +B2
φ −B2

r )sinθcosφ−BrBθcosθcosφ+BrBφsinφ

]
dΩ = 0 (3.29)

F2 =

∫
S

[
1

2
(B2

θ +B2
φ −B2

r )sinθcosφ−BrBθcosθcosφ−BrBφsinφ

]
dΩ = 0 (3.30)

F3 =

∫
S

[
1

2
(B2

θ +B2
φ −B2

r )cosθ +BrBθsinθ

]
dΩ = 0 (3.31)

2. The total torque on the boundary vanishes or force-free fields cannot induce

rotational moments along the boundary

τ1 =

∫
S

Br(Bφcosθcosφ+Bθsinφ)dΩ = 0 (3.32)

τ2 =

∫
S

Br(Bφcosθsinφ−Bθcosφ)dΩ = 0 (3.33)

τ3 =

∫
S

BrBφsinθdΩ = 0 (3.34)

The relations given in Eqs.(3.29–3.34) are always fulfilled for potential magnetic

fields because of the vanishing electric currents (J = 0). However, if currents flow

on either side of S, both impulse and momentum can be transferred from one side

to the other and the distribution of the field in the plane may not satisfy these rela-

tions.

As with the flux balance these criteria must in general be applied to the entire

surface of the numerical box. Since we assumed that the photospheric flux is suf-

ficiently concentrated in the center and the net flux is in balance, we can expect

the magnetic field on the lateral and top boundaries to remain weak and hence

these surfaces do not represent a significant contribution to the integrals of the con-

straints above. We therefore impose the criteria on the bottom boundary alone.

1. The flux balance parametres

εflux =

∫
S
BrdΩ∫

S
|Br|dΩ

(3.35)
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2. force balance parameter is

εforce =
|F1|+ |F2|+ |F3|

EB
(3.36)

εforce =

(
|
∫
S

[E−Bsinθcosφ−BrB1]dΩ|+ |
∫
S

[E−Bsinθsinφ−BrB2]dΩ|

+ |
∫
S

[E−Bsinθcosφ−BrBθsinθ]dΩ|
)
/EB (3.37)

3. The torque balance parameter is

εtorque =
|τ1|+ |τ2|+ |τ3|

EB
(3.38)

εtorque =

(
|
∫
S

BrB3dΩ|+ |
∫
S

BrB4dΩ|+ |
∫
S

BrBφsinθdΩ|
)
/EB (3.39)

Where the following notation is used for simplicity:

E−B =
1

2
(B2

θ +B2
φ −B2

r ), EB =

∫
S

(B2
r +B2

θ +B2
φ)dΩ

B1 = Bθcosθcosφ−Bφsinφ, B2 = Bθcosθsinφ+Bφcosφ

B3 = Bφcosθcosφ+Bθsinφ, B4 = Bφcosθsinφ−Bθcosφ

An observed vector magnetogram is then flux-balanced and consistent with the

force-free assumption if: εflux � 1, εforce � 1 and εtorque � 1.

Numerical Methods of Preprocessing

To serve as suitable lower boundary condition for a force-free modeling, vector

magnetograms have to be approximately flux balanced and on average a net tan-

gential force acting on the boundary and shear stresses along axes lying on the

boundary have to reduce to zero. We use dimensionless parameters, εflux, εforce,

and εtorque to quantify such properties [121, 204, 205]. Even if we choose a suffi-

ciently flux balanced region (εflux), we find that the force-free conditions εforce � 1
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and εtorque � 1 are not usually fulfilled for measured vector magnetograms. There-

fore, force-free extrapolation methods should not be used directly on observed vec-

tor magnetograms which usually have noisy transverse photospheric magnetic field

measurements. The large noise in the transverse components of the photospheric

field vector, which is one order of magnitude higher than on the LOS-field (the

transverse Bθ and Bφ at the bottom boundary), provides us freedom to adjust these

data within the noise level. In order to fulfill those conditions, we use the prepro-

cessing scheme of [121] that minimizes a two-dimensional functional of quadratic

form in spherical geometry which was implemented in [204] for Cartesian coordi-

nate system.

B = argmin(L) (3.40)

L = µ1L1 + µ2L2 + µ3L3 + µ4L4 (3.41)

where B is the preprocessed surface magnetic field from the input observed field,

Bobs. Each of the constraints Ln is weighted by as yet undetermined factor µn . The

first term (n = 1) corresponds to the force-balance condition, the next (n = 2) to the

torque-free condition, and the last term (n = 4) controls the smoothing. The term

(n = 3) controls the difference between measured and preprocessed vector fields.

The explicit form of L1, L2, L3 and L4 in spherical coordinate system can be written

as:

L1 = F1 + F2 + F3 (3.42)

L1 =

(∑
p

[E−Bsinθcosφ−BrB1]sinθ

)2

+

(
[E−Bsinθsinφ−BrB2]sinθ

)2

+

(
E−Bsinθcosφ−BrBθsinθ]sinθ

)2

(3.43)

L2 = τ1 + τ2 + τ3 (3.44)
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L2 =

(∑
p

BrB3sinθ

)2

+

(∑
p

BrB4sinθ

)2

+

(∑
p

BrBφsin
2θ

)2

(3.45)

L3 =
∑
p

[
(Br −Brobs)

2 + (Bθ −Bθobs)
2 + (Bφ −Bφobs)

2

]
(3.46)

L4 =
∑
p

[
(∆Br)

2 + ∆Bθ)
2 + ∆Bφ)2

]
(3.47)

The surface integrals are replaced by a summation (
∫
S
dΩ →

∑
p sinθ∆θ∆φ, omit-

ting the constant ∆θ∆φ over all p grid nodes of the bottom surface grid, with an

elementary surface of sinθ∆φ×∆θ). The differentiation in the smoothing term (L4)

is achieved by the usual five-point stencil for the 2D-Laplace operator.

The derivative of L with respect to each of the three field components at every

node (q) of the bottom boundary grid must be obtained in order to get Eq. (3.40)

by iteration [124]. We have, however, taken into account that Br is measured with

much higher accuracy than Bθ and Bφ . This is achieved by assuming that the verti-

cal component is invariable compared to horizontal components in all terms where

mixed products of the vertical and horizontal field components occur, e.g., within

the constraints [204]. The relevant functional derivatives of L are therefore:

∂L

∂(Br)q
= 2µ3(Br −Brobs)q + 2µ4(∆(∆Br))q (3.48)

∂L

∂(Bθ)q
= 2µ1(Bθsin

2θcosφ−Brsinθcosθcosφ)q×∑
p

[E−Bsinθcosφ−BrB1]sinθ

+2µ1(Bθsin
2θsinφ−Brsinθcosθsinφ)q×∑

p

[E−Bsinθsinφ−BrB2]sinθ (3.49)

+2µ1(Bθsinθcosθ +Brsin
2θ)q×∑

p

[E−Bcosθ +BrBθ]sinθ
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+2µ2

[
(Brsinθsinφ)q

∑
p

BrB3sinθ

−(Brsinθcosφ)q
∑
p

BrB4sinθ

]
+2µ3(Bθ −Bθobs)q + 2µ4(∆(∆Bθ))q

∂L

∂(Bφ)q
= 2µ1(Bφsin

2θcosφ+Brsinθsinφ)q×∑
p

[E−Bsinθcosφ−BrB1]sinθ

+2µ1(Bφsin
2θsinφ−Brsinθcosφ)q×∑

p

[E−Bsinθsinφ−BrB2]sinθ (3.50)

+2µ1(Bφsinθcosθ)q×∑
p

[E−Bcosθ +BrBθsinθ]sinθ

+2µ2

[
(Brcosθcosφsinθ)q

∑
p

BrB3sinθ

+(Brcosθsinφsinθ)q
∑
p

BrB4sinθ

+(Brsin
2θ)q

∑
p

BrBφsin
2θ

]
+ 2µ3(Bφ −Bφobs)q

+2µ4(∆(∆Bφ))q

The optimization is performed iteratively by using Landweber iteration.1

3.3.2 Optimization Procedure

The optimization procedure is one of several methods that have been developed

over the past few decades to compute the most general class of those force-free

fields. Solving the force-free magnetic fields Equations (1.1) and (1.3) with the help

of an optimization principle as proposed by [210] for the calculation of nonlinear

1Landweber iteration is the method used for finding successively better approximations to the

zeroes (or roots) of a real-valued function.
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force-free fields using all six boundaries of a computational box, and later by [211]

who has improved the method and showed that it is essentially equivalent to intro-

ducing finite size boundary regions on those boundaries where B is unknown with

the weighting function w(x, y, z) different from unity for Cartesian geometry. The

weighting function is desirable to move these faces as far away as possible from the

region of interest. The method minimizes a joint measure (Lω) of the normalized

Lorentz forces and the divergence of the field in the volume. Throughout this mini-

mization, the photospheric boundary of the model field B is matched exactly to the

observed Bobs and possibly preprocessed magnetogram values B.

Here, we use the optimization approach for functional Lω in spherical geometry

[121, 212] along with the new method, which instead of an exact match enforces a

minimal deviation between the photospheric boundary of the model field B and

the magnetogram field Bobs by adding an appropriate surface integral term Lphoto

[124, 213]. These terms are given by

B = argmin(Lω)

Lω = Lf + Ld + νLphoto (3.51)

Lf =

∫
V

ωf (r, θ, φ)B−2|(∇×B)×B|2r2sinθdrdθdφ

Ld =

∫
V

ωd(r, θ, φ)|(∇ ·B)|2r2sinθdrdθdφ

Lphoto =

∫
S

(B −Bobs) ·W (θ, φ) · (B −Bobs)r
2sinθdθdφ

where Lf and Ld measure how well the force-free Eq. (1.1) and divergence-free

Eq. (1.3) conditions are fulfilled, respectively, and both ωf (r, θ, φ) and ωd(r, θ, φ) are

weighting functions. The weighting functions ωf and ωd in Lf and Ld in Eq. (3.51)

are chosen to be unity within the inner physical domain V ′ and decline with a cosine

profile in the buffer boundary region [121]. They reach a zero value at the boundary
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of the outer volume V . The third integral, Lphoto, is the surface integral over the pho-

tosphere which allows us to relax the field on the photosphere towards force-free

solution without too much deviation from the original surface field data.

W(θ, φ) is a space-dependent diagonal matrix the element of which are inversily

proportional to the estimated squared measurement error of the respective field

component. In principle one could compute W from the measurement noise and

errors obtained from the inversion of measured Stokes profiles to field components.

Until these quantities become available, a reasonable assumption is that the mag-

netic field is measured in strong field regions more accurately than in the weak field

and that the error in the photospheric transverse field is at least one order of magni-

tude higher as the line-of-sight component. Appropriate choices to optimize ν and

W for use with SDO/HMI [214] and SOLIS/VSM [124] magnetograms have been in-

vestigated.
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Results and Discussion

The main purpose of this work is to study magnetic field, an electric current den-

sity, free energy of the giant filament observed on February 10, 2015 (see Fig. 4.1)

via SDO/HMI and SOLIS/VSM instruments using the PFSS and NLFFF models in

spherical coordinates. Topological magnetic field lines of the filament have been

plotted both from PFSS and NLFFF models to see which model is more adequate

for the study.

Figure 4.1: The giant filament observed by SDO/AIA at 304Å is shown using arrow

on the left hand side while the corresponding SDO/HMI magnetogram is shown on

the right.

The giant filament with length over 800 Mm (see Fig. 4.1) was observed during

64
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Carrington (CR) 2160 (from February 2, 2015 to February 28, 2015). The SDO/HMI

daily synoptic map and SOLIS/VSM near real time synoptic map during the period

is shown in Figures (4.2) and (4.3), respectively, where the horizontal line is the lati-

tude and the vertical line shows the Carrington longitude. The region of the filament

has been shown by the rectangular solid line both for SDO/HMI and SOLIS/VSM

magnetograms. The black and white spots on the surface indicate ARs, strongest

magnetic field areas with different polarities. The maps show the magnitude of the

radial component of the magnetic field during the Carrington rotation. During the

period of CR2160, the only giant filament seen in the solar atmosphere was the one

under this study and it is the biggest filament ever studded using PFSS and NLFFF

models.

Figure 4.2: SDO/HMI daily updated synoptic map for CR2160 and the rectangular

solid line indicates the filament region.

The cutout region from the daily updated synoptic maps is shown in Figures

(4.4) and (4.5). The black and white regions are negative and positive polarities,

respectively. We use spherical optimization solar soft (SSWIDL) code for a large
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Figure 4.3: SOLIS/VSM near real time synoptic map for CR2160 and the rectangular

solid line indicates the filament region.

region of corona where the filament is suspended, we adopt a uniform spherical

grid using r, θ and φ with nr = 500, nθ = 350, nφ = 117 grid points in the direction

of radius, latitude and longitude, respectively, with the field of view of latitudes =

[-40, 2] and longitudes = [-25, 35] on the spherical globe, which is enough to include

almost all the length of the filament except the two ends.

Since the vector magnetogram data is not consistent with the force-free assump-

tion, we use a preprocessing routine in spherical geometry, which derives suit-

able boundary conditions for force-free modeling from the measured photospheric

data. Applying this procedure to both SDO/HMI and SOLIS/VSM reduces εforce

and εtorque further significantly. The two quantities are very well below unity (e.g.:

εforce = 2.50 × 10−6 and εtorque = 2.31 × 10−6 for SDO/HMI) after preprocessing,

these indicate that the data can serve as suitable boundary condition for a force-

free modeling. Doing these we approximate the magnetic field at a lower corona

where magnetic forces are expected to dominate the other forces.
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Figure 4.4: Cut-out region (FOV) from SDO/HMI daily updated synoptic map for

CR2160.

A standard preprocessing parameters from HMI data are found: µ1 = 0.1 con-

trols force freeness and µ2 = 0.1 controls torque freeness. We also obtain the opti-

mal value for smoothing parameter µ4 = 0.001 and µ3 = 0.0001 controls the differ-

ence between measured and preprocessed vector fields for the filament region.

Table 4.1. Constraint for preprocessing L12 = L1 = L2, L3, L4 with their correspond-

ing values before and after preprocessing for HMI data. The first column indicates

iteration for preprocessing, in the first row 0 indicates no iteration which means

observed values and in the second row 5000 iteration for preprocessing.

it dL L12 L3 L4 L

0 1 5.16× 10−2 0 3.98× 10−5 5.16× 10−3

5000 2.9× 10−3 7.51× 10−12 3× 10−7 3.06× 10−5 3.06× 10−8

The preprocessing influences the structure of the magnetic vector data. It does

not only smooth Bt (transverse field) but also alters its values in order to reduce the
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Figure 4.5: Cut-out region (FOV) from SOLIS/VSM near real time synoptic map for

CR2160.

net force and torque. The change in Bt is more pronounced than the radial compo-

nentBr (radial field) sinceBt is measured with lower accuracy than the longitudinal

magnetic field. In Figures (4.6) and (4.7) the arrows show the horizontal compo-

nents and the background indicates the radial component of the vector magnetic

field after preprocessing for the FOV of SDO/HMI and SOLIS/VSM magnetograms,

respectively.

In order to compute the potential field, we use the preprocessed radial compo-

nentBr of the HMI and VSM data using a spherical harmonic expansion. We imple-

ment NLFFF code initialized by the potential field solution (except for the observed

bottom boundary) during relaxation towards a force-free state in the computational

volume.

The field lines of the PFSS and NLFFF models are reconstructed from the same

footpoints. The potential field lines observed in Fig. (4.8) are obtained from the
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Figure 4.6: The arrows show the horizontal components of the magnetic field ob-

tained from SDO/HMI data model after preprocessing. The color coding in the ar-

rows show the magnitude of the horizontal components of the magnetic field in

Gauss.

PFSS model to describe topological magnetic field structures of the filament. In

this model the field lines over the filament do not show sheared arcades and this

indicates that the model hardly demonstrates magnetic topology of the filament.

The qualitative comparison between the model magnetic field lines and the ob-

served EUV loops indicates that the NLFFF model provides a more consistent field

for the filament’s magnetic field reconstruction. Figures (4.11) and (4.12) show that

there is over all similarity between the corresponding NLFFF model field lines and

image of the Sun observed by the SDO/AIA coronagraph.

In order to initialize the NLFFF code, we calculated potential field from HMI and

VSM data sets from their respective preprocessed radial field components (Br) us-

ing spherical harmonic expansion. This code solves the NLFFF equations in the

bounded domain between 1R� and the source surface at 2.5R�. The outer bound-
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Figure 4.7: The arrows show the horizontal components of the magnetic field from

SOLIS/VSM data model after preprocessing. The color coding in the arrows show

the magnitude of the horizontal components of the magnetic field in Gauss.

ary is kept fixed using the initial potential field values. All current-carrying field lines

have to be confined in the volume. We implement the new term Lphoto in Eq. (3.51)

to work with boundary data of different noise levels and qualities or even neglect

some data points completely.

For nonlinear force-free fields we minimize the functional Lω Eq. (3.51) . In

order to control the speed with which the lower boundary is injected during the

extrapolation, we vary the Lagrangian multiplier ν between 0.1 and 0.0001 to in-

vestigate the optimal parameter for HMI data. To evaluate how well the force-free

and divergence-free condition are satisfied for different Lagrangian multiplier ν, we

monitor a number of expressions, such as σj , the sine of the current weighted av-

erage angle between the magnetic field B and electric current density J, Lf and Ld.

The average angle was obtained to be 28.4085o.

The surface electric current densities of the NLFFF field models based on HMI
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Figure 4.8: PFSS model from HMI data.

and VSM data are shown in Figures (4.9) and (4.10). The value of the total surface

electric current density flux of the NLFFF field models based on HMI is greater than

that of VSM. It agrees with the fact that the HMI instrument measures more mag-

netic field than that of VSM instrument. The surface electric current density of the

NLFFF field model based on HMI spreads more around the active regions than that

of VSM. This could reflect the fact that the scaling factor between SOLIS/VSM and

SDO/HMI is different for weak and strong fluxes. The difference in scaling factor

may act as a weighting function when comparing electric currents derived from

two models.

The preprocessed NLFFF model is effective to express the full disc and large re-

gions of coroanal magnetic field lines. For our study, the FOV is very large, so that

this model can express the field structures of the filament as well. The 3D magnetic

field lines over the giant filament shown in Figures (4.11) and (4.12) using SDO/HMI
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Figure 4.9: Electric current density flux

distribution from SDO/HMI.

Figure 4.10: Electric current density flux

distribution from SOLIS/VSM.

and SOLIS/VSM, respectively, is obtained from NLFFF IDL code to indicate mag-

netc field structures above the filament. The figures show that the background pho-

tospheric region has the radial magnetic field strength extends from −1.04 × 103 to

1.04 × 103 G for SDO/HMI and −8.57 × 102 to 8.32 × 102 G for the SOLIS/VSM. The

magnetic field structures obtained from the model has the same position with the

Hα observation indicated in Fig. (4.1) by arrow on the left hand side of the two fig-

ures. The sheared arcades both in the cases of HMI and VSM data models indicate

topology of the field lines over the filament, however, twisted flux rope that sup-

port the giant filament is not clearly modeled since the filament was found in weak

magnetic field region and had weak horizontal component of the magnetic field.

The magnitude of an electric current density can be obtained from the corre-

sponding magnetic field strength of the filament region. We have found that the

magnitude of the current density extends from 1.43×101mA/m2 to 2.78×104mA/m2

and from 1.43× 101mA/m2 to 2.78× 104mA/m2 for HMI and VSM data, respectively.

The largest value indicates the highest current density in the region.

In order understand the concept of solar flares, coronal mass ejection (CME),



73

Figure 4.11: Magnetic field structures of the filament using SDO/HMI data and the

background shows the radial component of the magnetic field (Br) in Gauss.

solar filament ejection, local reorganization of magnetic field, and acceleration of

energetic particles, the estimation of free magnetic energy available for these phe-

nomena is quit important. This energy can be converted in to kinetic and thermal

energy. Free energy above the minimum-energy is required for these processes to

happen. For the filament region, we calculate the free magnetic energy to be the dif-

ference between the extrapolated non-linear force-free fields and the potential field

with the same normal boundary conditions in the photosphere. We therefore esti-

mate the upper limit to the free magnetic energy associated with coronal currents

of the form:

Efree =
1

8π

∫
V

(
B2
NLFFF −B2

PFSS

)
r2sinθdrdθdφ (4.1)

where, BPFSS and BNLFFF represent the potential and NLFFF magnetic field, re-

spectively.

Table 4.2. Magnetic energy density associated with extrapolated NLFFF field con-

figurations from SDO/HMI and SOLIS/VSM data.
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Figure 4.12: Magnetic field structures of the filament using SOLIS/VSM data and the

background shows the radial component of the magnetic field (Br) in Gauss.

Model UPFSS(erg/cm3) UNLFFF (erg/cm3) Ufree(erg/cm
3) UNLFFF/UPFSS

SDO/HMI 1.30 2.78 1.48 2.15

SOLIS/VSM 1.70 2.35 0.65 1.38

The magnetic energy density after preprocessing is obtained for the filament

region both from SDO/HMI and SOLIS/VSM data models. The magnetic energy

density obtained by non-linear force-free model, UNLFFF is 53.24% higher than the

magnetic energy density obtained by potential field source surface model, UPFSS

from HMI data. Similarly, UNLFFF is 27.66% higher than UPFSS from VSM data.

The energy density difference between UNLFFF and UPFSS is called a free mag-

netic energy density, Ufree. The grater the free magnetic energy density the more

filament eruption is observed. The ratio of magnetic energy density obtained by

NLFFF model to that of magnetic energy density obtained by PFSS model is 2.14

for SDO/HMI and 2.68 for SOLIS/VSM. These results show that the NLFFF model is
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enough to infer topological magnetic field structure of the filament.

The free energy density obtained both from HMI and VSM data model is rela-

tively small as compared to active region filaments and this made the filament to

stay long time, about two weeks before eruption.
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Conclusion

In this study, we have investigated magnetic field strength, electric current den-

sity, magnetic energy and topology of giant solar filament observed on February 10,

2015 by analyzing SDO/HMI and SOLIS/VSM data. We use both potetential and

non-linear force-free field models and the potential field solution is used as initial

condition for non-linear force-free model.

The non-linear force-free coronal field extrapolation of full-disk magnetogram

have been used, and the vector magnetogram is almost flux balanced and force-

free in which the field of view is enough to cover almost the whole length of the

filament.

Using PFSS and NLFFF model, the following results are inferred:

• The radial component (Br) and horizontal components (Bθ and Bφ) of the mag-

netic field strength for the filament have been obtained using SDO/HMI and SO-

LIS/VSM instruments. The quantitative results of both the radial and horizontal

components of the magnetic field show that the filament was suspended in a weak

magnetic field region.

• An electric current density of the filament is investigated both from HMI and

VSM data analysis. The value of the total surface electric current density flux of

the NLFFF field models based on HMI is greater than that of VSM. It agrees with
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the fact that the HMI instrument measures more magnetic field than that of VSM

instrument.

• Reconstructing magnetic field based on SDO/HMI data have more contents of

total magnetic energy density and free magnetic energy density compared to SO-

LIS/VSM data. The free energy is not as large as expected in the region, and this

made the filament to stay about two weeks before eruption.

• The topological magnetic field structure of the filament obtained from NLFFF ex-

trapolation based on HMI and VSM data have good correlation. The field lines show

sheared arcades over the filament and follow polarity inversion line.

• The NLFFF model shows the topological magnetic field structure of the filament

more accurately than the PFSS model.

In the future, we plan to study the evolution of erupting filaments which al-

lows us to answer some basic questions: for example – how the non-equilibrium

is reached leading to the eruption? What are the critical conditions for the initiation

of filament eruptions that can lead to a CME? The major source of space weather

problem is the physical effect of solar eruptions such as CMEs on the Earth’s mag-

netosphere.

Moreover, I also plan to develop an effective model to study the structure and

dynamics of giant filaments similar to the one in this thesis. The present models

do not show the evolution of giant filaments, especially those in the weak magnetic

field regions.
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Amari, T., Canou, A., McTiernan, J.M., Régnier, S., Thalmann, J.K., Valori, G., Wheat-

land, M.S., Wiegelmann, T., Cheung, M.C.M., Conlon, P.A., Fuhrmann, M., Inhester,

B. and Tadesse, T., 2009, ”A Critical Assessment of Nonlinear Force-Free Field Model-

ing of the Solar Corona for Active Region 10953“, Astrophys. J., 696, 1780 – 1791

[202] Gary, G.A., 2001, ”Plasma beta above a solar active region: Rethinking the paradigm“,

Solar Phys., 203, 71 – 86

[203] Yelles Chaouche, C. Kuckein, V. Martnez Pillet, and F. Moreno-Insertis. The Three-

dimensional Structure of an Active Region Filament as Extrapolated from Photo-

spheric and Chromospheric Observations. Astrophys. J., 748:23, Mar. 2012.

[204] Wiegelmann, T., Inhester, B., Sakurai, T., 2006, Preprocessing of vector magnetograph

data for a nonlinear force-free magnetic field reconstruction., Sol. Phys.,233, 215 –

232

[205] Molodensky, M. M., 1969, Integral properties of force-free fields, Soviet Astron.-AJ,

12, 585 – 588



BIBLIOGRAPHY 94

[206] Aly, J. J., 1984, On some properties of force-free magnetic fields in infinite regions of

space, ApJ, 283, 349362

[207] Low, B. C., 1985, Modeling solar magnetic structures., NASA Conference Publication,

2374, 49 – 65

[208] Sakurai, T., 1994, Integrated Force-Balance Equations for the Magnetic Field in

Spherical Geometry, in Solar Active Region Evolution: Comparing Models with Ob-

servations, (Eds.) K. S. Balasubramaniam, G. W. Simon, vol. 68 of Astronomical Soci-

ety of the Pacific Conference Series, pp. 307

[209] Aly, J. J., 1988, Some properties of the solutions of a non-linear boundary value prob-

lem for a force-free field in an infinite region of space. I - Energy estimates, A&A, 203,

183 – 188

[210] Wheatland, M. S., Sturrock, P. A., & Roumeliotis, G. 2000, ApJ, 540, 1150

[211] Wiegelmann, T. 2004, Sol. Phys.,219, 87

[212] Wiegelmann, T. 2007, Sol. Phys.,240, 227

[213] Wiegelmann, T. & Inhester, B. 2010, A&A, 516, A107+

[214] Wiegelmann, T., Thalmann, J. K., Inhester, B., et al. 2012, Sol. Phys., 67



Declaration

I hereby declare that except where specific reference is made to the work of others,

the contents of this dissertation are original and have not been submitted in whole

or in part for consideration for any other degree or qualification in this, or any other

university. This dissertation is my own work and contains nothing which is the out-

come of work done in collaboration with others, except as specified in the text and

Acknowledgements.

Name: Abbi Seyoum

Signature:

This PhD dissertation has been submitted for examination with my approval as Uni-

versity advisor.

Name: Dr. Araya Asfaw

Signature:

Place and date of submission:

Department of Physics

Addis Ababa University

June 2018


	Introduction
	Solar Filaments or Prominences
	Historical Background
	Motivations for Solar Filament Study

	Filament Observations
	Models of Filament Magnetic Structure
	Kippenhahn-Schlüter and Kuperus-Raadu Models
	Sheared Arcade Model
	Flux Rope Model
	Injection Model
	Extrapolation

	Magnetic Field Measurements
	Polarimetry
	Zeeman Effect
	Hanle Effect
	Inversion
	Resolving 1800 Ambiguity

	Outline of the Thesis

	Observation and Instrumentations
	The SDO
	SDO/AIA
	SDO/HMI
	SDO/EVE

	The SOLIS
	Vector Spectromagnetograph (VSM)
	The Integrated Sunlight Spectrometer (ISS)
	The Full Disk Patrol (FDP)

	Data Analysis Techniques

	Magnetic Field Modeling
	Potential Field Source Surface (PFSS) Model
	Linear Force-free Fields
	Nonlinear Force-free Fields
	Preprocessing Procedure in Spherical Geometry
	Optimization Procedure


	Results and Discussion
	Conclusion

