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ABSTRACT

The solar surface is often populated by Active Regions (ARs) that are known for
their intense magnetic field when compared to the solar quiet regions. During their
evolution the ARs may give rise to energetic events such as flares or Coronal Mass
Ejections (CMEs). In this work, data collected from the instruments Helioseismic
and Magnetic Imager (HMI) and Hinode were used to measure the magnetic field in
the Photosphere, using Stokes profiles, and to extrapolate those magnetic field vec-
tors to the layers above: Chromosphere and Corona whose magnetic field cannot be
directly measured with the available equipment and techniques. Since the behaviour
of a plasma is strongly dependent on the magnetic field the results were applied to
study the behaviour of the active region NOAA 12443. The results include maps
of the Stokes parameters measured over NOAA 12443, the velocity fields along the
Line Of Sight, a study of the behaviour of the currents and helicity of the region, the
energy evolution of NOAA 12443 using a linear force free approach and a scenario
studying some of the possible causes of the flaring activity and if this flare was an
sympathetic event.

Palavras-chave: Solar Atmosphere. Active Regions. Solar magnetism. Spectropo-
larimetry. Solar physics.
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EVOLUCAO DE REGIOES ATIVAS BASEADO EM OBSERVACOES
DE FLUXO MAGNETICO NA SUPERFICIE SOLAR E
EXTRAPOLACOES DO CAMPO MAGNETICO CORONAL: UM
ESTUDO DE CASO DA NOAA 12443

RESUMO

A superficie solar é comumente populada por Regides Ativas (ARs) que sdo conhe-
cidas por seu intenso campo magnético quando comparadas com as regioes de Sol
quieto. Durente sua evolugao, as ARs podem dar origem a eventos energéticos como
flares ou ejegdes coronais de massa (CMEs).Nesse trabalho, dados coletados dos
instrumentos Helioseismic and Magnetic Imager (HMI) e Hinode fordo usados para
medir o campo magnético na fotosfera, usando os perfis de Stokes, e para extrapolar
essas medidas de vetor campo magnético para as camadas acima: a Chromosfera
e a Coroa onde esses campos magnéticos nao podem ser diretamente medidos com
as técnicas e aparatos disponiveis para este estudo. Como o comportamento de um
plasma ¢ fortemente dependente do campo magnético esses resultados forao apli-
cados para estudar o comportamento da regiao ativa NOAA 12443. Os resultados
incluem mapas dos parametros de Stokes da regiao NOAA 12443, os campos de
velocidade ao longo da linha de visada, um estudo do comportamento de correntes
e helicidade da regiao, um estudo da evolucao energética da NOAA 12443 usando
uma abordagem linear livre de forcas e um cendrio que estuda algumas das possiveis
causas da atividade de flare e se o flare em questao foi um evento simpéatico.

Palavras-chave: Atmosfera solar. Regioes ativas. Magnetismo solar. Espectropolari-
metria. Fisica solar.
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1 Introduction

The Hertzsprung—Russell, Figure 1.1, is a scatter diagram that classifies stars ac-
cording to their luminosity and spectral classification. The Sun is located at the
main sequence of this diagram, which is where the majority of the stars can also be

found, being then considered an ordinary star.

Figure 1.1 - The Hertzsprung—Russell diagram.

J SUPERGIANTS . B e
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The Hertzsprung—Russell diagram is a very efficient tool for classifying stars. There can be
seen how some stars are classified according to the relationship between their luminosity
and surface temperature. Note that the majority of the catalogued stars are located within
the diagonal of this diagram that is known as "main sequence”.

SOURCE: European Southern Observatory (2017).

In numbers, some of the Sun basic physical properties can be summarized as: age
~ 4.5 billion years, lifetime: ~ 10 billion years, mass ~ 1.988 x 10%° kg, radius

~ 695.700 km =~ 696 Mm where 1Mm = 10° m.



Regarding how the physical dimensions and other physical properties of the Sun can
be difficult to conceive when compared to the everyday numbers in human life, it is

nothing extraordinary in terms of known universe.

The Sun is composed mainly of atoms of Hydrogen that are fused within the core
into Helium atoms releasing energy during the process. Traces of heavier elements
can also be found as the result of further nuclear fusion processes. These elements
are ionized at a high temperature, characteristic of a plasma state, that can reach
millions of Kelvin in some regions and are bound together by the gravitational force
(SCHRIJVER; ZWAAN, 2000).

Looking through a solar telescope one would notice that the solar surface is dynamic.
The motion of the solar plasma is governed by the gravitational and electromagnetic
forces. It is worth to take note that depending on the region the gravitational or
magnetic field may overcome the influence of each other and be the dominant factor
to determine the plasma motion. This is particularly useful when one needs to choose

which parameters to consider for a given study.

Based on the observable properties of the Sun, it can be divided in two primary
regions being those: the solar interior and the solar exterior. The solar interior can
be considered everything below the last visible layer while the solar exterior is ev-
erything above it including the visible surface up to the Corona. The photosphere
is often referred as being the solar surface marking the beginning of what can be

directly seen. Figure 1.2 presents an artistic representation of the solar structure.

Similarly to the layer-divisions that geologists employ to describe the Earth struc-
ture, the Sun can also be divided in layers according to the features and properties

of each region.

The inner layers of the Sun are: the Core, the Radiation Zone and the Convection
Zone while the outer structure of the Sun is composed by the Photosphere, the

Chromosphere, the Transition Region and the Corona.

The magnitude of the temperature along the layers can vary from around 15 millions
Kelvin at the Core, decreasing to values close to 6000 Kelvin at the Photosphere
and rising up to a few millions Kelvin at the Corona as illustrated in Figures 1.3
and 1.4. It is not fully understood the particularity imposed by the sharp gradient

of the temperature in the transition region.

The work which will be done following this proposal shall focus in the outer layers of



Figure 1.2 - The structure of the Sun.
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SOURCE: By Kelvinsong (Own work) via Wikimedia Commons (2017).

the Sun with a special attention to the Photosphere. Therefore for a more complete

description of the Sun and its features can be found at Schrijver e Zwaan (2000).
1.1 The Photosphere

Within the solar outer structure, the photosphere is the lowest layer of the solar
atmosphere underneath the chromosphere and the corona marking the top of the
convection zone and it is often referred as the solar surface. Since energy is trans-
ported by convection in the layer directly below the photosphere, the material in

this region is continuously moving.

It can be noticed by observing the Sun through a telescope with an angular resolution
close to one second of arc, which covers approximately 725 km at the Sun, that
the Photosphere displays a granular pattern. The photosphere is also occasionally
populated by Active Regions (ARs) that have a strong magnetic field, which can
reach a few thousand Gauss, compared to its surroundings that reach values of a few
Gauss. The strong magnetic fields of the ARs locally inhibit the energy transport
creating a zone in which the temperature is lower and it may appear darker than its
surroundings. Those darker zones called sunspots are maybe the most remarkable

structures that populates the solar disk.

An active region is formed by the emergence of strong magnetic flux and may em-



Figure 1.3 - Inner layers temperature.
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This figure shows a plot of the temperature of the Sun, represented in log-scale in the
y-axis, versus the fraction of the radius, x-axis.

SOURCE: NASA - solarscience (2017).

brace sunspots, pores and faculae within its area as represented in Figure 1.5. The
sunspot can be considered the heart of an AR and the formation of sunspots is also
entwined with the formation process of an active region. Through the measurements
of sound-speed perturbations and plasma flow in the layers below sunspots, Zhao
et al. (2001) and Kosovichev (2002) found relatively low values for the temperature

when compared to its surroundings.

The lifetime of an AR can last from hours to months and will depend on its magnetic
flux. Driel-Gesztelyi e Green (2015) published a review regarding the evolution of
active regions in which there is a table, reproduced in table 1.1, that summarizes

the relation between the magnetic flux and the lifetime of an AR.

The rise of ARs in the solar disk is connected to the solar cycle is characterized by
the number of sunspots on the solar disk. In periods of maximum activity a large
number of sunspots can be counted. In periods of minimum the number of sunspots

can even reach zero.

In the beginning of the solar cycle, sunspots in the solar disk start appearing at



Figure 1.4 - Outer layers temperature.
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Table 1.1 - Lifetime of active regions according to their magnetic flux and size.

Region Magnetic Flux (Mx) Lifetime Rise/Lifetime
Large (with Sunspots) 5 x 10% - 3 x 10% weeks - months 15-3%
Small (Pores, no spots) 1x10%° -5 x 10% days - weeks 15 - 27%
Ephemeral 3 x 10% - 1 x 10%° hours-~ 1 day ~ 30%

SOURCE: Driel-Gesztelyi e Green (2015).

higher latitudes and, as the cycle passes, those regions appear closer to the equator

as the solar cycle unfolds as predicted by Sporer’s law. Plotting a historical series of

the sunspots location give rise to what is known as the butterfly diagram which is

represented in Figure 1.6.

Sunspots and sunspots groups, as represented in Figure 1.7, are classified according

to their morphology. A sunspot is said to be regular if it has a single umbra and its

structure is reasonably circular. Sunspots can have umbral diameters that vary from

3500 to 60000 kilometers or more. Also there is no apparent dependency between

the sizes of the umbra and the penumbra.



Figure 1.5 - Small scale structures.
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Here it can be seen highlighted some small scale structures of the solar surface.
SOURCE: Rietmuller (2013).

A solar pore can be mistaken as a small sunspot since it can reach 7 Mm in diameter

however, differently from sunspots, solar pores lack of a penumbral region.

The magnetic field of a sunspot is more intense at its center and drops monotonically
outwards being then the outer penumbral edge the region where it is less intense.
The magnetic field is a central quantity for determining the properties of the sunspot
and can be measured through the Zeeman effect in photospheric layers. In a similar
fashion the magnetic field drops with height, being the gradient more intense when
close to the surface of the photosphere. The magnetic field reaches values up to 3000

Gauss at the center of the penumbra.

The magnetic vector is nearly vertical at the umbral region of a sunspot while
the penumbral field have, in contrast, an orientation tending to the horizontal. In
fact the magnetic field intensity is almost linearly dependent with the angle that
measures the inclination of the magnetic vector in relation to the surface normal.
At the boundary between the umbra and the penumbra, the average value for the

inclination angle is between 70 and 80 degrees.



Figure 1.6 - The Butterfly Diagram.
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Representations of the sunspots appearance and the solar cycle. This diagram is called
butterfly diagram since the pattern created by the rise of sunspots in the solar disk remind
that of a butterfly wing.

SOURCE: NASA, Marshal Space Flight Center, Solar Physics (2017).

The magnetic field of a sunspot continues beyond the observable surface taking, in
most cases, the shape of an horizontal canopy, as a result of the expansion with
height of the magnetic flux tube over the sunspot, with a base in the middle or
upper photosphere (SOLANKI, 2002). A representation of the solar canopy made by
Wiegelmann et al. (2014) is reproduced in Figure 1.8.

The brightness, unlike the magnetic field intensity, increases together with the dis-
tance from the center of the sunspot but not monotonically. However the magnetic

flux of the penumbra is from 1 to 1.5 times as intense as in the umbra.

Similarly, the temperature also depends on the spatial position within the spot.
However the temperature grows outward the center of the umbra. In the umbra the
temperature is 1000-1900 K cooler than the other regions of the quiet Sun while
this difference is less pronounced at the umbra region decaying between 240-400 K.
The major discussion regarding how the temperature is lower within active regions
points that the magnetic field is the responsible for diminishing the temperature by
inhibiting the heat flux.

As pointed by Solanki (2003) sunspots are magnetic structures and, as such, one

might expect the solar magnetic fields to play a key role on the rise and evolution



Figure 1.7 - Sunspot group.

Image of a sunspot group (AR10030) provided by the Swedish Solar Telescope. The dis-
tance between two ticks is 1000 km. The penumbra structure, made of filaments, can be
clearly noticed enveloping the umbra region.

SOURCE: Institute for Solar Physics of the Royal Swedish Academy of Sciences (2017).

of any active region. For example an increasing in the magnetic flux can be seen
in a given region prior to the appearance of pores that later may turn into larger
ARs with sunspots. Another point to consider when emphasizing the importance
of the magnetic fields to study the behaviour of any solar related phenomena is to
recall that the Sun is in a plasma state where the large amount of ionized particles
that compose the medium will react to the presence of magnetic fields and magnetic

structures defined by it.
1.2 Motivations

Even considering that the life on Earth depends on the Sun much yet has to be done

to deeply understand its behaviour or to establish laws that are capable of predict



Figure 1.8 - Sketch of the solar magnetic field structure.
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SOURCE: Wiegelmann et al. (2014)

the occurrence of solar phenomena such as flares or CMEs that may result in effects
on Earth that range from a small disturbance in the magnetosphere to a collapse of
the electrical network. Such extreme effects are more likely to happen in countries

at in high latitudes, however, disturbances can also reach mid-latitude regions.

Sunspots are regions that display a strong magnetic field and thus energy. Therefore,
most of the energetic phenomena are related to the evolution of those regions where
the energy buildup will define the amount of free energy that is available to be

released.

Also, there is a wide collection of challenges to understand the behaviour of active
regions, for example: processing and working with solar data, improve theories that
try to describe the dynamics of the plasma that form the active region and implement
routines able to perform better extrapolations of the photospheric magnetic field to

the Corona.



1.3 Objectives
1.3.1 Main objective

The main objective of this work is to study the evolution of active regions. The
study is focused on the AR NOAA 12443 which was on the solar disk between
October 28th and November 10th of 2015. During this period the GOES X-ray
sensor registered activity peaks that are characteristic of M-class flares and Coronal
Mass Ejections (CMEs) could also be noticed through LASCO making this AR an

interesting case-study for being connected with such energetic events.
1.3.2 Specific objectives

The specific objectives are to employ the Stokes profiles and magnetic field extrap-
olations in order to obtain substantial information regarding the observed region
such as:

e Produce solar surface maps to study NOAA 12443 structure;

e Estimate the velocity fields;

e Obtain the magnetic field structure and energy associated to it.

Using the obtained parameters, describe the AR behaviour.
1.4 The structure of this work

The remaining chapters of this work are structured as follows:

e Chapter 2 outlines the knowledge on spectropolarimetry that were pon-
dered upon during the course of this work to study the AR evolution and
recover physical properties of the photosphere from the available measure-

ments.

e Chapter 3 presents how magnetic field extrapolations can be used to draw
the magnetic structure of a given region and also how the energy budget
of the AR can be estimated.

e Chapter 4 shows the results obtained with the Stokes profiles.

e Chapter 5 shows the results obtained with the magnetic field extrapola-

tions.
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e Chapter 6 focuses on studying the possible causes of NOAA 12443 flaring

activity.

e Chapter 7 presents the compilation of the results concluding the study.

11






2 Spectropolarimetry
2.1 Introduction

When a telescope is observing some object it is, in fact, measuring the energy of
the electromagnetic radiation that the object is producing or reflecting. However for
many purposes, including the study the Sun, the energy output for itself does not
directly present enough information. Fortunately, more information can be obtained
and inferred from a beam of light. More precisely, what a telescope measure is the

Poynting Vector of a beam of light.

The formalism discussed in this chapter can be used to study the “entirety” of the
electromagnetic spectrum. However, since this study focus on the visible part of
the electromagnetic spectrum with a special attention to the neutral iron line (Fel),
the word light will be used to describe the object of study. The neutral iron line is
particularly interesting since it is a photospheric line, in the visible region, with a

moderately large Landé factor. These properties shall be described along the chapter

Light can behave as a particle and also as a wave being commonly referred as wave
packets. As a wave, while the electromagnetic wave propagates itself, the electric
and magnetic fields associated with it oscillates both perpendicular to the direction

of propagation of the wave.

Treating a monochromatic beam of light as a set of harmonic plane waves, it can be

described using the homogeneous wave equation':

V2E — %’;E =0 (2.1)
Where € and p are, respectively, the dielectric permittivity and magnetic perme-
ability, ¢ is the speed of light and E is the electric field vector. As it can be seen,
Equation 2.1 involves a second derivative in space of a function that return the
second derivative in time of the same function which is characteristic of an har-
monic oscillator. Therefore, as one might expect, the solution of such equation is a

harmonic function of the type:

! As stated above, both electric and magnetic fields are oscillating and would follow an homo-
geneous wave equation. However the electric field is usually used to describe the electromagnetic
radiation.

13



E, = aje %) (2.2)

Where w is the angular frequency, ¢ stands for time, J is the phase angle and a; is

given by:

CLj = AjeiE'F (23)

Being k the wave vector, 7 is the position and A; is the wave amplitude. Therefore,

a wave which is propagating along the z-axis could be described as:

Ew — axe—i(wt—éw)
E, = a,e”@=%) (2.4)
E. =0

Where E,, E, and E, are the components of the electric field. The polarization

tensor of this wave can then be defined as:

C= = Caly (2.5)
E,E; E,E;

Being E} and E the complex conjugate of, respectively, £, and E,. Therefore, the

polarization tensor can be written as:

2 s
C:( o e ) (2.6)

AzQy - € a

Where the phase difference 0 is the constant phase difference § between the different

components of the electric field vector:

§=0,—96, (2.7)

The polarization specifies the geometrical orientation of the electric field vector os-

cillation with respect to the wave vector (k) and unveil some properties of the wave

that are represented in Figure 2.1. Those geometries are explored by the Stokes

14



Figure 2.1 - Polarization and phase difference.
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This figure pictures the different geometries described by light polarization depending on
the phase difference 6.

SOURCE: Iniesta (2003).

parameters to fully describe the electromagnetic radiation and are going to be ad-

dressed over the next sections of this work.

In the solar physics context, spectropolarimetry is the set of techniques that allow
someone to establish the connection between the properties of polarized light and
other quantities that are key for a better understanding such as the magnetic field,

whose importance was already discussed on previous sections.

Spectropolarimetry is mainly based in three formalisms:

e The Zeeman Effect: that explains how the spectral lines emitted by an

atom change in the presence of a magnetic field;

e The Stokes Parameters: that are used to fully characterizes the degree of

polarization of a beam of light;

e The Radiative Transfer Equation (RTE): which describes the interaction

between radiation and matter.

Those subjects will be discussed taking as a reference for notation and the order in

which the topics are presented the text written by Gonzalez (2006).

15



2.2 The Zeeman Effect

It is known that the protons and neutrons are bound together forming a nucleus by
the action of a strong force and that the electrons have a very particular movement

around this nucleus.

Such movement defines the orbital angular momentum of the electrons (E) Fur-

thermore electrons have Spin (5,), that is a form of angular momentum inherent of

elementary particles.

—

Therefore the total angular momentum (J) of the electron is given by the sum of

orbital angular momentum and spin:

—

J=L+35, (2.8)

The essence of the Zeeman Effect resides in the consequences that the broken degen-
eracy of the J states due to the presence of a magnetic field brings to the observed
emission line. If the magnetic field is sufficiently strong and the line sensitive to it,

the emission line will split into components.

There are however more possibilities then what is represented by the “normal” Zee-
man effect, which is the degeneracy of a state resulting in the classic triplet, which
may result in more lines appearing where the number of components (Neymp) can

be calculated as a function of the energy level J by a fairly simple expression:

Ncomp =2J+1 (29)

This phenomenon is called "anomalous" Zeeman effect that, in fact, is the most
general case of the Zeeman effect. However, an effective triplet can be used for

substituting an anomalous one for the sake of simplicity as illustrated in Figure 2.2.

The displacement of the o components illustrated in Figure 2.2 of the light emitted

by the atom may be calculated as:

2
ex;

4dmme.c

A)\ig = FYGeff B (210)

Where e and m, are the electron charge and mass and )\ is the original wavelength of

16



Figure 2.2 - Zeeman splitting diagram.
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The single-line emission breaks into a multiplet when exposed to a magnetic field as a
consequence of the Zeeman effect.

SOURCE: Santiago (2004).

the observed line. The sub-index o refers to the displaced components of the triplet
being those commonly denoted as ¢, and ;. The sub-index 7 refers to the principal
component of the triplet. Equation 2.10 states which is the proportionality constant
between the line separation and the magnetic field being this constant called the

effective Landé factor (gess).

The Landé factor is a multiplicative term associated with a small perturbation in
the electron energy state and it can be calculated as a function of the energy states

of the electron:

Sp(S, +1)— L(L+1)
2J(J +1)

3
geff = 5 —|— (211)

The Landé factor accounts for the sensitivity of a line to be separated when exposed
to a magnetic field. Therefore, as predicted by Equation 2.10, both the Landé factor
of a line and the magnetic field will define the distance between two lines after the

separation.
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2.3 Stokes Parameters

In 1852 George Gabriel Stokes defined a set of four parameters capable of fully
describe the electromagnetic radiation intensity and polarization degree. Those pa-
rameters are commonly symbolized by the letters I, Q, U and V and will be presented
bellow following the description made by (DEGLINNOCENTI, 1992).

= I denotes the total intensity of the light in a given spectral range and can be

approximated by the following expression :

I~ %(1 + cos?y) + %52’7127 (2.12)

Being the terms k, and k, represent the ¢ and m components of the spectral line
and v is the inclination angle between the magnetic field present in the observed

region and the direction of propagation of the light (see Figure 2.3).

= Q and U express the fraction of the intensity which light is linearly polarized and

can be approximated as:

Q ~ B*sin*ycos2¢ (2.13)

U =~ B?sin*ysin2¢ (2.14)

Where B is the intensity of the magnetic field ¢ is the azimuth angle of the magnetic

field vector.

= V accounts for the fraction of the intensity which light is circularly polarized and

can be approximated as:

V = Bcosvy (2.15)

In a more precise way, the Stokes parameters can be defined as a function of the

polarization matrix C' that is represented in Equation (2.6):

18



Figure 2.3 - Line of sight geometry.

Considering that the Line Of Sight (LOS) is parallel to the z-axis, v represents how much
the magnetic field vector is inclined in the direction of the observer while ¢ will define the
direction in respect to the x-y plane.

SOURCE: Original source: Iniesta (2003) Figure 7.1, adapted by J. Palacios.

I = /Q(Cll + 022) = R(ai + GZ)
Q = K(CH - 022) = /{(ai - ag) (2]_6)
U = k(Cia+Cun) = 2kaza,cosd
V = ik(Coy — Ci2) = 2Kagza,siné

Experiments can be performed in order to measure the degree of polarization of
the light and, consequently, the parameters of Stokes. The four parameters and its
dependence on a spectral line are called the Stokes Profiles. The degree of polariza-
tion of the electromagnetic wave and, consequently, the parameters of Stokes can be

directly measured.
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Figure 2.4 shows the measurements of the Stokes parameters of a region on the solar
disk. The horizontal blue arrow points the direction where the wavelength increase.
The wavelength at the origin is equal to 6300.8900 A, the measurements are made
with an interval of 21.5 mA and have a spectral resolution of 112 pixels so they
comprise up to 6303.298 A. The vertical blue arrow is a reference in pixels for the
spatial resolution. The green arrows indicates the neutral iron lines (Fel) 6301.5107
A and 6302.5000 A where most of the radiation is absorbed as can be clearly seen
by a Stokes I profile. The usual topology of the Stokes profiles when measured over
regions similar to the ones highlighted by the red arrows 1 and 2 are represented in
Figures 2.5 and 2.6.

Figure 2.5 brings an example of how the Stokes profiles looks like when measured
over a region without a considerable magnetic field such as an AR. Figure 2.5 brings
an example of how the Stokes profiles looks like when measured over a region without

a considerable magnetic field such as the quiet Sun.

Figure 2.4 - Stokes parameters measurements.

Starting from the top left-hand side there are the measurements of Stokes I, Q, U and V
of AR NOAA 12443 obtained through Hinode Telescope at 2015/11/03 - 14:15:49.

SOURCE: Author’s own work.
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Figure 2.5 - Stokes profiles of a region with a negligible magnetic field.
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Starting at the top left-hand side and going clockwise it is presented the topology of the
normalized line profile of Stokes I, Q, V and U obtained of AR NOAA 12443 obtained
through Hinode Telescope at 2015/11/03 - 14:15:49. When not covering a region where
the magnetic field is strong the Stokes profiles have a shape that resemble a noise signal.

SOURCE: Author’s own work.

2.4 Radiative Transfer Equation

The light captured by a device, being it based on Earth or in space, interacted with
matter along its path resulting in changes. On its way from the photosphere to a
telescope a photon would have to pass through the solar atmosphere and, if the

telescope is ground based, through the Earth’s atmosphere as well.

The Radiative Transfer Equation (RTE) plays a role that is, in some aspects, similar
to the use of the Zeeman effect since it is a formalism that can be used to reconstruct

the original condition in which the photon detected by the device was emitted.

The assumption that the Sun is in local thermodynamic equilibrium (LTE), which is
equivalent to say that only radiation is allowed to deviate from the equilibrium state.
Also it is assumed that the atmosphere is magnetised. The RTE for a polarized light
in a plane-parallel atmosphere can be written as the rate of change of the Stokes
vector I along a path with continuum optical depth (7.) (INIESTA, 2003):
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Figure 2.6 - Stokes profiles of a region with an intense magnetic field.
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Starting at the top left-hand side and going clockwise it is presented the topology of the
normalized line profile of Stokes I, Q, V and U of AR NOAA 12443 obtained through
Hinode Telescope at 2015/11/03 - 14:15:49UT. Unlike from figure 2.5, this plot covers
a region where the magnetic field is significant, covering an AR, and the characteristic
topology of each Stokes profile can be promptly spotted.

SOURCE: Author’s own work.

dl

dr, -

~K(I - S) (2.17)

Where S is the source function vector responsible to consider the emissivity and K

is the propagation matrix that can be written as (INTESTA, 2003):

nr nQ nu Ui%
Ne " pv  —pPu
Nu —pv NI PQ
v pPu  —PQ NI

(2.18)

The matrix elements (1) and (p) are given by:

Xb+Xr
2

n=1+ % Xpsiny + (14 cos*y)

22



ng = % { » T+ Xb ;— XT] sinycos2¢
= % {Xp + Xb —5 XT] sinzﬂysin%ﬁ
Mo
W= [Xr — Xo] cosy
po = % lxp _ W _g wr] sin?ycos2¢
pu = % [g[;p _ W —g wr] sin®ysin2¢

pv = % [¢hr — thp] cosy

Where (xp.r») and (1,,5) are, respectively, the absorption and the dispersion coeffi-
cients and () and (¢) are the inclination and azimuth angles between the magnetic
field and the direction of propagation of the light. The index p stands for the principal

() component while the indexes b (blue) and r (red) accounts for the o components

of a Zeeman multiplet.

Therefore, the elements 77 uv and pouyv take into consideration not only the
absorption and dispersion profiles of the medium but also the geometry that is
being used to describe the radiation path. A deduction and further discussion of
those elements can be found at Chapter 7.3 of (INIESTA, 2003).

=

The stokes vector (I) is given by an array containing the four Stokes parameters:

I
[= g (2.19)
%
The emissivity properties of the medium, accounted in S , are defined as:
S = (B,(T),0,0,0)" (2.20)

Where B, (T'), under LTE, is the Planck function given by:
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2h13

hv

B(T)= ——————
@ (et —1)

(2.21)

Both source and Planck’s functions are local quantities. The evolution of the light’s
intensity as it passes through the medium can only be known if the physical prop-
erties of the medium are given. An atmosphere model can then be employed to

emulate such properties based in a set of assumptions regarding the properties.

The continuum optical depth (7.) is defined as:

Te = / ’ XcontdZ (222)

Being x.on: the frequency-independent absorption coefficient for the continuum ra-
diation, that will account for the material properties of the medium, and the limits
represent the path that is oriented in the direction (—2) from the starting point of

integration z toward the observer that is considered to be at zj.
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3 Magnetic field extrapolations
3.1 Introduction

In the previous section we mentioned that the magnetic field can be measured using
the Zeeman effect. However this is only possible within the limits of the photosphere.
Below the photosphere it is not acessible for telescopes while above it only the
shape of the magnetic field lines can be inferred by polarimetry. There are, however,
methods that allow the magnetic field of the corona to be extrapolated from what
is measured in the photosphere as proposed by Nakagawa e Raadu (1972). For more
specific information regarding this subject, Wiegelmann e Sakurai (2012) recently

provided an updated review.
3.2 Force free magnetic field extrapolations

For this work purposes the Sun is treated using the ideal MHD equations. There are
three general assumptions (SCHRIJVER et al., 2011): the validity of the continuum
approximation and non-relativistic dynamics, the quasi-neutrality of the plasma
and that the collisional coupling between different ions constituting the plasma is

sufficiently strong to treat the plasma as a single fluid.

In order to extrapolate the field one assumes the validity of the ideal magnetohy-

drodynamics (MHD) equations:

e Mass conservation (continuity equation):

ap L
E-I—V-(pv) =0 (3.1)

e Second Newton’s law for fluids:

dv - o
pdf;’ = VP+JxB+pj (3.2)
Where: y 5
aza‘i‘v'v (33)

e Adiabatic equation for fluids:

£(5) w0 o



Ideal Ohm’s Law for fluids:

E+#xB=0 (3.5)
e Gauss’s law for magnetism:
V-B=0 (3.6)
e Faraday’s law:
0B ,
— =—-VXxFE 3.7
ot . (3.7)

Low frequency Maxwell-Ampere law:

— -

V x B = poJ (3.8)

Where v is the fluid velocity, J is the current density, p is the mass density, P is the

plasma pressure and ¢ is time.

From equations 3.5 and 3.7 the temporal evolution of the magnetic field can be

written as:

—

0B o =
EZVX(UXB) (39)

To verify the limits where the ideal MHD descriptions stand true it is necessary to

regard the Ohm’s law, that can be written in it more simplistic form as:

-

J=0(E+7x B) (3.10)
Being the plasma conductivity (o) represented by:

2
o = el (3.11)

Me

Where 7,; is the collision time between electrons and ions, n. is the electron density,
e is the electron charge, and m, the electron mass. The temporal evolution of the

magnetic field, combining equations (3.7) and (3.10), is:
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“— =V x (% B)+nV*B (3.12)

n=— (3.13)

An adimensional analysis of the terms on the right hand side of equation 3.12, leads

to a characteristic distance (L) to describe the evolution of the parameters:

!
V _
ey

Dividing the terms on the right hand side of equation 3.12 lead to the following:

|V x (Gx B)| _wL
- T (3.14)

Where L is the typical length scale, v is the characteristic velocity of the studied

region. The magnetic Reynolds number R, is given by:

Ry = — (3.15)

The validity of the ideal MHD approach can be verified using the magnetic Reynolds
number which will state whether the regime is dominated by diffusion or advection.
The coronal loop typical length scale is around 10% m while the characteristic velocity
is around (100 ms™!) and the magnetic diffusivity is usually (1 m?s™!), which would
lead to a magnetic Reynolds number of the order 10'°, but the magnetic diffusivity
can reach up to (10® m?s™!) in turbulent regions reducing the values of the magnetic
Reynolds number to the order of 10* (SCHRIJVER et al., 2011). Therefore, there are

two distinct types of regime based on the magnetic Reynolds number:

e R,, >> 1: the advection dominated regime. The induction equation re-
duces to the ideal MHD equation. Thus, the MHD approach is valid. Then:
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oB -
Which is consistent with equations 3.5 and 3.7.

e R, << 1: the diffusion dominated regime. In turbulent regions the induc-
tion equation take the form:
o8 4
— =nV’B 3.17
5 " (3.17)
A diffusion dominated regime would go against the general assumptions

since the heat diffusion would prevent the ions from being in the same

temperature and, thus, the LTE conditions would not be validy.

The magnetic Reynolds number of ARs is indeed large (HOOD; HUGHES, 2011) ensur-
ing then that the heating exchange is negligible and, thus, the ideal MHD approach
can be used to study such regions.

In static equilibrium (v = 0), equation 3.2 holds that:

—VP+JxB+pj=0 (3.18)

Comparing the magnitude of each force represented in the left hand side of equation
3.18 against the cross product between the electric current and the magnetic field,

for the pressure gradient:

(3.19)

VP VP P

=S By )
| Jx Bl [|YXEXB| g5,
The ratio (5) between the plasma pressure (P) and the magnetic pressure, known

as plasma-(3, is:
P

Therefore, if § << 1 the force related to the pressure gradient can be disregarded
when compared to the magnetic pressure. Figure 3.1 shows the predicted changes

of the plasma S values with height.
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Figure 3.1 - Plasma beta model.
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The values of 3 starts decaying from the photosphere until the Corona.
SOURCE: Gary (2001).

Typical values for pressure and magnetic field will vary accordingly to the region,
some examples are exhibited in Table 3.1 which is adapted from Aschwanden (2005).
It can be seen that the cool and hot corona indeed have low values of plasma-/3, which
is not true however for the photosphere and outer corona. Thus, the hot and cool

corona can be said to be approximately free of forces.

Taking the coronal density (ng ~ 10 m™3, p ~ 1.67 x 107!2 kg m~3) at a distance
r ~ 8% 10® m which is 100 Mm above the photosphere and using the results obtained
for NOAA 12443 for J and B results in:

| pi|<<| Jx B | (3.21)
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Table 3.1 - Values for magnetic field and pressure at the solar atmosphere.

Parameter Photosphere Cool corona Hot corona Outer corona
Pressure (dyn/cm?) 1.4 x 10° 0.3 0.9 0.02
Magnetic field (G) 500 10 10 0.1

Plasma-f 14 0.07 0.2 7

SOURCE: Adapted from: Aschwanden (2005)

Then the gravitational force can also be disregarded thus, under those conditions,

the field is said to be free of forces.

From Equations 3.19 and 3.21 the force free condition arises, where:

JxB=10 (3.22)

3.2.1 The force free parameter

Equation 3.22 states that J || B, or, introducing a parameter «(7):

J = a(f)B (3.23)

From Ampere’s law (Equation 3.8):

V x B = poa(f)B (3.24)

Taking the divergence of Equation 3.24:

V- |a(#B| = B-Va() + a(f)V - B (3.25)

Therefore:
B-Va(F) = (3.26)
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It is possible to state from Equation 3.26 that:

e B is over the surface of constant alpha.

e «(r) is constant along each field line but it can vary according to each line.

From Ampere’s law the component of the electric current along the z-axis is:

0B 0B,
o = (ax _ ay) (3.27)

Also, from Equation 3.24, the component of the electric current along the z-axis is:

0B, 0B,\ .
( or Oy ) = poa(7) B, (3.28)

Since «(7) is constant along a field line, if the magnetic field vector is known for
z = 0, the mapping of «(7) for the photosphere can be written using Equations 3.27
and 3.28 as:

0By 9By
o Ox Oy

z=0 Bz

J.
a<l’71/72 = 0) = Ho—H5~

5 (3.29)

z=0

The force free parameter then is propagated for z > 0 in the volume along the field

lines. The typical values of | @ | in ARs would be between 0 and 0.05 Mm™".

From the definition it can be noted that the force free parameter is a function of the

position henceforth it is worthwhile to enforce that « is constant along a field line.

The force free parameter is associated with the magnitude and direction of the
electric current density. Topologically, @ induces a torsion in the magnetic field

lines. The direction of this torsion depends on the sign of «.

Essentially, there are three different types of magnetic fields extrapolations that differ

from one another according to the assumption made on the force free parameter

(a(r)):

e Consider that alpha is zero:



(3.34)

Therefore, from Equation (3.24):

VxB=0 (3.30)

The magnetic field can then be obtained from a potential (¢(7)):

B = V() (3.31)

Taking the divergence of Equation 3.31 it can be seen that the potential
(¢(7)) can be described by Laplace’s equation:

V2o() =0 (3.32)

Therefore, this configuration represents the minimum energy state of the

system which is a potential field in the absence of electric currents.

Consider that alpha is a constant over the entire space:
a(r) = ag

Under this assumption the orientation of the magnetic field will be the
same over the surface of the force free distribution. The magnetic field can

be described by the Helmholtz’s equation:

V2B(F) + a2B(7) = 0 (3.33)
This kind of assumption characterizes a linear force free approach.

Consider that alpha varies along space:
a = ar)

In a non-linear force free approach, the equations:

—

V x B = a(f)B
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B-Va=0 (3.35)

Must be satisfied.

Regardless of the assumption for the force free parameter, however, the appropriate

boundary conditions must be used.

For a review of techniques for magnetic field extrapolations Wiegelmann e Sakurai
(2012) covers the most used methods such as: Grad & Rubin, Optimization, Vertical
Integration, Evolutionary,etc. Each method is based on different assumptions and
boundary conditions offering a diversity of tools to study the magnetic field under
different situations. For this study an algorithm using the optimization approach

was used and it shall be discussed in the following chapters.
3.3 Energy budget

The magnetic energy density (u,,) is given by:

BZ

i 3.36
2 (3.36)

Um

Therefore, for a given area of the Sun disk, the magnetic energy of a given volume
of the sun disk can be calculated by integrating the magnetic field contribution over

the studied volume:

BQ
U, = /V 2V (3.37)

Since the energy associated with a region is dependent on the magnetic field it is
expected that different values for the energy will be found according to the method
used to extrapolate the field.

The potential field methods (a = 0), for instance, can retrieve the value of free mag-
netic energy necessary to create eruptive process, such as flares, even representing
the simplest possible configuration for the system however the approach is unrealis-
tic since it does not consider the presence of electric currents. In other hand, the non
linear force free extrapolation (o = «a(x,y)) will return a configuration with more

complexity for the magnetic field energy and, consequently, also a greater value of

33



the magnetic energy.

Those concepts are more clearly seen using the helicity (H,;) of a field line, that can

be mathematically described as:

Ho = /V A. Bav (3.38)

Being A the vector potential of the magnetic field. The helicity can be injected in a

field line by means of the horizontal shear and vertical motions of the plasma.

The concept of helicity can also be used to further describe the force free parameter
(o). Equation 3.24 implies that the magnetic field is directly proportional to its own

helicity and the proportionality between them is the force free parameter.

The difference between the magnetic energy density calculated using the values of
the magnetic field obtained through the potential and non linear force free methods

can then be defined as the energy budget (Uy,.) of a given region.

Ufree — Unlff - Upot (339>

The ratio between U, ¢y and U,y is always positive.

The energy budget is the available energy to be released in flares or eruptive events.
The works of Régnier et al. (2005), Schrijver et al. (2008) and Thalmann e Wiegel-
mann (2008) point that it is reasonable to assume that the energy budget necessary
in order to occur flare releases is around 10%.J while in Régnier et al. (2002) it was
found that an energy proportional to 10?*J was insufficient to trigger such events.
For intense events, like a X-class flare, Metcalf et al. (2008) found that the necessary

energy is around to 10%6.J.

Therefore, by continuously observing an active region, its energy dynamics can then
be studied and the energy build up can be measured. The energy build up is then
an important feature in the study of an active region evolution since it will estimate
the amount of free energy that an AR can release eruptive processes. Monitoring the
AR NOAA 10540 Thalmann e Wiegelmann (2008) found that the magnetic energy
density not necessarily decreases after a flare however this result may be found due

to the lack of temporal resolution available to study the AR energy budget.
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The energy can be released by converting magnetic energy in other energy forms by
means of the magnetic reconnection. The build up of the energy is also influenced
by the helicity (H) injection within the AR.

3.4 Comparing the extrapolation results to the actual data

Whether or not a result can be considered reasonable depends on two things: the
data must be consistent with the laws of physics and, more importantly, must match

the observations.

For extrapolations this is also true although the observations can be used to perform
tests and find an optimum value for the force free parameter. Since the latter can not
be measured, like the magnetic field vector, initially setting a value for « relies on
the experience of the user being no more than a guess. This process can be improved
by comparing the shape of the extrapolation with the topology of the plasma loops
that rise from the photosphere. Since their movement is bounded with the magnetic
field lines, it can be considered an indirect form of seeing such lines. Then the force
free parameter can be adjusted until a good match between the extrapolation and
the data is found. The changes in the energy density can then be monitored once

the magnetic field is obtained.

Also, the GOES(XRS-EUV) (BORNMANN et al., 1996) Ultra-Violet and X-ray fluxes
can be used to compare the amount of energy that was released during a flare with

the results obtained through calculations.

The problem regarding such methodology is that one shall trust that the non-linear
force free is capable to properly extrapolate the magnetic field and, thus, retrieve

the “correct” energy within the specified volume.

A discussion covering the validity of magnetic field extrapolations to study ARs
can be found in Rosa et al. (2009) and a review of the magnetic field in the solar

atmosphere is given by Wiegelmann et al. (2014).
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4 Usage of Stokes profiles
4.1 Introduction

This section will present the results that were obtained through the usage of spec-
tropolarimetric observations made by the Hinode SOT/SP mission in order to de-
scribe the major features associated with NOAA 12443 during the time in which the
instrument was observing the region. Part of the results were presented at IAU 328

meeting in Maresias-SP (Brazil) and published as proceedings.

As discussed in chapter 2 the Stokes profiles can be used to infer some of the proper-
ties of the solar atmosphere. This chapter comprises the results obtained by mapping
the solar surface with full Stokes data. A brief description of the computational tools

used as a base for this study is presented at the appendix A.
4.2 Data processing

In order to study the solar surface it is often convenient to plot maps of the relevant
physical parameters, e.g. magnetic field strength or flow velocity. Some of those maps
can be extracted directly from the Stokes profiles without the need to use an Stokes

inversion algorithm.

Taking for example HMI (SCHERRER et al., 2012) (PESNELL et al., 2012) and Hin-
ode/SP instruments (KOSUGI et al., 2007) (TSUNETA et al., 2008), where the first is
a full Stokes imager while the latter is a spectropolarimeter. HMI can take a full
picture of the Sun every two seconds and Hinode need several minutes to cover a

single region, the latter has a better spectral resolution.

One example of working using surface maps of the solar surface to study the be-

haviour of active regions is presented in Gonzalez (2006).

Below we will give an introduction of the maps that were used on this work to study
the solar surface produced with data from Hinode solar telescope. The codes, written

in IDL, used to plot the maps can be requested to the author of this dissertation.
4.2.1 Continuum maps

Continuum maps are basically a map of the values of Stokes I over the observed
region. They are particularly useful to identify structures such as ARs and bright

points. An example of such map is represented in Figure 4.1.
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Since the spectral line formation is proportional to the height in the photosphere,
it is also possible to study the shape of the structures on different layers of the
photosphere. Taking data from Hinode as an example, the first spectral pixel would
correspond to the continuum, which is emitted mainly from the photosphere, while

the line wings and core usually sample higher layers.

Figure 4.1 - Mapping the solar surface - continuum.

Continuum map of AR NOAA 12443 at the neutral iron lines (Fel) 6301.5107 A.
SOURCE: Author’s own work.

4.2.2 Linear polarization maps

The maps of linear polarization will highlight regions where the magnetic field is
perpendicular to the LOS and, therefore, the linear polarization emission is more
pronounced. Those maps are particularly useful to see the structure of the penumbra

surrounding the AR, as can be seen on Figure 4.2.

The value of the degree of linear polarization for each pixel was calculated by:

Ly = J <Igm>2 - (Ifn)z (4.1)

Which is a sum of the Stokes parameters Q and U normalized by the continuum
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Figure 4.2 - Mapping the solar surface - linear polarization.

Linear polarization map of AR NOAA 12443 at the neutral iron lines (Fel) 6301.5107 A.

SOURCE: Author’s own work.

values of Stokes I for that pixel on the spectral line.
4.2.3 Weak Field Approximation

The Weak Field Approximation (WFA) can approximate the values of the magnetic
field considering that the broadening on the wavelength caused by it (AAg) is much
smaller than the Doppler broadening (AAp) as discussed by Gonzélez (2006). WFA
is valid if a line has a small or moderate effective Landé factor and the field is not
strong enough to saturate the line separation. For the Fel 6301.5 A the magnetic
field should be less than 1000 Gauss.

The weak field approximation as presented, for example by Milié¢ et al. (2017), can

be calculated using the following expression:

dl
V(A) = —4.39 x 10*13A2gBHa (4.2)

Since Stokes V' is a characterization of the circularly polarized component of light, it

will map the component of the magnetic field that is along the Line of Sight (LOS)
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which is a consequence of the Longitudinal Zeeman effect.

While it does not retrieve the magnetic field vector, the weak field approximation is
useful to study the magnitude of the magnetic field along the LOS and also unveil
magnetic structures that might be difficult to spot at the continuum map as shown

in Figure 4.3.

Figure 4.3 - Mapping the solar surface - weak field approximation.

Weak field approximation map of AR NOAA 12443 at 6301.5107 A.
SOURCE: Author’s own work.

4.2.4 Dopplergrams

Since the solar plasma is not static, it is expected that the wavelengths measured
by Hinode will be somehow shifted because of the plasma’s motion which will result

in a dopplershift:

cAN D
Ao

(4.3)

Vips =

Where )\ is the reference wavelength. The zigzag pattern in Figure 2.4 representation
of Stokes I is a clear example of Doppler effect on the measurements. Therefore,

taking the line shifts allows to map the velocities parallel to the LOS as presented
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in Figure 4.4. The difference arises from the slight asymmetries on Stokes I profiles
on the minimum points of intensity of the Stokes I profile, in this case for neutral
iron lines (Fel). Typical values found reach up to 2 km s™! for both downflows and

upflows.

Figure 4.4 - Mapping the solar surface - dopplergrams.

Dopplergram of AR NOAA 12443 at 6301.5107 A. Downflows are in white color and
upflows are in black color.

SOURCE: Author’s own work.

There are two methods to estimate the dopplershift; computing the spectral line
minimum; computing the center-of-gravity (COG) of the line. The COG wavelength
of a profile T is defined as the centroid of its residual intensity profile (UITENBROEK,
2003):

o I Mo = 1)
coe = f(Icont - I)d/\

(4.4)

Where the subtraction I.,,; — I is the residual of the Stokes I profile. Therefore, the

velocity along the line of sight can be calculated using the following expression:

c(Acoc — o)

os — 4.
ul y (4.5)
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The overlap of some of those maps is also interesting to observe since it is possible
to see, for example, in what type of structure is located a strong flow, as shown in

Figure 4.5.

Figure 4.5 - Superposing maps.

Here the most intense flows found in Figure 4.4 are superposed in Figure 4.1. Where
considered, for this mask, that a velocity must be greater than 4km s~! to be marked.

SOURCE: Author’s own work.

4.2.5 Stokes V asymmetries

Each pixel on a map has its own set of Stokes profiles associated to it, therefore,
the parameters for each pixel can be individually assessed. Asymmetries on a Stokes
V profile are an indicative of velocity and field gradients (SOLANKI, 2013). Those
asymmetries can be calculated by integrating a pair of lobes of a Stokes V profile,
which are called red and blue lobes, e.g Morinaga et al. (2007). The difference

between the area of the lobes is the asymmetry:

Ay, = / Vd\ = / Vyead\ — / VituedA (4.6)

Therefore, the asymmetries of the map exhibited in Figure 4.3 can be studied with
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an histogram of the values obtained by integrating the normalized Stokes V profile,
degree of circular polarization, of each pixel providing then an insight on the presence
of velocity and magnetic field gradient on NOAA 12443.

4.3 Results

The continuum map, displayed in Figure 4.6, shows that the AR NOAA 12443 has
quite a complex structure with a diversity of polarities being most of those almost
fully surrounded by a penumbral structure that can be seen in Figure 4.7. Along
the observed time it is possible to notice that the overall structure is far from being

static, indicating that new magnetic flux was emerging on NOAA 12443.

Figure 4.6 - Continuum mapping.
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This set of images show the continuum maps of NOAA 12443 at 6301.5107 A.
SOURCE: Author’s own work.

The weak field approximation mapping of the AR NOAA 12443 reveals that the re-
gion has several spots whose polarities can be considered to be separated, as shown
in Figure 4.8. However, it is important to bear in mind that the fine structure of
NOAA 12443 shown on Figure 4.8 is on the limits of what the weak field approxima-
tion can reveal. It is, however, possible to see that the spots are moving in relation

to one another and changing in shape which can be considering evidence that the

43



Figure 4.7 - Linear polarization mapping.
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This set of images show the linear polarization maps of NOAA 12443 at 6301.5107 A.

SOURCE: Author’s own work.

topology of the overlying field is changing and the AR is getting prone to give rise
to energetic events (LONGCOPE, 2005).

Furthermore, Figure 4.8 shows an extensive facular region surrounding the spots,

which is not so evident on the continuum maps displayed in Figure 4.6.

The dopplergrams, displayed in figure 4.9, shows the patterns of the plasma con-
vection movement over the maps. It is more useful, however, to identify the points
where the velocity is more intense and overplot those results in another map, such
as the continuum map, that will allow the identification of the structure upon where

those flows are located.

A superposition of the LOS velocity most intense values, considering any flow above
4 kms™!, in the continuum map led to the results displayed in figure 4.10. It is
interesting to note that the entirety of the red dots, that mark the location of the
regions with an intense flux, are located within the penumbral structure of the AR.
Furthermore, all the points corresponds to downflows which means that in none of

the dopplergrams any upflows speed reached 4 kms™*.
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Figure 4.8 - Weak Field Approximation mapping.
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This set of images show the weak field approximation mapping of NOAA 12443 at
6301.5107 A.

SOURCE: Author’s own work.

The fact that the entirety of the points marking the regions whose speed flow is
more intense may be linked to the Evershed effect, as discussed for example by
Franz (2011), which accounts for the plasma motion on the photosphere and is
studied using the Doppler displacement of the wavelengths and studies the radial
outflow of the plasma from a sunspot. Since the field direction in the umbral region
is close to being vertical and the plasma movement will follow the field lines the
presence of intense downflows on the surroundings of the umbra would compensate
the matter outcome of the plasma following the umbral field lines. The measured

flows are along the LOS and, therefore, we are not accounting for radial flows.

The Stokes V asymmetries histogram, Figure 4.11, indicates that there are differ-
ent levels of velocity and field gradients within NOAA 12443 area. The fact that
the histogram peaks close to zero indicates that the presence of velocity and field
gradients are localized phenomena within the AR and not a general property of the

whole structure.
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Figure 4.9 - Dopplergrams.

This set of images show the dopplergrams of NOAA 12443 calculated using the Center of
Gravity method at 6301.5107 A.

SOURCE: Author’s own work.

4.4 Discussion

The production of solar surface maps was set as the first objective of this work since
it represented an opportunity to study the AR structure and define how to reach
the other objectives. In this sense the results where particularly meaningful since

they allowed an overview of the complex structure related to NOAA 12443.

It is possible to see that NOAA 12443 has some umbral dots and a complex penum-
bral structure that is far more complex than a simple region which comprises of
a unique umbra region fully surrounded by a penumbra. Therefore, the study of
NOAA 12443 proved to be quite challenging not only in terms of achieving a phys-

ical description of its evolution but also in terms of computation.

The positions where the intense downflows were identified are probably regions of
penumbral development. It can be seen in Figure 4.10 and all the other maps that
were produced that the downflows appeared within or at the border of the penumbra
region probably due to the penumbra development and the boundary of the Evershed
effect. Checking the values of the LOS magnetic field on those points gave values
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Figure 4.10 - Continuum superpositions.

This set of images show the continuum mapping of NOAA 12443 at 6301.5107 A marked
with red points that indicates regions with downflows above 4 kms™!.

SOURCE: Author’s own work.

usually between +1 kG and -1 kG.

The histogram has a peak at zero, where Stokes V can be considered symmetric,
however, there are plenty of values for different levels of asymmetry which is consis-
tent with the broad range of activities displayed by NOAA 12443 over the course of
its passage through the disk.

Also, the asymmetry results can later be used to identify regions according to their
asymmetry level, similarly to what have been done to identify the intense fluxes over

the continuum map. This is, however, out of the scope of this work.

In order to advance the results obtained with polarimetry it is necessary to employ
refined Stokes Inversion algorithms which will also accounts for the effects of the

atmosphere. This was, however, beyond the hardware and time budgets of available.
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Figure 4.11 - Stokes V asymmetries.
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Histogram of the asymmetries of each pixel on the map exhibited on Figure 4.3 computed
by integrating the first Stokes lobes area difference of the normalized Stokes V curve.

SOURCE: Author’s own work.

4.5 Conclusion

The objective of this chapter was to use measurements of the Stokes parameters to
draw maps of the the AR NOAA 12443 at photospheric level.

Each map presented has a different set of properties and utilities to study the AR’s
structure. Therefore the results allowed us to have an overview of the changes that

were happening within the AR at photospheric level.

It is remarkable to see the variety of features displayed by NOAA 12443 such as: the
numerous magnetic poles, a full penumbral structure, some facula regions around

the AR, and a light bridge. This set of features is only seen in complex ARs.

In this chapter the results of the first and second specific objectives, being those to
produce solar surface maps and velocity fields of NOAA 12443, were presented and

thus successfully accomplished.
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5 Energetic evolution results
5.1 Introduction

This section will present the results that were obtained through the usage of mag-
netic field extrapolations and also other complementary analysis using data from
HMI, AIA and GOES in order to describe the events related to NOAA 12443 on
November 4th of 2015. A brief description of the computational tools used as a base

for this study is also presented at the appendix A.
5.2 Methodology

As discussed in chapter 3, an extrapolation procedure tries to reconstruct the field
topology in three dimensions based on the measurements that are taken over the
solar surface using a combination of spectropolarimetry techniques and Zeeman
effect.

Using a combination of potential and linear force free extrapolations, in this chapter
we present how the magnetic field of the AR NOAA 12443 evolved in time close
to the major flares associated with this region as shown in Figure 5.1. The SWPC
scaling factors were removed, as indicated in the instrument guide, so that those

plots already corresponds to the corrected values.

Considering that a linear force free extrapolation is less capable of retrieving most
of the field complexity when compared to a non-linear force free extrapolation the
results obtained by this approach are to be seen as the gross picture of the field evo-
lution. However, even being a more simplistic approach, it is still possible to estimate
the energy budget associated with the AR since the linear force free extrapolation
still take into account the presence of electric currents. LFF extrapolations are some-
how unrealistic since the force free parameter (a) is considered a constant for all
points in the space. Therefore, recalling that the energy is also influenced by the
field helicity, one might expect that the magnetic field extrapolated will present more
energy associated to the extrapolated field when compared to the potential extrap-

olation where the force free parameter is zero for all points in space Wiegelmann et
al. (2014).

The field lines of the solar Corona can be indirectly seen using instruments such
as the Atmospheric Imaging Assembly (AIA) (LEMEN et al., 2012) aboard of the
Solar Dynamics Observatory (SDO) (PESNELL et al., 2012) as shown in figure 5.2.

It is, nonetheless, important to remember that field lines are nothing more than a
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Figure 5.1 - GOES X-ray flux.

GOES X-Ray observations (2015-11-04)
T

-4
107 T T T T T T T T T E
E ——Short |
——Long |
|
1051 I | N 4
E [ [~ AN
E 1 “/ S
[ “"\‘\ [T\
F [\
L “\‘\ I \
L I /|
\‘\x | —
0% “ £ “‘ A 3
£ C [ . Jal ‘ \
E £ e - \
N | | | N
I i | .
| | | “\
% ‘\‘ ‘ | | NN
® |
= 7 | | | AW -
s i R , NG ]
I ‘ [ f
fl ;‘v\ \ ‘A"‘ H /h\ ‘ A h ™an /“ A
[ AT R R e e AR Y W/ o
AR AR R e (V1 ™
N \ V [AVAIS/ [
1081 (- 1y ' J
= " M “ W Ir
Eo ! v
‘\’V\ \‘
-
‘ \
1oL L1 [/ | | | | | | | | | | | | | | | |
06:00 06:30 07:00 07:30 08:00 08:30 09:00 09:30 10:00 10:30 11:00 11:30 12:00 12:30 13:00 13:30 14:00 14:30 15:00 15:30 16:00 16:30 17:00 17:30 18:00

Time (UTC)

Irradiance measured by GOES from 06:00 to 18:00h (UTC) of 2015-11-04. Both long (1 —
8A) and short (0.5—4A) channels of the instrument are displayed. Each point corresponds
to the average of the detected flux during one minute.

SOURCE: Author own work.

mathematical tool to represent the hypothetical action of the forces that “spawn”
such fields.

Some studies, such as Gary et al. (2014), use images from ATA to find an optimum
value for the force free parameter and also check how good the algorithms could
reproduce the field lines. Rosa et al. (2009) points that there is evidence among
the various scientific works using the NLFF model that the reproduced field lines
are in good alignment with the observed features however the algorithms does not
necessarily reproduce the observations. In this study the HMI values for the force
free parameter were used as entries for the algorithm along with the data from the

active region.

The algorithm used to extrapolate the magnetic field was the “optimization fff”
which is a routine of the NLFFF package of Solarsoft. There were used two of the

options for potential and linear force free extrapolations using the vector magnetic
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Figure 5.2 - ATA NOAA 12443 flare.

ATA images of AR NOAA 12443 from 13:25:30 to 15:25:18UT (2015-11-04) covering the
time where the last X-ray flux peak was registered by GOES. The sudden brightening of
the region which is a remarkable visible characteristic of a solar flare can clearly be noticed
on those images.

SOURCE: Author own work.

field data from HMI as a boundary condition. The optimization method used by
this algorithm was developed by Wheatland et al. (2000) and consists in minimizing

an functional L using a evolutionary procedure:

L:/B*HVXépdﬂﬁuv.EPMf (5.1)
Vv

Where B(7) is a vector field defined in a volume V. In order for the left hand side of
Equation 5.1 reaches zero, the divergence of the magnetic field must be zero, which
is expected from the Gauss’s law for magnetism, and the field must be force free

that is equivalent to say that:

— —

| (VxB)xB|*>=0 (5.2)

The only other possible solution would be the trivial solution, where the magnetic
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field itself is zero.

The following sections will present the study of the AR NOAA 12443 evolution using
the magnetic field extrapolations results along with analysis made using some HMI
data products and data from GOES and ATA.

5.3 Data processing

In order to provide the boundary conditions for the optimization routine the HMI
vector magnetic field data was downloaded and organized according to their date of
observation. Therefore each file that would be used for a magnetic field extrapolation
have the measurements of the Spaceweather HMI Active Region Patch (SHARP)
for the AR NOAA 12443.

Complementary, data from GOES X-ray flux, both on long (1 - 8A) and short (0.5 -
4A) channels, and AIA on wavelengths 1314, 171A, 193A, 211A and 335A were used
to plot the emission curves. While data from GOES need only to be corrected by a
numerical factor, AIA data needs to undergo through its standard reduction routines
available as a package of SSW/IDL. Furthermore, the ATA data was processed to
display the individual emission curves of both ARs NOAA 12443 and 12445 so the
behaviour of each AR can be compared to the GOES X-ray flux.

In order to cover the three times in which the X-ray emission peaked it was used
the available data from 06:00 UT to 18:00 UT with a twelve minutes interval from

each file using then all the instrument temporal cadence.

The spatial sampling of the image was defined by the AR SHARP window which
varies in size as the active region moves on the solar disk however, for a time interval
of a few hours, those changes does not introduce an error that would compromise the
results. For the used data sets the maximum variation on both sides of the window
was close to 3% of its own size while the AR was passing throughout the disk. The
data was also reduced to the double of its spatial sampling to suit the available

hardware capabilities.

The data was then processed using the optimization routine and the extrapolated
field was obtained using the potential and linear force free configurations allowing
the study of the AR NOAA 12443 energy evolution by integrating the field over the

volume.

The HMI SHARPs also hold significant information of an AR other than the neces-
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sary to perform a field extrapolation. Therefore, readings of such the electric current
and field helicity calculated by the HMI pipeline were also used in order to explore
how those parameters evolved. Those quantities can be accessed at the headers of
the SHARPs and are products of the HMI pipeline.

5.4 Results

In order to discuss the results it is important first to state how the relevant structures
for this study were distributed on the solar atmosphere. Figure 5.3 highlights the
structures that take part on the discussion which are: 1 - NOAA 12443, 2 - NOAA
12446 and 12441, 3 - NOAA 12445 and 4 - a coronal hole.

Figure 5.3 - Major structures in the solar disk during the studied time.

Image of ATA 193 AA channel taken at 2015/11/03 23:32 UT. The windows embrace the
structures: 1 - NOAA 12443, 2 - NOAA 12446 and 12441, 3 - NOAA 12445 and 4 - a
coronal hole.

SOURCE: ATA LMSAL aia.lmsal.com - adapted by the author.
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aia.lmsal.com

The X-ray flux measured by GOES on 2015-11-04 from 06:00 to 18:00 UT displays
three peaks which characterize a C-class flare and two M-class flares. The ATA AR
temporal intensity sequence was integrated and repositioned on every step so that
the same region could be consistently integrated. Also, each pixel was normalized
by the exposure time that the instrument took to capture the image. Using ATA
intensity sequences of the ARs it can be seen that the two first flares came from
NOAA 12445 and the last one from NOAA 12443. Those results are displayed in
Figure 5.4.

Figure 5.4 - Results from ATA and GOES.
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the wavelengths 131A for the AR NOAA 12445. Bottom: X-ray flux measured by GOES.
All the data are displayed from 06:00 to 18:00h (UT) of 2015-11-04.

SOURCE: Author’s own work.

As said before, there is some useful information on the HMI products headers whose
behaviours are displayed, for NOAA 12443 along the studied time, on Figures 5.5
and 5.6. Only the events that are definitively associated with NOAA 12443 are
highlighted by the dashed lines being the red line representing the M-class flare that
started 13:30 UT, according to the GOES X-ray flux measurements, and the black
line representing a Halo type CME at 14:48 UT, according to the CDAW catalog,
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that arose from NOAA 12443.

On Figure 5.5 the values of the mean twist of the field lines of NOAA 12443 shows
a continuing decrease from 12h up to NOAA 12443 flare time however, the values
increase after the event and display a rather small correspondence with the CME.
The absolute current helicity presents a significant decrease after flare and almost
no change after the CME. On the other hand, the values for the mean gradient of
the horizontal field displayed shy changes for both flare and CME.

Figure 5.5 - Parameters measured by HMI.
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Top: mean twist of the magnetic field lines. Mid: absolute Value of the Net Vertical Current
Helicity. Bottom: mean horizontal gradient of the horizontal field calculated by the HMI
pipeline. The red dashed line represent the approximated time in which the GOES flux
started to increase for the third flare while the black dashed line corresponds to the
approximated time of the halo CME records of the CDAW catalog (https://cdaw.gsfc.
nasa.gov/CME_list/).

SOURCE: Author’s own work.

On Figure 5.6 the top panel shows that the total unsigned vertical current presents
a small increase followed by sharp drop just after the beginning of NOAA 12443
flare. During the CME there is also a small drop on the total unsigned vertical

current values. The relationship of the AR NOAA 12443 evolution and its flare and
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CME is more clear if the behaviour of the vertical current is observed, which can
be observed in the middle panel of Figure 5.6. Similarly, the total unsigned vertical

current helicity, bottom panel of Figure 5.6, presents a small increase followed by a

sharp fall.
Figure 5.6 - Parameters measured by HMI 2.
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Top: Total unsigned vertical current. Mid: vertical current. Bottom: total unsigned vertical
current helicity. Those values were calculated by the HMI pipeline. The red dashed line
represent the approximated time in which the GOES readings started to climb for the
third flare while the black dashed line corresponds to the approximated time of the halo
CME records of the CDAW catalog.

SOURCE: Author own work.

Since the vertical currents displayed a strong relationship to the flare activity their
measurements were studied over a larger period of time. In order to study the mea-
surements of the total unsigned vertical current over the time in which NOAA 12443
was on the disk, those values were averaged per each 1200 minutes (20 hours), which
corresponds to a hundred measurements from HMI. The results in Figure 5.7, shows
that NOAA 12443 presents a sharp decrease of its vertical currents prior to the be-
ginning of the flare and some hours later the fall ceased until November 7th where

again a sharp decrease was noticed.
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Figure 5.7 - NOAA 12443 Total Unsigned Vertical Current.
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Averaged total unsigned vertical current. The values were averaged for each 1200 minutes
which corresponds to 100 measurements from HMI. The red bar represents the approxi-
mate time in which NOAA 12443 flare started.

SOURCE: Author own work.

In order to check the functioning of the NLFFF package some tests were carried
out before the extrapolations were calculated. First, the relationship between the
energy recovered and the value of the force free parameter used by the algorithm
were tested. These results are displayed on the top panel of Figure 5.8 and, as it
can be noticed, the values of energy recovered are satisfactory ranging between 102°
to 10*7 Joules. The NLFF/SSW routine was then tested for a single value of the
force-free parameter («) for all the studied time interval in order to check whether
the assumption that the initial conditions of the algorithm would retrieve reasonable
results for the energy associated with the magnetic field that would later be used
to calculate the energy. As expected, the energy was directly proportional to the
values of the force free parameter with the energy curves displaying essentially the
same behaviour but dislocated over the y-axis as it can be seen in the bottom
panel of Figure 5.8. The energy obtained with « set to 0.002 is already close to
the results obtained with a potential field which is why the curves are overlapping

themselves. Those results provide a good indicative that the algorithm is working
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properly.

Figure 5.8 - The force free parameter as an entry for optimization.
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SOURCE: Author own work.

Since complementary data from HMI products is being used on this study, the force-
free parameter was manually inserted following the headers of the fits files. The
values used, the absolute values of « calculated by HMI, are displayed in Figure
5.9. The estimated potential energy from HMI SHARPS are displayed in Figure
5.10. The energy recovered with the linear force free magnetic field extrapolation
ise displayed in Figure 5.11. The difference between those values (Ejrf — E,fss) is
displayed in Figure 5.12 the bottom panel.

The values of the linear force free extrapolation remained, for the entirety of the
studied time, significantly bigger than the values estimated by HMI for the AR’s
potential energy. Therefore a difference between the the values encountered by those

two approaches will essentially be close to the values obtained using the linear ex-
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Figure 5.9 - HMI estimatimative of the force free parameter.
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Absolute value of the force free parameter measured by HMI. The red dashed line represent
the approximated time in which the GOES readings started to climb for the third flare
while the black dashed lines corresponds to the approximated time of the halo CME entries
of the CDAW catalog.

SOURCE: Author’s own work.

trapolation. Yet, the energy build up and release around the flare time was rather

shy.

There was, however, a significant change in the behaviour shown by the linear force
free extrapolation if compared to the potential extrapolation. Prior to the flare the
values obtained by both approaches were falling but the results of the linear approach
got stable while the potential values kept dropping. Then, a couple of hours after

the flare, the values represented by both curves once again started to fall.

In order to reduce the oscillation of the energy values to study the trend of the
energy budget an average per hour was calculated (Figure 5.13). It can be notice
that the energy curve shows three distinct behaviours before, during and after the

flare. Those results are evidenced using linear adjusts as displayed in Figure 5.14.
5.5 Discussion

The changes in energy recovered through the data extrapolations where capable
of matching the data provided by GOES showing that the results are successfully
recovering part of the physics of the problem. However, the amount of these changes

is highly uncertain using a linear-force free approach.
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Figure 5.10 - Energetic evolution results using the potential approach.
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Energy values obtained by integrating the results of the magnetic field obtained using the
potential field approach. The red dashed line represent the approximated time in which the
GOES readings started to climb for the third flare while the black dashed lines corresponds
to the approximated time of the halo CME entries of the CDAW catalog.

SOURCE: Author’s own work.

Comparing the extrapolation results with AIA videos covering the studied time! it
can be seen that before the flare starts diferent levels of activities could be seen
within NOAA 12443, e.g. nanoflares and reconnections, which is consistent with the
energy drop. The flare brought changes on the magnetic field topology that started
a high level of activity around the area where the reconnection took place and then

close to 17:00 UT the energy once again started to drop.

The information stored at the HMI SHARPS also provided to reach some agreement
with the flare and CME related to NOAA 12443.

Even considering that the results obtained can not deeply account for the change in
the physical parameters of the Active Region, the results can still construct the gross
picture by estimating the behaviour of significant parameters, such as the helicity
and energy. In the other hand, this work can be reproduced using a small compu-
tational budget, a relatively short time, the routines are available through solarsoft
that can be download for free at any time, and also the data can be downloaded

using JSOC data center.

It is important to bear in mind, as pointed by Wiegelmann et al. (2014), that even

!Some of those videos are annexed as suplementary materials.
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Figure 5.11 - Energetic evolution results using the linear force free approach.
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Energy values obtained by integrating the results of the magnetic field obtained using the
linear force free field approach. The red dashed line represent the approximated time in
which the GOES readings started to climb for the third flare while the black dashed lines
corresponds to the approximated time of the halo CME entries of the CDAW catalog.

SOURCE: Author’s own work.

using robust NLFF algorithms the correspondence between energetic events and the
drop in the AR free energy can be tricky. In some of the examples mentioned by
the author, for instance He et al. (2014) and Jing et al. (2009), it can be noticed
that the free energy does not necessarily drops immediately after the flare starting

showing that this sort of analysis has yet to improve.
5.6 Conclusion

The objective of this chapter was to obtain, using the the potential and linear
magnetic field extrapolations, the magnetic field vector associated to the active
region and then use those values to estimate the energy changes of NOAA 12443
around the time that the solar flare associated with this region took place which is

approximately 13:30 UT according to GOES X-ray flux readings.

The HMI SHARPs carry a series of measurements and estimates which are calculated
over the cutout of the solar disk in which comprises the AR. The contribution of those
measurements, that can be directly accessed through the headers of a fit file, were
particularly meaningful to compare the role of different quantities during NOAA

12443 evolution. Among the quantities studied, the vertical currents had the largest
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Figure 5.12 - NOAA 12443 energy budget.
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Energy budget (Ejff — Epfss). The red dashed line represent the approximated time in
which the GOES readings started to climb for the third flare while the black dashed lines
corresponds to the approximated time of the halo CME entries of the CDAW catalog.

SOURCE: Author’s own work.

response to the flare while, in comparison, the mean gradient of the horizontal field

did not suffered a significant change around the flare time.

The algorithm used for this work offered a result which is consistent with the ob-
servations. The energy changes calculated with the extrapolated field seems to be
aligned with what can be observed with movies from different channels of ATA where
a high level of activity can be noticed before the flare: nanoflares and magnetic field
reconnections on the inner loops, and that the loop which reconnection gave rise to
the M-class flare remained active for several hours after the flare beginning which is
also supported by the GOES x-ray flux readings.

In this chapter the results of the third specific objective, being this to obtain NOAA

12443 magnetic field structure and energy associated to it, were presented and thus
successfully accomplished.
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Figure 5.13 - NOAA 12443 energy budget.

%102 NOAA Energy budget (1 hour average)
S T T T T S T
44l i i ]
1 I
435F i | 4
X | |
43f i ? .
1 1
425 ¥ " i ]
s | i
> “2F 5 i ' ]
= 1 1
2415[ ; ! ]
i} ~y ! 1
4.1 d ! .
i i
4050 : | | ]
%o 1 i
~ 1 I
4r T ]
I 1 g
i i
395 () 1 1 L L L 1 1 Il ] L i L T P |
07:00 08:00 09:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00 18:00
Time (UT)

Energy budget (Ejss — Epyss) averaged values over 1 hour. The red dashed line represent
the approximated time in which the GOES readings started to climb for the third flare
while the black dashed lines corresponds to the approximated time of the halo CME entries
of the CDAW catalog.

SOURCE: Author’s own work.

Figure 5.14 - NOAA 12443 energy budget.
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SOURCE: Author’s own work.
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6 Triggering a solar flare

This chapter has the objective to investigate the possible triggers of NOAA 12443 M-
class flare. However, it is necessary to bear in mind that in order to draw a conclusive
scenario is complicated since a satisfactory description of the physical processes
involved in a solar flare are yet to be seen (MURRAY et al., 2012). Therefore, a set
of possibilities is going to be considered over the next sections in order to attempt
to draw a scenario that is supported by the observations of NOAA 12443 structure

made throughout this work and presented in the previous chapters.

The measurements presented so far indeed point that the flare and CME brought
changes on NOAA 12443 magnetic field. However, they do not indicate what could

have disturbed the AR in order to produce the observed events.

Both spatial and temporal distances of the NOAA 12443 and 12445 M-class flares,
shown in Figures 5.4 and 5.3, suggests that NOAA 12445 flare could have influenced
the evolution of NOAA 12443. Thus, some analysis were taken into account in order

to evaluate this influence.
6.1 Magnetic energy evolution

The magnetic energy evolution was estimated using a linear force free and potential
magnetic field extrapolations approach as discussed in the previous section. While
a LFF extrapolation is insufficient to retrieve much of the field complexity, the
results obtained in Figure 5.12 show a good match for the flaring time. However,
the extrapolation results does not point what could have driven an instability in the
system. Therefore, only by itself, the energy change does not represent a suitable

candidate to trigger the flare but it is seen as a consequence of this activity.
6.2 Magnetic flux

The magnetic flux of an AR is directly proportional to the lifetime of a region
(DRIEL-GESZTELYI; GREEN, 2015). Also, the emergence of magnetic flux from the
convective zone into the solar atmosphere is responsible for a diversity of phenomena
(CHEUNG; ISOBE, 2014). In order to observe the magnetic flux behaviour data from
the HMI SHARPs magnetogram was integrated over the AR area to calculate the
magnetic flux unveiling how the magnetic flux evolved around the time where the

AR NOAA 12443 was close to the disk center.

As can be seen in Figure 6.1, the flux started to decrease from day 2015/11/03 after
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passing the disk center. The flux decreasing becomes more evident if the effects of the
heliocentric angle is taken into consideration while calculating the element of area
as featured Figure 6.1. Figure 6.2 shows the 20-hour average (1200 min) displayed
in Figure 6.1 which unveils the drop trend in the graphic after November 3rd.

Figure 6.1 - AR NOAA 12443 magnetic flux.
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The results from the average transverse and LOS magnetic flux, displayed in Figures
6.3 and 6.4, show that there was a drop on the vertical flux at the same time
that the horizontal flux suffered an increase. However, if the absolute values of the
horizontal flux are considered, both plots will display the same trend as shown in
Figure 6.5. Nevertheless, if the drops of the vertical flux and absolute horizontal
flux are compared it is possible to see that the drop on the horizontal flux was more
pronounced than the vertical counterpart. Therefore, the magnetic field orientation

could be changing during that time.

It can be suggested that magnetic reconnection was taking place in the inner loops

of AR NOAA 12443 as shown in Figure 6.6.
6.3 Filament eruption

Observations of prominence and filaments are quite common in the solar atmosphere
and observations suggests these structures are made of dense cool chromospheric

material embedded into the Corona (PARENTI, 2014). Prominences and filaments can
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Figure 6.2 - AR NOAA 12443 averaged magnetic flux.
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SOURCE: Author’s own work.

slowly decay or disappear suddenly as a result of thermal or dynamical instabilities.
Filament eruptions in two different flaring ARs is also considered an evidence for

sympathetic flares (HIGGINS et al., 2014).

Using AIA cutouts it was noticed that filament erupts from the AR NOAA 12445
close to 12:12 UT which is a few minutes after the flare starts to trigger. This
filament could have touched the nested magnetic structure on the solar atmosphere
of NOAA 12443 triggering the flare. However, the images suggest that the filament
went towards the West limb and also, comparing the observations of AIA with
observations of LASCO C2 and C3, the filament eruption offer a good match with
a limb CME detected around 12:30 UT. Examples of the images used are displayed
in Figure 6.7.

A similar activity was also observed around the flare time on NOAA 12443. The fila-
ment eruption that started just after the flare, represented by the dimming on Figure
6.8, that result on the CME that was first seen in The Large Angle Spectroscopic
Coronagraph (LASCO) (BRUECKNER et al., 1995) C2 at 14:48 UT.

Using images from AIA at the 304 A wavelength it is possible to observe that some

hours before the flare onset, the main filament which reconnection started the flare
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Figure 6.3 - AR NOAA 12443 vertical magnetic flux.
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NOAA 12443 averaged vertical magnetic flux. The averages were taken every 1200 minutes
(20 hours) which corresponds to 100 measurements of HMI. It can be noticed that the AR
suffered a significant drop on the vertical flux close to the flare time.

SOURCE: Author’s own work.

was already twisted and bending itself reaching a sigmoid shape. The sigmoid shape
of a loop is considered one of the most important signatures of a flare due to its non-
potential shape as shown, for example, in Gibson et al. (2002), Jiang et al. (2014)
and Joshi et al. (2017). The filament evolution of AR 12433 is displayed in Figure

6.9 around the time of the flare onset.
6.4 Interactions with coronal holes

The magnetic field of the AR NOAA 12443 does not exclusively interact with nearby
ARs but with any sort of solar magnetic structure that has a field of enough magni-
tude to disturb or bring any changes to it. In this context it is importante to notice
the presence of some Coronal Holes (CHs) in the proximity of NOAA 12443.

An active region while close to a coronal hole is exposed to the electric currents
associated to it that may contribute to the triggering of flares, filament eruptions
and CMEs as studied, for example, by Gonzalez et al. (1996) and Harra (2012).

Part of the flux drop observed on NOAA 12443 might be related to interactions with
the nearby CHs. However, with the methods used to evaluate the magnetic flux, it is

not possible to determine which fraction of it was lost due to the interaction between
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Figure 6.4 - AR NOAA 12443 horizontal magnetic flux.
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AR NOAA 12443 averaged horizontal magnetic flux. The averages were taken every 1200
minutes (20 hours) which corresponds to 100 measurements of HMI. It can be noticed that
the AR suffered a significant increase on the horizontal flux close to the flare time.

SOURCE: Author’s own work.

NOAA 12443 and the CHs.

Therefore, the CHs does not represent a mechanism that would suddenly trigger
NOAA 12443 flare but the it could have helped NOAA 12443 on being prone to
trigger flare by slowly eroding the AR magnetic field eventually forcing it on under-

going a process of magnetic reconnection.
6.5 Pressure balance

The wave created by the flaring activity of NOAA 12445 and the CMEs could have
created pressure gradients capable to disturb NOAA 12443. Considering a PFSS
approach, the magnetic field can be described by equation 6.1 where B?, B} and Bj

are the magnetic field components in spherical coordinates.

B=\/B2+ B3+ B} (6.1)

The magnetic pressure can be estimated as a function of the magnetic field using

the equation below:
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Figure 6.5 - AR NOAA 12443 horizontal magnetic flux.
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(6.2)
Then, the magnetic pressure was calculated using the values obtained with a poten-
tial field extrapolation as an entry for Equation 6.2 for different heights (R, =
1.00,1.10,1.20, 1.39,1.65,2.15,2.50) using the model presented in RODRIGUEZ
GOMEZ (2017) in order to see if there were significant changes along the day. The
magnetic pressure values were averaged over the layers with a temporal resolution
of six hours on 2015/11/04 at 00:04, 06:04, 12:04 and 18:04 UT. Despite of the small
temporal resolution, Figure 6.10 shows that the surroundings of NOAA 12445 suf-
fered a pressure drop around the flare time. Therefore, it is possible that a coronal

wave could have propagated outwards NOAA 12445.
6.6 Waves

Violent processes resultant from magnetic reconnection can create waves, such as
shocks and magnetohydrodynamic (MHD) waves, that can travel along the solar

atmosphere and are capable to disturb different regions of the atmosphere, e.g.
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Figure 6.6 - Inner loops magnetic field reconnection.

Cutouts with a 12-minute cadence of AIA on the wavelength 193A. Close to the center of
the AR, it can be noticed that some of the inner loops are reconnecting.

SOURCE: Author’s own work.

Warmuth (2015), Khomenko e Collados (2015) and Ofman e Thompson (2002).
Biesecker e Thompson (2000) identifies coronal waves as a possible external trigger
mechanism and also that such waves are able to alter the energy balance of the field

lines.

The time lag between the two M-class flares are approximately one and a half hour
which is enough time, e.g. Schrijver et al. (2011), for a wave created by NOAA 12445
to propagate towards NOAA 12443 creating a perturbation capable of destabilizing
the system.

The results obtained using AIA 211A and 193A reveal dimming and vibrating loops
that can be observed using a image subtraction technique resulting from the flaring
activities of NOAA 12443 and 12445.
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Figure 6.7 - ATA images subtraction.

This set of images show a subtraction of images from AIA at the 193A wavelength. The
same base image was subtracted from each subsequent fit.

SOURCE: Author’s own work.

Figure 6.8 - ATA images subtraction 2.

Images of the filament eruption and subsequent dimming on NOAA 12443. This set of
images show a subtraction of images from AIA at the 193A wavelength. The same base
image was subtracted from each subsequent fit.

SOURCE: Author’s own work.

However, as can be seen in Figure 5.3, there are structures that could prevent the
wave created by NOAA 12445 to reach NOAA 12443. Those structures are the ARs
NOAA 12446 and 12441 and the CH highlighted by the boxes 2 and 4.

It is possible that the recurrent activity in AR 12445 may influence the filament
eruption and halo CME in AR 12443. However, it is difficult to state the extent of

the waves influence on the events unless large Moreton or EIT waves are involved.
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Figure 6.9 - NOAA 12443 filament evolution.

Images of the NOAA 12443 filament evolution. This set of images was taken from ATA at
the 304A wavelength.

SOURCE: Author’s own work.

In order to unveil more properties of NOAA 12443 evolution the research group
employed a wavelet analysis on some cutouts of AIA data series. The analysis is
based on a previous work presented by Silva e Satyamurty (2013) and consists on

analyzing the response of the signal for different wavelengths.

The vibration pattern associated to the signal of AIA over 2 hours prior to NOAA
12443 flare indicates that the region is oscillating in localized regions prior to the
flare (Figure 6.11).

Studying how the wavelengths responds to different periods, Figures 6.12 and 6.13,
it is possible to see that the regions NOAA 12443 and 12445 show a strong response

to waves with a large period and a rather poor response to waves with a small period.

Tracking the changes in intensity along the path that separate NOAA 12443 and
12445 the results, Figures 6.14 and 6.15, it can be observed a strong fluctuation

which is taking place in an already unstable region.
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Figure 6.10 - NOAA 12445 magnetic pressure.
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This analysis was led by Dr. Rodriguez Gémez. Average value of the magnetic pressure
around NOAA 12445 calculated with a potential field.

SOURCE: Courtesy of Dr. Rodriguez Gémez.

6.7 AR connections

Using a potential magnetic field extrapolation on the full disk before the flare,
represented in Figure 6.16, it can be seen that the AR NOAA 12443 was connected
to other ARs and, therefore, perturbations that occurred in those ARs could have
propagated using those field lines to the AR NOAA 12443 which is a condition for
the occurrence of sympathetic flares (WANG et al., 2001). One of those connections
was with the AR NOAA 12446 which was in the zone perturbed by the wave created
by the flaring activity of the AR NOAA 12445.

Heat conduction has also been reported as responsible for triggering sympathetic
flares (CHANGXI et al., 2000) and the connections between those ARs offer the envi-
ronment for heat to conduct to NOAA 12443.

Therefore, assuming that the perturbation used those field lines as paths to propa-
gate to the AR NOAA 12443, it is likely that the flaring activity of NOAA 12445

could be seen as a trigger.
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Figure 6.11 - Wavelet analysis of NOAA 12443 - 1.

This wavelet analysis is an ongoing work by the research team led by Dr. Vieira. The
results exhibited in this figure were calculated some minutes before the flare and show
that NOAA 12443 was vibrating locally.

SOURCE: Courtesy: Dr. Vieira.

6.8 Discussion

This work studied the evolution of the AR NOAA 12443 using a series of different
tools in order to try to understand what could have been the trigger mechanism for
the solar flare that occurred at 13:30 UT and to what extent the flaring activity
displayed by NOAA 12445 contributed to it. Using data provided by HMI, AIA and
GOES it was possible to track the evolution of NOAA 12443 and the context in which
the events of this region took place. By itself, the temporal and spatial distances
between the flares and ARs that gave rise to them suggests that the activities of
NOAA 12445 might have contributed to trigger NOAA 12443 flare.

The information stored at the HMI SHARPS also provided to reach some agreement
with the energy curves providing support for the claim that one M-class flare and
the Halo CME are connected to the evolution of this region even considering that,
using the linear force free approach, the energy budget displays rather modest values
for energy change around the flaring time. The changes in energy recovered through
the data extrapolations where capable of matching in time the flux data provided by
GOES. The amount in which such changes occurred, however, are uncertain using

a linear-force free approach and should be seen as the gross picture of AR NOAA
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Figure 6.12 - Wavelet analysis of NOAA 12443 - 2.

Level: 1 - Period:  2.40 minutes
e £

This wavelet analysis is an ongoing work by the research team led by Dr. Vieira. The results
exhibited in this figure were calculated from 11:30 to 13:30 UT covering 150 images.

SOURCE: Courtesy: Dr. Vieira.

12443 energy evolution.

The shape of the curves from the Absolute Value of the Net Vertical Current Helic-
ity and Force-free parameter, Figures 5.5 and 5.8, shows agreement with the flaring
activity time and a rather poor agreement with the halo CME. It is, however, im-

portant to remember that the CME time is the time which it was first seen on
LASCO-C2.

Comparing the results we could notice that the change in vertical helicity and vertical
current, Figures 5.5 and 5.6, are more pronounced that the changes in energy. The
total unsigned vertical current helicity also seems to show a trend alike the energy
evolution curve. The sharp changes in the vertical current are evidenced by the
results displayed in Figure 5.7 which indicate that the sharp drop on those currents

might be an indicative that the flare was going to happen at some point.

The wavelet analysis can be seen as an extra of this work since they were not among
the initial objectives. During the development of the activities the time interval
separating the events led the group to investigate the possible interference of the
flare created by NOAA 12445 on the evolution of NOAA 12443 and, in this sense, the
wavelet analysis appeared as a possible tool to study the signal response registered
by the AIA instruments. These results are yet, however, on their early stages and

should be seen with care.
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Figure 6.13 - Wavelet analysis of NOAA 12443 - 3.

Level: 6 - Period:  76.80 minutes

This wavelet analysis is an ongoing work by the research team led by Dr. Vieira. The results
exhibited in this figure were calculated from 11:30 to 13:30 UT covering 150 images.

SOURCE: Courtesy: Dr. Vieira.

The results found cast light into different possibilities for what could have been the
trigger for NOAA 12443 flare. The next paragraph will present what, in the eyes of

the research team, is the best possible explanation.

The magnetic flux drop on November 4th evolution made NOAA 12443 unable to
sustain its magnetic structure. The presence of magnetic reconnection on the lower
loops of the region and the sigmoid shape of the loop indicate that the region was,
indeed, prone to reconnect. Thus, a perturbation that reaching NOAA 12443 could
obligate it to reconfigure itself and reach a stable state which would result in the
energy release with a flare and a CME. It is complicated for a Alfven wave originated
from NOAA 12445 could reach NOAA 12443 due to the presence of the magnetic
structures on the way (ARs and CHs) however, some evidences such as the wavelet
analysis are indicating that this could have happened. As a result of its own evolution
and a probable interference from NOAA 12445 flare then, the reconfiguration the
NOAA 12443 energy build-up/release, and changes into the vertical current and
helicity took place.

Even considering that the given description is essentially qualitative, numerical sim-
ulations can be used to verify the proposed scenario. This is, however, out of the

scope of this work.
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Figure 6.14 - Wavelet analysis of NOAA 12443 - 4.

This wavelet analysis is an ongoing work by the research team led by Dr. Vieira. This
figure shows the points where a separated wavelet analysis was performed to verify the
signal along the path from NOAA 12445 to NOAA 12443.

SOURCE: Courtesy: Dr. Vieira.

6.9 Conclusion

The objective of this chapter was to study the mechanisms that could have played
a major role on triggering NOAA 12443 M-class flare studying some of the various
changes that occurred on the solar atmosphere prior to NOAA 12443 flare and if it
is possible to see a direct influence of NOAA 12445 on it.

The distribution of the structures in the solar disk presented an close to ideal situ-
ation to verify if, in this case, the evolution of an AR interfered in the evolution of

another AR. This topic is yet source of debates within the scientific community.

The magnetic flux results shown that NOAA 12443 was already decaying before its
flare took place. It is possible to notice that the changes on the vertical magnetic
flux were more pronounced than the its horizontal counterpart indicating that the

magnetic field suffered some changes on its direction.

Some hours before NOAA 12443 flare the region was already seeing some energetic
activities and the loop which eventually came to reconnect were twisted in a sigmoid

shape indicating that the region was unstable

78



Figure 6.15 - Wavelet analysis of NOAA 12443 - 5.
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This wavelet analysis is an ongoing work by the research team led by Dr. Vieira. The results
exhibited in this figure were calculated from 11:30 to 13:30 UT covering 150 images and
take the results of the two lines L5 and L4, exhibited in Figure 6.14, which are already in
the vicinity of NOAA 12443.

SOURCE: Courtesy: Dr. Vieira.

Calculating the average magnetic pressure for the coronal layers using a potential
field it was possible to see that a significant pressure drop took place around NOAA
12445 after its flare. It is not possible to see, however, using an image subtrac-
tion from ATA large moreton waves propagating from NOAA 12445 towards NOAA
12443.

The results of the wavelet analysis are still under discussion and development but
the results that achieved so far indicated that the flare was a rather localized event
within NOAA 12443 boundaries and that it is possible that a perturbation could have
propagated from NOAA 12445 eventually hitting NOAA 12443. It is also remarkable
to notice how both regions shown a rather strong response to long period waves
while the remaining structures of the solar surface shown a stronger response to

short period waves.

In this chapter the results discussed represents an extra part of this work, going
beyond our initial objectives, and together with the results from chapter 5 provided
an insight in some of the probable triggers for NOAA 12443 flare that allowed to
study a possible sympaty between the flares of NOAA 12443 and 12445.
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Figure 6.16 - Potential field map.

\- 21 1N\2Q151103_234900

Potential field map provided by ATA LMSAL. As it can be seen the ARs on the solar disk
are connected by their magnetic fields.

SOURCE: ATA LMSAL aia.lmsal.com

Despite the fact that discussing the possible triggers of NOAA 12443 M-class flare
was not within the initial propose this study led the group to interesting results
that enriched this work. It is worthwhile to remember that uncovering what trigger
a solar flare is still an open problem and, therefore, this work shows this group

attempt to strive over a better understanding of this phenomena.
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7 CONCLUDING REMARKS

The objective of this work was to Study the evolution of the AR NOAA 12443 during
the time that it was observed in the solar disk with a special attention to November
4th of 2015 which is the time that it triggered a M-class flare.

In order to do so a series of activities were proposed to present a case-study of
NOAA 12443 evolution. First it were produced maps of the solar surface (chapter
4) and then the energy evolution of the AR was studied (chapter 5). As an extra,
the mechanisms that could have triggered NOAA 12443 flare were also discussed
(chapter 6).

The results displayed over chapter 4 and 5 were complementary between themselves
since they allowed the study of NOAA 12443 in different levels of the atmosphere.
While the solar surface maps of chapter 4 focused on the photospheric structure of
the region, the magnetic field extrapolations displayed in chapter 5 study the energy

changes that took place on the above layers.

Results from both mapping and extrapolations shows that the AR NOAA 12443
has, indeed, a remarkable structure if compared to the other ARs that appeared on
the nearby months. The NOAA 12443 dynamics, seen in the maps, and the magnetic
field extrapolated show that the AR had enough energy to trigger an energetic event
as indeed it did. However, with the presented analysis, it is still difficult to evaluate
with a higher degree of certainty the influence that other ARs and surrounding solar

structures had in the triggering of the explosive activity within NOAA 12443.

Changes in helicity, current and force free parameter measured by HMI seems to be
aligned with what was observed with the maps produced using Hinode data since it
was possible to see that the solar surface was also passing through changes that would
eventually propagate to the layers above. It is notable, among the maps displayed,
that the fine structure of the AR NOAA 12443 was changing over time. Furthermore,
due to the observed motion, it is reasonable to assume that the footpoints of the
magnetic field lines were also moving which could eventually trigger a flare however,
a specific test was not performed to identify and measure the movement of those

regions.

The changing values obtained for the magnetic field and, thus, energy are coherent
with the presence of magnetic field or velocity gradients indicated by the asymme-
tries of Stokes V.
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Since the dopplergrams measure only the velocity along the LOS it is not possible
with the used approach to investigate the presence of waves that might disturb
NOAA 12443. They do, however, show that the most intense flux is located in
between the poles of NOAA 12443. The magnetic field reconnection observed in the
inner rings of NOAA 12443 seems to be occurring close to the some of the regions
where the marks for intense downflows are located. Therefore, the presence of those

downflows may also be an indicative of the AR’s activity.

The analysis presented in chapter 6 show based on its results this group interpre-
tation for what triggered NOAA 12443. This interpretation is based on the results
displayed in chapters 4 and 5 and also of observations of magnetic flux, atmospheric
waves, structural changes on NOAA 12443 and a wavelet analysis. Furthermore,
those results were compared multiple times with videos and images of the solar
atmosphere and NOAA 12443.

The wavelet analysis presented in chapter 6 are still being worked on and those
results should be treated with care. However, they give some meaningful insights
on NOAA 12443 M-class flare. First, it can be seen that, in comparison to the size
of NOAA 12443, the flare was a rather localized event since only a set of its loops
reconnected to produce the flare. Also there is some suggestions that a perturbation
could have propagated from NOAA 12445 to NOAA 12443 after the 12:00 UT flare.

The usage of data from HMI, ATA, HINODE and GOES proved to be necessary to
draw a coherent scenario to describe the evolution of the AR NOAA 12443 using
results obtained with images and polarimetry. In this sense, this work provides not

only a case-study but also prepared the ground for the author’s future PhD work.

For future works it is scheduled to finish the wavelet analysis and try to state if
there is a sympathy between the flares of NOAA 12443 and 12445. Also, this study
could be further extended with a non-linear force free extrapolation which would

enrich our comprehension of NOAA 12443 magnetic field.
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APENDIX A - Computational tools
A.1 Tools for solar data analysis

This chapter will discuss what solar data analysis tools were directly relevant to
produce the results featured in this work. The results were obtained using custom

routines which, in some cases, had existing packages as building blocks.
A.1.1 Solarsoft (SSW-IDL)

The Solarsoft comprises a set of packages with relevant routines for solar data analy-
sis. While Solarsoft is free for install and use, it requires an installation of Interactive
Data Language (IDL).

Data obtained from the solar telescopes such as HMI and Hinode are usually pro-
cessed using a solarsoft installation within IDL where existing routines can calibrate

and plot results from the fits files depending on the data level.

Difficulties may arise since the routines are mostly made to operate with a higher
level data and the methods used to process data by the observatories which provide
the data are subject to changes. Lower level data are not available in the Joint
Science Operations Center, which provide HMI data, and must be requested by

email.

Some of the SSW/IDL packages that were used are the following: ONTOLOGY,
SOT, ATA, HMI, PFSS, NLFFF and SDO. Subroutines were then developed to

work along with those packages and process the data.
A.1.2 Magnetic field extrapolation

The magnetic field extrapolations were performed using the optimization_ fff routine
which is part of the Solarsoft NLFFF package. The code is based on an optimization
approach proposed in Wheatland et al. (2000) where the functional L, Equation
A.1, is minimized using an evolutionary process to ensure that the studied volume

is considered to be free of forces.

L:/VB*y(vXB)xBPﬂv.Bﬁdv (A.1)

The optimization_ fff algorithm can use as a initial condition a potential or LFF

91



extrapolation that are calculated using HMI observables as input. An image of the
HMI magnetogram of the AR, NOAA 12443 is displayed in figure A.1. The HMI
observables that were used have a temporal resolution of 12 minutes. NLFF approach
was not used since the hardware capabilities and time available to produce the

dissertation are not enough to produce such results.

Figure A.1 - AR NOAA 12443 magnetogram.

[
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Colourised magnetogram of the AR NOAA 12443 produced with HMI data. This image
was taken when the AR was close to the disk center (2015-11-04).

SOURCE: Author’s own work.

The extrapolations were performed using the HMI Spaceweather HMI Active Region
Patch (SHARP), that consists on cutouts of HMI magnetic products of an AR.

The used routine allows the user to set a value for alpha which is going to be used
to calculate the initial conditions of the problem. The values for alpha represents
the cosine of the torsion angle of the lines respective to the potential magnetic field.
Therefore having zero as a value would result in a potential field extrapolation. Note
that the value inserted will be treated as a constant over the space since a force-free

approximation was used to extrapolate data.
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