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Abstract

In this thesis we explore methods for analysing flaring active regions, in particular

studying X-class flares. We use global magnetic field models and machine learning

techniques to carry out this analysis.

Using both potential field source surface (PFSS) models and magnetohydrostatic

(MHS) models, the global magnetic skeletons for dates where X-class flares occurred

are created. This allows the investigation of topological features found around flaring

active regions. The flares analysed all have observable signatures found in Atmospheric

Imaging Assembly data (onboard the Solar Dynamics Observatory), in the form of solar

flare ribbons which can be mapped by eye to the footpoints of the separatrix structures

located in the active regions.

Additionally, we consider techniques for identifying and locating the solar flare

ribbons observed. The first technique utilises a convolutional neural network trained

using images of M and C-class flares to allow the detection and classification of the

types of flare ribbons observed. This includes two-ribbon, compact and limb flares, as

well as quiet sun images. After training the network and identifiying the flare ribbons

in the data, we present an edge detection method which identifies the edges of the flare

ribbons, making it easier to compare with the topological features previously found

in the global field models. To find the best edge, two methods are presented which

correct saturated pixels in the flare ribbon data. Afterwards the corrected images are

passed into the edge detector which returns the ribbon edges, which are subsequently

compared to the topological features previously found by calculating the Hausdorff and

modified Hausdorff distances.

Overall these methods could be put into an automated pipeline which would identify

solar flare ribbons in the observations using a CNN, then subsequently creating 3D

magnetic field models to investigate the toplogy around the flare. With the final step

taking both the observational and modelled data to be processed by the edge detection

method and subsequently outputting a metric which identifies whether they are related.

Note however this pipeline was not created in this thesis.



Candidate’s declaration

I, Teri Love, do hereby certify that this thesis, submitted for the degree of PhD, which

is approximately 45,000 words in length, has been written by me, and that it is the

record of work carried out by me, or principally by myself in collaboration with others

as acknowledged, and that it has not been submitted in any previous application for

any degree. I confirm that any appendices included in my thesis contain only material

permitted by the ’Assessment of Postgraduate Research Students’ policy.

I was admitted as a research student at the University of St Andrews in September 2017.

I received funding from an organisation or institution and have acknowledged the fun-

ders in the full text of my thesis.

Date: ............................ Signature of candidate:

Supervisor’s declaration

I hereby certify that the candidate has fulfilled the conditions of the Resolution and

Regulations appropriate for the degree of PhD in the University of St Andrews and

that the candidate is qualified to submit this thesis in application for that degree. I

confirm that any appendices included in the thesis contain only material permitted by

the ’Assessment of Postgraduate Research Students’ policy.

Date: ............................ Signature of supervisor:

02 October 2021

02 October 2021



Permission for publication

In submitting this thesis to the University of St Andrews we understand that we are

giving permission for it to be made available for use in accordance with the regulations

of the University Library for the time being in force, subject to any copyright vested in

the work not being affected thereby. We also understand, unless exempt by an award

of an embargo as requested below, that the title and the abstract will be published,

and that a copy of the work may be made and supplied to any bona fide library or

research worker, that this thesis will be electronically accessible for personal or research

use and that the library has the right to migrate this thesis into new electronic forms

as required to ensure continued access to the thesis.

I, Teri Love, confirm that my thesis does not contain any third-party material that

requires copyright clearance.

The following is an agreed request by candidate and supervisor regarding the publica-

tion of this thesis:

Printed copy

No embargo on print copy.

Electric copy

No embargo on electronic copy.

Date: ............................ Signature of candidate:

Date: ............................ Signature of supervisor:

02 October 2021

02 October 2021



Underpinning Research Data or Digital Outputs

Candidate’s declaration

I, Teri Love, understand that by declaring that I have original research data or digital

outputs, I should make every effort in meeting the University’s and research funders’

requirements on the deposit and sharing of research data or research digital outputs.

Date: ............................ Signature of candidate:

Permission for publication of underpinning research

data or digital outputs

We understand that for any original research data or digital outputs which are de-

posited, we are giving permission for them to be made available for use in accordance

with the requirements of the University and research funders, for the time being in

force. We also understand that the title and the description will be published, and

that the underpinning research data or digital outputs will be electronically accessible

for use in accordance with the license specified at the point of deposit, unless exempt

by award of an embargo as requested below.

The following is an agreed request by candidate and supervisor regarding the publica-

tion of underpinning research data or digital outputs:

No embargo on underpinning research data or digital outputs.

Date: ............................ Signature of candidate:

Date: ............................ Signature of supervisor:

02 October 2021

02 October 2021

02 October 2021



Acknowledgements

First of all, I have to thank both Clare and Thomas. I have really enjoyed working

with both of them on my PhD for the past four years, and I’m pretty sure they will be

glad when they don’t have to listen to me talk about everything and anything apart

from my PhD work!

Secondly, thank you to my office mates who have had to listen to my incessant

chatting for the past four years (I’m sure some of them were glad when we had to work

from home - I’m looking at you Alex and Hendrik). In particular I’d like to thank

Lianne who sent me countless memes to keep me going with writing - I’ll miss our

morning catch-up chats!

Thank you to my family for supporting me during my PhD, in particular thank you

to my parents and to my sisters Chloe and Jodie and my brother Jordan. For mum

putting up with me using her as a sounding board for ideas even when she had no idea

what I was talking about, to Dad for always giving good advice without judgement, to

Jordan for always asking ”who cares?” and finally to Chloe and Jodie; my triplets, best

friends and sisters for always being there for me. I also have to thank my grandparents

for all the encouragement and support they have given.

Finally, I suppose I should thank the cats for disturbing EVERY teams meeting,

walking over my keyboard all the time and making as much noise as possible while I’ve

been working from home.



Contents

1 Introduction 1

1.1 Structure of the Sun . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2 Solar Phenomena . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.2.1 Solar Flares . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.3 Solar Observations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

1.4 MHD Equations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

1.4.1 Maxwell’s Equations . . . . . . . . . . . . . . . . . . . . . . . . 11

1.4.2 Ohm’s Law and the Fluid Equations . . . . . . . . . . . . . . . 11

1.4.3 Induction Equation . . . . . . . . . . . . . . . . . . . . . . . . . 13

1.5 Magnetic Skeleton . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

1.5.1 Magnetic Null Points . . . . . . . . . . . . . . . . . . . . . . . . 14

1.5.2 Heliospheric Current Sheet . . . . . . . . . . . . . . . . . . . . . 19

1.6 Machine Learning Techniques . . . . . . . . . . . . . . . . . . . . . . . 21

1.7 Outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

2 Potential Field Source-Surface Model 25

2.1 Boundary Conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

2.2 PFSS Codes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

2.2.1 Synoptic Map Processing . . . . . . . . . . . . . . . . . . . . . . 30

2.2.2 Model Calculations . . . . . . . . . . . . . . . . . . . . . . . . . 31

2.2.3 Summation of Harmonics . . . . . . . . . . . . . . . . . . . . . . 33

3 Global Magnetohydrostatic Model 35

3.1 Magnetic field derivations . . . . . . . . . . . . . . . . . . . . . . . . . 35

3.2 Plasma Pressure and Density derivations . . . . . . . . . . . . . . . . . 41

3.3 Imposing Boundary Conditions on the MHS Model . . . . . . . . . . . 42

3.3.1 Outer Boundary Conditions . . . . . . . . . . . . . . . . . . . . 45

3.4 Comparison of MHS and PFSS fields . . . . . . . . . . . . . . . . . . . 46



CONTENTS

3.4.1 Pressure and Density values . . . . . . . . . . . . . . . . . . . . 46

3.4.2 Global Magnetic Field Models . . . . . . . . . . . . . . . . . . . 50

4 Analysing Global Magnetic Field Features Found in Flaring Active

Regions 55

4.1 Calculating the Squashing Factor . . . . . . . . . . . . . . . . . . . . . 59

4.2 Analysis of Flaring Active Regions using Potential Magnetic Fields . . 62

4.2.1 Active Region NOAA 11158 . . . . . . . . . . . . . . . . . . . . 63

4.2.2 Active Region NOAA 11890 . . . . . . . . . . . . . . . . . . . . 64

4.2.3 Active Region NOAA 12192 . . . . . . . . . . . . . . . . . . . . 68

4.2.4 Active Region NOAA 12205 . . . . . . . . . . . . . . . . . . . . 69

4.2.5 Active Region NOAA 12242 . . . . . . . . . . . . . . . . . . . . 72

4.2.6 Active Region NOAA 12297 . . . . . . . . . . . . . . . . . . . . 76

4.2.7 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

4.3 Analysis of Flaring Active Regions using Non-Potential Magnetic Fields 80

4.4 Topological Structure Development of an Active Region . . . . . . . . . 83

4.4.1 Active Region NOAA 11158 . . . . . . . . . . . . . . . . . . . . 84

4.4.2 Active Region NOAA 11283 . . . . . . . . . . . . . . . . . . . . 85

4.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

5 Analysing Observations using Convolutional Neural Networks 93

5.1 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

5.1.1 CNN Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

5.1.2 Data preparation . . . . . . . . . . . . . . . . . . . . . . . . . . 100

5.1.3 Model Training . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

5.2 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112

5.2.1 Testing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112

5.2.2 Classification of X-class flare data . . . . . . . . . . . . . . . . . 113

5.3 Further Uses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116

5.3.1 Processing Numerical Parameters with Observational Data . . . 116

5.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120

6 Automated Edge Detection and Quantitative Distance Measures Ap-

plied to Observations of Flare Ribbons 123

6.1 Edge Detection Thresholds . . . . . . . . . . . . . . . . . . . . . . . . . 128

6.2 Correction of Saturated Pixels in AIA data . . . . . . . . . . . . . . . . 134

6.2.1 Method 1: Linear Interpolation using Timeseries of Pixel Intensities134



CONTENTS

6.2.2 Method 2: Averaging Pixel Intensities . . . . . . . . . . . . . . 136

6.2.3 Method Comparison . . . . . . . . . . . . . . . . . . . . . . . . 138

6.3 Mapping Ribbon Edges to 3D Magnetic Field Features . . . . . . . . . 138

6.4 Discussion and Conclusions . . . . . . . . . . . . . . . . . . . . . . . . 146

7 Conclusions and Future Work 151

A 155

A.1 Solving the Laplace Equation for the PFSS Model . . . . . . . . . . . . 155

A.1.1 Legendre Functions . . . . . . . . . . . . . . . . . . . . . . . . . 156

A.2 Further Mathematics for the Derivation of the Global MHS Model . . . 159

A.3 Further Flares Analysed . . . . . . . . . . . . . . . . . . . . . . . . . . 161

A.4 Backpropagation derivation . . . . . . . . . . . . . . . . . . . . . . . . 176



Chapter 1

Introduction

The Sun is the star at the centre of our solar system at a distance of 1.496× 108 km (1

AU) from Earth. It is made up of plasma, primarily consisting of electrons, hydrogen

and helium ions. The solar mass, M� = 1.988× 1030kg, contributes to approximately

99% of all mass in our solar system and is almost 333, 000 times greater than the mass

of Earth. The solar radius is R� = 6.957×108m = 695.7Mm, approximately 109 times

that of the Earth.

The lowest temperatures typically occur at the solar surface, also known as the

photosphere, where temperatures are approximately 5000K, however at the Sun’s core

temperatures of over 1.5× 107K occur. The charged particles in the plasma naturally

create magnetic and electric fields, which subsequently affect how the particles move.

This creates a cause and effect process for the dynamics of the plasma on the Sun.

The Sun’s magnetic field originates from what is known as the solar dynamo, where

an electrically conducting fluid and plasma flows generate a magnetic field. The Sun’s

magnetic field plays a determining role in the dynamical processes we observe on the

Sun and hence understanding them is important.

1.1 Structure of the Sun

The layers of the Sun, shown in Figure 1.1, can be split into two main groups: the solar

interior and the solar atmosphere. This thesis concentrates mainly on solar phenomena

occurring in the Sun’s atmosphere, however the solar interior is briefly described below.

The solar interior consist of three layers; the core, the radiative zone and the con-

vective zone. The previously mentioned high temperatures found in the Sun’s core

causes nuclear fusion of hydrogen to helium to occur whilst releasing energy in the

process.

1



1.1. STRUCTURE OF THE SUN 2

Figure 1.1: Structure of the Sun. The solar interior includes the core, radiative
zone, tachocline and convection zone. The solar atmosphere includes the photosphere,
chromosphere, transition region and the corona. Some features and events commonly
found on the Sun are also labelled. Credit: ESA (2019).

Around the core is the radiative zone, where energy is transported through a process

known as radiative diffusion. This process is carried out by photons which are subject

to scattering due to the presence of the hydrogen and helium ions. It can take more

than 170, 000 years for photons to leave the radiative zone. Note that convection cannot

occur in this layer due to an insufficient temperature gradient.

Between the radiative zone and the convective zone lies the tachocline (Spiegel and

Zahn, 1992), where below this region the Sun rotates as a solid body but above the

Sun rotates at varying speeds according to latitude. This is thought to be the location

of the solar dynamo, (e.g. Bushby and Mason, 2004). Above the tachocline lies the

convection zone; here the temperature gradient is large enough that the process of

convection is more efficient for energy transport. In convection the hot plasma rises to

the photosphere, transferring heat, and the cooler plasma falls back into the convection

zone.

As well as the solar interior previously discussed, there are also four outer layers

that make up the solar atmosphere. The first layer is known as the photosphere, also

considered as the surface of the Sun starting at 1R� (measured where optical depth is

≈ 1 (Williams, 2018b)). The temperature here is much cooler than in the Sun’s interior

with a temperature range between 4500K and 6000K (ranging due to the presence of

cooler regions such as sunspots), where at the start of the convection zone temperatures

2



1.1. STRUCTURE OF THE SUN 3

could reach 2 × 106K. Most of the electromagnetic radiation produced by the Sun is

emitted in this layer which is the upper boundary of the convection zone.

The photosphere exhibits granulation, which is one of the observable signatures of

convection, see Figure 1.2. These granules are caused by the plasma rising and falling

as it is being heated and cooled. Individual granules may last for about 20 minutes

and can be thousands of kilometres in size. This granulation is visible across the whole

solar surface (Leighton, 1963), however can be suppressed when sunspots form, due to

the intense magnetic fields inhibiting the convection process.

Another observable feature in the photosphere are sunspots, with an example shown

in Figure 1.2. Large sunspots can be found to be several tens of thousand kilometres

wide. They are formed when patches of magnetic field break through the photosphere

where the plasma in the region is not as hot due to the strong magnetic fields inhibiting

heat transport. Hence, they are identified by their dark centers, also known as umbra.

Larger regions of strong magnetic fields, known as active regions, can be found

around the solar equator. The regions are the site of intense solar activity, with many

solar phenomena (see Section 1.2) occurring there. Two examples of the line-of-sight

(LOS) solar magnetic fields at the photosphere are shown in Figure 1.3, one occurring

at solar minimum and the other at solar maximum

The layer above the photosphere, known as the chromosphere, is approximately

2000km thick with a temperature, ranging from 4000K to approximately 20000K at the

top. The temperature minimum region occurs in the chromosphere with the subsequent

temperatures increasing with height.

The thin transition region lies between the chromosphere and the final region known

as the solar corona. This region is where the temperature increases rapidly from the

chromospheric temperature, to the much hotter temperature in the corona of approxi-

mately 1× 106K. However temperatures in the corona can reach as high as 20× 106K

in some regions. The reason why the corona is much hotter than the other outer layers

is known as the coronal heating problem (e.g. De Moortel and Browning, 2015). Unlike

the photosphere, the corona is dominated by magnetic fields which forces the plasma

to move along fieldlines rather than moving freely. The solar corona is where many

phenomena such as coronal loops, solar flares and CMEs can be observed, although

solar flare radiation is chromospheric as discussed in Section 1.2. Although there are

many interesting solar phenomena, flaring active regions are the focus of this thesis.

These phenomena can affect the flow of plasma outwards from the Sun which is known

as the solar wind. The solar wind carries charged particles away from the Sun along

with the heliospheric magnetic field.

3



1.1. STRUCTURE OF THE SUN 4

Figure 1.2: A sunspot and granulation shown on the Photosphere. Credit: Vacuum
Tower Telescope, NSO, NOAO.

(a) Solar minimum, 13 March 2019 (b) Solar maximum, 13 March 2014

Figure 1.3: HMI magnetograms taken onboard SDO showing solar minimum and
maximum. Courtesy of NASA/SDO and the HMI science team.

4



1.2. SOLAR PHENOMENA 5

1.2 Solar Phenomena

Many observable phenomena in the solar atmosphere have been associated with the

highly complex magnetic fields found there. Throughout this thesis we mainly focus on

observations and data linked to solar flares, see Section 1.2.1. Another type of eruptive

event often, but not always, associated with flares are coronal mass ejections (CMEs),

which can also be directly linked to the release of stored magnetic energy. However

these events are not the main focus of this work.

1.2.1 Solar Flares

Solar flares occur when stored magnetic energy is released, emitting radiation which is

visible across much of the electromagnetic spectrum, (e.g. Fletcher et al., 2011). One

of the processes which can assist in the the conversion of magnetic energy is magnetic

reconnection. This process implies changing the connectivity of the magnetic field

whilst converting magnetic energy into kinetic energy and energetic particles.

The process thought to occur during a two-ribbon solar flare is schematically

shown in Figure 1.4. This model is known as the standard model or CSHKP model

(Carmichael, 1964; Sturrock, 1966; Hirayama, 1974; Kopp and Pneuman, 1976). At the

top of a coronal loop magnetic reconnection; the process in which magnetic field lines

reconnect producing thermal and kinetic energy; occurs causing a burst of radiation

and hard X-rays (HXR) to be emitted. However as well as propagating into the solar

atmosphere, within this model it is thought that some of the energised particles travel

down the coronal loop and interact with the chromosphere at the footpoints causing

flare ribbons to occur. In the later stages of the flare, chromospheric evaporation occurs

and the chromospheric plasma rises back into the coronal loop. The strong magnetic

fields needed for flares to occur, are typically found in active regions.

Following this flare model, flare dynamics can be split into three phases; the preflare

phase, the impulsive phase and the gradual phase. The preflare phase is where indi-

cators may be spotted in observations that a flare is about to occur such as small UV

brightenings that may be visible a few minutes before the impulsive phase, weak SXR

emission or spectral line broadening, (e.g. Fárńık et al., 1996; Fárńık and Savy, 1998).

The second phase, known as the impulsive phase is where the initial flare energy re-

lease occurs, lasting anywhere from tens of seconds to minutes. Here the HXRs, γ-rays

and white-light emissions are dominant, with UV and EUV emission also visible (e.g.

Hudson, 1972; Chupp et al., 1973). In this phase the main emission is concentrated

at the chromospheric flare foot-points. As previously discussed this results in HXR

5



1.2. SOLAR PHENOMENA 6

Figure 1.4: Standard flare model is shown with different types of emission labelled.
Credit: Lang (2010).

foot-points and Hα flare ribbons (also visible in UV and EUV wavelengths, which are

discussed further in Section 1.2.1). It is thought that during this phase magnetic re-

connection occurs in the low corona, resulting in the release of the emissions previously

discussed. The final phase, known as the gradual phase, is linked to the previously

mentioned chromospheric evaporation. Here the SXR signatures decay and the coro-

nal loops visible in SXR and EUV begin to change due to the evaporation effects. This

final part of the flare evolution may last for hours after the impulsive phase (which can

last only minutes).

Note that although the CSHKP model is discussed above, this model may not be

suitable for some of the flares analysed here. In particular circular ribbon flares may

differ dynamically to the process described above, with some 3D models (e.g. Janvier,

M. et al., 2013) more suited to describing the flare process. See below also for a

discussion on how the topology of the magnetic fields around the flaring regions may

affect the flare ribbons observed.

Solar flares can be classified by their SXR intensities, typically measured by XRS

6



1.2. SOLAR PHENOMENA 7

(a) (b)

Figure 1.5: Solar flare ribbons from two X-class flares observed by AIA are shown.

onboard GOES (Geostationary Operational Environmental Satellite). This classifica-

tion starts at A class, which are flares with an intensity above 10−8Wm−2 measured

at the satellite, and ends with the highest classification of X class flares, which have

intensities above 10−4Wm−2. Each classification between these two have an intensity

threshold ten times higher than the previous with B (10−7Wm−2), C (10−6Wm−2) and

M (10−5Wm−2) class flares. Within each of these classes there are subclasses from 1

to 9; for example an X2 flare is twice as large as a X1 flare. This means that an M7.5

class flare would have an approximate intensity of 7.5× 10−5Wm−2.

Solar Flare Ribbons

As previously mentioned, one of the observable signatures from solar flares are flare

ribbons. Although historically viewed in Hα emission, ribbons can also be observed in

EUV and UV wavelengths, (e.g. Fletcher and Hudson, 2001). Ribbons typically occur

at the HXR brightenings, considered the footpoints of the flare. Examples of flare

ribbons observed by AIA in the 1600Å UV wavelength are shown in Figure 1.5 for two

X-class solar flares.

These examples show some of the variations in flare ribbon structures, with most

flares observed to have two ribbons visible. These two flare ribbons typically form

in opposing polarity magnetic fields, with one lying in positive field and the other in

negative field. Alternatively flares can produce what is known as a circular flare ribbon,

observed to be a bright spot in the chromosphere.

7



1.2. SOLAR PHENOMENA 8

Typically found in active regions where the flaring events have taken place, flare

ribbons can be thousands of kilometres long and can be observed on the solar disc for

extended periods of time. The ribbon structures can change throughout the flaring

event with the flare ribbons lying close to the PIL (polarity inversion line) during the

impulsive phase of the flare, and moving apart during the gradual phase. The flare

ribbons positions have been linked to the topological structures (see Chapter 4) found

in the flaring regions (e.g. Gorbachev and Somov, 1988; Mandrini et al., 1991, 1993;

Priest and Démoulin, 1995; Demoulin et al., 1997). This is thought to be due to how

these flare ribbons are produced, with the high energy particles that are produced at

the reconnection site (see Figure 1.4) interacting with the chromospheric plasma to

produce the elongated ribbon shapes. These ribbons are then commonly found at the

footpoints of the magnetic fieldlines in the region.

Note circular flare ribbons, previously mentioned here and studied later in Chapter

4, have been shown to relate to topological features found in magnetic field models. A

dome-spine topology, see Figure 1.6, in particular has been the main structure studied

that is thought to relate to circular flare ribbons (e.g. Masson et al., 2009; Song and

Tian, 2018). This is where there is a magnetic null point present, with magnetic field

lines extending from it to make a dome shape. This dome shape intersecting with the

chromosphere is thought to give rise to the circular flare ribbon shape observed in AIA

images for example. Although dome-spine topology is mainly studied in relation to

circular flare ribbons, later in Chapter 4, these features are also studied in relation to

other flare ribbon shapes observed.

Figure 1.6: Figure from Pontin et al. (2013), a magnetic dome is shown with associ-
ated spine line originating from a null point lying in the solar atmosphere.

8



1.3. SOLAR OBSERVATIONS 9

1.3 Solar Observations

Observations of the Sun have become more high-resolution and detailed since the launch

of the first solar satellites in the 1960s. There are many ground and space-based obser-

vatories currently in use, however here we will mainly focus on observations taken by

the Solar Dynamics Observatory (SDO) which has 3 onboard instruments; Helioseis-

mic and Magnetic Imager (HMI), the Atmospheric Imaging Assembly (AIA) and the

Extreme Ultraviolet Variability Experiment (EVE), (Pesnell et al., 2012). Throughout

this thesis data collected by HMI and AIA will be used.

HMI takes high resolution (1 arcsecond) measurements of the Sun’s magnetic field

at the photosphere, (Schou et al., 2012). Although HMI produces four data products,

only the line-of-sight (LOS) magnetograms are used in this work.

Figure 1.3 shows two examples of HMI LOS magnetograms taken five years apart

at both extremes of the Sun’s 11 year cycle. Figure 1.3a shows an example taken

at solar minimum where there are no active regions visible. Figure 1.3b shows the

Sun during solar maximum where there are many more active region patches visible.

From these magnetograms synoptic maps can be created by taking sections of the LOS

magnetograms and piecing them together to create a view of the whole solar surface.

These synoptic maps can be created daily or for whole Carrington rotations, and are

used extensively in Chapters 2 to 4.

AIA provides full-disk observations of the solar atmosphere, in particular the solar

corona, at various wavelengths. Seven EUV wavelengths are observed (all from different

source ions), with 1600Å, 1700Å and continuum observations also taken. This allows

AIA to observe the photosphere, chromosphere and the corona at various temperatures.

Examples of AIA images are shown in Figure 1.7, with three EUV observations and

one 1600Å observation shown. Note that in Figure 1.7c the bright spots highlight

active regions, with both Figures 1.7b and 1.7d showing coronal loop structures and

active regions. Throughout this work however most of the AIA observations used

will be taken from the 1600Å wavelength, which observes the upper photosphere and

transition region. This is due to solar flare ribbons, as previously discussed in Section

1.2.1, being clearly observable in this wavelength.

9
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(a) 160nm, Transition Region and Photosphere
(105K and 5000K)

(b) 17.1nm, Transition Region and Corona (6.3×
105K)

(c) 30.4nm, Chromosphere (50,000K) (d) 33.5nm, Corona (2.5× 106K)

Figure 1.7: Examples of images taken by AIA onboard SDO on 13 March 2013 at
approximately 12UT. Courtesy of NASA/SDO and the AIA science team.

1.4 MHD Equations

The magnetohydrodynamic (MHD) equations are a combination of Maxwell’s equations

and the fluid equations. These equations together are based on the assumption that

the plasma is a single fluid which is continuous in space and is electrically conducting.

The presence of magnetic fields leads to forces which can act on the plasma, which can

subsequently change the strength and topology of the magnetic fields.

Note that in this thesis, these MHD equations are used in Chapters 2 and 3, with

mostly potential fields considered. The MHD equations are therefore only briefly dis-

cussed below, (for further information see e.g. Priest, 2014; Galtier, 2016).

10
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1.4.1 Maxwell’s Equations

Here we describe Maxwell’s equations in the form known as magnetohydrodynamics

(MHD), these partial differential equations are used to describe electromagnetism. The

four equations that make up Maxwell’s equations are;

1. Ampère’s Law:

∇×B = µ0j, (1.1)

indicates that magnetic fields can be produced by changing electric currents.

Note this is the MHD approximation of Ampère’s Law where the displacement

current is negligible.

2. Solenodial Constraint:

∇ ·B = 0, (1.2)

indicates that there are no magnetic monopoles present (or no sources or sinks

in the magnetic fields).

3. Faraday’s Law:

∇× E = −∂B

∂t
, (1.3)

which describes how a spatially varying electric field can induce magnetic fields.

In these equations B denotes the magnetic field, j is the current density, E is the

electric field and µ0 is the magnetic permeability in a vaccum (4π × 10−7Hm−1).

Note that although we state that B and E are the magnetic and electric fields

respectively, B is actually the magnetic induction with the magnetic field usually de-

noted in other works as H =
B

µ0

. The electric displacement is also denoted as D = ε0E,

however neither H or D are used here.

1.4.2 Ohm’s Law and the Fluid Equations

Ohm’s law and the fluid equations make up another part of the magnetohydrodynamic

(MHD) equations.

1. Ohm’s law:

E + v ×B =
1

σ
j, (1.4)

connects the plasma that is governed by the fluid equations with the electromag-

netic fields previously given in Maxwell’s Equations.

11
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Note that v is the plasma velocity and σ is electrical conductivity, with the
1

σ
term known as the resistivity.

2. Mass continuity:
∂ρ

∂t
+∇ · (ρv) = 0, (1.5)

where ρ is the density of the plasma. This equation shows that mass is conserved

within a comoving volume, such that matter is neither created or destroyed.

3. Equation of motion:

ρ
Dv

Dt
= j×B−∇p+ ρg + F, (1.6)

where −∇p is the pressure force, j × B is known as the Lorentz force, ρg is

the gravitational force (where g is gravitational acceleration) and F is any other

force. This equation includes the Lorentz force due to the magnetic fields being

considered here and describes Newton’s second law for the whole plasma instead

of just one particle.

Note that the Lorentz force present in this equation, is a force acting on fluid

particles due to the surrounding magnetic fields. The Lorentz force can be written

as;

j×B =
1

µ0

(B · ∇)B−∇
(

B ·B
2µ0

)
, (1.7)

with one term denoting the magnetic tension and the other term the magnetic

pressure force. The magnetic tension force tries to straighten magnetic fieldlines

whereas the magnetic pressure force attempts to make the magnetic field strength

uniform everywhere.

4. Ideal gas law:

p =
ρRT

µ̄
, (1.8)

where T is the plasma temperature, R is the gas constant and µ̄ is the mean

molecular weight. µ̄ varies depending on the fluid, however it is approximately

0.6 in the solar corona and 1 for a neutral hydrogen gas.

This equation describes the relationship between plasma pressure, density and

temperature assuming that the plasma behaves like a perfect gas i.e. between

particles there are no interactions.

12



1.5. MAGNETIC SKELETON 13

5. Energy equation:
ργ

γ − 1

D

Dt

(
p

ργ

)
= −L, (1.9)

where L is the total energy loss function and γ is the ratio of specific heats.

This equations describes the conservation of energy in a fluid. Note that if L = 0

this is known as an adiabatic plasma and the energy equation can be simplified

to;
D

Dt

(
p

ργ

)
= 0,

where entropy is conserved.

1.4.3 Induction Equation

Using Ohm’s law to remove the electric field component (E) from Faraday’s law (Equa-

tion 1.3) and using Ampère’s law (Equation 1.1) we can define the induction equation

as;
∂B

∂t
= ∇× (v ×B) + η∇2B, (1.10)

where η is a constant of the form; η =
1

µ0σ
describing the magnetic diffusivity.

This equation describes how magnetic fields change with time with respect to two

terms; the advection term, ∇×(v×B), which determines how the magnetic field moves

with the plasma and the diffusion term, η∇2B, which determines how the magnetic

field lines slip through the plasma.

The ratio of the magnitude of these two terms is known as the magnetic Reynolds

number (Rm);

Rm =
|∇ × (v ×B)|
|η∇2B|

=
v0l0
η
,

where v0 and l0 are typical velocities and length scales. If Rm � 1 then we can say

the magnetic field is frozen-in to the plasma and the advection term dominates the

induction equation (note that the diffusion term must not have a large second derivative

i.e. the current density does not vary strongly). This means the magnetic field lines

move with the plasma flows. However, if Rm � 1 the diffusion term dominates the

induction equation.

1.5 Magnetic Skeleton

13
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1.5.1 Magnetic Null Points

Magnetic null points are points where the magnetic field vanishes locally (e.g. B = 0).

In general we can consider the field around a null point, and express it as;

B = M · r =


∂Bx

∂x

∂Bx

∂y

∂Bx

∂z
∂By

∂x

∂By

∂y

∂By

∂z
∂Bz

∂x

∂Bz

∂y

∂Bz

∂z



∣∣∣∣∣∣∣∣∣∣∣
null


x

y

z

 , (1.11)

where we have assumed that the null point is located at the origin.

Two-dimensional Null Points

In two-dimensions Equation 1.11 can be reduced to;

B =


∂Bx

∂x

∂Bx

∂y
∂By

∂x

∂By

∂y


∣∣∣∣∣∣∣
null

(
x

y

)
,

and we can let the arguments of matrix M take the form;

M =

(
a b

c d

)
,

where a, b, c, d ∈ R. Using the solenodial constraint (∇ ·B = 0), we know that a = −d
therefore allowing the magnetic field to be written in the form;

B =

(
ax+ by

cx− ay

)
.

To determine what the fieldlines are doing around these points we can solve,(
x′(s)

y′(s)

)
= M

(
x(s)

y(s)

)
,

and consider the eigenvalues and eigenvectors of M. This results in “O” type null

points if the eigenvalues are complex (i.e. a2 + bc < 0) and “X” type null points if the

eigenvalues are real (i.e. a2 + bc > 0). Typically in 2D studies it is assumed that the

null points are either “X” type or “O” type null points.

14
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Three Dimensional Null Points

In three-dimensions we can use Equation 1.11 and the solenodial constraint again to

find the structure of the field around null points. Here instead of a two-dimensional

“X” or “O” type point, the null points have a fan plane (e.g. Priest and Titov, 1996),

which is a surface of field lines and two specific lines known as spine lines going out

of/into the null points. The fan plane is where we only consider the linear version of

the null point structure, however this fan-plane is known as a separatrix surface when

non-linear terms dominate and this surface separates regions of different connectivity.

Overall null points in 3D are categorised by their sign (positive or negative), where

the spine line lies in relation to the separatrix surface and finally the fieldlines in the

separatrix surface. How the sign of the null point is determined is shown below.

In 3D, the matrix M can be defined as shown in Equation 1.11, and using the

solenoidal constraint (∇ ·B = 0) the trace of this matrix must sum to zero;

∂Bx

∂x
+
∂By

∂y
+
∂Bz

∂z
= 0.

Due to the trace of the matrix summing to zero this means that the eigenvalues asso-

ciated with matrix M must also sum to zero;

λ1 + λ2 + λ3 = 0,

where we define the eigenvalues as λ1, λ2 and λ3 and the corresponding eigenvectors as

e1, e2 and e3. Following this we can use the methods presented by Parnell et al. (1996)

to calculate the spine lines and fan planes associated with the 3D null points.

If a magnetic field line is considered which lies close to a null point with a position

vector r which is dependent on some parameter s which lies along the fieldline, then

we know;
dr(s)

ds
= M · r(s) = B.

This can be written in terms of the matrix eigenvectors of M, which we call P, by

using the substitution r(s) = Pu(s) such that;

du

ds
= P−1MPu. (1.12)

This results in two cases to solve depending on whether M can be diagonalised or not.

15
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First, consider when M is diagonalisable to a matrix Λ then;

Λ = P−1MP =


λ1 0 0

0 λ2 0

0 0 λ3

 .

This allows Equation 1.12 to be solved to obtain an expression for u which gives;

u = AeΛs =


Aeλ1s 0 0

0 Beλ2s 0

0 0 Ceλ3s

 ,

where A is a matrix containing values constant along the fieldline. This allows the

fieldline position vector, r(s), to be written in terms of eigenvalues and eigenvectors of

M such that,

r(s) = Aeλ1se1 +Beλ2se2 + Ceλ3se3 (1.13)

Initially considering the real part of the eigenvalues, at least one must be of opposite

sign to allow the sum of the eigenvalues to equal zero for example, R(λ1),R(λ2) > 0

and R(λ3) < 0. In this case, tracing the fieldlines, if s → −∞ then Equation 1.13

becomes,

r(s)→ Ceλ3se3.

This implies that the fieldlines moving towards the null point are lying parallel to the

eigenvector e3. This eigenvector with the negative eigenvalue (λ3) is what defines the

spine line, with the two other eigenvectors defining the fan plane with these fieldlines

moving outwards from the null point in the opposite direction to the spine line. This

is shown by considering s→∞ such that,

r(s)→ Aeλ1se1 +Beλ2se2.

This implies that fieldlines moving away from the null point are lying parallel to the

plane formed by the eigenvectors e1 and e2. These type of null points are known as

positive null points. Figure 1.8 shows an example of a positive null point, with the

spine line and fan plane clearly shown.

Alternatively, considering where the eigenvalue signs are the opposite of those pre-

viously considered such that R(λ1),R(λ2) < 0 and R(λ3) > 0, the arguments stated

above reverse and a negative null point occurs. This is where the spine line is pointing

16
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Figure 1.8: A positive null point is shown in the xyz plane. The spine points into
the null point, with the fan plane lying in the xy plane moving radially outwards from
the null. Credit: Close et al. (2004)

out of the null point and the fan plane consists of fieldlines moving towards the null

point.

The matrix M can be reduced to a simpler form where its elements are dependent

on the fewest number of free parameters without any loss of generality. Here it is

assumed that the eigenvalue associated with the spine line is located in the z-direction

and the matrix is rotated so the x-axis lies in the same direction as the current present

in the xy plane. This allows the matrix M to be written as;

M =


1 1

2
(q − j‖) 0

1
2
(q + j‖) p 0

0 j⊥ −(p+ 1)

 , (1.14)

after the use of a scaling factor with p ≥ −1 and q2 ≤ j2
‖ + 4p. The parameters p and

q correspond to the potential field and the current is defined as j = 1
µ0

(j⊥, 0, j‖), where

j‖ is the current parallel to the spine and j⊥ is the current perpendicular to the spine.

As shown in Parnell et al. (1996) the eigenvalues of matrix M are,

λ1 =
p+ 1 +

√
(p− 1)2 + q2 − j2

‖

2
,

λ2 =
p+ 1−

√
(p− 1)2 + q2 − j2

‖

2
,

17



1.5. MAGNETIC SKELETON 18

λ3 = −(p+ 1).

Note that as p ≥ −1 then λ3 is always negative and so corresponds to the spine line of a

positive null point, with λ1 and λ2 corresponding to the fan plane. However by changing

the sign of the scaling factor the signs here would change and would correspond to a

negative null point.

Here we assume that all eigenvalues are real, however note that if one eigenvalue is

real and two are complex then spiral nulls occur. This is where the fan plane fieldlines

spiral towards the null point instead of moving radially outwards. This spiralling effect

comes from the j‖ term located in λ1 and λ2. The j⊥ component also has an effect on

the fan plane, however it causes a tilt effect rather than a spiral effect. This means j⊥

causes the fan plane to tilt away from the perpendicular position found in potential

field configurations. The tilt angle of this fan plane can be defined as:

cos θ =
9(p+ 12 − (p− 1)2 − q2 + j‖)

|nf |
,

where the normal vector to the fan plane is defined as,

nf =


2j⊥(q + j‖)

−4j⊥(p+ 2)

9(p+ 1)2 − (p− 1)2 − q2 + j2
‖

 .

All possible combinations of the variables p, q, j⊥ and j‖ are considered in Parnell et al.

(1996). However for the magnetic fields that we consider in Chapter 4, the matrix M

is reduced to,

M =


1 0 0

0 p 0

0 0 −(p+ 1)

 ,

where p > 0, j⊥ = 0, j‖ = 0 and a threshold current is set as jthresh =
√

4p2 + q2.

Null points, spine lines and fan planes all contribute to what is known as the magnetic

skeleton. As discussed above the spine lines and fan planes originate from the null

points found in the magnetic field, however as distance increases between the null and

the magnetic field lines that create the spine line and fan plane non-linear effects will

take over. Although these lines continue they are no longer the flat fan-plane shown

in Figure 1.8 but become warped. These fieldlines continue until they stop at one of

the boundaries set in the domain or if they reach another null point.

If the fieldlines that originate from the fan plane continue until reaching a domain

18
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boundary, then the fan plane develops into what is known as a separatrix surface. This

is where the infinite number of fieldlines originating from a null point separates two

regions of magnetic field. No fieldlines cross this separatrix surface from either region.

Alternatively, fieldlines that connect one null point to another are known as sep-

arators. These are considered to be the fourth component of the magnetic skeleton.

These separators are found where two separatrix surfaces intersect. The intersection of

separatrix surfaces create many smaller regions of different topology within the mag-

netic field. An example of this type of separator is shown in Figure 1.9, where two

separatrix surfaces from opposite polarity nulls intersect creating a separator between

the two. Note spine lines can also be associated with separators, however these types of

separators are topologically unstable and so are not considered throughout our analysis.

1.5.2 Heliospheric Current Sheet

The final global magnetic skeleton feature considered here is the heliospheric current

sheet (HCS), (see Smith, 2001). This is a feature included in the magnetic field models

Figure 1.9: Sketch showing the formation of a separator due to the intersection
of separatrix surfaces of two 3D null points. A positive and negative null point are
shown with their correspoding spine lines, in dark red and dark blue respectively. The
separatrix surface for the positive null point is shown in red and the corresponding
separatrix surface for the negative null point shown in blue. The separator between
both nulls (shown in yellow) indicates where the two separatrix surfaces intersect.
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used in Chapters 2, 3 and 4. Note that although magnetic field models are used as an

example here, the HCS is an observed feature and not only associated with models.

The Sun’s magnetic field is assumed to be purely radial after a certain radius due

to the solar wind, note this radius is considered to be R = 2.5R� throughout this

work. This assumption implies that any change in sign in the magnetic field will create

what is known as the null line. In the potential field source surface model (PFSS)

which is discussed in Chapter 2, it is assumed that this null line creates the base of

what is known as the heliospheric current sheet (HCS) which extends into the solar

atmosphere.

Fieldlines can be traced from the HCS to create what are known as HCS curtains, an

example of these are shown in Figure 1.10. Note that the fieldlines in the HCS curtains

may intersect with separatrix surfaces from null points located in the magnetic field,

this will create separators (as previously discussed in Section 1.5.1).

Figure 1.10: An example of the heliospheric current sheet (HCS) and its associated
HCS curtains. Credit: Edwards (2014)
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1.6 Machine Learning Techniques

Machine learning (ML) techniques can be used to develop algorithms that for example

will automatically learn and detect patterns in the input data. ML covers a large range

of techniques with applications such as support vector machines (SVMs), neural net-

works (NN), decision trees and random forests all suitable for predicting or classifying

data. Methods can be carried out by supervised or non-supervised learning, dependent

upon whether there is human input teaching the method what to learn. The ML meth-

ods typically take in a set of input data, known as the training dataset, and output

a prediction or classification for each portion of the data. They typically learn during

the training phase and produce an output during the prediction phase.

Currently for solar data, with SDO producing approximately 1.5TB of solar data

each day and with more data from current and upcoming observatories such as Parker

Solar Probe, Solar Orbiter, DKIST (Daniel K. Inouye Solar Telescope) and the SKA

(Square Kilometre Array), it is vital to be able to process the large amounts of data

produced. ML techniques have been applied to different aspects of solar research

such as space weather forecasting and solar flare predictions (e.g. Colak and Qahwaji,

2009; Li et al., 2008; Bobra and Couvidat, 2015; Barnes et al., 2016), classification of

solar events (e.g. Armstrong and Fletcher, 2019), detecting solar events and regions

of interest (e.g. Schuh et al., 2013; Banda and Angryk, 2015), predicting photospheric

velocities (Asensio Ramos et al., 2017) and correction of solar image data (Tree et al.,

2019) to name a few.

Figure 1.11: A basic convolutional neural network (CNN) with one convolutional
layer. Credit: Phung and Rhee (2019)
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In this thesis, particularly in Chapter 5, we consider a convolutional neural network

(CNN) for the classification of flare ribbon data observed by SDO. Although we con-

centrate on CNNs for classification they can also be used for prediction, for example as

previously mentioned above for predicting the onset of solar flares. A training dataset

allows the CNN to learn the features required for each class and a test dataset can

be implemented to test how well the CNN is classifying the images in the prediction

phase.

A basic CNN is shown in 1.11, where the layers required to build a CNN are shown.

In general, there is one input layer and one classification (output) layer with as many

hidden layers as the programmer wishes in between. The number of hidden layers

chosen is typically dependent on the complexity of the dataset being analysed.

The first layer initalises the data input which will be passed onto the hidden layers,

which are key to CNN training. The types of hidden layers used throughout our analysis

are;

1. Convolutional layers

Convolutional layers are what give the CNNs their name, applying convolutions

to the image matrices to extract features for each class. Applying these image

convolutions helps reduce the dimensionality of the image data which can reduce

overfitting and overtraining.

2. Activation layers The layers use what is known as an activation function to help

the CNN decide which neurons activate for the next layer e.g., what individual

feature maps produced by the previous convolutional layer are passed onto and

used by the next layer in the network.

3. Pooling layers

Pooling layers help reduce the size of the data being considered. These typically

include maximum or average pooling; where the data is converted into a reduced

matrix containing only maximum or averaged values of the previous layers data.

4. Fully connected (FC) layers

Used as both a hidden layer and the final output layer, these FC layers are used

to gather results from previous layers. These are the layers implemented in non-

convolutional neural networks (NNs).
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All of these are discussed in more detail in Chapter 5, with each layer broken down to

analyse the part it plays in the CNN training process.

1.7 Outline

In Chapter 2, the potential field source-surface (PFSS) model is described, with a

detailed explanation of how the model is used to calculate potential magnetic fields.

The codes used to reproduce and calculate the potential fields dicussed here are the

same as those previously described in Williams (2018a), with that work following on

from the PFSS model codes created by Ballegooijen et al. (1998). The global potential

magnetic fields discussed in this chapter are used extensively for magnetic field analysis

in the rest of this thesis but particularly in Chapter 4.

In Chapter 3, the magnetohydrostatic (MHS) model is derived with the same deriva-

tion carried out as in Neukirch (1995). Further derivations that are pertinent to this

chapter are also included in Appendix A.2. With the creation of the MHS codes and

analysis into some of the parameters of the model previously done by Williams (2018a),

we continue this work here with the pressure, plasma beta and density values calculated

for varying parameter values. This work was introduced to finish the investigation into

the magnetic field parameters that can be freely chosen as well as the global models

being used as an alternative to the PFSS model previously discussed.

In Chapter 4, active regions where X-class flares occurred from 2011 to 2017 and

were observed by SDO were analysed. The PFSS model was used to analyse the active

regions and the resulting magnetic skeleton features are mapped by eye to the flare

ribbons observed at peak flare times. Subsequently, the MHS model is also used to

see if a non-potential field will give different topological features that could be mapped

to the flare ribbons. The squashing factor Q (see Titov, 2007) is also calculated to

compare whether high Q values are found in the presence of flare ribbons where no

topological features were found, perhaps highlightling the presence of quasi-separatrix

layers (QSLs), (e.g. Priest and Démoulin, 1995; Titov, 1999).

In Chapter 5, a convolutional neural network (CNN) is created to classify flare

ribbons into three categories, two-ribbon flares, circular (compact) ribbon flares and

limb flares as well as the control classifcation, the quiet sun. This CNN is trained on

1600Å AIA images which were being used for the previous flare and edge detection

analysis in Chapters 4 and 6. This chapter discusses the work previously published in

Love et al. (2020), however also shown is subsequent work done to include flare ribbon

clasifications with the use of numerical parameters along with the classification of the
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AIA images.

In Chapter 6, observations of solar flares taken by the Atmospheric Imaging As-

sembly (AIA) onboard the Solar Dynamics Observatory (SDO) are considered. The

Canny edge detection method (Canny, 1986) is implemented and used to identify the

flare ribbons observed at peak flare times. De-saturation of 1600Å AIA images is also

discussed due to pixel saturation during some of the flares analysed. Subsequently

distance metrics are chosen to mathematically compare the flare ribbon edges detected

to the topological features found in Chapter 4.

Finally in Chapter 7, a summary is presented with discussion on possible future

work included. This includes the possibility of merging the work discussed into an

automated pipeline which could analyse flare ribbon observations. This would result

in an output of a mathematical metric which could describe whether the flare ribbons

observed were correlated to any topological features within the flaring region.

24



Chapter 2

Potential Field Source-Surface

Model

The Potential Field Source Surface (PFSS) Model (e.g. Schatten et al., 1969; Altschuler

and Newkirk, 1969) generates an analytical approximation of the Sun’s magnetic field

in spherical coordinates. Here we use the PFSS model codes previously discussed and

updated by Williams (2018a).

The model itself can be used to analyse various aspects of the solar atmosphere for

example, modelling coronal null points and their associated features (e.g. Platten, S.

J. et al., 2014).

The model produces a potential magnetic field such that

j =
∇×B

µ0

= 0, (2.1)

where j is the current density and µ0 is the permability of free space. By using the above

result the magnetic field, B, can be written in terms of a harmonic scalar potential, f,

B = −∇f, (2.2)

allowing the magnetic field, B, in spherical coordinates to be defined as,

Br(r, θ, φ) = −∂f
∂r
,

Bθ(r, θ, φ) = −1

r

∂f

∂θ
,

Bφ(r, θ, φ) = − 1

r sin(θ)

∂f

∂φ
.

25



26

Using the solenodial constraint where,

∇ ·B = 0,

and substituting Equation 2.2, produces Laplace’s equation,

∇2f = 0. (2.3)

Hence the PFSS model solves the Laplace equation in spherical coordinates (r, θ, φ);

1

r2

∂

∂r

(
r2∂f

∂r

)
+

1

r2 sin(θ)

∂

∂θ

(
sin(θ)

∂f

∂θ

)
+

1

r2 sin2(θ)

∂2f

∂φ2
= 0, (2.4)

to produce a potential magnetic field.

The solution to Laplace’s equation is well known (e.g. Altschuler and Newkirk,

1969; Schatten et al., 1969), where

f(r, θ, φ) =
∞∑
l=0

l∑
m=−l

(aml r
l + bml r

−(l+1))Qm
l (cos(θ))eimφ. (2.5)

Note that the derivation of this solution and the definitions of the Legendre polynomials

is discussed in Appendix A.1. Here Qm
l are normalised Legendre polynomials and

−l ≤ m ≤ l, where l > 0.

From Equation 2.2 and 2.5 the magnetic field components can be derived,

Br(r, θ, φ) =
∞∑
l=0

l∑
m=−l

Bm
l (r)Qm

l (cos(θ))eimφ, (2.6)

Bθ(r, θ, φ) = −
∞∑
l=0

l∑
m=−l

Aml (r)
dQm

l

dθ
eimφ, (2.7)

Bφ(r, θ, φ) = −
∞∑
l=0

l∑
m=−l

Aml (r)
Qm
l (cos(θ))

sin(θ)
eimφim. (2.8)

The r dependence in Equations 2.6 to 2.8 has been written in terms of two newly

defined functions Aml and Bm
l . These functions have been defined as follows,

Aml (r) =
R(r)

r

= aml r
l−1 + bml r

−(l+2),

(2.9)

26



2.1. BOUNDARY CONDITIONS 27

Bm
l (r) = − d

dr
(R(r))

= (l + 1)bml r
−(l+2) − laml rl−1.

(2.10)

Both Aml (r) and Bm
l (r) are found by applying inner and outer boundary conditions.

2.1 Boundary Conditions

The PFSS model has two boundary conditions that must be imposed to find the un-

known constants aml and bml that are required to calculate the magnetic field compo-

nents.

The model uses synoptic maps to initialise the magnetic field values at the solar

surface. These synoptic maps are created by averaging out HMI observations. In

general for each Carrington longitude 20 HMI magnetograms are averaged that lie

closest in time to the central meridian passage. In Chapter 4 daily synoptic maps

are used, which are created by replacing the Carrington synoptic maps with the data

that occurred on that day for 120◦ in longitude, see Figure 2.1. Note however that

Carrington rotation synoptic maps can also be used.

Overall the boundary conditions can be summarised as,

BC1: At the solar surface the r -component of the potential magnetic field is defined

by the radial synoptic map (see Figure 2.1):

Br(R�, θ, φ) = B�(θ, φ). (2.11)

BC2: When r = Rmax the magnetic field becomes purely radial, indicating the position

of the source-surface. This results in the following assumptions;

Bθ(Rmax, θ, φ) = Bφ(Rmax, θ, φ) = 0, (2.12)

B = Br(Rmax, θ, φ)êr.

These boundary conditions along with Equations 2.6 and A.16, expressing the orthog-

onality condition for the spherical harmonics as an integral, can be used to find an

expression for Bm
l (r).
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Figure 2.1: Example of a HMI daily synoptic map, these maps are used as the lower
boundary condition of the PFSS model.

π∫
θ=0

2π∫
φ=0

Br(r, θ, φ)Y
m

l (θ, φ)dS =

π∫
θ=0

2π∫
φ=0

(
Y
m

l (θ, φ)
∞∑
l′=0

l′∑
m′=−l′

Bm′

l′ (r)Y m′

l′ (θ, φ)

)
dS,

=
∞∑
l′=0

l′∑
m′=−l′

(
Bm′

l′ (r)

π∫
θ=0

2π∫
φ=0

(
Y
m

l (θ, φ)Y m′

l′ (θ, φ)

)
dS

)
,

= Bm
l (r).

By using BC1 for r=R�, at the solar surface,

Bm
l (R�) =

π∫
θ=0

2π∫
φ=0

B�(θ, φ)Y
m

l dS. (2.13)

Equation 2.13 gives all the values of Bm
l (r) at the solar surface which can be calculated

using the synoptic map data. However to get the values for all r ≤ Rmax, the ratio

of
Bm
l (r)

Bm
l (R�)

must be considered to get an expression for Bm
l (r). First note that BC2

implies,

Aml (Rmax) = 0,

as both the Bθ and Bφ components of the magnetic field are to be set to zero at the

outer boundary. This allows Equation 2.9 to be rearranged such that,

aml = −bml R−(2l+1)
max . (2.14)
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The original expression for Bm
l (r), Equation 2.10, can be used to express the ratio,

Bm
l (r)

Bm
l (R�)

=
laml r

l−1 − (l + 1)bml r
−(l+2)

laml R
l−1
� − (l + 1)bml R

−(l+2)
�

, (2.15)

and substituting Equation 2.14 here and rearranging we get,

Bm
l (r) = Bm

l (R�)
laml r

l−1 + (l + 1)aml r
−(l+2)R2l+1

max

laml R
l−1
� + (l + 1)aml R

−(l+2)
� R

(2l+1)
max

,

= Bm
l (R�)

(l + 1)

(
r

R�

)−(l+2)

+ l

(
r

R�

)l−1( R�

Rmax

)(2l+1)

(l + 1) + l

(
R�

Rmax

)(2l+1)
. (2.16)

This gives an expression for Bm
l (r) where all terms are known. Equation 2.16 and 2.9

can be used to find a similar expression for Aml (r),

Aml (r) = Bm
l (R�)

(
r

R�

)−(l+2)

−
(
r

R�

)l−1( R�

Rmax

)(2l+1)

(l + 1) + l

(
R�

Rmax

)(2l+1)
. (2.17)

Note that although all terms here can be calculated, the (r/R�)l−1 terms can become

large for large values of l and so it is best to use the following forms of Equations 2.16

and 2.17,

Bm
l (r) = Bm

l (R�)

(
r

R�

)−(l+2) l + 1 + l

(
r

Rmax

)2l+1

l + 1 + l

(
R�

Rmax

)2l+1
, (2.18)

Aml (r) = Bm
l (R�)

(
r

R�

)−(l+2) 1−
(

r

Rmax

)2l+1

l + 1 + l

(
R�

Rmax

)2l+1
. (2.19)

Using these definitions, the magnetic field components in Equations 2.6 to 2.8 can be

written without any unknown constants, giving the equations needed to calculate the
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magnetic fields for the PFSS Model.

Br(r, θ, φ) =
∞∑
l=0

l∑
m=−l

Y m
l (θ, φ)Bm

l (R�)

(
r

R�

)−(l+2) l + 1 + l

(
r

Rmax

)2l+1

l + 1 + l

(
R�

Rmax

)2l+1
(2.20)

Bθ(r, θ, φ) =
∞∑
l=0

l∑
m=−l

dQm
l

dθ
eimφBm

l (R�)

(
r

R�

)−(l+2)

(
r

Rmax

)2l+1

− 1

l + 1 + l

(
R�

Rmax

)2l+1
(2.21)

Bφ(r, θ, φ) =
∞∑
l=0

l∑
m=−l

im
Y m
l (θ, φ)

sin(θ)
Bm
l (R�)

(
r

R�

)−(l+2)

(
r

Rmax

)2l+1

− 1

l + 1 + l

(
R�

Rmax

)2l+1
(2.22)

2.2 PFSS Codes

The codes used to produce the PFSS magnetic fields and 3D models are the BMW2016

codes discussed in Williams (2018a). These codes are mainly used in Chapter 4 where

flaring active regions are analysed using potential magnetic fields. In this section the

general steps of calculating the potential magnetic fields produced by the model are

discussed.

2.2.1 Synoptic Map Processing

To run these codes synoptic maps are used as the bottom boundary condition, as

discussed in Section 2.1. These maps are obtained from the Joint Science Operations

Centre, JSOC and are 3600 × 1440 radial magnetograms that are created from HMI

720s line-of-sight magnetograms. Although Carrington synoptic maps can be used for

the PFSS model, daily synoptic maps will be used for most of our analysis. These daily

synoptic maps replace 120 degrees of data in longitude with the HMI data observed on

the solar disk at any one time.

To produce a global potential field the polar field values must be determined and

placed into the synoptic map. This is required as some of the polar values are missing

from the original synoptic map data as the HMI instrument on SDO cannot observe all

points on the solar disc. As in Williams (2018a), these polar values are found by using
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the mean polar field values which are given in other HMI data files over several latitudes.

This is calculated by converting LOS magnetograms to a radial field and taking a

weighted 27.2 day average, (see JSOC for data products hmi.meanpf 720s and for more

information Sun et al. (2015)). The mean values were used for latitudes greater than

70 degrees, as these positions are where we start to see gaps in the observational data.

For the daily synoptic maps a 30 day average was taken of all the polar values around

the date given. If the synoptic map had some values already at the poles - perhaps

when one pole was visible - then the data is smoothed such that no discontinuities

occur. This data smoothing is assumed to have little affect on the fields later analysed

in Chapter 4 as many of the regions analysed are lying far from the polar regions and

most features found were local to those regions.

The final step in preparing the data is ensuring that the solenodial constraint is

satisfied over the whole field. To do this the mean net magnetic field value is subtracted

from all the pixels in the synoptic map.

2.2.2 Model Calculations

The PFSS Model uses the Legendre polynomials, Ql
m discussed in Section A.1.1, par-

ticularly using Eqns A.18 to A.23 to create an equidistant grid for the θ components.

This results in two arrays being formed containing the polynomials such that:

� a plm array is created where the Legendre polynomials used are calculated for

a grid equidistant in cos(θ),

� a qlm array is created where the Legendre polynomials used are calculated for a

grid equidistant in θ.

Both of these arrays are calculated in the PFSS routine. The original synoptic map

data used has a grid equidistant in cos(θ), hence the plm array is needed. However the

final grid used in the PFSS model must be equidistant in θ and φ, hence both arrays

must be formed.

There are also two routines in the code which calculate the derivatives of the Leg-

endre polynomials. Instead of calculating derivatives numerically we use recurrance

relations to get the exact values. These derivatives are needed to calculate the final Bθ

component of the magnetic field as in Equation 2.21.

The final potential field in the PFSS code is calculated and stored on a nr×nθ×nφ
grid. To do this a maximum number of harmonics, l, must be set due to being unable

to computationally add an infinite number of terms as needed in Equations 2.20 to
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2.22. Hence the field is calculated in the range l = [0, L] and m = [−l, l]. This L

is picked depending on the memory available within the computing resources used.

However it should be noted that the original synoptic map nθ = 1440 so as L gets

closer to this value, the resolution and accuracy of the field calculated will become

better. However note that typically L ≤ 1440 so the field is not extrapolated past the

original synoptic map size. This also means that nφ ≤ 3600 so that the φ grid is also

not over extrapolated.

Before this final field is calculated a Gaussian filter is applied to the magnetic field

components where,

Bm
l (R�) = Iml e

−π2l(l+1)

4a2 ,

Iml =

∫ ∫
S

B�(θ, φ)Y m
l (θ, φ)dS.

Note that a is a parameter that can be chosen, the value used here is consistent with

that used by (Williams, 2018a). This smoothing could cause the loss of smaller scale

features if they depend on small changes in the magnetic field that may be lost when the

Gaussian filter is applied. Therefore, it is important to apply an appropriate strength

filter such that it does not impact the magnetic field features found. The affect of this

parameter was not investigated in this work, however could provide further insight into

finding small scale null features.

Smoothing allows the use of a high number of spherical harmonics whilst prevent-

ing the occurrence of ringing. This ringing (also known as the Gibbs Phenomenon)

occurs when there are large variations or discontinuities in the magnetic field causing

a oscillating pattern to occur. This can occur frequently at regions of strong varying

polarity, such as sunspots, which are found in active regions - studied in Chapter 4.

Within these PFSS codes, fast Fourier transforms (FFTs) are used to calculate the

magnetic fields. Due to this method being used there must be a limit on the size of

the φ grid due to the array sizes and computation time needed to calculate the fields.

As used in the BMW2016 codes, the grid sizes are set such that,

nr =
2(L+ 1)

π
log

Rmax

R�
,

nθ = L+ 2,

nφ = 2L+ 3.

Where the final grid has values between, 1 ≤ r ≤ 2.5, 0 ≤ θ ≤ π and 0 ≤ φ ≤ 2π. It

should be noted that the values of r are calculated on an exponential grid such that
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there are more points closer to the solar surface, with less towards the upper limit at

r = 2.5.

2.2.3 Summation of Harmonics

As previously discussed FFTs are used to calculate the magnetic field components,

however instead of carrying out the summation terms initially over −l ≤ m ≤ l as in

Equations 2.6 to 2.8, here the FFT routines are initially summed over |m| ≤ l ≤ L,

(e.g., see Ballegooijen et al., 1998; Williams, 2018a). For example Equation 2.6 would

become,

Br(r, θ, φ) =
L∑

m=−L

eimφ
( L∑
l=|m|

Bm
l (r)Qm

l (θ)

)
, (2.23)

which can subsequently be calculated using a discrete Fourier transform.

For a continuous function, f , the Fourier transform is given by,

f̂(y) =

∫ ∞
−∞

e−2πixyf(x)dx, (2.24)

with its equivalent discrete Fourier transform written as,

yk =
N−1∑
n=0

e−
2nπki
N xn. (2.25)

Here both xn and yn are points in two one-dimensional arrays of length N, with x

denoting the input array and y denoting the output array. We also define the discrete

inverse Fourier transform as,

xk =
1

N

N−1∑
n=0

e
i2knπ
N yn. (2.26)

The exponential terms in Equations 2.23 and 2.26 can be equated to note that each

φ = 2πk
N

. This makes it easier to see how the Fourier transforms would be applied here.

Note that the summation in Equation 2.26 only calculates the values where m ≥ 0,

so using Equation A.22 the values for Q−ml can be calculated. This can be done by

simply taking the conjugate of FFT values for m ≥ 0, similarly to what is done in

Williams (2018a) where

B−ml (x)Y −ml (x) ≡ Bm
l (x)Y m

l (x).
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As in the original codes an FFT is used to calculate both the inner and outer summa-

tions which significantly improves the computation time, which is longer when calcu-

lating the outer sum directly.
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Chapter 3

Global Magnetohydrostatic Model

This chapter discusses extensions to the global magnetohydrostatic (MHS) model de-

veloped by Williams (2018a) which was previously developed for the case of no parallel

currents (α = 0). As this model is used for the analysis of magnetic field regions in

this work, the derivations of the magnetic field components that are calculated in the

subsequent code are shown below.

In contrast to Williams (2018a) we allow the component of the current parallel to

the magnetic field to be non-zero. Although this method was discussed in that work,

it was never investigated how varying the parallel current would affect the global MHS

models created. Below we carry out a similar analysis as that done for the case where

the parallel current is zero.

3.1 Magnetic field derivations

We will now derive the theory of analytical MHS equilibria, where we make the as-

sumptions that:

1. A spherical coordinate system is being implemented, where we assume the grav-

itational potential ψ = −GM
r

such that;

∇ψ =
GM

r3
r. (3.1)

2. M is assumed to be the mass of the star (here the Sun) being studied.
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Initially we consider similar equations as those previously discussed in Chapter 2 with

the magnetohydrostatic (MHS) equations given as follows,

j×B−∇p− ρ∇ψ = 0, (3.2)

∇×B = µ0j, (3.3)

∇ ·B = 0, (3.4)

where Equation 3.2 shows the force balance equation, Equation 3.3 shows Ampères

Law and Equation 3.4 shows the solenodial constraint.

We also assume that the current density takes the form;

j = αB +∇F ×∇ψ, (3.5)

as suggested by (e.g. Bogdan and Low, 1986; Low, 1991). Note, throughout we assume

α = constant and F is a free function. First, we can substitute Equation (3.5) into

Ampére’s Law (Equation (3.3) to get,

∇×B = µ0(αB +∇F ×∇ψ). (3.6)

Taking the curl of Equation 3.6, which is shown in Appendix A.2, and dotting the

result, Equation A.26, with r, we get the following;

r · (∇× (∇×B)) = µ0(α2µ0r ·B + r · ∇ × (∇F ×∇ψ)). (3.7)

To expand this equation further we must first find a form for ∇F ×∇ψ, therefore we

let F take the form;

F = κ(ψ)∇ψ ·B

= κ(ψ)
GM

r3
r ·B,

(3.8)

and following this definition we find,

∇F ×∇ψ = ∇(κ(ψ)
GM

r3
r ·B)× GM

r3
r,

= ξ(r)∇(r ·B)× r,

(3.9)

with the full derivation of this result shown in Appendix A.2 (Equation A.28).
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Using this result we can substitute this back into Equation 3.7 and rearrange to

get;

∇2(r ·B) + α2µ2
0(r ·B) + µ0r · ∇ × (ξ(r)∇(r ·B)× r) = 0, (3.10)

where the simplification of the LHS of Equation 3.7 is shown in Equation A.27.

To simplify Equation 3.10 we consider the 3rd term. This can be simplified by

considering;

∇× (ξ(r)∇(r ·B)× r) = (r · ∇)ξ(r)∇(r ·B)− (ξ(r)∇(r ·B) · ∇)r

+ (∇ · r)ξ(r)∇(r ·B)− (∇ · ξ(r)∇(r ·B))r,

= (r · ∇)ξ(r)∇(r ·B)− ξ(r)∇(r ·B) + 3ξ(r)∇(r ·B)

− (∇ · ξ(r)∇(r ·B))r,

= (r · ∇)ξ(r)∇(r ·B) + 2ξ(r)∇(r ·B)− (∇ · ξ(r)∇(r ·B))r,

= 2ξ(r)∇(r ·B)− (∇ · ξ(r)∇(r ·B))r + r
∂

∂r
(ξ(r)∇(r ·B)),

= 2ξ(r)∇(r ·B)− (∇ · ξ(r)∇(r ·B))r + r
∂ξ(r)

∂r
∇(r ·B)

+ rξ(r)
∂

∂r
(∇(r ·B)),

= 2ξ(r)∇(r ·B)− r∇ξ(r) · ∇(r ·B)− ξ(r)r(∇ · ∇(r ·B))

+ r
∂ξ

∂r
∇(r ·B) + rξ(r)

∂

∂r
(∇(r ·B)).

Following this result we can now consider,

r · (∇× (ξ(r)∇(r ·B)× r)) = r · (2ξ(r)∇(r ·B)− r∇ξ(r) · ∇(r ·B)− ξ(r)r(∇2(r ·B))

+ r
∂ξ

∂r
∇(r ·B) + rξ(r)

∂

∂r
(∇(r ·B))),

= 2rξ(r)
∂

∂r
(r ·B)− r2∂ξ

∂r

∂

∂r
(r ·B)− r2ξ(r)∇2(r ·B)

+ r2∂ξ

∂r

∂

∂r
(r ·B) + r2ξ(r)

∂2

∂r2
(r ·B),

= ξ(r)

(
2r

∂

∂r
(r ·B)− r2∇2(r ·B) + r2 ∂

2

∂r2
(r ·B)

)
,

= ξ(r)

(
∂

∂r

(
r2 ∂

∂r
(r ·B)

)
− r2∇2(r ·B)

)
.

(3.11)
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We can introduce the operator, L, such that;

L =
1

i
r×∇, (3.12)

and this definition can be used to simplify Equation 3.11 where,

r · ∇ × (∇F ×∇ψ) = ξ(r)L2(r ·B). (3.13)

This equation can be substituted back into Equation 3.10 to get the radial component

of the magnetic field in the form of a partial differential equation;

∇2(r ·B) + α2µ2
0(r ·B) + µ0r · ∇ × (ξ(r)∇(r ·B)× r) = 0,

∇2(r ·B) + α2µ2
0(r ·B) + µ0ξ(r)L

2(r ·B) = 0,

∇2(r ·B) + ᾱ2(r ·B) + ξ̄(r)L2(r ·B) = 0,

(3.14)

where,

ᾱ = αµ0 and ξ̄(r) = ξ(r)µ0. (3.15)

Equation 3.14 can be used to find the Br component of the magnetic field, however

to solve the partial differential equation separation of variables is used to simplify the

r ·B component. Therefore we let,

r ·B = R(r)T (θ)P (φ),

and substituting into Equation 3.14 we get,

TP

r2

∂

∂r

(
r2dR

dr

)
+

RP

r2 sin θ

∂

∂θ

(
sin θ

dT

dθ

)
+

RT

r2 sin2 θ

d2P

dφ2
+ ᾱ2RTP

−ξ̄ RP

r2 sin θ

d

dθ

(
sin θ

dT

dθ

)
− ξ̄ RT

r2 sin2 θ

d2P

dφ2
= 0;

1

r2R

d

dr

(
r2dR

dr

)
+

(
1

r2
− ξ̄
)(

1

T sin θ

d

dθ

(
sin θ

dT

dθ

)
+

1

P sin2 θ

d2P

dφ2

)
+ ᾱ2 = 0.

Using a separation constant, λ, to carry out separation of variables we get;

1

T sin θ

d

dθ

(
sin θ

dT

dθ

)
+

1

P sin2 θ

d2P

dφ2
= −λ, (3.16)
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1

r2R

d

dr

(
r2dR

dr

)
− λ
(

1

r2
− ξ̄
)

+ ᾱ2 = 0. (3.17)

Equation 3.16 is the same equation we solve for the PFSS model, shown in Chapter

2 which has spherical harmonics Y m
l (θ, φ), (see Jackson, 1975), as solutions where

λ = l(l+1) and −l ≤ m ≤ l. Finding the solution to Equation 3.16 is shown in Section

A.1.1.

Therefore there is only the r-dependent solution to consider here, which differs to

the r-dependent solution of the PFSS model. To find solutions to Equation 3.17 we

must choose ξ̄(r) such that the differential equation becomes solvable using known

functions. This means we can assume that the solutions are a sum of two functions

with a linear dependence on r, for example;

r ·B =
∞∑
l=0

l∑
m=−l

Bm
l (r)Y m

l (θ, φ). (3.18)

Therefore we can define Br as;

Br =
∞∑
l=0

l∑
m=−l

Bm
l (r)

r
Y m
l (θ, φ), (3.19)

and to find Bθ and Bφ we must again consider L, previously defined as,

L =
1

i
r×∇ =

1

i

(
0,− 1

sin θ

∂

∂φ
,
∂

∂θ

)
. (3.20)

From this we can find L2;

L2 = L · L = − 1

sin θ

∂

∂θ

(
sin θ

∂

∂θ

)
− 1

sin2 θ

∂2

∂φ2
.

Returning to Equation 3.6 we can find the magnetic field components by first taking;

r · ∇ ×B = µ0αr ·B,

which can be simplified using vector identities and the angular momentum where;

r×∇ ·B = µ0αr ·B,

iL ·B = µ0αr ·B.
(3.21)
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As L has no radial component we can simplify Equation 3.21 by using Equation 3.18;

L ·Bt =
µ0α

i
r ·B,

L ·Bt =
ᾱ

i
r ·B,

L ·Bt =
ᾱ

i

∞∑
l=0

l∑
m=−l

Bm
l (r)Y m

l (θ, φ),

(3.22)

where we let Bt = Bθeθ + Bφeφ. From Neukirch (1995) we can assume that Bt takes

the form:

Bt =
∞∑
l=0

l∑
m=−l

vl,m(r)LY m
l (θ, φ) + wl,m∇Y m

l (θ, φ). (3.23)

We can find the general forms of both vl,m(r) and wl,m(r) by substituting this defi-

nition of Bt into Equations 3.22 and 3.4, with the details of both derivations shown

in Appendix A.2 (see Equations A.30 and A.31). If we substitute Equation 3.23 into

Equation 3.22 and consider a single order element,

vl,m(r) =
ᾱ

i

Bm
l (r)

l(l + 1)
. (3.24)

We consider ∇ ·B = 0 such that;

∇·B =
1

r2

∂

∂r

(
r2B

m
l (r)

r
Y m
l (θ, φ)

)
+∇· (vl,mLY m

l (θ, φ)) +∇· (wl,m(r)∇Y m
l (θ, φ)) = 0,

where,

wl,m =
1

l(l + 1)

d

dr
(rBm

l (r)). (3.25)

We can now write the final form of the magnetic field as;

B =
∞∑
l=0

l∑
m=−l

(
r
Bm
l (r)

r2
Y m
l (θ, φ) +

ᾱ

i

Bm
l (r)

l(l + 1)
LY m

l (θ, φ)

+
d

dr
(rBm

l (r))
∇Y m

l (θ, φ)

l(l + 1)

)
,

(3.26)

and using Equation A.17 this can also be written component-wise;

Br(e, θ, φ) =
∞∑
l=0

l∑
m=−l

Bm
l (r)

r
Y m
l (θ, φ), (3.27)

40



3.2. PLASMA PRESSURE AND DENSITY DERIVATIONS 41

Bθ(r, θ, φ) =
∞∑
l=0

l∑
m=−l

1

l(l + 1)

(
ᾱBm

l (r)im
Qm
l (θ)

sinθ
eimφ

+
1

r

d

dr
(rBm

l (r))
dQm

l (θ)

dθ
eimφ

)
,

(3.28)

Bφ(r, θ, φ) =
∞∑
l=0

l∑
m=−l

1

l(l + 1)

(
− ᾱBm

l (r)
dQm

l (θ)

dθ
eimφ

+
1

r

d

dr
(rBm

l (r))im
Qm
l (θ)

sinθ
eimφ

)
.

(3.29)

3.2 Plasma Pressure and Density derivations

The plasma pressure and density of the magnetohydrostatic (MHS) magnetic fields can

be calculated to check that the parameters chosen for the magnetic field models (ᾱ, d)

keep these quantities physical, whilst also investigating how the parameters change

these quantities. To derive the relevant plasma pressure and density equations we

return to the force balance equation (see Equation 3.2),

j×B−∇p− ρ∇ψ = 0,

and use the definition of the current density, see Equation 3.5, to obtain

∇p+ ρ∇ψ − (αB +∇F ×∇ψ)×B = 0;

∇p+ ρ∇ψ − (B · ∇F )∇ψ + (B · ∇ψ)∇F = 0.
(3.30)

Here we assume that ∇ψ and ∇F are linearly independent such that p = p(F, ψ) and

hence Equation 3.30 becomes

∂p

∂F
∇F +

∂p

∂ψ
∇ψ + ρ∇ψ + (B · ∇ψ)∇F − (B · ∇F )∇ψ = 0. (3.31)

Since we have assumed linear independence, the equation can be split into the two

following equations,
∂p

∂F
+ B · ∇ψ = 0, (3.32)

∂p

∂ψ
+ ρ−B · ∇F = 0. (3.33)

We can use the definition of F , Equation 3.8, to simplify Equation 3.32,

∂p

∂F
+

F

κ(ψ)
= 0,
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this equation can subsequently be integrated with respect to F to get an equation for

pressure where;

p(r, θ, φ) = p0(ψ)− F 2

2κ(ψ)
. (3.34)

Again using the definition of F we get,

p(r, θ, φ) = p0(r)− ξ(r)

2
(r ·B)2

= p0(r)− ξ̄(r)

2µ0

(r ·B)2,

(3.35)

where p0(r), which is a free function, represents a background pressure.

Using Equations 3.33 and 3.35 we can derive an expression for the density of the

global MHS model, (for details see Bogdan and Low, 1986; Neukirch, 1995). Using both

equations and changing the derivative of the pressure with respect to ψ in Equation

3.33 to the derivative with respect to r, along with the definition of F (as in Equation

3.8) we get the following expression for the density of the model;

ρ(r, θ, φ) =
r2

µ0GM

(
1

2

dξ̄

dr
(r ·B)2 + rξ̄B · ∇(r ·B)− µ0

dp0

dr

)
. (3.36)

Both the pressure and density of the MHS fields can now be calculated and in principle

the ideal gas law can be used to define the plasma temperature,

T =
µp

ρRgas

, (3.37)

where µ is the mean molecular weight and Rgas is the gas constant.

We can now apply the boundary conditions of the model to calculate the function

Bm
l which is used to define the magnetic field components.

3.3 Imposing Boundary Conditions on the MHS

Model

As shown in Williams (2018a) the MHS model created could have a source surface

similar to that which is present in the potential field source surface (PFSS) model in

Chapter 2. In total two different boundary conditions were used for the MHS model

created. These included:

1. when α = 0 the same BCs used for the PFSS model are applied,
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2. when α 6= 0 we relax the PFSS BCs previously used (parts of Bθ, Bφ 6= 0, however

an outer boundary is still set, which is discussed below) which we refer to as the

source-surface.

To implement boundary condition 1 i.e. when α = 0 we can use similar assumptions

to those used in the potential field model. Boundary condition 2 is created by setting

parts of the magnetic field which are not dependent on α to zero at the outer boundary,

this is discussed in Section 3.3.1.

We can first choose a form for ξ̄(r), the function we use was initially used by Bogdan

and Low (1986) and again implemented by Neukirch (1995) where,

ξ̄(r) =
1

r2
− 1

(r + d)2
, (3.38)

and d is a constant which relates to the amount of current in the model which is

perpendicular to the gravitational force (which is radial for a spherical mass). This

constant can now be used to find the analytical solutions of Equation 3.17 which were

previously denoted by some function Bm
l (r). Hence equation 3.17 becomes,

1

r

d

dr

(
r2dR

dr

)
+

(
ᾱ2 − l(l + 1)

(r + d)2

)
rR = 0,

which can be simplified to,

d2

dr2
(rR) +

(
ᾱ2 − l(l + 1)

(r + d)2

)
rR = 0. (3.39)

Equation 3.39 can now be solved for varying values of α. If we first consider α = 0,

the solutions are similar to those found in the PFSS model, such that

d2

dr2
(rR)− l(l + 1)

(r + d)2
rR = 0.

This equation is simplified further by creating two new variables such that the equation

becomes a simple second order differential equation. These variables are chosen to be,

u(r) = rR and v(r) = log(r + d),

and so the differential equation can be written as,

d2u

dv2
− du

dv
− l(l + 1)u = 0.
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This equation can be solved for u(v), however as we want an equation with respect to

r, we can rearrange the solution so that,

R(r) =
(r + d)l+1

r
a+

(r + d)−l

r
b,

where a and b are constants of integration. As previously mentioned we chose to call the

solutions of the equation Bm
l (r) and so we can transform the solutions with constants

aml and bml which are dependent on l and m. The final solutions have the form,

Bm
l (r) =

(r + d)l+1

r
aml +

(r + d)−l

r
bml . (3.40)

Equation 3.39 has different solutions when α 6= 0. First a substitution must be made to

transform the equation into a second order differential equation. Hence, we substitute:

rR = (r + d)
1
2u(v) with v(r) = ᾱ(r + d),

to get a differential equation of the form:

v2d
2u

dv2
+ v

dv

du
+

(
v2 −

(
l +

1

2

)2
)
u = 0.

Therefore, the solutions for u(v) are Bessel functions and our solution is,

Bm
l (r) =

√
r + d

r

(
aml Jl+ 1

2
(ᾱ(r + d)) + bml Nl+ 1

2
(ᾱ(r + d))

)
. (3.41)

Note that Jz and Nz are half-integer Bessel functions (https://dlmf.nist.gov/10.

47). This solution was originally derived in Neukirch (1995) and discussed further in

Williams (2018a). Similarly to those works we simplify our equation further by defining

two new functions J̄z(r) and N̄z(r), which will allow the MHS field components to be

written in a similar format to those previously derived in Chapter 2 for the PFSS

model. Hence we can write Equation 3.41 as,

Bm
l (r) =

√
r + d

r

(
aml J̄l+ 1

2
(r) + bml N̄l+ 1

2
(r)
)
. (3.42)

This allows the boundary conditions to be applied to calculate the unknown constants

aml and bml .

The boundary condition applied at the base of the magnetic field is identical to
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that used in the PFSS model. It requires the radial component of the magnetic field

at the bottom boundary to be equivalent to that taken from the radial component of

the synoptic map used, for example;

Br(R�, θ, φ) = B�(θ, φ).

In a similar way to the Bm
l derived for the PFSS model, we can define our variable as,

Bm
l (R�) = R�

∫ 2π

φ=0

∫ π

θ=0

B�(θ, φ)Ȳ m
l (θ, φ)dS. (3.43)

3.3.1 Outer Boundary Conditions

The outer boundary conditions for ᾱ = 0 and ᾱ 6= 0 were previously discussed in

Williams (2018a). The boundary conditions used in the MHS models here are un-

changed from those previously discussed in the PFSS model (see Chapter 2). They are

reproduced here for the benefit of the reader.

For ᾱ = 0, a source-surface similar to that seen in the PFSS model is present with

the magnetic field becoming purely radial at R = Rss. This means that,

d

dr
(rBm

l )|R=Rss = 0, (3.44)

to allow the Bθ and Bφ terms to go to zero. When applying this to find the value of

Bm
l (r) we get,

aml = − l + 1

l
(Rss + d)2l+1bml ,

with a similar technique applied here as to what was previously carried out in the

PFSS model analysis, where by substituting this into Equation 3.40 and using the

lower boundary condition we find,

Bm
l (r)

r
= Bm

l (R�)
R2
�

r2

(
R� + d

r + d

)l l + 1 + l

(
r + d

Rss + d

)2l+1

l + 1 + l

(
R� + d

Rss + d

)2l+1
,

and,

1

r

d

dr
(rBm

l ) = l(l + 1)Bm
l (R�)

R2
�

r2

(R� + d)l

(r + d)l+1

(
r + d

Rss + d

)2l+1

− 1

l + 1 + l

(
R� + d

Rss + d

)2l+1
.
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For ᾱ 6= 0 one part of the tangential magnetic field is set to zero, this is the part of

Equation 3.26 which does not depend on ᾱ. This will allow the creation of an outer

boundary similar to that produced when ᾱ = 0. Here we cannot set Bm
l (r) = 0 at

R = Rss as the radial component of the magnetic field would be zero at the maximum

R value, therefore we assume Bm
l (r) 6= 0. This allows us to use the same assumption

as shown in Equation 3.44 which subsequently results in the value of aml when ᾱ 6= 0

to be,

aml = −
2ᾱ(Rss + d)N̄

′

l+ 1
2

(Rss) + N̄l+ 1
2
(Rss)

2ᾱ(Rss + d)J̄
′

l+ 1
2

(Rss) + J̄l+ 1
2
(Rss)

bml .

This can be substituted into Equation 3.42 to get,

Bm
l (r)

r
= Bm

l (R�)
R2
�

r2

√
r + d

R� + d

N̄l+ 1
2
(r)− CRJ̄l+ 1

2
(r)

N̄l+ 1
2
(R�)− CRJ̄l+ 1

2
(R�)

,

where we define,

CR =
2ᾱ(Rss + d)N̄

′

l+ 1
2

(Rss) + N̄l+ 1
2
(Rss)

2ᾱ(Rss + d)J̄
′

l+ 1
2

(Rss) + J̄l+ 1
2
(Rss)

. (3.45)

3.4 Comparison of MHS and PFSS fields

3.4.1 Pressure and Density values

As previously discussed in Section 3.2 both the pressure and density values for an MHS

field can be calculated. We can therefore calculate these values for different values of

ᾱ and d to get a better insight into which of these values are suitable for a physical

MHS field i.e. both pressure and density values stay positive for all heights, r, in the

magnetic field. If required, the temperature in relation to the plasma pressure could

also be calculated - however this will not be discussed here.

In Williams (2018a) an investigation was carried out into what suitable values the

parameter d, the current which is perpendicular to the radial magnetic field component,

could take. There it was found that 0 ≤ d ≤ 1, however values between −10 ≤ d ≤ 10

were also considered in that study. Throughout that analysis it was assumed that

ᾱ = 0, here we will consider the changes in the MHS magnetic field pressure, density

and plasma beta for varying values of ᾱ. This will give us suitable values of both d

and ᾱ that can be used for the MHS models created in Chapter 4. We continue our

analysis with two values of d, d = 0.005 and d = 0.05 this allows us to see the change

in the calculated parameters when ᾱ is varied.
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From Equation 3.35 recall that the MHS pressure takes the form,

p(r, θ, φ) = p0(r)− ξ̄(r)

2µ0

(r ·B)2,

and the plasma beta is,

β =
2µ0p

B ·B
.

To fit in with the ideal values for the low corona the plasma beta would have a value

which is very small i.e. β � 1, with the value rising to values of order one or higher

in the corona (e.g. Gary, 2001). Therefore to ensure that the pressure is kept positive

everywhere, p0(r) is chosen such that it is just slightly larger than the other pressure

term i.e;

p0(r) >
ξ̄(r)

2µ0

(r ·B)2.

To calculate the pressure at each height the mean value of the pressure for that radius

is taken. The plasma beta is also calculated across the full disk for each radius, with

the mean value taken. The pressure and the plasma beta values calculated for varying

values of ᾱ are shown in Figure 3.1 with d = 0.05. The values of ᾱ that were chosen

for this analysis were picked to give a range of values and to push the bounds of what

may be physically meaningful i.e. in keeping pressure (and density) positive. These

values ranged from −9 ≤ ᾱ ≤ 9 and included the potential field value at ᾱ = 0 and

d = 0.

Note that Figure 3.1a shows some oscillating pressure values with respect to height

above the solar surface for certain ᾱ values. We see that values from 0 ≤ ᾱ ≤ 1 give

suitable pressure values with the pressure decreasing continuously from 0 to 1000Mm

above the solar surface. For values where ᾱ < 0 we see that the pressure values decrease

close to the surface, however steadily start to rise again, which is not physical. For

the remaining values considered, ᾱ > 1, the pressure values start to oscillate with

increasing distance from the solar surface, this is also not desirable. Figure 3.1b shows

the corresponding plasma beta values with the corresponding ᾱ values. These values

seem to drop off with increasing height, however for some values of ᾱ we see small

peaks in the plasma beta values.

Figure 3.2 also shows pressure and plasma beta values for a smaller value of d =

0.005. Although the d value has been changed, we see the same patterns in the pressure

values calculated as previously discussed. Note however that both the pressure and

plasma beta values are smaller that those calculated for d = 0.05, with a more smooth,

continuous curve of the plasma beta values shown.
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Hence from this analysis it is shown that to keep pressure decreasing as R increases

and to ensure that the plasma beta drops off to β � 1 in the solar corona we must

choose 0 ≤ ᾱ ≤ 1.

To further confirm our choices for the ᾱ values we plotted the mean density against

the change in height from the solar surface. To do this we used the density equation

previously derived (Equation 3.36) such that,

ρ(r, θ, φ) =
r2

µ0GM

(
1

2

dξ̄

dr
(r ·B)2 + rξ̄B · ∇(r ·B)− µ0

dp0

dr

)
.

The value previously chosen for the p0(r) term will make an impact here.

Figure 3.3 gives examples of average density values for varying values of ᾱ when

d = 0.05. These density values are relatively small i.e. in the region of 10−9kg m−3,

hence so we can deduce which values of ᾱ keep the average density positive we have

shown the density values on a log axis as in Figure 3.3b. For most of the ᾱ values

chosen, we see that the density oscillates from positive to negative values (where the

curves go off the plot). For the values of ᾱ that were previously found to have suitable

pressure and plasma beta values (0 ≤ ᾱ ≤ 1) we find that they also always have

positive density values - although sometimes these values can become extremely small,

≈ 10−19kg m−3. In particular we find positive density values where ᾱ = 0, ᾱ = 0.3 and

ᾱ = 1.
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Figure 3.1: (a) shows the mean plasma pressure calculated for d = 0.05 and −9 ≤
ᾱ ≤ 9, (b) the mean plasma beta is calculated for the same values.

Figure 3.2: (a) shows the mean plasma pressure calculated for d = 0.005 and −9 ≤
ᾱ ≤ 9, (b) the mean plasma beta is calculated for the same values.
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Figure 3.3: (a) shows the change in density against height with (b) showing the log
plot of the density against height allowing us to investigate whether density is becoming
negative.

3.4.2 Global Magnetic Field Models

As we can achieve suitable pressure and density values by setting 0 ≤ ᾱ ≤ 1 and

0 ≤ d ≤ 1 we can investigate the general changes in the overall magnetic field features

found around active regions for both potential magnetic fields (ᾱ = 0, d = 0) and the

MHS fields (ᾱ 6= 0 and/or d 6= 0).

From the analysis in Williams (2018a), we use the value of d = 0.05 here and vary

the α values between the range 0 ≤ ᾱ ≤ 1. This allows a general overview of how

varying the ᾱ values can alter the global magnetic field features.

Initially surface cuts of three magnetic fields were taken at R = 1.2R�; these are

shown in Figure 3.4. A potential field is shown along with two MHS fields where

ᾱ = 0.3 and ᾱ = 1. Comparing the separatrix surfaces (calculated using the MSAT

codes (Williams, 2018a)), which are shown in red (positive) and blue (negative) between

all three figures, shows differences in their shapes and locations. Both the potential

field and the MHS field where ᾱ = 0.3 and d = 0.05, see Figures 3.4a and 3.4b, have

very similar separatrix structures present in many parts of the surface cut, with many

of the large structures having the same shapes and positions but some of the smaller
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structures differing between the two. This differs a lot from the MHS field where ᾱ = 1

and d = 0.05, as many of the larger separatrix structures are different from those

previously shown in the potential and other MHS fields. Note that the yellow and

orange dots on the surface cuts indicate the presence of separators, with the yellow

marking null-null separators and the orange marking HCS separators. The presence of

these separators also vary between all three surface cuts due to the changing position

of the HCS and the separatrix surfaces originating from null points. However the main

differences between the three magnetic fields shown is in the HCS positions. Both the

potential field and the MHS field where ᾱ = 0.3 are shown to have a HCS present

(shown in green) with some slight variations in where it intersects with the surface.

However Figure 3.4c shows that the MHS field where ᾱ = 1 does not have any HCS

intersecting at this height, which lead us to investigate further using 3D global magnetic

field models.

The 3D magnetic field models for ᾱ = 0, ᾱ = 0.3 and ᾱ = 1 are shown in Figure

3.5. The HCS present in both Figures 3.5a and 3.5b lie mainly across the centre of

the solar surface resulting in regions of open and closed magnetic field. Both HCS

are similar in shape with slight differences visible. However the 3D magnetic skeleton

reveals that the HCS for ᾱ = 1 (Figure 3.5c), is almost torus-like around the centre

of the Sun, which is not physical. This shows that where ᾱ = 1 we may have chosen

a value for ᾱ that is too large and results in unusual changes in the toplogy of the

magnetic field. The values which are suitable for constant-α fields have been discussed

previously (e.g. Berger, 1985). For our use of the MHS models in Chapter 4, we limit

the value of ᾱ to lower values.

As well as the differences in the HCS shown, differences can also be seen in the

position and polarity of the separatrix structures and spine lines in the global magnetic

field models. As α increases fewer structures lie across the solar equator; instead it

seems they move towards the poles with the spine lines also pointing in the polar

directions also.

Overall through analysis of the pressure, density and plasma beta values shown in

Section 3.4.1 and the global magnetic field models analysed here the final values that

are suitable to create MHS magnetic fields are 0 ≤ d ≤ 1 and 0 ≤ ᾱ ≤ 1 (note, ᾱ values

may have to be investigated further as although pressure values etc. look suitable, the

field itself may have become unstable due to the larger ᾱ values).
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(a) ᾱ = 0, d = 0

(b) ᾱ = 0.3, d = 0.05

(c) ᾱ = 1, d = 0.05

Figure 3.4: Surface cuts at r = 1.2R� are shown for MHS magnetic fields calculated
for various d and α values. For Carrington rotation 2097; (a) a potential field, (b) a
MHS field where ᾱ = 0.3, d = 0.05 and (c) a MHS field where ᾱ = 1, d = 0.05. These
include positive nulls (separatrix surfaces - red lines; spine lines - red dots), negative
nulls (separatrix surfaces - blue lines; spine lines - blue dots), null-null separators
(yellow), HCS-null separators (orange) and the HCS curtains (green line)
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(a) ᾱ = 0, d = 0 (b) ᾱ = 0.3, d = 0.05

(c) ᾱ = 1, d = 0.05

Figure 3.5: 3D magnetic skeletons are shown for MHS magnetic fields calculated for
various d and α values. All fields were calculated for Carrington rotation 2097. (a)
shows a potential field, (b) shows a field where ᾱ = 0.3, d = 0.05 and (c) shows a field
where ᾱ = 1, d = 0.05.
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Chapter 4

Analysing Global Magnetic Field

Features Found in Flaring Active

Regions

Analysis of the magnetic fields and their global magnetic skeletons around flaring active

regions can give us an insight into the properties needed for flaring events to occur. In

this Chapter, we will discuss fourteen flaring active regions that were observed on the

solar surface from February 2011 to September 2017. Six of the regions are discussed

in detail here, showcasing the main features and problems found in the analysis. The

remaining eight active regions are discussed further in Appendix A.3. All of these

regions were found to have at least one X-class flare occur whilst they were passing

across the solar disc. The data used is taken from the peak flare time and flare ribbons

are visible in the AIA observations. Additionally the magnetic fields are extrapolated

globally and their magnetic skeletons are constructed. Following this, a study was

carried out to investigate whether the presence of these global magnetic field features,

in particular the separatrix surfaces, could be correlated with the appearance of the

flare ribbons observed.

To start this study, data products from the Solar Dynamics Observatory (SDO)

(Pesnell et al., 2012) are used. The flare ribbon observations required are taken from

the 1600Å emission line data from the Atmospheric Imaging Assembly (AIA). These

images have a 24-second cadence, with a resolution of 0.6 arcsecs per pixel and are

of size 4096 × 4096 pixels. The corresponding magnetograms must be obtained to

model the magnetic fields at the flare times, hence line-of-sight magnetograms with a

resolution of 0.5 arcsecs per pixel from the Heliopsheric and Magnetic Imager (HMI)

are used. Daily synoptic maps created by HMI data products are used by the magnetic
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field models to carry out the field extrapolations.

To extrapolate the global magnetic fields at the flare times, the Potential Field

Source Surface (PFSS) model (e.g. Schatten et al., 1969; Altschuler and Newkirk,

1969; Platten et al., 2014; Williams, 2018a) is used initially.

As previously discussed in Chapter 2, this PFSS model has two boundary condi-

tions imposed. The first lower boundary condition, at R = 1.0, uses the daily HMI

radial synoptic maps as the magnetic field values at the solar surface. Instead of the

Carrington rotation synoptic maps which are HMI magnetograms averaged over 27

days, these daily maps have all data within 60◦ of the central meridian replaced by the

average magnetic field values of the magnetograms taken between 10UT and 14UT. For

these synoptic maps however, there is missing data at the polar regions which is needed

for the PFSS model extrapolations. Therefore polar field values taken from HMI data

products are averaged for the whole Carrington rotation with the synoptic map values

replaced by these mean values with more information on this given in Chapter 2. The

second outer boundary condition imposed assumes that where R > 2.5 the magnetic

fields become purely radial, hence marking where the source-surface is located. For the

remainder of this Chapter the number of spherical harmonics used is assummed to be

l = 1201, resulting in potential magnetic fields (B) of size (702× 1203× 2405) in r, θ

and φ respectively being extrapolated.

After the magnetic fields have been extrapolated, global magnetic skeletons are

created (Bungey et al., 1996). These magnetic skeletons are made up of null points,

spine lines, separatrix surfaces, separatrices and the heliospheric current sheet (HCS),

for more information on how all of these are calculated see Chapter 1.5. Throughout

this analysis however features created by the separatrix surfaces found will be classified

as in Platten et al. (2014). This allows the larger scale structures created to be easily

picked out and compared to the flare ribbons observed.

Three main topological features will be considered as shown in Figure 4.1, with

separatrix domes, separatrix caves and separatrix tunnels expected to be found in and

around the flaring regions. Firstly, the separatrix domes form over opposite polarity

regions and consist of separatrix surfaces from one or more null points. Commonly

separatrix domes consist of a single null point and its corresponding spine line, with

the separatrix surface fieldlines arching down to intersect completely with the solar

surface. They are also found to occur within both open and closed fields, in open

fields the spine line will intersect at one end with the solar surface and the other end

with reach up to the outer boundary. However in closed fields the spine line footpoints

are found to both intersect with the solar surface. Secondly, separatrix caves are also

56



57

considered. These are extremely similar to separatrix domes, however are found to

have an opening bounded by spine lines from an opposite polarity null point. This

opening makes the structure almost cave-like in shape. The final structure considered

are separatrix tunnels, which have two openings where the separatrix fieldlines intersect

with the solar surface. The openings are shown by yellow arrows in Figure 4.1f, with

both opening bounded by spine lines of opposite polarity nulls whilst the tunnel itself

originates from a single null point.

Other magnetic field features have previously been found to contribute to the pres-

ence of flare ribbons. The main field feature that has been widely analysed is the

presence of quasi separatrix layers (QSLs), (Priest and Démoulin, 1995), in the flaring

regions. Although very similar to separatrix surfaces there is no associated null point

for QSLs. They can be identified by the large gradient of footpoint mapping that oc-

curs in the magnetic field, the best measure of this is given by the squashing factor, Q.

Note that in the presence of separatrices Q → ∞ due to the jump in connectivity of

the field. Both QSLs and separatrices have been analysed using various magnetic field

methods (Demoulin et al., 1997; Titov, 1999; Aulanier, 2011; Savcheva et al., 2015;

Pontin et al., 2016; Janvier et al., 2016; Zhao et al., 2016, e.g.).

57



58

(a) (b)

(c) (d)

(e) (f)

Figure 4.1: (a) and (b) show a separatrix dome and its cut along the surface R =
1.001, (c) and (d) show a separatrix cave and its respective surface cut, (e) and (f) show
a separatrix tunnel and its respective surface cut with the yellow arrows indicating the
tunnel openings.
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4.1 Calculating the Squashing Factor

The squashing factor Q, can be calculated using the method described in Titov (2007).

The method is discussed in detail here to calculate Q in terms of spherical coordinates.

Following the derivation of the squashing factor, the flaring active regions considered

in this Chapter can also be analysed for the presence of QSLs if no separatrix surfaces

are present, as well as showing high values of Q where separatrix surfaces are present.

Initially, we can consider two surfaces, a launch surface and a target surface, with

a coordinate systems defined as (u1, u2) and (w1, w2) respectively at both boundaries.

Note that here our launch surface is typically the photosphere, with the target surface

for closed fieldlines also the photosphere and the target surface for open fieldlines

marked at the source-surface R = Rss = 2.5R�.

As in Titov (2007), we can define the magnetic field lines mapping from one surface

to the other, (u1, u2)→ (w1, w2), by defining a vector function [W 1(u1, u2),W 2(u1, u2)].

The properties of this fieldine mapping can be described by,

D =

[
∂W i

∂uj

]
, (4.1)

where D is a Jacobian matrix which determines the mappings from the tangent plane

at the photosphere to the tangent plane at the target surface. This mapping can be

generalised to give a definition of the squashing factor, Q, of an infinitesimal circle at

the photosphere being projected onto an ellipse at one of the target surfaces.

To derive an expression for Q, we introduce a vector function R(u1, u2) which

describes the location of the fieldline footpoints at the photosphere in a 3D coordinate

system. Therefore we can subsequently define a set of vectors that determine the

covariant vector basis tangent to the u-coordinates at the photosphere where,

εεεk =
∂R

∂uk
; k = 1, 2. (4.2)

The local length and angles here can be determined using,

glk = εεεl · εεεk; l, k = 1, 2; (4.3)

which is the corresponding covariant metric tensor, with g ≡ det[glk].

The orthonormal basis vectors can be constructed using Equation 4.2 and the Gram-
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Schmidt procedure such that;

eee1 =
εεε1
‖εεε1‖

=
εεε1√
g11

,
(4.4)

eee2 =
g12√
g11

εεε1 −
√
g11

g
εεε2. (4.5)

Any point on the circle with unit radius on the tangent plane to the photosphere is

defined by,

ooo = cosϑeee1 + sinϑeee2; (4.6)

where ϑ ∈ [0, 2π).

Similarly, we can define R̃̃R̃R(w1, w2) which determines the footpoints at the target

surface where,

õ̃õo = ok
∂W i

∂uk
ε̃̃ε̃εi, (4.7)

is the mapping of the fieldlines to the tangent plane of the target surface with the

corresponding covariant basis vectors defined by;

ε̃̃ε̃εi =
∂R̃̃R̃R

∂wi
. (4.8)

By varying ϑ we can define the ellipse traced by õ̃õo such that;

õ̃õo2 = g∗ij õ
iõj

=
1

2
g∗ij
∂W i

∂uk
∂W j

∂ul

[
ek1e

l
1 + ek2e

l
2 + cos 2ϑ(ek1e

l
1 − ek2el2) + sin 2ϑ(ek1e

l
2 + el1e

k
2)

]
,

(4.9)

where g∗ij(u
1, u2) is g̃ij(w

1, w2) evaluated at the tangent surface footpoint.

Equation 4.9 can be simplified using Equations 4.2→4.5 such that;

õ̃õo2 =
1

2

(
N2 +

√
N4 − 4∆2

)
sin 2ϑ, (4.10)

where,

N2 =
∂W i

∂uk
g∗ij
∂W j

∂ul
glk, (4.11)

∆ =

√
g∗

g

∂(W 1,W 2)

∂(u1, u2)
. (4.12)

These equations allow us to consider the major and minor axes of the ellipse at the
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target surface such that,

õmax
õmin

=

(
N2 +

√
N4 − 4∆2

N2 −
√
N4 − 4∆2

)
=

N2

2|∆|
+

√(
N2

2|∆|

)2

− 1.

(4.13)

It was assumed in Titov et al. (2002) that
N2

∆
� 1 when a QSL is present, which

allows us to reduce Equation 4.13 to;

Q =
N2

2|∆|
+

√(
N2

2|∆|

)2

− 1,

≈ N2

2|∆|
+

N2

2|∆|
.

Therefore we can conclude, as in Titov (2007), that the larger values of this ratio do

not deviate much from the value;

Q =
N2

|∆|
, (4.14)

this is the definition of the squashing factor that is used in the remainder of this chapter.

This quantity provides an indication of whether QSLs or separatrices are present within

a model. If a separatrix is present then the value of Q→∞. Throughout our analysis

of each flaring active region it was decided to calculate Q, allowing us to give any

indication of the value of Q around the flare ribbons observed in AIA data.

Instead of a Cartesian system, a typical spherical configuration is used with the

global coordinate system (r, θ, φ). This configuration changes for open and closed

field-lines. Generally, the photospheric boundary is defined when r = R�. The outer

boundary is said to occur here where, r = R∗. Hence for open field-lines R∗ = 2.5R�

and for closed field-lines R∗ = R�. We define the endpoints as [Φ(φ, θ),Θ(φ, θ)].

Equation 4.11 can be expanded from the Cartesian case to give,

N2 =
R2
∗

R2
�

[(
sin Θ

sin θ

∂Φ

∂φ

)2

+

(
sin Θ

∂Φ

∂θ

)2

+

(
1

sin θ

∂Θ

∂φ

)2

+

(
∂Θ

∂θ

)2]
. (4.15)

∆ is defined as the ratio of the radial field components at the launch and target points

along an infinitesimal flux tube,

∆ =
Br

B∗r
=
R2
∗

R2
�

sin Θ

sin θ

∂(Φ,Θ)

∂(φ, θ)
. (4.16)
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Both equations 4.15 and 4.16 are used to find Q as defined in equation 4.14.

For each active region we trace fieldlines in spherical coordinates from the photo-

sphere to either the outer source-surface located at R = 2.5R� or back down to the

photosphere at R = R�. By tracing these fieldlines and using the definition of Q, see

Equation 4.14, we can calculate the squashing factor around the active regions which

can indicate the presence of QSLs as well as separatrix surfaces.

The remainder of this chapter concentrates on analysing fourteen active regions that

were observed from February 2011 to September 2017, with six of the active regions

discussed in Section 4.2 and the remaining eight regions discussed in Appendix A.3.

The global magnetic skeleton features found around each active region are compared

by eye to the flare ribbons observed in the AIA data. This allows for a comparsion to

be made as to whether the flare ribbons observed have their position and shape due

to the presence of the magnetic field features modelled here. Although we initially

consider potential magnetic fields, Section 4.3 studies the differences found when using

a non-potential field. Furthermore as well as locating the separatrix surfaces, if any,

in the magnetic field models, we calculate the squashing factor, Q (see Titov, 2007,

reproduced above) and locate quasi-separatrix layers (QSLs), (Priest and Démoulin,

1995) which could be present in regions where no separatrix surfaces are found whilst

also showing high values of Q where separatrix surfaces have been found in the magnetic

field models. Furthermore Section 4.4 analyses the change in topological features found

in an active region by using the PFSS model, with two active regions analysed over

four days.

4.2 Analysis of Flaring Active Regions using Po-

tential Magnetic Fields

A study of the magnetic field structures found in flaring active regions is carried out

here. The chosen active regions were selected due to X-class flares being observed in

all the regions as they crossed the solar disc. X-class flares are the strongest flaring

events to occur on the Sun, however they are also the rarest and so only 18 events

were recorded to have happened within 45◦ of central meridian (see the flare ribbon

database Kazachenko et al., 2017) between April 2010 and April 2016. Hence all of

these active regions were included in this study as well as active region NOAA 12673

which in September 2017 was the site of multiple X-class flares. Therefore in total

fourteen active regions were analysed by extrapolating the potential magnetic fields
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using the PFSS model and creating their global magnetic skeletons which allows for

comparisons to be made between the flare ribbons observed and the magnetic skeleton

structures, in particular the separatrix surfaces found.

The analysis of each active region was completed by extrapolating the potential

magnetic fields on the dates where the X-class flares occurred. This would allow for a

more accurate comparison between the flare ribbons observed and the magnetic field

structures. A comparison between the flare ribbons and the separatrix structures found

allows us to determine what type of structures are typically found around flaring active

regions and whether their shapes correspond to the ribbon shapes observed. In previous

studies separatrix domes were found to commonly occur where cicrular (or compact)

flare ribbons were observed (e.g. Masson et al., 2009; Liu et al., 2011; Reid et al.,

2012; Sun et al., 2013; Janvier et al., 2016), here we will investigate whether different

structures such as separatrix caves or tunnels may also be present.

Six active regions are presented here as representative classes of the types of flare

ribbons and their associated separatrix structures we find lying in and around the

flaring regions. The six active regions are NOAA 11158, NOAA 11890, NOAA 12192,

NOAA 12205, NOAA 12242 and NOAA 12297. These regions were found to have vary-

ing sizes and shapes of flare ribbons observed in the AIA data, and when analysing their

magnetic fields, the 3D magnetic skeletons were all found to have different variations

of separatrix structures lying in the active regions. The other eight active regions anal-

ysed; NOAA 11166, NOAA 11283, NOAA 11429, NOAA 11520, NOAA 11944, NOAA

12017, NOAA 12158 and NOAA 12673; were found to have separatrix structures and

flare ribbons similar to the six active regions already analysed, and are discussed in

Appendix A.3.

4.2.1 Active Region NOAA 11158

Active region NOAA 11158 emerged on the solar disc on 12 February 2011 and crossed

the disc until 20 February 2011, during that time it was the location of over 30 C-

class and 4 M-class flares as well as one X-class flare. Also known as the Valentine’s

day flare, the X2.2 solar flare occurred on 15 February 2011 and was observed from

01:44UT to 01:56UT.

This flare and active region have been included in many previous studies (e.g. Schri-

jver et al., 2011; Beauregard et al., 2012; Maurya et al., 2012; Sun et al., 2012b,a; Liu

and Schuck, 2012; Aschwanden et al., 2013; Petrie, 2013; Inoue et al., 2014). Some stud-

ies in particular focus on the associated earth-directed coronal mass ejection (CME),
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(Schrijver et al., 2011; Sun et al., 2012b), which occurred after the X-class flare event.

The corresponding AIA observations have been extensively analysed in comparison to

varying magnetic field parameters and velocity flows around the active region. Here we

consider only the 1600Å AIA observation taken just after the peak time of the X-class

flare which clearly shows the flare ribbons at a snapshot in time which are found to

lie in the chromosphere, shown in Figure 4.2a and Figure 4.2b where the ribbons have

been contoured onto the associated HMI magnetogram.

Our analysis compares the 3D magnetic field structures found from the potential

field extrapolations and the two flare ribbons observed in the AIA data. Figures 4.2c,

4.2d show the 3D magnetic skeleton and the associated cut along the surface R = 1.001

around the active region. Here a separatrix dome was found, originating from a negative

null point and overlying most of the active region. The dome itself is found to lie under a

closed magnetic field, with another larger separatrix structure originating from further

across the disc overlying the region also, therefore the spine line was found to intersect

the solar surface at two different locations. Figures 4.2e, 4.2f show the magnetic field

structure locations with respect to the active region and the flare ribbons observed

there. The two flare ribbons are found to lie close to the separatrix dome structure,

with the larger ribbon lying along a section of where the dome intersects with the

solar surface. Note in Figure 4.2f the flare ribbons are contoured in orange and the

separatrix dome is found overlying the active region in blue. The smaller ribbon, found

lying above the larger ribbon, is not found to have a magnetic field structure lying close

by apart from the separatrix dome. However the spine lines present in the region and

lying close to the edges of the flare ribbons observed could also contribute to the shape

of the flare ribbons observed (Pontin et al., 2016).

The Q map was also calculated, normally used to indicate the presence of QSLs.

However, here we see values of approximately 107 around where the separatrix surfaces

were found to lie in the PFSS model. High values in particular were noted around the

negative separatrix dome lying close to the flare ribbons observed during the X-class

flare, shown in orange in Figure 4.3. These higher values were to be expected due to

Q→∞ at true separatrices.

4.2.2 Active Region NOAA 11890

Active region NOAA 11890 was the location of two X1.1 solar flares that occurred

on 8 and 10 November 2013, with both observed X-class flares having durations of

approximately half an hour. The active region was visible on the solar disc from 2
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          (a)                   (b) 

 

                        

          (c)             (d)                     

   

                                  

          (e)             (f)                               

   
Figure 4.2: Analysis of AR NOAA 11158. (a) an AIA observation taken during the
X2.2 flare. (b) the HMI data at the date and time of the flare with the corresponding
Hα ribbons contoured in green. (c) the surface cut of the PFSS model at R = 1.001,
with a negative separatrix structure overlying the active region. (d) a separatrix dome
originating from a negative null point overlying the active region (highlighted by yellow
arrow) (e) the surface cut (R = 1.001) is imposed onto the AIA image. (f) surface cut
of the 3D model at R = 1.001 with the UV ribbons contoured in orange.

65



4.2. ANALYSIS OF FLARING ACTIVE REGIONS USING POTENTIAL
MAGNETIC FIELDS 66

(a) (b)

Figure 4.3: Q map calculated for NOAA 11158. (a) the Q map, (b) Q map with
ribbons contoured in orange, with separatrix surface cut overplotted. Shows how high
Q values of the order ≈ 107 correlate to the presence of separatrix surfaces around the
active region.

November 2013 to 14 November 2013 and was the site of many flaring events. Although

separate analysis was carried out for both days where the X-class flares were observed,

the structures and results found were consistent, hence only the analysis and results

for 10 November are shown here.

Figures 4.4a and 4.4b shows the presence of two flare ribbons which create a circular

brightening on the solar surface, as observed by SDO (AIA 1600 Å), lying over a small

bipolar region within the active region itself. The flare ribbons are also shown projected

onto a HMI magnetogram in green contours. This active region has been analysed

previously due to the presence of the circular brightening (e.g., Xu et al., 2016; Song

and Tian, 2018; Liu et al., 2020) where the connection between a separatrix dome

structure originating from a single null point has been analysed along with studying

the magnetic field parameters needed during the flare.

As expected from the presence of the circular flare ribbons shape observed (e.g.

Masson et al., 2009), Figure 4.4c shows the surface cut, taken at R = 1.001, which

is the result of the presence of a single separatrix dome. Figure 4.4d highlights the

3D structure, with the dome originating from a single positive null point and lying in

a region of open magnetic field. Similarly to active region NOAA 11158 (see Section

4.2.1), the separatrix dome is the only structure in the active region, with the spine

lines from the dome intersecting at both footpoints with the solar surface.

Figures 4.4e and 4.4f shows the separatrix structures found in relation to the flare
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 (a)                   (b) 

 

                            

          (c)             (d)                     

   

                                    

          (e)             (f)                               

   
Figure 4.4: Analysis of AR NOAA 11890. (a) - (f) as shown in 4.2, with a small
positive separatrix dome overlying a portion of the active region (highlighted by yellow
arrow).
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(a) (b)

Figure 4.5: Q map calculated for NOAA 11890. (a) the Q map, (b) Q map with
ribbons contoured in orange, with separatrix surface cut overplotted. Shows how high
Q values of the order ≈ 107 correlate to the presence of positive separatrix dome where
the flare ribbons are located.

ribbons observed. There seems to be, from the figures shown, a clear correlation

between the separatrix dome structure found in the active region and the circular

shape the flare ribbons observed make. The Q map was investigated here and similarly

to NOAA 11158 again (see Figure 4.3), high Q values were found around the separatrix

surface structures found using the PFSS model. Again Q values were in the region of

107 around these separatrix surfaces. The Q maps for this active region highlighting

the flare ribbons observed and the positive separatrix dome found by the PFSS model

are shown in Figure 4.5.

4.2.3 Active Region NOAA 12192

Active region NOAA 12192 crossed the solar disc from 16 October 2014 to 29 October

2014, during that time four X-class flares occurred in the region along with multiple C

and M-class flares. The details of these four X-class flares are shown in Table 4.1. The

active region analysis shown here was carried out using data from 26 October 2014,

however all four days were analysed with the results found to be consistent.

The X2.0 flare that occurred on 26 October 2014 had two associated flare ribbons

which are shown in Figure 4.6a. The active region itself was quite large, see Figure 4.6b,

with the flare ribbons only lying within a small portion of it. The 3D magnetic skeleton

constructed here is shown in Figure 4.6d, with many separatrix surfaces and their spine

line footpoints lying along the edge of the active region. However no separatrix surfaces
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Date Class Start Time End Time
22/10/14 X1.6 14:02:00 14:50:00
24/10/14 X3.1 21:07:00 21:41:00
25/10/14 X1.0 16:55:00 17:08:00
26/10/14 X2.0 10:04:00 11:18:00

Table 4.1: Data for the Solar flares that occurred in NOAA 12192

were found within a large portion of the active region, including where the flare ribbons

lie. This is shown more clearly in Figure 4.6c, where the active region has very few

separatrix structures intersecting with the solar surface at R = 1.001R�. A further

comparsion of the flare ribbons observed and the magnetic skeleton was analysed in

Figures 4.6e and 4.6f. Here it is confirmed that there are no separatrix surfaces lying in

the region that could possibly contribute to the presence of the flare ribbons observed.

4.2.4 Active Region NOAA 12205

Many flares were observed in active region NOAA 12205 as it crossed the solar disc

from 4 November 2014 to 16 November 2014. During this period one X-class flare was

observed by SDO from 16:53UT to 17:54UT on the 7 November 2014. This active

region has been the subject of previous studies (e.g., Sobotka et al., 2016; Zuccarello

et al., 2019; Tei et al., 2018), however we will consider the global magnetic field features

found around the active region which have not been previously studied.

Figure 4.7a shows the two ’J’ shaped sigmoidal flare ribbons observed by SDO

that were observed during the X-class flare event, with the ribbons shown in relation

to the HMI magnetogram in Figure 4.7b. Multiple structures were found overlying

the active region from the potential field extrapolation, with many of these possibly

contributing to the ribbon shapes observed. In particular Figure 4.7d shows the 3D

magnetic skeleton structures lying around the active region, with five smaller structures

lying close to where the ribbons were observed as shown in Figure 4.7 where the surface

cut along R = 1.001 was taken. On closer inspection, three of the five separatrix

structures found lying in the centre of the active region were separatrix domes, with

two originating from single positive null points (shown in red) and one originating from

a negative null point (shown in blue). The other two structures originate from one

positive and one negative null point, with both structures found to be separatrix caves.

The spine lines from the oppposite polarity nulls bound the edges of the separatrix
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          (a)                   (b) 

 

                                           

          (c)             (d)                     

   

                                              

          (e)             (f)                               

   

   
Figure 4.6: Analysis of AR NOAA 12192. (a) - (f) as shown in 4.2, with no larger
features found in the active region.
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          (a)                   (b) 

 

                         

          (c)             (d)                      

 

                                       

          (e)             (f)                               

   
Figure 4.7: Analysis of AR NOAA 12205. (a) - (f) as shown in 4.2, with mixed
topology found around the flaring site (three separatrix domes and two separatrix
caves are shown).
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caves.

Figures 4.7e and 4.7f show the separatrix surfaces, in particular where the structures

intersect with the solar surface, in relation to the location of the flare ribbons observed.

The flare ribbons are found to lie along the five structures discussed above. It is

thought that the presence of these separatrix structures could contribute to the shape

and location of the flare ribbons observed.

In particular, notice that one of the flare ribbons is completely covered by the edges

of the separatrix structures, however the second, slightly lower lying flare ribbon does

not completely map onto the edges of the five structures discussed above. Note that

a spine line from one of the positive separatrix domes lies at one ribbon edge and the

spine line from one of the negative domes lies at the other ribbon edge, which may be

the cause of the ribbon location (Pontin et al., 2016). Note that as with the previous

two active regions analysed the Q maps were calculated here, again as expected high

values were found around the separatrix surfaces produced by the PFSS model.

4.2.5 Active Region NOAA 12242

Active region NOAA 12242 crossed the solar disc from 15 December 2014 to 24 De-

cember 2014, this active region was the site of a X1.8 solar flare on the 20 December

2014 from 00:11UT to 00:55UT. When this flare occurred the active region was only a

few days old as it had emerged on the solar disc on 15 December 2014, with the region

the site of a further 50 C-class and 4 M-class flares as well as the single X-class flare

discussed here. Due to the interesting dynamics found in this active region it has been

the subject of previous studies (e.g., Zhou and Zhan, 2015; Abramov-Maximov et al.,

2017; Zhu et al., 2018; Liu et al., 2019).

The X-class flare studied here was found to have two flare ribbons observed by

SDO, with both shown at a snapshot in time during the flare in Figure 4.8a. To get a

clearer understanding of where these ribbons lie in relation to the whole active region,

the ribbons are also shown in green imposed onto the HMI magnetogram taken at the

same time, see Figure 4.8b. These ribbons look to make a large semi-circular shape

lying across a large portion of the active region. To investigate whether there were any

separatrix surface features lying around the active region that may contribute to the

shapes of the flare ribbons observed the PFSS model was analysed for the flare date.

The 3D magnetic field model created is shown in Figure 4.8d, with a large separatrix

cave found overlying the active region. The separatrix cave originated from a positive

null point which was found lying at the edge of the active region, a negative null
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          (a)            (b) 

 

                          

          (c)       (d)                      

  

                                   

          (e)       (f)                               

   

Figure 4.8: Analysis of AR NOAA 12242. (a) - (f) as shown in 4.2, with a positive
separatrix cave bounded by a negative null spine line overlying the flaring region (see
yellow arrow).
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(a) (b)

Figure 4.9: Q map calculated for NOAA 12242. (a) the Q map, (b) Q map with
ribbons contoured in orange, with separatrix surface cut overplotted. High Q values
are found around separatrix surfaces as expected, however high Q values are also located
close to where one of the ribbons lie, where no separatrix surface is present.

point lying close by is connected by a separator to the positive null with the spine line

bounding the cave opening. An overview of what this feature looks like intersecting with

the solar surface at R = 1.001 is shown in Figure 4.8c, with the positive separatrix cave

lying over the active region. Note also that the separatrix cave lies in open magnetic

field with the HCS intersecting with the solar surface not far from the active region.

To compare the separatrix cave and the flare ribbons observed, the separatrix cave

cut was merged with the AIA observation of the flare ribbons see Figure 4.8e. A clearer

comparison is also given in Figure 4.8f, with the flare ribbons and separatrix cut both

compared to the HMI observation. Here it is clear to see that although the separatrix

cave has a shape very similar to the flare ribbons observed there is a slight offset

between both. The Q map was calculated for this active region and is shown in Figure

4.9a. Note that there are high Q values of approximately 107 located in regions where

separatrix surfaces were located in the PFSS model. In Figure 4.9b the flare ribbons

are shown along with the Q values and the separatrix surfaces. For the shorter ribbon

there is a region of high Q close by which could possibly correspond to the presence

of a QSL being indicated. Here this could indicate that the separatrix cave may only

correspond to the larger semi-circular ribbon and the smaller ribbon could correspond

to a QSL.
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          (a)                 (b) 

 

                              

          (c)            (d)                     

   

                                     

                                       (e)                         (f)                               

   

Figure 4.10: Analysis of AR NOAA 12297. (a) - (f) as shown in 4.2, with a positive
separatrix cave found overlying the region.
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4.2.6 Active Region NOAA 12297

From 16:11UT to 16:29UT on 11 March 2015, an X2.1 solar flare was observed in active

region NOAA 12297. Whilst crossing the solar disc from 6 March 2015 to 19 March

2015 over 50 C-class and 20 M-class flares were observed in the active region as well

as the X-class flare which will be discussed and analysed here. As this flare was the

only X-class event that occurred in 2015 it has been the subject of previous studies

(e.g., Lacatus et al., 2016; Dhakal and Zhang, 2018; Qiu et al., 2020). Here we want to

investigate whether there is a connection between the separatrix structures found from

the 3D magnetic skeleton and the shape and positions of the flare ribbons observed by

SDO.

During the X-class flare two flare ribbons were observed on the solar disc (see

Figure 4.10a, with one smaller ribbon lying beside a large sigmodial shaped ribbon.

Figure 4.10b shows the flare ribbons observed by AIA projected onto the relevant part

of the HMI magnetogram, with both ribbons lying at the outer edge of the active

region. To investigate whether there is a separatrix surface in the region which may be

contributing to the shape and position of the flare ribbons the 3D magnetic skeleton was

created using a potential field extrapolation on the date the X-class flare occurred. The

structures found in the active region are shown in Figure 4.10d with the corresponding

cut along the solar surface at R = 1.001R�. A positive null point located in the

active region results in the presence of a separatrix cave which could contribute to the

presence of the flare ribbons. The positive separatrix cave is bounded by the spine lines

of a negative null point also located in the active region. The active region itself is

quite noisy with many separatrix structures and their spine lines lying over the region.

The correlation between the presence of the separatrix cave and the two flare ribbons

observed are shown in Figures 4.10e and 4.10f. The separatrix cave seems to lie in

the region of the larger flare ribbon observed. The smaller ribbon observed lies just

below the edge of the separatrix cave, however one of the spine lines that bound the

cave opening intersect with the solar surface at one end of the flare ribbon. As with

previous active regions, when the Q map was calculated the high Q values were found

around the regions where separatrix surfaces were located in the PFSS model.

4.2.7 Results

Here we presented six active regions which had been analysed using the potential field

source-surface (PFSS) model. Each of the active regions presented were representative

of the types of topological features that were found in the remaining eight active regions
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analysed in Appendix A.3.

Active region NOAA 11158 (15 February 2011) was found to have a single separatrix

dome originating from a negative null point lying over the region. The dome intersected

the photosphere everywhere and both spine lines had footpoints also intersecting with

the solar surface, see Figure 4.2d. This region had a similar topological structure to

active region NOAA 11890 (10 November 2013) which was also discussed here. Active

region NOAA 11890 also had a separatrix dome present (see Figure 4.4d), however it

originated from a positive null point. Both of these active regions were found to have

their topological structures correlate slightly to the flare ribbons observed, although

active region NOAA 11158 was found to have a flare ribbon that occurred during the

X-class flare which did not have a corresponding topological feature. Active region

NOAA 11890 was found to map the separatrix dome almost exactly to the almost

circular flare ribbons observed during the X1.1 flare that occurred on 10 November

2013. The region exhibits the expected topology associated with circular flare ribbons,

(e.g., Masson et al., 2009) and active region NOAA 11158 shows an example where

dome-spine topology occurs in connection to two J-shaped ribbons being observed. Of

the other eight regions analysed active region NOAA 11166 (9 March 2011) was found

to have a separatrix dome in the region where the X-class flare occurred. However this

dome did not correspond to the flare ribbons observed unlike active regions NOAA

11890 and NOAA 11158 and is discussed in Appendix A.3.

Next, active region NOAA 12192 (26 October 2014) was discussed. This region was

the largest of all the regions analysed and one of the most active, with four X-class

flares occurring in it. However, the region was found to have no topological features

that could be related to the flare ribbons observed, see Figure 4.6c. This could be

due to the limitations of the potential field model used, which are discussed later

in this Section. Of the remaining active regions analysed (see Appendix A.3), three

were found to have no separatrix surfaces in the active region; NOAA 11520 (12 July

2012), NOAA 11944 (7 January 2014) and NOAA 12158 (10 September 2014). No

main topological features were found in the active regions thought to contribute to the

flare ribbon shapes and positions observed throughout the X-class flares, however both

NOAA 11944 and 12158 had other features lying at the edges of the active regions with

separatrix domes creating closed fields above the regions.

Active region NOAA 12205 (7 November 2014) was chosen to show an example

of mixed topology around the flaring region. Here, it was found that the two flare

ribbons were thought to correspond to a group of topogical structures rather than a

single structure. Three small separatrix domes and two small separatrix caves were
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found to originate from both positive and negative nulls lying across the centre of the

active region, this is shown in Figure 4.7d. This was the only region found to have

more than two separatrix structures located in it that were thought to correspond to

the flare ribbons observed. It highlights that more intricate networks of topological

features could be found in relation to the shape and position of the flare ribbons

observed during an X-class flare event.

Next, active region NOAA 12242 was analysed using data from 20 December 2014

and was found to be the site of a large separatrix cave originating from a positive null

point and bounded by spine lines from a nearby negative null point, see Figure 4.8d. At

the time of the X-class flare two large ribbons were found to stretch across the active

region, by comparing the AIA observations and the 3D magnetic field model it can be

seen that, although the ribbons made a similar shape to the separatrix cave observed

there was a slight offset in flare ribbon position and the cave position. Although

some of the other regions analysed were found to have separatrix caves lying in the

active region, only this region was found to have a cave on such a large scale and with

no overlying closed magnetic field. Active regions NOAA 11429 (7 March 2012) and

NOAA 12673 (6 September 2017), both discussed in Appendix A.3, were found to have

small cave structures lying in the active regions, however both were contained within

an overlying separatrix dome structure. Both of these regions were also found to have

topological features that could not be related in position or shape to the X-class flare

ribbons observed.

Note that the final active region discussed in detail, NOAA 12297 (11 March 2015),

was found to also have a cave structure present in the region that could be mapped to

the flare ribbons observed. Both active region NOAA 12242 and NOAA 12297 were

shown as examples of where separatrix caves were found as the main feature in the ac-

tive regions. Active region NOAA 12017 (29 March 2014) was found to have a cave-like

structure in the active region surrounded by many other topological features, however

the cave shape looked to match the observed flare ribbons. This was very similar to the

topology found around where the flare ribbons were observed in active region NOAA

11283 (7 September 2011), where a separatrix cave structure was observed, however

it was surrounded by many other features intersecting the photosphere such as spine

lines and other separatrix structures fan planes.

Table 4.2 shows the total number of each type of topological structure found in

each active region analysed. Separatrix caves and domes were found most often, with

no separatrix tunnels found at all throughout the analysis. Two active regions were

found to have mixed topology, where both active regions had a combination of both
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Type of Separatrix Feature Number of ARs Percentage(%)
Cave 5 35

Tunnel 0 0.00
Dome 4 29
None 4 29
Mixed 1 7

Table 4.2: A list of the different types of topological structures that are present
around the active regions analysed.

separatrix domes and caves present. This shows that a diverse range of topological

features can be found in active regions, not just separatrix domes which have been the

main focus of previous studies, however due to the composition of these active regions

where there are small regions of mixed polarities this is not surprising.

Note that the Q values around the active regions were also calculated, see Figure

A.3. However it was found that for regions where topological features were present, Q

values > 107 were present, and for regions where no topological features were found,

no high Q values were found where the flare ribbons were observed.

Although some regions analysed have topological features that can be mapped

accurately by eye (see Section 4.2.2), some of the fourteen active regions studied had

one or more of the following problems;

1. An offset between the position of the topological features found and the flare

ribbons observed in the AIA data. (For example, see Section 4.2.5 which discusses

AR12242.)

2. The topological features found did not correspond in shape and/or position of

the flare ribbons observed. (For example, see Appendix A.3 which discusses

AR11944.)

3. There were no topological features found in the region that could be mapped by

eye to the flare ribbons observed. (For example, see Section 4.2.3 which discusses

AR12192).

All of these issues may be caused by some of the limitations of using a potential field

model. The PFSS model has no electric currents present, this may cause some of the

issues listed above. The inclusion of global currents is discussed when implementing the

MHS model in Section 4.3, although it would perhaps be the inclusion of local currents

around the active regions analysed which would alter the position or shape of the
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topological features found. These localised currents could be included by using a non-

linear force free (NLFF) model, however implementing such a model is not discussed

here.

Another limitation of the PFSS model used is the resolution issues that may occur.

For example, in Active region NOAA 12192 (see Section 4.2.3) where there were no

topological features found, this active region was particularly large and so resolution

issues may become a problem. In the PFSS model the resolution of the model is

defined by the number of spherical harmonics used, which can limit in particular the

resolution in the φ-direction, see Chapter 2. Due to this limitation unless we had the

computational capacity to create the PFSS model using an extremely large number of

spherical harmonics, this issue may not be resolved.

One of the final limitations of the PFSS model used here is that a Gaussian filter

is used to smooth the magnetic field, however this filter may lead to a loss in valuable

data which could explain why some regions where small bipolar regions are observed do

not have any null topology overlying them, see Section 4.2.3. To rectify this an alterna-

tive smoothing method could be chosen, or a check could be implemented which only

smooths the data using a weaker gaussian filter. See Chapter 2 for further discussion

on the smoothing method of the PFSS model.

Although some of the limitations discussed above can not be recitified by using

a PFSS model, our analysis shows that the topology found using a potential field

model can still produce features which can be mapped to the observed flare ribbons.

To investigate the inclusion of a global current in the model, the following section

discusses the implementation of a MHS model and the analysis of the same active

regions discussed here.

4.3 Analysis of Flaring Active Regions using Non-

Potential Magnetic Fields

In the previous section, potential fields are used to calculate the 3D magnetic skeletons

analysed. However, they do not include any currents moving through the field which

could cause some of the issues seen such as the offset of the separatrix structures in

comparison to the flare ribbons observed in 1600Å AIA data. Here, we consider active

region NOAA 12242 which was previously analysed in Section 4.2.5. We found a large

separatrix cave structure that lay over most of the active region, with two flare ribbons

observed in the AIA data which looked to have similar shapes. When the flare ribbons
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were compared to the separatrix cave there was an offset between the two which is

thought to be due to the use of the PFSS model.

To analyse an alternative magnetic field the MHS model discussed in Chapter 3

is used here. In that chapter we discuss the parameters which can be chosen for the

model that result in different MHS fields being calculated. Here we calculate MHS

fields where ᾱ = 0.3 and d = 0.005, recall that when ᾱ = 0 the field is potential and

the d variable relates to the amount of current perpendicular to the radial magnetic

field component. The values for these parameters are chosen such that the plasma

beta, pressure and density of the model have suitable values, as shown previously in

Figures 3.2 and 3.3.

(a) (b)

(c) (d)

Figure 4.11: Comparison of potential field and MHS field models, (a) surface cut of
potential field, (b) surface cut of MHS field (ᾱ = 0.3, d = 0.005), (c) and (d) show the
surface cuts with AIA contours for (a) and (b) respectively. All surface cuts are taken
at R = 1.001R�.

Figure 4.11 shows the comparison between the potential and magnetohydrostatic

field models with the surface cuts taken along R = 1.001R�. By comparing Figures

4.11a and 4.11b, we can investigate whether the introduction of a current component to

the magnetic field alters the topological structures found in the potential field models

to lie closer to the flare ribbon positions observed. Figure 4.11a shows the previous

81



4.3. ANALYSIS OF FLARING ACTIVE REGIONS USING NON-POTENTIAL
MAGNETIC FIELDS 82

potential field model analysed in Section 4.2.5 with a large separatrix cave originating

form a positive null point found overlying the active region in an open field region,

with the HCS intersecting close to the edge of the region. A corresponding MHS

field was analysed with ᾱ = 0.3 and d = 0.005, the resultant topological features

are shown in Figure 4.11b, where there were found to be very few alterations to the

original structures found in and around the active region. The cave structure has been

extended into a larger structure with another negative null point found lying close to

the other negative null points boundary spine line. There is also a positive separatrix

structure found to connect to the other side of the cave opening. The position of the

cave structure is the same in both the potential and MHS models. The other main

difference shown between the surface cuts is that the edge of the HCS has been moved

to lie closer to the edge of the cave structure.

By analysing the differences in topological features found in relation to the active

region position, a comparison was also made for the surface cut with respect to the

AIA data, shown contoured in orange in Figures 4.11c and 4.11d which show the PFSS

and MHS results respectively. As previously stated the differences in the topological

features found between the PFSS and MHS models were small and there were no

obvious changes to the larger topological structures that were thought to be connected

to the flare ribbons observed. Hence, even when using a MHS magnetic field instead of

a potential magnetic field there are no obvious improvements to the relation between

the AIA ribbons observed and the topological features found. Note that although active

region NOAA 12242 is discussed here, the other active regions were also analysed using

MHS fields instead of the PFSS model. All active regions where topological features

were found showed little difference between the separatrix structures in the MHS or

PFSS fields, with any changes happening globally in the HCS or smaller changes in

null positions. However the topological feature positions and general overall shapes

were not changed from the PFSS to the MHS model. For active regions where no

topological features were found, for example NOAA 12192, there were no topological

features found in the MHS model which could relate to the flare ribbons observed.

To further the analysis of these active regions NLFFF models could be used. This

would differ from the MHS models discussed here, which introduce global electric

currents, to introduce regions in which the current density is more localised within

the model. These NLFFF models would create a more realistic view of the global

magnetic field and perhaps change the topology of the field around the flaring active

regions. NLFFFs are not used throughout this work, however would be the next step

in investigating whether the topology of the magnetic fields would greatly differ from
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those already found here using the MHS model and previously using the PFSS model.

(i) (ii)

(iii) (iv)

Figure 4.12: Active Region NOAA 11158. The change in separatrix structures present
over the region from 12 February 2011 to 15 February 2011 is shown, (i) A positive
separatrix dome (12 February), (ii) A negative separatrix cave and small positive sepa-
ratrix dome (13 February), (iii) A negative separatrix cave and small positive separatrix
dome (14 February) and (iv) A negative separatrix dome (15 February) is overlying
the flaring active region.

4.4 Topological Structure Development of an Ac-

tive Region

The previous sections consisted of a study of fourteen active regions analysed on a

single day where an X-class flare occurred. This analysis included the creation and

investigation of a 3D magnetic skeleton extrapolated from the PFSS model. Two main

types of topological features were found to occur in the active regions, separatrix domes

and separatrix caves, however here we investigate whether these structures change over

the course of 4-days when the active region was visible on the solar disc.
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4.4.1 Active Region NOAA 11158

Here we consider active region NOAA 11158 which emerged on the solar disc on the

12 February 2011 and crossed the disc until 20 February 2011. This active region was

previously analysed in Section 4.2.1 where the 3D magnetic skeleton was created for

data observed on 15 February 2011, the date on which an X-class flare occurred.

For the date previously analysed, 15 February 2011, Figure 4.12iv shows the nega-

tive separatrix dome overlying most of the active region, with other topological struc-

tures lying to the side. Here we investigate whether the topological structures in the

days leading up to this were different or similar to those found here. The change in

active region structures over four days from 12 February 2011 to 15 February 2011 is

shown in Figure 4.12.

On the 12 February 2011, when the active region emerged, there was a positive null

with a separatrix dome overlying the active region shown in Figure 4.12i. As well as the

dome structure there is a collection of negative separatrix surfaces lying along the outer

edge of the active region with a group of positive spine footpoints also visible. These

topological features are vastly different from those observed on 15 February when the

X-class flare occurred, with there being no sign of a negative separatrix structure lying

in the centre of the active region.

On the 13 February 2011, see Figure 4.12ii, there is a small positive dome present

in the centre of the region which overlies a very small opposite polarity region. The

positive separatrix dome that was present the previous day is no longer present, however

there is what looks to be a large negative separatrix crossing over the lower positive

flux in the active region. From the analysis done in Section 4.2.1, we know that the

main feature of this active region when the X-class flare occurs is a large negative dome.

Both of these structures are still present on 14 February 2011, Figure 4.12iii, where it

looks like the large negative separatrix structure may be a separatrix cave lying above

the active region. This is due to the presence of spine lines and a separator at the edge

of the separatrix structure.

This indicates that when the active region is first emerging on the 12 February there

are some difference in the topological features observed, however over the following

three days the features settle into a negative separatrix cave which finally changes into

a separatrix dome as observed on 15 February 2011.
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(i) (ii)

(iii) (iv)

Figure 4.13: Active Region NOAA 11283. The change in separatrix structures present
over the region from 4 September 2011 to 7 September 2011 is shown, (i) A positive
separatrix dome is surrounded by other positive separatrix surfaces (4 September),
(ii) A positive separatrix dome is surrounded by other positive separatrix surfaces
(5 September), (iii) A positive separatrix cave surrounded by other positive separatrix
surfaces (6 September) and (iv) A positive separatrix cave surrounded by other positive
separatrix surfaces (7 September) are overlying the flaring active region.

4.4.2 Active Region NOAA 11283

Active region NOAA 11283 crossed the disc from 30 August 2011 to 12 September

2011. Two X-class flares were observed on 6 and 7 September, along with some C and

M-class events. We investigate the change in the active region topology in the days

before the X-class flares occurred. The active region was analysed on the 4 September

2011 initially, see Figure 4.13i. It was found that there was a single positive separatrix

dome overlying a portion of the active region, with many footpoints of negative spines

also lying along the edges of the positive separatrix surfaces. This feature lay across

one side of the active region with the other side of the active region mostly clear of any

topological features. On the 5 September, see Figure 4.13ii, the topology of the active

region was very similar to that found in the previous day’s analysis with the positive

separatrix dome still present in the region.

On the 6 September, it was found that the topology around the region had altered
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slightly as shown in Figure 4.13iii. There was still a positive null present in the region,

however it is low lying and no longer producing a separatrix dome. The positive

separatrices in the region have become a separatrix cave lying at the edge of an opposite

polarity region. It should also be noted that the HCS still cuts through the edge of

this region. This topology is the same as that found on 7 September, shown in Figure

4.13iv. However, the cave present on 7 September looks to have become smaller in

the region to match the reduction of the smaller positive polarity region. This region

was also analysed previously in Appendix A.3, where the 3D magnetic skeleton is also

shown with the correlation to one of the X-class flare observations.

4.5 Discussion

In this chapter we have analysed 14 active regions where X-class flares have occurred

using a potential field source-surface (PFSS) model. The active regions analysed were

NOAA 11158, NOAA 11166, NOAA 11283, NOAA 11429, NOAA 11520, NOAA 11890,

NOAA 11944, NOAA 12017, NOAA 12158, NOAA 12192, NOAA 12205, NOAA 12242,

NOAA 12297 and NOAA 12673. Note that six active regions are analysed in Section

4.2, with the rest of the active regions discussed in Appendix A.3. These regions were

chosen as they were all the site of at least one X-class flare that had flare ribbons visible

in 1600Å AIA data. The study was conducted to investigate whether certain types of

topological features could be found in the active regions, noting which type was more

prevalent and whether they could be associated with the observed flare ribbons.

The three main types of topologial structures that were looked for in the active

regions were separatrix domes, separatrix caves and separatrix tunnels. All of these

structures originate from at least a single null point, with the separatrix dome inter-

secting everywhere at the photosphere, the separatrix cave should have an obvious

single opening where it does not intersect with the photosphere and finally the separa-

trix tunnel should have two openings where it does not intersect with the photosphere.

Examples of all of these structures were shown in Figure 4.1.

To analyse all of the regions the 3D magnetic skeleton of the PFSS model was

created, with a surface cut taken alongR = 1.001R�. This surface cut was subsequently

compared to the active region HMI data and the 1600Å AIA data to compare the

separatrix structures found with the flare ribbons observed. Note that for the PFSS

models the polar field values were averaged using HMI data products (see Chapter 2),

this may affect the larger scale features such as the HCS but as the active regions are

mainly located between poles and here smaller localised features are being analysed.
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In relation to the flare ribbons observed during the X-class flare events, many

of the features found in the active regions were of a similar shape and position to

the flare ribbons observed. This indicates that the topological features found in the

active regions influence the structure of the flare ribbons observed. However we can

only currently map the flare ribbons to the separatrix surfaces by eye, Chapter 6

discusses methods to allow for a mathematical comparison. This will allow a more

robust method of understanding whether the flare ribbons can be associated with the

topological structures found. A summary of all the X-class flares analysed is shown

in Table 4.3. The table highlights whether the flare ribbons are thought to map (by

eye) to the topological features found, the type of features located in the active region

and whether the structures occur under open or closed field. As well as showing the

results for all the flares analysed in Section 4.2, the table shows all the X-class flares

that occurred in the active regions while they crossed the solar disc, along with those

discussed in Appendix A.3. Note that in the regions where more than one solar flare

occurred, the separatrix structure type did not change between flares but may have

changed slightly in shape. For example, active region NOAA 12192 where four X-class

flares occurred, was always found to have no relevant topoological features in the active

region no matter when the analysis was carried out.

To investigate whether it could be the potential fields affecting some regions lacking

topological structures, or the structures lying slightly offset in relation to the flare

ribbons observed the magnetohydrostatic (MHS) model discussed in Chapter 3 is used

as an alternative magnetic field extrapolation in Section 4.3. Active region NOAA

12242 was analysed, with the MHS field extrapolated using ᾱ = 0.3 and d = 0.005.

When comparing the MHS and PFSS models in Figure 4.11 it is shown that the

cave structure remains the same overlying the active region, with the main differences

occurring in the position of the HCS intersecting with the solar surface. The other

flares discussed were also analysed using the MHS method, however it quickly became

clear that the topological features found in the regions were not changing with the

use of the MHS model. In some regions, like in the example given, small structures

originating from null points were also found. Overall it was decided that the use of the

PFSS model was sufficent in deducing what topological features lie in a region for the

purpose of this work. This is due to the MHS model finding the same local topology

in the active regions analysed and mostly changes were seen in the global structures

such as the HCS, with the PFSS field much easier to calculate than the MHS fields.

However further improvements could be made with the use of a NLFFF model, which

is not covered in this work.
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Date Start Time End Time Flare Class AR Number AR Type Ribbons Map? Topological Feature Open/Closed
around AR Field

15/02/11 01:44:00 01:56:00 X2.2 11158 βγ Yes Dome Open
09/03/11 23:13:00 23:23:00 X1.5 11166 βγδ Partial Dome Open
06/09/11 22:12:00 22:52:00 X2.1 11283 βγδ Yes Cave Closed
07/09/11 22:32:00 22:38:00 X1.8 11283 βγδ Yes Cave Closed
07/03/12 00:30:00 01:15:00 X1.3 11429 βγδ Partial Cave Closed
12/07/12 15:37:00 16:49:00 X1.4 11520 βγδ No None Closed
08/11/13 04:20:00 04:45:00 X1.1 11890 βγδ Yes Dome Open
10/11/13 05:04:00 05:38:00 X1.1 11890 βγδ Yes Dome Open
07/01/14 18:04:00 18:32:00 X1.2 11944 βγδ No Dome Closed
29/03/14 17:35:00 17:54:00 X1.0 12017 βδ Yes Cave Open
10/09/14 17:21:00 17:45:00 X1.6 12158 βγδ No None Closed
22/10/14 14:02:00 14:50:00 X1.6 12192 βγδ No None Open
24/10/14 21:07:00 21:41:00 X3.1 12192 βγδ No None Open
25/10/14 16:55:00 17:08:00 X1.0 12192 βγδ No None Open
26/10/14 10:04:00 11:15:00 X2.0 12192 βγδ No None Open
07/11/14 16:53:00 17:54:00 X1.6 12205 βγδ Yes Mixed Open
20/12/14 00:11:00 00:55:00 X1.8 12242 βγδ Yes Cave Open
11/03/15 16:11:00 16:29:00 X2.1 12297 βγδ Yes Cave Closed
06/09/17 11:53:00 12:10:00 X9.3 12673 βγδ Partial Cave Closed

Table 4.3: Summary of all flares analysed and their active region properties.
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As an alternative to creating the 3D magnetic skeletons and comparing the topo-

logical features found with the flare ribbons observed, quasi-separatix layers (QSLs)

could also be considered. Here we studied the flares already analysed by calculating

the squashing factor, Q, to deduce whether QSLs could be present in the regions. This

was of particular interest to the regions where we found no separatrix surfaces that

could be mapped to the flare ribbons observed.

For regions where separatrix structures had already been located by using the PFSS

model, regions of Q greater than 107 were found around the points of intersection of the

separatrix structure footpoints with the solar surface. Examples of this are shown in

Figures 4.5 and 4.9, where large Q regions correlate to the separatrix dome and caves

located in these active regions. However it is more important to analyse regions where

no separatrix structures were found or only one flare ribbon was thought to correlate

to a structure found. Figure A.3 shows examples of this. Active region NOAA 11520

was found to have no topological features lying very close to the observed flare ribbons

(although some were found on the edge of the active region). When the Q map was

calculated a region of large Q was found close to the flare ribbons which with a slight

offset looked to lie across it. This could indicate the presence of a QSL where no

separatrix surface was located by the PFSS model. However, active region NOAA

12158 which was found to have no separatrix structures that could correlate to the

observed flare ribbons was also found to have no regions of high Q that could possibly

indicate QSLs either. For the other active region where no interesting topological

features were found (NOAA 12192) this was also the case.

In addition to analysing the active regions during an X-class flare, two active re-

gions were chosen to be analysed as they crossed the solar disc. This would allow the

investigation of the development of topological features as the active regions devel-

oped in the days leading up to and following the X-class flare events. Active region

NOAA 11158 was chosen as one of these regions with PFSS models created for all

days from 12 February 2011 to 15 February 2011. Here we saw the development of

the negative separatrix dome which was present on the 15 February when the X-class

flare occurred. Initially a small separatrix dome was found to lie over the region, which

eventually reduced in size before disappearing completely by day four. In addition to

this a negative separatrix cave was present on days two and three which eventually

developed into the separatrix dome analysed previously. In addition to this, active

region NOAA 11283 was also analysed from 4 September 2011 to 7 September 2011

(the day when the X-class flare occurred). Here a positive separatrix dome was found

to lie over a region of positive magnetic field at the edge of the active region which
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slowly over the following days developed into the separatrix cave previously analysed.

There were other features in this region which also changed structure. This analysis

shows that the PFSS model can show the development of topological features as the

active regions age, with a simple model such as the PFSS showing that further analysis

could take place using more complex methods such as NLFFFs to gain further insight

into the development of magnetic field features.

Overall in this chapter we have shown that a range of topological features can

be found in active regions that have had flaring activity, in particular X-class flares.

Through the analysis of fourteen active regions from February 2011 to September 2017

and the extrapolation of their potential magnetic fields, the main topological features

found in the regions were separatrix domes and caves. These separatrix structures

could subsequently be mapped to the flare ribbons by eye to deduce whether it was

thought that their presence could have determined the flare ribbon shapes and positions

as observed by AIA. In the majority of regions where separatrix surfaces were located,

they were found to partially map to parts of the flare ribbons observed. In active

regions where no separatrix structures were found it was thought the use of an MHS

model or locating QSLs in the active region could possibly help find structures that

correlate to the flare ribbons. The use of the MHS models did not result in the finding

of more topological features in the active regions and in active regions where features

had already been found using the PFSS model, those same features were located with

perhaps small changes in feature positions or shape. Subsequently, the Q values were

calculated to look for the presence of QSLs, again however in regions where features

had already been found regions of high Q were also located but in regions where no

topological features had been found, regions of high Q were also not present. However

for some of the active regions where only one flare ribbon was thought to correlate to

the feature found, there were also regions of high Q located close to the second ribbon,

for example see analysis of active region NOAA 12242. This was also the case for

active region NOAA 11520 where high Q values were found that could correlate to the

ribbons observed but not to any topological feature in the region. Furthermore two

active regions were analysed to allow an insight into the topologcial feature development

that occurred over a period of a few days where the regions were visible on the solar

disc.

To further the work done here, the use of a NLFFF model globally or locally would

result in the finding of topological features in the regions where none were located

previously. Including local currents which are implemented through the NLFFF model,

would alter the magnetic field structure around the flaring active regions to become
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more dynamic and realistic to the actual magnetic field properties of the active regions.

As previously mentioned the flare ribbons mapped to the topological features by eye to

indicate whether they could match each other, this is investigated further in Chapter

6 where we introduce quantitative metrics to try to indicate whether the topological

features could match the flare ribbons in shape and position. All of the work carried

out here is taken at a snapshot in time, with the flare ribbon observations taken around

the peak flare time with the ribbons unsaturated. The magnetic field models use daily

synoptic maps, taken from the day when the flares occurred. Further work could

investigate the use of HMI magnetograms taken during the flare and analyse how the

topological structures can change during the flare period, in a similar fashion to the

work done in Section 4.4 which shows the change in separatrix structures across each

day for active regions NOAA 11283 and NOAA 11158.
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Chapter 5

Analysing Observations using

Convolutional Neural Networks

In this chapter, we discuss the use of Convolutional Neural Networks (CNNs) as a

method of automatically detecting events observed on the solar disk. Due to the vast

amounts of data being generated by both ground-based and space-based instruments,

for example 1.5 terabytes of data is collected every day by the Solar Dynamics Obser-

vatory (SDO), the detection of solar events can be made more efficent by implementing

machine learning techiques such as CNNs.

Here we intitally analyse full disk observations taken by the Atmospheric Imaging

Assembly (AIA) onboard SDO. In particular, we concentrate on detecting flaring active

regions and further classifying the shape of the flare ribbons observed. It is shown that

a CNN can be created and trained with approximately 93% accuracy to correctly

classify 1600Å AIA data that contains one of the following; quiet sun, two-ribbon flare,

compact ribbon flare or a limb flare. However, throughout our classification process

we see some confusion between the compact flare class and the limb flare class.

We go on to show that a separate single-layer neural network model can be added

to our CNN to allow the use of numerical and categorical variables that may help with

the classification of the flaring regions. By training the new model, it is shown that

with the addition of positional data there is no longer confusion between compact and

limb flares. We also briefly discusss how the model could be changed to accommodate

the detection of other solar events such as filaments.

As discussed in Chapter 4, the geometry and topology of the solar magnetic field

around the flaring active regions are thought to contribute to the locations and shapes

of the flare ribbons observed. In particular, the presence of separatrix surfaces and/or

quasi-separatrix layers (QSLs) (e.g. Aulanier et al., 2000; Savcheva et al., 2015; Hou
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et al., 2019; Janvier et al., 2016) have been connected to the lengths and shapes of

some flare ribbons. Although, in most previous studies two-ribbon flares are the most

commonly analysed, it is known that flares with compact (or circular) flare ribbons

can also be observed. A key motivation of this work is to create a tool which can be

easily used to analyse large amounts of data quickly, whilst confirming whether flares

(or other features) occur in the region of the image or observation analysed.

Within the remainder of this chapter we aim to show how the networks previously

discussed can be created and trained, whilst showing how accurately they work on

unseen datasets.

5.1 Methods

Convolutional neural networks (CNNs) are one type of machine-learning techniques

that can be used to detect objects or patterns in data and classify them, (e.g. LeCun

and Bengio, 1998; LeCun et al., 2015b; Alzubaidi et al., 2021). They were created to

get a more regularized version of a multi-layer perceptron (MLP) or a normal neural

network. To do this, unlike MLPs they share information (or weights) across each

convolutional node, meaning that the amount of data used is greatly reduced. To

identify trends and patterns in the image data, instead of being given instructions or

mathematical functions they learn through the use of a training data set, allowing for

a more natural learning method and the ability to pick up similarities and differences

in each class chosen by the creator. The training data is used as the inputs for the

CNN and usually consists of a subset of the data that the programmer would want

to classify or detect objects in, allowing the network to learn the patterns in the data

which it can subsequently use to classify previously unseen data sets.

5.1.1 CNN Design

To create a convolutional neural network (CNN) there must be at least 3 three layers;

an input layer, a hidden layer and an output layer (e.g. Cun et al., 1990; Hinton et al.,

2012; Krizhevsky et al., 2017; LeCun et al., 2015a; Szegedy et al., 2015). In general,

there is one input layer and one classification (output) layer with as many hidden layers

as the programmer wishes in between. The number of hidden layers chosen however is

usually dependent on the complexity of the data being classified.

The input layer is the initial network layer which initalises the input data size for

the network and accesses the image input to pass onto the first hidden layer. The data
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input should be pre-processed before being passed into the input layer; the data used

in our network is processed as described in Section 5.1.2.

After the input layer, hidden layers are added to the the CNN. The types of hidden

layers used throughout our analysis are;

1. convolutional layers

2. activation layers

3. pooling layers

4. fully connected (FC) layers

Each of these hidden layers contributes to how a CNN learns how to distingush between

classes.

The convolutional layers apply mathematical convolutions to the image data. To

carry-out these convolutions a kernel is created which contains a set of weights that

are applied to each image to produce what is known as a feature map. This image

convolution process is where the kernels have their rows and columns flipped, then the

kernel values are multipled with the corresponding local values in the image and these

are then summed together. The kernels used throughout our analysis are chosen to be

3×3 in size, however can be larger or smaller depending on the use of the convolutional

layers. Another parameter affecting how the convolutional layers operate is the stride

of the kernel across the image data. This indicates how many pixels the kernel should

skip before applying the convolution to the data again, with the stride chosen to be

1 in the CNN created here. Again this parameter can be altered depending on the

use of the CNN for example, if larger features were to be found the stride may be

increased. An example of a image convolution being carried out is shown in Figure 5.1.

Convolutional layers are used as, applying these image convolutions helps reduce the

dimensionality of the image data which can reduce overfitting and overtraining.

Hence the kernel will apply the convolution to the whole image similar to that

shown in Figure 5.1. For the first convolutional layer the input will be,

number of images × image width × image height × image channels,

with a 3 × 3 kernel being applied where stride = 1. This will result in a feature map

of size,

number of images × image width−2 × image height−2 × number of kernels ,
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Figure 5.1: A 3×3 kernel (K) is applied to a 7×7 image (I) via an image convolution.
The resultant array is summed together and the value passed into a new feature map
(I∗K)which will be 5× 5 in size. (Originally shown in S. Mohamed (2017))

where the number of kernels applied can be chosen. The overall size of the data being

used in each subsequent convolutional layer will be smaller than the previous layer,

with the height and width of the feature map calculated using the following formula,

nout =

[
nin + 2p+ k

s

]
+ 1, (5.1)

where nout is the size of a feature map height or width, nin is the original feature map

height or width size, p is the size of the padding used, k is the kernel size and s is the

stride length. Note that throughout, our CNN has p = 0 in every convolutional layer.

Once a set of feature maps has been produced by a convolutional layer, they are passed

onto an activation layer.

An activation layer uses what is known as an activation function to help the CNN

decide which neurons fire in the next layer i.e; what individual feature maps produced

by the previous convolutional layer are passed onto and used by the next layer in the

network. It can also be described as deciding which convolutional nodes are turned

on during training and which are turned off. There are many activation functions to

choose from, however there are features that are desirable for activation functions to

possess such that they do not create problems when training the network.

One of the most desirable features of an activation function, is for it to prevent

the vanishing gradient problem. This occurs during the training process when back-

propagation (see Section 5.1.3) is being carried out. Backpropagation is the process

carried out during training which updates the weights (values in kernels) used in the
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convolutional and fully connected layers. During the process the values from the chosen

activation functions, usually between 0 and 1, are used to calculate gradients needed

for the weight updates. If the values from the activation functions are close to or

equal to zero then the gradients calculated will tend to zero (or vanish). These zero

gradients will cause the weights to stop being updated and results in the network no

longer training on the data. This training process of updating weights by backpropa-

gation is discussed in further detail in Section 5.1.3. This is known as the vanishing

gradient problem and hence activation functions are selected to minimise the possibly

of this occurring. Note, that as activation functions must be differentiated to update

the weights during training, the function itself must be differentiable.

As well as the vanishing gradient problem, activation functions should try to be zero-

centered i.e; the output from the activation functions should be symmetrical about zero

to prevent the gradients being calculated during training shifting in either direction.

Finally, as activation functions are calculated after each layer they can be calculated

thousands of times during training and so should also be computationally inexpensive.

There are various activation functions to choose from, and for the CNN created

here a rectified linear unit (ReLU (Nair and Hinton, 2010)) activation function was

used for every layer except the output layer. The ReLU function is defined by;

f(x) = max(0, x). (5.2)

Note that this function is not differentiable everywhere (i.e. at x = 0), although it is

commonly used in CNNs as it deals well with the vanishing gradient problem, however

it can suffer from another problem known as the dying ReLU problem. This is where,

due to all-negative inputs to the activation function returning 0, the convolutional node

will be turned off and hence not learn or help the network train. The ReLU function

can also become unstable as its upper bound is infinity and so this can sometimes lead

to unstable nodes. Note that when differentiating to calculate the weights the reason

ReLU can be used although it is not differentiable here is that the value of x = 0.000000

is very rarely reached, however where this value is reached it is assummed the derivative

value is taken at the nearest x-value i.e the derivative can be set to zero.

Other activation functions such as linear, exponential or softmax (see Equation 5.3)

can be used for convolutional or FC layers, however both the linear and exponential

activation functions can also suffer from the vanishing gradient problem and so are

rarely used.

As previously discussed, convolutional layers and their subsequent activation layers
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are the main contributors to the hidden layers present in CNNs. Usually implemented

after convolutional layers, as an optional layer to prevent over-training, pooling layers

can also be used. Pooling layers help to reduce the number of parameters calculated

during training whilst also preventing and helping to reduce over-fitting of the training

data sets. This reduction in training parameters also allows the CNN to train faster.

Pooling layers are typically implemented by either max-pooling or average-pooling. A

max-pooling layer similarly to a convolutional layer contains a kernel which passes over

the data, however instead of appling an image convolution, the pooling layer takes the

maximum value of the pixels the kernel has passed over. That maximum value is then

passed into a new and smaller feature map. Note that, average-pooling layers work in

a similar way, taking the average of the data instead of the maximum.

The kernel sizes used in pooling layers can be varied similarly to those in convo-

lutional layers; throughout this work the neural networks created all use max-pooling

layers with a kernel size of 2 × 2. By using pooling layers, it is thought that the

most important features of the network will still be passed onto the next layers with a

smaller, more easily trained feature map being used.

Although not listed above as a possible hidden layer, another layer which is used

in our CNN is a dropout layer, (see e.g. Hinton et al., 2012, for further information on

dropout layers). Similarly to pooling layers, these layers are implemented to prevent

over-training of the input dataset. These layers are usually implemented before FC

layers to indicate the percentage of random nodes that should be switched off during

training of the next layer i.e. they have dropped out of the training process for that

current iteration (or epoch). These layers are used to prevent nodes memorising input

data and therefore not learning properly.

Once the hidden layers have been chosen, the final layer type that can be imple-

mented are fully-connected (FC or dense) layers. These layers can be used as hidden

layers, however they also act as the output layer which returns the final classification

of the data. FC layers only work on one-dimensional data and so input coming from

previous hidden layers must be converted into a one-dimensional array before being

passed into the FC nodes. As their name suggests, each node in a FC layer receives an

input from all the nodes in the previous layer. Hence, unlike convolutional layers that

rely on patterns in the image data, FC layers return features that are combinations of

those previously found. The FC layer itself carries out the dot product between the

input tensor and the kernel for each node, before passing that output and the bias

vector (if one has been used) onto an activation function.

As previously mentioned, after the hidden layer, the final step is to pass the data
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into an output layer which is always a final FC layer. This layer carries out the final

classification which indicates what class an input belongs to. The final FC layer is

chosen to have,

number of nodes = number of classes.

As this layer is indicating what class the data belongs to, the activation layer associated

with it has to correspond to what the network is trying to classify. Here the final

activation function used is a softmax activation; this allows the probabilities of whether

the data belongs to a certain class to be produced. Hence, the probability, p(xi), of

each class is calculated using a softmax distribution such that;

p(xi) =
exi∑
k e

xk
. (5.3)

This function should tend towards 1 if an observation belongs to a single class and

tends to 0 for the other model classes to indicate that the network does not recognise

it as belonging to those classes.

The CNN created here was used to analyse flare ribbons observed in AIA data. The

four classes were chosen to be,

1. Quiet Sun

No brightenings present on the surface, hence should give an indication of general

background values. (It should be noted that none of these observations are taken

on the limb.)

2. Two-ribbon Flare

Two flare ribbons must be clearly defined in the observations. However the shape

does not matter here e.g. if there are 2 semi-circular ribbons the flare is classified

as a two-ribbon flare and not a circular flare.

3. Limb Flares

The solar limb must be clearly observed in this snapshot observation with a flare

brightening being visible. The limb class was chosen to start at a specific distance

from the solar limb to reduce confusion with other classes. This will be discussed

further in Section 5.2.

4. Circular Flare Ribbons

Here a circular ribbon shape of any size must be observed. It should be ideally a

singular ribbon so as not to be confused with the two-ribbon flare class. Compact
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Figure 5.2: Layout of CNN created, including two convolutional and max pooling
layers and two fully connected layers. The first convolutional layer has 32 channels
followed by max pooling layer and the second convolutional layer has 64 channels
followed by a max pooling layer. The fully connected layer has 128 nodes and then
the final fully connected layer has four nodes which correspond to each of the classes -
Quiet Sun, two-ribbon flares, limb flares and circular/compact flares.

flares were also included here, they appear in the data as round ’dot’ like shapes.

The CNN created had two convolutional layers and one fully connected layer imple-

mented as the hidden layers. All of the layers were chosen to have ReLU activations,

with the first convolutional chosen to have 32 nodes and the second convolutional layer

chosen to have 64 nodes before passing onto the FC layer with 128 nodes. A max-

pooling layer with a stride of 2, was present after each convolutional layer. A drop-out

layer was also used between the final convolutional layer and the hidden FC layer. The

output FC layer had four output nodes with softmax probabilities being calculated.

All layers were chosen to have padding, p = 0, indicating that the outputs will get

smaller in size.

The final model layout is shown in Figure 5.2 with the training parameters calcu-

lated during the training process shown in Table 5.1. The CNN was created and trained

using Keras (Chollet et al., 2015), with the training process and outcomes discussed in

Section 5.1.3.

5.1.2 Data preparation

The CNN was created to locate whether a solar flare occurred in the observations and

to classify it by the shape or location of the flare ribbons observed. Hence, a robust

data set of flaring regions was created to train the network. To ensure the CNN would
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Layer Number Kernel Size Stride Activation
of nodes (Weights) Function

Convolution 32 3× 3 1 ReLU
Max Pooling / 2× 2 2 /
Convolution 64 3× 3 1 ReLU
Max Pooling / 2× 2 2 /

Fully Connected 128 61 ∗ 61 ∗ 64× 128 / ReLU
Fully Connected (Output) 4 128× 4 / Softmax

Table 5.1: Details of each CNN layer with the number of filters, size of kernels and
activation functions used shown.

train on the correct features in each image, observations from the same instrument

with a specific wavelength were chosen for the training and test datasets. This would

ensure that the network would not train on varying parameters such as wavelength

or solar features that are perhaps only observed using specific instruments. Due to

this the data has been collected from the Atmospheric Imaging Assembly (AIA) on

board the Solar Dynamics Observatory (SDO) at the 1600 Å wavelength. The flare

observations in this wavelength give a clear overview of what the flare ribbons look

like without any interference from other features like nearby coronal loops; this is due

to the observation in this wavelength showing the upper chromosphere and transition

region, (Simões et al., 2019), giving a clearer view than the AIA observations in EUV

wavelengths.

To create the training and test sets, observations where known flares had already

occurred were used. Flares documented in a flare ribbon database, (see Kazachenko

et al., 2017), were chosen such that any flare that took place between February 2011

and March 2015 were included in the training and test datasets.All of these flare ob-

servations have to be labelled corresponding to one of the four classes chosen for the

CNN. Throughout the labelling process the flares that were found to have saturated

flare ribbons, where the shapes were not visible, or other errors in the data were re-

moved from the dataset. This resulted in a training set containing 540 image samples

with 160 quiet Sun regions, 160 two-ribbon flares, 95 limb flares and 125 circular flares.

When creating the training and test sets, flares have been chosen such that they

should clearly fall into a particular class. To be able to classify each image the following

process was implemented.

Using the Heliophysics Event Knowledgebase (HEK) (Hurlburt et al., 2012), the

observations used for each flare were chosen at the peak flare time. It should be noted

that the evolution of the flare ribbons from the start to the end of the flare is not
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taken into account by the CNN, although this could be included in further work. As

the images processed are full disk images, sometimes more than one flare is visible. In

those cases both flares are processed and classified separately.

Once the flares have been located in each image, a bounding box of size 500 ×
500× 1 pixels is created around each flare position. Due to the the number of training

parameters increasing as image size increases, this step was added to reduce the size

of image the CNN would have to process whilst also reducing the training times. The

original AIA level 1 data files are 4096× 4096× 1 in size, so the network must extract

boxes around the flares as the full disk images are too large for CNNs to work with.

This code works in a similar way to that of an object detector creating bounding boxes

around objects to be classified further.

Once each flare has been located and a bounding box created around it, the image

must be labelled according to one of the classes previously discussed in Section 5.1.1;

two ribbon flare, compact ribbon flare, a limb flare or a quiet sun image. To find which

Figure 5.3: The graphical user interface created to classify each flare by hand.

class an image belongs to, each image was labelled by hand. This was done using a

graphical user interface (GUI) as shown in Figure 5.3, allowing a clear overview of

what class each image belongs to. This interface was created using the python package

easygui. Each image must be labelled for the model to train, allowing it to learn why
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an image belongs to a certain class, see Section 5.1.3.

After each image has been classified the overall size of the image data must again

be reduced to allow a suitable size for training the CNN. Hence each image was down-

sampled to become an image of size 250 × 250 × 1, where the final set of input data

would contain n ROI samples such that the final size of the data inputted to the initial

CNN layer would be n× 250× 250× 1.

The final step for the data preparation was to normalise the data before training,

this will ensure the best results when training the CNN and so all of the ROIs were

normalised using their z-scores as follows:

z-score =
data−mean(data)

standard deviation(data)
.

Once all of the above processes had been carried out on the observations the CNN

could begin training as discussed in Section 5.1.3. All flares used for training and

testing occurred between February 2011 and March 2015, with a subset of flares that

occured during this time being used. Some were removed due to corrupt image pixels

or pixels blooming into adjacent pixels. Note that the training set contained 540 1600Å

AIA images used for model training and the test set contained 430 1600Å AIA images

which were used to test the robustness of the model as shown in Section 5.2.1. The

test dataset used contained 160 quiet sun, 160 two-ribbon flares, 63 compact ribbon

flares and 47 limb flares.

5.1.3 Model Training

In this section we will describe how the convolutional neural network (CNN) created

trains i.e. learns how to distinguish between the classes chosen.

To learn to distinguish between the classes a gradient descent method must be

implemented to update the weights at each kernel in all the fully connected and con-

volutional layers within the network. To do this weight update a loss function must be

chosen so the network can learn the optimal classifcations for each training image. A

categorical cross-entropy loss function was implemented here, which can be calculated

by;

E = −
M∑
c=1

y(xi)log(p(xi)), (5.4)

where M is the number of classes (here M = 4) and y is the binary indicator (0 or
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1) such that if y = 1 the observation belongs to the class and y = 0 if it does not.

Finally p is the probability that the observation belongs to a class, c. This loss is

chosen dependent on whether the labels are one-hot encoded or integers and whether

it is a binary classification problem or not. Due to our network having four classes and

one-hot encoded labels (i.e., [0, 1, 0, 0] etc.) categorical cross-entropy loss is used.

Here, to update the weights, w, and hence minimise this loss function, E, stochastic

gradient descent (SGD) with Nesterov momentum, pmom, included is used (Sutskever

et al., 2013). This means the weights are updated by;

velocity = pmom ∗ velocity − lrate ∗
∂E

∂w
,

w = w + pmom ∗ velocity − lrate ∗
∂E

∂w
. (5.5)

The learning rate, lrate must be chosen, indicating how fast or slow the network updates

the weights during training. The inital velocity = 0 and pmom = 0.1, with the velocity

getting updated throughout training. The learning rate for our model was chosen to

be 10−4 with a mini-batch size of 32. This indicates that with the SGD optimiser,

mini-batch gradient descent is also being used. Hence instead of training on the whole

dataset, it trains and updates the weights after every 32 images have been trained on.

Note that although larger batch sizes can be used to speed up the training process, this

batch size of 32 was chosen as it gave the optimal training results for the CNN. Where

momentum, pmom = 0, the Nesterov momentum is turned off and standard SGD is

used.

To calculate the gradients needed to minimise the loss function, a process known as

backpropagation (Hecht-Nielson, 1989) is carried out. There are four main steps to the

backpropagation process; forward pass, calculating the loss function, backwards pass

and the weight update. This process is derived in Appendix A.4.

Figure 5.4 shows an example of how the gradients are applied to the convolutional

layer inputs to calculate new weight functions. One whole iteration of the backpropa-

gation process over the whole training dataset is known as an epoch.

Once the network set-up has been chosen as discussed in Section 5.1.1, the network

can begin training using the backpropagation process discussed above.The CNN was

trained using 540 1600Å AIA images, with the data being processed before training as

discussed in Section 5.1.2 and each image labelled to indicate which of the four classes

it belongs to. Recall that the four classes chosen were; quiet sun, two-ribbon flares,

compact ribbon flares and limb flares.
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Figure 5.4: Illustrates how the backpropagation process uses the gradient values to
update the model weights. (Originally shown in jefkine (2016).)

For the 540 images used, the number of images belonging to each class were divided

almost evenly to ensure that observational bias would not affect the model during train-

ing. The slight imbalance between classes that does occur is not large enough to affect

the training of the model. From this set of images, 60% were used as the main training

dataset with the other 40% used as the validation dataset. The validation dataset is

used during training to ensure that the training dataset is not being memorised by

testing the network on unseen data to ensure it is still achieving the same accuracy as

on the training dataset.

To investigate whether the network was training properly and learning which parts

of each class were important we plotted the feature map outputs for both convolutional

and max-pooling layers. An example of what the feature map looks like for a two-ribbon

flare is shown in Figure 5.5i. Note that there are 32 nodes in the first convolutional

layer, so 32 feature maps are produced (shown in a 16×2 grid) and 64 nodes are used in

the second convolutional layer, so 64 feature maps are produced there (shown in a 16×4

grid. Note that for each group of four intermediate feature maps shown (e.g. Figure

5.5ii), both convolutional and max-pooling layers are presented. As an alternative view

of what the CNN is training on, heatmaps are also produced which highlight where the
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CNN concentrates it’s training of features on (e.g. see Figure 5.5iii).

Figure 5.5i shows where the CNN is concentraing its training on. For the two-ribbon

flares this highlights that the network is definitely concentrating on the two ribbons

present in the image and not training on any of the possible background noise. Similar

layer outputs and heatmaps were produced for the other 3 classes. Figure 5.6ii shows

where the network is learning for compact flares. Note again that the compact ribbon

itself is highlighted in the heatmap which means the network is training properly on the

flare and ignoring the background, similar to the two-ribbon flares previously discussed.

For the limb flares note that in Figure 5.7ii that although the strongest part of the

heatmap is concentrated on the flare, the limb itself is highlighted along with some of

the noise around it, this could lead to problems later where instead of picking up a flare

on unseen data the CNN may just pick up the limb. The feature maps for the limb

flares, shown in Figure 5.7i, help to visualise where each convolution is concentrating

on training - it seems that similarly to the heatmaps, some of the convolutions are

picking up the limb only, whereas others are locating the flare itself. The final set of

heatmaps and feature maps calculated are for the quiet sun class shown in Figure 5.8

where it shows the network only picking up the background noise in the AIA data used.

The training results are shown in Figure 5.9. The training and validation accuracies

are shown in Figure 5.9a, with the network only being trained for 10 epochs to prevent

overfitting it is shown that even with so few epochs the training accuracy was found

to be ≈ 98% and the validation accuracy was slightly lower at ≈ 94%. The training

and validation losses were also calculated throughout training with the results shown

in Figure 5.9b. Both losses fall sharply and then start to level off over the 10 epochs.

As the losses begin to level out the training of the CNN should be stopped as this

indicates were over-fitting may occur if training continues. For both the accuracies

and losses calculated note that, all values could be improved by increasing the number

of images included in the training dataset.

To further validate the model training and its outputs, k-fold cross validation was

implemented, similar to that implemented by Bobra and Couvidat (2015). This means

that the model is trained from scratch k times, using the same training datasets to

allow for generalisation of what values the training accuracies and losses would be at

the final epoch. Here, we carried out 5-fold cross validation with the loss and accuracy

values shown in Figure 5.9e. This means we trained the model 5 times using the same

training and test datasets. Note that the mean training accuracy was found to be

approximately 92.9%± 2.98%.
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(i)

(ii)

Figure 5.5: Feature maps and heatmaps for two-ribbon flares; (i) visualises the out-
puts for each layer of the network and (ii) shows an example of the key parts of the
image the network is training on to gain the correct classification.
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(i)

(ii)

Figure 5.6: Feature maps and heatmaps for compact ribbon flares; (i) visualises the
outputs for each layer of the network and (ii) shows an example of the key parts a
compact flare image the network is training on to gain the correct classification.
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(i)

(ii)

Figure 5.7: Feature maps and heatmaps for limb flares; (i) visualises the outputs for
each layer of the network and (ii) shows an example of the key parts of a limb flare
image the network is training on to gain the correct classification.
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(i)

(ii)

Figure 5.8: Feature maps and heatmaps for quiet sun images; (i) visualises the
outputs for each layer of the network and (ii) shows an example of the key parts of a
quiet sun image the network is training on to gain the correct classification.
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Figure 5.9: (a) Training accuracies with both validation and training accuracies
shown over 10 epochs; (b) Training and validation loss shown over 10 epochs; (c) Shows
the confusion matrix created on the test set, with the diagonal showing the correctly
identified ribbon types; (d) shows the receiver operating characteristic (ROC) curve
which has been modified to include a curve for each class and the micro and macro
average curves; (e) Shows the results for loss and accuracy whilst using k-fold cross
validation, where k = 5.
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5.2 Results

5.2.1 Testing

After training the model the network accuracy can be checked by testing on a previously

unseen dataset. This test set contained 430 images consisting of 160 quiet sun images,

160 two-ribbon flares, 47 limb flares and 63 circular ribbon flares. Some of the flares

included in the test set may have occurred in the same active regions as those contained

in the training datset. The outputs from the model classification of the test dataset

are shown in Figure 5.9c and d.

To test whether the model is correctly classifying unseen data, a confusion matrix

was created to show what percentage of the test dataset were being correctly classified,

see Figure 5.9c. The confusion matrix creates a summary of the number of correct and

incorrect classifiations with the predicted classes plotted against the true classes of the

data. The percentage of correct classifications are shown in the diagonal of the matrix

with all other entries showing the percentage of incorrect classifications. Approximately

95% of the quiet sun, two-ribbon flares and limb flares present in the test dataset were

correctly classified, with only 88% of the compact ribbon flares correctly classified.

Note that 11% of the incorrectly classified compact ribbon flares were classified as limb

flares, this may be due to the limb flares lying close to the limb looking like compact

ribbon flares. To remove this confusion between compact ribbon and limb flare classes

a larger more robust dataset would have to be used during training.

To further investigate this confusion between classes, three different images belong-

ing to the limb flare class were analysed further. Figure 5.10 shows the limb flares and

the classification outputs of the CNN, with the probability of the flare belonging to a

class shown as a barplot. The first flare is correctly identified as a limb flare, with the

flare positioned almost exactly on the limb. Note that the flare here looks larger and

more widespread than the other two examples given. For the second limb flare shown

there is a small flare that occurs just away from the limb. The classsification output

shows the model is confused with it predicting almost 50/50 as to whether the flare

belongs to the limb or compact flare class. For the final limb flare shown the model is

almost 100% confident it is a compact ribbon flare. This means that for this image the

network may not be picking up the limb but only what looks like a compact ribbon

flare. To rectify these problems some changes to the network could be made such as

adding spatial coordinates to the input such that the limb classes should always be

correctly classified. This proposed change is applied and discussed in Section 5.3.
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The final testing output is the receiver operating characteristic (ROC) curves, shown

in Figure 5.9d. A ROC curve is plotted as the true positive rate (TPR) against the

false positive rate (FPR) at various thresholds. The area under the ROC curve (AUC)

indicates the performance of the model as a classifier. The closer to 1 the AUC is

indicates how well the model works, with 0 indicating that the model is not classifying

anything correctly. Hence the further to the left of the diagonal the ROC curve lies the

better the classifier. The ROC curves in Figure 5.9d show how well the model works

for each class, with high AUC values found - all approximately 99%.

Figure 5.10: Model output on previously unseen images in the test set. All of the
data should belong to the limb flare class, however confusion is seen between limb flares
and compact flares.

5.2.2 Classification of X-class flare data

A dataset containing 14 X-class flares were processed through the neural network to

investigate what shape their ribbons were and to test the robustness of the network.

This dataset is further analysed for topological features occurring around the flares in

Chapter 4.

Figure 5.11 shows the classification results of each flare, with the final class shown

in red. Out of the fourteen flares classified, eleven are found to be two-ribbon flares
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Figure 5.11: Classifications of X-class flares using the CNN. The classification output
is highlighted in red.

by the network. However from human classification it is known that thirteen flares are

known to be two-ribbon and only one is classified as a compact flare. With the compact

flare also being classified correctly that leaves two flares which have been incorrectly

classified by the network. These flares occur on 6th September 2017 and 29th March

2014.

The flare analysed that occurred on 6th September 2107 at 12:10pm UT was in-

correctly classified as a compact flare. As shown in Figure 5.12, the flare ribbons at

the peak of the flare bloom into other regions in the AIA data. It is thought that this

may be the cause of the incorrect classification, with the network concentrating on the

bright point of the blooming pixels. This lead to the classification of a compact flare

ribbon. For comparison an AIA observation in the same wavelength but at a slightly

later time was chosen to compare to the first classification. This observation was chosen

due to the flare ribbons being clear in the observation with no blooming pixels present.

The new data used is correctly classified as a two-ribbon flare, therefore it is thought

that by taking a flare observation at a later time where there are less bright pixels and

a clearer view of the Hα ribbons has lead to the correct classification using the neural

network.

The other flare incorrectly classified occurred on 29th March 2014 with the original

observation used occurring at 17:45UT. However as shown in Figures 5.11 and 5.13

it can be seen that the CNN gets confused and the flare is classified as a limb flare

but with a 45% accuracy. The second largest class is the two-ribbon class with an
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Figure 5.12: Both the original AIA image used for Figure 5.11 is shown and the
new aia data processed through the CNN (which has no blooming pixels). The CNN
classifications are shown as barplots with the output class shown in red.

Figure 5.13: The original saturated AIA image and the unsaturated image taken on
29th March 2014. The saturated image shows the two ribbon flare being incorrectly
classified as a limb flare - with the classification shown in red. The new observation
used is shown with no pixel saturation and the model outputs a much higher confidence
in the flare ribbons belonging to the two-ribbon class.

accuracy of approximately 40%. This shows that the network cannot give a definite

classification on what the flare ribbons look like. From the AIA observation it is shown
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that at peak time the ribbons are not clearly visible due to pixel saturation. Due to this

a second observation was chosen at 17:39UT which shows the ribbons more clearly. As

shown in Figure 5.13 when this observation is processed by the network a more definite

classification is reached with a 95% confidence in the flare belonging to the two-ribbon

flare class.

5.3 Further Uses

5.3.1 Processing Numerical Parameters with Observational

Data

After training the initial network to identify flares and their ribbon types - quiet sun,

limb flares, two-ribbon flares and compact flares - there was confusion when identifying

compact flares, as previously discussed in Section 5.2. This was due to two possible

reasons;

1. Due to the flares occurring on the limb not having an associated ”shape” many

appear to look compact - however this is due to the angle of the observations.

2. When classifying limb flares some of the limbs are very close to the edge of the

bounding box, this again may cause some confusion between compact and limb

flares.

It was thought that this confusion could be corrected by allowing numerical and cate-

gorical parameters such as the position of the flares on the solar disk to be used during

training. Hence to allow the use of non-image data, a second network was created with

both the output from the original convolutional neural network (CNN) and a new neu-

ral network which processes the numerical data being used to classify the flare ribbons

observed, see Figure 5.14

The network created to process the numerical and categorical data related to the

flare observations, is known as a single layer network. This means that each node in

the network is directly connected to an input variable and then connected to a single

set of weights that contributes to an output variable. These types of networks are

usually only applied to linearly separable data - data which when linked to each class

could be separated by straight lines that indicate which class the data refers to.
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Figure 5.14: The model trained is shown here, with two input channels - one for
numerical data and the other for image data - and outputs from both the CNN and
single layer network combined before classifying a flare.
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A single layer network was chosen here as we are going to test on positional data.

It was thought that although the quiet sun, compact and two-ribbon flare classes could

occur anywhere on the solar surface, the limb flare class will always have limb (outlying)

positions which could be linearly separated from the other classes.

Hence using the keras python package, the single layer network used to process

numerical data was chosen such that the number of nodes matched the number of

numerical inputs. During the testing phase this was chosen to be one, with the in-

put positional data chosen to be cosine of the longitude of the flare observation, i.e,;

cos(φevent). This was chosen as it would allow the positional data to be normalised

between zero and one, whilst also allowing for the larger values to occur closest to the

limb. The single layer network is shown at input 2 in Figure 5.14. Once the input

had been passed through the single dense layer (regular neural network layer) it is

passed over to the main network again and concatenated with the convolutional neural

network (CNN) output for the final stages of training which are discussed below.

The convolutional neural network (CNN) used to analyse the observational data,

whilst the single layer network is analysing the numerical data, is very similar to the

network used previously, see Figure 5.2. However due to eventually concatenating the

output of both neural networks to classify the data, the final classification layer of the

CNN previously used has been removed. Instead of a classification layer with softmax

activation, the CNN was chosen to have a final dense layer with only eight nodes and

ReLU activation. This was chosen to allow for the reduction in size of the CNN data

at the dense layers before the output was merged with the much smaller outputs of

the single layer network. The CNN with additional dense layer is shown at input 1 in

Figure 5.14.

Once both networks have trained on their respective input data, as previously

mentioned the outputs are joined together and then processed through a final dense

layer with four nodes and softmax activation, allowing the data to be classified into

the four network classes previously defined.

The training process for this network is similar to that previously discussed for the

original convolutional neural network in Section 5.1. The loss function used during

training is again chosen to be categorical cross-entropy, see Eqn 5.4, which is up-

dated throughout training using backpropagation. During training this loss function is

minimised for each epoch - one forward and backward pass of the data through the

network - with the probability density function for each classification calculated again

using softmax distribution, see Eqn 5.3.

The network is trained on 400 1600Å AIA images which were previously used for
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(i) Training Accuracies (ii) Training Losses

(iii) Confusion matrix using test data

Figure 5.15: Training outputs for the model combining a CNN and SLN.

training the original network. These images are prepared and normalised for training

using the method discussed in Section 5.1.2, with the normalisation again carried out

by calculating the z-scores of the data. In addition to the AIA data used, the positions

of the flare ribbons were also needed to train the single layer network. To normalise the

positional data for training it was decided that we would take cosine of the longitude

of the positions allowing for a normalisation between 0 and 1 such that; 0 ≤ cosφ ≤ 1.

This was chosen after testing various normalisation schemes and picking which had the

best training outcome for our network.

During training, 30% of the training data was used for validation and the remaining

70% were used to train the model. Unlike the previous network which was only trained

over 10 epochs to prevent overfitting, due to the addition of the single layer network

and the slight changes in the dense layers at the end of the CNN, the number of epochs

was increased to 40. The need for this increase in epochs is shown in the training
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outputs in Figure 5.15 where we can see the training accuracy does not level off until

higher epochs. In addition to the change in the number of epochs used the learning

rate was chosen to be 10−3.

Figure 5.15(a) shows the training and validation accuracies calculated over 40

epochs. Note that after epoch 25 the training accuracy continues to grow but the

growth of the validation accuracy slows down causing a distance to appear between

the curves. This increase in distance between both accuracies indicates that training

should be stopped and, to get better results, more training data added. The training

accuracy was found to be approximately 92% accurate with the validation accuracy

levelling off at approxmiately 82%. In general this means our model will only be about

80% accurate on unseen test data.

This can be seen in Figure 5.15(c) where a test dataset was classified by the model.

The confusion matrix shows that all compact flares in the test data were correctly

classified. This shows that by adding in the positional data we have stopped the

previous confusion in classifications of limb and compact flares seen in the confusion

matrix in Figure 5.9. For all the other classes, the confusion matrix shows that they

are correctly classified approximately 84 − 86% of the time. When previously only

using a CNN and image data, as previously noted the main confusion in classifications

was between limb and compact flares. However, here when using a CNN with a SLN

that processes positional data, instead of the previous misclassifications it seems that

confusion now occurs when classifying two ribbon flares, where 14% of two ribbon

flares in the test set are misclassified as compact. This could be due to both compact

and two ribbons flares occurring at similar positions on the solar disc, and so we have

introduced more ambiguity for these two classes.

The training and validation losses are shown in Figure 5.15(b) where we see a drop-

off in both. Again to prevent overfitting of the dataset training should be stopped

when a large gap appears between the validation and training loss curves as epochs

increase.

5.4 Discussion

In this chapter we have demostrated a basic application of convolutional neural net-

works (CNNs) to solar image data. In particular, the first model created classifies the

shapes of the solar flare ribbons that are visible in 1600Å AIA observations into four

classes. The four classes; quiet sun, two-ribbon flares, limb flares and compact ribbon

flares were picked to allow for differences in the flare ribbons observed, with more com-
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plicated classifications possible, however it may also have introduced more confusion

into the network created. The network trained resulted in an overall accuracy of ap-

proximately 94% in correctly classifying flares by the shape or location of their flare

ribbons.

This initial network that was created and trained was a shallow CNN consisting of

only two convolutional layers, unlike deeper neural networks that are typically used on

solar image data; (e.g., Kucuk et al., 2017; Armstrong and Fletcher, 2019). The deeper

CNNs are used to classify solar events such as coronal holes, solar flares and sunspots

with varying instruments used. However, although a shallow CNN was used here the

overall model accuracy when trained from scratch still ranges between 92.9%± 2.98%.

This model currently focuses on classifying flares by their ribbon shapes but the model

could be generalised further for other solar events by including classes for sunspots

or prominences which can be viewed in the current 1600Å wavelength used, although

the model would have to include further convolutional layers to classify these correctly.

Varying the image wavelengths for the AIA data or using a different instrument such as

SECCHI EUVI observations from STEREO (Solar Terrestrial Relations Observatory)

or EIS EUV observations from Hinode could also make the model more robust.

If the network was to be made into a deep convolutional neural network, a CNN

layout similar to the VGG network could be used; (Simonyan and Zisserman, 2014).

This deeper network would take longer to train over more epochs and would need the

training set for the current network to be increased - including more flare images for

the current classes as well as adding any new images for other classes chosen. As well

as increasing the number of convolutional layers used, other model parameters could

be altered to achieve different training results, where any of the parameters discussed

in Table 5.1 could be modified to affect the model training speed and accuracy.

The second CNN shows some of these changes in effect. The model implemented and

discussed in Section 5.3 shows the inclusion of spatial parameters to the model, which

increases the size of the training dataset as well as the number of epochs the model

must train over. The inclusion of this neural network which can process numerical or

categorical parameters with the addition of the original CNN created shows promising

first results with the initial model accuracy found to be approximately 82%. Showing

that an expansion on the original CNN is possible.

The main result from this chapter shows that although a shallow CNN is being

used, we still get excellent accuracies when training the models to locate flaring regions

based on their ribbon shapes and locations. Such a result is encouraging and shows a

basic application of CNNs to solar image data, highlighting how they can be useful in
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analysing large datasets. Both the models created here could potentially be added to

a pipeline which locates solar events from ground and space based instruments.
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Chapter 6

Automated Edge Detection and

Quantitative Distance Measures

Applied to Observations of Flare

Ribbons

The Canny Edge Detection method is an image processing method created by Canny

(1986). This edge detection method was created to find the edges of an image, where

the optimal output was found to be on a Gaussian smoothed image with the edges

calculated corresponding to changes in pixel intensities.

This method has been used previously on solar image data (e.g., Hao et al., 2013),

where the Canny edge detection method was used to find and track filaments present

in Hα images. Here we will consider finding the edges of the flare ribbons observed

during solar flares in 1600Å AIA data.

We chose to create our own version of the Canny edge detection method that

would work specifically on the wavelength we have chosen, this includes setting unique

threshold values in the edge detection process to reduce noise in the outputs. Hence

if another wavelength is chosen the edge detector would have to have some of its

parameters altered slightly to account for the new wavelength; with the parameters for

another wavelength used it would still calculate the relevant edges but might pick up

more noise.

There are five main steps carried out to complete the edge detection process which

are; noise reduction, gradient calculations, non-maximum suppression, double thresh-

old and edge tracing by hysteresis, with each step discussed below. Note that the
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algorithm works on greyscale images and so our algorithm normalises all the AIA data

before processing through the edge detector.

The first step in the edge detection process is to apply some noise reduction algo-

rithm to the image data. This step is needed as due to gradients being calculated in

the next step, the edge detection process is very sensitive to noise and so the noise

must be reduced within the data. A Gaussian blur is applied to the data to smooth it,

such that;

G(x, y) =
1

2πσ2
exp

{
− x2 + y2

2σ2

}
,

where σ is the standard deviation and x and y are the distances from the origin to the

pixel being smoothed in both the horizontal and vertical directions. There is also a

choice in what kernel size (grouping of pixels) to apply the blur over (i.e., 3× 3, 5× 5

etc.) and what the σ value should be. For our data the filter was applied with σ = 1.

Hence G is calculated and applied to each pixel to smooth the image.

After the Gaussian filter has been applied to the data to reduce the noise, the

second step of the edge detection process can be carried out. This is where the change

in neighbouring pixel values is calculated to find potential edges within the image data.

At this step the direction of these changes are also calculated (see Figure 6.2).

The edges in the images correspond to changes in the pixels intensities; these are

calculated using filters that can be applied to the images to detect changes in both the

horizontal and vertical directions. There are different types of filters that can be chosen

here, however we use Sobel filters to calculate the gradients, (see Sobel and Feldman,

1973). The Sobel filters are two kernels of size 3×3 that calculate the gradients in both

the horizontal (Gx) and vertical (Gy) directions by carrying out an image convolution

on the smoothed AIA image data. Hence the derivative calculations to calculate theses

changes are;

Gx =


1 0 −1

2 0 −2

1 0 −1

 ∗ I and Gy =


−1 −2 −1

0 0 0

1 2 1

 ∗ I, (6.1)

where I is a 2D array containing the pixel intensities. Note that ∗ denotes an image

convolution where the rows and columns in the kernels are flipped before being multi-

pled element-wise. The Sobel filters are applied to each pixel in I and its surrounding

eight pixels, and then summed together to give the overall value of the changes in pixel

gradients in the horizontal and vertical directions which are stored in the Gx and Gy

arrays. When the Sobel filters are applied to the first and last two columns and rows
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in the AIA data the filters must be modified as there are not the usual eight points

around the pixel to calculate the gradients. However, due to the flare ribbons being

located in the centre of the images a partial Sobel filter was applied as no important

edges should be located at the edges of the AIA images.

Once the gradients in both the vertical and horizontal directions have been calcu-

lated, the magnitude of the gradient, G, can be found;

G =
√
G2
x +G2

y, (6.2)

and the slope, Θ of the gradient is also calculated;

Θ = arctan

(
Gy

Gx

)
(6.3)

Figure 6.1 shows an example of AIA data which has been blurred using the Gaussian

filter and shows what the output from the gradient calculations looks like. Notice that

the gradient output has brighter and thicker white lines where possible edges of the

data may be located. This gradient output matrix, G, is passed onto the next step in

the edge detection process which is non-maximum suppression.

The non-maximum suppression step thins out the edges calculated in the gradient

step. Here we analyse all the points on the edges found such that, only the points that

Figure 6.1: A flare ribbon observed on 10 November 2013 at 05:15:54UT, the first
image shows the AIA data after the Gaussian blur has been applied. The second image
shows the output from the gradient calculations i.e. matrix G, with the thicker white
lines showing potential edges of the flare ribbons.
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Figure 6.2: Two examples of non-maximum suppression are shown. The first shows
the centre pixel gradient in a −π

4
direction with the maximum pixel value found to

be at position (i-1, j-1). The second example shows the centre pixel gradient in a π
direction with the maximum pixel value found to be at position (i-1, j).

are lying at an edge (e.g. surrounded by pixels of smaller G values) and in the correct

direction (Θ array value for that pixel is pointing towards the nearest pixel with the

next largest value) are marked as possible edge points.

Figure 6.2 shows two examples of non-maximum suppression being carried out on

the gradient data. The Θ matrix is used to determine the direction the gradient, G is

pointing to. Once this direction is found the non-maximum suppression method takes

the surrounding eight pixels and looks at the pixels lying in this direction. For example,

in Figure 6.2 the first example shows the centre pixel lying in the −π
4

direction, hence

we take the maximum of the pixels lying on the blue direction arrow e.g. max{(i −
1, j−1), (i, j), (i+1, j+1)}. In this example the maximum pixel value is found to lie at

pixel (i-1, j-1), hence the pixel at position (i, j) is set to zero as there is no maximum

gradient (edge) located there. The algorithm then moves onto the next pixel to be

analysed using the surrounding eight pixels. If it is found that there is no pixel with a

greater gradient than the centre pixel then that pixel value is kept and not set to zero.

In summary the main steps in the non-maximum suppression method is to identify

whether an edge is present by using the angle matrix, Θ, then checking whether the

pixels lying in the same direction have larger magnitudes than the pixel being analysed,

returning zeros for pixels that are not maxima and the gradient intensities for pixels

126



127

that are maxima. Finally, a new image is returned which should contain thinned out

edges.

After non-maximum suppression has been carried out the double threshold step is

applied. This step uses thresholds to determine whether pixels belong to the edge or

not. There are three types of pixels we are looking for here; strong pixels that are

definitely part of the edge as their intensities are large, weak pixels that may be part

of the edge with intensities less than the strong pixels but not so small that they can

be discounted and finally background pixels with low intensities that are not part of

the edge.

The double thresholds chosen are used such that one is a strong threshold where

any pixel with an intensity greater than the threshold is marked as a strong pixel.

Weak pixels are marked such that they lie between the strong threshold value and the

smaller second threshold, known as the weak threshold. Any pixels with values less

than the weak threshold are marked as background pixels that definitely do not belong

to any edge.

To determine what the thresholds should be set to, survival functions were calcu-

lated; see Section 6.1 for how these are used to determine the values of the strong and

weak thresholds.

Note that here two groups of pixels are returned that are still relevant to the edge

detection; strong and weak pixels. The strong pixels are already marked as definitely

belonging to the edge of the flare ribbons and the final step in the edge detection

process known as edge tracing by hysteresis determines what weak pixels should also

belong to the edge.

This final step determines what is a true edge from the pixels marked as weak

during the double threshold process. Here the weak pixels can be transformed into

strong pixels if the weak pixel has at least one strong pixel as a direct neighbour. An

example of this is shown in Figure 6.3, where the middle pixel is a weak pixel and has

one strong pixel nearby (at position (i+1, j-1)). Hence the weak pixel is changed to a

strong pixel to mark it as part of the final edge.

Figure 6.4 shows the inital input AIA image containing flare ribbons and the resul-

tant edge detection output using the Canny edge detection method discussed above.

Note that although the hysteresis step should thin out the edges those found are still

thicker than usual, this is due to the noise lying around the saturated flare ribbons as

the pixels go back down to the normal background value in the region.
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Figure 6.3: An example of hysteresis is shown. The middle pixel has been marked
as a weak pixel in the double threshold step, by comparing it to the surronding pixels,
one of which is a strong pixel, it is changed into a strong pixel itself.

(i) (ii)

Figure 6.4: (a) shows the input 1600Å AIA image and (b) shows the output of the
Canny edge detection method.

6.1 Edge Detection Thresholds

There are two methods that we considered to find suitable values for the strong and

weak edge detection thresholds. The first we considered but decided against was using

percentages of the maximum values in the AIA data. Here the strong threshold was

chosen to be 0.8Imax and the weak threshold was set to 0.75Imax to be slightly lower

than the strong threshold. This would allow the thresholds to be individually set for

each AIA image processed by the edge detector.

However with this method, depending on the AIA image processed, the thresholds

chosen were either too large or too small and hence were picking up too much or too

little of the ribbon edges. Due to this discrepancy it was decided to apply a different
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method to find the strong and weak thresholds. The alternative method would allow

us to analyse pixel intensities that are too low to belong to the flare ribbons in each

AIA image; by plotting histograms of the pixel intensities and producing subsequent

survival functions.

For each AIA image a log-log histogram of the pixel intensity was produced. Ex-

amples of what these histograms look like are shown in Figure 6.5 where the histogram

values are plotted as red + signs in the left-hand plots for each AIA image. A Gaussian

of the form,

A exp
−(x− x0)2

2σ2
,

was fitted to the AIA histogram using Python’s curvefit function. This is fitted to the

histogram data as the distribution is approximately gaussian. The variables A, x0 and

σ are extracted from the histogram data. For the AIA data considered in Figure 6.5ii

these variables were found to be, A = 0.1927, x0 = 2.0799 and σ = 0.1079, although

they will vary depending on the histogram data for each AIA image. As well as the

histogram and fitted Gaussian, the full-width half-max (FWHM) is shown in green to

indicate where the fitted Gaussian reaches half of its amplitude.

Once a Gaussian had been fitted to each histogram, survival functions are also

calculated for the Gaussian, the pixel count rate histogram and by taking the ratio

between both. Note that the survival functions can also be thought of as the cumulative

distribution functions (CDFs). In general a survival function shows how many elements

of a particular data set are still present after a certain threshold. Here the survival

functions, shown on the right-hand side of Figure 6.5, show how many pixels are still

present if we pick a cut-off after a certain intensity.

The survival functions should be the same where the Gaussian is a good fit to the

histogram and start to deviate where the Gaussian is no longer a good fit, typically at

extremely large or extremely small intensities. Figure 6.5ii, shows that there is only 1

percent of pixels that have a log intensity & 2.5.

We use these survival functions to find suitable values for the strong and weak

thresholds. Typically the pixel values for the flare ribbons observed in the AIA data

are of order ≥ 103; these values coincide with the survival function values where only

1% of pixels are left with intensities falling within that range. Therefore we initially

set the strong and weak thresholds to be equal to this 1% cut-off which we label, σ.

Setting the thresholds to be equal will allow us to see whether too much or too little

data is being picked up from the initial threshold values. An example of the edge

detection output using these thresholds is shown in Figure 6.6i. Here, some of the
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smaller brighter background features are being picked up as well as the flare ribbons

we are interested in. This indicates that one or both of the thresholds may not be

large enough and hence is still picking up non-flare ribbon pixel intensities. This is

unsurprising as we have picked the strong threshold to be ≤ 103 whereas we previously

stated that flare intensities are typically larger than this.

To reduce the amount of non-flare features being picked up by the edge detector it

was decided to set the new thresholds as strong= 3σ and weak= σ. This should allow

the larger intensity flare pixels to be picked up by the strong threshold initially whilst

the weaker threshold would pick up the other possible edge pixels before the hysteresis

step. The results of the edge detection on the same flare data is shown in Figure 6.6ii.

Note that by increasing the strong threshold by a factor of 3 the appearance of non-

flare features have been reduced and a much cleaner edge has been picked up around

the flare ribbons observed.

For the rest of this chapter, the edge detection thresholds are set to; strong= 3σ

and weak= σ. Figure 6.7 shows two other flaring regions analysed by the Canny edge

detector. Figure 6.7i shows the edges of an X-class flare that occurred on 15 Feburary

2011, where two long flare ribbons were observed and Figure 6.7ii shows the edges

of a circular flare ribbon and a corresponding j-shaped ribbon that were observed

during an X-class flare on 9 March 2011. Note that both of these flares were also

analysed in Chapter 4 where the magnetic field features around the flaring regions

were investigated.

Both sets of flare ribbons detected in Figures 6.7i and 6.7ii, show the final edge

output from the Canny edge detection process. However although hysteresis was carried

out the final edges are still quite thick; thisf may be due to the fluctuation around the

more highly saturated pixels with the intensity changing rapidly at the edges to convert

back to the much lower background values. Hence a final step is taken to thin the edges

out to get a single line of pixels denoting the ribbon edge. The pixels marked as edges

are extracted and their positions averaged in the y-direction to get a single average

position line for the ribbons detected. These averaged positions edges are shown for

both the X-class flares previously analysed in Figures 6.7iii and 6.7iv.
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(i)

(ii)

(iii)

Figure 6.5: A histogram of count rates for each pixel and a fitted Gaussian are shown
in the left plot. The right plots show CDFs (or survival functions) of count rates for
each pixel (Hist) in red and the fitted Gaussian (using pythons curevefit method) in
black. The ratio between the two are shown in green for various 1600 Å AIA images.
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(i) (ii)

Figure 6.6: (a) shows the edge detection output when the strong and weak thresholds
both equal σ. It shows some smaller bright feature being picked up as well as the flare
ribbons; (b) shows the edge detection output where strong= 3σ and weak= σ, where
the flare ribbon becomes almost the only feature being picked up.
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(i) (ii)

(iii) (iv)

Figure 6.7: Edge detection examples where strong = 3σ and weak = σ for two X-class
flares that occurred on (a) 15 February 2011 and (b) 9 March 2011. (c) and (d) show
the thinned out edges respectively.
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6.2 Correction of Saturated Pixels in AIA data

Whilst using the Canny edge detector, the AIA images must have clear edges for

the flare ribbons observed. However for some of the larger flares observed the AIA

observations suffer from pixels bleeding into the surrounding image, causing the flare

ribbons to become obscured. Two examples of bleeding pixels observed during two

X-class flares are shown in Figure 6.8i, 6.8ii. Due to cases like this occurring in the

AIA data that we want to analyse, a method must be developed that converts the

saturated pixels back to their actual values and replaces the saturated values caused

by surrounding large pixel values bleeding over into non-saturated pixels. This gives a

clearer idea of what the flare ribbons look like without the saturation occurring.

There have been previous methods developed to reduce saturation of pixels in AIA

images (e.g., Kazachenko et al., 2017), however many concentrate on correcting EUV

images. Hence a similar method must be constructed to correct the pixel saturation

occurring in the 1600Å AIA images analysed here.

6.2.1 Method 1: Linear Interpolation using Timeseries of Pixel

Intensities

The method discussed below is similar to that discussed in Kazachenko et al. (2017),

however methods of desaturation of other solar image data have been discussed in other

studies (e.g. Schwartz et al., 2015; Guastavino et al., 2019).

Initially the algorithm analyses each pixel in the AIA image to check whether they

have a count rate greater than 5000 counts s−1, this is a level where pixel saturation

is usually seen. If the pixel count rate satisfies this condition a time series of the

pixel value during the flare is taken, and the value at that point in time is linearly

interpolated between the start and end pixels chosen such that their pixel count rates

are not saturated. The linear interpolation is given by;

pni,j = pstarti,j +
tn − tstart
tend − tstart

(
pendi,j − pstarti,j

)
, (6.4)

where pni,j is the new value for the saturated pixel, pstarti,j and pendi,j are the values

of the start and end unsaturated pixels from the timeseries, tn denotes the difference

from when the inital unsaturated pixel occurred until the saturated pixel occurred with

tstart and tend denoting the start and end times of the timeseries of AIA data selected.

The surrounding pixels are also interpolated with two pixels in both positive and

negative x-directions calculated, as well as ten pixels in both positive and negative
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(i) (ii)

(iii) (iv)

(v) (vi)

Figure 6.8: (a) and (b) show two X-class flares that had pixels blooming into neigh-
bouring pixels during the peak of the flare. Corrected AIA images (c) and (d) using
method 1, (e) and (f) using method 2.
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y-direction. This is to ensure the surrounding pixels, which might not be saturated

but where blooming may have occurred, are also corrected.

Figure 6.8i shows an X-class flare where the flare ribbons are blooming into other

pixels due to pixel saturation. These pixels are corrected using the method discussed

above to produce a new corrected AIA image where two flare ribbons are more easily

observed, with their shapes also visible, see Figure 6.8iii.

Figure 6.8ii shows another example of pixels blooming during a solar flare event,

with figure 6.8iv showing the corrected AIA image. This flare was also the example

used in figure 6.4 where we used an image at a later time to prevent the saturated

pixels interfering with the edge detection, however we can now try to get cleaner edges

for the flare ribbons observed at the peak time by using the corrected AIA images.

6.2.2 Method 2: Averaging Pixel Intensities

Similarly to method 1, this method utilises other AIA files to correct the pixel satura-

tion during the peak of the flare. However only three files are needed here, the AIA

image containing the saturated pixels, an AIA image during the same flare but before

saturation occurs and a final AIA image during the same flare after the saturated image

time. This method was implemented to try to see if a simpler method could result in

suitable desaturation of AIA images.

Instead of correcting only saturated pixels the surrounding pixels must also be

corrected. This is due to the surrounding pixels also having modified values due to

blooming. The first step considers any pixels in the saturated image with a count

rate greater than 6000 counts s−1, this value was chosen through experimentation with

various values. If this condition is satisfied a check is also done to evaluate the average

pixel intensities surrounding the saturated pixel in the y direction, where if avgy > 5000

then the saturated pixel is replaced by the average value of the two unsaturated AIA

files such that;

pni,j =
pendi,j + pstarti,j

2
. (6.5)

Note that the immediate surrounding pixels are also replaced by average values, even

if the count rate is < 5000.

The next step considers any pixels such that pni,j > 1000 and avgy > 750 or where

pni,j < 150 and avgy > 500, with these pixel values chosen through a trial and error

process. These pixels also have to be corrected as surrounding the saturated pixels in

the AIA data there is usually one or two pixels surrounding the edges of the saturation

that are not normal background values but have been also been altered. These pixels
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(i) (ii)

(iii) (iv)

(v) (vi)

Figure 6.9: Edge detection outputs; (a) and (b) using saturated AIA images, (c) and
(d) using the timeseries method to smooth the saturated pixels (method 1), (e) and
(f) using the averaging method to smooth the saturated pixels (method 2).
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typically drop in count rate and mark the edges of the saturation region. Pixels that

satisfy these conditions are averaged using the above equation.

This method is much simpler than the linear interpolation using timeseries method

discussed in Section 6.2.1. However due to only averaging pixels of certain values

chosen above, the output may not be as consistent for different flares. Examples of the

smoothed AIA data outputs using this method are shown in Figures 6.8v and 6.8vi.

Note that although the algorithm seems to produce a good result for the February

2011 flare, the output for the November 2013 flare is not as smooth and some ribbon

definition has been lost which will affect the corresponding edge detection outputs. This

is discussed in the next section, however highlights the problems with having varying

intensities for each AIA image which makes it difficult to get consistent results.

6.2.3 Method Comparison

Figure 6.9iv shows the Canny edge detection outputs from a previously saturated two

ribbon flare shown in figure 6.8ii. The edges detected from the corrected AIA data,

shown in figure 6.8iv are found using method 1 discussed in Section 6.2.1. Using this

method, for this example we lose definition on the bottom flare ribbon with the edge

detector only picking up small sections of the corrected ribbon data. This may cause a

problem when we try to compare the ribbon edges to the magnetic field features found

in Chapter 4, with the comparison discussed later in Section 6.3.

Alternatively, figure 6.9vi shows the edge detection outputs for the same flare, where

the pixel saturation has been corrected using method 2, see Section 6.2.2. Here the

flare ribbons seem more broken apart with the averaging method not producing clean

ribbon edges for the detector to work on.

Overall, method 1 should be used where possible to smooth saturated AIA images

as the edge detection outputs produce better results, with more of the flare ribbons

being detected. However where possible original unsaturated AIA images should be

used to get the best edge detection results as shown in Figure 6.4ii.

6.3 Mapping Ribbon Edges to 3D Magnetic Field

Features

As previously discussed, the Canny edge detection method can be used to find the

edges of the flare ribbons observed in AIA data. Here, we look at the ribbon edges

of some X-class flares that have been previously analysed in Chapter 4 to compare
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whether the ribbon edges can be mapped to some magnetic field features identified

in the flaring active regions. This will allow us to deduce whether the position and

shape of the flare ribbons observed and the separatrix surfaces found from the PFSS

model are similar to each other, producing a more automated approach to mapping

the separatrix surfaces to the flare ribbons observed.

To make suitable comparisons between the separatrix surfaces found and the ribbon

edges detected, cuts taken along the solar surface from the extrapolations are used

for comparison to identify where the magnetic field features intersect with the solar

surface and could possibly correspond to the ribbon edges. Figure 6.10a and 6.10b

show two examples of the 3D magnetic field features found overlying flaring active

regions, with Figure 6.10c and 6.10d presenting the corresponding surface cuts which

can be correlated to the flare ribbons observed. Note that these examples have been

chosen to show the results of one flaring active region, observed on 7 January 2014, with

no corresponding separatrix surface overlying the flare ribbons positions and another

flaring active region, observed on 10 November 2013, with corresponding separatrix

surface overlying the flare ribbons observed during an X-class flare. The first active

region is surrounded by a separatrix dome but with no separatrix surfaces found lying

close to the flare ribbons observed, see Figure 6.10i, whereas the other one looks as

if a good correlation will be found between the separatrix dome present and the flare

ribbons observed, see Figure 6.10ii.

To make a comparison between the separatrix surface cuts and the flare ribbon

edges a couple of different distance metrics are calculated.

The first distance chosen to compare the flare ribbons and magnetic field features

was the Hausdorff distance, (e.g. Birsan and Tiba, 2006). The Haussdorff distance

between two curves C1, C2 is defined as;

DH(C1, C2) = max

(
sup
x∈C1

D(x,C2), sup
y∈C1

D(y, C1)

)
, (6.6)

where C1 and C2 are non-empty subsets of a metric space (M , D) and D(x,C2) is the

minimum distance between the point x and the curve C2. An example of calculating

the Hausdorff distance between two curves is shown in Figure 6.11.

Hence, the Hausdorff distance will calculate the minimum distance between a single

point of the flare ribbons edges and the separatrix surface cut (this is connected to the

closest null point if there is no separatrix surface immediately linked to the flare ribbons

shape). These minimum distances are calculated for every point of the ribbons edges

and then the overall minimum distance from that set is taken (supx∈C1
D(x,C2)). The
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(i) (ii)

(iii) (iv)

(v) (vi)

Figure 6.10: Edge detection outputs; (a) and (b) show the 3D magnetic skeletons
overlying flaring active regions, (c) and (d) show the corresponding cuts along the
solar surface (at R=1.001R�) with the flare ribbons shown contoured in orange, (e)
and (f) show the flare ribbons in purple and the corresponding closest separatrix surface
cut in red, with the Hausdorff distance (DH) and modified Hausdorff distance (DMH)
calculated between the two.

140



6.3. MAPPING RIBBON EDGES TO 3D MAGNETIC FIELD FEATURES 141

Figure 6.11: Illustration of calculating the Hausdorff distance between two metric
spaces. This figure was originally produced by (Pellerin, 2014).

same operation is carried out for finding the overall minimum between every point of the

separatrix surface cut and the whole flare ribbon edges (supy∈C1
D(y, C1)). Finally the

maximum of the two minimum distances is taken to give the final Hausdorff distance.

Note that only the parts of the separatrix structures thought to contribute to the flare

ribbon positions or shapes are included in the Hausdorff calculations. These separatrix

structures were intially selected by eye, however to make the selection process more

automatic the separatrix surface found to lie the closest to the flare ribbons was selected

using an automatic script to choose the nearest surface. This process may pick up the

incorrect surface, however could be altered in the future to calculate the Hausdorff

distance for all surfaces and then pick which has the best result for the flare ribbon

that the surfaces are being compared to.

The Hausdorff distance DH , will only equal zero if C1 and C2 have the same shape,

here that would indicate that C1 = C2. Therefore the closer to zero the Hausdorff

distance is, the better the match in shape and position between the flare ribbons and

the separatrix surface cuts.

For the two examples shown in Figure 6.10 the Hausdorff distances were calculated.

A closer look at the flare ribbons observed and the separatrix surfaces found closest

to the ribbons are shown in Figures 6.10v and 6.10vi. The flare ribbons observed

and subsequently processed by the Canny edge detector are shown in purple, with the

nearest separatrix surface to the flare ribbons positions shown in red. For the X-class

flare that occurred on 7 January 2014, shown in Figure 6.10v, a separatrix surface

dome was found overlying the active region, with the flare ribbons observed from the

flare occurring inside the separatrix surface. From these observations it looks like there

is very little correlation between the separatrix dome position and shape and the flare

ribbons observed. This is shown in the Hausdorff distance calculated which seems quite

large at DH = 125.6799′′. As the distance calculated is much larger than DH = 0′′
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it indicates that the flare ribbons and the separatrix surfaces are not well matched in

position or shape.

The second example, shown in Figure 6.10vi, was of an X-class flare that occurred

on 10 November 2013. Here a small separatrix surface dome is found overlying a small

part of the active region. The flare ribbons observed seemed almost circular in shape

and were found to lie in a similar position to the separatrix dome. The Hausdorff

distance calculated for this example was found to be DH = 23.6471′′, which is much

lower than the than the previous examples distance and also much closer to DH = 0′′

which indicates the two curves are the same. Therefore we could conclude that the

flare ribbons observed may have obtained their shape from the separatrix surface dome

present.
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Date GOES AR Topological Hausdorff Distance (Arcsecs) Modified

Class Number Feature (TF) supx∈ribbonsD(x, TF ) supx∈TF D(x, ribbons) DH Hausdorff

15/02/11 X2.2 11158 Dome 49.3231 75.66 75.66 15.0651

07/09/11 X1.8 11283 Dome 19.6313 383.5266 383.5266 7.687

07/03/12 X1.3 11429 Cave 74.3363 350.1609 350.1609 28.8449

10/11/13 X1.1 11890 Dome 12.6159 23.6471 23.6471 7.6827

07/01/14 X1.2 11944 Dome 110.5935 125.6799 125.6799 65.1538

10/09/14 X1.6 12158 Dome 144.962 197.8599 197.8599 54.9553

07/11/14 X1.6 12205 Dome 18.1354 41.2723 41.2723 7.8196

20/12/14 X1.8 12242 Cave 72.9507 105.1416 105.1416 32.9456

11/03/15 X2.1 12297 Cave 79.4802 92.7212 92.7212 19.2195

06/09/17 X9.3 12673 Cave 43.2443 67.5452 67.5452 18.4557

Table 6.1: Summary of distance metric values calculated for X-class flares.
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To draw a conclusion on which values of the Hausdorff distance indicate a good

correlation between the flare ribbons observed and the separatrix domes found in the

active regions, more than the two examples discussed above must be analysed. There-

fore a subset of the flares analysed in Chapter 4 were used to give a more robust idea

of what values the Hausdorff distances take; the regions where a feature was found

that was thought to correspond to the flare ribbons observed were chosen. Table 6.1

shows a breakdown of the distances calculated for each flare along with the types of

separatrix surfaces that were found in the flaring regions. Using the Hausdorff dis-

tances calculated it is suggested that the presence of the separatrix structures found

may contribute to the ribbon position and shapes when DH < 75′′. Three of the active

regions analysed satisfied this criteria, with active regions NOAA 11890, 12205 and

12673 all having lower DH values. On further inspection as shown in Figure 6.10vi for

active region NOAA 11890, these active regions all have separatrix surfaces that lie

close to the flare ribbons observed for the X-class flares.

Active region NOAA 11158 has a Hausdorff distance of DH = 75.66′′, which is

marginally larger than the cut-off value we have selected. On further inspection this

active region looks to have a flare ribbon that does correspond to the separatrix struc-

ture found, however there is a second ribbon which does not lie close to the topological

feature which could be having an impact on the distance value calculated, this active

region is shown in Figures 4.2 and 6.12i. For some of the flares analysed the shape of

the separatrix structure found was extremley similar to at least one of the flare ribbons

observed. In these cases the separatrix structures could also have a position offset and

this may be caused by the use of a potential field model rather than an MHS or NLFFF.

For example active region NOAA 12242, see Figures 4.8 and 6.12ii, was found to have

a separatrix structure lying very close to the flare ribbons observed on 20 December

2014. Although the shapes were similar, both almost semi-circular, the flare ribbons

were offset from the topological features considered. These cases were found to have

Hausdorff values that lay between 75′′ < DH < 100′′ here.

Note that for values where DH > 100′′, for example for active regions NOAA

11283 and NOAA 11429 both of these had one flare ribbon that could be mapped

almost precisely to the separatrix structures found, however due to the separatrix

structures being so large and spanning further across the solar surface the Hausdorff

distances calculated were extremely large. Due to this and the previous cut-off ranges

being so large (DH < 75′′ for flare ribbons mapping to the separatrix surfaces and

75′′ < DH < 100′′ for a partial match), a better distance metric was sought.

As well as the Hausdorff distances calculated, the modified Hausdorff distances
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(i) (ii)

(iii)

Figure 6.12: Flare ribbons from an X-class flare are shown in purple and the cor-
responding closest separatrix surface cut is shown in red, with the Hausdorff distance
(DH) and modified Hausdorff distance (DMH) calculated.

(Dubuisson and Jain, 1994) were also calculated where;

DMH(C1, C2) = max

(
1

|C1|
∑
x∈C1

supD(x,C2),
1

|C2|
∑
y∈C2

supD(y, C1)

)
. (6.7)

This modified distance is used as it brings the values closer to the ideal case of DMH =

0′′. The data was previously found to have DH < 75′′ indicating a good correlation

between the flare ribbons and the separatrix surfaces. Using the modified Hausdorff

distance we find that flare ribbons that had similar shapes to the separatrix surfaces

found but had an offset of position were found to have lower DMH values. For example

in Table 6.1 active regions NOAA 11283, 11890 and 12205 are all found to have DMH <

8′′ whereas previously all the DH values were higher, with active region NOAA 11283
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having a much larger Hausdorff distance of DH = 383.5266′′. This active region was

found to have an almost exact mapping of flare ribbons to separatrix surfaces, however

one section of the separatrix surface was found to lie across the solar disc, shown in

Figure 6.12iii. This is thought to contribute to the previously higher DH value.

Excluding active region NOAA 11283, most of the active regions analysed that

previously had larger DH values were found to also have the larger DMH values, with

active regions NOAA 11429, 11944 and 12242 found to have DMH > 30′′ and DH >

100′′. In general DH > DMH , however the modified Hausdorff distance picks up on

ribbons and separatrix surfaces that seem to have a similar shape but are distanced

further apart, for example NOAA 11242 as shown in Figure 6.12ii.

Overall we conclude that if the modified Hausdorff distance is found to be DMH <

20′′ then the flare ribbons observed may have their ribbon shapes and positions due to

the separatrix surfaces found in the active regions, with the best cases found to have

DMH < 10′′. Overall six out of the ten active regions were found to have DMH < 20′′,

indicating that the separatrix surfaces could be the cause of the flare ribbon shapes

and positions.

6.4 Discussion and Conclusions

In this chapter, we presented Canny edge detection as a method to detect flare ribbon

edges in 1600Å AIA images. This is a technique commonly used to find edges in images

and it has been modified for our use. The method itself follows five main steps; noise

reduction, gradient calculations, non-maximum suppression, double threshold and edge

tracing by hysteresis.

The main differences implemented in our edge detector is how the edge detection

thresholds are set. Typically a strong threshold is set at all pixels in the top 0.01% of

the pixel intensities, with the weak threshold slighlty larger at approximately 0.05%.

Here we present a method of plotting histograms of pixel intensities and subsequently

calculating the survival functions associated with those. Examples of both these his-

tograms and their subsequent survival functions are shown in Figure 6.5. These survival

functions can give the approximate values of the pixel intensities in the top 1% which

can be passed onto the edge detector to set both the strong and weak thresholds.

The final implemented values of the strong and weak thresholds were chosen to be

strong= 3σ and weak= σ, where σ is the value found from the survival functions. For

example if the weak threshold σ = 1000 counts s−1, then the strong threshold would

be σ = 3000 counts s−1. This change in setting the thresholds allows the edge detector

146



6.4. DISCUSSION AND CONCLUSIONS 147

to work better and give clearer results for the flare ribbons analysed.

The detector obviously does not find ribbons when the pixels in the flaring regions

are saturated. Hence two methods were presented as options to correct these satu-

rated pixels and to see if the edge detector could give results closer to those found at

unsaturated pixel times.

The first method suggested uses linear interpolation across a timeseries of the pixel

intensities to correct pixels above a certain threshold. This threshold was set to be any

pixels with an count rate greater than 5× 103 counts s−1. A timeseries containing the

pixel count rates from an unsaturated AIA image before and after the peak time of

the flare was taken and used to correct the saturated pixels using Equation 6.4 with

the surrounding pixels also corrected. Note however that linear interpolation was used

here instead of polynomial or Gaussian interpolation. These would perhaps have given

a more realistic timeseries profile for the pixel values, with a peak occuring at the peak

flare time and the the values on either side of the peak falling down to normal non-flare

count rates.

The second method uses averaging of two previously unsaturated pixel values to

correct the saturated pixel at the peak flare time. The two unsaturated pixels are

taken from AIA images during the flaring time period where the pixels do not have an

intensity greater than 5× 103. The saturated pixel is replaced with the average of the

two unsaturated pixel values.

Both methods were applied to X-class flares and the corrected images were processed

by the Canny edge detector previously discussed. The comparisons shown in Figure

6.9 show the differences in the edges found by using an unsaturated AIA image, an

image corrected using method one and an image corrected using method two. Overall it

was found that although the correction methods are suitable to apply to the AIA data,

when using the edge detector the best outcomes are found by using an unsaturated AIA

image where the flare ribbons are visible. Of the two correction methods discussed,

method one which uses a timeseries of pixel values was found to give the best results

from the edge detector. This method would result in showing most of the original flare

ribbons and not losing any ribbons by smoothing too much.

After the Canny edge detector thresholds were chosen to work on the AIA data,

without picking up too much non-flare features; a more robust comparison between

the ribbon edges observed and magnetic field features was undertaken. To make this

comparison the magnetic field structures previously found in flaring active regions in

Chapter 4 were used. As a method to correlate the flare ribbons and the separatrix

structures found, two distance methods were implemented.
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The first was to calculate the Hausdorff distance between the flare ribbons and sepa-

ratrix surfaces. Ten X-class flares were analysed here to give a dataset with indications

of what Hausdorff distance relates to a good correlation between the flare ribbons posi-

tions and shapes, and the separatrix surfaces that were found to intersect with the solar

surface around the flaring active region. However to set definite thresholds more flaring

regions would have to be analysed. Table 6.1 shows the Hausdorff values for the ten

X-class flares. From the table and further image analysis, for example Figure 6.12, it

was concluded that where DH < 75′′ the separatrix surfaces were thought to contribute

to the flare ribbons shapes and positions. For flares where only one ribbon mapped

or there was an offset in separatrix surface postion and ribbon positions, it was found

that the Hausdorff distances had typical values of 75′′ < DH < 100′′. An example of

this was found in particular for the X-class flare that occurred in active region NOAA

12242, see Figure 6.12iii, where there was an offset between the flare ribbons and sep-

aratrix surface positions resulting in a high Hausdorff distance. This would indicate

that the separatrix surface present is unrelated to the presence and shape of the flare

ribbons observed, however due to the closeness in position and similarity in shape it is

thought otherwise. For flares that were found to have no ribbons correlating with the

separatrix surface positions, the Hausdorff distances were typically, DH > 100′′. Some

active regions, like NOAA 11283 found to have the ribbons lying along a separatrix

surface, but due to the large reach of the surface across the solar disc the Hausdorff

values were large, shown in Figure 6.12iii. The large differences in Hausdorff values

needed to categorise whether the flare ribbons correlated to the separatrix surfaces

produced a need for another distance metric which could make the range of values

smaller and perhaps take into account some of the problems discussed here.

The second distance metric used was the modified Hausdorff distance, DMH , which

was chosen as an alternative to the Hausdorff distance. Again the lower values here

indicated where there was a good correlation, with DMH < 20′′ chosen as the cut-off

where the flare ribbons shape and position could be attributed at least in part to the

separatrix surfaces present in the active region. This modified distance was found to

include more of the flares that were observed, with flare ribbons found to match the

shape of the separatrix surfaces but with an offset in the positions. Active region

NOAA 11283 which had previously been shown to have a large Hausdorff distance,

although the flare ribbons mapped to a portion of the separatrix surface was found to

have a much smaller modified Hausdorff distance of DMH = 7.687′′. This shows that

the modified Hausdorff distance is better at finding correlations between separatrix

surfaces and flare ribbons where perhaps they are distanced further apart or only have
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one section of the separatrix surface or one flare ribbon mapping. It should be noted

that for flare ribbons observed that were not found to lie along any separatrix surfaces

the modified Hausdorff distances were still large. The X-class flare that occurred in

active region NOAA 11944 which had been previously analysed, see Figure 6.10v,

was found to have DH = 125.6799 and DMH = 65.1538 indicating that there was

no correlation between the shape and position of the flare ribbons and the separatrix

surfaces found.

These two distance metrics were chosen to take the shape and positions of the

flare ribbons and separatrix surfaces into consideration and compare their similarities.

Other distance metrics may have been more suitable for this comparison, however

the modified Hausdorff distance was found to give a suitable range of values which

corresponds to how the flare ribbons map to the topological features found.
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Chapter 7

Conclusions and Future Work

In this thesis, we have presented a set of tools which can be used to automate the

analysis of observational data and their interpretation using magnetic field models.

Here, we have focused in particular on the application of these tools to flare ribbons

observed with AIA, but one could envision other applications as well.

The ultimate aim would be to fully integrate the automation of the data analysis and

interpretation. We achieved the automation of various analysis techniques, however we

do not cover running the techniques together as a whole; which would be the natural

next step.

In Chapters 2 and 3 the PFSS and MHS magnetic field models used in this the-

sis were discussed, together with a description of their implementation in the codes

presented by Williams (2018a), which we employ for the numerical calculation of the

magnetic fields analysed later. We use these global 3D magnetic field models to con-

struct magnetic skeletons and their associated magnetic separatrix structures. These

magnetic field models have been chosen because their calculation is straightforward

and computationally cheap. Because it cannot be expected that potential fields will

represent the magnetic field structure accurately, we also included magnetic field mod-

els using a family of simple MHS solutions. Chapter 3 presented an investigation of the

dependence of these MHS solutions on the parameters they include, in particular the

values of the parameter ᾱ which represents one component of the field-aligned current

density.

In Chapter 4, fourteen flaring active regions where X-class flares occurred were

analysed using both PFSS and MHS models to investigate whether topological struc-

tures could be found to correlate to the flare ribbons observed. These models were

created initially by using the PFSS models, where it was shown that around the active

regions the main topological structures found were; separatrix domes, separatrix caves
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or a mixture of both, with no separatrix tunnels found in any of the active regions.

However, some active regions were found to have no separatrix structures that could

be correlated to the flare ribbons by eye. To investigate these regions, the squashing

factor (Q) was also calculated for three regions, showing whether high Q values were

found in all regions or only regions where separatrix structures had already been found.

The active region where no separatrix structures were found was shown to have no re-

gions of high Q which could be correlated to the flare ribbon positions, however for

both active regions where separatrix structures had already been found, high Q values

were present. Alternatively to both the PFSS model and squashing factor calculations,

MHS models were also created and analysed in relation to the X-class flare ribbons ob-

served in each active region. These MHS models however were found to show no major

topological structure changes in the active regions and therefore it was concluded that

PFSS models were sufficient to analyse these flaring active regions.

Note that in this chapter the mapping of topological features found from the 3D

models and the flare ribbons observed was done by eye. However, this means that

the results could be biased by subjectivity and so a more objective way to quantify

and assess the correlation between observed and model-based structures is discussed

in Chapter 6.

Following on from the magnetic field analysis, Chapter 5 discusses the creation

and training of a CNN to classify flare ribbon types. Overall the CNN was trained

and tested using data from AIA 1600Å and a mixture of C and M class flares were

used for training with the X-class flares previously analysed tested after the CNN was

trained. The CNN was shown to confuse circular flare ribbons with limb flares which

was thought to occur due to the distortion of flare ribbons at the limb. Alternatively

with the X-class flare analysis, flares which showed high levels of pixel saturation were

shown to be misclassified, in particular as limb or compact flares. It was shown that

by removing the pixel saturations by taking SDO data from an earlier time, the flare

ribbons were subsequently conrrectly classified. Following on from this the CNN was

merged with a single layer NN which would process numerical data. This feature was

added to test the validity of adding numerical data to the observational classifier.

Finally, Chapter 6 considered using the Canny edge detection method to find the

edges of flare ribbons which could be more easily mapped to the topological features

found in the active regions analysed in Chapter 4. The main difference of this edge

detector is that survival functions were used to set the detection thresholds for each

AIA image processed. Following the use of the edge detector on X-class flares, this lead

to developing a method which would smooth pixel saturation around flare ribbons to
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give a cleaner edge. Two methods were developed, one which had been trialled before

by Kazachenko et al. (2017), which used linear interpolation using a timeseries of pixel

intensities and the other which averaged across the timeseries to smooth the pixels.

Of both of these methods, the first gives the best results when being subsequently

processed by the Canny edge detector. Subsequently following on from the work in

Chapter 4, these ribbon edges were mapped to the separatrix structures located in the

flaring active regions by calculating the Hausdorff and modified Hausdorff distances.

Thresholds could be set in both of these distance metrics to indicate whether the flare

ribbons were considered to correlate to the topological structures analysed.

As previously discussed, all of the methods presented here could be combined into

a pipeline to analyse flare ribbon observations. The intial step would be to process

the AIA data through the CNN discussed in Chapter 5. This would allow for the

detection of flare ribbons in the AIA observations. Subsequently the pipeline could take

in corresponding magnetogram data to create a magnetic field model, the structure

of which would then be analysed in the same way as those discussed in Chapter 4.

Following the processing of data by the CNN and the construction of the magnetic

field models, the automated edge detection process, shown in Chapter 6 could be

implemented. This would allow a distance measure, like the Hausdorff distance, to be

used to quantify whether the topological features found in the magnetic field models

are related to the flare ribbons observed.

As well as implementing the methods as a data analysis pipeline, various aspects

of the techniques themselves could be altered or improved to analyse different data

or improve the analysis outputs. The magnetic fields considered in this thesis are

potential and magnetohydrostatic and so improvements could be made by perhaps

using a NLFFF model where the global topological structures may be more complex.

This would allow a more dynamic magnetic field to be implemented around the active

regions analysed, which would perhaps produce different topological structures or find

structures where we found none. These more complex field features could be analysed

similarly to the PFSS models presented in this thesis. The magnetic field models used

throughout this work are also global models, with computing resources and time could

be saved by using local magnetic field model which only consider the regions around

where the flare ribbons are observed. This would allow for much quicker processing of

the regions, however could lead to a loss in some of the larger structures found overlying

some of the active regions that we analysed here.

The convolutional neural networks used to analyse the flare ribbon regions and

classify them could also be altered such that a different and perhaps simplier tech-
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niques such as support vector machines (SVMs) could be used. This would allow for

a comparison between models and a choice for which to use, and could also save some

computing resources as well.

Further improvements could also be made to the distance metrics used, to compare

the flare ribbons observed and the topological features found from a magnetic field

model. However the Hausdorff distance was found to be the most suitable in this

thesis, when compared with the Euclidean and the Fréchet distance which were also

considered by us.

Finally, it should be remarked that parts or all of the overall methodology has the

potential to be applied, maybe with modifications, to analyse observations of ribbons

in other wavelengths or other solar structures altogether as well, such as filaments.
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Appendix A

A.1 Solving the Laplace Equation for the PFSS Model

To solve Laplace’s equation, separation of variables is used such that

f(r, θ, φ) = R(r)T (θ)P (φ). (A.1)

This allows the Laplace equation, see Equation 2.4, to be written in the form

1

R

∂

∂r

(
r2∂R

∂r

)
+

1

T sin(θ)

∂

∂θ

(
sin(θ)

∂T

∂θ

)
+

1

P sin2(θ)

∂2P

∂φ2
= 0. (A.2)

We can then use separation of variables, with a separation constant λ to split this

equation into one r-dependent part and one θ and φ dependent part.

1

R

∂

∂r

(
r2∂R

∂r

)
= λ, (A.3)

1

T sin(θ)

∂

∂θ

(
sin(θ)

∂T

∂θ

)
+

1

P sin2(θ)

∂2P

∂φ2
= −λ. (A.4)

To make Equation A.4 simpler to solve another separation constant, m, can be intro-

duced. This allows the equation to split into two individual equations dependent only

on θ and φ.
1

P

∂2P

∂φ2
= −m2, (A.5)

1

T sin(θ)

∂

∂θ

(
sin(θ)

∂T

∂θ

)
− λ sin2(θ) = m2. (A.6)

Hence the equation for P (φ) becomes much easier to solve. Solving Equation A.5 results

in P being written in terms of an exponential, e±imφ with 0 ≤ φ ≤ 2π and so m must be

an integer. Although solving Equation A.5 is simple, to solve Equation A.6 Legendre
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polynomials and spherical harmonics must be introduced. These are discussed in the

next section which discusses the Legendre polynomials used throughout the PFSS

model calculations. Note that Equation A.3 must also be solved to find a solution for

the Laplace equation, a substition of r = eu can be used to do this and the solution is

shown later in Equation A.25.

A.1.1 Legendre Functions

Legendre functions are denoted as Pm
l (x), where l ≥ 0 and they are the solutions to

the Legendre differential equation,

(1− x2)
d2y

dx2
− 2x

dy

dx
+

(
l(l + 1)− m2

1− x2

)
= 0, (A.7)

where, m, l ∈ C. The Legendre functions exist when −l ≤ m ≤ l and are both

non-singular and orthogonal when x ∈ (−1, 1). When m = 0 however, the Legendre

polynomial is denoted as Pl(x).

Calculating the Legendre functions can be done in various ways, however it is

numerically easier to calculate them recursively with the initial Legendre polynomial

already known. So with the initial polynomial,

P 0
0 = 1, (A.8)

the following five equations can be used to calculate the subsequent Legendre functions

needed.

P l
l (x) = −

√
1− x2(2l + 1)P l−1

l−1 (x), (A.9)

P l
l+1(x) = x(2l + 1)P l

l (x), (A.10)

Pm
l (x) =

x(2l + 1)Pm
l−1(x)− (l − 1 +m)Pm

l−2(x)

l −m
, (A.11)

P−ml (x) = (−1)m
(l −m)!

(l +m)!
Pm
l (x), (A.12)

Pm
l (−x) = (−1)l+mPm

l (x). (A.13)

Note that in Equation A.12, m < 0 and for Equation A.11, l 6= m, otherwise the

fraction would be undefined.

The Legendre differential equation (Equation A.7) can be used to help solve the

Laplace equation for the θ dependence. This allows Equation A.6 to be solved by using
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the transformation x = cos(θ), converting it into the Legendre differential equation and

allowing it to be solved using Equations A.9 to A.13, to find the corresponding Legendre

functions where θ ∈ (0, π).

To create spherical harmonics, the Legendre functions, Pm
l must be normalised

using a normalising factor, Nm
l . Using this normalising factor produces the normalised

Legendre functions,

Qm
l (x) = Nm

l P
m
l (x). (A.14)

The normalising factor used is,

Nm
l =

√
2l + 1

4π

(l −m)!

(l +m)!
, (A.15)

and is chosen as it allows for the orthonormalisation required. This orthogonality can

be expressed by, ∫ π

θ=0

∫ 2π

φ=0

Y m1
l1

(θ, φ)Y m2
l2

(θ, φ)dS = δl1,l2δm1,m2 . (A.16)

The δi,j denotes the Kronecker delta function and Y l2
m2 denotes the complex conjugate

of Y m2
l2

. If a different normalising factor was used for the PFSS model it would not

change the magnetic field components but alter the difficulty in finding them. Hence

the normalising factor is chosen in its simplest form as in Equation A.16. The resulting

spherical harmonics can be denoted by Y l
m(θ, φ) such that,

Y m
l (θ, φ) = Qm

l (cos(θ))eimφ, (A.17)

where Y l
m(θ, φ) is the spherical harmonic of order m and degree l. These spherical

harmonics are solutions of the Laplace equation (Equation 2.4). As the Legendre

functions have been normalised Equations A.9 to A.13 can also be written in their

normalised form where;

Q0
0 =

√
1

4π
, (A.18)

Ql
l(x) = −

√
1− x2

√
2l + 1

2l
Ql−1
l−1(x), (A.19)

Ql
l+1(x) = x

√
2l + 3Ql

l(x), (A.20)

Qm
l (x) = x

√
4l2 − 1

l2 −m2
Qm
l−1(x)−

√
2l + 1

2l + 3

(l − 1)2 −m2

l2 −m2
Qm
l−2(x), (A.21)
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Q−ml (x) = (−1)mQm
l (x), (A.22)

Qm
l (−x) = (−1)l+mQm

l (x). (A.23)

These normalised Legendre functions are subsequently used as solutions to the θ de-

pendent part of the Laplace equation.

In conclusion, equations A.3, A.5 and A.6 can now be solved to give the general

solution for the Laplace equation. As previously stated Equation A.5 can be solved

resulting in P (φ) becoming an exponential of the form, e±imφ. Equation A.6 can be

solved for T (θ) by applying the substitution, x = cos(θ). This substitution transforms

Equation A.6 into the Legendre differential equation, Equation A.7. This transfor-

mation allows the spherical harmonics to be implemented into the PFSS model for

0 ≤ θ ≤ π, as the normalised Legendre functions, Qm
l (x), are solutions to Equation

A.6. Hence the first separation constant, λ, is defined as

λ = l(l + 1).

For each value of l there are 2l+ 1 solutions to Legendre’s equation, as each value of m

ranges from −l ≤ m ≤ l. Hence the r-dependent solution for Laplace’s equation can

be solved given the expression for λ. Therefore Equation A.3 becomes,

∂

∂r

(
r2∂R

∂r

)
= l(l + 1)R.

To solve this another substitution must be used where, r = eu. This allows the R

equation to be written as a second-order differential equation,

d2R

du2
+

dR

du
− l(l + 1)R = 0. (A.24)

This can easily be solved such that,

R(r) = aml r
l + bml r

−(l+1). (A.25)

Note the coefficients aml and bml are the constants of integration from the T (θ) and

P (φ) equations and can be found using boundary conditions.
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A.2 Further Mathematics for the Derivation of the

Global MHS Model

Here we discuss further derivations and equations relating to the MHS magnetic field

equations derived in Chapter 3.

To find the form of the free function F discussed in Equation 3.5 we must first take

the curl of Equation (3.6):

∇× (∇×B) = µ0(∇× (αB) +∇× (∇F ×∇ψ)),

= µ0(α∇×B +∇α×B +∇× (∇F ×∇ψ)),

= µ0(αµ0j +∇× (∇F ×∇ψ))

= µ0(αµ0(αB +∇F ×∇ψ) +∇× (∇F ×∇ψ)),

= µ0(α2µ0B + αµ0∇F ×∇ψ +∇× (∇F ×∇ψ)).

(A.26)

Furthermore we can show,

r · (∇× (∇×B)) = r · (∇(∇ ·B)−∇2B),

= r · (−∇2B),

= −∇2(r ·B),

(A.27)

where we use the following identity;

∇2(r ·B) = r · ∇2B−B · ∇2r + 2∇ · ((B · ∇)r + B×∇× r),

= r · ∇2B,

with the final result shown in Equation 3.7. Following this F takes the form shown in

Equation 3.8 and the gravitational potential (shown in Equation 3.1) is derived by,

∇ψ =
∂ψ

∂r
er,

=
∂ψ

∂r

r

r
,

=
GM

r3
r.
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A more in depth calculation of ∇F ×∇ψ (Equation 3.9) is also shown where;

∇F ×∇ψ = ∇
(
κ(ψ)

GM

r3
r ·B

)
× GM

r3
r,

=
GM

r3
∇
(
κ(ψ)

GM

r3
(r ·B)

)
× r,

=
GM

r3

(
GM

r3
(r ·B)∇κ(ψ) + κ(ψ)(r ·B)∇

(
GM

r3

)
+

κ(ψ)
GM

r3
∇(r ·B)

)
× r,

= κ(ψ)

(
GM

r3

)2

∇(r ·B)× r,

= ξ(r)∇(r ·B)× r.

(A.28)

ξ(r) is defined as;

ξ(r) = κ(ψ)

(
GM

r3

)2

. (A.29)

To calculate the final forms for the magnetic field components two functions vl,m(r)

and wl,m(r) are needed. The forms of both these functions are derived below.

Here we consider an element of;

L ·Bt =
ᾱ

i

∞∑
l=0

l∑
m=−l

Bm
l (r)Y m

l (θ, φ),

such that;

(L ·Bt)
m
l =

ᾱ

i
(r ·B)ml

L · (vl,mLY m
l (θ, φ) + wl,m∇Y m

l (θ, φ)) =
ᾱ

i
Bm
l (r)Y m

l (θ, φ)

vl,mL2Y m
l + wl,mL · ∇Y m

l =
ᾱ

i
Bm
l Y

m
l

vl,ml(l + 1)Y m
l =

ᾱ

i
Bm
l Y

m
l

vl,m(r) =
ᾱ

i

Bm
l

l(l + 1)
(A.30)

Furthermore consider ∇ ·B = 0 to find the form of wl,m(r);

∇ ·B =
1

r2

∂

∂r

(
r2B

m
l (r)

r
Y m
l (θ, φ)

)
+∇ · (vl,mLY m

l (θ, φ))

+∇ · (wl,m(r)∇Y m
l (θ, φ)) = 0
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A.3 Further Flares Analysed

Active Region NOAA 11166

On the 9 March 2011 a X1.5 solar flare was observed in active region NOAA 11166.

Lasting for just under one hour, the flare produced a circular flare ribbon as shown

in Figure A.1a. The PFSS model was used to analyse this region for corresponding

topological features.

In Figures A.1a and b, the flare ribbons observed during the X-class event are

shown. There is a small circular-shaped ribbon present over a small bipolar region,

with a larger sigmodial ribbon lying to the side. A cut along the solar surface was taken

at a height of 1.001R� shown in Figure A.1c. The separatrix cut does not show any

features lying in the active region at R = 1.001R�, however when investigating further,

the 3D model shown in Figure A.1d shows a small separatrix dome lying across a small

part of the active region where one of the circular flare ribbons looks to be located. It

is thought this was not picked up in our surface cut as it lies very close to the solar

surface. This separatrix dome corresponds to one of the AIA 1600 Å ribbons observed,

with a comparison between the location of the separatrix dome, the active region and

the flare ribbons observed shown in Figures A.1e and A.1f. The separatrix dome found

only is thought to correspond to the smaller circular flare ribbon observed with no

other topological feature found in the region which could correspond to the larger flare

ribbon. Note also that this active region lies within a partially closed field region, with

the edge of the HCS lying in the middle of the active region, although the smaller

bipolar region that the separatrix dome lies upon is within a region of open magnetic

field.

Although a second topological feature was not found in this active region, this could

be due to smoothing of the magnetic field by the PFSS model with only a limited

spatial resolution being used in the magnetic field calculations. The use of a potential

magnetic field instead of a MHS or NLFFF extrapolation may also have an effect on
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          (a)                   (b) 

 

                                             

          (c)             (d)                     

   

                                                       

          (e)             (f)                               

   

   

Figure A.1: Analysis of AR NOAA 11166. (a) AIA observation taken during the
X1.6 flare. (b) shows the HMI data at the time of the flare with the corresponding
flare ribbons contoured (green). (c) the surface cut of the PFSS model at R = 1.001
is shown around the active region, with features on the edges of the active region but
none lying across the active region. (d) the 3D magnetic skeleton showing a single
low lying positive null in the active region. (e) the separatrix cut is imposed onto the
AIA image. (f) Surface cut of the 3D model at R = 1.001 with the ribbons contoured
(orange). 162
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          (a)                   (b) 
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   Figure A.2: Analysis of AR NOAA 11283. (a) AIA observation taken during the X1.8
flare on 7 November 2011. (b) HMI data at the time of the flare with the corresponding
flare ribbons contoured (green). (c) the surface cut of the PFSS model at R = 1.001,
showing positive null features around the active region. (d) the 3D magnetic skeleton,
showing a large positive separatrix cave in a portion of the active region. (e) the
separatrix cut is shown on an AIA image. (f) Surface cut of the 3D model at R = 1.001
with the ribbons contoured (orange).
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what features were found.

The Q map was also calculated for this region and is shown in Figure A.3a nd A.3b.

Note that where the circular ribbon lies, there are high Q values also in the region,

this could indicate the presence of a QSL or could relate to the low lying null and its

associated small separatrix dome which was previously discussed. For the second flare

ribbon, there is no high region of Q nearby which could relate to a QSL being present

where the flare ribbon lies.

In relation to the other magnetic fields analysed and discussed, due to the separatrix

dome found here, this region is similar to active region NOAA 11890 (see Section 4.2.2)

which was found to have a circular flare ribbon that could correspond to the presence

of a separatrix dome present in the flaring active region.

Active Region NOAA 11283

Two X-class solar flares were observed in active region NOAA 11283, which crossed the

solar disc from 30 August 2011 to 12 September 2011, with the X-class flares observed

on 6 and 7 September 2011. Here, the data analysed is from the 7 September, however

both flares occurred in the same region and had the same flare ribbon emission in AIA

1600 Å. When the X1.8 flare studied here occurred, the active region was past disc

centre and moving towards the western limb of the solar surface.

This flare produced a small semi-circular ribbon as shown in Figure A.2a. The PFSS

model was used over the active region and surrounding surface to find the topological

structures present. The resultant features around the active region are shown in the cut

taken at 1.001R� as in Figure A.2c. A small separatrix cave-like structure was present

over the smaller bipolar region within the active region. This structure is classified as

cave-like, due to many spine lines intersecting at the solar surface close to the edge of

the structure, clearly shown in Figure A.2d, however none of them seem to lie along

the cave opening as expected. The 3D model also shown the active region lying within

a large separatrix dome structure indicating an area of closed magnetic field. From

Figures A.2e and A.2f, it is shown that the semi-circular contours of the flare ribbons

map around the edge of the bipolar region corresponding to the base of the separatrix

dome present. The Q map that was calculated for this region showed high values of

Q (≈ 108) where the separatrix structure intersects with the surface and where the

flare ribbons were observed. Note the Q map is not shown here as the output was very

similar to other regions previously analysed (e.g. see Section 4.2).

In comparison to the other active regions analysed this region was the only region
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(i) (ii)

(iii) (iv)

(v) (vi)

Figure A.3: Q maps calculated for some of the active regions analysed in Section
A.3, with the PFSS surface cuts also shown to investigate whether the high Q values
correlate to separatrix surfaces already located or QSLs, flare ribbons also contoured
(orange). (a) Q map for AR NOAA 11166 with (b) showing the associated PFSS model
surface cut, where Q values of ≈ 106 were found around the smaller flare ribbon. (c)
Q map for AR NOAA 11520 with (d) showing the associated PFSS model surface cut.
Q ≈ 107 close to the flare ribbon indicating a possible QSL. (e) Q map for AR NOAA
12158 with (f) showing the associated PFSS model surface cut. No large Q values were
found around the flare ribbons. 165
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which had a cave-like structure rather than a definite separatrix cave or dome. How-

ever, the semi-circular flare ribbons observed could be most closely compared to those

observed in active region NOAA 11158 where almost semi-circular ribbons were present

and mapped to the edge of a separatrix dome located in the region, see Section 4.2.1.

Active Region NOAA 11429

Active region NOAA 11429 crossed the solar disc from 4 March 2012 to 14 March 2012,

with a X1.3 solar flare occurring on 7 March 2012. This large X-class flaring event is

analysed here, with the flare itself being observed by SDO in all wavelengths.

Two flare ribbons were observed in the active region during the flaring period, with

the 1600Å AIA image shown in Figure A.4a. When the flare ribbon is contoured onto

the HMI magnetogram it is shown that the ribbons lie on the edge of the bipolar region,

Figure A.4b. The global 3D magnetic skeleton is extrapolated and inspected around

the active region to investigate whether any topological structures could contribute to

the presence of the flare ribbons observed. This active region is quite noisy with many

separatrix surfaces and their spines lines intersecting along the edge of the active region,

shown in Figure A.4d. The surface cut taken along R=1.001R�, shown in Figure A.4c,

shows a small separatrix cave lying along the active region, with a larger separatrix

dome also present with both surfaces intersecting the solar surface at the same points.

The smaller, more vertical, ribbon lies along the edge of where the separatrix cave

intersects with the solar surface with the other flare ribbon not found to lie along any

separatrix surface intersection. The comparison between the flare ribbons observed

and the separatrix surface cut is shown in Figures A.4e and A.4f. Along the separatrix

cave intersection and where the smaller vertical ribbon was observed, high Q values

were also found (≈ 109) which was to be expected.

This region was found to be similar to active region NOAA 12673, where both active

regions were found to have separatrix surfaces lying in the active region around where

the flare ribbons were observed. However, in both regions the separatrix surfaces were

not a similar shape to the flare ribbons observed, although they were found to be in

close proximity to each other.

Active Region NOAA 11520

On 12 July 2012 in active region NOAA 11520 an X1.4 solar flare was observed. This

active region crossed the solar disc from 6 July 2012 to 18 July 2012 and was at disc

centre when the flare occurred. The flare ribbons observed by SDO AIA 1600 Å, see
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          (a)                   (b) 
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          (e)             (f)                               

   

   
Figure A.4: Analysis of AR NOAA 11429. (a) AIA observation taken during the
X1.3 flare. (b) HMI data at the time of the flare with the corresponding flare ribbons
contoured (green). (c) the surface cut of the PFSS model at R = 1.001 shows a large
topological feature lying across the active region. (d) the 3D magnetic skeleton shows
a large positive separatrix dome overlying the region with smaller structures enclosed.
(e) the separatrix cut shown on the AIA image. (f) surface cut of the 3D model at
R = 1.001 with the ribbons contoured (orange).
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Figure A.5: Analysis of AR NOAA 11520. (a) shows an AIA observation taken
during a X1.4 flare. (b) HMI data at the time of the flare with the corresponding flare
ribbons contoured (green). (c) the surface cut of the PFSS model at R = 1.001, with
no features found lying in the active region and a single structure lying along the upper
edge. (d) the 3D magnetic skeleton shows a large separatrix dome lying at the top of
the region. (e) the separatrix cut is shown with the AIA image. (f) Surface cut of the
3D model at R = 1.001 with the ribbons contoured (orange).

168



A.3. FURTHER FLARES ANALYSED 169

Figure A.5a, were sigmoidal in shape with a smaller circular ribbon also present. No

nulls or related topological features were found directly over the active region when the

PFSS model was used, see Figure A.5d. However, there was a large separatrix dome

system found further north on the surface which extended down to the upper edge of

the flaring active region. The surface cut taken at R = 1.001R�, shown in Figure A.5

shows the lack of separatrix surfaces present in this active region. Figures A.5e and

A.5f show the comparison between the flare ribbons observed and the surface cut, no

obvious correlation is found however it is possible that the separatrix dome edge may

correspond to the larger ribbons observed. Due to the distance between the ribbons

and this separatrix dome, the correlation between the two cannot be made for certain.

A Q map was also created to analyse whether there could be QSLs present in the

region where there were few separatrix structures found. Figure A.3c shows the Q map

for this region, with the flare ribbons observed and the separatrix features previously

found shown in Figure A.3d. In these plots it was shown that regions of high Q were

found around the separatrix structures. However note that just above the observed

flare ribbons and below where the HCS curtains intersect with the surface, there is

also a region of large Q (≈ 107) which could indicate the presence of a QSL. This

QSL would lie much closer to the flare ribbons than any of the previous separatrix

structures found and could correspond to why the flare ribbons have the shape and

positions observed.

Due to the lack of separatrix structures in this active region, no definite conclusion

could be made between their presence here and the X-class flare ribbons observed by

SDO. This is a very similar result to that discussed later for active region NOAA 12192,

which also was found to have no separatrix surfaces in the active region although the

region was the site of four X-class flares.

Active Region NOAA 11944

On 7 January 2014 a X1.2 solar flare occurred in active region NOAA 11944, which

crossed the solar disc from 1 January 2014 to 14 January 2014. The flare produced

two flare ribbons which were observed by SDO lying on the edge of the active region,

see Figures A.6a and A.6b.

A 3D magnetic skeleton was created from the potential field extrapolation, see

Figure A.6d, with a cut along the surface R = 1.001R� taken to inspect where the

separatrix surfaces intersect with the solar surface, see Figure A.6c. Over the small

section of the active region where the X-class flare occurred, a separatrix dome was
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          (a)         (b) 
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Figure A.6: Analysis of AR NOAA 11944. (a) AIA observation taken during a
X1.2 flare. (b) HMI data at the time of the flare with the corresponding flare ribbons
contoured (green). (c) the surface cut of the PFSS model at R = 1.001 shows a large
topological structure originating from a negative null lying around the active region. (d)
the 3D magnetic skeleton shows a separatrix dome lying in the active region surrounded
by other features. (e) the separatrix cut is shown on the AIA image. (f) Surface cut
of the 3D model at R = 1.001 with the ribbons contoured (orange).
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Figure A.7: Analysis of AR NOAA 12017. (a) AIA observation taken during a X-
class flare. (b) HMI data at the time of the flare with the corresponding flare ribbons
contoured (green). (c) the surface cut of the PFSS model at R = 1.001, positive
separatrix structures intersect around where the flare ribbons were observed. (d) the
3D magnetic skeleton shows a positive separatrix cave lying in the region the flare
ribbons were observed. (e) the separatrix cut is shown along with AIA image. (f)
Surface cut of the 3D model at R = 1.001 with the ribbons contoured (orange).
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present along with multiple spine lines and separatrices originating from other sepa-

ratrix structures. These structures were compared to the shape and position of the

flare ribbons observed during the X-class flare, see Figures A.6e and A.6f. Here it is

shown that although the separatrix dome is present in the region there is no obvious

correlation between its presence and the presence of the flare ribbons observed. This

could be due to multiple things such as too low a resolution when extrapolating the

potential magnetic fields or the exclusion of the flaring dynamics in the region. The Q

values were also calculated for this region, however although high Q values were found

around separatrix surfaces there were no high Q values in the region where the ribbons

were observed.

Compared to the other active regions analysed, this region is similar to active region

NOAA 12158, which is analysed later in this section. Both regions have clear sigmodial

flare ribbons present during the X-class flares, however although separatrix structure

were found lying around both active regions no structures were found close to the flare

ribbons observed by SDO.

Active Region NOAA 12017

On the 29 March 2014 a X1.0 solar flare was observed in active region NOAA 12017.

Occurring between 17:35UT and 17:54UT, the flare produced a semi-circular flare rib-

bon as shown in Figure A.7a. A clearer analysis of where the ribbon sits with respect

to the active region is shown in Figure A.7b, with the ribbons marked in green.

The magnetic skeleton produced from the PFSS model, see Figure A.7d, shows

a cave-like separatrix structure present in the flaring active region. The separatrix

structure originates from a positive null point, however is surrounded by a further two

positive nulls and one negative null point which leads to the presence of two null-null

separators in the region. Where this structure intersects with the solar surface is shown

in the surface cut (Figure A.7c), where the whole active region is covered by a large

positive separatrix structure (thought to be the positive separatrix dome found in the

3D model), with the other separatrix structure lying at the edge of a small bipolar

region (this correlates to the cave shown in the 3D model). The comparison between

the flare ribbons observed and the separatrix structures found is shown in Figures A.7e

and A.7f. The flare ribbons observed lie extremely close to where the separatrix cave

intersects with the solar surface. It is thought this structure could give rise to the

shape and position of the flare ribbons observed. The Q map was also calculated for

this region, with large Q values (≈ 107) found around the flaring site. These Q values

172



A.3. FURTHER FLARES ANALYSED 173

are thought to correspond to the separatrix structures already found in the active

region.

This active region analysis and results is very similar to that found for active region

NOAA 11429, with both regions found to have cave-like structures. Both regions had

more complex cave structures present in the active region which possibly contributed

to the flare ribbons observed during the X-class flaring events.

Active Region NOAA 12158

On 10 September 2014 a X1.6 solar flare was observed from 17:21UT to 17:45UT in

active region NOAA 12158, which crossed the Solar disc from 5 September 2014 to

17 September 2014. Two sigmoidal flare ribbons were observed by AIA 1600 Å, as in

Figure A.8a. The flare ribbons were found to lie across the centre of the active region

when compared to the HMI magnetogram, see Figure A.8b.

Figure A.8d shows the 3D magnetic skeleton found around the flaring active region

with its associated surface cut taken at R = 1.001R� shown in Figure A.8c. There

are many separatrix surfaces lying around the edges of the active region and a large

positive separatrix structure marking that the active regon is lying within a closed

magnetic field structure, however there are no structures lying around the positions of

the flare ribbons observed, as shown in Figure A.8e. Again this could be due to the

use of a potential magnetic field instead of more sophisticated field configurations such

as an MHS or NLFF field being modelled.

The Q maps were calculated here to investigate the possibility of QSLs in the active

region where no separatrix structures were found. Figure A.3e shows the Q values

around the flaring active region and Figure A.3f shows these values with respect to the

flare ribbons observed during the X-class flare. Very small Q values are found in the

active region with one or two sections with slightly higher values. However, there are

no regions of large Q which could correspond to the indication that there is separatrix

surfaces or QSLs present in the region where the flare ribbons were observed.

As with active region NOAA 11944, which was previously discussed in this section,

there are lots of separatrix structures lying around the active region but none present

in the active region itself that could contribute to the shape or position of the flare

ribbons observed.
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Figure A.8: Analysis of AR NOAA 12158. (a) AIA observation taken during the
X1.6 flare. (b) HMI data at the time of the flare with the corresponding flare ribbons
contoured (green). (c) the surface cut of the PFSS model at R = 1.001, there are
features lying on the edge of the region but none lying across the centre where the
ribbons were observed. (d) the 3D magnetic skeleton shows no features across the
active region and a large positive structure lying overhead. (e) the separatrix cut is
shown with the AIA image. (f) Surface cut of the 3D model at R = 1.001 with the
ribbons contoured (orange). 174
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Figure A.9: Analysis of AR NOAA 12673. (a) AIA observation taken during the
X9.3 flare. (b) HMI data at the time of the flare with the corresponding flare ribbons
contoured (green). (c) the surface cut of the PFSS model at R = 1.001 shows a negative
separatrix structure lying in the active region with positive structures lying around the
edges. (d) the 3D magnetic skeleton shows a small negative cave (blue) enclosed within
a larger positive separatrix dome (red). (e) the separatrix cut is shown with the AIA
image. (f) Surface cut of the 3D model at R = 1.001 with the ribbons contoured
(orange). 175
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Active Region NOAA 12673

On 6th September 2017 a X9.3 solar flare occurred in active region NOAA 12673, which

emerged on the solar disc on 30 August 2017 and crossed the remainder of the disc

until the 10 September 2017. Over the 12 days as it crossed the solar disc, 4 X-class

flares and 2 large CMEs were observed. The data in Figure A.9 was taken from the

largest of these flares which occurred on the 6th September from 11:53UT to 12:10UT.

Two flare ribbons were observed by SDO, which merge together in the final stages

of the flare, see Figures A.9a and b with the flare ribbons observed lying across the

centre of the active region. A separatrix dome originating from a positive null point

was found overlying the active region, see Figure A.9d. However it is a smaller negative

null and its separatrix cave that lie within the separatrix dome, that may contribute

to the flare ribbons observed. A surface cut taken along R = 1.001R� gives a clearer

insight into where the separatrix surfaces intersect with the solar surface, see Figure

A.9c. This surface cut is compared to the flare ribbons observed in Figures A.9e and

A.9f, where it is shown that the flare ribbons and the separatrix cave lie in the same

part of the active region. Although they share a close position, there is a difference

in the shape of the flare ribbons observed and the separatrix cave. Similarly to the

other active regions analysed, the Q values in this region where found to be high in the

presence of the footpoints of the separatrix surfaces detected and low in other parts of

the active region.

This difference in the shape of the flare ribbons observed and the separatrix surfaces

found in the active region is similar to what was found during the analysis of active

region NOAA 11429 discussed previously. However the almost squashed cave structure

observed here is similar to another structure found in active region NOAA 12297,

discussed in Section 4.2.6.

A.4 Backpropagation derivation

To calculate the gradients needed to minimise the loss function, a process known as

backpropagation (Hecht-Nielson, 1989) is carried out. There are four main steps to the

backpropagation process; forward pass, calculating the loss function, backwards pass

and the weight update. Throughout we will denote the kernel containing the model

weights as wlm,n where l is the layer the weight matrix is implemented to connect the

neuron to layer l − 1. The aim of the backpropagation process is to calculate how

each of the weights affects the loss function calculation and find a way to minimise
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them such that the overall loss decreases. To do this we need to calculate, ∂E
∂wl

m
′
,n
′
.

During the forward pass, each pixel included in the weight kernels, wl
m′ ,n′

, makes a

contribution to each convolution carried out. So, each weight will be applied to all the

image pixels during the convolutional layers; this means that the feature map outputs

are all affected by what value each weight initially has. The chain rule is used to

calculate the gradient for each weight with respect to the loss function such that;

∂E

∂wl
m′ ,n′

=

H−kh∑
i=0

W−kw∑
j=0

∂E

∂xli,j

∂xli,j
∂wl

m′ ,n′

=

H−kh∑
i=0

W−kw∑
j=0

δli,j
∂xli,j
∂wl

m′ ,n′

(A.32)

In Equation A.32 the xli,j term denotes the input into convolutional layer, l, with the

i, j iterators denoting the pixels in that array. The input into this convolutional layer

can be written as;

xli,j =
∑
m

∑
n

wlm,no
l−1
i+m,j+n + bl, (A.33)

where oli,j denotes the output feature map at layer l and bl denotes the optional bias

parameter that can be included at layer l. We can calculate the
∂xli,j

∂wl
m
′
,n
′

term in equation

A.32 by expanding equation A.33 to remove the summations and calculating the partial

derivatives such that;
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∂wl
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(∑
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= ol−1
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(A.34)

As shown in the previous equation, the only term that contributes to the partial deriva-

tives is where m = m
′

and n = n
′
. Using equation A.34, we can write Equation A.32

as,

∂E

∂wl
m′ ,n′

=

H−kh∑
i=0

W−kw∑
j=0

δli,jo
l−1

i+m′ ,j+n′
(A.35)
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Once the data has been passed through the network in the forward pass and the loss

function, E, has been calculated the backwards pass in the backpropagation process

starts. This is where the gradients, δli,j, for each layer, l, are calculated such that;

δli,j =
∂E

∂xli,j
,

allowing the weights to be updated such that the loss function is minimsed using

Equation A.35. These gradients are measuring how a small change in one pixel in the

input feature maps, xi′ ,j′ , affects the overall value of the loss function calculated. If

we denote the output region affected by the input pixel by Q, then we can express the

gradients as,

∂E

∂xl
i′ ,j′

=
∑
i,j∈Q

∂E

∂xl+1
Q

∂xl+1
Q

∂xl
i′ ,j′

=
∑
i,j∈Q

δl+1
Q

∂xl+1
Q

∂xl
i′ ,j′

=

kh−1∑
m=0

kw−1∑
n=0

δl+1

i′−m,j′−n

∂xl+1

i′−m,j′−n

∂xl
i′ ,j′

,

(A.36)

where Q has a height range of 0 ≤ Qheight ≤ i
′ − (kh − 1) and a width ranging from

0 ≤ Qwidth ≤ j
′ − (kw − 1).

The activation function, act, and its derivative, act
′
, along with Equation A.33 are

used to expand the partial derivative term in Equation A.36 such that;

∂xl+1

i′−m,j′−n

∂xl
i′ ,j′

=
∂

∂xl
i′ ,j′

(∑
m′

∑
n′

wl+1

m′ ,n′
ol
i−m+m′ ,j−n+n′

+ bl+1

)
=

∂

∂xl
i′ ,j′

(∑
m′

∑
n′

wl+1

m′ ,n′
act
(
xl
i−m+m′ ,j−n+n′

)
+ bl+1

)
=

∂

∂xl
i′ ,j′

(
wl+1

m′ ,n′
act
(
xl

0−m+m′ ,0−n+n′
)

+ · · ·+ wl+1
m,nact

(
xl
i′ ,j′
)

+ · · ·+ bl+1

)
=

∂

∂xl
i′ ,j′

(
wl+1
m,nact

(
xl
i′ ,j′
))

= wl+1
m,n

∂

∂xl
i′ ,j′

(
act
(
xl
i′ ,j′
))

= wl+1
m,nact

′(
xl
i′ ,j′
)
.

(A.37)
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This equation can now be substituted back into Equation A.36 to calculate the gradi-

ents needed in the backwards pass;

∂E

∂xl
i′ ,j′

=

kh−1∑
m=0

kw−1∑
n=0

δl+1

i′−mw
l+1
m,nact

′(
xl
i′ ,j′
)
. (A.38)

The final step in the backwards pass calculations is converting these gradients into

convolutions that can be applied at the convolutional layers to update the weights.

Hence, equation A.38 can be expressed as a convolution such that;

∂E

∂xl
i′ ,j′

= rot180◦

( kh−1∑
m=0

kw−1∑
n=0

δl+1

i′−mw
l+1
m,n

)
act

′(
xl
i′ ,j′
)

= δl+1

i′ ,j′
∗ rot180◦(w

l+1
m,n)act

′(
xl
i′ ,j′
) (A.39)

Therefore in the backpropagation process for the error function to be minimised, Equa-

tion A.35 and the gradients needed to update the weights are calculated using Equation

A.39. Once the gradients have been calculated they can be passed back into the SGD

routine described in Equation 5.5.
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F. Fárńık, H. Hudson, and T. Watanabe. Spatial Relations between Preflares and

Flares. Solar Phys., 165(1):169–179, April 1996. doi: 10.1007/BF00149096.

L. Fletcher and H. Hudson. The magnetic structure and generation of euv flare ribbons.

Solar Physics, 204:69–89, 2001. doi: 10.1023/A:1014275821318.

L. Fletcher, B. R. Dennis, H. S. Hudson, S. Krucker, K. Phillips, A. Veronig,

M. Battaglia, L. Bone, A. Caspi, Q. Chen, P. Gallagher, P. T. Grigis, H. Ji,

W. Liu, R. O. Milligan, and M. Temmer. An observational overview of solar

flares. Space Science Reviews, 159(1):19, Aug 2011. ISSN 1572-9672. doi: 10.

1007/s11214-010-9701-8. URL https://doi.org/10.1007/s11214-010-9701-8.
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