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Abstract

The recent launch of two ŕagship missions, Parker Solar Probe and Solar Orbiter,

have ushered in an exciting new era for solar wind research. This thesis uses this

novel data to study structures in the solar wind, with the aim of elucidating how

the solar wind is heated and accelerated.

First, a newly formed constellation of spacecraft was used to study the structure

and dynamics of the solar wind from different perspectives. This included the iden-

tiőcation of small-scale ripples in the heliospheric current sheet, along with a study

of a co-rotating interaction region in latitude.

Parker Solar Probe was then used to study small-scale switchbacks, which are

folds in the magnetic őeld that dominate the near-Sun solar wind. Since switchbacks

are seen throughout the solar wind, it is important to characterise their properties

to test against theoretical predictions. In one of the őrst investigations of its kind,

switchbacks were estimated to have a width of ∼50,000 km and an aspect ratio of

the order of 10. It was also demonstrated that the magnetic őeld in switchbacks

tended to deŕect in certain directions, implying a systematic source closer to the

Sun.

Finally, as Parker Solar Probe moved to only 13R⨀︁ from the Sun, a coherent

pattern in the switchbacks was identiőed, which had a spatial scale comparable to

bright points on the solar surface. It was also found that switchbacks were asso-

ciated with consistent temperature enhancements. This feature, together with the

newly identiőed systematic pattern in the switchback magnetic őeld, were used to

propose a new switchback deőnition. This provides a more robust way to iden-

tify switchbacks, which does not rely solely on the absolute magnetic őeld angle.

These observations were used to conclude that switchbacks represent the imprint of

interchange reconnection on the solar wind.

3



Acknowledgements

I would like to take this opportunity to thank the people that have helped me

get to this point. I can’t possibly list every name here, but I appreciate everyone’s

support nonetheless.

I would őrst like to thank my supervisor, Tim, for his excellent guidance and

support through two placements, a masters project and a PhD. Many an hour has

been spent talking about everything and nothing, something that I will sorely miss.

You have also made me feel part of two exciting space missions, and for that, I will

always be grateful.

To my close collaborators: Stuart, Lorenzo, Lloyd, Julia and Tom, I thank you

for your inŕuence and help with my research. I would especially like to thank Stuart

for his invitation and warm reception at Berkeley, as well as Tom for his much-needed

assistance in picking out a Hawaiian shirt.

To the rest of the Space and Atmospheric group, I feel lucky to have spent the

last three years here. Whether it was a trip to the pub, farmers market, or a muffin

break, there has never been a quiet moment. I look forward to seeing where Ozzy

the octopus will travel next.

Thanks to my parents and brother for the weekly phone calls and reminding me

of the important things in life. A special mention to Mum, Dad, Aunt Mary and

Liv, all of whom poured over every word in this thesis.

Finally, the greatest thanks must go to Liv, who has believed this was possible

since we sat next to each other in the school science lab. Your love and support are

what has made this thesis possible.

4



Contents

1 Introduction 14

1.1 RTN coordinate system . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2 Theory and measurements of the solar wind 17

2.1 Plasma theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

2.1.1 Kinetic theory . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

2.1.2 Fluid description . . . . . . . . . . . . . . . . . . . . . . . . . 21

2.2 The Sun . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

2.2.1 Solar cycle . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

2.2.2 Solar features . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

2.3 The solar wind theory . . . . . . . . . . . . . . . . . . . . . . . . . . 33

2.3.1 Parker solar wind solution . . . . . . . . . . . . . . . . . . . . 33

2.3.2 Interplanetary magnetic őeld . . . . . . . . . . . . . . . . . . . 36

2.4 Solar wind observations . . . . . . . . . . . . . . . . . . . . . . . . . . 38

2.4.1 Velocity distribution functions . . . . . . . . . . . . . . . . . . 39

2.4.2 Alfvén waves in the solar wind . . . . . . . . . . . . . . . . . . 42

2.4.3 Types of solar wind . . . . . . . . . . . . . . . . . . . . . . . . 44

2.4.4 Heating and acceleration . . . . . . . . . . . . . . . . . . . . . 46

2.4.5 T-V relationship . . . . . . . . . . . . . . . . . . . . . . . . . 48

2.4.6 Large-scale structures . . . . . . . . . . . . . . . . . . . . . . . 50

2.5 Instrumentation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

2.5.1 Fluxgate magnetometers . . . . . . . . . . . . . . . . . . . . . 55

5



2.5.2 Particle measurements . . . . . . . . . . . . . . . . . . . . . . 57

2.6 Relevant missions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

2.6.1 Reference frames . . . . . . . . . . . . . . . . . . . . . . . . . 60

2.6.2 Parker Solar Probe . . . . . . . . . . . . . . . . . . . . . . . . 61

2.6.3 Solar Orbiter . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

2.6.4 Additional missions . . . . . . . . . . . . . . . . . . . . . . . . 66

3 Multi-spacecraft study of the solar wind in latitude 69

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

3.2 Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

3.2.1 Modelling the heliospheric current sheet . . . . . . . . . . . . 73

3.2.2 Ballistic mapping . . . . . . . . . . . . . . . . . . . . . . . . . 75

3.2.3 Estimating magnetic polarity . . . . . . . . . . . . . . . . . . 76

3.2.4 Determining sector boundaries . . . . . . . . . . . . . . . . . . 78

3.2.5 Measuring the local orientation . . . . . . . . . . . . . . . . . 80

3.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

3.3.1 Global structure . . . . . . . . . . . . . . . . . . . . . . . . . . 82

3.3.2 Local orientations of the sector boundaries . . . . . . . . . . . 89

3.3.3 Fine-scale structure . . . . . . . . . . . . . . . . . . . . . . . . 91

3.3.4 Co-rotating interaction region in latitude . . . . . . . . . . . . 93

3.3.5 Effect of transient structures on the heliospheric current sheet 97

3.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

4 Properties of solar wind switchbacks 101

4.1 Switchback properties . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

4.2 Theoretical models . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106

4.3 Identifying switchbacks . . . . . . . . . . . . . . . . . . . . . . . . . . 109

4.3.1 Clock angle . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

4.3.2 Arc-polarised deŕections . . . . . . . . . . . . . . . . . . . . . 114

4.3.3 Estimating background magnetic őeld . . . . . . . . . . . . . . 116

6



4.4 Size and shape of solar wind switchbacks . . . . . . . . . . . . . . . . 118

4.4.1 Apparent duration . . . . . . . . . . . . . . . . . . . . . . . . 118

4.4.2 Measuring switchback shape . . . . . . . . . . . . . . . . . . . 123

4.4.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126

4.4.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131

4.5 Preferential switchback deŕection directions . . . . . . . . . . . . . . 133

4.5.1 Switchback deŕection distributions . . . . . . . . . . . . . . . 134

4.5.2 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137

4.5.3 Linking time series to a physical shape . . . . . . . . . . . . . 143

4.6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 146

5 Systematic deŕections in the near-Sun solar wind 148

5.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149

5.1.1 Switchback deőnition . . . . . . . . . . . . . . . . . . . . . . . 149

5.1.2 Potential signatures of generation mechanisms . . . . . . . . . 150

5.2 Systematic deŕections . . . . . . . . . . . . . . . . . . . . . . . . . . 155

5.3 Scale of the deŕections . . . . . . . . . . . . . . . . . . . . . . . . . . 162

5.4 Temperature enhancements inside switchbacks . . . . . . . . . . . . . 166

5.4.1 Heating inside switchbacks . . . . . . . . . . . . . . . . . . . . 171

5.4.2 Temperature inside a full reversal switchback . . . . . . . . . . 175

5.5 T-V relationship on the large scale . . . . . . . . . . . . . . . . . . . 179

5.6 Solar wind types . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 182

5.7 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 187

6 Conclusions 190

A Papers 196

B Symbols 198

C Abbreviations 200

7



D Software 202

E Data 203

F Permissions 204

8



List of Figures

1.1 Diagram of the RTN coordinate system . . . . . . . . . . . . . . . . . 16

2.1 Diagram of Sweet-Parker reconnection . . . . . . . . . . . . . . . . . 24

2.2 Diagram of Alfvénic ŕuctuations in the magnetic őeld and velocity . . 25

2.3 Images of the Sun at different wavelengths . . . . . . . . . . . . . . . 27

2.4 Sunspot numbers over time showing the 11-year solar cycle . . . . . . 28

2.5 Evolution of magnetic ŕux during the solar cycle . . . . . . . . . . . . 30

2.6 Sketch of the coronal magnetic őeld . . . . . . . . . . . . . . . . . . . 31

2.7 Different classes of solution for a hydrodynamic expanding gas . . . . 35

2.8 Parker spiral diagram . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

2.9 Solar wind speed and magnetic polarity in latitude . . . . . . . . . . 39

2.10 Example proton VDFs in the solar wind . . . . . . . . . . . . . . . . 40

2.11 Electron VDF diagram . . . . . . . . . . . . . . . . . . . . . . . . . . 42

2.12 Diagram showing how particle VDFs are rotated in the solar wind . . 43

2.13 Diagram of the heliospheric current sheet . . . . . . . . . . . . . . . . 50

2.14 Diagram of a typical co-rotating interaction region . . . . . . . . . . . 53

2.15 Diagram of the shock formation at CIRs . . . . . . . . . . . . . . . . 54

2.16 Fluxgate magnetometer diagram . . . . . . . . . . . . . . . . . . . . . 56

2.17 Faraday cup diagram . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

2.18 Electrostatic analyser diagram . . . . . . . . . . . . . . . . . . . . . . 59

2.19 Trajectories of the different spacecraft used in this thesis . . . . . . . 63

2.20 Diagram showing the placement of the relevant instruments on PSP . 65

2.21 Simulated VDFs that will be seen by SPAN . . . . . . . . . . . . . . 68

9



3.1 Trajectories of the different spacecraft during Chapter 3 . . . . . . . . 71

3.2 PFSS solution for a dipole magnetic őeld . . . . . . . . . . . . . . . . 75

3.3 Demonstration of ballistic mapping . . . . . . . . . . . . . . . . . . . 77

3.4 Diagram of how magnetic polarity is classiőed . . . . . . . . . . . . . 78

3.5 Examples of different sector boundary conőgurations . . . . . . . . . 79

3.6 Polarity structure for CR2231 . . . . . . . . . . . . . . . . . . . . . . 84

3.7 Polarity structure for CR2232 . . . . . . . . . . . . . . . . . . . . . . 85

3.8 Polarity and speed maps for CR2231 . . . . . . . . . . . . . . . . . . 87

3.9 Polarity and speed maps for CR2231 . . . . . . . . . . . . . . . . . . 88

3.10 Comparison of local orientation of sector boundaries to a PFSS model 89

3.11 Closer look at a small warp in the HCS . . . . . . . . . . . . . . . . . 91

3.12 Diagram of the draped magnetic őeld measured by Solar Orbiter . . . 93

3.13 Comparing the speed proőle of STEREO-A and Wind when measur-

ing the same CIR . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

3.14 Demonstration of how the speed proőles at STEREO-A and Wind

could be explained by a fast solar wind stream at higher latitudes . . 96

3.15 Sector boundary with a ŕux rope as measured by PSP . . . . . . . . 97

3.16 Spacecraft conőguration when measuring the same sector boundary . 98

4.1 Radial magnetic őeld measurements from the őrst PSP encounter in

2018. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

4.2 Diagram of the different switchback generation mechanisms . . . . . . 107

4.3 Comparing switchback deőnitions . . . . . . . . . . . . . . . . . . . . 111

4.4 Clock angle diagram . . . . . . . . . . . . . . . . . . . . . . . . . . . 112

4.5 Comparing clock angle deőnitions . . . . . . . . . . . . . . . . . . . . 113

4.6 Example of the arc-polarised behaviour of switchbacks . . . . . . . . 114

4.7 Superposed epoch analysis of switchback deŕections across the en-

counters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116

4.8 Comparing Parker spiral estimate to the magnetic őeld in each en-

counter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

10



4.9 Demonstrates how cutting shapes at different angles can affect the

distance measured . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119

4.10 Switchback dimensions . . . . . . . . . . . . . . . . . . . . . . . . . . 120

4.11 Diagram of distance measured by a spacecraft cutting through the

switchbacks, as in equation 4.6 . . . . . . . . . . . . . . . . . . . . . . 121

4.12 Ring of possible switchback speeds . . . . . . . . . . . . . . . . . . . 122

4.13 Diagram showing how the alignment between the switchbacks and

velocity ring can affect how distance varies with clock angle . . . . . . 124

4.14 Solar wind streams used for Section 4.4 . . . . . . . . . . . . . . . . . 125

4.15 Demonstration that the switchback velocities lie on a circle . . . . . . 127

4.16 Duration of switchbacks as a function of deŕection angle . . . . . . . 128

4.17 Final results of the őtting procedure to őnd the most consistent align-

ment direction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129

4.18 Summary of switchbacks in E2 . . . . . . . . . . . . . . . . . . . . . . 135

4.19 Summary of switchback deŕection directions across the őrst eight

encounters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136

4.20 Diagram of interchange reconnection . . . . . . . . . . . . . . . . . . 137

4.21 Summary of predictions for switchback deŕections . . . . . . . . . . . 139

4.22 Diagram of magnetic funnels close to the Sun . . . . . . . . . . . . . 141

4.23 Demonstration of the S-shaped switchback shape . . . . . . . . . . . 145

5.1 Plumelet scenario from Kumar et al. (2022) . . . . . . . . . . . . . . 151

5.2 Interchange reconnection simulation from Wyper et al. (2022) . . . . 152

5.3 Asymmetric velocity proőle created by interchange reconnection . . . 154

5.4 Example of anti-correlated deŕections in BT and BN . . . . . . . . . 156

5.5 Comparing the current and proposed deőnition of switchbacks . . . . 157

5.6 Example of correlated deŕections in BT and BN . . . . . . . . . . . . 158

5.7 Polar histogram of CA for the two example periods in E11 . . . . . . 160

5.8 Example of a cluster of switchbacks . . . . . . . . . . . . . . . . . . . 161

5.9 Example power and cross-spectral density for a period in E10 . . . . 163

11



5.10 Example power and cross-spectral density with respect to angular

displacement for a period in E10 . . . . . . . . . . . . . . . . . . . . . 165

5.11 Example deŕection with increased temperature . . . . . . . . . . . . . 167

5.12 VDFs from example deŕection . . . . . . . . . . . . . . . . . . . . . . 168

5.13 Example temperature enhancements for a patch of switchbacks . . . . 169

5.14 Enhanced proton parallel patches from Woodham et al. (2021a) . . . 170

5.15 Temperature vs θRB for several encounters . . . . . . . . . . . . . . . 172

5.16 Diagram of the two heating scenarios . . . . . . . . . . . . . . . . . . 174

5.17 Example of a full reversal switchback in E5 . . . . . . . . . . . . . . . 176

5.18 Comparing SPAN and SPC temperatures for a full reversal deŕection 178

5.19 Smoothed speed and temperature for E11 . . . . . . . . . . . . . . . 180

5.20 T-V relationship for various encounters . . . . . . . . . . . . . . . . . 181

5.21 Comparison of T-V relationship with Helios results . . . . . . . . . . 183

5.22 Transition from ‘patchy’ to ‘quiet’ solar wind . . . . . . . . . . . . . . 184

5.23 Plasma properties of the patchy and quiet wind . . . . . . . . . . . . 185

5.24 T-V relationship for the quiet regions . . . . . . . . . . . . . . . . . . 186

12



List of Tables

3.1 List of measurements used in Chapter 3 . . . . . . . . . . . . . . . . . 72

3.2 List of events identiőed in Chapter 3 . . . . . . . . . . . . . . . . . . 90

4.1 Table showing the results of Section 4.4 . . . . . . . . . . . . . . . . . 130

4.2 Summary of other switchback size estimates . . . . . . . . . . . . . . 132

5.1 Results of őtting the temperature model to switchbacks across the

encounters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 173

13



Chapter 1

Introduction

Out of the countless stars in the observable universe, the Sun is the only one that

can be truly studied in detail. Since the start of the space age, many spacecraft have

been sent to explore the Sun and the solar wind that escapes from its atmosphere.

In addition to being an excellent laboratory to study fundamental plasma physics,

the solar wind has long been known to affect conditions on Earth. Therefore, it is

important to understand how the solar wind is formed and accelerated.

Small-scale dynamics and plasma properties measured by spacecraft can provide

clues to the origin of the solar wind, although many of these smaller-scale features

become washed out as the solar wind travels to Earth (at 1AU). Therefore, space-

craft must be sent closer to the Sun, with the closest measurements coming from

the Helios mission in the 1980s (∼62R⨀︁, Schwenn and Marsch 1990). While this

dataset vastly improved the understanding of the solar wind, instrumentation and

remote sensing observations were limited. As a result, there are still many unan-

swered questions regarding the solar wind almost 40 years later. This knowledge gap

provided the motivation to launch two new missions since 2018, Parker Solar Probe

(PSP) and Solar Orbiter, which represent a new era for inner heliosphere science.

Parker Solar Probe, named after Eugene Parker1, is the closest man-made object

to ever orbit the Sun and is a ‘mission to touch the Sun’ (Fox et al. 2016). This

will be achieved by completing 25 orbits, with seven Venus gravity assists slowly

1Who theorised the solar wind’s existence as described in Section 2.3.2
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lowering the perihelion distance to only 9.86R⨀︁. Therefore, PSP will explore an

entirely new region of the heliosphere and hopefully identify structures and processes

that cannot be measured at 1AU (∼215R⨀︁).

At the same time, Solar Orbiter will provide more detailed composition and

remote sensing observations, allowing for a better connection to be made between

the Sun and solar wind. While it does not travel as close to the Sun as PSP, it does

include a wider range of instruments, including six remote sensing telescopes and

four in situ detectors (Müller et al. 2020). This will hopefully allow Solar Orbiter to

identify structures on the Sun that can later be directly measured by the spacecraft

in the solar wind (Rouillard et al. 2020). Such observations could be crucial in

uncovering how the solar wind is heated and accelerated.

In this thesis, the őrst data from these groundbreaking missions are used to

explore the properties and dynamics of both small and large-scale structures in the

solar wind. After outlining the relevant theory and literature, the different spacecraft

are introduced at the end of Chapter 2. These spacecraft are then used to form a

constellation in the inner heliosphere in Chapter 3, which provides unprecedented

coverage of the solar wind. This also allows for the dynamics of several large-scale

phenomena to be studied in detail, which would otherwise not be possible with only

a single spacecraft.

The remainder of the thesis then focuses on magnetic switchbacks that are seen

to dominate the PSP observations close to the Sun. These structures have become

an active area of research, with many authors proposing ways in which they can be

created. Therefore, to help uncover the true origin of switchbacks, Chapter 4 at-

tempts to characterise the size and shape of switchbacks, as well as their tendency to

deŕect in certain directions. Chapter 5 then presents some novel switchback proper-

ties that became evident as PSP travelled to only 13R⨀︁ from the Sun. These could

have major implications for the understanding of switchbacks, and may even repre-

sent the direct signature of a heating process at the Sun. Finally, the conclusions

are presented in Chapter 6, together with suggestions for future studies.
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1.1 RTN coordinate system

Throughout this thesis, the magnetic őeld and plasma measurements are made in

the RTN coordinate system. In this system, R⃗ is deőned to point from the Sun

to the spacecraft, T⃗ is the cross product of R⃗ and the solar rotation axis with N⃗

completing the right-handed set. This is coordinate system is depicted in Fig. 1.1.

Figure 1.1: Diagram of the RTN coordinate system, which is deőned with respect
to the spacecraft.

The magnetic őeld can be referred to as angles away from R⃗, so that:

ϕB = tan−1

(︃

BT

BR

)︃

, (1.1)

θB = tan−1

(︄

BN
√︁

B2
R +B2

T

)︄

, (1.2)

are the angles in and out of the R-T plane, respectively.
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Chapter 2

Theory and measurements of the

solar wind

The solar wind is a supersonic plasma expanding away from the Sun at speeds of the

order of 500 km/s. While the Sun has been observed for centuries, the measurements

and theory behind the solar wind are relatively recent. Early ideas regarding ‘solar

corpuscular radiation’ emanating from the Sun were used to explain the link between

solar activity and geomagnetic disturbances on Earth (Birkeland 1908; Chapman

1917). This idea was strengthened by Biermann’s observations of anti-Sunward

comet tails, which suggested that some sort of corpuscular radiation emanates from

the Sun in all directions (Biermann 1951; Biermann 1957). To explain these results,

Parker (1958b) proposed the theory of a hot gas expanding radially from the Sun,

later coined the ‘solar wind’ (Parker 1958a). This idea was subsequently conőrmed

by spacecraft at the start of the space age (Gringauz et al. 1960; Neugebauer and

Snyder 1966), which observed a continuous ŕow of charged particles from the Sun.

This chapter őrst outlines the theory of plasmas from both a kinetic and ŕuid

approach, based on Verscharen et al. (2019) and Meyer-Vernet (2007). Some im-

portant features of the Sun are then described, followed by a summary of the solar

wind literature. Finally, the relevant spacecraft, along with their instrumentation,

are introduced.
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2.1 Plasma theory

A plasma like the solar wind is a quasi-neutral ionised gas that exhibits collective

motion through magnetic (B⃗) and electric (E⃗) őelds (Kivelson and Russell 1995;

Wilson et al. 2018). For simplicity, in this thesis, a plasma is treated as an equal

concentration of positive charged ions (with charge +e and mass mi) and negatively

charged electrons (with charge −e and mass me). However, random perturbations

can locally break the neutrality of the plasma, i.e. proton density, ni, does not equal

electron density, ne. To estimate the scale at which this becomes important, consider

adding another charged particle to the plasma. In response, the ions and electrons

will rearrange in such a way as to screen this new charge, so that the plasma appears

neutral on scales larger than the Debye length:

λD =

√︃

ϵ0kBT

ne2
, (2.1)

using n ≈ ne ≈ ni and equal electron and ion temperatures (Te ≈ Ti). For typical

solar wind conditions near Earth (T = 105 K and n = 5 cm−3), this is equal to

∼10m. Since a plasma is quasi-neutral, there should be many charged particles in

a sphere of radius λD, leading to the plasma condition that nλ3
D >> 1, which holds

in the solar wind.

The plasma frequency, ωp, is another fundamental property that sets the scales

of plasma dynamics. This arises from the electrons moving to restore neutrality in

a plasma after a perturbation. Due to their inertia, the electrons will oscillate like

a simple harmonic oscillator with a frequency:

ωp =

√︄

nee2

meϵ0
. (2.2)

Again, with the same typical values near Earth, this frequency will be around

2×104 Hz1. This quantity can be directly measured by space-based instruments,

and is commonly used to estimate the electron density (referred to as the quasi-

1Using fp = ωp/2π
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thermal noise).

Before describing the collective behaviour of the plasma, it is necessary to con-

sider the motion of a single charged particle in response to E⃗ and B⃗ őelds. A charged

particle moving with a velocity, v⃗, and a charge, q, will experience the Lorentz force

according to:

F⃗ = q(E⃗ + v⃗ × B⃗). (2.3)

In the absence of a strong electric őeld, this force will be perpendicular to both the

velocity and magnetic őeld, causing the particle, of mass m, to gyrate around the

magnetic őeld at the gyrofrequency, or cyclotron frequency:

fc =
|q||B⃗|
2πm

, (2.4)

with a radius:

rL =
|v⃗ × B⃗|
2πfc

, (2.5)

known as the Larmor radius (or gyroradius). For a typical magnetic őeld strength

near Earth of |B⃗| ≈ 5 nT, the proton cyclotron frequency will be equal to ∼8×10−2 Hz.

Combined with a constant velocity parallel to B⃗, the particles will move in a he-

lical fashion about the magnetic őeld direction, with the ions (electrons) having a

left-handed (right-handed) sense about the magnetic őeld.

While it is important to understand the motion of a single particle, the mag-

netic and electric őelds in a plasma are dependent on the interaction between many

charged particles. Therefore, it is not practical to deőne an equation of motion for

each particle separately, based on interactions with all the other particles. Instead,

two approaches are usually taken, either treating the plasma in a statistical way in

the ‘kinetic description’, or as a macroscopic ŕuid in the ‘ŕuid description’.

2.1.1 Kinetic theory

Instead of dealing with the forces on individual particles, the kinetic description

tracks the evolution of the six-dimensional velocity distribution function.
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The particle velocity distribution, fj(x⃗, v⃗, t) for a species j, can be deőned so

that the number of particles in a position (x⃗) and velocity (v⃗) phase space is given

by:

Nj =

∫︂

fj(x⃗, v⃗, t) d
3x⃗ d3v⃗, (2.6)

at a time, t. The evolution of fj is then governed by the Boltzmann equation:

∂fj
∂t

+ v⃗ · ∇fj + a⃗ · ∇v⃗fj =

(︃

∂fj
∂t

)︃

c

, (2.7)

where ∇ is the spatial derivative, ∇v⃗ is the velocity derivative, a⃗ is the acceleration

and the term on the right-hand side describes the effect of particle collisions. This

reduces to the Vlasov equation for the collisionless solar wind:

∂fj
∂t

+ v⃗ · ∂fj
∂x⃗

+
qj
mj

(E⃗ + v⃗ × B⃗) · ∂fj
∂v⃗

= 0, (2.8)

using the Lorentz force from equation 2.3 and ignoring gravity. Therefore, the Vlasov

equation describes the continuity of fj in the phase space.

This framework is completed by using Maxwell’s equations to describe the be-

haviour of the electric and magnetic őelds:

∇ · E⃗ =
ρc
ϵ0

(2.9)

∇ · B⃗ = 0, (2.10)

∇× E⃗ = −∂B⃗

∂t
, (2.11)

∇× B⃗ = µ0J⃗ + ϵ0µ0
∂E⃗

∂t
, (2.12)

where the charge and current densities are given by:

ρc =
∑︂

j

qj

∫︂

fjd
3v⃗ (2.13)

J⃗ =
∑︂

j

qj

∫︂

v⃗fjd
3v⃗. (2.14)
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2.1.2 Fluid description

While the kinetic description contains all information needed to capture micro-

physics of wave-particle interactions (Pokhotelov et al. 2013), it is easier to reduce

these equations to track the evolution of bulk ŕuid parameters in the ŕuid descrip-

tion. This can be done by taking the ‘moments’ of fj, which integrates over velocity

space so that the macroscopic quantities only vary in space and time.

The őrst two moments give the number density and bulk velocity, u⃗:

nj =

∫︂

fj d
3v⃗, (2.15)

uj⃗ =
1

nj

∫︂

v⃗ fj d
3v⃗. (2.16)

In general, the nth moment will have a dependence on the n + 1th moment, cre-

ating an inőnite number of equations without a solution. Therefore, some assump-

tions are needed to close these equations, with some examples being the isotropic

and Chew-Goldberger-Low closures (Chew et al. 1956).

However, for this thesis, the most relevant description is single ŕuid magne-

tohydrodynamics (MHD). This ignores the different particle species, and instead

considers the plasma as a conducting ŕuid where the bulk density, ρ, and velocity

are given by:

ρ =
∑︂

j

mjnj (2.17)

u⃗ =
1

ρ

∑︂

j

mjnjuj⃗. (2.18)

Taking the zeroth moment of the Vlasov equation (equation 2.8) gives the con-

tinuity equation:
∂ρ

∂t
+∇ · (ρu⃗) = 0, (2.19)

which represents the fact that no mass is lost in the system. A similar procedure
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can be applied to the őrst moment to give the momentum equation:

ρ

(︃

∂

∂t
+ u⃗ · ∇

)︃

u⃗ = −∇P + J⃗ × B⃗, (2.20)

where P is the isotropic scalar pressure. The system is closed by assuming an

equation of state, which is usually adiabatic:

d

dt

(︃

P

ργ

)︃

= 0, (2.21)

where γ is the ratio of speciőc heats, with a value of 5/3 for a monatomic gas.

Using Ampère’s law (equation 2.12) the momentum equation can be written as:

ρ

(︃

∂

∂t
+ u⃗ · ∇

)︃

u⃗ = −∇P −∇
(︃

B2

2µ0

)︃

+
1

µ0

(B⃗ · ∇)B⃗. (2.22)

The right-hand side of this equation can be understood as the gradient of the

thermal pressure (−∇P ), the gradient of the magnetic pressure (−∇
(︂

B2

2µ0

)︂

) and a

term for the magnetic tension force ( 1
µ0

(B⃗ · ∇)B⃗). The ratio of the two pressure

gradient terms is useful for describing the motion of the plasma, and is known as

the plasma beta2:

β =
P

B2/2µ0

=
4µ0nkBT

B2
(2.23)

If β << 1 then the magnetic pressure dominates, and the plasma is governed by the

magnetic őeld. On the other hand, if β >> 1 then the thermal pressure is dominant

and the plasma motion controls the movement of the magnetic őeld.

It can also be shown that the magnetic őeld evolves according to:

∂B⃗

∂t
= ∇× (u⃗× B⃗) +

1

µ0σ
∇2B⃗, (2.24)

where σ is the conductivity. The right-hand side can be split into a convective

(∇×(u⃗×B⃗)) and diffusive ( 1
µ0σ

∇2B⃗) term. Therefore, further simpliőcation to MHD

2Using the ideal gas law P = 2nkBT
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can be made by assuming a perfectly conducting ŕuid with no magnetic diffusion

(i.e. σ → ∞ in equation 2.24), which is valid on scales much larger than the Debye

length and proton gyro-radius, as well as time scales longer than 1/fc. Under these

‘ideal MHD’ conditions, the magnetic őeld lines are said to be ‘frozen in’ to the

plasma, meaning that the magnetic őeld lines are dragged with the plasma as it

moves. Such an idea allows for the existence of ‘ŕux tubes’, where particles will

remain inside the same bundle of magnetic őeld lines as they expand out into solar

wind. The frozen-in theorem is responsible for the large-scale shape of the solar

wind’s magnetic őeld, which is derived later in Section 2.3.2.

The lack of diffusion also implies that plasma from different ŕux tubes cannot

mix in this description. However, in reality, as the magnetic őeld lines are forced

together, the assumptions behind ideal MHD start to break down. For example,

consider two opposing magnetic őeld lines being forced together by the motion of

the plasma in Fig. 2.1. A current sheet will be formed between the opposing

magnetic őelds lines, which will continue to be compressed as the plasma streams

move towards each other. When the length scale of the current sheet reaches the

ion scale (∼rL, see equation 2.5), a region will be formed where magnetic diffusion

becomes important. In this diffusion region, the magnetic topology is changed so

that magnetic őeld lines can reconnect in a fundamental process known as ‘magnetic

reconnection’. Plasma is now allowed to ŕow into the diffusion region, and will be

accelerated by the magnetic tension from highly bent őeld lines to form opposing

reconnection exhausts.

Such a simpliőed description of magnetic reconnection is known to be too slow

at mixing the plasma when compared to observations (Parker 1957; Petschek 1964;

Biskamp 2000; Priest and Forbes 2007). More complex models have been developed

(Priest and Forbes 1986; Malyshkin 2008), but for this thesis, magnetic reconnection

only needs to be understood as an explosive mechanism that can reshape the mag-

netic topology while accelerating charged particles. Such a process is seen through-

out the solar system (Kopp and Pneuman 1976; Sonnerup et al. 1981; Antiochos
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Figure 2.1: Diagram of Sweet-Parker magnetic reconnection (Parker 1957). Inward
plasma velocity, ui⃗ , forces the magnetic őeld lines, Bi

⃗ , together. The topology of the
magnetic őeld is allowed to change inside the diffusion region, which also creates a
faster reconnection exhaust, uo⃗.

et al. 1999; Gosling et al. 2005), and is responsible for several features observed on

the Sun (Yokoyama and Shibata 1995; Torok et al. 2009; Karpen et al. 2017).

Much like a conventional ŕuid, the MHD approach allows for waves to propa-

gate through the ŕuid. However, in a plasma, the magnetic pressure can now drive

wave propagation as well as the thermal pressure. Wave solutions can be derived

by linearising the ideal MHD equations, which examines the effect of applying small

perturbations to a steady background. Applying this procedure to the MHD equa-

tions gives rise to three distinct wave modes: slow, fast and Alfvén waves.

The őrst two solutions are magneto-sonic waves, driven by both the thermal

and magnetic pressure. However, it is the Alfvén mode (Alfvén 1942) that is the

most relevant for this thesis, since these waves are seen throughout the solar wind

(Belcher and Davis Jr. 1971). Unlike the magneto-sonic waves, Alfvén waves are

incompressible, meaning there is no change in the plasma density or magnetic őeld

strength. These waves are also non-dispersive, and are often compared to waves on

a string, with magnetic tension providing the restoring force. With this analogy,

and the magnetic tension from the őnal term of equation 2.22, the Alfvén speed is

given by:

vA =
|B⃗|√
µ0ρ

. (2.25)
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One of the most deőning signatures of Alfvén waves is the (anti-)correlation of

the magnetic (δB⃗) and velocity ŕuctuations (δu⃗):

δB⃗

|B⃗|
∝ ±δu⃗

vA
. (2.26)

When studying in situ data, it is common to say a ŕuctuation is ‘Alfvénic’ if

equation 2.26 is met along with a constant |B⃗| and density. Under these conditions,

the magnetic őeld vectors will lie on a sphere centred at the origin with radius |B⃗|

(Matteini et al. 2014), and the velocity ŕuctuations will create a sphere with radius

vA, as demonstrated in Fig. 2.2.

Figure 2.2: Diagram showing how the magnetic őeld and velocity vectors lie on the
surface of a sphere (dashed circle in 2D) under Alfvénic ŕuctuations, δB⃗ and δV⃗ .
The sphere of magnetic őeld ŕuctuations is centred on the origin, but the velocity
is at the deHoffmann-Teller velocity, VdHT .

It has also been shown that these conditions represent an exact non-linear so-

lution to the MHD equations (Barnes and Hollweg 1974; Hollweg 1974). This is

true for any amplitude wave, so does not require the equations to be linearised as

mentioned for other wave modes above. Such large-amplitude Alfvén waves are

commonly observed in the solar wind, and are covered in more detail in Section

2.4.2.
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2.2 The Sun

By astronomical standards, the Sun is an ordinary main sequence star, around

halfway through its lifetime, with a radius (R⨀︁) of ∼695,000 km (Haberreiter et al.

2008). However, its proximity to Earth (1.5×108 km or 215R⨀︁) makes the Sun, and

its surrounding environment, an excellent model star that can be studied in great

detail through both remote sensing and in situ measurements. Despite appearing

disconnected from the rest of the solar system, the Sun’s inŕuence reaches to all

the planets, and can cause signiőcant damage at Earth, known as space weather

(Carrington 1859; Eastwood et al. 2017).

The Sun is the energy source for the solar system, where nuclear fusion in the

core combines hydrogen (∼90% of the Sun’s mass) and helium (∼10% mass) through

several reactions, generating trace amounts of other elements (∼0.1% mass). This

process converts mass into energy, which is then transported from the core into

the radiative zone via photons scattering through the almost opaque gas. As the

temperature drops with distance from the core, the plasma will become unstable

to convection around 3/4R⨀︁ in the convection zone (Christensen-Dalsgaard et al.

1991). Here, large convective cells transport the hotter plasma to the photosphere,

where the temperature is sufficiently low (∼5800 K) to allow visible light to escape.

The bottom of the photosphere is often used to deőne the surface of the Sun, and has

a distinct granulation pattern from the convection cells below the surface (Clout-

man 1979; Roudier and Muller 1986), as shown in Fig. 2.3a. The inner structure

of the Sun can be probed by observing resonant pressure modes, p-modes, that

travel through the solar interior (Demarque and Guenther 1999). While there are

many resonant modes in the Sun’s spherical cavity, observations have long shown a

characteristic ‘5-minute oscillation’ on the Sun’s surface (Leighton et al. 1962).

By observing different wavelengths of light, different layers of the Sun’s atmo-

sphere can be isolated by their temperature, as shown in Figs. 2.3a to 2.3d. Above

the photosphere is the chromosphere, where the temperature steadily increases to

∼8000 K before signiőcantly heating to 106 K in the transition region up to around
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(a) 1700Å (b) 304Å

(c) 193Å (d) 171Å

Figure 2.3: Images of the Sun at different wavelengths from the AIA instrument on
the Solar Dynamics Observatory (Lemen et al. 2012), showing the different layers of
the Sun’s atmosphere. (a) The photosphere, with the dark spot on the right being
a sunspot (Section 2.2.1). (b) The chromosphere. (c) The lower corona, with bright
active regions and dark coronal holes (Section 2.2.2). (d) The upper corona, showing
the coronal loops more clearly (Courtesy of NASA/SDO and the AIA team, sourced
from Helioviewer.org).
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7000 km from the surface. This leads to extreme temperatures in the Sun’s outer

layer (corona), the cause of which is still an open question in solar physics, com-

monly referred to as the ‘coronal heating problem’ (Klimchuk 2006). Most of the

ions are completely ionised in the corona, except for some heavy elements (Fe and

Ca) (Grotrian 1939; Edlén 1943), whose emission spectrum can be seen in the high

energy EUV spectrum in Fig. 2.3c. The corona extends out into the solar system,

creating a bubble in the interplanetary medium known as the heliosphere.

2.2.1 Solar cycle

Early observations of sunspots, dark patches on the Sun’s surface, led to the idea

that the Sun has an 11-year solar cycle (Schwabe 1844) with peaks and troughs in the

sunspot numbers, Fig. 2.4, termed solar maximum and solar minimum, respectively.

Figure 2.4: Sunspot numbers over time showing the 11-year solar cycle, with the
number of the solar cycle shown underneath (reproduced from Hathaway 2015).

These sunspots are caused by the footpoints of magnetic őeld loops inhibiting the

convective motion below the Sun’s surface, creating a cooler and darker spot. The

loop geometry also means that a pair of sunspot groups have opposite polarity, as

observed by Hale and Nicholson (1925). The authors also noticed that the ‘leading’

group in sunspot pairs has the same polarity as the surrounding solar hemisphere,

with the polarity ŕipping at the start of a new solar cycle (Hale and Nicholson

1925). These features are known as Hale’s polarity laws and are key clues to the
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inner workings of the Sun’s magnetic őeld. In addition, Fig. 2.5 shows that sunspots

appear closer to the equator as the cycle progresses (Carrington 1858). Therefore,

these sunspot properties act as a test for any model that wishes to explain the

generation of the Sun’s magnetic őeld, known as the solar dynamo.

Babcock (1961) proposed one such model, in which the magnetic őeld starts

as a simple dipole at solar minimum, with open magnetic őeld lines at the poles

extending out the interplanetary space, and closed őeld lines near the equator.

Differential motion of the Sun’s surface means that the poloidal őeld becomes

wound up over time, as a consequence of the frozen-in theorem. This introduces an

azimuthal component to the magnetic őeld, known as the ω effect, which matches

the orientation of sunspot groups from Hale’s polarity laws (Hale et al. 1919).

To explain the reversal of the Sun’s magnetic őeld axis, consider the magnetic

loops that create sunspots at their footpoints. As the magnetic őeld loops rise from

the photosphere, the Coriolis force twists the loop in such a way that it introduces a

poloidal őeld with the opposite sense of rotation to the surrounding solar hemisphere

(the α effect). Over time, many of these poloidal őelds will erode the ordered

magnetic őeld at solar minimum, and create the disordered magnetic őeld seen at

solar maximum. Eventually, a dipole magnetic őeld will be restored after ∼11 years,

but with opposite rotation to the starting magnetic conőguration, represented by

the migration of polarity to the poles in Fig. 2.5. This process then happens once

more to complete the 22-year solar cycle for the magnetic structure.

While there are more modern theories for the solar dynamo (Charbonneau 2010),

for the purposes of this thesis, it is only important to note that the őeld will remain

stable for several months at solar minimum (Thomas and Smith 1981; Riley et al.

2002). Chapter 3 investigates how this magnetic structure extends out into the solar

wind, using measurements from several spacecraft simultaneously.
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2.2.2 Solar features

Similar to the occurrence of sunspots, the solar cycle drastically changes the type

of solar features seen on the Sun. There is a wide range of solar phenomena that

continues to grow with the improvement of telescope resolution. However, only the

relevant structures are covered here, while a comprehensive review can be found in

Solanki et al. (2006).

As mentioned in Section 2.2, the solar surface is covered in a pattern of granula-

tion, where individual granules are around 1Mm wide and have a lifetime of 8 → 15

minutes (Roudier and Muller 1986; Nordlund et al. 2009). The granules themselves

appear bright in remote sensing images, as they represent the hot material that has

been convected upwards, whereas, the inter-granular lanes correspond to the cooler

material returning to below the surface. Observations also show a larger pattern of

granulation, known as supergranulation, that appears in the horizontal plasma ŕow

and has a typical size of ∼30Mm, with a lifetime of around ∼1.8 days (Rast 2003;

Rieutord and Rincon 2010). A similar cell network also exists for the magnetic őeld

near the photosphere, which seems to be connected to the supergranulation pattern

Figure 2.5: Line-of-sight magnetogram showing the radial magnetic őeld component
on the Sun’s surface over several solar cycles. Created by stacking slices of the
magnetic őeld at the solar meridian. The colour scale indicates the strength and
direction of the radial component, showing how the magnetic polarity ŕips every 11
years. The butterŕy shape also demonstrates how sunspots are created closer to the
equator as the solar cycle progresses (reproduced from Hathaway 2015).
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(Leighton et al. 1962; Simon and Leighton 1964). This implies that the open mag-

netic őeld lines are grouped in the supergranular lanes, before expanding out to őll

the available space above, as shown in Fig. 2.6.

Figure 2.6: Sketch of the coronal magnetic őeld, showing that it is ordered into
supergranules. The smaller granulation scale can be found on the solar surface
(reproduced from Wiegelmann et al. 2014).

The Sun is also associated with many transient phenomena, such as coronal

bright points (Dunn and Zirker 1973; Madjarska 2019). These appear all over the

Sun’s surface, with lifetimes ranging from 20minutes to many hours (Alipour and

Safari 2015). They are thought to represent small magnetic őeld loops connecting

local areas of opposite magnetic polarity, and are often associated with convective

motion at inter-granular lanes (Muller and Roudier 1992).

Bright points are often found at the base of coronal jets, which are bright colli-

mated structures seen in extreme ultraviolet and x-ray images (Shibata et al. 1992;

Raouaő et al. 2016). Such jets are typically 5×103 → 105 km wide (Shimojo et al.

1996) and usually linked to small-scale reconnection events (Moore et al. 2010).

Jets are observed to occur around 60 times per day (Savcheva et al. 2007), and can

launch material into the corona (Raouaő et al. 2016). Some authors have suggested

that jets can be used to explain the existence of certain structures in the solar wind

(Neugebauer 2012). Finally, it has been proposed that the outŕow from jets may be

important for the heating and acceleration of the solar wind (Yu et al. 2014; Raouaő
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et al. 2023b), as further explored in Section 2.4.4.

On a much larger scale, active regions are bright magnetic loops in the corona

(see Fig. 2.3c), whose footpoints can appear as sunspots on the photosphere if the

magnetic őeld is strong enough. Active regions are formed at mid-latitudes (±30◦

latitude) and, like the sunspots at their base, their occurrence is strongly tied to the

solar cycle. The frozen-in ŕux theorem means that plasma on different magnetic

loops cannot interact. Therefore, an equilibrium is established for each magnetic

loop separately, with neighbouring magnetic loops having different temperatures,

and hence brightness. This leads to a characteristic threaded structure in the active

region, or indeed any coronal loop.

As their name suggests, active regions are associated with a wide range of solar

activity (van Driel-Gesztelyi and Green 2015), such as coronal jets. On a larger

scale, active regions are often the source of coronal mass ejections (CMEs), which

are violent eruptions of plasma and magnetic őeld away from the Sun. These are

rare during solar minimum, but become increasingly common at solar maximum,

with around three per day (Webb and Howard 2012). CMEs typically contain cool,

less dense material from deep within the corona, as well as having a twisted ŕux rope

structure in the magnetic őeld. If directed at Earth, CMEs have the potential to

cause damage to a range of technologies and power systems (Cannon 2013; Eastwood

et al. 2017).

Another common feature found in the corona are coronal holes (see Cranmer

2009 for a review). These appear as large, dark regions in coronal images due to

their lower temperature and density (see Fig. 2.3c). Such features are associated

with open magnetic őeld lines only connected to the Sun at one end that extend

out into the heliosphere (Wilcox 1968). During times of solar minimum, there will

be a coronal hole at each of the magnetic poles, following the dipole-like magnetic

őeld conőguration. Coronal holes are stable structures which are often observed

to persist for several solar rotations at solar minimum (Bohlin 1977). Equatorial

coronal holes can also be found as the Sun moves towards solar maximum, but these
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are typically smaller and have a shorter lifetime (Miralles et al. 2004).

When observed off limb, coronal holes appear to contain many ray-like structures,

known as ‘plumes’ (Saito 1958; Poletto 2015). These structures are denser and cooler

than their surroundings and can persist from hours to days (DeForest et al. 1997;

DeForest et al. 2001). They can be seen up to ∼30R⨀︁ from the Sun’s surface

(DeForest et al. 1997), meaning they could be directly measured by Parker Solar

Probe (see Section 2.6).

Observations of the coronal magnetic őelds during an eclipse can also reveal the

presence of large loops of closed magnetic őeld. These have an elongated ‘stalk’

that extends to many solar radii (Koutchmy and Livshits 1992), which has led to

them being named helmet streamers. To separate the opposing magnetic polarities

on each side of the helmet streamer, the heliospheric current sheet (HCS) is formed

as a consequence of Ampère’s law (see Section 2.4.6 for more detail). Since their

footpoints are in opposite magnetic polarities, they often exist near the equator

at solar minimum, which is often referred to as the streamer belt (Richardson and

Paularena 1997). However, at solar maximum, these structures can appear at higher

latitudes and are commonly associated with the transient release of plasma (Wang

2000; Rouillard et al. 2020). Pseudo-streamers are similar structures with a closed

loop, but have footpoints of the same magnetic polarity (Wang et al. 2007), so are

not associated with a current sheet.

2.3 The solar wind theory

2.3.1 Parker solar wind solution

The Sun is an extremely hot ball of plasma whose atmosphere cannot be held back

by gravity. Therefore, the Sun emits the solar wind to balance with the surrounding

low-pressure interstellar medium. Before the solar wind’s existence was conőrmed

(Gringauz et al. 1960; Neugebauer and Snyder 1966), Parker (1958b) used a ŕuid

model to show that a supersonic ŕow of solar wind could create a sufficiently low
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pressure to balance with the interstellar medium, which is not possible with a hy-

drostatic solution.

Following Parker’s original argument, in a time-stationary ( ∂
∂t

= 0 ), spherically

symmetrical ŕuid (only dependent on r) with no magnetic or electric őelds (J⃗×B⃗ =

0), the continuity equation (2.19) becomes:

∇ · (ρu⃗) = 1

r2
d(r2ρu)

dr
= 0, (2.27)

and the momentum conservation equation (2.20) is now:

ρu
du

dr
= −dP

dr
− ρ

GM⨀︁

r2
. (2.28)

Assuming an isothermal gas, with temperature T , the ideal gas law becomes

P = 2nkBT for an equal number density of electrons and ions (so ρ ∼ nmi). It

follows that equation 2.28 can be re-written in a more useful form:

1

u

du

dr
(u2 − c2s) =

2

r
(1− rc

r
), (2.29)

where the sound speed is:

cs =

√︃

2kbT

mi

, (2.30)

and there exists a critical radius for which the right-hand side of the equation 2.3.1

vanishes:

rc =
GM⨀︁mi

4kbT
. (2.31)

There are several classes of solution to this equation, as depicted in Fig. 2.7,

which can be deduced by examining the behaviour of equation 2.29. The right-hand

side of equation 2.29 changes sign as r passes through rc, which can either be caused

by a change in sign of:

• du
dr

at r = rc representing a minimum or maximum (solutions 2 and 3)
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• (u2 − c2s) at r = rc so that the ŕuid is transonic3 (solutions 1 and 4)

In the őrst scenario, there is a valid solution where the ŕuid speed increases up

to a maximum at r = rc, and then decreases so that u → 0 for r → ∞ (solution 3

in Fig. 2.7). This solution, known as the solar breeze, can be valid for other stars4.

However, in the case of the Sun, this predicts a pressure at r → ∞ that is too high

to match with the interstellar medium.

Figure 2.7: Different classes of solution to equation 2.29, where (4) is the solar wind
solution. (1) is the other transonic solution, which is valid for accretion discs. The
solar breeze solutions are in (3), which has maxima below cs and there is another
set of solutions with minima in (2) (adapted from Echim et al. 2010).

If instead the ŕuid is transonic, then there will be a solution with du
dr

> 0 at

all distances, leading to the ŕuid becoming supersonic at r = rc. Unlike the solar

breeze, this solution can create a sufficiently lower pressure as r → ∞, and was used

by Parker (1958b) to predict the existence of the solar wind.

In this last solution, the őnal speed of the wind is set by the temperature in

the corona, and can generate solar wind speeds and mass ŕux of the correct order
3Has both subsonic and supersonic regions
4Either a cooler star or a higher pressure interstellar medium
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of magnitude. However, this model, and other ŕuid models built upon it, struggle

to explain the existence of faster solar wind speeds and high coronal temperatures

(Parker 1965; Hansteen and Velli 2012). This is usually solved by the injection

of energy from another source, such as from waves or magnetic reconnection (Fisk

2003; Cranmer et al. 2007; McComas et al. 2007).

Alternatively, there are other exospheric solar wind models that, unlike the ŕuid

models, treat the protons and electrons separately. Doing so allows for an extra

electric őeld to accelerate the wind, which can explain the slower solar wind speeds

with no additional heating (Halekas et al. 2022). However, the energy source for

faster solar wind still remains a mystery, as discussed further in Section 2.4.4.

2.3.2 Interplanetary magnetic őeld

Unlike the basic ŕuid model in the previous section, the solar wind has an inter-

planetary magnetic őeld that extends out from the complex magnetic structure in

the corona (from Section 2.2.2). Since the solar wind can be described by ideal

MHD, the frozen-in theorem causes the magnetic őeld to be dragged outwards by

the radially expanding solar wind. This, coupled with the Sun’s rotation, creates a

spiral shape in the interplanetary magnetic őeld known as the ‘Parker spiral’ (Parker

1958b). Such a shape can be derived by considering two plasma parcels, released at

different times, being connected by the same magnetic őeld line, giving the Parker

spiral angle:

tan(ϕps) =
Bϕ

BR

=
−rΩcos(Θ)

Vsw

, (2.32)

where r is the distance from the Sun, Ω is the solar rotation rate, Θ is the latitude and

Vsw is the solar wind speed. For typical solar wind values at Earth (Vsw = 400 km/s,

r = 1AU, Ω = 14◦ /day, Θ = 0◦) the Parker spiral will be ∼ 45◦, and almost 90◦

at Pluto’s orbit (∼40AU). The typical Parker spiral shape for several solar wind

speeds is shown in Fig. 2.8, and is measured directly by őve separate spacecraft in

Chapter 3.

Ensuring that the magnetic ŕux through a spherical surface is constant (BR ∝
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r−2) gives a relationship for the magnetic őeld strength as a function of r:

|B⃗| = B0

(︂r0
r

)︂2

√︄

1 +

(︃

rΩcos(Θ)

Vsw

)︃2

. (2.33)

The radial expansion of the solar wind also means that the density is expected

to scale as:

n ∝ 1

r2
, (2.34)

using a mass conservation argument. The scaling of these parameters will become

clear when comparing solar wind measurements from 1AU, |B⃗| ∼ 10 nT and n ∼

5 cm−3, to those made much closer to the Sun, |B⃗| ∼ 1000 nT and n ∼ 600 cm−3 at

∼20R⨀︁ (Parker Solar Probe in Section 2.6.2).
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Figure 2.8: Demonstration of the theoretical Parker spiral shape for three different
solar wind speeds in a top down view of the ecliptic plane (Θ = 0◦).
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2.4 Solar wind observations

The solar wind has been measured by many spacecraft since the conőrmation of its

existence in the 1960s (Gringauz et al. 1960; Neugebauer and Snyder 1966). This

section summarises the history of in situ solar wind measurements: from ∼0.3 AU

with the twin Helios spacecraft (Kutzer 1977); above the poles with the Ulysses

mission (McComas et al. 1998); and with the consistent observations from 1 AU

with Wind (Ogilvie and Desch 1997). The basic solar wind properties and features

are outlined, as well the many unanswered questions that provided the motivation for

the new missions of Parker Solar Probe (Fox et al. 2016) and Solar Orbiter (Müller

et al. 2013). The background and literature on a particular solar wind phenomenon

known as ‘switchbacks’ are not covered until Chapter 4, as these are the direct focus

of Chapters 4 and 5.

Historically, the solar wind has been viewed as having a two-part structure,

with a steady ‘fast solar wind’ (>600 km/s) and a denser, more variable ‘slow solar

wind’ (<400 km/s Schwenn 1983). The Ulysses spacecraft best demonstrated this

dichotomy when orbiting above the solar poles at solar minimum, as can be seen

in Fig. 2.9. Fast solar wind was observed to emanate from the poles, with the

slower wind coming from low latitudes around the streamer belt. This matches the

simple dipole-like structure of the Sun at solar minimum, where the magnetic őeld

points away (red) or towards (blue) the Sun, termed the ‘magnetic polarity’. The

distinction of magnetic polarity is crucial when investigating the structure of the

solar wind in Chapter 3, and this same colour scheme is used throughout the thesis.

When Ulysses returned above the poles at solar maximum, a more disordered picture

was seen (right of Fig. 2.9), where slow and fast wind could exist at any latitude

with no clear hemispheres of magnetic polarity.

This basic idea of the solar wind structure is useful for visualisation purposes,

but is now seen as a ŕawed way to classify the solar wind (Zhao et al. 2009; Stansby

et al. 2019a). However, before a more detailed description of the large-scale structure

in the solar wind, there őrst needs to be a discussion of the typical kinetic features.
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Figure 2.9: Ulysses’ measurements of the solar wind structure in latitude at solar
minimum (left) and maximum (right), as marked by the sunspot number in the
lower panel. The Sun has a clear structure at solar minimum, with two distinct
hemispheres and fast solar wind at high latitudes. In contrast, fast solar wind and
either magnetic polarity can be found at any latitude at solar maximum (reproduced
from McComas et al. 2003).

2.4.1 Velocity distribution functions

The solar wind mostly consists of protons and electrons travelling away from the Sun

at a range of velocities, which are measured as a velocity distribution function (VDF)

by a spacecraft in the solar wind. While the exact instrumentation is described in

Section 2.5, an example of a proton VDF is shown in Fig. 2.10. The proton core

is the largest population (centred on the origin), whose speed is commonly quoted

as the speed of the solar wind. The proton beam is a smaller, faster population of

protons that sits ahead of the core along the local magnetic őeld direction (dotted

black line, Marsch 2012). This is usually around vA faster than the proton core,

which suggests a preferential acceleration of the proton beam along the magnetic
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őeld. However, the cause of this observation, and the presence of the beam itself,

are still open problems in the solar wind (Verscharen et al. 2019).

Figure 2.10: Example proton VDFs in the solar wind from the Helios mission. The
proton core is the main population in red, with a secondary proton beam travelling
faster along the magnetic őeld direction (dotted black line). Several panels show that
the proton core is wider perpendicular to the magnetic őeld, so T⊥ > T∥ (reproduced
from Marsch 2012).

Similar to the proton beam, the alpha particle (He2+) population is typically

observed to drift ahead of the proton core by the local Alfvén speed (Yamauchi et

al. 2004). Alpha particles make up around 5% of the solar wind by number density,

although this abundance can vary over the solar cycle, as well as depending on the

solar wind type (Kasper et al. 2007; Kasper et al. 2012).

The solar wind also has several minor ion populations (heavier than 4He). These
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trace ions do not contribute much to the dynamics of the solar wind, but can be

used as a tracer of solar wind source region and acceleration processes. For example,

charge state ratios, such as O7+/O6+, can be used to probe the temperature of the

solar wind in the corona (Hundhausen et al. 1968). The charge states are set by

collisions with electrons in the corona, which are then ‘frozen in’ to the plasma as

the solar wind becomes collisionless (Owocki et al. 1983).

The lack of particle collisions also means that solar wind VDFs can exhibit some

non-thermal features that deviate from the typical Maxwellian distribution. As well

as the proton beam, the most relevant signature is the proton core ‘temperature

anisotropy’, T⊥/T∥, which is typically > 1 in the solar wind close to the Sun (<1AU,

Marsch et al. 1982b). This, as seen in Fig. 2.10, makes the proton core appear

elongated perpendicular to the magnetic őeld, suggesting that the proton core is

preferentially heated in this direction. Such an effect is a prevalent feature of the

solar wind and therefore must be explained by any proposed heating mechanism.

To describe the shape of solar wind VDFs, and derive macroscopic parameters,

a bi-Maxwellian distribution is often used, motivated by the observed temperature

anisotropy. This distribution is described by:

fBimax(v⊥, v∥) =

(︃

m

2πkB

)︃
3

2 n

T
1

2

∥ T⊥

exp

(︃

− m

2kB

(︃

(v⊥ − u⊥)
2

T⊥

+
(v∥ − u∥)

2

T∥

)︃)︃

,

(2.35)

where the proton core has temperatures of T⊥ and T∥, and is centred on u⃗ (Baumjo-

hann and Treumann 2022). Fitting such a distribution to a measured VDF can

extract these bulk parameters, as outlined in the description of solar wind instru-

mentation in Section 2.5.

The electron VDFs also exhibit a number of non-thermal features, which are

usually split into three components: core, halo and strahl as demonstrated in Fig.

2.11 (Feldman et al. 1975; Rosenbauer et al. 1977; Pilipp et al. 1987). The core is a

Maxwellian distribution that contains ∼95% of the electrons, and is surrounded by

the supra-thermal halo (>70 eV, Verscharen et al. 2019). In contrast, the strahl is
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a focused population of electrons that travel anti-Sunward along the local magnetic

őeld direction. Therefore, the direction of the electron strahl propagation with

respect to the magnetic őeld can be used as a diagnostic tool for the magnetic

topology in the solar wind (Owens et al. 2013). For example, the electron strahl will

be focussed parallel to the magnetic őeld with an away polarity, and antiparallel to

the magnetic őeld with a towards polarity. This behaviour can be used to conőrm

a change in magnetic polarity at a sector boundary, as done in Chapter 3.

Figure 2.11: Diagram showing the velocity distribution functions of the different
electron populations usually found in the solar wind (reproduced from Salem et al.
2021).

2.4.2 Alfvén waves in the solar wind

Alfvén waves are a common feature in the solar wind, that lead to large-amplitude

ŕuctuations in both the velocity and magnetic őeld (Belcher and Davis Jr. 1971;

Smith et al. 1995). As described earlier (Section 2.1.2), the incompressible nature

of these ŕuctuations means that the ends of the magnetic and velocity vectors lie

on the surface of a sphere.

It is well observed that these ŕuctuations will create one-sided increases in the

solar wind speed when the magnetic őeld is deŕected away from the background di-
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rection (Matteini et al. 2014; Gosling et al. 2009). In velocity space, this corresponds

to a rigid rotation of the protons about the wave frame velocity, which acts as a

pivot (Matteini et al. 2015). The same principles apply to any particle population

in the solar wind, although this can be in the opposite sense to the proton core if

the drift speed is higher than the pivot velocity (Neugebauer and Goldstein 2013;

McManus et al. 2022), as depicted in Fig. 2.12.

Figure 2.12: Diagram showing how particle VDFs are rotated by Alfvénic ŕuctua-
tions in the solar wind. The middle panel shows a case where the magnetic őeld (red
arrow) is radial, with alpha particles (blue) travelling at a local wave speed above
the protons (yellow). In this example, the alphas sit at the pivot point, so do not
change their speed (blue y-axis on the left panel). However, as the magnetic őeld
moves away from radial, the protons are rotated above the pivot point leading to an
increase in speed (reproduced from Matteini et al. 2015).

Since the alpha particles typically drift ahead of the proton core by ∼vA, they

will sit at the pivot velocity and thus not rotate with the ŕuctuations (Marsch et al.

1982a; Matteini et al. 2014). In the wave frame, the electric őeld created by the

ŕuctuations will vanish, making this frame equivalent to the deHoffman-Teller frame,

őrst introduced for analysis of MHD shocks (De Hoffmann and Teller 1950). This can

be found in the solar wind by minimising the motional electric őeld (E⃗ = −u⃗× B⃗)

over a period of time (Khrabrov and Sonnerup 1998).

For sufficiently large ŕuctuations, the radial magnetic őeld component will re-

verse in a switchback, as őrst observed by Helios (Horbury et al. 2018) and Ulysses

(Balogh et al. 1999; Yamauchi et al. 2004; Neugebauer and Goldstein 2013). More

recently, these structures have become an active area of research due to their dom-

inance of the őrst Parker Solar Probe data (Bale et al. 2019; Kasper et al. 2019).
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Since these structures are the subject of Chapters 4 and 5, a dedicated review is

provided in Section 4.1.

2.4.3 Types of solar wind

It is well established that the fast solar wind originates from large coronal holes

(Krieger et al. 1973; Nolte et al. 1976), whose stable structure is reŕected in the

steady outŕow of solar wind. Besides the increased speed, fast solar wind is often

characterised by an increased number of Alfvénic ŕuctuations (Belcher and Davis

Jr. 1971; Tu and Marsch 1995) and by a low density compared with the slow solar

wind. A lower rate of collisions also means that the fast wind exhibits more extreme

non-thermal features, such as a high temperature anisotropy (T⊥/T∥ ∼ 3) and a

signiőcant proton beam (Marsch et al. 1982b; Schwenn and Marsch 1990).

Charge state ratios (such as 7+O/6+O) are found to be anti-correlated with the

solar wind speed (Geiss et al. 1995), suggesting that the fast solar wind originates

from a lower electron temperature, and thus a lower height in the solar atmosphere

(von Steiger et al. 1995). This agrees with the fact that the minor ion abundances in

the fast wind match those found in the photosphere (Bochsler 2000; Gloeckler and

Geiss 2007). Finally, there is also a well known anti-correlation between the speed

of the fast wind and the magnetic expansion factor (Wang and Sheeley 1990).

In contrast, the slow solar wind is typically characterised by being much more

variable and dense than the fast solar wind. This type of wind has long been

associated with the streamer belt at low latitudes (see Fig. 2.9), and surrounds the

HCS (Gosling et al. 1981; Richardson and Paularena 1997).

However, it is becoming clear that solar wind speed alone should not be used

to classify the solar wind (Zhao et al. 2009). This is because there is a continuous

distribution of proton speed in the solar wind, meaning there is no clear way to

split the solar wind on the basis of speed. Furthermore, the speed and density of the

solar wind can be altered during propagation. Instead, there are increasing efforts to

classify the solar wind by its source region on the Sun. This can either be achieved
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through back mapping the solar wind to a location on the Sun (Nolte et al. 1976;

D’Amicis and Bruno 2015; Bale et al. 2019), or by using ion composition to infer a

source region type (Zhao et al. 2009; Geiss et al. 1995).

Recently, it was found that the slow solar wind could be split into two separate

populations: Alfvénic and non-Alfvénic slow solar wind (D’Amicis and Bruno 2015;

Stansby et al. 2019a). The slow Alvénic wind shares many properties with the fast

solar wind, such as high Alfvénicity and low charge state ratios, which suggests that

it may be released from the Sun via the same mechanism (D’Amicis et al. 2018;

Stansby et al. 2020a). This type of solar wind is found to originate from the edges

of coronal holes (D’Amicis et al. 2021), where the increased magnetic expansion

would explain the slower solar wind speed (Wang and Sheeley 1990).

Therefore, the non-Alfvénic wind would then correspond to what was tradition-

ally known as the slow solar wind, whose origin is currently debated (see Abbo

et al. 2016 for a comprehensive review). Many theories are based on observations

that charge state ratios for the slow solar wind match the temperature of closed

magnetic őeld loops on the Sun (von Steiger et al. 1995). The concept of ‘inter-

change reconnection’ between closed and open őeld lines on the photosphere (Fisk

and Schwadron 2001; Fisk 2003) is often invoked as a way to release plasma from

closed őeld lines into the solar wind (Titov et al. 2011; Antiochos et al. 2011).

There have also been suggestions that magnetic reconnection at the tips of helmet

streamers could release the plasma ‘blobs’ that have been observed both in remote

sensing data (Wang et al. 1998; Rouillard et al. 2010) and in situ (Viall et al. 2008;

Viall and Vourlidas 2015; Sanchez-Diaz et al. 2019). These are often associated

with ŕux rope like structures, which supports the idea that this type of magnetic

reconnection is occurring (Réville et al. 2020). However, it has subsequently been

shown that this mechanism can only account for ∼15% of the slow solar wind mass

ŕux (Sanchez-Diaz et al. 2017).

Finally, active regions have also been put forward as a source for the slow solar

wind (Neugebauer et al. 2002; Fu et al. 2017), whose contribution to the solar wind
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may vary from ∼0% at solar minimum to ∼60% at solar maximum (Stansby et al.

2021).

2.4.4 Heating and acceleration

The basic solar wind theory, as őrst outlined by Parker (1958b) and summarised

in Section 2.3, cannot reproduce the magnitude of the fast solar wind speeds or

the observed proton temperatures near Earth (Durney 1972; Parker 1965). This,

in combination with the fact that the corona is also observed to be several MK

hotter than the chromosphere (Grotian 1939; Edlén 1943; Dunbar 2012), suggests

there that is an additional heating mechanism, which remains a major open question

in solar and heliophysics (McComas et al. 2007; Fox et al. 2016). The convective

motion of the photosphere has long been regarded as a sufficient energy reserve for

this heating (Klimchuk 2006), but it is not known how this energy is transported

into the corona and solar wind.

Low-frequency MHD waves driven by the photospheric motion could heat the

plasma, but due to the large gradients in density and temperature, neither the slow

nor the fast MHD modes can reach the corona (McComas et al. 2007; Rosenthal

et al. 2002; Parnell and De Moortel 2012). Alfvén waves do not have this problem,

with their incompressible nature meaning they can travel large distances and carry

energy into the corona. These waves are commonly observed in the solar atmo-

sphere (Tomczyk et al. 2007), making them a strong candidate for coronal heating.

However, these Alfvén waves cannot easily deposit energy into the plasma. To solve

this problem, several non-linear effects have been proposed, such as phase mixing

(Heyvaerts and Priest 1982) and resonant absorption (Ionson 1978). There are also

suggestions that Alfvén waves in the corona could steepen into shocks or drive com-

pressive ŕuctuations (Suzuki and Inutsuka 2005), which should be a measurable

signal with Parker Solar Probe.

The non-thermal features of the solar wind can provide valuable information re-

garding the heating that occurs closer to the Sun. Therefore, any heating mechanism

46



should be able to reproduce the proton beam and large temperature anisotropies of

the proton core, discussed in Section 2.4.1. Additional observations show that minor

ions are preferentially heated close to the Sun (<4R⨀︁ Kohl et al. 1998; Tracy et al.

2016; Kasper et al. 2017). Both of these effects can be explained by ion-cyclotron res-

onance, where left-handed waves are in resonance with the ion gyro-motion (Narita

2017). Several authors have proposed that high-frequency waves generated via mag-

netic reconnection in the chromosphere could be responsible for this type of heating

(Axford and McKenzie 1992; Isenberg 2001; Isenberg 2004). However, the heat-

ing in this scenario would be conőned to a region below the solar corona, whereas

T⊥ is observed to cool less rapidly than expected in the solar wind all the way to

1AU (Hellinger et al. 2011; Perrone et al. 2019). Instead, lower frequency Alfvén

waves may survive into the corona, where they would become resonant as the ion

cyclotron frequency decreases with distance from the Sun (Tu and Marsch 2001;

Hollweg 2008).

Another popular theory is that non-linear interactions of counter-propagating

Alfvén waves (Coleman 1968; Velli 1993) could drive a turbulent cascade of energy to

smaller scales, where the heat is then dissipated to the plasma (Matthaeus et al. 1999;

Verdini and Velli 2007; Cranmer et al. 2007). Such Alfvénic turbulence is observed

throughout the solar wind (see Bruno and Carbone 2013 for a review), and models

based on this process can successfully reproduce fast solar wind streams (Cranmer

2010; Verdini et al. 2010). However, it is unclear whether the same mechanism can

provide sufficient heating in the corona (Roberts 2010).

An alternative view is that magnetic reconnection between a network of open

and closed őeld lines on the Sun’s surface could provide the necessary heating for

the corona and solar wind (Parnell and De Moortel 2012). Following observations of

x-ray spikes (Lin et al. 1984), Parker (1988) suggested that small-scale ‘nano-ŕares’

could heat the corona, although estimates at the time could not match the heating

observed in the corona. However, as seen in Section 2.2.2, reconnection events exist

on a wide range of scales on the solar surface. These could either directly heat the
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plasma via the reconnection exhausts, or launch waves into the corona that would

dissipate the heat. There is mounting evidence that jet-like features could supply

signiőcant mass and energy to the solar wind (McIntosh et al. 2011; Tian et al.

2014; Raouaő et al. 2023b). Such jets have been observed to reach several solar

radii in remote sensing observations (Wang et al. 1998), and have potentially been

seen in the solar wind (Wang et al. 2006; Neugebauer 2012). Finally, interchange

reconnection (Fisk et al. 1999; Fisk 2003) can allow for the release of energy built up

in small-scale coronal loops that make up the Sun’s magnetic carpet (Priest 1998;

Parnell 2001). The acceleration of the solar wind would then depend on the mass

ŕux and energy released at the base of the corona.

The source of heating and acceleration remains a highly debated topic. While

many of the proposed heating mechanisms likely exist in the corona and solar wind,

the individual contributions from each mechanism still need to be quantiőed. The

key evidence will likely come from linking consistent heating signatures and struc-

tures in the solar wind to a source on the Sun. This provided the motivation to

launch both Parker Solar Probe and Solar Orbiter, which aim to make the connec-

tion between the Sun and the solar wind (see Section 2.6).

2.4.5 T-V relationship

Observations in the solar wind have long shown a positive correlation between the

proton temperature and speed, known as the T-V relationship, which could help

understand how the solar wind is heated. When averaged over long time peri-

ods (several hours), it has been observed that the proton core temperature increases

with the solar wind speed (Neugebauer and Snyder 1966; Burlaga and Ogilvie 1970).

Early attempts to őnd an empirical relationship saw many different functional forms

(quadratic, cubic, power law, linear) applied to the data, with no clear consensus

(Lopez et al. 1986; Neugebauer et al. 2003). Elliott et al. (2012) provided a com-

prehensive investigation into the T-V relationship over several years, showing that

a linear őt was a good match to the data, after removing the effect of interplanetary
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CMEs (see Section 2.4.6). They also found that the T-V relationship varied with

distance from the Sun, as interactions between different solar wind speeds led to

compressions and rarefactions.

Matthaeus et al. (2006) attempted to explain the existence of the T-V relation-

ship with a single ŕuid model. Under the assumption that speed did not vary with

distance from the Sun, they showed that the solution to the MHD energy equation

would only vary with the ‘convective age’ of the plasma parcel (r/V ).

Another explanation was provided by Démoulin (2009) who, unlike Matthaeus et

al. (2006), considered the acceleration of the solar wind (i.e. did not assume constant

speed). They found that the T-V relationship was created by the acceleration of

the solar wind closer to the Sun, where faster wind would be both heated and

accelerated more, leading to an increase in both speed and temperature together

(Démoulin 2009). Using an example heat ŕux, they derived a relationship that

matched the observations well, although they did note that the T-V relationship

would still hold for any heating mechanism close to the Sun. Finally, the lack of

T-V relationship inside CMEs was used as evidence for the solar wind being heated

by some other mechanism.

With the Helios spacecraft, both Horbury et al. (2018) and Perrone et al. (2019)

showed that the T-V relationship held within a single stream, as well-being valid

for large aggregations of data that had been used up until then. Perrone et al.

(2019) also separated the proton temperature into its perpendicular and parallel

components, with T⊥ having a steeper gradient than T∥.

It was also shown that the T-V relationship ŕattened as the distance from the

Sun increased. Similarly to Matthaeus et al. (2006), Perrone et al. (2019) argued

that slower wind would have more time to interact with any heating mechanism as

it travelled to the same distance from the Sun. Therefore, when PSP is closer to

the Sun, there should be a more pronounced T-V relationship, as investigated in

Chapter 5.
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2.4.6 Large-scale structures

As well as having signatures of heating, the solar wind also has several large scale

features that can reveal information about the dynamics as the solar wind expands

out into the heliosphere. The heliospheric current sheet (HCS) was brieŕy men-

tioned earlier as the boundary between the two opposite magnetic polarities of the

interplanetary magnetic őeld.

Figure 2.13: Theoretical shape of the heliospheric current sheet in the heliosphere.
The orbits of the planets are shown, with the Sun in the centre. The ripples in
this current sheet are often described as a ‘ballerina skirt’, and are due to the Sun’s
rotation axis not being aligned to the magnetic axis (credit Heil 1980).

Early spacecraft measurements reported that the observed magnetic polarity in

the ecliptic plane5 would ŕip several times per solar rotation (Wilcox 1968), with a

single polarity measured at higher latitudes (Rosenberg and Coleman 1969). This

‘sector structure’ of the solar wind eventually lead to the idea of a warped HCS, as

depicted in Fig. 2.13. The change in polarity of the magnetic őeld at the equator

means there is a current perpendicular to the Parker spiral shaped magnetic őeld.

5The plane in which the Earth orbits
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This leads to a hyperbolic spiral shape for the current, which starts with a large

azimuthal component and becomes nearly radial far from the Sun.

Due to the Sun’s magnetic dipole axis not being aligned with the rotation axis,

the HCS is warped and has been likened to a ‘ballerina skirt’ (Alfvén 1977). There-

fore, even for a perfect dipole conőguration, giving a ŕat HCS, a spacecraft would

still measure a clear sector structure in the ecliptic plane.

At solar minimum, the HCS is conőned to within ±15◦ of the solar equator,

which can increase to ∼90◦ as the Sun’s magnetic őeld becomes more complex

towards solar maximum (Hoeksema et al. 1983). The local inclination of the current

sheet has been shown to be a good match to coronal models (Burton et al. 1994),

and is something that is also investigated in Chapter 3.

Being the largest structure in the heliosphere, many solar wind properties can

be organised by their distance from the HCS. In general, the density increases close

to the HCS, while the speed and temperature decrease (Borrini et al. 1981; Gosling

et al. 1981; Suess et al. 1993). The width of the current sheet is ∼10,000 km at

1AU (Winterhalter et al. 1994; Liou and Wu 2021), which can take several hours to

traverse with a spacecraft.

On crossing the HCS, the source region for the solar wind ŕips into the other

magnetic hemisphere. Therefore, knowledge of the shape and location of the HCS is

extremely important. For example, if a fast solar wind stream is detected far from

the current sheet, then it almost certainly came from a polar coronal hole that can

be located in coronal images.

Therefore, modelling the location of the HCS is important for both predicting

the solar wind conditions at Earth, and őnding the source region. This can be

achieved by using white light images above the solar limb to track the position of

the streamer belt, and in turn the HCS, as the Sun rotates (Rouillard et al. 2020).

Alternatively, several numerical models are also used, with the most common being

the Potential Field Source Surface (PFSS) model, which is described in Chapter 3.

Since the HCS is usually limited to low latitudes, and is surrounded by slow

51



solar wind from the streamer belt, it can be described by a simple ‘tilted dipole

model’ with a band of slow solar wind at the equator and fast wind elsewhere (Pizzo

1994a). As a result of the Sun’s tilted rotation axis, or coronal structure, fast solar

wind streams can co-exist with slower solar wind at the same latitude. As the solar

wind expands into the heliosphere, the faster solar wind catches up with the slower

stream ahead, leading to the formation of a stream interaction region (SIR). This

can be described as a co-rotating interaction region (CIR) if the sources of the fast

and slow solar wind are stable for successive solar rotations (Richardson 2018).

A compression region is formed at the stream interface, and a rarefaction region

towards the trailing edge of the fast stream, as demonstrated in Fig. 2.14a. The

compression region has enhanced proton density, |B⃗| and temperature (Belcher and

Davis Jr. 1971; Gosling et al. 1972), and develops into a forward shock farther

from the Sun (usually >1 AU, Jian et al. 2006). Equally, the rarefaction region will

steepen into a reverse shock, leading to a pair of shocks commonly being observed

far from the Sun (Smith and Wolfe 1976; Hundhausen and Gosling 1976).

Due to the curved shape of the stream interface, CIRs exhibit a characteristic

east-west deŕection of the slow and fast wind, respectively (Siscoe et al. 1969).

The tilt of the stream interface will also introduce a meridional ŕow deŕection,

as demonstrated in Fig. 2.14b, for a frame moving with the stream interface. In

this example, the slow wind moves towards the interface where it is deŕected down

and right in the stream interface frame, whereas the faster wind is deŕected in the

opposite direction. The exact nature of this deŕection is dependent on the tilt of

the stream interface (Siscoe and Finley 1969).

The CIR orientation also has an effect on the forward and reverse shock propaga-

tions. In the standard diagram of the solar wind at solar minimum, pictured in Fig.

2.15, CIRs are formed whenever there is a signiőcant warp in the HCS that brings

the fast wind at higher latitudes into the same plane as the slow wind surrounding

the HCS (Richardson and Paularena 1997; Richardson and Paularena 1997). There-

fore, the tilt of the CIRs will follow that of the HCS warp, meaning that forward
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(a) (b)

Figure 2.14: (a) shows a diagram of CIR formation in the ecliptic plane, which leads
to a signature east-west deŕection of the slow and fast wind, respectively. There
will also be meridional ŕow deŕections, as demonstrated in (b), that depend on the
tilt of the CIR (adapted from Pizzo 1978 and Pizzo 1991).

shocks will be directed towards the equator and reverse shocks towards more ex-

treme latitudes. Such a theoretical understanding has been conőrmed by Ulysses,

which exclusively observed reverse shocks from CIRs at latitudes ≥30◦ (Gosling et

al. 1993; Gosling et al. 1993).

Since the HCS is embedded within the slow solar wind, it will eventually be

enveloped by the CIR, signiőcantly distorting its shape far from the Sun (Pizzo

1994b). Planar magnetic structures (PMSs, Nakagawa et al. 1989; Nakagawa et al.

1989) can be formed as a result of this compression, where magnetic őeld vectors are

forced to lie in the same plane as the stream interface (Broiles et al. 2012; Broiles

et al. 2012).

The compression regions of CIRs are known to drive space weather effects at

Earth, which is a particularly common cause at solar minimum (Richardson et al.

2001). Therefore, it is important to be able to predict the occurrence of CIRs to

warn of any potential disruption (Odstrcil 2003; Sunny et al. 2023).

However, the most important source of space weather effects are the in situ

manifestations of CMEs, known as interplanetary CMEs (ICMEs, Kilpua et al.
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Figure 2.15: Diagram of the typical solar wind structure at solar minimum, with slow
solar wind surrounding the HCS at low latitudes, and faster wind at higher latitudes.
If there is a warp in the HCS, then CIRs can be formed, creating a forward wave
towards the equator and a reverse wave away from the equator (reproduced from
Gosling et al. 1993).

2017). As discussed earlier (Section 2.2.2) these are large eruptions of plasma which

commonly have a ŕux rope structure to the magnetic őeld. When viewed by a

spacecraft in situ, the ŕux rope is seen as a smooth rotation of the magnetic őeld

with signiőcantly enhanced |B⃗| (Zurbuchen and Richardson 2006). It is also common

to see bidirectional electron strahl signatures inside ICME ŕux ropes, indicating that

the magnetic őeld is connected to the Sun at both ends.

These large eruptions of plasma are commonly launched at low latitudes, so

are often associated with the HCS (Hundhausen 1993; Hundhausen 1993). When

released from a helmet streamer, the ‘legs’ of the ŕux rope magnetic őeld have

different magnetic polarity which, when observed in situ, can carry the change in

polarity seen at the sector boundary (Crooker et al. 1998; Crooker et al. 1998).

Therefore, this subset of CMEs, also referred to as streamer blowout CMEs (Nieves-

Chinchilla et al. 2020; Nieves-Chinchilla et al. 2020), are thought to ‘propagate as an

occlusion’ inside the HCS (Crooker and Intriligator 1996; Crooker and Intriligator
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1996), rather than pushing the HCS aside (Forsyth et al. 1997; Forsyth et al. 1997).

These ideas are used in Chapter 3 to uncover the magnetic topology of an ICME

during a HCS crossing.

2.5 Instrumentation

While the previous sections have summarised relevant information regarding the Sun

and the solar wind, it is still important to understand how many of the space-based

measurements are made. This section covers the general working principles of three

types of instrument, while mission speciőc details are provided in the next section.

2.5.1 Fluxgate magnetometers

The magnetic őeld is a fundamental part of the solar wind plasma, and is useful for

providing a reference direction for other measurements, such as T⊥ and T∥. All the

spacecraft providing data for this thesis have some kind of ŕuxgate magnetometer

that can measure low-frequency magnetic őelds (<10 Hz). These are light, reliable

instruments that require low power and can survive the long time scales needed

for space missions. Since a single ŕuxgate can only measure the magnetic őeld in

one dimension, three of these devices are usually placed orthogonal to each other in

order to measure the vector magnetic őeld.

A ŕuxgate magnetometer works by taking advantage of the hysteresis effect of

a ferromagnetic core. Therefore, the magnetic őeld within the core depends not

only on the őeld applied to it, but also on the history of its magnetisation. This

means that there will be some critical value at which the core becomes saturated

and cannot increase the generated magnetic őeld any further.

A diagram of the basic design is shown in Fig. 2.16, where a ferromagnetic core

is wrapped in a ‘drive’ and ‘sense’ coil. A triangular shaped waveform is driven

as a current through the drive coil, making the core repeatedly go into and out of

saturation. When no external őeld is applied, the core spends equal time in positive
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and negative saturation. However, with an external őeld (either direction along

the arrow in Fig. 2.16) the core will spend longer in positive, rather than negative,

saturation. This results in the induced őeld having a truncated triangular waveform,

with an asymmetric shape (Verscharen et al. 2019).

The sense coil, via Faraday’s law (equation 2.11), then measures an irregular

square wave voltage, where the timing and phase of the signal is related to the

magnitude and direction of the external őeld (Ness 1970). The precision of these

instruments is much lower than the magnetic őeld they are measuring, e.g. the

Solar Orbiter magnetometer can measure a typical magnetic őeld of tens of nT with

a precision < 10 pT (Horbury et al. 2020a).

There is an alternative design, the search coil magnetometer, that uses Faraday’s

law to directly measure the high-frequency changes in the magnetic őeld. However,

these high-frequency measurements were not relevant for this thesis.

Figure 2.16: Fluxgate magnetometer diagram, where a sense coil is wound around
the drive coil. This set-up can measure magnetic őelds in either direction along the
arrow shown (reproduced from Miles et al. 2017).
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2.5.2 Particle measurements

In addition to the magnetic őeld, knowledge of the plasma conditions (np, T⊥, T∥

and v) is crucial for many in situ studies. However, these properties cannot be

measured directly. Instead, space-based instruments measure the distribution of

particle energies in different directions, from which macroscopic plasma properties

are derived. There are two common ways to measure these particle distributions,

either with a Faraday cup or an electrostatic analyser (ESA).

Current

𝑣 > 𝑣𝑐𝑢𝑡𝑜𝑓𝑓(𝜀ℎ𝑖𝑔ℎ)
𝑣𝑐𝑢𝑡𝑜𝑓𝑓 𝜀𝑙𝑜𝑤 < 𝑣 < 𝑣𝑐𝑢𝑡𝑜𝑓𝑓(𝜀ℎ𝑖𝑔ℎ)
𝑣 < 𝑣𝑐𝑢𝑡𝑜𝑓𝑓(𝜀𝑙𝑜𝑤)
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Figure 2.17: Diagram of a Faraday cup, where a collector plate sits behind two
grounded and one modulated grid with voltage, ε. Particles with v > vcutoff(εhigh)
(red) will always make it to the plate, and those with v < vcutoff(εlow) will always be
deŕected (blue). The signal measured by the instrument comes from the modulation
of the intermediate particle population (green). These particles are deŕected away
when the voltage is at εhigh, but allowed through for εlow.

The Faraday cup is a simple instrument that has been extensively used since the

őrst solar wind observations (Gringauz et al. 1960; Neugebauer and Snyder 1966).

A basic outline for this type of instrument is shown in Fig 2.17, where a collector
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plate sits behind a series of metal grids. This plate measures a current from the

inŕowing charged particles of the solar wind. In order to obtain a particle energy

distribution, there must be some way to allow only a range of particle energies to

reach the collector plate. This is achieved by applying a voltage, ε, to the middle

grid and grounding the other two grids. Therefore, only particles with a velocity

greater than the cut-off:

vcutoff(ε) =

√︄

2qjε

mj

, (2.36)

can reach the detector.

A range of particle energies can then be selected by modulating the voltage

between:

εlow = ε0 −
∆ε

2
, (2.37)

εhigh = ε0 +
∆ε

2
, (2.38)

where ε0 is the centre voltage and ∆ε is the width of the voltage window.

If a particle has a velocity greater than vcutoff(εhigh) then it will always reach the

collector plate, whereas those below vcutoff(εlow) will never be collected. Particles

with a velocity between vcutoff(εlow) and vcutoff(εhigh) will only generate a current in

the collector plate when the voltage is low. Therefore, the modulation of the current

is used to measure the inŕux of charged particles in the correct energy window, while

ignoring the constant signal from the rest of the particles.

The full energy distribution of the particles can be measured by sweeping the

energy window across the desired range. It is important to note that the width and

location of the energy windows is only dependent on the voltage created in the metal

grid. Therefore, the resolution and range of the instrument can be updated in ŕight.

Such an instrument cannot directly distinguish between different particle species.

However, the individual particle velocity distributions are shifted by the mass-to-

charge ratio of the ion, according to equation 2.36. Therefore, if this velocity shift

is large enough, the different particle populations can be separated, which is usually
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done for the proton core and alphas.

A Faraday cup has a restricted őeld of view (FOV) of around 100◦ (Verscharen

et al. 2019). Therefore, several methods are used to provide a greater FOV, as

discussed for each speciőc mission.

Figure 2.18: Basic diagram of an electrostatic analyser. Particle trajectories (blue
line) are bent by the voltage applied between the two curved plates. If the energy-
to-charge ratio is within a certain range, the particle will reach the detector at the
bottom. By applying different voltages across the plates, a range of particle energy
can be sampled (reproduced from Verscharen et al. 2019).

In comparison, an ESA can look in both azimuth and elevation, directly building

up a 3D particle distribution. While the design of ESAs varies per mission, Fig. 2.18

demonstrates the basic working principle. In this ‘top hat’ design, a detector sits

below a set of curved plates that are charged to create a voltage, V , between them.

For a particle to reach the detector, it must have the right energy-to-charge ratio to

not hit the plates.

By varying the voltage between the plates, different energy-to-charge ratios can

be selected from the solar wind. There is some spread in the energy-to-charge ratios

allowed per ε, which is set by the width of the curved gap that the particles must

pass through. Therefore, unlike a Faraday cup, the width of energies allowed into

the detector cannot be changed in ŕight (Verscharen et al. 2019).

Similar to a Faraday cup, this design cannot directly distinguish between different

particle species, with the distributions potentially being separated when shifted by
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their mass-to-charge ratio. However, by adding an extra time of ŕight measurement,

there can be an independent measurement of the particle speed, which can allow for

the mass-per-charge ratio to be estimated.

After measuring the particle velocity distributions, the macroscopic quantities

can be extracted by taking ‘moments’ of the distribution (Paschmann et al. 1998).

This is similar to taking the moments of the Vlasov equation in Section 2.1.2, and

are usually provided as a data product by the instrument team. It is important to

note that these moments will include contributions from the proton beam, if present,

which will inŕate the speed and density estimates of the proton core.

Therefore, it is often preferable to őt a bi-Maxwellian distribution (equation 2.35)

only to the proton core, which can provide a more accurate estimation of the proton

core properties. This also allows for T⊥ and T∥ to be measured as the width of the

distribution, which cannot be done with moments. Again, these őts are commonly

provided by the instrument team, but can also be performed separately to target the

proton beam and alpha populations (Stansby et al. 2018; Woodham et al. 2021a).

2.6 Relevant missions

As mentioned earlier, there are still many open questions in the study of the Sun

and the solar wind, which provided the motivation for two new missions: Parker

Solar Probe (Fox et al. 2016) and Solar Orbiter (Müller et al. 2013). These ŕagship

missions are complemented by several other spacecraft that will help map the global

structure of the solar wind in Chapter 3. Before summarising the speciőcs of each

mission, it is important to deőne the reference frames used to describe the spacecraft

measurements and trajectories.

2.6.1 Reference frames

There are several useful reference frames for spacecraft orbiting the Sun. There

are many different inertial frames, one being ECLIPJ2000 which has its x⃗ and y⃗
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coordinates in the ecliptic plane. However, for the purposes of this thesis, a more

useful frame is one that rotates with the surface of the Sun, referred to as the

‘Carrington frame’. This is based on the Heliographic coordinates őrst used by

Carrington (1853) to track the location of sunspots on the Sun’s surface. Each

point on the solar surface is given a longitude, Φ, and latitude, Θ, which can be

extended out into the heliosphere with a distance to the Sun parameter, r (Ulrich

and Boyden 2006).

This frame rotates at a rate of 14.18◦ per day, as deőned by the International

Astronomical Union (Archinal et al. 2011). For an observer on Earth, the longitude

observed will decrease from 360◦ → 0◦ before a new ‘Carrington rotation’ starts.

The őrst of these started on November 9th 1953 (Thompson 2006) and are useful for

naming the solar rotations.

All spacecraft in the inner heliosphere, except for PSP, orbit more slowly than

the solar rotation, meaning they move towards lower Φ over time. However, within

each PSP orbit, there will be two points of co-rotation when PSP’s orbit matches

the solar rotation: one inbound and outbound. At these times, PSP will move very

slowly in Φ and effectively sample solar wind from the same source region over a

longer period (∼ several hours). In between the co-rotation points, PSP will super

co-rotate by outpacing the Sun’s rotation, creating a loop in the orbit when viewed in

the Carrington frame. This also means that PSP will sample the same Φ at different

r over the same orbit. This has never been possible with a spacecraft before, and

can be extremely useful for studying how a solar wind stream evolves with distance

from the Sun.

2.6.2 Parker Solar Probe

After launching in August 2018, the őrst data from PSP was returned in December

2018 from ∼35R⨀︁ (Bale et al. 2019), and PSP has currently completed 15 orbits,

reaching 13R⨀︁ at the time of writing and depicted in Fig. 2.19. For mission

operations, the data is usually taken within 53R⨀︁ (Kasper et al. 2016) and then
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downloaded from the spacecraft when it is farther from the Sun. Therefore, the PSP

data is often organised by the encounter number. For example, encounter 1 will be

referred to as E1 in this thesis.

PSP’s unique trajectory comes with the compromise that instruments must be

protected by a large heat shield that faces the Sun at all times. This limits the

number and type of instrument that can be carried, which includes four sets of

instrument suites:

• Electromagnetic Fields Investigation (FIELDS, Bale et al. 2016) for mea-

suring the magnetic and electric őelds with both ŕuxgate and a search coil

magnetometer, as well as őve voltage probes

• Solar Wind Electrons Alphas and Protons Investigation (SWEAP, Kasper

et al. 2016) with a Faraday cup and ESA to measure the protons and alphas,

plus two additional ESAs for the electrons

• Integrated Science Investigation of the Sun, Energetic Particle Instruments

(IS⊙IS, McComas et al. 2016) to measure the energetic particles (>20keV)

• Wide-őeld Imager for Solar Probe Plus (WISPR, Vourlidas et al. 2016) to

image the solar wind leaving the Sun

Therefore, there are no compositional instruments or solar telescopes on this

mission. Only the FIELDS and SWEAP instrument suites are relevant in this

thesis, for the magnetic őeld and basic plasma parameters.

The FIELDS instruments are built on the heritage of previous space missions,

such as STEREO-A and Wind. Like many other spacecraft, the magnetometers are

placed on a boom to avoid any contamination from the spacecraft electronics. The

ŕuxgate magnetometers can operate at 256 samples/NYseconds6, although the high-

est resolution needed in this thesis was the 4 samples/cycle (∼ 4.58 samples/second)

data product.

6The instrument is based on the 150kHz power supply. So to have 217 clock cycles per NYsecond,
this is deőned as 2

17/150, 000 = 0.873813... seconds (Bale et al. 2016)

62



0.25
0.50
0.75
1.00
1.25

r (
AU

)
Parker Solar Probe

0.25
0.50
0.75
1.00
1.25

r (
AU

)

Solar Orbiter

0.25
0.50
0.75
1.00
1.25

r (
AU

)

BepiColombo

0.25
0.50
0.75
1.00
1.25

r (
AU

)

Wind

2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030
0.25
0.50
0.75
1.00
1.25

r (
AU

)

STEREO-A

Figure 2.19: Trajectories for the missions used in this thesis. Dashed lines show the
projected orbits, and the solid lines show what the spacecraft have already completed
at the time of writing.

Unlike many spacecraft designs, the SWEAP instrument suite has both a Faraday

cup and a set of ESAs, which are known as the Solar Probe Cup (SPC) and Solar

Probe ANalyzers (SPAN), respectively. There is one ESA for the protons, alphas

and electrons (split into SPAN-Ai and SPAN-Ae) and another dedicated ESA for the

electrons (SPAN-B), as shown in Fig. 2.20. Since the electron data is used rarely

in this thesis, SPAN-Ai is simply referred to as SPAN. SPAN also includes time

of ŕight measurements, so can fully separate the alpha particles from the proton

measurements.
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The placement of SPAN on the ram side of the spacecraft means that its FOV

is cut off by the heat shield. If the spacecraft were not moving, then the solar wind

would travel radially into the heat shield and be outside the SPAN FOV. However,

as the spacecraft moves closer to the Sun, there is a large orbital speed component in

the +T⃗ direction (∼90 km/s for E1), meaning that the solar wind is angled towards

the ram side in the spacecraft frame. A demonstration of this effect is shown in

Fig. 2.21, where only a portion of the full VDF can be seen by SPAN. As the PSP

mission progresses, more of the proton distribution will become visible in the SPAN

FOV, increasing the accuracy of the measurements. It is important to note that

the particle VDFs can be rotated by Alfvén waves in the solar wind, as discussed

in Section 2.4.2. This can either deŕect the proton core into (with −VT ) or out

of (with +VT ) the FOV, which was crucial for determining the temperature inside

switchbacks in Chapter 5.

The SPAN instrument team provides moments in the data őles, although these

can be misleading when a large portion of the VDF is not present. Instead, for

a better estimation of the proton core parameters, őts are used according to the

method of Woodham et al. (2021a). These data are provided every ∼4 seconds,

although the actual measurements are completed within 0.437 seconds. This short

integration time is important as it helps reduce any blurring as the VDF rotates

in response to the Alfvén waves in the solar wind. The őtting procedure is not

attempted if the variance in the magnetic őeld is above 10◦.

To complement the SPAN measurements, PSP also has SPC that points directly

at the Sun, whose 60◦ FOV (blue line in Fig. 2.21) can cover a region SPAN

cannot see. To survive the high temperatures (>1000◦C, Kasper et al. 2016), this

instrument is made from refractory metals (including tungsten and molybdenum)

in a sapphire housing (Case et al. 2020).

As mentioned earlier, the basic Faraday cup design can only measure the energy

of the particles, not their direction. To provide some information about the ŕow

angle of the solar wind, SPC has four collector plates that equally cut the circu-
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Figure 2.20: Diagram showing the placement of the relevant instruments on PSP. A
radially ŕowing solar wind will appear at an angle in the spacecraft frame, and will
appear more in the SPAN-A FOV (red). SPC can then look directly at the radial
solar wind, with its FOV being shown in blue. The ŕuxgate magnetometer sits on
a boom to avoid any interference from the spacecraft electronics.

lar collector plate. The ŕow angle is then estimated from the differential currents

between the plates.

The Faraday cup design also means that SPC can only measure a radial cut

through the full 3D VDF that SPAN can measure. Therefore, SPC can only measure

a radial proton core temperature, Tp,R, according to:

TR = T⊥ sin2(θRB) + T∥ cos
2(θRB), (2.39)

with a magnetic őeld θRB away from R⃗. This is an important caveat to the SPC

data, and care should be taken when discussing the temperature results from this

instrument.
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2.6.3 Solar Orbiter

Since launching in February 2020, Solar Orbiter has completed őve orbits, reaching

a perihelion of ∼0.28AU. Further on in its mission, Solar Orbiter will use a Venus

gravity assist to climb out of the ecliptic plane, eventually reaching ∼33◦ latitude

in 2030. Here, it will image the Sun’s poles for the őrst time, potentially helping to

reveal the source of the fast solar wind. The magnetic őeld is provided at 8Hz by a

ŕuxgate magnetometer (MAG, Horbury et al. 2020a) and the plasma moments are

supplied by the Proton Alpha Sensor (PAS, Owen et al. 2020) based on the ESA

design.

So, after waiting since the Helios spacecraft in the 1980s, there are now two

modern missions orbiting in the inner heliosphere. Each mission will reveal new in-

formation about the Sun and the solar wind as they travel to a currently unexplored

part of the solar system. The co-existence of these missions also allows for research

opportunities that would not be possible with a single spacecraft (Velli et al. 2020).

For example, an individual plasma parcel can be tracked as it expands into the

heliosphere, potentially revealing how structures and heating process evolve with

distance from the Sun. This concept of multi-spacecraft measurements is central to

Chapter 3, with a total of őve spacecraft being used.

2.6.4 Additional missions

Alongside the two ŕagship missions discussed above, BepiColombo7 was launched

in October 2018 and aims to understand the magnetospheric dynamics of Mercury.

In order to orbit Mercury in 2025, and build up a large set of observations, Bepi-

Colombo has to make several gravity assists. Fortunately for the heliophysics com-

munity, the ŕuxgate magnetometer aboard the Mercury Planetary Orbiter (MPO)

can take measurements of the solar wind during this cruise phase (Glassmeier et al.

2010). As shown in Fig. 2.19, BepiColombo orbited between 0.5 → 1AU, providing

7Named after Giuseppe ‘Bepi’ Colombo who suggested that gravity assist could be used for
Mariner 10 mission to ŕy past Mercury (ESA 2023a)
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observations at an intermediate distance between the inner heliosphere missions of

PSP and Solar Orbiter, and those spacecraft at 1AU.

One such spacecraft at 1AU is Wind, which has been providing solar wind mea-

surements at the L1 Lagrange point since 2004 (NASA 2023). Wind is a spin sta-

bilised spacecraft that can provide magnetic őeld data through the Magnetic Field

Investigation (MFI, Lepping et al. 1995); plasma from its Solar Wind Experiment

(SWE, Ogilvie et al. 1995) and electron properties from the 3DP instrument (an

ESA, Lin et al. 1995b). These are especially important for space weather mitiga-

tion, as real-time data from Wind can give a ∼45minute warning of any potentially

hazardous solar wind conditions (Owens et al. 2008).

Finally, there is STEREO-A which was orbiting at a lower Carrington longitude

than Earth at ∼1AU. This originally had a twin satellite, STEREO-B, and aimed

to provide stereoscopic images of the Sun to better understand the structure on

the Sun. Unfortunately, STEREO-B lost contact in 2014, but STEREO-A is still

extremely useful for CME observations. STEREO-A represents another observation

point at 1AU to complement those from Wind just ahead of Earth. Again, a ŕuxgate

magnetometer (IMPACT) and an ESA (PLASTIC) provide the magnetic őeld and

proton measurements, respectively.
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Figure 2.21: Simulations of what SPAN is expected to see at 9.5R⨀︁ (top) and
38.4R⨀︁ (bottom). SPAN’s FOV is limited by the heat shield, so cannot see the
full distribution in the lower panel. This will become less of an issue as PSP travels
closer to the Sun in the upper panel. For times when SPAN cannot see enough of
the VDF, SPC will provide the plasma parameters instead, whose FOV is shown by
the blue line (reproduced from Kasper et al. 2016).

68



Chapter 3

Multi-spacecraft study of the solar

wind in latitude

3.1 Introduction

The launches of Parker Solar Probe (PSP, Fox et al. 2016) in August 2018, and

Solar Orbiter (Müller et al. 2013) in February 2020, have ushered in a new era of

inner heliosphere research. This has generated a wealth of data for a region last

studied by the Helios spacecraft in the 1980s (Schwenn and Marsch 1990). Along

with BepiColombo, on a cruise phase to Mercury (Benkhoff et al. 2010), STEREO-

A (Kaiser et al. 2008) and the spacecraft ahead of Earth (e.g. Wind, Ogilvie and

Desch 1997), there is now a constellation of spacecraft in the inner heliosphere. This

set of spacecraft can go beyond the usual limits of single point measurements and

allow for the coordinated study of the global structure of the heliosphere, with each

spacecraft helping to untangle the spatial and temporal variations in the solar wind.

Each mission has a speciőc trajectory to fulől its own mission objectives: PSP

eventually orbiting only 9.86R⨀︁ from the Sun; Solar Orbiter travelling to higher

latitudes; BepiColombo on the way to Mercury; STEREO-A to the side of Earth

and Wind at the L1 Lagrange point. By targeting different spacecraft alignments,

researchers are provided with the opportunity to answer speciőc science questions.
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For example, numerous studies have used radially aligned spacecraft for the study

of solar wind evolution of turbulence (Telloni et al. 2021b) and large-scale structures

(Allen et al. 2021).

In this chapter, a different approach is taken, with an investigation into how the

solar wind varied in latitude. The Ulysses mission has already demonstrated the

3D nature of the solar wind by orbiting above the poles, with a very well-deőned

structure at solar minimum (McComas et al. 2003). However, this chapter focusses

more on the őne-scale structure which, for the őrst time, can be measured with őve

separate spacecraft spanning ±10◦ latitude. After showing how the global structure

of the solar wind was stable across the rotations in Section 3.3.1, several case studies

are undertaken into structures in the solar wind from Sections 3.3.3 to 3.3.5. It is

demonstrated that this newly formed spacecraft constellation can allow for the solar

wind to be studied from new perspectives. This represents work undertaken in Laker

et al. (2021a).

3.2 Methodology

The launch of Solar Orbiter, in February 2020, completed the formation of the space-

craft constellation that was used in this chapter, as summarised in Fig. 3.1. After

launch, Solar Orbiter began to approach the Sun on the way to its őrst perihelion on

June 15th 2020. To make use of this new collection of spacecraft as soon as possible,

a period between May and July 2020 was chosen for this study, giving two full Car-

rington rotations, CR2231 and CR2232 (Thompson 2006). Earlier than this, Solar

Orbiter was in the early mission phase, where instruments were still being switched

on and calibrated.

Ideally, to study the large-scale structure of the solar wind, measurements of

magnetic őeld and plasma parameters are essential, along with the useful diagnostic

tool of electron strahl PADs (see Section 3.2.4). However, given the early stage

of the Solar Orbiter mission, only magnetic őeld data was present throughout our

period of interest, with a few days of plasma data from PAS being taken specially
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Figure 3.1: Trajectories of the different spacecraft for the time period of this study,
May to July 2020, in the ecliptic plane of the Carrington frame (upper) and Car-
rington coordinates when mapped back to the Sun (lower). Each spacecraft moves
towards lower longitudes in the Carrington frame, except for PSP (red) that can
super-corotate. The spacecraft constellation covers ±10◦ latitude.

for the predicted encounter with comet ATLAS (see Section 3.3.3, Jones et al. 2020).

A full list of the data used in this study can be found in Table 3.1.

In contrast, by early 2020, PSP was entering its őfth perihelion, providing full

measurements from 0.13AU to 0.5 AU, where the specially designed instruments

stop measuring at further distances from the Sun.
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Spacecraft Instrument Type Reference

PSP FIELDS Mag Bale et al. (2016)
PSP SPC Plasma Kasper et al. (2016),

Case et al. (2020)
PSP SPAN-e e− PAD Kasper et al. (2016),

Whittlesey et al. (2020)
Solar Orbiter MAG Mag Horbury et al. (2020a)
Solar Orbiter PAS Plasma Owen et al. (2020)
BepiColombo MAG Mag Glassmeier et al. (2010)

Heyner et al. (2020)
STEREO-A IMPACT Mag Acuña et al. (2008)
STEREO-A PLASTIC Plasma Galvin et al. (2008)
Wind MFI Mag Lepping et al. (1995)
Wind SWE Plasma Ogilvie et al. (1995)
Wind 3DP e− PAD Lin et al. (1995a)

Table 3.1: Comprehensive list of the different measurements used in this study. All
spacecraft had magnetic őeld (Mag) data available, although only Wind and PSP
had bulk plasma parameters and electron pitch angle distributions (reproduced with
permission from Astronomy & Astrophysics, ©ESO Laker et al. 2021b).

While both Solar Orbiter and PSP are dedicated solar wind missions, Bepi-

Colombo is a planetary mission on a cruise to orbit Mercury in 2025. Due to the

challenge of entering into this orbit, BepiColombo will complete several planetary

gravity assists (őrst proposed by Guiseppe ‘Bepi’ Colombo for Mariner 10 ESA

2023b). During the period of interest, BepiColombo had just completed an Earth

ŕyby on April 10th 2020, meaning it was ahead of Earth and moving from 0.99AU

to 0.85AU from the Sun. Fortunately for this study, and several others (Davies

et al. 2021; Alberti et al. 2022), the magnetometer aboard the Mercury Planetary

Orbiter (MPO, Glassmeier et al. 2010) was operating at 16 vectors/s, and recorded

near-continuous data.

In addition to the Wind spacecraft at the L1 Lagrange point, data from STEREO-

A was also used, which was orbiting at a lower Carrington longitude than Earth at

∼1 AU. This meant that STEREO-A observed any co-rotating structures ∼6 days

before Earth, based on a solar rotation of Ω = 14.18◦/day (Archinal et al. 2011).

In general, each spacecraft measured the same mapped longitude within a few days

of each other (except for PSP, which has a unique orbit in Fig. 3.1). Therefore,

to study the global structure of the solar wind, it was assumed that the solar wind
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sources were time-stationary on the scale of a few days. Given that both CR2231

and CR2232 were in a period of low solar activity (Nandy 2021), this was reason-

able, since the HCS has been shown to be stable over several solar rotations at solar

minimum (Thomas and Smith 1981; Riley et al. 2002).

3.2.1 Modelling the heliospheric current sheet

One method for establishing the shape of the HCS is by tracking the streamer belt

in white light images, which represents light scattered via Thomson scattering from

solar electrons (Vourlidas and Howard 2006). After observing the limbs of the Sun

for half a solar rotation, the location of the streamer belt, and in turn HCS, can be

mapped out (Rouillard et al. 2020). While this can give accurate results, the need

to measure over half a solar rotation (∼14 days) means it is rarely used in favour of

numerical models.

Several such models exist, each aiming to extend an inner boundary condition

at the Sun and model the magnetic őeld out into the corona until the őeld becomes

radial. Typically, this inner boundary condition is the line-of-sight magnetic őeld

at the photosphere (magnetogram), taken by telescopes on Earth observing the

splitting of the Ni I 6768Å line via the Zeeman effect (Norton et al. 2006; Liu et al.

2012; Hill 2018).

While many solar corona models can successfully capture the coronal structure

by solving the full MHD equations, (see Section 2.1.2) they are computationally

expensive (Mikić et al. 1999). Fortunately, there is another widely adopted model,

the Potential Field Source Surface (PFSS), that requires far less computing power

(Altschuler and Newkirk 1969; Schatten et al. 1969). This model assumes a current

free corona, meaning Ampère’s law becomes:

∇× B⃗ = µ0J⃗ = 0 (3.1)

and the magnetic őeld, as the model name suggests, can be described as the gradient
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of a scalar potential:

B⃗ = −∇Ψ, (3.2)

where Ψ is the magnetic scalar potential. Along with a divergent free magnetic őeld

(∇ · B⃗ = 0), Ψ then satisőes Laplace’s equation:

∇2Ψ = 0, (3.3)

where solutions in spherical coordinates are well known (Mackay and Yeates 2012).

Therefore, the PFSS model can integrate from the inner boundary condition up to

the ‘source surface’; a user controlled input deőning the distance at which the mag-

netic őeld becomes radial. Fig. 3.2 shows the PFSS solution for a dipole magnetic

őeld, where a ŕat HCS (black line) separates the two hemispheres of opposing mag-

netic polarity, and the magnetic őeld lines (right panel) become radial at the source

surface (black dotted line).

Of course, this assumed lack of current is not true of many structures seen on

the Sun, e.g. active regions. Yet this assumption is often reasonable on a global

scale at solar minimum, and the PFSS model has been shown to compare well with

more sophisticated MHD models (Riley et al. 2006), and measurements at 1 AU

(Jian et al. 2015).

Therefore, in this chapter, the PFSS model was used as a reference for the HCS

shape and location, which has been adapted for Python in pfsspy (Yeates 2018;

Stansby et al. 2020b). This model has become the most widely adopted for tracing

the origin of the solar wind, and underpins the popular connectivity tool from IRAP1.

The PFSS model uses magnetograms as the input, which were provided by

ground-based observatories in the Global Oscillation Network Group (GONG) (Har-

vey et al. 1996; Hill 2018). Since these were only ground-based measurements, only

half of the Sun could be viewed at any one time, making some parts of the map

up to 27 days out of date. To address this issue, magnetograms from the Air Force

1http://connect-tool.irap.omp.eu/
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Figure 3.2: PFSS solution for a dipole magnetic őeld. On the left panel, a ŕat
HCS (black line) separates the outwards (red) and towards (blue) polarities of the
magnetic őeld. Magnetic őeld lines are shown on the right, which become radial at
the source surface (dotted black line).

Data Assimilative Photospheric Flux Transport (ADAPT) model, that attempt to

model the far side of the Sun (Hickmann et al. 2015), were used. An average of

the 12 model runs given in a single ADAPT őle was used. This provided more con-

sistent results compared to the original GONG magnetograms, which can change

signiőcantly when the observations scan over part of an active region. The only

user input is the source surface height, which is usually taken as 2.5R⨀︁ to match

observations (Hoeksema et al. 1983), but can vary from 2-3R⨀︁ (Arden et al. 2014;

Badman et al. 2020; Panasenco et al. 2020). Following recent modelling work with

PSP data, a value of RSS = 2R⨀︁ was used for both Carrington rotations (Nikolić

2019; Badman et al. 2020).

3.2.2 Ballistic mapping

While time was assumed not to be relevant, it is still important to note that the data

is taken in four dimensions: time, longitude, latitude and distance from the Sun.

Therefore, in order to plot a map of longitude against latitude, the effect of chang-
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ing distance from the Sun had to be removed. This was achieved by ‘ballistically

mapping’ each spacecraft onto the source surface, so that they could be compared

to each other, as well as to the PFSS model. As demonstrated in Fig. 3.3, the

solar wind measurements at a location, speciőed by rSC , ΦSC and ΘSC , were then

propagated back to the source surface, RSS, using:

ΦSS = ΦSC +
Ω(rSC −RSS)

Vsw

, (3.4)

with a constant radial solar wind speed, Vsw. Since only a radial speed was assumed,

there was no change in latitude when mapping to the source surface. For each

spacecraft, Vsw was estimated by taking the average of the bulk proton speed in

a 6-hour window. Since BepiColombo was orbiting near Earth, and lacked plasma

measurements, the radial speed measured by Wind was used as a proxy, as they

were separated by only ∼0.1 AU and <5◦ longitude.

The same could not be done for Solar Orbiter, which was around 0.5AU. In this

case, a constant speed of 350 km/s was used, based on the typical speed seen by Wind

over the two solar rotations of interest. Given a speed deviation of 50 km/s with

Solar Orbiter at 0.5AU, there would be a 5◦ shift in mapped longitude, which should

be noted throughout this chapter. Added to this uncertainty in Vsw was the fact

that ballistic mapping does not account for interactions between solar wind parcels,

which can only be achieved with more sophisticated MHD models (Odstrcil 2003;

Poedts and Pomoell 2017). Even with the lack of interactions, ballistic mapping

has long been shown to provide accurate results for solar wind studies (Nolte et al.

1976; Riley and Lionello 2011; Badman et al. 2020), making it appropriate for this

chapter.

3.2.3 Estimating magnetic polarity

In order to establish the sector structure of the solar wind, the magnetic polarity

was estimated for a 6-hour window in each of the spacecraft. After trialling various

time windows, this 6-hour period was chosen to reveal the large-scale structure while
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Figure 3.3: Demonstration of ballistic mapping, where a measurement at rSC , ΦSC

is mapped along the Parker spiral (blue) to the source surface, RSS. The resulting
change in angle, ∆Φ, is equal to ΦSC −ΦSS. PSP’s unique orbit meant that several
points along the orbit (red) could map back to the same longitude on the Sun.

not dwelling on smaller-scale structures not relevant to this thesis. Under normal

solar wind conditions, the interplanetary magnetic őeld will follow the Parker spiral

(equation 2.32), either pointing towards (ϕps,T ) or away (ϕps,A) from the Sun:

ϕps,A = ϕps,T + 180 = tan−1

(︃−rSCΩcos(ΘSC)

Vsw

)︃

. (3.5)

In the RTN coordinate system, ϕps,A is ∼ 315◦ for a 300 km/s solar wind at 1AU,

meaning that the sign of the R component could not be used to assess the magnetic

polarity. Instead, as in Fig. 3.4, outwards polarity (positive polarity) was assigned if

the magnetic őeld angle in the R-T plane, ϕB, was within ϕps,A−45 < ϕB < ϕps,A+45

and towards polarity (negative polarity) for ϕps,T − 45 < ϕB < ϕps,T + 45. If ϕB lay

outside these ranges, then the polarity was described as ‘mixed’.
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Figure 3.4: Diagram showing how the magnetic polarity was deőned. The magnetic
őeld makes an angle ϕB in the R-T plane. If within ±45◦ of ϕps,A or ϕps,T then it
was assigned as outwards and towards polarity, respectively. Otherwise, the polarity
is assigned as mixed.

3.2.4 Determining sector boundaries

Transient events near sector boundaries can make the magnetic őeld signatures more

complex than a simple ŕip in magnetic őeld direction. When a CME is released from

a helmet streamer, the ‘legs’ of the ŕux rope magnetic őeld have different magnetic

polarity which, when observed in situ, can carry the change in polarity seen at the

sector boundary (Crooker et al. 1998).

As well as large impulsive CMEs, remote sensing observations have long shown

the release of ‘periodic density structures’ (PDS) from the tips of helmet streamers,

separated by smaller-scale ŕux ropes (Wang et al. 1998). These are often present

within the in situ data surrounding sector boundaries, but do not carry the polarity

change as the larger ICMEs can (Sanchez-Diaz et al. 2019). This repeated and con-

tinuous ejection of plasma material has led to the suggestion that it could constitute

∼15% of the slow solar wind surrounding the HCS (Sanchez-Diaz et al. 2017).
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Figure 3.5: Several magnetic conőgurations at sector boundaries, along with their
representation in the electron strahl PAD and magnetic őeld data seen by the space-
craft. The direction of the magnetic őeld is shown by the black arrows and the
electron strahl direction by the red arrows. An ‘X’ depicts the location of magnetic
reconnection, and out-of-plane magnetic őeld lines are shown in dashed grey lines
(reproduced from Owens et al. 2013).

The magnetic őeld alone cannot be used to determine the presence of a sector

boundary, with the electron strahl PADs being the most effective diagnostic. As

outlined in Section 2.4.1, this electron population originates in the solar corona and

is directed along the magnetic őeld (Feldman et al. 1975; Pilipp et al. 1987). For a

typical open őeld line, the electron strahl will travel parallel to an outward polarity

őeld line (0◦ pitch angle) and antiparallel to a toward polarity magnetic őeld (180◦).

Therefore, at a sector boundary, there should be a reversal in the strahl pitch

angle in conjunction with a change of magnetic őeld direction. However, as outlined

by Owens et al. (2013), the sector boundary can present a number of different

magnetic and strahl conőgurations, each indicating a different magnetic topology, as

demonstrated in Fig. 3.5. This means that the electron strahl PAD is an extremely

important diagnostic tool and is used throughout this chapter to conőrm a change

in magnetic polarity.

For those spacecraft without such a data product (see Table 3.1), a change of

polarity was conőrmed with a change of sign in the cross helicity:

σc = 2

⟨︂

v⃗ · b⃗
⟩︂

⟨︂

|v⃗|2 + |b⃗|2
⟩︂ , (3.6)
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where v⃗ = vp⃗−vp0⃗ is the proton velocity ŕuctuations in the wave frame, vp0⃗ is the

local Alfvén wave phase velocity and b⃗ = vA(B⃗/|B⃗|) (Stansby et al. 2020a). The ⟨⟩

symbols indicate that average values were taken over 30-minute intervals following

the method of Bruno and Carbone (2013) and Stansby et al. (2019a). This parameter

is a proxy for the Alfvénicity and the sign of σc indicates the direction of Alfvén

wave propagation with respect to the magnetic őeld, where negative (positive) values

correspond to outward (towards) polarity2. Since Alfvén waves predominantly travel

away from the Sun, σc can be used as a proxy for magnetic polarity.

3.2.5 Measuring the local orientation

After identifying and conőrming sector boundaries in each spacecraft, the local ori-

entation of the interface was assessed. This was achieved using Minimum Variance

Analysis (MVA, Paschmann et al. 1998), which őnds the plane with the least vari-

ance in the magnetic őeld. As the spacecraft moves through the HCS, there will be

a change in magnetic őeld direction. Due to the divergence theorem (∇ · B⃗ = 0),

the normal magnetic őeld component will remain unchanged across a thin interface,

such as a current sheet. Therefore, the plane containing the least amount of vari-

ance across the boundary will also represent the current sheet normal. The same

technique can also be applied to planar magnetic structures (PMSs, Nakagawa et al.

1989), where the magnetic őeld vectors are forced to lie in a plane due to some

compression.

Formally, the variance of a set of K magnetic őeld vectors, B⃗
(m)

, can be written

as:

σ2 =
1

K

K
∑︂

k=1

⃓

⃓

⃓

(︂

B⃗
(k) −

⟨︂

B⃗
⟩︂)︂

· n̂
⃓

⃓

⃓

2

, (3.7)

where:

⟨︂

B⃗
⟩︂

=
1

K

K
∑︂

k=1

B⃗
(k)

(3.8)

2A value of 0 could indicate lack of Alfvén waves, or equal amounts of counter-propagating
waves.
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and n̂ is the normal direction subject to the constraint that |n̂|2 = 1. To minimise

the variance, σ2, subject to this constraint, Lagrange multipliers can be used:

∇σ2 = λ∇
(︁

|n̂|2 − 1
)︁

. (3.9)

By evaluating this expression, it can be re-written as:

3
∑︂

ν=1

MB
µνnν = λnµ, (3.10)

where ν, µ = x, y, z are the Cartesian components and the magnetic variance matrix

is:

MB
µν = ⟨BµBν⟩ − ⟨Bµ⟩ ⟨Bν⟩ (3.11)

Finally, it can be seen that equation 3.10 follows the standard eigenvector equa-

tion Ax⃗ = λx⃗. Consequently, the eigenvectors of the magnetic variance matrix,

MB
µν , correspond to the maximum, intermediate and minimum variance directions,

when the eigenvalues are sorted in descending order (λ1 ≥ λ2 ≥ λ3). MVA will

always produce a set of eigenvectors, but to ensure they represent a signiőcantly low

variance direction, it was ensured that λ2

λ3

≥ 5 (Jones and Balogh 2000; Kilpua et al.

2017).

Following the method of Palmerio et al. (2016), an algorithm that searched for

the longest period where λ2

λ3

≥ 5 by moving a window by 10-minute steps over the

boundary was used. The width of the window was increased until it was the same

size as the region of interest. Such a procedure was also used to őnd the orientation of

PMSs inside the ICME sheath regions (compressed region ahead of the ŕux rope).

Table 3.2 shows the events used in this thesis, which will be referred to by their

unique identiőer, e.g. SO_2005XO. The word before the underscore denotes the

spacecraft, followed by the two-digit year and month and two random characters for

uniqueness.
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3.3 Results

3.3.1 Global structure

As discussed in the previous section, the global structure of the solar wind can be

mapped by plotting the magnetic polarity at each spacecraft. This procedure was

carried out over 6-hour periods for each of the spacecraft, as shown in Fig. 3.6

and 3.7, for CR2231 and CR2232, respectively. The polar plots at the top of each

diagram represent a top-down look on the ecliptic plane in the Carrington frame,

where the spacecraft constellation consists of three spacecraft at ∼1 AU (Wind,

STEREO-A and BepiColombo) and two spacecraft closer to the Sun (Solar Orbiter

at ∼0.5 AU, PSP between 0.13AU and 0.5AU). To make the connection between

spacecraft clearer from the polar perspective, Parker spiral magnetic őeld lines are

plotted along with their associated polarity, from the Wind spacecraft. Therefore,

for a consistent magnetic structure, the magnetic polarity at each spacecraft should

match the polarity of the Parker spiral őeld line at that position. This was found to

be true for the majority of solar wind observations across the two rotations, where

there were periods of persistent outward (red) and towards (blue) polarity consistent

across both solar rotations, as expected for the HCS at solar minimum (Hoeksema

et al. 1983).

While there was good agreement in magnetic polarity between the different space-

craft, there were some notable periods when the polarity did not match. For exam-

ple, STEREO-A at 1AU in O4 (CR2232, Fig. 3.7) measured a consistent towards

polarity, seemingly disagreeing with all the other spacecraft. However, this can be

reconciled when looking at the distribution of magnetic polarity in latitude, as shown

in the lower panels of Figs. 3.6 and 3.7. By removing the radial dependence, using

the ballistic mapping technique in Section 3.2.2, the spacecraft can all be compared

at the source surface. For this example, it is clear that STEREO-A was at a much

lower latitude than the other spacecraft, meaning it measured towards polarity on

the other side of the HCS. It is important to note that the mapped longitude in
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the lower panels is always higher than the Carrington longitude in the polar plots,

according to equation 3.4.

By comparing the magnetic polarity of different spacecraft over the two rotations,

it is clear that only a few degrees of latitude can drastically change the solar wind

conditions experienced. This corroborates previous őndings (Schwenn 1990; Owens

et al. 2020b), and means that latitude should always be considered when comparing

solar wind at different spacecraft.

While a similar mapping technique has been applied previously to spacecraft

data (Schwenn et al. 1978), this chapter had unprecedented detail covering ±10◦

latitude, which allowed for the global structure of the solar wind to be resolved

using only in situ measurements (Figs. 3.6 and 3.7). The same could be said of

the speed structure in Figs. 3.8 and 3.9, which showed several persistent high-speed

streams and CIRs (grey highlights). These, and several transient events (Table 3.2),

were associated with an increase in őeld magnitude strength (represented by an

increased scatter point area), and will be investigated later in this chapter.
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Figure 3.6: Polarity structure for the CR2231 rotation as mapped by the in situ
measurements from the different spacecraft used in this thesis. The colour of the
scatter points represents the average magnetic polarity in a 6-hour window, with
the area being proportional to |B⃗|2 to highlight any compressions. A clear sector
structure can be seen, with three towards and four outwards sectors. Drawing a
line through the changes in polarity gives the ‘empirical’ HCS (black line), which
compared well with the PFSS model (grey line). CIRs are highlighted by the grey
ellipses, which were identiőed using the velocity and density measurements in Fig.
3.8.
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Figure 3.7: Polarity structure for the CR2232 rotation, in the same form as Fig. 3.7.
From the outside inwards on the polar plot, the spacecraft are: Wind, STEREO-
A, BepiColombo, Solar Orbiter and PSP. Again, there was a clear polarity sector
structure, which matched the previous rotation well except for the lack of O3. The
empirical HCS had a lower latitudinal extent than the PFSS model in this case.
CIRs are highlighted by the grey ellipses, which were identiőed using the velocity
and density measurements in Fig. 3.9. Due to PSP co-rotating with the Sun, it
overlapped both Carrington rotations, but was best aligned with other spacecraft
for CR2232.
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Tracing the boundaries between these magnetic sectors, and conőrming with the

electron strahl PADs (not shown), the shape of the HCS can be mapped, which is

referred to here as the ‘empirical HCS’ (solid black line). Comparing with the results

from a PFSS model3 (grey line), Figs. 3.6 and 3.7 demonstrate good agreement on

the overall morphology of the HCS, e.g. O2 had good agreement for both rotations.

Although the general shape was correct, there were clear discrepancies between the

PFSS model and empirical HCS for some magnetic sectors, e.g. O4 in CR2231 (Fig.

3.6).

These stark differences between model and spacecraft are obvious when plotted

in longitude vs latitude. Typically, such coronal models are validated by ŕying a

virtual spacecraft through the simulation and comparing the result to the in situ

time series. By comparing the magnetic polarity of Solar Orbiter and STEREO-A in

CR2231 (Fig. 3.6), it is clear that such a method of validation is inherently ŕawed,

as even small changes in latitude can lead to a different magnetic polarity between

two spacecraft. It is therefore recommended that solar wind models are compared in

both longitude and latitude, converting spacecraft data into the simulation domain,

rather than converting 3D simulation data into a time series. If the latter is still

preferred, then modellers should introduce some uncertainty in the virtual spacecraft

latitude, which would help capture some of the variation in this dimension.

In summary, the results above show that the new constellation of spacecraft can

be used to provide enhanced mapping of the solar wind structure. While the PFSS

model captured the general shape of the HCS, the in situ measurements represented

a more true representation of the solar wind. Since the HCS was ŕat over the two

solar rotations, small changes in latitude led to a signiőcant change in the solar wind

conditions, which may prove important for future space weather predictions.

3Using magnetograms from 2020-06-01 for CR2231 and 2020-07-01 for CR2232
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Figure 3.8: Polarity and speed proőles for the CR2231 rotation, where only Wind
and STEREO-A measured the full plasma parameters. Several CIRs are highlighted
(grey ellipses) which are characterised by their increased |B⃗| (dot area ∝ |B⃗|2) and
speed increase (colour scale). Fig. 3.14 looks at the CIR ∼200◦ in more detail.
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Figure 3.9: Polarity and speed proőles for the CR2231 rotation, with CIRs high-
lighted in the grey ellipses. Although PSP did measure speed close to the Sun, this
is much lower than at 1AU and is not included here. The two CIRs ∼200◦ and
∼300◦ are still visible from the previous rotation.
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3.3.2 Local orientations of the sector boundaries

0°

45°

90°

135°

180°

225°

270°

315°

CR2231

0 60 120 180 240 300 360
Source Surface Longitude ( )

60

30

10
0

10

30

60

La
tit

ud
e 

(
) Solar OrbiterWind

BepiColomboSTEREO-A

Away
Towards
Mixed

MVA Plane
MVA Plane near transient

Empirical
PFSS

0°

45°

90°

135°

180°

225°

270°

315°

CR2232

0 60 120 180 240 300 360
Source Surface Longitude ( )

Solar Orbiter
WindPSP

BepiColomboSTEREO-A

Figure 3.10: Local orientations of sector boundaries, as measured by MVA (Section
3.2.5). In general, these orientations were as expected from the empirical HCS and
PFSS model, but were much steeper. Those times with a transient event nearby are
coloured grey. This may have inŕuenced the orientation, as investigated in Section
3.3.5 (reproduced with permission from Astronomy & Astrophysics, ©ESO Laker
et al. 2021a).

The study also included an investigation into how well the PFSS model com-

pared to the local orientation of the sector boundaries, as measured by MVA (Sec-

tion 3.2.5). As Fig. 3.10 demonstrates, there was good agreement in the ecliptic

plane, with the local orientations (thick lines) matching the expected Parker spiral.

The same was true for the local inclination of the HCS, in the lower panels, when

compared to the PFSS model, except in those cases where a transient event was

seen in proximity to the sector boundary (coloured grey). While this agrees with

previous results at solar maximum (Klein and Burlaga 1980; Burton et al. 1994;

Peng et al. 2017), the local inclinations were much steeper than expected from a

ŕat current sheet seen in both the empirical and PFSS model. This was most likely
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caused by the presence of stream interactions, which compressed and warped the

HCS, an effect that is known to be signiőcant far from the Sun (≥2AU Pizzo 1994b;

Riley et al. 2002). Ideally the steepening with distance from the Sun would have

been measured, but in this study the sector boundaries closer to the Sun were all

associated with transient events (Table 3.2), so would not provide reliable results.

To conőrm this hypothesis, future studies should evaluate more sector boundaries

over a greater period of time.

Event Date Type Φ Θ r ΦSS MVA Start MVA (ϕ, θ) λ2/λ3

(◦) (◦) (AU) (◦) End (◦, ◦)

SO_2005XN 29/05/2020 00:00 ICME 290 3.9 0.56 330 - -

BC_2005OW 29/05/2020 15:30 HCS 252 -2.7 0.97 325 29/05/2020 08:20 (31, 23) 18
CIR 30.05/2020 08:20

Wind_2005AW 30/05/2020 04:18 HCS 250 -0.9 1.01 320 29/05/2020 15:51 (27,18) 13
CIR 30/05/2020 15:51

BC_2006LP 06/06/2020 18:30 HCS 140 -1.9 0.95 198 07/06/2020 01:50 (17,-31) 5.2
CIR 07/06/2020 13:50

Wind_2006HR 07/06/2020 12:00 HCS 140 0.1 1.01 216 07/06/2020 03:48 (28, -26) 5.9
CIR 08/06/2020 03:48

SO_2006ZS 07/06/2020 18:00 HCS 184 5.9 0.53 220 07/06/2020 16:10 (20, -18) 11
CIR 08/06/2020 16:10
ICMEs

BC_2006YZ 22/06/2020 21:00 HCS 295 -0.2 0.9 375 22/06/2020 14:30 (31, -16) 10.5
23/06/2020 02:30

BC_2006YU 25/06/2020 14:00 HCS 260 0.1 0.89 325 25/06/2020 10:00 (33, 32) 17.5
CIR 25/06/2020 22:00

PSP_2006XO 26/06/2020 00:00 ICME 280 2.4 0.52 316 - -

Wind_2006JJ 26/06/2020 13:00 HCS 241 2.4 1.02 330 26/06/2020 13:00 (34, 26) 10.2
CIR 27/06/2020 13:00

SO_2007KG 02/07/2020 04:00 HCS 270 5 0.56 310 01/07/2020 22:00 (20, -32) 6.1
02/07/2020 10:00

Wind_2007BU 02/07/2020 11:00 HCS 170 3 1.02 250 02/07/2020 14:05 (41, -52) 7.2
CIR 03/07/2020 02:05

BC_2007JH 03/07/2020 23:00 HCS 150 1.1 0.86 210 03/07/2020 17:50 (57, -34) 6
CIR 03/07/2020 23:50

Table 3.2: List of events used in this thesis. The string before the underscore denotes
the spacecraft that made the measurement; the digits represent the two-digit year
and month, with the őnal two random characters differentiating the events within
each month. MVA was used to determine the orientation of the boundary and was
left blank for ICMEs.
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3.3.3 Fine-scale structure
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Figure 3.11: A more detailed look at the őne-scale warp in the HCS, which can be
seen as O3 in CR2231 (Fig. 3.6). The lower panel shows the data on a longitude
against latitude map, with the same data plotted against time in the panels above.
Note that the spacecraft move towards lower longitudes over time in the bottom
panel. ϕB is the angle of the magnetic őeld in the R-T plane, which was used to
classify the polarity of the magnetic őeld as deőned in Fig. 3.4. The top panel shows
that Solar Orbiter, at the highest latitude, measured a long outwards polarity (red),
with a small towards polarity structure inside (blue). Two hours later, BepiColombo
measured the same outwards sector, followed by Wind ∼12 hours later.

The spread in spacecraft latitude can also provide contextual information, al-

lowing for the identiőcation of structures that would otherwise not be possible with
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a single spacecraft. Fig. 3.11 shows a more detailed look at O3 in CR2231 (Fig.

3.6), which was observed by Solar Orbiter, Wind and BepiColombo from 5.4◦ to

−2.3◦ latitude. This short inversion of magnetic polarity lasted ∼15◦ longitude in

Solar Orbiter, but only ∼5◦ in BepiColombo and Wind, suggesting that this was a

rounded dip in the HCS towards lower latitudes as depicted by the empirical HCS

line.

The leading HCS crossing was őrst observed by Solar Orbiter at 16:00 on June 3rd

2020 at 0.5AU, and was subsequently seen by BepiColombo 2 hours later at 0.97AU,

and Wind a further 13 hours later. For the longitude separation between Bepi-

Colombo and Wind, a co-rotating structure would be expected to appear ∼12 hours

later. This, and the timing between Solar Orbiter and BepiColombo, led to the

conclusion that this structure was indeed a őne-scale ripple in the HCS, similar to

those proposed by Villante et al. (1979) and Gosling et al. (1993). An advantage

of the study presented here is that the spread in latitude allowed the shape of the

ripple to be directly measured as 15◦ in longitude at its widest. Since STEREO-A,

at −7◦ latitude, did not observe a change in magnetic polarity, the lowest latitude

extent of the ripple was between −2.3◦ and −7◦ latitude. This was likely to be closer

to −2.3◦, as STEREO-A (at −7◦ latitude) measured a slowly declining solar wind

speed consistent with the trailing edge of a HSS, rather than the streamer belt wind

that usually surrounds the HCS.

During this time, Solar Orbiter was predicted to encounter the tail of comet

ATLAS (Jones et al. 2020). The classiőcation of an outward polarity region was

crucial for the context of Solar Orbiter measurements, which did not have plasma or

electron data available. Although this period (O2) was classiőed as being outwards

polarity, the Solar Orbiter measurements showed another őeld reversal that was not

part of the BepiColombo or Wind data. Such a feature, combined with the presence

of exotic wave activity not normally found in the solar wind, helped Matteini et al.

(2021) to conclude that this period was associated with the tail of comet ATLAS.

Those authors explored this idea in more detail, further reconstructing the draping
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Figure 3.12: Left panel shows Solar Orbiter data from June 4th 2023, which has
been interpreted as draping from a comet tail by Matteini et al. (2021) in the right
diagram. This same period of data represents the change in magnetic őeld direction
(labelled comet tail) in Fig. 3.11 (reproduced from Matteini et al. 2021).

of the magnetic őeld around the comet (see Fig. 3.12), as well as investigating the

unusual wave activity.

As a result, by combining the data from different spacecraft, solar wind could

be measured at a higher resolution than in the PFSS model, which helped provide

context for each spacecraft. This was especially valuable for the early stage of the

Solar Orbiter mission, where the classiőcation of a comet tail would not have been

possible with only magnetic őeld data from one spacecraft.

3.3.4 Co-rotating interaction region in latitude

The spread in spacecraft latitude also allowed for detailed study of a CIR around

200◦ mapped longitude in CR2231 (Fig. 3.8), as measured by Wind, STEREO-A,

BepiColombo and Solar Orbiter. Until now, the majority of CIR studies have relied

on a large catalogue of events built up over several solar rotations, with any insights

being based on statistical averages. However, the current collection of spacecraft

in the inner heliosphere now enables the investigation of individual CIRs from new

perspectives, which can lead to a better understanding of their complex dynamics.
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The spacecraft measurements in Fig. 3.10 show that the longitude of the sec-

tor boundary decreased with decreasing latitude, visually marking the tilt of the

CIR, which was further conőrmed by the local orientation of the stream interfaces

(Wind_2006HR, BC_2006LP). This tilt, and the outward polarity of the HSS in

Wind, meant that the HSS originated from the northern hemisphere, most likely

the northern polar coronal hole. Although Solar Orbiter did not have plasma mea-

surements, there was a clear increase in the large-amplitude Alfvén waves, normally

associated with fast solar wind streams (Belcher and Davis Jr. 1971).

Solar Orbiter also observed a very complex magnetic structure as a result of the

combination of a HCS crossing, CIR and two CMEs (SO_2006ZS). The multi space-

craft measurements of this event helped uncover the structure of this event, which

contributed to a more detailed study by Telloni et al. (2021a). For the purposes of

this thesis, it is only important to note that this occurred for Solar Orbiter at 18:00

on June 7th 2020, at 0.5AU, after all the other spacecraft. Therefore, these CMEs

were not considered in the other spacecraft for this particular event, with the focus

being on the CIR and HCS crossing.

While being able to visually map the CIR tilt is a new capability in the in-

ner heliosphere, perhaps the most interesting feature can be seen by comparing

the measurements from Wind and STEREO-A in Fig. 3.13, at 1◦ and −7◦ lati-

tude, respectively. Wind (black line) saw typical CIR signatures, with a gradient

in the speed accompanied by a compression (np and |B⃗| both increase) along with

a characteristic east-west deŕection in velocity (őfth panel). The electron strahl

PAD in the lower panels conőrm that this was also a sector boundary. Interestingly,

STEREO-A observed similar increases in np and |B⃗|, but only a 30 km/s increase in

speed, far below the 165 km/s increase seen by Wind. This leads to the conclusion

that STEREO-A, at −7◦ latitude, measured the compression of the CIR, without

measuring the fast stream that caused it.

This can be explained by considering the tilt of the CIR, outlined in Fig. 3.14,

which introduced a southern component to the forward propagating compression,
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Figure 3.13: CIR observed around ∼200◦ in CR2231, between T3 and O2, as mea-
sured by Wind (1◦, black) and STEREO-A (−7◦, red). Wind saw two fast streams,
along with increases in np and |B⃗| and the signature east-west deŕection (őfth panel).
The electron strahl PAD are shown in the lower panels, conőrming that this was also
a sector boundary. STEREO-A did not measure the same gradient in speed, only a
30 km/s increase, yet still observed similar increases in np and |B⃗| (reproduced with
permission from Astronomy & Astrophysics, ©ESO Laker et al. 2021a).

making it travel to lower latitudes. By 1AU, the compression region had extended

low enough in latitude that STEREO-A could travel through without seeing the fast

stream above. This is the same principle that dictates the evolution of the forward

and reverse shocks (which are steepened versions of the compression and rarefaction

regions) farther from the Sun, which leads to only reverse shocks being seen at high

latitudes ≥30◦ (Gosling et al. 1993).

Similar compressions, without an obvious cause, have been observed previously

with Voyager (Burlaga 1983), but, without other accompanying spacecraft, those

authors were only able to speculate on the cause of these events. Whereas, in Fig.

3.14, the CIR was studied from multiple positions, giving a clearer picture of the

evolving dynamics.
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Figure 3.14: A more detailed look at the CIR at ∼200◦ longitude from Fig. 3.8. The
time series of solar wind speed and density is plotted in the top panels, which are
also the colour and area of the scatter points in the map in the lower panel. Wind
measures the two HSS, shown as yellow ellipses, which created a compression region
that extended to lower latitudes and was then seen by STEREO-A.

While this is an elegant demonstration of the 3D structure of a CIR, it could also

be important for space weather predictions, which are commonly caused by CIRs

at solar minimum (Richardson et al. 2001). For example, if a spacecraft measures a

CIR that will rotate around to Earth, it may be possible to calculate the separation

in latitude that would change the conditions seen by Earth. Such knowledge could

help reduce the number of false positives (Owens et al. 2020a), which is an important

step in the planning of future space weather missions at L5 Lagrange point (Kraft

et al. 2017).
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Figure 3.15: Time series of a sector boundary observed by PSP, with ambient solar
wind conditions seen in regions 1 and 7, and the transient event (PSP_2006XO)
appearing in region 4. This was classiőed as an ICME due to the decreasing radial
speed, reduction in VR, and smooth magnetic őeld rotation. The penultimate panel
shows the electron strahl PAD, normalised to its value at 90◦. The lower panel
shows a lack of bidirectional electrons in region 4 meaning that this ICME was only
connected to the Sun at one end (reproduced with permission from Astronomy &
Astrophysics, ©ESO Laker et al. 2021a).

3.3.5 Effect of transient structures on the heliospheric cur-

rent sheet

In addition to the co-rotating structures described above, several transient events

were observed in association with sector boundaries. In this section, several obser-

vations of the same sector boundary are used to assess the effect of transients on

the HCS.

PSP observed a ŕux rope structure at a sector boundary around 0.5AU and 280◦

longitude (PSP_2006XO), as shown in Fig. 3.16. While an apparently similar event

was observed at the same location by Solar Orbiter on the previous solar rotation

(SO_2005XN), this was not a co-rotating structure. The absence of this event in

other spacecraft, as well as a low plasma β and a smoothly decreasing radial speed,
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were indicative of an ICME (Zurbuchen and Richardson 2006; Richardson and Cane

2010). Looking in more detail at Fig. 3.15, a ŕux rope structure can be seen (region

4), which sits between the change in magnetic sector (regions 1 and 7), as inferred

from the electron strahl direction in the bottom two panels. The lack of bidirectional

electron strahl in the ŕux rope suggests that this represents an open ICME, with

only one ‘leg’ connected to the Sun, which is a common signature for ŕux ropes

inside sector boundaries (Crooker et al. 2004). In summary, it is clear that this

sector boundary had a transient ICME event at 0.5AU on June 26th 2020.

180°

210°

240°

270°

300°

330°

360°

PSP_2006XO 2020/06/26 00:00

SO_2007KG (20 , 32 )
2020/07/02 04:00

BC_2006YU (33 , 32 )

2020/06/25 14:00

Wind_2006JJ (34 , 26 )
2020/06/26 13:00

Figure 3.16: Spacecraft conőguration in the ecliptic plane of the Carrington frame,
similar to Fig. 3.7. PSP observed a transient structure, PSP_2006XO, at a sector
boundary. Wind and BepiColombo observed the same boundary at a similar time,
seeing the same orientation. A few days later, Solar Orbiter measured the sector
boundary with a ŕipped orientation, suggesting that the transient event at PSP
inŕuenced the HCS.

The same sector boundary was also observed by Wind and BepiColombo at a

similar time at ∼1AU, which represents an earlier conőguration of the same source

region. The timings and location of the measurements are depicted in Fig. 3.16,

along with the measured orientations from MVA. Wind observed a small increase in

|B⃗| and np, suggesting a weak CIR (Wind_2006JJ). Using MVA, the orientation of
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the sector boundary was found to be (34◦ϕ, 26◦θ) and (33◦ϕ, 32◦θ) in Wind_2006JJ

and BC_2006YU, respectively.

In contrast, Solar Orbiter crossed the same sector boundary at the same location

as PSP but ∼5 days later, with an orientation of (20◦ϕ, −32◦θ) in SO_2007KG.

Therefore, at Solar Orbiter, the HCS had the opposite inclination when compared

to the other spacecraft and the PFSS model. Combined with the ICME at PSP,

this suggests that the change in boundary orientation was in fact due to the HCS

reforming after the passage of the transient event. While it is well known that the

HCS can reform after a CME, the timescale of this is still debated (Blanco et al.

2011; Zhao and Hoeksema 1996). If the Solar Orbiter measurements do represent a

reforming HCS, then this puts a lower limit of ∼5 days. This is consistent with the

timescales found using numerical models (3-5 days, Temmer et al. 2017; Desai et al.

2020).

Due to the lack of plasma measurements at Solar Orbiter this claim remains

speculative, although, it does serve to demonstrate that data from multiple space-

craft can be pieced together to better understand the effects of transient events in

the solar wind.

3.4 Conclusions

This chapter explored how the newly formed spacecraft constellation can be used

to provide new insights regarding the inner heliosphere. Despite the absence of

plasma data from several spacecraft, the global structure of the HCS was successfully

mapped using only in situ measurements. Speciőcally, it was shown that the:

• Sector structure could be resolved with őve separate spacecraft spanning ±10◦

latitude

• HCS was especially ŕat in the study period, meaning that small changes in

latitude could drastically affect the solar wind conditions experienced by a

spacecraft
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• In situ data could be used to validate the PFSS model, as well as resolving

őner scale structure than the model

This őnal point has implications for the testing of any solar wind model. Instead

of converting simulation data into a time series and comparing to in situ measure-

ments, it was demonstrated that the new constellation of spacecraft can now map

polarity/speed in both longitude and latitude, facilitating direct comparison to sim-

ulation data. This capability could be used to validate simulations more effectively

in the future.

There was also a demonstration of how the data from several spacecraft could

be combined to create a clear picture of the large-scale dynamics, which would not

have been possible otherwise. Signiőcant őndings included:

• Observing a őne-scale ripple in the HCS (∼15◦ longitude, ∼5◦ latitude)

• Classifying a period within this ripple as being related to Comet ATLAS, see

Matteini et al. (2021)

• Determining how a CIR varied in latitude, including an observation of a com-

pression region without an accompanying fast stream

• Observing a sector boundary before, during and after an ICME, őnding evi-

dence of HCS distortion lasting ∼5 days

Therefore, by using other spacecraft, researchers can now be more conődent

about the context of a solar wind measurement, which opens up new research op-

portunities, e.g. measuring the bottom of a CIR or skimming the HCS.

Finally, it is important to note that these spacecraft were not speciőcally designed

to collaborate, but, combining their measurements creates a multi-spacecraft mission

in the solar wind. The results presented in this chapter summarise the fortuitous

alignments of spacecraft in a two-month period. Given the evolution of each mission

over time ś PSP to closer distances; BepiColombo to Mercury; Solar Orbiter to

higher latitudes ś there will be plenty of new research opportunities in the future.
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Chapter 4

Properties of solar wind switchbacks

Switchbacks are large deŕections in the magnetic őeld that have become a highly

active area of research due to the early PSP measurements (Bale et al. 2019; Kasper

et al. 2019). These structures had been seen by previous spacecraft (Horbury et al.

2018; Balogh et al. 1999), but it was the dominance of the PSP data, see Fig. 4.1,

which led to speculation that they could be an important driver of the solar wind.

This chapter characterises several key switchback properties, with the aim of deter-

mining their origin. Since PSP has returned new data roughly every three months,

the understanding of switchbacks has continued to evolve over time. Therefore, in

this chapter, context is given for the state of switchback research where appropriate.

Section 4.1 őrst describes many of the known switchback properties, while Section

4.2 discusses the different ways in which they could be generated. The method of

switchback identiőcation is outlined in Section 4.3. The average size and shape of

switchbacks is then investigated in Section 4.4, which also explains the link between

switchback duration and deŕection direction. This research represents work carried

out in Laker et al. (2021b), using data from the őrst two PSP encounters (November

2018-April 2019).

In subsequent encounters, switchbacks remained an important research topic.

Based on the early PSP measurements, some authors have argued that switchbacks

tended to deŕect towards the +T⃗ direction (Schwadron and McComas 2021), or

at least have a preferred deŕection direction (Fisk and Kasper 2020). Evidence
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for such deŕections, or lack of, would help distinguish between several switchback

generation methods. Section 4.5 addresses these claims, and presents an analysis of

the switchback deŕection directions across the őrst eight PSP encounters (November

2018-May 2021), which was carried out in Laker et al. (2022).
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Figure 4.1: Radial magnetic őeld measurements from the őrst PSP encounter in
2018. Expected 1/r2 scaling is shown in black, with switchbacks being large magnetic
őeld deŕections, leading to almost full reversals in BR.

4.1 Switchback properties

In their most basic description, switchbacks are just magnetic őeld deŕections away

from some background direction. However, they also have some other key charac-

teristics that will be described in this section, which can help provide clues to their

origin.

One of the most deőning features of switchbacks is that they are Alfvénic ŕuc-
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tuations, leading to the associated velocity ŕuctuations appearing as spikes in the

solar wind speed proőle (Gosling et al. 2009; Matteini et al. 2014). As discussed in

Section 2.4.2, the magnetic őeld and velocity ŕuctuations should be conőned to a

sphere of constant radius of |B⃗| and vA, respectively. Such behaviour has been con-

őrmed for switchbacks in the PSP data (Woolley et al. 2020), leading to a maximum

speed increase of 2vA for a full magnetic őeld reversal (180◦).

The magnetic őeld inside switchbacks is not seen to rotate past 180◦, and even

appears to be ‘arc polarised’ (Tsurutani et al. 1994; Bruno et al. 2004; Horbury et al.

2020b). Therefore, for a typical switchback the magnetic őeld will deŕect along the

arc of a sphere, and then return along the same arc. The direction in which the

magnetic őeld deŕects away from the background is an important property for the

investigations in this chapter, and is described by a ‘clock angle’ in Section 4.3.1.

The Alfvénic nature of switchbacks also means that the ion populations will ro-

tate with the magnetic őeld, which has been observed for both the alpha (Yamauchi

et al. 2004) and proton beam populations (Neugebauer and Goldstein 2013). This

demonstrates that switchbacks are folds in the magnetic őeld, rather than being

local reversals in magnetic őeld polarity. Such a property has also been conőrmed

with the electron strahl population (see Section 2.4.1), which maintained a con-

stant direction to the magnetic őeld (Kahler et al. 1996). The same conclusion was

reached by Balogh et al. (1999) after studying the direction of Alfvén wave propa-

gation inside switchbacks, which has since been repeated for the PSP measurements

(McManus et al. 2020).

When measured by a spacecraft, the duration of a switchback is often used as

a proxy for their physical size. However, as will be discussed in Section 4.4, there

is a non-trivial relationship between the physical size and duration when measured

by a single spacecraft. This is a major point that is reiterated throughout this

chapter. For now, it is only important to note that there is no typical duration for a

switchback, with values ranging from seconds to several hours (Dudok de Wit et al.

2020). Interestingly, there have been reports of switchback ‘clusters’ where several
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longer duration switchbacks are seen to deŕect in the same direction (Horbury et al.

2020b). This implies that there is some systematic effect, which will be explored

further in Section 4.4.2.

On a larger scale, switchbacks are commonly observed to occur in ‘patches’ sep-

arated by ‘quiet periods’ with little activity (Horbury et al. 2020b). Similar ‘mi-

crostream’ structures have been seen previously in Ulysses above the Sun’s poles

(Neugebauer et al. 1995), where there was also modulation in the switchback occur-

rence over time. Several authors have noted that the spatial scales of these patches

are well-matched to supergranules or coronal plumes at the Sun (Bale et al. 2021;

Fargette et al. 2021; Thieme et al. 1990; Neugebauer and Sterling 2021). Switchback

patches also have modulations in alpha particle abundance, further linking patches

to structures closer to the Sun (Bale et al. 2021).

PSP has consistently shown that switchbacks are prevalent for all types of solar

wind close to the Sun (Rouillard et al. 2020). Therefore, it is natural to ask whether

switchbacks may play an important role in the heating and acceleration of the solar

wind. One way to investigate this is to determine whether the plasma parameters

are the same inside and outside individual switchbacks.

Using the SPC instrument, Woolley et al. (2020) showed that the parallel proton

core temperature (Tp,∥) was similar inside and outside switchbacks. However, Wood-

ham et al. (2021a) demonstrated that there were enhancements in T∥ over groups

of switchbacks for a small period in E2 using the SPAN instrument. The authors

concluded that switchbacks may be embedded in a larger structure, whose heating

may relate to a generation mechanism on the Sun. However, it is unclear how these

newer observations reconcile with those from Woolley et al. (2020).

As discussed in Section 2.6.2, SPC can only measure a radial temperature, which

is a 1D cut through the distribution that changes with the magnetic őeld orientation

(see equation 2.39). Therefore, only the parallel temperatures inside (θRB = 180◦)

and outside (θRB = 0◦) switchbacks could be compared. In contrast, both tem-

peratures could be measured by SPAN, but the observations from Woodham et al.
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(2021a) only covered deŕections up to 60◦. So the exact behaviour of the tempera-

ture within switchbacks has yet to be determined, which could be an important clue

for the mechanism of switchback formation. Accordingly, Chapter 5 will attempt to

address this ambiguity with the latest PSP data.

Aside from potentially distinct plasma signatures, switchbacks also seem to have

well-deőned boundaries. Many of the switchback edges were associated with an

abrupt change in magnetic őeld direction, classed as rotational discontinuities (RDs,

Larosa et al. 2021; Akhavan-Tafti et al. 2021). These sharp boundaries typically

have:

• A dip in |B⃗|

• Increased proton density

• Enhanced wave activity of both MHD (Farrell et al. 2020; Mozer et al. 2020)

and whistler waves (Agapitov et al. 2020)

Several authors have shown that the wave activity associated with switchbacks

decreases with increasing distance from the Sun (Farrell et al. 2021; Akhavan-Tafti

et al. 2021). This observation, combined with reports of magnetic reconnection at

several switchback boundaries (Froment et al. 2021; Akhavan-Tafti et al. 2021), sug-

gests that the switchback boundaries degrade and evolve as the solar wind expands.

Despite these őndings, it is still not clear how the numerous switchbacks at

PSP contribute to the more evolved state of the solar wind by 1 AU. Consequently,

it is important to study how the occurrence of switchbacks varies with distance

from the Sun, which can also help determine whether switchbacks are created on

the Sun, or in situ. If switchbacks are indeed generated on the Sun, then there

should be a decaying number of switchbacks with distance. On the other hand,

an increasing, or stable, switchback occurrence rate would suggest that there is

an in situ driver of switchbacks, that replenishes their numbers as the solar wind

propagates. Analysis by Mozer et al. (2021) suggested that the rate of switchbacks

per hour was constant with distance from the Sun, leading those authors to rule out
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any in situ generation methods. It is interesting to note, however, that Macneil et al.

(2020) used a greater range of distances with Helios to show that the switchback

rate actually increased. Furthermore, Tenerani et al. (2021) found that the rate

of switchbacks with duration >10 seconds increased with distance, while the rate

of switchbacks with duration <10 seconds decreased. This could suggest that the

switchback generation mechanism is more efficient at larger scales, though it should

be noted that there was large variance in occurrence rate in all these studies.

Therefore, along with the temperature behaviour inside switchbacks, there is still

some debate regarding their occurrence rate. There has not yet been any conclusive

evidence regarding the generation of switchbacks, with the different theories being

outlined in the next section.

4.2 Theoretical models

After the prevalence of switchbacks in the early PSP results, many authors pro-

posed mechanisms for their formation, which are summarised in Fig. 4.2. This

section outlines how each of these methods can create a switchback, with later sec-

tions discussing how the results from this thesis agree, or disagree, with any of the

generation mechanisms.

While there are several competing theories, the main debate is whether switch-

backs are created on the Sun by some transient event, or are generated in situ as the

solar wind expands out into the heliosphere. Models that require transient events

at the Sun usually invoke some sort of magnetic reconnection, with interchange

connection between closed and open őeld lines being proposed by Fisk and Kasper

(2020). The theory of interchange reconnection was őrst based on the observations

that coronal holes seemed to rotate rigidly in the corona (Wang et al. 1996), drag-

ging open magnetic őeld lines over the closed őeld loops on the photosphere and

initiating reconnection (Fisk et al. 1999). This process has already been suggested

as a potential driver of the solar wind (Section 2.4.4), but Fisk and Kasper (2020)

then argued that this could also create a kink in the magnetic őeld that could grow
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Figure 4.2: Diagram of the different switchback generation mechanisms:
(1) kinks in the magnetic őeld from interchange reconnection (Fisk and Kasper 2020;
Zank et al. 2020; Liang et al. 2021).
(2) launching of ŕux ropes from interchange reconnection (Drake et al. 2021).
(3) expanding waves and turbulence (Squire et al. 2020; Shoda et al. 2021; Mallet
et al. 2021).
(4) shear driven turbulence (Ruffolo et al. 2020).
(5) super-Parker spiral (Schwadron and McComas 2021).
(credit to NASA et al. 2021).

and be observed as a switchback by PSP.

However, it is unclear if such a kink in the magnetic őeld could survive out

to PSP distances. Simulations of Alfvénic ŕuctuations, with constant |B⃗|, have

shown that such kinks could survive in a calm background without any large density

gradients (Tenerani et al. 2020). This disagrees with the work of several other

authors, indicating that the magnetic őeld kink would unwrap as it propagated in

the simulated corona (Landi et al. 2005; Magyar et al. 2021). Therefore, this remains

a major open question for those theories that rely on the launching of waves from

the lower corona.

Interchange reconnection is also invoked in the work of Zank et al. (2020), where
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the initial magnetic őeld bend is supported by the generation of complex structures

moving at the fast magnetosonic speed. A subsequent study by Liang et al. (2021)

showed that such a scenario could explain around half of the observed switchbacks

at PSP. It was also noted that interchange reconnection would naturally create

switchbacks clustered in time (Zank et al. 2020), matching the observations (Dudok

de Wit et al. 2020; Horbury et al. 2020b). However, this scenario relies on the fact

that the switchbacks are compressive and, although there is some evidence for this

(Larosa et al. 2021), it is not the case in general.

Instead of releasing an Alfvénic wave, Drake et al. (2021) proposed that inter-

change reconnection could launch a ŕux rope into the solar wind. Using 2.5D simula-

tions, they demonstrated that such a structure would be arc polarised with constant

|B⃗|, consistent with the switchbacks in the solar wind (Bruno et al. 2004; Horbury

et al. 2020b). Unlike the kinks in the magnetic őeld, ŕux ropes are expected to be

stable enough to survive the journey to PSP. However, these simulations struggle to

create Alfvénic ŕuctuations, which is one of the deőning features of switchbacks.

Sterling and Moore (2020) also suggested that reconnection can form a propa-

gating wave that could be seen as a switchback. In this case, the reconnection would

be associated with a coronal jet, which are seen to occur with a rate of 60 /day in the

polar coronal holes (Savcheva et al. 2007). However, this occurrence rate is much

lower than that for switchbacks in the solar wind (Mozer et al. 2020; Tenerani et al.

2021). Furthermore, switchbacks are observed in all solar wind types (Rouillard

et al. 2020), not just the fast solar wind that is commonly linked to coronal jets.

Alternatively, switchbacks may be generated in the solar wind, thereby removing

the need to survive in the complex environment of the corona. Ruffolo et al. (2020)

argued that switchbacks could be created by the Kelvin-Helmholtz instability acting

to drive turbulence at the boundaries of velocity shears. For this to work, the

switchbacks must be generated near the Alfvén critical zone1, where the magnetic

őeld becomes weak enough to allow the plasma to drive the dynamics (i.e. when

1Where solar wind speed = vA
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β > 1). Therefore, a key testable prediction of this model is that switchbacks should

stop being generated below the Alfvén critical zone, which will be explored by PSP

in later encounters (Chhiber et al. 2018; Kasper et al. 2021).

Another form of stream interaction is the super-Parker spiral concept from

Schwadron and McComas (2021). Here, the footpoint of a magnetic őeld line would

move from a slow to fast source, thus creating a speed difference that would create

a kink in the magnetic őeld. The authors argued that this could also explain obser-

vations of a +VT ŕow from Kasper et al. (2019). However, such a mechanism would

not necessarily create an Alfvénic ŕuctuation.

Finally, several studies have suggested that switchbacks could be the result of

small ŕuctuations growing as the solar wind expands. Expanding box simulations

have demonstrated that this scenario can create realistic switchbacks with high

Alfvénicity and constant |B⃗| (Squire et al. 2020; Johnston et al. 2022). It has

further been shown that a solar wind model based on this idea could also create

realistic solar wind speeds at PSP (Shoda et al. 2021). However, neither of these

simulations could generate enough switchbacks to match the in situ observations.

In summary, all the mechanisms described above can create a fold in the magnetic

őeld. The question is whether any of them can produce signatures consistent with

the observed switchbacks in the solar wind. To őnd the answer, more switchback

properties need to be compared against testable predictions from these theories.

Accordingly, Section 4.4 will attempt to őnd the shape and size of switchbacks, with

Section 4.5 describing the tendency to deŕect in certain directions.

4.3 Identifying switchbacks

Before investigating switchback properties, it is important to describe how they were

identiőed in the data. Due to the large number of switchbacks in each encounter, it

was unrealistic to identify them by eye. From early PSP observations, switchbacks

were tentatively deőned as deŕections in the magnetic őeld, with the BR component

being the easiest to use to visually identify switchbacks, as in Fig. 4.1. Despite
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their name, the magnetic őeld within a switchback does not necessarily have to

‘switch back’ and reverse direction (BR < 0). Switchbacks only have to sufficiently

deŕect away from some nominal magnetic őeld direction, which was taken as the

Parker spiral direction in this thesis, and will be discussed further in Section 4.3.3.

Switchbacks can then be deőned as deŕections more than some threshold away from

the background. However, it is important to note that the distribution of observed

switchback deŕections was continuous (Dudok de Wit et al. 2020), meaning that

there was no obvious threshold to deőne a switchback. Many authors have deőned

switchbacks as being deŕections greater than either 45◦, 60◦ or 90◦.

Fig. 4.3 shows the results of applying a 30◦ threshold to the deŕection angle,

with the switchbacks classiőed shown in red. While this can capture large deŕections

well, it inevitably leads to cases where the deŕection angle hovers near the threshold,

and many smaller switchbacks are mistakenly classiőed. Since, the duration of

switchbacks is an important quantity to measure (see Section 4.4), a single threshold,

like the upper panel of Fig. 4.3, would create many erroneous shorter switchbacks,

skewing the results. To avoid this problem, a second threshold was introduced at 45◦.

Switchbacks were then deőned as the time over which there were ≥30◦ deŕections,

when that period also included at least a 45◦ deŕection, as shown in the lower panel

of Fig. 4.3. This double threshold helped őnd sufficiently large deŕections, while

still sampling the true edges of the switchback and giving an accurate estimate of

their duration, which was not provided by the single threshold at 45◦ in the middle

panel of Fig. 4.3.

After applying the higher threshold, any switchback candidates separated by less

than 2 seconds were merged together, which avoided splitting switchbacks in two.

The lower threshold was then applied on the same data, where only cases with an

accompanying 45◦ deŕection were retained. Several combinations of high and low

thresholds were trialled, with 30◦ and 45◦ providing the best results when visually

inspected.

110



0

30

60

90
De

fle
ct

io
n 

(
)

# of SBs = 54

30

0

45
60

90

De
fle

ct
io

n 
(

)

# of SBs = 13

45

04:00
04:05

04:10
04:15

04:20

2018-11-07

0

30
45
60

90

De
fle

ct
io

n 
(

)

# of SBs = 4

30  and 45

Figure 4.3: The top panel shows a single threshold at 30◦ applied to the magnetic
deŕection angle from the Parker spiral, which produces many erroneous ‘switchbacks’
(alternating blue lines). The middle panel shows that a higher threshold of 45◦

can reduce the number of switchbacks, but this only samples a small portion of
each switchback. Finally, the lower panel shows the double threshold technique,
which captures the larger deŕections and produces a better estimate of switchback
duration.

4.3.1 Clock angle

While all switchbacks are deŕections away from the background magnetic őeld, they

could deŕect in any direction. To quantify this, a clock angle (CA) was deőned,

ranging from 0◦ to 360◦. This is equivalent to placing a clock face perpendicular to

the Parker spiral direction, where the clock angle describes the deŕection direction

in the rotated T-N plane. In order to be consistent, the reference Parker spiral
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direction was forced to point away from the Sun, so that the clock angles can be

compared regardless of magnetic polarity. As demonstrated in Fig. 4.4, 0◦ points

towards +N⃗ , 90◦ towards +T⃗ , 180◦ towards −N⃗ and 270◦ to −T⃗ .

R

T

N

Figure 4.4: To quantify the direction of switchback deŕection (blue), a clock face
is placed normal to the local Parker spiral direction (green). The deŕection can
therefore be described by the angle on the clock face, where 0◦ points towards +N⃗ ,
90◦ towards +T⃗ , 180◦ towards −N⃗ and 270◦ to −T⃗ .

The advantage of using a clock angle is that it can describe the switchback

deŕection direction with a single value. However, the clock angle is a quantity that

can be calculated for each magnetic őeld vector, so there are several ways to deőne

a single clock angle per switchback. In Section 4.4, the average of each magnetic

őeld component over the switchback duration was taken before applying:

CA (⟨B⟩) = tan−1

(︃ ⟨B′
T ⟩

⟨BN⟩

)︃

, (4.1)

where B′
T is the component perpendicular to the Parker spiral in the R-T plane.

A similar strategy would be to average the individual clock angles within a
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switchback. Since the clock angle wraps around 360◦, one must take the average of

the T and N components, rather than an average of the clock angle itself:

⟨CA⟩ = tan−1

(︃ ⟨CAT ⟩
⟨CAN⟩

)︃

(4.2)

More explicitly, the average clock angle of 315◦ and 45◦ would be 0◦, rather than

180◦.

This method was adopted in Section 4.5, where the clock angle was averaged

when the deŕection angle was within ±10◦ of 90◦, or the maximum deŕection angle

if this was not reached. This approach helped avoid potential problems at the edges

of switchbacks, where they may have been improperly classiőed.

The choice of clock angle should not affect the results in this chapter, as the

different deőnitions gave consistent values across all encounters, as shown in Fig.

4.5.
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Figure 4.5: Comparison of the clock angle deőnition (CA) used in Section 4.5 (black)
with the CA (⟨B⟩) used in Section 4.4 (orange). There is little difference between
the deőnitions used, and even an alternative deőnition of ⟨CA⟩. Scatter point size
is proportional to duration of the switchbacks.
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4.3.2 Arc-polarised deŕections
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Figure 4.6: Example of a switchback exhibiting arc-polarised behaviour. That is,
the magnetic őeld deŕects along the arc of a sphere, and then returns along the same
path. The top panel shows the magnetic őeld angles, where the colour represents
time through the switchback, which is also plotted in the penultimate panel. This
behaviour can also be seen in the fact that clock angle (lower panel) does not change
with deŕection angle (adapted from Laker et al. 2022).

To study the switchback deŕections, it would be preferable to deőne the deŕection
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direction with a single clock angle. However, this would only be possible if the

magnetic őeld were arc polarised within a switchback, i.e. the magnetic őeld deŕects

along the arc of a sphere with a radius of |B⃗|. Several studies have already stated

that switchbacks are arc polarised (Bruno et al. 2004; Matteini et al. 2014; Horbury

et al. 2020b), but before proceeding to study the deŕection directions in the new

PSP data, this property must be veriőed.

Fig. 4.6 shows an example of an arc-polarised switchback, where the clock angle

inside the switchback was constant with respect to deŕection angle. This can also be

seen in the hodogram (top panel), where the colour gradient shows that the magnetic

őeld inside this switchback deŕects along an arc, and then, crucially, returns along

the same arc. This motion of the magnetic őeld vector can be likened to a windscreen

wiper, as seen for the example in Fig. 4.6. In terms of physical geometry, such

behaviour would be consistent with an S-shaped switchback, as depicted in the

appendix to Kasper et al. (2019).

To assess this behaviour across all encounters, a superposed epoch analysis was

performed (Samson and Yeung 1986). For each switchback, the time through a

switchback was normalised between 0 → 1, in the left panels of Fig. 4.7. The lower

panels show the result of this technique for the variation in |B⃗|. While there was

some variability in |B⃗| at larger deŕection angles, this distribution was still centred

on 1, conőrming the incompressible nature of switchbacks found by other authors

(Krasnoselskikh et al. 2020; Larosa et al. 2021).

The upper panels of Fig. 4.7 demonstrate that there was little difference between

the individual clock angles of each vector and the deőned clock angle for that switch-

back (outlined in Section 4.3.1). The upper right panel shows that clock angle was

better constrained around a deŕection angle of 90◦, which comes from the deőnition

of clock angle from the previous section. While there was some spread in individual

clock angles, this was well within 45◦, so the switchbacks across the encounters can

be classiőed as arc polarised.
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Figure 4.7: Superposed epoch analysis of switchback deŕections, showing they were
arc polarised across the encounters. After scaling each switchback in time, they
are added to a 2D histogram, with each column normalised independently. The
consistency of clock angle in both deŕection angle and time (upper panels) shows
that switchbacks are arc polarised. The lower panels show that |B⃗| was constant,
so the magnetic őeld lies on a sphere (adapted from Laker et al. 2022).

4.3.3 Estimating background magnetic őeld

The estimation of background magnetic őeld direction was crucial for identifying

switchbacks and deőning their clock angle. One might try and őnd an average

magnetic őeld direction across some interval. Although the inŕuence of switchbacks

could be removed from the BR component by using a mode average (Bale et al.

2019), the same could not be done for the other components.

Better results were obtained by considering all the magnetic őeld components

as one, where the magnetic őeld vectors were binned in 3D, and the background

direction was taken as the bin with the maximum count. However, this method was

not reliable enough over all encounters, and required a large time window to build

up a sufficiently dense distribution.

Consequently, throughout this chapter, the local Parker spiral was taken as the

background direction, since it is a physical property of the interplanetary magnetic
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őeld whose value is not inŕuenced by the presence of the switchbacks. The Parker

spiral was calculated with equation 2.32, where the spacecraft position was estimated

using the SPICE toolkit (Acton 1996; Acton et al. 2018), which was imported into

Python in Spiceypy (Annex et al. 2021). The effect of switchbacks on the radial

solar wind speed must be removed when estimating Vsw. For Section 4.4, this was

achieved by taking a 12-hour mode average of VR. While this provided good results

for the őrst two encounters, it produced large step changes in VR in later encounters.

Therefore, in Section 4.5 a low-pass Butterworth őlter (of order 2, Butterworth et al.

1930) was used with a cut-off at 3 hours. This őlter removed the contributions of

the switchbacks and left a smoothly varying background estimation for Vsw. While

Fig. 4.8 shows that ϕps slightly underestimated ϕB in the őrst eight encounters, this

should not signiőcantly affect the identiőcation of switchbacks.
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Figure 4.8: The difference between the magnetic őeld ϕB and θB angle with the
expected Parker spiral. The peaks of all encounters are within ±7◦ of the expected
Parker spiral direction, so should not affect the identiőcation of switchbacks.
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4.4 Size and shape of solar wind switchbacks

After the strong presence of switchbacks in the őrst two PSP encounters, many

theories were put forward to explain their origin and nature (see Section 4.2). In

order to distinguish between the suggested mechanisms, i.e. whether switchbacks

are created on the Sun or in the solar wind, it would be helpful to have estimates

of their size and shape. Using two streams from the őrst PSP encounter, Horbury

et al. (2020b) provided the őrst evidence for their true physical shape as being long

and thin. In this section, similar principles are extended to 16 solar wind streams

across the őrst two encounters, which represented all the data available at the time

the research in Laker et al. (2021b) was carried out.

4.4.1 Apparent duration

In order to investigate the 3D shape of solar wind switchbacks, it would be prefer-

able to image them from multiple directions. Such a technique has previously been

applied to CMEs (De Koning et al. 2009; Liewer et al. 2009), but is not suitable for

switchbacks as they are largely incompressible and would not appear in images. An

average switchback shape can still be probed using only single spacecraft measure-

ments, by comparing the apparent duration in the time series to the direction at

which the spacecraft cut through the structure. By sampling a wide range of cutting

directions, a statistically average shape can be determined.

For example, when cutting through the centre of a circle, the distance measured

along the spacecraft trajectory will be the same regardless of the direction of travel

through the structure. However, as demonstrated in Fig. 4.9, there will a range of

distances measured when cutting through an ellipse, which can be used to infer the

2D shape. Of course, any spacecraft cut away from the shape’s centre will also be

shorter. Combined with the fact that switchbacks will likely vary in shape and size,

any study of their size must be statistical in nature.

Horbury et al. (2020b) observed that the longest duration switchbacks tended

to deŕect towards +T⃗ (90◦ clock angle) for a period in E1. In order to explain

118



0

90

180

270
0 90 180 270 360

Angle ( )
0

5

10

15

20

Di
st

an
ce

M
ea

su
re

d

0

90

180

270

0

0 90 180 270 360
Angle ( )

0

5

10

15

20
Di

st
an

ce
M

ea
su

re
d

Figure 4.9: Demonstration of how cutting angle, between 0◦ and 360◦, can affect
the distance measured. For a circle (top), cutting angle has no effect, whereas, for
an ellipse (bottom), or other asymmetric shape, the distance measured will be a
maximum along the longest axis.

this correlation, the authors proposed that the switchback deŕection direction will

inŕuence the way a spacecraft will cut through the structure, and hence affect the

duration observed.

Given that switchbacks are Alfvénic, any deŕection in the magnetic őeld will also

result in a velocity deŕection. Speciőcally, the relative velocity of the plasma with

respect to the spacecraft can be written as:

Vrel = ⟨VSB⟩ − VSC , (4.3)

where ⟨VSB⟩ is the average velocity inside the switchback, and VSC is the spacecraft

velocity. The largest tangential velocity deŕection will be equal to the local Alfvén
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speed, which was around 100 km/s at around 35R⨀︁. PSP had a large tangential

velocity ∼90 km/s, which was comparable to the switchback deŕections.

Therefore, with knowledge of Vrel, the direction in which PSP cuts through the

structure can be estimated. Following Horbury et al. (2020b), cylindrical symmetry

was assumed, meaning that the direction could be speciőed by a single cutting angle:

sin(αC) =

√︂

V 2
rel,T + V 2

rel,N

| Vrel |
, (4.4)

for a radially aligned structure. As Fig. 4.10 shows, switchbacks were modelled as

being cylindrical with width, W , and length, L, which could also be described by

the angle of hypotenuse:

αH = tan−1

(︃

W

L

)︃

. (4.5)

W

L

αH

Figure 4.10: Model of switchback shape in this study, with length, L, and width,
W . In Section 4.4.2, the angle αH will be used to describe the aspect ratio.

For such a shape, when cutting through the structure at an angle αC , the distance

measured by the spacecraft should follow:

D(αC , Vrel) = t× |Vrel| =

⎧

⎪

⎪

⎨

⎪

⎪

⎩

W
sin(αC)

if αC ≥ αH

W
tan(αH) cos(αC)

if αC < αH

(4.6)

which is also displayed in Fig. 4.11.
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Figure 4.11: The distance measured (orange) by a spacecraft cutting through the
switchback structure from Fig. 4.10. As described in equation 4.6, when cutting
through the side (αC ≥ αH) the distance is given by W/ sinαC . For a case when cut-
ting down the length of the structure (αC < αH), the distance is given by L/ cosαC .

Ideally, a range of all possible angles will be measured, allowing for the recon-

struction of the switchback shape. However, the Alfvénic nature of switchbacks

means that the velocity deŕection, and hence cutting angles, are subject to some

physical constraints. Alfvénic ŕuctuations lie on the surface of a sphere, centred

at the origin, with radius |B⃗| for the magnetic őeld. The corresponding veloc-

ity ŕuctuations also lie on a sphere with radius vA, which is centred on the local

deHoffman-Teller velocity. This velocity represents the frame in which the ŕuctu-

ations are stationary. Since switchbacks are deŕections away from the background

direction, and full reversals are rare (Woolley et al. 2020), there is only a band of

possible velocity deŕections in a patch of switchbacks (where the local Alfvén speed
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is roughly constant). After rotating the coordinate system to the centre of this band,

represented by a V ′, the band of velocity deŕections will appear as a ring, as shown

in Fig. 4.12.

50 0 50 100 150
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T (km/s)
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50
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V
′ N
(k
m
/s
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Figure 4.12: The rotated velocity, V ′, of each switchback for region E2S3 makes
a ring of speeds, which can be described by the clock angle of the switchbacks
(reproduced with permission from Astronomy & Astrophysics, ©ESO Laker et al.
2021b).

Therefore, the clock angle can be used to describe the range of possible cutting

angles, with Vrel,T following a sine, and Vrel,N a cosine as a function of clock angle.

Fig. 4.13a shows the respective geometry when the switchbacks (red cylinder) are

aligned to the centre of the velocity ring (blue circle viewed from the side). This is

just a 2D slice, but can be rotated about R⃗ with the assumed cylindrical symmetry.

In this case, the cutting angle can then be written as:

sin(αC) =

√︁

k(sin2(CA) + cos2(CA))

| Vrel |
= constant, (4.7)
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leading to a constant αC .

However, if the switchbacks and velocity ring are not aligned, and are offset by

an angle ΦA, then Fig 4.13b will apply. After rotating so the alignment vector points

along R⃗, giving V ′
rel,T and V ′

rel,N , there will be an offset in the V ′
rel,T component. This

produces an asymmetry in the cutting angle, and therefore D, as a function of clock

angle, through:

sin(αC) =

√︂

V ′
rel,T

2(CA) + V ′
rel,N

2(CA)

| Vrel |
, (4.8)

In this speciőc case, a deŕection of 270◦ clock angle will create a smaller cutting

angle (orange line), due to the switchback deŕection cancelling out the tangential

spacecraft velocity. This idea can be extended out of the plane, by taking the average

switchback alignment as A⃗. Therefore, different combinations of velocity rings and

alignment directions will create speciőc distributions of duration with clock angle.

4.4.2 Measuring switchback shape

By using the observed distribution of switchback duration with clock angle, an

attempt was made to estimate the average switchback dimensions, W and αH . Only

duration and Vrel were observed quantities, with the link between clock angle and

duration being dependent on the average alignment direction. Therefore, for each

solar wind stream, the alignment direction that was most consistent with observed

duration distribution was searched for.

A total of 16 solar wind streams were selected from the őrst two PSP encoun-

ters. During the őrst encounter, the spacecraft was connected to an overexpanded

equatorial coronal hole from October 29th and November 13th 2018, and then a

larger coronal hole from 14th to 23rd November (Bale et al. 2019; Badman et al.

2020). Based on the switchback patch structure in the magnetic őeld and velocity,

10 streams were selected from the őrst encounter, as outlined in Fig. 4.14 and Table

4.1.
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Figure 4.13: Diagram showing the spacecraft cuts in the R-T plane, so the ring of
velocities from Fig. 4.12 (blue ellipse) are reduced to two cuts at 90◦ and 270◦. As in
Fig. 4.11 the spacecraft cuts along the blue arrows, measuring a distance, which is
green when clock angle is 90◦ and orange for 270◦. For case (a), when the structure
is aligned with the ring of velocities, the distance measured will be constant with
clock angle (equation 4.7). However, if they are not aligned, as in case (b), then the
cut at 270◦ will measure a larger distance (equation 4.8)(reproduced with permission
from Astronomy & Astrophysics, ©ESO Laker et al. 2021b).

While the source of solar wind in the second encounter was less well-deőned,

Rouillard et al. (2020) classiőed periods in this encounter related to the streamer

belt. Therefore, of the six streams used here, there was a mix of solar wind type,

all containing large numbers of switchbacks.

Switchbacks were őrst identiőed with the method from Section 4.3 using magnetic

őeld data from the FIELDS instrument suite, and plasma data from SPC. The values

of Vrel were calculated using a mean average of the switchback velocity and the
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Figure 4.14: Solar wind streams, in E1 and E2, used in this study along with
their identiőcation numbers. All streams in E1, except for E1S10, are from the
same equatorial coronal hole (Bale et al. 2019; Badman et al. 2020). The time
between E1S9 and E1S10 was ignored, as this was a HCS crossing (Szabo et al.
2020). E2 streams were chosen according to the Rouillard et al. (2020) classiőcation
of non/streamer belt wind. BR and np are both scaled by distance squared, to
normalise their őrst order variation, keeping switchback amplitude roughly constant
with distance (reproduced with permission from Astronomy & Astrophysics, ©ESO
Laker et al. 2021b).

spacecraft velocity according to equation 4.3. For each stream, A⃗ was varied to őnd

the direction that created a distribution between duration and αC that was most

consistent with long, thin structures. Choosing a value of A⃗ created a distribution

between D and αC , which was then őtted with equation 4.6, with W and αH as free

parameters to the least squares őt. Speciőcally, the directions of A⃗ were tested in 1◦

steps between ±20◦ in both the R-T plane, with ΦA, and T-N plane, with ΘA. For

each choice of A⃗, the switchbacks were binned into 2◦ bins of αC , with a minimum

of 10 switchbacks per bin.

As discussed in Section 4.4.1, this equation only applies to cuts through the
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centre of the structure. To meet these criteria, the top 10% of durations from each

bin were used in the őtting, as this most likely represented the cut through the

centre, rather than a case where the spacecraft clipped the edge of the structure.

Constraints of W > 0 km and 0◦ < αH < 90◦ were used, and a minimum of őve bins

were needed to perform the őt.

The R2 value was used to assess the goodness of őt, which was used as a proxy

for how consistent D and αC were with long, thin structures. For each stream, the

combination of A⃗, W and αH with the highest R2 was used as the őnal result.

4.4.3 Results

Taking stream E1S6 as a őrst example, in Fig 4.15, the distribution of duration with

clock angle is clearly skewed to have longer switchbacks around 90◦, as previously

observed by Horbury et al. (2020b). Such a link can be explained when taking the

alignment direction as (ϕA = −6◦, θA = 3◦), giving the relationships in the lower two

panels that match expectation of long, thin structures from equation 4.6. Fitting

this equation to the red points (the top 10% of durations per 2◦ bin) in the lower

panel gave a value of W = 55, 000 km with an aspect ratio of 15, and an R2 of 0.87

indicating a good őt.

So, for the individual streams in Fig. 4.16, the theory set out in Section 4.4.1

can explain the observed link between switchback duration and deŕection direction.

However, as Table 4.1 shows, this only produced successful results for six out of the

16 streams tested across the őrst two encounters. This lack of success was due to an

insufficient number of switchbacks or to a weak relationship between duration and

clock angle.

There are two explanations for the lack of correlation between clock angle and

duration. The őrst explanation is that, as demonstrated in equation 4.7, the align-

ment direction was along the centre of the velocity ring for that stream, leading to

a constant cutting angle as a function of clock angle. Alternatively, the lack of cor-

relation can also be explained by arguing that no such relationship existed in these
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Figure 4.15: The upper panel shows the V ′
rel components for the E1S6 stream, which

lie on a circle like that in Fig. 4.12. Each scatter point represents a switchback, with
the area being proportional to the duration. After using an alignment direction of
(ϕA = −6◦, θA = 3◦), the cutting angle, αC , is shown as a function of clock angle
in the middle panel. Finally, the lower panel shows how the distance measured per
switchback varies with αC , which has been őtted for the red points with equation
4.6.

streams. Unfortunately, these scenarios cannot be distinguished with only single

point measurements, so such streams are not included in the őnal results.

Across the two encounters, Table 4.1 shows that the average switchback width

varied from 20,000 km to 94,000 km, with a mean value of 56,000 km, similar to the

estimated width of 104 km from Horbury et al. (2020b). However, this study had

the added beneőt of őnding the best alignment direction, rather than setting it to

the radial, or average ŕow direction. Although the width seemed to increase with
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Figure 4.16: Duration of switchbacks as a function of αC for the six streams with
results, similar to the lower panel of Fig. 4.15. The red line represents the őtting of
equation 4.6 to the red points, as described in Section. 4.4.2. The results for each
stream are shown in the legend.

distance from the Sun, there was not a large enough spread in distance to estimate

an expansion rate.

The aspect ratio ranged from 11 to 59, with a mean of 28. However, as it was

impossible to be sure that the spacecraft measured the full length of a switchback,

these aspect ratios are just lower limits. Therefore, the average switchback size can

be summarised as having an aspect ratio of the order of 10, with a width ∼50,000 km.

Combining these results gives a switchback length around 500,000 km, on the order

of a Solar radius.

For the six successfully őtted streams in Table 4.1, the tested alignment direc-

tions are shown along with their accompanying R2 value in Fig. 4.17. The tight

grouping of R2 in each stream suggests that there was a unique A⃗ that could cre-

ate the observed distribution of duration with clock angle. All streams displayed

an alignment direction away from the radial direction, towards the Parker spiral in

the green highlighted regions, with little Θ dependence. There was no correlation
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Figure 4.17: R2 value for the tested alignment directions, in the R-T plane (ΦA)
and T-N plane (ΘA), for the six successfully őtted streams (Table 4.1). Higher
R2 values signify an alignment direction which is more consistent with long, thin
structures using equation 4.6. All streams show an alignment direction away from
the radial, black cross-hairs, and the deHoffman-Teller direction with little change
in ΘA. Switchback alignment direction is towards the local Parker spiral, whose
range is highlighted in green, using a 12-hour mode average of velocity (reproduced
with permission from Astronomy & Astrophysics, ©ESO Laker et al. 2021b).

between the alignment direction and the deHoffman-Teller direction (green dot) in

the stream. Therefore, the switchback alignment directions were not related to the

+T⃗ ŕow deŕection of the solar wind reported by Kasper et al. (2019) in the őrst

two encounters.

In summary, if the assumptions in Section 4.4.1 are applicable, then switchbacks

are long, thin structures with a width of 50,000 km and an aspect ratio of the order

of 10, which are aligned towards the Parker spiral at ∼40R⨀︁.
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4.4.4 Discussion

The consistency of switchback dimensions and alignment directions across the streams

suggests that the theory set out in Section 4.4.1 can explain the observed link be-

tween duration and deŕection direction.

Such an idea has implications for interpreting the inŕuence of switchbacks on

the background solar wind. Since this thesis provides evidence that switchback

duration is related to how the spacecraft cut through the structure, duration alone

cannot be used as a proxy for switchback size, nor contribution to the solar wind.

In other words, it cannot be inferred that since a switchback is longer in time, it

must be physically larger and thus make up a larger part of the solar wind. To

assess the contribution of switchbacks to the solar wind, a metric that is unrelated

to the duration, such as the Poynting ŕux (Woolley et al. 2020; Mozer et al. 2020)

or magnetic curvature (Bandyopadhyay et al. 2021), must be used.

This also means that spacecraft data will be inherently biased towards the longest

duration, not necessarily the largest, switchbacks. Therefore, a mean average solar

wind velocity will be biased towards the longest switchbacks, which will point in the

direction that minimises the cutting angle, rather than true background solar wind

direction. A background solar wind velocity can still be calculated with a method

that removes the switchback’s contribution, such as the mode average (Bale et al.

2019) or the methods discussed in Section 4.3.3.

The size estimates from other studies are shown in Table 4.2. In this thesis, and in

Horbury et al. (2020b), large statistics were used to estimate the average switchback

width as ∼5×104 km. Krasnoselskikh et al. (2020) instead analysed several case

studies of switchbacks, noting the presence of currents at their edges. They argued

that these currents existed on the switchback surface, which was also assumed to

be cylindrical. Applying careful analysis to the ŕow deŕections around the chosen

switchbacks, they found widths of 7,000 km and 50,000 km for a ‘compressive’ and

Alfvénic switchback, respectively.

Another study, by Larosa et al. (2021), applied MVA to the switchback bound-
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aries. An average normal direction to the switchback edges was estimated, and then

used to project the spacecraft velocity perpendicular to the switchback structure.

After multiplying by the relative speed, they found switchback widths vary from

∼1000 km to a solar radius (695,000 km), with a mode value around 104 km.

Study Encounter Transverse Scale (km) Aspect ratio
Laker et al. (2021b) 1, 2 50, 000 km ∼10
Horbury et al. (2020b) 1 104 km -
Krasnoselskikh et al. (2020) 1 7000 km for compressive -

50, 000 km for Alfvénic
Larosa et al. (2021) 1 103 km - 105 km -
Bandyopadhyay et al. (2021) 1-5 <16,000 km2 -

Table 4.2: Summary of the current estimates of switchback size. These range from
1000 km to 105 km, although all studies agree that switchback width is around 104 km

Finally, a novel approach was taken by Bandyopadhyay et al. (2021), who studied

the behaviour of energetic particles (80-200MeV) during switchback periods. They

observed that in 86% of cases, energetic protons were not affected by the switchback,

and continued to stream anti-Sunward. This then suggests that the curvature of

the magnetic őeld inside switchbacks must be less than the local proton gyro-radius,

∼4000 km. A typical S-shaped structure has two bends in the magnetic őeld, making

the width of the switchback roughly equal to four radii of curvature (<16,000 km).

Interestingly, there were still 14% of switchbacks in their study that did affect the

energetic particles, suggesting their magnetic curvature was greater than the proton

gyro-radius, and thus represented physically larger switchbacks. Therefore, energetic

particles could be an important size diagnostic for switchbacks in the future.

In summary, the results from several methodologies in Table 4.2 suggest that

switchbacks are around 104 km in width. However, most of this research was per-

formed on the early PSP encounters, so it is unclear how switchback size varies with

distance, information which could be used to deduce the generation mechanism.

As well as physically changing in size, the switchbacks could appear differently

in the later PSP encounters, which will eventually come within 9R⨀︁ of the solar

surface. This can be predicted using the theory from Section 4.4.1.

2Assuming an S-shaped structure
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Firstly, as noted earlier, only six streams out of 16 produced good results, with

many streams having an insufficient range of deŕection directions. During the őrst

three encounters, PSP’s orbit meant that it tracked slowly in longitude. This allowed

many switchbacks to be measured per patch, providing large enough statistics to

measure their size. In future encounters, an increased orbital speed could mean that

insufficient switchbacks are measured per stream to apply the methodology from

Section 4.4.2.

Nevertheless, predictions can still be made for how switchbacks will appear in

these later encounters. If, as Fig. 4.17 suggests, switchbacks are aligned close to

the Parker spiral, then they will become more radially aligned closer to the Sun.

Combined with a larger transverse spacecraft speed, this means that PSP will cut

switchbacks at larger angles to their longest axis. As a consequence, there will be

fewer longer switchbacks, and a less pronounced relationship between duration and

clock angle.

However, the true link between switchback duration and deŕection will be a

complex interplay between: spacecraft velocity; Alfvén speed; alignment direction;

and the unknown evolution of switchback size and shape. These predictions will be

revisited in Section 4.5.3 using more up-to-date PSP measurements.

4.5 Preferential switchback deŕection directions

Based on the basic switchback properties described in the őrst two PSP encoun-

ters, several authors outlined their ideas for how switchbacks may be generated, as

described in Section 4.2. One particularly interesting property was the switchback

deŕection direction, which was observed to have a preference towards +T⃗ in the

őrst encounter (Horbury et al. 2020b; Dudok de Wit et al. 2020). Schwadron and

McComas (2021), along with Fisk and Kasper (2020), argued that this observation

could naturally be explained by their super-Parker spiral and interchange recon-

nection ideas, respectively. As those authors point out, any preferential switchback

direction is more difficult to reconcile with the expanding wave set of generation
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methods (e.g. Squire et al. 2020), where switchbacks are created from evolution of

small, randomly distributed ŕuctuations closer to the Sun. Therefore, evidence, or

lack thereof, for preferential switchback deŕection directions could help differentiate

between switchback origin theories, and move a step closer to understanding their

link to the solar wind.

Crucially, much of the evidence for this switchback property was based on the

data from the őrst PSP encounter, when the spacecraft was connected to a small

equatorial coronal hole for a long period. These conditions are not representative of

the typical near-Sun solar wind, which may have biased the current understanding

of switchbacks. Given that PSP had completed a further six encounters by the time

of this research in Laker et al. (2022), it is imperative that switchback deŕections

be revisited.

Therefore, in this section, the deŕection directions of switchbacks are examined

for the őrst eight PSP encounters, which reached only 16R⨀︁ from the Sun. This

may represent a more pristine solar wind, that has not evolved as signiőcantly as in

the őrst encounter at 35R⨀︁, potentially making any pattern in the magnetic őeld

clearer.

4.5.1 Switchback deŕection distributions

As the PSP mission progressed, it became clear that each solar encounter had its own

unique characteristics based on the source location of the solar wind. Accordingly, in

this study, each encounter was treated separately, rather than trying to aggregate all

the switchbacks across the encounters. A summary of E2 is shown in Fig. 4.18, where

the proton speed indicates that both slow and fast wind were sampled. The lower

panel of Fig. 4.18 displays the clock angle of every switchback in E2, demonstrating

that switchbacks can deŕect in any direction. This őnding holds across all encounters

studied, as well as the presence of switchback ‘clustering’, where several successive

switchbacks are orientated in the same direction (Horbury et al. 2020b). However,

when considering the distribution of clock angle across the encounter, the histogram
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Figure 4.18: Summary of plasma conditions (a-d) and switchbacks (e-f) in E2. Panel
(e) shows that switchbacks can deŕect in any clock angle, with scatter size being
proportional to duration, similar to Horbury et al. (2020b) and Section 4.4. However,
the histogram in panel (f) suggests that switchbacks tend to deŕect in either ∼100◦

and ∼300◦.

in panel (f), there were two preferred directions, ∼100◦ and ∼300◦.

Wrapping this histogram onto polar axes, in Fig. 4.19, made for easier compar-

ison to the clock angle deőnition from Section 4.3.1. Here, bins of 30◦ were used,

starting at 15◦, meaning that there was a bin centred on 0◦/360◦. For this particular

bin, the őnal result was taken as the sum of the two half bins spanning 345◦ → 360◦

and 0◦ → 15◦. Due to the Alfvénic nature of switchbacks, the relationship between

magnetic and velocity deŕections depends on the magnetic polarity, which is plotted

as blue for negative and red for positive polarity.
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Figure 4.19: Distribution of switchback magnetic clock angles across the őrst eight
encounters, split into negative (blue) and positive (red) polarity. None of the dis-
tributions followed a uniform distribution, as represented by the dashed (negative)
and solid (positive) circles. This demonstrates that switchback deŕections are not
isotropic, with a preference in the tangential direction, 90◦ and 270◦ (reproduced
from Laker et al. 2022).

Applying this procedure to all the encounters produced Fig. 4.19, which sum-

marises the magnetic switchback deŕections. Each distribution of clock angles was

tested against a null hypothesis of a uniform distribution. This was taken as the

number of switchbacks in that population divided by the number of bins, which is

represented by the dashed (negative) and solid (positive) circles in Fig. 4.19. Using

a Chi-square test with a 1% conődence level, it was concluded that the switch-

back deŕections did not follow a uniform distribution. Although there was variation

among the encounters, there was an apparent preference for tangential, rather than

normal, deŕections. In terms of clock angle, this is represented as a maximum in

the distribution around 90◦ and 270◦, rather than 0◦ or 180◦.

Interestingly, for negative polarities these preferential directions were not purely

tangential but had an offset axis of symmetry along ∼135◦ and ∼315◦, best demon-

strated in E2. In contrast, the positive polarities appeared to have an axis of sym-

metry along ∼45◦ and ∼225◦, e.g. E5 and E7. This is equivalent to mirroring the

negative polarity preferential directions about 180◦. This cannot be explained by

simply comparing their velocity, rather than magnetic őeld, which would require a
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rotation of 180◦ in clock angle for the observed positive polarity3.

4.5.2 Discussion

After the őrst two PSP encounters, several mechanisms for switchback creation

were proposed, many of which cited the switchback’s deŕection directions as poten-

tial evidence. This study has re-evaluated the deŕection property across the őrst

eight PSP encounters, where it was observed that switchbacks could deŕect in any

direction, but had a tendency for this to be in the tangential, rather than normal,

plane. Therefore, in this section, these proposed switchback generation mechanisms

are re-visited in light of this new evidence.

Figure 4.20: Diagram of interchange reconnection from Fisk and Kasper (2020).
Open őeld lines (red) are dragged across closed loops (blue) by the differential rota-
tion of the corona and photosphere. This initiates interchange reconnection at point
B, where an S-shaped kink is launched into the solar wind (reproduced from Fisk
and Kasper 2020).

As noted by Fisk and Kasper (2020), interchange reconnection can naturally

explain both the tangential deŕections and clustering behaviour of switchbacks. In

this mechanism, open magnetic őeld lines are dragged over closed loops on the Sun’s

3When the magnetic őeld has positive polarity, the velocity ŕuctuations will have opposite sign
to the magnetic őeld deŕections, meaning that the distributions of magnetic clock angle should be
rotated by 180

◦
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surface, initiating interchange reconnection and launching an S-shaped kink into the

solar wind, as depicted in Fig. 4.20. Since the open őeld lines in coronal holes are

observed to rotate quasi-rigidly with the corona, they are travelling faster than the

closed loops on the surface. Even though the orientation of closed loops may be

random, it is thought that this differential rotation rate could impart a preference

for tangential deŕections on the switchbacks.

While this matches the observations from the previous section, Fisk and Kasper

(2020) argue that the kink in the magnetic őeld will be orientated such that the

velocity deŕection points towards the +T⃗ ŕow seen by Kasper et al. (2019). This

would require a magnetic deŕection in the +T⃗ (90◦) direction for negative polarity,

and −T⃗ (270◦) for positive polarity. For clarity, the predictions from each method are

converted in Fig. 4.21 to match the format of the results in this thesis. While such

predictions match the positive polarity distribution from E7 and E8, the deŕection

angles across the encounters do not show a preference for a single direction, i.e.,

observations show ±T⃗ rather than just +T⃗ .

Interestingly, from arguments regarding the transport of open magnetic ŕux,

there should be some component of magnetic shear in the normal direction, with

the northern (positive) hemisphere transporting ŕux downwards and the southern

(negative) hemisphere transporting ŕux upwards (Fisk 1996). A similar effect in

the normal directions was observed in some encounters, where the two magnetic

polarities had opposite normal components, i.e. in Fig. 4.19 the negative polarities

had maxima at 135◦ and 315◦ and positive polarities at 45◦ and 225◦. Therefore,

it is promising that interchange reconnection could provide a normal component

to explain the offset axes of symmetry from Fig. 4.19, although there is not an

exact match between the observations and predictions from the transport of ŕux

argument.

Finally, in this theory, switchback clustering can be explained if the source of in-

terchange reconnection remains stable enough for several switchbacks to be launched

with the same orientation (Zank et al. 2020). In this scenario, the speciőc orienta-
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tion of a cluster of switchbacks would then be related to the magnetic conőguration

at the source location.

The super-Parker spiral theory from Schwadron and McComas (2021) also re-

lates back to the source location of switchbacks to explain a preferential deŕection

direction towards +T⃗ . Here, the magnetic őeld footpoint moves from slow to fast

solar wind, which evolves into a kink farther from the Sun. Therefore, in order to

create a kink, rather than a more radial magnetic őeld, the velocity deŕection should

always be in the same direction as the solar rotation, as summarised in Fig. 4.21.
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Figure 4.21: Summary of predictions for switchback deŕections, adapted to follow
the format of Fig. 4.19. Red indicates a background magnetic őeld with a positive
polarity, and blue for negative polarity.
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Again, like the predictions of Fisk and Kasper (2020) this was only seen in a few

select cases, and is not the general rule across all the encounters.

Contrary to the evidence cited in Schwadron and McComas (2021), the switch-

backs in E1 do not only deŕect towards +T⃗ , but have a preference for either ±T⃗ .

Therefore, the result from Horbury et al. (2020b) was most likely a cluster of switch-

backs, rather than a global pattern in the switchback deŕections. However, it should

be noted that Horbury et al. (2020b) argued that a connection between deŕection di-

rection and duration could be linked to the angle at which the spacecraft cut through

a switchback. This, and other potential causes of the clustering, are discussed in

the next section.

Perhaps the most compelling argument against the super-Parker idea is that

switchbacks are Alfvénic, meaning that the maximum velocity deŕection occurs at

the maximum magnetic őeld deŕection ś i.e. a full reversal in the őeld direction.

However, in this proposed mechanism, the maximum velocity will exist when the

őeld is at 90◦. So, while this mechanism may be responsible for large scale magnetic

őeld deŕections, on the order of CIRs, it is not likely to be the primary cause of the

smaller scale switchbacks.

Another class of switchback generation theories are based on the expansion of

random ŕuctuations in the nascent solar wind, rather than requiring some solar

source (Squire et al. 2020; Mallet et al. 2021; Shoda et al. 2021). As noted by Fisk

and Kasper (2020), without a systematic magnetic conőguration, it seems difficult

to reconcile the clustering behaviour and preference for tangential deŕections. Fol-

lowing the results of this section, both Squire et al. (2022b) and Johnston et al.

(2022) investigated the potential effect of the Parker spiral on the distribution of

switchbacks, having only used simulations with a radial őeld previously. They found

that this did in fact introduce a preferential deŕection direction towards the radial

direction from the Parker spiral. This, as demonstrated in Fig. 4.21, corresponds

to −T⃗ (270◦ clock angle) for negative polarity and +T⃗ (90◦ clock angle) for positive

polarity.
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While this does not fully match the results from the previous section, it still

suggests that offset magnetic őeld geometries can inŕuence the evolution of switch-

backs. Therefore, even without a consistent magnetic őeld orientation on the Sun,

switchbacks generated from random ŕuctuations can still develop a preference for a

particular direction.

Other than the Parker spiral, recent results in Bale et al. (2021) and Fargette

et al. (2021) suggest that ‘magnetic funnels’ can provide a systematic magnetic

shear that may inŕuence the switchbacks. As seen in Fig. 4.22, these may relate

to the super-granular network on the Sun, and can provide a magnetic shear in the

tangential direction capable of inŕuencing the switchback evolution.

Figure 4.22: Figure from Bale et al. (2021) showing their proposed magnetic őeld
geometry at the Sun (white vectors). Colour scale indicates the magnetic őeld
strength with faster wind coming from the centre of magnetic funnels. Such a
magnetic shear could inŕuence the deŕections of switchbacks (reproduced from Bale
et al. 2021).

In terms of other observations, a similar study to that in this thesis was carried

out on the őrst nine encounters by Fargette et al. (2022). They took a more prob-

abilistic approach, and considered the full distribution of magnetic őeld directions
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in the encounter, instead of trying to isolate individual switchbacks as done in this

thesis. As noted by Fargette et al. (2022), their method cannot determine whether

more switchbacks were deŕecting in a certain direction, or if there was a greater con-

tribution from longer switchbacks. Nevertheless, this provides a contrasting method

to study the switchback deŕections.

Fargette et al. (2022) also observed that switchbacks could deŕect in any direc-

tion, but had a preference for ‘clockwise [velocity] deŕections’. As seen in Fig. 4.21,

when converted to magnetic őeld deŕections, this suggests a preference for tangen-

tial deŕections. However, the authors only observed a preference towards clockwise

velocity (see Fig. 4.21), rather than the ±T⃗ result reported in this section. As well

as conőrming the presence of switchback clustering, they also found a slight bias

towards negative BN , similar to the offset symmetry axis from Fig. 4.19.

Therefore, the observations from Fargette et al. (2022) seem to better match the

predictions from interchange reconnection (Fisk and Kasper 2020), with the authors

making similar arguments regarding the differential rotation rate of the corona and

photosphere. The same clockwise preference was also found by Meng et al. (2022) in

the őrst two encounters, although they only used ∼100 switchbacks per encounter,

rather than the several thousand found in this thesis (Table. 4.1).

So, while the exact distribution of switchback deŕections is debated, it is clear

that there is a tendency for deŕections in the tangential plane. This study found that

although there was a tangential preference, it was in both ±T⃗ , rather than the single

+T⃗ direction observed by Fargette et al. (2022) and predicted by interchange recon-

nection (Fisk and Kasper 2020). While these results, and the clustering behaviour,

can both be naturally explained by interchange reconnection, recent studies from

Johnston et al. (2022) and Squire et al. (2022b) suggest that in-situ mechanisms

cannot yet be ruled out.
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4.5.3 Linking time series to a physical shape

The most common interpretation of the switchback clustering is that there are gen-

uinely several larger switchbacks deŕecting in the same direction. This may be as

a result of consistent magnetic orientation closer to the Sun, or the inŕuence of the

Parker spiral. However, given that these claims are based on data from a single

spacecraft, there are other ways to produce this effect in the time series.

With the current deőnition based on magnetic őeld deŕection, the internal struc-

ture of a switchback is related to the deőnition itself. Therefore, it is possible that a

cluster of ‘switchbacks’ could be the sub-structure of some larger phenomenon that

has been misclassiőed. So, in order for switchback research to progress, a consistent

deőnition should be established that does not rely fully on the magnetic structure.

One such deőnition could come from the parallel proton core temperature, which

was observed to be enhanced in periods around 30minutes long by Woodham et al.

(2021a). Although this was only seen in a small period of E2, it suggests that there

could be some larger structure that contains several deŕections in the magnetic őeld,

which have been classiőed as switchbacks to date.

Another potential deőnition could come from establishing the leading and trailing

boundaries of the switchback. This could either be through looking for dips in |B⃗|

(Farrell et al. 2020); enhanced wave activity (Agapitov et al. 2020; Mozer et al.

2020; Larosa et al. 2021); or the presence of currents (Krasnoselskikh et al. 2020).

A switchback could then be deőned as the period between a pair of edges, allowing

for the internal magnetic structure to be separate from the switchback deőnition.

Finally, the magnetic curvature inside a switchback could be probed by observing

the propagation of the energy protons (Bandyopadhyay et al. 2021). In that study,

the authors stated that energetic protons were not affected by switchbacks in 86%

of cases. They then concluded that most switchbacks exhibited this behaviour,

so the switchback size could be constrained to <16,000 km. However, those 14%

of switchbacks that did affect energetic protons could be classiőed as having larger

magnetic curvature, and therefore be physically larger. Such a subset of switchbacks
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would be crucial for helping determine the link between switchback duration and

size.

As outlined in Section 4.4 and Horbury et al. (2020b), the duration measured by

the spacecraft could be related to the way in which it cut through the switchback.

Therefore, a cluster of switchbacks would be created if there was a deŕection direc-

tion that produced a longer duration in the time series. This would mean that such

switchbacks would only appear longer, but would still have the same physical size

as those switchbacks with a less favourable cutting angle. Using the method from

Bandyopadhyay et al. (2021), the behaviour of energetic particles could be studied

in a cluster of switchbacks to determine if they did indeed have a larger physical

structure.

Based on arguments made in Section 4.4.4, it was expected that there would

be a lessened dependence of duration on deŕection direction in later encounters.

However, this was not reŕected in the observations in this more recent study. In

searching for a way to reconcile these new observations with the framework of long,

thin switchbacks, the link between physical shape and what is portrayed in the time

series was explored further.

A typical representation of a switchback is often an S-shaped kink in the magnetic

őeld, as depicted in Fig. 4.23 (Kasper et al. 2019; Macneil et al. 2020). Since the full

context of the magnetic őeld and plasma is present in a simulation, the switchback

is often deőned by the shaded region. However, when dealing with time series

data from PSP, a switchback is usually deőned as a magnetic deŕection over some

threshold, e.g. 15◦. Applying such a threshold to the diagram in Fig. 4.23 gives a

thinner, off axis shape (red) when compared to the simulation (grey) classiőcation.

This is reminiscent of the ‘long, thin’ structures with an alignment direction

towards the Parker spiral, which was concluded to be the shape of the switchbacks

in Section 4.4. So, while this earlier work may still be valid, it may not have measured

the full switchback shape as would be deőned in a simulation or diagram, where the

full context is available.
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a) b)

Figure 4.23: Demonstration of the difference between the time series deőnition (red)
and the simulation perspective (grey rectangle). A threshold of 15◦ deŕection angle
is used, which creates a longer, thinner structure angled away from the background
direction. As the magnetic curvature increases in b), this effect is more pronounced.
These lines are for demonstration purposes only, and do not obey Maxwell’s equa-
tions.

An important aspect of the demonstration in Fig. 4.23 is that this ‘time series’

shape will depend on the magnetic curvature inside the switchback. For example, a

tighter S-shape, as in Fig. 4.23b, will result in a longer structure more aligned to the

background magnetic őeld. Such an effect, combined with the unclear evolution of

switchbacks with distance, means that there are now too many unknown variables to

apply the method from Section 4.4.1 across the encounters. Even so, this work is still

important for relating how the data presented in the time series actually corresponds

to the true shape and size of switchbacks. Such a problem may be solved with a

future multi-spacecraft mission, where the added spacecraft can provide context not

possible with PSP alone.
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4.6 Conclusions

This chapter has investigated the deŕection characteristics of switchbacks, which

was performed in two separate studies, Laker et al. (2021b) and Laker et al. (2022).

In the őrst study (Section 4.4), the link between switchback deŕection direc-

tion and duration was investigated, with the aim to estimate the average switch-

back dimensions. Following Horbury et al. (2020b), switchbacks were assumed to

be long and thin, with cylindrical symmetry. This made it possible to search for

the alignment direction that could best describe the observed dependence between

switchback duration and clock angle. For six streams in encounters 1 and 2, from

35R⨀︁ to 50R⨀︁, switchbacks were found to have consistent sizes with an average

of ∼50,000 km and an aspect ratio of the order of 10. This provides a useful scale

size to compare to switchback simulations or theories of their generation.

While the assumptions regarding switchback dimensions can never be proven

with a single spacecraft, the consistent sizes and alignment directions suggest that

the framework set out in this chapter could explain the link between duration and

clock angle. The average switchback alignment direction was found to be towards

the Parker spiral direction and not related to the background solar wind ŕow, which

rules out a link to the +T⃗ ŕow deŕection reported in Kasper et al. (2019). However,

this would still be consistent with Alfvénic pulses travelling along the őeld, such as

those suggested by Sterling and Moore (2020). There was still some variation in

alignment directions across the streams, perhaps implying that alignment direction

may be linked to the unique magnetic conőguration closer to the Sun, such as the

patches suggested by Bale et al. (2021) and Fargette et al. (2021).

If switchback duration is indeed linked to the direction at which a spacecraft cuts

through a structure, then there needs to be another method for determining physical

switchback size. This may come from studying the behaviour of energetic protons,

which are directly affected by the magnetic curvature inside the switchbacks. An

ability to detect the physical boundary of the switchback would also be useful, and

may be possible by őnding dips in |B⃗| or enhanced wave activity (Farrell et al. 2020;
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Mozer et al. 2020; Akhavan-Tafti et al. 2021).

In the latter study (Section 4.5), the distribution of switchback deŕection angles

was investigated over the őrst eight encounters in an attempt to distinguish between

different generation mechanisms. This was motivated by claims that switchbacks

should preferentially deŕect in certain directions in some switchback theories.

By estimating the clock angle for each switchback, it was found that switchbacks

did not deŕect equally in all directions. Instead, switchbacks preferentially deŕected

in either 135◦ → 315◦ clock angle for inwards magnetic polarity, or 45◦ → 225◦

clock angle for outwards magnetic polarity. This did not fully match the predic-

tion that switchbacks would have a single preferential direction (Fisk and Kasper

2020; Schwadron and McComas 2021), but it still demonstrated that there was a

systematic effect in the switchback deŕections.

It was originally thought that such a characteristic could not be explained by

those theories based on the expansion of random ŕuctuations (Squire et al. 2020;

Shoda et al. 2021; Mallet et al. 2021). However, motivated by these results, Johnston

et al. (2022) demonstrated that the Parker spiral can inŕuence switchbacks and

create an asymmetric deŕection distribution. It was also noted that a consistent

magnetic conőguration closer to the Sun, such as magnetic funnels (Bale et al.

2021), could create the same effect. So even though this chapter represents another

step towards describing switchbacks and their properties, there is still ambiguity

regarding the source of switchbacks.

Finally, there was a discussion of the limitations of single spacecraft measure-

ments when trying to study the internal switchback structure. It was concluded that

a better switchback deőnition is needed to make progress in switchback research,

which will be addressed in the next chapter.
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Chapter 5

Systematic deŕections in the

near-Sun solar wind

The previous chapter described the switchback size, shape and preferential deŕection

directions, which improved the understanding of switchbacks during PSP’s őrst four

years of operation (see Raouaő et al. 2023a for a review). However, with PSP

travelling to only 13R⨀︁ from the Sun, this chapter now aims to őnd more direct

signatures of heating and switchback generation in the nascent solar wind.

The relevant switchback theories, along with their testable predictions, are őrst

outlined in Section 5.1. A new systematic pattern of magnetic őeld deŕections will

be introduced in Section 5.2, challenging the current understanding of switchbacks.

The scale of these deŕections is investigated in Section 5.3, with a focus on how these

structures could relate to features found on the Sun. In addition to recognising a

consistent pattern in the magnetic őeld, Section 5.4 demonstrates that switchbacks

were associated with temperature enhancements close to the Sun. Finally, the larger-

scale temperature behaviour and properties of two different solar wind types are

discussed during Sections 5.5 and 5.6, which could ultimately help uncover the origin

and role of magnetic switchbacks in the solar wind.
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5.1 Motivation

5.1.1 Switchback deőnition

In the most basic deőnition, switchbacks are Alfvénic, arc-polarised deŕections away

from the magnetic őeld. Many of the additional switchback properties were deduced

by averaging over large numbers of switchbacks in the early encounters, which were

identiőed with a threshold in the magnetic őeld angle (e.g. >45◦). While this was

a quick, easy way to identify switchbacks over an entire encounter, it has inŕuenced

the way in which switchbacks are considered. For example, with this deőnition, any

suitably large deŕection in the magnetic őeld is classiőed as a distinct switchback.

However, deŕections could equally be part of some larger structure. These two

scenarios are indistinguishable using a switchback deőnition based solely on the ab-

solute magnetic őeld angle. Therefore, to improve the understanding of switchbacks

and their internal structure, a new deőnition must be found.

This would be straightforward if there were a distinct difference in the plasma

properties inside and outside the switchbacks. However, recent studies have pre-

sented conŕicting reports on the temperature change seen inside switchbacks. On

one hand, Woolley et al. (2020) used SPC to show that Tp,∥ was the same inside

(θRB = 180◦) and outside (0◦) switchbacks. Subsequently, with őts to the SPAN

VDFs, Woodham et al. (2021a) showed that Tp,∥ was enhanced over groups of switch-

backs. While this suggested different plasma conditions, it was unclear how switch-

backs were related to the larger-scale structure of Tp,∥.

Furthermore, due to the limitations of SPAN in the early PSP encounters, Wood-

ham et al. (2021a) could not determine the behaviour of the temperature past

θRB = 90◦. Therefore, it is still not known whether the results from these two

instruments are compatible with one another, i.e. whether the proton core temper-

ature returns to background levels at 180◦, as SPC suggests.

Fortunately, with the higher orbital speed of PSP in E11, the proton core will

become more visible in SPAN’s FOV. This, combined with the fact that solar wind
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structures should be more pristine closer to the Sun, means that it should be possible

to fully characterise the behaviour of Tp,⊥ and Tp,∥ with magnetic őeld angle up to

θRB = 180◦.

In summary, to create a more robust switchback deőnition, this chapter aims to

answer the following questions:

1. Is there a consistent plasma signature inside switchbacks?

2. How do the larger-scale enhancements in Tp,∥ from Woodham et al. (2021a)

relate to switchbacks?

3. What is the behaviour of the proton core temperature inside switchbacks with

θRB > 90◦?

4. Can plasma properties be used to help deőne a switchback?

5.1.2 Potential signatures of generation mechanisms

Many of the switchback theories proposed in Section 4.2 were based on the proper-

ties described in the őrst few PSP encounters. Since then, new evidence has been

reported, which has formed the basis for several new switchback generation mech-

anisms. These will be outlined in this section, with a focus on the signatures that

could be measured now that PSP has travelled to only 13R⨀︁ from the Sun.

To explain the existence of both switchbacks, and their larger-scale modulation

in patches, Kumar et al. (2022) have suggested that coronal plumes could be the

source, as shown in Fig. 5.1. These stable column-like structures have long been

observed inside coronal holes (see Section 2.2.2). Recent studies have shown that

they contain signiőcant sub-structure and dynamics, with the existence of numerous

reconnection driven jets at the base, termed ‘plumelets’ (Raouaő and Stenborg 2014;

Uritsky et al. 2021; Kumar et al. 2022). While there is some debate, these features

seem to be the manifestation of the small-scale ‘jetlets’ at the base of the plumes

(Raouaő et al. 2008; Kumar et al. 2019). Observations suggest that they are caused
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Figure 5.1: Diagram showing how embedded bipoles in a coronal plume (shaded
grey volume) could create the switchbacks at PSP through the launch of jetlets via
interchange reconnection (reproduced from Kumar et al. 2022).

by interchange reconnection of an embedded bipole in the otherwise unipolar coronal

hole, as depicted in Fig. 5.1.

As a result, Kumar et al. (2022) argue that the base of plumes are őlled with

many bright points that undergo repeated magnetic reconnection, launching kinks in

the magnetic őeld that would be seen as switchbacks by PSP. This kinked magnetic

őeld line is similar to those created in the interchange reconnection (Fisk and Kasper

2020; Zank et al. 2020) and coronal jet ideas (Sterling and Moore 2020; Neugebauer

and Sterling 2021). However, Kumar et al. (2022) now suggest that each bright

point relates to a switchback patch (Bale et al. 2021; Fargette et al. 2021), with the

repeated reconnection creating a series of switchbacks.

Remote sensing observations show that these bright points undergo quasi-periodic

reconnection, at a frequency of around 3 → 5minutes (Uritsky et al. 2021). This

matches the long-standing 5-minute oscillations (p-modes, see Section 2.2.2) on the

Sun, implying that this photospheric oscillation could repeatedly trigger reconnec-

tion at the bright points (Uritsky et al. 2021; Kumar et al. 2022). Therefore, much

like the interchange reconnection idea (Fisk and Kasper 2020; Zank et al. 2020),

this scenario should create groups of switchbacks that have a similar orientation,
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which relates back to the conőguration of the magnetic őeld at the bright point.

Additionally, there is now the extra prediction that the switchback in the solar wind

should reŕect the 3 → 5minute oscillations on the Sun. While preferential deŕection

directions have been observed for switchbacks over an entire encounter (Section 4.5),

this signal should be visible on a more local scale, especially with PSP so close to

the Sun.

Figure 5.2: Interchange reconnection simulation from Wyper et al. (2022). Quasi-
periodic reconnection at the loop creates torsional Alfvén waves (left panel). As the
spacecraft moves through a 2D slice (right panel) it will see a periodic pattern of
deŕections in velocity (blue) and magnetic őeld (red) (reproduced from Wyper et al.
2022).

There is still some debate on whether kinks in the magnetic őeld will survive

into the solar wind, with Wyper et al. (2022) arguing that kinks would relax due

to magnetic tension in the low plasma-β corona. Instead, the authors followed on

from the work of Drake et al. (2021) who investigated the release of ŕux ropes with

a 2.5D simulation of interchange reconnection. However, by treating the plasma in

3D in this newer study, the intermittent reconnection of a magnetic null-point was

seen to create a continuous source of torsional Alfvén waves.

Consequently, from the same magnetic topology as the bright points in Fig.

5.1, Wyper et al. (2022) has shown that a continuous ŕow of Alfvén waves would

be produced. This would be more stable than the kinked magnetic őeld usually

envisaged in an interchange reconnection scenario (Fisk and Kasper 2020; Kumar
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et al. 2022).

As shown to the right of Fig. 5.2, a spacecraft moving through this outŕow

would experience a series of alternating tangential deŕections with a constant |B⃗|.

According to Wyper et al. (2022), there will be a consistent sense of rotation for the

waves inside a ‘patch’ of deŕections, i.e. from a single source of reconnection as in

Fig. 5.2.

While this simulation was performed on a large-scale, Wyper et al. (2022) ex-

pect the process to be scale-invariant. Therefore, such results could represent an

underlying feature of any switchback mechanism that invokes interchange reconnec-

tion. If this is true, then the signature of alternating tangential deŕections should

be prevalent throughout the solar wind. However, switchbacks are currently only

considered to be isolated deŕections in the magnetic őeld.

One major difference between this simulation and the observed switchbacks is

the amplitude of the deŕections, which were <30◦ in the former. Wyper et al. (2022)

solved this by suggesting that the pattern of small deŕections could act as a seed

for the expanding wave theories of in situ switchback generation (Squire et al. 2020;

Shoda et al. 2021; Mallet et al. 2021).

Further evidence for interchange reconnection has come from the presence of a

high energy tail to the proton core and alpha populations, as reported by Bale et al.

(2022). These non-thermal tails had spectral indices consistent with simulations of

exhausts from interchange reconnection closer to the Sun. The authors also showed

that interchange reconnection could supply sufficient energy to drive the fast wind,

as well as produce a continuous outŕow of material. They concluded that faster

material would be created on one side of the reconnecting loop, as seen in Fig. 5.3,

creating an asymmetric pattern in the solar wind speed that is measured by PSP.

While this geometry can explain the large-scale speed variations in a patch, there

should also be systematic deŕections on a smaller scale within the patch according

to the work of Wyper et al. (2022) above.

In summary, there seems to be mounting evidence for interchange reconnection as
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Figure 5.3: Asymmetric radial velocity proőle (top) created by interchange reconnec-
tion at several coronal loops. Faster solar wind is created by the newly reconnected
őeld lines that occur on one side of each magnetic őeld loop (reproduced from Bale
et al. 2022).

the source for switchbacks. Remote sensing observations from Kumar et al. (2022)

show that periodic reconnection is occurring on the Sun, while simulations have

shown that interchange reconnection could provide a continuous outŕow of material

with a sufficient heating rate for the fast solar wind. In situ evidence includes both

the high energy ion tails and the asymmetric modulation of the solar wind speed on

a large scale. However, there is no evidence yet of the local magnetic őeld patterns

predicted by both Kumar et al. (2022) and Wyper et al. (2022).

Therefore, this chapter will also aim to answer the following questions:

1. Do switchbacks show a consistent pattern of orientation on the local scale?

2. If so, then what is this scale? How does this relate to the solar features?

3. As well as the high energy tail from Bale et al. (2022), is there any proton core

heating inside switchbacks?
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5.2 Systematic deŕections

Up to now, there have been some suggestions that neighbouring switchbacks may

be related. For example, Dudok de Wit et al. (2020) used waiting time statistics

to deduce that switchbacks had some ‘memory’. There were also reports of switch-

back clusters, where several longer switchbacks would deŕect in the same direction.

However, there has been no evidence for a consistent pattern in the switchbacks, as

predicted by several mechanisms in the previous section.

As PSP moved closer to the Sun in E11, a systematic pattern in the magnetic

őeld emerged, an example of which is shown in Fig. 5.4. The top panel shows the

typical dips in BR that would normally be identiőed as several switchbacks, using

a threshold on the magnetic őeld angle. More striking, however, was the periodic

pattern in the BT and BN components, which appeared to be anti-correlated. The

corresponding hodograms in the lower panels demonstrate that the magnetic őeld

was still arc polarised, as found for switchbacks in Section 4.3.2. However, unlike pre-

vious observations, successive switchbacks are now consistently deŕecting back and

forth along the same arc. This created a series of alternating tangential deŕections,

remarkably similar to the predicted spacecraft signal for interchange reconnection in

Fig. 5.2 (Wyper et al. 2022). Such a signal is seen throughout the E11 data, provid-

ing further evidence that this is due to some underlying process closer to the Sun.

Consequently, these in situ observations could represent the imprint of interchange

reconnection on the solar wind.

These observations also imply that switchbacks, as they are currently known,

are merely a sub-sample of this more fundamental pattern in BT and BN . To

demonstrate this point, Fig. 5.5a depicts the current deőnition of a switchback,

where the magnetic őeld deŕects away from the background direction and then back

again. Taking into consideration that there is now a series of deŕections along the

same arc, one ‘unit’ of the new pattern would be represented by Fig. 5.5b. So,

these results suggest that more emphasis should be placed on őnding times when

the magnetic őeld is consistently deŕecting back and forth along the same arc.
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Figure 5.4: Example patch of anti-correlated deŕections in BT (green) and BN

(orange). These are still Alfvénic ŕuctuations, as shown by a similar pattern in the
velocity ŕuctuations (third panel). The hodograms for the highlighted region are
shown in the lower panels, where several successive deŕections, split by colour, all
travel along the same arc.

This new criterion is applied to the data in the lower panels of Fig. 5.4, where

individual units of deŕections are distinguished by colour. While this is not as clear

as the theoretical depiction in Fig. 5.5b, it demonstrates that the physical shape of

switchbacks is more like a continuous train of Alfvén waves than an isolated S-shaped
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Figure 5.5: Demonstration of how the magnetic őeld deŕections vary for the current
(a) and proposed (b) deőnition of switchbacks. The magnetic őeld components that
would be measured by the spacecraft are shown in the lower panels, following the
same colour scheme as previous őgures. The current switchback deőnition (a) has
one dip in BR representing a single deŕection away from R⃗ and back. The proposed
deőnition (b) has two dips in BR, resulting in the magnetic őeld deŕecting away
from R⃗ twice, while staying arc polarised.

structure.

The PSP data also shows that this rotation of the magnetic őeld is not always

smooth, but has several sharp changes in direction, known as rotational discontinu-

ities (RDs). This makes the switchbacks appear more like the observations of phase

steepened Alfvén waves, commonly observed with Ulysses (Vasquez and Hollweg

1996; Riley 1996; Tsurutani et al. 2005; Tsurutani and Ho 1999). This comparison
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is further strengthened by reports of |B| dips at the sharp edges of phase steepened

Alfvén waves (Tsurutani et al. 2005), which has also been shown for switchbacks

(Farrell et al. 2020).
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Figure 5.6: Example patch of correlated deŕections in BT (green) and BN (orange).
The hodograms for the highlighted grey region are shown below, where several suc-
cessive deŕections, split by colour, all travel along the same arc.

While the majority of oscillations in BT and BN were anti-correlated, there were

also times with a correlated pattern in the magnetic őeld. An example of this can
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be seen in Fig. 5.6, with accompanying hodograms in the lower panels.

To compare to the results of the previous chapter (Section 4.5), these two cases

can be converted into clock angle and would correspond to:

• 135◦ → 315◦ CA for anti-correlation of BT and BN (Fig. 5.4)

• 45◦ → 225◦ CA for correlation between BT and BN (Fig. 5.6)

This is demonstrated further in Fig. 5.7, where the magnetic őeld is seen to quasi-

periodically ŕip between two different clock angles. When plotted in a similar fashion

to the polar histograms from the previous chapter (Fig. 4.19), it is clear that these

correspond to the same preferential deŕection directions seen over an entire en-

counter (using several days of data). However, these new results show that the same

preferential directions exist on a much smaller timescale (tens of minutes). There-

fore, in answer to the őrst question from Section 5.1.2, a series of switchbacks can

have a consistent orientation on the scale of a few minutes, similar to the predictions

of Kumar et al. (2022) and Wyper et al. (2022).

It is still not known why the magnetic őeld deŕects in these particular directions,

i.e. correlation or anti-correlation of BT and BN rather than just oscillations in ±BT .

The scenario proposed by Kumar et al. (2022) relates each switchback patch with a

bright point on the Sun, with repeated reconnection creating the switchbacks. This

implies that all the switchbacks from the same bright point should have a consistent

orientation. However, this was not the case for the switchback patches observed by

PSP, with both correlated and anti-correlated deŕections existing within the same

patch. Wyper et al. (2022) also noted that switchbacks from the same reconnection

source would have the same ‘sense of rotation’, but did not specify a scale at which

this reconnection should occur. This point will be returned to after a discussion of

the typical deŕection scales in Section 5.3.

An alternative explanation can be provided if the switchbacks are assumed to

be phase-steepened Alfvén waves, as suggested earlier. Vasquez and Hollweg (1996)

demonstrated that initially small-amplitude linearly polarised waves could grow into
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arc-polarised waves with embedded RDs, which strongly resemble the wave train of

Alfvén ŕuctuations in Fig. 5.4. However, if the amplitude of the waves were strongly

modulated in one direction closer to the Sun, then this would encourage the waves

to steepen in the same direction. Therefore, the orientation of the deŕections at

PSP could reŕect the magnetic őeld conditions closer to the Sun.

On visual inspection, it is clear that this new pattern of tangential deŕections

was present in all the previous PSP encounters, such as the period shown for E2

in Fig. 5.8. As well as being responsible for the preferential deŕection directions

from Section 4.5, the new pattern of deŕections can also explain the existence of the

previously observed switchback clusters (Horbury et al. 2020b; Laker et al. 2021b;

Laker et al. 2022). For example, looking at the magnetic őeld in Fig. 5.8, there are a
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series of correlated deŕections in BT and BN . However, due to BN having a non-zero

mean, the deŕection angle becomes >45◦ predominantly for −BN deŕections. So,

after applying the normal switchback criteria, a greater number of switchbacks (red

in the top panel) are found with −BN , which would then be identiőed as a ‘cluster’.
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Figure 5.8: Example of a cluster of switchbacks in E2, identiőed as red in the upper
panel. There is a consistent pattern of deŕections in BT and BN (second panel),
with only the components sampled by the switchbacks shown in the third panel. The
clock angle of the switchbacks in the lower panel shows that longest ones (largest
scatter size) deŕect in roughly the same direction.

In summary, with the beneőt of closer spacecraft measurements, a new pattern

has been identiőed in the local magnetic őeld, potentially representing the imprint

of interchange reconnection on the solar wind. With this new perspective, the same

pattern can be identiőed throughout the previous PSP encounters. Therefore, it

is proposed that the switchback deőnition should focus on structures where the
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magnetic őeld is deŕecting along an arc, rather than the absolute angle from the

background.

5.3 Scale of the deŕections

If these deŕections are the imprint of a process near the Sun, then their scale at

the spacecraft could help determine whether they are related to a particular solar

feature. From a visual inspection, the magnetic őeld had a coherent pattern on the

order of minutes in both Figs. 5.4 and 5.6. For a more quantitative estimate of the

scale, the time series of magnetic őeld angles (ϕB, θB) were transformed into the

frequency domain with the Fourier transform. Using the angles instead of magnetic

őeld components meant that the results would not depend on |B⃗|.

An example period during E10 is shown in Fig 5.9, along with the Fourier trans-

form of ϕB and θB in the lower left, and the cross-spectral density in the lower right.

These were estimated using Welch’s method for averaging periodograms, with a 30-

minute Hann window (Nuttall 1981). During this time, both magnetic őeld angles

had enhanced power at ∼2 and 10minutes. The same scales also had an increased

cross-spectral density, indicating that the two angles were co-moving during this

period.

Therefore, in addition to having a coherent pattern in the magnetic őeld, the

periods at the spacecraft are remarkably similar to the 3 → 5minutes oscillations

observed at the base of plumes (Uritsky et al. 2021). If this connection is true, then

switchbacks would be a direct signature of long studied p-mode oscillations on the

Sun’s surface. It is important to note, however, that the solar wind measurements

are only made by a single spacecraft, meaning that temporal and spatial changes

cannot be distinguished. Usually Taylor’s hypothesis is invoked, which assumes that

the ŕow of the solar wind past the spacecraft is much quicker than the timescales of

plasma evolution (Taylor 1938). Under this assumption, the spacecraft is essentially

measuring a spatial cut through the solar wind, and would not be able to measure

how the solar wind varies in time. While some authors have questioned the validity
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of Taylor’s hypothesis when PSP is so close to the Sun (Perez et al. 2021), it is still

difficult to disentangle spatial and temporal variations.

Instead of being related to a timescale at the Sun, these deŕections in the space-

craft could relate to a longitudinal structure in the solar wind that the spacecraft

cuts through. In order to investigate this possibility, the time at the spacecraft was
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Figure 5.9: Example power and cross-spectral density for a period in E10. There is
enhanced power in both ϕB and θB around 2 and 10minutes in the lower left panel.
Both these scales also had an increased cross-spectral density (lower right panel),
indicating that they were co-moving.
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converted into spatial coordinates. Similar to Fargette et al. (2021), the angular

displacement of the spacecraft, S, was calculated by integrating the trajectory in

longitude and latitude:

S(t) =

∫︂ t

0

dS (5.1)

dS =
√︁

cos2(Θ) dΦ2 + dΘ2. (5.2)

Welch’s method was then applied using a 2◦ Hann window, giving the results

in Fig. 5.10. Again, there were two peaks in the cross-spectral density, which now

appear at 0.5◦ and 0.1◦. To compare this to scales at the Sun’s surface, the expansion

of the magnetic őeld must be accounted for.

The magnetic őeld often expands faster than spherical expansion (r−2) by a

factor of:

f =
B⨀︁

B

(︃

R⨀︁

r

)︃2

, (5.3)

where B⨀︁ is the magnetic őeld strength at the Sun’s surface (Wang et al. 1997;

Riley et al. 2015). Therefore, a spatial scale at the spacecraft, lSC , will correspond

to a scale at the Sun of:

l⨀︁ =
lSC√
f

R⨀︁

rSC
. (5.4)

From Fig. 5.10, measured at ∼ 13R⨀︁, the length scales are between 16 →

80Mm, which corresponds to 0.6 → 3Mm on the Sun’s surface using a typical

expansion factor of ∼4 (Fargette et al. 2021; Uritsky et al. 2021).

These scales are similar to:

• Granule scale of ∼ 1Mm (Nordlund et al. 2009)

• Size of the bright points, 1.4 → 2.1Mm (2"-3"), in coronal plumes as observed

by Kumar et al. (2022)

On larger scales, switchbacks are observed to come in patches, whose size (∼3◦ →

10◦ at PSP) has been related to the supergranular network on the Sun (Bale et al.

2021; Fargette et al. 2021). However, it is important to note that coronal plumes
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Figure 5.10: Power and cross-spectral density for the same period as Fig. 5.9,
but now with respect to the angular displacement. Again, there are two scales of
enhanced power in both ϕB and θB, which are now around 0.5◦ and 0.1◦.

have similar spatial scales to supergranules (Bale et al. 2021). Therefore, switchback

patches could be the signature of coronal plumes in the solar wind, with switchbacks

being linked to the bright points spread around the plume base. This is a slight

deviation on the suggestion from Kumar et al. (2022), who related the temporal

scale of patches (hours) to the lifetime of bright points. However, as discussed above,

it is easier to compare spatial rather than temporal scales between the spacecraft
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and the Sun.

Interestingly, Fargette et al. (2021) also noted that the magnetic őeld angle varied

on a smaller scale than switchback patches, around 0.3◦ → 1.6◦, which they also

associated with the granular scale on the Sun. Nonetheless, this chapter provides

evidence of a coherent pattern in BT and BN at these scales, further strengthening

the argument for interchange reconnection as the source of switchbacks.

5.4 Temperature enhancements inside switchbacks

So far, the increased proximity to the Sun has revealed a more systematic pattern

in the solar wind during E11, but is there a distinct plasma signature inside switch-

backs? Fortunately, the observations from E11 also beneőt from a higher orbital

speed, resulting in the proton core being more visible in SPAN’s FOV. Fig. 5.11

shows an example switchback, with a clear enhancement in both Tp,⊥ and Tp,∥. The

greater increase in Tp,∥ led to the proton core becoming isotropic (Tp,⊥/Tp,∥ ∼ 1)

inside the switchback.

It should be noted that the restricted FOV of SPAN can sometimes introduce

non-physical results. To prove that this was not the case in this example, the

individual VDFs for outside (a) and inside (b) the switchback are shown in Fig.

5.12.

The initial VDF, Fig. 5.12(a), shows an anisotropic proton core (wider perpen-

dicular to the magnetic őeld), with a proton beam along the magnetic őeld direction

(black arrow). The proton core was őtted with a bi-Maxwellian distribution (see

Woodham et al. 2021a), whose derived velocity is depicted by the red dot. Unlike

the velocity from the moments (blue dot) the őts show that the centre of the proton

core was blocked by the heat shield. The proton core then moved into the SPAN

FOV as it rotated with the Alfvénic ŕuctuation (see Section 2.4.2), and the proton

beam was cut off. Consequently, Fig. 5.12(b) shows that the proton core was more

isotropic inside the switchback, validating the time series data from Fig. 5.11.

Of course, this one example does not yet prove a consistent plasma signature
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Figure 5.11: Example deŕection from E11, demonstrating that both Tp,∥ and Tp,⊥

are enhanced inside, which reduces the anisotropy (Tp,⊥/Tp,∥) of the core to ∼1.
Individual VDFs for inside and outside the deŕection are shown in Fig. 5.12.

across all switchbacks. To plot the proton temperature across a larger period, it

was important to ensure that the proton core was not completely out of the SPAN

FOV. This was achieved by calculating the angle of the solar wind from radial in

the spacecraft frame, using:

tan−1

(︃

Vsw,T − VSC,T

Vsw,R

)︃

, (5.5)

where Vsw is the solar wind velocity moment of the distribution (blue dot), and VSC

is the spacecraft velocity with respect to the Sun in an inertial frame. In order for the
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proton core to avoid being blocked by the spacecraft’s heat shield, this angle must

be sufficiently negative, i.e. not have a strong positive +VT deŕection. Accordingly,

in this study, only those times with an angle <−5◦ were retained.
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Figure 5.12: VDFs from the example deŕection in Fig. 5.11 in the instrument frame,
with the proton core and beam labelled. The SPAN FOV is cut off at the dashed
line, but as the magnetic őeld (black arrow) rotates in the deŕection, the proton
core is moved into the FOV. This is associated with an increased Tp,⊥ and Tp,∥. The
velocity from the moment of the VDF is shown in blue, with the őtted velocity in
red.
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The resulting data are shown for an extended period in Fig. 5.13, where there

was an increased temperature inside each deŕection of the quasi-periodic pattern

from the previous section. These results are similar to the enhanced Tp,∥ reported

for −BT deŕections by Woodham et al. (2021a) in E2, which has been re-plotted in

Fig. 5.14. At the time, the authors concluded that ‘switchbacks [were] embedded

within a larger-scale structure identiőed by distinct plasma signatures’. However,

given the new knowledge of a coherent deŕection pattern, the enhancements in

temperature should now be classiőed as the switchbacks themselves, rather than

some ‘larger-scale structure’. Therefore, by using the proton temperature to deőne
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Figure 5.13: Example patch of switchbacks in E11 each associated with an increase
in temperature, which also reduced the proton core anisotropy. The heating rates
will be studied across switchbacks in Fig. 5.15.
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a switchback, the individual dips in BR, seen in Fig. 5.14, would now be deemed as

internal sub-structure, rather than switchbacks in their own right.

Finally, it is also interesting to note that Woodham et al. (2021a) did not see

a signiőcant increase in Tp,⊥. This may imply that the heating mechanism behind

Tp,⊥ becomes less important farther from the Sun.

So, while an earlier study associated temperature increases with a ‘larger struc-

ture’, the new PSP measurements have shown that each switchback is unambigu-

ously associated with an increase in both Tp,⊥ and Tp,∥.
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Figure 5.14: Temperature enhancements replotted for the period used by Woodham
et al. (2021a) during E2. Deŕections in −BT were associated with enhanced Tp,∥

and a lower anisotropy. This is similar to the results presented in this chapter, but
now there is also heating in Tp,⊥ and a more frequent pattern in BT and BN .
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5.4.1 Heating inside switchbacks

To further characterise the behaviour of the temperature inside switchbacks, the

larger-scale T-V relationship (Section 2.4.5) was őrst removed. This method is

described later in Section 5.5, as part of a more detailed study of the larger-scale

T-V relationship with PSP.

For now, only the difference in temperature from the background, δTp,⊥ and

δTp,∥, will be considered inside the switchbacks. While other studies have assessed

the change in δTp against δv (Horbury et al. 2018), this was not considered in this

study due to the large changes in vA across the encounters. Instead, δTp,⊥, δTp,∥

and temperature anisotropy were plotted against θRB in Fig. 5.15. This shows a

consistent heating signature in the switchbacks, even when compared across different

encounters. The higher rate of heating in the parallel direction drove the proton core

anisotropy below 1 at ∼75◦, before reaching around ∼0.8 past 90◦.

Interestingly, both δTp,⊥ and δTp,∥ appear to ŕatten out past ∼90◦. To extract

a heating rate, the change in temperatures were őtted with the following model:

δT (θRB) =

⎧

⎪

⎪

⎨

⎪

⎪

⎩

m(θRB − θS) + δTS if θRB < θS

δTS if θRB >= θS

(5.6)

where m is the gradient (K/◦) and δTS is the saturated temperature increase that

begins at the saturation angle, θS.

The results of this őtting are shown in Table 5.1 where the average heating

rate for δTp,∥, ∼16,000±4,000K/◦, was around twice as high than that for δTp,⊥,

∼7,000±4,000K/◦. A similar relationship was seen for δTS, which was ∼1.36±0.47MK

and ∼0.72±0.56MK for δTp,∥ and δTp,⊥, respectively. Both the perpendicular and

parallel temperatures saturated around θS = 90◦, implying that switchbacks have a

maximum temperature at the centre.

To further demonstrate this point, Fig. 5.16 presents a model switchback cross-

section, where the deŕection angle increases towards the centre of the physical struc-
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Figure 5.15: Relationship between δTp,⊥, δTp,∥ and anisotropy with θRB after the
removal of the background T-V relationship. Mean average and standard deviation
are shown for 10◦ bins of θRB. It appears that δTp,∥ plateaus above 90◦. Each
encounter was őtted with equation 5.6, with the average results shown by the black
line, which is summarised in Table 5.1.

ture. Fig. 5.16(b) shows a sinusoidal temperature proőle, initially proposed by

Woodham et al. (2021a). This was used to explain how SPAN could see an increase

in temperature up to 90◦, while SPC measured a similar temperature at both 0◦ and

180◦. However, the new result from Fig. 5.15 suggests that the heating saturates

inside switchbacks, as depicted in Fig. 5.16(a).
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δTp,⊥ δTp,∥

m (K/◦) TS (MK) θS (◦) m (K/◦) TS (MK) θS (◦)
E5 2, 127± 33 0.366± 0.004 161.5± 0.0 10, 935± 98 0.99± 0.015 105.4± 1.5
E6 5, 816± 92 0.506± 0.008 76.7± 1.7 15, 900± 149 1.437± 0.022 97.6± 1.6
E7 3, 972± 72 0.332± 0.004 73.6± 1.4 15, 239± 222 0.867± 0.011 65.1± 1.0
E8 9, 361± 240 0.619± 0.017 57.1± 2.0 22, 521± 325 1.316± 0.036 66.6± 1.7
E10 14, 807± 268 1.957± 0.029 133.0± 0.0 20, 115± 414 2.307± 0.039 119.6± 0.0
E11 6, 700± 121 0.553± 0.015 75.1± 2.4 16, 995± 189 1.246± 0.026 82.9± 1.7

Average 7, 130± 4100 0.722± 0.561 96.2± 37.6 16, 952± 3680 1.361± 0.465 89.3± 20.2

Table 5.1: Resulting of őtting equation 5.6 to all the data points in each encounter
(Fig. 5.15).

Magnetic reconnection at the source could create a structure that was hotter in

the centre, while also explaining the preferential heating along the magnetic őeld

direction. Recent results from Bale et al. (2022) have shown that the energetic

particles in E10 are likely the high energy tail of the proton core, accelerated by

interchange reconnection closer to the Sun. This same period of study also displayed

the consistent magnetic deŕections discussed in this chapter, which had a consistent

heating of the proton core. Therefore, it is possible that the observations from

Fig. 5.15 and Bale et al. (2022) are generated by the same underlying reconnection

at the Sun. In future, it would be interesting to see if the high energy proton

tails are conőned within switchbacks, which would provide compelling evidence that

switchbacks are created by interchange reconnection.

While the energised particles and associated Alfvén wave both travel on the

order of the Alfvén speed shortly after reconnection, the increased Alfvén speed

in the corona means that the reconnection outŕow will move much slower than

the Alfvén waves. This means that the heating signature at the spacecraft should

not appear at the same time as the Alfvén wave. Consequently, the reconnection

scenario would only work with a continuous outŕow inside ŕux tubes, creating a

hotter centre. While simulations have shown a continuous outŕow from interchange

reconnection (Wyper et al. 2022; Bale et al. 2022), it is not yet known whether this

would also lead to a consistent heating inside switchbacks.

Alternatively, the heating inside the switchbacks could also be caused by an

in situ plasma instability. The saturation of the heating could be explained by the
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Figure 5.16: Diagram to visualise the two different heating scenarios for a deŕection.
For demonstration purposes, a cross-section through the deŕection is assumed to
have increasing θRB towards the centre (top panel). The temperature could either
be hotter towards the centre (a) or related to θRB in such a way that the temperature
at 0◦ and 180◦ are the same (b).

plasma properties being different inside switchbacks, removing the necessary driving

conditions.

For example, when simulating the evolution of phase-steepened Alfvén waves,

Vasquez and Hollweg (1998) noted that ions could be heated parallel to the mag-

netic őeld. They explain that the steepening of the waves creates large increases in

density, which would then lead to heating of the plasma along the magnetic őeld

direction through Landau damping. Since switchbacks are not associated with den-

sity enhancements, this mechanism would have to happen before the switchbacks
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are measured by PSP. This would suggest that the heating rate would decrease as

the spacecraft moved farther from the Sun.

While this was not a general trend seen across the encounters in Table 5.1 with

PSP, it does agree with the lack of Tp,∥ increase observed in other spacecraft at a

greater distance. Both Horbury et al. (2018) and D’Amicis et al. (2019) showed

that there was no temperature increase inside switchbacks when measured by Helios

(∼0.3 AU). However, D’Amicis et al. (2019) noted that the time resolution on Helios

was only every 40.5 seconds, which may have led to blurring of the VDF as it was

measured.

Using Wind observations, D’Amicis et al. (2019) found that δTp,⊥ was positively

correlated with θRB, but found no such trend for δTp,∥. The authors suggested that

the well-known ion-cyclotron resonance could lead to the increase in Tp,⊥, which

may also be the cause of the perpendicular heating at PSP.

Another explanation was offered by Woodham et al. (2021b), who studied 15

years of Wind observations. They found that the heating of the protons was caused

by turbulent dissipation that depended on both θV B and the plasma β. Enhance-

ments in Tp,⊥ were associated with a higher Alfvén ion-cyclotron wave activity, and

increased Tp,∥ with higher kinetic Alfvén wave1 activity. Again, a change in θV B or

β inside the switchback could halt the plasma instability, and lead to the heating

saturation seen in Fig. 5.15.

5.4.2 Temperature inside a full reversal switchback

While the results from the previous section suggest that there was continued heating

inside switchbacks, an earlier report from SPC showed that Tp,∥ was equal at θRB =

0◦ and 180◦ (Woolley et al. 2020). Therefore, this section examines the SPAN VDFs

within a full reversal switchback, which has not been attempted previously.

While it would be preferable to study the same switchbacks as Woolley et al.

(2020), the orbital speed of PSP was too low for SPAN to operate in the őrst

1Short wavelength extension to the Alfvén wave where the parallel wavelength is much greater
than the perpendicular one
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encounter. Instead, several full reversal switchbacks were identiőed for encounters

5, 6 and 7. Although the orbital speed was higher in the later encounters, δB⃗/B⃗

was lower, meaning that the magnetic őeld rarely rotated to 180◦.
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Figure 5.17: Relationship between proton temperatures and anisotropy with θRB for
an example full reversal switchback found in E5. This suggests that the temperatures
continue to increase up to 180◦. VDFs for the two starred points are displayed in
the lower panels to prove this is not an instrumental effect.

An example of the plasma properties observed in a full reversal switchback during

E5 is shown in Fig. 5.17. Similar to the results over an entire encounter in Fig. 5.15,

Tp,∥ increased with angle at a faster rate than Tp,⊥. However, now it is clearer that
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neither temperature returns to the background value at 180◦.

The VDFs in the lower panels of Fig. 5.17 also conőrm this behaviour, and

show that this was not due to an instrumental effect. Both temperatures varied

more linearly than the saturated heating observed over the whole encounter in the

previous section. However, another full reversal during E7, in Fig. 5.18, showed

the same behaviour as in Fig. 5.15. This could suggest that the saturation effect

varies between switchbacks, but can in general be modelled by equation 5.6. These

examples, along with others not shown, disagree with the őndings from Woolley

et al. (2020), who saw no Tp,∥ increase within a switchback using SPC.

To address this disparity, the SPC temperatures are plotted against SPAN for

the full reversal in Fig. 5.18. Since these instruments were designed to work when

the other one cannot, this was the only example where data was available for both

instruments.

As mentioned in Section 2.6.2, SPC can only measure a radial temperature ac-

cording to equation 2.39. To better compare the results from these instruments,

equation 2.39 was used to convert the SPAN temperatures into the same format as

SPC. Even with this conversion in Fig. 5.18, the SPAN TR (dark blue) still did not

match SPC temperature (light blue).

Interestingly, SPC did still show that the temperature was roughly equal at

both θRB = 0◦ and 180◦ as reported by Woolley et al. (2020). However, the SPAN

VDFs clearly showed an increased temperature, suggesting that SPC cannot reliably

measure the proton temperature at large magnetic őeld angles.

Therefore, in answer to the questions posed at the end of Section 5.1.1:

1. Is there a consistent plasma signature inside switchbacks?

• Yes, there is an increase in both Tp,⊥ and Tp,∥ with a consistent heating

rate of ∼7,000±4,000K/◦ and ∼16,000±4,000K/◦, respectively.

• This makes the proton core more isotropic inside the switchbacks.

• The increase may be related to the heating of higher energy particles from

Bale et al. (2022).
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Figure 5.18: Example full reversal deŕection, where both SPAN (dark blue) and
SPC (light blue) measured the temperature. The SPAN measurements of Tp,⊥ and
Tp,∥ are shown in the upper left panel, along with the anisotropy in the lower panel.
The exact cause of the spikes at 30◦ and 150◦ is unknown, but is possibly due to the
presence of a proton beam. The radial temperature, TR, in the upper right panel
was severely underestimated with SPC compared with SPAN.

2. How do the larger-scale enhancements in Tp,∥ from Woodham et al. (2021a)

relate to switchbacks?

• It is now suggested that the enhancements in Tp,∥ are the switchbacks

themselves, and any magnetic őeld deŕections inside are now considered

sub-structure.

3. What is the behaviour of the proton core temperature inside switchbacks past

90◦?

178



• The proton temperatures stay elevated as θRB deŕects past 90◦ and ap-

pears to plateau, suggesting that the heating saturates inside switchbacks.

4. Can plasma properties be used to help deőne a switchback?

• Yes, along with the expectation that several successive switchbacks will

now deŕect along the same arc.

5.5 T-V relationship on the large scale

As well as the heating inside switchbacks, the near Sun solar wind also exhibits a

strong T-V relationship (see Section 2.4.5). While this was subtracted to reveal

the change in temperature within switchbacks, the larger-scale T-V relationship can

itself help reveal how the solar wind is heated and accelerated.

To capture the variation in temperature with velocity, a 30-minute rolling window

was moved across the data in 10-minute time steps. Within each window the 0.1

quantile of the speed, Tp,⊥ and Tp,∥ was taken. This method was chosen to represent

the baseline temperature and speed, without being affected by the enhancements

from the switchbacks. Such an approach worked better than taking the mean average

or minimum, where the latter was easily skewed by non-physical outliers.

The őnal baselines can be seen in Fig. 5.19, which match the large-scale be-

haviour of the speed and temperature. This method was then applied to Alfvénic

periods, with reliable SPAN data, for the latest encounters. Each T-V relationship

is plotted in Fig. 5.20, where there was a clear positive correlation for both Tp,⊥ and

Tp,∥ across the encounters.

Tp,⊥ had a much steeper gradient than Tp,∥, which has been reported in earlier

studies (Horbury et al. 2018; Perrone et al. 2019). However, PSP has now travelled

close enough to the Sun to see that these temperatures overlap at ∼200 km/s.

As discussed in Section 2.4.5, Démoulin (2009) has suggested that the T-V rela-

tionship may be related to a heating mechanism acting to both accelerate and heat

the solar wind, i.e. slower, cooler wind has not been heated as much. Since Tp,⊥ has
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Figure 5.19: Plasma parameters for a period of E11 where the light blue (Tp,⊥)
and dark blue (Tp,∥) lines show the 30-minute rolling averaging used to get the
baseline variations in temperature and speed. These are then used to investigate
the relationship between temperature and speed on the large scale in Fig. 5.20.

a much steeper gradient, this implies that the heating mechanism acts preferentially

in the perpendicular direction to the magnetic őeld (Perrone et al. 2019).

Since the previous section showed that switchbacks have a greater heating rate

for Tp,∥ than Tp,⊥, it therefore seems unlikely that switchbacks are the source of the

solar wind’s acceleration and heating, at least not close to the Sun.

Fig. 5.20 also demonstrates that the T-V relationship changed between the

encounters. Elliott et al. (2012) also saw that the gradient of the T-V relationship

could change, and suggested that this could be due to the interaction of solar wind
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Figure 5.20: T-V relationship for Alfvénic periods in several PSP encounters, each
showing a clear positive correlation. Individual őts to the two temperatures were
performed for each encounter, which are then used to plot the trend for the anistropy
in the lower panel. The overall pattern of anisotropy shows that the proton core
becomes isotropic at around 200 km/s.

streams or a change in the source conditions. However, Perrone et al. (2019) showed

that the T-V relationship ŕattens as the solar wind expands into the heliosphere.

Those authors explained that the slow solar wind has more time to interact with an

in situ heating mechanism, leading to a higher temperature increase with distance

compared to the faster wind. To model this behaviour, Perrone et al. (2019) assumed
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that the temperature of the solar wind varied as:

T ∝ r−ϵ, (5.7)

where ϵ is the empirical cooling rate as a function of speed, as measured with Helios.

Consequently, as T (V ) is extrapolated towards smaller distances with equation 5.7,

the gradient of the T-V relationship will increase.

The extrapolations are shown in Fig. 5.21, where there was a generally good

agreement with the PSP measurements. This provides further evidence that the

‘convective age’2 of the plasma parcel is the reason behind the evolving T-V rela-

tionship (Matthaeus et al. 2006; Perrone et al. 2019).

So perhaps the initial T-V relationship is controlled by conditions at the source

region (e.g. ŕux tube expansion) or some heating mechanism that also accelerates

the wind (e.g. Démoulin 2009). Then, as the solar wind moves into the heliosphere,

the effect of convective age becomes more important and acts to ŕatten the T-V

relationship.

5.6 Solar wind types

So far in this chapter, only Alfvénic wind with clear switchback signatures, which

will be referred to as ‘patchy’ solar wind, has been studied. There were periods,

however, when the solar wind appeared noticeably different. Fig. 5.22 shows an

example of a time when the solar wind transitioned from patchy (left of dashed line)

to a more ‘quiet’ solar wind (right of dashed line). As well as fewer switchbacks, this

type of solar wind had a temperature anisotropy < 1, marked by a sharp transition

in Tp,⊥.

Similar solar wind was found in several PSP encounters, with Fig. 5.23 sum-

marising the plasma properties of these times. Despite being selected only when

the temperature anisotropy was < 1, these periods had consistently slow solar wind

2the duration of time the parcel has been in transit from the Sun to the spacecraft
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speed (<250 km/s), low alpha particle drift and a high Alfvénicity. These charac-

teristics are similar to the slow Alfvénic solar wind (Section 2.4.3) observed farther

from the Sun, which typically has the following properties:

• Slow solar wind speeds (Stansby et al. 2019a)

• More isotropic core than the fast solar wind (T⊥/T∥ < 1.7) (Stansby et al.

2019a)

• Lower amplitude ŕuctuations (D’Amicis and Bruno 2015)

• Similar charge state ratios to fast solar wind (D’Amicis et al. 2019)
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Figure 5.21: Gradients of Tp,⊥ (top) and Tp,∥ (bottom) with speed taken from Per-
rone et al. (2019) (solid line), which are extrapolated to smaller distances (dashed
line). The predictions of Tp,⊥ agree well with the measured T-V relationship for the
different PSP encounters (coloured scatter), where the horizontal error bars show
the range of distances from the Sun. However, there is a larger spread in the gradi-
ent of Tp,∥.
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Figure 5.22: Transition from ‘patchy’ to ‘quiet’ solar wind in E11, separated by the
dashed vertical line. The top panel shows how the magnetic őeld ŕuctuations were
signiőcantly reduced for the quiet wind, which was also associated with a striking
change in temperature anisotropy (lower panel).

While the charge state ratios cannot be investigated by PSP, these similarities mean

that the quiet wind is likely the slow Alfvénic wind observed closer to the Sun.

When classiőed at Helios (0.3 → 0.4AU), Stansby et al. (2019b) used a threshold

of T⊥/T∥ < 1.7 to split the slow and fast Alfvénic wind. However, Fig. 5.23 shows

that the ‘saddle point’ between the two distributions now lies at T⊥/T∥ = 1.3, with

quiet and fast wind having peaks at 0.7 and 2, respectively. Again, this was lower
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Figure 5.23: Plasma properties of the patchy and quiet wind, which were selected
based on the temperature anisotropy (left panels). Right column shows the cross
helicity, |σc|, as deőned in Section 3.2.4. Despite this, these regions had consistently
slower speed and lower alpha drift, but were still Alfvénic.

than the respective values of 1 and 3 at Helios, demonstrating that the proton

core anisotropy is still increasing from <20R⨀︁ to ∼65R⨀︁. Past the intermediate

measurements from Helios, the temperature anisotropy is known to reduce with

distance as the collisional age of the plasma increases (Kasper et al. 2008; Bale et al.

2009). This implies that there is some heating mechanism increasing the anisotropy

closer to the Sun (<65R⨀︁).

A similar heating signature has been observed in the heavy ions (Kohl et al.

1998; Tracy et al. 2016; Kasper et al. 2017), with a strong preferential heating up to

20 → 40Rs from the Sun. If this same heating mechanism could also increase the

anisotropy of the proton core, then PSP would be close enough to see this effect.

Ultimately, a more detailed future study looking into the evolution of temperature

anisotropy is needed.
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As shown in Fig. 5.24, the quiet solar wind does not have a strong correlation

between speed and temperature, but was seen to exist at the slower end of the T-V

relationship for the patchy wind. This supports the idea that the slow Alfvénic

wind has the same release mechanism as the faster solar wind (D’Amicis et al. 2018;

Stansby et al. 2020a). In the previous section, it was concluded that the higher

gradient for Tp,⊥ was a consequence of a heating mechanism closer to the Sun.

Therefore, the quiet solar wind, with anisotropy ∼1, may represent solar wind that

has not been injected with any additional energy.

Figure 5.24: The quiet regions (dark blue) do not display a T-V relationship them-
selves, but appear at the bottom of that for the patchy regions. This suggests that
they are a similar type of wind with a slower speed that made them appear different
in Fig. 5.22.

A similar conclusion was reached by Halekas et al. (2022), who found that an

exospheric model could explain the slow solar wind (<300 km/s) with no additional
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heating mechanism required. While the previous section ruled out switchbacks as

the driver of the perpendicular heating, these structures could still act as a tracer

for the heating mechanism closer to the Sun. This would agree with the theory

that switchbacks are the imprint of interchange reconnection on the solar wind.

Consequently, the reduced switchback presence in the quiet regions may represent

a lack of heating closer to the Sun.

It is important to note, however, that this is not the only way in which a quieter

magnetic őeld could be created. Since the alpha drift is lower in these quiet times,

the alphas will rotate with the Alfvénic ŕuctuations (see Section 2.4.2). This added

mass contribution from the alphas could mean that the magnetic őeld will deŕect

less for the same energy input, making the őeld appear smoother.

In summary, there are times when the solar wind appears noticeably different,

with a smoother magnetic őeld and a temperature anisotropy below 1. This was

linked to the slow Alfvénic solar wind, which may represent a pristine solar wind

lacking any additional heating. Therefore, the reduced switchback signatures in this

type of solar wind imply that switchbacks are tracers of the heating process closer

to the Sun.

5.7 Conclusions

Following the predictions of some new switchback theories, this chapter looked for

signatures of solar processes in the near Sun solar wind. Using data only 13R⨀︁

from the Sun, switchbacks were found to have a local pattern of deŕections, which

could represent the imprint of interchange reconnection on the solar wind. These

deŕections had a scale corresponding to 0.6 → 3Mm on the Sun’s surface, which is

similar to that of granules and bright points. It was therefore concluded that these

new observations were consistent with interchange reconnection at bright points

embedded in a coronal plume.

Furthermore, it was shown that switchbacks were unambiguously associated with

temperature enhancements, which has not been clear prior to this study. The pro-
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ton core parallel temperature had a heating rate of ∼16,000±4,000K/◦, which was

almost twice as high the perpendicular heating of ∼7,000±4,000K/◦. Such a be-

haviour led to the proton core becoming more isotropic inside the switchback, which

was seen across the encounters. Therefore, a new switchback deőnition was pro-

posed, where a switchback has:

• a consistent magnetic őeld deŕection along the arc of a sphere

• proton core heating inside, where Tp,∥ increases faster than Tp,⊥

• the proton core temperature anisotropy decreasing to ∼ 1

Unlike the standard switchback deőnition used in Chapter 4, there is now no con-

dition imposed on the absolute angle of the magnetic őeld. This means that the

internal magnetic structure of a switchback can be more easily investigated, as it is

no longer linked to the deőnition.

In addition, switchback temperatures were observed to stay elevated as the mag-

netic őeld deŕected to 180◦. Interestingly, the temperature was observed to reach

a maximum at around 90◦, implying that the heating saturates inside switchbacks.

While it is still unclear how the switchbacks are heated, this could potentially be ex-

plained by interchange reconnection. Since Bale et al. (2022) has already linked high

energy particles to heating from interchange reconnection, it would be interesting

to see if this signature coincides with the proton core heating inside switchbacks.

However, it is important to note that plasma instabilities, such as ion-cyclotron

resonance, could also explain the elevated temperatures. The conditions driving the

instabilities may change inside switchbacks, leading to the saturated heating signa-

ture. Therefore, a future study could investigate the presence of such instabilities

and waves inside switchbacks.

On a larger-scale, the solar wind was seen to exhibit a strong T-V relationship,

which matched predictions made farther from the Sun. Since there was a stronger

T-V relationship for the perpendicular temperature, it was concluded that switch-

backs were not the cause of the solar wind’s acceleration. Instead, it was suggested
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that switchbacks could be a tracer of the heating mechanisms closer to the Sun.

Therefore, the quiet solar wind, which had fewer switchbacks, could represent solar

wind without any additional heating. A future study could further strengthen this

claim by determining if the rate of switchbacks is correlated with the speed of the

solar wind.

While there was a consistent heating signature inside the switchbacks at PSP,

this has not been observed with other spacecraft. Consequently, it is still not known

how the switchbacks merge and contribute to the solar wind. Solar Orbiter could

help provide the answer to this question, since it was radially aligned with PSP for

a period in E11. In addition to measuring any heating inside switchbacks, Solar

Orbiter could measure the composition of minor ions as well as take high-resolution

images of any small-scale solar features. This would help link switchbacks to a solar

source, and could provide a ‘smoking gun’ observation for interchange reconnection.
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Chapter 6

Conclusions

The work in this thesis was carried out at the start of an exciting new era for solar

wind physics, following the launch of two ŕagship missions. Parker Solar Probe has

continued to break the record as the closest spacecraft to orbit around the Sun,

exploring a new part of the solar system each time. This novel data set, along

with data from several other spacecraft, were used to investigate structure in the

solar wind from new perspectives. This chapter summarises the work performed in

the thesis and offers suggestions for how future studies could help to improve the

understanding of the acceleration and structure of the solar wind.

Chapter 3 presented research completed with the newly formed spacecraft con-

stellation in the inner heliosphere. Multiple spacecraft have been routinely used to

study the evolution of the solar wind at different distances from the Sun. However, in

Chapter 3, a different approach was taken, and the solar wind structure was studied

in latitude. After introducing the different spacecraft and available data products,

the ballistic mapping process was explained. This allowed the different spacecraft

to be mapped back to the source surface of the Sun, where they could be compared

to each other and a coronal magnetic őeld model. The theory and application of

this model were discussed, followed by a description of the methods for estimating

the magnetic polarity and local sector boundary orientation.

The results were then presented for two solar rotations at solar minimum, where
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the global structure of the solar wind was mapped using only in situ measurements

within ±10◦. It was shown that the heliospheric current sheet (HCS) was remarkably

ŕat during these periods, meaning that a small change in latitude could drastically

change the solar wind conditions. These results demonstrate that care must be

taken when comparing spacecraft at different latitudes, which could be important

in the future for the prediction of space weather effects at Earth.

This type of solar wind mapping could also prove useful for the validation of

solar wind models, which is usually achieved by ŕying a virtual spacecraft through

the simulation. However, there is now a wide coverage of the solar wind, and the

spacecraft data can be used to build up a spatial representation of the solar wind,

which can be compared directly to the simulation.

As well as providing a clearer picture of the global solar wind structure, the

spacecraft constellation was also used to study large-scale structures in more detail

than could be achieved by a single spacecraft. First, a spread in latitude was used

to reveal a őne-scale ripple in the HCS of the order of ∼15◦ in longitude and ∼5◦

latitude. In addition to showing that such a őne-scale ripple could not be captured

by the PFSS model, this structure was also used to identify the signature of a comet

tail crossing in Solar Orbiter (Matteini et al. 2021). This, along with two other

case studies, showed how the data from other spacecraft can be used to provide

contextual information. Therefore, even though these spacecraft were designed to

fulől their own aims, Chapter 3 demonstrated that they can be used together to

expand the range of research opportunities in the solar wind. It is hoped that these

examples can provide inspiration for future studies to investigate the solar wind

from new perspectives.

The remainder of this thesis then focused on the properties and generation of

switchbacks in the solar wind. These structures became one of the major results

from PSP following their dominance of the early data in November 2018. Since then,

the understanding of switchbacks has continued to evolve as new data was returned

in each PSP encounter. This progression of knowledge is reŕected in each of the
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three switchback investigations presented in Chapters 4 and 5.

Chapter 4 őrst summarises the observed switchback properties, followed by a

discussion of the different generation mechanisms. Since switchbacks are essentially

folds in the magnetic őeld, they can feasibly be created by many different mecha-

nisms. Therefore, the aim of this chapter was to gather observable evidence that

could be used to uncover the true source of switchbacks in the solar wind.

After describing how switchbacks were identiőed, Section 4.4 attempted to őnd

the average switchback size using data from the őrst two PSP encounters from

November 2018 to April 2019. This work was based on the idea that the switchback

duration could depend on the way in which the spacecraft cut through the structure.

Following the work of Horbury et al. (2020b), the true switchback shape was assumed

to be a long, thin structure. Consequently, it was argued that a longer duration

switchback did not necessarily represent a physically larger structure in the solar

wind. Instead, the longer duration would be caused by the spacecraft cutting down

the length of the switchback.

A model was developed to describe how the switchback duration should vary

with deŕection direction. This was then őtted to the data from 16 different solar

wind streams, giving an average switchback shape and alignment direction for six

streams. It was found that the studied switchbacks were around 50,000 km wide,

consistent with other estimates (Horbury et al. 2020b; Krasnoselskikh et al. 2020;

Larosa et al. 2021; Bandyopadhyay et al. 2021). However, the analysis also showed

that switchbacks had an aspect ratio of the order of 10 and were aligned towards the

local Parker spiral direction. These results helped form the initial understanding of

the physical switchback shape, which has since been compared to the output from

several switchback generation mechanisms (reviewed by Raouaő et al. 2023a).

During the őrst two encounters, there were several reports that switchbacks

tended to deŕect in the same sense as the Sun’s rotation (Kasper et al. 2019; Hor-

bury et al. 2020b). Such behaviour was used as supporting evidence for several

proposed generation mechanisms, which predicted the formation of systematic de-
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ŕections (Fisk and Kasper 2020; Schwadron and McComas 2021). However, this

characteristic was not expected to be present if switchbacks were created by the

expansion of random ŕuctuations in the solar wind (Squire et al. 2020; Shoda et

al. 2021). Therefore, to help distinguish between generation methods, Section 4.5

attempted to őnd evidence for preferential deŕection directions.

After identifying switchbacks across the őrst eight PSP encounters, it was con-

cluded that the deŕection directions were not isotropic. Switchbacks tended to have

tangential deŕections, but this was found to be in both ±T⃗ , rather than having

a single preferred direction as predicted (Fisk and Kasper 2020; Schwadron and

McComas 2021; Johnston et al. 2022). While there was not an exact match to a

particular theory, the results indicated that there was some systematic effect in the

switchbacks that needed to be explained. These observations could be evidence for

a consistent magnetic conőguration closer to the Sun, such as repeated magnetic

reconnection (Fisk and Kasper 2020; Zank et al. 2020) or the existence of magnetic

funnels (Bale et al. 2021). It was originally thought that expanded ŕuctuations could

not generate such an asymmetric distribution of deŕection directions. However, the

results in Chapter 4 prompted Johnston et al. (2022) and Squire et al. (2022a) to

show how an initially random set of ŕuctuations could be inŕuenced by the Parker

spiral to create this effect.

Chapter 4 has therefore helped build a picture of the typical switchback size and

internal structure, which has subsequently been used to constrain switchback gen-

eration methods. In future, multi spacecraft observations could provide conclusive

observations, although, this will most likely need a dedicated mission due to the

small-scale size of the switchbacks.

As reviewed by Raouaő et al. (2023a), there has been a tremendous amount of

work regarding switchbacks and their formation. However, there has not yet been

a conclusive piece of evidence directly linking switchbacks to a source mechanism.

This has been made more difficult by seemingly conŕicting results about the plasma

properties inside switchbacks (Woolley et al. 2020; Woodham et al. 2021a). There-
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fore, Chapter 5 aimed to őnd direct signatures of interchange reconnection, as PSP

moved to only 13R⨀︁ in February 2022.

A more consistent pattern in the magnetic őeld was identiőed, where several

successive switchbacks were seen to deŕect along the same arc. Since this was

remarkably similar to the magnetic őeld signatures predicted by simulations, it was

argued that this could represent the imprint of interchange reconnection on the solar

wind. This was further strengthened by the observation that this pattern would have

a scale of ∼ 0.6 → 3Mm on the solar surface, similar to the size of bright points

(Kumar et al. 2022). Therefore, it was concluded that coronal plumes modulate the

switchbacks into patches, with the bright points at their base creating switchbacks

via interchange reconnection.

Due to the increased proximity to the Sun, it was also shown that switch-

backs were unambiguously associated with an increased temperature. It was found

that switchbacks had a consistent heating rate of ∼16,000±4,000K/◦ for Tp,∥ and

∼7,000±4,000K/◦ for Tp,⊥. The difference in heating rates also led to the proton

core becoming more isotropic inside the switchbacks. Such a result, along with the

new systematic pattern in the magnetic őeld, were used to propose a new switchback

deőnition. This provides a more robust way to identify switchbacks, which does not

rely solely on the absolute magnetic őeld angle. This will not only help with future

switchback studies, but could also represent a paradigm shift in switchback research.

By observing the larger-scale behaviour of temperature, it was also concluded

that switchbacks are not directly responsible for the heating of the solar wind. In-

stead, they may represent tracers of interchange reconnection on the Sun.

The results of this thesis have improved our understanding of structures in the

solar wind, particularly the size, shape and deŕections patterns of switchbacks. How-

ever, there are still many open questions to be answered as the Parker Solar Probe

and Solar Orbiter missions continue to return data from previously unmeasured

regions.

While Chapter 5 conclusively revealed that switchbacks were associated with
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higher temperatures, the exact mechanism remains unclear. Due to physical limi-

tations of the Parker solar probe instrumentation, only the temperature behaviour

of the protons could be studied. To make further progress, and more detailed in-

vestigation of a wider range of plasma data is needed, particularly of the electron

and alpha particles. In combination with the empirical temperature relationship

measured in Chapter 5, this extra knowledge can hopefully reveal the underlying

mechanism in these complex structures.

Discerning how switchbacks are heated could also impact our understanding of

how the solar wind itself is heated and accelerated. As was demonstrated in Chapter

3, the constellation of spacecraft within the solar wind can be combined to create

a wider range of potential studies. In this case, Solar Orbiter and Wind were both

aligned with PSP for E11, allowing for the heating rate inside switchbacks to be

compared with the Chapter 5 results at ∼0.5 AU and 1AU, respectively. Not only

can this help interpreting the ŕow of energy from the Sun out into the heliosphere,

but could also be used to constrain solar wind or switchbacks models. In addition,

the advanced instrumentation aboard Solar Orbiter could also be used to investigate

the abundance and heating of minor ion populations, which is not possible with PSP.

Finally, Chapter 5 revealed a promising link between jetting activity on the Sun

and coherent deŕection patterns in the solar wind. While the deŕections were be-

lieved to have similar deŕection properties and scale size, deőnitive proof will only

come by tracing individual structures in the solar wind back to impulsive events on

the Sun. Such an ambitious task will require a coordinated effort from detailed re-

mote sensing observations, such as Solar Orbiter and DKIST (Rimmele et al. 2020),

as well as sophisticated modelling to connect with the spacecraft measurements.

Therefore, the future of solar wind physics will likely rely on an unprecedented col-

laboration between in situ measurements, remote sensing images and computational

simulations.
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Appendix A

Papers

List of papers produced during my PhD.

First author

1. Coherent deŕection pattern and associated temperature enhancements in the

near-Sun solar wind (Laker et al. 2023)

2. Switchback deŕections beyond the early Parker solar probe encounters (Laker

et al. 2022)

3. Multi-spacecraft study of the solar wind at solar minimum: Dependence on

latitude and transient outŕows (Laker et al. 2021a)

4. Statistical analysis of orientation, shape, and size of solar wind switchbacks

(Laker et al. 2021b)

Co-author

1. Parker Solar Probe: Four Years of Discoveries at Solar Cycle Minimum (Raouaő

et al. 2023a)

2. Observation and Modelling of the Solar Wind Turbulence Evolution in the

Sub-Mercury Inner Heliosphere (Telloni et al. 2022)
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3. Evolution of coronal hole solar wind in the inner heliosphere: Combined ob-

servations by Solar Orbiter and Parker Solar Probe (Perrone et al. 2022)

4. Flux rope and dynamics of the heliospheric current sheet: Study of the Parker

Solar Probe and Solar Orbiter conjunction of June 2020 (Réville et al. 2022)

5. Plasma properties, switchback patches, and low α-particle abundance in slow

Alfvénic coronal hole wind at 0.13 au (Woolley et al. 2021)

6. Enhanced proton parallel temperature inside patches of switchbacks in the

inner heliosphere (Woodham et al. 2021a)

7. Evolution of Solar Wind Turbulence from 0.1 to 1 au during the First Parker

Solar Probe-Solar Orbiter Radial Alignment (Telloni et al. 2021b)

8. Study of two interacting interplanetary coronal mass ejections encountered by

Solar Orbiter during its őrst perihelion passage - Observations and modeling

(Telloni et al. 2021a)

9. Solar Orbiter’s encounter with the tail of comet C/2019 Y4 (ATLAS): Mag-

netic őeld draping and cometary pick-up ion waves (Matteini et al. 2021)

10. Magnetic reconnection as a mechanism to produce multiple thermal proton

populations and beams locally in the solar wind (Lavraud et al. 2021)

11. Solar Orbiter observations of an ion-scale ŕux rope conőned to a bifurcated

solar wind current sheet (Eastwood et al. 2021)

12. A Solar Source of Alfvénic Magnetic Field Switchbacks: In Situ Remnants of

Magnetic Funnels on Supergranulation Scales (Bale et al. 2021)

13. Proton core behaviour inside magnetic őeld switchbacks (Woolley et al. 2020)

14. Sharp Alfvénic Impulses in the Near-Sun Solar Wind (Horbury et al. 2020b)

15. Highly structured slow solar wind emerging from an equatorial coronal hole

(Bale et al. 2019)

197



Appendix B

Symbols

R⨀︁ Solar radius

M⨀︁ Solar mass

B⃗ Magnetic őeld

E⃗ Electric őeld

F⃗ Lorentz force

v⃗ Velocity

u⃗ Bulk velocity

x⃗ Position

J⃗ Current density

t Time

e Electron charge

m Mass

λD Debye length

ϵ0 Vacuum permittivity

µ0 Permeability of free space

kB Boltzmann constant

T Temperature

Tp,⊥ Proton core temperature perpendicular to the magnetic őeld

Tp,∥ Proton core temperature parallel to the magnetic őeld

n Number density

ωp Plasma frequency

q Charge

fc Cyclotron frequency

rL Larmor Radius (gyroradius)
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fj(x⃗, v⃗, t) Particle velocity distribution

j Particle species

ρc Charge density

ρ Bulk mass density

P Thermal pressure

β Plasma beta

σ Conductivity

vA Alfvén speed

r Distance from the Sun’s centre

G Gravitational constant

cs Sound speed

rc Critical radius

Ω Solar rotation rate

ϕps Parker spiral angle

ϕps,T , ϕps,A Parker spiral angle for Towards and Away magnetic polarity

ϕB, θB Magnetic őeld angles in spherical coordinates

Φ, Θ Longitude and latitude

ΦSS Longitude at the source surface

RSS Source surface height

RSC Spacecraft distance from the Sun

Vsw Solar wind speed

εhigh, εlow High and Low Voltage in Faraday Cups

θRB Angle between the magnetic őeld and R⃗

Ψ Magnetic scalar potential

σc cross helicity

A⃗ Average switchback alignment direction

ϕA, θA Average switchback alignment direction angles

αC Spacecraft cutting angle

W , L Width and length of a switchback

αH Hypotenuse angle of the model switchback

D Duration of a switchback

VSC Spacecraft velocity

Vrel Velocity of the switchback relative to the spacecraft

f Magnetic expansion factor

δTS Saturated increase in temperature for a switchback

θS Angle of saturated temperature in a switchback
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Appendix C

Abbreviations

ADAPT Air Force Data Assimilative Photospheric Flux Transport

AIA Atmospheric Imaging Assembly

AU Astronomical Unit

CA Clock Angle

CIR Co-rotating Interaction Region

CME Coronal Mass Ejection

DKIST Daniel K. Inouye Solar Telescope

E1 Encounter 1

ESA Electrostatic Analyser

FIELDS Electromagnetic Fields Investigation

FOV Field of View

GONG Global Oscillation Network Group

HCS Heliospheric Current Sheet

ICME Interplanetary Coronal Mass Ejection

IMPACT In-situ Measurements of Particles and CME Transients

IS
⨀︁

IS Integrated Science Investigation of the Sun

MAG Solar Orbiter Magnetometer

MPO Mercury Planetary Orbiter

MFI Magnetic Field Investigation

MHD Magnetohydrodynamics

MVA Minimum Variance Analysis

NASA National Aeronautics and Space Administration

PAD Pitch Angle Distribution

PAS Proton Alpha Sensor
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PMS Planar Magnetic Structure

PLASTIC PLAsma and SupraThermal Ion Composition

PSP Parker Solar Probe

RD Rotational Discontinuity

SDO Solar Dynamics Observatory

SIR Stream Interaction Region

SPAN Solar Probe Analyzer

SPC Solar Probe Cup

SWEAP Solar Wind Electrons Alphas and Protons Investigation

SWE Solar Wind Experiment

VDF Velocity Distribution Function

WISPR Wide-őeld Imager for Parker Solar Probe
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Appendix D

Software

I have used the following software in my research:

• Python - https://www.python.org/

• NumPy - https://numpy.org/

• Matplotlib - https://matplotlib.org/

• SciPy - https://scipy.org/

• Pandas - https://pandas.pydata.org/

• pfsspy - https://pfsspy.readthedocs.io/en/stable/index.html

• HelioPy - https://github.com/heliopython/heliopy

• astrospice - https://github.com/astrospice/astrospice

• SpiceyPy - https://spiceypy.readthedocs.io/en/main/

• SPICE - https://naif.jpl.nasa.gov/naif/index.html

• Astropy - https://www.astropy.org/

• SunPy - https://sunpy.org/
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Appendix E

Data

The following data used for this thesis is publicly available:

• Parker Solar Probe data - https://cdaweb.gsfc.nasa.gov/pub/data/psp/

• Solar Orbiter data - https://soar.esac.esa.int/soar/

• Wind data - https://cdaweb.gsfc.nasa.gov/pub/data/wind/

• STEREO-A data - https://cdaweb.gsfc.nasa.gov/pub/data/stereo/ahead/
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Appendix F

Permissions
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