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Abstract

Reconnection between the interplanetary magnetic field (IMF) and Mercury’s
intrinsic magnetospheric field at the dayside magnetopause drives the Dungey Cycle
of magnetic flux. The formation of subsequent evolution of large magnetic structures
known as flux transfer events (FTEs) therefore represents an important contribution
to magnetospheric dynamics. This thesis presents three studies investigating the
factors influencing the rate and location of FTEs, as well as the nature of their
subsequent motion and evolution.

Flux transfer events in the dayside magnetosphere of Mercury have been visu-
ally identified using 12 Mercury years of Magnetometer data from the MErcury
Surface, Space ENvironment, GEochemistry and Ranging (MESSENGER) space-
craft, covering the period from March 2011 to February 2014. The dependence of
the observation rate on the orientation of the IMF in the magnetosheath is inves-
tigated, showing a clear preference for FTE formation during periods of southward
IMF, and therefore antiparallel reconnection.

The locations of the FTE observations have also been analysed along with their
direction of motion, in order to investigate the location and orientation of the av-
erage reconnection X-line for different IMF orientations. The motions are also used
to produce a map showing the convection of the magnetic field in the dayside mag-
netosphere.

Finally, differences in the magnetic field signatures of the observed FTEs with
various parameters, including IMF strength and orientation, are probed through the
use of superposed epoch analysis. The results provide evidence of FTE rotation with
increased distance from the subsolar point, as well as compression of the leading edge

of the structure as it moves through the surrounding magnetic field and plasma.



Declaration

I, Roger Leyser, declare that the work within this thesis is my own. All informa-
tion taken from external sources and reproduced material has been appropriately
referenced. Sections of this thesis have previously been published in the following

scientific paper:

Leyser, R. P., Imber, S. M., Milan, S. E., and Slavin, J. A. (2017). The influence
of IMF clock angle on dayside flux transfer events at Mercury. Geophysical Research

Letters, 44, 10,829-10,837. doi: 10.1002/2017GL074858.

11



Acknowledgements

Completing a PhD thesis isn’t supposed to be easy, and there have certainly
been challenges along the way, but it’s also been a highly enjoyable and rewarding
journey. Thanks must therefore be given to everyone who has helped me reach this
point.

Firstly, to my supervisors, Suzie and Steve, for giving me this opportunity.
Thank you for guiding me through these past 4 years, and for your encourage-
ment and patience, even when I disappeared off to another country for the final few
months! I've also been very fortunate to work within a great RSPP group, provid-
ing cakes, crosswords, curry and countless entertaining and productive tea breaks.
Thank you in particular to Timothy, Alexandra, Rosie, and Katie, for putting up
with my terrible jokes; Matt for joining in with them and also providing entertain-
ing chats and advice; and Jenny, for your support, encouragement and advice - I
couldn’t have asked for a better group of people to share offices with over the years.
A number of great friends have shared the whole journey through undergraduate
and PhD with me - apologies and thanks must go to Jordan, Adam and Sam for
having to endure 8 years of me! Thank you also to everyone who played Monday
afternoon football, for providing a valuable source of stress relief!

Of course, special thanks must be extended to my family, for your constant
support over the years. Thank you for providing me with the opportunities and
encouragement that have enabled me to reach this point.

Finally, to Hayley, who has been at my side throughout the entire journey. You
are a constant inspiration, and without your unwavering support and belief in me I

couldn’t have completed this PhD journey.

111



Contents

List of Figures viii
List of Tables xii
1 Introduction 1
1.1 Maxwell’s Equations . . . . . . ... ... oo 1
1.2 The Motion of Charged Particles in Electromagnetic Fields . . . . . . 2
1.2.1 Gyromotion . . . . . . .. Lo 3

1.2.2 Pitch Angle . . . . . . .. ... 4

1.2.3 Magnetic Mirroring . . . . . . . . . ... L. 4

1.24 Gradient Drift . . . . . .. ... 6

1.3 Magnetohydrodynamics . . . . . .. .. ... .. 0L 7
1.3.1 General MHD Equations . . . . . . ... ... ... ... ... 7

1.3.2 Ohm’s Law . . . . .. ... 8

1.3.3 Magnetic Pressure and Tension . . . . .. .. .. ... .. .. 9

1.34 PlasmaBeta. . . . . ... ... oo 9

1.3.5 Diffusion and the Frozen-in Flow Approximation. . . . . . . . 10

1.3.6  Magnetic Reynolds Number . . . . . . . ... ... ... ... 11

1.3.7  Magnetic Reconnection . . . . . . . ... ... 000 11

1.4 The Solar Wind . . . . . . . . ... 12
1.5 The Magnetosphere . . . . . . . . .. ..o oL 14
1.5.1 Magnetopause . . . . . . ... Lo 15

1.5.2  Dungey Cycle and Magnetospheric Flows . . . . . .. . .. .. 17

1.6 Coordinate Systems . . . . . . . . . . ... 18
1.6.1 Mercury Solar Magnetospheric . . . . . . .. ... ... .. .. 18

v



CONTENTS

1.6.2 Boundary Normal . . . . . . .. ... .. .. ... .. ..... 19

1.6.3 Minimum Variance . . . . . . .. . ... ... 19
1.6.4 Magnetic Local Time . . . . . . . .. ... ... ... ... .. 20

1.6.5 Clock Angle . . . . . . .. . 21

2 Literature Review 22
2.1 Magnetic Reconnection . . . . . . .. ... o000 22
2.1.1 Quantifying the Rate of Reconnection. . . . . . . .. ... .. 23
2.1.2  Conditions Influencing Reconnection . . . . . .. .. ... .. 24
2.1.3 X-line Location and Orientation . . . . . . . ... . ... ... 26
2.1.4 Magnetospheric Flows . . . ... ... ... ... ... ... 29

2.2 Flux Transfer Events . . . . . . . . . ... ... ... ... 31
2.2.1 Formation Mechanisms for FTEs . . . .. ... ... ... .. 33
2.2.2  Determining the Structure and Orientation of FTEs . . . . . . 35
2.2.3 Review of FTE Observations at Earth . . . . . ... ... .. 38

2.3 The Mercury System . . . . . . . . . ... 43
2.3.1 Orbital Characteristics . . . . . . . . .. .. ... ... .... 44
2.3.2 The Hermean Magnetosphere . . . . . ... .. .. ... ... 45
2.3.2.1 Mercury’s Internal Dipolar Field . . .. .. ... .. 45

2.3.2.2  Shape and Location of the Magnetopause . . . . .. 46

2.3.2.3 Induced Magnetic Fields . . . . . . ... ... .. .. 48

2.3.2.4 Quantifying Reconnection at Mercury . . . . . . .. 49

2.3.2.5 Magnetospheric Dynamics at Mercury . . . . . . .. o1

2.4 Flux Transfer Events at Mercury . . . . . . . .. . ... ... .... 54
3 Instrumentation 58
3.1 The MESSENGER Mission . . . .. ... ... .. ... ....... 58
3.2 The Magnetometer Experiment . . . . . . .. ... ... ... ... .. 61
3.3 MESSENGER Orbital Properties . . . . . . . ... ... ... ... .. 63

4 IMF Clock Angle Influence on Observation of Flux Transfer Events 65
4.1 Introduction . . . . . . . .. .. L 65



CONTENTS

4.2

4.3

4.4

4.5
4.6

Observations . . . . . . . . . . . . 66
4.2.1 Identifying magnetopause crossings and flux transfer events . . 68
Results . . . . . . . o 71
4.3.1 Magnetopause and FTE locations . . . . . . .. .. ... ... 71
4.3.2 Influence of IMF clock angle on FTE formation . .. ... .. 73
Comparison of MESSENGER orbital phases . . . . .. ... ... .. 78
Discussion . . . . . . . .. 82
SUMMArY . . . . . . o 83

Orientation and Motion of Flux Transfer Events During Different

IMF Orientations 84
5.1 Introduction . . . . . . ... 84
5.2  Methods for determining orientation and motion of flux transfer events 85

5.2.1 Minimum variance analysis of the magnetic field . . . . . . .. 85

5.2.2 Bipolar signature in boundary normal coordinates . . . . . . . 90
5.3 Inferring the average X-line orientation . . . . . . . ... .. .. ... 91
5.4 Direction of motion of FTEs . . . . . ... ... ... ... ...... 98
5.5 Discussion . . . . ... 104
5.6 Summary . ... ... 105
Superposed Epoch Analysis of Flux Transfer Events 108
6.1 Introduction . . . . . . . . .. 108
6.2 Overview of FTE magnetic field signatures . . . . . . . .. .. .. .. 109
6.3 Investigating variations in FTE signatures . . . . ... ... ... .. 117

6.3.1 Strength of the magnetosheath field . . . . . .. ... ... .. 117

6.3.2 Y-component of the magnetosheath field . . . . .. ... ... 122

6.3.3 Variations with distance from the magnetopause . . . . . . . . 126
6.4 Discussion . . . . . . .. 131
6.5 SUmmary . . . ... ... 132
Conclusions and Future Work 135
7.1 Summary . . ... 135

vi



CONTENTS

7.2 Future Work . . . . . . . 139

Bibliography 141

vil



List of Figures

1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9

2.1
2.2
2.3

24

2.5

2.6

2.7

2.8
2.9

Particle trajectory in a converging magnetic field. . . . . . . . . . .. )
Trajectory of particles undergoing gradient-B drift . . . . . . . . . .. 6
Magnetic field configuration during reconnection . . . . . . . . . . .. 12
Sketch of the IMF azimuthal component at the solar corona . . . . . 13
Heliospheric current sheet . . . . . . . . .. ... ... ... ..... 14
Schematic of the magnetosphere . . . . . . . . ... ... ... ... 15
Dungey cycle . . . . . . o 17

Schematic of the magnetopause boundary normal coordinate system . 19

Schematic showing magnetic local time . . . . . . ... ... ... .. 20
Reconnection X-line at a range of clock angles . . . . . . .. ... .. 27
Locations of component and anti-parallel reconnection sites . . . . . . 28

Cooling model for flux tube motion after reconnection during south-

Flux tube motion after reconnection at a tilted X-line with an IMF

clock angle of 135° . . . . . . . ... 31
ISEE data showing the first FTE observation. . . . . . . .. ... .. 32
A schematic of 3 different formation mechanisms for FTEs . . . . . . 34

Magnetic field data showing a plasmoid in minimum variance coordi-

nates . . ... 37
Distribution of FTEs in Earth’s dayside magnetosphere . . . . . . . . 39
IMF By effect on FTE bipolar signatures . . . . . . . . ... .. ... 40

2.10 Modelled motion of FTEs away from a tilted subsolar reconnection line 41

2.11 An example FTE used to investigate asymmetry in the bipolar signature 43

2.12 Solar wind ram pressure effect on Mercury’s magnetopause location . 47

viil



LIST OF FIGURES

2.13
2.14
2.15
2.16
2.17

3.1
3.2
3.3
3.4
3.5

4.1

4.2

4.3

4.4

4.5

4.6

4.7

4.8

5.1

5.2

2.3

Induction currents and magnetic fields at Mercury . . . . . . . . . .. 48
Reconnection rates at Mercury during a range of shear angles . . . . 51
FTE seen in Mariner 10 magnetometer data . . . . . . . .. ... .. 55
MESSENGER data showing a flux transfer event shower . . . . . .. 56
Example magnetometer data showing a clear flux transfer event . . . 57
Schematic of the instruments onboard MESSENGER . . . . . . . .. 59
The orientation of MESSENGER . . . . .. ... ... ... ..... 61
Diagram of a single-axis fluxgate magnetometer . . . . . . . . . . .. 62
Diagram showing MESSENGER'’s orbital plane . . . . . ... .. .. 63
Comparison of MESSENGER’s 8 h and 12 h orbits . . . . . . . . .. 64

Example MESSENGER orbit, showing the magnetic field data and

spacecraft location . . . . . .. ..o 67
Magnetopause crossing where the magnetic fields are symmetric . . . 69
Example identification of a flux transfer event using MAG data . . . 70
Locations of the identified magnetopause crossings and FTEs . . . . . 72

Histograms showing the spatial distribution of FTEs, and the count
rate in different IMF orientations . . . . . . ... ... ... ... .. 74
Histograms indicating the rate of observation of FTEs across a range
of IMF orientation bins . . . . . . . ... ... o0 76
Distribution of FTEs in MLT, highlighting the difference during the
first 5 Mercury years of the MESSENGER mission . . . . ... ... 79
Breakdown of MESSENGER, dwell time and FTE observations for
north and south IMF during the first 5 years and first 12 years of the

INISSION . . o v v v e e e 80

Example flux transfer event identification in both MSM’ and mini-
mum variance coordinates . . . . .. . ... 87
Example flux transfer event identification in both MSM’ and mini-
mum variance coordinates . . . . . . .. ... 89

Schematic highlighting the helicity of FTEs . . . . . .. ... .. .. 90

1X



LIST OF FIGURES

5.4

2.5

0.6

5.7
5.8

6.1

6.2

6.3

6.4

6.5

6.6

6.7

6.8

6.9

Projection of FTE locations onto the magnetopause plane, showing
either northward or southward motion, containing all identified FTEs 92
Projection of FTE locations onto the magnetopause plane, showing
direction of motion, during both northward and southward IMF . . . 94
Projection of FTE locations onto the magnetopause plane, showing
either northward or southward motion, highlighting the difference
between dawnward and duskward IMF orientation . . . . . . . . . .. 96
FTE axis orientations and direction of travel from MVA . . . . . .. 100
Flow diagram indicating the average direction of travel of FTEs in

the magnetopause plane . . . . . . . . ... ... L. 102

Results of superposed epoch analysis, ordered by bipolar signature,
in boundary normal coordinates . . . . . . . ... ..o 111
Results of superposed epoch analysis, ordered by bipolar signature,
in minimum variance coordinates . . . . .. .. .. ... L. 113
Results of superposed epoch analysis, ordered by the point of largest
field magnitude, in boundary normal coordinates . . . . . . . . . . .. 115
Results of superposed epoch analysis, ordered by the point of largest
field magnitude, in minimum variance coordinates . . . . . . . . . .. 116
Comparison of SEA results during different ratios of magnetosheath-
to-magnetosphere magnetic field strength . . . . . . .. .. ... ... 119
Comparison of SEA results during different ratios of magnetosheath-
to-magnetosphere magnetic field strength . . . . . . .. .. ... ... 120
Comparison of SEA results for positive or negative By in the mag-
netosheath . . . . . . . . .. oo 122
The locations of FTEs observed during dawnward /duskward IMF' in
the magnetosheath . . . . . . . . ... ... .00 124
Histogram showing the relative occurrence of FTEs observed in 10°

angular bins from the X, ¢,, axis for opposite polarity magnetosheath



LIST OF FIGURES

6.10 Comparison of SEA results for FTEs observed separately either out-
side or inside the magnetopause . . . . . . . ... ... ... 127
6.11 Variation in properties of FTEs with distance from the magnetopause,

with data ordered by the peak in magnetic field amplitude . . . . . . 130

x1



List of Tables

3.1 The scientific payload onboard MESSENGER

x1i



Chapter 1

Introduction

The subject of this thesis is the interaction between the planetary-dominated magne-
tosphere of Mercury and the solar-governed regime of interplanetary magnetic field
(IMF) and solar wind, at the boundary known as the magnetopause. This interac-
tion can take a wide range of forms, but this work focuses on the process of magnetic
reconnection, through which planetary magnetic field becomes interconnected with
the IMF, facilitating the transfer of solar wind plasma into the magnetosphere and
driving the Dungey cycle [Dungey, 1961] of magnetic flux circulation that controls
the structure and dynamics of Mercury’s space environment.

This chapter introduces the fundamental laws and processes that describe the
behaviour of space plasmas, providing a basis for understanding and discussing
the physics of Mercury’s magnetosphere. Chapter 2 reviews the current literature
relevant to the Mercury system and flux transfer events, and the third chapter
describes the instrumentation and data used in this thesis. The work presented in
Chapters 4-6 focuses on flux transfer events at Mercury, and the factors influencing
their formation and evolution. Finally, Chapter 7 provides a summary of this thesis

and discusses possible directions of future research.

1.1 Maxwell’s Equations

The nature and temporal evolution of electric (E) and magnetic (B) fields are

described by Maxwell’s equations. In their differential forms for fields in a vacuum,



1. INTRODUCTION

these are:

p

E=1 1.1
v-E-L (L)
V-B=0 (1.2)

0B

E=-"" 1.

V x oy (1.3)
. OE
V x B = poj+ 50#057 (1.4)

where pq is the charge density, € is the permittivity of free space, 1 is the perme-
ability of free space, and j is the current density.

Equation 1.1 is Gauss’ Law for electricity, and describes how regions of electric
charge density relate to electric fields, where positive charges act as sources and
negative charges as sinks. This is in contrast with magnetic fields, which are shown
in Equation 1.2, also known as the law of no monopoles, to exist without a point
source, and therefore have no divergence.

The next two equations describe how electric and magnetic fields are connected
through their spatial and temporal variations. Faraday’s Law, shown in Equation
1.3, indicates that a magnetic field changing in time will induce spatial variations
in the electric field, and vice versa. Equation 1.4 is the Ampére-Maxwell Law, and
describes the spatial variations in a magnetic field. The second term on the right
is the displacement current, but for most space plasmas the electric field varies on
such long timescales that this term can be ignored, leaving only the term related

directly to the electrical current.

1.2 The Motion of Charged Particles in Electro-
magnetic Fields

Maxwell’s equations demonstrate how electric fields are produced by stationary
charged particles, and when these particles move they then produce magnetic fields.
However, the coupling is twofold, as the subsequent motion of the charged parti-
cles is strongly influenced by the fields that have been generated. The equation of

motion for a particle of mass m and charge ¢, travelling at a velocity v through

2



1. INTRODUCTION

electromagnetic fields is given by

d
md—;’ =qE 4+ qv x B, (1.5)

which is Newton’s second law with the force expressed in terms of E and B. The
right hand side is the Lorentz force acting on the particle due to the magnetic field
and Coulomb interactions. In this section, this equation of motion is considered in
conjunction with Maxwell’s equations to discuss the motion of charged particles in

various configurations of electric and magnetic fields.

1.2.1 Gyromotion

The simplest case to consider is that of a charged particle in a static, uniform
magnetic field (e.g. B = Bz), and no electric field (E = 0), travelling with a velocity
v = (vy,vy,v,). Equation 1.5 can then be simplified and expressed in component

form as

dv, qB

E = E’Uy (168,)
dv. qB

dv,

CZ ~0. (1.6¢)

Taking the derivative of Equation 1.6a and substituting Equation 1.6b yields a simple

harmonic motion solution:

= —WUy, (1.7)

with a similar expression for v,. This indicates that charged particles gyrate around
the magnetic field with a gyrofrequency given by

_qB

- (1.8)

Wg

The presence of the charge in this expression means that particles of opposite charge
will gyrate with opposite chirality, therefore representing a circular current around
the magnetic field line. The sense of this current is such that the magnetic field
it generates acts in the opposite direction to the external field around which the

particles are gyrating, creating a diamagnetic effect. The opposite sense of gyration

3
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for positive and negative particles has important consequences in more complex
scenarios, as will be discussed later in this chapter. The centre of the particle’s orbit

is known as the guiding centre, and the gyroradius, 7,4, of gyration is given by

v muy (1.9)

r, = = —,
J || lq| B

where v} = /vZ + v is the velocity of the particle perpendicular to B.

1.2.2 Pitch Angle

In addition to the perpendicular motion described above, the particle may have
some velocity v parallel to the magnetic field, resulting in a helical motion. It can

be shown that the total kinetic energy of the particle is conserved, and therefore the

v=,/v7 + vﬁ = constant. (1.10)

Although the total velocity remains constant, the relative components in the

total velocity

parallel and perpendicular directions can vary as the particle moves through different
field regions. The ratio of the two components defines the pitch angle, «, of the

particle:

a = tan! (“i) , (1.11)

Y
which describes the angle between the particle’s velocity and its guiding centre. For
0° < a < 90°, the particle has a component of its velocity parallel to the magnetic

field, and for a = 90° the orbit is circular.

1.2.3 Magnetic Mirroring

If a charged particle moves through a region of non-uniform magnetic field, its
motion is modified from the simple gyromotion discussed in Section 1.2.1. We first
consider a scenario where the particle moves into a region of converging magnetic
field, such that |B| increases along the trajectory, as shown in Figure 1.1. Assuming
some initial parallel velocity, as the particle moves in a helical path it experiences
an increased Lorentz force (F = gv x B), a component of which points in the anti-

parallel direction. This acts to increase v, , but Equation 1.10 shows that the total

4
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velocity must remain constant, therefore v decreases. From Equation 1.11, the pitch
angle therefore increases as the particle penetrates further into the increased field
strength, until its entire velocity is in the perpendicular component and o = 90°.
This is known as the magnetic mirror point, due to the Lorentz force continuing to

provide an anti-parallel acceleration that leads to the particle reflecting back along

the field.

mirror point

Figure 1.1: Sketch showing the trajectory of a charged particle in a converging magnetic field. Figure from

Raymer [2018].

Mathematically, this can be shown using the magnetic moment, p, of the particle,
also referred to as the first adiabatic invariant:

WL omet
B 2B’

1 (1.12)

where W, is the perpendicular kinetic energy of the particle. Using the definition
of pitch angle, this can be rewritten as

mv? sin? o

o7 (1.13)

ILL:

The magnetic moment remains constant in fields that vary on long timescales. As
the speed, v, is also constant the pitch angle must vary with changing magnetic
field strength. In the above example of a gradient in B, « increases as the particle
enters the region of stronger magnetic field. From Equation 1.11, this results in a
conversion from parallel velocity to perpendicular. It can be shown that the field
strength at the mirror point, B,,, is given by

B
By = ——. (1.14)
ST <

The lack of other particle properties, such as mass, charge and velocity, in Equation

1.14 implies that the only factor determining how far a particle will propagate into a

5
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converging magnetic field is its pitch angle. Magnetic field gradients along the field
direction occur at both polar regions of planetary dipolar fields, resulting in particles
mirroring as they approach the planet and undergoing bounce motion between the

poles.

1.2.4 Gradient Drift

In addition to magnetic field gradients parallel to the field direction, planetary dipo-
lar magnetic fields also exhibit gradients perpendicular to B. This produces an
additional force acting on the particles, resulting in a grad-B (gradient) drift in the
direction perpendicular to both the magnetic field and its gradient. As the gyrora-
dius of a particle (Equation 1.9) is dependent on the magnetic field strength, B, a
particle gyrating around a magnetic field line in a region where large gradients exist
perpendicular to B will experience changes in the field strength as it completes its
gyration, resulting in an instantaneous gyroradius that changes through the parti-
cle’s orbit. Such variations result in a ‘hopping” motion of the particle, as shown in
Figure 1.2, that causes the particle to drift. The velocity of the drift is given by

2
muv?;

- 2qB3

VvB (B X VB) . (115)

The presence of the charge, ¢, in Equation 1.15 describes the oppositely directed
drift velocities seen in Figure 1.2 for ions and electrons, which produces a net current

that flows perpendicular to both the magnetic field and its gradient.

VB A [P 1 —

V. >

V8

BO

Figure 1.2: Sketch showing the trajectories of oppositely charged particles in a region where gradients in the

magnetic field exist perpendicular to B. Figure from Sandhu [2016].
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1.3 Magnetohydrodynamics

In Section 1.2, the motion of individual constituent particles is considered in describ-
ing the behaviour of a plasma. A more holistic approach, magnetohydrodynamic
(MHD) theory, describes the entire plasma as a conducting, quasi-neutral fluid using

its macroscopic, bulk properties, such as average velocity, temperature and density.

1.3.1 General MHD Equations

In order to discuss the bulk motions of a plasma, some basic properties must first
be defined, with the assumption of quasi-neutrality such that the number density,
n, of ions and electrons (subscripts ¢ and e respectively) is equal, and taking the

electron mass, m, to be negligible compared to the mass of the ions, m;:

n=n; ="n. (1.16)
m=m; +m.~m; (1.17)
P = n;my; + nem. (1.18)

7 sz e eVe
y = MuniVit nemeVe (1.19)
n;M; + NeMe

where m is the fluid mass, p is the mass density, and V is the bulk velocity of the
plasma. Vj is the bulk velocity of the ions, defined as the average velocity of all ions,
and an equivalent definition applies to V. Equation 1.19 indicates that because of
the low electron mass relative to the mass of the ions, the fluid velocity, which is
defined as the centre-of-mass velocity, is carried almost entirely by the ion motions.

The mass continuity equation shows that mass is conserved across a classical,
non-relativistic plasma:

dp

otV (V) =0, (1.20)

where the right hand side reflects the assumption that there are no source or loss
regions present in the plasma.

In addition to the conservation of mass shown in Equation 1.20, the total momen-
tum of a plasma must also be conserved. The contributions to momentum changes

are combined in Equation 1.21 to produce the general equation of motion for a
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plasma:

dVv .

where g is acceleration due to gravity, P is the summed electron and ion pressure,
pq s the charge density introduced by any departures from quasi-neutrality in the

plasma. The current density, j, is defined as
j=ne(V,—=V,), (1.22)

where —e is the charge of an electron.

The first term on the right of Equation 1.21 represents the contributions from
gravitational forces, and can be neglected for most space plasmas. The second term
is the summed electron and ion pressure acting on the plasma. The third term
is the electric force, which can also be neglected for non-relativistic plasmas when

compared to the Lorentz force, j x B.

1.3.2 Ohm’s Law

The evolution of the current density can be related to other plasma properties
through the generalised Ohm’s Law. In most space plasmas, as with the equa-
tion of motion (Equation 1.21), several of the terms are negligible. However, near
the magnetopause in the reconnection diffusion region, large currents exist perpen-
dicular to the magnetic field, and there is a significant contribution from each term.
In all other scenarios, the generalised Ohm’s law can be reduced and simplified for

a plasma moving with respect to an external observer:
j=0c(E+V xB), (1.23)

where o is the conductivity of the plasma, defined as

Nee?

g =

. 1.24
— (1.24)

The frequency of collisions between ions and electrons is included in this expression
as .. However, ideal MHD plasmas are collisionless, such that o — oo, and Ohm’s

law therefore leads to

E=-V xB. (1.25)
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1.3.3 Magnetic Pressure and Tension

Equation 1.21 contains the Lorentz force, j x B, which is also present in the gener-
alised Ohm'’s law but taken to be a negligible term in producing the simplified version
given in Equation 1.23. Using Ampére’s Law (Equation 1.4) in its non-relativistic

form this force can be rewritten as

ij:i(VxB)xB

Ho

1 B2
jxB=—(B-V)B-V(-— 1.26
! uo( ) (2uo) (1:26)

The first term on the right of Equation 1.26 is the magnetic tension force, Thqq,
which acts to straighten out any curvature in the magnetic field lines, with a radius
of curvature R,: A
Thag = —B—Q& (1.27)
po R

By comparison with the pressure gradient in Equation 1.21, the second term in

Equation 1.26 can be interpreted as the force due to magnetic pressure, P,

(1.28)

1.3.4 Plasma Beta

The total pressure in a magnetised plasma comes from the combination of the mag-
netic pressure in Equation 1.28 and the particle pressure indicated in Equation 1.21.
For a plasma in equilibrium, the particle pressure gradient is balanced by the mag-

netic pressure, such that
B2 )
VIiP+—|=0. 1.29
( 240 (1:29)
The plasma beta is a useful parameter for describing the nature of the plasma

that can be defined from this equation, enabling comparison of the relative strengths

of the plasma and magnetic pressure.

k(anz + neTe)

= B2y

(1.30)

where £ is the Boltzmann constant, and 7; . denotes the ion and electron tempera-

ture. When g < 1, the magnetic pressure dominates and the plasma is described
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as being low-beta; and a high-beta plasma is one in which the particle pressure

dominates, such that g > 1.

1.3.5 Diffusion and the Frozen-in Flow Approximation

In a magnetised plasma, any changes in the magnetic field can have important con-
sequences for the properties and behaviour of the plasma. Starting from Faraday’s
law and Ohm’s law (Equations 1.3 and 1.23), the temporal evolution of the magnetic
field is shown to be

0B

_ _d
o =V <V><B 0_). (1.31)

Substituting Ampére’s law (Equation 1.4) for the final term and rearranging using

a vector identity then yields the magnetic induction equation:

OB 1
— = V x B) + —V°’B. 1.32
T V x (V x )+u00v (1.32)

The two terms on the right-hand side represent the convection and diffusion of

the magnetic field:

a]?;;”” =V x (V x B) (1.33)

aBdef ]_ 2

— -~ V?B. 1.34
ot ,uoov (1.34)

In ideal space plasmas, ¢ — 0o, and the spatial scale of magnetic field variations
is generally very large in comparison with the gyroradii of the particles, therefore the
diffusion term becomes negligible compared to the convection term. In this instance,
magnetic field cannot diffuse through the plasma and its temporal variability is rep-
resented by Equation 1.33. This implies that the motions of the magnetic field and
the plasma are intricately linked together through the frozen-in flow condition. If
the magnetic energy dominates, then the particles will continue to gyrate around
the moving magnetic field lines in such a way that the bulk velocity, which is defined
by the average particle motions, carries the plasma with the magnetic field and the
particles remain connected to the same flux tube. Conversely, a plasma with parti-

cle energy dominating will cause the magnetic flux tubes to follow the plasma bulk
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motion. As a consequence of this frozen-in condition, two plasmas of different ori-
gins, and their associated magnetic fields, cannot mix under convection-dominated

conditions.

1.3.6 Magnetic Reynolds Number

Although the frozen-in flow condition applies to most space plasmas, in some scenar-
ios the diffusion term is sufficiently large that it becomes important. The relative
importance of the two terms can be expressed through a dimensionless quantity
known as the magnetic Reynolds number,

R _|Vx(VxB)|  VB/L
M= \V2B/uo| ~ B/uooL?

= oo V'L, (1.35)

where V' is the typical velocity of the plasma perpendicular to the magnetic field, and
L is the typical length scale over which B varies. For highly conducting plasmas with
small spatial gradients in the magnetic field, it can be seen from Equation 1.35 that
Ry > 1, indicating that the frozen-in flow approximation is valid and the plasma
is dominated by convection. However, when Rj;; ~ 1, this approximation breaks
down and the diffusion term becomes important. This can occur at current sheets
that form between two oppositely directed magnetic fields, such as at a planetary

magnetopause or the magnetotail current sheet.

1.3.7 Magnetic Reconnection

The assumption of frozen-in flow can break down at the boundary between a plane-
tary magnetic field and its associated plasma, and a field and plasma of solar origin.
This boundary is known as the magnetopause. In this region, there are often steep
spatial gradients due to oppositely-directed magnetic fields, and as a result the mag-
netic Reynolds number approaches unity and the diffusion term in Equation 1.32
becomes important.

Figure 1.3 shows a schematic of the magnetic field geometry at a region of oppo-
sitely directed magnetic fields. Plasma flowing perpendicular to B drives spatial
gradients in the magnetic field that have similar length scales to the gyroradii of the

particles. This forms two diffusion regions; the larger of which exists on a similar
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Figure 1.3: Sketch showing the configuration of magnetic field lines during reconnection. The solar wind
(SW) carries with it magnetic field of solar origin (Bryr), which is oppositely directed to the planetary field
B in the magnetosphere (MSP). Reconnection therefore occurs at the magnetopause (MP), along which a
current, j, flows due to grad-B drift (Section 1.2.4). The pink cross shows the location of the reconnection
X-line, and the motion of magnetic field lines and plasma is indicated by the blue arrows. Figure from Raymer

[2018].

scale to the ion gyroradius, allowing ions from both sides of the current sheet to
mix, and due to their smaller gyroradii the electrons mix in the smaller diffusion
region. The magnetic field lines on both sides of the current sheet are also able
to diffuse through the plasma, where they can merge together in a process known
as reconnection. This occurs at a location termed the X-line due to its geometry,
as shown in Figure 1.3. This process produces two newly reconnected field lines
that are highly kinked, and are therefore accelerated away from the X-line by the
magnetic tension force (Equation 1.27).

The conditions required for reconnection to occur at the magnetopause, and the
subsequent features that form in the reconnection process, are fundamental to this

thesis, and will be discussed in greater detail in Chapter 2.

1.4 The Solar Wind

Many of the dynamic processes in the space environment of inner solar system
planets are driven by interactions with magnetic field and plasma of solar origin. The
Sun has an internally produced magnetic field that can generally be approximated as
dipolar, although the Solar Cycle of activity variations introduces higher order terms
at the most active times, known as solar maximum. However, this internal field does

not retain its dipolar nature away from the surface of the Sun. The outer atmosphere
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of the Sun, known as the corona, exists at an extremely high temperature of over
10 K, and therefore consists of completely ionised gas at a much higher pressure
than can be contained by the Sun’s gravitational pull. Plasma therefore streams
constantly outwards from the corona, propagating throughout the solar system in
the form of the solar wind. This plasma is highly conducting, and obeys the frozen-
in flow condition established in Equation 1.32 that leads to it stretching the solar
magnetic field out of its dipolar configuration and through the heliosphere, where it
becomes the interplanetary magnetic field (IMF).

Spiral Locus of
Fluid Parcels Emitted #1
from o Fixed Source
on Rotating Sun

Location of Source
when First Parcel
Left Base aof Corona

Location af Source

when Last Parcel

Left Base of Corona
Sun Ratating with/

Angular Speed w

Figure 1.4: A sketch showing the generation of the azimuthal component of the IMF due to solar rotation.

Figure from Kivelson & Russell [1995].

Figure 1.4 shows how the orientation of the IMF is strongly driven by the rotation
of the Sun, and varies with heliocentric distance. All plasma parcels originating from
the same point on the surface of the Sun are frozen-in to the same magnetic flux
tube, and propagate radially outwards. However, the rotation of the Sun means
each of these parcels is ejected at a different heliocentric longitude, yielding the
Parker spiral [Parker, 1958] structure of IMF near the ecliptic plane, where the IMF
becomes more azimuthal at greater heliocentric distances. As the Sun’s dipolar field
is stretched outwards into this spiral structure, a large shear is produced at the
magnetic equator, resulting in the formation of the heliospheric current sheet. The
radial direction of the IMF reverses across this current sheet, therefore the IMF

direction can vary considerably on short timescales as an observer crosses between
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northern and southern magnetic latitudes. Variations in the IMF orientation are
also introduced due to the offset of the Sun’s magnetic axis with respect to its axis
of rotation and higher order terms in the Sun’s magnetic field than the simple dipolar
approximation, both of which contribute to the rippled and tilted ‘ballerina’s skirt’

configuration of the heliospheric current sheet seen in Figure 1.5.

Figure 1.5: Artist’s impression of the heliospheric current sheet, showing the ‘ballerina’s skirt’ structure.

Figure from NASA [2013].

1.5 The Magnetosphere

Intrinsic planetary magnetic fields can be approximated as dipolar in origin, and,
due to the frozen-in flow condition prohibiting large-scale mixing of different plasma
populations, carve out a cavity in the flow of the solar wind. This cavity, known as
the magnetosphere, presents a large obstacle to the solar wind as it travels outwards
through the solar system at an average velocity of ~ 400 km s~' [Baumjohann &
Treumann, 1997|. The flow velocity is considerably greater than the speed of sound

in the plasma, therefore the obstruction produced by the magnetosphere causes an
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extended bow shock to form upstream of the planet, slowing the solar wind flow
to subsonic speeds, as well as heating and compressing the plasma. The shocked
plasma and its accompanying magnetic field continue to propagate through the
magnetosheath, the region of space between the bow shock and the outer extent of
the planetary magnetic field. The two populations of solar and planetary origin are
then separated by a boundary termed the magnetopause, which takes the form of a

thin current sheet. A schematic of the magnetosphere is shown in Figure 1.6.

/
’

.
Bow Shock 7 Planetary field

7 Magnetosheath

Tail Current

Solar wind

Magnetotail

Magnetopause

Magnetosheath

Figure 1.6: Sketch showing the configuration of the magnetosphere. The bow shock is indicated by the
dashed line, and flow directions of the solar wind upstream and in the magnetosheath are shown by light grey
arrows. Dark grey arrows indicate currents that form in the magnetosphere. Figure adapted from Baumjohann

& Treumann [1997] and Hunt [2016].

1.5.1 Magnetopause

The exact location of the magnetopause depends on the pressure balance between
oncoming solar wind and magnetic pressure due to the planetary dipole field. From
Equation 1.29, it can be shown that

2

B B2
P. SW _ p MSp 1.36
sw + 20 MSp 20 ( )

where the subscripts SW and MSp refer to quantities in the solar wind and the
magnetosphere just inside the magnetopause respectively. The first term on the

right, the planetary plasma pressure, can be neglected in comparison to the magnetic
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pressure exerted by the dipolar field, denoted by the second term on the right.
Similarly, the low strength of the IMF means the magnetic pressure term on the left
can be neglected in comparison to the solar wind ram pressure, also referred to as

the dynamic pressure, given by
Payn = nswmiVéy = pViy. (1.37)

Here, the thermal pressure and electron dynamic pressure can be neglected as the
majority of the solar wind energy comes from the bulk ion motion. The total pressure
exerted on the magnetospheric field by the solar wind will be twice the solar wind
ion dynamic pressure due to reflection of the ions at the magnetopause, and it can
be shown that the magnetospheric field strength just inside the magnetopause is
twice the dipolar field strength (Bjss, = 2Bg;p), where the dipolar field strength is
given by

Rp \*
Bdip = Beq R—]\/[P , (138)

where B,, is the dipolar field strength on the equator, Rp is the planet’s radius,
and Ry;p is the subsolar standoff distance, the planetocentric distance to the mag-
netopause in the equatorial plane.

By rearranging the above equations and removing the negligible terms in Equa-
tion 1.36 it can be shown that the subsolar standoff distance varies inversely with

the sixth root of the dynamic pressure:

qu 6
= © . ]_
Ryp (MO Pun ) Rp (1.39)

The location of the magnetopause is therefore reasonably steady during typical
solar wind conditions, where, in the case of the Earth, values of ngy = 5 cm~3,
Vew = 400 km s7*, B,y ~ 31000 nT yield an approximate subsolar standoff distance
of 10 Rg. For Mercury, where ngyy = 50 cm™® [Blomberg et al., 2007], By, ~
300 nT, and all other parameters are the same as at Earth, Equation 1.39 yields a
magnetopause standoff distance of 1.45 R),.

Away from the subsolar point, the incoming solar wind impacts the magnetopause

obliquely, thereby imparting a smaller force, with the result that the magnetopause

flares outwards around the flanks. At the dawn-dusk terminator, the distance to
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the magnetopause is found to be approximately 14 Rg, and the distance increases
further anti-sunward as the solar wind flow direction tends towards parallel to the
magnetopause. This produces the bullet-shaped magnetopause shown in Figure 1.6,
with an extended magnetotail forming due to the circulation of magnetic flux that

will be discussed in the following section.

1.5.2 Dungey Cycle and Magnetospheric Flows

The above picture of the magnetopause assumes that there is no mixing of the
planetary and solar populations, but as discussed in Section 1.3.7, large gradients in
the magnetic field can cause a breakdown of the frozen-in flow approximation. At
the nose of the magnetopause, such gradients can exist on spatial scales similar to the

particle gyroradii when the IMF in the magnetosheath has a southward component.

3 4
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¥y X T
Polar Cap &

Auroral Zone

Figure 1.7: Schematic showing the Dungey cycle of magnetic flux circulation due to reconnection at the nose

of the magnetopause during southward IMF. Figure from Kivelson & Russell [1995].

Figure 1.7 shows the evolution of magnetic flux in the magnetosphere during a

prolonged period of dayside reconnection in the simplest case of southward IMF, as
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proposed by Dungey [1961]. As the IMF approaches the nose of the magnetopause,
it enters the diffusion region and reconnects with the ‘closed’ planetary field line
1 at the neutral point. Closed field lines are defined as those having a magnetic
footprint at both poles of the planet, whereas ‘open’ field lines have only 1 footprint
on the planet as the other end is connected to the IMF. Following reconnection, the
IMF and dipolar field line form two open field lines, 2 and 2’, one connected to each
hemisphere. As the solar wind propagates anti-sunward, these field lines are carried
tailward, and their footprints convect across the polar cap.

The open field lines continue to stretch tailward due to the magnetosheath flow,
as shown by field lines 3-5, where the pile-up of magnetic flux forms the northern
and southern magnetospheric lobes. Continued dayside reconnection adds further
open flux to the tail lobes, where the field lines are oppositely directed. Another
reconnection site therefore forms, closing field lines 6 and 6’ in the magnetotail.
Magnetic tension forces due to the kinked field through the X-line then release the
unconnected field line 7’ anti-sunward, as well as causing the newly closed field
line 7 to become more dipolar as it moves towards the planet. The continues (8)
before the closed field lines convect around the flanks of the planet and return to

the dayside (9) to complete the Dungey cycle.

1.6 Coordinate Systems

In the following chapters, a number of different coordinate systems will be utilised

to discuss the data and results; these will be introduced below for reference.

1.6.1 Mercury Solar Magnetospheric

The most common coordinate system used to describe Mercury’s magnetosphere is
Mercury Solar Magnetospheric (MSM), which has its origin at the centre of Mer-
cury’s dipolar field. The X axis points towards the Sun, the Z axis is aligned with the
dipolar magnetic north, and Y completes the right hand set, such that positive-Y is
opposite to Mercury’s orbital direction around the Sun. It is also useful to convert

this coordinate system into one that takes into account the changing orbital direc-

18



1. INTRODUCTION

tion and velocity relative to the solar wind. The aberrated MSM' system rotates the
MSM X and Y coordinates by a varying amount as Mercury completes its elliptical
orbit, such that X’ is antiparallel to the average solar wind direction. In this thesis,

1

we assume an average solar wind velocity of 400 km s~ in calculating the aberration

angle.

1.6.2 Boundary Normal

When considering measurements near the magnetopause, a magnetopause boundary
normal coordinate system is used to compare features at different points on the
surface. This coordinate system is defined as follows: N is the outward normal to
the magnetopause at that location, the M direction is obtained by taking the cross
product of N and the MSM 7’ axis, and L completes the right hand set as the cross
product of M and N.

Figure 1.8: Schematic showing the magnetopause boundary normal coordinate system, with cuts through
the plane of the magnetic equator (left) and noon-midnight meridian (right). The aberrated MSM’ axes are

indicated for reference.

1.6.3 Minimum Variance

As magnetic features move away from the magnetopause, they may retain their

shape but change orientation such that the boundary normal coordinates defined
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above are no longer suitable. This can be the case for flux transfer events (FTEs),
which will be introduced in detail in Chapter 2. In this instance, the minimum
variance coordinate system can be helpful, and is defined by an orthogonal set
of eigenvectors describing the directions of maximum, intermediate, and minimum
variance of a time series of magnetic field data [Sonnerup & Cahill, 1967; Sonnerup
& Scheible, 1998|. The interpretation and application of minimum variance analysis

(MVA) will be discussed in greater detail in Chapters 2 and 5.

1.6.4 Magnetic Local Time

Any point in the magnetosphere can be described by a radial distance from the
centre of the dipolar field, its magnetic latitude and the magnetic local time (MLT).
Similar in concept to longitude, lines of constant magnetic local time connect both
magnetic poles. There are 24 hours of MLT, which is defined here with respect
to the aberrated MSM’ coordinate system to identify symmetries and asymmetries
either side of the nose of the magnetopause. As a result, 12 (noon) points along
the X’ MSM axis, and 18 (dusk) is along the positive Y’ MSM direction. This MLT
system therefore stays fixed with respect to the incoming solar wind as the planet

rotates underneath it.
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Figure 1.9: Schematic showing magnetic local time, viewed from above the north pole, with the solar wind

incoming from the bottom. The aberrated MSM’ axes are indicated for reference.
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1.6.5 Clock Angle

The orientation of the IMF has important consequences on magnetospheric dynam-
ics, particularly in the rate and location of reconnection at the dayside magne-
topause. The clock angle is therefore an important descriptor of the angle between
the IMF and magnetic north in the MSM’ Y-Z plane, where 0° indicates the IMF is

directed northwards and 90° is due eastward, such that

By
0 = tan~' (é) , (1.40)

where the IMF components are defined in MSM’ coordinates.
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Chapter 2

Literature Review

This chapter presents a review of the literature relevant to the work in this thesis,
providing a basis for the studies in Chapters 4-6. The process of magnetic recon-
nection, introduced in Section 1.3.7, is explored in more detail, with specific con-
sideration of how it is influenced by conditions in the solar wind and interplanetary
magnetic field. Flux transfer events are then discussed in the context of reconnec-
tion at Earth, providing a basis for later comparison with those seen at Mercury.
The Mercury system is then introduced, detailing the properties of its orbit and
how this affects the conditions in the space environment. An overview of Mercury’s
magnetosphere is provided, including a discussion of the internal magnetic field and
its interaction with the solar wind. Finally, the previous studies identifying and

analysing flux transfer events at Mercury are summarised.

2.1 Magnetic Reconnection

The dynamics of the space environment of the magnetised inner Solar System plan-
ets, Mercury and Earth, are strongly driven by the interaction between the magne-
tosphere and the solar wind. Two theories were proposed to explain how magneto-
spheric convection is influenced by the solar wind. Axford & Hines [1961] suggested
that the anti-sunward solar wind flow has a viscous interaction with closed mag-
netospheric flux tubes at the magnetopause, causing them to be dragged tailward.
At the same time, Dungey [1961] postulated the open magnetosphere model eluci-

dated in Chapter 1.5.2 to explain the circulation of magnetic flux by invoking mag-

22



2. LITERATURE REVIEW

netic reconnection at the nose of the magnetosphere between a southward IMF and
the northward planetary field. Subsequent reconnection in the magnetotail closes
open field lines, with return flows completing the cycle on a timescale of around 12
hours, albeit with considerable variability depending on the upstream conditions. It
was later shown by Cowley [1982] that although both processes could contribute to
magnetospheric convection, the dominant process is the reconnection-driven Dungey

Cycle.

2.1.1 Quantifying the Rate of Reconnection

The original theory for magnetic flux circulation by Dungey [1961] proposed a
steady-state process wherein reconnection at the dayside magnetopause and in the
magnetotail occurs at the same rate. However, dayside reconnection is driven by
properties of the IMF and solar wind upstream, as will be discussed in Section 2.1.2,
and nightside reconnection is governed by conditions in the magnetotail. Although
conditions in the magnetospheric lobes can be influenced through the addition of
open flux during prolonged dayside reconnection, there is inevitably some time delay
due to the propagation of those flux tubes anti-sunward, and as such the rate of
reconnection can vary between the dayside and nightside. If the reconnection rate
is greater on the dayside then the magnetopause will be eroded planetward and the
total open flux content of the magnetosphere increases. Conversely, the open flux
decreases when nightside reconnection dominates. The state of the magnetosphere
at any given time therefore depends strongly on the relative strength of reconnection
at each location, and in order to understand this a method for quantifying the rate
of reconnection is required.

Direct observations of reconnection are difficult to obtain as the spacecraft needs
to be located exactly at the reconnection site, however various parameters external
to the diffusion region can be used to provide an estimate of reconnection rates.
The simplest forms of these estimates exist as dimensionless ratios of either the flow
velocities or magnetic field components. Petschek [1964] defined the reconnection

rate as Vj, /Va, comparing the inflow velocity (V;,,) of plasma towards the reconnec-
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tion X-line to the outflow speed, given by the Alfvén velocity, Vy:

B
ViHop

where p is the plasma density in the inflow region. The velocity ratio used by

Va =

(2.1)

Petschek [1964] requires antiparallel magnetic fields of equal magnitude, and yields
values of 0.1-0.2 for the reconnection rate [Sonnerup, 1974]. Similar values have been
observed at the dawn magnetopause by Phan et al. [2001], although several authors
have reported values considerably lower than 0.1 [e.g. Phan et al., 1996; Fuselier
et al., 2005].

Sonnerup et al. [1981] proposed an alternative to the method of using recon-
nection jet velocities to calculate a reconnection rate by considering the geometry
of a reconnection event. At an X-line, where the field diffuses across the current
sheet, the magnetic field orientation changes from one parallel to the magnetopause
boundary to one with a significant normal component. The reconnection rate can
therefore also be defined using the strength of the magnetic field component along
the outward normal to the magnetopause relative to the total field strength just
inside the magnetopause, By /B sy, yielding a value of ~ 0.1.

Although the above methods yield similar values, there are difficulties associated

with both. The average inflow velocity of ~ 25 km s*

is comparable to the velocity
of the moving magnetopause [Phan & Paschmann, 1996], making accurate mea-
surements of V;, difficult to obtain. Additionally, determining the inflow velocity
requires a well-defined magnetopause normal, which is difficult given the fluctua-
tions in field strength and orientation near a moving magnetopause. Further biases
may be introduced to the reconnection rate as determined from magnetic field com-

ponents by only obtaining By on occasions where the normal component is large

enough to be accurately measured.

2.1.2 Conditions Influencing Reconnection

The polar cap defines the area of the polar ionosphere containing open magnetic flux,
and its size therefore changes as reconnection rates at the dayside magnetopause and

in the magnetotail vary. Several authors have described the temporal variations in
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polar cap size as a function of differing dayside and nightside reconnection rates
le.g. Cowley, 1982; Siscoe & Huang, 1985; Milan et al., 2007]. Numerous functional
forms have been proposed to quantify dayside reconnection as a function of a range
of upstream properties. The most critical property is the clock angle of the IMF,
as seen by Fairfield & Cabhill [1966] and Perreault & Akasofu [1978|, who observed
interaction between the Earth’s magnetosphere and the solar wind primarily when
the IMF was oriented southward.

The reconnection rate described by the ratio of inflow velocity to Alfvén velocity
was suggested by Petschek [1966] and Russell & Atkinson [1973] to vary as sin (6/2),
where 6 is the magnetic shear angle across the magnetopause. For reconnection near
the subsolar point, where the magnetospheric field is directed northward, this is
equivalent to the IMF clock angle. When considering the reconnection electric field,
however, a range of different relationships have been suggested for the effect of the
IMF clock angle. Milan et al. [2012] fitted a functional form to observations of the
polar cap boundary and determined a dependence of sin®? (6/2), whereas Sonnerup
[1974] established the upper limit on the rate of reconnection to be proportional to
sin (#/2). However, this upper limit applies only in the case of symmetric recon-
nection, where the plasma density and magnitude of the magnetic fields are equal
on either side of the boundary.

When the field strength and plasma density vary considerably across the current
sheet, asymmetric reconnection occurs. Simulations by Cassak & Shay [2007] and
Pritchett [2008] have shown that in such scenarios the rate of reconnection is 2-3
times lower than for symmetric reconnection. This has important implications for
magnetopause reconnection rates at different planets, as the higher IMF strength
and lower Alfvén Mach number in the inner Solar System leads to more symmetric
conditions at Mercury than the outer planets, therefore enabling reconnection at a
greater range of clock angles. Slavin & Holzer [1979] predicted that the low Alfvén
Mach number, and low plasma beta, at Mercury would result in significantly higher
reconnection rates than seen at Earth, and more recently Masters et al. [2012] have
shown that the high beta magnetosheath at Saturn inhibits reconnection unless the

fields are anti-parallel.
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The effects of different values of plasma beta have also been observed at Earth by
Phan et al. [2013], who observed reconnection across a wide range of magnetic shear
angles for magnetopause crossings with a low AfS, whereas only high-shear recon-
nection was observed when there was a large gradient in § across the magnetopause.
This is in agreement with earlier work by Swisdak et al. [2003], who showed that the
X-line can advect along the magnetopause at the electron diamagnetic drift velocity.
As the electrons and ions drift in opposite directions, if the relative drift velocity
approaches V4, fast ion outflow from the diffusion region will not be possible on one
side of the X-line and reconnection is suppressed. For a sufficiently large pressure
gradient, the drift velocity becomes high enough that only anti-parallel fields are

able to reconnect.

2.1.3 X-line Location and Orientation

When the conditions are suitable for reconnection, the process does not necessarily
occur at a fixed position on the magnetopause. Instead, reconnection can take place
along an extended X-line, the orientation and location of which varies with clock
angle. During intervals of northward IMF, the X-line is located on the magneto-
spheric lobes, anti-sunward of the cusp, where the draping of the IMF results in
anti-parallel fields [Dungey, 1963]. For southward IMF, reconnection occurs near
the sub-solar point, but the X-line can extend a significant azimuthal distance away
from this point in both directions. Measuring the length is extremely difficult due
to the need for multiple spacecraft observing reconnection at the same time across
a wide range of magnetic local times (MLT'), however Walsh et al. [2014] observed
two reconnection events linked to the same X-line, separated by 1.5 h in MLT, and
Dunlop et al. [2011] reported sub-solar reconnection events consistent with an X-line
that extended ~ 9 Rp.

Although the X-line lies primarily azimuthally, passing through the subsolar
point, during southward IMF reconnection, its location and orientation are less
clearly defined when the IMF has a significant By component. In this instance,
if reconnection proceeds in regions of anti-parallel fields, two separate X-lines will

form. In the case of positive By, reconnection will take place duskward of the
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northern cusp and dawnward of the southern cusp, and vice versa for negative By
[Crooker, 1979]. Alternatively, component reconnection could take place, whereby
reconnection is initiated at the subsolar point and propagates away continuously
along the dayside magnetopause to produce an X-line that maps the position of

maximum magnetic shear [e.g. Sonnerup, 1970; Gonzalez & Mozer, 1974].

Zgsm (RE)

-16-8 0 8 16
Ygsm (RE)
XL
e VBLsouth

_— VBLnorlh
N
0.65 6.5
B (Reconnection Component)

T96 Pd Dst By Bz

2.0 -200 00 -30 ~—'6-8 0 8 16
180°

Zgsm (RE)

-16 -8 0 8 16 -16 -8 0 8 16
Ygsm (RE) Ygsm (RE)

Figure 2.1: Flow direction, field configuration and X-line orientation for a range of magnetosheath clock
angles. The small black arrows show the magnetospheric field direction just inside the magnetopause, the
continuous white line indicates the X-line, and the white and black vectors represent the flow direction for
newly reconnected boundary layer magnetic field lines. The colour scale indicates the magnitude of the

reconnecting component, as defined in the text. Figure from Moore et al. [2002].

Moore et al. [2002] calculated the expected orientation of the X-line using com-
ponent reconnection for a range of clock angles, as shown in Figure 2.1. During
southward IMF, as indicated in the bottom left panel, the X-line lies in the equa-
torial plane, passing through the subsolar point, but as the Y-component increases
there is a clear poleward rotation of the X-line in the dusk sector. The opposite is
true for negative By, although this is not shown here. The resultant flow vectors
in the magnetopause boundary layer change from near-poleward in the case of a
horizontal X-line to have a significant component directed towards the flanks of the

magnetosphere as the clock angle decreases from 180° to 45°, until for northward
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Figure 2.2: Observed locations of reconnection, indicated by black squares, and the modelled magnetic shear
at the magnetopause, indicated by the colour shading. Red indicates regions of high magnetic shear, and the
white line traces locations where the shear is 180° £+ 3°. The black line marks the largest magnetic shear,
and therefore represents the tilted component reconnection line. Figure from Fuselier & Lewis [2011], adapted

from Trattner et al. [2007].

IMF the X-line forms a closed circle passing near the cusps and the reconnected flow
vectors point equatorward. The reconnection component represented by the colour
scale of the plots is defined as the magnitude of the dot product of the boundary
layer magnetic field with the unit vector normal to the X-line.

Trattner et al. [2007] observed reconnection events in locations that in gen-
eral were in agreement with the component reconnection model that produces an
extended X-line across the magnetopause, as shown in Figure 2.2. Reconnection
locations are observed in both the anti-parallel region on the dawn side, and along
a tilted component X-line near the subsolar point. During periods where the IMF
had a strong sunward or anti-sunward component, reconnection was found to favour

the anti-parallel model at high latitudes.
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2.1.4 Magnetospheric Flows

Following reconnection at the dayside magnetopause, the newly-opened magnetic
flux is transported across the pole of the planet into the magnetotail. As this
convection represents a large contribution to the Dungey cycle of magnetic flux, the
nature of the dayside magnetospheric flow is crucially important in describing the
state and conditions of the magnetosphere. Assuming a stagnation point exists at
the subsolar point, the magnetosheath flow will propagate radially outwards from
this point in the magnetopause plane, but magnetic tension due to the presence
of kinked magnetic field lines following reconnection distorts this simple picture.
The relative importance of the radial flow and magnetic tension depends on the
velocity of the magnetosheath plasma [Cowley & Owen, 1989]. When the Alfvén
Mach number in the magnetosheath is low, magnetic tension will dominate, whereas
for high Mach numbers the magnetosheath flow is dominant.

In the case of anti-parallel reconnection at the subsolar point, the magnetosheath
flow and magnetic tension force both act poleward, such that the newly-opened flux

tube travels directly over the polar cap in the noon-midnight plane. However, away
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Figure 2.3: Motion of flux tubes following reconnection at an extended X-line passing through the subsolar
point during southward IMF. Flux tubes connected to the northern hemisphere are shown in solid black lines,
and dashed lines mark the motion of flux tubes connected to the southern hemisphere. The diamonds mark

the location of the magnetospheric cusps. Figure from Cooling et al. [2001].
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from local noon, the radially-directed magnetosheath flow acts perpendicularly to
the initial meridional tension force, creating a Y-component in the open field flow
direction [e.g. Crooker et al., 1984; Cowley & Owen, 1989|.

Cooling et al. [2001] constructed a model to describe the motion of flux tubes
across the magnetosphere, under a variety of IMF conditions. The simple case of
southward IMF and reconnection at an extended X-line passing through the subsolar
point is shown in Figure 2.3. The solid lines indicate the motion of flux tubes that
are anchored in the northern hemisphere, and whose footprints therefore move anti-
sunward over the northern polar cap, whilst dashed lines show the motion of open
flux tubes connected to the southern hemisphere.

At local noon, the flux tubes move directly anti-sunward, over the polar regions
and into the magnetotail with their motion constrained to the noon-midnight merid-
ian. Flux tubes opened by reconnection away from the subsolar point, however,
exhibit some azimuthal motion due to the draping of the IMF just outside the curved
magnetopause. The resultant flow pattern is symmetric both in the equatorial plane
and around local noon.

When the IMF clock angle is not exactly 180°, however, such that the reconnect-
ing fields are not anti-parallel and the X-line is tilted, the motion of the newly-opened
flux tubes becomes more complicated. The magnetic shear angle across the magne-
topause results in a tension force that points neither along the magnetospheric field
nor the IMF direction, but rather somewhere between the two. Consequently, flux
tubes passing through the subsolar point experience magnetic tension that does not
align with the magnetosheath flow at that point, and the subsequent motion there-
fore has a dawn-dusk component, unlike in the case of anti-parallel reconnection.

Figure 2.4 shows the motion of a series of flux tubes opened by reconnection
along an X-line that is tilted due to the 135° IMF clock angle. Flux tubes opened at
the subsolar point do not travel directly poleward due to the dawn-dusk component
of the magnetic tension force dominating over the magnetosheath flow. Newly-
reconnected flux tubes at some distance from local noon along the tilted X-line
exhibit asymmetries in their motion, contrary to the simple case of anti-parallel

reconnection in Figure 2.3. At the dawnward edge of the X-line, the flux tube
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Figure 2.4: Motion of flux tubes following reconnection between magnetospheric field and IMF at a clock

angle of 135° along a tilted X-line. The format is the same as in Figure 2.3. Figure from Cooling et al. [2001].

connected to the northern hemisphere (shown as a solid line) initially moves pre-
dominantly dawnward due to the radial magnetosheath flow and the dawnward
component of the magnetic tension force. As the flux tube moves further north
under magnetic tension, the radial magnetosheath flow also provides an additional
northward acceleration, producing the observed path. Conversely, the duskward
tension force opposes the radial magnetosheath flow for the flux tube connected
to the southern hemisphere, such that its initial motion is roughly poleward. The
radial flow therefore becomes less dawnward, resulting in a greater net duskward
component to the motion. A similar effect occurs at the dusk edge of the X-line,

producing the asymmetric flow pattern shown.

2.2 Flux Transfer Events

The quasi-steady state reconnection process discussed above sequentially creates
pairs of open flux tubes at the dayside magnetopause, where one of the pair is con-
nected to each magnetospheric polar region. Such reconnection can be identified on
the basis of magnetic field components normal to the magnetopause [Sonnerup &
Cahill, 1967], observations of plasma jets accelerated away from the reconnection site

[Paschmann et al., 1979], or more recently, direct encounters with the electron diffu-
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Figure 2.5: Magnetometer data from the ISEE-1 and ISEE-2 spacecraft shown in boundary normal coor-
dinates. ISEE-1 data are shown with the dark line, and the light line indicates ISEE-2 data. Flux transfer
events are observed at 0212 and 0236 UT. Figure from Russell & Elphic [1978].

sion region by satellite constellations such as Magnetospheric Multiscale (MMS) [e.g.
Fuselier et al., 2017]. However, signatures of reconnection have also been observed in
the form of more complex magnetic structures known as flux transfer events (FTEs).

The first observations of FTEs were made by Russell & Elphic [1978] in Interna-
tional Sun-Earth Explorer-1 and 2 (ISEE) magnetometer data. The data are pre-
sented in Figure 2.5 in boundary normal coordinates. The increase in the By and
| B| components near 0212 and 0236 are indicative of brief entries into the magneto-
sphere, however the accompanying Bj; and By signatures complicate this interpre-
tation. The bipolar signature in By suggests that the spacecraft have encountered
a bulge on the magnetopause, verifying the partial entry into the magnetosphere
suggested by the By increase. However, just inside the magnetopause the By, com-
ponent is very close to zero, whereas at the two events shown there is a strong
increase in By, indicative of magnetosheath field. FTEs have been observed to
have a helical magnetic field inside the flux rope [Paschmann et al., 1982|, implying
a magnetic flux rope-like structure. The signatures are then consistent with a flux
rope moving perpendicular to its axis in a poleward and anti-sunward direction as a

result of magnetic tension and magnetosheath flow, transporting magnetic flux into

32



2. LITERATURE REVIEW

the magnetotail.

2.2.1 Formation Mechanisms for FTEs

Russell & Elphic [1978| postulated that the FTE signature first identified in ISEE
data could be explained by patchy reconnection generating a kinked flux tube, that is
then pulled out of the plane of the magnetopause once reconnection has ceased. As it
is straightened out by magnetic tension, magnetosheath field is gathered around the
flux rope, draping around it to create a bulge that produces the observed bipolar
signature in By. Due to the requirement of reconnection at a single X-line, this
model intrinsically results in the formation of a pair of flux ropes. One of the
FTEs will be connected to, and therefore accelerated towards, the northern magnetic
pole, whilst the other is similarly linked to the southern magnetic pole. Sonnerup
[1987] suggested that the helicity of the magnetic field within the flux transfer event
could be explained by the interaction of the flux rope with the magnetospheric field
creating a current flowing along the axis of the FTE, that in turn generates a helical
field.

An alternative formation mechanism was proposed by Lee & Fu [1985], invoking
multiple X-lines. In the simplest case, reconnection is initiated at two extended
parallel X-lines. Considering a series of open field lines generated at an X-line and
connected to the northern hemisphere, subsequent reconnection along a parallel X-
line at higher latitudes will close the open flux into a helical structure that forms
between the two X-lines. For purely anti-parallel reconnection, however, a series of
isolated magnetic loops or islands is produced. The magnetic field in the current
sheet between the reconnecting magnetospheric and magnetosheath fields in this
model therefore requires a component in the azimuthal direction, in the form of a
guide field, in order to produce a flux rope structure. More generally, this model
allows reconnection at n parallel X-lines, resulting in the formation of n — 1 FTEs.

Southwood et al. [1988] and Scholer [1988| independently proposed a third mech-
anism for the formation of FTEs, requiring reconnection at a single X-line. The
requirement in this model is that the rate of reconnection is time-variable. A sud-

den increase in the rate of reconnection will heat the plasma inside the kink of
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the open flux, increasing its thermal pressure and causing an outward bulge in the
magnetic field. A subsequent reduction in the reconnection rate reduces the angle
between the reconnected field and the magnetospheric field, resulting in a spatially-
limited bulge that propagates poleward. An internal core field component parallel
to the X-line can be generated by magnetic shear that is not anti-parallel. Because
of the single X-line, a pair of FTEs will always be produced by this model, as is the
case with the ‘elbow’ FTE formed by the Russell & Elphic [1978] model.

A schematic of all three formation mechanisms is shown in Figure 2.6, from Fear
et al. [2008]. Black arrows represent unreconnected magnetospheric field lines, and
the unreconnected magnetosheath field is shown in red with a magnetic shear angle
of 150°. The blue lines indicate reconnected field lines, and the edge of the FTE in
each case is marked in green. The top row shows the field configuration for each

model viewed along an axis normal to the magnetopause, whilst the bottom row
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Figure 2.6: A schematic showing how an FTE is formed by each of the three mechanisms. The top row
show magnetic field configurations in the plane of the magnetopause, and the bottom row is viewed along a
magnetopause tangent. Panels (a) and (b) show the Russell & Elphic [1978] ‘elbow’ model, the Lee & Fu [1985]
multiple X-line model is indicated in panels (c) and (d), and the single X-line model of Southwood et al. [1988]
and Scholer [1988] is shown in panels (e) and (f). Magnetospheric and magnetosheath field lines are denoted
by the black and red arrows respectively, whilst blue lines indicate magnetic field lines that have reconnected.

The edge of the FTE in each case is marked in green. Figure from Fear et al. [2008].
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is viewed along a tangent to the magnetopause, with the boundary itself indicated
by the vertical black line. The Russell & Elphic [1978] highly kinked ‘elbow’” model
of an FTE is shown in panels (a) and (b) to have a component of its axis aligned
vertically on both sides of the magnetopause, whereas the Lee & Fu [1985] FTE
in panels (c) and (d), and the single X-line model of Southwood et al. [1988] and
Scholer [1988] in panels (e) and (f) have their axis aligned parallel to the X-line. In
panels (c) and (d), pairs of open field lines are seen either side of the helical FTE,
where in this case the green lines also mark the locations of the parallel X-lines. The
bulge caused by heated plasma in bursty reconnection single X-line model is clearly
visible in Figure 2.6f.

It has since been shown that the original proposal by Russell & Elphic [1978] is
unlikely to produce the observed signatures of FTEs, however observations indicate
that both other mechanisms may be responsible for generating FTEs at the dayside
magnetopause |e.g. Fear et al., 2008; Trenchi et al., 2016].

2.2.2 Determining the Structure and Orientation of FTEs

Although the multiple X-line and bursty reconnection single X-line models result
in the formation of FTEs with distinct magnetic topologies, as seen in Figure 2.6,
they produce signatures in boundary normal magnetic field data that are almost
indistinguishable. An FTE moving northwards along the magnetopause close to
its formation site will produce a positive-to-negative (standard polarity) bipolar
signature in the normal component of the magnetic field as it passes over a space-
craft [Russell & Elphic, 1978]. Conversely, a southward-moving FTE will produce a
reverse polarity, negative-to-positive, bipolar signature, assuming in both cases that
the FTE axis is aligned predominantly azimuthally. The axially-aligned core field
in the centre of the FTE will therefore produce an enhancement in Bj;. Additional
signatures of FTEs can be observed in measurements from the interior of the flux
ropes, where plasmas of both magnetospheric and magnetosheath origin are seen
[Paschmann et al., 1982|, reflecting the mixing of populations on interconnected
field lines.

Whilst the above scenario of an FTE with its axes aligned closely with magne-
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topause boundary normal coordinates is often applicable for events observed close
to a formation site near the subsolar point, it is not always the case for flux ropes
formed away from this location or observed some distance away from where they
form. A tilted X-line will naturally lead to a core field that is also tilted with respect
to the M direction, and motion of the FTE as a result of magnetosheath flows or
magnetic tension forces can also cause rotations out of the magnetopause plane. A
more general approach is therefore required to calculate the orientation of FTEs at
all locations in the dayside magnetosphere.

Multi-spacecraft timing analysis [e.g. Schwartz, 1998] has been used on obser-
vations from the Cluster [e.g. Fear et al., 2005] and MMS [e.g. Eastwood et al.,
2016; Dong et al., 2017] missions to constrain the size and orientation of FTEs,
and their velocity past the spacecraft. When only one spacecraft has observed an
FTE signature, however, it is difficult to accurately determine the FTE structure.
Minimum variance analysis (MVA) of the magnetic field [Sonnerup & Cahill, 1967;
Sonnerup & Scheible, 1998| can therefore be used to estimate the principal axes of
a flux rope. From a time series of magnetic field data, the directions of maximum,
intermediate, and minimum variance of the field are calculated, however there has
been some debate about which axis best represents the core direction of an FTE.

Sibeck et al. [1984] found that for flux ropes in the Earth’s magnetotail, encoun-
tered close to the centre of the flux rope, the large amplitude of the core field meant
that the axis was best described by the maximum variance direction. However, using
observations of plasmoids made by the International Sun-Earth Explorer (ISEE 3)
spacecraft in the magnetotail, Slavin et al. [1989] found that the axial direction was
best described by the intermediate variance direction, as shown in Figure 2.7, due to
the weak core field. In modelling the draping of magnetic fields around a flux rope,
Farrugia et al. [1987] found that the component of the draped field along the flux
rope axis was constant, so in this instance the minimum variance direction would
lie either parallel or antiparallel to the axis.

These conclusions are supported by Xiao et al. [2004|, who modelled flux ropes
encountered by a single spacecraft and found that when the spacecraft remains

outside the flux rope the minimum variance direction provides the best estimate
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Figure 2.7: A time series of ISEE 3 magnetometer data showing a plasmoid passing over the spacecraft.
The data are shown in the directions of minimum (B3), intermediate (B2) and maximum (B;) variance.
The core field is visible in the intermediate variance direction. The bottom two panels show hodograms of the
minimum-maximum and intermediate-maximum variance direction, with a clear rotation visible in the Ba — B;

hodogram, evidence for the flux rope structure. Figure from Slavin et al. [1989].

of the axial direction. For a magnetic force-free flux rope, like those observed by
Slavin et al. [1989], the intermediate variance direction lies closest to the true axis
of the flux rope, although there may be a difference of up to 20° between the two
directions. The best descriptor of the axial direction for a non-force free flux rope,
with a large axis-aligned current, depends on the impact parameter of the encounter,
defined as the closest distance between the spacecraft trajectory and the axis of the
flux rope. For small impact parameters, Xiao et al. [2004] found that the maximum
variance direction was the closest match to the flux rope axis, but the intermediate
variance direction provides the best estimate for large impact parameter encounters

with force-free flux ropes.
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2.2.3 Review of FTE Observations at Earth

Since the first observation by Russell & Elphic [1978|, flux transfer events have been
seen across the dayside magnetosphere at Earth, during a range of IMF conditions.
Rijnbeek et al. [1984| conducted a survey of FTEs identified by the ISEE-1 and
ISEE-2 spacecraft both in the magnetosheath and inside the magnetopause, and
found that in both locations the majority of events seen in the northern hemisphere
had a standard bipolar signature in the magnetic field component normal to the
magnetopause (By), indicating that they were travelling northwards. Conversely,
most southward-moving events were seen in the southern hemisphere or close to the
equatorial plane. Furthermore, a strong magnetosheath B, dependence was seen in
observations of FTEs. The vast majority of FTEs were seen during intervals when
the IMF had a negative Z-component, and of the 61 magnetopause crossings where
no events were identified only 5 occurred during southward-directed IMF. The con-
clusions were therefore twofold: not only are FTEs observed predominantly whilst
the magnetosheath field has a southward component, but when such an orientation
is present it is rare for FTEs not to be seen.

The first part of this result was confirmed by [e.g. Berchem & Russell, 1984;
Kawano & Russell, 1997b], who identified FTEs almost exclusively during southward
IMF intervals. However, Berchem & Russell [1984] observed events on only ~ 25%
of passes, although this rises to 45% when the IMF has a southward component.
The location of the identified FTEs again showed a clear ordering by direct or
reverse bipolarity. Figure 2.8 shows the distribution of both types of event in the
Geocentric Solar Magnetospheric (GSM) Y — Z plane, where the GSM coordinate
system is oriented similarly to the MSM system, but centred instead on Earth. Most
of the events in the northern hemisphere are travelling northwards, and conversely
in the southern hemisphere. The exception is at southern dawn, where FTEs have
a standard bipolar signature. However, during the period examined here, there was
a duskward bias in the IMF, leading to an anti-clockwise rotation of the dayside
reconnection X-line, such that those events are still moving northwards away from
the reconnection site. The inset at the top of Figure 2.8 shows the occurrence of

FTEs with IMF orientation, normalised by the number of magnetopause crossings
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Figure 2.8: The location and polarity of FTE signatures seen in ISEE-1 and ISEE-2 data, shown in the
GSM Y — Z plane. Standard polarity FTEs are denoted by a cross, whereas an open circle indicates reverse
polarity. The majority of events in the northern hemisphere have a standard bipolar signature, indicating they
are moving northwards, whilst the opposite is true in the southern hemisphere. The inset shows the occurrence
of FTEs with IMF clock angle, normalised by the number of magnetopause crossings during each orientation.

Figure from Baumjohann & Paschmann [1987], adapted from Berchem & Russell [1984].

during each orientation.

The rotation of the line dividing northward- and southward-moving FTEs that
indicates a tilted X-line was also observed by Korotova et al. [2012], in a study of
Interball-1 data. By separating the FTEs into those seen during either duskward
(By < 0) or dawnward (Bys > 0) magnetosheath field, they inferred a tilting of
~ 45° in both cases, as shown in Figure 2.9. Such a tilting suggests that component
reconnection is important at the subsolar magnetopause, although a strong tendency
for events to occur during southward IMF was again seen.

Further away from the subsolar magnetopause, however, the southward pref-
erence is not so clear. FTEs on the flanks of the magnetosphere were observed
during both northward and southward magnetosheath fields, indicating two possi-
ble origins for these events. Korotova et al. [2012]| suggested that these FTEs were
consistent with formation either through component reconnection along an extended

X-line that passes through the subsolar point for all IMF orientations, or through

a combination of component reconnection along a subsolar X-line and anti-parallel
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Figure 2.9: The locations of FTEs encountered in the magnetosheath by Interball-1, projected onto the
GSM Y — Z plane. Red points indicate standard polarity FTEs, and blue denote reverse polarity. The events
are split into those seen whilst the magnetosheath field had a duskward (Bjs < 0) and dawnward (Bps > 0)
component. A reconnection X-line is indicated by the tilted solid black line. The numbers given in the corners

of each panel indicate the number of events in each sector bounded by the equator and the X-line. Figure from

Korotova et al. [2012].

reconnection at high latitudes during northward IMF. The latter had previously
been proposed by Kawano & Russell [1997a], and Fear et al. [2005] calculated veloc-
ities of FTEs seen near the magnetopause flanks by the Cluster spacecraft that
were in agreement with high-latitude reconnection producing FTEs that then move
equatorward as a result of super-Alfvénic flow at the X-line.

FTEs have also been observed near the magnetospheric cusps during both north-
ward and southward IMF. Sibeck et al. [2005] attributed the events seen in the

cusps to poleward motion of FTEs formed near the subsolar magnetopause during
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southward IMF. FTEs seen poleward of the cusp showed no clear dependence on
IMF orientation, indicating that they comprise a combination of events formed at
the subsolar magnetopause during southward IMF that then move poleward, and
locally-generated FTEs formed by bursty anti-parallel reconnection poleward of the
cusp during northward IMF.

The motion of FTEs generated at low latitude was investigated by Sibeck & Lin
[2010, 2011] for a range of IMF clock angles. Using the Cooling et al. [2001] model
for tracing flux tube motions, Sibeck & Lin [2010] generated a series of FTEs at 1 Rg
intervals along a reconnection line passing through the subsolar point, an example
of which for duskward IMF is shown in Figure 2.10. The subsequent locations of
each of these events are shown every 100 s, and the FTEs are seen in this case
to move northward and dawnward, or southward and duskward, depending on the
hemisphere to which they are connected. In the case of southward IMF, FTEs
were generated along an equatorial X-line and moved rapidly anti-sunward over the
polar regions of both hemispheres, whereas a northward component in the IMF

resulted in a strongly tilted X-line, producing FTEs that propagate slowly around
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Figure 2.10: Modelled motion of FTEs away from a tilted reconnection line passing through the subsolar

point. Crosses, circles and squares on the lines show the location of points separated initially by 1 Rg, at 100 s
timesteps. The orientation and strength of the IMF is indicated by the large black arrow. Figure from Sibeck
& Lin [2010].
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the magnetospheric flanks. In all cases, the FTEs retained an orientation very close
to that of the initial reconnection line along which they formed. This result was
also seen in Cluster data by Fear et al. [2012a], who estimated the axial orientation
of FTEs to lie approximately azimuthally, as would be expected for high magnetic
shear reconnection.

Other factors influencing the location of FTEs at Earth, in addition to the IMF
clock angle, have also been investigated [e.g. Kuo et al., 1995]. Both the upstream
and downstream [ were found to have no significant control over the formation of
FTEs, as was the upstream dynamic pressure of the solar wind. However, Kuo et al.
[1995] found that FTEs were observed with a higher probability when the upstream
magnetosonic Mach number was lower, albeit with only a weak effect.

Kawano & Russell [1996] surveyed 1246 FTEs identified in ISEE-1 data, and
found that the majority of events were seen within 1Rz of the magnetopause,
although some are seen several Ry away from the magnetopause on both sides of the
boundary. Additionally, the FTEs encountered closest to the magnetopause have a
higher peak-to-peak amplitude of the bipolar signature than those seen further away;,
with only the longest duration events being observed deep into the magnetosphere,
suggesting that the smallest FTEs decay more rapidly with increasing distance from
the magnetopause.

The nature of the bipolar signature was also analysed by Fear et al. [2010],
to investigate asymmetries in the By component of 213 FTEs identified at high
latitude or on the magnetospheric flanks by all four Cluster spacecraft. Figure 2.11
shows an example of the magnetic field signature of an FTE observed at each of
the four spacecraft. Fear et al. [2010] applied a low-pass filter to the By trace, and
calculated the regions where the amplitude exceeded 25%, 50%, and 75% of the
maximum amplitude of that peak. In all three width measurements, they found
the trailing peak to have a longer duration for the majority of signatures, but the
amplitude of the leading peak is larger than that of the trailing peak. This was
attributed to a compression of magnetic flux at the leading edge of the FTE, and
a rarefaction behind it. The interpretation is supported by the asymmetries being

less clear for FTEs seen close to the subsolar point, where the magnetosheath flow
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speed is lower.

2.3 The Mercury System

The planet Mercury is both the smallest planet in the Solar System, and the closest
to the Sun. As will be discussed in the following sections, it is also in many ways
anomalous amongst the terrestrial planets, and therefore represents a fascinating
testing ground for the understanding of planetary physics. Despite being one of the
Earth’s closest neighbours, Mercury’s proximity to the Sun makes it a challenging
destination for spacecraft, such that only 2 spacecraft have so far visited the planet,
although the BepiColombo mission [Benkhoff et al., 2010], launched in October 2018,
will insert two spacecraft into orbit around Mercury in 2025. In 1974-75, Mariner 10
performed 3 fly-bys, providing the first in-situ observations of the surface and space

environment, but it was not until 2011 that MErcury Surface, Space ENvironment,
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Figure 2.11: The By signature of an FTE seen by all four Cluster spacecraft. The black lines show
the observed By, and the trace after applying a low-pass filter is overplotted in red. For each peak, the
regions where the amplitude exceeds a quarter-/half-/three-quarters of the maximum amplitude are shown in

green/red/blue. Figure from Fear et al. [2010].
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GEochemistry and Ranging (MESSENGER) [Solomon et al., 2007| became the first
orbiting spacecraft around Mercury, remaining in orbit until 2015. Further details
of this mission and its instrumentation will be discussed in Chapter 3.

Despite being the lightest planet, with a mass of 3.3 x 10?3 kg, in addition to the
smallest, with a radius (Ry;) of 2440 km, Mercury’s density is higher than all other
planets except Earth. This is due to the large molten metal core, which extends
to a radius of 2020 + 30 km [Hauck et al., 2013], thereby occupying a significantly
larger fraction of its planet than any other planetary cores do.

Mercury rotates extremely slowly, such that a sidereal day lasts 58.65 Earth
days. This long rotation period means Mercury is the only planet with a spin-orbit
resonance of 3:2, as one year on Mercury lasts 88 days. A further consequence of
the slow rotation, combined with the short year, is that one day on Mercury lasts
176 Earth days, or 2 Mercury years. Considering also that the lack of a planetary
atmosphere means there is no redistribution of temperature around the planet, a
large gradient exists across the terminator, with temperatures reaching ~ 700 K on

the dayside surface yet dropping to ~ 95 K at night [NASA, 2018].

2.3.1 Orbital Characteristics

Mercury’s spin axis is offset only 2° from its orbital plane, and it therefore does not
experience seasons in the Earth sense due to tilting. However, the highly eccen-
tric elliptical orbit around the Sun produces seasonal variations in the solar wind
conditions between Mercury’s perihelion at a heliocentric distance of 0.31 AU and
aphelion at 0.47 AU. Although the average solar wind velocity remains close to
450 km s~* throughout Mercury’s orbit [Burlaga, 2001], the plasma density and
IMF strength vary considerably during a year. Using a scaling of 1/R? from mea-
surements at 1 AU, Slavin & Holzer [1981] calculated the expected plasma number
density to decrease from 73 cm™ at perihelion to 32 cm™2 at aphelion, values that
were corroborated by Helios 1 observations [Burlaga, 2001]. As a result, the ram
pressure of the solar wind decreases by more than a factor of two during a Mercury
year, from ~ 26.5 — 11.0 nPa [Fujimoto et al., 2007].

The IMF strength at Mercury is ~ 5 times greater than that at Earth, but the
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decrease with heliocentric distance results in a factor of 2 difference between Mercury
perihelion (~ 30 nT) and aphelion (~ 15 nT) [James et al., 2017|. In addition to
the variation in average field magnitude, the expected Parker spiral angle increases
from 17° at perihelion to 25° at aphelion [Slavin & Holzer, 1981; James et al., 2017|,
although the actual orientation of the IMF at Mercury depends on the location of
the planet relative to the heliospheric current sheet, with short-term variability also
contributing. James et al. [2017| showed further that the orientation of the IMF is
less stable at perihelion, evidenced by a higher probability of the clock angle rotating

no more than 20° within a 5 minute interval at aphelion.

2.3.2 The Hermean Magnetosphere

As the only other terrestrial planet with an internally generated dipolar field, Mer-
cury shares many similarities to Earth, however significant differences also exist
between the two systems. These can be attributed in part to the contrasting solar

wind conditions at the two planets, but internal factors are also extremely important.

2.3.2.1 Mercury’s Internal Dipolar Field

Magnetometer data from the first Mercury flyby of Mariner 10 confirmed the exis-
tence of an intrinsic planetary dipolar magnetic field at Mercury. Ness et al. [1974]
initially interpreted these data as evidence of a southward-directed dipole, like the
Earth’s, but offset substantially from the centre of the planet and with a dipole
moment ~ 2500 times weaker than Earth. Later observations from the second
Mariner 10 flyby [Ness et al., 1975] led to a suggestion of a planet-centred dipole
with a small tilt relative to the rotation axis of the planet.

MESSENGER data have since shown that the dipole is aligned with the rotation
axis to within 1° and offset northwards along this axis by a distance of 484 £ 11 km
(~ 0.2 Ryy) |Alexeev et al., 2010; Anderson et al., 2011; Johnson et al., 2012|. The
weak dipole moment of 190 nT R,;® produces a surface magnetic field only 1% of
the Earth’s [Ness et al., 1974]. However, the northward offset means the dipolar
surface field strength varies considerably between hemispheres, from ~ 250 nT in

the south to ~ 700 nT at the north pole [Johnson et al., 2012].
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2.3.2.2 Shape and Location of the Magnetopause

The high solar wind ram pressure at Mercury’s orbit acting on the weak planetary
dipolar magnetic field results in the formation of a very small and rigid magneto-
sphere. The highly compressed nature of the dayside magnetosphere was shown by
Ness et al. [1974], who initially calculated a magnetopause standoff distance at the
subsolar point of only 1.6 Rj; from Mariner 10 data. Later work by Slavin et al.
[2009b] included the first MESSENGER flyby and concluded that the magnetopause
was compressed even closer to the surface of the planet, at an altitude of just 0.4 R,.

Winslow et al. [2013] used a significantly larger dataset of magnetopause cross-
ings from the first 3 Mercury years of the MESSENGER mission. Multiple magne-
topause crossings can be observed on a single spacecraft pass, due either to motion
of the magnetopause back and forth over the spacecraft location, or a trajectory
that grazes along the magnetopause and therefore repeatedly dips in and out of the
magnetosphere. Winslow et al. [2013] therefore identified the innermost and outer-
most magnetopause crossing on each inbound and outbound pass of MESSENGER,
and took the midpoint between the two to be the magnetopause location for the
purpose of fitting a model magnetopause shape. The best fit was found to a model

proposed by Shue et al. [1997], given in aberrated MSM’ coordinates by

R=/X?+p? = Rss (Lyx, (2.2)

1+ cos
where R is the distance from the centre of the dipole, Rgg is the subsolar standoff
distance of the magnetopause, § = tan™! (p/X), and « describes the flaring of the
magnetopause in the magnetotail, such that @ < 0.5 defines a closed magnetotail
and an open magnetotail is denoted by a > 0.5. The final parameter in Equation
2.2 defines the distance from the axis of revolution for a cylindrically symmetric

magnetopause:
p=VY2+ 272 (2.3)

The best fit to Equation 2.2 yielded a subsolar standoff distance of 1.45 R),, and a
flaring parameter o = 0.5.
However, as these data were obtained from 3 Mercury years, the eccentric orbit

means there is a wide range of magnetosphere sizes due to the variable solar wind
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Figure 2.12: The midpoint of inner and outer magnetopause crossings from each pass, colour-coded based
on the solar wind ram pressure. The Shue et al. [1997] model fit to the entire dataset is indicated by the solid
black line. Higher ram pressures result in a magnetopause that is closer to the planet, as expected. Figure

from Winslow et al. [2013].

ram pressure. Fixing the flaring parameter at 0.5, Rgs decreases from 1.55—1.35 Ry,
as P, increases from ~ 9 — 22 nPa. This variability is shown in Figure 2.12, where
the best fit Shue model for the entire dataset is indicated by the solid black line. The
midpoints of the inner and outer magnetopause crossings on a pass are indicated
by the coloured dots. The flaring parameter of 0.5 indicates that the magnetotail
is at the transition between open and closed, evidenced by the almost cylindrical
magnetopause at a downtail distance of only ~ 2 — 3 R);, compared to a distance
of ~ 100 Rg before the Earth’s magnetopause stops flaring [Slavin et al., 1983].
One of the consequences of such a compressed dayside magnetosphere, combined
with the offset dipole, is the potential for direct solar wind impact on the surface
of Mercury in the southern hemisphere during extreme solar wind events. Slavin &
Holzer [1979] suggested that intense erosion could, in rare cases, lower the magne-
topause altitude to such an extent that it intersects the planetary surface. Zhong
et al. [2015] used 3 Earth years of MESSENGER observations to model the magne-
topause including indentations at the northern and southern cusps, and concluded
that these depressions could expose not only the southern hemisphere, but also
the northern hemisphere surface at mid-latitudes, to the solar wind directly during

periods of high solar wind pressure.
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Analysing specific cases of extreme solar wind dynamic pressure events, Slavin
et al. [2014] identified an interplanetary coronal mass ejection (ICME) encounter-
ing Mercury. The magnetopause crossing during this event was consistent with a
magnetopause standoff distance of just 1.03 Ry, following the Winslow et al. [2013]
magnetopause model, with the result that the magnetopause at high latitudes in
the southern hemisphere would intersect the surface. Further, Johnson et al. [2016]
proposed that such direct exposure of some of the planetary surface to the solar

wind could occur 1.5 — 4% of the time at Mercury.

2.3.2.3 Induced Magnetic Fields

Due to Mercury’s large, electrically conducting core, changes in the external mag-
netic field are expected to take 10* — 10° years to diffuse into the centre of the planet
|Glassmeier, 2013]. The core can therefore be taken to act as a perfectly conducting
sphere that will react to the short timescale changes in solar wind pressure. Hood
& Schubert [1979] suggested that the currents induced by a step increase in the
ram pressure would generate magnetic fields that opposed the pressure change suf-
ficiently that the magnetopause would remain at an altitude of at least ~ 0.2 R/,

however reconnection was not considered in this calculation.

Figure 2.13: (a) Schematic showing the generation of induction currents (green loops) at the top of Mercury’s
core, that act to oppose the compression of intrinsic magnetospheric field lines (yellow) towards the planet
through the generation of addition field lines (green). (b) Magnetic reconnection at the dayside magnetopause
continues to erode the magnetospheric field, thereby counteracting some of the induction effect by opening

magnetic flux and transporting it into the magnetotail. Figure from Slavin et al. [2014].
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Johnson et al. [2016] observed increases in the dipole moment of ~ 5% as a result
of induced fields, which serve to oppose the compression of the dayside magneto-
sphere by increased ram pressure. However, the effectiveness of these induced fields
is reduced by reconnection at the dayside magnetopause. In their study of extreme
solar wind events at Mercury, Slavin et al. [2014] observed the magnetopause at
lower altitudes than would be expected when considering the enhancement of the
dayside magnetic field by induced fields alone, and attributed this negation of the
induction effect to enhanced reconnection rates during the intervals examined. This
effect is shown in Figure 2.13, where the induction currents and associated magnetic
fields are shown to enhance the magnetic dipole moment and increase the amount
of closed magnetic flux in the dayside magnetosphere (panel a). Panel b then shows
the erosion of the dayside magnetopause towards the planetary surface by recon-
nection, opening some of the increased magnetic flux and transporting it into the
magnetotail.

Despite the negating effect of reconnection on the bolstering of magnetic field
by induction, erosion of the dayside magnetopause at Mercury is much less effective
than at Earth. Heyner et al. [2016] calculated a planetward erosion of the mag-
netopause of only 4% during extreme solar wind events, compared to a maximum
value of 22% at Earth, reinforcing the understanding that the small magnetosphere
of Mercury is much more rigid. They also suggest that dayside compression is not
always the dominant factor in the size of the induced magnetic fields. As recon-
nection loads increased open flux into the magnetotail, the tail current is enhanced,
subsequently creating a perturbation that decreases the magnetic field strength close
to the planet in the magnetotail. To oppose this change, further currents are induced
in the core, with the resultant magnetic field enhancement representing 15 — 27%
of the total increase in the magnetospheric field near the subsolar magnetopause

during average solar wind conditions.

2.3.2.4 Quantifying Reconnection at Mercury

Many of the methods used to describe the rate of reconnection at Earth make use

of upstream measurements of solar wind properties in defining coupling functions
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that describe how the reconnection voltage varies, as discussed in Section 2.1.2. At
Mercury, there is no such upstream monitor, therefore complex functions including
these properties cannot be used in the same way. However, the cross-polar cap
potential, which provides a measure of the amount of open magnetic flux that is
transferred into the magnetotail via reconnection, can still be estimated by a variety
of methods.

Using measurements of the magnetic field component normal to the magne-
topause on MESSENGER’s second flyby of Mercury, Slavin et al. [2009a] calculated
a cross-polar cap potential of ~ 30 kV, a value in good agreement with the 29 kV
mean value obtained by DiBraccio et al. [2013] using the same method for multiple
magnetopause crossings. Imber et al. [2014] calculated the magnetic flux content of
large flux transfer events at Mercury to determine a maximum contribution from
a FTE of 25 kV to the total cross-polar cap potential, suggesting that the mean
contribution could be ~ 12 kV from each event. A different approach was taken by
DiBraccio et al. [2015a], who used the dispersion of proton velocities in the plasma
mantle to calculate a potential of 23 kV and 29 kV on two case studies. However, a
later study by Jasinski et al. [2017] applied the same method on a larger sample of
94 mantle traversals to calculate a mean potential of just ~ 19 kV.

Reconnection has also been quantified at Mercury using the dimensionless ratio
Bn/Bsp- From data obtained during the second MESSENGER flyby, Slavin et al.
[2009a| estimated a reconnection rate of 0.13, about an order of magnitude higher
than similar measurements at Earth. On a larger survey of 43 dayside magnetopause
crossings with well-defined values of By, DiBraccio et al. [2013] calculated a mean
ratio of 0.15 4+ 0.02. Interestingly, they found no clear variation in the reconnec-
tion rate with magnetic shear angle, as shown in Figure 2.14. This suggests that,
unlike previous observations at Earth, reconnection can occur across a wide range
of magnetic shear angles at the dayside magnetopause of Mercury.

The lack of a clear dependence on shear angle in reconnection rates was attributed
by DiBraccio et al. [2013| to the low 8 plasma in the magnetosheath of Mercury,
as predicted by Slavin & Holzer [1979]. As magnetosheath field is compressed and

draped around the magnetopause, the plasma within the flux tubes is accelerated
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away from the subsolar point and out along the draped field lines, creating a plasma
depletion layer of low plasma density [Zwan & Wolf, 1976|. The thickness of this
depletion layer scales as M4~ 2, where My is the Alfvén Mach number, so that for
the low M, solar wind in the inner heliosphere near Mercury’s orbit, the plasma
depletion layer should occupy a larger fraction of the magnetosheath than at Earth.
Gershman et al. [2013] showed that strong plasma depletion layers form regularly at
Mercury, reducing the plasma pressure. The resultant low § magnetosheath can lead
to symmetric magnetic fields either side of the magnetopause, with fields differing
in some cases by less than 10% |[DiBraccio et al., 2013]. Consequently, reconnection
is possible at low magnetic shear angles when there is a guide field, a component
parallel to the X-line of equal magnitude on both sides of the magnetopause, as

discussed by Sonnerup [1974].

2.3.2.5 Magnetospheric Dynamics at Mercury

The small size of Mercury’s magnetosphere combined with the strong interaction
with the solar wind in the form of high reconnection rates results in a very dynamic

magnetosphere with rapid circulation of magnetic flux. Slavin et al. [2009a] esti-
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Figure 2.14: Dimensionless reconnection rates calculated for 43 magnetopause crossings under a range of
magnetic shear angles. Individual crossings are denoted by the triangles, whilst the mean in each 30° shear

angle bin is shown by the red lines. Figure from DiBraccio et al. [2013].
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mated a Dungey cycle at Mercury of only a few minutes, based on calculations of a
~ 2 minute drift time for plasma to move tailward across the polar cap using mea-
surements of By during dayside reconnection. This short timescale was supported
by later observations of 2-3 minute duration increases in the magnetic flux content
of the magnetotail [Slavin et al., 2010a|. This is analogous to the substorm growth
phase at Earth, in which dayside reconnection opens magnetic flux and transfers it
in to the magnetotail on timescales of ~ 1 hour. Imber & Slavin [2017] analysed
similar tail loading events throughout the MESSENGER mission and calculated
that during substorms at Mercury the magnetotail lobe field strength increases by
almost 25%, meaning that each lobe contains ~ 33% of the total magnetic flux in
the magnetosphere. Compared to the maximum contribution of ~ 12% at Earth
[Milan et al., 2004], this further enhances the picture of Mercury’s magnetosphere
as a small, strongly solar wind-driven magnetosphere with rapid flux circulation.

The addition of open flux into the magnetotail lobes increases the magnetic gra-
dient across the tail current sheet, between the sunward-directed northern lobe and
anti-sunward southern lobe fields. Rapid closure of the large quantity of magnetic
flux in the magnetotail produces high-velocity, low plasma density, bursty bulk flows
that travel sunward and are often accompanied by a region of magnetic field that
more closely resembles a dipolar configuration than the usual stretched tail, there-
fore termed a dipolarization [e.g. Angelopoulos et al., 1992]. Such dipolarization
fronts have been observed extensively at Mercury [Sundberg et al., 2012|, but are
found more commonly in the post-midnight sector [Sun et al., 2016; Dewey et al.,
2017].

This dawn-dusk asymmetry is also seen in the observations of magnetic flux ropes
in the magnetotail of Mercury [Sun et al., 2016; Smith et al., 2017]. Similar to the
formation of flux transfer events at the dayside magnetopause, magnetic structures
can be created between two parallel X-lines in the magnetotail. For perfectly anti-
parallel lobe fields, a plasmoid will form as a magnetic loop, with no axial field.
However, there is often a shear across the tail current sheet, resulting in a component
of the magnetic field in the Y direction [Cowley, 1981|. Structures formed in this

scenario will therefore exist as flux ropes, with a strong axial core field. The flux
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rope will be ejected from the dominant X-line either planetward or anti-sunward,
creating a bulge as the surrounding lobe field drapes around it to form a travelling
compression region [Slavin et al., 2009a]. DiBraccio et al. [2015b] observed flux ropes
moving in both directions along the Sun-planet line in the magnetotail of Mercury,
with a typical radius of ~ 0.18 R); and core fields of ~ 40 nT, implying that the
planetward-moving plasmoids may provide a substantial contribution to the total
return flow of magnetic flux that completes the Dungey cycle.

The magnetotail is separated from the dayside magnetosphere by the cusp regions,
through which magnetosheath plasma can propagate towards the planetary surface.
Zurbuchen et al. [2011] observed enhanced fluxes of heavy ions such as Nat, Mg™,
Sit and OT near the northern polar region, indicating that solar wind access to the
planetary surface is responsible for the sputtering of neutral atoms that are subse-
quently ionised. However, variability in the fluxes observed on different spacecraft
passes suggests that the size and location of the cusp is highly dependent on the ori-
entation of the IMF. Winslow et al. [2012]| observed the northern cusp between local
times of 7.2-15.9 h, and ranging from latitudes of 56-84° in Mercury Solar Orbital
(MSO) coordinates, which are similar to the MSM coordinates defined previously
but with the origin at the centre of Mercury rather than centred on the dipole. Dur-
ing periods of anti-sunward IMF, reconnection just tailward of the cusp increases
the latitudinal extent, and results in higher plasma pressures than are seen during
sunward IMF. The northward offset of the planetary dipole led Winslow et al. [2012]
to suggest that the southern cusp could see fluxes a factor of 4 higher, over a region
of twice the latitudinal extent, than the northern cusp, representing a much greater
source of planetary ions than in the northern hemisphere.

Raines et al. [2014] showed that the low-energy (100 — 300 €V) Na™ group ions
(Nat, Mg*, Sit) travel upwards from the surface in the cusp, whereas high-energy
ions of > 1 keV are seen to have been ionised near the dayside magnetopause and
then swept into the cusp region on reconnected field lines. As these open field lines
travel anti-sunward, the presence of gyrating particles increases the plasma pressure
and creates a general decrease in the magnetic field intensity in the cusp. However,

additional extreme reductions in field strength have been observed to last for a few
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seconds at a time across a wider latitudinal range than the main cusp [Slavin et al.,
2014]. Termed cusp plasma filaments, these decreases are diamagnetic in origin,
caused by gyrating magnetosheath plasma injected into discrete flux tubes following
reconnection. Poh et al. [2016] observed some filaments with a twisted, flux rope-like
structure, suggesting that the filaments are low-altitude extensions of flux transfer

events formed by localised reconnection at the dayside magnetopause.

2.4 Flux Transfer Events at Mercury

Flux transfer events were first seen at Mercury in magnetometer data from the
Mariner 10 flybys [Russell & Walker, 1985|, as shown in Figure 2.15. The ~ 1 s
duration of the events led the authors to estimate the diameter of Mercury FTEs
to be ~ 400 km, a spatial scale ~ 8% of the width of the magnetosphere in the
terminator plane. This is a similar relative scale to FTEs in Earth’s magnetosphere,
but the low peak magnetic field amplitude observed by Russell & Walker [1985] of
~ 40 nT suggested a total flux content of just 5 kWb, implying that FTEs make only
a very small contribution to the total flux circulation within the magnetosphere.

Later data from the MESSENGER flybys of Mercury provided contrasting obser-
vations, however. Slavin et al. [2010b] identified 6 FTEs during the first two flybys,
with a large range of sizes. Whilst the smallest event was of similar scale to those
identified by Russell & Walker [1985], with a diameter of ~ 400 km and a flux con-
tent of ~ 1 kWb, a number of larger events were also observed. Two FTEs were
identified with durations greater than 6 s, implying a diameter of ~ 1 Rj;, 6 times
larger than seen previously at Mercury. Furthermore, the maximum core field of
> 100 nT seen in one of the events suggests a total magnetic flux content of 0.2
MWhb, a contribution of ~ 5% towards the total flux contained within one lobe of
the magnetotail.

Flux transfer events at Mercury have also been found to be far more prevalent
than at Earth. Slavin et al. [2012] observed a fluz transfer event shower of 163
FTEs on a single MESSENGER pass through the southern magnetotail lobe and

surrounding magnetosheath, as shown in Figure 2.16. Of these, 66 were identified
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Figure 2.15: Mariner 10 magnetometer data from the first Mercury flyby, showing a flux transfer event at
20:36:07, as indicated by the bipolar signature in By and the large increase in Bj;. Figure from Russell &
Walker [1985].

on the basis of a flux rope signature in the magnetometer data, whilst the remainder
produced a travelling compression region (TCR) signature. All of the events were
seen in a 25 minute interval, with a mean separation between each event of ~ 8-10 s,
significantly lower than the ~ 8 min separation seen at Earth [Rijnbeek et al., 1984].
However, the mean duration of Mercury FTEs was confirmed by these observations
to be ~ 2-3 s, compared to ~ 1 min at Earth [e.g. Fear et al., 2007].

The dayside magnetosphere of Mercury is also rife with FTEs, as shown by
Imber et al. [2014] in a study of 90 passes through the dayside magnetopause within
1 Ry of Y/ = 0. In this time, 58 FTEs were identified with core fields larger than
the amplitude of the dipolar field just inside the magnetopause, highlighting the
extremely high flux content of Mercury FTEs. An example event from this study
is shown in Figure 2.17, in aberrated MSM coordinates. Additionally, hodograms

of the maximum-minimum and maximum-intermediate variance components show
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Figure 2.16: Magnetometer data from a MESSENGER traversal of the magnetopause in the southern mag-
netotail. Vertical arrows in the bottom panel indicate the locations of travelling compression regions inside

the magnetotail, and flux transfer events in the magnetosheath. Figure from Slavin et al. [2012].

a clear rotation, evidence of a flux rope structure. The core field of this particular
event is 280 n'T, significantly greater than the background field amplitude. Although
the identified FTEs were the largest events during the interval examined, assuming
a mean flux content for Mercury FTEs of half that calculated for these events gives
a total of ~ 0.03 MWb of magnetic flux contained within each FTE. Given the
repetition time suggested by Slavin et al. [2012], this led Imber et al. [2014] to
estimate that FTEs may be responsible for transporting 30% of the flux required
for the substorm loading phase.

The magnetosphere of Mercury has been shown to be extremely dynamic, due to
its small spatial scale and strong solar wind driving. Flux transfer events at Mercury
are proportionally larger and transfer more of the total flux available than their
counterparts at Earth, and are therefore important factors in the magnetospheric
dynamics, providing the motivation for the large-scale investigations presented in

this thesis.
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components. Figure from Imber et al. [2014].
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Chapter 3

Instrumentation

The work presented in Chapters 4-6 has been performed using data obtained by
instruments onboard the MErcury Surface, Space ENvironment, GEochemistry and
Ranging (MESSENGER) spacecraft. This chapter provides an overview of the mis-
sion, including details of its orbit around Mercury and the instrumentation that has

been fundamental to completing this thesis.

3.1 The MESSENGER Mission

NASA’s MESSENGER mission was launched on 3 August 2004, beginning a seven
year journey to Mercury. Its trajectory included one Earth flyby, two flybys past
Venus, and three encounters with Mercury before orbital insertion on 18 March
2011. The nominal mission was scheduled to last 1 Earth year, until 18 March 2012,
although two subsequent mission extensions enabled in situ observations to continue
until MESSENGER impacted Mercury’s surface on 30 April 2015.

The mission was designed to answer six main scientific goals, aimed at exploring
the formation, evolution and history of Mercury and its space environment [Solomon
et al., 2001, 2007|. These ranged from questions regarding the planetary formation
processes that led to the highest fractional metal content of any Solar System planet
and understanding the nature and origin of Mercury’s large core, through to investi-
gating the geological history of the contracting planetary surface and explaining the
presence of radar-bright features located in the polar regions. Moving further out-

wards, MESSENGER was also commissioned to investigate the sources and sinks
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3. INSTRUMENTATION

of volatile elements in the exosphere, and describe the nature and origin of the
intrinsic magnetic field. A suite of seven instruments was therefore present onboard
MESSENGER, a schematic of which is shown in Figure 3.1. A brief outline of each

instrument is given in Table 3.1.

X

Mercury Atmospheric and Gamma-Ray Spectrometer
Surface Cnmpnﬁiuan Spectrometer (GRNSIGRS)

(MASCS)

Mercury Laser Altimeter
(MLA)

Fast Imaging
Plasma
Spectrometer
(EPPSIFIPS)

X-Ray Spectrometer
Solar Assembly (XRS/SAX)
W

Energetic

Particle

Spectrometer
(EPPSIEPS)

Spectrometer
[{GRNS/NS)

Magnetometer
ok Data Processing Unit : (MAG)
X-Ray Spectrometer {DPLU) [at end of boom
Mercury Unit (XRS/MXU) . = not shown]

Figure 3.1: A schematic showing the location of the scientific instruments on MESSENGER. The magne-
tometer (MAG) is situated at the end of a 3.6 m boom that extends anti-sunward. Figure from JHU/APL.

The MESSENGER spacecraft itself was three-axis stabilised, and remained in
a fixed orientation with respect to the Sun, with all of the instruments protected
from solar heating by a sunshade [Santo et al., 2001]. Power was provided by two
solar panels, which were able to rotate about an axis in the ecliptic plane. Different
viewing angles could be achieved for the instruments through rotation about the

Sun-spacecraft line, as shown in Figure 3.2.
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Instrument

Brief Description

EPPS (Energetic
Particle and Plasma

Spectrometer)

Energetic ions (up to

EPS (Energetic Particle

~ 3 MeV) and electrons

Spectrometer) (~ 20 — 400 keV)
~ 20 — e

Scans 0 — 15 keV /q

FIPS (Fast Imaging
range (thermal ions)

Plasma Spectrometer)
in 1 min (10s steps)

Observes surface

GRNS (Gamma-Ray and

chemistry and polar

Neutron Spectrometer)

deposit composition

(Magnetometer)

MAG 3-axis fluxgate,

on 3.6 m boom

MASCS (Mercury
Atmospheric and

Surface Composition

Exospheric emissions
UVVS (Ultraviolet-
on the limb with 1 nm
Visible Spectrometer)
spectral resolution

Surface reflectance at

VIRS (Visible-Infrared

Spectrometer) 0.3-1.45 ym with 4 nm
Spectrograph)
spectral resolution
Wide-angle 10.5° FOV,

MDIS (Mercury Dual

Imaging System)

Camera (WAC)

colour imager

Narrow-angle 1.5° FOV,

Camera (NAC) black and white

8 Hz pulsing, maps

MLA (Mercury

northern topography

Laser Altimeter)

to 30 cm precision

XRS (X-Ray

Spectrometer)

0.7-10 keV, X-ray

surface fluorescence

Table 3.1: A list of the scientific payload onboard MESSENGER [Gold et al., 2001; Solomon et al., 2007].
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Sunshade

VA thruster (toward Sun)
e

Solar array

|

Battery

Solar array

|

Launch vehicle
adaptor

S Magnetometer
(on anti-Sun boom)

+y
(anti-Sun)
+Z

Figure 3.2: Diagram showing the orientation of MESSENGER, including the sunshade and solar panels

extending away from the spacecraft in the ecliptic plane. Figure from Santo et al. [2001].

3.2 The Magnetometer Experiment

Data obtained by the Magnetometer (MAG) instrument were fundamental in com-
pleting the work presented in this thesis. A comprehensive overview of the specifi-
cations and operations of MAG are given in Anderson et al. [2007], but a summary
of the physical and operational details relevant to the work in this thesis is provided
here. The scientific goals of the mission required an operational range covering the
expected ~600 nT surface magnetic field at the poles, with a precision high enough
to resolve features seen on a small spatial and temporal scale. As such, the range
of operations for use in orbit around Mercury provided measurements covering +
1530 nT on each of three orthogonal axes, with a resolution of 0.047 nT. Data were

sampled at 20 s~!

, and filtered digitally to provide a range of output rates between
1 —10 s~ An additional burst mode allowed data collection at the full 20 s~! rate
for 8 contiguous minutes. This mode was active for intervals when MESSENGER
was inside the dayside magnetosphere or within the vicinity of the dayside mag-
netopause, when the temporal variability of the magnetic field measurements was

expected to be at its highest.

The measurement capabilities are achieved through the use of three fluxgate
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Sense Winding

| =Y

P ] = s TN e
d X fie . AN -
= D Y =
= P —Tt =
= i -
- et P
- e —— e
pr =] el
aa_l I - ] 1 M r
e | 1 LA Le
1 > 1 T
: LY ] A" 57 PN g
= | Vi &
=
- =

-

= L c)
g = =

e

Drive Winding

Figure 3.3: Sketch of a single-axis fluxgate. The diagram on the left shows the drive winding wrapped around
the ring core, and the diagram on the right shows this setup enclosed within the sense winding, indicated in
red. The blue and green arrows indicate the fields generated by the drive winding. This orientation enables

measurement of an external field in the direction of Heyt. Figure from Imperial College, London.

sensors, mounted orthogonally to ensure full directional coverage. A fluxgate consists
of a ring core of highly magnetically permeable material, wrapped in a drive winding,
and in turn enclosed within the sense winding, as shown in Figure 3.3. As a square
waveform current is applied to the drive winding, a magnetic field is generated in
each half of the ring core with a component either parallel or anti-parallel to the
direction of H,,;, indicated in Figure 3.3 by the green and blue colouring respectively.
The material in each half core is therefore driven through its hysteresis loop, going
in and out of saturation symmetrically in the absence of any external field. As a
result, there is no change to the net flux through the sense winding, so no voltage is
induced. In the presence of an external field, however, the half core with a parallel
component (green) will come out of saturation later and the half core with an anti-
parallel component (blue) will come out of saturation sooner, producing a net flux
in the sense winding. This in turn drives a voltage through the sense winding, the

nature of which describes the magnitude and direction of the external magnetic field.
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3.3 MESSENGER Orbital Properties

Following Mercury orbital insertion, MESSENGER was placed into a highly eccen-
tric orbit with a periapsis of ~200 km and apoapsis of ~15200 km. The orbital
plane was inclined at 82.5° to Mercury’s equator, such that the closest approach of
MESSENGER to the surface occurred in the northern hemisphere at a latitude of
~60°, and was initially closely aligned with the dawn-dusk terminator. However, the
orbital plane was fixed in inertial space, and therefore precessed around the planet
throughout a Mercury year. Figure 3.4 shows MESSENGER’s orbital inclination
along with an example of the dawn-dusk and noon-midnight orbits.

200- to 505-km minimum altitude
over 60°-74° North latitude * North

4 North

h  -m h .m
1145 -12° 4 up to 15,200-km
per orbit 82.5-84.0° orbit maximum altitude
inclination

dawn-dusk orbit edge-on orbit view noon-midnight orbit

Figure 3.4: MESSENGER’s orbital trajectory, shown in the dawn-dusk and noon-midnight planes. The high
inclination of the orbit is also indicated. Figure from JHU/APL.

Following completion of the first Earth year of observations, the early period of
the first extended mission saw MESSENGER'’s initial ~12 hour orbit reduced to 8
hours. This was done through two orbit correction manoeuvres (OCM), as indicated
in Figure 3.5. The initial orbit is shown in red, transitioning through the purple
trajectory as an intermediate orbit before a second correction reduced the apoapsis
further to ~10300 km during the 8 hour orbit shown in green. MESSENGER
remained in this orbital configuration until the end of mission, giving a total of

~3300 orbits in the 8-hour configuration to supplement the ~800 orbits lasting 12
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View from Sun to Mercury

= OCM-7 16 Apr 2012

OCM-8 20 Apr 2012

orbit after OCM-8
(8" 0™

orbit after OCM-7

orbit before OCM-7 (9"5™)

(11" 36™)

Figure 3.5: Diagram showing the transition from the initial 12 hour orbit of MESSENGER during its first
year of operations at Mercury to the 8 hour orbit it occupied for the extended mission. Figure from JHU/APL.

hours each.

As a result of MESSENGER'’s orbital precession during a Mercury year, all mag-
netic local times were sampled equally. Orbits where periapsis occurred near local
noon were categorised as ‘hot seasons’, due to the substantial heating of space-
craft components at low altitude by the sunlit surface, despite shielding from direct
sunlight. The instruments were therefore switched off during the first hot season,
spanning 19 orbits between 24 May and 2 June 2011, to protect against damage early
in the mission. Aside from this brief interval, data were available from the magne-
tometer throughout the duration of MESSENGER’s operations, providing the basis

of the work presented in the following chapters.
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Chapter 4

IMF Clock Angle Influence on

Observation of Flux Transfer Events

4.1 Introduction

As discussed in Chapter 2, much work has been done at Earth to investigate the
factors influencing the rate of reconnection at the dayside magnetopause, and the
subsequent formation of reconnection signatures such as flux transfer events. In
both cases, it was found that the orientation of the IMF plays a crucial role, with
enhancements to both the reconnection rate and the number of FTE observations
during periods of southward IMF, where a large shear angle exists across the mag-
netopause.

At Mercury, the low Alfvén Mach number of the inner heliosphere solar wind
produces greater reconnection rates than are seen at Earth [e.g Slavin & Holzer,
1979; Slavin et al., 2009a; DiBraccio et al., 2013, with no discernible IMF orientation
effect observed in studies of a small sample size of magnetopause crossings. The
investigation presented in this chapter therefore seeks to perform a large statistical
study of FTEs in Mercury’s dayside magnetosphere, and determine whether their
formation depends on IMF orientation as is the case at Earth, or whether this proxy
for reconnection shows the same clock angle-independence as seen by DiBraccio et al.
[2013].

Section 4.2 introduces the dataset used to perform this work, and the identifi-

cation of both magnetopause crossings and FTEs. The spatial distribution of these
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events is then discussed in Section 4.3, along with the effect of the IMF clock angle on
FTE formation. Finally, these results are used to explain some differences between
the distribution of FTEs observed during the early phase of MESSENGER’s orbit

around Mercury and a longer timespan including the first 3 Earth years.

4.2 (Observations

On 18 March 2011, MESSENGER orbital insertion placed the spacecraft into an
eccentric, high-inclination orbit about Mercury with an initial period of 12 h, although
this was later reduced to 8 h as described in Chapter 3. The orbital plane was fixed
in inertial space such that the periapsis precessed completely around the planet
once every Hermean year (88 days). In this study, we have used data obtained by
the Magnetometer (MAG) onboard MESSENGER, which at full resolution provided
20 samples/s [Anderson et al., 2007|, during the interval spanning orbital insertion
until 11 February 2014. Including exactly 12 Hermean years ensured approximately
even coverage of all magnetic local time (MLT) sectors over the duration of this
study, with the exception of 19 orbits between 24 May and 2 June 2011, when the
Magnetometer collected no data near the dayside magnetopause traversals. These
orbits are symmetric about 12 h MLT and confined to a small MLT range, however,
so no dawn-dusk bias is introduced by the lack of data in this period. Furthermore,
the number of missing passes is small compared to the total number of passes in
the affected MLT sectors, so no significant biases have been introduced. Data are
presented in the aberrated MSM coordinate system (MSM’), introduced in Chapter
1.

The focus in this study is the dayside magnetosphere, therefore the magnetic
field data have been examined for every encounter of MESSENGER with the mag-
netopause sunward of X’ = -0.5 Rj;. An example of a complete 12 hour MESSEN-
GER orbit is shown in Figure 4.1(e-f), with model locations for the bow shock and
magnetopause as given by Winslow et al. [2013], indicated in blue and green respec-
tively. The arrow indicates the direction of MESSENGER’s trajectory during the

interval shown. The components of the magnetic field measured by the MESSEN-
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Figure 4.1: Magnetic field data in MSM’ coordinates for a complete MESSENGER orbit. Panels (a-d) show

By, By, Bz and | B| respectively. The spacecraft trajectory during the course of this orbit is projected onto

the (e) Y/-X’ and (f) Z’-X’ planes, with the direction indicated by the arrows. Model locations of the bow

shock (blue) and magnetopause (green), as given by the Winslow et al. [2013] models, are also shown. Panels

(g-1) show a subset of the data in (a-f) above, as indicated by the dashed red lines, spanning the inbound bow

shock and magnetopause crossings with some FTE signatures visible, as indicated by the arrows. From Leyser

et al. [2017]
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GER magnetometer are shown in panels (a-d), in MSM’ coordinates. Panels (g-1)
show a subsection of these data, spanning the inbound crossings of the bow shock
and magnetopause on this orbit. Several large amplitude FTEs are present in the

data, as indicated by the arrows in Figure 4.1j.

4.2.1 Identifying magnetopause crossings and flux transfer

events

Every spacecraft pass through the dayside magnetopause during the time interval
considered was visually inspected for individual magnetopause crossings and FTE
signatures in the magnetic field data. A pass here refers to a traversal of the mag-
netopause region, during which multiple individual magnetopause crossings may be
observed. A single orbit close to the X’ = 0 plane will therefore contain both an
inbound and outbound pass, as defined here; one for the magnetopause traversals
near each of the dawn and dusk terminator.

Identification of magnetopause crossings can vary considerably between passes,
due to changing conditions in the upstream magnetosheath field. On passes where
the magnetic fields either side of the magnetopause are highly asymmetric, individ-
ual crossings can be identified on the basis of the large step change in |B|, as seen in
Figure 4.1j at ~16:12:40 UT. The higher plasma density normally seen in the mag-
netosheath compared to inside the magnetosphere also manifests itself in MAG data
as increased short-term variability in the magnetic field components. This is evi-
dent in Figure 4.1(g-j), where all components exhibit high-frequency oscillations in
the magnetosheath, compared to a much smoother field after crossing the indicated
magnetopause into the magnetosphere.

Magnetopause crossings are more difficult to accurately identify when the fields
are symmetric across the boundary, as no step-change is present in |B|. An example
of such a pass is shown in Figure 4.2, where the format follows that of Figure 4.1a-f.
Although the total field strength is seen in panel (d) to be steadily decreasing as
MESSENGER travels outwards through the magnetopause, there is no large jump

that can be used to identify crossings as discussed previously. However, there is still a
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MAG data for April 26, 2013
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Figure 4.2: MAG data in MSM’ coordinates for a traversal of the magnetopause with symmetric field strength
either side of the boundary. The format of the panels is the same as in Figure 4.1(a-f). The magnetopause

crossing identified on the basis of magnetic field vector rotation is indicated by the vertical dashed line.

clear variation in the level of magnetic field fluctuations seen in all components either
side of ~16:45:00 UT, indicating a transition from magnetosphere to magnetosheath
has occurred. A rotation of the magnetic field vector is also seen in panels (b-c),
changing from a Bz-dominated magnetospheric field to a magnetosheath where the
magnitude of each component is similar just outside the magnetopause.

Flux transfer events were catalogued manually on the basis of three concurrent
features in the MAG data. Initially, |B| was inspected for short-duration large
amplitude increases, as seen in the example FTE shown in Figure 4.3. This field
enhancement must be accompanied by a similar signature in at least one of the MSM’
coordinates, plotted in Figure 4.3(a~c). In this instance, the component increase due
to the core field of the FTE lies in By+. For a field signature to be counted as an

FTE, a bipolar signature must also be present in at least one component. Bx: in
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MAG data for July 13, 2011
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Figure 4.3: MAG data showing a flux transfer identified on July 13, 2011, where the format is the same as

Figure 4.2.

Figure 4.3a exhibits just such a feature from ~14:07:32.60 - 14:07:33.96 UT, where
an initial increase is followed by a decrease, with the peak and trough falling either
side of the core enhancement in By and |B|. A similar signature is also present in
By, further confirming this feature as a flux transfer event.

Throughout the period of 12 Hermean years considered here, in 3085 passes
during which the magnetopause was traversed sunward of X’ = -0.5 Ry, a total of
12133 individual magnetopause crossings and 2898 FTEs were identified using the

above criteria.

70



4. IMF CLOCK ANGLE INFLUENCE ON OBSERVATION OF FLUX
TRANSFER EVENTS

4.3 Results

4.3.1 Magnetopause and FTE locations

The location of each of the 12133 magnetopause crossings identified in this work is
projected into the MSM X' —Y’, X’ — Z" and X' — p’ planes in Figure 4.4(a-c). Due
to the highly elliptical polar orbit of the MESSENGER spacecraft, the inbound por-
tion of warm season orbits through the dayside magnetosphere often passes through
the northern magnetic cusp. The spacecraft therefore regularly skims the magne-
topause at high northern latitudes, resulting in multiple detectable magnetopause
crossings on a single orbit. Additionally, ongoing reconnection or variable solar wind
conditions can result in a magnetopause that repeatedly moves back and forth over
the spacecraft, again leading to the observation of multiple crossings on a single
pass.

Figure 4.4a shows that crossings were observed approximately equally in all MLT
sectors in the dayside magnetosphere, and that on average the magnetopause cross-
ings occurred near to the location given by the Winslow et al. [2013] model for the
majority of orbits considered here. This average agreement with the model location
is seen more clearly in Figure 4.4c, where p' = v/Y”2 + Z”2 removes any latitudinal
effects from the distribution seen in Figure 4.4a. Despite the model magnetopause
lying close to the centre of the distribution, there is a substantial spread about the
model location. This is due in part to crossings occurring during a range of Hermean
seasons, resulting in significant changes to the compression of the magnetosphere by
the solar wind between aphelion and perihelion [Zhong et al., 2015].

The location of the FTEs identified in this study are presented in panels (d-
f) as red circles, with the magnetopause crossings indicated in grey for context.
Although FTEs are also seen across all MLT sectors, there is a less even spread
than seen for magnetopause crossings, with the majority of events observed close to
local noon. Additionally, whilst FTEs are observed in both the magnetosheath and
magnetosphere, more events are seen inside the model magnetopause location, due
in part to chains of FTEs that extend to low altitude near the northern cusp region.

Figure 4.5a shows a histogram of the distribution of FTE observations in MLT,
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Figure 4.4: Locations of the magnetopause crossings in this study, projected onto the (a) X},;srr — Yarsar
(0) Xiysar — Zhrsas and (€) X460 — Phrsas planes, where o' = v/Y’2 + Z’2. The locations of the identified
FTEs are shown in the same projections in panels (d-f), with the magnetopause crossings also indicated in
grey for comparison. The model magnetopause location predicted by Winslow et al. [2013] is indicated by the
dashed line.

highlighting the preference for observation near local noon. The strong peak at 12

MLT is to be expected for two reasons. Firstly, reconnection at the dayside magne-
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topause occurs most strongly near the sub-solar point. As discussed in Chapter 2, in
cases where the reconnecting fields are not anti-parallel, a southward component in
the magnetosheath field produces a tilted X-line that passes through the sub-solar
point. As a result, FTEs in this MLT sector can be seen in the regions of the mag-
netopause covered by MESSENGER during a range of IMF orientations. Although
FTEs can still form at all MLT, they may be at higher latitude towards the flanks,
and therefore at locations not sampled by MESSENGER. Secondly, as the FTEs are
transported anti-sunward over the poles of the planet, those formed further away
from local noon at the northern edge of tilted X-lines move towards near-noon MLT
sectors, where MESSENGER provided the best coverage at high latitude. There-
fore, even those FTEs formed towards the flanks of the magnetosphere could still
be observed by MESSENGER near local noon, during the high-latitude portions of
its orbit.

In a previous study of a smaller number of events over a different time period,
Imber et al. [2014] observed a larger number of FTEs in the dawn sector than the
dusk, a bias that is only present to a small extent in these data. Figure 4.5a shows
that between 8-16 h MLT, FTEs are seen approximately symmetrically about a
central peak occurrence at 12 h MLT, where the main exception is between 11 and

13 h MLT. This asymmetry will be investigated and discussed in Section 4.4.

4.3.2 Influence of IMF clock angle on FTE formation

Many studies have investigated the parameters influencing dayside reconnection
rates at Earth [e.g. Akasofu, 1981; Mozer & Retino, 2007; Milan et al., 2007, 2012;
Newell et al., 2007|, however there has only been one such study at Mercury. DiBrac-
cio et al. [2013| analysed the magnetic field data from 43 magnetopause crossings to
determine a dimensionless reconnection rate, and concluded that for their dataset
there was no significant variation with magnetic shear angle. The FTEs observed in
this study were formed by reconnection on the dayside magnetopause, and given the
high velocities of these structures observed at Earth, and the small spatial scale of
the Hermean magnetosphere, it is reasonable to assume that the IMF direction had

not changed significantly from the time of formation of the FTEs to their observa-
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Figure 4.5: Histograms showing (a) the locations of the observed FTEs in MLT and (b) how the total number

of FTEs observed varies with the clock angle of the IMF in the magnetosheath. The total number of events,

nrFTE, is also indicated.

tion. Indeed, James et al. [2017] showed that on timescales on the order of minutes,

the mean difference between magnetopause crossing and FTE detection, there is

only a very small probability of a rotation in IMF angle of greater than 20°.

The orientation of the magnetosheath field was recorded over 1 minute just

outside the outermost magnetopause crossing on each orbit to give a measurement

of the clock angle in the magnetosheath, where 0° is directed northwards and +90° is

directed towards + By+. The total number of FTEs in each 30° bin has been plotted
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in Figure 4.5b. In agreement with studies at equivalent locations in the Earth’s
magnetosphere [Kawano & Russell, 1997b; Sibeck et al., 2005, e.g.], this shows a clear
general trend towards greater FTE occurrence during intervals of near-southward
IMF, and therefore nearly anti-parallel fields, although any potential statistical bias
introduced by multiple FTEs in a single pass or an uneven distribution of observed
IMF orientations needs to be accounted for.

A histogram of the occurrence frequency of the magnetosheath clock angle for
every pass on which at least 1 FTE was observed is presented in Figure 4.6a. Mul-
tiple FTEs observed on a single pass are therefore grouped into a single event,
resulting in a similar distribution to that presented in Figure 4.5 with some asym-
metries removed. FTEs were observed on 1197 of the 3085 total passes inspected,
during which 12133 magnetopause crossings were detected, and Figure 4.6b shows
the distribution of clock angles observed across all magnetopause encounters. The
approximately equal coverage of all clock angle orientations indicates that large vari-
ations in observation rates cannot be attributed to a bias introduced by small sample
size. By dividing the values in Figure 4.6a by those in Figure 4.6b the percentage
occurrence of at least 1 FTE is obtained for each clock angle, as indicated in Figure
4.6c.

For clock angles close to zero, indicating a magnetosheath magnetic field point-
ing approximately along the positive By axis, FTEs have been detected on only
~15% of passes, whereas for near-southward IMF the observation rate increases to
~65%. During periods of northward IMF, the reconnection X-line is expected to
exist tailward of the cusp regions, therefore we would not expect to observe any
FTEs generated at low latitudes near the dayside magnetopause. However, MES-
SENGER’s orbit samples significant portions of the high latitude magnetosphere,
so we would still expect to observe FTEs that have formed under northward IMF
if reconnection is taking place in these locations. The distribution seen in Figure
4.6 can therefore again not be attributed to sampling bias, but represents a true
indication of the formation preference for FTEs at Mercury during near-southward
magnetosheath conditions.

Out of a total of 3085 passes, events exhibiting the required magnetic field sig-
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Figure 4.6: Histograms showing (a) the number of passes during each IMF orientation for which at least 1
FTE was observed, (b) the occurrence of each clock angle, and (c) percentage of magnetopause crossings under
each IMF orientation during which at least 1 FTE was observed. The number of passes with at least 1 FTE,

nprEg, is indicated, along with the total number of passes examined, npasses-

nature were observed on 1197, although many passes contained multiple events.
Considering how ubiquitous FTEs have been found to be at Mercury in previous

studies [Slavin et al., 2012; Imber et al., 2014], this ratio is perhaps lower than
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expected. However, the formation of FTEs at the dayside magnetopause has been
shown to be significantly less likely during northward IMF, and these orientations
contribute a substantial portion of the data examined here, as shown in Figure
4.6b. Therefore, the higher ratios seen in previous studies could be explained by an
IMF orientation during those periods that is more favourable for FTE formation.
Furthermore, in requiring a clear increase in the core field component, the sample
has been restricted to those events for which MESSENGER entered the flux rope
directly. As a result, many events exhibiting similar features have not been included,
such as the travelling compression regions identified by Slavin et al. [2012].

There are several reasons why the results presented here contrast so strongly with
those observed by DiBraccio et al. [2013|. First of all, although the formation of
FTEs requires reconnection, the reconnection rate itself is not measured here, so it is
difficult to directly compare the results. Secondly, the sample size used by DiBrac-
cio et al. [2013| was considerably smaller than that utilised here. The large dataset
investigated over a long time interval in this study is likely to have averaged out the
effects of other parameters, thereby producing a more accurate reflection of how the
IMF orientation alone influences the observation rate of FTEs at Mercury. Further-
more, the analysis performed by DiBraccio et al. [2013] utilised only crossings with
a well defined normal direction to the magnetopause, as determined from minimum
variance analysis of the magnetic field data. During strong reconnection at high
shear angles, if an FTE is present at the magnetopause crossing the normal may be
poorly defined, resulting in that crossing being excluded from the analysis. The high
shear angle data included by DiBraccio et al. [2013] may therefore comprise mainly
crossings during which other factors, such as a high plasma beta, inhibit the rate of
reconnection. As a result, the high-shear reconnection rate calculated in that study
may not represent the true rate of reconnection for such IMF orientations, which in
general would be much higher. On the other hand, the low-shear reconnection rates
calculated by DiBraccio et al. [2013| may represent an upper limit on the general
values, due to those particular crossings occurring during favourable conditions such

as a low plasma beta enabling reconnection across a wider range of shear angles.
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4.4 Comparison of MESSENGER orbital phases

The analyses in this chapter were initially performed on data obtained only during
the early phase of MESSENGER’s orbit, and although the results presented in
Figure 4.6 show very little variation from that initial period, the same is not true for
the distribution of FTE observations in MLT. Figure 4.7 shows the same distribution
as in Figure 4.5a in red, for the full 12 Hermean years included in the above analysis,
and the blue histogram shows a subset of those data, containing results from the
first 5 Hermean years of MESSENGER’s orbit, up to 6 June 2012.

Despite a large sample size of 1111 FTEs, and an integer number of Hermean
years ensuring approximately even coverage of all MLT sectors, the distribution of
events shown in blue from the initial period of the mission does not exhibit the
same clear peak near local noon as is seen for the larger dataset. Whilst signifi-
cantly more FTEs are seen between 9-15 h MLT than further tailward, there is no
obvious trend in the distribution within these sectors. Given the clear dependence
on IMF orientation evidenced by Figure 4.6¢c, the slightly smaller sample size could
be susceptible to certain more favourable IMF orientations occurring at 10 h or 15
h MLT, therefore producing the larger observation rates in these sectors than would
be expected.

Figure 4.8 demonstrates the differences between the first 5 Hermean years and
the entire dataset, with a further breakdown into cases for which the IMF had a
positive or negative Bz component. Figure 4.8a shows the total time spent in each
MLT bin by MESSENGER during the two periods, where dark blue and light blue
indicate passes for which the magnetosheath field had a northward or southward
component respectively, during the initial phase, and the red and orange bars dif-
ferentiate likewise for the full 12 Hermean year dataset. The axes have been scaled
to allow for more direct comparison across the range of MLT sectors, but whilst
some small proportional differences exist both between the two time intervals and
the northward-southward distinction within an interval, they are mostly insufficient
to explain the temporal and spatial differences seen in Figure 4.7.

Panel (b) indicates the number of FTEs observed in each MLT bin, similar to
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Figure 4.7: Histogram showing the distribution of FTEs in MLT. The full dataset is included in red, replicat-
ing the results shown in Figure 4.5a, and a subset including only the first 5 Hermean years of the MESSENGER
mission, up to 6 June 2012, is overplotted in blue. The total number of FTEs in each dataset is indicated by
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Figure 4.7, but separating out into the counts on passes with either a northward
or southward IMF. This further highlights the clear preference for FTE formation
when the magnetosheath By is negative. Given the slight variability in dwell time
at each MLT, the FTE counts have been normalised to produce the histogram of
FTE observations per hour dwell time, shown in Figure 4.8c. Here, the Y-axes for
the two intervals have the same scaling, indicating no significant change in overall
observation rates throughout the dataset, but some important spatial differences
exist between the two intervals.

Considering initially the FTEs seen during northward IMF, two bins stand out as
exhibiting clear temporal variations. Although the count rate in most MLT sectors
is no higher than 0.7 h™!, at 14-15 h MLT during the years 1-5 of the mission, the
mean observation rate increases drastically. These statistics are skewed entirely due
to a single spacecraft pass that traversed both MLT bins. On 22 September 2011,
an interplanetary coronal mass ejection (ICME) encountered Mercury, compressing

the dayside magnetosphere very close to the planet such that the MESSENGER’s
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respectively, for the first 5 Hermean years, whilst red and orange bars indicate the same breakdown of IMF
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for dark and light blue values, whilst the red and orange values are counted on the right axis.
trajectory carried it directly into the northern magnetospheric cusp, with signifi-

cantly enhanced magnetosheath field strength. On this one pass alone, 45 FTEs
were identified, therefore producing the disproportionately large peaks in the blue
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histogram of Figure 4.7 at 14-15 h MLT compared to the full years 1-12 distribution.

The high count rates at 9-11 h MLT during the first 5 years can be explained
by Figure 4.8¢, without any anomalous results. The rate of FTE observations dur-
ing southward IMF during this period is considerably greater than the mean rate
over the full 12 year interval, despite most other MLT bins very closely resembling
the full mean rate. During the interval spanning MESSENGER orbital insertion
to 6 June 2012, the IMF orientation in the inner heliosphere was biased strongly
towards clock angles of -90° [James et al., 2017; Lockwood et al., 2017|. This has
important consequences for the observation of FTEs at Mercury, particularly given
the orbital characteristics of MESSENGER. Although the strong bias in the IMF
is somewhat reduced by rotation of the magnetic field vector across the bow shock,
the subsequent magnetosheath field still exhibits a preference for negative By, an
effect that is still seen in the total angle occurrence shown in Figure 4.6b for the
entire dataset, wherein the left hand side has slightly higher count rates than the
corresponding By: > 0 clock angles on the right. The preference for a negative By
component leads to fields that are more anti-parallel at the pre-noon high north-
ern latitude (and post-noon high southern latitude) magnetopause during periods
of southward magnetosheath field. The tilted X-line therefore also passes through
those MLT sectors at higher latitudes, also producing enhanced reconnection sig-
natures, compared to a purely southward magnetosheath field. As MESSENGER'’s
orbit samples almost exclusively the northern hemisphere of the dayside magneto-
sphere, it therefore encountered only the pre-noon region of enhanced reconnection,
providing the optimum opportunity to observe the resultant FTEs. This causes the
enhanced observation rates that skew the peak of the distribution towards pre-noon
for the period up to 6 June 2012. The difference seen between 11 and 13 h MLT
for the full dataset is due entirely to the pre-noon preference during the first 5 Her-
mean years, with the remaining 7 years seeing an approximately equal distribution

in these locations.
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4.5 Discussion

In this section, the main results of the chapter are discussed specifically in relation
to previous work at Mercury. Additionally, context is provided in the form of a
comparison with studies at Earth, discussing any similarities and differences between
the results seen at the two planets.

Since the first observations of FTEs at Earth, numerous authors |e.g. Berchem &
Russell, 1984; Kuo et al., 1995; Kawano & Russell, 1997b] have shown that they occur
more frequently when the upstream IMF has a southward component. This result is
in agreement with the more general understanding of enhanced reconnection rates
during periods of anti-parallel fields at the magnetopause between a southward IMF
and the northward planetary magnetic field |e.g. Fairfield & Cahill, 1966; Perreault
& Akasofu, 1978]. However, in the only previous investigation of IMF orientation
influence at Mercury, DiBraccio et al. [2013]| observed similar reconnection rates at
all clock angles. The results presented in this chapter therefore provide important
evidence in support of Mercury’s magnetosphere exhibiting a similar response to
different IMF clock angles as does Earth’s, at least in regard to dayside reconnection
and the production of FTEs. The discrepancy with the results seen by DiBraccio
et al. |2013] can be explained by the small sample size in their study allowing for
other factors having a greater effect, as discussed in Section 4.3.2.

The large sample size of FTEs examined in this chapter using 4 years of data
has also enabled an investigation into the MLT distribution of FTEs in Mercury’s
magnetosphere. There have been very few studies investigating this at Earth, but
Wang et al. [2005] observed a slight asymmetry between dawn and dusk, a result
also observed at Mercury by Imber et al. [2014]. The work presented in this chapter
shows a clear peak at local noon, although there is a slight asymmetry between the
pre-noon and post-noon sectors. This is a Parker spiral effect, with a significant bias
towards IMF By during the first year of MESSENGER'’s orbit [James et al., 2017,
Lockwood et al., 2017| resulting in increased FTE formation in the pre-noon sector

during this period and also explaining the asymmetry seen by Imber et al. [2014].
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4.6 Summary

This chapter has presented a statistical analysis of flux transfer events observed in
the dayside magnetosphere of Mercury by the MESSENGER spacecraft during the
first 12 Hermean years of its orbit. 3085 passes of magnetic field data taken by
the MESSENGER spacecraft were visually inspected for FTE signatures near the
dayside magnetopause encounters. Observation of FTEs is shown to be strongly
dependent on the orientation of the IMF in the magnetosheath. FTEs with clear
signatures were identified in 1197 of the 3085 passes through the magnetopause
sunward of MSM X’ = —0.5 Rj;, with a total of 2898 events observed. During
periods of near-southward IMF at least 1 FTE was observed on ~65% of passes,
whereas during northward IMF the observation rate is only ~15%.

The spatial distribution of the identified FTEs peaks strongly at a magnetic
local time of 12 h, with an approximately symmetric distribution either side of local
noon. The main asymmetry occurs between 11 and 13 h MLT, due to a preference
for pre-noon formation of FTEs during the first 5 Hermean years of MESSENGER’s
orbit as a result of a duskward IMF bias leading to more closely anti-parallel fields
in the northern hemisphere in the pre-noon sector.

The identified magnetopause crossings agree well with the Winslow et al. [2013]
model for large parts of the dayside magnetosphere, albeit with significant spread in
the observed crossing locations. This spread is attributed predominantly to seasonal
effects caused by the eccentricity of Mercury’s orbit around the Sun, whereby the
magnetopause crossings occur at lower altitudes during perihelion as a result of
stronger magnetospheric compression.

This study represents an important contribution to the investigation of fac-
tors influencing reconnection and flux transfer event formation, confirming that the
observed clock angle dependence seen at Earth is also present at Mercury. The
large dataset of events compiled for this investigation also provides an excellent
opportunity for further investigations into the evolution of FTEs at Mercury after
their formation, and how their subsequent motions are affected by the prevailing

magnetosheath conditions.
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Chapter 5

Orientation and Motion of Flux

Transfer Events During Different

IMF Orientations

5.1 Introduction

The motion of open magnetic field lines over the poles of the planet as part of
the Dungey cycle following reconnection at the dayside magnetopause transports a
large quantity of magnetic flux into the magnetotail. Because flux transfer events
are generally magnetically connected to both the magnetospheric field and the IMF
in the magnetosheath, they can therefore be extremely useful tools in determining
the motion of field lines as they convect tailward. The magnetic field signature
produced by an FTE as it passes over a spacecraft provides information about both
its orientation and direction of motion, and therefore describes how flux ropes evolve
as they are transported away from the reconnection site by the magnetic tension
force and the anti-sunward motion of the IMF in the magnetosheath.

Previous work at Earth has shown that FTEs observed in the northern hemi-
sphere move predominantly northward, and conversely in the southern hemisphere,
as discussed in Chapter 2 [e.g. Baumjohann & Paschmann, 1987|. This indicates
a reconnection X-line lying azimuthally near the magnetic equator, however for

strongly dawnward or duskward IMF the X-line is seen to tilt clockwise or anti-
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clockwise respectively [e.g. Korotova et al., 2012]. In this chapter, the FTEs iden-
tified in Chapter 4 are investigated similarly, providing the first analysis of X-line
location and orientation at Mercury.

Section 5.2 introduces two different methods for determining the direction of
motion of FTEs, discussing the benefits of each. The results are presented initially
in Section 5.3, where the orientation of the X-line is inferred for different magne-
tosheath IMF clock angles, before more precise travel directions are utilised in Sec-
tion 5.4 to provide a proxy description of the nature of magnetospheric convection

at Mercury.

5.2 Methods for determining orientation and motion
of flux transfer events

As discussed in Chapter 2, multi-spacecraft analysis provides the most reliable and
accurate method for determining the scale, orientation and motion of FTEs, however
alternative methods do allow for good estimations of some of these properties using
measurements from only one spacecraft, as is the case for MESSENGER at Mercury.
These utilise two different coordinate systems, introduced in Chapter 1.6: minimum
variance, and boundary normal coordinates. These are discussed in greater detail

here, including an analysis of the benefits and difficulties of both methods.

5.2.1 Minimum variance analysis of the magnetic field

Minimum variance analysis (MVA) of the magnetic field was originally developed
as a method for determining the normal to a transitional current layer such as the
magnetopause, using single-spacecraft measurements. It takes a time series of mag-
netometer data, and calculates the magnetic variance matrix with three orthogonal
eigenvectors corresponding to the directions of maximum, intermediate and mini-
mum variance of the magnetic field. In the case of a transition layer, the minimum
variance direction represents the best estimate for the normal to the layer, but

MVA can also be performed to determine the structure of a flux rope. However, the
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physical significance of the intermediate and maximum variance directions is not
necessarily the same for all FTEs, making accurate identification of the flux rope
structure and orientation difficult. In most cases, the magnetic field along the max-
imum variance direction exhibits a bipolar signature, such that the core field of the
FTE is aligned closely with the intermediate variance direction. For non-force free
flux ropes, however, where there is also a large axial field, the maximum variance
direction best describes the core direction of the FTE. In both cases, the minimum
variance direction completes the right-hand set by providing the best indicator of
the axis along which the FTE is travelling. This is seen most clearly for an encounter
with a cylindrical FTE, in which the spacecraft passes directly through the centre
of the flux rope’s cross-section, with an impact parameter of zero. In this instance,
there will be no magnetic field component along the direction of travel of the FTE,
at any point inside the flux rope. The minimum variance direction will therefore
align perfectly with the travel direction, with a variance of zero along this axis.

Figure 5.1 shows an example FTE identified on the basis of its signature in MSM’
coordinates, plotted in panels (a-c), along with the total magnetic field strength in
(d). The vertical dashed lines indicate the start and end times of the FTE, the
interval for which minimum variance analysis was performed. The magnetic field
components along each of the resultant axes are plotted in Figure 5.le-g, along
the directions of maximum, intermediate and minimum variance respectively. Also
indicated are the eigenvectors in MSM' coordinates, given in brackets, and the cor-
responding eigenvalues. Magnetic hodograms indicating the relationship between
the components along maximum and minimum (Figure 5.1j), and maximum and
intermediate (Figure 5.1k) variance directions are also shown.

The minimum variance axis is extremely well-defined for this event, as evidenced
by the hodogram in Figure 5.1j and the ratio of intermediate to minimum eigenvalues
of 504. The clear rotation present in panel (k) represents the rotation of the magnetic
field as the flux rope passes over MESSENGER. However, the intermediate and
maximum variance directions are less well-defined, with an eigenvalue ratio of only
1.49. This is a by-product of the relatively weak bipolar signature, with a peak-to-
peak amplitude of only ~ 50 nT, compared to a core field amplitude of over 70 nT,
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Figure 5.1: Example MESSENGER Mag data during an identified flux transfer event on 8 April 2012.
Panels (a-d) show the magnetic field in MSM’ coordinates. These data are then projected into the directions
of maximum (e), intermediate (f), and minimum (g) variance. The respective eigenvectors are given in MSM’
coordinates in each panel, with the eigenvalue shown in the bottom line. MESSENGER’s trajectory during
the interval is indicated by an arrowhead projected onto the MSM Y’-X’ (h) and Z’-X" (i) planes. Hodograms
of the (j) maximum and minimum variance, and (k) maximum and intermediate variance eigenvalues are also
presented, showing a clear rotation in the magnetic field vector as MESSENGER traversed the flux rope. The
red triangle in both (j) and (k) indicates the start of the interval marked by the vertical dashed lines in (a-g),

which denote the interval for which minimum variance analysis was performed.
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such that the maximum variance axis lies along the axial direction of the flux rope.

Figure 5.2 shows an example of another FTE, following the same format as Figure
5.1. The main difference between the two events is that despite the extremely large
core field of | B.yre| = 180 nT, the maximum variance axis is aligned with the bipolar
signature, due to the large peak-to-peak amplitude of 170 nT. Both axes are also
well-defined, as shown by the eigenvalue ratio of 3.45. Once again, a clear rotation
is evident in the maximum and intermediate variance hodogram, reflective of the
helical nature of the flux rope. The minimum variance direction is again extremely
well-defined, albeit less so than for the event in Figure 5.1, with an intermediate-to-
minimum eigenvalue ratio of 7.76.

The two events shown in Figures 5.1 and 5.2 highlight the major difficulty in using
MVA to describe the orientation and motion of FTEs: despite producing precise
coordinate axes, they do not consistently describe the same axes of different flux
ropes. Further complications are caused by the coordinate axes having an arbitrary
sense, such that the minimum variance direction could be either parallel or anti-
parallel to the direction of motion of the FTE, and similarly for whichever axis lies
along the core field direction. Indeed, in both examples presented in Figures 5.1
and 5.2, the large negative peak in the core component indicates that the respective
axes are anti-parallel to the core field. Further factors must therefore be considered
before the FTE properties can be determined from MVA results.

Figure 5.3 shows the magnetic structure of two flux ropes moving in opposite
directions, and with helical fields of opposite polarity. Flux rope (a) has right-handed
helicity, and moves northward past a spacecraft, producing a standard bipolar signa-
ture in By, with a positive then negative deflection. The core field of the flux rope
produces a peak in the By component. However, an identical signature would be
produced by a left-handed helicity flux rope (b) moving southward past the space-
craft. In order to determine whether the direction of motion of an FTE is parallel
or anti-parallel to the minimum variance direction, the helicity of the flux rope must
therefore be known.

Identifying helicity is only possible, however, by making certain assumptions

about the nature of the events. Firstly, given the strength of Mercury’s magneto-

88



5. ORIENTATION AND MOTION OF FLUX TRANSFER EVENTS
DURING DIFFERENT IMF ORIENTATIONS

FTE on 1 May, 2012

B, (nT)
o)
o

o
L

Y'wsm (Ru)

[
N
o
O
~

By. (nT)
(o]
o

T
()
~

100

[
T
L

50

B, (nT)
‘HH‘HH‘HH‘H
Z'ysm (Ry)

-50
200
180
160
140
120
100

80

'
.
T
L

[BI (nT)

50

AR AR AR A

T
D
—

50

Binax (NT)

.775840,
0.214444,
0.593368)

A: 3655.61

Brax (NT)
o

-50

-100

|
|
|
|
|
|
|
| B, (0.77
|
|
|
|
|
|
|

B, (0.530906,
*0.730035,
-0.430334)

A: 1060.02

50

Bin (NT)
[N
N
=)

iy
N
o

AN LA R A A

9) B, (0.340896,

0.648893,
-0.680241)

Binax (NT)

-50

B (NT)

A: 136.564

o
NN LARN EARN R RN

-100 ‘ . .
UT:07:26:56.42 07:26:57.12 07:26:57.82 07:26:58.57 -200 -150 -100
MSM X:  0.80 0.80 0.80 0.80 Bin (NT)
Y: 119 1.19 1.19 1.19
Z:  0.05 0.05 0.05 0.05
R 144 1.44 1.44 1.44

Figure 5.2: Example MESSENGER Mag data during an identified flux transfer event on 1 May 2012. The

format is the same as in Figure 5.1.

spheric field, it is assumed that for all FTEs the planetary side of the helical field
has a positive Bz component, aligned with the planetary field. Additionally, events
located near the flanks of the magnetopause are assumed to be carried by the draped
magnetosheath IMF, and therefore only travel tailward.

By first fitting a sinusoid and a gaussian to both the intermediate and maximum
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Figure 5.3: Schematic showing the magnetic structure of (a) right-hand, and (b) left-hand helicity flux ropes,

moving in opposite directions, as denoted by the red arrows. In both cases, the flux ropes will produce a peak
in the By component, and a standard polarity (+/- deflection) bipolar signature in Bx as they pass over a

spacecraft.

variance components of each FTE, the bipolar signature and core field direction can
be identified. Any events for which the MVA axes are sufficiently degenerate that no
clear fit to both a core field and a bipolar signature can be made are removed from
the analysis at this stage. From the calculated core component of the remaining
events, the helicity is then calculated based on the above assumptions, and the

correct direction of travel is obtained.

5.2.2 Bipolar signature in boundary normal coordinates

Given the difficulties in identifying the direction of motion from MVA, either through
a poorly defined coordinate system or an FTE orientation that makes calculating the
helicity impossible, an alternative method has also been employed to describe the
motion of FTEs in the dayside magnetosphere. Whilst not as precise as an accurate
MVA result, analysing the sense of the bipolar signature in boundary normal coor-
dinates more robustly identifies whether an event is moving northward or southward
past MESSENGER. This method has been utilised regularly at Earth |e.g. Berchem
& Russell, 1984; Kawano & Russell, 1997b; Korotova et al., 2012; Fear et al., 2012b]
in similar investigations to the one presented in this chapter for Mercury.

The local boundary normal (LMN) coordinates, as introduced in Chapter 1, are
first calculated using the Winslow et al. [2013] magnetopause model. The magnetic

field components are then projected onto the magnetopause normal (IN). If a bipolar
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signature is present, the sense of the deflections is used to assign either a northward
or southward motion to the event: standard polarity (positive-to-negative) signa-
tures indicate an FTE moving northward past MESSENGER, and conversely for

reverse polarity events.

5.3 Inferring the average X-line orientation

The initial dataset of 2898 FTEs identified as described in Chapter 4 was analysed
for the sense of the bipolar signature in By, as detailed in Section 5.2.2. For 424
events, By exhibited a unipolar peak indicating that the core field of those FTEs
was closely aligned with the magnetopause normal. The locations of the 2474 events
with a clear bipolar signature in By are projected onto a plane of the model mag-
netopause in Figure 5.4a, colour-coded for the sense of the polarity. Orange dots
denote the 1810 events with a standard polarity, suggesting a northward component
to the motion, and the remaining 664 FTEs are shown in purple. The dwell time of
MESSENGER in 5° x 5° bins has also been calculated, with an additional distance
filter to include only the time spent within 0.8 R,;p of the magnetopause, where
Ry p is the distance to the Winslow et al. [2013] model magnetopause in the centre
of each latitude-MLT bin. This value of 0.8 is somewhat arbitrary, but provides
a good indication of MESSENGER's coverage of the near-magnetopause region, as
indicated by the greyscale shading in Figure 5.4, where the vast majority of FTEs
are observed, without filling the entire plot. The exceptions are the high-latitude
FTEs seen near the northern cusp region. Although these events are observed deep
into the magnetosphere, they are not as far away from the magnetopause as the
lack of coverage would suggest, due to the model having a cylindrically symmetric
magnetopause, and therefore not including an indentation in the cusp regions.

Figure 5.4a shows that not only are FTEs near Mercury’s dayside magnetopause
preferentially observed close to local noon, as seen in Chapter 4, but the majority
of events are seen to travel northward. This is especially the case from 9-15 MLT,
with very few events exhibiting a reverse polarity signature.

The preference for standard polarity events in this region is made even more
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Figure 5.4: (a) The location of every FTE identified in this study projected onto the model Winslow et al.
[2013] magnetopause. Events in orange are travelling northward, based on their By signature polarity, and
those in purple are moving southward. Also indicated by the greyscale shading is the amount of time MES-
SENGER spent within 0.8 Rj;p of the magnetopause, where R p is the distance to the model magnetopause.
(b) The mean direction of travel and rate of observations per hour of FTEs, in the same plane as panel (a), now
removing the restriction on MESSENGER’s location. In both panels, the total number of passes and FTEs is
indicated. The vertical solid lines indicate the terminator plane for reference, and the magnetic equator is also

marked by a solid horizontal line.

evident in Figure 5.4b, where the FTE rate, R, is indicated for each spatial bin. The
difference between the number of standard, Ng, and reverse, Ny, polarity events is
divided by the total time, tgucy, spent by MESSENGER in each bin, where the

distance filter has been removed from the spacecraft coverage shown in Figure 5.4a:
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_ Ng— Ng

Lawell

R (5.1)

Orange bins therefore denote regions where more events are travelling northward
than southward, and the reverse is true for purple bins. The shading shows that
for the spatial coverage provided by MESSENGER, FTEs are three times more
likely to be travelling northward in general, with 334 bins having a net northward
rate compared to only 118 with a net southward observation rate. Furthermore,
the peak rate of net northward events of 9.01 hr™! is considerably greater than the
maximum rate of southward moving events, only 1.74 hr!, indicating that not only
are standard polarity signatures seen across a wider spatial range, but they also
occur far more frequently than reverse signatures. This therefore suggests that for
the locations sampled by MESSENGER, chains of multiple FTEs are considerably
more likely to be travelling northwards than southwards.

Because MESSENGER's coverage of the near-noon local time sectors is pre-
dominantly in the northern magnetic hemisphere, the clear preference for standard
signatures in this region is to be expected for an azimuthally-aligned reconnection
X-line passing through the sub-solar point. However, further to the flanks of the
magnetosphere, where MESSENGER spends increasingly longer in the southern
hemisphere, the opposite is not true. Although most FTEs observed below the
magnetic equator would be expected to move southward, and therefore produce a
reverse polarity signature, there are still a significant number of northward-moving
events observed south of the magnetic equator. Similarly, the FTEs observed in
the northern hemisphere near the terminator, denoted by the solid vertical lines,
are seen to be moving northward and southward in similar numbers. A significant
dawnward or duskward component in the IMF has previously been shown to cause
a tilting of the X-line at Earth, so the expected direction of motion of FTEs a large
distance from the sub-solar point is likely to depend strongly on the orientation of
the IMF at the time of formation.

Figure 5.5 shows a subset of the data included in Figure 5.4, focusing on passes
for which the magnetosheath IMF clock angle was (a-b) 04+45° and (c-d) 180 £ 45°,

as indicated by the arrow in the top right of each panel. In each case, the mag-
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Figure 5.5: The location and direction of motion of FTEs, separated into those events seen during different
IMF orientations. (a-b) follow the same format as Figure 5.4, but including only those FTEs observed on
passes for which the IMF clock angle was within 45° of due north, as indicated by the arrow in the top right
of each panel. Similarly, (c-d) show only those events and passes where the IMF in the magnetosheath was
within 45° of due south. Care should be taken directly comparing the two orientations, as the colour scale has

been normalised for each panel individually.

netosheath field was recorded over a 1 minute interval just outside the outermost
magnetopause crossing on each spacecraft pass. It has already been shown in Chap-
ter 4 that FTEs are far less likely to be observed at Mercury when the IMF has a
strong northward component, and Figure 5.5a shows that out of 889 passes meet-
ing the orientation criterion, only 212 FTEs were seen. Whilst a preference for
standard polarity signatures is still evident, it is much less pronounced than in the
unfiltered dataset. Of the 212 events, 61% are moving northward, a significantly
smaller proportion than the 73% when considering events observed across all IMF
orientations. Similarly, when the net rate of standard or reverse polarity events is
calculated in spatial bins, standard signatures are only twice as likely across the
whole magnetopause plane, as seen in Figure 5.5b.

This difference can be attributed largely to the lack of events observed near local
noon in the northern hemisphere, the region seen in Figure 5.4 to be where standard
signatures are most prevalent. Contrary to the result seen for all events in Figure

5.4a, FTEs during northward IMF are distributed evenly across all MLT sectors,
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with the largest number of events seen near the terminator on both magnetopause
flanks. As a caveat to this, it should be noted that MESSENGER spent much
more time during northward IMF in these locations than it did near local noon.
This is likely a draping effect, whereby northward upstream IMF gains a larger By
component in the pre- and post-noon sectors as it wraps around the magnetopause,
to the extent that it no longer falls within the angle range included in these plots.
When the dwell time is taken into consideration, Figure 5.5b shows that the net rate
of FTEs is generally higher in the northern hemisphere near local noon than near
the terminator. However, the peak rate of 6.95 hr=! for standard signatures is lower
than the overall peak standard rate, reflecting the overall picture of less frequent
FTE observations during northward IMF.

Due to the relatively low statistics, it is difficult to obtain a clear indication of
the X-line location and orientation across the magnetopause during northward IMF.
However, the lack of FTEs at low latitudes near local noon and the larger proportion
of high latitude dayside and extreme flank events compared to the distribution of all
FTEs supports the idea that unlike during southward IMF, these locations provide
the most favourable conditions for reconnection during northward IMF.

The FTE distribution and net rate map shown in Figures 5.5¢ and 5.5d for south-
ward IMF are very similar to the overall distributions. This is unsurprising given
that approximately half of the total observed FTEs occurred during magnetosheath
clock angles within the range included here. Indeed, Figure 5.5d shows that standard
polarity signatures are almost three times more likely than reverse polarity across the
magnetopause plane, reflecting the results seen for the entire dataset. The highest
rates of northward-moving FTEs are seen at low latitude in the northern magnetic
hemisphere, as would be expected for events observed shortly after their formation
at a horizontal X-line passing close to the subsolar magnetopause. The change from
predominantly northward to predominantly southward FTEs occurs near a north-
ern magnetic latitude of 5°, although the comparatively low observation rates near
the equator make determining the exact location of the reversal difficult. The peak
net rate of just over 31 standard polarity FTEs hr~! is 3.5 times higher than the

maximum rate seen across the entire dataset, and the peak southward rate also a
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Figure 5.6: The location and direction of motion of FTEs, separated into those events seen during different
IMF orientations. (a-b) follow the same format as Figure 5.4, but including only those FTEs observed on
passes for which the IMF clock angle was within 45° of dawnward, as indicated by the arrow in the top right
of each panel. Similarly, (c-d) show only those events and passes where the IMF in the magnetosheath was
within 45° of duskward. The diagonal red line in panels (a) and (c) represents the tilted X-line, separating
those events travelling predominantly northward from those predominantly travelling southward. These lines
are shown again in (b) and (d) for reference. Every panel also highlights the number of standard and reverse

polarity events in each of 4 differently-sized sectors, bounded by the tilted X-line and the magnetic equator.

factor of 3 higher, indicating that FTE formation is greatly enhanced when the IMF
has a strong negative By component.

The clearest change in the orientation of the reconnection X-line is expected for
strongly dawnward or duskward magnetosheath IMF | producing a clockwise or anti-
clockwise rotation respectively. The magnetopause coverage and FTE observation
locations during intervals of IMF within 45° of each of these cardinal directions are
shown in Figure 5.6, with the dawnward data shown in panels (a) and (b), and
duskward in (c) and (d).

Whilst Figures 5.5a and 5.5¢ exhibit clear differences in the quantity and spatial
distribution of FTEs between northward and southward IMF, the most notable
distinction between the dawnward and duskward cases presented in Figures 5.6a and
5.6¢ is in the polarity of the signatures. As was the case for southward IMF, in both
IMF orientations shown here, the majority of FTEs are observed in the northern

hemisphere near local noon with standard polarity signatures, as indicated by the
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orange dots. Those events seen near the terminator, however, vary considerably not
only between IMF orientations but also between opposite flanks of the magnetopause
during the same By prevalence.

Focusing initially on the FTEs identified during dawnward IMF, displayed in
Figure 5.6a, standard polarity events are seen to be dominant across the dusk flank
of the magnetosphere, even at MLT > 17, where the MESSENGER coverage was
mainly south of the magnetic equator. This is contrary to the case seen previously
for southward IMF, where standard and reverse events were observed approximately
equally in this region. Even more striking is the distinct lack of standard polarity
signatures observed at MLT < 9, meaning that southward-travelling reverse polarity
FTEs dominate in this region. This is strongly supportive of a clockwise-tilted
reconnection X-line, passing through northern dawn and southern dusk. The red
line in Figure 5.6a indicates approximately where the separation between standard-
dominated and reverse-dominated FTEs occurs. Also shown are the number of
standard and reverse polarity events in each of four sectors, bounded by the magnetic
equator and the X-line indicator. For example, the number of each polarity event
observed in the small wedge between the magnetic equator and the indicative ‘X-line’
in the northern hemisphere is indicated by the numbers just north of the magnetic
equator on the left of Figure 5.6a. Similarly, the numbers just below the equator on
the left-hand side indicate the respective number of events seen in the larger region
between the equator and the indicative X-line in the southern hemisphere. The top
right sector, above the average X-line in the northern hemisphere, is dominated by
northward events, as expected. However, these standard polarities make up a larger
percentage of the total observations in the southern dusk sector, at 67%, than at
northern dawn (56%), despite being below the equator where a non-tilted X-line
would predict southward FTEs.

The indicative tilted X-line is also presented in Figure 5.6¢ for reference, where
the net rate of FTEs is again shown, as calculated from Equation 5.1. Although
exceptions appear with some reverse bins above and some standard below the ‘aver-
age X-line’, this is to be expected when combining data obtained from almost 700

passes. The overall trend is certainly in evidence, with the reverse dominance in the
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dawn sector particularly significant considering that reverse polarity events make
up a little over one fifth of the total FTE observations, and reverse-dominated bins
only a fifth of the spatial coverage. The peak net rate of southward-moving events
of 18.36 hr™! is higher than seen for any other IMF orientation, although this is a
somewhat anomalous result given the small amount of time spent by MESSENGER
in that location.

Figures 5.6c and 5.6d tell a very similar story for duskward-directed magne-
tosheath IMF, but with the main spatial features reflected about local noon. In this
instance, a large number of northward FTEs are seen in the southern hemisphere
dawn sector, but the dusk region is dominated by southward events. Once again,
the preference for reverse polarity FTEs is made more significant by their relative
scarcity in general, comprising less than 30% of the total events and being prevalent
in the same percentage of the spatial bins for which at least 1 FTE was observed.
The number of each polarity event is given for each of four sectors bounded in the
same way by the X-line and the equator. For duskward IMF, the southern dawn
sector has the same ratio of standard to reverse polarity FTEs as the northern dusk
sector. Whilst not quite as stark a result as was seen for dawnward IMF, this still
highlights how the average X-line cannot lie along the equator. Although some
exceptions are again present, the overall trend is therefore strongly supportive of
Mercury FTEs forming due to component reconnection at an X-line that is tilted

anti-clockwise for duskward IMF, as has previously been shown at Earth.

5.4 Direction of motion of FTEs

Although the above method of utilising the sense of the bipolar signature in the
normal component (Section 5.2.2) elucidates the influence of the IMF orientation on
the location of northward- and southward-moving FTEs, and therefore the tilting
of the average reconnection X-line, it gives no indication as to how the FTEs move
along the curved magnetopause. In this section, the minimum variance analysis
method is used to describe more precisely the motion of the observed FTEs.

As described in Section 5.2.1, only those events for which the helicity can be
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determined are included in this analysis. Immediately, this highlights one of the
difficulties with using MVA on single-spacecraft data, as only 1899 events are left
out of the original 2898. In previous work [e.g Imber et al., 2014|, the ratio between
eigenvalues has been used to determine whether MVA axes are degenerate. A lower
limit of 5 is therefore applied here to the ratio of intermediate to minimum variance
eigenvalues, to ensure that the minimum variance axis has been accurately identified.
An additional 283 events are removed from the dataset at this stage, leaving 1616
FTEs for which MVA can be utilised as an indication of motion. Using the assumed
helicity as described in Section 5.2.1, the direction of travel is then determined to
be either parallel or anti-parallel to the minimum variance axis, and the minimum
variance direction reversed where required.

Figure 5.7 shows the location of the remaining FTEs projected onto the mag-
netopause plane, indicated by the circles. The solid coloured lines from each FTE
indicate the orientation of the core field axis in this plane. This is calculated by
fitting a Gaussian distribution the magnetic field components along both the inter-
mediate and maximum variance directions, and taking the axis with the best fit to
be the long axis of the flux rope. Similarly to the travel direction and minimum vari-
ance axis, the direction is reversed for those FTEs with a negative peak, such that
the solid line indicates the direction of positive magnetic field along the core axis.
If the FTEs in this plot were assumed to be force free, the intermediate variance
direction would always indicate the core field axis. Because in some cases the field
along the maximum variance axis best fits the expected distribution for the field in
the core direction, there are therefore no assumptions made here as to whether the
FTEs are force free.

However, there is much greater degeneracy between the intermediate and max-
imum variance directions than between intermediate and minimum variance direc-
tions, possibly making this core field orientation less reliable than the direction of
travel. This is evidenced by only 128 of the 1616 FTEs meeting a similar criterion
of the maximum to intermediate eigenvalue ratio exceeding 5. Despite the potential
uncertainty of how accurately the core field has been identified by MVA, Figure 5.7

suggests that the majority of events are oriented with their long axis close to the
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Figure 5.7: The orientation and direction of travel of each FTE as determined using minimum variance
analysis. The coloured lines indicate the direction of the core field for each FTE (observation locations marked
by the circles) in the magnetopause plane, and blue (red) colours indicate a large component out of (into) the
plane of the figure. The minimum variance direction in this plane is marked with a black arrow for each FTE,
corrected for assumed flux rope helicity where required, to provide the best estimate of a precise direction of

travel.

plane of the magnetopause, as would be expected. The colour scale indicates the
component of the axial field direction pointing into (red) or out of (blue) the plane of
the magnetopause, computed by taking the dot product of the axis direction vector
with the model magnetopause normal. For 1100 events, this dot product is less than
0.5, indicating an axial direction oriented less than 30° away from the magnetopause
plane.

Although the long axis of the majority of FTEs lies close to the surface of the
magnetopause, there is considerable variation in the orientations within that plane.
The core field of each FTE would be expected to lie close to the orientation of the X-
line at which it formed, and although this has been shown in Section 5.3 to tilt with
an increased By component in the IMF, this still does not explain some of the near-
meridional orientations seen in Figure 5.7. Far from the formation site, however, as
the IMF drapes over the magnetopause and exerts a different force at one end of
the flux rope structure to that seen at the end connected to the planetary field, the
FTE is likely to twist or rotate out of its original orientation, explaining some of
the variation seen. It should also be remembered that the MVA axis describing the

core field direction is less well-defined than the direction of travel, introducing some
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uncertainty.

Due to the large number of events for which a travel direction can be calculated,
it is difficult to obtain a clear picture of the precise motion of the FTEs in Figure
5.7. For this reason, it is useful to calculate the average travel direction within
small spatial bins in the magnetopause plane. To do this, the directional mean is
calculated in 5° x 5° bins, using the method of Mardia & Jupp [2000].

The direction of each event as determined by MVA is given by a unit vector in
MSM’ coordinates, which is then projected into the magnetopause plane to give a

latitudinal, dj,, and longitudinal, d;,, component, and a directional clock angle of

0 = arctan (dlon> . (5.2)

lat

Within each angular bin, the direction of each FTE is combined to give
| .
S=— Z sin 6; (5.3)

C = 1 Zcos 0;, (5.4)

D =+/5%+(C?, (5.5)

and a clock angle

0 = arctan (S/C) . (5.6)

The length of the direction vector therefore gives an indication of how closely
aligned the individual events within that bin are, such that only a small difference
between the clock angle of each event will yield a larger D. The directions from
each bin can be combined to produce a vector field describing the average motion of
FTEs in the magnetopause plane. However, the magnitude of each vector depends
solely on the agreement of the FTE travel directions within that bin, rather than
the velocity of the FTE, as this could only be obtained from single-spacecraft data
by modelling. As a result, if every FTE in a bin is travelling in the same direction,
the magnitude of the ‘flow vector’ for that bin will have a value of 1. Conversely,
a bin containing only two FTEs, travelling in opposite directions, will have a ‘flow

vector’ of zero magnitude.
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Figure 5.8: Flow diagram showing the average motion of FTEs in a projection onto the plane of the magne-
topause. The colour scale indicates a normalised distance travelled by a particle at each step of the streamline,

as described in the text.

Due to MESSENGER’s orbital characteristics and the lack of FTE observations
near certain regions of the magnetopause resulting in a large quantity of bins with
no data, the calculated average directions have been passed through a 3-point bidi-
rectional smoothing to provide better overall coverage of the magnetopause plane.
To ensure that the resultant flow streamlines remain indicative of the data rather
than the interpolated vectors, additional weighting has been given to the ‘flow vec-
tors’ in bins containing FTE observations, increasing their magnitude by a factor of
5. At the centre of each spatial bin, particles are then injected, and their motion
through the vector field tracked to produce the streamlines shown in Figure 5.8.
These streamlines therefore indicate the average motion of FTEs in the plane of the
model magnetopause.

The colour scale in Figure 5.8 denotes the normalised distance travelled by a
particle in each step of the streamline generation. The largest distances naturally
occur in regions of the vector field with the highest magnitude. As described above,
these vector magnitudes are indicative not of the FTE velocities, but instead of how

well the individual travel directions at each location are aligned with each other, as
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described by Equations 5.3-5.5. As such, the largest normalised distances, denoted
by the red colouring, occur in regions where only small variations exist between
the individual FTE travel directions. It is therefore unsurprising to see the best
agreement in the low-latitude northern hemisphere near local noon, given that the
vast majority of FTEs in this region were seen to be travelling northward in Figures
5.4 and 5.7. Physically, this implies that the FTEs formed near 12 h MLT are carried
directly northwards and anti-sunward by the IMF, with any rotation of the long axis
providing little contribution to the overall motion. Furthermore, within 1 h MLT of
local noon, there is very little motion towards either flank at latitudes lower than
50°, at which point the tailward convection of the open field regions connected to the
flux ropes begins to cut through MLT sectors around the side of the high-latitude
magnetopause.

The effect of the draped IMF is much stronger and more evident further away
from local noon. Beyond 16 h MLT, the FTEs on the dusk flank are seen to be
travelling predominantly along lines of constant latitude, indicating IMF flow around
the flank of the magnetosphere rather than over the poles. However, the positive or
negative latitudinal components of motion provide some indication of the magnetic
connectivity of the FTEs in this region, being linked to the northern and southern
hemispheres respectively. A similar result is seen on the dawn flank, although the
preference for predominantly tailward motion begins slightly further around the
flank, beyond 7 h MLT.

Although the average motion depicted in Figure 5.8 may at first appear to dis-
agree with the clear northward or southward motion implied by considering the sense
of the By bipolar signature in Figures 5.4-5.6, this is not necessarily the case. As
seen for the complete dataset in Figure 5.4, the total number of standard polarity
events is similar to the number of reverse polarity FTEs near the dawn and dusk
terminator, such that in calculating the average direction in each spatial bin the
latitudinal components are likely to cancel out to a large extent, leaving only the
tailward motion seen in Figure 5.8.

Due to the significantly reduced statistics when filtering the FTEs for IMF clock

angle as was done in Section 5.3, the spatial coverage is too poor to accurately
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calculate the average flow direction of FTEs for strongly dawnward or duskward
magnetosheath IMF. In these instances, there are too many bins for which the
direction is computed entirely from smoothing rather than actual FTE observations,
so additional observations are required before a proxy for the IMF convection can

be compared for different IMF orientations.

5.5 Discussion

The main results of this chapter are now discussed not just in isolation, but in the
context of previous similar work at both Earth and Mercury, as was done in Chapter
4. Although numerous authors have conducted investigations into the polarity of
FTE bipolar signatures during different IMF clock angles at Earth, no such prior
study exists at Mercury. As such, this chapter represents the first analysis of recon-
nection X-line orientation at Mercury using observations of flux transfer events,
providing important context for the current understanding of the effect at Earth.
In MLT sectors close to local noon, Berchem & Russell [1984] observed pre-
dominantly standard polarity events, indicating a northward motion, in the north-
ern hemisphere of Earth’s magnetosphere, and southward-moving reverse polarity
events almost exclusively in the southern hemisphere, a result repeated by Sibeck
et al. [2005]. This indicates an average X-line location very close to, and parallel
with, the magnetic equator. Korotova et al. [2012] performed a similar investigation
to that presented in this chapter, analysing the distribution of standard and reverse
polarity events at Earth during periods with a strong IMF bias towards either dawn
or dusk. They observed a clear and strong rotation of the divide between the two
polarities, indicating a rotation of the X-line during IMF with a large dawnward or
duskward component, as shown in Figure 2.9. Fear et al. [2012b] also observed a
similar effect during dawnward IMF, with standard FTEs seen near southern dusk
and reverse F'TEs near northern dawn. The results presented in this chapter there-
fore indicate that reconnection at Mercury exhibits a similar response to changes in
the IMF clock angle as is seen at Earth, whereby component reconnection occurs

along an X-line that tilts with respect to the magnetic equator.
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Although other authors have previously used the polarity of FTE signatures to
indicate their northward or southward motion, this chapter presents the first use of
the minimum variance direction in describing a more precise direction of motion.
As a result, there are no similar large-scale studies with which to compare the flow
diagram shown in Figure 5.8. However, previous work has focused on modelling the
motion of individual Earth FTEs at a range of locations on the magnetopause. Cool-
ing et al. [2001] produced a model to describe the motion of reconnected magnetic
flux tubes along the magnetopause. They showed that for IMF without a significant
By component, flux tubes near 12 MLT move almost directly northwards or south-
wards, depending on the hemisphere they are connected to, whereas those at greater
longitude exhibit some initial azimuthal motion at low latitude before travelling over
the poles. Such an effect is seen in the average flows calculated in this chapter, indi-
cating that the overall motion when including all IMF orientations agrees well with
the model predictions at Earth. Sibeck & Lin [2010, 2011] showed further, using the
Cooling et al. [2001] model, that FTEs formed at a tilted X-line tend to propagate
further around the flanks of the magnetopause, a feature also seen in Figure 5.8.
The streamline diagram presented in this chapter therefore displays a new method
for describing an average global flow using the motion of FTEs, and with additional
data could be developed further to provide an alternative analysis of magnetic flux

tube motions during a range of IMF conditions.

5.6 Summary

This chapter has presented a detailed analysis of the location and motion of flux
transfer events near the dayside magnetopause of Mercury for four different orien-
tations of the IMF in the magnetosheath. From the database of FTEs compiled in
the previous chapter, the direction of motion for each event has been established
using two different methods. Firstly, the sense of the bipolar signature seen in the
magnetic field component normal to the magnetopause, By, is used to give an indi-
cation of either northward or southward motion, before a more precise direction of

travel is calculated using minimum variance analysis of the magnetic field for each
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FTE.

From the By component signature, the majority of FTEs observed by MES-
SENGER near the dayside magnetopause have been shown to travel northward,
particularly in the northern hemisphere where MESSENGER provides the best spa-
tial and temporal coverage, indicating a formation site at a reconnection X-line near
the magnetic equator. However, when considering only those events observed dur-
ing spacecraft passes on which the magnetosheath IMF was strongly biased towards
either dawn or dusk, the average X-line is seen to tilt from the equatorial plane.

For dawnward IMF, a higher percentage of FTEs in the northern dawn sector
are observed to travel southward than would be expected for an equatorial X-line,
and the same is true of northward-moving events near southern dusk. This strongly
suggests that FTEs are formed by component reconnection at an X-line that is on
average tilted clockwise when the IMF clock angle is near -90°.

The opposite effect is seen for IMF clock angles close to 90°, where enhanced
rates of northward FTEs are seen near southern dawn, and the northern dusk region
contains a higher percentage of southward-moving events, suggesting that in this
instance the X-line is tilted anti-clockwise.

Although the MVA technique has some difficulty reliably identifying the principal
axes of the flux ropes in certain regions of the magnetosphere, for those events
where the core field direction and helicity of the structure can be obtained, a precise
direction of motion can be calculated. By averaging the directions of all events in
small spatial bins, a flow diagram has been produced to map the motion of FTEs
projected onto the plane of the magnetopause and give an indication of how open
magnetic field convects into the magnetotail.

FTEs observed near 12 h MLT are seen to travel predominantly due north, sug-
gesting that they are carried over the pole by the IMF, but further away from local
noon an increasing longitudinal component is seen in the flow direction, particularly
at high latitudes as the IMF drapes around the side of the magnetopause. Finally,
near the equatorial terminator the average motion of FTEs is mainly tailward, with
the northward or southward components of individual events effectively cancelling

out. In low latitude regions, though, there is still an indicator of the magnetic hemi-
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sphere connectivity of the events, as FTEs connected to the northern hemisphere

tend to travel northwards, and the opposite is true for southward-moving FTEs.

107



Chapter 6

Superposed Epoch Analysis of Flux

Transfer Events

6.1 Introduction

The previous two chapters have focused on statistical observations of flux transfer
events at Mercury to describe how their formation and subsequent motion is con-
trolled by the orientation of the IMF'. In this chapter, specific details of the signatures
exhibited in magnetic field data by FTEs are examined through performing a super-
posed epoch analysis, and used to investigate the structure of the events identified in
this thesis. The analysis has been performed with the data in both boundary normal
(LMN) and minimum variance (MVA) coordinate systems, as defined in Chapter 1,
with each providing different details on the structure of the FTEs.

In addition to utilising two coordinate systems, the superposed epoch analysis
(SEA) has been performed using two methods of ordering the events. Firstly, the
start and end times of the bipolar deflection evident in the MESSENGER magne-
tometer [Anderson et al., 2007| data are recorded, and the duration of each event
normalised between these points such that the magnetic field can be analysed as
a function of the fractional duration of each FTE. The second method of ordering
enables more direct comparison of the durations of observed FTEs, by identifying
the point of largest magnetic field amplitude during each FTE, and setting this to
the zero epoch.

In Section 6.2, the results are presented in the context of the entire dataset,
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providing an average picture of the magnetic structure of all FTEs identified in this
thesis. Section 6.3 then divides the dataset based on location of FTE observation
and properties of the IMF in the magnetosheath, to investigate how the magnetic

structure varies with a range of parameters.

6.2 Overview of FTE magnetic field signatures

Throughout the analyses in this chapter, in addition to the two coordinate systems
and two ordering methods outlined above, three different magnetic field scales are
used to present the data. The first, and most simplistic, scale is to calculate the
component of the magnetic field along each coordinate axis. In this system, however,
the magnitude is likely to be dominated by the strength of the background magnetic
field, particularly deep inside the magnetosphere, rather than reflecting the nature
of the magnetic field contributions from the FTE itself.

In order to remove this effect from the results, the data are also presented as
a magnitude change from the background level of that field component either side
of the FTE. As indicated in Chapter 5, the start and end times of each FTE are
identified on the basis of its bipolar signature, marking the start of the sharp rise
in amplitude before the first peak, and the transition out of a sharp decrease in
amplitude following the second peak. The magnetic field 10 s either side of these
points is recorded, and the mean value of each component taken to be the baseline
value for this difference calculation.

Accounting for the baseline level in the amplitude of each FTE as above does not
completely reflect how significant a contribution the FTE represents relative to the
total magnetic field strength at that location. For this reason, the amplitude change
from the background level, AB, is divided by the magnitude of the background
value, |By,|, to give the fractional change presented in the following results. A
value of 1 on this scale therefore indicates that the field at that point is twice the
background level in that component.

Chapter 5 discussed the direction of motion of FTEs, and the subsequent sig-
natures produced in the magnetic field data as they passed over MESSENGER. In
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these analyses, standard and reverse polarity events are not considered separately, as
the concern is primarily on the amplitude of the field variations in each component.
Additionally, a large number of the signatures would cancel out when superposed,
producing only a small amplitude bipolar feature that would not accurately reflect
the nature of the vast majority of identified events. All reverse bipolar signatures,
first decreasing before a positive second peak, therefore have their amplitude reversed
such that the first peak of all bipolar signatures is positive. Similarly, the direction
of the core field is strongly dependent on the polarity of the guide field during the
formation process, and is again likely to cancel out if superposed in its raw form.
For the following analyses, the core field is therefore also adjusted such that all core
fields produce a positive enhancement.

Finally, Chapter 5 also discussed how the magnetic field signatures in minimum
variance coordinates vary between FTEs. In particular, although the majority of
bipolar signatures are found in the maximum variance direction, in 775 of the 2898
events the maximum variance axis most closely aligns instead with the core field.
To ensure that the bipolar and core signatures can be investigated separately, with-
out cross-contamination of the datasets, a further adjustment is made to swap the
intermediate and maximum variance components in cases where the core field lies
along the latter direction. In the following plots, the data are therefore given in
Bivin, Beore and Byipolar coordinates, rather than along the uncorrected minimum
variance axes.

The analysis is first performed on the entire dataset of 2898 FTEs, to provide an
overview of the signatures observed in all of the FTEs utilised in previous chapters,
regardless of the location, orientation, or IMF conditions at the time. Figure 6.1
presents the results in boundary normal coordinates, when the duration of each FTE
is normalised, and the events are ordered by the start and end times of the bipolar
signature. From top to bottom, the rows show the L, M, and N components of the
magnetic field, and from left to right the columns indicate: the actual magnitude, B;
AB, the change from the background; and the fractional change from the baseline.
In all panels, the upper and lower quartiles are marked by the shaded region, and the

median value is denoted by the solid black line. The mean value at each timestep is
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Figure 6.1: Results of superposed epoch analysis, with the data ordered by the start and end times of
the bipolar signature, shown in boundary normal coordinates. The rows show the data in each of L/M/N
coordinates, from top to bottom. From left to right, the columns indicate: the magnetic field in each component;
the change from the background value of that component; and the fractional change from the background level.
The solid line denotes the median value at each normalised timestep, whilst the shading indicates the upper

and lower quartile values.

not too dissimilar from the median value of the field in both absolute magnitude and
difference from the background, however it is weighted heavily towards the FTEs
with very low background field components for the fractional increase measurements.
This produces signatures unrepresentative of the whole dataset, so for consistency
the median value is used across all measurements.

In Figure 6.1a, the median component along the B direction shows a small
amplitude bipolar signature, suggesting a component of motion along the direction
normal to the magnetopause. However, the wide range of values in the shaded
region shows that there is considerable variation between individual FTEs, with a
large number of measurements cancelling out to leave only the small residual bipolar
signature present in the median values. The greatest spread of amplitudes occurs
near the centre of the window, producing both a positive and negative unipolar peak.
This indicates that the component of the core field along the L direction has a larger

amplitude than the By, component of the flux rope’s helical field. The implication of
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this is that the local azimuth, the # component in cylindrical coordinates, is inclined
with respect to the L direction. When accounting for the background field, the
shape of the median curve changes very little, however the upper quartile becomes
less unipolar. This is particularly true in 6.1c, showing the fractional change, and is
attributed to the large positive By, component of the planetary field representing a
significant contribution to the positive peak in Figure 6.1a. The negative unipolar
peak persists in Figures 6.1(b-c), though, implying that the FTEs are the source
of this feature in Figure 6.1a. This indicates that a large portion of the FTEs are
oriented such that their core field has a significant — B component.

The average direction of the long axis is closely aligned with the M direction,
though, as can be seen from the unipolar shape of the median Bj; component.
Furthermore, the larger amplitude difference between the median and upper quartile
(UQ) than the median and lower quartile (LQ) in Figure 6.1e indicates that there
are more extremely large core fields than there are extremely small core fields. This
is likely due to a selection bias introduced by visual identification of FTEs, whereby
the largest core fields are naturally identified more easily than small amplitude core
fields. This becomes even clearer in Figure 6.1f, which also suggests that many of
the largest amplitude core fields occur in regions where the background B, is very
low. This would be the case near the magnetic equator, implying that FTEs formed
at low-latitude reconnection X-lines lie with their long axis initially primarily along
the magnetic equator, before tilting out of this orientation as they move away into
regions where the background field also has a larger Bj; component. This will be
discussed further in Section 6.3.2.

Finally, Figures 6.1(g-i) show that the magnetic field normal to the magnetopause
exhibits a very clear bipolar signature that is extremely symmetric. Not only does
the median value cross through 0 very close to the mid-point of the normalised time
interval, but the amplitude of the two peaks is also identical, at 20 nT from the
baseline level (panel h). This suggests a highly cylindrical structure for the observed
FTEs, and a direction of motion mostly within the plane of the magnetopause, as
a component of travel normal to the magnetopause would be likely to introduce

asymmetries in the peak amplitudes. The small difference observed between (g) and
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Figure 6.2: Results of superposed epoch analysis, with the data ordered by the start and end times of the
bipolar signature, shown in adjusted minimum variance coordinates. The format follows that of Figure 6.1,
but with the rows now indicating the components in the directions of minimum variance, core field and bipolar

signature, from top to bottom.

(h) also reflects how the majority of FTEs are observed near the magnetopause,
where the background By = 0. This is also evident in the fractional change results
(Figure 6.1i). For the first peak, there is a larger variation from median to upper
quartile than there is from median to lower quartile, and the opposite is true for the
negative peak.

Figure 6.2 presents a similar analysis, but with the magnetic field data now
converted to the adapted minimum variance coordinates described above, where
the core field and bipolar directions have been isolated from the intermediate and
maximum variance axes. From top to bottom, the rows show the magnetic field
components along the directions of minimum variance, core field and bipolar signa-
ture, whilst the columns have the same format as in Figure 6.1. Figures 6.2(a-c)
indicate that the minimum variance direction is extremely well-defined across the
dataset of FTEs, with a median value of 0 and only a small variation within the
upper and lower quartile range.

Although the core field signature in Figures 6.2(d-f) looks very similar to that in
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boundary normal coordinates, there are some subtle differences that provide infor-
mation as to the orientation of the observed FTEs. In minimum variance coordi-
nates, the median core amplitude above the background level is 50 n'T, with upper
and lower quartile values of 80 nT and 25 nT respectively. Comparatively, the
median increase above the mean background field in By, as shown in Figure 6.1e,
is 35 nT, with upper and lower quartiles of 65 nT and 25 nT. As minimum variance
analysis provides the most accurate method of determining the core field direction,
the values indicated in Figure 6.2 best represent the average increase in magnetic
field strength due to the core field of each FTE. The peak values seen in B, to
be 15 nT lower than those in B.,,. therefore provide further evidence of an average
tilting of the flux ropes’ long axis away from the M direction, as had already been
inferred from the presence of a negative peak in By in Figures 6.1(a-c).

An additional difference between the magnetic field features observed in the two
coordinate systems is that of the symmetry in the bipolar signature. Whereas the
By component is seen to be symmetric both in time and in magnitude of the peaks,
the same is not true in minimum variance coordinates. Although the AB = 0 point
occurs very close to halfway through the interval in Figure 6.2h, the magnitude of
the first peak is ~ 13—17% greater than that of the second, in both the median trace
and the largest amplitude quartile. The amplitude of the first peak in the median is
31.87 n'T, dropping to 27.30 nT at the second peak, whilst the upper quartile has a
maximum of 56.89 nT during the first peak and the amplitude of the lower quartile
during the second peak is only 50.46 nT. Fear et al. [2010] similarly observed a peak-
to-peak amplitude difference in analysis of FTEs observed by Cluster at Earth, and
attributed it to a compression of the magnetic flux at the leading edge of the FTE,
and a rarefaction on the trailing side. However, they saw this asymmetry in the By
component, whereas the FTEs shown in Figure 6.1 have symmetric peaks.

The lack of asymmetry seen here in By is likely due to the intermediate and
maximum variance directions not being particularly well-defined for the majority
of FTEs examined here, as discussed in Chapter 5. A poorly-defined ‘core’ axis
will not be perfectly aligned with the core field of the FTE, and conversely the

axis containing the bipolar signature may have a component along the long axis of
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Figure 6.3: Results of superposed epoch analysis, with the data ordered by the time of the largest field

amplitude, shown in boundary normal coordinates. The panel format follows that of Figure 6.1.

the flux rope. For a cylindrical force-free FTE, the core magnetic field should be
entirely along the z-axis in cylindrical coordinates, and the helical field at increasing
distance from the centre of the flux rope tends towards the local azimuth, or 6
direction. However, for many FTEs it may not become entirely azimuthal at the
outer extent, either due to retaining a component along the core field direction or
the FTE having a non-circular cross-section. As a result, the field along a ‘bipolar’
MVA axis with a small component parallel to the core field will produce peaks with
asymmetric amplitudes, as is the case in Figures 6.2(h-i).

Figures 6.3 and 6.4 follow the same format as Figures 6.1 and 6.2 respectively,
but with the FTEs now ordered by the time of peak field amplitude rather than
the bipolar signature. Many of the features seen in the bipolar-ordered data are
also present in a very similar form within the central 1 — 2 s of the core-ordered
data, indicating that across the database the FTEs exhibit a very strong temporal
symmetry. Furthermore, the amplitude of the core field in both coordinate systems
agrees very well with that seen when the events are ordered by the bipolar field,

suggesting that the temporal symmetry is not merely an averaging effect, but a
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Figure 6.4: Results of superposed epoch analysis, with the data ordered by the time of the largest field

amplitude, shown in adjusted minimum variance coordinates. The panel format follows that of Figure 6.2.

genuine feature in the individual FTEs.

It is in the bipolar signature that the main differences between the two ordering
systems exist. Although the amplitudes of both By peaks are symmetric, and
again larger in the first peak than the second when converted to minimum variance
coordinates, the actual amplitudes of the median and quartile values are considerably
lower when the data are ordered by the time of the peak field. This arises due to a
considerable range of FTE durations producing a wide spread in peak times in the
‘real’ temporal scale used in Figures 6.3-6.4 that is removed by normalisation of the
bipolar-ordered time series.

Similarly, the spread in durations produces much wider peaks in the core-ordered
analyses, with shallower gradients immediately outside the peaks in field along the
maximum (‘bipolar’) MVA axis than are seen in the bipolar-ordered time series.
Beyond 0.5 s either side of the zero epoch, both Figures 6.3h and 6.4h show sustained
non-zero field, with a ~ 25 nT spread between upper and lower quartiles, even out
to 1.5 s either side of ¢ = 0. This indicates the presence of a pile-up of magnetic flux

outside the main flux rope, in the form of the travelling compression regions first
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identified at Mercury by Slavin et al. [2009a].

The results presented in both coordinate systems and with both methods of
ordering the data clearly show the strong magnetic fields present inside FTEs at
Mercury, highlighting the large contribution they make to the Dungey Cycle as
shown previously by Imber et al. [2014]. In minimum variance coordinates, the
median bipolar field of the FTEs contained in this study peaks at ~ 30 nT (Figure
6.2h), and the median core field is ~ 50 nT (Figure 6.4e), whilst the upper quartiles
indicate that 25% of the identified events have components exceeding both of these
values by at least 30 nT. This equates to a median increase of 100% above the
background level of each component. For both the bipolar and core fields, the
difference from median value to the largest amplitude quartile is considerably greater
than that between median and lowest amplitude quartile. Although a selection bias
ensures that not many events containing magnetic fields substantially weaker than
the median values can be observed, a significant number of events will greatly exceed

the flux content of the average FTE presented here.

6.3 Investigating variations in FTE signatures

Whilst the previous section provides a picture of the average FTE structure across
almost 3000 events, it gives no indication of how the structure changes with a number
of parameters. In this section, the dataset is broken down to provide analysis on
how the FTE signatures vary with the strength of the IMF in the magnetosheath
relative to the magnetospheric field strength. The direction of the core field is also
investigated for opposite polarity magnetosheath IMF By, before the duration and
magnetic field strength of each event is analysed at a range of distances either side

of the magnetopause.

6.3.1 Strength of the magnetosheath field

In order to investigate whether there are differences between FTEs produced during
symmetric and asymmetric reconnection (discussed in Chapter 2.1.2), the ratio of

Bsp/Busn is calculated for each pass through the magnetopause (where a 1-minute
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mean of the field magnitude just outside the crossing is given by Bj;s, and that just
inside is given as Bjs,), and the dataset divided into three groups: those where
the magnetosheath field is dominant, (Bssp/Bamsy < 1); when the planetary field
is significantly larger (Bassp/Basn > 1.5); and the more symmetric case containing
all events where the ratio lay between these two values. The limits were chosen to
provide the best coverage of magnetosheath dominant, symmetric, and magneto-
sphere dominant regimes whilst retaining sufficient data coverage within each bin
for a superposed epoch analysis to produce meaningful results. This is particularly
crucial for the first case, as only 150 FTEs were observed on passes during which the
magnetosheath field was stronger than that just inside the magnetopause. For each
ratio bin, the median change from the background level was calculated in minimum
variance coordinates, as indicated in Figure 6.5 along with the upper and lower quar-
tiles. The data are ordered by the normalised duration of the bipolar signature to
ensure no features are introduced by the range of FTE durations present throughout
the dataset.

The figure follows a similar format to those in the previous section, where the
rows show, from top to bottom, the components along the minimum variance, core
field, and bipolar signature directions. The columns separate the data by field
strength ratio, where the relative strength of the magnetosheath field decreases from
left to right. The number of FTEs observed in each range is indicated in panels (g-
i), showing that the majority of events were observed when the magnetospheric
field was dominant. However, this is more a reflection of the number of passes on
which MESSENGER observed each ratio rather than an indication of increased FTE
observations for particularly weak magnetosheath fields. Indeed, the average of 0.99
FTEs per pass during magnetospheric-dominant field is lower than the 1.24 seen per
pass during strong magnetosheath field.

Figures 6.5(a-c) show that in all cases, the minimum variance axis is, on aver-
age, very well defined, with the median trace showing only small departures from the
background field along that direction. In both the core field and bipolar signature,
the FTEs observed during intervals of near-equal and magnetosphere-dominated

fields exhibit very similar features. The median core field is 50 nT above the back-
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Figure 6.5: Comparison of superposed epoch analysis results for a range of magnetic field strength ratios
either side of the magnetopause. The data are ordered by the start and end times of the bipolar deflection,
and are presented in minimum variance coordinates. From top to bottom, the rows indicate the change of
the magnetic field from the background level in the minimum variance, core field and bipolar directions. The
leftmost column contains FTE data during passes when the strength of the magnetosheath field was greater
than that just inside the magnetopause. The rightmost column contains FTE data when the magnetospheric
field was considerably stronger than the magnetosheath field, with a ratio greater than 1.5, and the middle
column contains the remaining FTEs. The number of FTEs (nprg) and passes (npass) in each column is

indicated in panels (g-i).

ground field along that direction, with an upper quartile of 80 nT. Similarly, the
bipolar signature in both cases is slightly asymmetric, with a median amplitude of
30 nT for the first peak and 25 nT for the second, whilst the highest amplitude
quartile is an additional 25 nT higher for both peaks.

However, the events observed during passes on which the IMF in the magne-
tosheath was stronger than the planetary field just inside the magnetopause show a
very different picture. The central 50% of the distribution have core field amplitudes
above the background level ranging from 30 — 140 nT, with a median value of 70
n'T, only slightly lower than the upper quartile value seen in the larger ratio bins.
The same increased field strengths are also seen in the azimuthal field producing a
bipolar signature, where the median trace has similar peak amplitudes to the upper

quartile value of larger field strength ratio FTEs, and the largest amplitude quartile
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Figure 6.6: Comparison of superposed epoch analysis results for a range of magnetic field strength ratios
either side of the magnetopause. The format is the same as in Figure 6.5, but the Y-axis here shows the

fractional change from the background level in each component.

for magnetosheath-dominated events exceeds 110 nT at the first peak and 80 nT
at the second. During reconnection with particularly strong magnetosheath field,
a greater quantity of magnetic flux is opened and subsequently transported within
FTEs than during reconnection where the planetary field is dominant. It should be
noted, though, that the sample size of the magnetosheath-dominated FTEs is only
one sixth that of the near-equal field strength events, meaning that a small number
of extreme events will have a larger influence on the results.

In Figure 6.6, the same data are presented with the Y-axis accounting further
for the level of background field along each axis by showing the fractional increase
rather than the absolute value. The FTEs observed during strong magnetosheath
field again exhibit stronger core fields and larger bipolar amplitudes than the near-
equal field strength events. However, a more interesting comparison can be made
between the near-equal strength FTEs, and events observed during strongly domi-
nant magnetospheric field, particularly due to the large sample size contained within
each bin. The bipolar peaks in panels (h-i) again appear similar, with median peaks

at 1.75-2 times greater than the background, and upper quartile peaks a factor of 4
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higher.

It is in the core field that the most notable difference exists between the two
classes of events. Although the absolute difference from the baseline field along
the direction of the flux rope long axis is the same, as seen in Figures 6.5(e-f),
the fractional increase in Figures 6.6(e-f) is greater for FTEs observed during very
dominant magnetospheric field than it is for FTEs produced by near-symmetric
reconnection. The median core field in Figure 6.6f has a maximum increase of 1.14
times the baseline, compared to an increase of 0.85 for FTEs during near-symmetric
reconnection. Considering the upper quartiles, these values rise to 3.33 and 2.10
respectively. The smaller number of extreme amplitude events seen in Figure 6.6e
for more symmetric reconnection means that the background field along the core
direction is stronger for these events.

There are two possible interpretations of these results. Firstly, for FTEs inside
the magnetopause, the background planetary field is dominated by By:. If the core
field of the near-symmetric field events has a component in By, parallel to the plan-
etary field, the same absolute increase would equate to a smaller fractional increase
along the core direction than seen in Figure 6.6f for events oriented perpendicular
to the Z-axis. 42% of the near-symmetric FTEs, and 27% of those seen during
weak magnetosheath fields, were observed inside the magnetopause, so whilst such
a tilting is not an insignificant contribution to the features seen in Figures 6.5 and
6.6(e-f), it is perhaps not the sole reason for the differences. For symmetric magnetic
fields, pressure balance across the magnetopause (Equation 1.36) dictates that the
plasma pressure is similar on both sides of the boundary. As a result of the small
difference in 8 (Chapter 1.3.4), reconnection can occur across a wide range of mag-
netic shear angles, and therefore magnetosheath clock angles |e.g Phan et al., 2013;
DiBraccio et al., 2013]. Consequently, the events produced by symmetric recon-
nection are more likely to be observed in background magnetosheath fields with a
large By: component, close to the direction of the FTE core field. The different
features seen between the central and right-hand columns of Figures 6.5 and 6.6 are
therefore due to the symmetric events being generated at X-lines that form during

a wide range of magnetosheath clock angles, and can exist at greater angles from
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the equatorial plane.

6.3.2 Y-component of the magnetosheath field

Following on from the analysis of core field orientations, in this section the rela-
tionship between IMF By, and the direction of the FTE long axis is explored. The
full dataset is therefore separated into FTEs observed on passes where the magne-
tosheath By was either positive or negative over a 1-minute mean just outside the
magnetopause traversal, before performing superposed epoch analysis separately on
the two groups. The results are shown in Figure 6.7 in boundary normal coordinates,
where the Y-axis shows the difference from the background level in each component

and the data are ordered by setting the zero epoch to the time of the peak in total

AB, (nT)

ABy, (nT)

ABy (nT)

1 " n=1207 | 1
-1.5 -10 -05 0 05 10 15 -15 -10 -05 0 05 10 15
Time /s Time /s

Figure 6.7: Comparison of superposed epoch analysis results for different magnetosheath By polarities,
where the data are ordered by the time of the peak in field amplitude. From top to bottom, the rows indicate
the difference in the L, M and N components from the background level. The columns contain FTE data
during intervals when the magnetosheath By was negative (left), or positive (right). Also indicated in panels

(e-f) are the number of FTEs observed during each orientation.
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field amplitude. Unlike in the previous analyses, the direction of the core field is
not reversed to always produce a positive peak, in order to determine whether it
inherits the sign of the magnetosheath By,. When located at the subsolar point,
the M-axis points along —Y,4,s, such that a core field inheriting a negative By
magnetosheath orientation will exhibit a positive peak in Bj;, and the opposite is
true when By > 0.

Figures 6.7(c-d) show that on average the FTE core directions follow the direction
of the guide field present at the reconnection site due to the magnetosheath By
component, although the large spread between upper and lower quartiles suggests
that a significant number of events are also oriented in the opposite direction. This
is particularly true for Bys > 0, where the upper quartile shows a small positive
peak, indicating that significantly more than 25% of FTEs have a component of
their core field anti-parallel to the magnetosheath By direction. Similarly, a little
over 25% of FTEs seen during By < 0 also have a component of their core field anti-
parallel to the magnetosheath By direction, although the lower amplitude of the
respective quartile peaks indicates that this effect is less common than for By, > 0.
For magnetosheath By, > 0, the median and lower quartile values of 15 nT and 50
n'T respectively are also lower than the corresponding peaks of 30 n'T and 60 n'T for
FTEs on passes during which the magnetosheath By~ was negative. This suggests
that FTEs formed under conditions of By: < 0 are more likely to have core fields
that retain the sense of the guide field.

The By, signatures shown in Figures 6.7(a-b) also exhibit subtle differences. Panel
b, for By: > 0, has a large, nearly symmetric, negative peak centred very close
to the zero epoch in the lower quartile, and an upper quartile that appears to
contain elements of both a unipolar core signature and a bipolar azimuthal field.
This is indicative of the FTE core field making a large contribution to the By,
component. However, the negative peak in the By < 0 (panel a) lower quartile
is more asymmetric around ¢ = 0, producing a greater asymmetry in the overall
signature between the quartiles than seen for positive By, suggesting that the largest
contribution to By, in these events comes from the helical field.

To investigate the difference between the two magnetosheath orientations, the
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Figure 6.8: The spatial distribution of FTEs observed during passes when the magnetosheath By, component
was positive (orange) or negative (purple). (a) The location of each FTE projected onto the MLT-latitude plane.
The dashed circles denote intervals of 10° from the X}, ¢, axis, for reference in Figure 6.9. (b) Histogram
showing the relative occurrence of FTEs during each By polarity in 10° latitude bins. (c) Histogram showing

the relative occurrence of FTEs observed in 1 hour MLT bins.

locations of all FTEs have been plotted in magnetic latitude-MLT coordinates in
Figure 6.8a, where the purple dots denote FTEs during negative magnetosheath By
and orange indicates the location of By, > 0 FTEs. The number of events in each
group within 10° latitude bins is indicated in Figure 6.8b, normalised for the total
number of events observed during each IMF orientation, and Figure 6.8c shows a
histogram of the MLT distribution of the events. Also marked on Figure 6.8a are
circles indicating the limits of 10° wide bins from the X,¢,, axis, and the number
of FTEs within each annulus is plotted on the histogram in Figure 6.9. The X-axis
therefore represents the angle from the Xj,q,, axis at which the FTE is observed,
and the Y-axis shows the fractional occurrence of events during positive (negative)

By, indicated in orange (purple).
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As discussed in Chapter 4.4, the IMF bias [James et al., 2017; Lockwood et al.,
2017] during the first year of MESSENGER'’s orbit provided more opportunities to
observe F'TEs during negative By, magnetosheath field. Accounting for the extra 484
events by calculating the fraction of FTEs seen in each MLT or latitude bin allows for
a more direct comparison of how the distributions contribute to the signatures seen
in Figure 6.7. During negative By, F'TEs are seen predominantly between magnetic
latitudes of 0 — 30°, as shown in Figure 6.8b, whereas FTEs during positive By are
also seen extensively in the southern magnetic hemisphere. Similarly, the negative
By FTEs are seen primarily in the 9-15 h MLT range, whilst positive By: events
are relatively more commonly observed further away from local noon, particularly
on the dawn flank. This corresponds to increased observations of positive By FTEs
at angles greater than 70° from the X, ¢,, axis, as shown in Figure 6.9. Conversely,
during negative By, there are comparatively more events at small angles, especially
between 10—40°. The difference in magnetic field signatures between the two groups

in Figure 6.7 can therefore be attributed to different spatial distributions.
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Figure 6.9: Histogram showing the relative occurrence of FTEs observed at a range of angles from the
Xl rsm axis, counted in the 10°-wide bins indicated in Figure 6.8a. The count rate is given as a fraction of
the total observations during each IMF orientation. FTEs observed on passes where magnetosheath By, < 0

are counted in purple, whilst orange denotes those events on passes where By > 0.
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With a greater percentage of the By: < 0 FTEs observed near the subsolar
point, both in latitude and MLT, the average signatures seen in Figure 6.7 are
dominated by those events, whereas the By > 0 time series have a proportionally
larger contribution from those events observed further towards the flanks of the
magnetosphere or at higher southern latitudes. FTEs formed near the subsolar
point are initially oriented with their long axis closely aligned to Bj;, and the core
field retaining the sense of the IMF' By component in the magnetosheath. However,
as they convect to higher latitudes or around the flanks of the magnetosphere, they
become more tilted, resulting in an increased component of the core field along By,

as seen in Figure 6.7b.

6.3.3 Variations with distance from the magnetopause

In addition to moving away from the generally low-latitude reconnection sites along
the magnetopause, producing the variation in signatures seen in the previous section,
FTEs are also observed at a range of locations both inside and outside the mag-
netopause. In this section, the difference between events seen simply in either the
magnetosheath or magnetosphere are examined, before an analysis of the variation
across a discrete range of distances is performed.

Figure 6.10 shows the upper and lower quartiles, and the median value of the
magnetic field along minimum variance axes relative to the background in each
component, where the data are ordered by the time of the peak field amplitude.
The dataset is split into those events observed outside the nearest magnetopause
crossing, on the left; and those inside the magnetosphere on the right. Chapter 5
discussed how the minimum variance axis indicates the direction of motion, which
for the majority of FTEs, particularly those seen within ~ 3 h of local noon, is
predominantly either northward or southward. Panels (a-b) show that the minimum
variance direction is, as with all previous analyses, very well defined on average, with
a slightly smaller variation for those events inside the magnetosphere. This is due
to the large component of the planetary field along By inside the magnetopause,
producing a high background field along the minimum variance direction for the

FTEs shown in Figure 6.10a. In the magnetosheath, however, where the field is
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Figure 6.10: Comparison of superposed epoch analysis results for FTEs observed in either the magnetosheath
or inside the magnetosphere, where the data are ordered by the peak in field amplitude. From top to bottom,
the rows indicate the fractional change from the background level of the magnetic field along the minimum,
intermediate, and maximum variance directions. The columns contain FTEs observed in the magnetosheath
(left), or inside the magnetopause (right). Also indicated in panels (e-f) are the number of FTEs observed in

each location.

generally of lower amplitude and more variable orientation, the background field
along B,,;, will be smaller.

Figures 6.10(c-d) also reflect the lower magnetic field strengths generally mea-
sured in the magnetosheath, as FTEs forming at the magnetopause with the same
core field strength and subsequently being observed in the magnetosheath have larger
core amplitudes relative to their surroundings. The magnetosheath core field ampli-
tudes also appear to have a very symmetric distribution, with a median of 55 nT,
and upper and lower quartiles 25 nT' either side of the median. Within the mag-
netosphere, however, the median amplitude relative to the background field along
that direction is only 40 n'T, with a lower quartile of only 20 nT. The upper quartile
is only slightly lower than that seen in the magnetosheath, at 75 nT, indicating
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that there are proportionally more FTEs with extremely large core field amplitudes
within the magnetosphere than in the magnetosheath.

Although the median peaks have a similar width in both the magnetosheath and
magnetospheric FTEs, the wider peaks seen in the upper and lower quartile values
inside the magnetopause suggest a larger range of durations for those events, an effect
that is also seen in the bipolar signatures shown in Figures 6.10(e-f). The median
and upper quartile amplitudes of both peaks are larger in the magnetosheath events,
potentially due to a selection bias favouring identification of FTEs with stronger
internal fields in a more turbulent background, and the sharper peaks again imply
a smaller range of durations. In both locations, however, the first peak has a higher
amplitude than the second. In Figure 6.10e, the median trace has a leading peak
of 23.08 nT, and a trailing peak amplitude of 19.32 nT, and a similar amplitude
decrease from 18.37 nT to 15.75 nT is present in the median trace of Figure 6.10f.
This shows that compression of the leading edge due to magnetic flux pile-up occurs
at all locations, regardless of the background magnetic field strength.

In order to further examine the variation in duration with distance, the locations
were broken up into smaller distance bins from the magnetopause. In order to
provide the best estimate of distance, even for events observed at a very different
location from the magnetopause crossing on that pass, the distance was calculated
from the FTE location to the nearest point on a magnetopause produced by scaling
the subsolar point in the Winslow et al. [2013] model such that the boundary passes
through the observed magnetopause crossing. Then, to account for the flaring at
the flanks of the magnetopause, the separation between FTE and magnetopause was
divided by the distance to the magnetopause at that location, giving the fractional
distance, d:

g — Brre = v (6.1)

Ryp
where Rprp is the distance to the FTE from the centre of the MSM’ coordinate

system, and Rj;p is the distance to the scaled model magnetopause.
The median duration of all FTEs within each distance bin is calculated based
on the start and end times of the bipolar deflection, and plotted in the top panel of

Figure 6.11 as the solid black line, where the upper and lower quartiles are indicated
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by the shaded grey region. The median orientation of the magnetic field at each
timestep of a window spanning the bipolar signature is shown in the second panel
in angular form, with normalised time increasing from ¢, — ¢;. Considering only
the magnetic field components along the core and bipolar axes, the difference from

the background level is calculated, and the angle, 6, between the two components is

AB,
6 = tan~" [ ==re ). 2
o (ABbipol) (6 )

An angle of 90° (shown in green) therefore indicates that the local magnetic field

given as

within the FTE lies entirely along the core field direction, whilst a field pointing
entirely along the local # direction in cylindrical coordinates will have an angle of 0°
(red) for the positive bipolar peak and 180° (blue) for the negative peak. The third
panel of Figure 6.11 indicates the median total magnetic field amplitude for 3 seconds
either side of the core-ordered zero epoch, relative to the background amplitude, and
the bottom panel shows the number of FTEs observed at each fractional distance
from the magnetopause.

Although the general trend is for the duration of FTEs to decrease from left to
right, moving closer to Mercury, it should be noted that the largest magnetosheath
distances have only a very small number of events. Discounting the leftmost 4 bins,
as there are no more than 5 FTEs in each, the median duration still decreases from
2 s to 0.8 s, but with a ~ 1.5 s range from lower to upper quartile in the majority
of bins. The spread in durations for magnetospheric events seen in Figure 6.10
therefore seems to be predominantly due to those FTEs seen 0.1 — 0.2 Ry/p inside
the magnetopause, where the peak in the upper quartile indicates a large number
of events over 5 s in duration. Aside from the short duration events seen very deep
inside the magnetosphere, the general trend appears to show that the duration of
FTEs increases further away from the magnetopause. This could be due to rapid
acceleration of FTEs away from their formation site as a result of magnetic tension
causing them to travel past MESSENGER at a greater speed near the reconnection
site than seen further away from the magnetopause, when they are being carried
by the local flow. However, with only single spacecraft measurements and without

modelling of the flux ropes, MESSENGER'’s path through the FTEs is unknown. A
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Figure 6.11: Variability in FTE signatures with location, measured as a fraction of the distance to the
magnetopause as described in the text. From top to bottom: FTE durations, with the median denoted by the
solid line and the upper and lower quartiles indicated by the grey shading; the angle of the magnetic field in the
bipolar-core plane, as outlined in the text; the amplitude of the magnetic field within 3 s of the core-ordered
zero epoch; the number of FTEs in each distance bin. Magnetic field values are given as the absolute difference

from the background level of the relevant component.

low impact factor, passing close to the centre of the flux rope, will naturally produce
a longer signal than an FTE encounter where MESSENGER only skims the edge of
the flux rope. As a result, it is difficult to ascertain any details about the size of the
observed F'TEs at each location from these data.

The second panel shows that in most locations the magnetic field within the
FTEs is closely aligned to the long axis for almost 50% of the event duration, before
gradually becoming more tightly bound and reaching an entirely azimuthal field

near the edges of the window. Excluding the low sample size bins at the greatest
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distances outside the magnetopause, the orientation of the magnetic field within each
FTE is therefore shown to not vary significantly between magnetosheath events and
magnetospheric events.

Considering the change in total field amplitude shown in the third panel, however,
there are some differences with distance. Whilst the peak is, by definition, always
at t = 0, the amplitude is greater for FTEs seen inside the magnetopause, increas-
ing at larger fractional distances towards Mercury from the local magnetopause.
The larger amplitudes inside the magnetopause are particularly interesting for those
FTEs observed deepest into the magnetosphere, where the background planetary
field is highest. Combined with the short durations seen deep inside the magneto-
sphere, the large relative core field strengths suggest that FTEs moving inwards
towards regions of strong planetary field are compressed such that their radius
decreases and, to ensure conservation of the magnetic flux within the structure,
the field strength increases accordingly. The inward motion described here does
not necessarily mean the FTEs are moving perpendicularly to the magnetopause
plane, rather that they appear deeper inside the magnetopause at high latitude due
to the cylindrically-symmetric magnetopause model used here not accounting for
the cusp indentations. As a result, FTEs moving along the magnetopause towards
the cusp will encounter stronger surrounding magnetic field strength, and be com-
pressed whilst appearing to be located further from the model magnetopause used
as a reference in Figure 6.11. However, without multi-spacecraft measurements,
it is not possible to confirm the spatial scale of FTEs at various locations in the

magnetosphere of Mercury.

6.4 Discussion

In this section, the results presented in this chapter are again compared to previous
work investigating the properties of FTEs at both Earth and Mercury. However,
no prior study has performed superposed epoch analysis on a large sample of FTEs
at either planet. All comparisons are therefore made with case studies of spacecraft

observations or simulations of individual events.
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An example of this is in the orientation of the FTE long axis, where, at Earth,
numerous authors have utilised multi-spacecraft measurements or modelling tech-
niques to determine the angle of the long axis to the local M direction. Fear et al.
[2012a] modelled FTE orientations and found that the events all exhibited an axis
tilted slightly with respect to the local azimuth. This result was also observed by
Trenchi et al. [2016], who saw even larger rotations, both from modelling and multi-
spacecraft measurements. However, Kawano & Russell [2005] determined an axial
orientation more closely aligned with the L direction using dual-spacecraft measure-
ments. The results seen here for Mercury FTEs indicate a small rotation from an
azimuthally-aligned core field, with the tilting increasing at greater distance from
the subsolar point, in better agreement with the results of Fear et al. [2012a]. How-
ever, the analyses performed in this chapter do not allow for calculation of an exact
angle to compare with previous work.

The superposed epoch analysis of FTE bipolar signatures in this chapter has
revealed an asymmetry in the amplitude of the peaks. Whilst this has again not
been investigated in the same way before at either Earth or Mercury, numerous
MHD simulations have shown asymmetries in Earth FTE signatures. Ding et al.
[1991] and Ku & Sibeck [1997, 2000] found that their simulations produced events
where the trailing peak was of higher amplitude than the leading peak. However,
from analysis of Cluster observations of FTEs, Fear et al. [2010] found the opposite
result, where the leading peak tended to have a larger amplitude. They attributed
this to compression of the leading edge of the FTE as it propagates through the
magnetosphere, and rarefaction of the trailing edge. The dataset of Mercury FTEs
analysed here shows the same trend seen by Fear et al. [2010], and supports their
theory of FTE compression, with further evidence provided by the short duration

of events observed deepest into the magnetosphere.

6.5 Summary

This chapter has presented an investigation of 2898 flux transfer events observed in

the dayside magnetosphere of Mercury, using a superposed epoch analysis of their
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magnetic field signatures. By examining the data in both minimum variance and
boundary normal coordinates, and ordering the data separately by both normalising
to the start and end times of the bipolar signature, and in real time from the peak
in total field amplitude, a number of features and trends have been identified.

Analysis of the entire dataset together shows that the long axis of the FTEs is, on
average, tilted out of a plane parallel to the magnetic equator, and through dividing
the dataset into events observed during either positive or negative IMF By in the
magnetosheath, the tilting is found to be greater for FTEs seen at larger distances
along the magnetopause from the subsolar point. Axial tilting is also observed more
clearly in FTEs formed by near-symmetric reconnection, when the field strength
in the magnetosheath is similar to that just inside the magnetopause, indicative
of reconnection occurring at a wider range of clock angles and therefore producing
tilted X-lines.

In all analyses, the first peak in the bipolar signature is found to have a larger
amplitude than the second peak, a result seen previously at Earth by Fear et al.
[2010] and attributed to a pile-up of magnetic flux compressing the leading edge of
the FTE. However, a large spread in the duration of the observed events produces
a long, low gradient slope either side of the main FTE in the median and quartile
values, making direct interpretation of the level of compression difficult.

Finally, investigation of the FTE signatures across a range of distances from
the magnetopause, both in the magnetosheath and inside the magnetosphere, indi-
cates that the events seen closest to Mercury have shorter durations, and larger
core field amplitudes relative to the background field, than those seen close to the
magnetopause or farther out in the magnetosheath. This is attributed to large com-
pression of the flux ropes due to the high magnetic pressure of their surroundings,
creating smaller radius flux ropes with stronger internal fields in order to conserve
the magnetic flux content of each event as it moves close to the planet.

The magnetic field signatures of FTEs at Mercury bear a number of similarities
to those seen at Earth, reflecting the similar underlying processes taking place to
produce the structures. At both planets, the orientation of the IMF is a controlling

factor in the orientation of the FTE long axis, however Mercury events have been
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shown to exhibit significant rotation from their initial orientation at large distances
from the expected formation site. Although FTEs at Mercury occupy a considerably
larger portion of the magnetosphere than do Earth events [Imber et al., 2014], their
actual size is much smaller. Indeed, the median duration of ~ 1 s seen here is
even shorter than that observed by Imber et al. [2014], implying a similarly reduced
spatial scale. Whilst the extent of the FTEs in MLT, along their long axis, cannot
be determined without multiple spacecraft, the small magnetosphere at Mercury
will likely limit the maximum azimuthal scale to be substantially shorter than that
seen at Earth. As a result, Mercury FTEs are more easily rotated, highlighting
that although the initial formation depends on the same factors at both Earth and
Mercury, the subsequent evolution varies slightly between the two planets due to

the different local conditions.
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Chapter 7

Conclusions and Future Work

This thesis has presented a large-scale investigation into flux transfer events within
the dayside magnetosphere of Mercury. This final chapter summarises the key results
of the studies contained in the previous chapters and discusses their implications for
the understanding of Mercury’s magnetosphere and its interaction with the inter-
planetary magnetic field and solar wind. Finally, some remaining questions are

discussed, along with ideas for future research to answer them.

7.1 Summary

In Chapter 4, magnetometer data from onboard the MESSENGER spacecraft were
visually examined for signatures of magnetopause crossings and flux transfer events
(FTEs) in the dayside magnetosphere of Mercury. The analysed data spanned 12
Mercury years, from orbital insertion on 18 March 2011 to 11 February 2014, ensur-
ing even coverage of all magnetic local time (MLT) sectors. In total, across 3085
passes through the magnetopause, 12133 individual magnetopause crossings were
identified, where the ~ 4 crossings per pass arose either through MESSENGER’s
orbital path causing it to skim the magnetopause at high latitude near the northern
magnetospheric cusp, or as a result of ongoing reconnection eroding the magne-
topause towards the planet and causing it to pass repeatedly past MESSENGER’s
location. Additionally, 2898 FTEs were identified on the basis of a clear bipolar sig-
nature in the magnetometer data, with an accompanying enhancement in the total

magnetic field strength.
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The interplanetary magnetic field (IMF) in the magnetosheath was measured
just outside the outermost magnetopause crossing on each pass, and the rate of FTE
observations investigated for variations with the IMF orientation. It was shown that
for IMF clock angles close to 180°, where the negative Bz component is dominant,
at least one FTE was observed on ~ 65% of passes, compared to only ~ 15%
of passes during near-northward oriented IMF (0° clock angle) yielding at least
one FTE signature. Previous work by DiBraccio et al. [2013] had indicated that
magnetic reconnection at Mercury occurs across a wide range of clock angles, but
these observations show a clear preference for FTEs forming at reconnection sites
between nearly anti-parallel magnetic fields.

The spatial distribution of the FTEs was also considered over the entire dataset
examined, and shown to peak strongly near local-noon whilst significantly fewer
events were identified on the dawn and dusk flanks of the magnetopause. This is
to be expected for reconnection taking place mainly near the subsolar point at low
magnetic latitude, but during the first 4 Mercury years of the mission the distribution
showed far less variation, with a similar number of observations in all sectors between
9 — 15 h MLT. This is due to both an interplanetary coronal mass ejection (ICME)
encountering Mercury and generating 45 FTEs on a single pass in the post-noon
sector, and the particularly strong bias in IMF orientation during this period, as
was previously identified by James et al. [2017]; Lockwood et al. [2017], causing
enhanced reconnection rates in the pre-noon sector.

Expanding on the investigation of spatial distribution of FTEs, Chapter 5 presents
a study into the direction of motion of the event at each location, in order to estimate
the formation sites and therefore the location at which reconnection takes place for
four different IMF orientations. Two methods were employed, each with benefits and
drawbacks. Although performing minimum variance analysis (MVA) on each FTE
signature gives a precise axis along which the FTE travels, the direction of motion
along that axis is only able to be determined for 1616 of the identified FTEs, a little
over half the dataset. Analysing the signatures in boundary normal coordinates,
however, enables identification of either northward or southward motion for 2474

events.
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Using the boundary normal results, 75% of the FTEs are seen to be travelling
northward, indicating a reconnection site south of the FTE location. Given the
extensive coverage of Mercury’s northern magnetic hemisphere, and only limited
coverage of the southern hemisphere, particularly near local noon, this confirms
that reconnection occurs predominantly near the magnetic equator. The results
were then broken down into IMF orientations within 45° of the cardinal directions.
Given the preference for FTE observation during southward IMF, shown in Chapter
4, it is unsurprising to find the southward IMF distribution comprises 50% of the
total dataset, and the distribution of northward- and southward-moving events is
very similar to that of the entire dataset. However, during northward IMF, FTEs
are mostly seen on the flanks of the magnetosphere, where a large Bx component
will produce a large magnetic shear angle across the magnetopause. Comparing the
distributions of FTEs observed for both dawnward and duskward magnetosheath
IMF reveals a clear tilting of the average reconnection X-line in the clockwise and
anti-clockwise direction respectively.

Using the more precise directions of motion ascertained from MVA for a subset
of these data allowed for construction of a flow map in the magnetopause plane. The
FTEs observed at low northern latitudes near local noon are seen to travel almost
entirely due northward, indicating that they are connected to magnetosheath field
flowing directly tailward over the north pole. At higher latitudes, however, the FTEs
are seen to gain a component of motion in MLT, indicating a slight deflection caused
by the IMF draping around the sides of the polar region. Furthermore, at large
distances in MLT from the subsolar point, FTEs are seen to move predominantly
tailward on average, under the influence of the open magnetic field carried tailward
by the solar wind flow around the sides of the magnetosphere.

Finally, Chapter 6 presented an investigation of variation in the properties of
FTEs with both location and magnetosheath IMF properties, through a superposed
epoch analysis of the magnetic field signatures. The key results include evidence for
an increased inclination angle of the FTE long axis from a longitudinal alignment at
greater distances from the subsolar point, both at high latitude and towards dawn

or dusk. This tilting is also observed more strongly for FTEs observed when the
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magnetosheath field was of comparable strength to the planetary field just inside
the magnetopause, suggesting that symmetric reconnection occurs across a wider
range of magnetic shear angles, therefore producing more strongly tilted X-lines.

The bipolar signature is also found to be slightly asymmetric, such that the first
peak has a larger amplitude than the second. This supports the findings of Fear et al.
[2010] in a study of Earth FTEs, who suggested a pile-up of magnetic flux is produced
at the leading edge of the FTE as it moves through a region of high magnetic field
strength. The duration of the bipolar signature is also seen to reduce slightly as
FTEs move closer to Mercury, with an accompanying increase in the strength of the
axially-aligned core magnetic field, implying that as the FTEs travel further into the
region of strong planetary magnetic field seen near the magnetospheric cusps, they
are compressed spatially. In order to conserve the magnetic flux contained within
the structure, a corresponding increase in the internal field strength of each FTE is
seen.

More generally, the results of this thesis have enabled a number of comparisons
to be made between flux transfer events at Mercury and Earth. At both planets, the
orientation of the IMF plays a crucial role in not only the rate at which conditions
enable formation of FTEs, but also the location of those formation sites. Addi-
tionally, the predominantly azimuthal orientation of the flux rope at low latitudes
supports previous observations at Earth [e.g. Fear et al., 2012a| that eliminated the
Russell & Elphic [1978] ‘elbow’ model of FTE formation.

However, the nature of the events varies between the two planets, with FTEs
at Mercury occupying a larger portion of the magnetosphere and containing much
stronger magnetic fields, resulting in the significantly larger relative contribution to
total magnetic flux transport seen previously by Imber et al. [2014]. Furthermore,
due to the smaller spatial scale of FTEs at Mercury, and the stronger IMF in the
inner solar system, magnetic tension forces at the azimuthal extent of the flux ropes
cause FTEs to rotate out of their initial orientation as they move further away from
the formation site.

Overall, the FTEs identified at Mercury are found to be governed by the same
underlying physics as seen to control FTEs at Earth, but the different local condi-
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tions produce variations in the structure and evolution of events at the two planets,

beyond a simple scaling to account for the size of the magnetosphere.

7.2 Future Work

The results presented in this thesis have provided new understanding of the nature of
Mercury’s magnetospheric interaction with the IMF, and the subsequent motion of
magnetic flux tubes as part of the Dungey Cycle. Furthermore, previous observations
of the tilting of reconnection X-lines at Earth have been replicated at another planet
for the first time. However, a number of questions still remain, guiding the direction
of future research to expand on the work conducted for this thesis.

The locations of the magnetopause crossings identified in Chapter 4 show con-
siderable variation in distance from Mercury at the same latitude and MLT. The
magnetopause model of Winslow et al. [2013] employed throughout this thesis is
an average model that does not account for any external parameters such as mag-
netosheath plasma density, or the field strength and orientation, which have been
shown to be important in describing the state of the magnetosphere. Given the
large database of crossings identified here, and a further 5 Mercury years of MES-
SENGER data that was not included in any of these studies, an improved model
featuring such external properties would give a better indication of the expected
location of the magnetopause at any given time, and therefore the effect of erosion
by reconnection.

The large database compiled in this thesis also provides an excellent basis for
further investigation of FTE properties at Mercury, particularly once the final por-
tion of the mission is analysed. Previous work has included modelling of flux ropes
to estimate their orientation or magnetic flux content [e.g. Slavin et al., 2010b;
Rong et al., 2013; Tmber et al., 2014], and extending this approach to the complete
dataset will increase the understanding of how flux circulation at Mercury varies
with conditions in the solar wind.

The BepiColombo mission [Benkhoff et al., 2010] is currently en route to Mer-

cury, and upon arrival in December 2025 will provide measurements of upstream
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solar wind properties that will facilitate a greatly improved magnetopause model.
Crucially, it will also provide extensive coverage of the southern hemisphere dayside
magnetosphere, filling in substantial data gaps from the MESSENGER orbital cov-
erage. The improved coverage will also enable development of the results of Chapter
5, with significant southern hemisphere observations of flux transfer events allowing
for the reconnection X-line location to be more precisely calculated.

The MESSENGER mission did not provide sufficient plasma measurements to
accompany the magnetometer observations of FTEs, but improved plasma mea-
surements from the Mercury Magnetospheric Orbiter [Saito et al., 2010], one of two
spacecraft in the BepiColombo mission, will provide further information about the
flows driving magnetospheric convection that was estimated from FTE motions in
Chapter 5. Additional FTE observations, both from the remaining MESSENGER
data and BepiColombo, will allow construction of similar convection diagrams for
magnetosheath field oriented predominantly along +Y},¢,,-

Although FTE observations have been shown to depend strongly on the orienta-
tion of the IMF, the effect of the magnetosheath field strength remains unexplained.
Given the significant quantity of magnetic flux transported by FTEs, it is impor-
tant to investigate whether the rate of formation shows any preference for either
symmetric or asymmetric reconnection to further understanding of the overall mag-

netospheric dynamics at Mercury across a range of solar wind conditions.
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