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Abstract

The solar wind is a collisionless plasma that flows at hundreds of km/s away from the

Sun into interplanetary space. Despite over half a century of solar wind research many

questions remain unanswered. To address these questions, in situ data from small helio-

centric distances is required. To date, Parker Solar Probe (PSP) is the only spacecraft to

measure data within 0.29 au. Therefore, the PSP data set offers a unique opportunity to

study the near-Sun solar wind.

The data from the Solar Probe Cup instrument are fitted to extract bulk solar wind pa-

rameters. These parameters are used in conjunction with data from the SPAN and MAG

instruments to analyse three structures found in the solar wind: switchbacks, patches and

quiet periods.

The ion velocity distribution functions within full-reversal switchbacks are shown to be

consistent with a velocity-space rotation of the background plasma. This suggests that the

proton core parallel temperature is the same inside and outside of full-reversal switchbacks

despite the enhanced plasma velocity above the background.

The solar wind associated with two switchback patches is found to be consistent with slow

Alfvénic solar wind from near the boundary of the southern polar coronal hole. A patch

is also found to have a particularly low α−particle abundance which is in contrast to a

subsequent study, suggesting that α−particle abundance within patches is variable.

Quiet periods are found to be consistent with longitudinal solar wind streams in close

proximity to the heliospheric current sheet (HCS). The typical longitudinal scale size of

these quiet periods is ∼2◦. However, most quiet period durations are not consistent with

this scale, as they are modulated by PSP’s orbital trajectory and the HCS dynamics.

3



Acknowledgements

I would like to thank all the people who have helped me reach this stage, I could not have

done it without you.

To Lorenzo, thank you so much for the last three years. You have helped me so much! I

will always appreciate our many talks about physics and our many talks about Italy!

To Tim, thanks for always pushing me to publish and present my work. You really helped

to motivate me, particularly in the depths of lockdown!

To Chadi, I am so grateful that you hosted me at UC Berkeley. I had a fantastic experience

throughout the whole trip, thank you.

To Stuart, Julia and Lloyd, thank you for all the insightful discussions and your patience

when describing turbulence to me!

Thanks to Ronan, Adrian, Sophia, Earn and Ozzy for sharing an office and many adven-

tures with me.

Thank you to everyone else in the Space and Atmospheric Physics group that I met along

the way.

Thanks to Robert Wicks and Robert Forsyth for taking the time to assess me throughout

my viva. I really enjoyed answering your insightful questions and engaging in interesting

discussions.

Thank you to Mum, Dad, Meg and the rest of my family. In particular I want to thank

Granny who took the time to read through this whole thesis!

To Phil, Griffin and Ewa, thanks for entertaining me during lockdown and making lunch

times a lot more fun!

And finally thanks to Silvia for putting up with me for the last five and a half years.

4



Contents

1 Introduction 13

2 Background 14

2.1 Plasma Theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.1.1 Kinetic Regime . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

2.1.2 Fluid Regime . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.2 The Sun . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

2.2.1 The Solar Cycle and Magnetic Field . . . . . . . . . . . . . . . . . 19

2.2.2 Solar Features . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

2.3 Solar Wind Theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

2.3.1 Parker’s Solar Wind . . . . . . . . . . . . . . . . . . . . . . . . . . 23

2.3.2 The Parker Spiral . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

2.3.3 Chew-Goldberger-Low Invariants . . . . . . . . . . . . . . . . . . . 26

2.4 Solar Wind Observations . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

2.4.1 Velocity Distribution Functions . . . . . . . . . . . . . . . . . . . . 28

2.4.2 Composition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

2.4.3 Alfvén Waves in the Solar Wind . . . . . . . . . . . . . . . . . . . . 33

2.4.4 Categorisation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
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2.12 Latitudinal Solar Wind Distribution Measured by Ulysses . . . . . . . . . . 38
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Chapter 1

Introduction

The solar wind is a collisionless plasma that expands into the heliosphere at very high

velocities (∼ 200-800 km/s). Its most abundant constituents are protons and electrons,

but it also contains ionised helium (a few % by number density) and traces of heavier ions.

The solar wind has a direct influence on the Earth, making it an important phenomenon

to study. Over the last 60 years, many spacecraft have measured the solar wind in situ

and measured the Sun using remote instruments. However, it is still extremely difficult

to connect remote sensing observations with in situ data, particularly as the solar wind

evolves significantly as it travels away from the Sun. In order to connect remote and in

situ data, a better understanding of the near-Sun solar wind is needed. This is where the

Parker Solar Probe mission comes in.

The Parker Solar Probe (PSP; Fox et al., 2016) mission was launched in August 2018

and since then has continued to take in situ measurements down to closer heliocentric

distances. The early PSP observations indicate a highly-structured near-Sun solar wind

that is very different from the solar wind measured at Earth. The high cadence of PSP

data provides a fantastic opportunity to investigate these structures and to gain an un-

derstanding of the state of the solar wind as it leaves the Sun.

In this thesis, the PSP data set is exploited to develop knowledge about various solar

wind structures. In Chapter 2, the relevant plasma and solar wind physics is outlined.

Chapter 3 outlines a method for fitting the data from the Faraday cup on board PSP, and

Chapters 4, 5, and 6 contain studies on three different structures in the near-Sun solar

wind. Chapter 7 presents the conclusions of this thesis and possibilities for future work.
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Chapter 2

Background

In this chapter, the relevant background information is outlined. The chapter begins

with a discussion of plasma theory, focusing on the kinetic and fluid approaches. The

concepts discussed here are based on two textbooks: Baumjohann and Treumann (1997)

and Meyer-Vernet (2012). Key features of the Sun’s atmosphere are then given before

both solar wind theory and observational results are discussed. The chapter ends with an

outline of common instrumentation and the current space missions providing vital data

for solar wind studies.

2.1 Plasma Theory

A plasma is typically a hot, ionised gas in which particles exhibit collective behaviour

due to coupled magnetic (B) and electric (E) fields. The treatment of plasmas differs

from that of gases in statistical mechanics and thermodynamics due to the coupling of

B and E, and because certain plasmas (e.g. space plasmas) cannot reach an equilibrium

state through collisions alone. Plasmas which have a low rate of collisions are often called

collisionless plasmas. The solar wind, for example, is a collisionless plasma.

There is a variety of different methods one can use when addressing plasma physics.

The simplest approach, called particle orbit theory, relies on calculating the Lorentz force

on a particle of mass m, charge q, and velocity v for given magnetic and electric fields:

F = q(E + v×B). (2.1)

This method works well when the electric and magnetic field are not significantly influ-

14
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enced by the particle motion. However, this method is not appropriate in a plasma as

E and B need to be updated as the particles move. For plasma physics, there are two

commonly used self consistent approaches: the kinetic approach which focuses on particle

distribution functions and the fluid approach which considers the bulk plasma properties.

2.1.1 Kinetic Regime

The kinetic approach to plasma physics considers the plasma in a statistical sense rather

than tracking individual particles. This is done by considering the distribution of each

particle species in 6-dimensional phase space (i.e. 3 velocity and 3 spatial dimensions).

The distribution function, f(r,v, t), of a particle species is defined as the probability of

finding a given particle in a given phase space volume element.

In general, the evolution of distribution functions is given by the Boltzmann equation:

∂f(r,v, t)

∂t
+ v · ∇Xf(r,v, t) +

q

m
(E + v×B) · ∇vf(r,v, t) =

(
∂f(r,v, t)

∂t

)
c

, (2.2)

where ∇X and ∇v are spatial and velocity derivatives, respectively. The Boltzmann

equation applies to non-plasmas too, but here the Lorentz force (Eq. 2.1) is included to

make it applicable to plasmas. The term on the right hand side of Eq. 2.2 contains all

the changes of f(r,v, t) due to collisions. In order to solve the Boltzmann equation, the

form of this collisional term is required. However, because space plasmas are collisionless,

it is possible to drop this term and get the Vlasov equation:

∂f(r,v, t)

∂t
+ v · ∇Xf(r,v, t) +

q

m
(E + v×B) · ∇vf(r,v, t) = 0. (2.3)

The Vlasov equation describes the evolution of particle distribution functions in a colli-

sionless plasma such as the solar wind. The electric and magnetic fields within the Vlasov

equation are governed by Maxwell’s equations:

∇ ·B = 0 (2.4)

∇ · E =
ρc
ε0

(2.5)
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Chapter 2: Background

∇×B = µ0j + ε0µ0
∂E

∂t
(2.6)

∇× E = −∂B

∂t
, (2.7)

where ρc is the charge density and j is the current density.

2.1.2 Fluid Regime

The fluid regime for studying plasma physics focuses on understanding the evolution of

bulk parameters. Fluid descriptions are governed by a set of equations that can be derived

by taking higher order velocity moments of the Vlasov equation and by making suitable

assumptions and simplifications. Here single fluid ideal magnetohydrodynamics (MHD),

which is one of the most commonly used fluid plasma descriptions, is considered.

2.1.2.1 Ideal Magnetohydrodynamics

In ideal MHD, it is assumed that the plasma is a perfectly conducting fluid with no

viscosity and non-relativistic velocities. Under these assumptions an ideal MHD plasma

is described by the following equations (in the absence of gravity):

∂ρ

∂t
+∇ · (ρu) = 0 (2.8)

ρ

(
∂

∂t
+ u · ∇

)
u = −∇P +

(B · ∇)B

µ0

−∇
(
B2

2µ0

)
(2.9)

∂B

∂t
= ∇× (u×B), (2.10)

where u is the bulk plasma velocity of the single fluid, ρ is the the mass density and

P is the scalar pressure. This set of 7 equations (Eq. 2.8 - 2.10) has 8 unknowns and

therefore requires a closure equation. A common assumption when applying ideal MHD

to the solar wind is that the plasma behaves as an adiabatic monatomic ideal gas. The

ideal MHD equations can then be closed with the adiabatic energy equation:

d

dt

(
P

ργ

)
= 0, (2.11)
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where γ = 5/3 for a monatomic gas.

2.1.2.2 Plasma β

The final term on the right hand side of Eq. 2.9 is the gradient of the magnetic pressure

(PB = B2/2µ0). This means that there is both a thermal pressure (∇P ) and a magnetic

pressure (∇PB) term in the momentum equation. The relative sizes of these two pressure

terms vary. Therefore, the ratio of them is used to determine whether thermal or magnetic

pressure controls the plasma dynamics. This ratio, called the plasma β, is defined as:

β =
P

PB
=

2µ0nkBT

B2
. (2.12)

When β << 1 then the magnetic pressure dominates over the thermal pressure. However,

if β >> 1, the thermal pressure dominates over the magnetic pressure.

2.1.2.3 Frozen-in Flux

An interesting result that is worth discussing with the ideal MHD assumptions is the

frozen-in flux theory. In the MHD picture, a plasma with some resistivity obeys the

following form of Ohm’s law:

E + u×B = ηj, (2.13)

where η is the electrical resistivity. The term on the right hand side, therefore, corresponds

to the resistivity of the plasma. When this term is non-zero, it is possible for magnetic

field lines to diffuse through the plasma. However, under the ideal MHD assumptions

this resistivity term is zero, which means that the magnetic field can no longer diffuse.

Instead the magnetic field lines are ‘frozen-in’ to the plasma and can be dragged around

by the plasma motion (Alfvén’s theorem; Alfvén, 1942). Equally, plasma from different

magnetic field lines cannot mix and remains confined to its original field. The frozen-in

theory forms the basis of the Parker spiral model for the interplanetary magnetic field

which is discussed in Sect. 2.3.2.

2.1.2.4 Alfvén Waves

Plasmas often play host to a variety of fluctuations and waves at many scales. Within the

MHD picture, a plasma can only maintain 3 distinct types of wave. These are the slow
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magnetosonic, fast magnetosonic and Alfvén wave (Alfvén, 1942) modes. In this thesis,

the latter are the main focus as the solar wind is full of fluctuations consistent with Alfvén

waves (Belcher and Davis, 1971).

Alfvén waves are fluctuations that travel along the magnetic field (at the Alfvén speed,

vA) and are supported by the magnetic field tension, which provides the restoring force.

Individual Alfvén waves are incompressible, meaning that both plasma density and |B|
remain constant. The highly correlated fluctuations in the magnetic field and plasma

velocity caused by Alfvén waves are related by:

δv

vA
∝ ±|δB||B| , (2.14)

where vA is given by (Alfvén, 1942):

vA =
|B|√
µ0ρ

. (2.15)

2.2 The Sun

The Sun is a 4.6 billion-year-old main sequence star at the centre of the solar system. It

has a radius of ∼695,700 km and is, on average, 1.496×108 km (1 astronomical unit) from

the Earth. Despite this seemingly large separation, the Sun heavily influences the Earth,

causing space weather events (e.g. Carrington 1859) that have the potential to damage

satellite and communication systems (see e.g. Morley, 2020). Therefore, it is important

to study the Sun not only from a science understanding perspective but also to aid with

space weather prediction and mitigation.

The Sun, like many bodies in the solar system, consists of layers which are dominated

by different processes. At the centre of the Sun is the core where hydrogen fuses to form

helium, releasing an abundance of energy. The core is the densest and hottest region

of the Sun and extends out to approximately 0.25RS. Surrounding the core is the ra-

diative zone where radiation dominates the transport of energy towards the surface. At

0.7-1.0RS, bulk convective motion supersedes radiation as the dominant form of energy

transfer (this is called the convective zone). This convective motion brings plasma to the

photosphere (which is considered to be the Sun’s surface) forming a granulation pattern

that is observable with remote measurements (see Fig. 2.1). The photosphere is the deep-
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Figure 2.1: Solar granulation pattern observed by the Swedish Vacuum Solar Telescope. The

brighter regions show hotter, rising plasma and the darker regions show colder, falling plasma.

Figure credit: Vasco Henriques, Henriques (2010).

est layer of the Sun that is optically thin to visible light and the plasma in the photosphere

has a temperature of ∼ 5,800 K. Above the photosphere is the solar atmosphere which

consists of the chromosphere, transition region and the corona. The temperature of the

solar atmosphere increases from the chromosphere to the corona, with an extremely sharp

increase within the transition region (see Fig. 2.2). The temperature of the solar corona

is ∼ 106 K. It is currently unclear how the corona is heated to these high temperatures

given its large distance from the Sun’s energy source. This is often referred to as the

coronal heating problem (Klimchuk, 2006).

2.2.1 The Solar Cycle and Magnetic Field

The conditions of the Sun periodically change over the course of the solar cycle which is

driven by the Sun’s internal dynamo. The behaviour of this cycle is closely related to the

number of sunspots.

Sunspots are dark features on the photosphere (see Fig. 2.3) that have been recorded

for hundreds of years (Solanki, 2003). These features can last from hours to months

with the largest sunspots typically having the longest durations (Petrovay and van Driel-

Gesztelyi, 1997). Sunspots are known to be associated with strong magnetic fields (e.g.

Hale, 1908), and it is thought that they appear darker because these strong fields inhibit

the energy transfer from convective motion at the photosphere. The number of sunspots
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Figure 2.2: Temperature and electron density profiles in the solar atmosphere. These profiles

have been constructed using various solar models following the procedure outlined in Meyer-

Vernet (2012). The dashed lines are interpolations between models. Figure credit: Meyer-Vernet

(2012). Reproduced (with minor edits) with permission of Cambridge University Press through

PLSclear.

varies with a periodicity of approximately 11 years (Schove, 1955) and is closely related

to the magnetic field of the Sun. More sunspots coincide with a greater level of solar

magnetic activity (Harvey, 1992).

At solar minimum (see left panel in Fig. 2.3), the number of sunspots is very small

(and often zero) and the magnetic field of the Sun is dipole-like. The magnetic field is

well organised into regions of open magnetic field - field lines with one end connected to

the Sun and one end extended out into interplanetary space, and closed magnetic field

- field lines with both ends connected to the Sun. The open magnetic field is found at

either pole and the closed field lines occupy the equatorial regions of the Sun. In this

ordered configuration, the opposite polarity open field from each pole extends towards the

equatorial plane where they are separated by a flat current sheet, as required by Maxwell’s

equations. This current sheet is referred to as the heliospheric current sheet (HCS).

As the solar activity (and sunspot number) increases, the magnetic field of the Sun

becomes less ordered. At solar maximum (maximum number of sunspots, see right panel

in Fig. 2.3), it is no longer well approximated by a dipole, and open and closed field

lines can be found at all latitudes. The HCS no longer remains flat and close to the
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Solar Minimum Solar Maximum

Figure 2.3: Image showing the occurrence of sunspots at solar minimum (left) and maximum

(right). Figure credit: NASA’s Goddard Space Flight Center / Joy Ng, Ng (2020).

equatorial plane as it has to separate a much more complex magnetic field configuration.

This leads to a highly warped and structured HCS. Every 11 years during solar maximum,

the polarity of the Sun reverses, leading to a 22 year magnetic field cycle. After solar

maximum the solar activity decreases again. The Sun returns to solar minimum but with

an opposite polarity magnetic field to the previous solar minimum.

2.2.2 Solar Features

There are many solar features that are distinguishable using remote observations. These

features change and evolve as the solar cycle progresses, with some completely disappear-

ing at solar minimum. An outline of the key features is given below.

2.2.2.1 Solar Granulation

Solar granulation is the visible component of the convective motion that brings plasma

from the solar interior to the photosphere. This motion appears as irregular cells with

contrasting brightness (see Fig. 2.1). The observed brightness differences are due to

temperature variations between the hot, rising plasma and cold, falling plasma. Typically,

these granules have a length scale of ∼ 1Mm and increase in size slightly during periods

of higher solar activity (Ballot et al., 2021).
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2.2.2.2 Coronal Holes

Coronal holes appear as darker regions in ultraviolet and X-ray images due to the reduced

plasma density inside them (see Fig. 2.4). These features are associated with regions of

open magnetic field and are predominantly confined to the poles during solar minimum.

During solar maximum, they are found at various latitudes as the Sun’s magnetic field

becomes more disordered. The boundaries of coronal holes continuously change and evolve

on a daily basis, and individual coronal holes can spontaneously appear or disappear

throughout the solar cycle.

2.2.2.3 Active Regions

Active regions, in contrast to coronal holes, appear as very bright regions in solar images.

This is a direct result of the high density within these structures. Active regions are

particularly complex as they contain both open and closed magnetic field which can

interact with each other and evolve. The solar cycle heavily modulates the presence of

active regions, with very few occurring during solar minimum. Fig. 2.4 shows an image

of the Sun with an active region shown by the white box.

2.2.2.4 Streamers

Streamers are magnetic field structures that form when open magnetic field lines rooted

in different locations on the Sun converge towards each other. If these open field lines

have opposite polarities then the structure is referred to as a helmet streamer, and if the

open field lines have the same polarity then it is called a pseudo streamer. One of the

big differences between these two types of structures is that helmet streamers, according

to Maxwell’s equations, must contain a current sheet that separates the opposite polarity

magnetic field. This is not necessary for pseudo streamers.

During solar minimum when the solar magnetic field is well-organised and dipole-like,

helmet streamers typically form from field lines rooted in opposite hemispheres. In this

case, the converging open field is separated by the heliospheric current sheet and the region

surrounding the HCS is commonly referred to as the streamer belt. At solar maximum,

helmet streamers can form in a single hemisphere due to more complicated solar magnetic

field structure. Pseudo streamers can also form during all stages of the solar cycle.
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Figure 2.4: 19.3nm AIA image of the solar corona taken on May 22, 2021 at 17:47:52. The

dark regions at each pole (green boxes) are coronal holes and the bright feature in the centre of

the Sun (white box) is an active region. Figure credit: NASA SDO and the AIA team.

2.3 Solar Wind Theory

The solar wind is a collisionless plasma that expands into the heliosphere at speeds ∼
400 km/s. It is an extension of the Sun’s corona that fills interplanetary space. In this

section, an outline of the key solar wind theory is provided before Sect. 2.4 describes solar

wind observations to date.

2.3.1 Parker’s Solar Wind

Early observations of the inner heliosphere revealed that comet tails were always located

on the anti-sunward side of the comet (Biermann, 1957). These findings were consistent

with a continual flow of material outward from the Sun (Parker, 1958). In 1958, Eugene

Parker suggested that such a flow could be driven by pressure gradients using a purely

hydrodynamic argument (Parker, 1958). This flow is now known as the solar wind. The

key results of Parker (1958) are detailed below.

Under the assumption of a radial, spherically symmetric fully-ionised fluid it is possible

to show that the two governing hydrodynamic equations are:
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u
du

dr
= −1

ρ

dP

dr
− GMS

r2
(2.16)

ρur2 = constant, (2.17)

where u is the fluid bulk speed, ρ is the mass density, MS is the solar mass, and P (=

2nkBT ) is the total pressure. By assuming that the fluid, with average particle mass m,

is isothermal (as Parker (1958) did) the bulk speed of the fluid is governed by:

1

u

du

dr

(
u2

ω2
− 1

)
=

2

r2
(r − rc) , (2.18)

where:

rc =
GMS

2ω2
critical radius (2.19)

and

ω2 =
2kBT

m
thermal speed. (2.20)

Eq. 2.18 can then be used to understand how the solar wind evolves with distance.

Eq. 2.18 is not analytically solvable, but an idea of the resulting solar wind can be

obtained by considering various cases. The final conditions of the solar wind depend

on the solar wind speed when it reaches the critical radius. There are two important

situations to consider.

1. If, when the solar wind reaches rc, it has a speed smaller than the thermal speed

(i.e. u < ω) then the maximum wind speed is limited to the wind speed at rc.

At distances larger than rc, the wind decelerates and the bulk speed approaches

0 as r → ∞. This behaviour is evident as du
dr

< 0 for r > rc. This solution

involves a solar wind speed that initially increases with heliocentric distance, but

then decreases after the critical radius. This is often referred to as a solar breeze

due to its subsonic flow speed.

2. Alternatively, if the solar wind speed matches the thermal speed (i.e. u = ω) as the

solar wind reaches rc, the solar wind will continue to accelerate for all heliocentric

distances. In this case, du
dr
> 0 for all r. The acceleration of this wind falls with he-

liocentric distance but never becomes negative as in scenario 1. At large heliocentric

distances this solar wind has a supersonic flow speed.
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Figure 2.5: Two solutions to the solar wind equation (Eq. 2.18). The blue line shows the case

of a supersonic solar wind and the orange line shows a subsonic solar breeze.

Fig. 2.5 shows the bulk velocity profile for the scenarios outlined above. These are

the only two physically reasonable solutions of an escaping solar wind (i.e. no infinite

acceleration and no infinite speed as r → 0). Scenario 2 is directly applicable to the

Sun and is consistent with the supersonic solar wind observed in the heliosphere. In

fact, it was shortly after Parker’s original paper that in situ measurements (e.g. Gringauz

et al., 1960; Neugebauer and Snyder, 1962) confirmed Parker’s theoretical predictions.

The solar wind speeds that result from scenario 2 are also consistent with Biermann’s

cometary observations (Biermann, 1957).

It is worth noting that while the Parker model makes many simplified assumptions,

such as not considering plasma waves, qualitatively it is still applicable to aspects of

the solar wind. For example, work with Parker Solar Probe (see Sect. 2.6) showed

that a thermally driven wind could explain the slowest solar wind speeds, but that extra

acceleration is needed for faster wind (Halekas et al., 2022).

2.3.2 The Parker Spiral

Due to the frozen-in theory (see Sect. 2.1.2.3), as the solar wind expands into the helio-

sphere it drags the magnetic field with it. This forms an interplanetary magnetic field.

By assuming a purely radial solar wind flow with speed (vSW ), Parker (1958) derived a
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general equation for this interplanetary magnetic field. This general equation describes

two parcels of plasma released from the same source at different times. Under the as-

sumption of frozen-in magnetic field these two plasma parcels are connected by a single

magnetic field line. The ratio of the azimuthal and radial magnetic field components that

threads these two parcels is given by:

Bφ

BR

=
−vSW
Ωrcosθ

. (2.21)

where Ω is the rotation rate of the Sun, r is heliocentric distance and θ is the latitude.

Using the conservation of magnetic flux (i.e. BR ∝ r−2) leads to the general form of the

interplanetary magnetic field:

BR = BR,0

(r0
r

)2
(2.22)

Bφ = −Ωrcosθ

vSW
BR,0

(r0
r

)2
(2.23)

These equations describe an Archimedean spiral (see Fig. 2.6). They predict that the

magnetic field should be approximately radial close to the Sun and more tangential at

large heliocentric distances. They also suggest that solar wind with lower speeds will

form tighter magnetic field spirals. Comparisons between these equations and the in situ

measured magnetic field show good agreement, particularly in low latitude solar wind

(Forsyth et al., 1995).

2.3.3 Chew-Goldberger-Low Invariants

Owing to the low collisionality of solar wind plasma, different temperatures (i.e. pres-

sures) are often measured parallel and perpendicular to the local magnetic field. The

simplification of a scalar pressure in the ideal MHD equations then breaks down and

it becomes necessary to consider separate pressures parallel and perpendicular to B. In

this scenario it is possible to derive two closure equations called the double-adiabatic or

Chew-Goldberger-Low (CGL) invariants (Chew et al., 1956). The CGL invariants are:

d

dt

(
p‖B2

n3

)
= 0 (2.24)

and
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Figure 2.6: Schematic showing the theoretical shape of the interplanetary magnetic field for

three solar wind speeds. This figure is based on the Parker spiral equations (Eqs. 2.22 and

2.23). The outer grey circle represents 0.5 au. The Sun’s radius has been enlarged by a factor

of 10 to make it clearer.

d

dt

( p⊥
nB

)
= 0. (2.25)

These equations close the ideal MHD equations with separate perpendicular and parallel

pressures, which is more representative of solar wind observations. It should be noted

that in the derivation of Eqs. 2.24 and 2.25 it is assumed that the plasma varies much

more slowly than the timescale of particle gyration.

Using the ideal gas equation (P = nkBT ), it is possible to re-write the CGL invariants

in terms of the plasma temperature:

T‖ ∝
( n
B

)2
(2.26)

T⊥ ∝ B. (2.27)

These equations can then be used to predict how the plasma temperatures will evolve

as the solar wind expands. For example, with a purely radial magnetic field (B ∝ r−2),

as expected close to the Sun, and a constant radial solar wind velocity (n ∝ r−2), the

temperatures scale as:
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T‖ = constant (2.28)

T⊥ ∝ r−2. (2.29)

Interestingly, in situ measurements of the solar wind typically deviate from CGL pre-

dictions, with T‖ decreasing faster and T⊥ decreasing more slowly than expected. This

suggests that an adiabatic description of solar wind expansion is not accurate and addi-

tional heating or cooling mechanisms are needed (see Sects. 2.4.7 and 5.10).

2.4 Solar Wind Observations

Since the first solar wind measurements were taken in the 1960s (e.g. Gringauz et al.,

1960; Neugebauer and Snyder, 1962) many other missions, including Helios (Marsch et al.,

1982b,a), WIND (Ogilvie et al., 1995), and Ulysses (Balogh et al., 1992; Bame et al., 1992),

have observed the solar wind. These missions have been key to developing our knowledge

of the solar wind and how it evolves. Here an outline of our current understanding of the

solar wind is given.

2.4.1 Velocity Distribution Functions

In space physics, it is common to focus on 3D velocity distribution functions (VDFs)

rather than full six-dimensional phase space distributions. The treatment of plasma VDFs

is slightly different to gases for which it is common to fit a Maxwellian distribution. This

difference arises because space plasmas are not regulated by collisions, but instead by

Coulomb interactions and plasma instabilities. This often results in space plasmas having

different temperatures parallel (T‖) and perpendicular (T⊥) to the background magnetic

field (Marsch et al., 1981). These temperatures represent the spread of particle velocities

in the VDF. To account for this when fitting, a bi-Maxwellian distribution can be used

for each particle species of mass m:

f(v) =
n

T⊥T
1/2
‖

(
m

2πkB

)3/2

exp

(
− m

2kB

[
(v⊥ − v⊥,0)2

T⊥
− (v‖ − v‖,0)2

T‖

])
. (2.30)

28



Chapter 2: Background

From this fit the particle number density (n), bulk velocity parallel (v‖,0) and perpendicu-

lar (v⊥,0) to the magnetic field, and temperatures can be found. In practice, VDFs in the

solar wind are rarely perfectly described by a Maxwellian (or bi-Maxwellian) and often

exhibit more non-equilibrium features such as large differential velocities and additional

populations. Fitting Maxwellians to these distributions is therefore an effective tool, but

addressing the VDFs themselves is also essential (e.g. see Chapter 4).

2.4.1.1 Ion Velocity Distribution Functions

Solar wind ion VDFs usually contain both proton and α−particle populations, reflecting

the composition of the corona. In fact, there is often a proton core, proton beam and an

α−particle population (Hundhausen et al., 1967; Feldman et al., 1973). This α−particle

population can sometimes also be subdivided into a core and beam (Asbridge et al.,

1974; Feldman et al., 1974). The proton core contains the majority of protons (∼ 90%

by number density) and is therefore the most important ion population for solar wind

dynamics. The proton beam, on the other hand, is smaller and often travels faster than

the core (Hundhausen et al., 1967; Marsch et al., 1982b). The exact origins of the proton

beam are still unknown. The velocity vector describing the difference in proton core and

beam velocities is always aligned (anti-)parallel to the local magnetic field (Hundhausen

et al., 1967) and the magnitude of this vector is typically ∼ vA (i.e. the local Alfvén

speed, see Sect. 2.1.2.4; Marsch et al., 1982b). There are times when the proton core is

faster than the beam due to Alfvénic fluctuations, but the explanation of these is covered

in Chapter 3. The α−particle population is also field-aligned and faster than the proton

core (Hirshberg et al., 1974; Asbridge et al., 1976). The drift between the proton core and

α−particles is often ∼ vA as well (Marsch et al., 1982a). If the data resolution is high

enough, it is possible to fit Eq. 2.30 to each individual particle population.

Fig. 2.7 shows a selection of Helios-measured proton VDFs in the plane containing

the local magnetic field. The colours show the relative number density of ions in each

plot (red is largest, blue is smallest). Approximately circular contours indicate isotropic

temperatures (i.e. T⊥ = T‖) and elliptical contours indicate anisotropic temperatures

(i.e. T⊥ 6= T‖). Panels A and D show examples of isotropic proton core populations

with no clear beam population. The remaining panels show proton cores with various

temperature anisotropies and field-aligned populations. Each field-aligned population is

likely a proton beam. The evidence for these field-aligned populations is a bulge in the
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Helios: Evolution of Distribution Functions 0.3–1 AU 25

Fig. 1 Proton velocity distribution functions for three types of solar wind: Slow (left column), intermedi-
ate-speed (middle), and fast (right). The heliocentric distance decreases from top to bottom as indicated in
the respective frames. Increasingly strong deviations from a Maxwellian occur at smaller distances from the
Sun, with proton beams along the field (dashed lines) and large anisotropies perpendicular to the field in the
core

isotropic collisional core (96%), a hot skewed halo (4%) population, and often a narrow
field-aligned strahl. The VFDs have often been modelled by two convecting bi-Maxwellians
as illustrated by inverse parabolas in the top part of Fig. 2, which was taken from the Helios
electron measurements published by Pilipp et al. (1987a, 1987b). Maksimovic et al. (1997)
also fitted the Ulysses electron distributions with so called kappa functions. Maksimovic et
al. (2005) studied the radial evolution of the electron VDFs in the fast solar wind between
0.3 and 1.5 AU and found clear evidence for a decline of the strahl intensity. The radial
temperature profiles of the electrons from Helios measurements were presented by Marsch
et al. (1989), and found to be flatter than those of the ions.

Figure 2.7: Example proton velocity distribution functions measured by the Helios spacecraft.

For each distribution, the heliocentric distance and solar wind speed is labelled at the bottom.

The colour gradient goes from red (the largest density) to blue (smallest density). The straight

dashed black line shows the local magnetic field orientation. Figure credit: Marsch (2012).

©Springer Science Business Media B.V. (2010). Reproduced with permission. Figure is not

included in any open access license of this thesis.
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Figure 2.8: Example cuts through an electron VDF measured by Parker Solar Probe in the near-

Sun solar wind. The black arrows show the cut through the distribution parallel to the magnetic

field and the blue arrows show a cut perpendicular to the magnetic field. The direction of the

triangles indicates which instrument on board PSP measured the data: right pointed triangles

were measured by SPAN-A and left pointed triangles by SPAN-B (see Sect. 3.2 for more details

on the instruments on board PSP). The dashed blue and black lines show the Maxwellian fit

to the electron core for the perpendicular and parallel cuts, respectively. Figure credit: Berčič

et al. (2020). ©AAS. Reproduced with permission.

contours on one side of the core which is roughly centred on the magnetic field (dashed

line). More information on determining and fitting field-aligned populations is given in

Chapter 3.

2.4.1.2 Electron Velocity Distribution Functions

Electron VDFs, in a similar way to ion VDFs, typically have three main populations

(e.g. see Pilipp et al., 1987, and references therein). The electron core constitutes the

bulk of the electrons and is reasonably well described by a Maxwellian or bi-Maxwellian

distribution (e.g. Pierrard et al., 2016). As electrons in the solar wind are more collisional

than ions, the electron core tends to have a lower temperature anisotropy than the proton

core (Montgomery et al., 1968). The second electron population is called the halo and

has no clear counterpart in ion VDFs. The halo consists of the electrons which are faster

than the core electrons and can also display a temperature anisotropy (Feldman et al.,
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1975). The final electron population is the strahl, which is similar to the proton beam in

the sense that it is faster than the electron core population and field-aligned (e.g. Feldman

et al., 1978b). The strahl electrons are collimated along the magnetic field and have little

interaction with the surrounding plasma as they leave the Sun. This means the strahl

temperature could be a good proxy for the solar wind source temperature (Jockers, 1970;

Lemaire and Scherer, 1970, 1971; Maksimovic et al., 1997; Berčič et al., 2020).

Fig. 2.8 shows 1D cuts through an electron VDF measured in the solar wind. The

cut perpendicular to the magnetic field (blue points) is symmetrical. The parallel cut

(black points), however, has a high velocity population on the right hand side. This is

the field-aligned electron strahl population. The electron halo can be seen where the data

deviate from the Maxwellian electron core fits (dashed lines) at ±15× 103 km/s.

2.4.1.3 Deriving Macroscopic Quantities

Aside from fitting analytical functions to VDFs, it is also possible to extract bulk param-

eters by taking higher order moments of the distribution function. By taking the zeroth,

first, second and third order moments, it is possible to obtain the particle number density,

bulk velocity, pressure tensor and heat flux tensor, respectively:

n =

∫
f(v)d3v (2.31)

u =
1

n

∫
vf(v)d3v (2.32)

P = m

∫
(v− u)(v− u)f(v)d3v (2.33)

Q = m

∫
(v− u)(v− u)(v− u)f(v)d3v. (2.34)

2.4.2 Composition

Using data from velocity distribution functions makes it possible to understand the com-

position of the solar wind. For example, it is known that the solar wind consists predom-

inantly of protons and electrons, but also contains smaller fractions of heavier ions. The

second most abundant ion after hydrogen (protons) is ionised helium (α−particles), which
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is often quantified using the α−particle abundance (Aα = nα/np). Aα is typically between

3-6% in the solar wind (Ogilvie and Wilkerson, 1969; Robbins et al., 1970; Neugebauer,

1981; Alterman et al., 2021), but it varies over the solar cycle and for different solar wind

speeds. For example, during solar minimum Aα is approximately 1-2% in solar wind with

speeds < 400 km/s and approximately 4-5% for wind with speeds > 600 km/s (Bame

et al., 1977; Feldman et al., 1978a; Hirshberg et al., 1972; Kasper et al., 2007, 2012). At

solar maximum, however, this dependence on wind speed no longer holds and Aα ∼ 4-5%

for all wind speeds (Kasper et al., 2007, 2012). The cause of this variation in Aα over

the solar cycle and for different wind speeds is still debated, but could be due to the

solar wind source regions and/or acceleration processes (see Sect. 5.9 for a more detailed

discussion).

Aside from α−particles, there are other heavier ions in the solar wind plasma. These

include carbon and oxygen. As these heavier ions only contribute small fractions to the

plasma, they have limited influence on the solar wind dynamics, but can be useful tracers

of solar wind source regions (Bochsler, 2007). In this thesis, only protons and α−particles

are considered as Parker Solar Probe does not have a heavy ion instrument.

2.4.3 Alfvén Waves in the Solar Wind

The magnetic field in the solar wind fluctuates on a variety of timescales. In order to

describe the power associated with each frequency, magnetic field power spectra are used

(see Fig. 2.9). The magnetic field fluctuations in the solar wind transfer energy from

the largest scales (injection range) to the smallest scales (dissipation range), where the

fluctuations can then dissipate and heat the plasma. Between the injection and dissipation

ranges is the inertial range. In the inertial range the cascade of energy from larger to

smaller scales causes the magnetic field fluctuations to follow a power law dependence.

This power law is often used to distinguish between different types of solar wind and

source regions (e.g. Chen et al., 2021). In this thesis, the power law dependence is used

for this reason and further details of solar wind turbulence are left to other literature.

Solar wind observations show that the inertial range is filled with fluctuations that are

consistent with Alfvén waves (Belcher and Davis, 1971). These fluctuations are associated

with highly correlated magnetic field and velocity vectors, which is expected for Alfvén

waves (see Sect. 2.1.2.4). The magnetic field fluctuations caused by Alfvén waves in the

solar wind are of the same order as the field magnitude (non-linear Alfvén waves), which
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Figure 2.9: Power spectral density of magnetic field fluctuations measured by various spacecraft

(shown by different colour lines) in the solar wind. For each range of fluctuations, power laws

have been fitted (shown in black) and labelled on the figure. Figure adapted from Verscharen

et al. (2019).

can lead to local reversals in the magnetic field polarity (called switchbacks, see Chapter

4; e.g. Bale et al., 2019). Interestingly, the broad spectrum of Alfvén waves observed in

the solar wind displays a similar property to individual Alfvén waves: the plasma remains

incompressible (i.e. n and |B| remain constant). This results in the magnetic field vector

being confined to the surface of a sphere (i.e spherically polarised waves) with radius |B|
and centre (0, 0) nT. The presence of Alfvén waves in the solar wind causes the magnetic

field vector to fluctuate with the magnitude of that vector remaining constant to within

∼ 15% over several hours.

Alfvén waves also have a direct influence on the solar wind velocity. For example,

Matteini et al. (2014) argued that the increase in solar wind speed for increasing angles

between the magnetic field and radial direction was a direct result of anti-sunward Alfvénic

fluctuations. Further work has since shown that the proton core velocity (which is ap-

proximately equal to the solar wind bulk velocity) depends heavily on the magnetic field

orientation, whereas the α−particle velocity remains constant (Matteini et al., 2015b).
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This behaviour is shown in the left panel of Fig. 2.10, using the normal components of

the velocity and magnetic field normalised to the local Alfvén speed and magnetic field

magnitude, respectively. The x-axis is effectively a measure of the angle of the local

magnetic field from the ‘background’ field.

These velocity changes are consistent with a sphere in velocity space analogous to

the magnetic field sphere (see right panel of Fig. 2.10). In this case, the proton core

velocity changes due to the presence of Alfvénic fluctuations but remains confined to the

surface of a sphere (which is a circle in the 2D plane of Fig. 2.10) with radius ∼ vA

centred on ∼ (0, 850) km/s. The α−particles are located at the centre of this sphere and

do not exhibit significant velocity changes. This suggests that Alfvénic fluctuations, to

first order, cause a rigid velocity space rotation about the centre of the sphere (Matteini

et al., 2015b). As the proton core velocity (and therefore the solar wind bulk velocity) is

lower than the pivot of this rotation, its velocity is enhanced. The α−particles, however,

remain at approximately the same velocity as they are found very close to the pivot point

(Matteini et al., 2015b). Fig. 2.11 summarises this picture and shows how the velocity of

the proton core (yellow), α−particles (blue) and bulk solar wind speed (black) change as

the magnetic field vector rotates.

The exact centre and radius of this velocity circle are still unknown. The centre

is typically ∼ vA faster than the proton core along the local magnetic field direction

however, this is not always the case. It is currently unclear whether the centre of the

sphere depends on the theoretical local Alfvén speed or the local phase speed (which is

an empirical estimation of the local Alfvén speed). These two quantities are often similar

in the young solar wind, but they can deviate significantly from one another further from

the Sun (e.g. Matteini et al., 2014). For further discussion, see Sect. 4.3.3.

2.4.4 Categorisation

In an attempt to further understand the solar wind, it is often classified into different

modes. Historically, the solar wind was split purely on its bulk velocity into slow (< 400

km/s) and fast (> 600 km/s) wind. This classification, although simple, has proved useful

in many studies and has contributed to a better understanding of the solar wind. For

example, the fast wind is known to be hotter, have a larger ion temperature anisotropy,

lower density, and exhibit less variability than the slow solar wind (e.g. Marsch et al.,

1982b). The fast wind has also been found to have a higher correlation between magnetic
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Figure 2.10: (left) Scatter plot of the normal components of the velocity and magnetic field for

protons (black) and α−particles (blue) normalised by the local Alfvén speed and the total mag-

netic field magnitude, respectively. The red dashed line shows the gradient which corresponds

to the local Alfvén speed. (right) Scatter plot of the radial and normal velocity components

for protons and α−particles. The data used to make this figure were measured by the Helios

spacecraft during a fast solar wind stream. Figure credit: Matteini et al. (2015b). ©AAS.

Reproduced with permission.

field and velocity fluctuations (i.e. it is more Alfvénic). These fluctuations are larger

than in slow wind resulting in more power within the power spectra (see Sect. 2.4.3 for

an explanation of power spectra). During solar minimum, fast wind is typically found at

higher latitudes, whereas slow wind is located towards the solar equator. However, the

picture is more muddled at solar maximum (see Fig. 2.12). Fast solar wind is known to

come from coronal hole regions (e.g. Krieger et al., 1973; Nolte et al., 1976; Sheeley et al.,

1976; Cranmer, 2009), but the origin of slow solar wind is less clear. It is possible that the

greater variability seen in the slow wind is due to multiple source regions each releasing

slow wind with different characteristics. There is currently a range of candidates for slow

wind source regions (see e.g. Abbo et al., 2016) including: coronal hole boundaries (Wang

and Sheeley, 1994; Neugebauer et al., 1998), the streamer belt (e.g. Wang et al., 2000),

the S-web (Antiochos et al., 2011), active regions (Neugebauer et al., 2002; Harra et al.,

2008), or the quiet Sun (Viall and Borovsky, 2020). It is possible that the difficulties in

associating slow solar wind to a particular source region is driven by the inappropriate

classification based purely on bulk velocity. Therefore, a more refined categorisation may
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Figure 2.11: Schematic showing the motion of the proton core and the α−particles under

Alfvénic fluctuations. The proton core (yellow circle) is confined to the perimeter of a circle

(black dashed line) centred on the local Alfvén/phase speed. In three dimensions this corresponds

to the surface of a sphere, but only two dimensions are shown here for clarity. The α−particles

(blue circle) travel at the local Alfvén/phase speed and therefore do not experience a rotation.

The red arrows show the magnetic field orientation in each case. The total fluid speed is shown

by the black circle. Figure credit: Matteini et al. (2015b). ©AAS. Reproduced with permission.

help.

There have been many attempts to improve the way in which solar wind is split.

Zhao et al. (2009) suggested that solar wind should be classified based on its elemental

composition. The idea behind this is that the composition of solar wind is frozen-in at the

source and not altered by processes and in situ interactions. One impracticality with this

classification method is that not all spacecraft have composition instruments on board,

meaning that not all studies could utilise this categorisation. Other studies have tried

classifying the solar wind using entropy, Alfvén speed and the proton temperature (Xu

and Borovsky, 2015), or by applying machine learning techniques (Camporeale et al.,

2017; Li et al., 2020). Given the large amounts of data in space physics, machine learning

does offer a scalable method for classifying the solar wind. However, machine learning

methods can also be less interpretable. This thesis uses a simpler classification suggested

by D’Amicis and Bruno (2015), which separates the slow wind based on its Alfvénicity.
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Figure 1.6: Overview of the first two orbits of Ulysses. Panel a) shows the first orbit
during solar minimum, and panel b) during solar maximum. The solar images are for
illustration only, and show typical solar structure during solar minimum and maximum.
Taken directly from McComas et al. (2003)

In addition to protons and alphas, many other ion species are present in trace amounts

(Bochsler, 2007). These were first hypothesised to explain spacecraft measurements of

positive ion energy spectra (Bame et al., 1968), and later individually detected using ion

traps on the moon (Geiss et al., 1970) and more advanced composition instrumentation

on spacecraft (Ogilvie et al., 1980; Gloeckler et al., 1998).

Because the solar wind e↵ectively becomes collisionless after a few solar radii (Hund-

hausen et al., 1968), ions are no longer able to gain or lose electrons through electron–ion

collisions, and the fraction of di↵erent charge states becomes frozen in. Ion charge state ra-

tios can therefore be used as a tracer of the plasma properties at the freezing in point. The

most commonly used ratios are O7+/O6+ and C6+/C4+, which are positively correlated

with the electron temperature at the freezing in point (Hundhausen et al., 1968; Bochsler,

2007; Landi et al., 2012). Low charge state ratios are present in wind that originates in

coronal holes, which have relatively low electron temperatures, and high charge state ra-

tios are present in streamer belt and active region plasma that has relatively high electron

temperatures. This information can therefore be used to distinguish between coronal hole

and non-coronal hole solar wind (Geiss et al., 1995; Zhao et al., 2009).

24

Declining Phase & Solar Minimum Solar Maximum

Figure 2.12: Summary of the solar wind observed by the Ulysses spacecraft during a polar orbit

at solar minimum (left) and solar maximum (right). Red shows anti-sunward magnetic field and

blue shows sunward magnetic field. The distance of the lines from the centre indicates the solar

wind speed. Figure credit: McComas et al. (2003). ©AGU. Reproduced with permission.

2.4.5 Slow Alfvénic Solar Wind

Whilst the fast solar wind is always highly Alfvénic, the slow wind is not as well organised.

The slow wind can have both low and high Alfvénicity (D’Amicis and Bruno, 2015),

suggesting a more bimodal picture than fast wind. The earliest measurements of a highly

Alfvénic slow wind stream were made during the 1970s by the Helios mission (Marsch

et al., 1981). However, it was not until much later on that Alfvénicity was used as a way

to subdivide the slow wind. D’Amicis and Bruno (2015) suggested that splitting the slow

solar wind into an Alfvénic and a non-Alfvénic component may improve understanding

of slow solar wind origins.

The slow Alfvénic wind displays similar properties to fast solar wind (e.g. Perrone

et al., 2020). For example, both slow Alfvénic and fast wind have a large differential

velocity between the protons and α−particles (Berger et al., 2011; Alterman et al., 2018;

Stansby et al., 2020a). It is possible that the shared characteristics of high Alfvénicity

and large α−proton drift velocities indicates commonality in the source regions of fast

38



Chapter 2: Background

10

20

30
B 
[n
T]

(a)|B| BR

300

320

340

360

380

v p
c,
R
 [k

m
/s
](b)

vpc,R Rescaled BR

08-Mar
12:00

09-Mar
00:00

09-Mar
12:00

1975

40
50
60
70
80

n p
 [c
m

−3
]

(c)

Figure 2.13: Time series of a slow Alfvénic solar wind stream measured by the Helios mission in

1975. The panels show: (a) the magnetic field magnitude and radial component, (b) the proton

core radial velocity and the re-scaled radial component of the magnetic field, and (c) the proton

number density. BR has been re-scaled to show the correlation between vR and BR.

and slow Alfvénic wind. In fact, it has been suggested that slow Alfvénic solar wind may

come from the boundaries of coronal holes (D’Amicis and Bruno, 2015; Stakhiv et al.,

2015, 2016). In this case, the difference in the bulk speed between slow Alfvénic and fast

wind may be due to the expansion of individual flux tubes as the solar wind travels out

into the heliosphere (Levine et al., 1977; Wang and Sheeley, 1990; Wang et al., 1997). Fig.

2.13 shows an example slow Alfvénic solar wind stream measured by the Helios mission.

The non-Alfvénic slow wind, on the other hand, is distinct from fast solar wind. It

often displays variable mass fluxes (Stansby et al., 2019a) which could indicate a less stable

source region such as transients in the streamer belt (Einaudi et al., 1999; D’Amicis and

Bruno, 2015; Stansby et al., 2019a), or active regions (Neugebauer et al., 2002; Harra

et al., 2008; D’Amicis and Bruno, 2015). The relative amount of each type of solar wind

likely varies throughout the solar cycle, along with the associated source regions. For

example, during solar minimum when there are very few active regions, it is unlikely that

active regions contribute a significant fraction of the solar wind (Stansby et al., 2021).
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The picture of Alfvénic and non-Alfvénic wind can become less clear with increasing

heliocentric distance. This is because the solar wind evolves and interacts as it expands

into the heliosphere. A consequence of this is that it can be more difficult to distinguish

the different types of solar wind at 1 au.

Overall, the idea of Alfvénic and non-Alfvénic slow wind offers a good avenue to further

understand the origin of the solar wind. As this categorisation is relatively new, more

studies are needed to truly characterise these types of wind (see Chapter 5 for a study on

slow Alfvénic wind with PSP data). The currently active solar wind missions outlined in

Sect. 2.6 provide a great opportunity for such studies.

2.4.6 Proton Temperature-Velocity Relationships

The solar wind has long been known to exhibit a positive correlation between proton

temperature and velocity when averaged over timescales of a few hours and multiple

streams (Burlaga and Ogilvie, 1970). However, the cause of this temperature-velocity

(Tp− v) relationship remains unclear. The Tp− v relationship is not particularly sensitive

to the solar cycle (Burlaga and Ogilvie, 1973; Lopez and Freeman, 1986) but it does

have distinct behaviours for solar wind with speeds above and below 500 km/s (Lopez

and Freeman, 1986). This difference between slow and fast wind could be an indication

of varying processes within the young solar wind. The Tp − v relation does not remain

constant with heliocentric distance, but instead changes as the solar wind expands (Elliott

et al., 2012). In fact, Perrone et al. (2019b) showed using Helios data that the Tp − v

relationship evolves with heliocentric distance within the same stream of plasma. This

change for a single stream could be a direct result of the expansion of flux tubes (Perrone

et al., 2019b).

The reason a Tp − v relationship exists within the solar wind is actively debated. For

example, Matthaeus et al. (2006) has suggested that under specific conditions solar wind

turbulence could lead to the observed relationship between temperature and velocity. On

the other hand, Démoulin (2009) argues against turbulence as the driver and suggests

instead that the processes governing heating and acceleration in the young solar wind are

responsible. Démoulin (2009) notes that the observed Tp− v relationship could be caused

by numerous heating mechanisms, and therefore cannot be used solely to infer the exact

heating/acceleration mechanisms occurring close to the Sun.
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2.4.7 Radial Plasma Evolution

Another key observation about the solar wind is that it evolves with heliocentric distance,

meaning that the solar wind measured at the Earth is very different from the solar wind

that left the Sun. The scaling of key parameters is discussed below.

In a solar wind that expands outwards with a constant, purely-radial velocity, the

number density is expected to fall as r−2. In situ observations of the solar wind frequently

show good agreement with this prediction (Hellinger et al., 2011, 2013; Perrone et al.,

2019a) and small differences can be explained by acceleration or deceleration of the solar

wind through interactions with other streams (Hellinger et al., 2011).

Comparing the behaviour of |B| to predictions is slightly more complex as the mag-

netic field consists of components that scale differently with heliocentric distance. The

magnitude of a purely radial magnetic field, for example, should scale as r−2, whereas a

purely tangential (or normal) magnetic field should scale as r−1. In the solar wind, B

consists of radial, tangential and normal components (see Parker spiral in Sect. 2.3.2) and

it is the relative size of these components that determines the scaling. Close to the Sun B

is approximately radial and should scale as r−2, but at Earth B has radial and tangential

components that are roughly equal in magnitude and so should scale closer to r−1.5. Using

Helios measurements between 0.3 and 1 au, it has been shown that |B| ∼ r−1.6 (Hellinger

et al., 2011, 2013).

Finally, the behaviour of the parallel and perpendicular temperatures can be consid-

ered. A rough prediction of temperature scalings can be made by assuming that the

solar wind expands radially as an adiabatic gas with a single temperature (T ∼ r−4/3,

e.g. Baumjohann and Treumann, 1997). However, this fails to capture that, due to low

collisionality, the solar wind exhibits different temperatures perpendicular and parallel to

the magnetic field. Instead, the CGL adiabatic invariants (Eqs. 2.26 and 2.27) can be

used to predict the temperature evolution. There have been numerous studies that have

shown that solar wind observations differ from the predicted behaviour of an adiabatic

expansion (Marsch et al., 1982b; Hellinger et al., 2011, 2013). In fact, T‖ is often found

to decay faster with heliocentric distance than predicted while T⊥ decays more slowly

(Marsch et al., 1982b; Hellinger et al., 2011, 2013). This suggests that there is a cooling

mechanism acting on T‖ and a heating mechanism for T⊥ (see Sect. 5.10).
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2.5 Instrumentation

In order to take reliable measurements of the solar wind many different instruments are

used. In this section the operational principles behind electrostatic analysers and fluxgate

magnetometers are explained. A further instrument, called a Faraday cup, is extensively

detailed in Chapter 3. The following explanations are based on the work by Verscharen

et al. (2019).

2.5.1 Electrostatic Analysers

Electrostatic analysers (ESA) are used to measure the distribution of particles within the

solar wind. These instruments have been used on many spacecraft previously (e.g. Lin

et al., 1995; Halekas et al., 2015; Kasper et al., 2016) and often differ in design based on

the science requirements. However, the basic operational principles of all ESAs are the

same.

Fig. 2.14 shows the cross section of a basic top hat electrostatic analyser. The in-

strument consists of an aperture where particles can enter, a set of curved plates (often

called collimator plates), and a detector for measuring particle counts. A DC voltage

is applied to the collimator plates which creates an electric field between them. This

electric field deflects incoming particles so that only the ones reaching the detector have

a specific energy-to-charge ratio. By changing the voltage applied to the plates the re-

quired energy-to-charge ratio to reach the detector can be adjusted. This allows the

instrument to measure particle counts for many energy-to-charge ratios. For each voltage

the energy-to-charge ratio required to reach the detector is not a single value. Instead

there is a small range of ratios which is determined by the separation between the two

collimator plates. ESAs measure the counts of incoming particles for a combination of

energy-to-charge ratios, elevation angles and azimuthal angles. This allows a 3D particle

distribution function to be reconstructed from the data. One drawback of this ESA design

is that it is not possible to accurately distinguish between different particle species in the

detector counts. Therefore, ESAs can be equipped with a time-of-flight measurement to

differentiate particles. The plasma data used in Chapters 5 and 6 were measured by an

ESA.
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Figure 2.14: Cross section of a top hat electrostatic analyser. The instrument has three main

parts: the aperture, the curved collimator plates, and the detector. Particles enter the instru-

ment through the aperture before getting deflected by electric fields between the two collimator

plates. If particles have a specific energy-to-charge ratio (that depends on the electric field and

the collimator plates’ radius of curvature) they will reach the detector and be measured. Figure

credit: Verscharen et al. (2019).

2.5.2 Fluxgate Magnetometers

Fluxgate magnetometers are commonly used to measure magnetic fields in the solar wind.

Typically, they are useful for lower frequency measurements (<10 Hz) and search coil

magnetometers (not discussed here) are used for higher cadence measurements. Fluxgate

magnetometers have been used on many spacecraft to date (e.g. Lepping et al., 1995;

Balogh et al., 1997; Bale et al., 2016).

Fluxgate magnetometers consist of a ferromagnetic core with two coils (drive and

sense) wrapped around it (see Fig. 2.15). The ferromagnetic core responds to magnetic

field by becoming magnetised itself. If the magnetic field applied to the core is large

enough, the core’s magnetisation saturates and further increases in the external field

will not increase the magnetic field of the core. This saturation underpins how these

magnetometers work.

A periodic drive current is applied to create a magnetic field. In the absence of a solar

wind magnetic field (Bext = 0) all parts of the core (green and blue areas) saturate and

unsaturate at the same time (as the drive magnetic field is uniform throughout the core).

As the core is symmetrical, this results in no net change in magnetic flux. Therefore, no

current is induced in the sense coil. However, if a solar wind magnetic field is present
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Bext

Drive winding

Sense winding

Figure 2.1: Fluxgate magnetometer. The core is shown in blue and green, where arrows
indicate the direction of the induced field. An externally applied field is indi-
cated by Bext. The drive winding is shown in dark blue, and the sense winding
is shown in red on the right.

at the ends of two 4.2 m booms placed on opposing sides of the spinning spacecraft (Smith

et al., 1998). Magnetic fields are measured to within 0.1 nT and we use measurements with

1 s resolution.

2.3.2 Electrostatic analyser

Electrostatic analysers (ESA) are used to measure the plasma populations around space-

craft. They may be designed to measure either ions or electrons. The particles enter the

ESA through a narrow opening, allowing the electrons/ion populations to be sampled (e.g.,

Rème et al., 2001). The direction and speed of the incoming particles is measured, from

which a three dimensional velocity distribution is constructed. The particle density, speed,

temperature and higher order moments may be calculated from this distribution function.

The opening of the ESA typically has a 180◦ or 360◦ field of view in the polar plane

(Figure 2.2). This opening is narrow in the azimuthal direction, such that the field of view

covers a narrow slice of the sky. Electrostatic deflectors deflect incoming particles through

∼ 90◦ in the azimuthal direction. Only particles with a specific energy per charge (E/q)

will be deflected by the correct amount by the voltage between the walls of the electrostatic

deflector to reach the microchannel plates (MCPs) which detect them (Fazakerley et al.,

1998). Particles with higher E/q or lower E/q will hit the walls of the electrostatic deflectors

and not reach the MCPs.
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Figure 2.15: Diagram showing the design of a fluxgate magnetometer. There are two coils

around the ferromagnetic core, a drive winding and a sense winding. Figure credit: Mistry

(2017). Used under a Creative Commons Attribution Non-Commercial No Derivatives licence.

(Bext 6= 0) the magnetic field experienced by the core is not uniform. To make the

following description easier it is assumed that the solar wind magnetic field is in the

plane of the core ring (as shown in Fig. 2.15). In approximately half of the core the

drive and solar wind magnetic fields act in the same direction, increasing the local field

experienced by the core. Equally in the other half of the core the drive and solar wind

fields oppose each other, leading to a local reduction in the magnetic field felt by the core.

This asymmetry introduced by the solar wind magnetic field results in the two halves

of the core saturating and unsaturating asynchronously. The lack of uniformity in the

core magnetisation leads to non-zero changes in the magnetic flux. As a result a current

is induced in the sense winding. This current signature can then be used to determine

the solar wind magnetic field. Each core ring (Fig. 2.15) is sensitive to one direction.

Therefore, three orthogonal rings are used to measure a three-dimensional magnetic field

vector.

2.6 Current Space Missions

Two new spacecraft have been launched with the purpose of improving our understanding

of the inner heliosphere. These spacecraft, called Parker Solar Probe (Fox et al., 2016) and
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Solar Orbiter (Müller et al., 2013), have complementary mission objectives and provide

vital data for studies of the solar wind. It is currently a particularly active phase of space

science research, making it an exciting time to work in the field. The main details of each

spacecraft are outlined here.

2.6.1 Parker Solar Probe

2.6.1.1 Mission Overview

The Parker Solar Probe (PSP) mission was launched in August 2018 with the aim of

measuring the near-Sun solar wind (see Fig. 2.16). Since then, it has measured data

closer to the Sun than any previous spacecraft. The overall goal of PSP is to take in

situ measurements within 10 solar radii of the Sun. This will be achieved using a series

of Venus gravity assists throughout the mission to gradually reduce PSP’s perihelion

distance. To date, PSP has completed 13 perihelion passes (often called solar encounters)

of its planned 24 passes (see Fig. 2.17).

2.6.1.2 Instruments

The instruments on board PSP are split into four instrument suites: Solar Wind Electrons

Alphas and Protons (SWEAP; Kasper et al., 2016), Wide-field Imager for Solar Probe

(WISPR; Vourlidas et al., 2016), Electromagnetic Fields Investigations (FIELDS; Bale

et al., 2016), and Integrated Science Investigation of the Sun (IS◦IS; McComas et al.,

2016). These suites contain a collection of individual instruments for measuring various

aspects of in situ solar wind and for making remote sensing observations. The main

instrument suites used in this thesis are FIELDS and SWEAP. The FIELDS data are

detailed below and the SWEAP data are left to the relevant chapters (see Chapter 3 and

Chapter 5).

2.6.1.3 FIELDS Data

The FIELDS instrument suite is designed to collect data that will be valuable for studies

of magnetic and electric fields, plasma waves, and solar radio emissions. The suite has

a variety of detectors to measure these data including five voltage probes, two fluxgate

magnetometers (see Sect. 2.5.2), and one search coil magnetometer. Four of the voltage

probes stick out behind the heat shield, while the fifth is located on the spacecraft boom.
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Figure 2.16: (left) Image of Parker Solar Probe inside the rocket before its launch in August

2018. Image credit: NASA/Johns Hopkins APL/Ed Whitman, Whitman (2018). (right) Image

of Solar Orbiter before its launch in February 2020. Figure reproduced with permission from

ESA. Copyright: ESA - S. Corvaja, ESA (2020).
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Figure 2.17: Time series of Parker Solar Probe’s heliocentric distance during the planned

mission phase. The blue data show the progress of Parker Solar Probe to date, and the orange

data show its future trajectory. The odd numbered encounters to date have been labelled.

This configuration allows the plasma electric field in two directions and the fluctuations

in a third direction to be measured. All of the magnetometers on board PSP are located

on the boom to reduce the influence of other electronics on the magnetic field data.

To further reduce the impact of the spacecraft on magnetic field measurements the two

fluxgate magnetometers are separated on the boom. This allows the magnetic field from

the spacecraft to be characterised and removed by comparing the data from both detectors.

In this thesis, the level 2 magnetic field data from the fluxgate magnetometers are

predominantly used. The data are often down-sampled from their original cadence (2.3-

292.9 samples/sec) to 1 Hz, reducing computation requirements for this analysis. The

method for down-sampling is as follows. A series of evenly spaced timestamps (at 1Hz

resolution) is created for the full time period that is to be down-sampled. The values

for each timestamp are then populated by calculating the mean of the data within ± 0.5

seconds of the timestamp. These reduced cadence data are appropriate for this thesis

as higher frequency fluctuations are rarely considered. In Chapter 4, the electric field

measurements are used briefly. Throughout this thesis, electron number density (ne),

which is calculated from quasi-thermal noise measurements, is often used.
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2.6.2 Solar Orbiter

Solar Orbiter is a joint mission between the European Space Agency and NASA (see

Fig. 2.16). It was launched on February 10, 2020 and has a 7 year mission phase with

an additional 3 years in the extended mission phase. Solar Orbiter, unlike PSP, is not

designed to get as close to the Sun as possible. Instead, Solar Orbiter will leave the

ecliptic plane to take measurements of the solar poles. Its closest approach to the Sun

will be 0.28 au, but the spacecraft will reach a latitude of 25◦ in the nominal phase and ∼
35◦ in the extended phase. Solar Orbiter has 4 in situ instruments and 6 remote sensing

instruments on board (Müller et al., 2013, 2020). The descriptions of these instruments

are left to the relevant literature (Müller et al., 2013, 2020, and references therein).
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Fitting Solar Probe Cup Data

Parts of this chapter have been published in Woolley et al. (2020).

3.1 Introduction

Solar Probe Cup (SPC; Case et al. 2020) is a Faraday cup on board the Parker Solar Probe

mission (Fox et al., 2016). It is part of the SWEAP instrument suite (Kasper et al., 2016)

which is designed to comprehensively measure the solar wind environment around the

spacecraft. The data from these plasma instruments provide a novel opportunity for

studying the near-Sun solar wind, but in order to fully utilise the data, it is important to

understand any constraints and limitations.

In this chapter, the main focus is the operational principles of SPC. The other instru-

ments are left to their respective literature. Sect. 3.2 begins by explaining the instrument

suite that SPC is part of. Sect. 3.3 explains how the SPC instrument measures an ion ve-

locity distribution function and Sect. 3.4 describes how these raw data are processed. Sect.

3.5 describes how the one-dimensional SPC measurements relate to three-dimensional ion

distributions, before Sect. 3.6 discusses how the parameters of the proton core population

can be extracted from the data. Important instrument limitations are highlighted in Sect.

3.7, before a comparison of the moments and fits of the data is shown in Sect. 3.8. Finally,

Sect. 3.9 shows an overview of data from Parker Solar Probe’s first solar encounter. The

methods outlined in this chapter are crucial for the study presented in Chapter 4.
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3.2 The SWEAP Instrument Suite

The Solar Wind Electrons, Alphas and Protons (SWEAP) instrument suite (Kasper et al.,

2016) on board Parker Solar Probe is comprised of a variety of plasma instruments de-

signed to measure the solar wind in situ (see Fig. 3.1). There are three electrostatic

analysers (see Sect. 2.5.1; Whittlesey et al., 2020) - two for electrons and one for ions

- and a Faraday cup which measures both electrons and ions. The electron electrostatic

analysers are on both the ram (SPAN-A) and anti-ram (SPAN-B) sides of the spacecraft,

whereas the ion electrostatic analyser is only on the ram side (SPAN-A). These electro-

static analysers have a wide field-of-view (FOV), but are located behind the spacecraft

heat shield, and therefore cannot measure ions and electrons travelling radially with re-

spect to the spacecraft. As such, SPC, which extends out from behind the heat shield, is

used for measuring particles that are obscured from SPAN-A and SPAN-B. Whilst SPC

provides an opportunity to measure solar wind obscured from the electrostatic analyser

FOV, there is a trade off. This is because Faraday cups only measure one-dimensional par-

ticle distribution function whereas electrostatic analysers can measure three-dimensional

distributions.

SPC protrudes from behind the spacecraft heat shield and measures the solar wind

that is flowing radially with respect to the spacecraft. SPC has a 60◦ field-of-view that

allows it to complement the measurements made by the other plasma instruments. This

60◦ field-of-view was chosen to fully capture the ion distribution for both radial and non-

radial flows. The extent to which the solar wind flow can deviate from radial while the ion

distribution function remains fully captured depends on the plasma temperature. In Sect.

4.3, there is potential evidence for the instrument not fully capturing the ion distribution

function. However, it is currently unclear whether this is an instrumental or physical

effect. The design of SPC is similar to other Faraday cups that have been used previously

to make solar wind measurements (e.g. Bridge et al., 1977; Ogilvie et al., 1995). However,

the materials used to make SPC are more resilient to the hostile near-Sun environment.

SPC measures a one-dimensional velocity distribution function (referred to as a reduced

distribution function, RDF) along the radial direction towards the Sun for both ions and

electrons.

In this thesis, the fitting procedure for the SPC ion data is outlined. Data from the

other SWEAP instruments are used in later chapters, but the fitting procedures for these
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Figure 3.1: Diagram showing locations of SWEAP instruments on board Parker Solar Probe.

The ram side of the spacecraft points downwards and the anti-ram side points upwards. The

heat shield is on the right and is directed towards the Sun. Solar Probe Cup points out from

behind the heat shield to measure the incoming solar wind. Figure adapted from Kasper et al.

(2016).

are left to the relevant publications.

3.3 Solar Probe Cup: Design and Operation

SPC measures ion distributions by splitting the incoming solar wind ions into ‘slices’

based on their energy-to-charge ratio (E/q) and counting the number of ions in each slice.

SPC is only sensitive to the kinetic energy of the ions along the axis of the sensor which

is the Sun-spacecraft line (radial) for PSP encounters. SPC, therefore, measures a ‘cut’

along the radial direction. This cut can be thought of as equivalent to measuring a three-

dimensional velocity distribution and integrating over the two non-radial directions. In

order to filter the incoming ions, a series of voltage grids is used (see Fig. 3.2). A high

voltage modulator grid (HVMG) is located between two ground grids. When a voltage

is applied to the HVMG two electric fields acting in opposite directions are created. The

first electric field filters the incoming ions based on their E/q. Any ions that are not

filtered out by this first electric field then get accelerated back to their original velocity
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Solar Wind Electrons Alphas and Protons (SWEAP) Investigation 161

Fig. 17 Cross-section of SPC
with key components labeled

of the SPP heat shield, allowing for a relatively benign operating environment, with maxi-
mum temperatures expected in the electronics box to be approximately 70 °C.

A cross section of the FSU is shown in Fig. 17. The modulator assembly filters parti-
cles by energy/charge and the smaller collector assembly records the flux and flow angles
of the particles. Plasma enters the FSU through the large circular entrance aperture at the
top of the instrument and enters the modulator assembly. The entrance aperture is designed
to be sufficiently large so that the smaller limiting aperture between the modulator and col-
lector assemblies is always fully illuminated by plasma over the entire range of angles of
incidence. The limiting aperture is sized to detect the minimum flux with sufficient signal
to noise, including the drop in signal strength due to the transparency of the grids. Fine
conducting grids with high transparency throughout both assemblies act to filter particles
and shield stray electric fields. After the entrance aperture a grounded grid prevents stray
fields from leaving the instrument to ensure compatibility with electromagnetic instruments
on the spacecraft. Within the modulator are three more grids: a HV modulator grid with a
time-varying retarding potential sandwiched between two grounded grids. The particles that
pass through the limiting aperture then produce a current on one of four 90◦ wedge-shaped
metal collector plates. The collector plates are larger than the limiting aperture, so an inci-
dent beam falls entirely on the collector plates. Three plates are sufficient to solve for flow
angles, but a fourth plate provides an additional level of redundancy. A suppressor grid is
maintained at −55 V immediately above the collector plates. The suppressor reflects sec-
ondary electrons kicked off the plates from ion impacts back onto the plates and prevents
low energy electrons from thermionic and photoelectric emission at the front of the FSU
from reaching the plates, although this is not necessary because they do not produce an AC
signal. The currents from the four plates are fed through coaxial cable to the FEU, where
the measurement electronics amplify and digitize the waveform.

3.2 SPC Estimated Performance

The three key SPC performance parameters are energy resolution, signal to noise, and accu-
racy of angle measurements. Initial performance testing has been done with the SPC proto-
type and indicates that SPC will meet all of its high-level performance requirements. A two-
pronged testing approach was taken, with high-fidelity ion beam testing taking place at the
Solar Wind Facility (SWF) at Marshall Space Flight Center (MSFC) and solar illumination
testing taking place in a custom-built chamber at the Smithsonian Astrophysical Observa-
tory (SAO). In order to provide some simultaneous testing, the SWF was fitted with a contact

Figure 3.2: Cross sectional diagram of the Solar Probe Cup sensor. The instrument is split

into a modulator unit that filters the incoming solar wind and a collector unit that records the

number of particles. The solar wind enters the instrument from the top and passes through the

modulator before reaching the collector plates. Figure reproduced from Kasper et al. (2016).

by the second electric field. These ions can then travel through the aperture and impact

the circular collection plate. This circular collection plate is split into four equally sized

detectors which record a current when ions collide with them. The ratios of the currents

from the detectors can be used to estimate the flow angle of the solar wind into the sensor.

Electrons can be emitted from the collector plate due to the collisions of incoming solar

wind particles and due to photoelectric emission caused by radiation. If this emission is

not counteracted in some way, a charge imbalance can be created on the collector plates

and the data quality can be negatively impacted. A suppression grid is therefore located

above the detector. This suppression grid creates an electric field which repels these

secondary electrons and stops them escaping from the plates. The suppression grid is

99% effective at preventing secondary electrons, with the remaining 1% of secondary

electrons accounted for by pre-processing the data (Kasper et al., 2016; Case et al., 2020).

SPC builds up a one-dimensional ion distribution by gradually increasing the voltages

applied to the HVMG and measuring the alternating current for every voltage ‘window’.

Each voltage window is defined by a lower (VLow) and a higher (Vhigh) voltage, between

which the HVMG oscillates sinusoidally. For a particular window, only ions with E/q

between VLow and Vhigh contribute to the alternating current. After a full scan through
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the voltage windows, the current and voltage measurements can be converted into a

velocity distribution function as outlined in Sect. 3.4.

SPC has two different operational modes: peak tracking and full scan. The full scan

mode covers a wider range of voltage windows, whereas the peak tracking mode focuses

only on the peak of the RDF. The ion full scan mode is used to identify the peak before

peak tracking is used to provide higher resolution. In this work, the ion peak tracking

mode data are solely used as this has a higher cadence and resolution than the ion full

scan mode.

3.4 Processing Reduced Distribution Functions

As with most instruments, the raw SPC data are pre-processed by the instrument team

before being released to the community. This is because pre-processing requires detailed

knowledge of the instrument and can therefore only be done by the relevant team. Once

the data are released, they are split into different levels depending on how much processing

has been done. Despite the plasma bulk parameters available in the level 3 files, the focus

of this chapter is on the one-dimensional distribution functions that can be reconstructed

from the level 2 files. This reconstruction is motivated by a desire to investigate the fitting

by the instrument team and to address the underlying distribution functions. The data in

the level 2 files contain variables for this reconstruction. These variables include the upper

and lower bounds of each voltage window and the differential charge flux density, D. The

differential charge flux density is the amount of charge from ions with Vlow ≤ E
q
≤ Vhigh

passing through a unit area aligned along the SPC look direction (ẑ) per second.

The level 3 data files contain parameters that would typically be derived from ion

distribution functions (i.e. temperature, density and velocity). These include moments

of the whole SPC-measured RDFs and fits to the proton core population. These bulk

parameters are very good for providing an overview of the data. However, without a good

understanding of the caveats and limitations of these data, it is hard to draw conclusions.

Moreover, to fully understand the microphysics it is important to be able to address the

RDFs themselves. Therefore, the level 2 data products are converted to RDFs for this

work and a proton core fitting procedure is applied (see Sect. 3.6). The process for

converting level 2 data into RDFs is applied directly from the steps outlined in Case et al.

(2020):
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1. First, the average velocity of an ion in a given voltage window (vZ) was calculated

using:

vZ =

√
2

π

2eVhigh
mp

E

(
Vlow
Vhigh

)
(3.1)

where E() is the elliptical integral of the second kind.

2. Next, the width of the voltage window was converted into velocity units using:

∆v =

√
2e(Vhigh + Vlow)

mp

− 2vz
2 (3.2)

3. Finally, the RDF was calculated using:

F (vz) '
1

1011

D

evz∆v
. (3.3)

During encounter phases of the mission, the orientation of SPC is directly along the Sun-

spacecraft line, therefore vz = vR. It should be noted that this vR represents the radial

velocity of individual ion species rather than the bulk solar wind speed (denoted u).

Fig. 3.3 shows an example RDF measured close to perihelion during PSP’s first

solar encounter and reconstructed using the method outlined above. The majority of

the protons are travelling at speeds below 550 km/s indicating that this distribution was

measured in a slow solar wind interval. There is a peak at around 300 km/s associated

with the proton core population, and a bump at around 450 km/s which could be a proton

beam. The high velocity tail (> 600 km/s) is predominantly α-particles, which due to

their E/q get shifted by a factor of
√

2. This measurement was made during SPC’s peak

tracking mode.

There are uncertainties associated with each SPC measurement. These arise from

multiple factors including the orientation of the SPC sensor not being perfectly aligned

along the Sun-spacecraft line, mechanical offsets of the instrumentation, and uncertainties

in the voltages applied to filter particles. A further uncertainty arises due to the non-

zero time required to make a measurement of the particle flux for each voltage window.

During the measurement, the magnetic field orientation can change which has the effect

of smearing the distribution function.

For each measurement provided in the level 2 data files there is an associated un-

certainty. However, propagating these uncertainties through the RDF reconstruction
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Figure 3.3: Example reduced distribution function measured at 03:25:59.676890 on November

7, 2018 during PSP’s first solar encounter. The peak at ' 300 km/s is associated with the

proton core population. There is also a bump at ' 450 km/s which is likely a proton beam.

The plasma parameters calculated by taking moments of this RDF (see Sect. 3.8) are shown in

the top right.

procedure outlined above results in very large uncertainties, which are not realistic. To

get appropriately sized uncertainties for the RDFs, a similar approach to that used by

the instrument team (which is more complex than the approach used here and requires

specific knowledge about the instrument response) is required.

The uncertainties in the flux measurements could be estimated without a full treatment

of the errors by considering the instrument noise. A value for the instrument noise could

be calculated by comparing many RDFs and determining at which distribution function

value the RDFs saturate at. This was not done here, but could be a future project for

SPC studies.
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3.5 Radial Cuts through Ion Distribution Functions

From Fig. 3.3 it appears as if it would be straightforward to identify ion populations in

the RDF. However, there are some issues that arise because SPC is effectively reducing

the three-dimensional solar wind ion distribution to a one-dimensional distribution. SPC

does this by making a radial ‘cut’ through the three-dimensional distribution. It is worth

investigating how different ion distribution functions would behave in the SPC data. For

this discussion, the situation is simplified to a 1D cut through a 2D distribution in the

R-T plane (by assuming gyrotropy). This makes the distributions easier to visualise but

the same arguments can be extended to three dimensions.

Here the most general case of a plasma with temperature anisotropy in the proton core

and beam populations (i.e. T⊥ > T‖), and a differential velocity between the proton core,

proton beam and α−particle populations is considered. The α-particles are chosen to be

isotropic here as typically α-particles have an anisotropy closer to 1 than protons do (e.g.

Stansby et al., 2019b). Fig. 3.4 shows how the SPC-measured RDFs of this plasma would

change due to the presence of Alfvénic fluctuations (see Sect. 2.4.3). For each of the

four cases in Fig. 3.4, the left panel shows the ion distribution function in the R-T plane

and the right panel shows the expected RDF measured by SPC. In the top left a black

arrow shows the local magnetic field orientation. The vertical direction corresponds to

the radial direction in RTN coordinates and therefore the direction of SPC’s cut through

the distributions. The left panels in each plot were created by rotating the background

distribution (panel a) around the Alfvén speed in the proton core frame. The right

panels were created by plotting Maxwellian distributions based on the parameters of each

population under the rotation (i.e. vR, n and TR, which was calculated using Eq. 3.4).

This is equivalent to integrating bi-Maxwellian distributions over vT .

Panel (a) shows the ion distribution function expected for a radially aligned back-

ground magnetic field (vertically up the page). The proton core (red) is the slowest

population (' 300 km/s) and the proton beam (blue) is the fastest population (' 500

km/s). The α−particles (green) travel at intermediate speeds but are shifted by a factor

of
√

2 in velocity when measured by SPC due to their E/q.

Panels (b), (c) and (d) show situations where the magnetic field has rotated relative

to the background radial field in panel (a) due to Alfvénic fluctuations. As explained

in Sect. 2.4.3, this causes a rigid velocity space rotation of the ion populations. In this
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Figure 3.4: Schematic showing how changes in the local magnetic field orientation would affect

the reduced distribution function measured by SPC for an anti-sunward radially aligned back-

ground field. Each subplot is split into two parts: the left side shows the distribution of the

proton core (red), proton beam (blue) and α−particles (green) in the velocity R-T plane, and

the right side shows how SPC would measure this distribution. The black dashed line shows

the point about which the velocity-space rotation happens (see Sect. 2.4.3). On the right hand

side, the orange line shows the sum of the distributions and the black scatter points show the

reduced distribution function that SPC might measure using discrete velocity intervals. The

black arrow in each plot shows the orientation of the local magnetic field. The α−particles’ bulk

velocity is shifted by a factor of
√

2 (due to their E/q) when measured by SPC, and therefore

the α−particles appear at faster velocities than is shown by the ellipses. Panel (a) shows the

background orientation with the proton beam travelling faster than the α−particles and the

proton core. Panels (b) and (c) show the situation when the local magnetic field has rotated by

90◦ and 180◦, respectively. Panel (d) shows the case where the magnetic field has rotated by

less than 90◦ from the background orientation. In each case, the width of the ellipse is related

to the temperature (i.e. wider ellipse corresponds to a higher temperature). The parameters

used for each population are shown in Tab. 3.1.
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Proton Core Proton Beam α− particles
vR [km/s] 300 480 425
T‖ [×106K] 0.15 0.15 0.59
T⊥ [×106K] 0.30 0.30 0.59
n [%] 78 19 3

Table 3.1: The parameters used to make Fig. 3.4. The total ion number density is 446 cm−3

and the Alfvén speed is 125 km/s. These values were chosen as they are a reflection of typical

properties that are observed in the solar wind. The only parameters that deviate substantially

from solar wind observations are the α-particle temperatures. These were chosen to be lower

than typical values to make the dynamics of the proton core and beam more obvious in Fig. 3.4.

example, the centre of this rotation is the mean velocity of the α−particle population;

therefore the α−particle population remains in the same location for the four scenarios.

The proton core and proton beam populations move, however, leading to different RDFs.

In panel (b), the magnetic field has rotated 90◦ from its background orientation. Under

this configuration, SPC measures the distribution perpendicular to the local magnetic

field. Due to the temperature anisotropy of the plasma, the width of the individual

populations in the RDF is larger than when SPC measures (anti-)parallel to the magnetic

field (panels a and c). Also, the proton core obscures the proton beam which leads to

a slightly larger total count in the main peak as the beam also contributes to the peak

velocity bins.

In panel (c), the magnetic field has rotated 180◦ from its original orientation, meaning

that SPC is once again measuring the distribution along the magnetic field (anti-parallel).

Here, assuming the underlying population distributions have not changed, SPC should

measure a similar distribution to panel (a) but with the proton core and proton beam at

different velocities.

In panel (d), the magnetic field has rotated from the background to an intermediate

angle where the proton core and beam are beginning to overlap. This can widen the peak

of F (vR) and make it difficult to distinguish the separate core and beam populations. This

is actually the most common situation in the solar wind, meaning that it can be difficult

to distinguish each ion population regularly. However, due to the proton core being much

larger than any other population, it is possible to get reasonable fits to the proton core

population at most times. It is also worth noting that any temperatures derived from these

intermediate angles do not correspond to either parallel or perpendicular temperatures
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with respect to the background magnetic field. Care must then be taken when interpreting

these temperatures. In general, the radial temperatures measured by SPC are related to

the perpendicular and parallel temperatures by (Kasper et al., 2002; Huang et al., 2020):

TR = T‖ cos2 θBR + T⊥ sin2 θBR, (3.4)

where θBR is the angle between the magnetic field and the radial direction.

3.6 Fitting the Reduced Distribution Functions

Using the ideas presented in the previous section, individual populations in the RDFs can

be fit. The easiest population to fit is the proton core which is, by definition, associated

with the peak in the RDF. To fit the proton core, the following procedure was used:

1. The peak data point of the RDF, Fmax, was found.

2. Fmax and 3 points on either side of it were selected for fitting. Three points either

side were used because, from visual inspection, this was appropriate to capture the

main peak without washing out the finer structure of the distribution.

3. A Maxwellian distribution of the following form was fitted to the seven data points:

Fpc(vR) =
npc√
πwR

· exp

(
(vR − vpc,R)2

w2
R

)
(3.5)

with thermal speed:

w2
R =

2kBTpc,R
mp

. (3.6)

It should be noted that a subscript pc refers to the proton core and a subscript R

is used as a reminder that directionally dependent quantities (i.e. temperature and

thermal speed) are measured along the radial direction with SPC.

4. The proton core parameters (density, radial velocity and radial temperature) were

obtained from this fit. The tangential and normal velocities were calculated using

the radial velocity and the flow angles of the solar wind into SPC. The total density

of the RDF (nmom) was also calculated by taking moments (see Sect. 3.8).

5. The proton core fits were then filtered to remove any cases where the fitting was

poor. Two criteria were used to determine this:
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(a) Only fits where npc < nmom were kept. This ensured that the proton core

density was smaller than the total RDF density. Filtering data using this

condition works well when all or the majority of the proton core population

is captured in the RDF. However, this filtering could be inappropriate if only

a section of the core was captured and the rest was inferred by extrapolating

the core fit. Visual inspection showed no indication that the core was poorly

captured in any of the RDFs.

(b) Only fits where the sum of the residuals was lower than a threshold were kept.

The threshold for the residuals was set based on the individual streams of

interest. For the work presented in Chapter 4, the residuals threshold was

0.05, which was manually chosen to ensure fits were adequately representative

of the underlying distributions.

6. In some cases, large proton beam populations, comparable in size to the proton core,

had to be dealt with. These large beams were particularly problematic because they

often got captured by the proton core fits, leading to an over-estimation of the proton

core. The large proton beams were dealt with as follows:

(a) First, the number of data points above 0.5Fmax were counted. If this number

was high, it suggested a particularly large proton beam (or a naturally wide

proton core which was visually checked for each case).

(b) For θBR angles of 0◦-60◦ or 120◦-180◦, the proton core and beam should be rea-

sonably distinct populations in the SPC distributions (see Sect. 3.5). There-

fore, RDFs with more than 8 data points above 0.5Fmax were manually checked.

This visual inspection was easier than using an algorithm to identify whether

distributions were consistent with a single core Maxwellian or a core and beam

population. The main objective of this was to look for the presence of a beam,

which typically manifests as a bump in an otherwise smooth Maxwellian distri-

bution. This inspection can lead to subjectivity, but for the interval considered

in this thesis, very few distributions were manually checked. Those which ap-

peared to have large beams were discarded.

(c) For θBR angles between 60◦ and 120◦, the core and beam begin to overlap

meaning that the core obstructs the beam (see panel b, Fig. 3.4). As a result,

at these angles it is still possible to get a reasonable estimate of the proton
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Figure 3.5: Example proton core fits to reduced distribution functions measured at various

times by PSP. The red data show the 7 points used to fit a Maxwellian to the core population.

The parameters of the core fits are shown in the top right of each panel.

core in the presence of a large proton beam. All proton core fits were kept for

θBR angles in this range.

7. Finally, the distributions in each interval of interest were manually checked to re-

move any remaining bad fits. This was feasible as the intervals investigated were

small. Complete automation of SPC fitting could lead to errors if not checked and,

therefore, care must be taken in interpreting the data.

Fig. 3.5 shows four RDFs measured by SPC at different times. The proton core fits

capture the changes in the distributions well, showing that this method of fitting is robust,

provided visual inspection of the fitting is done. It is worth noting that the lowest velocity

bins are often not well captured, but that this does not poorly impact the core fitting.

During some time intervals, it was also possible to fit the proton beam and the

α−particle population. This was only feasible when each population was well separated
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Figure 3.6: Panel (a): Reduced distribution function measured by Solar Probe Cup on Novem-

ber 5, 2018 at 01:06:28.865697. The proton core (red), proton beam (blue) and α−particle

(green) fits are shown. The orange line shows the sum of the fits. Panel (b) shows the fit residu-

als as a percentage of the fit values. Only the lowest velocity and highest velocity points are not

well fit. The lowest velocity points are likely bad measurements whereas the high velocity points

could be an α−particle beam. During this time, the magnetic field was orientated approximately

radially. The proton beam streams ahead of the proton core by approximately the local Alfvén

speed. The α-particles are velocity-shifted in the RDF by a factor of
√

2 due to their E/q. This

means they appear to stream faster than the beam, at about 580 km/s, in the RDF. In fact,

when this shift is accounted for the α-particles have a velocity of 412 km/s, which is slower than

the proton beam. The fit parameters of the proton core (subscript pc), proton beam (subscript

pb) and α−particles (subscript α) are shown in panel (a). Figure credit: Woolley et al. (2020).

©Oxford University Press. Reproduced with permission.
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and the measured counts were high. An example is shown in Fig. 3.6 with fits to all three

populations. In order to fit the proton beam and the α-particles, the proton core was fit

first and removed from the data. Maxwellian distributions were then fit to the remaining

data. As such, fitting the proton beam and the α-particles does not affect the proton core

fits. These fits to the three populations are not used for analysis in this thesis. Therefore,

the method of fitting the proton core and then removing it was used to aid in tuning the

proton beam and α−particle fitting algorithms. However, if this data was to be used for

a study, a combined three-population fit would be more accurate.

3.7 Instrument Limitations

As with all instruments, SPC has some limitations. In order to use the SPC data appro-

priately, it is important to consider these limitations and when they apply.

As SPC measures a radial distribution function, when extracting direction-dependent

quantities (e.g. temperature) care must be taken. The proton core temperature from the

SPC RDFs is always the radial temperature along the Sun-spacecraft line, but depending

on the magnetic field when the distribution function is measured, this can correspond

to different cuts with respect to the magnetic field (see Fig. 3.4). If the magnetic field

is parallel or anti-parallel to the radial direction (panels a and c) then the SPC radial

temperature corresponds to the temperature parallel to the magnetic field (i.e. T‖). If,

however, the magnetic field is perpendicular to the radial direction (panel b) the SPC

radial temperature corresponds to the temperature perpendicular to the magnetic field.

On occasions when the magnetic field is neither parallel nor perpendicular to the radial

direction (panel d), the SPC radial temperature is a combination of T⊥ and T‖. This is a

key point to note in general, but especially for studies involving changing magnetic field

orientations such as switchbacks (see Chapter 4).

Another related limitation is that because the distributions that SPC measures are

one-dimensional, it is impossible to measure the temperature anisotropy of the plasma

simultaneously. One solution to this is to assume that the anisotropy does not vary

significantly over a given timescale and then statistically compare temperatures when the

magnetic field is parallel and perpendicular to the radial in an interval (Huang et al.,

2020). However, this is not suitable for smaller scale studies.

The final limitation worth mentioning here is that SPC is designed to measure solar
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wind that flows radially towards the spacecraft rather than solar wind with large relative

tangential speed to the spacecraft. As the mission progresses and PSP gets closer to the

Sun, its tangential velocity increases. This in turn increases the angle at which the solar

wind flows into the SPC sensor and will eventually mean that SPC will be less able to

measure solar wind during the later encounters. As a result, in the later encounters, the

SPAN instruments will be much more important than SPC (see Kasper et al. (2016) for

more details).

3.8 Comparing Moments and Fits of the Proton Core

As mentioned in Sect. 2.4.1, there are two ways to extract bulk parameters from ion

velocity distribution functions: by taking moments of the whole distribution or by fitting

the individual populations. These two methods can lead to different results, and it is

important to understand why. Fig. 3.7 shows a time series comparing the parameters

from fitting and moments. It should be noted that no filtering on the proton core fits

has been applied here. This is to show how the fitting procedure works in general. The

panels show: (a) radial velocity, (b) tangential velocity, (c) normal velocity, (d) density,

and (e) temperature.

The radial velocity (panel a) is predominantly greater for the moments than the proton

core fits. This is because when fitting the proton core, the higher velocity part of the RDF

is often not included in the fitting. The moments however, do include this higher velocity

part, which increases the average velocity of the RDF above the proton core velocity.

There are, however, times when the radial velocity from the fits is greater than that of

the moments. These times occur when PSP measures highly Alfvénic structures called

switchbacks (see Chapter 4). As these switchbacks are Alfvénic, they cause a velocity-

space rotation in the ion distribution function, which can lead to a faster proton core

than proton beam (e.g. see panel (c) in Fig. 3.4). In these cases, the moments include a

lower velocity contribution from the beam which reduces the average velocity of the RDF

below that of the proton core.

The tangential and normal fit and moment velocities appear to be more consistent

with each other than the radial velocities do. However, this is not the case. The size

of the y-scale relative to the magnitude of the tangential and normal components means

that the differences between the fits and moments are not as clear as with the radial
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Figure 3.7: Time series comparing parameters calculated using moments (orange) and fits to

the proton core (blue) in the SPC RDFs. The panels show: (a) radial velocity, (b) tangential

velocity, (c) normal velocity, (d) density, and (e) temperature. The data were taken over a 1.5

hour interval on Nov 7, 2018 during PSP’s first solar encounter.
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Figure 3.8: Example reduced distribution functions showing how moments are influenced by

additional populations. The panels show RDFs consisting of: (a) a single proton core pop-

ulation, (b) a proton core and proton beam population, and (c) a proton core, proton beam

and α−particle population. The proton core (red) has npc = 250 cm−3, vpc = 300 km/s, and

Tpc = 0.2× 106 K. The proton beam has the same temperature as the core but a faster velocity

(vpb = 460 km/s) and 10% of the core density. The α−particles have a density of 3% of the

core, a temperature that is twice that of the core, and a velocity of 585 km/s. The values given

in the top right of each panel show the ratio of moments of the whole distribution to the proton

core fit parameters. These values are along the radial but the subscript R has been dropped for

brevity in this figure.

velocity. In fact, the tangential and normal velocities for each method differ by the same

proportion as the radial velocities do.

For the majority of the data, the density of the moments is higher than the fits. This

makes physical sense because the proton core is a subset of the whole distribution and

should therefore have a lower density. There are, however, times when the density of the

proton core fits is higher than the moments. This could happen in cases where the proton

core has been over estimated, hence the need for filtering of the proton fits before drawing

any conclusions. Another situation where the proton core fit density may be larger than

the moments is if the proton core is not well captured by SPC. This could happen if the

proton core was particularly slow, but no evidence for poorly captured proton cores was

seen during visual inspection of the RDFs for this interval.

The temperature of the moments is consistently higher than that of the fits. At

around 02:10, the temperature calculated from the moments is ∼ 4 times higher than

that of the proton core fit. The reason for this is explained using Fig. 3.8. The panels
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show three different theoretical RDFs that have been constructed using typical values

for the November 7, 2018 interval. Panel (a) shows a single proton core population,

panel (b) shows a proton core and a proton beam, and panel (c) shows a proton core,

proton beam and α−particle population. For each panel, the plasma properties were

calculated using moments and compared to the proton core parameters. The ratios of

these quantities (shown in the top right of each plot) highlight that Tmom is extremely

sensitive to additional populations, whereas nmom and vmom are less strongly influenced

by proton beams and α−particles. For example, in panel (c) Tmom is 4.4 times higher

than the proton core temperature, which is a direct result of the additional populations.

The sensitivity of Tmom to additional ion populations also explains why the ratios of

Tmom/Tpc and nmom/npc follow each other closely in Fig. 3.7. When nmom/npc ' 1 this

implies that the distribution contains a large proton core population and very small beam

and α−particle populations. In this case, Tmom/Tpc ' 1 as shown in panel (a) of Fig. 3.8.

In contrast, when nmom/npc > 1, it implies that there are non-negligible beam and/or

α−particle populations. As Tmom is particularly sensitive to additional populations, this

increases Tmom/Tpc (see panel (c) in Fig. 3.8).

Due to the large discrepancies between Tmom and Tpc, taking temperature moments of

distribution functions must be done with care. Temperature moments can be particularly

useful if computational resources are limited, as taking moments is much less compu-

tationally intensive than fitting distribution functions. This makes moments good for

getting an overview of the solar wind, before analysing intervals in more depth using fits.

It is worth stressing that nmom and vmom are much less sensitive to extra ion populations

and are often good approximations to the proton core parameters, provided the proton

beam is not too large.

3.9 PSP Encounter 1 Overview

Using the FIELDS magnetic field data and the SPC moments outlined in this section,

an overview of PSP’s first solar encounter is shown. This is a particularly interesting

encounter because it was the first spacecraft to take data at heliocentric distances less

than 0.29 au.

Fig. 3.9 shows data from this first encounter. Throughout the 11 day period, the

magnetic field magnitude (panel a) was heavily dependent on heliocentric distance (panel
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Figure 3.9: Time series of Parker Solar Probe’s first solar encounter during November 2018.

The panels show: (a) the magnetic field magnitude, (b) the radial component of the magnetic

field, (c) the tangential and normal components of the magnetic field, (d) the ion velocity, (e)

the ion density, (f) the ion temperature, and (g) the heliocentric distance of Parker Solar Probe.
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Figure 3.10: Plots showing the behaviour of the magnetic field (panel a) and proton core velocity

(panel b) in the T-R plane under Alfvénic fluctuations. The data are from an interval during

PSP’s first solar encounter (2018, November 5 06:55:05-07:19:30). The circles show the 2D

projection of the 3D spheres that both the magnetic field and velocity vectors lie on. The centre

of the magnetic field circle is (0,0) nT and the centre of the velocity circle is (30, 335) km/s. The

radius of the magnetic field circle is |B|. The radius of the velocity circle is approximately the

local phase speed (61 km/s). Figure credit: Woolley et al. (2020). ©Oxford University Press.

Reproduced with permission.

g), with |B| reaching ∼ 100 nT at perihelion. Panel (b) shows that the radial component

of the magnetic field had a baseline that was approximately equal to -|B| with discrete

‘spikes’ away from this baseline. These features are called magnetic field switchbacks and

addressed in Chapter 4. From the SPC measurements, it is clear that the wind measured

by PSP is slow (panel d). This is consistent with expectations when measuring solar wind

at low latitudes during solar minimum. There is also a high correlation between fluctu-

ations in the magnetic field and velocity components (not shown here) which indicates

the high Alfvénicity of this solar wind. Finally, panels (e) and (f) show the density and

temperature, respectively. Between November, 9 and November, 11 there is a solar wind

stream with higher temperature and lower density than the rest of the encounter. This

could be related to the small equatorial coronal hole that was present during this time

(Bale et al., 2019). In fact, it is likely that a lot of the wind in this encounter originated

in or close to the boundary of this coronal hole (Bale et al., 2019).

It is also possible to use the SPC fitted data to see the behaviour of the proton core in

Alfvénic solar wind. As mentioned previously (see Sect. 2.4.3), under Alfvénic fluctuations

the magnetic field vector and the proton core velocity vector are confined to the surface

69



Chapter 3: Fitting SPC Data

of a sphere in their respective 3D spaces. Fig. 3.10 shows a 2D projection of this sphere

in the T-R plane for the magnetic field (panel a) and the proton core velocity (panel b).

Both the magnetic field and the proton core velocity lie on the perimeter of the circle (as

shown previously with Ulysses data in Fig. 2.10). The radius of the magnetic field circle

is |B| and the radius of the proton core velocity circle ∼ vphase (61 km/s). During this

time, the local Alfvén speed (97 km/s) is approximately 50% larger than the phase speed.

This further confirms the ideas discussed in Sects. 2.4.3 and 3.5.

3.10 Conclusions

In this chapter, an overview of the Solar Probe Cup instrument was given. The measure-

ments used to build up a 1D ion distribution function were explained, and the process for

converting level 2 SPC data into reduced distribution functions was shown. The fitting

method used to extract bulk parameters from the SPC data was detailed. The limita-

tions of SPC were discussed, with a particular emphasis on the fact that SPC measures

1D radial cuts through the 3D solar wind ion distribution. For the majority of data, these

radial cuts are neither parallel nor perpendicular to the magnetic field. Therefore, it is

not possible to recover direction-dependent quantities (e.g. T⊥ and T‖) without assum-

ing a relationship between these quantities and the magnetic field orientation (e.g. Eq.

3.4). Moreover, care must be taken when comparing direction-dependent quantities un-

der arbitrary magnetic field configurations. A comparison between SPC moments and fits

was made, focusing on the advantages and disadvantages of each method. In particular,

temperatures calculated using moments are very sensitive to additional ion populations.

Finally, the SPC data were used to show an overview of PSP’s first solar encounter and

confirm results shown previously with Alfvénic wind measured by Ulysses. The data and

methods explained in this chapter are vital for the study in Chapter 4.

70



Chapter 4

The Proton Core Population Inside

Slow Solar Wind Switchbacks

Parts of this chapter have been published in Woolley et al. (2020).

4.1 Introduction

Switchbacks are discrete structures corresponding to rotations of the magnetic field away

from its background orientation. These rotations can reverse the local magnetic field

polarity within a solar wind stream so that it is opposite to the large scale polarity

associated with that stream. Magnetic field switchbacks are not a consequence of the

spacecraft passing over source regions with opposite polarities, but are instead associated

with folds in the local magnetic field within a single polarity source region (Balogh et al.,

1999). Switchbacks are thought to be related to the heating and acceleration mechanisms

in the near-Sun solar wind, and are therefore a particularly active area of research within

the community. However, despite measurements of switchbacks from both Ulysses (Balogh

et al., 1999; Neugebauer and Goldstein, 2013) and Helios (Horbury et al., 2018), these

structures remain poorly understood. This is a direct result of two issues surrounding

the Ulysses and Helios data. Firstly, the duration of switchbacks, which is of the order

of seconds to a few minutes (Dudok de Wit et al., 2020), is comparable to the cadence

of plasma data from these spacecraft. This means that ion VDFs measured completely

within switchbacks are rare. Secondly, the switchbacks measured at large heliocentric

distances appear very different from those closer to the Sun, indicating that they evolve
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as the solar wind expands. This means that to get a clear picture of switchbacks, they

need to be measured much closer to the Sun. Fortunately, the instruments on board

Parker Solar Probe address both of these issues by measuring high cadence plasma data

within 0.3 au. In this chapter, the SPC data are used to understand the proton core

behaviour within switchbacks.

In Sect. 4.2 the current state of switchback knowledge is outlined, including the

questions addressed here. A case study switchback is analysed in detail in Sect. 4.3 and

other switchbacks measured by PSP are presented in Sect. 4.4. In Sect. 4.5 the results

are discussed in relation to switchback origins, before Sect. 4.6 discusses how the work

presented here fits with a subsequent study. The chapter ends with a discussion of the

conclusions and the remaining questions surrounding switchbacks.

4.2 Switchback Background

Switchbacks are Alfvénic structures with constant |B|, meaning that fluctuations in the

magnetic field are highly correlated with fluctuations in the plasma velocity (see Fig. 4.1).

In switchbacks the magnetic field fluctuations are ∼ |B| and have an upper limit of 2|B|
which corresponds to a full 180◦ reversal of the magnetic field orientation with constant

|B|. According to Eq. 2.14, which describes the relationship between magnetic field and

velocity fluctuations for an Alfvénic plasma, these magnetic field fluctuations correspond

to velocity fluctuations ∼ vA and with an upper limit of 2vA. Observational data agree

with both the order of velocity fluctuations in switchbacks (Matteini et al., 2014) and the

upper limit of 2vA (Kasper et al., 2019). It is worth noting that, due to the correlations

between the magnetic field and velocity fluctuations, the velocity fluctuations associated

with switchbacks always lead to an enhanced solar wind speed above the background

(Matteini et al., 2014).

Switchbacks were first discovered in the fast solar wind data from Ulysses (Balogh

et al., 1999; Neugebauer and Goldstein, 2013) and Helios (Horbury et al., 2018) beyond 0.3

au, but have since been measured by Parker Solar Probe in slow near-Sun solar wind (Bale

et al., 2019; Kasper et al., 2019). There are striking differences between the switchbacks

measured close to the Sun and those measured outside 0.3 au, which suggests that these

structures evolve and change as the solar wind expands. The switchbacks seen by PSP

occur ubiquitously and have durations from seconds to tens of minutes, but exhibit no
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specific timescale (Dudok de Wit et al., 2020). They are grouped into larger-scale ‘patches’

(Horbury et al., 2020) with timescales of ∼10 hrs that are separated by ‘quiet periods’

with timescales ∼1 hr (see Fig. 4.2). However, data from larger heliocentric distances

show no such patch structure or ubiquity, indicating that both switchbacks and patches

undergo significant evolution as the solar wind expands.

Currently, switchbacks are one of the most popular areas in solar wind research mean-

ing that there have been numerous studies addressing the PSP-measured switchbacks.

McManus et al. (2020) investigated the behaviour of cross helicity during solar wind

intervals with significant switchback activity. Cross helicity measures the balance of out-

ward and inward propagating waves with respect to the bulk solar wind frame. It can

be defined in such a way that, regardless of the background magnetic field, a positive

cross helicity corresponds to an abundance of outward propagating waves compared to

inward propagating waves. McManus et al. (2020) found that the cross helicity signature

reverses sign within switchbacks, further supporting the suggestion of Balogh et al. (1999)

that switchbacks are folds in the local magnetic field rather than polarity reversals of the

overall magnetic field. Laker et al. (2021a) statistically studied the shape of switchbacks

by considering the angle at which PSP cut through them and the spatial extent of switch-

backs in the in situ data. They found that switchbacks were consistent with high aspect

ratio structures (i.e. long and thin) with typical scale sizes of ∼ 104 km in further support

of the evidence presented by Horbury et al. (2020). The scale size of switchbacks is con-

siderably larger than typical kinetic scales such as ion and electron gyration radii. Finally,

Dudok de Wit et al. (2020) used a statistical analysis of the duration of switchbacks to

shown that they have no characteristic time. One area that has yet to be investigated,

however, is the behaviour of the proton core population inside magnetic switchbacks. This

is the focus of this chapter.

The behaviour of the proton core population is particularly interesting because it al-

lows an investigation into how the largest ion population changes between the background

solar wind and the switchbacks. This can help to characterise the properties of switchbacks

and relate in situ data to switchback theories. In this chapter, the SPC-measured RDFs

are used to characterise the proton core population and address the following questions:

1. Is the plasma inside a switchback distinctly different from the background plasma?

2. Do switchbacks obey a temperature-velocity relationship?
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Figure 4.1: Time series showing magnetic field switchbacks measured by Parker Solar Probe.

The panels show: (a) the magnetic field radial component and magnitude, (b) the proton core

radial velocity, (c) the magnetic field tangential and normal components, and (d) the proton

core tangential and normal velocity. The black dashed line shows the threshold for identifying

switchbacks (a 30◦ deflection from the background magnetic field orientation calculated on a

timescale of several hours) and the grey shaded regions show the switchbacks in this interval.

The radial magnetic field and proton core velocity components are highly correlated, indicating

the Alfvénicity of switchbacks.
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Figure 4.2: Time series showing switchback patches in the solar wind during Parker Solar

Probe’s fourth solar encounter. The panels show: (a) the magnetic field radial component and

magnitude, (b) the proton core radial velocity, and (c) the electron number density. The grey

shaded regions show the patches and the unshaded regions show the quiet periods that separate

patches.

3. What is the dominant energy that switchbacks carry?

This chapter starts with an in-depth analysis of a case study switchback before the analysis

is extended to additional switchbacks found in the first two PSP encounters.

4.3 Case Study Switchback

4.3.1 Selecting the Case Study

In Sect. 3.5 it was shown that, in general, the 1D ‘cuts’ SPC makes through a 3D ion VDF

correspond to different temperature measurements. However, in the case of radial and

anti-radial magnetic field the SPC temperature measurements both correspond to tem-

peratures parallel to the local magnetic field. It is, therefore, only possible to meaningfully

compare temperatures measured when the magnetic field is radial to temperatures mea-

sured when the magnetic field is anti-radial. Fortunately, the background magnetic field

measured by PSP during encounter 1 was approximately radially sunward, allowing the

SPC data to be exploited by identifying a switchback that underwent a full 180◦ reversal

in the magnetic field. These full-reversal switchbacks were rarely seen in the data, but it

was possible to identify a case study switchback.
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Figure 4.3: Time series of a magnetic field switchback (shaded grey) identified on November

7, 2018. The panels show: (a) magnetic field cone angle, (b) magnetic field magnitude, (c)

proton core number density, (d) radial component of the magnetic field (e) radial component

of the proton core velocity, (f) the tangential and normal components of the magnetic field, (g)

the tangential and normal components of the proton core velocity, (h) the radial kinetic energy

flux, and (i) the radial Poynting flux. The black dashed vertical lines show the region inside the

switchbacks where the magnetic field was reasonably stable and approximately a full-reversal

from the background field. Figure credit: Woolley et al. (2020). ©Oxford University Press.

Reproduced with permission.
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A full-reversal switchback that occurred on November 7, 2018 was manually identified.

This switchback, which had a duration of ∼25 mins, was measured when PSP was 37.6 RS

from the Sun. Fig. 4.3 shows a time series of the case study switchback and background

solar wind either side of it (Note: There is a plasma data gap of approximately 10 mins

after the switchback). Panel (a) shows the magnetic field cone angle rotate from near

180◦ in the background plasma to ∼0◦ in the switchback. This demonstrates that this

switchback undergoes a full-reversal in the magnetic field orientation and is appropriate

for analysing with SPC data. Panel (b) shows the magnetic field magnitude remains

approximately constant throughout the interval which is typical of switchbacks. Panel

(c) shows that the proton core density drops inside the switchback. There is currently

insufficient evidence to determine whether this density drop is caused by a reduction in the

distribution within the instrument FOV, or whether switchbacks have lower density than

the surrounding plasma. However, the high correlation between density (panel c) and the

magnetic field cone angle (panel a) suggests that it could be the former. If the former is

true this effect should not change the distribution shape, only reduce the total amount of

ions measured. Inside the switchback, the radial component of the magnetic field (panel

d) has undergone a full-reversal from approximately -70nT to 70nT. During this time, the

radial component of the proton core velocity (panel e) has increased from ∼ 350 km/s

to > 500 km/s. By comparing the profiles in panels (d) and (e), it is very clear that

the fluctuations in the radial magnetic field and proton core velocity components are well

correlated. This is due to the high Alfvénicity of the switchback. Similar highly correlated

fluctuations are also evident when comparing the tangential and normal components of

the magnetic field and proton core velocity (panels f and g). Panels (h) and (i) show the

radial kinetic energy and radial Poynting flux respectively. These quantities are discussed

in Sect. 4.3.4.

4.3.2 Proton Core Temperature

Using the switchback case study, the behaviour of the proton core temperature can now be

investigated. For the interval shown in Fig. 4.3, the SPC-measured proton core tempera-

ture (referred to as temperature for the rest of this section for brevity and denoted Tpc,R)

is plotted against the magnetic field cone angle (panel b in Fig. 4.4). The temperature

profile does not monotonically increase or decrease as a function of θBR, but peaks at

intermediate angles close to θBR = 90◦. The temperature falls off either side of this peak
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and has comparable values when θBR = 0◦ and θBR = 180◦. This behaviour is interesting

for two reasons.

Firstly, the peak of the temperature profile occurs when the local magnetic field is

approximately perpendicular to the radial direction. As discussed in Sect. 3.5, under

these conditions SPC measures the perpendicular temperature of the plasma. This could

indicate that Tpc,⊥ > Tpc,‖ during this interval, which is commonly seen in the solar wind.

However, no firm conclusions can be drawn as Tpc,⊥ and Tpc,‖ cannot be measured at the

same time with SPC.

Secondly, it is interesting that the temperature is comparable when θBR = 0◦ and

θBR = 180◦. At both of these angles, the SPC temperature corresponds to the parallel

temperature. More specifically, when θBR = 180◦ SPC measures Tpc,‖ in the background

solar wind and when θBR = 0◦ SPC measures Tpc,‖ inside the switchback. These temper-

atures are therefore directly comparable. The data here suggest that Tpc,‖ is the same

inside and outside full-reversal switchbacks, indicating that speed enhancements within

switchbacks may not follow a typical temperature-velocity relationship.

These observations are consistent with a rigid velocity space rotation of an ion VDF

with temperature anisotropy (Tpc,⊥/Tpc,‖) of ' 6. The expected Tpc,R profile of such an

ion VDF is shown as the black solid line (Eq. 3.4). From Fig. 4.4 it can be seen that the

data follow this expected profile well, however, there are some deviations. For example,

there seems to be a small systematic deviation for θBR < 60◦. It is currently unclear what

causes this deviation. It could be an instrumental issue or a physical mechanism.

In general, the SPC temperature profile for this switchback is consistent with the

expected profile of a rigidly rotating anisotropic plasma VDF, despite the small deviation

in Fig. 4.4. This suggests that the temperature changes seen by SPC throughout the

switchback are due to different geometrical cuts through the VDF, rather than a change

in the underlying plasma conditions. This result can be further supported by looking at

the RDFs throughout the switchback.

4.3.3 Reduced Distribution Functions

Fig. 4.5 shows the SPC-measured RDFs for various magnetic field cone angles throughout

the case study switchback (the magnetic field cone angle is the angle between the local

magnetic field and the radial direction). The red shaded regions show the proton core

fits and the green shaded region shows the α-particles, which could only be reasonably
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Figure 4.4: Panel (a) shows a time series of magnetic field cone angle for the interval in Fig.

4.3 and panel (b) shows the SPC-measured temperature against magnetic field cone angle. The

colours of each point indicate the time through the interval; purple corresponds to the earliest

times and yellow corresponds to the latest. The black line in panel (b) shows Eq. 3.4 with

Tpc,⊥ = 0.6×106 K and Tpc,‖ = 0.1×106 K. This is the expected profile for a rigid velocity-space

rotation of a plasma VDF. Figure credit: Woolley et al. (2020). ©Oxford University Press.

Reproduced with permission.
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separated from the proton beam, and therefore fit, for perpendicular magnetic field angles

(see discussion in Sect. 3.5).

Panel (a) shows the background plasma before the switchback. During this time,

the magnetic field is almost completely anti-radial (i.e. radially aligned in the sunward

direction) with θBR = 167◦. The proton core population has a radial velocity of ' 300

km/s and there could be a proton beam with vR ' 460 km/s, although this has not been

fit for reasons explained in Sect. 3.6.

In panel (b), the RDF corresponds to an ion distribution function measured inside

the switchback when the magnetic field is perpendicular to the radial (θBR = 90◦). The

proton core distribution is much wider than in panel (a), indicating that it has a larger

temperature. This temperature corresponds to the proton core perpendicular temperature

as the magnetic field is at 90◦ to the radial. The whole RDF is nicely fit with a proton core

and an α-particle population because, due to the rotation of ion species under Alfvénic

fluctuation explained in Sect. 3.5, the proton core obscures the smaller proton beam from

being measured. As mentioned in Sect. 3.4, the α-particles have been shifted by a factor

of
√

2 in velocity and are actually travelling at around 425 km/s.

Panel (c) shows the RDF inside the switchback, when the magnetic field has undergone

a full rotation from the background field (θBR = 2◦). The distribution looks very similar

to that in panel (a) except that the proton core is found at a higher velocity, as expected

based on the motion of ion populations under Alfvénic fluctuations (see Sect. 2.4.3 and

3.5). To compare the distributions in panel (a) and panel (c), the RDF from panel (a)

was rigidly rotated in velocity space and over plotted on the RDF from panel (c) as

shown in panel (d). The shapes of the two distributions are remarkably similar to each

other, indicating that the plasma inside the switchback is not distinctly different and

is consistent with a rigid velocity space rotation of the background plasma distribution.

This further supports the results shown in Sect. 4.3.2. It is worth noting that while the

shapes of the distributions are similar, the RDF from the background plasma has higher

particle counts than the switchback RDF for the velocity bins associated with the proton

core (i.e. orange line is above the black line for vR > 450 km/s). The difference in counts

between the two distributions is larger than the measurement errors, indicating that the

density change is significant. This density change could be a result of a smaller fraction

of the distribution being within the instrument FOV, or a signature that switchbacks are

less dense than the surrounding solar wind. Due to the density change dominating the
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difference between the two distributions, it is not possible to conclude whether the shapes

of the RDFs are statistically the same. As such, it is concluded that they are markedly

similar, but equality is not claimed.

An estimate of the point in velocity space (in the proton core reference frame) about

which the distribution function rotated was calculated from the motion of the RDFs. By

considering the proton core velocity in the two extreme cases (i.e. radial and anti-radial

cases), this rotation speed was estimated to be 115 km/s. The velocity and magnetic field

fluctuations were used to get an empirical estimation of the local Alfvén speed using Eq.

2.14 (see Fig. 4.6). This speed, often referred to as the local phase speed, can deviate

from the theoretical local Alfvén speed for reasons that are currently unknown. In this

case, the local phase speed (110 km/s) was comparable to the rotation speed estimated

previously (115 km/s) and the local Alfvén speed (110 km/s) calculated using Eq. 2.15.

This suggests that the centre of rotation is close to both the local Alfvén speed and the

local phase speed. This, however, is not always true as the local phase speed and local

Alfvén speed deviate from each other by greater amounts as the solar wind expands into

the heliosphere (e.g. Matteini et al., 2014).

4.3.4 Poynting Flux and Kinetic Energy Flux

The proton core data can also be used to characterise the energy dynamics within switch-

backs. Here the kinetic energy flux and Poynting flux are considered. The discussion is

limited to the radial fluxes to consider the amount of energy transferred per unit time

through a radially aligned unit area (i.e. the power switchbacks transport radially away

from the Sun). For the kinetic energy, the radial kinetic energy flux is approximately

equal to the kinetic energy flux as vR is the dominant velocity component. For the Poynt-

ing flux, however, this is not the case as the tangential and normal components can have

significant energy.

Panels (h) and (i) in Fig. 4.3 show the radial kinetic energy flux and the radial Poynting

flux, respectively. Inside the switchback, the kinetic energy flux increases because the

velocity of the proton core increases. In fact, the kinetic energy flux profile is similar to

the proton core radial velocity and, because the solar wind is Alfvénic in this interval,

the radial magnetic field profiles. The radial Poynting flux is low in the background

plasma, although its profile follows the magnetic field angle closely. As the magnetic

field begins to rotate at the start of the switchback, the radial Poynting flux increases,
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Figure 4.5: Reduced distribution functions throughout the case study switchback on November

7, 2018. Panels (a) – (c) show the RDFs measured by SPC for (near) anti-parallel, perpendicular

and parallel magnetic fields, respectively. The proton core (red) and α−particle (green) fits are

shown. The red points show the data used for fitting the proton core population. Panel (d)

shows the distribution of panel (a) rotated about the local phase speed in the proton core frame

(orange) and the distribution from panel (c) (black). The local phase speed in the proton core

frame is shown by the dashed blue vertical line. Figure credit: Woolley et al. (2020). ©Oxford

University Press. Reproduced with permission.
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Figure 4.6: Scatter plot of the normal components of the velocity fluctuations and normalised

magnetic field fluctuations. The gradient of the fitted line (orange) provides an empirical esti-

mate for the local Alfvén speed (called the local phase speed) based on Eq. 2.14.

reaching a maximum when the magnetic field is perpendicular to the radial direction.

As the magnetic field continues to rotate, the radial Poynting flux drops and returns

approximately to its background level inside the switchback. At the end of the switchback,

as the magnetic field returns to its background orientation, the same behaviour is seen

(i.e. the Poynting flux peaks at intermediate angles but returns to a low value in the

background plasma). This behaviour directly agrees with the functional form presented

in Mozer et al. (2020).

Throughout the whole interval, the kinetic energy flux is larger than the radial Poynt-

ing flux although the ratio of these quantities varies. Before the switchback, in the back-

ground solar wind the kinetic energy flux is ∼20 times larger than the Poynting flux.

When θBR ' 90◦, the kinetic energy flux is only ∼5 times larger, as the Poynting flux

reaches its maximum value here. Inside the switchback, when θBR = 0◦ the Poynting

flux has a similar value to the background field, yet the kinetic energy flux is enhanced

relative to the background. Therefore, the kinetic energy flux is ∼40 times larger than

the Poynting flux inside the switchback. This shows that the kinetic energy flux always

dominates over the Poynting flux in this switchback and could indicate that kinetic energy

is more important than electromagnetic energy for the energy dynamics of switchbacks.

It is possible to get a general expression for the ratio of the radial kinetic energy flux to
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radial Poynting flux using observations. As the electric field is dominated by the motional

electric field (i.e. E ' −v×B) the radial Poynting flux can be written as:

SR =
1

µ0

(
−vNBRBN − vTBRBT + vR(B2

N +B2
T )
)
. (4.1)

Because vR >> vT , vN , the third term dominates the expression for SR and the ratio of

Poynting flux to kinetic energy flux can be expressed as:

Γ =
Sr

KEflux
∼

1
µ0
vRB

2
⊥

1
2
ρv3R

∼ 2

v2R

B2
⊥

µ0ρ
. (4.2)

where B2
⊥ = B2

T +B2
N = (BsinθBR)2.

This ratio can then be applied to the case of fluctuations with constant |B|. Under

these fluctuations, Γ is expected to reach a maximum value at θBR = 90◦ because this is

the point where increases in vR are counteracted by increases in B⊥. For θBR < 90◦, vR

continues to increase but B⊥ starts to decrease. Therefore, using the fact that B⊥ = B

by definition when θBR = 90◦, the maximum ratio, Γmax, can be written as:

Γmax ∼ 2

(
vA
vR

)2

θBR=90◦ , (4.3)

where vA is the Alfvén speed.

This ratio can then be used to estimate the upper limit for the Poynting flux carried

by a switchback. For the case study switchback, Γmax ∼ 1/5. Eq. 4.3 can also be used

to predict what ratios will be seen at different heliocentric distances. For example, as

PSP approaches the Alfvén radius this ratio will approach ∼ 1 as vR → vA. This will

result in similar amounts of electromagnetic and kinetic energy carried radially outwards

by the switchbacks. However, it is not clear whether switchbacks with ≥ 90◦ rotations

exist closer to the Sun as δB/|B| reduces for decreasing heliocentric distance.

4.4 Other Switchbacks in Parker Solar Probe Data

The results from Sect. 4.3 show that the case study switchback had a similar proton core

parallel temperature to the background solar wind. However, this is not necessarily true

for all full-reversal switchbacks. To check whether the results can be generalised more

of these switchbacks were analysed. Full-reversal switchbacks were manually identified in

PSP’s first and second solar encounters. As full-reversal switchbacks are rarely seen in
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the data, the criteria for selecting appropriate switchbacks were relaxed. Any switchback

with > 8 data points with θBR < 30 degrees was chosen. Note that the background

magnetic field corresponded to θBR ' 180◦ during encounter 1 and 2, therefore θBR ' 30◦

corresponds to a ' 150◦ rotation from the background magnetic field. Eq. 3.4 was used

to fit the data for θBR < 30 degrees and θBR >150 degrees, providing estimates of the

parallel temperature inside and outside the switchback, respectively. It was only possible

to fit 4 additional switchbacks this way, as very few switchbacks reached θBR < 30 degrees

(i.e. it is uncommon for switchbacks to deviate by ∼ 150◦ from the background magnetic

field). The statistics of full-reversal switchbacks are, therefore, limited.

Tab. 4.1 shows the results of this fitting for each switchback including the case study.

The temperatures inside switchbacks and in the background solar wind are consistent

with each other within error. This suggests that Tpc,‖ inside full-reversal switchbacks is

not sufficiently enhanced above the background plasma. Using the predicted fast solar

wind Tpc,‖−v relationship at 35RS from (Perrone et al., 2019b), it was possible to estimate

the expected Tpc,‖ inside switchbacks based on the velocity increase from the background.

In each case, this predicted Tpc,‖ was significantly larger than the observed Tpc,‖ within the

switchbacks. This could suggest that full-reversal switchbacks do not follow typical Tp−v
relationships, or that fast and slow Alfvénic wind have very different Tp− v relationships,

and applying a fast wind Tp − v relationship to slow Alfvénic wind is not appropriate.

From these results, it is possible to conclude that full-reversal switchbacks have a similar

Tpc,‖ to the background solar wind. However, it is not possible to draw conclusions about

switchbacks that do not undergo full-reversals. For this, SPAN plasma data must be used

(see Sect. 4.6 for a discussion on the results from a subsequent study using SPAN data).

4.5 Switchback Origins

The evidence presented here suggests that the proton core parallel temperature is the same

inside and outside full-reversal switchbacks. This was further supported by the behaviour

of the RDFs within a case study switchback. These results suggest that the plasma inside

full-reversal switchbacks, and potentially all switchbacks, is consistent, to first order, with

a rigid velocity-space rotation of the background plasma (i.e. the switchbacks rotate the

background plasma distributions but do not significantly change the shape of them). In

light of these results, a discussion about switchback origin theories is given below.
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Switchback Time Interval
Background T‖

[×106K]
Switchback T‖

[×106K]

Predicted
Switchback T‖

[×106K]
1st Nov 18 01:00 - 02:30 0.165 ± 0.031 0.198 ± 0.038 0.262
5th Nov 18 13:45 - 14:20 0.106 ± 0.020 0.076 ± 0.014 0.279
7th Nov 18 03:10 - 04:05 0.111 ± 0.021 0.128 ± 0.024 0.284
31st Mar 19 10:24 - 10:40 0.087 ± 0.017 0.104 ± 0.020 0.216
1st Apr 19 09:50 - 10:46 0.119 ± 0.023 0.173 ± 0.033 0.214

Table 4.1: Proton core parallel temperatures inside and outside five switchbacks (including

the case study) measured by Parker Solar Probe. The temperatures inside the switchbacks

are within error of the temperatures in the background solar wind, and deviate considerably

from the predicted temperatures based on the suggested fast solar wind Tpc,‖− v relationship in

(Perrone et al., 2019b). The temperatures are quoted with a 19% error (Case et al., 2020).

There are currently two broad types of theory that describe how switchbacks may

be formed: those that involve magnetic reconnection (e.g. Zank et al., 2020; Sterling

and Moore, 2020; Drake et al., 2021) and those that involve Alfvénic turbulence (e.g.

Squire et al., 2020; Mallet et al., 2021). Reconnection-based theories involve an impulsive

magnetic reconnection event which releases either a flux rope (Drake et al., 2021) or

Alfvén waves (e.g. Karpen et al., 2017; Roberts et al., 2018; Sterling and Moore, 2020)

into the solar wind. In the case of a flux rope, it has been suggested that the flux rope

could decay as the solar wind expands, leading to the structures measured in situ by

PSP (Drake et al., 2021). For Alfvén waves released into the solar wind by reconnection,

however, it has been suggested that they could steepen into larger Alfvén waves before

being measured as switchbacks by spacecraft (Sterling and Moore, 2020). Turbulence

based theories involve Alfvénic fluctuations within the solar atmosphere. These theories

do not require a particular mechanism for the existence of these fluctuations, but argue

that the expansion of the solar wind would cause small fluctuations to grow into the

switchbacks seen by spacecraft (Squire et al., 2020; Mallet et al., 2021).

The results presented in this chapter do not necessarily rule out any of the theories

described above, but they do provide important constraints. For example, to be consistent

with the evidence in this chapter, the switchback models must be able to replicate similar

plasma conditions inside and outside full-reversal switchbacks.

It is worth noting here that the term ‘switchback’ is used broadly within the community

for most magnetic field deflections away from the background field. It is possible that
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Figure 4.7: Scatter plots showing: (a) the proton core parallel (blue) and perpendicular (orange)

temperatures measured by SPAN during a 6-hour interval discussed in Woodham et al. (2021),

and (b) the proton core parallel temperature measured by SPAN (blue) and the expected SPC

proton core parallel temperatures for a full-reversal switchback (black). The orange dashed line

in panel (b) shows a sinusoidal profile of Tpc,‖ which is consistent with both the SPC and SPAN

measurements.

there are different types of switchbacks with different origins (e.g. Tenerani et al., 2021).

This means that further work is needed to determine whether switchbacks can be formed

by multiple mechanisms and, if so, which mechanism is most dominant.

4.6 Temperature Profiles for Switchbacks

As mentioned throughout this chapter, this study was limited to full or near-full-reversal

switchbacks due to the measurement capabilities of the SPC instrument. However, since

the work presented here was published, SPAN data have become available, allowing an

analysis of intermediate switchbacks too. In fact, a subsequent study by Woodham et al.

(2021) used SPAN data to show that the proton core parallel temperature increases inside

switchbacks, while the perpendicular temperature remains constant. Fig. 4.7 (panel a)

shows a summary of these findings for the 6-hour interval (with a background magnetic

field corresponding to θBR = 180◦) discussed in Woodham et al. (2021). The results of

Woodham et al. (2021), therefore, appear contradictory to the results presented in Sect.

4.3 and 4.4. However, both studies can be reconciled by considering the measurements of

each instrument and possible functional forms of the Tpc,‖ − θBR relationship.
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Both SPC and SPAN are limited in the data they can take due to a combination of

their design, their position of the spacecraft, the orbital trajectory of PSP, and the plasma

dynamics within the solar wind. For example, SPC can only measure Tpc,‖ when θBR = 0◦

or 180◦, as discussed in Sect. 3.5. On the other hand, SPAN can only take reliable

measurements when the proton core population is within the instrument field of view. For

the interval discussed in Woodham et al. (2021), this corresponds to 90◦ ≤ θBR ≤ 180◦.

Fig. 4.7 (panel b) shows the same SPAN Tpc,‖ data as panel (a) and the expected Tpc,‖

measurements from SPC for a full-reversal switchback (based on the behaviour shown

in Sect. 4.3). It should be noted that the SPC data are ‘expected’ because there was

no full-reversal switchback within this interval. From Fig. 4.7, it is clear that the SPC

measurement of Tpc,‖ inside a switchback (i.e. θBR = 0◦) is not within the range of angles

that SPAN can measure. The results of this chapter and Woodham et al. (2021), therefore,

do not contradict each other, and can in fact be reconciled if Tpc,‖ ∼ sin(θBR). It is possible

that within a patch of switchbacks, there is a non-monotonic Tpc,‖ − v relationship (e.g.

Tpc,‖ ∼ sin(θBR)) which is distinct from Tp − v relationships observed on larger scales

(e.g. Burlaga and Ogilvie, 1970; Lopez and Freeman, 1986). However, it remains unclear

whether Tpc,‖ has this functional form or what underlying physical mechanism would be

responsible for this sinusoidal dependence.

4.7 Conclusions

In this chapter, SPC-measured ion distribution functions were used to investigate the

behaviour of the proton core population within magnetic field switchbacks. A single case

study switchback from PSP’s first solar encounter was identified. The magnetic field

within this switchback had undergone a full reversal from its background orientation.

Therefore, it was possible to compare SPC-measured temperatures inside and outside the

switchback. RDFs at various times were analysed to determine the differences between the

switchback and background plasma. The relative sizes of the kinetic energy and Poynting

flux carried by the switchback were calculated. The key results from the case study

switchback were validated using additional full-reversal switchbacks. Finally, possible

switchback origins and ways to reconcile the work here with a subsequent study were

discussed.

The results presented in this chapter indicate that the plasma within switchbacks is
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consistent with a velocity space rotation of the background solar wind plasma. This

rotation occurs around a pivot velocity that is approximately vA faster than the proton

core population. This finding is consistent with the behaviour of ion species previously

reported (Matteini et al., 2014, 2015b) and outlined in Sect. 2.4.3. Interestingly, whilst

this rotation increases the velocity of the proton core, it does not significantly alter the

shape of the RDF. The RDF measured within the case study switchback is not distinctly

different from the RDF in the background solar wind, once the velocity space rotation

has been accounted for.

A direct consequence of comparable RDFs within the switchback and the background

solar wind is that Tpc,‖ is also very similar within the two plasmas. This result was further

confirmed by four additional full-reversal switchbacks. The similarity between Tpc,‖ in

these switchbacks and the surrounding solar wind indicates that full-reversal switchbacks

do not exhibit a clear Tpc,‖−v relationship. As the solar wind Tp−v relationship is thought

to be related to how the near-Sun solar wind is heated (see Sect. 2.4.6), this could be an

indication that switchback plasma is not subject to the same heating processes as larger

scale solar wind streams. Unfortunately, only full-reversal switchbacks were studied here

because of SPC’s limitations (Sect. 3.7). Therefore, no direct conclusions can be drawn

for intermediate switchbacks. However, based on the discussion in Sect. 4.6 it is possible

that switchbacks display a non-monotonic Tpc,‖−v relationship within a given patch which

is separate from larger scale Tp − v relationships reported previously (e.g. Burlaga and

Ogilvie, 1970; Lopez and Freeman, 1986).

Finally, it was shown that throughout the case study switchback the radial kinetic

energy flux was at least 5 times larger than the radial Poynting flux. This suggests that the

kinetic energy flux is much more dominant than the Poynting flux in switchbacks measured

during PSP’s first solar encounter. From Eq. 4.2, it was clear that the intermediate

velocity switchbacks carry the largest amount of radial Poynting flux outwards, while

the fastest (and slowest) carry negligible amounts. This makes it highly unlikely that

the switchback dynamics are governed by this electromagnetic energy. It was, however,

reasoned that as the Alfvén speed increases and the solar wind radial velocity decreases

with decreasing heliocentric distance, the radial Poynting flux could dominate over the

kinetic energy flux at smaller heliocentric distances.

The work in this chapter addressed some of the questions surrounding switchbacks,

but there are still many that remain. For example, it is not clear if the results from this
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chapter and the study by Woodham et al. (2021) reconcile with each other (see Sect.

4.6 for a discussion). However, a detailed study on Tpc,‖ inside switchbacks measured

during later Parker Solar Probe encounters could help to resolve this question. Switchback

research would also benefit from studies connecting theoretical models to in situ measured

data. This connection should become easier to address as data from smaller heliocentric

distances become available. Finally, studies on the larger scale patch and quiet period

structure could complement investigations into switchback origins. The following two

chapters of this thesis focus on the switchback patches and quiet periods.
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Characterising Slow Alfvénic Solar

Wind inside Patches at 0.13au

Parts of this chapter have been previously published in Woolley et al. (2021).

5.1 Introduction

Patches, as mentioned in Sect. 4.2, are large scale groupings of individual switchbacks.

They have typical timescales of hours to days, and are separated by solar wind intervals

with very few, if any, switchbacks (Horbury et al., 2020). The discovery of patches in the

PSP data was particularly striking as this larger scale structure had not been seen by pre-

vious spacecraft, indicating that the patch structure observed in the near-Sun solar wind

evolves with increasing heliocentric distance. Patches are an important phenomenon to

study because they could not only contribute to the understanding of individual switch-

backs, but could also be related to distinct solar wind source regions. Given that most

studies to date have focused on individual switchbacks, this chapter aims to characterise

the plasma in patches and use this characterisation to better understand their origins. The

fact that PSP had the same orbital trajectory during encounter 4 and 5 is exploited and

provides a unique opportunity to identify two patches measured at the same heliocentric

distance and latitude.

After outlining the relevant background in Sect. 5.2, the data used for this study

are described (Sect. 5.3). Sect. 5.4 provides an overview of PSP’s fourth and fifth

solar encounters before Sect. 5.5 explains how two patches were identified for this work.
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The plasma properties of the patches are compared in Sect. 5.6 and used to justify a

potential source region for the patches in Sect. 5.7. Sect. 5.8 and Sect. 5.9 discuss

the properties of switchbacks and α−particle abundance during the patches, respectively.

Sect. 5.10 compares the patch plasma to similar solar wind studied at 0.3 au with the

Helios spacecraft.

5.2 Patch Background

Despite being measured in all PSP encounters to date, not much is known about switch-

back patches. This is, in part, due to the fact that most studies have focused on individual

switchbacks (e.g. Woolley et al., 2020; Dudok de Wit et al., 2020), rather than this larger

scale patch structure. Since then, however, some notable patch studies have been con-

ducted. For example, Woodham et al. (2021) showed that Tpc,‖ in patches tends to be

enhanced above the background, whereas Tpc,⊥ remains relatively constant. It has also

been suggested that switchback patches could be related to solar granulation and super-

granulation scales (Fargette et al., 2021), although the full extent of this relationship

remains unknown.

As patches are heavily linked to switchbacks, it is important to study both structures

in order to build a complete description of the physics. Studies of the larger scale patch

structure can provide insights into the solar source regions associated with switchbacks,

allowing a more focused approach to modelling these phenomena. Following on from

Chapter 4, which focused on individual switchbacks, this chapter, addresses two patches

measured at the same heliocentric distance and latitude. A comparison of the patch

properties is used to make one of the first attempts at associating patches to a solar

source region. The following questions are addressed:

1. How similar are the properties within two patches when spatial evolution effects are

reduced?

2. What is a possible solar source of switchback patches?

3. Is the wind inside patches consistent with any previously observed solar wind?
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5.3 Data

In this study, data from the FIELDS (Bale et al., 2016) and SWEAP (Kasper et al., 2016)

instrument suites are used. The FIELDS data were outlined previously in Sect. 2.6.1.3,

so the discussion is limited to the SWEAP SPAN data here. It is worth noting that

in this study, the data analysed were measured during PSP’s fourth and fifth perihelia.

Therefore, due to the large tangential velocity of the spacecraft during this time, the data

from SPC are unreliable as the ion distributions are often outside the instrument’s FOV

(see Sect. 3.7). Instead the 3D ion distribution functions measured by the electrostatic

analyser (see Sect. 2.5.1) on the ram side of the spacecraft are used.

In order to extract meaningful parameters from the 3D ion distribution functions,

a two population bi-Maxwellian was fit to the data. This fitting was done by Michael

McManus. The concept behind this fitting is similar to that for the SPC data (see Sect.

3.6), but it includes a secondary proton population and additional dimensions. Details of

this fitting procedure can be found in Finley et al. (2021). However, it should be noted

that this is only one way of extracting bulk parameters from the distributions and other

authors have tried different approaches (e.g. Stansby et al., 2018; Woodham et al., 2021).

From the 3D ion distribution functions, it was possible to extract: density, velocity, and

temperatures perpendicular and parallel to the magnetic field for both the proton core

and proton beam.

As with the SPC data outlined in Chapter 3, care must be taken when working with

the SPAN data. The highly Alfvénic nature of the near-Sun solar wind can result in the

proton core and beam moving outside the instrument field-of-view. This is a direct result

of the motion of ion species under Alfvénic fluctuations and can make the fits unreliable.

In this work, the focus is on the proton core population as this is more stable within

the SPAN FOV. As the SPAN-ion sensor has an α−particle channel, it is also possible

to fit the α−particle population using a similar procedure, after removing the proton

contamination. The SPAN proton and α−particle fits used in this study were provided

by Michael McManus.

Fig. 5.1 shows an example 3D ion velocity distribution function measured by SPAN

in the instrument frame. The top panel shows the vx − vy plane and the bottom panel

shows the vx−vz plane. The proton core population is within the instrument FOV during

this time and has been fitted with a bi-Maxwellian (dotted contours).
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Figure 5.1: (left) 3D ion VDF measured by SPAN in the instrument frame. The black arrow

indicates the average magnetic field orientation at this time. The dotted contours show the fit

to the proton core population. Figure credit: Woodham et al. (2021). ©ESO. Reproduced with

permission. (right) Example cuts through an electron VDF measured by Parker Solar Probe

in the near-Sun solar wind. The black arrows show the cut through the distribution parallel

to the magnetic field and the blue arrows show a cut perpendicular to the magnetic field. The

direction of the triangles indicates which instrument on board PSP measured the data: right

pointed triangles were measured by SPAN-A and left pointed triangles by SPAN-B (see Sect. 3.2

for more details on the instruments on board PSP). The dashed blue and black lines show the

Maxwellian fit to the electron core for the perpendicular and parallel cuts, respectively. Figure

credit: Berčič et al. (2020). ©AAS. Reproduced with permission.
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In addition to ions, electrons can provide useful information about the solar wind

too. Here the electron strahl parallel temperature, which was obtained by fitting a 1D

Maxwellian to the electron strahl population in the magnetic field aligned solar wind rest

frame, is used. The magnetic field aligned solar wind rest frame was found using magnetic

field measurements from the MAG instrument and velocity moments from SPAN-ions.

The full details of this fitting procedure are outlined in Berčič et al. (2020). The electron

fits used in this study were provided by Laura Berčič. Fig. 5.1 shows cuts through a 3D

electron VDF measured by SPAN.

5.4 Encounter 4 and 5 Overview

Before analysing and investigating individual patches in encounter 4 and 5, it is worth

looking at the data for these intervals. Fig. 5.2 shows an overview of the PSP measure-

ments during encounter 4 (left) and encounter 5 (right). During this time PSP reached

a closest approach of approximately 0.13 au (panel g) and sampled wind within 4◦ of the

equatorial plane (panel f). The orbital trajectory of PSP during these two encounters was

the same, apart from a shift in longitude.

Panel (a) shows the magnetic field magnitude which peaks at roughly 150nT in both

encounters and falls off either side of perihelion. In the first half of both encounters,

|B| falls off approximately as r−2 (orange dashed line), which is expected for a radial

magnetic field. However, |B| deviates more substantially from this theoretical prediction

in the second half of both encounters. This is likely because PSP is embedded in the

streamer belt close to the HCS, where the behaviour of B is more complex. Panel (b)

shows that the behaviour of BR changes from being full of switchbacks that are grouped

into patch structure, to fewer smaller switchbacks that are not so well defined by patches

close to the HCS. This suggests that patches are a feature of solar wind away from the

HCS, but may not be present in the streamer belt wind. The distinct change in plasma

conditions between the two halves of the encounter can also be seen in the suppression

of the proton core radial velocity (panel c), the reduction in the proton core temperature

anisotropy (panel d), and the increase in electron density (panel e) after perihelion. These

parameter changes are consistent with the current picture of streamer belt solar wind.
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5.5 Identification of Patches

Now that the key features of encounter 4 and 5 have been discussed, the patches can be

analysed. The first step towards understanding patches and the solar wind properties

within them is to be able to identify them. Because patches are a new discovery with the

PSP data, there is currently no consensus for identifying them or the quiet periods that

often separate them. It is difficult to automate the identification of patches as there is no

single parameter that consistently signifies a change in the solar wind. Often a manual

approach is the most appropriate for identifying these solar wind structures. Here the

PSP encounter 4 and 5 data were visually inspected to find a pair of patches to compare.

The main objective when identifying patches for this study was to be able to reduce

spatial evolution. To do this, two patches were identified at the same heliocentric distance

(0.13 au) and the same latitude (-3.5◦), although it was not possible for the patches to also

have the same longitude. The justification for prioritising the same latitude and radius

over the same longitude is that previous studies have shown that solar wind properties

are heavily dependent on latitude (e.g. Laker et al., 2021b) and heliocentric distance (e.g.

Hellinger et al., 2011, 2013). The dependence on latitude is particularly important during

solar minimum as the heliospheric current sheet is flat, and small changes in latitude can

result in spacecraft measuring different structures (Laker et al., 2021b).

The chosen patches were the clearest example of two patches measured at the same

heliocentric distance and latitude throughout the fourth and fifth encounters. A quiet

period that was measured just before the encounter 4 patch was also identified. This

quiet period is used as a comparison interval to the patches during this study. Fig.

5.3 shows the two patches (shaded grey) and the quiet period (shaded red) used for

comparison. The patches (quiet periods) are most clearly shown in the magnetic field

radial component (panel b) by the presence (absence) of switchbacks. Both patches have

a rising velocity profile throughout (panel c) and a proton core temperature anisotropy

above 1 (panel d). The electron number density (panel e) remains roughly constant in

the patches. The proton core parallel (panel f) and perpendicular (panel g) temperatures

appear to vary with the radial magnetic field and the radial velocity, respectively. The

quiet period is approximately 2 hrs long whereas the patches are approximately 12 hrs

long. This timescale difference is typical of the PSP data as quiet periods tend to be

much shorter in duration than patches.
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Figure 5.4: Distributions of proton core plasma properties within the encounter 4 patch (blue),

encounter 5 patch (orange) and the quiet period (black). The panels show: (a) parallel tempera-

ture, (b) perpendicular temperature, (c) temperature anisotropy, (d) radial velocity, (e) density,

and (f) plasma parallel β. Each distribution is normalised by the total number of counts. Figure

credit: Woolley et al. (2021). ©Oxford University Press. Reproduced with permission.

5.6 Plasma Properties of the Patches

As these patches were measured at the same heliocentric distance and latitude, the data

provide a very rare opportunity for studying the plasma properties without significant

influences from spatial evolution of the plasma. Fig. 5.4 shows the distributions of key

plasma parameters for the encounter 4 patch (blue), encounter 5 patch (orange) and the

quiet period (black).

The first thing to note is that, in general, the distributions of the patch plasma pa-

rameters are much more similar to each other than they are to the quiet period plasma

parameters. Both patches have proton core parallel temperatures (panel a) that peak

around 0.2×106 K, perpendicular temperatures (panel b) that peak around 0.6 ×106 K,

and anisotropies ∼ 3 (panel c). The proton core densities (panel e) and plasma β‖ (panel

f) peak at 360 cm−3 and 0.15, respectively.

Interestingly, the proton core radial velocity distributions (panel d) of the patches
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show different behaviour. The encounter 5 patch has a distribution peaked at about

260 km/s whereas the encounter 4 patch has a double peaked distribution at about 240

km/s and 270 km/s. This difference is caused by the varying velocity profiles within

each patch. The encounter 5 patch has a smooth velocity increase throughout, while the

encounter 4 patch displays a more discontinuous increase. This is likely caused by the

internal dynamics of the patch region which are not considered in detail here. These

velocity differences may also explain the slight temperature discrepancies between the

two patches. For example, the E5 patch is ∼ 5% faster on average and displays slightly

hotter temperatures (predominantly Tpc,⊥ rather than Tpc,‖) than the E4 patch. This is

consistent with typical Tp − v relationships in the solar wind (Burlaga and Ogilvie, 1970;

Lopez and Freeman, 1986) and suggests that the Tp − v relationship may be stronger for

Tpc,⊥ than Tpc,‖. A similar result for fast solar wind has been shown previously by Perrone

et al. (2019b). It is worth noting that a Tp − v relationship between different patches

does not contradict the discussion on switchback temperature profiles in Chapter 4. The

focus in Chapter 4 was on individual structures within a given solar wind patch, whereas

the discussion here compares two different larger scale patches. It is possible that there

is both a Tp − v relationship on larger scales between different solar wind streams and a

non-monotonic Tp − v relationship for switchbacks within a given stream.

The quiet period has a higher proton core parallel temperature and a lower proton core

perpendicular temperature than the patches. This leads to an overall lower anisotropy

∼ 1.75. It also has a reduced velocity (∼ 220 km/s) and a higher plasma β‖, while the

proton core density is similar to and more stable than that of the patches. These results

suggest that the plasma inside patches is distinct to the plasma inside quiet periods (see

Chapter 6 for a more in-depth study of quiet period properties).

Fig. 5.5 shows distributions of the α−particle data from the encounter 5 patch. The

α−particle data for the encounter 4 patch and quiet period are not shown here because the

counts in SPAN were particularly low, and hence the fits were unreliable. The encounter

5 data were visually inspected to ensure the counts were significant and the fits were

representative of the distributions.

The encounter 5 α−particles, have a parallel temperature ∼ 4.5 × 106 K (panel a)

and a perpendicular temperature ∼ 3.5 × 106 K (panel b), leading to a temperature

anisotropy < 1 (panel c). This is in direct contrast to the proton core which has a

temperature anisotropy > 1. α−particles may have opposite anisotropy for a couple of
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Figure 5.5: Distributions of α−particle properties within the encounter 5 patch. The panels

show: (a) parallel temperature, (b) perpendicular temperature, (c) temperature anisotropy, (d)

density, (e) abundance, (f) plasma parallel β, (g) normalised α−proton drift speed, (h) α−proton

parallel temperature ratio, and (i) α−proton perpendicular temperature ratio. Each distribution

is normalised by the total number of counts. Figure credit: Woolley et al. (2021). ©Oxford

University Press. Reproduced with permission.

reasons. Firstly, α−particles and protons may be subject to different heating mechanisms.

However, it is unclear which heating mechanism could produce solar wind with Tp,⊥/Tp,‖ >

1 and Tα,⊥/Tα,‖ < 1 close to the Sun. On the other hand, α−particles may initially have an

anisotropy greater than 1. This anisotropy could then be reduced by plasma instabilities

as the solar wind evolves (Maruca et al., 2012). The evolution of the patch solar wind is

discussed in more detail in Sect. 5.10.

The density of α−particles is around 3 cm−3 leading to an abundance ∼ 0.6 %. This

is low compared to what is observed at 1 au (Ogilvie and Wilkerson, 1969; Robbins et al.,

1970; Neugebauer, 1981; Alterman et al., 2021), and is discussed further in Sect. 5.9.

Panel (g) shows that whilst the drift speed between the α−particles and the proton core

peaks at vA, it can be more or less than the local Alfvén speed. Finally, panels (h) and

(i) show α−particle to proton core parallel and perpendicular temperature ratios. The
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α−particles are typically ∼ 20 times hotter than the proton core parallel to and ∼ 6 times

hotter than the proton core perpendicular to the local magnetic field. These ratios are

consistent with previous results reported by Stansby et al. (2020a). The large α−proton

temperature ratios could be direct evidence of preferential ion heating in the solar wind by

instabilities (e.g. Gary et al., 2000) or close to the Sun by some mechanism (e.g. Chandran,

2010).

The plasma conditions presented above suggest that the two case study patches are

associated with slow Alfvénic solar wind. Not only does the solar wind in these intervals

have a low bulk speed and a high correlation between the magnetic field and velocity

fluctuations, it also exhibits proton temperature anisotropy, large α−proton differential

speeds and high α−proton temperature ratios. These properties have been previously

reported for slow Alfvénic wind in the Helios data (Stansby et al., 2020a). Given that the

patch solar wind studied here is consistent with slow Alfvénic wind, the potential source

of this wind can be investigated.

5.7 Determining the Source Region

5.7.1 Electron Strahl Parallel Temperature

As the electron strahl population undergoes little interaction as it leaves the Sun, the

electron strahl parallel temperature (Tstrahl,‖) is thought to be a good estimate of the

source temperature in the corona (Berčič et al., 2020). Therefore, by considering Tstrahl,‖

in each interval it is possible to obtain an approximate source region temperature. Fig.

5.6 shows the distributions of the electron strahl parallel temperature for the two patches

and the quiet period. The distributions are similar and all peak around 1.1×106 K. This

similarity is not simply due to the Te − v relationship for electrons, as for a given solar

wind speed the strahl temperature can vary by ∼ 25% (Berčič et al., 2020). Therefore,

Fig. 5.6 indicates that the solar wind in all three intervals originates from regions on the

Sun with similar temperatures. However, this does not necessarily mean that the solar

wind originates in the same source region.

There is currently no clear consensus on the electron temperatures within different

solar source regions. Previous work by Berčič et al. (2020) using early PSP data suggests

that a crude categorisation of electron strahl temperatures can distinguish between coronal
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features on the Sun. Berčič et al. (2020) separated the electron strahl temperatures into

low (< 0.87 ×106 K), intermediate (0.87 ×106 - 0.99×106 K) and high (> 0.99 ×106

K) values. Based on this categorisation, the low temperature values correspond to the

centres of large coronal holes, whereas intermediate and high temperatures correspond

to the boundary regions of small coronal holes. For the solar wind intervals discussed in

this chapter, the strahl temperatures (Fig. 5.6) appear larger than those of solar wind

from the centre of a coronal hole in PSP’s first solar encounter (Berčič et al., 2020).

In fact, based on the data discussed in Berčič et al. (2020), Fig. 5.6 suggests the solar

wind in the patches and quiet period is consistent with coronal hole boundary regions (i.e.

Tstrahl,‖ > 0.99×106 K). However, this conclusion is not definitive as there are discrepancies

between coronal hole temperature estimates. For example, David et al. (1998) found that

the electron temperature within coronal holes could not be larger than 106 K whereas, Ko

et al. (1997) found that the electron temperature could reach 1.5×106 K. Discrepancies

in electron strahl temperature mainly originate from determining the exact origin of the

electron population that is being measured. This is particularly difficult close to the

intersection of two source regions (i.e. at the boundary of coronal hole and quiet Sun

regions). Further work is need to fully relate in situ Tstrahl,‖ data to solar source regions.

For this work, it is only possible to conclude that the solar wind in the three intervals

originated in source regions with a similar temperature. The remainder of this section

presents evidence for the source region of the patches (the origins of quiet periods are left

for Chapter 6).

5.7.2 Potential Field Source Surface Mapping

It is possible to predict which source region on the Sun the plasma originated from. To

do this a combination of ballistic mapping and a Potential Field Source Surface (PFSS)

model (Altschuler and Newkirk, 1969; Schatten et al., 1969) is used.

Ballistic mapping determines the location on the source surface - the distance from

the Sun where all magnetic field lines are assumed to be radial - where the plasma was

released. This mapping effectively follows the Parker spiral back towards the Sun to

account for the rotation of the Sun during the plasma transit time. The simplest way to

do ballistic mapping is to assume that the solar wind travels away from the Sun with a

constant, purely radial velocity (vR). Under this assumption, the source surface longitude

can be determined using:
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Figure 5.6: Distributions of the electron strahl parallel temperature for the encounter 4 patch

(blue), encounter 5 patch (orange) and the quiet period (black). The distributions are normalised

by the total number of counts. Figure credit: Woolley et al. (2021). ©Oxford University Press.

Reproduced with permission.

LonSS = LonPSP +
RPSP −RSS

vR
Ω, (5.1)

where Ω is the rotation rate of the Sun and RSS is typically taken to be 2.5RS. As the

solar wind is assumed to have a purely radial velocity in this mapping, the source surface

latitude is taken to be the latitude at which the solar wind was measured.

Using these source surface coordinates, the PFSS model can then be applied. The

PFSS model assumes that the solar corona is current free (i.e. 5×B = 0) and therefore

the magnetic field can be written as a scalar potential (i.e. B = − 5 φB). Whilst the

assumption of a current-free corona is not an accurate description of the solar atmosphere,

it is sufficient for uses when mapping to large scale solar features. Applying Gauss’ law

to the scalar potential gives Laplace’s equation:

52 φB = 0, (5.2)

which can be solved to trace the magnetic field lines from the source surface back to the

solar surface. In order to solve this equation, the model requires a Global Oscillation

Network Group (GONG; Harvey et al. (1996)) magnetogram as the input.
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PFSS mapping has been used in a variety of other studies (e.g. Badman et al., 2020;

Laker et al., 2021b; O’Kane et al., 2021) and can be implemented with the python pfsspy

package (Stansby et al., 2020b). It is worth noting that PFSS models are not perfect as

they assume a current-free corona and always map to open magnetic field lines. There-

fore, PFSS mapping should not be used solely to justify a given source region, but as

complementary evidence to support other analysis.

When the PFSS model was applied to the two patches considered here, it was found

that they both originated close to the boundary of the southern polar coronal hole (see

Fig. 5.7). The connectivity of this model was consistent with the magnetic field polarity

observed by PSP through these intervals. However, as PSP was close to the HCS during

this time, further evidence is needed to rule out streamer belt contributions.

5.7.3 Magnetic Field Power Spectral Density

It may be possible to distinguish various solar wind source regions based on the magnetic

field power spectral density (PSD). Previous work by Chen et al. (2021) showed that the

inertial range scaling on the inbound and outbound section of encounter 4 were different.

Chen et al. (2021) argued that this difference was due to the proximity of PSP to the

HCS in the second half of the encounter. It was shown that the solar wind measured near

to the HCS had an inertial range scaling of f−5/3 whereas, the solar wind measured away

from the HCS has an inertial range scaling of f−3/2 (Chen et al., 2020, 2021).

Fig. 5.8 shows the PSD of magnetic field fluctuations for the two patches. The inertial

range scaling of both patches is consistent with f−3/2 rather than f−5/3. This indicates

that the solar wind in patches is not consistent with wind close to the HCS (i.e. streamer

belt wind). Instead, the patch wind is consistent with solar wind from another source

which is likely to be a polar coronal hole during solar minimum.

5.7.4 Similarity to Fast Solar Wind

The plasma properties presented in Sect. 5.6 show similarities to the fast solar wind which

is already known to come from coronal holes (Krieger et al., 1973; Nolte et al., 1976; Shee-

ley et al., 1976; Neugebauer et al., 1998). For example, fast solar wind typically displays

high α−proton drifts (Berger et al., 2011; Alterman et al., 2018), anisotropic proton

temperatures (Marsch et al., 1982b) and larger α−proton temperature ratios (Marsch
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Figure 5.7: Potential Field Source Surface (PFSS) mappings for the encounter 4 (left) and

encounter 5 (right) patches. The top row shows the whole solar surface and the bottom row

shows a close up of the region of interest (indicated with a dashed box in the top row). The

blue points show where PSP measured the solar wind and the white points show where it was

magnetically connected to during this time. The black solid line shows the heliospheric current

sheet. The solar surface image is made from a combination of 19.3nm AIA images measured over

a solar rotation. Figure credit: Woolley et al. (2021). ©Oxford University Press. Reproduced

with permission.
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et al., 1982a; Stansby et al., 2020a). It is also common for the fast solar wind to display

anisotropic α−particle temperatures in the opposite sense to protons (i.e. Tα,⊥/Tα,‖ <1)

(Marsch et al., 1982b). All of these characteristics were observed in the patch solar wind

studied here and a previous slow Alfvénic wind study (Stansby et al., 2020a). Follow-

ing arguments presented by previous studies (e.g. D’Amicis and Bruno, 2015; Stakhiv

et al., 2015, 2016; Stansby et al., 2020a), this could indicate that the slow Alfvénic wind

associated with patches could also originate in coronal holes or at coronal hole boundaries.

5.7.5 Summary of Possible Source Regions

The three pieces of evidence presented in this section suggest that patch solar wind is

associated with coronal hole source regions. The two patches studied here were measured

by PSP during solar minimum when no equatorial coronal holes were present. Therefore,

it is likely that the solar wind in both patches originated in the southern polar coronal

hole as indicated by the PFSS mapping. The fact that both patches likely had the same

source region could also explain the striking similarities discussed in Sect. 5.6. Further

work with the Solar Orbiter heavy ion data could help to confirm the source regions of

patches.

5.8 Switchback Statistics in Patches

Additionally, it is worth looking at the properties of switchbacks in these patches. For the

purpose of this work, switchbacks were identified based on how the local magnetic field

changed with respect to a 5 hr background average. The magnetic field cone angle - the

angle between the magnetic field vector and the radial direction in RTN coordinates - was

used to identify switchbacks as any time the cone angle varied by more than 20◦ from the

background. Switchbacks with a duration < 1s (four data points) were then filtered out. It

should be noted that there is currently no consensus for identifying switchbacks in the solar

wind and so each study differs depending on the requirements of that particular work. In

this section, waiting time distributions and deflection-duration correlations are computed.

The waiting time distributions describe the distributions of times between consecutive

switchbacks and have been discussed comprehensively in Dudok de Wit et al. (2020).

These were calculated by finding the time difference between the end of one switchback

and the start of the next switchback. These time differences were grouped into discrete
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Figure 5.8: Power spectral density (panel a) and compensated power spectral density (panel

b) of the total magnetic field fluctuations during the encounter 4 patch (blue) and encounter

5 patch (orange). The dashed (dotted) green lines show the expected gradient for a f−3/2

(f−5/3) inertial range spectra. Figure credit: Woolley et al. (2021). ©Oxford University Press.

Reproduced with permission.

bins and the counts for each bin were normalised by the total counts to get a probability

distribution. Deflection-duration correlations measure the Pearson correlation coefficient

between the maximum angle of deflection and the total duration for each switchback.

Tab. 5.1 shows the properties of the switchbacks identified in each patch. Overall,

the statistics for each patch are remarkably similar, and both patches have approximately

the same number of switchbacks. For each patch, ∼ 16 % of the time PSP measures a

switchback and the waiting times between switchbacks have similar power laws. These

waiting time statistics are consistent with previous work that analysed switchbacks during

the first PSP solar encounter (Dudok de Wit et al., 2020). The statistics presented here

also support the observation by Horbury et al. (2020) that the switchbacks with larger

deflections last for a longer time than those with smaller deflections.

As a final note, 20◦ was arbitrarily chosen as the threshold for defining switchbacks.

This threshold was varied to see how much impact it had on the results presented above.

It was found that the results were not strongly dependent on the switchback threshold

apart from the fact that the percentage of the streams that were considered switchbacks
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E4 Patch E5 Patch
No. of switchbacks 817 851
Switchback % of stream 16.4 15.6
Deflection-duration correlation 0.58 0.69
Waiting time power law -1.44 ± 0.04 -1.51 ± 0.10

Table 5.1: Statistics of switchbacks identified in the E4 and E5 patches. Table credit: Woolley

et al. (2021). ©Oxford University Press. Reproduced with permission.

increased for a decreasing threshold.

5.9 Low α−particle Abundance in E5 Patch

A particularly interesting result shown in Fig. 5.5 is the low α−particle abundance

(Aα) that peaks at ∼ 0.6%. This is much lower than the expected Aα at 1 au during

solar minimum (1-2%, Hirshberg et al., 1972; Kasper et al., 2007, 2012). This seemingly

inconsistent result can be explained using an argument based on a one-dimensional flux

tube.

Kasper et al. (2007) showed that by considering the motion of protons and α−particles

along a one-dimensional flux tube, the α−abundance varies with the α−proton drift

speed. Specifically, as the drift between the two ion species reduces, the α− particle

abundance increases. This effect is a direct result of mass conservation and leads to

the α−abundance of a given stream increasing with heliocentric distance. This increase

occurs because of two reasons. First, the drift between the α−particles and the protons

is typically a large fraction of the local Alfvén speed. As the Alfvén speed decreases

with heliocentric distance, so does the drift between the protons and α−particles (the

Alfvén speed is expected to decrease as r−1 for a radially expanding solar wind with a

purely radial magnetic field). Second, the fraction of the local Alfvén speed at which the

α−particles travel ahead of the protons reduces (Marsch et al., 1982a; Neugebauer et al.,

1996), meaning that the typical α−proton drift decreases faster than the Alfvén speed.

Kasper et al. (2007) derived an equation to estimate how the α−particle abundance

varies with distance as follows. It was assumed that protons and α-particles flow along a

one-dimensional flux tube with a cross-sectional area S. Due to conservation of particles

for each species, i, the following equation must hold for both protons and α−particles at
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all distances along that flux tube, r:

Srvi,rni,r = constant. (5.3)

The number density of each species at a distance r along the flux tube can then be related

to the number density at any other point along the flux tube, r0:

ni,r =
Sr0
Sr

vi,r0
vi,r

ni,r0 . (5.4)

Taking the ratio of the number density for α−particles and protons gives the following

equation:

Ar = Ar0
(1 + ∆vr0/vp,r0)

(1 + ∆vr/vp,r)
, (5.5)

where ∆vr = vα,r − vp,r. Eq. 5.5 then allows predictions to be made about the change in

α−particle abundance from the measurement distance r0 to another distance r.

Using typical values for the E5 stream, the ∼ 0.6% α−particle abundance measured

by PSP at ∼0.13 au would correspond to an abundance ∼ 0.9% at 1 au. This is much

more comparable to the expected abundance for slow solar wind during solar minimum.

However, this α−particle abundance is still very low compared to the fast Alfvénic solar

wind which is also thought to come from coronal holes. The difference in α−particle

abundances may be a direct result of processes that govern the release and acceleration

of the solar wind close to the Sun.

There are two main competing theories about how the solar wind is released. The

first theory suggests that all solar wind is initially confined to closed magnetic field loops.

These closed loops can then undergo interchange reconnection (see Fig. 5.9) with nearby

open magnetic field lines, releasing their plasma onto the open field lines where it can then

be accelerated outwards (Fisk et al., 1999; Fisk and Schwadron, 2001). Interestingly, this

process could also explain the formation of switchbacks (see Sect. 4.5). In this scenario,

the final solar wind conditions measured in the heliosphere are directly related to the

conditions of the closed field plasma (Fisk et al., 1999). There have been numerous studies

that support this idea, including Fisk (2003) and Gloeckler et al. (2003) which showed

that the final solar wind speed squared was inversely proportional to the temperature of

closed-loop plasma. Combining this result with the study of Feldman et al. (1999) that
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showed hotter loops tends to be larger, leads to the conclusion that the very slowest solar

wind comes from the largest closed field lines. More recently, Rakowski and Laming (2012)

showed that not only is gravitational settling too slow to alter the abundance inside closed

loops as suggested by Byhring (2011), but that the FIP effect (first ionisation potential

effect; Laming (2004)) is more effective at depleting the α−particle abundance in the

largest loops. Overall, this interchange reconnection theory suggests that slow solar wind

has a low α−particle abundance because it originates in hot, large closed field regions

where the FIP effect has depleted the α−particle content.

The second theory does not require interchange reconnection in the solar atmosphere

and instead suggests that the plasma flows from its source region along open field lines

into the heliosphere. In this picture, the final properties of the solar wind are determined

by the amount of expansion that occurs as the solar wind travels outwards. In support of

this theory, Levine et al. (1977) found a good relationship between the solar wind velocity

measured at 1 au and the expansion of the individual magnetic flux tubes. Furthermore,

Cranmer et al. (2007) modelled this situation by only varying the magnetic field and

achieved reasonable values for various solar wind parameters. Geiss et al. (1970) suggested

that the α−particles get dragged out into the heliosphere by dynamical friction from the

protons. Therefore, the abundance should be highly correlated to the proton flux. In

cases when the proton flux is too low, the abundance could be depleted. However, work

by Stansby et al. (2020a) shows no obvious relationship between abundance and proton

flux for streams of different speeds. This suggests that there could be other mechanisms

affecting the α−particle content.

The results presented in this chapter cannot distinguish between these two theories,

and therefore further work must be done to gain a better understanding of α−particle

abundance in the solar wind. It has also been suggested that the simple binary pic-

ture presented above may not be appropriate (Viall and Borovsky, 2020). Some studies

have tried to adapt a more complicated framework to explain solar wind conditions that

currently cannot be explained by either of the theories outlined previously (Viall and

Borovsky, 2020). There is also growing evidence that both of these mechanisms could

work in parallel, with each dominating under specific conditions (Fu et al., 2018).

Finally, it is possible to make a prediction of the solar wind α−particle abundance

closer in based on the Eq. 5.5. As PSP gets closer to the Sun, the Alfvén speed will

increase and the solar wind speed may decrease. There will be a point where vSW = vA
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Figure 5.9: Schematic of how a switchback could form via interchange reconnection. The blue

and grey arrows show closed magnetic field loops which can reconnect with open magnetic field

(red arrows). This reconnection introduces a kink onto the open field line, which can then

propagate outwards and form a switchback. Figure credit: Fisk and Kasper (2020).

(i.e. the Alfvén critical surface). At this surface, it is reasonable to expect the abundance

to be lower than current PSP measurements, and therefore PSP will likely measure slow

Alfvénic wind with an abundance < 0.5%.

5.10 Evolution of Slow Alfvénic Solar Wind

Given the plasma properties presented previously in this chapter, the results can be

compared to a previous study of slow Alfvénic wind at 0.35au (Stansby et al., 2020a).

This comparison can help to understand how such wind evolves as it expands outwards

from the Sun.

Between these two studies, the proton temperature anisotropy decreases from ∼ 3 at

0.13 au to 1-2 at 0.35 au. This indicates that the slow Alfvénic solar wind cools faster

perpendicular to the local magnetic field than it does parallel to it. This temperature

scaling is consistent with previous observations in fast solar wind using both moments

(T⊥ ∝ r−0.83, T‖ ∝ r−0.54; Hellinger et al., 2011) and fits to the proton core (Tpc,⊥ ∝ r−1.09,

Tpc,‖ ∝ r−0.65; Ďurovcová et al., 2019). Interestingly, this is not the case with observations

from slow solar wind. In fact, the temperature scaling suggested from the comparison
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Figure 5.10: Plot of (a) proton core perpendicular temperature and (b) proton core parallel

temperature vs heliocentric distance for slow Alfvénic wind measured by the Helios spacecraft.

The orange lines show power law fits to these temperature profiles and the radial dependence is

given in the top right of each panel. The data used to make these plots are from Stansby et al.

(2018).

of the study presented in this chapter and the study by Stansby et al. (2020a), is only

consistent with the scaling of the proton core fits (Tpc,⊥ ∝ r−0.95, Tpc,‖ ∝ r−0.67; Ďurovcová

et al., 2019) and not the proton moments (T⊥ ∝ r−0.58, T‖ ∝ r−0.59; Hellinger et al., 2013)

in slow wind. However, none of the above studies separates the solar wind based on

Alfvénicity, making a direct comparison more difficult. Fig. 5.10 shows the scaling of the

proton core temperatures for slow Alfvénic wind measured by Helios. There is a clear trend

showing that the perpendicular temperature has a stronger dependence on heliocentric

distance than the parallel temperature. This is consistent with the comparison between

the work presented in this chapter and Stansby et al. (2020a).

An interesting result to note is that whilst slow Alfvénic and fast solar wind both have

steeper Tpc,⊥ than Tpc,‖ profiles, slow Alfvénic wind reaches isotropy at around 0.35 au,

whereas fast solar wind remains anisotropic until larger distances (e.g. Matteini et al.,

2007). This indicates either that fast solar wind is more anisotropic in the near-Sun solar

wind than slow Alfvénic wind, or that the Tpc,⊥/Tpc,‖ scaling of fast wind is weaker than

that of slow Alfvénic wind. The former can only be confirmed by measuring data closer

to the Sun, which PSP will continue to do throughout its mission phase. The latter,

however, can be checked using Fig. 5.10. In fact, Fig. 5.10 shows that the scaling of Tpc,⊥
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in slow Alfvénic wind (Tpc,⊥ ∝ r−1.08) is very similar to that in fast wind (Tpc,⊥ ∝ r−1.09;

Ďurovcová et al., 2019), and that the scaling of Tpc,‖ is stronger in slow Alfvénic wind

(Tpc,‖ ∝ r−0.78) than fast solar wind (Tpc,‖ ∝ r−0.65; Ďurovcová et al., 2019). This implies

that the temperature anisotropy in fast solar wind should fall at a faster rate than the

temperature anisotropy in slow Alfvénic wind. In order to be consistent with isotropic

slow Alfvénic wind at 0.35 au and anisotropic fast wind at larger heliocentric distances,

this implies fast solar wind has a larger temperature anisotropy than slow Alfvénic wind

close to the Sun. This larger temperature anisotropy in fast wind could be a direct result

of stronger heating mechanisms in the source regions of fast wind. Possible mechanisms

leading to a large temperature anisotropy close to the Sun include turbulent dissipation

(Verdini et al., 2010), stochastic heating (Chandran, 2010; Bourouaine and Chandran,

2013) and ion-cyclotron resonance (Li et al., 1999).

Whilst the mechanisms mentioned above can explain the preferential perpendicular

heating of protons close to the Sun, they do not explain why the proton temperature

scalings depart from the adiabatic predictions (i.e CGL predictions from Sect. 2.3.3). It

appears that the proton core parallel temperature cools faster than expected with helio-

centric distance whereas, the proton core perpendicular temperature cools more slowly.

To explain this evolution of the proton core, additional in situ heating and/or cooling

mechanisms are needed. Some possible candidates for perpendicular proton heating in-

clude in situ stochastic heating (Martinović et al., 2019), cyclotron resonance (Bowen

et al., 2021) and turbulent dissipation (Smith et al., 2001). It is also possible that the

α−proton drift instability (Markovskii et al., 2019) and the firehose instability (Matteini

et al., 2006, 2015a) regulate the evolution of proton temperatures.

In contrast to the protons, the α−particle temperature anisotropy is comparable at

both heliocentric distances. This suggests that Tα,⊥and Tα,‖ cool at comparable rates

in slow Alfvénic wind. This is somewhat consistent with observation of α−particles in

fast wind, which scale by similar amounts (Tα,⊥ ∝ r−1.08, Tα,‖ ∝ r−1.24; Ďurovcová et al.,

2019). The anisotropy of α−particles is also in the opposite sense to the protons (i.e.

Tα,⊥/Tα,‖ < 1). This could indicate that α−particles have Tα,⊥/Tα,‖ > 1 close to the Sun

and evolve much faster than protons. On the other hand, α−particles may be subject to

different heating mechanisms to protons, specifically ones that do not lead to preferential

perpendicular heating. Future solar wind measurements from PSP will help to distinguish

these two scenarios.
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The equal cooling of Tα,⊥ and Tα,‖ disagrees with the CGL prediction (Eq. 2.26 and

2.27), and therefore requires heating in the perpendicular direction and/or cooling in the

parallel direction. A possible source of Tα,⊥ heating comes from the reduction in the

α−proton drift speed (Gary et al., 2000). This drift speed reduces from ∼ 90 % of the

local Alfvén speed to ∼ 50 % between 0.13 and 0.35 au (Stansby et al., 2020a; Woolley

et al., 2020). This reduction could be driven by drift instabilities that redistribute the

drift energy into heating the α−particles perpendicular to the magnetic field (e.g. Gary

et al., 2000).

5.11 Conclusions

In this chapter SPAN ion and electron data were used to investigate the properties of solar

wind within patches. Two patches that were measured at the same latitude and radius

were visually identified from encounter 4 and 5 data. The patches were compared to

each other and a neighbouring quiet period. This comparison focused on the proton core

and α−particle properties along with the electron strahl parallel temperature. A possible

source of these patches was justified using a potential field source surface mapping, the

inertial range scaling of the magnetic field power spectra, and the similarities shown

between patch and fast solar wind. Statistics of switchbacks within the patches were given,

before the particularly low α−particle abundance was discussed. Finally, a comparison

between this study and a previous slow Alfvénic wind study was made.

The results in this chapter indicate that the plasma within the two patches was very

similar, especially considering the patches were measured in different solar encounters.

Overall, the proton core properties were remarkably similar and slight variations in the

temperature and velocity were possibly due to the Tp−v relationship (Burlaga and Ogilvie,

1970; Lopez and Freeman, 1986). In contrast, the solar wind properties within the quiet

periods were distinct from those in patches. The exact reason for these differences is

currently unknown. Further studies, like the one presented in Chapter 6, are required to

fully understand patches and quiet periods.

One possible explanation for the differences in quiet periods and patches is that they

have different origins. The evidence presented in this chapter suggests that patches are

associated with coronal hole source regions. In particular, the two patches in this study

were found to be consistent with solar wind from the boundary of the southern polar
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coronal hole. Patches could be in situ measurements of coronal hole substructure such

as funnels (Tu et al., 2005). However, further work is needed to clarify this connection

between in situ and remote measurements.

The solar wind within these patches was slow (< 400 km/s) and displayed a high level

of Alfvénicity. Therefore, a comparison between this study and another slow Alfvénic

wind study (Stansby et al., 2020a) provided one of the first insights into how this type of

wind may evolve. Tpc,⊥ shows a stronger dependence on heliocentric distance than Tpc,‖

in slow Alfvénic wind. This is also seen in fast solar wind. Interestingly, a comparison of

temperature scaling in slow Alfvénic and fast wind revealed that the anisotropy of fast

wind should decrease faster than the anisotropy of slow Alfvénic wind with heliocentric

distance. As fast wind is known to display temperature anisotropy at larger heliocentric

distances than slow Alfvénic wind does, these scalings suggest that fast wind must have

a larger temperature anisotropy than slow Alfvénic wind close to the Sun.

Finally, the α−particle data from the encounter 5 patch showed some interesting re-

sults. The α−particles were considerably hotter in both the parallel and perpendicular

direction compared to protons. This could be a indication of preferential heating mech-

anisms in the near-Sun solar wind. Furthermore, the α−particle temperature anisotropy

was less than 1 and in contrast to the proton temperature anisotropy (which is greater

than 1). This result suggests that α−particles may be subject to different heating mecha-

nisms or evolution than protons. There was also evidence for a remarkably low α−particle

abundance in the patch, which could be a direct result of how the solar wind is released

or heated closer to the Sun.

The low abundance is still not fully understood and it is not clear how slow and

fast wind from the same source could have such drastically different abundances. Since

the work in this chapter was done, Bale et al. (2021) has investigated patches seen in

encounter 6. In this encounter, the patches often have enhanced α−particle abundances

which appears contradictory to the work presented in this chapter. It is likely that the

α−particle abundance in patches is dependent on the processes occurring in the solar

atmosphere, and can vary greatly inside different structures seen by PSP. The following

chapter on quiet periods could complement the results presented here.
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Quiet Periods in Low Latitude Solar

Wind

6.1 Introduction

Three of the main structures observed in the near-Sun solar wind by Parker Solar Probe

are switchbacks, switchback patches and quiet periods. The previous two chapters have

covered switchbacks and patches and therefore this chapter focuses on understanding the

quiet periods. Quiet periods typically have timescales ranging from a fraction of an hour

to a few hours, and are shorter than the switchback patches but longer than individual

switchbacks. Quiet periods have been observed throughout many PSP encounters, but

have not been the sole focus of any study to date. In fact, quiet periods have been

studied less than both switchbacks and patches, meaning that little is currently known

about them. In this chapter, the high resolution plasma and magnetic field data available

across multiple PSP encounters are exploited to investigate these structures. The work

in this chapter forms the first study purely addressing these quiet periods.

This chapter begins with a discussion of the various structures found in the low latitude

solar wind, before two methods used for identifying quiet periods are outlined in Sect.

6.4. Sect. 6.5 discusses whether the quietness can be explained by how the spacecraft

samples the fluctuations. In Sect. 6.6 and 6.7 the quiet period properties are analysed

and compared to the surrounding solar wind. Sect. 6.8 investigates whether quiet periods

have a characteristic scale size before the distributions of quiet periods throughout each

encounter are covered (Sect. 6.9). The chapter ends with a discussion on the potential
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Figure 6.1: Time series of quiet periods (red shaded regions) and a suspected partial current

sheet crossing (grey shaded region). The panels show: (a) magnetic field magnitude, (b) the

radial component of the magnetic field, (c) the tangential and normal components of the mag-

netic field, (d) the magnitude of the proton core velocity, (e) the electron number density, and

(f) normalised electron pitch angle distribution for electrons with energy of 314eV. The electron

PAD is normalised to the 75-90◦ bin. Blue colours show the lowest counts and red colours show

the highest counts.

origins of quiet periods (Sect. 6.10) and conclusions (Sect. 6.11) that can be drawn from

this work.

6.2 Structures in the Low Latitude Solar Wind

Quiet periods (along with switchbacks and patches) are just a subset of many structures

that can be identified in the solar wind based on their magnetic field and/or density

profiles. For example, there are periodic density structures (e.g. Viall and Vourlidas,

2015), helmet streamer plasmoids (e.g. Sheeley et al., 1997) and partial HCS crossings

(Phan et al., 2021).

Periodic density structures (PDS) are increases in the proton density (of 20%-100%

of the background density) that occur on timescales of ∼ 90 mins (Kepko et al., 2002;
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Kepko and Spence, 2003; Viall and Vourlidas, 2015). They are known to be in pressure

balance with their surroundings, meaning that |B| is reduced within them (Kepko and

Spence, 2003). PDS have been observed frequently at 1 au by spacecraft (e.g. Kepko et al.,

2002; Kepko and Spence, 2003; Viall et al., 2008) and are thought to drive oscillations

in the Earth’s magnetosphere (Viall et al., 2009a). There is growing evidence that these

structures form in the corona and are advected into interplanetary space by the expanding

solar wind. For example, they display compositional signatures that are consistent with

coronal origins (Viall et al., 2009b), and remote sensing observations of similar structures

suggest that they form at around ∼2.5RS (Viall et al., 2010; Viall and Vourlidas, 2015).

However, the exact formation mechanism of PDS is unknown. It has been suggested that

magnetic reconnection could create PDS (Kepko and Spence, 2003; Viall and Vourlidas,

2015), but further work is needed to confirm this.

Helmet streamer plasmoids, which are sometimes referred to as ‘blobs’, are structures

that are thought to originate close to the tips of helmet streamers through some form of

magnetic reconnection (Wang et al., 1998; Sheeley et al., 1997, 2007, 2009). They have

predominantly been observed in remote sensing images (e.g. Sheeley et al., 1997), but

consistent structures have also been observed in in situ data (e.g. Crooker et al., 2004;

Suess et al., 2009). Helmet streamer plasmoids are more dense than their surroundings,

which is why they appear as brighter features in remote sensing images. There are a variety

of possible mechanisms that could release plasma close to helmet streamers (Wang et al.,

2000; Rouillard et al., 2010). Therefore, it is likely that there are multiple subcategories

of helmet streamer plasmoids. PDS could also be related to magnetic reconnection at

the tips of helmet streamers. However, Viall and Vourlidas (2015) argue that helmet

streamers are larger scale than PDS and that helmet streamer plasmoids are confined to

the plasma sheet, whereas PDS are not.

Partial HCS crossings (see Fig. 6.1) occur when the spacecraft is close to the HCS but

does not fully cross it. These can happen when the relative spacecraft motion is aligned

along the HCS. Partial HCS crossings occur frequently in the early PSP data. This is

because the combination of a relatively flat HCS and the low latitude orbit of PSP results

in the spacecraft skimming the HCS. Partial HCS crossings are characterised by increases

in the proton density and a reduction in |B| (Phan et al., 2021).

Quiet periods (as shown in this chapter) are distinct from all of these structures and

typically exhibit a stable magnetic field orientation and occur for between a fraction of a
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hour and a few hours. In this chapter, the quiet periods are identified and investigated

with a focus on three questions:

1. What are the typical properties of quiet periods?

2. Do quiet periods have a characteristic spatial and/or temporal scale?

3. What larger-scale structures and/or solar source regions are quiet periods associated

with?

6.3 Data

In this study, plasma (encounters 3-7) and magnetic field (encounters 3-7 and 10) data

from PSP are used. These data have already been outlined in previous sections. For

information about each data product see Sect. 2.6.1.3 for FIELDS and Sect. 5.3 for SPAN.

The only difference between the SPAN data used here and the data used in Chapter 5

is that the fits are only applied to the proton core in this chapter. These data products

were provided by Lloyd Woodham as proton core and beam fits by Michael McManus

were not available for all encounters of interest. The electron pitch angle distributions

(PADs), measured by the SPAN electron electrostatic analysers, are also used in this

chapter. These data products show distributions of the electron pitch angle with respect

to the local magnetic field orientation, and can help with understanding the magnetic

connectivity of the solar wind (see Sect. 6.6). The electron strahl can be identified in these

PADs as a peak at either 0◦ or 180◦, depending on the magnetic polarity. The standard

way to handle these PADs is to choose an energy bin relative to the strahl electrons and

plot the PAD for that specific energy. In this work, 314 eV was an appropriate energy

level to capture the strahl signature. From here onward, the counts have been normalised

to the 75-90◦ bin for reference.

6.4 Identifying Quiet Periods

Two different methods were used to identify quiet periods in the data. The first method

involved a manual identification by visually inspecting the time series data. Quiet periods

were chosen based on the radial magnetic field component and the total variance of the

normalised magnetic field components (σ2 = σ2
R + σ2

T + σ2
N) calculated on a five minute
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timescale. For a quiet period to be identified using this method, BR had to be stable and

σ2 had to be low compared to the surrounding wind. A threshold of σ2 ∼0.02 was used,

but this was not a strict criterion. A flexible threshold was required because sometimes

a single switchback appeared within an otherwise quiet period. In these cases, short

deviations (∼10 mins) of σ2 above the threshold were accepted. The flexible threshold also

allowed the boundaries of quiet periods to be identified more accurately than using a fixed

threshold. This is because identification based on a fixed threshold is only accurate up to

the resolution of σ2. In the case of identifying quiet periods, the calculation of σ2 could

be influenced by switchbacks occurring at the end of the five minute calculation period,

resulting in a premature identification of the boundary. To avoid this, the boundaries

were not always selected as the first time σ2 was above 0.02, but the time when significant

switchbacks were observed in the data. It was only feasible to identify quiet periods with

a timescale & 1 hr due to the manual nature of this method. Given that each encounter

was several days long, looking at timescales below 1 hour would have been extremely time

consuming.

The second method involved using an algorithm to determine when σ2, calculated on

a five minute timescale, fell below a chosen threshold. A threshold of 0.02 was found to

capture quiet periods well at 0.15 au. This threshold was used and varied according to

the weak dependence of σ2 on heliocentric distance. Using this varying threshold, each

five minute interval was classified as quiet or not quiet. A second condition was required

for each five minute interval to stop the algorithm selecting quiet periods that were part

of some larger scale structure. An appropriate condition for this was limiting the amount

that |B| could vary within the interval. Therefore, the five minute intervals also had to

satisfy max|B|−min|B| < 9%|B|. This 9% threshold was chosen as it appeared to capture

the quiet periods well when visually inspecting the data. The five minute intervals that

met both of these conditions were then used to identify the quiet periods by combining

consecutive intervals. A requirement that quiet periods had to be formed from at least

two consecutive five minute intervals was applied to reduce the chance of the algorithm

incorrectly selecting anomalies in the data. As such, the algorithm was sensitive to quiet

periods with durations ≥ 10 mins.

Tab. 6.1 shows a summary of the number of quiet periods identified per day in

each PSP encounter using the manual and automatic methods. To correct for the fact

that each encounter has a slightly different duration, the number of quiet periods has
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Encounter Manually Identified per Day Automatically Identified per Day
3 1.6 11.2
4 3.1 12.8
5 2.7 13.0
6 1.9 12.9
7 2.3 10.9
10 1.0 10.3

Table 6.1: Average number of quiet periods identified per day in each PSP encounter using the

manual and automatic methods. This table is discussed in more depth in Sect. 6.9.

been divided by the total duration of the encounter. Typically, each encounter has 20-30

manually identified quiet periods and over 100 automatically identified quiet periods. The

automatic method captures more quiet periods because (i) it is sensitive to quiet periods

with a smaller timescale and (ii) it can split one long quiet period into multiple ones if

σ2 momentarily increases above the 0.02 threshold.

Neither identification method is perfect and each one has its own drawbacks. For

example, the manual method could be influenced by selection bias and can only be used

for quiet periods with timescales & 1 hr. The automatic method, on the other hand,

does not always capture quiet periods as expected and can pick up unwanted larger scale

structure. Due to these drawbacks, a combination of these methods is used throughout

this chapter.

6.5 Does θBV Control the Quietness?

In the solar wind, the magnetic field fluctuations are not isotropic in each direction and

have larger power perpendicular to the field than parallel to it (Coleman, 1968; Belcher

and Davis, 1971; Horbury et al., 1995). This means that the fluctuation levels measured

by the spacecraft depends on how it samples the solar wind with respect to the magnetic

field.

One possibility is that the quiet periods seen in the PSP data could be similar to the

surrounding wind (e.g. patches), but measured by the spacecraft in such a way that they

appear quiet. To investigate this, the dependence of normalised magnetic field variance

(σ2) on the angle between the magnetic field and the relative solar wind flow at the

spacecraft (θBV ) is studied. A θBV angle of 0 implies B and Vrel are parallel to each
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Figure 6.2: Scatter plot of the average normalised magnetic field variance against average θBV

for each 10 minute interval in encounter 7. Panel (a) shows the full domain and panel (b) shows

a close up of the orange dashed box in panel (a). The orange points in panel (b) show bin

averages and standard deviations calculated only for the data shown within this panel.

other (i.e. PSP samples the solar wind along the magnetic field) and θBV = 90◦ implies B

and Vrel are perpendicular to each other (i.e. PSP samples the solar wind perpendicular

to the magnetic field).

Fig. 6.2 shows the average σ2 vs the average θBV for each 10 minute interval in the

encounter 7 data. There is a clear positive correlation between σ2 and θBV . However, this

does not indicate that a larger θBV causes a larger σ2. In fact, the presence of switchbacks,

which are large deflections in θBV , increases both σ2 and θBV . It is this underlying cause

that leads to the dominant σ2-θBV correlation in panel (a) of Fig. 6.2.

In order to determine if there is a relationship between σ2 and θBV that is not caused

by switchbacks, it is important to consider intervals when switchbacks are not present.

In these intervals changes in θBV are due to changes in the spacecraft velocity and the

orientation of the background magnetic field. In fact, the background magnetic field is

approximately radial close to the Sun. Therefore, it is typically changes in PSP’s velocity

that lead to changes of θBV in the absence of switchbacks. The dashed box in panel (a)

of Fig. 6.2 shows the range of values for which it is possible to test the non-switchback

σ2-θBV correlation during encounter 7. The upper limit of σ2 in this box is set at 0.02

to exclude switchbacks. This is the same threshold that was used for identifying quiet

periods with the automatic method (see Sect. 6.4). The upper limit of θBV is set by the

relative tangential velocity of the spacecraft at perihelion, which gives the largest angle at

which a radial magnetic field would be sampled by the spacecraft. It is possible that θBV

is larger than this without the presence of switchbacks (i.e. with a particularly non-radial
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Figure 6.3: Time series of a ∼ 7 hr interval of solar wind measured during PSP’s seventh solar

encounter. A quiet period is shaded in red and a non-quiet region is shaded in grey. The panels

show: (a) magnetic field magnitude, (b) radial component of the magnetic field, (c) tangential

and normal components of the magnetic field, (d) normalised magnetic field variance, and (e)

θBV . The time format is hh:mm.
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background magnetic field), but as the magnetic field is often approximately radial close

to the Sun, this is a reasonable estimate for this discussion. Inside the box (panel b),

there is no clear relationship between σ2 and θBV . Similar σ2 values are observed for a

range of θBV values. This indicates that in the absence of switchbacks the quietness of an

interval is independent of the angle at which the solar wind is sampled.

Further evidence to support these statistics can be found by looking at individual case

study quiet periods. Fig. 6.3 shows a ∼ 7 hour time series from PSP’s encounter 7. The

quiet period is highlighted in red and a non-quiet period is highlighted in grey. The quiet

period has a consistently low variance (< 10−2) and an average θBV of 21◦. On the other

hand, the non quiet period has a higher variance than the quiet period (∼ 2× 10−2), but

a lower average θBV of 16◦. This indicates that θBV does not dominate the quietness and

therefore that the underlying fluctuations in these two periods must be different (i.e. the

differences are not caused by sampling effects).

It is also possible to consider the changes within a single quiet period. Fig. 6.4 shows

a quiet period measured close to perihelion during encounter 7. This was a particularly

long event (lasting 5 hours) making it a good case study for looking at θBV changes within

a quiet period. At the beginning of the quiet period θBV ∼ 20◦ and σ2 ∼ 10−2. θBV then

drops suddenly at approximately 09:00 to < 10◦, but there is no clear corresponding drop

in σ2. In fact, σ2 tends to gradually decrease throughout the quiet period and is close

to its lowest value in the final 30 mins, when θBV is ∼ 20◦ again. The behaviour of σ2

and θBV throughout this quiet period shows no evidence that would indicate θBV is the

dominant controller of σ2. This further suggests that the quiet periods are quiet not due

to a sampling effect, but due to an underlying difference in the level of fluctuations. These

results motivate a study to analyse the properties of the quiet periods and link them to

possible solar origins.

6.6 Quiet Period Properties

The electron strahl population provides a perfect opportunity to understand whether

quiet periods are associated with open or closed magnetic field structures. This is because

open and closed field lines are related to different signatures in the electron pitch angle

distributions (PADs). Strahl electrons stream away from the Sun along magnetic field

lines and the velocity of these electrons is much higher than ions, meaning that they do
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Figure 6.4: Time series of a ∼ 5 hr quiet period (shaded red) measured prior to the heliospheric

current sheet crossing during PSP’s seventh solar encounter. The panels show: (a) magnetic field

magnitude, (b) radial component of the magnetic field, (c) tangential and normal components

of the magnetic field, (d) total magnetic field variance, and (e) θBV . The time format is hh:mm.
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Figure 6.5: Schematic showing how the electron strahl appears in the electron pitch angle dis-

tributions. The panels show three different scenarios: (a) a closed magnetic field loop connected

at both ends to the Sun, (b) an open magnetic field line connected at one end to the Sun, and

(c) a magnetic field structure no longer connected to the Sun. In each case, the histogram shows

the expected electron PAD inside the blue boxes. It is important to note that the data used to

make the histograms are not in situ data, but were generated for the purpose of explaining the

expected behaviour of the electron PAD.

not remain with the same bulk solar wind plasma. This leads to three different scenarios

which are shown with synthetic data in Fig. 6.5. (a) For magnetic field lines connected

at both ends to the Sun, each leg of the closed loop has strahl electrons flowing along it.

These strahl electrons are confined to the closed loop which results in a bimodal electron

PAD peaking at both 0◦ and 180◦ when measured by a spacecraft. (b) For open magnetic

field lines, strahl electrons continually flow from the single connected foot point out into

the heliosphere. This produces a single peak in the electron PAD at either 0◦ or 180◦,

depending on whether the magnetic field polarity is sunward or anti-sunward. (c) Finally,

if there is magnetic reconnection in the solar wind, it is possible for parcels of solar wind

to be completely disconnected from the Sun. Without a magnetic connection to the Sun

the solar wind does not have a continual flow of strahl electrons. The strahl electrons,

which were present at the time of reconnection, stream away from the reconnection site

faster than the bulk solar wind ions. Therefore, no strahl signature is present when this

solar wind parcel is observed by a spacecraft.

Fig. 6.1 shows a timeseries of three quiet periods (red shaded region) identified during

PSP’s fifth solar encounter. For each quiet period, the magnetic field remains relatively
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stable compared to the surrounding solar wind. Panel (f) shows the distribution of elec-

trons for angles from the magnetic field. The red signature at low angles indicates a

single electron strahl population is present and that these quiet periods are connected

by open magnetic field lines to the Sun. This is in contrast with the neighbouring solar

wind interval (shaded grey) which shows no strahl signature, suggesting a structure that

is magnetically disconnected from the Sun (scenario c in Fig. 6.5). These types of struc-

tures are thought to be partial crossings of the heliospheric current sheet as discussed in

Phan et al. (2021). All of the quiet periods identified using the manual and automatic

methods have single electron strahl populations, indicating that quiet periods are always

associated with open magnetic field lines and are not magnetically disconnected from the

Sun.

The magnetic field orientation within quiet periods is consistent with open field lines

extending outwards from a rotating Sun (i.e. the Parker spiral). However, the manually

identified quiet periods tend to be more radially aligned than the Parker spiral (see panel

(c) in Fig. 6.6). This result is also seen in the automatically identified quiet periods (panel

a), indicating that this is unlikely to be a selection effect. There are quiet periods that

have an average BT in the opposite sense to the Parker spiral (orange points in panels a

and c). This is likely because the Parker spiral is close to the radial direction at small

heliocentric distances. Therefore, small deviations of the field from this prediction can

reverse the sign of the tangential component.

Finally, it is worth noting that whilst quiet periods may appear to have a radial

magnetic field in time series figures, particularly when compared to neighbouring patches,

the magnetic field can deviate significantly from a radial orientation. Fig. 6.6 (panels b

and d) shows that a large fraction of quiet periods, both identified manually and with an

algorithm, have orientations & 10◦ from the radial. It is, therefore, not fitting to describe

these quiet periods as purely radial.

6.7 Comparing Quiet Periods to Surrounding Wind

To gain an understanding of the differences between quiet periods and the surrounding

solar wind, a comparison of the average properties inside and outside quiet periods is

made. For each manually identified quiet period, an interval before and after was selected

as surrounding solar wind. There were no strict selection criteria, as that would require
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Figure 6.6: Comparison of the magnetic field orientations inside quiet periods identified using

the algorithm (top row) and manual selection (bottom row). Panels (a) and (c) show the angle

of the magnetic field away from the Parker spiral in the R-T plane for heliocentric distances

between 0.08 and 0.275 au. The dashed horizontal line indicates where the magnetic field is

aligned with the Parker spiral. Above this line indicates the magnetic field is more radial than

the Parker spiral and below indicates when it is less radially aligned. The colours indicate

whether the average BT inside each quiet period has the same orientation as predicted by the

Parker spiral: blue indicates the same orientation, orange indicates opposite orientation. Panels

(b) and (d) show histograms of the angle between the magnetic field vector and the radial

direction.
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clear definitions of quiet periods, switchbacks, and patches for which there is currently no

consensus. Instead, intervals were chosen that were comparable in timescale to each quiet

period and any larger scale structures (e.g. HCS crossings etc.) were avoided. The average

properties before and after each quiet period were combined to calculate a background

solar wind value for that quiet period. It is important to note that the surrounding wind

identified here does not necessarily directly correspond to a patch. This is because the

near-Sun solar wind appears more complicated than simply patches separated by quiet

periods. Therefore, it is not possible to directly compare the surrounding solar wind here

to the patches discussed in Chapter 5.

The top 6 panels in Fig. 6.7 show the ratio of averaged properties inside a quiet

period to the averaged properties within the surrounding solar wind (each quiet period

corresponds to one data point here). Panels (a) and (b) show that the parallel and

perpendicular temperatures inside quiet periods are less than the temperatures in the

surrounding solar wind. This result was also seen in a study of patches by Bale et al.

(2021). These reduced temperatures could be a direct result of the lower fluctuations in

quiet periods, as turbulence is a possible source of solar wind heating (e.g. Smith et al.,

2001). A comparison of panels (a) and (b) also shows that Tpc,‖ is more suppressed from

the surrounding wind temperature than Tpc,⊥ is. This is consistent with the findings of

Woodham et al. (2021) which showed that Tpc,‖ is enhanced within patches, whereas Tpc,⊥

remains approximately constant. This behaviour of Tpc,‖ and Tpc,⊥ results in a temperature

anisotropy which is larger in quiet periods than in the surrounding solar wind (panel c).

Panel (d) shows that the average electron number density is smaller within quiet periods,

whereas the magnetic field magnitude is enhanced (panel e). This could indicate that

quiet periods are in some form of pressure balance with their surroundings although future

studies with electron pressure are needed to confirm this. Finally, panel (f) shows that

the average radial velocity is slightly lower in quiet periods than the surrounding solar

wind. This is most likely due to a lack of switchbacks in the quiet periods, as switchbacks

enhance the average radial velocity. However, it is worth noting that quiet periods are

not always the slowest solar wind in an encounter and other intervals, including patches,

can have lower baseline velocities.

The bottom 6 panels in Fig. 6.7 show scatter plots comparing the properties in the

quiet periods to the properties in the surrounding solar wind. The quantities have been

scaled by their heliocentric dependencies to 0.05 au. Even with this scaling that removes
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the heliocentric dependence from each quantity, there is a high correlation between quiet

periods and the surrounding wind. This could be a result of similar solar origins or mutual

evolution with the surrounding wind.

6.8 Do Quiet Periods Have a Characteristic Scale?

Understanding whether quiet periods have a characteristic scale size in a given direction

is important for drawing conclusions about their origins. If quiet periods do have a

characteristic length scale and PSP cuts through these structures along the direction

of that scale, then there should be a strong dependence between the duration of quiet

periods and the relative speed of the solar wind with respect to PSP. This dependence

is investigated using the manually identified quiet periods for three scenarios, assuming

that a characteristic scale exists.

1. In the first scenario, it is assumed that quiet periods are associated with stable, co-

rotating solar wind streams. Under this assumption, the duration of quiet periods

should depend heavily on the relative longitudinal speed between PSP and the

stream (vφ,rel). To check whether this is the case vφ,rel was calculated as follows:

vφ,rel = vφ,SW − vφ,PSP + vrot, (6.1)

where the final term accounts for the co-rotation of the source region (vrot =14.713◦/day).

For a stable, co-rotating solar wind stream, the duration is expected to peak when

vφ,rel = 0 as the spacecraft would remain in the stream for a long period of time.

The duration should then fall off with the inverse of vφ,rel. Panel (a) in Fig. 6.8

shows that there is no significant dependence, on average (orange points), between

the duration of quiet periods and the relative longitudinal speed. This suggests

that the duration of quiet periods seen by the spacecraft is independent of the lon-

gitudinal speed between PSP and a co-rotating source region. This result appears

inconsistent with quiet periods being stable, co-rotating solar wind streams with a

characteristic scale.

2. As quiet periods appear to be inconsistent with solely longitudinal cuts through

stable solar wind streams, it is possible that they are related to structures that get

advected over the spacecraft. In this scenario, the relative radial speed (vR,rel =
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Figure 6.7: (top 6 plots) Histograms of the ratio of various solar wind parameters inside quiet

periods to the surrounding solar wind. A ratio is calculated for each individual quiet period using

the average properties inside and outside of it. The panels show: (a) the proton core parallel

temperature, (b) the proton core perpendicular temperature, (c) the proton core temperature

anisotropy, (d) the electron number density, (e) the magnetic field magnitude, and (f) the proton

core radial velocity. The dashed orange vertical lines indicate where the ratio is 1. The dashed

black lines in panels (b) and (e) indicate where the histogram has been truncated. (bottom 6

plots) Scatter plots of average parameters inside and outside quiet periods. The panels show:

(g) the proton core parallel temperature, (h) proton core perpendicular temperature, (i) proton

core temperature anisotropy, (j) electron density, (k) magnetic field magnitude, and (l) proton

core radial velocity. Each parameter has been scaled by its heliocentric dependence to 0.05 au.

The correlations are shown in brackets in each panel. All data in this figure are from manually

identified quiet periods.
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vR,SW − vR,PSP ) is important. If quiet periods are associated with structures ad-

vected over PSP then their duration would peak for the lowest relative velocities

and follow an inverse vR,rel relationship. Panel (b) in Fig. 6.8 shows no clear de-

pendency between quiet period duration and vR,rel. This result, in the same way as

the discussion for scenario 1, is not consistent with quiet periods being associated

with structures purely advected over the spacecraft by the solar wind.

3. Finally, for completeness, the dependence of quiet period duration on the relative

latitudinal solar wind speed (vθ,rel) is shown in Fig. 6.8 panel (c). There is once

again, no clear relationship between these quantities.

From the above discussion, which is based on the assumption that quiet periods have

a characteristic scale, quiet periods do not appear consistent with either spatial structure

(latitudinal or longitudinal) that PSP cuts through, or temporal structure that is advected

radially over the spacecraft. Therefore, it appears as if the assumption of a quiet period

characteristic scale is wrong. From these results, it is possible to conclude that quiet

periods, as seen in time series data, have no associated characteristic scale size. This

means that either quiet periods intrinsically have no scale size or that they appear to

have none in the data. Further analysis of Fig. 6.8 suggests that the latter could be true.

By considering panel (a) it is possible to see that the longest duration quiet periods

for each |vφ,rel| appear to follow an inverse relationship. This is exactly the behaviour

that would be expected if quiet periods had a characteristic longitudinal scale size. The

fact that only the quiet periods with the longest durations appear consistent with a

characteristic longitudinal scale size is interesting. It suggests that if quiet periods do

have an intrinsic scale size then PSP does not measure the full longitudinal extent in

most cases. In other words, it is possible that quiet periods have an intrinsic characteristic

longitudinal scale, which would be seen in the PSP data if PSP cut in and out of these

structures longitudinally. However, due to additional effects PSP’s cut is not purely

longitudinal and so the quiet periods are modulated in the PSP data, making them no

longer representative of the underlying characteristic scale. A reason for this possible

modulation is given in Sect. 6.10. The black dashed line in panel (a) shows the expected

relationship between duration and |vφ,rel| for a quiet period with a longitudinal scale size

of 2◦. The majority of quiet periods are constrained by this 2◦ curve, indicating that the

underlying quiet period longitudinal scale size could be ∼2◦.
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Figure 6.8: Scatter plots of quiet period duration vs the relative speed between PSP and the

solar wind in the (a) longitudinal, (b) radial, and (c) latitudinal directions. The orange points

show bin averages and the associated standard deviation for each bin. The black dashed line in

panel (a) shows the expected duration-velocity profile for a quiet period with a 2◦ longitudinal

scale size. The quiet periods in this figure were identified with the manual method.

6.9 Occurrence of Quiet Periods in each Encounter

Another interesting property of quiet periods is their occurrence within solar encounters.

The occurrence rate of quiet periods also varies with the encounter as shown in Tab. 6.1.

Unfortunately, due to the lack of a clear definition of what a quiet period is, these values

have large errors associated with them. However, it is still worth discussing the trends

seen.

The occurrence rate of manually identified quiet periods is smallest for encounters 3

and 10. Interestingly, these are the only two encounters from the six studied here that

do not contain a HCS crossing. In contrast, the most quiet periods were found during

encounters 4 and 5 where not only was there a HCS crossing, but also the HCS was

confined to low latitudes. As PSP has a low latitude orbit the spacecraft was likely in

close proximity to the HCS for a considerable amount of time during encounters 4 and 5.

This could indicate that quiet periods are associated with the HCS or surrounding solar

wind.

A connection between PSP’s proximity to the HCS and the appearance of quiet periods

in the data could also explain the variation in clustering and temporal distributions of

quiet periods between encounters. If there is a connection between proximity and quiet
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periods, then when PSP is close to the HCS for a long period it is reasonable to expect an

approximately uniform distribution of quiet periods with time. Equally, if the proximity of

PSP from the HCS varies massively over an encounter then the quiet periods will display

more clustering in time (i.e. they will only appear when PSP is close to the HCS). From

a qualitative perspective the quiet periods seem more uniformly distributed in encounters

3 and 4 (during solar minimum) than in the later encounters (during increasing solar

activity and therefore with a more inclined HCS). This clustering appears consistent with

quiet periods being associated with proximity to the HCS.

In further support of this, Fig. 6.9 shows 4 of the 5 HCS crossings that occurred during

encounters 3-7. The HCS crossing from encounter 5 has been excluded (as in Phan et al.,

2021) because the time at which the crossing occurred is not clear. All 4 crossings shown

in Fig. 6.9 display manually identified quiet periods (shaded red) directly either side of

them. The duration of these quiet periods vary between ∼1 hr in the encounter 4 crossing

(top left) to ∼5 hrs for the quiet period proceeding the first encounter 7 crossing (bottom

left). Fig. 6.9 indicates a strong connection between the HCS and quiet periods. This

relationship is explored further in the following section.

6.10 Discussion

The results in Sect. 6.8 suggest that quiet periods may have an intrinsic longitudinal scale

size, and that if they do, this scale is rarely seen in the data, The reason for an underlying

scale size not appearing in data is likely due to how the spacecraft cuts through the

structures. Using the connection between quiet periods and PSP’s proximity to the HCS

suggested in Sect. 6.9, it may be possible to explain the apparent lack of scale size for

most quiet periods.

The argument is as follows. If quiet periods do have a characteristic longitudinal scale

size, this will only be seen in the data if PSP cuts through the full longitudinal extent

of these structures. Any cuts that do not include the full longitudinal extent will not be

representative of the underlying scale. As quiet periods seem to be associated with solar

wind close to the HCS, a combination of PSP’s orbit and the HCS shape likely affects how

PSP cuts through quiet periods. For example, for PSP to measure the full longitude of a

quiet period, it would have to skim close to the HCS for a long uninterrupted period of

time. Any latitudinal changes in the HCS or PSP could interrupt the measurement of the

135



Chapter 6: Quiet Periods

10
30
50
70

|B
| [

nT
]

E4 Crossing (2020)

60
30

0
30
60

B R
 [n

T]

01-Feb 
02:00

01-Feb 
03:00

01-Feb 
04:00

01-Feb 
05:00

01-Feb 
06:00

30
15

0
15
30

B i
 [n

T]

0
50

100
150
200

|B
| [

nT
]

E6 Crossing (2020)

200
100

0
100

B R
 [n

T]

24-Sep 
16:00

25-Sep 
00:00

25-Sep 
08:00

25-Sep 
16:00

26-Sep 
00:00

150
75

0
75

150
B i

 [n
T]

0
100
200
300

|B
| [

nT
]

E7 Crossing 1 (2021)

250
125

0
125
250

B R
 [n

T]

17-Jan 
08:00

17-Jan 
14:00

17-Jan 
20:00

200
0

200

B i
 [n

T]

0
50

100
150

|B
| [

nT
]

E7 Crossing 2 (2021)

100

0

100

B R
 [n

T]
19-Jan 
14:00

19-Jan 
20:00

20-Jan 
02:00

100
0

100

B i
 [n

T]

Figure 6.9: Time series of four HCS crossings observed during the early PSP encounters. In

each plot the panels show (from top to bottom): the magnetic field magnitude, the magnetic field

radial component, and the magnetic field tangential (blue) and normal (orange) components.

The red shaded regions show quiet periods that were manually identified. Note that the timescale

shown on the x-axis varies significantly between the four crossings.

136



Chapter 6: Quiet Periods

quiet period and therefore the associated scale size. Given that the region surrounding

the HCS is dynamic, it is reasonable to assume such uninterrupted measurements would

be rare. Therefore, very few of the quiet periods observed by PSP would involve a full

longitudinal cut, resulting in a duration-velocity plot similar to panel (a) in Fig. 6.8.

Based on the argument above, the results presented here are consistent with quiet

periods having an intrinsic longitudinal scale size that is often obscured from the data by

the interplay between the HCS and PSP’s orbit. The proximity of quiet period streams

to the HCS also explains why the clustering, distribution and number of quiet periods

changes between encounters.

Whilst this theory fits some of the results well, there remain some unsolved questions.

For example, it is not clear whether quiet periods are associated with what would be

traditionally referred to as streamer belt solar wind or whether quiet periods contain a

distinct type of solar wind. It is also unknown where these quiet period streams originate

from on the Sun and why they are so highly correlated with the surrounding solar wind.

Further work with ion composition measurements, such as those available from Solar

Orbiter, would complement the research done here.

6.11 Conclusions

In this chapter, SPAN and FIELDS data were used to analyse quiet periods. This was

the first study to focus solely on these structures and aimed to get a better understanding

of their properties. Quiet periods were identified using both a manual and an algorithmic

approach. Key properties of quiet periods were outlined before the plasma within these

structures was compared to the surrounding solar wind. Potential characteristic scales of

quiet periods were also investigated. The occurrence of quiet periods through different

encounters was detailed, before a discussion about potential quiet period origins was

presented.

The results in this chapter show that quiet periods are not simply quiet due to how

PSP measured the solar wind with respect to the magnetic field. Instead quiet periods are

associated with solar wind that intrinsically has weaker fluctuations. Quiet periods are

associated with open magnetic field lines and are typically cooler than their surroundings.

This could be a direct results of weaker fluctuations leading to reduced heating of the solar

wind. There is a high correlation between the plasma properties inside and outside of
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quiet periods which could indicate commonality in either the source or evolution of this

solar wind. However, more studies are needed to understand this.

The evidence shown here suggests that quiet periods are associated with solar wind

streams close to the HCS. These streams could have a characteristic longitudinal scale

(∼2◦), but the combination of HCS dynamics and PSP’s orbit obscures this characteristic

scale from most of the quiet periods. This interpretation explains why quiet periods are

often clustered in encounters, are always seen around HCS crossings, and why the number

of quiet periods varies between encounters. Unfortunately, the origin of quiet period solar

wind is still unknown. However, when ion composition data becomes available for Solar

Orbiter there will be more opportunities to understand where this solar wind originates

from.
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Conclusions

The Parker Solar Probe mission was the first spacecraft to make in situ measurements

of the solar wind below 0.29 au. It achieved this in November 2018, and using a se-

ries of Venus gravity assists, has continued to take measurements at increasingly closer

heliocentric distances ever since. The early observations from PSP show that the near-

Sun solar wind is highly structured and appears qualitatively different from solar wind

measurements taken at 1 au. This could be an indication that the solar wind undergoes

significant evolution between leaving the Sun and arriving at Earth. To fully understand

the solar wind conditions close to the Sun it is therefore important to use in situ data from

small heliocentric distances, rather than extrapolating solar wind conditions back from

the Earth. In this thesis, the novel PSP data set is exploited to investigate structures

present in the near-Sun solar wind. In this chapter, a summary of each piece of work is

provided and suggestions for future studies are made.

Chapter 3 focuses on extracting bulk solar wind parameters from the Solar Probe Cup in-

strument on board PSP. The operational principles behind the Faraday cup are explained

and the process for converting raw instrument data into ion velocity distribution func-

tions is given. Due to the design of the SPC instrument, and Faraday cups in general, the

measured ion VDFs are one-dimensional ‘cuts’ through the ‘real’ three-dimensional ion

VDF. Therefore, a one-dimensional Maxwellian distribution is used to fit the proton core

population and obtain the core bulk plasma properties (i.e. number density, velocity, and

temperature). One downside of measuring a one-dimensional cut of a three-dimensional

distribution is that the angle of the cut with respect to the background magnetic field
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influences the bulk parameters. This effect is discussed in-depth to ensure correct inter-

pretation of the bulk parameters under different magnetic field orientations. For SPC, the

temperature measurements are shown, in general, to be a combination of T⊥ and T‖. Only

when the local magnetic field is perpendicular or (anti-)parallel to the Sun-spacecraft line

does the SPC temperature correspond to T⊥ and T‖, respectively. The fitting of this SPC

data was particularly important for the first solar encounter as this was the only plasma

data available at that time. The SPC data fitted here are used in Chapter 4.

Chapter 4 uses the SPC data from Chapter 3 to investigate magnetic field switchbacks in

the first two PSP encounters. These switchbacks are local folds in the magnetic field that

appear ubiquitously in the solar wind close to the Sun. Switchbacks have been observed

by other spacecraft at larger distances from the Sun (Balogh et al., 1999; Neugebauer and

Goldstein, 2013; Horbury et al., 2018). However, the limited cadence of previous data has

made studying these structures difficult. The high cadence SPC data provide the first

opportunity to study the plasma inside switchbacks.

Chapter 4 focuses on full-reversal switchbacks due to the limitations of the SPC data

outlined in Chapter 3. It is shown that the SPC-measured 1D ion VDFs are remarkably

similar inside and outside a case study switchback when the rotation of the VDF due

to Alfvénic fluctuations is accounted for. This indicates that the differences in the SPC-

measured temperature throughout the switchback are due to different geometrical ‘cuts’

of the 3D ion VDF with respect to the local magnetic field, rather than a change in

the underlying distribution. This means that for a full-reversal switchback the proton

core parallel temperature is the same inside a switchback as it is within the background

plasma. Whilst these findings do not rule out any particular switchback theory, they do

provide important constraints for models.

One limitation of this study is that the temperature comparisons are restricted to

full-reversal switchbacks only. This issue can be partly resolved by using SPAN data to

investigate intermediate switchbacks (Woodham et al., 2021). However, it is still unclear

whether the SPAN and SPC results reconcile with each other. Future work could focus

on understanding the Tpc,‖ − θBR relationship and testing whether it follows a sinusoidal

form as suggested in Chapter 4.

Chapter 5 presents one of the first studies aimed at addressing the larger scale grouping of
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switchbacks into patches. The work makes use of PSP’s fourth and fifth solar encounters,

where the orbital trajectory was the same (except for a shift in longitude), to identify

two patches measured by PSP at the same heliocentric distance and latitude. These two

patches are then compared to each other and a quiet period. The plasma properties

within the patches are distinct from the quiet period properties, suggesting that these

structures represent two separate modes of solar wind. Moreover, the plasma properties

within each patch are remarkably similar for two solar wind intervals measured six months

apart. The solar wind in patches is shown to be consistent with slow Alfvénic solar wind

from near the boundary of the southern polar coronal hole. A comparison between the

slow Alfvénic wind in these patches and the slow Alfvénic wind measured at 0.35 au is

shown to understand how this wind may evolve as it expands into the heliosphere.

Another interesting result is the very low α−particle abundance observed during the

encounter 5 patch. This α−particle abundance is particularly low, and in direct contrast

to a later study that showed enhancements in the abundance within patches (Bale et al.,

2021). The discrepancy between the two studies is an ideal project for future work and

could help to better understand the source regions of switchback patches. It is possible

that patches have variable properties depending on their solar origin or on the physical

mechanisms dominating their release into the solar wind.

Chapter 6 presents the first study solely focused on the quiet periods observed by PSP.

This work aims to summarise the properties of these quiet periods and make initial steps

towards linking them to a solar source region. In Chapter 6 it is first argued that quiet

periods are not simply a result of how the spacecraft samples the solar wind, but are

instead distinct solar wind with weaker fluctuations. Using two methods for identifying

quiet periods, further properties are explored. It is shown that the solar wind conditions

within quiet periods are highly correlated but distinct from the surrounding solar wind

properties. Quiet periods are also observed either side of all four clear HCS crossings that

occurred during encounters 3-7. The number and clustering of quiet periods is found to

vary between each encounter and these results are discussed.

The evidence suggests that quiet periods are related to solar wind near the HCS and

that PSP only measures quiet periods when it is within a certain proximity to the HCS.

These solar wind features may have an intrinsic longitudinal scale (∼2◦) that gets obscured

from the data by a combination of PSP’s orbital trajectory and the shape of the HCS.
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This theory explains why quiet periods are seen either side of HCS crossings and why the

distribution and number of quiet periods varies between encounters.

There are still many outstanding questions about quiet periods. Future studies, par-

ticularly those utilising both Solar Orbiter and PSP data, should focus on the ion compo-

sition within these structures and whether such structures exist at higher latitudes. Both

of these research avenues would help to identify where quiet periods originate from and

confirm if they are related to solar wind close to the HCS.

Overall, the work in this thesis aims to develop an understanding of the structures seen in

the early Parker Solar Probe data. As Parker Solar Probe continues to take measurements

closer to the Sun, more of the remaining questions will be answered. The Solar Orbiter

mission also provides a great opportunity for multi-spacecraft studies and complements

PSP data with composition measurements, which could be vital in understanding the

origin of the structures discussed here.
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Appendix A

Papers

Below is a list of papers associated with the work done throughout my PhD.

First-Author Papers

• Proton core behaviour inside magnetic field switchbacks (Woolley et al., 2020)

• Plasma properties, switchback patches, and low α−particle abundance in slow

Alfvénic coronal hole wind at 0.13 au (Woolley et al., 2021)

Co-Author Papers

• Highly Structured Slow Solar Wind Emerging from an Equatorial Coronal Hole

(Bale et al., 2019)

• Sharp Alfvénic Impulses in the Near-Sun Solar Wind (Horbury et al., 2020)

• Statistical analysis of orientation, shape, and size of solar wind switchbacks (Laker

et al., 2021a)

• Enhanced proton parallel temperature inside patches of switchbacks in the inner

heliosphere (Woodham et al., 2021)

• Multi-spacecraft study of the solar wind at solar minimum: Dependence on latitude

and transient outflows (Laker et al., 2021b)

• Solar Orbiter’s encounter with the tail of comet C/2019 Y4 (ATLAS): Magnetic

field draping and cometary pick-up ion waves (Matteini et al., 2021)

• A Solar Source of Alfvénic Magnetic Field Switchbacks: In Situ Remnants of Mag-

netic Funnels on Supergranulation Scales (Bale et al., 2021)

• Switchback Deflections Beyond the Early Parker Solar Probe Encounters (Laker

et al., 2022)

• Density and Velocity Fluctuations of Alpha Particles in Magnetic Switchbacks (Mc-

Manus et al., 2022)

• Parker Solar Probe: Four Years of Discoveries at Solar Cycle Minimum (Raouafi

et al., 2023)
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Appendix B

Symbols

B Magnetic Field

E Electric Field

F Lorentz Force

j Current Density

P Pressure Tensor

Q Heat Flux Tensor

S Poynting Flux

u Bulk Solar Wind Speed

v Velocity

Aα α−particle abundance

D Differential Charge Flux Density

E Energy

e Electron Charge

f Frequency

f(r,v, t) Phase-space Distribution Function

Fv SPC-measured Distribution Function

G Gravitational Constant

kB Boltzmann Constant

m, M Mass

n Number Density

P, PB Thermal Pressure, Magnetic Pressure

q Charge

rc, RS Critical Radius, Solar Radius

t Time
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T, T‖, T⊥ Temperature (parallel and perpendicular to magnetic field)

Vhigh High Voltage Modulator Grid Voltage Upper Bound

Vlow High Voltage Modulator Grid Voltage Lower Bound

vA Alfvén Speed

vphase Local Solar Wind Phase Speed

β Plasma Beta

ε0 Vacuum Permittivity

η Resistivity

θ Latitude

θBR Magnetic Field Cone Angle

θBV Angle Between Magnetic Field and Relative SW-Spacecraft Velocity

µ0 Vacuum Permeability

ρ Mass Density

σ2 Total Magnetic Field Variance

φ Longitude

ω Thermal Speed

Ω Solar Rotation Rate
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Appendix C

Acronyms

CGL Chew-Goldberger-Low

ESA Electrostatic Analyser

FIELDS Electromagnetic Fields Investigations

FIP First Ionisation Potential

FOV Field of View

GONG Global Oscillation Network Group

HCS Heliospheric Current Sheet

HVMG High Voltage Modulator Grid

IS◦IS Integrated Science Investigation of the Sun

MHD Magnetohydrodynamics

PAD Pitch Angle Distribution

PDS Periodic Density Structures

PFSS Potential Field Source Surface

PSD Power Spectral Density

PSP Parker Solar Probe

RDF Reduced Distribution Function

RTN Radial Tangential Normal

SPAN Solar Probe Analyzers

SPC Solar Probe Cup

SWEAP Solar Wind Electrons Alphas and Protons

VDF Velocity Distribution Function

WISPR Wide-field Imager for Solar Probe
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Appendix D

Software

Throughout this thesis, I have used a variety of software. These are listed below:

• Python - https://www.python.org/

• NumPy - https://numpy.org/

• SciPy - https://scipy.org/

• HelioPy - https://github.com/heliopython/heliopy

• Matplotlib - https://matplotlib.org/

• Pandas - https://pandas.pydata.org/

• pfsspy - https://pfsspy.readthedocs.io/en/stable/index.html

• Astropy - https://www.astropy.org/

• JHelioviewer - https://www.jhelioviewer.org/
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Appendix E

Data

The data used throughout this thesis is publicly available from various sources.

• Parker Solar Probe Data - https://cdaweb.gsfc.nasa.gov/index.html

• Parker Solar Probe SPICE Kernels - https://sppgway.jhuapl.edu/ancil_products

• Helios Data - https://helios-data.ssl.berkeley.edu/

There is also good documentation available.

• SWEAP Documentation - http://sweap.cfa.harvard.edu/Data.html

• FIELDS Documentation - https://fields.ssl.berkeley.edu/data/
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Appendix F

Permissions

All figures from other sources have been reproduced with permission from the copyright

holders.

Figure Number Publisher / Journal Citation Permission Status

2.1 SVST Henriques (2010) None Required

2.2 Cambridge Meyer-Vernet (2012) Granted

2.3 NASA Ng (2020) None Required

2.4 ESA JHelioviewer None Required

2.7 Springer Marsch (2012) Granted

2.8 IOP AAS Berčič et al. (2020) Granted

2.9 Springer Verscharen et al. (2019) None Required (CC-BY)

2.10 IOP AAS Matteini et al. (2015b) Granted

2.11 IOP AAS Matteini et al. (2015b) Granted

2.12 GRL McComas et al. (2003) Granted

2.14 Springer Verscharen et al. (2019) None Required (CC-BY)

2.15 ICL Mistry (2017) None Required

2.16 (left) NASA Whitman (2018) None Required

2.16 (right) ESA ESA (2020) Granted

3.1 Springer Kasper et al. (2016) None Required (CC-BY)

3.2 Springer Kasper et al. (2016) None Required (CC-BY)

3.6 MNRAS Woolley et al. (2020) None Required

3.10 MNRAS Woolley et al. (2020) None Required

4.3 MNRAS Woolley et al. (2020) None Required

4.4 MNRAS Woolley et al. (2020) None Required
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Figure Number Publisher / Journal Citation Permission Status

4.5 MNRAS Woolley et al. (2020) None Required

5.1 (left) A&A Woodham et al. (2021) Granted

5.1 (right) IOP AAS Berčič et al. (2020) Granted

5.3 MNRAS Woolley et al. (2021) None Required

5.4 MNRAS Woolley et al. (2021) None Required

5.5 MNRAS Woolley et al. (2021) None Required

5.6 MNRAS Woolley et al. (2021) None Required

5.7 MNRAS Woolley et al. (2021) None Required

5.8 MNRAS Woolley et al. (2021) None Required

5.9 IOP AAS Fisk and Kasper (2020) None Required (CC-BY)

Tab. 5.1 MNRAS Woolley et al. (2021) None Required
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