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Executive Summary

Plasma exists in abundance throughout the universe and governs a large
number of astrophysical processes that have been observed and are of
interest. Studying the interactions of plasma with magnetic field waves,
magnetic dipoles and counter-streaming plasma flows can provide insight
in the fundamental physics that govern the universe and its evolution.
In order to study these phenomena in-situ, we are limited to spacecraft
measurements in the heliosphere. Planetary missions are the ones that
provide the largest quantities of measurements of the same phenomenon,
due to their orbital parameters. On the other hand, the cost of these
missions, generally limits them to a single spacecraft with the exception
of spacecraft that orbit the Earth.

This thesis is mainly concerned with the study of the interactions of
plasma at the boundary of magnetic dipoles and the electromagnetic
waves that are present in such environments. Upstream of the boundary
between the Earth’s magnetic field and the interplanetary magnetic field,
the magnetopause (average distance from Earth ~ 10Rg ~ 63000 km),
a region of plasma heated by the bow shock exists, the magnetosheath.
This region is rich in electromagnetic emissions and magnetic structures.
The physical processes at the bow shock can provide insight in astrophys-
ical phenomena. The interaction of the waves in the magnetosheath with
the surrounding plasma is also of great interest as they govern the be-
haviour of the plasma.

Specifically this thesis initially examines the physical processes at the
bow shocks of Earth and Venus. The magnetic environments of the two
planets are different, as Venus does not have a magnetic field generated
by the rotation of its core, unlike Earth. This means that there is benefit
in studying both under the same framework in order to determine the
underlying physics. The work then continuous with the examination of
electromagnetic emissions downstream of the Earth’s bow shock. These
waves have been named lion roars and their exact origin is unclear, al-
though they have been shown to change the properties of the plasma
they interact with.
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Chapter 1

Introduction

1.1 Plasma

Plasma is a gas that consists of equal number of positively and negatively charged
particles. As the thermal energy of the molecules in gases increases, the bonds
between the electrons and core of the molecules breaks and the electrons are freed.
When enough energy is provided, a large number of free electrons and ions exists,
so that the gas as a whole can be affected by electric and magnetic fields. Plasma
can be categorised in collisionless and collisional plasma. Collisional plasma can be
further categorised into fully and partially ionised plasma.

Plasma is quasinetural, which is to say that the positive charge is equal to the
negative charge. It has been estimated that 99% of the visible matter in the universe
is in the plasma state, which shows the importance of studying physical phenomena
related to this state of matter. Because of the vastly different locations where plasma
can be found, the properties that characterise plasma have a very large range. Table
1.1 shows the typical densities and temperatures observed at different regions in
space and phenomena [see Kallenrode, 2004]. In plasma physics the temperature is
customarily measured in energetic units kg1’ expressed in electronvolts (eV), where
kp is Boltzmanns constant and 7" is the temperature in K. 1eV is the energy that
an electron requires to move across a 1 V' electric potential. From the table it is clear
that plasma can be found throughout the universe as well as in everyday objects

and phenomena. To put the large range of temperatures and number densities of
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Table 1.1: Typical plasma characteristics in some regions in space and phenomena.

Region/Phenomenon Temperature [¢V] Number Density [cm ™3]

Solar Wind ~ 10! ~ 10°
Magnetoshpere ~ 10°%° ~ 10
Fusion Reactor ~ 10* ~ 107

Laser Plasma ~ 102 ~ 102t
Solar Corona ~ 102 ~ 10

plasma into perspective, it is useful to consider that the highest melting point of a
solid, under normal atmospheric pressure, is that of Tungsten at ~ 0.318 eV and a
boiling point at ~ 0.534 eV. For a gas of charged particles to be classified as plasma,
three conditions must be met. In order to express them, we must first define some
quantities.
The Debye length Ap, is the distance at which the Coulomb potential of a charge is
shielded by the collective particle polarisation. The Debye length is given by

Ap = <eok3Te>1/2 (11)

nee?

where T, is the electron temperature, kg is the Bolzmann constant, n. is the electron
density and e is the electron charge.

Inside the sphere with the radius of Ap the number of particles is given by %”ne/\%,
based on which the plasma parameter as A = n.\%. This parameter determines
how many particles are inside a Debye sphere, which in turn can be expressed in
terms of the particle mean energy and the potential energy of the particle due to its

nearest neighbour. The potential energy is proportional to ni/®

, which is inversely
proportional to the distance between the average distance between particles.

The third condition relates to the average time between two particle collisions (7;,)
that occur inside the plasma as a function of the the plasma frequency. When the
plasma is disturbed by an external source, the lighter electrons in the plasma oscillate
around the heavier ions in an attempt to restore quasineutrality. The frequency of

this oscilation is the plasma frequency and it is dependent upon the density of the

plasma. Specifically, considering the electrons, the electron plasma frequency is
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given by

Arne?\1/2
Wpe = ( Me€ ) (1.2)

Me
The average collision time (7,) is important because when the plasma has a large
number of neutral particles, the electrons will collide too often with the neutrals.
This will lead to equilibrium of the electrons with the neutrals.

Based on the above, the three criteria that characterise plasma are the following
e [.>> A\p where L is the physical dimension of the system.
e A>1
® WyT, > 1

The last condition is more important for partially ionised plasmas and ensures that
the plasma is not affected by neutral particles to a significant degree.

In contrast, space plasmas are not only fully ionised, but they are also collisionless in
the majority of the cases. This means that the collision frequency between particles
in general is not significant. In this types of plasmas, energy is transferred through

wave-particle interactions and not binary particle collisions.

1.2 The Sun

Out Sun is the celestial body that allows life to occur on Earth, since it is what pro-
vides the energy for every organism on the planet. As our societies evolved through
the millennia, they did so by improving the means and efficiency of storing this
energy.

The solar wind that originates from the Sun has a typical velocity of ~ 450 km/sec
in the vicinity of the Earth’s orbit. This plasma interacts with the magnetic dipole,
suppressing the dayside and elongating the nightside magnetosphere.

The anatomy of the Sun as summarised by the picture from NASA in Figure 1.1.
Internally the Sun consists of the core, where the nuclear reactions take place and
generate the energy we see as visible light. The radiative zone, is the region respon-

sible for the transfer of energy. The convective zone, is the outer layer of the interior
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and is in constant motion.

The atmosphere of the Sun is separated in the Photosphere, which is what we can
see when looking at the Sun with our eyes. Above the photosphere, the Chromo-
sphere is a region where the temperature is observed to rise from 6000 C*° to 20000°.
Finally a transition layer separates the chromosphere from the substantially hotter
solar Corona.

The activity of the Sun is described based on features that we are able to detect,
such as sun spots, solar flares and coronal mass ejections (CMEs). Sunspots, as the
word describes, are black marks on the Suns photosphere, that have been measured
to have a smaller temperature. The temperature difference is due to the increased
magnetic flux that is observed on sunspots, that trap the material and they often
appear in pairs of reverse magnetic polarity.

Solar flares are bursts of radiation from the Sun that are able to disrupt satellites
orbiting the Earth as well as our atmosphere.

Finally CMEs are bursts of plasma that is released due to the reconnection of strong
magnetic field lines that were containing this plasma. When a CME occurs, the ma-
terial that is ejected can travel with a velocity of more than ~ 1000 km/sec. As this
high speed plasma comes with contact with the Earth, they can drive particles into

the atmosphere through the poles which can even affect ground electric systems.

1.3 The Heliosphere

The heliosphere is a region of space we have defined as the dominion of the Sun.
The plasma expelled by the Sum in an outwards direction, meets the interstellar
medium at a point called the Heliopause. Between the Sun and the Heliopause
we can find the termination shock. This is the boundary where the solar wind
decelerates and in the Heliosheath, the region between the termination shock and
the Heliopause, the solar wind is more dense and hot due to the interstellar wind. In
the illustration in Figure 1.2, the locations of the Voyager 1 and 2 are outdated and

in fact Voyager 1 is in the interstellar medium since August 25 2012, after it crossed
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Figure 1.1: An image showing the various layers of the Sun downloaded from https:
//www.nasa.gov/mission_pages/sunearth/science/Sunlayers.html.

the Heliopause, while Voyager 2 is still inside the Heliosheath. Finally in the Figure
1.2 a bow shock is shown in front of the Heliopause. This bow shock was originally
hypothesised to exist but a study conducted on IBEX measurements suggested that
it does not exist McComas et al. [2012]. Inside the termination shock boundary, the
solar wind interacts with the magnetic fields of the planets forming shocks, as well

as interplanetary shocks from the different streams of plasma.

1.4 The Magnetosphere of the Earth

The Earth has a magnetic field which acts as an obstacle to the solar wind. Because
of this a bow shock is formed in front of the Earth. The bow shock heats the
incoming solar wind and slows down its speed. The shocked solar wind is then
deflected around the magnetosphere, since it cannot penetrate it. The boundary
that separates the interplanetary magnetic field, which originates from the Sun, and
the magnetoshpere of the Earth, is the magnetopause.

The shape of the Earth’s magnetosphere is not spherical, but its shape is distorted by
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1.5 Outline
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Figure 1.2: An artistic conception of the Heliosphere downloaded from https://
www.nasa.gov/mission_pages/sunearth/science/Heliosphere.html.

the solar wind. Specifically on the day side, it is suppressed, while at the night side
it is elongated. The plasma in the magnetosphere consists of plasma that originates
from the solar wind and from the ionosphere. The solar wind plasma is introduced
in the magnetosphere through the polar cusps.

The plasma in the magnetosphere is mainly concentrated in the radiation belts. The
plasma in the radiation belts consists of energetic electrons and ions that move along
the magnetic field lines and move between the two hemispheres in an oscillatory
motion. The radiation belts are situated between 2 and 6 Earth radii and typical

plasma density and temperature is 1 ¢m™ and 5 - 107 K respectively.

1.5 Outline

In Chapter 2 the theoretical background of the thesis is provided. The chapter in-
tends to provide a build up towards the study of the next chapter with a focus on
the definition of quantities that are of interest, while providing the reason why they
are of interest.

In Chapter 3 a study on the velocity of collisionless shocks is provided. The impor-
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1.6 Contributions

tance of being able to estimate this quantity is highlighted and two methods for its
estimation with a single spacecraft are examined. The accuracy of the methods is
determined and an example usage on measurements from the Venusian bow shock
is presented.

Chapter 4 is dedicated to a statistical study of electromagnetic emissions observed
behind the Earth’s bow shock.

Finally the conclusions of the study are presented in Chapter 5.

1.6 Contributions

The main contributions of this work are:

e Quantitative analysis of the accuracy of single spacecraft methods for the
estimation of the velocity of collisionless shocks. This work was published in
Journal of Geophysical Research : Space Physics [Giagkiozis et al., 2017] and
Chapter 3 is based on this work.

e Application of the accuracy estimates of the single spacecraft methods on a
Venusian bow shock crossing, which shows cases where the methods can be

used to determine accurately the scales of the shock.

e Statistical examination of the properties of lion roars in the magnetosheath,
using high sampling magnetic and electric field measurements. This work
was published in Journal of Geophysical Research : Space Physics [Giagkiozis
et al., 2018] and Chapter 4 is based on this work.



Chapter 2

Theoretical Background

2.1 Introduction

This thesis is partially focused on the study of collisonless shocks (CS). As briefly
mentioned in Chapter 1 CS are ubiquitous throughout the universe. In the he-
liosphere they can be found in many locations, such as upstream of the Earth’s
magnetopause, in front of Venus, in the interplanetary space, the termination shock
and others. The are named collisionless because t he energy dissipation across the
shock is not the result of particle collisions, like in hydrodynamic shock. They oc-
cur in collisionless plasma and therefore other mechanisms are responsible for this
energy conversion from kinetic energy to thermal.

Similarly to shock waves in ordinary gasses, CS increase the entropy of the incoming
flow by converting the kinetic energy of the flow into thermal energy. In order to
obtain a steady shock, a wave must steepen until it has a very small spatial scale,
while a mechanism must dissipate the energy of the flow for the shock to remain

formed and not break.

2.2 Magnetohydrodynamic Waves

The theory of magnetohydrodynamics (MHD) describes the evolution of macroscopic
quantities in plasmas, by treating the plasma as a fluid. The position and velocity
of the particles in a plasma are described by a distribution function. The evolution

of this particle distribution function in a collisionless plasma is then described by
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the Vlasov equation. By considering the plasma as a fluid, one can then derive
the MHD equations that describe the evolution of the moments of the distribution
function of the plasma, such as density, bulk flow velocity, pressure and tempera-
ture. The ideal MHD theory, consists of a system of equations for the conservation
of mass, momentum and entropy, as well as Faraday’s law and V - B = 0. Finally,
in the ideal MHD case, the magnetic field is considered to be frozen in the plasma.
[Baumjohann et al., 1996; BELLAN, 2008]

Where the plasma is homogeneous and the magnetic field is constant, we can obtain,
from the ideal MHD, a dispersion relation whose solutions correspond to three prop-
agating elementary plasma waves. The phase speeds of these waves depend upon
their propagation angle (6xp) relative to the background magnetic field (B) as well
as two fundamental speeds in plasma. The sound speed (Cg) and the Alfvén speed

(C4) defined as

vP
co— |22 2.1
s ; (2.1)
BZ
— = 2.2
Ca T (2.2)

where v is the specific heats ratio, P is the pressure and p is the density of the
plasma.
Ordered based on their phase speed the three waves are named the fast magnetosonic

(V¢), the intermediate (V;) and the slow (V;). The velocity of each defined as

Vi = [C%cos(6rp)?]? (2.3)

1/2
vy, — (% [C2 4 C2 4 [(C + (2 — 4ogcgcos(ek3>2]1/2]> (2.4)

where the sign + (-) corresponds to fast (slow) magnetosonic flows.

All three waves depend on the propagation direction relative to the background

magnetic field and the plasma beta (8 = %) which defines the ratio of the thermal

to magnetic pressure.
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The intermediate wave does not propagate at 0,5 = 90° and at parallel propaga-
tion relative to the magnetic field its phase velocity is the Alfvén speed, and it is
called the shear-Alfvén wave. As its propagation angle increases its phase velocity
decreases.
The fast and the slow magnetosonic waves, unlike the intermediate wave, are both
compressional waves, since they perturb the plasma density and pressure as they
propagate. In the cold plasma limit, where the plasma thermal energy tends to 0, or
B tends to zero, the slow wave does not propagate, while the fast wave propagates
at the Alfvén speed.
Figure 2.1 shows the phase speeds of the three plasma waves relative to their prop-
agation direction for four different g—i cases. The Cy and Cg are also included for
reference. When [ < 1, lower plasma temperature, the sound velocity is smaller
than the Alfvén speed. In this case for 6,5 = 0°, the intermediate and the fast
magnetosonic waves have the same velocity, the Alfvén speed. As [ increases, the
speed of sound increases , the intermediate and the slow wave phase velocities begin
to look similar, but they are equal only at 8,5 = 0°. For Cs > C'4 and propagation
angle 0,5 = 0° the fast wave has V; = Cg.
Both the sound and Alfvén velocities, in other words pressure and magnetic energy
fluctuations, contribute to the fast magnetosonic wave, while for the slow wave they
oppose each other.

A summary of the wave properties of the three distinct MHD waves [Kantrowitz

and Petschek, 1964] is that

e The fast and the slow waves modify the magnitude of the tangential magnetic
field component, since they are coplanar to the background magnetic field and
the wave normal. The intermediate wave rotates the tangential magnetic field
component, but doesn’t change its magnitude, since it is a purely transverse

wave and the changes are perpendicular to the background magnetic field.

e For the fast mode, as the density increases, the magnetic pressure increases.

For the slow wave as the density decreases, the magnetic pressure increases.

10
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Figure 2.1: Phase velocity of the elementary plasma waves plotted for different %
ratios. The Alfvén (purple dashed line) and sound (green dashed line) speeds are
also plotted for reference. The orange, blue and yellow lines correspond to the fast,
intermediate and slow waves respectively.

The intermediate wave does not change the magnetic or thermal pressure.

Because the slow and fast MHD waves are compressional, they can steepen and
form a discontinuity [Kantrowitz and Petschek, 1964]. In the special case where the
waves propagate with 6,5 = 0, the slow wave can steepen for low § and the fast
wave for high 8. [Hada and Kennel, 1985] calculated the parameters for which the
two waves will steepen, by calculating the damping rates of the waves from kinetic
theory. They concluded that fast waves will always steepen, while slow waves should

rarely steepen at 1 AU, unless the plasma is characterised by low ion .

2.3 MHD Shocks

When sufficient dissipation can be provided, these compressional waves can form

steady shocks. While MHD theory cannot provide information about the dissipation
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2.3 MHD Shocks

processes, they can provide information on the relationship between the upstream
and downstream regions of the shock. The upstream regions is the un-shocked region
and the downstream region is the shocked. The shock front separates the upstream
and downstream region. The steepest part of the magnetic field magnitude of the
shock front is called the ramp.

The relationship between the upstream and the downstream regions across MHD
shocks [De Hoffmann and Teller, 1950], can be described by the Rankine-Hugionion
(RH) jump conditions [see Baumjohann and Treumann, 1996] and are categorised
in slow, fast shocks [see Kennel et al., 1985; Balogh and Riley, 1997].

The fast shock is characterised by an upstream bulk flow velocity V, higher than
Vs and are the most commonly observed shocks, while downstream of the shock
V>V, >V,

Slow shocks have been very rarely identified in solar wind observations [see e.g.
Whang et al., 1996]. They are characterised by a low plasma [ and their structure
strongly depends on it. Slow shocks are shocks were V; > V;, > V; and downstream
Vy < V.

Rotational discontinuities are characterised by more than one combination of up-
stream to downstream bulk flow velocity transitions. According to Balogh and Riley
[1997] the existence of intermediate shocks has been argued and their properties un-
clear. Observations of intermediate shocks have not been verified as the evidence of
intermediate shock observations can also be interpreted as observations of rotational
discontinuities. The majority of evidence of their existence has been based on the re-

sults of simulations and analytical work [Wu, 1987; Wu and Hada, 1991; Hada, 1994].

2.3.1 Shock Propagation Direction

The RH relations define a planar and stationary shock front. They express the
changes that occur across the shock in the normal direction to that shock front. In
order to define such a frame of reference the vector normal to the shock front (n)

needs to be defined. The shock is assumed to be propagating parallel to this vector
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and in this direction V - (B - n) = 0, derived from Maxwell’s equations.

The propagation angle relative to the background magnetic field (6p,) is one of
the parameters that characterise CS and play an important role on their structure.
When 65, < 45° the shock is said to be quasi-parallel and when 6,5 > 45° the shock
is quasi-perpendicular. This separation is made because in perpendicular shocks,
the reflected particles are turned around by the magnetic field, due to the geometry,
while in parallel shocks they can stream freely to infinity, for the same reason. This

is a very important shock parameter and it will be used throughout this text.

2.3.2 Shock Mach Number

The Mach number of CS is equally important to study shock properties and cat-
egorise them as it is with shock waves formed in ordinary gases. From the RH
relations, the important velocity that is compared is the fast MHD wave velocity,
while in practice the Alfvén and the magnetosonic speeds are more commonly used.
It is defined as

Viow - 1

M=———- 2.5
‘Vrerel’ ( )

where Vgoy is the velocity of the fluid relative to the shock and V. sy is a refer-
ence velocity and the Mach number is named based on the reference velocity that
is used. This is useful because it helps in the categorisation of various shocks as
different dependencies might emerge when a different reference velocity is used. For
example, if the magnetosonic V,,s = m is used, then we would calculate

the magnetosonic Mach number.

2.4 Resistive Shocks

As previously mentioned, in order to obtain a steady state shock, what is necessary
for a steepening wave to not collapse is an energy dissipation mechanism. The dissi-

pation mechanisms are incorporated in the MHD equations in the form of resistivity,
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2.4 Resistive Shocks

viscosity and thermal conductivity [Coroniti, 1970].

Each of the processes described in Coroniti [1970] is characterised by a scale length
that make the magnetic and viscous Reynolds numbers equal to 1. The Reynolds
numbers indicate weather a wave will be damped or if it will be able to propagate.
More specifically, if the viscous Reynolds number is smaller than unity, then the
viscous forces dominate and the flow is smooth, while if it is larger than unity, then
waves are more free to propagate. Similarly when the magnetic Reynolds number
< 1 magnetic fluctuations are smooth while for > 1 they are free to propagate. The

three dissipation or diffusion scale lengths are given by

2

c
o 2.6
droVpn (2:6)
4

3N+ ¢
R =32 2.7
PoVpn (2.7)

K

R, = 2.8
C oV (2.8)

where c is the speed of light, p is the average density, 17 and ( are the two coefficients
of viscosity, x is the thermal conductivity, o is the electrical conductivity and Vj, is
the wave phase velocity.

In all of the Eq. 2.6, 2.7 and 2.8, a larger phase velocity leads to a smaller length.
When resistivity is considered, the affected terms in the dispersion relation of the
linear MHD waves [see Coroniti, 1970], is the Alfvén velocity, which in turn modifies
the magnetosonic speed C%,¢ = C% + C Az' The real part of the Alfvén velocity is

then given by
_ G
1+ k2R2

where k is the wave number. As the wave phase velocity decreases, R,, becomes

Re(Cy) = (2.9)

larger than unity and Cj;¢ — Cgs.In order for a fast shock to be stable, according
to RH jump conditions, the upstream velocity must be Vj, > V; and downstream of
the shock V; > V4, > V. In the limit of kR,, > 1, Re(éA) — 0 and so Vy — Cs,
while V, =V, = 0.
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2.4 Resistive Shocks

For the resistive dissipation, an expression can be derived that describes the evolu-

tion of the magnetic field in the tangential direction [Coroniti, 1970]

A "2
dB, (VA-VA(V, —V?)

~

R, 6527 =
dx v,A v - o)

5B, (2.10)

where 0B, is the perturbation about a stationary point of the magnetic field and
‘736 =V, + 0V is the perturbed bulk flow velocity in the x direction. V, is the flow
parallel to the shock normal vector and 6V is the velocity perturbation.

For a fast shock, in the upstream region, V, exceeds V¢ and Vs, so Eq. 2.10 is pos-
itive, which makes the upstream point unstable. Coroniti [1970] concludes that all
fast shocks can be initiated by resistivity. On the other hand, downstream of the
shock, V, < V¢, which means that Eq. 2.10 will be negative. This will cause the
perturbation to be damped. On the other hand, when V, < Cs and when g >1
(Cs > Vi), the magnetic field perturbations increase and therefore the downstream
point is unstable and another dissipation mechanism is required to form a stable
shock.

Finding when V}C = (4, defines the critical Mach number (M.;;). M..;; defines the
Mach number above which a shock cannot be formed and be stable, using only
resistivity as a dissipation mechanism [Kennel et al., 1985]. The critical Mach is
strongly dependent on the upstream 3 and 6p, parameters. Edmiston and Kennel
[1984] performed a parametric study and their results include a surface that shows
how the first critical Mach number is modified based on these parameters. They
also concluded that for typical solar wind conditions, the critical Mach number is
between 1 and 2. For perpendiucular shocks in cold plasma (8 = 0) the critical
Mach number was found to be ~ 2.7 by Marshall [1955].

It should be noted that at subcritical shocks, other dispersion mechanisms could also
be in effect along with resistivity. The M,,.; does not identify when the dissipation

mechanisms are in effect.
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2.5 Subcritical Shocks

2.5 Subcritical Shocks

So far two methods of kinetic plasma flow energy dissipation have been discussed.
Resistivity can provide enough dissipation for subcritical shocks, where subcritical
shocks are characterised by a Mach number that is lower than the first critical Mach
number, previously defined. On the other hand dispersion was shown from two-
fluid MHD to be able to dissipate energy by removing energy from the ramp due
to the difference in the wave phase velocity. These waves are phase standing in the
upstream region of the shock, depending on the shock normal angle, Mach number
and plasma beta. These three parameters are all included in the whistler critical
Mach number, above which the whistler wave cannot phase-stand in the frame of
the shock. The frame of the shock is the frame of reference that is moving with the
velocity of the shock. This whistler wave train was shown to have the scales of the
ion inertial length (R;) [Coroniti, 1971]. Downstream of the shock, oscillations from
the intermediate branch of the dispersion relation can also propagate, including an
electrostatic sound wave. In the case the shock Mach number is above M, then
the ramp is expected to have a width of the electron inertial scale [Kennel et al.,
1985; Balikhin et al., 1995].

In order to determine the scales of resistive dissipation a theory of the mechanism
that is causing it needs to be examined. Resistivity is proportional to the colli-
sion frequency of the particles and inversely proportional to the electron plasma
frequency. In a collisionless plasma, the collision frequency is called the anomalous
collision frequency and it describes the interaction of the electrons of the plasma
with non-linear waves.

One instability that could cause anomalous resistivity is the ion sound instability.
The threshold for the instability to be triggered is a function of the electron to ion
temperature ratio 7,./7;. The electron drift velocity relative to the ions, generates
a current whose parallel component can reduce the current flow in that direction.

The growth rate of this instability in the case of T, > T; is given by [e.g. see Kennel

16
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et al., 1985]
7 = (me/mi)"*(w/kCS)*[k - Vipe — u] (2.11)

where m, and m; is the electron and ion masses respectively, Vp. is the electron
drift velocity and C% = (T,/m;)'/? is the ion sound speed. Ion sound waves will
become unstable when Vp, > C%, which is when the electron drift velocity is larger
than the ion sound waves phase velocity. The waves that are generated due to
the electron motion are absorbed by the ions, which are scattered. The electron
distributions becomes flattened at low velocities and the ion distribution a peak at
velocities comparable to the ion sound wave velocity. For the case where T, ~ T;,
then the electron drift velocity must be close to the electron thermal velocity.
Under typical solar wind conditions, where wy./w. > 1, the electron drift velocity
is given by

max % mg
Ve :Cs(_)1/4 (2'12>

e

being limited by ion sound anomalous resistance. The magnetic Raynolds length and
as an extent the subcritical shock spatial scales where the excess energy is dissipated

by such a mechanism, is given by [e.g. see Kennel et al., 1985]

c m
Aars = —(—

V45=125in(6 2.13
ey 8 sin) (213)
When Asrs > R., the subcritical shock will be resistive, while otherwise it will
be dispersive. For a small £, cold plasma, the majority of subcritical shocks are

resistive. Under typical solar wind conditions, subcritical quasi-perpendicular shocks

are resistive, while quasi-parallel shocks are dispersive [Kennel et al.; 1985].

2.6 Dispersive Shocks

Dispersion is one of the mechanisms that wave steepening can be limited. When
considering two-fluid MHD equations, the equations that describe the dispersion
of the MHD waves, describe dispersive waves. As dispersive waves propagate with
different phase velocity at different wavelength/frequency, small differences in the

plasma flow and state at the point where the wave steepens, can lead those waves
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2.6 Dispersive Shocks

to radiate from steepening front. As they propagate, they will be damped by dissi-
pation and so conversion of energy from kinetic to thermal is achieved.

In general, three important spatial scales are involved in the dispersion relation
of these waves, namely the ion inertial scale length c/w,;, the electron inertial
scale length ¢/wye and the Debye length Ap (defined in Chapter 1), where wp =
(47n.e?/m,) is the electron plasma frequency and w, = (47n;e?/m;) is the ion
plasma frequency. The density of each species is given by ng and the mass by my,
where s is either ¢ or e for ions and electrons respectively.

In the case of perpendicular propagation, the dispersion relation from two-fluid MHD
in quasi-neutral plasma is [Kennel et al., 1985]

2

% —C2+Cy (2.14)
where
. 031
Cy = T k22 (2.15)

and 7. = ¢/Wpe.

The stationary point analysis, similar to Eq. 2.10 for 8g,, = 90° then gives

2 72 _ /2
Rgad B, Rm(S@ = DéBy = M(SBZ (2.16)
dzx? dx V.. -2

Looking again at the transition of states for fast shocks previously described, up-
stream of the shock, V, > V; and so the right-hand-side of 2.16 is positive. The
solution of 2.16 that does not violate the condition that 6 B, tends to 0 far upstream

of the shock is then the positive root of lambda

6B, ~ e (2.17)

_ —R,, + (R, +4R?D)"/?

A= 2.1
R, (2.18)
The conclusion is that the spatial scale of the shock (A = 1/)) is given by
R ,R.> R,
A~ {D}gm (2.19)
o R, > R.
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2.6 Dispersive Shocks

where V,, is the upstream bulk flow velocity in the shock normal direction. Which
translates to the thickness of the shock being dependent on the larger dissipation
scale, in this case the magnetic Reynolds number or the electron inertial length.
For the case where R, > R,,, the bulk flow velocity is V,, > Vg, but V, < Cys,
downstream of subcritical shock, since Cy; ~ Cg for critical shocks. This means
that D(V;) < 0, where V; is downstream shock velocity in the normal direction. In
the case of a supercritical shock, downstream of the shock D(V;) > 0.

So for subcritical perpendicular shocks (65, = 90°), downstream of the shock we
expect to find a trailing wave that is weakly damped by resistivity. Downstream
of supercritical shocks we expect steepening to continue until a different dissipation
mechanism completes the transition, since A\ grows with distance from the shock
front.

When the shock steepens at the Debye length the quasi-neutral approximation is
not valid. At scales smaller than the electron inertia scale, current oscillations are
decoupled from the magnetic field oscillations. This will lead to a nonlinear ion
sound wave train to be formed downstream of the supercritical shock [Kennel et al.,
1985; Balikhin et al., 1995]. This wave cannot be damped by resistivity alone.

For oblique propagation, it is useful to examine the dispersion relations of the two-
fluid MHD waves for low and high § separately as seen in Formisano and Kennel
[1969].

Table 2.1 shows the dispersion relation that describes each wave for different fre-
quency ranges and are derived by the dispersion plots in Formisano and Kennel
[1969]. The dispersion relation for each wave is obtained by solving the general
two-fluid dispersion relation under different assumptions.

At the ion cyclotron and electron cyclotron frequencies, different modes interact
with each other. The interaction between the two waves is where their phase ve-
locities are equal. At the first interaction point as the frequency and wavenumber
increases (€2;), the intermediate wave interacts with the slow wave. This leads to
the intermediate wave slowing down and becoming the electroacoustic wave. The

slow wave resonates at the ion cyclotron frequency and it does not propagate, as it
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Table 2.1: Waves dispersion relations in terms of frequency ranges for g—i <1

Fast Magnetosonic 2~ o /C% + Cisin(Oip)? AV, >0

Intermediate Wave 7 ~ Cacos(Oyp) AVpr <0

Slow Wave 7 ~ Cscos(Okp) AVpr <0
Qi oeeee ! 2

Whistler o~ Cf‘%ikw AV, >0

Electroacoustic 7~ Cs AV, =0
Qe -+ - - o

Acoustic Mode 7~ Cs AV, =0

is damped. A wave resonates when for k the frequency remains finite, which leads to
a zero phase velocity as the wavenumber grows. At the second interaction point in
the dispersion relation, the electron cyclotron frequency, the whistler wave interacts
with the electrostatic wave. At this point the whistler is slowed down to C's and the
electrostatic wave stops propagating, as it resonates.

Formisano and Kennel [1969] define a positive dispersion when the phase velocity
increase with an increasing wavenumber, and the opposite defines a negative dis-
persion. The branches of the dispersion relation have a different dispersion sign as
shown in Table 2.1. The Fast magnetosonic and whistler branches of the dispersion
relation have a positive dispersion, while the rest of the branches have a negative
one. As the 8 parameter increases, the point of interactions, the resonant frequen-
cies, are modified. Specifically the interaction point of the intermediate with the
slow wave is increase to frequencies higher than €2.;. The intermediate wave has a
positive dispersion for scales ~ ¢/w,;. The branch of the dispersion relation that is
related to the fast magnetosonic wave is for the bigger part the same, since they
are electromagnetic circularly polarized waves, whose dispersion is governed by the

finite ion inertia [Formisano and Kennel, 1969]. The interaction point for higher [

wcos(0xB) C

0~ Oh after equating the cold plasma whistler dispersion

plasma, is given as
with the sound speed [Formisano and Kennel, 1969]. As the plasma /3 increases, the
frequency and wavenumber of the interaction point will also increase. As the [ in-

creases even further, the ion inertia decouples from the oscillations of the magnetic
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field, as thermal pressure becomes more important than the magnetic one. This
leads the sound velocity to be larger than the whistler wave phase velocity and the
two branches do not interact.

Since the fast branch phase velocity increases with decreasing wavelength, upstream
of oblique shocks, a wave train will exist. In the upstream region of a shock, the ion
inertial scale length, as defined by Coroniti [1971], is given by
¢ Cycos()

W i Vu

R, = (2.20)

Comparing the upstream ion inertial length to the electron one, previously defined
(R.), when R; > R, a wave train will lead the shock and when R; < R, the wave
train will be downstream of the shock. The condition R; = R,., defines the angle

where the structure of the shock changes

cos(0.) = \/%MA (2.21)

where My is the Alfvén Mach number, and m, and m; are the electron and ion
masses respectively. For low  and low Mach number, 6. ~ 87°, which means in the

majority of oblique shocks will have a wave train upstream of the shock.

2.7 Supercritical Shocks

The structure of supercritical shocks, as is the case for subcritical shocks, depends
greatly on the shock normal angle. Interplanetary shocks are formed by counter-
streaming plasmas of when streams propagate at relative velocity larger than the
magnetosonic speed. Contrary to interplanetary shocks, planetary bow shocks form
due to the supersonic solar wind encountering a planetary magnetosphere as it
propagates outwards from the Sun. For example, the Earth’s magnetic field is
parabolically shaped and at 1AU distance from the Sun, the interplanetary magnetic
field, that originates from the Sum, cuts the Earth-Sun line at ~ 45°. A simplified
illustration can be seen in Figure 2.2, where the vast range of angles, between the
shock normal and the upstream magnetic field, at the bow shock can be found. The

Earth’s rotation around the Sun also changes the global g, that can be observed
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2.7 Supercritical Shocks

by a satellite at a given orbit. This means different types of shocks can be observed
throughout the year from the same spacecraft.

A high level distinction at this point can be made between the quasi-parallel and

ind

\penc“a

Figure 2.2: Simplified illustration of the Earth magnetic field environment. The
elements of the figure are not to scale with the actual distances.

Solar
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quasi-perpendicular shocks, which will be described separately. Macroscopically, the
main differences between the quasi-parallel and quasi-perpendicular shocks is that
the former are more turbulent and it is difficult to determine the transition layer
between upstream and downstream. While for quasi-perpendicular shocks, the shock
ramp is more abrupt and easier to distinguish. On the side where the Earth’s quasi-
parallel bow shock region is located, a foreshock region has also been observed. The
foreshock region is a region where reflected particles from the parallel shock stream
freely upstream and electromagnetic waves of different amplitudes and frequencies
can be observed. Because of these waves, distinguishing between the upstream and
downstream region is difficult. The difference of the shape of supercritical shocks

with the one predicted by the theory for subcritical shocks and the new regions that
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appear to be common among similar types of supercritical shocks, are a result of
the processes that are required to complete a supercritical shock transition.
The following sections will provide some background on the quasi-perpendicular and

quasi-parallel shocks and the foreshock.

2.7.1 Foreshock

The foreshock is the region of space in front of the shock where reflected particles
stream upstream into the incoming flow. In the case of quasi-perpendicular shocks,
the foreshock consists of gyrating ions, that form a region upstream of the shock also
known as the foot. In the case of quasi-perpendicular shocks, this region extends
much further upstream. In the geometry of the Earth’s bow shock, the upstream
region where - macroscopically considering the interplanetary magnetic field and the
hyperbolic shape of the shock - the bow shock is quasi-parallel, is separated into the
electron and the ion foreshocks. In the electron foreshock backstreaming electrons
are observed, while in the ion foreshock, the main population of particles that orig-
inate from the bow shock are of the ion species. The electron foreshock is situated
further upstream of the ion foreshock, due to the larger electron velocity parallel to
the magnetic field compared to the ions. Along with these particles, large magnetic
field fluctuations are observed in these regions.

The ion populations in the foreshock have been separated into three categories based
on their distribution into reflected (more commonly called field-aligned), intermedi-
ate and defuse by Paschmann et al. [1981]. Field-aligned ions have the distribution
of a fast ion beam with a temperature of [1 — 4]10° K and 5Vs,, speed. Diffuse
ions have a distribution that appears as a ridge and occupy larger area of the phase
space with temperature > 107 K. Intermediate ions are described by a crescent
shaped distribution. Paschmann et al. [1981] hypothesised that the intermediate
ions originated from pitch angle scattered reflected ions and in turn wave particle
interactions formed the diffuse ions, although that was later shown not to be the
case [see Burgess et al., 2005].

In the electron foreshock, field-aligned beams are also found near the leading edge
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of the foreshock and the angular distribution of the more energetic electrons become
diffuse closer to the bow shock [see Kennel et al., 1985].

The foreshock is a very turbulent region where different waves can be found, some
of which are hypothesised to be linked to the ions. One type is large amplitude
(AB/B ~ 1) low frequency waves (~ 0.03 Hz) that are hydromagnetic, are magnet-
ically connected with the bow shock and have been linked to back-streaming ions
[Fairfield, 1969; Hoppe et al., 1981]. A second type of waves, identified by Rus-
sell et al. [1971], are wavepackets with a frequency ~ 0.4 Hz that were reported
to have a fast growth rate and a slow decay rate. They were observed to propa-
gate upstream of the bow shock with an angle between the solar wind velocity and
background magnetic field and are convected downstream by the solar wind. After
reversing the doppler shift that the waves underwent in the spacecraft frame, it was
found that they are right-hand polarised with a frequency ~ 10w,,. A third type
of wave in the frequency range 0.5 — 5 Hz and with amplitude AB/B ~ 0.2, has
been characterised as circularly polarized whistlers and are observed adjacent to the
bow shock [Fairfield, 1974]. These waves were also reported to propagate obliquely
relative to the background magnetic field with 6,5 ~ 20° — 40°. A fourth type of
waves found in the foreshock are relatively higher frequency (1 Hz) small amplitude
(AB/B ~ 0.1) waves [Hoppe et al., 1982]. After being Doppler shifted they were
found to be right-handed whistler mode waves with a plasma rest frame frequency
~ 20 — 100 w,;. They were observed to propagate at highly oblique angles ~ 45°.
The presence of these particle populations and waves in the foreshock ahead of the
quasi-parallel shock are thought to be connected with the dissipation processes in
these types of shocks as well as particle acceleration by the shock. This region
is of great interest as cosmic rays have been hypothesised to consist of particles

accelerated from astrophysical shocks [Blandford and Eichler, 1987].

2.7.2 Quasi-perpendicular Shocks

Provided the clear transition from upstream to downstream region, quasi-perpendicular

shocks are far better understood than quasi-parallel, since there have been more
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studies examining their properties. Quasi-perpendicular shocks consist of the foot,
ramp, overshoot and undershoot regions. The ramp is the steepest part of the front,
while the foot is a less steep region where the magnetic field increases linearly.

The structure of supercritical quasi-perpendicular shocks is largely related to ion
reflection of a fraction of the incoming ions [Kennel et al., 1985]. When reflected,
these ions move upstream of the shock until they are overturned again, by the mag-
netic field and are directed again towards the shock. This process is observed in the
form of a magnetic foot [Woods, 1971]. The ions that are overturned gain energy
due to the transverse electric field and are able to cross the shock. Downstream of
the shock, the ions gyrate in the overshoot region and they are convected further
downstream. This mechanism provides dissipation of the energy of the incoming
flow and heats the ions.

As previously stated, the spatial scales of the shock determine the physical processes
based on the scales that they are comparable with. The spatial scales of the mag-
netic ramp of quasi-perpendicular shocks were believed to be of the order of the ion
inertial scale length ¢/w,;, but it has been shown that the more accurate measure is
the convective ion gyroradius given by Vg, /w? (d denotes downstream value). This
can be seen when larger Mach number shocks are considered M,,s > 4, where the
two quantities begin to differ substantially, while they are of similar magnitude for
M,,s < 4. When expressed in terms of the ion inertial length, across the same range
of M,,s, the spatial scale of the shock has a much wider range. For M,,, > 4, the
authors find that the scale of the shock is ~ 0.4V, /wd,.

The overshoot region is followed by an undershoot region which appears as a wave-
train in magnetic field measurements. Livesey et al. [1982] noted the appearance
of the overshoot feature of the shock when the Mach number surpasses the critical
Mach number and that an increase in the amplitude of the overshoot is followed
by increase of My/M,. and . This region has been shown to be linked with re-
flected and heated ions, which govern the structure of the shock [Leroy et al., 1982].
Initially the size of the overshoot-undershoot region was considered to scale with

the ion Larmor radius [Kennel et al., 1985], but it was later shown that, similar to
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the ramp, the convected ion gyroradius of the trapped population in the overshoot
region better describes scale [Bale et al., 2005]. Saxena et al. [2005] conducted a
study on the overshot-undershoot spatial scales, by examining the decay rate of the
overshoot region by fitting an exponent to the density at the region of the overshoot.
Inside the overshoot regions, ions are trapped and the structure of the region is as-
sociated with this motion. The results show that the wavelength of this region does
not scale to the ion inertial length, but instead the convected ion gyroradius given
by Vin/wei, where w,; is calculated for downstream values and Vg, is the velocity of
the shock in the normal direction.

The foot region, which appears as a region of linear increase with a much less
steep than the main magnetic ramp, is also a region found in supercritical quasi-
perpendicular shocks. This region has also been linked to ion reflection and at the
edge of this magnetic foot, the reflected ions are overturned. Gedalin [1996] also
argues that the ion reflection process, apart from the upstream and downstream
plasma parameters, also depends on the structure of the individual shock. This is
because the dissipation will be affected based on the amount of particles that are
specularly reflected and the ones that are non-specularly reflected.

A second critical Mach number exists (M), which defines when reflecting shocks
begin to occur. Woods [1971] also offers an estimate on M4, where reflecting shocks
begin to occur, based on experimental data. The second critical Mach number can
be calculated analytically by assuming a downstream velocity equal to the ion sound
velocity downstream of the shock in the RH equations [Leroy et al., 1982]. M., heav-
ily depends on the dowstream electron to ion temperature ratio and the upstream
plasma 3, as well as on the g, angle. This dependence is illustrated in Kennel
et al. [1985], where M., has been calculated for three different downstream values of
T./T; with respect to 3; and 0p,. The critical Mach number ratio M.,/ M, has also
been calculated with 5; = 1 and for a range of T, /T;. As the temperature anisotropy
between electrons and ions increases, the critical Mach number ratio also increases.
It is also argued that at a third critical Mach number, ion reflection will not be able

to dissipate the excess energy and the shock will no longer be stable [Kennel et al.,
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1985].

[Morse et al., 1972] conducted laboratory experiments on supercritical shocks with
M,,s ranging between 4 — 8 and observed that the shock was oscillating with a fre-
quency comparable to w.. Lobzin et al. [2007] conducted a study of high Mach
number shocks (M4 ~ 2 — 12) and determined that this frequency ranges between
[0.3 — 1]we; and the occurrence of non-stationary shocks increased as M, increased.
A proposed theory on the processes that cause non-stationarity are described in
Krasnoselskikh et al. [2002], where in supercritical shocks, the magnetic ramp is
treated as a nonlinear whistler wave. The model of this theory is presented in Kras-
noselskikh [1985], where the nonlinear motion of hydrodynamic waves that break at
high mach numbers is examined. When the shock front is modelled as a nonlinear
whistler wave, at high Mach numbers, specifically above the nonlinear whistler Mach
number, the nonlinear wave train cannot exist within the shock front. This is the
result of inadequate dissipation due to resistivity or dispersion to accommodate the
high incoming flow energy and the wave train is overturned. At the regions where
the wave is now broken, the density of the reflected ions is higher, the plasma is
turbulent and the energy can be dissipated faster [Krasnoselskikh, 1985].

Finally it is useful to note that the shock non-stationarity is also expressed in terms
of magnetic field profile spatial and temporal variations and in the particle distri-
bution. These variations have been observed by the Cluster spacecraft, where even
though they are closely separated in some examples, the differences still exist [e.g.

see Bale et al., 2005].

2.7.3 Quasi-parallel Shocks

Quasi-parallel shocks (0p, < 45°) have not been very well studied due to the diffi-
culty in differentiating the various regions that characterise a shock. It is difficult
to determine the location of the transition from the upstream to the downstream
medium from magnetic field measurements due to the turbulent nature of these type
of shocks. From single spacecraft missions, this is an even harder task, while multi-

spacecraft missions might be able to provide a better insight into the structure of
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2.7 Supercritical Shocks

the magnetic field.

Because of the magnetic field geometry, particles that encounter quasi-parallel shocks
in the downstream region, can on average free stream through it preserving their
magnetic moment when they move parallel to the magnetic field. For 0p, a signifi-
cant amount of ions are allowed to escape the downstream region into the upstream
region [Edmiston et al., 1982]. A critical Mach number at which significant num-
bers of ions can free stream towards the upstream region of the shock is given by
Vi = 3C%o0s(0%, ), where in this case 0% is the angle between the shock normal
vector and the downstream average magnetic field [Kennel et al., 1985]. These par-
ticles that escape can interact with the foreshock waves.

In quasi-parallel shock geometries, measurements have shown temporal variations in
the geometry of the shock. This can be seen from multiple spacecraft missions that
are closely separated when the normal vector calculated using Minimum Variance
Analysis (MVA) for each of the spacecraft yields very different result. Provided
that the MVA is sufficiently well defined, in terms of eigenvalues and it satisfies
the B - n = const condition, this is indicative that the spacecraft have encountered
a three dimensional structure. These structures are often referred to as SLAMS
(Short Large Amplitude Structures) and have been encountered at quasi-parallel
shocks [Schwartz and Burgess, 1991].

SLAMS have been associated with the ultra low frequency (ULF) waves, previously
described in the foreshock region of the shock, but it has been shown that their
scales are smaller than those of the ULF waves [see Burgess et al., 2005]. These
structures often appear to have spatial scales of the radius of the Earth and could
explain the unclear shock crossing that is observed in quasi-parallel shocks. These
structures also appear to have substructures on the scales of ~ 600 K'm [Behlke
et al., 2003]. In the study it was also found from the combination of electric and
magnetic field data that SLAMS move with the same velocity as the plasma and
so ions are trapped inside. These structures are important since they are expected
to interact with the solar wind and they might play a role in particle reflection and

acceleration.
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2.8 The Earth’s Magnetosheath

The Earth’s magnetosheath, which is the region of interest of Chapter 4, is the
region in space between the Earth’s bow shock and the Earth’s magnetopause, the
boundary between the solar wind and the Earth’s magnetosphere. It consists of
particles that have been decelerated by the bow shock and a smaller portion of
particles from the magnetosphere. The plasma characteristics in the region are
strongly dependant on position in terms of distance from the bow shock and the
magnetopause. The downstream region of quasi-perpendicular shocks is different
from the one in quasi-parallel shocks since the particles are heated in a different
manner. In addition, the shape of the Earth’s magnetosphere also plays a role in
how the plasma is deflected around it, so plasma parameters are also different along
the Sun-Earth axis and in the flanks of the magnetosheath.

The average properties of the plasma in the magnetosheath have been documented
by spacecraft measurements and some characteristics summarised by Lucek et al.
[2005], based on the results of Kivelson and Russell [1995]; Phan et al. [1996, 1997];

Hill et al. [1995]; Li et al. [1995]. Some average properties can be summarised as

e The average density and magnetic field are higher than in the solar wind

following the RH relations upstream and donwstream of the shock

e The average flow is directed in an oblique angle from the Sun-Earth axis and

is diverted around the magnetopause
e Donwstream of the shock, the bulk flow velocity is smaller than V}
e The flow increases to supersonic velocity near the flanks
e The ion temperature is increased compared to the solar wind
e The electron temperature is higher than that of the solar wind electrons

e The ion temperature is higher than the electron ~ 6 — 7 times on average

£ has large variations across the region
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2.8 The Earth’s Magnetosheath

e A perpendicular to parallel temperature anisotropy is present and increases as

the plasma flows from the bow shock to the magnetopause.

e The ion temperature anisotropy is more pronounced than the electron tem-

perature anisotropy

It is clear that in different regions of the magnetosheath, different turbulence is
expected to be observed.

An initial separation of the observed fluctuations can be made between lower and
higher frequency. In the low frequency regime, downstream of the bow shock, the
intrinsic solar wind turbulence is one of the sources of turbulence, which has been
modified by the shock [Lucek et al., 2005]. Fluctuations that originate from the
particles in the foreshock region, with a velocity lower that the solar wind bulk
flow are also convected downstream by the solar wind [Paschmann et al., 1981]. In
the case of quasi-perpendicular shocks, ion populations that gyrate downstream of
the shock can produce low frequency waves [Horbury et al., 2001; Sckopke et al.,
1983]. Due to the varying temperature anisotropy and /3, different instabilities can be
initiated, which in turn generate waves. The ion cyclotron instability and the mirror
mode instability can be found behind the weaker quasi-perpendicular bow shocks
and strong quasi-perpendicular shocks respectively [Schwartz et al., 1996; Kivelson
and Southwood, 1996]. The ion cyclotron instability requires high ion temperature
anisotropy and 8 ~ 1 while the mirror instability is more likely to occur under
moderate temperature anisotropy and high 5. The ion cyclotron instability excites
electromagnetic transverse waves with a velocity ~ C4 that propagate away from
the source. On the other hand, mirror modes are spatially extended structures that
do not propagate relative to the bulk plasma flow and are characterised by anti-
correlated magnetic field magnitude and density changes. are anti-correlated with
fluctuations of the magnetic field and the density.

Some higher frequency waves observed in the magnetosheath are electromagnetic
emissions known as lion roars, which are examined in Chapter 4, and electrostatic

waves, referred to as broadband electrostatic noise [Rodriguez, 1979].
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2.8 The Earth’s Magnetosheath

The electrostatic emissions frequencies are found throughout the magnetosheath
and their frequency ranges between 20 Hz to 70 kHz. The emissions consist of
three components at different frequencies, a high frequency component that exceeds
30 kHz and peaks at the electron plasma frequency, a not well defined intermediate
component with frequency between f,; (ion plasma frequency) and f,. (electron
plasma frequency), the ion and electron plasma frequency respectively, and a third,
low frequency component, with a peak lower than the f,;. According to Rodriguez
[1979] the low frequency component is associated with the bow shock, due to their
polarisation parallel to the magnetic field, where the ion heating initially occurred
and continued throughout the magnetosheath. The high and intermediate frequency
components are not correlated with the shock and are less likely to be observed at

dawn and dusk.
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Chapter 3

Collisionless Shock Velocity

3.1 Introduction

As described in the previous chapter, the spatial scales of collisionless shocks is
important in the determination of the dissipation mechanisms that are responsible
for preventing the wave breaking and maintaining a steady shock [Kennel et al.,
1985; Balikhin et al., 1995]. The scale of the shock governs the interaction of the
charged particles and the fields within the shock itself. Adiabatic thermalisation of
electrons is expected in the case of a large shock front, while in the case of smaller
ramp widths the electrons are heated non-adiabatically. This type of energization
was found to exceed the adiabatic one in some cases [Balikhin and Gedalin, 1994;
Gedalin et al., 1995]. Gedalin et al. [1995] also describes how this energization is
translated to energy transfer from the cross-shock potential to electron gyration
downstream of the shock.

In order to determine the scales of a shock several methods can be employed. The
availability of the methods that can be used largely depends on the number of
closely separated spacecraft, available to make measurements of the same shock.
Unfortunately multi-spacecraft missions are available in very limited cases so far.
From single spacecraft measurements, a simple in conception but hard in practice
method, that can be employed is by measuring the velocity of the shock (V). This
velocity can then be used to determine the length of the shock ramp in the normal

direction, based on the time required for the spacecraft required to cross the shock
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front.

With the use of multi-point measurements provided by multi-spacecraft missions
such as ISEE, AMPTE, Cluster and THEMIS, spatial and temporal ambiguity can
be resolved. This allows the determination of the speed of the shock relative to
the spacecraft and hence, the spatial scales of the shock front. Currently, only
the terrestrial bow shock has been subjected to multi-point measurements, while
planetary missions lack this ability. It is however important to study planetary
bow shocks as they significantly expand the variety of shock parameters that are
complementary to terrestrial bow shock data. For example, the detection of a purely
kinematic shock at Venus was reported [Balikhin et al., 2008], which has not been
previously reported.

In this chapter it is of interest to determine the accuracy of two proposed methods,
one by Moses et al. [1985] and one by Gosling and Thomsen [1985], that make use of
the shock foot region to determine Vs, from single spacecraft measurements. The
foot region was first identified by Woods [1969], where it was shown that in front of
super-critical, quasi-perpendicular shocks, the foot region is observed as a result of
the reflected ions from the shock itself. When the angle between the normal vector
to the shock surface (n) and the upstream magnetic field (B,,) is greater than 45°,
the shock is characterised as quasi-perpendicular. In super-critical CS, the Mach
number of the shock exceeds the first critical Mach number, above which anomalous
resistivity cannot provide the required energy dissipation Kennel et al. [1985].
Both methods use analytical expression for the width of the foot which combined
with magnetic field observations of the foot can yield an estimate of the relative to
the spacecraft velocity of the foot. Vg is then assumed to be the same, given that
the foot structure will have the same velocity as the shock, relative to the spacecraft.
The accuracy of the estimates of the two methods mainly depends on the accuracy
of the analytical expression for the foot width. Moses et al. [1985] makes use of
the analytical expression for the foot width derived by Livesey et al. [1984], where
the result of the predicted foot width by Woods [1971] was generalised to shock

geometries other than perpendicular (fp, = 90°). On the other hand Gosling and
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Thomsen [1985] define the trajectory of the reflected ions in the deHoffman-Teller
frame (HT), where the solar wind velocity is parallel to the upstream magnetic field.
The trajectories are then decomposed in parallel and perpendicular directions of the
magnetic field and the foot width is defined by the distance as a function of time, at
the time that the ions turnaround. The analytical comparison of the two methods by
Gosling and Thomsen [1985] shows that the difference, of the foot width estimates,
of the two methods will increase as 6p,, decreases.

The estimated Vg;, of the two methods is then compared with the measured velocity
from two spacecraft Cluster measurements. In order to ensure that the velocity from
two spacecraft is measured correctly, the main consideration to be taken is that the
shock is not accelerating and that its geometry is not changing between the two
observations. Therefore the normal vector of the shock estimated by each of the two
spacecraft must be close and the separation between the two spacecraft must not be

too large. Finally the two spacecraft must not cross the shock simultaneously.

3.2 Instrumentation

Measurements of the terrestrial bow shock were obtained from the Cluster space-
craft, launched in 2000. The data used in this chapter are obtained from measure-
ments of the Cluster between the years 2012-2014. The four satellites initially had
a highly elliptical orbit of about 4 Rg perigee and 19 Rp apogee, with an inclina-
tion of 90°. The orbits of the four spacecraft have been modified several times, in
order change the separation between the spacecraft. Throughout the course of the
mission, the orbit has evolved enabling greater coverage. The Cluster spacecraft
orbit in a variable tetrahedron formation which ranges from about 10000 km to
6 km distance between spacecraft. Magnetic field measurements were obtained from
the Cluster Fluxgate Magnetometer (FGM) [Balogh et al., 1997], which offers data
sampled at 22 Hz and 67 Hz in normal and burst mode respectively. Measurements
of the shock ion distributions were obtained by the time-of-flight Composition and

Distribution Function analyser (CODIF) of the Cluster Ion Spectrometry (CIS) ex-
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periment [Réme et al., 1997]. Finally the Waves of High frequency and Sounder for
Probing of Electron density by Relaxation (WHISPER) experiment [Décréau et al.,
1997] was used to obtain the local electron plasma frequency in order to estimate
the upstream plasma density. The review of Cluster data based advances in the
physics of quasi-perpendicular collisionless shocks is given in Krasnoselskikh et al.
[2013].

The Venusian bow shock measurements were obtained by the VEX spacecraft. It
was launched in November 2005 and arrived at Venus in April 2006, where it was
set in a polar orbit. The orbit of VEX is elliptical with apoapsis of 63000 km, a pe-
riapsis of 460 km and a period of 24 hours. The magnetic field measurements were
obtained by the VEX fluxgate magnetometer (MAG) [Zhang et al., 2005, 2006].
MAG obtains measurements at a frequency of up to 32 Hz. Due to the noise in-
duced by the VEX spacecraft hardware in the magnetic field measurements, the
data were cleaned using the method proposed by Pope et al. [2011], which results in
a data rate of 1 vector/sec. The upstream solar wind (SW) conditions were obtained
by the Analyser of Space Plasmas and Energetic Atoms (ASPERA-4) instrument
[Barabash et al., 2007].

3.3 Methodology

The foot of the shock is the region located upstream of the shock main ramp and
is formed by gyrating ions reflected by the shock [Woods, 1969]. The foot appears
in front of shocks that are of relatively low Mach number, super-critical and quasi-
perpendicular. The two methods that are examined here, one by Moses et al. [1985]
(Method A) and one by Gosling and Thomsen [1985] (Method B), make a prediction
on the velocity of the shock, based on the width of the foot in front of the shock
front.

Moses et al. [1985] noted that if the length of the foot (ds) is known, then the
traversal time of the foot (Aty) is given by Eq. 3.1.

dy
VSh + VuCOS(evn>
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where V,, is the solar wind speed, Vg, is the shock speed in the normal direction
and 6y, is the angle between the solar wind and normal to the shock vector. Moses
et al. [1985] then used the expression that Livesey et al. [1984] developed to predict
the width of the foot (dJ’%t), assuming only specular reflection occurs (Eq. 3.2).

. 9
V.sin®(0py,) &

Wei

df, = 0.68 (3.2)

After the correction noted by Gosling and Thomsen [1985], the expression proposed
by Moses et al. [1985] is given in Eq. 3.3.

xr

A
Vi, = Viucos(Ovy) [T, (3.3)
where
sin?(0p,)
= (0.68——— =27 4
zr = 0.68 oA, (3.4)

0, is the angle between the upstream magnetic field and the normal vector, w,; is
the ion cyclotron frequency and 1 is the shock normal.

Gosling and Thomsen [1985] used the deHoffman-Teller frame, in which the V,, x B
electric field vanishes, to obtain the expression in Eq. 3.5 for the foot width (d¥,).

V,-n
a5, =~ 2 f(0,) (3.5)

where

f(0Bn) = Weitor(2c08*(Opn) — 1) + 25in*(0p,) sin(Weitor ) (3.6)

1 — 2cos*(0p,)
2sin?(0p,)

and t, is the time it takes for the ions to be overturned by the incoming solar wind

cos(Weitor) = (3.7)

after they are reflected and all other quantities are the same as previously used.
Applying the expression for the foot width in Eq. 3.5 in 3.1, the shock velocity is
then given by Eq. 3.8 and 3.9.

Xa
Vﬁ = VuCOS<9Vn)m (38)
where
f(eBn)
X~ = 3.9
¢ (JJCZ'Atft ( )
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The positive sign is used for a downstream to upstream (outbound) transition of
the shock and the negative for an inbound transition.

There are limitations on the observations these methods can be applied to. The
foot must exist ahead of the shock and must be clearly identifiable. This means
that we are limited to quasi-perpendicular shocks. In order to be able to accurately
calculate the velocity of the shock using multiple spacecraft, the spacecraft need to
be relatively closely separated so that the velocity of the shock can be considered
as constant. On the other hand, the spacecraft must not be too close to each other,
in order to avoid large errors resulting from small changes in the estimation of the
main ramp location. Another important factor is the angle between the spacecraft
separation vector and the shock normal which must not be close to perpendicular,
which would lead to large errors.

In order to compare the results of the two methods, the relative error (RE), defined

in Eq. 3.10, will be considered.

Vest o Vobs
RE = \whmo% (3.10)
Van

where V&' is the estimated velocity of the shock using the expressions of either A

(Eq. 3.3) or B (Eq. 3.8), V&* is the shock velocity measured by the two spacecraft
along the average normal vector (nayg) of the two spacecraft. Given two vectors
a = [ay,ay,a;] and b = [b,, by, b,], the average vector is ab = [(a, + b.)/2, (a, +
b,)/2, (a. +b,)/2] and the angle between them is given by ,, = cos™'(a - b).

The normal of the shock is calculated using minimum variance analysis of the mag-
netic field (MVA). The eigenvectors of the magnetic variance matrix M,,, =<
B,B,, > — < B, >< B,, >, where n,m = 1,2, 3, are orthogonal and correspond to
the maximum, intermediate and minimum variance directions of the magnetic field.
The eigenvector that corresponds to the minimum variance direction is also n. The
ambiguity of the direction of the eigenvectors in our case is solved by defining that

the normals of the shock point towards the upstream region of the shock.
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3.4 Cluster Spacecraft Observed Shock Examples

Two examples of observations of pairs of shock crossings, that where included in the
study, are presented in this section. In the first instance, the foot in front of the
shock is identified. The shock normal vector was then estimated using MVA on all
four Cluster spacecraft magnetic field measurements for the event in question. In the
cases where the magnetic field profile appeared similar and the angle between the
normal vectors for each pair was found to be less than 75°, the event was kept. If no
pair combination could be found with these conditions, the sample was discarded.
In figures 3.1 and 3.2, the magnetic field intensity (blue solid line), the projection
of the magnetic field along the normal vector (yellow solid line) and the two sided
unweighted simple moving average of N measured points (N pt. SMA), red solid
line, are plotted for each spacecraft for each of the pairs for the two examples. The
main shock ramp is shown for each shock of figures 3.1 and 3.2 between the green
vertical dashed lines and the foot, where observed, is between the vertical dashed
red lines.

The N pt. SMA was included to assist in the identification of the linear increase in
front of the ramp that defines the foot. The two sided n -point unweighted SMA z,,
for a particular sample p is defined as z,, = % ZE no1 Tpriy where z,, is the measured
value at sample p and n is odd. For the initial and final values where a sample does
not exist, the measured value is assumed as 0. The number of points that are chosen
depends on the magnetic field profile of the individual shock, with the consideration
not to use too many points, because measurements from the downstream region will
be combined with the foot. For example, if the measurements obtained from the
Cluster instruments are sampled at 22H z, this corresponds to 22 vectors per second.
If the ramp of the shock is 3 sec and the filter is chosen to have N = 45, then the
last point of the foot will consist of 22 points from the main magnetic ramp, which
is one third of the ramp points. This could make the foot appear longer than it

actually is.
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3.4.1 Example 1 : 9 March 2012 11:25 UT
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Figure 3.1: Magnetic field intensity plots recorded by Cluster 2 (panel a) and Cluster
3 (panel b) on 9 March 2012. The magnetic field profile of Cluster 3 has been shifted
by about 34 sec. The blue line is the measured magnetic field, the red line is the
21-point two sided simple moving average of the magnetic field and the yellow line
is the projection of the magnetic field to the normal vector. The vertical dashed red
lines (panel a) show the foot identified in the Cluster 2 observations. The vertical
dashed green lines show the ramp identified for each spacecraft.

The shock in this example, was observed on 9 March 2012 by Cluster 3 (figure
3.1b) at around 11:24:25 UT and 34 sec later by Cluster 2(figure 3.1a). The Cluster
2 measurements were offset by 34 sec in the plot. The foot observed by Cluster 2
is marked in figure 3.1 (panel a) between the red dashed lines and was traversed
in Aty = 4.5sec. Table 3.1 summarises important parameters for the two shock
observations. The average of the normals determined for each spacecraft was 14,y =
[0.78,0.58,0.22], with an angle between the two normals 12°. From the 34 sec time

difference between the two observations and the spacecraft separation along nayg,
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Table 3.1: Important parameters, values and calculations for the first example on 9
March 2012 (figure 3.1).

Example 1 : 9 March 2012

Spacecraft Cluster 2 Cluster 3
Time of Crossing 11:24:58 UT 11:24:25 UT
r [103km)] [70.57,—37.29, —31.32] [67.52,—39.94, —23.81]
rq [103km)] [3.05,2.65, —7.5]
Foot Width [sec] 4.5 Unclear foot identification
Normal [0.89,0.44,0.11] [0.64,0.7,0.32]
< Vyu > [km/sec] [—595.37,5.46, —63.81]
< By > [nT] [—7.19,7.43, —15.28] [—6.84,7.11, —15.52]
Ovn 26° 48°
OBn 75° 76°
O 74°
Wei [rad/sec] 1.8 -

V& = 68 km/sec in the spacecraft frame. Along the normal direction calculated
from Cluster 2, the spacecraft where the foot was observed (figure 3.1a), the two

methods estimated V&, = 47 km/sec (31% RE) and V& = 27 km/sec (60% RE).

3.4.2 Example 2 : 9 Mar. 2012 06:40 UT

The second example is of a shock that was also observed on 9 March 2012 by
Cluster 2 at 06:40:11 UT (figure 3.2a) and by Cluster 3 at 06:40:44 UT (Figure
3.2b). Figure 3.2, follows the same formatting with Figure 3.1. The Cluster 3
time-series was shifted by about 33 sec. Using the average MVA normal of the two
spacecraft [0.19,0.92, —0.34], V& = 162 km/sec.

The foot duration seen by Cluster 2 was 2 sec (figure 3.2) and along the Cluster
2 normal V& = 23km/sec (86% RE) and V& = 104km/sec (36% RE). In this
example both spacecraft observed a foot. The foot duration observed by Cluster
3 was 1.3 sec and along the normal estimated from the Cluster 3 magnetic field,

Vi = 2km/sec (99% RE) and V& = 178 km/sec (10% RE).
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Figure 3.2: Magnetic field intensity plots recorded by Cluster 2 (panel a) and Cluster
3 (panel b) on 9 March 2012. The magnetic field profile of Cluster 3 has been shifted
by about 33 sec. The blue line is the measured magnetic field, the red line is the
15-point two sided simple moving average of the magnetic field and the yellow line
is the projection of the magnetic field to the normal vector. The vertical dashed
red lines show the foot identified only in Cluster 2 (panel @) and Cluster 3 (panel
b) observations. The vertical dashed green lines show the ramp identified for each
spacecraft.
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Table 3.2: Important parameters, values and calculations for the second example on
9 March 2012 (figure 3.2).

Example 2 : 09 March 2012

Spacecraft Cluster 2 Cluster 3
Time of Crossing 06:40:11 UT 06:40:44 UT
r [103km)] [91.72, —34.55, —49.06] [89.44, —37.64, —42.99]
rq [103km)] [2.28,3.09, —6.07]
Foot Width [sec] 2 1.3
MVA Normal [0.32,0.89, —0.33] [0.06,0.93, —0.36]
< Vy > [km/sec] [—465.49, —0.15, —50.3]
<Bu> [nT] || [-3.89,—4.17,—16.11] [—3.98, —4.43, —16.05]
Ovn 73° 89°
OBn 89° 85°
TdNavg 42°
wei [rad/sec] 1.6 1.6

3.5 Statistical Results and Analysis

In total about 180 crossings of the four Cluster spacecraft were examined, about
720 individual shocks, using the previously mentioned considerations. The majority
of the shocks were dismissed due to difficulty distinguishing the foot region ahead
of the magnetic ramp. An equally large number of pairs of shocks were dismissed
due to disagreement between the normal vectors estimated for each of the spacecraft
(Onyn, > 25°). This resulted in 41 observations.

Figure 3.3 shows the RE of the 41 observations against the angle between the space-
craft separation vector and the average normal vector (6,.,,). The figure is in essence
split in two parts, the measurements where 6, ,, < 70° and the ones where 6, ,, > 70°.
For the sample of the 41 observations, method A has an average RE of 153% and a
standard deviation of 215%, while method B has 113% and 165% respectively. Due
to the geometry of the spacecraft separation with the normal vector, it is not clear
whether the large RE is caused by error in the measurement of Vg, or due to error
of the estimates of the two methods. On the other hand, for 6,, < 70° appear
to have a better defined trend on their behaviour. Keeping only the 14 points that
have 0,.,, < 70°, the average and standard deviation of the RE are 85% and 10% for
method A and 41% and 24% for method B respectively.
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Figure 3.3: RE for for each of the 41 pairs of shock observations by the Cluster
spacecraft, against the angle between the spacecraft separation vector and the shock
normal direction (6,,,,,,). Panel (a) shows the RE of the estimates of method A and
panel (b) those for method B. Blue crosses show the RE using the foot as originally
identified, the red x-marks show the RE of the same event using a 15% larger foot
traversal time and the yellow x-marks for the 15% lower foot traversal time.

In order to take into account the effects of incorrect identification of the exact foot
traversal time (At ), the velocities V¢, and V& were also calculated for a 15% larger
and smaller foot traversal time. These estimates are included in order to test the
sensitivity of the two methods on the accuracy of the user to identify the correct foot
traversal time. In table 3.3, the quantities RE® refers to the RE when the original
foot traversal time (as identified by the data) was considered, while REL and RE®
refer to the RE when the larger and smaller times. The absolute difference of the
RE from the original, defined as |ARE®Y|= |REC — REL| (for a larger foot) and
|ARECL|= |RE® — RE"| (for a smaller foot) were also calculated.

The measured Vg, is also plotted against the estimates of both methods in figure
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3.5 Statistical Results and Analysis
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Figure 3.4: Estimated velocity agains measured velocity using two spacecraft mea-
surements for the 14 observations where 6,,, < 70°. The blue x-marks represent
the estimated velocity of method A and the orange circles the estimated velocity
of the method B. The diagonal blue dashed line is is the diagonal for which the
estimated velocity is equal to the observed, i.e. if the estimates agreed perfectly
with the measured velocity.

3.4, where the blue x-marks show the estimates of method A and the red circles the
ones of method B for the 14 points where 0, ,,,, < 70°. Method A underestimates
Vs, for all cases substantially. A similar trend can be seen for method B as well,
but some points are above the line of perfect agreement between observations and
estimates.

Method B appears to perform better than A, although the estimates in the sample
have a larger standard deviation. Looking at the estimates using the larger and
smaller foot traversal times, method A appears to be more stable, but that is not
necessarily good. On the contrary, it might indicate a flaw, because the actual

traversal time does not appear to be as significant as for method B.
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3.6 VEX observed shock

Table 3.3: Summary of the mean and standard deviation (SD) of the RE for each
of the two methods (A and B) for all cases of original (RE?), increased (RE*) and
decreased (RE®) foot width and the absolute difference of the RE with the increase
(JARE®E|) and decrease (JAREY]) of the foot width for the 14 observations where
Oy < TO°.

Quantity || RE§ REY | REX RELY RES RE3
Mean | 85% 41% | 87% 44% 83% 42%
SD 10%  24% | 9% 26% 11% 22%

Quantity | [AREQY| |ARESS| |ARESY| |ARESS|

Mean 1.9% 2.6% ™% 13%
SD 1.3% 1.3% 4.3% 8.8%

3.6 VEX observed shock

Following is one example from an observation of the Venusian bow shock by VEX
spacecraft on 05 Nov. 2011 at about 7:00:22 UT. In panel a of Figure 3.5 the
magnetic field intensity can be seen. The foot region identified is marked between
the red dashed line and can be seen that it begins where the upstream waves start to
appear and a slight linear increase of the magnetic field magnitude begins to occur.
The following three panels of the figure show the projection of the magnetic field
vectors in the normal direction (e, = n panel b), the vector ey, = B, X e, (¢) and
the vector €] = e, X ey, (d).

The direction of the normal vector was determined using MVA of the magnetic field,
with eigenvalue rations of 17.7 (maximum to intermediate) and 26.4 (intermediate
to minimum). Along with the projection of the magnetic field along the normal
vector, which appears constant throughout the ramp region (green vertical lines),
the determination of the normal vector is considered to be accurate.

From the VEX measurements, the proton temperature was measured at 7, ~ 7.5 -
10° K and the density at d, ~ 6.8 cm™>. The ion convective gyroradius was measured
at L. ~ 242 km, the electron inertial length L. ~ 2 km and the ion inertial length
L; ~ 87 km.

Table 3.4 summarises the quantities used for the calculation along with the estimate

of method B for the Vg, the estimate of the spatial width of the shock ramp (L,)
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3.7 Summary

Table 3.4: VEX Crossing on 05 Nov. 2011 7:00:22 UT

< By > [nT] [19.25, —22.86, 27.71]
< Vy > [km/sec| | [—882.87, —185.57, —284]
n [0.98,0.16,0.14]
wei [rad/sec] 3.9
dt oot [seC] 23
O5n 62°
eVn 10°
My 2.7
Vi [km/sec] 1.4+0.7
L, [km] 6.0 2.8
L./L. 34+14
L./L; (7.943.3) - 1072
Ly/La (29+1.2)-1072

and how it compares with L., L; and L.. The shock is quasi-perpendicular and
super-critical, therefore the methods can be applied. The solar wind velocity of this
shock is large due to a CME that was observed before the crossing, which leads to
a large ion convective gyroradius. The average magnetic field is large, which leads

ta a small electron gyroradious.

3.7 Summary

The final set of observations is small in count, compared to the initial number
of shock crossings that were considered, but we believe it to be a representative
sample for both methods, mainly due to the certainty of the measured Vs, using
two spacecraft. The statistical results indicate that neither of the two methods
is comparably accurate with the two spacecraft measurements of Vs,. Method B
[Gosling and Thomsen, 1985] appears to be more accurate in the determination
of Vgp, but also has a larger standard deviation, two times larger than method A
[Moses et al., 1985]. B shows a higher sensitivity to the changes of the foot traversal
time, which could indicate that the analytical expression that determines the spatial
width of the shock foot region is more appropriate, since it does affect the estimate

more. This also means that when method B is used, greater care must be taken in

the identification of the foot traversal time.
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Figure 3.5: VEX Venus Bow Shock crossing on 5 Nov. 2011 around 7:00:22 UT. The
ramp (green) and foot (red) regions are marked with dashed vertical lines across all
panels. Panel (a) shows the magnetic field intensity. Panel (b) shows the projection
of the magnetic field along the normal (n). Panel (¢) shows the projection of the
magnetic field on the ey, direction and (d) along the € direction.

Based on the example from the Venusian bow shock, method B can be used to

determine that the scales of the shock is of the order of w—‘;e
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Chapter 4

Magnetosheath Lion Roars

4.1 Introduction

Packets of short duration (few seconds), right-hand polarized waves, and frequency
less than a few hundred Hz, are very common in the magnetosheath, [Smith et al.,
1969]. Smith et al. [1969] called this type of emission lion roars (LRs) - identified
as whistler mode waves - because of their sonified resemblance to male African lion
calls. In the majority of studies, the propagation angle relative to the background
magnetic field is 0,5 < 30° [Smith and Tsurutani, 1976; Baumjohann et al., 1999;
Tsurutani et al., 1982], while Zhang et al. [1998] observed LRs with a much wider
range of wave normal angles, some of them, mainly in the vicinity of the bow shock,
that were highly oblique. Zhang et al. [1998] also used the evolution of the propa-
gation direction within an interval with LR packets to determine the distance of the
spacecraft from the source of the emissions.

Smith and Tsurutani [1976] found a correlation between LR observations and de-
creases in the magnetic field intensity, accompanied by an increase in particle density.
These magnetic field decreases have been linked to mirror-mode structures [Vedenov
and Sagdeev, 1961] - the result of an instability where the thermal pressure is anti-
correlated with magnetic field fluctuations. Baumjohann et al. [1999] performed a
statistical study of LRs associated with mirror modes, using 128 Hz magnetic field
measurements from Equator-S. The observations showed a typical frequency range

of [0.05 — 0.15] f... They argued that due to the confinement of the electrons in a
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4.1 Introduction

mirror mode, a limit will be imposed on their perpendicular velocity and therefore
the region of resonance in the electron velocity space would be limited, compared to
the narrow strip shown by Kennel and Petschek [1966] for other cases. The relatively
large wave intensities of whistlers, would then lead to electron diffusion towards the
parallel velocity direction [Baumjohann et al.; 1999]. This would result in a distor-
tion in the contours at the region of resonance similar to the one shown by Kivelson
and Southwood [1996]. A case study of LR emissions in mirror-mode structures has
been performed by Breuillard et al. [2017], where the properties and dynamics of
the waves have been examined. The authors also argue that a statistical study with
higher frequency magnetometer data could potentially reveal higher accuracy in the
amplitudes of the measurements, compared to the ones provided by Baumjohann
et al. [1999].

Tsurutani et al. [1982] concluded that LRs observed close to the magnetopause are
generated by the electron cyclotron instability when T",. > T',. and a decrease in the
magnetic field. The decrease in the magnetic field and the increase of the density, re-
lated to the mirror mode, causes the local plasma critical energy (E.... = B*/87N),
where N is the density and B the magnetic field, to drop close to the value of the
electron thermal energy. When the magnetic field increases, this is no longer true
and so the emission terminates. LRs though are not always accompanied by a dip
in the magnetic field [e.g. see Zhang et al., 1998]. Kennel and Petschek [1966]

showed that the stability of whistler mode waves depends on the electron tempera-

Ae

ture anisotropy A. = T,./T. — 1, under the condition &= < yREE

o The growth or

damping of the waves, depend also on the resonant frequency of the electrons when
compared to the plasma critical energy (E,. > FE...;). Masood et al. [2006] used this
result to show that the majority of the observed magnetosheath LRs in the study
originated from a remote region, since there was no correlation with A., as LRs ex-
isted in all cases where A, < 0, A, ~ 0 and A, > 0. Wilson et al. [2013] showed that
when the entire distribution is used, less than half of the observed whistler waves
satisfied the instability inequality, while 75% satisfied the inequality when only the

halo was considered. Wilson et al. [2013] show an example electron distribution
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4.2 Data

where they compute A, for the entire, core and halo components separately. They
found A, = —0.04, —0.08, and +0.25 for the entire, core, and halo components,
respectively. The core and entire components do not satisfy the inequality but the
halo does. The reason is that the typical cyclotron energies correspond to the halo,
not the core [Wilson et al., 2013].

Using STEREO measurements, Breneman et al. [2010] observed narrowband whistler
waves, mainly within stream interaction regions and to a smaller extent, in the vicin-
ity of interplanetary shocks. The authors determined that the emissions had similar
characteristics to LRs observed in the magnetosheath. Using the wave parame-
ters observed, Breneman et al. [2010] performed particle tracing simulations which
showed a strong interactions of whistler mode waves with halo electrons. The simu-
lations show the largest pitch angle and energy diffusion for a wave normal angle of
45°. The particles used in the simulation were at 100 eV and a 75° pitch angle and

the whistlers had a 10 mVm ™! amplitude and variety of propagation angles.

4.2 Data

Magnetic field (B) measurements from the MMS search-coil magnetometer (SCM)
[Le Contel et al., 2016] were mainly used to identify and study the properties of LRs.
SCM measurements were used only during burst mode operation of the spacecraft

when B is sampled at 8192 Hz. The sensitivity of the SCM is ZLHTZ at 10 Hz, 222L 4t

VHz VHz
100 Hz, and % at 1 kHz. At 1 kHz the resolution is 0.15 pT". The SCM data that

was used in the study was high-pass filtered at a 10 Hz cut-off frequency. Measure-
ments with amplitude smaller than 5 pT" peak-to-peak were also not considered. The
quasi-static magnetic field (B,) was obtained by the fluxgate magnetometer (FGM)
[Russell et al.; 2016], which provides measurements up to 128 vectors/sec. Particle
number density (n) and bulk velocity (V,) were obtained by the fast plasma inves-
tigation (FPI) [Pollock et al., 2016], which can provide measurements of 3D ion and
electron distributions at 150 ms and 30 ms time resolution respectively. The electric

field E, is measured by the spin-plane double probe (SDP) and the axial double
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4.3 Methodology

probe (ADP) instruments on board the MMS [Torbert et al., 2016] and provide the
same sampling as By. The parameters of the magnetopause Farris et al. [1991] and
bow shock [Farris and Russell, 1994] models used in the paper were obtained from

Schwartz [1998].

4.3 Methodology

The B measurements were rotated to the field aligned coordinate (FAC) system, not
to be confused with field aligned currents usually denoted as FAC as well. The first
coordinate of the FAC system of reference (&) points in the direction of By. The
second coordinate is defined as &, = &, x X, where X = [1,0,0] (the x direction of
the GSE coordinate system). The third coordinate completes the orthogonal basis
and is defined as €,, = &,, X €.

The presence of transverse waves was automatically determined, by looking where
the magnitude of B, in the € direction is smaller than the magnitude of B, in the
é,, and &, directions. LRs could then be found by looking for a relatively narrow-
band peak in the power spectra of the intervals containing transverse waves.

The individual LR intervals were then analysed using a minimum variance analysis
(MVA) with adaptive interval selection [e.g., see Wilson III et al., 2017, for dis-
cussion|. The software splits the original interval into smaller subintervals which
maximize the intermediate to minimum (\;../A..:n) eigenvalue ratio and minimize
the maximum to intermediate (Anas/Ain:) ratio. In order to achieve that, the original
interval is split into smaller overlapping subintervals of variable length and MVA is
applied to each of those subintervals. The intervals that are kept are the ones that
best satisfy the objectives. In order to ensure the waves that were observed were
whistlers and to ensure that they were circularly polarized, only subintervals for
which Aini/Amin > 10 and Apaz/Aine < 3 were kept.

The high sampling frequency of B allowed for high frequency waves to be observed.
This leads to having MVA subintervals that last less than 100ms. On the other

hand, the sampling of By, n, and V,, is considerably smaller. This is why these
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4.4 Example Lion Roar Measurements

quantities were resampled with the sampling rate of B using linear interpolation for
the points that lie between two actual samples of the three quantities.

For each of the MVA subintervals, the doppler shifted frequency along with the wave
number were calculated. In order to obtain the wave number for each of the MVA
intervals we follow a similar procedure to that outlined in Wilson et al. [2013]. The
cold plasma index of refraction for oblique whistler waves satisfying w,,?> < w,.? and
Wee K Wpe 18 given by

, k2 Wpe?

= = 4.1
" Wep? W (weecos(Orp) — way) (4.1)

where w,. is the electron plasma frequency, w.. is the electron cyclotron frequency
and w,; is the frequency of the wave in the plasma rest frame. Applying a Doppler
shift (w.. = w,; —k-V,) to Equation 4.1 (where w.. is the frequency observed in the
rest frame and V, the plasma bulk velocity) leads to the third order polynomial

Vo2 + (cos(0is) — @ )k? + Vik — @0 = 0 (4.2)

where k = kc/wpe, Vo = Vc05(0i) /V ney Gue = Wae /Wees Vae = Bo/(pomem. )2, po is
the free space permeability, n. is the electron density, and m. is the electron mass.
The real part of the roots of Equation 4.2 provide three solutions for w,;. Since
we are interested in high frequency whistler waves, the valid solutions are the ones
where w,; > Wy, Where Wiy = [(Wawe) ™" + Wy 272, Wy = A/nie2/(myc,) is the
ion plasma frequeny, n, is the density of ions, B is the magnetic field magnitude, e
is the elementary charge, c is the speed of light and m, and m. is the mass of the

ion and electron respectively.

4.4 Example Lion Roar Measurements

An example of an observed LR is shown in Figure 4.1. Panel a shows the measured
B in FAC, while panel b shows the band pass filtered signal of the same interval.
The LR was observed by MMS3 on 2015-12-01 at 4:51:00.471 UT and the emission
lasted for about 1.6 sec. The bandwidth of the filter was determined from the peak
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4.4 Example Lion Roar Measurements

in the power spectra (Fig. 4.1 panels ¢, d and e) of each of the three components. In
this example the frequency band of the emission was identified to be between 45 H 2z
and 100 Hz and the average peak frequency between the three FAC directions is
69 Hz. The electric field measurements of the interval are also shown in Figure
4.2, which has the same format with Figure 4.1. The peak in the electric field is
also within the same bandwidth as in the case of the magnetic field. The combined
filtered time-series of the magnetic and electric fields, show that the wave has an
electromagnetic nature.

For the LR example in Figures 4.1 and 4.2, the adaptive minimum variance ob-
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Figure 4.1: Magnetic field measurements of an example Lion roar. The magnetic
field in FAC is shown in panel a. The band pass ([45-100] Hz) filtered signal of the
emission is shown in panel b. Panels ¢, d and e show the power spectrum for each
of the three magnetic field components B,,, B, and B, respectively. The vertical
magenta lines in panels ¢, d and e denote the frequency band of the emission as
identified by the power spectra.

tained 16 intervals that satisfied the conditions previously described. The measured
and band pass filtered B in GSE coordinates is shown in panel 4.3a, where the x,y

and z coordinates are shown in blue, red and yellow respectively. Figures 4.3b-4.3p
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4.4 Example Lion Roar Measurements

Measured Electric Field in FAC Electric Field Power Spectra
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Figure 4.2: Electric field measurements of an example Lion roar. The measured
electric field in FAC is shown in panel a. The band pass ([45-100] H z) filtered signal
of the emission is shown in panel b. Panels ¢, d and e show the power spectrum
for each of the three electric field components E,,, E,, and E, respectively. The
vertical magenta lines in panels ¢, d and e denote the frequency band of the emission
as identified by the power spectra.

show the magnetic field components in the MVA coordinate basis for that subin-
terval. The subintervals are shown in Figure 4.3a as the color-coded dashed (start)
and dash-dotted (end) vertical lines. One thing that can be noticed in Figure 4.3a
is that the subintervals do not cover the entire LR interval that was originally iden-
tified. One reason for this is that the eigenvalue ratios were not such as to ensure
the good quality of the estimates. Another possible reason is that two subintervals,
both with good eigenvalue ratios, but not equal, overlapped for a larger part than
allowed, which results in the selection of the best of the two. The method attempts
to avoid cross-contamination between multiple frequencies with different propaga-
tion properties, but not different modes. All the subintervals may be whistlers but
different frequencies may have different 6, 5.

Figure 4.4 shows the hodograms of the intervals of Figure 4.3 and each panel of

o4



4.4 Example Lion Roar Measurements

Figure 4.4 corresponds to the same panel of Figure 4.3 marked with the same letter.
For example Figure 4.4k shows the hodogram of the subinterval of Figure 4.3k. The
starting point of each hodogram is signified by the green circle and the end by the
green cross mark. The direction of the minimum variance eigenvector is shown in
the center of each panel, where a dot shows that it is directed outside of the paper,
while an x-mark shown that it is directed inside the paper. The blue arrow shows
the direction of B, projected onto the plane of the maximum and intermediate MVA
directions. Figure 4.4a shows the hodogram of the entire time-series on the MVA
coordinates calculated for the entire LR interval. What can be seen is that there are
parts where the waves are mostly elliptically polarized, but they appear to change
orientation, while there are some parts where they might be circularly polarized.
On the other hand, the majority of the subintervals in Figures 4.4b-4.4p are almost
circularly polarized, with the exception of the subintervals in 4.4b, 4.4n, 4.40, and
4.4p that are slightly more elliptical. In the subinterval of Figure 4.4c there seems
to be some rotation of the ellipse in the three windings as well. Finally the 6,5 angle
is calculated for each subinterval and is shown for all subplots of Figure 4.4. The
average 0, angle for the 15 subplots is ~ 20°. The majority of the subintervals have
a 0, angle which is within one standard deviation (i.e., on the interval [7.8-32.7]°).
Calculations for each MVA subinterval shown in Figure 4.3 are provided in Table
4.1. The MVA intervals e, f and 7 have much more parallel propagation vector to
By, while interval g propagates in a direction that is more than 45° relative to B,
and the rest of the MVA intervals have 6,5 ~ 25°. On the other hand 6, , the angle
between the propagation vector and the plasma bulk velocity, is more constant for
the majority of the intervals ~ 84° & 5, with the exception of intervals b, d, and g
(smallest with 6, = 67°).
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Filtered Magnetic field measurements in GSE coordinates
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Figure 4.3: Filtered magnetic field measurements in GSE coordinates (a) for the
example emission on 2015-12-01. The magnetic field projections on the MVA direc-
tions for each interval (b - p). The minimum, intermediate and maximum directions
are shown in blue, red and orange, respectively.
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Figure 4.4: Hodograms of the the magnetic field maximum and intermediate com-
ponents for the individual MVA intervals of the LR example. The blue arrow shows
the direction of the background magnetic field (B,) projected onto the plane of the
maximum and intermediate MVA direction. The direction of the minimum variance
is shown in the origin of the plots with a dot/cross mark.
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4.4 Example Lion Roar Measurements
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4.5 Statistical Results

4.5 Statistical Results

The locations where emissions were detected are shown in Figure 4.5. The magne-
topause and bowshock models are also shown in Figure 4.5. A wide range of the
magnetosheath x-y plane was sampled, but due to the trajectories of the spacecraft,
the sample range of latitudes is not as broad. The location of all the LRs that were
observed being closer to the magnetopause, is probably due to the majority of the
timing when the satellites were in burst mode operation was set to coincide closer
to magnetopause crossings.

The MVA analysis yielded 39709 subintervals from a total of 1738 LR intervals iden-

LR Locations [GSE]
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Figure 4.5: Locations of observed LR emissions by the MMS 3 on 18 different dates
from 2015-10-16 to 2016-01-13. The 1738 locations shown are the ones where the
MVA eigenvalues were considered good. The x-y positions of the spacecraft at the
time of observation is shown in panel a, along with a model magnetopause (blue
dashed line) and model bow shock (red dashed line). In panel b the latitude vs
the azimuth angle of the position of the observed LR is shown. The points in both
panels follow the same colour coding for the angle between the background magnetic
field and the average propagation direction of each LR interval observed ({fis,))-
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4.5 Statistical Results

tified, using data from 18 different dates between 2015-10-16 and 2016-01-13. From
these MVA subintervals, 2115 were excluded from the study, because the particle
density was measured to be > 75 cm ™ which is a region where the FPI instrument
is inaccurate due to saturation effects. 961 MVA intervals were removed because
measurements of the ion and/or electron distributions were not available. The wave
properties are summarised in Figures 4.6 - 4.13, where the probability density func-
tion (PDF) and the cumulative density function (CDF) that describes the data are
overlaid it the figures.

The PDF was fitted to the data, using kernel density estimation defined by

) = %ilf((‘”;m) (4.3)

where n is the number of samples, x; is each individual sample, K is the kernel

function and h = 1.060n~/° is generally used as a rule of thumb, with ¢ being
the estimated standard deviation of the sample. For a more detailed explanation of
the kernel density estimation see Silverman [1986]. Experimentally determining the
PDF of the samples allows then to estimate the cumulative density function (F(z))
by integration , as well as obtain the expected value defined by

Blz) = /_ " (@) (4.4)

The CDF can then be used to determine the probability P(x < z;) = F(z;) =
[o" f(x)dz or inside an interval A, by finding the area of the PDF in that interval.
The locations where emissions were detected are shown in Figure 4.5. The magne-
topause and bowshock models are also shown in Figure 4.5. A wide range of the
magnetosheath x-y plane was sampled, but due to the trajectories of the spacecraft,
the sample range of latitudes is not as broad. The location of all the LRs that were
observed being closer to the magnetopause, is probably due to the majority of the
timing when the satellites were in burst mode operation was set to coincide closer
to magnetopause crossings.

Figures 4.6a and 4.6b show histograms of the ratios of the peak frequency over

the electron cyclotron (w.. = eB/m.c) and the lower hybrid (w.ns = (Wewe.) ! +
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Figure 4.6: Histograms of the ratios of the spacecraft frame frequency peak (w,.)
identified to the electron cyclotron (panel a) and the lower hybrid frequency (panel
b), for each MVA subinterval. The estimated scaled fitted PDF and the CDF are
also shown in red and yellow respectively. The calculated average is shown by the
dashed vertical red line.

wpi~2)7?) frequency respectively. The estimated PDF is plotted on top of the his-

tograms along with the CDF in panel b of both figures.

Figures 4.7a, 4.7b, and 4.7c show the distribution of the MVA subintervals 6,5, 0,y
and 0.y angles, where ;v .5 = 90° —cos (k- (V, x By)). The MVA eigenvalue
ratio of the intermediate to minimum in Figure 4.8a and the maximum to interme-
diate directions is shown in Figure 4.8b.

For each of the MVA subintervals, the peak frequency of the emissions in the
spacecraft frame, along with plasma measurements, were used with Equation 4.2 to
all the MVA results. In total, 30636 of the MVA intervals had w,; > w.x. Figure

4.9 shows the plot of the normalized peak frequency (w,;/w..) against the normal-
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Figure 4.7: Histograms of the propagation vector angle with the background mag-
netic field (panel a), the plasma bulk flow (panel b) and the latitude from the V x B
plane (panel ¢). The estimated scaled fitted PDF and the CDF are also shown in
red and yellow respectively. The calculated average is shown by the dashed vertical
red line.

ized wave vector magnitude (|IA€|) The histograms for the ratio of the rest frame
peak frequency to the electron cyclotron and lower hybrid frequency are shown in
Figures 4.10a and 4.10b respectively and the formatting is the same as the previous
histogram figures.

The histograms of the angles 0,5, 0, and 0, .5 for the 30636 MVA subintervals

for which the rest frame frequency adheres to the condition w,; > w;x are shown in
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4.5 Statistical Results

Eigenvalue Ratio Histograms
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Figure 4.8: Histograms of the eigenvalue ratios of the intermediate to minimum
(panel a) and the maximum to intermediate (panel b) MVA components. The esti-
mated scaled fitted PDF and the CDF are also shown in red and yellow respectively.
The calculated average is shown by the dashed vertical red line.

Figures 4.11a, 4.11b and 4.11c respectively.

A histogram of the magnetic field amplitude in the maximum MVA coordinate
(Binas) is shown in Figure 4.12 for the subintervals where Equation 4.2 had a valid
solution. In this case the PDF was estimated for the actual data and not the loga-
rithm of the data, which is shown in the plot for convenience. The amplitude of the
same subintervals is plotted relative to the 6, angle in Figure 4.13. Figures 4.13a -
4.13i show the plots of 6, against the maximum amplitude of the same subintervals
from Figure 4.12 with each panel showing the subintervals within the 6,5 as indi-
cated in the figures. The histograms of the plasma beta for the electrons and the
ions for the 28983 MVA results for which w,; > w.y is true, are shown in Figures
4.14a and 4.14b. In both figures the x axis has been limited and the maximum value
for each case is indicated. In the case of electrons, the number of subintervals where

B. > T 1is 16 and in the case of the ions, there are 1289 subintervals with 5, > 20.
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4.6 Discussion

Dispersion Relation

Figure 4.9: Dispersion relation for the 30636 MVA intervals where w,; > wu. The
circles are the points of the individual MVA subintervals. The dashed lines show
the calculated dispersion for a given 6,5 angle.

4.6 Discussion

In this chapter the properties of circularly polarized electromagnetic waves in the
magnetosheath were examined based on 36633 subintervals of 1738 intervals of mag-
netic field measurements from the MMS identified as lion roar emissions. The 1738
intervals were automatically identified based on the magnetic field measurements
with the main constraint that they are primarily transverse waves. The frequency
band of the lion roars in each interval was manually identified based on the power
spectrum of the magnetic field of the intervals. The intervals were then submitted
to an automatic adaptive interval algorithm that uses MVA to identify appropriate
subintervals. From all the MVA subintervals, only the ones that were circularly
polarized and had adequately large eigenvalue ratios, to ensure high accuracy in the
estimation of k, were kept. Using the the cold plasma index of refraction for oblique
whistler waves along with the Doppler shift we obtained w,; and |k| for each MVA

subinterval. From the original subintervals, 28983 satisfied w,; > w,x and they were
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Figure 4.10: Histograms of the ratios of the rest frame frequency peak (w, ;) identified
to the electron cyclotron (panel a) and the lower hybrid frequency (panel b), for each
MVA subinterval. The estimated scaled fitted PDF and the CDF are also shown in
red and yellow respectively. The calculated average is shown by the dashed vertical
red line.

further examined. No obvious correlation could be found between the coefficients of
Equation 4.2 and the lack of a solution that satisfied w,; > w.y for the other 7650.
From the dispersion relation plot in Figure 4.9, we can see that the frequency-
wavenumber plane has been well sampled for all propagation directions up to ~
2.4kc/wye. For wavenumbers > 2.4kc/w,. there are more samples for waves that
propagate at 0,5 > 40°.

The plasma beta for the ions (Fig. 4.14b) has E(f;) ~ 9.6 and the histogram peaks
at around 1.4 and 12. For the electrons (Fig. 4.14a), E(8.) ~ 1.2 and 98% of
measurements are < 4.

The majority of the emissions (99.8%) have w,.. < w.. (Figure 4.6a) and (99.7%)
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Figure 4.11: Histograms of the propagation vector angle with the background mag-
netic field (panel a), the plasma bulk flow (panel b) and the latitude from the V x B
plane (panel ¢) for the MVA subintervals for which w,; > w; 5. The estimated scaled
fitted PDF and the CDF are also shown in red and yellow respectively. The calcu-
lated average is shown by the dashed vertical red line.

W < Wse < 48wy (Figure 4.6b). Based on the PDF of w,./w.. and w,./w,u, the
distribution has three peaks, the first one being substantially larger, at ~ 0.19w..
(~8lwry), ~ 0.49%w.. (~ 2lw.y), and ~ 0.61w.. (~ 27w, x). The average (Expected
value shown in Equation 4.4) frequency is 0.3w.. and 13.4w.y. In the plasma rest
frame, we observe that the distributions have been shifted to lower frequencies and

the majority of the subintervals (98%) have w,; < 0.72w.. (Figure 4.10a) and (92%)
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Figure 4.12: Histogram of the amplitude in the maximum MVA coordinate of the
MVA subintervals where w,; > w.n. The expected value obtained by the PDF fitted
to the data is shown. The fitted PDF is not shown because it was not estimated for
the logarithm of the data.

wrr < w,y < 30w,y (Figure 4.10b). The shape of the distributions has also changed
significantly. The peak at ~ 0.61w.. (~ 27w.y) still appears with a similar mag-
nitude, but the distribution left of this point now resembles more an exponential
decay, with a peak at ~ 0.06w.. (~ 2.4w.y). The average value of w,; is ~ 0.18w..
(7.9wrx). The average frequency in the rest frame is about half of that in the space-
craft frame.

The minor differences that are seen between the pairs of Figures 4.7a and 4.11a, 4.7b
and 4.11b, and 4.7c¢ and 4.11c are due to the exclusion of some subintervals because
no valid solutions could be found for Equation 4.2. Comparing the histograms of
the 0,5 angle between the subintervals in the spacecraft frame (Figure 4.7a) and
the doppler shifted results (Figure 4.11a), the subintervals with 6,5 ~ 90° are not
present and the transition from 60° to 90° has a negative slope, while in Figure 4.7a
it appears to be more flat. Similarly, the histogram of the 6,, angle of the subin-

tervals in the spacecraft frame (Figure 4.7b) appears to peak ~ 50°, which is not
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Figure 4.13: Plots of 6, against the amplitude in the maximum MVA coordinate
of the MVA subintervals where w,; > w,y. In each panel emissions with the 6,5
range are shown. The mean (< |B...|>) and the standard deviation (StD(|Baz]|))
for each interval of 0,5 is also shown.

observed in the Doppler shifted results (Figure 4.11b). The shape of the histograms

for the 6,y x5 (Figures 4.7c and 4.11c) is similar in both cases.

From the estimated PDFs for all the MVA subintervals (Figure 4.7a, 4.7b and 4.7c),

the expected values are E(0,5) = 26°, E(0,,) = 52° and E(0yxv«s) ~ 0°, while

81% of the samples have 6,5 < 45°, 0, > 32°, and —26° < O,,vxs < 26°. When

considering the valid Doppler shifted only subintervals, the expected values are
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scaled fitted PDF and the CDF are also shown in red and yellow respectively. The
calculated average is shown by the dashed vertical red line.

E(0,5) = 23°, E(0yv) = 56° and E(0y.vx5) ~ 0° and 81% of the samples have
Orp < 38° O,y > 37°, and —26° < O,xvyp < 26°.

The majority of LRs propagate obliquely relative to the plasma bulk flow and are
more likely to be observed to propagate close to parallel to the background magnetic
field. The average value of 6,,y.5 ~ 0° could indicate that the free energy source
for the waves is mainly linked to the magnetic field and the plasma bulk flow. The
peak that was observed at #,, ~ 50° is consistent with the results of Wilson et al.
[2013], where they argued that the lower sampling frequencies were the reason that
waves with lower 6,, were not observed due to a Doppler shift above the Nyquist
frequency. On the other hand, the data used in this study were sampled at much
higher frequency and the same phenomenon is observed.

The majority of the studies have observed few cases of LRs with 6,, < 45°. Wilson
et al. [2013] reported no observations of whistler waves with such angles, Moullard

et al. [1998] reported an average 70° and from the examples of Zhang et al. [1998] we
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4.7 Summary

found two cases with 0,, < 45° from the examples presented in the paper. In this
study ~ 35% of the MVA subintervals have 6,, < 45° and ~ 27% of the Doppler
shifted MVA subintervals. The difference results from an inability to calculate the
Doppler shift for all MVA subintervals, because there was no solution that solved
Equation 4.2 and satisfied the conditions previously mentioned.

Looking at Figures 4.6a and 4.6b, and 4.10a and 4.10b, it can be seen that the
shapes of the distributions of w/w.. and w/w,x both in the spacecraft and the
plasma rest frame are similar and the scaling between them is ~ /m;,/m.. This is
because the ion plasma frequency of all measurements is very high. This makes the
lower hybrid frequency dependant upon w,; and w... More specifically (w../w,u)* ~
Wee? [ (Weewes) = m,/m.. Assuming that n. ~ n, then w,. > w,; and so the condition
for the waves satisfy w.. < w,., required by Equation 4.1.

The expected value for the maximum MVA component peak amplitude of the emis-
sions was found to be ~ 0.14nT, while 77% of the samples have an amplitude
< 1nT. The maximum amplitude found was ~ 6.2n7T. Based on Figures 4.13a
- 4.13i, the largest amplitude emissions were observed for smaller 8,5 angles, For
angles 0,5 < 60°, it appears that the amplitudes have a larger mean and standard
deviation than in the cases where 0,5 > 60°. Finally for 6,5 < 80, the amplitude

has a smaller range for smaller angles of 6, .

4.7 Summary

The source of LRs in the magnetosheath is most likely a temperature anisotropy of
the halo electrons. This anisotropy can in some cases be related to mirror modes,
often observed in the magnetosheath. Lengyel-Frey et al. [1994] have calculated
the energies for the resonant electrons for each of the cases of Landau damping,
cyclotron resonance, and anomalous cyclotron resonance due to the interaction with
whistler waves observed at interplanetary shocks. The lower energy electrons ex-

perience Landau interactions, and the higher energy electrons experience cyclotron
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4.7 Summary

interactions. LRs in the magnetosheath will affect the electron distribution simi-
larly since they are oblique and observed at a high range of frequencies. Landau
damping will result in a more oblate electron velocity distributions in the direction
of the background magnetic field. Cyclotron interactions can cause a temperature
anisotropy in the halo electrons. If the interaction results in damping of the wave,
then it will increase the temperature in the perpendicular direction relative to the
background magnetic field [Brice, 1964]. The interaction between the waves and the
electrons can lead to a distribution different than the one that generated the waves
[Chang et al., 2013; Hughes et al., 2014].

As LRs propagate from the bow shock towards the magnetopause, they play an im-
portant role in the regulation of the halo electron anisotropies in the magnetosheath.
They also seem to be closely related to mirror mode structures and the regulation of
the temperature distribution of the trapped electrons in these structures [Breuillard
et al., 2017]. Quasi-linear and nonlinear particle-wave interactions could lead to
un-trapping electrons from the mirror mode. The sampling rate and the quality of
the MMS instruments could offer better insight on the mechanisms that generate
LRs and how they affect the plasma as they propagate.

Finally, whistler mode waves have been observed in many different regions of the
heliosphere, such as magnetic clouds [Moullard et al., 2001], planetary atmospheres
[Hughes et al., 2014] and they are closely linked to collisionless shocks, planetary
and interplanetary [Gary and Mellott, 1985; Lengyel-Frey et al., 1994; Walker et al.,
1999]. It is important to understand their properties, generation mechanisms and
the effects they have in the plasma in order to extrapolate to inaccessible regions of

space.
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Chapter 5

Conclusions and Further Research

The interaction of the solar wind with the Earth’s magnetic dipole can provide useful
insight to the fundamental physics of plasma. The system that forms the magnetic
field environment of the Earth consists of many distinct regions that interact with
each other and their states are linked.

Part of this system is the bow shock, which heats the incoming solar wind and re-
flects particles, depending of the geometry of the shock and the type of the shock.
The discrimination of the types of collisionless shocks depends on several parame-
ters. Some of these parameters are the Mach number and the shock normal angle.
What determines the underlying physics of the shocks is the dissipation scale of the
shock, which in turn is determined by the spatial scales of the shock.

Single spacecraft missions are being planned for the observation of phenomena within
our solar system. The data obtained by single spacecraft missions are very useful,
but in order to be interpreted, they need to be complemented by analytical methods.
The analytical methods that are used are based on various assumptions, in order to
be simplified and easily applied. Understanding the limitations of these methods is
important.

In Chpater 3 two such methods were examined and their estimates were verified by
two-spacecraft observations. Both methods use the same basis to form a mathemat-
ical expression that determines the velocity of the shock. This common element is
the region in front of the shock that is named foot. The difference between the two

methods is mainly due to assumption that oversimplified the problem, in the first
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case, and a more rigorous approach by the second one. From the results it can be
seen that the assumptions lead to a large deviation between the estimates of the two
methods.

The statistical study also provided error margin that can be used in future missions
that consist of a single spacecraft. Along with other data they can prove very ben-
eficial in studies of the magnetic environments of other planets.

Downstream of the bow shock is the magnetosheath, a region where turbulence and
plasma waves can be observed on every satellite traversal. One of the commonly
occurring emissions that can often be observed by in-situ measurements are whistler
waves: right-handed circularly polarized waves, most likely originating by a temper-
ature anisotropy of halo electrons. When observed in the magnetosheath, whistler
waves were originally named lion roars and so in many cases they are still referred
to with this name. Lion roars can interact with the particles and affect their distri-
butions because of their oblique propagations at high frequencies.

In Chapter 4 a relatively large number of lion roar observations in the Earth’s mag-
netosheath were presented. The data, obtained by the MMS, offer a large sampling
rate when compared to previous missions. This allowed the application of filtering
and adaptive minimum variance to magnetic field measurements. That would be
much harder with a lower sampling rate, since the MVA would not give adequate
eigenvalue ratios for an accurate estimation. The adaptive MVA allowed a more
detailed determination of the propagation direction of the observed emissions.

The detailed probability distributions of the observed measurements can provide
insight into the properties of lion roars. In a future study it would be beneficial
to examine the particle velocity distributions, which are also available for the dates
that where selected in the samples of Chapter 4. By examining the particle distri-
butions, along with the results of this work could provide insight into the generation
mechanism of lion roars.

Another possible study would be to examine how often the emissions are associated
with magnetic mirrors. These magnetic structures are also often observed in the

Earth’s magnetosheath and there are evidence that when they appear, the neces-
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sary conditions for the generation and propagation of lion roars are satisfied.
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