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Abstract

Collisionless shocks are one of the most peculiar phenomena in space where non-

linear collective phenomena in the plasma dominate the dynamics. They are be-

lieved to be one of the most efficient particle accelerators in the universe, and have

internal dynamics that are yet to be fully explored. In this project we aim to under-

stand the interplay between the electrostatic turbulence in the shock ramp and the

electron dynamics leading to thermalization across the shock. To do so we first use

a machine learning technique to compile a database of shocks crossings observed

by magnetospheric multiscale (MMS), which will facilitate both case studies and

statistical studies of shocks using MMS. The database contains 2803 shock cross-

ings spanning a period from October 2015 to December 2020. For each crossing

we provide key parameters necessary for understanding shock dynamics such as

Alfvénic Mach number and the angle between the upstream magnetic field and

the vector normal to the shock θBn. We then study whistler waves upstream of

11 quasiperpendicular supercritical shocks. We first apply four spacecraft timing

method to magnetic field data from MMS to properly characterize the observed

whistler waves. We determine their frequency in the plasma rest frame to range

from 0.3 to 1.2 the lower hybrid frequency,their wavelength to range from 0.7 to

1.7 ion inertial length and θkB to range between 20◦ and 42◦. We then use parti-

cle data provided by MMS to show that a reflected beam component in the ion

velocity distribution function is in resonance with the observed waves indicating

that a kinetic cross field streaming instability (KCFSI) is behind the generation of

such waves. Finally a kinetic solver is used to model to observed distribution and

reinforce the previous conclusion that the KCFSI is behind the generation of the

observed whistlers. We end this thesis by discussing the ongoing projects pertain-

ing to the interaction of electrostatic wave mode determination in the shock ramp

and the correlation between whistler waves and electrostatic waves around quasi-

perpendicular shocks.
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" Poets say science takes away from the beauty of the stars—mere globs of gas atoms. Nothing

is "mere." I too can see the stars on a desert night, and feel them. But do I see less or more ? "

- Richard Feynman.
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Chapter 1

Introduction

The Sun setting in the horizon, the sky in burning red hue, the sound of waves

breaking on a sandy beach. A scenery that is not unfamiliar to most, it stirs up dif-

ferent emotions in different people, from happiness to nostalgia to melancholy, but

no matter the emotion, everyone seems to appreciate the intrinsic beauty of the

scene. For a scientist such a scene has another deeper layer of beauty, this layer

comes from understanding the intricacies, complexities and mechanisms behind

that scene. One can go on multiple journeys, one of which starts at the Sun. A hot ball

of predominantly Hydrogen and Helium gas that is collapsing under its own gravity,

yet due to the high pressure and temperature at its core, the Hydrogen starts to fuse

in a nuclear fusion reaction becoming Helium and emitting energy that counteracts

the gravitational energy and prevent the Sun from collapsing on itself. In this fusion

reaction, a photon is emitted, and because of the high density it takes this photon

close to one hundred thousand years to escape the Sun. After that it takes only eight

minutes for it to reach the Earth where it first crosses the magnetosphere then the

atmosphere then lands on the retina of a sapient species called homo sapiens. This

retina, shaped through hundreds of millions of years of natural selection, is formed

of photosensitive cells, which are formed of molecules and atoms that fill up the

periodic table and are the product of billion of years of cosmological, galactic and

stellar evolution. Such a journey induces awe, instills a humbling feeling and at the

same time gives the exhilaration and excitement that makes the scientist eager for

more knowledge and discovery. The more a scientist knows about a phenomenon,
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2 CHAPTER 1. INTRODUCTION

the more the appreciation for its beauty.

In this thesis, I plan to take you on a similar journey, where we look at the Earth

as a giant dynamo with its own magnetic environment called the magnetosphere,

orbiting the Sun in the upper layer of its atmosphere. In its orbit, the Earth with

its magnetosphere interacts with the solar wind, a stream of hydrogen and helium

in the plasma state streaming away from the Sun at supersonic velocities. This so-

lar wind carries with it the magnetic field of the Sun called interplanetary magnetic

field (IMF) as the later is frozen in to the former. The interaction between the so-

lar wind and the magnetosphere of Earth is in the least described as complex and

multilayered with effects that can have direct consequences on Earth, from forma-

tion of Northern and Southern lights, to disruption of communication networks

and satellite operations to currents induced in transmission lines and railways. In

what follows, I attempt to shed some light on one piece of the puzzle, namely the

first boundary that the solar wind encounters when seeing Earth’s magnetic envi-

ronment, the bow shock around Earth. With the hope that even this small piece of

the puzzle you would have a deeper sense of beauty when contemplating a sunset.

In chapter 2, we give a brief history of collisionless shocks, then describe its

physics while focusing on the different parameters controlling its dynamics. In

chapter 3, we describe the spacecraft along with the different instruments that we

use to explore the different science questions of interest. Chapters 4 and 5 describes

the results of two studies on which this thesis is based. Finally we end with the out-

look in chapter 6 where we describe the different studies that are in progress or to

be investigated.



Chapter 2

Collisionless shocks: a hierarchy of

scales

2.1 Introduction

When one pushes their hand in a pool of water, the water molecules at the inter-

face with the hand are pushed together, or compressed, but because of the inter-

molecular forces, playing the role of elasticity, they will tend to relax. They do so

by compressing another water layer in front of the first one, which in turn relaxes

while compressing the following layer and so on. This compression and rarefaction

process travels at a constant speed in water, the sound speed, and is called a sound

wave. This process happens for any object moving in any fluid ( or the fluid flowing

past any obstacle). Those waves run ahead of the obstacle, the hand in this case, and

’warns’ the unperturbed fluid about what is to come. When the velocity of the object

increases, and exceeds the speed at which the sound waves propagate, nothing can

warn the fluid about what is coming, so it will be shocked. This is, in layman’s terms,

the description of a shock wave. But such simplistic description does not give credit

to the underlying physical complexity and non-linearity intrinsic to such phenom-

ena.

Shock waves are a very thin discontinuity, across which a supersonic flow is de-
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4 CHAPTER 2. COLLISIONLESS SHOCKS: A HIERARCHY OF SCALES

Figure 2.1: (a) Schematics of a shock wave around a bullet drawn by Ernst Mach from (Mach,
1898), (b) Modern image of a shock wave around a supersonic bullet photographed using a shad-
owgraph taken from https://www.nasa.gov/mission_pages/galex/20070815/f.html .

celerated and the excess kinetic energy is irreversibly transformed into heat. Natu-

rally the heating is done through viscous dissipation, where collisions between the

particles thermalizes the flow. The thickness of this discontinuity is of the same or-

der as the dissipation scales, which is the mean free path of collisions in the medium

λc which for air is of the order of nano-meters.

The study of shock waves in hydrodynamics was pioneered by Ernst Mach (Mach,

1898), motivated by the science of bullets or fast projectiles, he hypothesized and

experimentally verified that a shock wave forms when the velocity of the projectile

surpasses the sound speed in the medium. In the following years the field developed

extensively especially due to its high relevance to military applications i.e dynamics

of bullets, bombs and super-sonic fighter jets. It only took a few decades for the field

to reach its maturity. Figure 2.1 shows in panel (a) the schematics of a shock wave

around a supersonic bullet drawn by Mach, and panel (b) shows a modern high res-

olution image of the same phenomena.

Fast forward 70 years De Hoffmann & Teller (1950) took on the interesting prob-

lem of studying shock waves in conducting fluids, where one needs to consider the

effect of electric and magnetic fields, forces that act at long ranges, on the dynamics

of the system. Such systems, although not frequently encountered in everyday life,
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are the most abundant in the universe. It is believed that most of the visible matter

in the universe, matter constituting galaxies, nebulae and stars, is in its plasma state.

A plasma is the fourth state of matter, it occurs when a gas is heated to the extent that

electrons have enough energy to escape from the nucleus, so the fluid is now com-

prised of freely floating negatively charged electrons and positively charged ions.

This makes plasmas very good conductors that are affected by external and inter-

nal electric and magnetic fields. De Hoffmann and Teller used the framework of

magneto-hydrodynamics (MHD) to describe the evolution of shock waves in con-

ducting media, which uses the hydrodynamic equations and include the Lorentz

force, the force that takes into account the response of the system to electric and

magnetic fields.

Shock waves described by De Hoffmann and Teller sparked a huge interest in the

scientific community. In addition to them being relevant to different astrophysical

settings they had a very peculiar property, they are collisionless! To simplify their

calculations De Hoffmann and Teller assumed that the conductivity of the system

was infinite. This eliminated any effect of resistivity, the manifestation of collisions

at large scales, from the equations. Plasmas in space are highly tenuous and span

extremely large distances. The solar wind for example, the continuous supersonic

stream of plasma emanating from the Sun, has a density ∼ 10 cm−3 at 1 AU. When

this supersonic flow hits an obstacle, such as a planet, it will form a plasma shock

wave similar to that described by De Hoffmann and Teller. At such low densities the

collisional mean free path is around 5 AU or 7 108 km, which is orders of magnitude

larger than the whole magnetosphere of the Earth approximately at 6 106 km. For

such shock waves collisions could not play any role, they are collisionless.

But collisionless shocks seems like an oxymoron! A key feature of a shock wave

is that it irreversibly dissipates energy across it, so if collisions are non-existent

what else could play this defining role in the dynamics of shocks in space plasmas?

This questions motivated many publications, the most seminal of which is that of

Sagdeev (1966) who predicted that wave-particle interaction could play the role of

collisions and generate some form of anomalous resistivity that could irreversibly

dissipate energy and sustain a shock wave in collisionless media. This result was the

corner stone for the development of the physics of collisionless shocks, a field that

extended in its importance to all sectors of the universe, and that is to this day a

highly active field of research.
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So far, we’ve talked about the conception of the field and the initial theoretical

development, but the field would not have reached this level of maturity that we have

now without observational investigation of collisionless shocks. Observation of col-

lisionless shocks was first achieved in a laboratory experiment in 1965 by (Kurtmul-

laev et al., 1965), but the most conclusive evidence for their existence was when the

IMP 1 spacecraft crossed the bow shock around Earth and measured the magnetic

field jump across the shock (Ness et al., 1964). After that, and with the booming of the

space age, many spacecraft were sent all across the heliosphere, many of which ob-

served collisionless shocks, from Inter-Planetary (IP) shocks observed by ACE, Wind

and the most recent Solar Orbiter spacecraft, to bow shocks around different planets

such as Saturn (Sulaiman et al., 2016) using Cassini and at Venus (Zhang et al., 2008)

using Venus Express, even the termination shock, one of the farthest objects from

Earth that we measured in situ using the Voyager 1 and 2 spacecraft (Li et al., 2008).

The most studied shock is the bow shock around Earth with a large amount of data

coming from various spacecraft such as THEMIS, Cluster and STEREO spacecraft

to name a few. The most recent and arguably the most advanced spacecraft cur-

rently in space for the purpose of studying plasma space physics phenomena is the

Magnetospheric Multiscale (MMS) mission (Burch et al., 2016). As for observation

beyond the termination shock, one has to resort to remote sensing where the energy

and density spectra of different particles and imaging at different wavelength can be

proxies to indicate the existence and some parameters (such as Mach number) of

various astrophysical collisionless shocks such as at supernova remanants (SNR) or

at active galactic nuclei (AGN) (Bykov & Treumann, 2011).

In what follow we will go about outlining some of the key concepts regarding

the physics behind collisionless shocks with no intentions of being extensive and

detailed, but to give a general sense of what controls the evolution and dynamics

of collisionless shocks. For more detailed and exhaustive accounts many references

could be consulted such as Tidman & Krall (1971), Kennel et al. (1985) and Balogh &

Treumann (2013).
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2.2 Collisionless shocks as a black box: the magnetohydro-

dynamic description

The most detailed classical description of a many body system is to write down its

full Hamiltonian including every degree of freedom in the system with a potential

that captures the internal interaction of the system along with any external forces.

Such an exercise is useful for a simple system where one can obtain an analytic solu-

tion, or non-integrable system of small enough number of degrees of freedom that

one could solve the equations computationally in a reasonable amount of time. But

as the number of degrees of freedom increases this task becomes more and more

tedious even for the most advanced super computers. So physicists do what they do

best, they break down the system into hierarchy of scales and then coarse-grain the

equations to an extent that a solution can be obtained. At the largest level of coarse-

graining, one looks at a global description of the system with disregard to any small

scale effects. Although information will be lost, the coarse-grained system can still be

highly valuable to understanding the dynamics and evolution of the actual system.

Then the physicist would add layers of complexity, and relax simplifying assump-

tions gradually until a reasonable picture of the behavior and dynamics of the actual

system is reached.

The most coarse-grained description of a plasma is the MHD description. Where

the system is described by the usual set of conservation equations, mass, momentum

and energy coupled with Maxwell’s equations along with a generalized Ohm’s law

and closed with an equation of state. The electrons and ions dynamics are lumped

together, and the plasma is considered as a single fluid that evolves under the effect

of the Lorentz force. Any term in the equations that is of the order of the electron

mass is neglected and quasi-neutrality is assumed. We write below, without deriv-

ing them, the equations describing the dynamics of a plasma in the MHD regime

(equations can be found in any textbook on plasma physics, we take the results from

Baumjohann & Treumann (2012)).

Conservation of mass:
∂n

∂t
+∇ · (nv) = 0, (2.1)

Conservation of momentum:

∂ (nmv)

∂t
+∇ · (nmvv) = −∇ ·P+ ρE+ j×B, (2.2)
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Conservation of energy:

∂

∂t

[
nm

(
v2

2
+ w

)
+

B2

2µ0

]
= −∇ · q (2.3)

where q is the heat flux density vector given by:

q = nmv

(
v2

2
+ w +

p+B2/µ0

nm

)
− B

µ0

(
v +

j

ne

)
·B

− ηj×B

µ0
+

jB2

µ0ne
+

meB

µ0ne2
× ∂j

∂t
. (2.4)

In the above equations

n =

∑
msns∑
ms

, (2.5)

is the single fluid density, with ns and ms being the density and mass of species s

either e for electrons or i for ions.

m =
∑

ms, (2.6)

is the single fluid mass,

v =

∑
msnsvs∑
msns

(2.7)

is the single fluid velocity. Furthermore, ρ =
∑

esns and j =
∑

esnsvs are the

charge and current densities respectively, E and B are the electric and magnetic

fields respectively, P is the pressure tensor of the single fluid and η represents the

resistivity of the system, p is the isotropic pressure, and w is the enthalpy.

For the fields one uses Maxwell’s equations:

∇×B = µ0j+ µ0ϵ0
∂E

∂t
, (2.8)

∇×E = −∂B

∂t
, (2.9)

∇ ·B = 0, (2.10)

and

∇ ·E =
ρ

ϵ0
. (2.11)
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We further require an equation for the current density j which is given by the

generalized Ohm’s law:

E+ v ×B = ηj+
j×B

ne
− ∇ ·Pe

ne
+

me

ne2
∂j

∂t
. (2.12)

Finally to close the system of equations one requires the appropriate equation of

state.

The above equations describe the full dynamics of a single conducting fluid. To

further simplify them we assume, as De Hoffmann and Teller did, that the fluid is

infinitely conductive, which means the the resistivity η is zero. Furthermore, by

noting that most of the right-hand side terms in equation 2.12 are very small, we

can neglect them to obtain

E = −v ×B. (2.13)

The implication of this assumption is that the magnetic field cannot drift in the

fluid anymore. If it was for the magnetic field to drift, the plasma would sense this

as an induced ∂B
∂t electric field, but since the conductivity is infinite the plasma will

directly move to short this electric field and counterbalance any change in the mag-

netic field. This has the effect that the magnetic field lines are stuck to the plasma as

it convects, it is said to be frozen into it.

After having presented the relevant equations, we wish to use them to describe

what kind of waves exist in such a fluid that can develop into shock waves. We do so

by a perturbative approach. We start by looking at a plasma at equilibrium, where

both velocity and electric field are zero, with steady background magnetic field and

an overall pressure balance. We then perturb this equilibrium by assuming that the

different variables in the equations are a sum of a zeroth order equilibrium part, and

a small fluctuating part, f = f0 + δf with f representing any of the variables in the

equation. We keep terms that are first order in δf . Now the equations are linear, so

we assume a plane wave solution of the form δf = δ̃f exp i(k · x− ωt). This will

transform the equations into a set of algebraic equations that can be easily solved. If

we replace all variables with their dependence on the velocity fluctuation δv we get

the following matrix equation:



ω2 − v2Ak
2 cos2(θkB)− c2msk

2 sin2(θkB) 0 −c2sk
2 sin(θkB) cos(θkB)

0 ω2 − v2Ak
2 cos2(θkB) 0

−c2sk
2 sin(θkB) cos(θkB) 0 ω2 − c2sk

2 cos2(θkB)


·




δv0x

δv0y

δv0x


 = 0.

(2.14)
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Figure 2.2: Wave normal surfaces (WMS) for the thre MHD waves for the case when vA larger
(left) or smaller (right) than cs. Figure taken from Balogh & Treumann (2013)

Where k and ω are the wave normal vector and the angular frequency of the

wave, vA =
√

B2

µ0nmi
is the Alfvén velocity, cs =

√
γp0/min0 is the sound speed

with γ the heat capacity ratio, cms =
√
c2s + v2A is the magnetosonic speed and θkB

is the angle between the wave normal vector k and the background magnetic field

B0.

For this equation to have a non-trivial solution the determinant of the matrix

multiplying δv should be equal to zero. This will give us a polynomial in ω whose

roots are the dispersion relations of multiple wave modes that can be excited in the

medium. Three different wave modes can be excited, the shear Alfvén wave with

dispersion relation:

ω2
A = k2v2Acos

2(θkB). (2.15)

The fast and slow magnetosonic waves with dispersion relation:

ω2
ms =

k2

2
{c2ms ±

[(
v2A − c2s

)2
+ 4v2Ac

2
ssin

2(θkB)
](1/2)

}. (2.16)

Dividing equations 2.15 and 2.16 by k2 we would get the corresponding phase

speed for each mode. The largest of the two speeds in equation 2.16 corresponds to

the fast mode cf and the smallest corresponds to the slow mode csl with cf ⩾ vA ⩾
csl. In this description of a plasma three different wave modes can transport infor-

mation from one place to another, compared to only one (the sound wave) in regular
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Figure 2.3: Schematics of wave steepening and breaking. Figure taken from Balogh & Treumann
(2013)

hydrodynamics. And to add to the complexity the phase speed of those waves is de-

pendent on the angle between the wave vector and the background magnetic field.

Figure 2.2 shows the polar plot of the phase velocity called the wave normal sur-

face where the x and y axis represent the direction parallel and perpendicular to

the background magnetic field respectively, the radius of the vector represents its

magnitude while the angle that the vector makes with respect to the x axis (the polar

angle) is θkB . It is clear that only the fast mode wave can propagate perpendicular

to B, and all three modes can propagate at all other angles.

If plasma flows at a velocity larger than any of the three phase velocities a shock

wave will form when the flow encounters an obstacle. Yet, for slow and intermediate

shocks to form there has to be special conditions in the plasma preventing the other

faster modes to propagate, hence, the most abundant of the three is the fast mode

shock waves.

So far we have described the linear evolution of MHD waves, if energy is in-

jected into the system, the amplitude of those waves will tend to grow and the linear

description of those wave will not hold anymore. Through non-linear coupling in

the plasma the free energy input to the system will cascade into smaller and smaller

scales so the amplitude of the short wavelength wave will grow which will cause the

wave to steepen. This non-linear steepening will reach a threshold beyond which the

wave experiences a gradient catastrophe and start to break on itself just like ocean

waves, Figure 2.3 is a schematics showing the steepening and breaking of waves. If at

a certain point another mechanism kicks in and balances the non-linear steepening,

the wave could become stable. Two different mechanisms can do the job, the first is



12 CHAPTER 2. COLLISIONLESS SHOCKS: A HIERARCHY OF SCALES

Figure 2.4: Schematics of wave dispersion at a non-linearly steepening plasma wave. Figure
taken from Balogh & Treumann (2013)

dispersion and the other is dissipation.

As for dispersion, the waves derived from MHD are non-dispersive, or the phase

speed is independent on wavelength. But when the MHD framework is not valid

anymore and one goes to a more complex description of the plasma such as the two

fluid or the kinetic description we see that at small wavelengths the MHD waves be-

come dispersive in the sense that smaller wavelength waves will have higher or lower

group velocities than lower wavelength waves depending if the dispersion curve is

convex or concave respectively. In both cases this effect will cause the smaller wave-

length waves to run ahead or lag behind the non-linearly steepening wave, taking

energy away from it and balancing the non-linear steepening halting the breaking

of the wave. Figure 2.4 shows a schematic of this process, where the panel to the left

show a concave and a convex dispersion curve, while the panel to the right shows the

corresponding case where waves will run ahead or lag behind the steepening wave.

Dispersively balanced non-linear waves are stable, yet we cannot call them shock

waves especially since they are not capable of dissipating energy and generating en-

tropy due to the infinite conductivity assumption made earlier. Although not shocks,

such structures are part of the dynamics of some types of shocks, specifically shocks

that have their normal quasi-parallel to the upstream magnetic field, called quasi-

parallel shocks. Upstream of such shocks exist an extended turbulent region called
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Figure 2.5: Observation of shocklets upstream of a high Mach number interplanetary shock.
Figure taken from Wilson III et al. (2009)

the foreshock, where multiple non-linear structures exist. Of those structures we

name Short Large Amplitude Magnetic Structures (SLAMS) and shocklets Wilson III

et al. (2009), both of which are ultra low frequency (ULF) magnetosonic waves that

due to the various instabilities grow to non-linear amplitude and are dispersively

balanced. Figure 2.5 shows an example observation of a multiple shocklets upstream

of a high Mach number interplanetary shock using the Wind spacecraft taken from

Wilson III et al. (2009) where the magnetic field amplitude and vector are plotted

for an extended upstream interval and two zoomed in intervals around shocklets.

We clearly see the separation in frequency due to dispersion, where we have a low

frequency high amplitude disturbance defining the non-linear wave, along with the

upstream higher frequency wave trail running ahead of the structure.

For a steepened wave to be called a shock, dissipation is required. Even though

the plasma is collisionless, when the wave reaches a certain scale length, the inter-

action between particles and fields will become strong enough to play the role of

collisions and generate anomalous resistivity in the system (more on this in the next

subsection). This anomalous resistivity can counterbalance the non-linear steepen-

ing of the wave giving a stable shock wave in a collisionless plasma.

Even though MHD is not able to give detailed description of the evolution of



14 CHAPTER 2. COLLISIONLESS SHOCKS: A HIERARCHY OF SCALES

the shock wave in collisionless media, we can still extract great information about

a shock wave without knowing the detailed physics inside the ramp, by treating the

shock as a black box, a very thin discontinuity across which the conservation laws are

obeyed. Across any discontinuity the plasma parameters are not independent, they

satisfy the conservation laws along with specific boundary conditions, so using the

MHD equations one can find the values of the downstream parameters given the up-

stream ones and vice versa. For thin discontinuities in ideal quasi-neutral MHD flow,

all changes of the plasma parameter occur across the discontinuity, so one could ig-

nore all gradients tangent to the discontinuity compared to those along the normal.

If the surface of the discontinuity is described by the function S(r) = 0, the normal

to the surface would be n̂ = − ∇S
|∇S| . So all gradients in the equations describing

the flow can be replaced by n̂ ∂
∂n . Furthermore, since the width of the discontinuity

is assumed very small compared with the scale of the system the derivative can be

approximated by a difference in the following way

∇X → n̂
∂

∂n
→ n̂

∆X

δ
, (2.17)

where X is any parameter, ∆X = X2 − X1 is the change in that parameter

across the shock and δ is the shock width. One could apply this to the conserva-

tion laws and integrate them to get a set of algebraic equations relating the plasma

and field parameters upstream and downstream of the shock. Those are called the

Rankine-Hugoniot jump conditions across a discontinuity and they read (Baumjo-

hann & Treumann, 2012):

n̂ · [nv] = 0, (2.18)

n̂ · [nmvv] + n̂

[
p+

B2

2µ0

]
− n̂ · [BB]

µ0
= 0, (2.19)

n̂× [v ×B] = 0, (2.20)

n̂ · [B] = 0, (2.21)

nmn̂ · v
[
v2

2
+ w +

1

nm

(
p+

B2

µ0

)]
− 1

µ0
(v ·B) n̂ ·B = 0. (2.22)

Multiple solutions exist for the above set of algebraic equations, each correspond

to a different class of discontinuity, rotational or tangential discontinuity and of

course all three types of shocks (fast, intermediate and slow).
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A very important corollary of the Rankine-Hugoniot jump condition is the copla-

narity theorem. One could show using the Rankine-Hugoniot jump conditions that

across fast collisionless shocks the upstream and downstream magnetic field fall in

the same plane as the shock normal. And same result could be obtained with the

upstream and downstream flow velocity.

2.3 Opening the black box: the kinetic description

In the previous subsection we presented the description with the largest level of

coarse-graining of the equations. In this subsection we present the description with

the least level of coarse-graining, namely the kinetic description of collisionless plas-

mas.

The Hamiltonian of a system of N interacting particles is:

H =
N∑

α=0

p2α
2mα

+ V (pα,qα) , (2.23)

where pα and qα are the generalized coordinate and momentum of particle α,

and V is the potential containing all the interactions between the particles. The so-

lution for this system represents a trajectory followed by a single point in the 6N

dimensional phase space (3N coordinate and 3N momenta), along which the en-

ergy is conserved dH
dt = 0. Instead of looking at a single trajectory one can look at

the statistical distribution of the different points in phase space pertaining to differ-

ent trajectories obtained by varying the initial conditions of the system. We would

obtain the N particle probability distribution function FN (q1, ...,qα,p1, ...,p) in

the 6N dimensional phase space. According to Liouville’s theorem this distribution

function is conserved along trajectories in phase space so:

dFN

dt
=

∂FN

∂t
+ {FN ;H} = 0, (2.24)

Where {FN ;H} is the Poisson bracket between FN and H defined as:

{FN ;H} =
N∑

α=0

[
∂FN

∂qα
· ∂H
∂pα

− ∂FN

∂pα
· ∂H
∂qα

]
. (2.25)
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Solving equation 2.24 would amount to solving for the full dynamics of the sys-

tem under any initial condition. But as mentioned at the beginning of this chapter,

this task is nearly impossible when N becomes large, so physicists devised different

ways to go around this problem. One of which is the BBGKY Theory named with

the initials of the scientists who devised it, where equation 2.24 is integrated along

multiple degrees of freedom to get a reduced distribution whose equation is eas-

ier to deal with. The details of the theory, although interesting, are mathematically

involved and is outside the scope of this thesis, the interested reader is referred to

Montgomery & Tidman (1964).

For a collisionless plasma, one can integrate over all but one of the degrees

of freedom, obtaining the single particle distribution function fs(p,q), for each

species s in the plasma, which is also conserved along phase space trajectories. If we

take into consideration that the only source of interaction is through the Lorentz

force, equation 2.24 reduces to:

∂fs
∂t

+ v · ∇fs +
es
ms

(E+ v ×B) · ∇vfs = 0, (2.26)

where ∇v is the gradient with respect to the velocity coordinate in phase space and

es and ms are the electric charge and mass of the species s. The electric and mag-

netic fields are determined from Maxwell’s equations (equations 2.8-2.10), with the

charge and current densities written as:

j =
∑

s

es

∫
vfsdv, (2.27)

and

ρ =
∑

s

es

∫
fsdv. (2.28)

This system of equations is called the Vlasov equations, which can describe the dy-

namics of complex phenomena in collisionless plasmas down to the smallest scales.

Naturally, a lot could be explored about collisionless shocks by using a kinetic theo-

retic approach, yet the equations are still not fully solvable analytically. Therefore,

to get any theoretical knowledge out of these equations one must resort to further

simplifying assumptions, otherwise one would need kinetic numerical simulations.

To carry on from the last subsection, and to show the power of the kinetic de-

scription, we can use the above kinetic equations to understand how dissipation
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could arise in a collisionless plasma. To do so we assume that the distribution func-

tion is comprised of an averaged term plus a fluctuation term fs = fs0 + δfs, with

fs0 = ⟨fs⟩ being the average distribution function for species s, and δfs is the fluc-

tuations in the distribution function with the property that ⟨δfs⟩ = 0. If we plug

this into the Vlasov equations while doing the same for the fields, denoting averages

with a subscript 0 and fluctuations with a δ we get an equation for the averages:

∂fs0
∂t

+ v · ∇fs0 +
es
ms

(E0 + v ×B0) · ∇vfs0 = − es
ms

⟨(δE+ v × δB) · ∇vδfs⟩,
(2.29)

and one for the fluctutaions:

∂δfs
∂t

+ v · ∇δf0 +
es
ms

(E0 + v ×B0) · ∇vδfs = − es
ms

(δE+ v × δB) · ∇vfs0

− es
ms

(δE+ v × δB) · ∇vδfs +
es
ms

⟨(δE+ v × δB) · ∇vδfs⟩, (2.30)

The last term in both equations contains the averages of the multiplication of two

fluctuating quantities, which do not vanish. This term represents the anomalous dis-

sipation in collisionless shocks, physically it comes from the interactions between

the oscillating fields and the charged particles. For this interaction to happen a res-

onance condition must be satisfied.

Both particles and waves move relative to each other. If this relative motion is

too fast the particle will sense a very rapidly oscillating magnetic or electric fields, at

relevant time scales the particle will not be able to react to the field, and on average

it will sense a zero field. On the other hand if the relative motion is small the particle

will experience a slowly varying field so it will have enough time to be affected by it

and at the same time affect it since moving charges generate electric and magnetic

fields. When this resonance condition is satisfied, energy can be transferred from the

fields to the particles or vice versa, so we would have damping or growth of the waves.

This interaction can irreversibly change the bulk kinetic energy of the particles into

randomized thermal energy across the shock and play the role of collisions.
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Figure 2.6: Schematics of the global dynamics of the bow shock around Earth formed from its
interaction with the solar wind showing the distinction in dynamics between quasi-parallel and
quasi-perpendicular shocks . Figure modified from that in Tsurutani & Rodriguez (1981)

2.4 Key parameters controlling the dynamics of collisionless

shocks

After having sketched out a general idea for the dynamics of collisionless shocks we

mention two main parameters that define these dynamics, the angle between the

upstream magnetic field and the normal to the shock surface θBn and the Mach

number M .

Figure 2.6 shows a sketch of the bow shock around Earth taken and modified

from (Tsurutani & Rodriguez, 1981). The figure shows the IMF as the blue oblique

lines, and the bow shock is highlighted with the white boundary. It is clear that there

are two different regions around this bow shock where there is big difference in dy-

namics. This difference is controlled by θBn. When n̂ is perpendicular or quasi-
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perpendicular to the IMF (θBn > 45◦) we have a quasi-perpendicular shock seen

in the lower part of the figure. In such case, when ions reflect off of the shock a

large component of their upstream directed velocity will be perpendicular to the

IMF, which will cause them to gyrate back into the shock and in the process gain en-

ergy from the upstream motional electric field. This will give a quasi-perpendicular

shock crossing the signature in the plasma parameters of a clear upstream followed

by a foot, caused by the reflected ions, of the order of the ion gyro radius, then

a clear shock ramp then a downstream. On the other hand, when n̂ is parallel or

quasi-parallel to the IMF (θBn < 45◦) we have a quasi-parallel shock seen in the

upper part of the figure. In such a case, when ions reflect off of the shock they will

have a large velocity component parallel to the IMF, which will allow them to travel

large distances into the upstream before being convected back into the shock by the

solar wind flow. Such large counter-streaming ion beams will cause the solar wind

flow to be unstable and many wave modes can grow to large amplitudes causing the

formation of a turbulent extended foreshock region that slows down the flow. For

quasi-parallel shocks, unlike their quasi-perpendicular counterparts, it is difficult to

identify an exact location of the shock transition.

Furthermore, at the point where the magnetic field is perpendicular to the shock

normal the electrons and ions reflected off the shock will stream large distances

along the magnetic field forming a boundary called the foreshock boundary. Both

species will eventually be convected back towards the shock due to the upstream so-

lar wind motion, but since the electrons are much more mobile than ions a separa-

tion occur where we have an electron foreshock boundary and an electron foreshock

without any reflected ions (the yellow colored region in Figure 2.6), then there is the

ion foreshock boundary shaded and the ion foreshock shaded in red in Figure 2.6.

The second important parameter is the Mach number M . Multiple Mach num-

bers exist for shock waves in plasmas, one could define it using the fast, intermediate

and slow waves phase velocity. For fast shocks, one uses both the fast shock Mach

number Mf =
Vup

cf
and the Alfvénic Mach number MA =

Vup

vA
, with Vup being the

upstream bulk velocity. Different shock dynamics exist at different M . When M in-

creases beyond a certain threshold, the anomalous dissipation does not have enough

time to dissipate all of the incoming kinetic energy. This happens when the down-

stream plasma speed in the normal direction Un2 is less than the downstream sound

speed cs. In this case downstream sound waves will be able to travel opposite to the
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Figure 2.7: Parameteric dependence of the first critical Mach number for a heat capacity ratio
γ = 5/3. Figure taken from Edmiston & Kennel (1984)

direction of the flow, interact with the ramp and steepen it even more causing it to

have scales smaller than the anomalous dissipation scale (Kennel et al., 1985). This

transition occurs at the first fast critical Mach number Mfc. It is highly dependent

on θBn, and β the plasma beta. This critical Mach number was first predicted by

Marshall (1955), where they found a value of Mfc ∼ 2.7 for a perpendicular shock.

Beyond Mfc, the shock will reflect the excess incoming ions whose energy it can-

not process through anomalous resistivity and dispersion. When the ions reflect

they will interact with the upstream flow causing it to become unstable and slow-

ing it down before reaching the shock. Figure 2.7 shows the dependence of Mfc on

both θBn and β from Edmiston & Kennel (1984) who did a parametric survey of the

dependence of the critical Mach number on the various parameters of the shock.



Chapter 3

The Magnetospheric Multiscale

mission

Many open questions are still to be answered pertaining to the evolution and dy-

namics of collisionless shocks. The route for answers is, as in all fields of science,

theory, simulations and observation. In this thesis we focus on the last. In partic-

ular we use data from the Magnetospheric Multiscale (MMS) mission (Burch et al.,

2016), a constellation of 4 spacecraft in a tetrahedral formation launched in 2015

with the initial aim of understanding electron scale physics in reconnection. It is

equipped with multiple instruments that measure both fields and plasma parame-

ters with high spatial and temporal resolution. Furthermore, the separation between

the spacecraft is close to electron scales reaching as low as ∼ 5 km depending on the

phase of the mission. This small separation along with the tetrahedral formation

will allow us to decouple temporal from spatial evolution of events up to the elec-

tron scales. On top of that the tetrahedral formation allows the usage of methods

such as the curlometer (Robert et al., 1998) or four spacecraft interferometry (Har-

vey, 1998) to determine various quantities needed to understand different plasma

phenomena in space.

Despite it being directed towards the physics of reconnection, MMS has been

of great importance for the exploration of the physics of collisionless shocks. Mul-

tiple studies have been published in which data from MMS have been analyzed to

21
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probe various open questions about collisionless shock physics such as, particle ac-

celeration (Oka et al., 2017; Amano et al., 2020; Hanson et al., 2020), electrostatic

and electromagnetic wave activity in and around shocks (Hull et al., 2020; Goodrich

et al., 2018; Vasko et al., 2020), shock reformation and rippling (Johlander et al., 2016;

Yang et al., 2020; Madanian et al., 2021), and even the observation of reconnection

at quasi-parallel shocks (Gingell et al., 2019).

In our studies we mainly use four instruments on board of MMS. We will intro-

duce all four in this chapter and briefly summarize their technical specifications and

modes of operation.

3.1 Fast Plasma Investigation instrument suite

The spherical top hat electrostatic analyzer technology for measuring the particle

distribution function has been implemented on various previous spacecraft before

such as on THEMIS (McFadden et al., 2008) or Cluster (Johnstone et al., 1997) to

name a few. On board of MMS, FPI uses the same technology for both electron and

ion measurement, but to meet the science requirement for the time resolution, a

novel implementation was designed in a way to break the spin rate limit and obtain

3D ion and electron distribution functions with the highest temporal and spatial

resolution so far (Pollock et al., 2016).

Each of the MMS spacecraft has four dual ion and dual electron spectrometers

(DIS/DES) as shown in Figure 3.1 (b). Two top hat analyzers are put at an angle to

each others in a dual spectrometer configuration, then four DIS/DES are distributed

around the azimuth of the spacecraft. Undeflected this would provide a 45◦ az-

imuthal resolution, which is not enough, so electrostatic field of view (FOV) deflec-

tion is incorporated to each analyzer, giving a 32 measurement in the azimuthal

plane resulting in an 11.25◦ resolution in the azimuthal angle. As for the polar de-

flection each of the 32 ESAs has a 180◦ FOV in the polar direction divided into 16

sectors giving a polar resolution of 16◦ as shown schematically in panel (a) of Figure

3.1.

Finally each electrostatic analyzer can resolve particles with energies from 10 eV
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Figure 3.1: Schematics of the FPI instrument. Panel (a) shows the polar resolution of each
of the 16 ESAs, while panel (b) shows the azimuthal resolution for each species. Figure taken
from (Pollock et al., 2016)

to 30 keV logarithmically spaced providing 3D skymap distributions. The temporal

resolution is 30 ms for the DES and 150 ms for the DIS.

3.2 The FIELDS instrument suite on MMS

To complement the particle instruments on MMS many high resolution fields in-

struments were installed on MMS. Most wave instruments are part of the FIELDS

instrument suite on MMS Torbert et al. (2016), the most relevant of which to our

study are described in the following subsections.

3.2.1 Electric field double probe suite

The double probe technique for measuring the electric field have been implemented

extensively on previous spacecraft, where spherical or cylindrical probes are set up

in opposition to each other, each operating in a high impedance mode to allow it to

adopt the surrounding plasma potential, with a bias current controlling its potential

to the local plasma potential. Then the voltage difference between it and the space-
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Figure 3.2: Schematics of the all the FIELDS instruments taken from (Torbert et al., 2016)

craft is measured (Pedersen et al., 1998; Maynard, 1998). To get the electric field, the

potential difference between the probes is calculated and divided by the distance

between the probes Eij = −Vj−Vi

dij
where Vi,j is the probe to spacecraft potential

for the probes i, j, and di,j is the distance between probe i and j.

The same technique is used on MMS where a total of 6 probes in the double

probe configuration allows for the measurement of the 3D electric field from DC

up to frequencies reaching 100 kHz. Four probes are in the spin plane forming the

Spin-plane double probes (SDP) (Lindqvist et al., 2016) at a distance of 120 m. The

remaining two probes are in parallel to the spin axis and separated by 30 m, forming

the Axial double probe (ADP) (Ergun et al., 2016). Schematics of both the SDP and

ADP are shown in Figure 3.2.

3.2.2 Magnetometers on board MMS

Two Flux Gate Magnetometers (FGM) exist on MMS one Analog (AFG) and one Dig-

ital (DFG) (Russell et al., 2016) mounted on a 5 meters deployable boom as seen in

Figure 3.2. The FGM allows the measurement of the magnetic field from DC up to

128 Hz, with resolution of 0.1 nT and a range of ±8000 nT.
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Furthermore, to capture higher frequency magnetic field oscillations a search

coil magnetometer (SCM) have been implemented on MMS (Le Contel et al., 2016).

It is mounted on the same boom as that of the AFG as shown in Figure 3.2, and allows

the measurement of magnetic field from 1 Hz up to 6 kHz.



26 CHAPTER 3. THE MAGNETOSPHERIC MULTISCALE MISSION



Chapter 4

A machine learning approach to

identifying collisionless shocks

Tens of spacecraft have observed collisionless shocks across the heliosphere since

the 1960s, some of them have been retired and some are still sending data. In total

hundred of thousands of hours of data amounting to thousands of terrabytes are

currently available for analysis. Even for a single spacecraft, the amount of data is

very large. MMS for example has been operating for over 6 years now with data

being sent on a daily basis. The usual way to look for shocks in those data is to

manually go through the data and search for shock crossing signatures. Although

reliable, this method is highly inefficient and time consuming, there is a need for an

alternative method to automate the process. Recently Olshevsky et al. (2021) trained

a convolutional neural network (CNN) to identify the different regions in space that

MMS crosses in its orbit. They have done so by taking advantage of the different

signatures that each region leaves on the 3D ion velocity distribution function (VDF)

measured by FPI. They categorized the regions that MMS crosses into four: 1- the

magnetosphere, 2- the magnetosheath, 3- the ion foreshock and 4- the solar wind.

For every ion VDF measured, the CNN gives a probability of the spacecraft to be in

each of the four regions.

In Paper I we analyze the probability output of the CNN and identify times when

the spacecraft transition from solar wind or foreshock to the magnetosheath or vice

27
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versa, which we identify as shock crossings time. Panels (a–b) of Figure 4.1 shows

the magnetic field in GSE and the omni directional ion differential energy flux. The

signature in those two quantities would allow the trained eye to determine which

region MMS is traversing. Panel (c) shows the probability output of the CNN col-

orcoded such that blue represent solar wind, black represent ion foreshock, yellow

represent magnetosheath and red represent magnetosphere. We see that the CNN

does a good job in differentiating the different regions. To locate shock transitions

we calculate ∆p(t) = (pSW (t) + pIF (t)) − pMSH(t), where pSW , pIF and pMSH

are the probabilities of MMS to be in the solar wind (SW), the ion foreshock (IF)

and the magnetosheath (MSH) respectively and t is the time corresponding to each

measurement. This quantity is shown in panel (d). Then we calculate the differ-

ence of this quantity d∆p(t) = ∆p(t+ 1)−∆p(t) with t+ 1 corresponding to the

probability at the next time step. d∆p(t) is shown in panel (e). Local maxima and

minima of d∆p(t) correspond to transition from SW/IF to magnetosheath or vice

versa, which we identify as shock crossing times. Panel (f) shows the result of this

method in identifying shock crossings where a value of 1/-1 is given to inbound and

outbound crossings respectively. If there is Burst mode data within 10 minutes of

the crossing time we multiply this value by 2. Using this method we have compiled

a shocks database observed by MMS1 containing 2803 shocks. Using a global Earth

bow shock model (Farris et al., 1991), we identify the normal to the shock n̂. We also

use data from the OMNI database (King & Papitashvili, 2005), to get the different

values of the relevant shock parameters, such as the Alfvénic Mach number MA,

θBn or the plasma beta β.

Figure 4.2 shows the location of all detected crossings around Earth, with the

color code representing different parameter in each panel with (a) time, (b) dynamic

pressure, (c) MA and (d) θBn. All panels are in GSE, except for panel (d) whenever

the magnetic field was in the aurtho-parker spiral configuration, we flip the y loca-

tion of the crossing, this will make sure that dusk and dawn corresponds to quasi-

perpendicular and quasi-parallel shocks respectively. We believe that this database

will be of great help for shock physicists whether they want to look for interesting

events on which they which to do case studies or if they want to conduct statistical

studies.
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Figure 4.1: Detection of shock crossings using CNN probability output. Panel(a) shows the
magnetic field, (b) the omni-directional ion differential energy flux, (c) probability output from
the CNN colorcoded such that Blue represent solar wind, black ion foreshock, yellow magne-
tosheath and red magnetosphere, (d) probability difference between two time step, (e) derivative
of the probability difference (see text of paper I for detailed explanation of panels e-d), and
finally (f) the location of the detected crossings with value 1/-1 for an inbound/outbound
crossing and the value is multiplied by 2 if there exist burst mode data for the crossing.
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Figure 4.2: Location of all detected crossings around Earth, with the color code representing
different parameter in each panel with (a) time, (b) dynamic pressure, (c) MA and (d) θBn. All
panels are in GSE, except for panel (d) whenever the magnetic field was in the aurtho-parker
spiral configuration, we flip the y location of the crossing.



Chapter 5

Whistler waves at collisionless

shocks

When the frequency of the fast magnetosonic wave described above increases be-

yond the ion cyclotron frequency the wave mode changes to a right hand polarized

whistler wave. This transition is shown in Figure 5.1 taken from (Swanson, 2003)

with minor modifications. The branch starting at A is the fast magnetosonic branch,

as the frequency increases, and hence the wavelength decrease, the wave crosses

to the whistler mode branch which is a broad band branch ranging from the ion

cyclotron up to the electron cyclotron frequencies and consisting of right hand po-

larized waves. Such waves are often observed at shocks and are believed to play a

major role in the dynamics of collisionless shocks because they span a large range

in frequency that they are able to interact with both electrons and ions, facilitating

transfer of energy and thermalization of the plasma.

One can categorize whistler waves at shocks into three different frequency ranges.

The low frequency whistlers with f ∼ 10−2 Hz (Fairfield, 1969), which are observed

in the foreshock and are believed to be generated locally by the ion-ion two stream

instability. The high frequency whistlers with f ∼ 102 Hz, observed near the foot

and the ramp of quasi-perpendicular shocks, are believed to be generated by the

whistler temperature anisotropy instability (Tokar et al., 1984; Hull et al., 2012). Fi-

nally, there are intermediate frequency whistlers with frequency around the lower
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Figure 5.1: Dispersion relation of the different wave modes that can be excited in a plasma
using a fluid description including thermal effects. The blue shaded area highlights the whistler
mode branch. Figure taken fromp Swanson (2003) with minor modificatoins

hybrid frequency f ∼ fLH ∼ 100 − 101 Hz. They have been first observed by Fair-

field (1974) and their mechanism of generation is still disputed with three candidate

explanation possible. The first is generation by the shock itself, since the whistler

branch is convex as the fast magnetosonic waves steepen and enter the whistler

branch a stream of whistler precursor will run upstream of the shock (Krasnosel-

skikh et al., 1991; Krasnoselskikh et al., 2002). The second mechanism is for shocks

where the Mach number is larger than the non-linear whistler critical Mach num-

ber, a second critical Mach number beyond which ion reflection cannot sustain the

shock anymore, and the shock front itself starts to oscillate and reform, stationar-

ity is lost. Non-linear whistler wave trains will be ejected into the upstream which

will break into oblique linear whistlers (Galeev et al., 1989; Krasnoselskikh, 1985; Ba-

likhin et al., 1997). Finally, the whistler waves can be generated by different electron

or ion instabilities in the shock foot or ramp (Wilson et al., 2012; Dimmock et al.,

2013; Muschietti & Lembège, 2017).

In Paper II, we characterize whistler waves upstream of 11 different quasi-perpendicular

shocks at different obliquities. An overview plot of one of those events is shown in

Figure 5.2. Determination of the direction of propagation of the waves has been
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Figure 5.2: Overview plot of one of the shock events studied. Panel (a) shows the magnetic
field zoomed in around the foot and the ramp, (b) shows the full B field, (c) ion and electron
densities, (d) ion Velocity. All vectorial quantities are in the n, t1, t2 coordinate system with
n is the direction of the normal to the shock, t1 is the first perpendicular in the coplanarity
plane and t2 is to complete the system. Panel (e) shows the reduced ion VDF in the normal
direction, (f) power spectral density of the magnetic field and finally panels g-i shows the degree
of polarization, the planarity and the ellipticity respectively.
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achieved since the first observations of the waves since it can easily be done with

single spacecraft techniques. But determination of the wavelength and hence the

determination of the plasma frame frequency of the waves have been challenging,

since it requires multispacecraft measurement. It has been done before using two

spacecraft (Balikhin et al., 1997; Dimmock et al., 2013) but it required special con-

ditions where the spacecraft were at close enough separation so the signal can be

timed. With the close separation of MMS and their tetrahedral formation we can

easily time the signal measured by the four different spacecraft to properly charac-

terize the waves.

For each shock crossing we first use singular value decomposition (SVD) (San-

tolík et al., 2003) to determine the degree of polarization, the planarity and ellipticity

of the waves shown in panels (g-i) in Figure 5.2. To determine the wave vector along

with its magnitude, we calculate the wavelet transform of the magnetic field signal

measured by each of the four spacecraft, we get the phase shift spectrum between

the four spacecraft, and knowing the separation between the spacecraft we calculate

the wave vector (see text of Paper II for more details). We then use this wave vector

to shift to the plasma frame.

We find that the waves are oblique to the background magnetic field with θkB

between 20◦ and 40◦, a wavelength between 0.7 and 1.7 ion inertial length and a

frequency in the plasma rest frame between 0.3 and 1.2 the lower hybrid frequency.

Furthermore, we tackle the question of generation mechanism. By analyzing

the 3D ion VDF and checking the resonance condition for the waves we show that

the reflected ion beam in the distribution function is in resonance with the waves

for all of the events studied, this is shown in Figure 5.2, showing the reduced ion

VDF both in 2D k-t2 plane, and in 1D in the direction of k, where t2 is the direction

perpendicular to the direction of the wave normal and the background magnetic

field, and k is the direction of the wave normal. The red shaded area is the resonant

velocity along with its standard deviation. This result indicates that the kinetic cross

field streaming instability (Wu et al., 1983) is a likely source for the waves.

To verify this conclusion using the Bo kinetic solver (Xie, 2019) we solve for the

stability of a system consisting of an incoming solar wind ion and electron and a

reflected ion beam with plasma parameters taken from observation. We find that
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Figure 5.3: Ion VDF reduced in 2D in the k-t2 plane and in 1D in the k- direction for three of
the eleven events studied. On top of each the resonance velocity is overlaid with the standard
deviation in the pink interval.

the system is unstable to oblique whistler waves with properties similar to those

observed and the waves spend enough time in the unstable region to grow to large

amplitudes. This reinforces the conclusion that the kinetic cross-field streaming

instability is the likely source for the observed whistlers.
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Chapter 6

Outlook

In our journey for understanding the electrostatic turbulence and electron heating in

collisionless shocks, we started with the first piece of the puzzle in Paper II studying

whistler waves. Such waves are known to generate high frequency electrostatic waves

(Hull et al., 2012), which in turn are known to be a major player in thermalization

of both ions and electrons (Wilson et al., 2014a,b). So the next step is to study the

different electrostatic wave modes that exist in the shock ramp.

We first analyze the electric field across the ramp of 6 different shock crossings.

For each crossing we calculate the angle that the electric field makes with the ax-

ial direction θz = acos
(

Ez
|E|

)
for every electric field measurement with magnitude

|E| > 10 mV/m. We then plot the histogram of θz for all 6 shocks shown in green

in Figure 6.1. We see that the distribution peaks at around 20◦ to the axial direction.

In the ramp we expect multiple modes to be excited each at different obliquity to

the background magnetic field, some are parallel like ion acoustic waves and soli-

tary waves some are perpendicular like Bernstein waves and some are oblique like

ion acoustic waves and electron cyclotron drift instability (ECDI) waves. So for one

shock we expect to have the electric field in the ramp at different directions to the

magnetic field. And since we expand the dataset to 6 different shock crossings each

with a different magnetic field direction the wave normals of the waves and hence

the electric field direction is expected to be randomly distributed around a sphere.

This distribution is shown in 6.1 as the blue distribution. We see how the observed

37
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Figure 6.1: Histogram of the distribution of θz for observed data (green) and random distribution
on a sphere (blue)

distribution deviates greatly from that expected shown in blue.

This deviation is caused by an instrumental effect that distorts the electric field

measurement. As discussed in section 3.2.1 the electric field on MMS is measured

using the double probe technique. This method approximates the true electric field

pretty accurately for long wavelengths waves. When the wavelength becomes com-

parable to the separation distance between the probes dij an attenuation effect for

the measured electric field starts to be significant. This effect is shown in Figure

6.2 where we model a plane wave traveling along a double probe direction where

we vary the wavelength and measure the amplitude of the electric field either theo-

retically by differentiating the potential or from observation by probe differencing.

We plot the ratio of the observed electric field to the theoretical electric field as a

measure of attenuation α = Eobs/Eth versus the wavelength λ. We see that as λ

approaches the separation of the probes, 120 m for this simulation, the attenuation

becomes more and more sever.
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This effect is much more pronounced in the spin plane of MMS compared to the

axial direction, since the spin plane probe separation is 120 m compared to 30 m in

the axial direction. This will cause the electric field measured to be biased towards

the axial direction. The electrostatic waves that we are interested in have wavelength

of the order of the Debye length, so they will be highly affected by this effect.

Figure 6.2: Attenuation effect of the electric field when the wavelength approaches the distance
between the probes.

This effect makes it extremely difficult to properly determine which wave modes

exist in the ramp of quasi-perpendicular shocks since it prevents us from prop-

erly determining a key parameter necessary for such determination which is the

angle between the wavenormal vector and the background magnetic field θkB . We

simulate how the effect affects θkB determination and show the results in Figure

6.3. We launch a plane wave traveling in the spin plane of the spacecraft and mea-

sure the angle between the measured electric field and the theoretical electric field

θkm,kexpected, while varying the wavelength of the wave and varying the angle that

the wave normal makes with the x axis which is aligned with one of the probes ϕ.

It is clear that is the wavelength of the wave decreases the measured direction of

propagation of the wave deviates significantly from the actual one.

In this project we first demonstrate this effect on solar wind ion acoustic waves.
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Figure 6.3: Effect of attenuation on determination of the wave normal direction

Since we know that such waves are predominantly field aligned we use the fluid

dispersion relation of ion acoustic wave to approximate their wavelength and sim-

ulate what kind of distribution they will generate and compare to the observed one.

Then we move to shocks, where we try to see what distribution of wavelength for

randomly directed waves on a sphere could produce the observed distribution. Pre-

liminary results are shown in Figure 6.4, where green and blue are as in Figure 6.1,

while the red histogram is the distribution obtained from modeling the attenua-

tion effect on synthetic waves with wavelength randomly distributed between 20

and 160 meters and randomly directed around a sphere. We see the good agree-

ment between the two distribution. Furthermore, we explore the applicability and

limitations of single spacecraft interferometry as a method to determine the wave-

length and direction of propagation of the waves with hope of accurately identifying

different wave modes in the ramp of quasi-perpendicular shocks.

Another project that is also underway covers another piece of the puzzle, mainly

the interaction of intermediate frequency whistlers and high frequency ion acous-

tic waves where we have observed a strong correlation between high frequency ion
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Figure 6.4: Histogram of the distribution of θz for observed data (green), random distribution
on a sphere (blue) and modeled distribution (red)

acoustic waves bursts and the minimum in the currents generated by the interme-

diate frequency whistlers in the foot of quasi-perpendicular shocks. An example is

shown in Figure 6.5 where we plot in panel (a) the magnetic field in the foot of the

same quasi-perpendicular shock shown in Figure 5.2, panel (b) shows the deriva-

tive of the magnitude of the magnetic field d|B|, (c) shows the electric field from

HMFE with frequency reaching 64 kHz, showing the wave bursts, (d-g) shows the

current calculated using different methods curlometer, Fourier transform, Hilbert

transform and moments respectively. Panels(h-i) shows the PSD of the electric field

parallel and perpendicular to the background electric field and finally ( j-k) shows

the ion and electron VDF reduced in the direction parallel to B.
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Figure 6.5: Overview plot of high frequency ion acoustic waves correlated with lower frequency
magnetic field activity.
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