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Abstract

This thesis discusses properties of waves, in particular, reference is made to ocean
waves in order to help one’s mathematical understanding of how tsunami waves
differ from normal ocean waves.

We do this by finding solutions to various partial differential equations, using a
variety of mathematical methods. We will then illustrate these graphically and
observe the important characteristics of the waves and their interactions with one
another.

This builds up to our study of a specific type of partial differential equation; the
Korteweg de-Vries Equation, in which we observe particular solutions which hold
some very special properties, differing to some of our initial observations.
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1 An Introduction to Waves

Waves are an extremely crucial yet fascinating natural phenomenon which arises in many
subject areas today. It is the travelling of waves over millions of kilometres by which light
reaches the Earth and by which sound is able to be heard. Built upon this phenomenon
is the latest technology such as that used to search for oil on the Earth’s subsurface using
seismic waves. Wave energy is a relatively new form of renewable energy that can poten-
tially be utilised in the Energy Sector.

The importance of the different wave types is due to their ability to transfer large
amounts of energy whilst travelling through a wide range of media such as through vacu-
ums, solid materials or our atmosphere.

A precise definition for waves cannot be produced but we can most certainly observe
the properties and characteristics of waves. A wave is a set of oscillations which propagate
with time through a medium. The propagation of a wave is associated with a transfer of
energy through a medium from one position to another. The travelling of a wave involves
the displacement of particles within a medium as they vibrate, and these vibrations are
passed on to neighbouring particles and then to further neighbouring particles, which in
turn carry the energy in the form of waves. An uninterrupted propagating wave consists of
a pattern of consecutive crests and troughs, which form a sinusoidal wave [2|. Such waves
are known as travelling waves. These waves consist of an amplitude which is the distance
between the top of the crest or the bottom of the trough and the stationary position of
the wave. It represents how much energy is being carried by the wave, for example a loud
sound has a large amplitude sound wave and a bright light has a large amplitude light
wave as it is of a large intensity. The frequency of a wave is defined as the number of oscil-
lations produced per second. The wavelength is the width of a wave which is the distance
between one crest and the next neighbouring crest. These characteristics of a wave can be
illustrated in Figure 1 below.

Crest

Amplitude
}<7 Wavelength —)‘

A / -
Height . ance
fh “ or time

Trough

Figure 1: This figure illustrates the characteristics of a wave structure [1]

A particular type of travelling wave is a water waves (also known as a surface wave and a
gravity wave). In particular ocean waves are the cause of much natural destruction through
tsunamis, triggered by earthquakes in oceans. The reason behind this natural disaster, is
the larger than normal amplitude of the waves which form as a result of a disturbance on
the seabed. Tsunamis are difficult to detect as the waves are spanned over a very large area
horizontally such that wavelengths are very large. Consequently these are not easily visible
in an ocean of depth approximately 14000ft deep. It is only when the waves approach the
shore that the depth of the water, relative to the wave’s amplitude decreases making the
large amplitude waves more prominent at the shore. Water waves which cause tsunamis
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have constant amplitude as they travel through the ocean in comparison to normal water
waves whose amplitude decrease relative to the water depth as they reach the shore. What
determines whether a wave’s amplitude remains constant or decreases is the relationship
between the wavelength k, and frequency w, of a wave. This relation is better known as
the Dispersion Relation, which we will later discuss in further detail.

1.0.1 Boundary Conditions

When studying waves we must note that there exists wave boundaries and initial conditions
at time, t = 0. The knowledge of these are required in order to obtain a wave solution.
The boundaries can come in different forms depending on the waves we are studying.

On studying waves produced from plucking a finite string on a guitar, the boundary
condition is the finite length of the string being plucked, and the initial conditions refer to
how much we displace the string by from its initial shape to when it is plucked.

Whereas, when studying water waves we consider boundaries in a slightly different
manner. There is no limit as to how long the wave is horizontally thus we could poten-
tially have waves with very large wavelengths, but we are limited to finite amplitudes,
which is the height of the wave from the crest. Hence we can deduce that boundaries in
water waves lie in the direction of the amplitude; the vertical direction, as opposed to the
horizontal direction with length of a string as on a guitar. As a result of this we become
slightly limited to the types of equations which can be solutions to wave equations as they
must be bounded in the vertical direction such as those we will study in this thesis. We
can rule out all linear and some quadratic functions existing as wave equation solutions,
such as the exponential function and multiples of this as these functions tend to infinity.
Whereas, functions such as e~ and its translations are more likely solutions.

Although this may appear to be a very subtle idea it is important to know this when
recognising wave equation solutions.

In the subsequent chapters we will study three partial differential equations. We will
begin with introducing the linear Wave Equation and Schrodinger’s Equation and find-
ing their solutions through the use of Fourier Transformations. Illustrating these wave
solutions graphically, we will observe their motion over time and make some important
observations through introducing concepts such as the Superposition Principle and the
dispersion relation.

Furthermore, we will study the Korteweg-de Vries (KdV) equation which models shal-
low water waves together with some of its properties. In addition to this, we will discuss
its soliton solutions and properties of such solutions. Using a direct integration method;
separation of variables, we will obtain a one-soliton solution of this equation. In studying
this equation further we will adopt Hirota’s Method to help us calculate a two-soliton solu-
tion. We will then interpret both these solutions graphically and analyse the illustrations
produced. In doing this we will be able to see how the Korteweg-de Vries equation differs
significantly from the wave equation and the Schrédinger’s Equation, and finally, discuss
the limitations in the methods we used to find solutions to the KdV equation.

All the illustrations presented in this thesis have been produced using a mathematical
software Matlab, unless otherwise stated.
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2 The Linear Wave Equation

2.1 The Wave Equation Explained

Definition 1. The Wave Equation is a linear, second-order partial differential equation

0%*u 1 9
— = =Y u 2.1
where 7?2 = % + 327"; + 22772‘ with respect to the function u(x,y, z,t), where x,y, z are the
three-dimensional space variables and t is the time variable.
For the remainder of this thesis we will be studying the wave equation in one-dimensional
form thus making use of the following equation

0%u 1 0%u

priae el (2:2)

Partial differential equations crop up in a branch of applied mathematics called mathe-
matical analysis. A partial differential equation is a mathematical equation which consists
of partial derivatives of a number of variables. The order of the equation refers to the
highest power contained in the equation. In equation (2.2) both partial derivatives are to
the power 2 hence this equation is 2"¢ order.

The wave equation models waves such as water waves which arise in a variety of fields
such as fluid dynamics and electrodynamics.

2.1.1 The Superposition Principle

The wave equation is linear and so we can take a linear combination of wave equation
solutions and this would also form a solution. A solution to the wave equation will be of
the form w(z,t)=f(x £ ct) where ¢ is the velocity of the wave and f(z,t) is a function
f : R?> — R which determines the shape of the wave. In order to see what a solution
u(x,t) to the equation looks like, we can first see what the equation represents at initial
time ¢ty = 0, u(z,0). Seeing the initial shape of the wave represented by the solution, helps
us to gather an intuition of the solution graphically. To be able to do this we can plot the
solution at a time tg1s = 0 + 0, u(z,0+ ) where § is very small and ¢y is very close to
to to enable us to see the shape produced by the wave solution [3].

Once we have obtained one solution to the linear wave equation we can obtain other
solutions using the very important superposition principle.

Definition 2. The Superposition Principle is an important property within linear equa-
tions such as the wave equation. This principle states that once one has obtained a solution
u(z,t) to a linear equation, one can obtain a finite number of solutions to the equation from
this in the following way

Z a;ui(x,t) (2.3)

where a; is an arbitrary constant and u;(x,t) is the i — th solution [19].

It is important to clarify the difference between the superposition principle in partial
differential equations (PDEs) such as the wave equation, where the general solutions consist
of arbitrary functions, and the superposition principle in ordinary differential equations
(ODEs) where the general solutions contain arbitrary constants.
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2.2 Solutions to the Wave Equation
2.2.1 The d’Alembert Solution

The following derivation has been taken from [19].

Now that we understand the benefit of the superposition principle being applied to linear
equations, we will use a method known as d’Alembert’s solution to obtain general and
particular solutions to the one-dimensional wave equation.

In order to carry out d’Alembert’s method it is necessary to introduce two new variables,
of which both are dependent on a single spacial coordinate x and time t;

r=r(z,t)=x—ct (2.4)
s=s(x,t)=x+ct

r and s can be re-arranged such that x and ¢ can be written as follows

r= %(r + ) (2.6)
1
t= %(s—r) (2.7)

giving two implicit functions of r and s.

We will make use of the chain rule for differentiation in order to find the partial deriva-
tives of a solution to the wave equation, u with respect to r and s. Having written x and
t in terms of r and s, we can use (2.6) and (2.7) to differentiate as follows

Ou  Oudr OJudt 10u 1 Ou

or ~oxor " otor 20w 20t (28)
ou_oude oudh _10u 10w )
ds Ords 0Otds 20x 2¢Ot ’
Multiplying % with % from (2.8) and (2.9) gives us the following expression
0%u 10%¢ 1 0%u 1 0%u 1 0%u
— - — = . (2.10)
Ords  40z2  4c0x0t 4cOxdt  4c? Ot?

In order to proceed we need to remember that second order partial derivatives with respect
.. . . 2 2
to two distinct variables are commutative, thus % = 88155;.

This simplifies our expression to

d%u 1 <82u 1 82u)

(2.11)

ords 4 \0x2 2o

within the brackets in (2.11) we have the wave equation, which when re-arranged from
(2.2), is equal to zero. Thus leaves us with the following, so called Canonical Form of
the wave equation
0%u B
ords

(2.12)
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This partial differential equation has a general solution of the form
u=u(r,s) =ui(r) + ua(s) (2.13)

where w1, ug are arbitrary functions of r and s respectively. Equivalently, using (2.4) and
(2.5), (2.13) can be written as

u(z,t) = ui(x — ct) + ua(z + ct) (2.14)

which is a general solution of a wave travelling over infinite time.

Now we need to find a solution satisfying a set of initial conditions of initial time (¢g = 0)
and initial wave velocity so we can study waves travelling finitely. These initial conditions
of time and wave velocity are

u(z,0) = uo(z)

[gﬂ t=0 = o)

We can apply these initial conditions to our general solution in (2.14), giving us

() + ua() (2.15)

ug(r) = uy
cub(z) — cuy(z) (2.16)

vo(7) =

integrating (2.16) gives us!

1/93 Uo(a)da = UQ(JU) —uy(x) (2-17)

C

adding (2.15) and (2.17) gives us

uo(z) + % /:r vo(a)da = ui(x)+us(x) + us(x) — ui(z) (2.18)
= 2ua(x) (2.19)
%uo(x) +21c/ vo(a)da = wua(x) (2.20)

subtracting (2.15) and (2.17) gives us

up(z) — % /x vo(a)da = uy(z) + ue(z) — ug(x) + ui(x) (2.21)
= 2u(x) (2.22)
%uo(x) — 210/ vola)da = uy(x). (2.23)

Now we can make the substitutions for u;(x) and ua(z) into the general solution in (2.14),
resulting in

1

1 T—ct 1 x+ct
u(z,t) = §u0(x —ct) — 20/ vo(a)da + iug(:c +ct) + 20/ vo(a)da  (2.24)

'In our integral, the lower limit ‘a’ is a constant which we can drop when carrying out the integration,
as this is chosen such that it is very large.
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which is the d’Alembert solution to the wave equation subject to initial conditions. Here
we have replaced = by x — ¢t and x 4 ¢t as we require the solution for all time and not just
initial time. From this solution, one can see that the solution to the one-dimensional wave
equation is a sum of two functions u; and us, where uy travels in the right direction along
the positive x — axis and ug travels in the left direction along the negative x — axis. Note
that the overall shape of the wave solution remains the same as it travels at a velocity ¢
which is illustrated in Figure 2 on the following page.
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Solutions to the Wave Equation at time= -3

Solutions to the Wave Equation at time= -0.6
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Figure 2: This figure neatly demonstrates the superposition principle in d’Alembert’s so-
lution to the wave equation at progressive times
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(x—4t)2 —(z+4t)?

In Figure 2 we have plotted u; = e~ and up = e where ¢ = 4, as possi-
ble solutions to the wave equation. We can confirm that the waves produced by u; and us
do indeed travel towards the right and left respectively as time progresses.

Another characteristic of the wave equation solutions which was mentioned earlier as
the superposition principle, is also illustrated in Figure 2. As the waves approach each
other at the same speed, they merge together and at time ¢ = 0 we have obtained another
solution to the wave equation as a result of the current two solutions being added together
in a linear form. Omnce they have passed each other the shape of the wave has not been
altered and they both continue travelling at the same speed and same amplitude as they
did before they passed each other. This is a result of the superposition principle.

2.3 The Dispersion Relation and other relations: The Wave Equation

Another possible solution of the wave equation is in the form of sine and cosine trigono-
metric functions. A solution of such a form is called a plane wave. In order to be able to
define the plane wave we must first define the dispersion relation.

Definition 3. The Dispersion Relation of a linear, partial differential equation is an
equation which relates the wavenumber k = 27” and the frequency w(k) = 27” of a wave,

such that the plane wave solves the equation, where X is the wavelength.

Definition 4. A Plane Wave also a type of travelling wave, is a possible solution to a
linear wave equation if it satisfies one condition; the dispersion relation. The plane wave
takes the form

u(?, t) = Ae"(?7*”t)

where A is an arbitrary amplitude, i is a complex number, i = v/ —1, w is the wave vector,
x is a point along the z-axis, k is the angular frequency and t is the time. As we are only
studying the wave equation in one dimension, k and x will be scalar quantities thus

u(z,t) = ekt (2.25)
In terms of sine and cosine (2.25) is equivalent to
u(z,t) = cos(kx — wt) + isin(kzr — wt)

In order to show u(z,t) is a solution to the wave equation by which we also obtain the
dispersion relation, we need to substitute the required derivatives of u(x,t) into the wave
equation.

2

gxg — _J2eike—wt) (2.26)
2 .

—(Ztg = —w2eilhr—uwt), (2.27)

Now we can substitute these derivatives into the wave equation (2.2)

_2p2pitke—wt) _ _ 2 i(ke—wt) (2.28)

we can cancel out the common term €=« on both sides and multiply throughout by
—1, to obtain

Ve2k? Vw? (2.29)
w = =ck (2.30)

11
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which is the linear dispersion relation for the wave equation.

For the remainder of this section, we will take the positive value of the frequency, al-
though the negative wavelength would also work in the negative time direction.

We can see that in order for the plane wave to satisfy the wave equation, the linear
dispersion relation w = ck (where c is the wave velocity) must be satisfied. In general the
linearity of the dispersion relation for an equation determines whether a wave’s amplitude
decreases. This implies the wave is carrying a decreasing amount of energy as time pro-
gresses; such waves are called dispersive waves. Conversely, a wave’s amplitude can remain
constant hence carrying a constant amount of energy, such waves are called non-dispersive
waves. A linear dispersion relation as for the wave equation implies the latter of the two
as we will illustrate later.

Using the wave number and frequency, we can also make some other observations re-
garding the motion of waves.

One observation we can make is explained by the wave’s group velocity. This is the rate
of change of the frequency with respect to the wave number. It is the velocity at which
energy flows in a wave packet through a medium [12]. Using the dispersion relation we can
write the group velocity for the wave equation as [10]

dw

We can also define another type of velocity which tells us the rate at which the phase (a
period) of the wave travels through a medium. This is known as the phase velocity which
is [10]

w
eon =7 (2.32)

In the case for a non-dispersive wave, the phase and group velocity are the same as we can
show below [10]

w ck ow
— =Cc =

Cph = % = 2 = % (233)

The above tells us that the wave does not disperse as it travels with time [13].

An example of where this relation can be demonstrated in the natural world is in a tsunami.
Disruptions in the ocean such as by earthquakes and landslides are major causes of a
tsunami. A disturbance in the ocean caused by an earthquake occurs when the tectonic
plates under the ocean rub against each other causing friction as one plate is pushed up
above the other. This results in hundreds of cubic kilometres of water being disturbed
which in turn triggers very large waves to travel in the ocean away from the epicentre. In
the ocean where the depth of the water is large, the waves travel at very high speeds but
as the water approaches the shore, the depth decreases and the speed of the wave slows
down as wave amplitude becomes larger [4]. The occurrence of a tsunami is dependent on
the strength of the earthquake. A tsunami can be triggered if the jolting of the tectonic
plate by an earthquake is large enough. This in turn brings about the effect of the linear
dispersion relation, causing the wave’s to maintain their shape and conserve their energy
as they travel through the ocean towards the shore. To put this into perspective, a large
enough magnitude earthquake, say 9.0 such as that which occurred on the coast of Sumatra,
Indonesia in 2004, triggered a heavily destructive tsunami of waves with height 50 metres
that travelled 5 kilometres inland [5]. This helps one understand the existence of the
dispersion relation in he real world.

12
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2.4 Solutions to the Wave Equation continued

We have already come across some solutions to the wave equation. Our aim now is to be
able to find a way where we can easily obtain as many solutions to the equation as we
require. We can make this possible with the use of the Fourier Transformation.

This Fourier transformation is a useful method which can be used on a function such
as a waveform which is composed of sine and cosines. It allows the waveform function to
be written as a continuous sum of sinusoidal functions.

Definition 5. The Fourier Transform can be defined as follows [6]

Flg(k)} = G(f) = / 7 gkye2mka, (2.34)

—0o0

—2mifk

where we can write the function G(f) as an integral of g(t)e , and so we have a

continuous sum of g(k).

In relation to what we are dealing with, we need to find g(k) which we will rename as
A(k) using the Fourier Transformation in Definition 5. A(k) contains the coefficients of
the plane wave solutions which will aid us in using the linear superposition principle.

In the example that follows, we will work to calculate a wave-packet solution. A wave-
packet also known as a wave group is a group of two or more waves travelling simultaneously
through a medium. Wave-packets exist as a result of the linear superposition principle [18].

The following is a general form of a solution of a wave-packet
1 & -
w(z,t) = — A(k)etkr—w k) gr, 2.35
@) == [ 4w (2.35)

where u(z, t) is a function of the one-dimensional spacial coordinate = and time ¢ of a wave.

With this general form we can find a continuous sum of the solutions of the wave equa-
tion with the help of A(k). We will obtain a wave-packet solution of the form f(x — ct)
where our wave-packet will propagate in the positive x-direction and we can let ¢ = 1 for
simplicity.

To begin with, we need to calculate the amplitude, A(k) which can be done by invert-
ing the general form of a wave packet in (2.35) at t =0

A(k) = \/12? / ~ ulz, 0)e ko dy, (2.36)

We can illustrate the use of the Fourier Transform in the following example. This will
eventually lead us to a solution of the wave equation.
12

For the sake of this example we can allow u(x,0) = e, which is an equation of a

wave at initial time ¢ = 0. Substituting this into (2.36) gives us

1 o0 2
Ak) = — e % e kT gy 2.37
W = =/ (2.37)
1 o0 _ 2_'k
= — e T, 2.38
V 2 /—oo ( )

13
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We are able to write the exponent from the integral in (2.38) as a sum of two squares as

follows
. 2 . 2
—(2% +ikz) = — (952 + ikx + (f) - (f) ) (2.39)

- (x—i— Z;)Q - <22k)2 (2.40)

By writing the exponent in this form, it allows us to use the method of substitution to
solve the integral in (2.38). Thus to use this method we make the following substitution
ik
y = z+ % (2.41)

thus dy = dz (2.42)

and our integration limits will remain as they are.

The integral we are now required to calculate, having made the substitution for y and
dy in (2.38) is

1 o0 i
A(k) = \/ﬂ/ eV ) gy (2.43)
1 ikve [° 2
_ (%) -y
= e 2 e Y dy. 2.44
V2T /OO y ( )

Using our knowledge, we know the integral ffooo e*yzdy = /7 which we can make use of
in (2.44) to cancel out /7, giving us

1 K2
Ak) = S 2.45
0 = e (2.5)
3 (2.46)

Now substituting this amplitude, A(k) into the original general form of the wave-packet in
(2.35) gives us the following

1 > 1 k2
1) = — — e 1 elkr—w(®t) g 2.47

We can now consider the linear dispersion relation which we obtained earlier. As we men-
tioned before, only when the dispersion relation is satisfied, does there exist a solution to

the wave equation in terms of the trigonometric functions sine and cosine.

Again, we will make use of the substitution method to integrate (2.47).
Using the dispersion relation w(k) = k from earlier calculations, we can substitute for

14
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w(k) into the exponent in (2.47)

_’f +i(kx — kt) = —lf +ik(z —t) (2.48)
— —i(kﬁ — dik(z —t)) (2.49)
r . 2 . 2
_ _i k2 — dik(z — t) + (W) - (W) %250)
= _% [(k = 2i(x — 1))* — (—2i(z — t))?] (2.51)
_ _i :(k: —2i(x —t))* 4+ 4(x — t)ﬂ (2.52)
- _i[k—%(:c—t)]? —(z—t)% (2.53)

In steps (2.48) — (2.53) we have taken the exponent within the integral in (2.47) and
rewritten it, such that we can take the sum of two squares and write this in such a way
as to make a helpful substitution back into (2.47). We can see that the exponent can
eventually be written as shown in (2.53). Using this form we can make the following
substitution

y = =(k—2i(z—1)) (2.54)

N = DN

dy = =dk. (2.55)

Substituting (2.54) and (2.55) into (2.47) we can write the integral as follows
1 e 2 2
) = —— v =@t gy, 2.

We can now simplify this integral and use the result f;o e‘yzdy = /7 to obtain a solution

26—(z—1§)2 00

u(z,t) = N eV dy (2.57)
1
= ﬁe_(m_t)2\/7? (258)
= e @, (2.59)
We can conclude that
u(z,t) = e~ (@=t)? (2.60)

is a wave-packet solution to the wave equation which takes the form of a Gauss function
as illustrated on the next page.
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Gauss Function as a solution to the Wave Equation at time=0 30 illustration of the Gauss Function

E

(a) 2D Plot (b) 3D Plot

Figure 3: This figure illustrates the solution we obtained from the linear wave equation
both in two-dimensional and three-dimensional form

In Figure 3b we can see that as time progresses, the shape of the wave remains consistent;
a property resulting from the linear dispersion relation.

From our solution in (2.60) we can see it takes the form u(x — ct) where ¢ = 1, thus
the wave propagates in the positive x-direction. Our solution is a localised wave which is
in fact a Gauss function that is bounded in the direction of the amplitude, as is required
of the wave solutions that we discussed earlier.

A wave of this kind is one which a tsunami is formed from, since it does not reduce in
amplitude as it arrives to the shore.

3 The Schrodinger Equation

3.1 The Schrodinger Equation explained

In the previous chapter we studied waves of constant amplitude over time, such as those
which form tsunamis. There also exists waves which do not have constant amplitude; they
are the complete opposite due to the fact that they spread as they travel over time.

The Schrodinger Equation is an example of an equation from which we can obtain
solutions of such waves.

This equation has its uses in Quantum Mechanics, which is the study of the behaviour

of particles in terms of matter and energy on a nanoscopic scale including atoms such as
those in the elements in the Periodic Table. Comparatively, Classical Mechanics differs
from this in terms of the relatively larger objects studied in this branch. Due to the differ-
ences in behaviour at the two scales we require two sets of rules, where Quantum Mechanics
observations involve the Planck’s constant, h = 6.62606957 x 10~3*m?2kg/s.
Within Quantum Mechanics, the same particle can behave very differently at different
times. This interpretation is commonly known as the Copenhagen Interpretation, as most
of the research in this field was carried out by Niels Bohr; a Danish physicist working in
Copenhagen [7].
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Definition 6. /8/ The Schrodinger Equation
.0 Wy
iho (7, 1) = =5 = 2 (7, 1) + V(7 0)$(7, 1) (3.1)

i 18 the complex number v/—1

h is the Planck’s Constant h = 6.62606957 x 10~3*m?kg/s divided by 27

1/1(7,t) is the wave function with respect to space and time

e m is the mass of the particle
e /2 is the Laplacian operator 88—;2 + 88—;2 + g—;
° V(?,t) 1s the potential energy of the particle

This is the Schrodinger equation inclusive of all variables for the reader to appreciate the
full equation. However, for the calculations carried out in this section we will use the
following equation, a simplified one-dimensional version of the Schrodinger equation.

oy 1 02

3.2 The Dispersion Relation: The Schrédinger Equation

Previously we have shown how the wave equation illustrated a linear dispersion relation.
Now we will calculate the non-linear dispersion relation for Schrédinger’s equation using
the plane wave as before. We have chosen this equation as it is the simplest wave equation
with which we can show the non-linear dispersion relation.

We will calculate the 1% and 2" derivatives of the plane wave with respect to ¢ and
x respectively

w — ei(kﬁx—w(k‘)t) (33)
881? — _Z-w(k)ei(szw(k)t) <3.4)
2
% _ _k2ei(kz—w(k)t). (35)
x
We can substitute this into the Schrodinger equation in (3.2) giving us
i(_iw(k)ei(kxfw(k)t)) _ _%(_k26i(kx7w(k)t))' (36)

We can cancel out the common term e!**=«# )t from both sides and multiply the complex

numbers ¢ - —¢ = 1. This results in the following non-linear dispersion relation for the
Schrédinger equation

w(k) = k2. (3.7)

A wave equation which insists on a non-linear dispersion relation is satisfied by wave-packet
solutions which consist of waves of different speeds and amplitudes. As time progresses the
wave-packet spreads and flattens out, no longer keeping its shape. This will be illustrated
in the next subsection where we will be able to obtain a solution with the help of this
relation.
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3.3 Solutions to the Schrédinger Equation

As we did for the wave equation in the previous section, we are able to use the Fourier Trans-
formation to obtain the amplitude of a wave and calculate a solution to the Schrodinger
equation. With this solution we will be able to find more solutions to the equation using
a linear combination of current solutions through the superposition principle. It is here
where the amplitude A(k) is of importance as this contains the coefficients necessary to
construct linear combinations of solutions.

The following example will lead us to a solution of the Schrédinger equation. In order
to achieve this we must first calculate the amplitude as we did for the wave equation.
We then use the non-linear dispersion relation we obtained in the previous subsection to
calculate a solution to the Schrédinger equation, from which we can obtain more solutions.

To begin with we can use the plane wave to obtain the amplitude. Steps (2.35) —(2.46)
in which we calculated an amplitude for the wave equation solution will be repeated exactly
giving us

A(k) = —=e 7. (3.8)

Substituting this into the general form of a solution of a wave-packet in (2.35), and also
making the substitution of the non-linear dispersion relation w = %k2 from (3.7) results in

12

1 * 1 . 1.2
1) = —— — e~ 1 Hilkr—3k ) g 3.9
vt = o= [ e (3:9)

Taking the exponent —% +i(kx — $k>t) from (3.9), notice we can re-write this as the sum
of two squares. This notation will later help us make a substitution such that the integral
is easier to solve. Re-arranging this exponent and writing it as a sum of two squares gives

us
k2 1, —1-2it [, diz
o _ - - - - 1
o = [CR Sy 310

1 — 2t 2z \? 2z \2
B R e

Writing the exponent as in the form (3.11) allows us to make a suitable substitution and
differentiate this as follows

1+ 20 2
let y = el <k+m> (3.12)

4 —1—2it
2dy

—— = dk. 3.13
V1+2it ( )

For the convenience of the reader, intermediate calculations have been omitted. For the
full length of calculations between (3.10) — (3.13) please refer to Appendix 1.

Using the substitution for y in (3.12), and the expression for dk in (3.13), we can sub-
stitute these into the expression for ¢ (z,t) in (3.9) to give us

[T 2 (2 ()
W (z,t) NG /oo m(z 4 dy (3.14)
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rearranging this gives us

. . o0
L () / P dy
’]T(l + 2Zt) —o0

using the result ffooo e Y’ dy = /m, we obtain

x = #e_(ﬁ)(—fixzn)g
Y(x,1) T : (3.15)

Now we can simply rewrite the exponent (_122”) 7121“2%

common factors in the numerator and denominator. This can now be rewritten by mul-

2
) to 1f;t by cancelling out

tiplying numerator and denominator by (2it — 1), giving us fgﬁ — %. Thus writing
P(x,t) as
2ita> z2
v(x,t) = ée(ﬂéﬂ_‘lﬂﬂ). (3.16)
(14 2it)

In order to be able to plot this, we are required to take the absolute value of v (z,t) in
(3.16) with the aim to get rid of the complex numbers, i.
1 2 2 2

it __=z
[Y(z,t)| = |m\e4t2“\’€ a1, (3.17)

We arrive at a solution of the Schrédinger equation

1 _ 222
T, 1))? = ————e 1+ 3.18
T (3.18)
For the convenience of the reader, intermediate calculations have been omitted here. To
see the full length of calculations between (3.17) — (3.18) please refer to Appendix 2.
The following two-dimensional and three-dimensional graphs are a plot of the above
solution of the Schrodinger Equation.
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Solution to the Schrodinger Equation with a non-linear dispersion relation 3D illustration of the Schrodinger Equation solution

)

g o4

(a) 2D plot (b) 3D plot

Figure 4: This figure shows a two-dimensional and three-dimensional illustration of the
Schrodinger equation solution which we obtained in our calculations

From Figure 4 we can see that the Schrédinger equation exhibits a non-linear dispersion
relation. In particular, in Figure 4b we can see that as time progresses, the wave-packet
decreases in amplitude as the wave flattens and spreads whilst it travels. This is due to
the loss of energy carried by the wave. As described before, this characterises a dissipative
wave [10]. We have plotted the solution in forwards and backwards time which displays
symmetry at time ¢t = 0.

Looking at the solution itself in (3.18) we can see that the amplitude \/JW’
the coefficient in front of the exponential function is dependent on time. The time vari-
able, ¢ is presented within the square-root of the denominator which tells us that as time
increases the amplitude becomes increasingly smaller which is illustrated in Figure 4.

which is

A Solution to the Schrodinger Equation at varying times Gauss Function as a solution to the Wave Equation
0.45 T T T T T T

1
Time =1
04t Tirme = 4 |1 nar Time =1 1
Time =7 Time =4
035 | 08 Time =7 -
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(a) Ilustration of the non-linear dispersion relation at(b) Illustration of the linear dispersion relation at
time=1,4,7 time=1,4,7

Figure 5: This figure allows us to make better comparisons of the dispersion relations of
the wave equation and the Schrédinger equation
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Figure 5 allows us to see a clear comparison between the effect of the linear and non-linear
dispersion relation on wave solutions obtained from linear partial differential equations
such as those we studied in the last two chapters. This figure presents a neat summary to
conclude what we have observed so far. The non-linear dispersion relation presented in the
Schrédinger’s equation has an effect of decreasing the amplitude as a wave progresses over
time. This is due to the dependency of the amplitude on time in the solution we obtained
for the Schrodinger’s equation. It is possible to obtain other solutions to the Schrédinger
equation, all of which will illustrate dissipative waves. These solutions can be obtained
from the use of the linear superposition principle.

Comparatively, we have shown in Section 2 that the wave equation adopts a linear
dispersion relation. This has the effect of the amplitude of a wave remaining constant
as it travels through a medium, with respect to time. We can explain this by looking at
the example of a solution we obtained to the wave equation. Equation (2.60) is our wave
equation solution e~(@=8” The amplitude being the coefficient in front of the exponen-
tial, which in this case is 1, has no dependency on time. Thus linear partial differential
equations which possess a linear dispersion relation are satisfied by wave-packet solutions
of non-dissipative waves [10].

4 The Korteweg-de Vries Equation

4.1 The Korteweg-de Vries Equation explained

In this section we will study a relatively different type of differential equation known as
the Korteweg-de Vries equation, which is a non-linear partial differential equation. The
non-linearity in this equation differentiates it from the first two in a significant way. As a
result of this, we are unable to use previous methods to obtain solutions; instead we will
make use of more complicated methods as it will be explained later.

Definition 7. The Korteweg-de Vries Equation (KdV) is a 3" order, non-linear,
dispersive partial differential equation for ¢(z,t), where x is the one-dimensional space
variable, t is the time variable and ¢ is the amplitude of the wave in question [9].

o P,

ot tous T %%, =0 (4.1)

where —oo < x < 0o,t > 0.

The term % represents the dispersion of waves [13]. The order tells us that the largest
derivative in this equation is the 37¢ derivative. The non-linearity aspect arises from the
fact that the third term in the equation consists of a product of two terms qbg—ﬁ. Studying
the KdV equation in one-dimensional form means the equation only contains one space
variable x and a time variable t. A potential solution to the KdV equation is denoted
o(x,1).

For some background knowledge of this equation we will look at how it was introduced
and some of its properties. John Scott Russell a naval architect, made a significant ob-
servation in 1834 regarding waves along the Union Canal at Hermiston, Edinburgh. As
a boat was in motion along the narrow channel, Russell noticed that the water around
the front of the boat in motion piled up once it reached a halt, forming a wave one foot
high and 30 feet long [11]. As the boat returned to motion, Russell followed it along the

channel by horseback (for about an hour). He noticed that the shape of the wave formed
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from the accumulation of water remained unchanged as it propagated along the channel
whilst also the speed remained constant. Russell described this phenomenon as the “‘Wave
of Translation’ [10]. It is this phenomenon which is described by the KdV equation as
explained in Definition 7. Solutions to the KdV equation are known as soliton solutions.

4.1.1 Soliton properties

The information provided in this section has been motivated by ideas from [13].

Long before soliton solutions and their respective equations were introduced, Russell
had already seen a soliton in real-life, what he called it then was a ‘Wave of Translation’ [10];
a wave which did not break as it travelled [11]. Since then the theory behind solitons has
been extensively researched by the likes of Zabusky, Kruskal, Korteweg and his student
de Vries just to name a few [15]. Soliton solutions are governed by non-linear partial
differential equations such as the Sine-Gordon Equation, Korteweg-de Vries Equation and
Kadomtsev-Petviashvili equation just to name a few.

Below is an image of a soliton and we will explain some of the properties of this structure
which make them worth studying and highlight why they are so important in the natural
world.

-5 ] 3

Figure 6: This figure illustrates the shape of a Soliton [20]

1) Symmetry in Solitons: Solitons are symmetric about the point of highest amplitude
which is evident when viewing the soliton in its cross sectional form. Furthermore,
there also exist symmetrical properties in the equations from which the soliton solu-
tions are obtained from. In the following subsection we will show a type of symmetry
which exists in the KdV equation.

2) Solitons retain their shape and velocity: Whilst a soliton travels and also what

Russell observed, is that a solitary wave does not disperse as it travels. The shape
of the wave remains unchanged as it passes through another solitary wave, hence we
can say a solitary wave is shape invariant.
Solitons scatter elastically, this means that whilst they are shape invariant, the ve-
locity at which the wave travels is also constant upon approaching another solitary
wave. In our example of a two-soliton solution using Hirota’s Method we will be able
to illustrate these properties.

3) Solitons exhibit a kind of "non-linear" superposition principle: When two soli-
tons are travelling and pass each other, although the speed and shape of the two waves
(we will see that one will always be taller than the other) remain constant, the waves
actually experience a phase shift. This means that the waves are slightly displaced
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compared to if they had not passed through each other. We will show this in our
analysis of a two soliton solution later on. It is this phase shift that allows us to
disregard the linear superposition principle.

4) Solitary waves only appear locally at a point in time: Solitons are continuous and
smooth objects. They are isolated and appear locally at a point in time such that if
u(zx,t) represents a soliton solution and x — £o0, then u(z,t) — 0.

The shape of a soliton as it travels and the velocity at which it travels is determined by
the equation of the wave-packet.

The properties explained above relate back to the observation made by Russell where
he noticed the accumulation of water at the front of the canal boat. His observation is
what we describe now as a Solitary Wave. As mentioned above ¢(z, t) represents a solution
to the KdV equation which we can now refer to as a soliton solution.

The KdV equation is unidirectional, thus the solution ¢(x,t) obtained will describe
solitons collectively travelling in one direction only. This eliminates one’s need to observe
the idea of how solitons would interact had they approached each other whilst travelling
in opposite directions, with a head-on collision [22].

Methods to obtain soliton solutions differ to the methods used to obtain solutions to the
wave equation and Schrodinger’s equation. This is due to the difference being in the non-
linearity of the KdV equation. A non-linear partial differential equation is comparatively

difficult to solve as the linear superposition principle does not apply to such an equation.

This is due to the presence of the non-linear 6(]53—33 term in the KdV equation. As we are

not able to obtain a general solution and thus take advantage of the linear superposition
principle we will need to obtain a particular solution to the KdV equation.
4.2 Some properties of the Korteweg-de Vries Equation

4.2.1 Symmetric Properties

The following ideas have been used from [15].

For this section we will write the KdV equation as

b1+ Vbbr + AP =0 (4.2)

where —oco < x < 00, > 0.

Here the subscript indicates the variable at which ¢ is partially differentiated with re-
spect to. The constants v and X\ are arbitrary and they can be changed, or all be made to
equal 1 depending on how we choose to rescale the equation.

The aim of this section is to show that the KdV equation is invariant, such that if ¢(x,t)
is a solution then so is ¢(—x, —t). We will demonstrate this using an example of rescaling
the variables in such a way that we return back to the original form.

We can begin with rescaling the space variable x, and ¢ such that

x = XY (4.3)
= TZ (4.4)

where Y and Z are arbitrary constants.
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We can now use the chain rule to write the partial derivative with respect to x and ¢t
as

o0 _ dX 9
or dx 0X
1 0
= vox (45)
o0 _daro
ot dt OT
1 0

We can now use the expressions for 6% and % and apply these to (4.2). This gives us

¢r +7¢¢X APxxx

=0 4.7
Z Y + Y3 (47)
multiplying each component by Z gives
VZ9dx | Adxxx
= 0. 4.8
br+——+ 3 (4.8)

As we mentioned above, rescaling the variables should leave our equation unchanged, so
we need to undertake another rescaling to demonstrate the invariance. To do this we can
introduce a rescaling for ¢;

¢=CU (4.9)
where C is an arbitrary constant and the solution to the KdV equation is also renamed
¢(x,t) = U(X,T). We can now use this rescaled ¢ and apply it to (4.8)

Yy czZUU X ZU XXX
Y Y3

We mentioned before that v and A are arbitrary and so we can choose what to make them

and solve for C, Y, Z accordingly. For this example we will choose for them both to equal 1.

Ur + = 0. (4.10)

As we are now working with the rescaled KdV equation (4.10) the coefficient 7 from

the original KdV equation (4.2) is now g and \ is now % We equate these to 1 as this

is what we require the coefficient to be for this example.

'VCTZ =1 (4.11)
% - 1 (4.12)

We now have to solve two equations for three unknowns. This indicates the KdV equation
lies in a symmetry group which explains why our solution to (4.2) is ¢(x,t) = ¢(—z, —t).
To solve (4.11) and (4.12) we can let any of C,Y, Z represent an arbitrary constant and
then find the other two variables in terms of this constant. )

We can let Y = a and rearrange using equation (4.12) and we obtain Z = O‘; This
implies C' = ozT)\'y by rearranging (4.11). As « is some arbitrary constant, we can show the
invariant property for a particular value of «, for example we can let & = 1, then C,Y, Z

can be written as follows

A
c = > (4.13)
Yy = 1 (4.14)
1
z = 5. (4.15)
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Now that we have values for C,Y, Z, substituting this into our rescaled equation from
(4.10) and simplifying gives us

Ur+UUx +Uxxx =0 (4.16)

which brings us back to our original equation with the coefficients we required.

This is a particular example of how we could go about changing coefficients in the KdV
equation. If we wanted coefficients v and A to be 2 and 3 respectively then we could equate
(4.11) and (4.12) to 2 and 3 and solve in the same way.

The type of symmetry we have shown here is also known as a scaling symmetry group
or similarity transformation group.

4.2.2 Conservation law

The following ideas have been taken from [16] and [23].
The KdV equation satisfies infinitely many conservation laws. The local conservation
law is

Ai+ B, =0 (4.17)
where A and B are the conserved local density and flux respectively, where the flux is the
flow of a fluid. For an equation to satisfy the conservation law it must be possible to write
it in the form in (4.17). Here A and B represent a finite number of functions of ¢ which

are partially differentiated with respect to t and x respectively.

For the remainder of this subsection we will write the equation using slightly different
notation for simplicity as shown below

¢t - 6¢¢I + ¢xmm =0. (4.18)

This can be re-written in conservation form in (4.17) as follows
0 0
*¢ + 7(¢xm - 3¢2) =0 (4'19)
0Ot Oy
where A = ¢ and B = ¢, — 3¢°.
Thus we can see that ffooo ¢dx is a conserved quantity, where
oo
/ ¢dx = constant (4.20)
—00
is the conservation of mass of the water waves.

The KdV equation also satisfies another conservation law. In multiplying (4.18) by ¢
we obtain the following

OPr — 66° ¢y + ddara = 0. (4.21)
We can now write this in conservation form as follows
0 (1 5 0 1, 3
a | 5 a xxr T S -2 = 4.22
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where A = %gbz and B = ¢¢pp, — %gbg — 203,

Thus, we can see that ffooo ¢%dz is also a conserved quantity, where
oo
/ $*dx = constant (4.23)
—0o

is the conservation of momentum of water waves.

We have shown that the conserved densities ¢ and ¢? which describe the conservation
of mass and momentum respectively, are satisfied by the KdV equation. This implies that
there exists a corresponding conserved quantity; ffooo 3% p; + ppdrrdr. We can obtain this
by calculating the following

3¢2(¢t — 690, + U:v:c;r) + ¢:c<¢;tt - 6¢;2c - 6¢¢a¢:c + ¢zmxa¢) =0 (4-24)

where the first bracket contains the KdV equation as in (4.18) and the second bracket
contains the partial derivative of the KdV equation with respect to . Writing (4.24) in
conservation form, it can be written as

0 3 1 2 0 9 4 2 2 1 2 _
515 <¢ + 2¢z> + 6795 <_2¢ + 3¢ ¢mz - 6¢¢x + ¢z¢mm¢ - 2¢:c;r> =0. (4'25)

Referring back to (4.17), A = ¢+ 1¢2 and B = —3¢* + 3¢%¢p0 — 6602 + duPuzs — 502,

Thus we can see that f_oooo 3020 + Pppduide is a conserved quantity, where

/ 3¢ + dpdprdx = constant (4.26)

—0o0

is the conservation of energy.

We have shown the existence of the three main conserved quantities; the conservation of
mass, momentum and energy, together they describe a physical system in one-dimension,
which in our case is the KdV equation.

After further tedious calculations, Gardner, Kruskal and Miura eventually obtained 8
more conserved quantities for the KdV equation. They eventually deduced that in fact the
KdV equation satisfies infinitely many conservation quantities this in turn corresponds to
the KdV equation being associated with an infinite Hamiltonian system. This is still an
active form of research. For further reading on this, please refer to Chapter 5 of [23].
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4.2.3 Hirota’s bilinear D-operator

Hirota discovered a method to find soliton solutions of the KdV equation by introducing
a bilinear D-operator as defined below.

Definition 8. The Hirota bilinear D-operator can be applied to two functions say, f
and g. If we were to differentiate these functions m,n-times respectively, then the Hirota
D-operator applied to these is defined with respect to two variables as the following

. o9 o\"[/d o\
o= (-5 ) (e ) F@00 s

where m,n € Z1 [23].

In a later section we will obtain a two-soliton solution using Hirota’s method. Alternatively,
we could also use the D-operator to obtain the same answer and also derive n-soliton
solutions to the KdV equation. If you would like to learn more of this method, please refer
to Chapter 5 of [23| where the two-soliton solution is constructed using the D-operator.

4.3 The Dispersion Relation: The Korteweg-De Vries Equation

As before, we will obtain the dispersion relation, this time for the KdV equation to help us
understand the type of wave solution this equation produces. However we do not explicitly
use it in our one and two-soliton solutions which follow.

We have stated in Definition 3 that the dispersion relation only exists for a linear partial
differential equation. Therefore we must linearise the KdV equation and to do this we
consider when the amplitude ¢ is very small thus |¢| < 1. It is only then that the term
6(]5% in Definition 7 can be ignored, since the product of two small values results in a
smaller value and so 6¢% = 0, hence we are able to disregard this. We can now write the
linearised form of the KdV equation as:

o9 3¢ B

5 taz=0 (4.27)

where —o0 < x < 00,t > 0.

In order to deduce the dispersion relation from (4.27) we use the plane wave ¢(z,t) =
eikz=w(k)) from Definition 4, Section 2.3 as we did to calculate dispersion relation previ-
ously.

We need to calculate the 1% and 3"¢ derivatives with respect to t and x respectively
and substitute into the linearised KdV equation. This gives

—iwe! k=Wt _ j3eiltke—uwt) — (4.28)

We can cancel and simplify like terms on both sides of the equation in (4.28) which results
in the following non-linear dispersion relation

w(k) = k3. (4.29)

In order for the plane wave to be a solution to the linear KdV equation, the non-linear
relationship between the wave number and the angular frequency must be satisfied. We
have seen from the Schrédinger equation that this has a significant impact on the shape
of the wave as it propagates. Relating to ocean waves, as time progresses, the wave
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amplitude decreases progressively, by the time the wave approaches the shore, its amplitude
is comparatively smaller and no longer large enough to be destructive.

We have just solved the linear KdV equation where dispersive waves exist. However,
now we will study the non-linear KdV Equation where |¢| > 1, and we will see that such
dispersive waves do not exist and we in fact obtain soliton solutions.

4.4 A One-Soliton solution to the Korteweg-de Vries Equation

Now we will carry out an example, in which we find a solution to the KdV equation that
consists of the propagation of one soliton as time progresses. We will do this by direct
integration of the 3" order KAV equation (4.1). The way in which we will approach this
calculation is by aiming to reduce the 3"% order KdV equation into a 1% order equation
as this is much simpler to solve. We will integrate via the so called separation of variables
method. The type of solution we are aiming to achieve will take either of the form ¢(x+ct).
This is a general form of a wave-packet solution which propagates to the right if the sign in
between is negative, or propagates to the left if the sign in between is positive. The speed
at which the corresponding wave travels at, is represented by c.

As we mentioned above, ¢(x,t) represents a solution to the KdV equation so we can
let ¢(x,t) = u(x — ct). In this particular example, which has been motivated by [11], we
will obtain a single soliton solution that represents a solitary wave which propagates to the
right as time progresses.

We can differentiate u(x — ct) according to the derivatives required in the non-linear KdV

equation. This gives us

0p  du 99 du 0%¢ B d>u 03¢ B d3u

g__ L 8 e _cv 79_201 4.30
Ot cdt’ Or dx’ 0x2 dz?2’ 0x3 da3 ( )

Equivalently, u(x — ¢t) = w(§). Using this change of variables we can substitute the
derivatives from (4.30) into the KdV equation obtaining

—c— +6u— + — =0. (4.31)

We can integrate each of the above terms once with respect to d€, and as a result of this
we obtain an arbitrary constant ¢; on the right-hand side as shown in (4.34) below.

du du d*u
—c— +6u—+ — | df = 0d 4.32
[ (e o+ G Yas — [oae (4.32)
6u? d?u
2
—cu + 3u® + c;;; = ¢ (4.34)

We have now arrived at a 2"¢ order normal differential equation.

In order to obtain the 1% order equation we are aiming for, we need to reduce (4.34)
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further by multiplying it by % and then by d¢ as follows
du odu  d*udu du
ey 2 = — 4.
cud£+3u d£+d§2d§ cldf (4.35)
9 d*u
—cudu + 3u“du + d—@du = cdu. (4.36)

We can then integrate each term in (4.36) separately with respect to du. In particular, to
integrate the 3" term on the left hand side we can write it as follows

d?u d?u du
[ = | (437
d1(du\’

In (4.37) we have multiplied by g—g and then re-written the integral such that the integral

and d% cancel each other out. Using the result in (4.38) we can integrate (4.36) and we

obtain
d 1 (du)?
— 2 _ _ —
c/udu+/3u du+/d§2<d§> d¢ /cldu (4.39)
u? 1 (du\?
By +ud + B <d§) = Ccu-+c (4.40)

where ¢; and ¢y are arbitrary constants.

The equation (4.40) is a 15 order normal differential equation. This is what we were
aiming for, as it makes it slightly simpler, although not trivial, to solve in order to find a
particular solution to the KdV equation.

From our knowledge of soliton properties from Section 4.1.1, we know that solitons are
localised waves. We saw in property 4 when & — £oo then u(§) — 0 which implies that
Z—g — 0, and % — 0. Thus it follows that ¢; = co = 0 whilst also after multiplying (4.40)
throughout by 2 we eventually obtain

d 2
—eu? 4 2P+ <dz> _— (4.41)

From (4.41) we are required to find the solution u(§). Rearranging this to make (2—2)2 the

subject and factorising it gives:

<Z§>2 = (e 2u) (4.42)

ZZ = uve—2u. (4.43)

To summarise so far, we have obtained a 1! order normal differential equation in (4.43)
from our 3"¢ order non-linear KdV equation which we can now integrate more easily. To do
so we can use the method of separation of variables for which the following form rearranged
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from (4.43) is required to integrate

/u\/% - /dg. (4.44)

Introducing integration limits requires us to change the variables with which we are inte-

grating with respect to;

. S Y (4.45)
/0 We=2C Jo

To carry out the integral in (4.45), we can use the following substitution

1
¢= icseChQU). (4.46)

Using this substitution for ¢ we can rearrange the terms within the square root in the
denominator in (4.45) to give

c—2( = ¢c—2 (;csech%u) (4.47)
c—2( = c— csech’w (4.48)
c—2( = ¢(1 —sech®w) (4.49)
using the hyperbolic trigonometric identity tanh?(w) 4 sech?(w) = 1 we obtain
¢ — 2¢ = ctanh®w. (4.50)
We can rearrange for ( we arrive at
¢= %c - %csecth. (4.51)

We can then differentiate (4.51) as this will be needed further on. The chain rule for
differentiation can be used with respect to w and we get the following derivative

d¢ sinhw
— = —Cc———. 4.52
dw Ccosh3 w ( )

The upper limit of the integral on the left hand side in (4.45) can be transformed using
the substitution in (4.46), rearranging for w gives

w = sech™? ( 25) . (4.53)

Going back to the initial integral we needed to solve in (4.45), we can now use the substi-
tution in (4.46) together with (4.50) and (4.52) and substitute these into (4.45). We can
then simplify this further which gives the following calculations

/jdn = /Oug\/cdiﬁ (4.54)

w sinh w 1 1

= —c dw 4.55

. /0 cosh® w Tesech®w v/ctanhZw 459

-2 w

- _Z d 4.56
2w (4.56)
—2

i (4.57)
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Now we can substitute (4.53) into the right hand side of (4.57) which gives us

2 _ 2u
= —%sech 1 (\/j> . (4.58)

We can then rearrange (4.58) as follows in order to obtain an expression for w in terms of

&
—\fﬁ = sech™! (\/?) (4.59)
2
g) _ ( 2(;“) (4.60)

§> = %u (4.61)
u(€) = gsech2 (—\f > (4.62)

Remembering that we initially made a change of variables ¢(x,t) = u(z — ct) = u(§), we
can now return to our original variables ¢t and x to obtain the following

d(z,t) = gseChQ (—f(:c—ct)). (4.63)

We have arrived at a one-soliton solution to the KdV equation which is illustrated in Figure
7 below.

One Soliton Solution itirme=0) 30 Representation of a One Soliton Solution

08

08

07+
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philx,t)
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03

02

01r

0 I . L L
-G0 -40 -20 0 20 40 60
%

(a) 2D Plot (b) 3D Plot

Figure 7: This figure presents our one-soliton solution graphically in two-dimensional and
three-dimensional form

31



Student ID: 100108615

From our equation for a one-soliton solution in (4.63) we can make an important obser-

vation. The amplitude of the wave is £ and the wavelength, in other words the width of

2
the wave is —%. This tells us that they are both dependent on the velocity ¢ at which
the wave propagates. Hence, as the velocity increases then so does the wave amplitude
and wavelength. However, although the amplitude and wavelength may change, the actual
shape of the soliton is invariant whilst it travels, maintaining its hump-like shape as is
evident from Figure 7. Also evident from this figure is the localised wave structure which
we explained previously. We can see that as * — 400 the solitary wave flattens out and

¢(x,t) — 0.

Our one-soliton solution differs in comparison to the linear wave equation solution we
obtained in a previous example. In this previous example we were able to find one solu-
tion to the wave equation, and by varying the amplitude we were able to obtain multiple
solutions, where the amplitude was independent on the velocity of the wave.

The dependency of both the wavelength and amplitude on the velocity in soliton so-
lutions obtained from the KdV equation, is due to the presence of the the non-linear
dispersion relation. It is this non-linear dispersion relation, together with the non-linearity
of the KdV equation, that form the basis upon which this dependency occurs.

What we have just studied is a one solitary wave. One may now wonder what happens if we
have two solitary waves? We will illustrate this in the next subsection where we will derive
a particular two-soliton solution (more explicitly) to the KdV equation. In this solution,
we will see that the linear superposition principle will only be satisfied to a certain extent.

4.5 A Two-Soliton solution to the Korteweg-de Vries Equation

A two-soliton solution represents two solitary waves travelling together. As mentioned
previously, we cannot use exactly the linear superposition principle, instead we need to
find a particular two-soliton solution rather than a general one. In this example we will
approach this calculation using a different method called Hirota’s Method.

The solution we will obtain will have some characteristic properties which will explain
some of our observations. We will notice that our solution will illustrate two solitary waves
where the taller and narrower wave will travel faster compared to the shorter wider wave.
This is due to the dependence of the amplitude on the speed [22].

The following example has been motivated by [17].

For convenience, we can re-write the non-linear KdV equation with slightly different nota-
tion in line with [17].

Up = —Ugge + OUUL (4.64)

3
where u;— %1;, Ugp— % and Ugpy— %.

Remark. The variable ‘u’ in this section has no correspondence with that of Section 2:
The Wave Equation
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We will briefly explain the steps here to gather an overview of what we are aiming to
achieve in this example. Using the substitution u = 0,v to the KdV equation (4.64),
we can obtain Hirota’s form of the KdV equation. Using a general form of the solution
denoted as n(z,t), we can substitute this into the Hirota’s form of the KdV equation and
after a lengthy calculation, we eventually obtain a two-soliton solution.

The first step of the calculation involves making the substitution u = d,v into (4.64)
Oz (Vs + Vg — 302) = 0. (4.65)

We can then integrate this with respect to 9, so that we obtain the potential KAV (PKdV)
equation below, assuming the arbitrary constant of integration, C' = 0

UVt + Vpgw — 31}% =0. (4.66)
A solution to the PKdV equation in (4.66) is denoted v(z,t). From this we can deduce a

solution to the KdV equation from the relationship u = 0,v.

Hence a solution to the PKdV equation is

v(z,t) = —/c <tanh (‘f (x — ct)) + 1) (4.67)

which is in fact a one-soliton solution. This will aid us in generating Hirota’s form of the
KdV equation. We can re-write this in a different way so it is easier to work with.

eVe(@—ct) _ 1
v(z,t) = —c (—I—l) (4.68)

eve(z—ct) 41
Ve(z—ct) _ Ve(z—ct)
e e +1
= —\/c + (4.69)
eve(z— ct)+1 6\/E(m_0t)+1
2eVelz—ct)
- _ _ 4.
f(emctm (4.70)
In (4.68) — (4.70) we have expressed tanh in its exponential form, tanh = 6221:_11 and
re-written it as a single fraction.
We denote (4.70) as
—2
A (4.71)
n
which is referred to a the Hopf-Cole transformation where n = 1 + evVe(==¢t) [23].
This motivates our use of making the Hirota Substitution v = =21z into the PKAV

equation. In order to do this we need to calculate the relevant derivatives using (4.71),

/ ! /
with the use of the quotient rule for differentiation, stated as (g) = fgg%fg. Then we

must substitute these derivatives into (4.66).

The terms we require to substitute into the PKdV equation are:

_277:1:15 2771"72&

n n?
6 2 _9 3 —4 3
774
602, — 20 Nawa — A0 05 — 240° 0200 + 800 NuNews + 160 1]
Vome = = . (4.74)
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Substituting these terms, we obtain the following lengthy equation

=2yt | 2NN _ _677:%:15 2Mrzas 1277;43 247]2‘”1‘%‘ 8N Nzza 1277:%:]5
R - 3 T ——a 3 SR
n n n n n n n n
24n? 121}
737”5377” + nZ“” (4.75)
From (4.75) we can cancel out like terms which leaves us with
_277:rt T 27]$277t _ Qnmcmx . 8771‘me1‘ + 677§1~ (476)

Ui n n Ui n

To get rid of the denominator we can multiply each numerator by 72 and simplify the
coefficients, obtaining

Mt — Nt + Maazze — NaNrza + 377325z =0. (4.77)

Now we have arrived at the Hirota form of the KdV equation. With this form it is now
easier to find n-soliton solutions. Although equation (4.77) looks rather complicated, it can
be written in a simpler form with the use of Hirota D-operator. Applying the D-operator,
we can write the Hirota form of the KdV equation in the following short form as such

Do(D; +D3n-n=0. (4.78)

Although we will not be using the D-operator method here, (4.78) allows us to see how
we can write (4.77) using the D-operator from Definition 8. We can use this as a starting
point in using this alternative method to obtain a two-soliton solution as further work.

A solution to the KdV equation illustrating two solitary waves takes the form
n=1+e" +e% 4 qefrt0 (4.79)

where 07 = A1z — A:{’t—FCl, 0y = Asx — A§t+02, Ay, Ay, C1 and Cy are € R, z and ¢ are

2
space and time variables respectively and a = (‘2;?3)

We can calculate all the required derivatives needed to substitute into Hirota’s form of
the KdV equation (4.77)

n = 1+e% 4% 4 qehrt02 (4.80)

Ne = A 4+ Age?? + a(A; + A2)€01+02 (4.81)

n = —A3h — A3e?2 — (A3 + AD)aelr 02 (4.82)
New = A2e% 4 A2e% 4 (A} + Ay)?ael 02 (4.83)
Neaw = Abe” + A3e® 4 (A + Az)3ae” TP (4.84)
Newze = Ale? + A3e” + (A1 + Ag)*ae® 1?2 (4.85)
nee = —Afe’t — Adef — (A3 + A3) (A + Ap)ae® o2, (4.86)

We can multiply terms according to (4.77), and assuming we add the terms correctly, all
the coefficients should cancel out. This should result in our equation to equal 0.

For the convenience of the reader the lengthy calculations have been omitted. Please
refer to Appendix 3 if you would like to follow them through.
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As a result of carrying out these calculations we can confirm that 7 = 1+ % 4% 4 qef1+02

2
is a solution to the Hirota form of the KdV equation, only when a = (ﬁi;fé) .

Now, in order to find a solution u to the KdV equation we use the following

u= (_i”x)x. (4.87)

This requires us to use n and calculate its partial derivative with respect to x. The full
form of the solution 7 can be written as

2
n(x t) -1 + eAlar;—A%t-f—Cﬁ + eAQZ'—AgtJrCQ + M B(Al+A2)x_(A%+Ag)t+(Cl+02)(.4.88)
’ Al + Ay

For this example we can simply let Ay =1, As = 2 and Cy = Cy = 0. We can re-write n
with these constants as

n =9+ 9e" 7t 4 9e2e78 4 3Tt (4.89)

Calculating 7,, we can substitute this together with 7 into (4.87), and obtain the following

o <_18€:1:t _ 3662x78t _ 663x9t>

v Ox \ 9+ 9er—t 4 Qe2z—8t 4 o3z—9t (4.90)

Intermediate steps to find this two-soliton solution have been provided in Appendix 4.
We can use the quotient rule of differentiation to compute the derivative in (4.90). This
calculates to

_162623—15 o 32463a:—9t o 7264:5—1075 o 648e2$—8t o 186531;—1715

u(@,t) = (9 1 9ev—t 4 9¢2a—0% | ¢3z—9t)2 ' (4.91)

We can take out a factor of —18 and write u(z,t) as

gem—t 4 1863m—9t _|_4e4$—10t 4 3662:17—81& 4 6593—171%

u(xat) =-18 (9 + 9gez—t + 9623[:—915 + e3:c—9t)2

(4.92)

Finally, we arrive at a two-soliton solution to the Korteweg-de Vries equation. Illustrating
(4.92) graphically we get the following graphs in Figure 8 at increasing times.
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Two Soliton Solution, at time= -5 and A1:1 , A2:2 Two Soliton Solution at time= 0.75 and A1:1 , A2:2
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Figure 8: This figure illustrates how two solitons travel in our two-soliton solution (4.92)
at times t = =5, t = —0.75,t = —0.3,t = 0, t = 0.8 and t = 5. The constants in our
solution are A1 =1, Ao =2 and C; = Cy = 0.
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Figure 8 shows the illustrations of the function —u(z,t) from (4.92). Producing graphs for
u(z, t) will plot the same graphs symmetrical in the x-axis. Figure 8 shows how two solitons
interact both with each other and individually at progressive times. In Figure 8a at time,
t = —5, it is clear that there are two solitary waves with distinct peaks, one significantly
greater than the other, a characteristic common in solitons. As time progresses the waves
travel in the positive x-direction as our solution takes the form u(x —ct). In particular, the
wave with the taller peak travels at a greater velocity than the smaller wave, eventually
approaching the smaller wave, it travels right through.

At time, t = 0 in Figure 8d, the two solitons have fully merged together forming one
soliton. The phenomenon by which this occurs is known as soliton resonance. Also at this
point, the solitons are defined as being stable, but very quickly become unstable as they
separate from each other when the larger wave travels ahead of the smaller one [22]. The
shape of both solitons remain unchanged through their motion.

According to Figure 8, the motion of the waves described so far is the same as that which
would be observed in solutions for linear wave equations, where the linear superposition
principle applies. However, we know that in a non-linear equation the same superposition
principle would not apply, but rather a slight variation to this principle is required. This
arises as the large amplitude wave travels through the smaller wave and a phase-shift
becomes evident. This explains why the two waves are not in the same position as they
would have been whilst travelling at uniform speed, had they not interacted with one
another. We can explain this by looking at Figure 9, where we have taken two graphs from
Figure 8 at time t = —5 and t = 5 to better explain this phase-shift.

Tuwo Soliton Solution, at time= -5 and A1=1 . A2=2 Twio Soliton Solution at time = 5 and A1=1 , A2=2
2 2 T T
1.8 q 1.8 B
16 q 15 B
1.4 R 1.4 i
12 B 12 B
E . N -
= =
08 q 08 B
06 q 06 B
0.4 B 04F B
02 q 02F B
il I 1 0 1 L 1 L 1
-40 =30 =20 -10 0 10 20 30 40 -40 -30 =20 -10 ] 10 20 30 40
b3 b3
(a) Time= -5 (b) Time= 5

Figure 9: This figure allows us to see a phase-shift more clearly, from our two soliton
solution

Figure 9b shows the two solitary waves as they separate after they pass through each other
at time t = 0. Referring to Figure 9b if the superposition principle did exist, the larger
wave’s peak should lie at z = 20 as at time ¢ = —b the larger peak lay at x = —20.
This would imply a constant speed, thus a symmetry in the position of each wave would
occur. However, in Figure 9b we can see that the larger peak is actually slightly ahead of
x = 20, hence an absence of symmetry has occurred thus indicating the non-existence of
the linear superposition principle. From our knowledge of soliton properties, we know that
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once two solitary waves have passed through each other, their velocity and shape remains
unchanged. A viable explanation for the absence of symmetry in our example is that a
phase shift has occurred. This occurrence of a phase shift is not a surprise, but rather a
well-known characteristic of solitons. It is this concept which aids us in recognising travel-
ling solitary waves and rules out the existence of the linear superposition principle. Instead
it introduces a kind of ‘non-linear’ superposition principle.

We mentioned earlier that there exists two distinct peaks in our solution. We can suggest
that the height of each peak is determined by A; and As. To see the effect of A; and
Ao, we will do another example and slightly change these values to A; =1 and As = 2.5.
Solving in the same way as we did previously, we obtain the following solution:

_2(77903677 - 77%)

u(zx,t) = =

(4.93)
where n = 49 + 49€x7t + 4962.51715.62& + 963.51716.62& and Ngs Noe ATE the 1st and 2nd
derivatives with respect to x.

We can recall that the shape and size of solitary waves does not change as it travels
with time, therefore at all times the waves peaks will remain constant. Comparing solution
(4.92) with (4.93), we observe the significant changes in the soliton peaks. These changes
occur as a result of increasing Ao by 0.5 and keeping A; the same. This is demonstrated
in Figure 10 below, which illustrates the plot of solution (4.93) at progressive times.
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Figure 10: This figure illustrates how two solitons travel in our second two-soliton solution
(4.93) at times t = =5, t = —0.75,t = —0.3,t = 0, t = 0.8 and t = 5. The constants in
our solution are A1 =1, Ay = 2.5 and C; = Cy = 0.

39



Student ID: 100108615

Looking at Figure 10, we can see that in comparison with Figure 8 the peak of the larger
wave is greater and is also at a different position at the same time. From this we can deduce
that the values of A7 and As determine the height of the smaller and larger solitary waves
and also their positions in time. Making this observation and looking at one time in
particular, say time, ¢ = —5 in Figure 10a, we can see that keeping A; unchanged has
resulted in the smaller wave remaining the same size, and in the same position as in Figure
8a. Comparatively, looking at the larger wave, increasing Ay by 0.5 has resulted in an
increase in the amplitude and also a change in its position. In fact, A? actually refers to
the speed of the respective soliton [17].

Comparing Figures 8 and 10 we can see that as time progresses, the larger of the two
solitons travels faster, as it covers a greater distance in the same amount of time. Whereas
the smaller soliton has covered the same distance in both figures, as is expected since A;
remains unchanged. This is a rather significant observation of our solutions.

By understanding the effect of the constants on the speed and shape of our solitons, we
can manipulate these values and produce several variations of the two solitons in question.
A couple of observations we can afford to make are how long it takes for two solitons of a
particular size to interact with each other, whilst travelling at particular speeds. As well as
how long it takes n-solitons to interact with one other whilst travelling at same or different
speeds. This gives a considerable amount of freedom to observing such solutions.
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5 Conclusion

To conclude our observations, we will summarise the findings we have made throughout
this thesis.

We have studied three partially differentiated wave equations; the linear wave equation,
the Schrédinger equation and the Korteweg-de Vries equation.

From our study of the wave equation, we were able to deduce that the linear wave equa-
tion exhibited a linear dispersion relation. Using Fourier analysis we calculated a general
solution to this equation. And from the illustration of this we observed that such wave
solutions represented waves which had constant amplitude as they travelled, indicating the
presence of these in tsunamis.

Conversely, we deduced that the Schréodinger equation satisfied a non-linear dispersion
relation. Upon calculating a general solution to this equation, we observed that waves
represented by these solutions produced illustrations in which the waves possessed a de-
creasing amplitude, as they travelled with time.

Taking our knowledge of waves further, we studied a very particular, non-linear, partial
differential equation which models shallow water waves; the Korteweg-de Vries equation.
Linearising this equation and calculating its non-linear dispersion relation, we very quickly
recognised that this linearised equation, exhibited solutions of dispersive waves. However,
upon calculating one and two-soliton solutions of the non-linear KdV equation, we were
able to make some interesting findings on the propagation of such solitary waves.

We observed a phase-shift upon the interaction of two solitons. Due to this phase-shift
and the non-linearity of the KdV equation which governed our soliton solutions, we dis-
regarded the existence of the linear superposition principle. This meant that we were not
able to use Fourier analysis as we were required to calculate a particular solution rather
than a general one. To do this, we calculated a one-soliton solution using direct integra-
tion. We then used Hirota’s method to obtain a two-soliton solution. Using this method we
observed the significant contributions of the arbitrary constants on the soliton’s speed and
shape. We then further discussed observations we could make upon varying these constants.

When studying the Hirota bilinear D-operator, an attempt was made to use this to obtain
a two-soliton solution, however this proved to be rather challenging. If we were afforded
more time, we could use the D-operator as an alternative method to finding two-soliton
solutions. Hence we could use this to confirm the correctness of the two-soliton solution we
obtained. We can also adopt this method to derive n-soliton solutions. In illustrating these
solutions, we will be able to observe that the solitons should eventually line up in order
of decreasing amplitude [22|. In addition to this, we can vary the constants to see how
solitons of different speed and size interact with one another. This could enable us to apply
our examples to real-world situations, and be able to make predictions and assumptions
based on these results.
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6 Appendices

6.1 Appendix 1
Full calculation for lines between (3.10) — (3.13)

2 1 2 1
—£+MM—§H®::—%A4M—§Hﬁ

4
11N,

12t
- <41> K + ik

_ —1— 24t k:2 diz i
4 —1—2ut

)
S (e () ()]
- (e (525) - () |
- T (e () () ()

In the above calculations we have taken the exponent from (3.9) and rearranged it in such
a way were we can apply a the sum of two squares. This method has been used to enable
us to make a suitable substitution.

(6.1)

Now we can make a substitution as shown below

1+ 2it 2
lety = kot ——t
Y 1 <+—1—2it)
dy  VIT2it
dk 2

2d
7?4. — dk.
V14 2t

6.2 Appendix 2

Below is the full length of calculations from (3.17) — (3.18).
In order to be able to plot the solution in question, we are required to take the absolute
value of ¢ (z,t) in order to get rid of the complex valued number, i.

2ita? _ z2
’e4t2+1 He 4t2+1 ‘

W) = | s

We can take the absolute value of each term individually and then multiply them together.
We will make use of the following rule to find the absolute value; |a + bi| = va? + b2.
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Applying this, we obtain the following terms

1 1 1 1
1st term = | - ’: = l:(1+4t2) 1
(1 + 2it) (12 + (2t)2 <(1+4t2)%)2
22
2nd term = |e 4%+1|
ZQ
6—|m|
12
= e 241,

For the following term, we will make use of Euler’s identity, e® = cosx + isinx

2ita?
3rd term = |eu?+1|

= cos? 2w + sin? 2tz
- 412 + 1 412 41

=1

Above, we have applied the trigonometric identity sin® z + cos® z = 1 to simplify this term.
Finally, multiplying the results together gives us

[Pz, 1) = <(1 +4t2)‘%)2 (e—lfiz>2

Re-writing this, a solution of the Schréodinger equation with a non-linear dispersion relation
is

2

_ 2z
L

6.3 Appendix 3

Now we can calculate all the relevant derivatives according to the ones present in Hirota’s
form of KdV as follows

n = 14 e 4 qefrto
e = Are? + Ase® + a(Ar + Ag)e TP
N = —Ai’eel — A§e92 — (A‘f + Ag)aeelw2
Mew = Ale” + A3e” + (Ay + Ag)?ae 2
Nxxzx = A%eel + A%ee2 + (Al + A2)3a601+92
Nezzx = Azlleel + 14121692 + (Al -+ A2)4(l€01+02
Mot = _Aileel - Aée% - (A? + A%)(Al + Ag)a€01+92

We can obtain each term in Hirota’s KdV equation by multiplying the above derivatives
were necessary and collecting like terms where required.

metn = —Afe — A3e” — Afe*t — A3e* + (AT — A3 — (A1 + Ag) (AT + A3))e" 02 4
(—AT — (A] + A3)(A3 + A3))ae?1 792 1 (— AL — (A + A2) (A3 + A3))aeh1 7202 —
(A1 + A2)(A} + A3)a?en 1202
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neme = —Ale? — A3 4 (— AL A — A3 A5)ef1 02 4 (— A1 (A3 + AD) — A3(A) + Ay))aeOr o2
+(—As(A} + A3) — AJ(A1 + As))ae” T2 — a?(A; + Ay)(A] + A3)e?1 20

Maaee = Al + A3e? + A1 + 436> + (A1 + A5 + a(Ay + Ag)*)e" ¥ +
a(AT + (A1 + Ag))e? 0% 4 a(AG + (Ay + Ag)")e1 72202 (A + Ag)te?h1 2%

Maew = Al + A5e + (A1 A3 + AT A)e® ™% 4 (A1(A1 + A2)® + A} (A1 + Ap))ae® H0
+(Ag(Ay + Ag)? 4+ A3(A; + AQ))CL€01+202 +a?(A; + A2)4e291+292

302, = 3A%? 434322 4 3(A2A2 + A2A2)eN 02 1 3(A2(A) + Ag)? + A2(A) + Ag)?)ae?0r 02
F3(A2(A1 + A9)® + A2(A; + Ag))ae® 22 1 302(A) + Ag)te2i 20

Now referring back to the Hirota form of the KAV we can collect the coefficients of e/,
ez rtba o201 6262, 2011202 6291+62, e17202 from all the terms Nty NNty Mazzz, Mrzs
312, above. What is required of us is that the coefficients of each of the exponential terms
must eventually all cancel out, thus equating to 0 in order to satisfy equation (4.77). Below
we will show how each term is cancelled out.

e =—A1+ A1 =0
e = —A3+ A3 =0
e = — A1+ A + A1 —4A} + 341 =0
e?2 = — A} + A+ A3 —4A3 +3A3 =0

N0 = A1 — AJ —a(Ar + Ao)(AY + A3 + A1 A3 + AT A + AT + AS + (A + Ag)*
—4A A3 — 4A3 Ay + 6ATA3 (6.2)

2
making the substitution a = (ﬁi;ﬁf) gives the following

(A1 — Ay)?

01+05 — _A4 _ A4 _
‘ ! 2 (A1 + Az)

(A3 + A3) + Ay A3 + AB Ay + AT+ AL+ (A] — Ay)%(A; + Ap)?

expanding all the brackets gives us the following

k0, TATAS — A5 — AD — AJAG 4 2414, + 24, 4)
A1+ Ay
AT+ A3 —2A2A2 — 44, A3
—4A3 A5 +6A2A3

+ A1 A+ AT A +

This can be simplified slightly by collecting the like terms 642 A3 — 242 A3, and then we
can multiply throughout by (A; + A2) to remove the fraction

et = _ABAZ  AY — A — AZAS 4 2ATA) + 24145 +4ATAZ 4 4A2A3 — 3474,
—3A3A3 —3A3A3 — 3A1A5 + A} 4+ AJAy + A AL+ AS
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Now we can collect like terms and everything cancels itself out and so e/11%2 = (.

2102 = q(— A — (Ar + A2)(AF + A3)) + a(A1 (A3 + A3) + AT (A1 + As)) +
a(Af + (A1 + A2)") — da(A1 (A1 + A2)® + AT (A + A2)) +
3&(14%(141 + A2)2 + A%(Al + A2)2.

Making the substitution for a gives the following

2142 _ —A4(A1 — A2)2 (AL A)P(AT + AD) | Ai(AL - Ap)P(AT + A)

BA + A, (A + A9) (A1 + Ay)?

A3 (AL — A9)? AL — Ay, 9 2

LA T 2) 4 (Ar+ A2 (A — Ag)? —
(A1+A2) 1(A1+A2) ( 1 2) ( 1 2)

AAB(A, — Ay)?

4A1(A; — A9)2 (A + Ay) — — L0 27 4L 6A%(A; — Ay)2.

1(Ay 2)“(A1 + A2) (41 + Ay) +6A47(A1 2)

To get rid of the denominator we can multiply throughout by (A4; + As)? which gives us

2102 = (A — A2)2(A} + A3) (A1 + Ag) + A1 (A — Ag)* (AT + A3) -
BA(Ar — Ag)*(Ar + A2) + (A1 + A)' (41 — A2)* —
4A1 (A — A2)* (A1 + Ag)® + 6A%2(A; — Ax)? (Al + Ay)? (6.4)

multiplying out all the brackets and collecting the like terms within them gives the following

0 =AY — AS 24343 + AT A, + ATAS + ATAS + Ay A3
+AS 4 ATAS —2A0 Ay — 2A3A% + ATAZ + AL A
—3A% + 3434, + 3A1A3 — 343 A3
+AY 424345 — ATA3 — ATAL 424, A5 + AS — 443 A3
—4AS —4AT Ay + 8ATAZ +8ASAS — 4AZAL — 44, A5
+6A% + 64343 — 1241 43
= 0. (6.5)

Above we have collected the remaining like terms and we eventually obtain 0 as everything
cancels out.

02— a(—A3 — (A1 + A2) (AT + AD)) + a(A2(AT + A) + AJ(A1 + A2)) +
a(A3 + (A1 + A2)*Y) — da(A2(Ar + As)® + A3 (A + A2)) +
30,(14%(.41 =+ A2)2 + A%(Al —+ A2)2

making the substitution for a gives the following

oot _ga A Argy (A= AT+ A Ap(Ay — Ap(AT+ AG)
2HAL+ A (A1 + Ay) (Ar + Ay)?
A%(z‘h — As)? 1, A1 — A ) )
— T4 Ay 4 A% (A — Ay)? —
(A1 + A9) + 2(A1+A2)+( 1+ A2)7 (A 2)

4A3(A; — Ag)?

4A9(A; — Ag)?*(Ar + Ag) — (A + Ay)

+6A2(A; — Ay)2.
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To get rid of the denominator we can multiply throughout by (A; + As)? which gives us

M = (A — Ag)? (AT + A3) (A1 + Ad) + Az(Ar — Ag)?(AF + A3) —
BA3(Ar — A2)*(Ar + A2) + (A1 + A2)' (41 — A2)? —
4A5(Ay — A2)* (A1 + Ag)® + 6A3(A; — Ar)? (Al + Ay)?
(6.6)

multiplying out all the brackets and collecting the like terms within them gives us the
following

17202 — A8 AS 243 A3 4 ASAy + A2AL 4+ AJAZ + AL A5
+AS + ATAS — 241 A5 — 2A7A3 + AS Ay + A2 A]
—3AS + 341 A5 + 34343 — 343 A3
+AS 2404y — ATAZ — A2AL + 24 A5 + AS — 4A3 43
—4AG — 4ATAy + 8ATAS + BATAS — 4ATA3 — 44, A3
+6AS 4+ 6AA3 — 1242 A3
= 0. (6.7)

Above we have collected the remaining like terms and we eventually obtain 0 as everything
cancels out.

Finally looking at the last term we can collect the coefficients

N0 = —aP(Ay+ A)(AT + A3) + a® (A1 + A2)(AF + A3)
+a?(A; + Ag)* — 4a? (A1 + Ag)* + 3a%(A; + Ap)*
= 0 (6.8)

Thus we have shown that (4.77) is satisfied by 7.
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6.4 Appendix 4

Applying the quotient rule for differentiation gives the following fraction

(718€z7t77262178t71863175%)(9+9ezft+962178t+63179t)7(718€zft73662178t7663175%)(9617t+1862178t+363z79t)
(9+gem7t+ge2m78t+63x—9t)2

The brackets can be expanded and simplified and the coefficients of e2*~2t 4*=16t and
e82=18 are cancelled out. This leaves us with the following solution of u

_162€a:—t o 32463x—9t o 7264x—10t o 6486233—815 o 1865x—17t
(9 + Qer—t + 96290—975 + 63x—9t>2

u(z,t) =

6.5 Appendix 5

The following are the intermediate calculations for the second two-soliton solution. The
calculation we need to carry out is written as follows:

t . _2 498x—t+122‘58245:t—15A625t+31.5e&5x—16A625t
u(z,t) = 497 49e7— 4+ 49¢2-52— 15.6251 1 93 57— 16.625

To this we can apply the quotient rule for differentiation which gives us

(_ggezft_612'562.517154625t_220'563.5z7164625t)(49+4gezft+4962.5z7154625t+963.51716.625t)
(49+496.7c—t+4962A5:L‘—15A625t+963.595—16A625t)2 -

(—98617t—24562‘51715'62575—6363'5z716'625t)(496z7t+122.562'5z715'6257&-"—31.583'5I716‘625t)
(49+49696—t+4962.5x—15A625t+9636$—164625t)2 .

The brackets above can be expanded, and the terms can be simplified. This give us the
following required solution

24016x7t+10804.563.5w716.625t+15006_25e2.5x7l5.625t+2756.25e4.5m717.625t+44166x732.25t
u(z,t) = (491 49¢%—t 4 49¢?- 50156251 | 9¢3.52—16.6257)2
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