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PREFACE

Nonlinearity plays a very important role in science, be it physics, or chemistry, or
biology, or economics, or any other descipline. Nonlinear revolution in physics took
place primarily in the seventies and the eighties under the name of the discipline
called ”"Chaos”. By the chaotic behaviour of a dynamical system one means that
the long-time behaviour of the system becomes unpredictable. Such a dynamics
occurs in almost all physical systems that are under the action of an external force
and are described by nonlinear and dissipative partial differential equations. For
low intensity of the external force, the system behaves in the usual linear manner
which we are familiar with in all branches of physics. However, as the intensity
of the external force is increased, departure from the linear behaviour sets in and
after the external force goes beyond a certain value, called the critical value, the
dynamics of the system enters the so-called chaotic regime in which one can not
predict the long-time behaviour of the system with any certainty whatsoever. The
consequences are very interesting and have been studied in great details for a large
variety of physical systems.

Another, may be more useful from the point of view of practical applications,
manifestation of nonlinearity is the formation of the so-called solitons. A soliton is, in
general, a localized travelling solitary wave solution of a nonlinear and dispersive (or
diffractive) wave equation that interacts with another solitary wave elastically. Such
excitations arise in almost all branches of physics where the physical system under
investigation is weakly nonlinear and dispersive (or diffractive). Such objects have
allowed physicists and engineers to explain many physical phenomena which could
not be explained in the realm of linear physics. They have also been very useful
for technological applications, especially, in nonlinear fiber optics where they are
tipped to be the information carrying bits in an all-optical long-haul communication
systems (see, for instance, References 3 and 6).

The present lectures are an endeavour to introduce undergraduate students to
the concept called ”Soliton”. We start with the basics of travelling waves and their

characteristics in a linear, non-dissipative and dispersionless system. Then we go on



adding various perturbative terms, like dispersion, dissipation and nonlinearity, one
by one to examine the changes introduced by them in the behaviour of the travelling
wave. Solitary wave is introduced next and, finally, the concept of a soliton wave
is presented. The lectures end with the discussion of the soliton solutions of some
well known equations of physics. A small list of references is also given for any
clarification which might be required.

These lectures were prepared under the auspices of the National Initiative in Un-
dergraduate Science (NIUS), HBCSE (TIFR). A preliminary account was presented
at the First Camp of Batch IV (IV.1) physics students, during June 4-15, 2007 at
the Homi Bhabha Centre for Science Education, Mumbai.

It’s a great pleasure for me to extend my heartiest thanks to Professor Vijay
Singh for inviting me to deliver these lectures at the NIUS Camp and the excellent
hospitality at the HBCSE, Mumbai. I also thank Mr Praveen Pathak for technical

assistance during the preparation of these lectures.

Ajit Kumar,
July, 2007



Lecture 1 : Waves

Definition: A wave is a disturbance or variation that transports energy progressively

from one point to the other in a medium.

Mathematically it is described by a second order linear partial differential equa-

tion, called the wave equation, which in one spatial dimension has the form

0%¢(z,t 1 0%¢(x,t
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where ¢(z,t) stands for the deviation of a physical quantity (like, position, density,

temperature, pressure, and electric field, depending on the problem at hand) from
its equilibrium value. The quantity v is a constant and is called the wave velocity.
This is the simplest form of the wave equation and does not take into account several
important aspects, for instance, dispersion, dissipation, and nonlinearity. Dispersion
causes waves of different frequencies to travel at different phase velocities, whereas,
due to dissipation the amplitude of the wave goes on decreasing as it travels through
the medium. Nonlinearity, on the other hand, leads to the steepening of the wave-
front during propagation and, ultimately, leads to shock wave formation. As we
shall see later the above wave equation can be modified appropriately to account for

these aspects of waves.

Before moving forward, let us find the general solution of the above equation.
Let us introduce new variables: £ = x — vt and n = = + vt. Then ¢(z,t) = ¢(&,n)

and
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Therefore, the wave equation (1) reduces to

PoE,n)
“eon 0. (4)
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If we integrate equation (4) over &, we get

op(&,m)
oy = C(n), (5)

where C'(n) is an arbitrary function of its argument. Integrating now over 7, we

arrive at
ol&m) = [ Clndn+ () = g() + 1) (©)

Therefore, the general solution of the wave equation (1) is gioven by

o(z,t) = f(x — vt) + g(z + vt). (7)

Here, f(z — vt) and g(x + vt) are arbitrary functions of their arguments. They
represnt the so called d’Alembert solutions of the one dimensional wave equation
and consist of a wave of constant shape (given by f|,—o = fo(z)) propagating along
the positive x direction at a constant speed v and a wave of constant shape (given

by gli=0 = g(x)o) propagating along the negative x direction at the same speed v.

To get convinced that it is really so, let us consider the wave f(x—uwt) propagating
along the positive x direction. If we fix a point on this wave, corresponding to a
fixed value &, of the argument & = x —vt, then it follows that such a point will move
with a constant velocity dx/dt = v. If an observer runs along the positive x axis

with a constant speed v, then in her frame
¥=x—uvt, t=t, (8)

and the wave will be given by f(z’). So, the observer will always see the same
shape of the input wave form which in the stationary frame gets displaced along the

positive x axis at a constant speed v.

Sinusoidal waves: One of the simplest wave forms is the sinusoidal one, given by
f(z,t) = Acos[k(x — vt) + 4], (9)

where A is a positive number and is called the wave amplitude. In the context of

the wave on a stretched string, it represents the maximum displacement from the
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equilibrium position. The quantity ¢ is called the phase constant. The instanta-

neous snapshot of the wave is shown in Fig.1 and consists of an infinite series of
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Fig.1: Instantaneous snapshot of the sinusoidal wave f;_q = Acos(kx + 9).

indistinguishable troughs and crests.

Note that at x = vt — (§/k), the argument of cosine becomes zero. Usually one calls
it the central maximum. If 6 = 0, the central maximum passes the origin at ¢t = 0.
Therefore, for nonzero ¢ the quantity —d/k gives the distance by which the central
maximum, and hence the entire wave, is delayed. k is called the wave number and

it is related to wavelength by the equation
k= (2n/N), (10)

because when = advances by 27 /k the cosine goes through one complete cycle.

As time passes, the entire wave train travels along the positive = direction at
speed v. Once again if we refer to the wave travelling on an infinite stretched string,

at a given z the string vibrates up and down and completes one full cycle in time

_27r

T=—.
kv

(11)

This characteristic time is called the period of oscillation, since as time advances by
this amount the cosine completes a full cycle. The number of oscillations per unit

time is called the frequency and is given by

1 kv v
= (12)

5



The quantity w = 27v is called the angular frequency.

Complex notation: Using Euler’s formula
€' = cosa + isina (13)
the sinusoidal wave (7) can be written as
f(z,t) = Re (Aei(k"”""t)) (14)

where Re(() stands for the real part of (. Usually one introduces a complex notation

for the travelling plane wave solution (see, for example, reference 1):
fla,t) = Agithe=n), (15)

where A = Ae™ is the complex amplitude. The actual wave is given by Re(f(z,1)).

This wave given by (9) (or, equivalently by (15)) is called monochromatic be-
cause it involves a single frequency v. This is also called plane wave because the
displacement ¢(z,t) from the equilibrium position depends only on one spatial co-
ordinates and hence the wavefront, which is the locus of points all of which have
the same phase at a given instant of time, is the plane perpendicular to the di-
rection of propagation x. The wave is also undamped because the amplitude A is
constant at all points along the direction of propagation. The energy of oscillation
is proportional to the square of the amplitude A. Cosequently, the constancy of
the amplitude implies that the energy is transferred from a point to another point
without any losses. The intensity I of the wave, defined as the amount of energy
transported by the wave per unit time across a unit area oriented normally to the

direction of propagation at the point of observation, is also proportional to A2

One distinguishes between two kinds of waves: (i) Transverse wave and (ii)
Longitudinal wave. When the displacement from the equilibrium is perpendicular to

the direction of propagation the wave is called a transverse wave. On the other hand,



if it is in the direction of propagation, the wave is called a longitudinal wave. In order
to specify this property one assigns a new characteristic, called polarization, to the
wave. It is denoted by a unit vector n. Since there are two directions perpendicular
to a given direction, transverse waves occur in two independent states of polarization.
For instance, if we take the wave on a string to be propagating along the z direction,
the vibrations of the string can occur either along the x direction or along the y

direction. In the former case the wave is called to be x polarized and written as
f(z,t) = Aeik==wD g (16)
whereas in the latter it is called y polarized and written as
f(z,t) = A==y, (17)

Clearly, we can have a more general case when the vibrations of the string are

in a direction that makes an angle # with the x axis. Then
n = cosh & + sind j. (18)

The angle 6 is called the angle of polarization and the wave is called a linearly
polarized wave. It can be considered to be a linear superposition of two waves: one
Z polarized and the other g polarized. The complete wave function can be written
as
f(z,t) = (Acosh) eF=4t) & 4 (Asinf) e!**=1 4. (19)
Further, since the wave is a transverse one,

Az =0. (20)

Solution satisfying the initial conditions: Assume that the solution of the wave
equation (1) exists and is given by Eq.(5). We want to determine the functions f

and ¢ such that the initial conditions

¢(x,0) = 9(z), (x,0) = 6(x) (21)

are satisfied. The second condition, which physically represents the initial velocity,

can be written as

v(g'(z) = f'(x)) = 0(x) (22)



Applying the above conditions, we obtain
x

f@)+g@) =), —f@)+o@) = [ 6wy +C,  (23)

Z0

where zp and C' are constants. Adding and subtracting the two equations (21), we

have

f@) = 5v(a) = 5 [ oy =5, (24)
1 1 z C
o) = 5u(a) + 5o [ 0wy + 5 (25)
The required solution is, therefore, given by
b, 1) = Shbla —vt) + e o]+ o [ B (26)
' 2 20 Jo—ut ¥)8y-

Example: Consider a wave propagating along a stretched string which is initially

at rest (¢(z,1t)];=0 = 0). A velocity

M 2

o(x) = Aze™™ (27)

is then given to the string at ¢ = 0. Determine the form of the wave at any ¢ > 0.

We have
F@) o) =0, ~f@) + o) =5 [ vetdy (28)

Adding and subtracting the two equations, we obtain
A x 2 A z 2
[ -y d = — -y d . 29
fla) =~ /0 yedy,  gla) = o /0 ye U dy (29)

Therefore, the solution is given by

A > A >
P, t) = — e (@7 _ Z_ gm(@tet)”, (30)

4v 4ou

It consists of a gaussian travelling along the positive x direction and the same but

inverted gaussian travelling along the negative x direction.



Lecture 2 : Electromagnetic waves. The wave packet.

One of the most important discoveries in physics was the theoretical prediction,
by James Clerk maxwell, of the existence of displacement current in electrodynam-
ics. It, in fact, completed the unification of electricity and magnetism, started by
Faraday, who, on the basis of experimental observations, formulated the laws of
electromagnetic induction. The set of basic differential equations, called Maxwell’s
equations, predicts the existence of electromagnetic waves even in free space. The
present lecture is devoted to these waves.

The basic set of partial differential equations, that describes the spatio-temporal

evolution of the electromagnetic fields in free space without sources, is given by

L OF I
VXB—E(),MOE—O, V-E=0 (31)
=d — aé = —

where E is the electric field intensity, B is the magnetic induction, and ¢y and p are
the permittivity and the permeability of the free space, respectively. They predict
the existence of electromagnetic waves in free space. This is evident from the fact
that Maxwell’s equations admit three dimensional wave equation for the electric and
the magnetic field vectors. If we take the curl of the first equation in (32), use the

vector identity

Vx(VxV)=V(V V)=V, (33)

for an arbitrary vector field V(7,¢) along with the equation (31), we arrive at the

—

following partial differential equation satisfied by the electric field intensity E

ot?

Clearly, each of the electric field components E;, i = z,y, z, satisfies the homoge-

VQE — Eolho =0. (34)

neous wave equation which in the case of one spatial dimension reduces to the wave



equation (1) of the previous lecture. The velocity of the wave is given by 1/,/Eofto.
The numerical value of the velocity turns out to be equal to the speed of light in
vacuum. On the basis of this remarkable result Maxwell conjectured that light was
an electromagnetic wave. This fact was then experimentally established by Hertz.

Note that the magnetic induction vector B also satisfies the same wave equation
(34), however, it is customary to study electromagnetic phenomena in terms of the
electric field intensity E.

In a medium without sources the set of Maxwell’s equations reads

ﬁxH—eoE—O, V-D=0 (35)
E+2= = .B=
V x 5 =0 0 (36)

where D = gy(1+x.)E = €E is the electric induction vector, H = B/(po(1+xm)) =
B /v is the magnetic field intensity, and € and u, respectively, are the permittivity
and the permiability of the medium. The quantities x. and Yx,, are respectively
called the electric and the magnetic susceptibilities of the medium. Using the same

procedure as earlier, we arrive at the following wave equation

where

, (38)

n = \/ep/eopo being the refractive index of the medium (see reference 1).
Plane wave solutions in free space: The plane wave solutions of the wave

equation (37), are given by

E=Eye @50 B =B, i, (39)

where E; and By are the complex amplitudes of the electric and the magnetic fields,

respectively, k is the wave vector and gives the direction of propagation of the wave
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and w = 27w is the angular frequency. The physical fields are the real parts of E
and B.

Further, although the wave equation (37) was derived from the Maxwell’s equa-
tions, every solution of the wave equation may not be the solution of the Maxwell’s
equations. The latter impose specific conditions on the solutions. Since V-E=0

and V- B = 0, we have

Ey- k=0, By-k=0. (40)

The above result shows that the electric as well as the magnetic field does not have
any component along the direction of propagation. That is, the electromagnetic

wave is a transverse wave. Also, since

o - OB
E=—= 41
V x AT 0, (41)
we get
N E o~ -
BO = *(k? X Eo) (42)
w

It shows that the electric field and the magnetic field are in phase and mutually

perpendicular. Their real amplitudes are related by

By =2 (43)

Energy and momentum of electromagnetic waves: Like any other mechanical
system, electromagnetic waves carry energy, momentum and angular momentum.
The energy per unit volume stored in the field is given by the electromagnetic

energy density e,

Ho

For a monochromatic wave propagating along the positive x direction (taking into

1/ = 1=
them = 5 <50E2 + B2> : (44)
account the real parts of the fields given by the equation (39)), we get
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Upyy = e0E2 = 5OE§COSZ(ka —wt+9), (45)

and hence the total energy contained in a given volume V' is

Wem :/ uemdgx (46)
14

The energy flux density (energy per unit area, per unit time) transported by the
fields is given by the Poynting vector:
1 - =

5’:%(E><B). (47)

Once again, for a monochromatic wave propagating along the positive x direction,
we obtain

—

S = cegE2cos®(kx — wt + )& = Clem?i- (48)
Since in time At a length cAt of wave passes through area A, carrying with it
energy Cue, AAt, the energy per unit area per unit time transported by the wave
is, therefore, cu,,,, which is what the previous formula represents. The wave also
carries a momentum. The momentum density is defined as

1

ﬁ - g = Euemj:- (49)

Cc

In the case of light, the wavelength is so short (5-10~7 m)and the period is so brief
(10715 s) that any macroscopic measurement will involve many cycles. Therefore,
we talk about the average values of the above mentioned physical characteristics of

light. Since the average value of cos?(kx — wt + §) over a cycle is half, we obtain:

1 - - 1 o 1 5 1
(Uem) = 5goEg, (S) = icgongz = ¢ (Uep) &, (F) = %50]5355 =~ (tem) 7. (50)

The average power per unit area transported by an electromagnetic wave is called

its intensity I: I = (95).
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Before we end this lecture, let us introduce the concept of a wave packet which
represents a localized travelling wave solution of the wave equation. This will be

useful when we introduce the concept of a solitary wave in the next lecture.

1 x x x x x x x x -
0.8 + |

0.6 - f
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0.2
aa RN
0.6 %
0.8 - -

Fig.2 : A typical wave packet

The Wave packet: No source of electromagnetic radiation emits a single monochro-
matic wave. Even a laser light has a finite line width. What this means is that there
exists a central (average) frequency of emission vy (corresponding wave number is
ko) around which there are other waves with frequencies in the interval (vy £ Av).
Since the wave equation, we are dealing with, is a linear differential equation, any

such solution, with the above mentioned frequency spread, can be represented as

ot = [ T (k) itk ®n g (51)

—oc0
where F'(k) is the amplitude of a Fourier component with wave number k. Negative
k’s have also been included to account for the waves propagating along the negative
x direction. To understand the cosequences of such a superposition of monochro-
matic waves, let us consider the superposition of two harmonic waves, of the same

amplitude A, propagating in the positive z direction
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¢1(z,t) = Acos [(wo — Aw)t — (kg — Ak)x], (52)

Po(x,t) = Acos [(wo + Aw)t — (ko + Ak)x], (53)

where |Ak/ ko
1, Aw/wy < 1. The resultant wave is

o(x,t) = ¢1(x,t) + ¢z, t) = [2Acos(Aw t — Ak x)] cos(wot — ko). (54)

The first factor inside the square brackets is a slowly varying function of x and t.
Hence, the above equation can be regarded as the equation of a plane wave with
slowly varying envelope amplitude A; = 2Acos(Aw t — Ak x). The localized form
of a typical wave packet is shown in Fig.2 at x = 0. As time passes the wave packet
gets displaced along the z direction.

Within the limits of the packet the plane waves amplify one another to a greater
or smaller extent. Outside these limits they virtually annihilate each other. Also,
smaller the width of a packet the greater is the requency interval Aw (or, equiva-

lently, the interval Ak) needed to describe the wave packet because
AkAx ~ 27 (55)

holds good for the wave packet.
The velocity of the center of the wave packet (it is the velocity at which the

packet propagates along the z axis) is given by

Aw
U= Ak (56)
which in the limit when Ak — 0 becomes
o Aw Ow
ve = M AE T ok (57)

and is called the group velocity of the wave packet. Note that v, is always less than

or equal to the speed of light: v, < ¢ and gives the velocity at which the information,
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modulated on the wave, will propagate.
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Lecture-3: Dispersive, dissipative and nonlinear wave equations and

solitary waves

Let us see how we can modify the wave equation to account for effects like dispersion,
dissipation and nonlinearity. It is quite legitimate to start with a wave ¢(x — t)
propagating with unit velocity along the positive x direction alone. It satisfies the
wave equation

which can be checked by direct substitution. From here onwards, a subscript stands
for the partial derivative with respect to it unless otherwise stated. Let us modify

Eq.(58) by adding a term ¢y, i.e., consider

Such a term occurs in the Korteweg-de Vries equation which we shall examine in

Lecture 4. If we take a plane wave of unit amplitude
o(x,t) = e Wika), (60)
and insert it into the above equation, we arrive at the following equation
wk)=k— kK (61)

which gives the frequency of the wave as a function of the wave number (or, equiv-
alently, of the wavelength). Such a relation is called the dispersion relation. This
allows us to obtain the following expressions for the phase velocity v, and the group
velocity vg:

vp:%=1—k2, ngggzl—BkQ. (62)
Equation (62) implies that waves with different wave numbers have different veloc-
ities. As a result a wave packet which, as we have seen in the last lecture, consists

of a large number of monochromatic waves, will disperse as it propagates down the
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medium. Thus Eq.(59) represents the simplest form of dispersive wave equation.

If, instead, we add —¢,, and consider
Gt + Gx — Puz =0 (63)
and examine its plane wave solution, we arrive at the dispersion relation
w(k) =k — ik? (64)
which, when inserted into the plane wave solution yields
d(z,t) = o~ RHttik(z—t) _ =K%t Jik(z—t) (65)

the full solution of the wave equation (63). It describes a wave that propagates with
unit velocity for all k£ but this wave also decays exponentially for any real k£ # 0 as
t — oo. This decay is referred to as dissipation. So the wave equation (63) represents
a dissipative wave equation. Finally, we wish to examine the consequences of a
nonlinear modification of the original wave equation. For this purpose, we consider

the wave equation
¢t + (14 ¢)d, = 0. (66)

It is a nonlinear equation in the dependent variable ¢. Linear wave equations are
valid for relatively small amplitudes. In many real physical problems, physical char-
acteristics of the medium, that determine the character of wave propagation in it,
depend on the amplitude of the wave propagating through it. Under these circum-
stances, nonlinear wave equations, like the one written above, arise. The above form
of nonlinearity has been considered keeping in view, once again, the Korteweg-de
Vries equation. By the method of characteristics one obtains the general solution in

the form
¢(z,t) = f(z = (1+¢)t) (67)
where f is an arbitrary function of its argument. One can check, after a bit of alge-

bra, that the function given by equation (67) does satisfy the wave equation (66).
If we look at it carefully, we notice that given an initial profile ¢(z,0) = f(z) the
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points that have higher amplitude will travel faster than those with smaller ampli-
tude. As a result the wave front will steepen during propagation and ultimately the
wave will break up. The spreading of a wave-hump at the sea-shore is an example

of such a wave break-up.

It is clear that by making suitable assumptions in the underlying physical prob-
lem we might get an equation that is both nonlinear and dispersive or dissipative.
The problem is then to solve this equation and physically interpret its solutions.
Usually it is a tough task because general methods of solution of nonlinear partial
or ordinary differential equations have not been as developed as they are for linear
equations. In what follows we shall discuss some special nonlinear and dispersive
equations that can be solved analytically exactly and which give rise to a very in-

teresting class of solutions called solitons.

¢s(§) e 0

Fig.3: Two kinds of localization for solitary waves

Before we give a general definition of a soliton, we shall need the following con-
cepts. As we have seen, given a wave equation, a travelling wave solution ¢ (z,t)

is the one that depends on x and ¢ only through £ = x — vt, where v is a constnat.

Localized travelling wave solutions are called solitary waves and satisfy the fol-

lowing definition.

Solitary wave: A solitary wave ¢gr(€) is a travelling wave whose transition

from one asymptotic state at £ — —oo to another at £ — +oo is essentially local-
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ized in &.

Two kinds of localization are possible as shown in Fig.3. In one case the func-
tion ¢gr(£) tends to zero as € tends to +oo, while in the other case it tends to £C,
respectively, where C' is a constant. One might wonder, looking at the localization
in the second case, whether such a solution is really localized. However, such lo-
calized solutions do occur in condensed matter physics and field theory. Since the
derivative of this solution has the same localization as shown in the first case, the
physical characteristics of the excitations represented by such solutions turn out to

be finite and hence they are not distinguished from solutions of the first type.

Soliton: A soliton ¢s(x,t) is a solitary wave solution of a wave equation that
asymptotically preserves its shape and velocity under collision with other solitary

waves.

In other words, if the collision between solitary waves is elastic, the solitary waves
are called solitons. It follows from this definition that a soliton is always a solitary
wave, however, a solitary wave may not be a soliton. Hence, if we find a solitary
wave solution of a nonlinear and dispersive wave equation, we still need to study its
collision property to ascertain whether it is a soliton or not.

The simplest example of a soliton is a pulselike travelling wave solution of the

linear dispersionless wave equation

Po(x,t 1 0%¢(x,t
ai;l; )_02 8(:2 Lo (68)

It sounds strange but it is true because there is nothing, no dispersion, no nonlin-

earity or dissipation to distort the pulse. It will travel in the medium without any

change.

The above mentioned possibility of soliton formation is a highly ideal situation.

No real medium satisfies that condition. Real media are dispersive, dissipative and
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nonlinear. Studies of pulse propagation in different media have established certain
criteria, to be satisfied by the medium in which we study the phenomenon of wave

propagation, for solitary wave type excitations to occur.

Linear disper- Linear medium
sionless medium with dispersion
(solitary wave) (No solitary wave)
Nonlinear disper- | Nonlinear medium
sionless medium with dispersion
(No solitary wave) | (solitary wave)

In a dispersive but linear medium solitary waves can not form because the pulse will
broaden and disperse because of the reasons mentioned earlier. Similarly, a non-
linear medium without dispersion will lead to pulse break up as explained earlier.
Only in a nonlinear and dispersive medium two seemingly opposite effects, disper-
sive broadening and nonlinear steepening, are balanced under appropriate conditions

and solitary waves result.
In the next lecture, we shall consider certain nonlinear and dispersive wave equa-

tions that arise in different branches of physics and admit solitary wave solutions.

Collision studies have shown that the majority of them happens to be solitons.

20



Lecture-4: Wave equations that admit solitary waves

The Korteweg-de Vries equation: The simplest nonlinear and dispersive wave
equation that occurs, of course under certain assumptions, in various branches of

physics is the so called Korteweg-de Vries equation

(bt + « (b ¢x + ﬂ(bm:x = O, (69)

where the subscript = stands for the partial derivative of ¢(x,t) with respect to z,
a and ( are constants, and ¢ stands for the deviation from the average value of a
physical quantity which depends on the problem at hand. It is derived from the
governing equations of irrotational two-dimensional motion of an incompressible in-
viscid fluid, bounded above by a free surface and below by a rigid horizontal plane,
for small amplitude waves under specific boubdary conditions. The KdV equation
is used to describe lossless propagation of shallow water waves, ion-acoustic waves
and magnetohydrodynamic waves in plasmas, longitudinal waves in an elastic rod,
pressure waves in a liquid-gas bubble mixture, internal gravity waves in a stratified
fluid, waves in a rotating atmosphere (Rossby waves), anharmonic lattice, thermally

excited phonon packets in low temperature nonlinear crystal etc.

We look for the solitary waves of the KdV equation in the form ¢(x,t) = ¢(x —
vt) = ¢(§). Substitution into the equation (69) yields

2
(;95 (O@ — v+ 5¢§§> =0 (70)

2
where the subscript £ stands for the ordinary derivative of ¢ with respect to &.

(¢ — )¢ + Bdgee =

Integrating once we obtain

2
O‘f 06+ Boec = C (71)

where C' is a constant. Since the solitary waves are localized

lim ¢ = lim ¢¢ = lim ¢e =0, (72)

|§|—o0 |§|—o0 €] =00
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the constant C' is equal to zero. Multiplying Eq.(71) by ¢ (with C=0) and inte-

grating once we obtain

dp (v =%9)
N/

where the constant of integration has again been put equal to zero in view of the

conditions (72). Let us assume that the peak of the solitary wave is located at £ = 0

and let its value be ¢y. Then

d¢

d?k:t) =0. (74)
Then Eq.(73) yields

v— %qzﬁg =0 (75)

which leads to the following relationship between the peak amplitude and the ve-

locity of the solitary wave
a
v= gﬁbo' (76)

Further, we get

¢ dy 1 /f
=== [a (77)
o (U o %y) y \/B 0
Using the substitution
y = v sech?z, (78)
Q@

and sech™'(1) = 0 we obtain

2 sech_l(\/m) B §
7 | dr =t (79)

Taking into account that the solution is an even function, the choice of + sign

becomes redundant. As a result we arrive at the solution

dsr(z,t) = ?Zj sech? ( 4Uﬁ (x — vt)) = ¢y sech? <\/§ (x — vt)) : (80)
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The solution describes a hump travelling along the positive x direction. Collision
studies show that the KdV solitary waves are actually solitons. Also, since the ve-
locities of these solitons are proportional to their peak amplitudes, taller the soliton
faster it moves. The width of the soliton is inversely proportional to the square root
of its velocity. The sign of the soliton depends on the sign of the constant «. If the
sign of « is negative, the solution describes a density depression travelling along the

positive x axis.
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The Nonlinear Schroedinger equation: The equation

where k is known as nonlinear Schroedinger equation. It is used to describe sev-
eral phenomena in nonlinear optics, like, one dimensional self phase modulation of
a monochromatic wave, stationary two dimensional self-focusing of a plane wave,
self-trapping phenomena etc. It also describes the propagation of a heat pulse in
a solid, Langmuir waves in plasmas and is closely related to the Ginsburg-Landau

equation of superconductivity.

In nonlinear fiber optics it is used to study distortion free propagation of a laser
pulse in an optical fiber. It is derived from Maxwell’s equations under the so called

slowly varying envelope approximation. For a laser pulse
E(z,t) = A(z,t) ek 4 e (82)

where A(z,t) is the complex envelope amplitude of the pulse and c.c. stands for
the complex conjugate, propagating along the z-axis, the nonlinear Schroedinger
equation reads

1
ige + 50 + lq|*q = 0. (83)

where ¢ is the normalized complex amplitude of the electric field, £ is the normalized
distance of propagation along the fiber and 7 is the normalized time measured in

the frame moving with the group velocity of the pulse (see, for instance, references

3,6 and 7).

We look for the solitary wave solution in the following form,

(&, 7) = \JY(&, 7)), (84)

where the function 9 is assumed to be localized in 7 and satisfies

lim (¢,7) = lim HET) (85)

T—=300 or
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Substituting for ¢ from Eq.(84) into Eq.(83) and separating the real and imaginary

parts we obtain

oy 0 00\
5o (v5) -0 (%6)
and
2

Since Eq.(83) is for the frame moving with the group velocity of the pulse, the shape
of the solitary wave be stationary in £. It means that 0y/9¢ = 0, i.e., the function
1 does not depend &. If we take this into account we get from Eq.(86) that

0 00

ar (%) =Y (88)
00
5, = (o). (89)

For a localized solution ¢(£) = 0 and we obtain

0 =0(¢) = B¢ + o, (90)

where [ is a constant and has the meaning of a nonlinear propagation constant shift
and 6y = 6({ = 0) stands for the initial value of the phase. If we set 6y = 0 we
obtain

o0

00
0= Ge=8 5 =0 (91)

Multiplying Eq.(87) by v., using (91) and integrating once we obtain the following

ordinary differential equation for

dy B
= = 22\/26 -9, (92)

where the constant of integration has been put equal to zero in view of the localiza-
tion condition (104). Let us assume that the solitary wave has its peak g9 = v/t
at 7 = 79. Then we have (dio/d7)|, = 0 and

Vo = /28. (93)
This leads to
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/wdy — + 2(r — ), (94)
o yv25—y

The integral on the left-hand side, computed by the substitution y = sech?z, is a

standard one and yields

/OseChl\/;dz = (T — 10). (95)

Or,

\/12—@ sech~! <\/V%> Ey— (96)

Thus the solitary wave solution of Eq.(83) is given by

9(€,7) = /28 sech (\/% (r — TO)) i (97)

or,

q(&,7) = qosech (qo(T — 70)) €2 "¢ (98)

Note that the above solitary wave solutions are stationary bright solitary waves

of Eq.(83). Since Eq.(83) is invariant under the Galilean transformation

(€, 7) — 7T VT (¢ T — ve), (99)

where v is the velocity of a Galilean frame, in a frame moving with velocity v with

respect to the pulse, the solitary wave solutions of Eq.(83) are given by
a(€,7) = qosechlgo(T — v€)] el TEUEHTIIGO), (100)

Collision studies of these solitary waves show that they are solitons. Because the
solitons of the nonlinear Schroedinger equation are robust under small perturbations,
they are tipped to be used in long distance all-optical fiber-optic communication sys-

tems.
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The sine-Gordon equation: The partial differential equation

¢xa} - qbtt = Smﬁb (101)

is known as sine-Gordon equation. It arises in several branches in physics and has
been used to describe the propagation of crystal dislocation, Bloch wall motion of
magnetic crystals, propagation of magnetic flux on a Josephson line, unitary theory
of elementary particles etc. Once again, note that the above equation has been
written in the nondimensional form.

This equation has infinite number of trivial solutions, like ¢g = 0, £27, +4m, ...,
which are called the vacuum solutions. Besides these, there are nontrivial solutions
that interpolate between two consecutive vacuua. If, for instance, we take the vacua

®o = 0 and ¢y = 27, then the solution that satisfies

lim ¢(z,t) =0, xkrfoo o(x,t) =2m (102)

T——00

is called the kink solution, while the solution that satisfies

lim ¢(x,t) =0, lim ¢(z,t) =27 (103)

T——+00 T——00
is called the antikink solution. Let us determine this solution. As earlier we look for
the solitary wave solution of the sine-Gordon equation in the form ¢(x,t) = f(z—uvt).
Substitution into the differential equation yields

1

— A2 o5 2 _
f"=7q7sinf, v —m- (104)
The first integral of this equation is
12
5 = A —~2cosf (105)

where A is the constant of integration and is determined from the condition that

2

limyy oo f(z,t) = ¢o. It turns out to be v For v? < 1 the solution is obtained

from

: el - fL: —&o) = T —Top—v
= Vasin(fjz) = = VA€~ &) =F VAl a0 —vt), - (106)
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where z( is the constant of integration. Or,

In (tanﬁ) = 42y (x — xy — vt). (107)

The soliton solution is thus given by

$(,1) = dtan" (221 (om0 (108)

These solutions correspond to a rotation in ¢ by 27 as x goes from —oo to +o0o. The
plus sign corresponds to the positive sense of rotation, whereas the minus sign to the
negative sense of rotation. The former is called a kink and the latter an antikink.
Concluding, we would like to note that soliton solutions are generic, and, al-
though real systems often contain mechanisms (dissipative forces and other addi-
tional perturbative effects depending on the problem at hand) that may destroy the
exact soliton behaviour, solitons are very useful for a starting point for analysis. In
a way, they play the same role in nonlinear physics as the one played by the sim-
ple harmonic oscillators in linear physics. More over, perturbative methods, which
consider perturbations around the soliton solution, have also been worked out to
calculate the response of the soliton to dissipative forces and other external pertur-
bations. One may say that a very useful branch of physics - Soliton Physics - has

firmly established itself.
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