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Abstract

The Method of Equivalent Lagrangians is used to find the solutions of a given
differential equation by exploiting the possible existence of an isomorphic Lie
point symmetry algebra and, more particularly, an isomorphic Noether point
symmetry algebra. Applications include ordinary differential equations such
as the Kummer Fquation and the Combined Gravity-Inertial-Rossby Wave
FEquation and certain classes of partial differential equations related to the
(14 1) linear wave equation. We also make generalisations to the (2 + 1) and

(34 1) linear wave equations.
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Introduction

Lie Theory was first formulated by Sophus Lie (1842 - 1899) as a means of unifying
the various integration techniques associated with the solving of differential equations,
[14]. This lead to the study of continuous groups of symmetries (transformations that
leave a given differential equation invariant, see [1]). However, although this field has
its origins in differential equations, Lie Theory’s astounding applicability to fields
such as differential geometry lead to its rapid “abstraction and globalization,”[14],
in particular by Schreier in 1925, who discovered the importance of the topology of
Lie groups, a concern that was taken much further by Elie Cartan in the 1930’s, [16].
Hence the applicability of Lie Theory to differential equations was largely overlooked
for decades until the subject was resurrected by mathematicians such as Birkhoff
and Ovsiannikov, [14]. Since then, this aspect of Lie Theory has grown considerably

and indeed it is in this arena that this study will make its contribution.

The Method of Equivalent Lagrangians is used to find the solutions of a given
differential equation by exploiting the possible existence of an isomorphic Lie point
symmetry algebra and, more particularly, an isomorphic Noether point symmetry
algebra. The underlying idea of the method is to construct a regular point transformation
which maps the Lagrangian of a ‘simpler’ differential equation (with known solutions)

to the Lagrangian of the differential equation in question. Once determined, this



point transformation will then provide a way of mapping the solutions of the simpler
differential equation to the solutions of the equation which we seek to solve. This
transformation can also be used to find conserved quantities for the equation in
question, if the conserved quantities for the simpler differential equation are known.
The advantage of this method is that once a transformation map is found, it can be
used to find all possible solutions and conserved quantities of the differential equation
in question, thereby avoiding the complex integration procedures which are normally
required. In this study, the Method of Equivalent Lagrangians is described for scalar
second-order linear ordinary differential equations (ODEs) and for certain classes of

partial differential equations (PDEs) in two, three and four independent variables.

Previous investigations of this method have been limited. In [6], Kara and Mahomed

apply the method to two cases of the equation of the form
G+p(t)q+r(t)g = pd*q 1+ f(t)g".

This study builds on their work through the generalisation of the method to a
larger class of scalar second-order ODEs, by applying the method to two new ODEs.
Another new contribution of this study is the extension of the method to certain
classes of PDEs in two, three and four independent variables. In [5], Kara uses
the definition of equivalent Lagrangians for PDEs in two independent variables in
order to find an equivalent Lagrangian under a given transformation. In this study
we will describe this procedure in detail as it is the “reverse” of the Method of
Equivalent Lagrangians. Following this, we will apply the method to the same
equivalent Lagrangians in order to recover the known transformations. We shall
also generalise the method to some classes of PDEs in three and four independent

variables.

In all cases, the aim is to demonstrate the method in a comprehensive manner,

which naturally comes at the price of generality. However, the design and layout



of the method is such that it may be easily imitated for other classes of differential

equations.

The structure of the dissertation is as follows. In the first chapter we state the
fundamental concepts that are required to describe and apply the Method of Equivalent
Lagrangians. We also provide an illustrative example of the method and its application
in finding solutions and conserved quantities of differential equations. The second
chapter deals with the application of the method to two linear second-order ODEs
in mathematical physics, namely the Kummer Equation and the Combined Gravity-
Inertial-Rossby Wave Equation. In the third chapter we extend the method to
PDEs in two independent variables. Using the standard Lagrangian and previous
knowledge of the (1+ 1) wave equation, we are able to apply the method to certain
PDEs such as the canonical form of the wave equation, the wave equation with
dissipation and a Klein-Gordon equation. The fourth chapter discusses the extension
of the method to certain classes of PDEs in three and four independent variables,
using previous knowledge of the standard Lagrangian for the linear wave equations

in three and four independent variables, respectively.



Chapter 1

Preliminaries

1.1 Introduction

In this chapter we look at the theoretical foundations on which the Method of
Equivalent Lagrangians is based. The definitions and concepts stated here are
essential to an understanding of this study and will be used throughout the dissertation.

They are all well known and can be found in [14].

1.2 Fundamentals

Consider an rth-order system of PDEs of n independent variables x = (z!, 22,..., 2")
and m dependent variables u = (u!,u?, ... u™)
G'(z,u,uqy, .., uey) =0, p=1...,m, (1.1)



where w1y, u(),...,uq) denote the collections of all first, second, ..., rth-order

partial derivatives. The total differentiation operator with respect to x’ is given by

Di_8,+ i pga T Yigga T t=1,...,n
A current T = (T*,...,T™) is conserved if it satisfies

along the solutions of (1.1). T is also known as a conserved quantity.

The Euler-Lagrange operator is defined by
) 0

Sue  oue

0

s>1 i1
Hence, the Euler-Lagrange equations are of the form

oL
T 0, a=1,....m,
ou”

+Z(_1)8Di1""7DisW7 Oézl,...,m.

(1.2)

(1.3)

(1.4)

(1.5)

where L is a Lagrangian of some order. The solutions of equation (1.5) are the

optimizers of the functional

/L(m, U, Uy, - - .) da.

A vector field X of the form

-0 0 :
ngzaxi—i_naaua? £Z7 nae A7

(1.6)

(1.7)

which leaves (1.6) invariant (up to, possibly, a gauge vector) is known as a Noether

symmetry, where A is the space of differential functions. Equivalently, X is a Noether

symmetry of L if there is a vector B = (B!,..., B") € A such that

X(L) + LDi(¢") = Di(B"),

11

(1.8)



where X is prolonged to the degree of L, [14]. If the vector B is identically zero,
then X is a strict Noether symmetry, [3].

Two linear algebras (e.g. Lie symmetry or Noether symmetry algebras) are said to
be isomorphic if they each possess the same structure constants in their respective

bases, [2].

It is well known that if the Noether symmetry algebras for two Lagrangians, L and
L, are isomorphic, the Lagrangians can be mapped from one to the other. In the

light of this, we define the notion of equivalent Lagrangians.

Definition 1. Let z = (z',2%,...,2") be a vector of n independent variables and
u = (u',u?,...,u™) a vector of m dependent variables, where uy,u@), ..., uw)
denote the collections of all first, second, ..., rth-order partial derivatives of u. Let

X and U be similarly defined. Two Lagrangians,
L= L(x,u, U1)y - - - ,U(@)

and

L=1L(X,U,Upy,...,Un),

are said to be equivalent up to guage if and only if there exists a transformation,

X = X(x,u) and U = U(x,u), such that
L(z,u,uqy,...) = L(X,U,Uyy,...) J(x,u,uq) + div f, (1.9)

where J is the Jacobian, [5], and f = (fi, fa,..., fa) is a guage vector such that
fi= filx,u) for alli =1,2,... n.

For ordinary differential equations, in which u = u(x), i.e. x is scalar, the definition

of equivalence up to gauge becomes

12



Definition 1*. Two Lagrangians, L and L, are said to be equivalent up to guage if

and only if there exists a transformation, X = X (z,u) and U = U(z, u), such that

_ dU
L(z,u,v') = L(X,U, U’)% + fo + U fu, (1.10)

where the guage function, f, is an arbitrary function of z and u, [6].

For functions of a single variable, we shall use the prime notation to denote total
differentiation. For example, if u = u(x), then Z—Z = /. Similarly, % =", and so
on. For functions of more than one variable, partial differentiation will be denoted
by subscript notation. For example, if v = u(x,t), then % = u, and %@‘ = Uy.

.. 2
Similarly, % = Uge, and so on.

Remark: The definitions of equivalent Lagrangians imply that given a variational
differential equation with corresponding Lagragian L, we can find a regular point
transformation X = X(z,u) and U = U(z,u) which maps another (equivalent)
Lagrangian L to L. This regular point transformation also maps the solutions of
the differential equation associated with L to the solutions of the original differential

equation.

In addition to this, once we have found the regular point transformation X = X (z, u)
and U = U(z,u) mentioned above, it is possible to use this transformation to map
the (known) conserved quantities of the differential equation associated with L to
the conserved quantities of the equation in question. This is demonstrated in the

following section by means of an illustrative example.

13



1.3 Illustrative Example

Consider the well-known harmonic oscillator ODE

Yy +y=0, (1.11)
with Lagrangian
1 1
L=y ?- 2y 1.12
A (1.12)

We wish to solve and find conserved quantities for the ODE (1.11) using the Method
of Equivalent Lagrangians. In order to do so, we must find the regular point

transformation X = X(z,y) and Y = Y (x,y) that maps the Lagrangian

— 1
L= 5Y’Q, (1.13)

associated with the free particle ODE,
Y" =0, (1.14)

to the Lagrangian (1.12) associated with the ODE (1.11). This can be done because
equations (1.11) and (1.14) are equivalent to each other, and hence can be transformed
from one to the other by means of invertible maps, [10]. The corollory of this is
that these equations have isomorphic eight-dimensional Lie algebras ([8], [9]) and
isomorphic five-dimensional Noether algebras, [11]. Hence L and L are equivalent
Lagrangians and therefore we can apply Definition 1* in order to find the required
transformation map. Once the transformation map has been found, we will be able
use it to transform the known solutions and conserved quantities of equation (1.14)

to those of equation (1.11).

From Definition 1* we have that

1,, 1 1, ,dX

a2 S P27 /
5Y 50 =5V o ety Sy (1.15)

14



Now, by the chain rule,
dy

V' =4z
dz
and by the total differentiation operator (see (1.2)),
av oy, oy
dr oz 7 oy

Similarly, 42X = 2X 4 y’%—);. Hence equation (1.15) becomes

1 1 1 /YN’ ax  d
/2 2 <dz> +l

¥ T¥ T 5 X ) dr " dx
dy \ 2
_ 1(%) L
2 % dx
1 (Y +yY,)? )
— 2(X$+y,Xy)+fx+yfy.

For the sake of simplicity we shall now assume that X is a function of x only (i.e.
X = X(z)). Hence X,, = 0. From this, the above equation simplifies to
Lo 1y (Yatyy,) :
SV Ty = ox. Tt
e vy 1

Ty ) /

Since X and Y are dependent on x and y only, and not on their derivatives, it
follows that we can separate the above equation by powers of y. From this we get

the following system of three PDEs.

po 1_1Y)
22X,
Y.Y,
y' 0= Xxy-l-fy,
1 1Y?
1 _ /2_7790 .
2 2X$+f



From the first equation we have that

Y?=X,.

Y

Since we have already assumed that X = X(z), we can now make the additional

assumption that X is of the form

X = / a® dx,
where a is a function of . Hence
2 2
}/y =a (l’),
which implies that
Y, = a(z),

and so
Y = / a(x) dy,
from which it follows that

Y =a(z)y + b(x),

where we can assume, without loss of generality, that b(x) = 0. Differentiating Y

partially with respect to x, we obtain the expression
Y, =dy.

Solving for f, in the second equation in the system above, and then substituting

our newly-found expressions for X, Y, and Y, we deduce that

a/

fy = _Ey-

Integrating the above equation with respect to y gives us the expression

1d

f= —5592“‘0@)7

16



where, without loss of generality, we can take c¢(z) = 0. Now that we have an
expression for f, we can differentiate this partially with respect to x and substitute

f into the third equation in our system. From this it follows that

1 1 1,\2 1 AN
—-yt = Lay)® | 1 <a> Y. (1.16)

2 2 a 2\a

Equating the coefficients of 32, we arrive at the equation

1 1d?2 1/(a\
5 =5 +2<a>' (1.17)

Now we can make the substitution A = %, and multiply through by 2, thus

simplifying the above equation to
—-1=A*-A. (1.18)
Rewriting this equation in the form

= 14 A% (1.19)

we realise that it is a separable ODE, the solution of which is
arctan(A) =z + k,

where k is an arbitrary constant which we can assume, for our purposes, to be equal

to 0. Hence,
/

a
A= — =tanuz.
a

Integrating both sides of this equation yields the result
Ina =1In (secz) + Ind,
where d is an arbitrary constant. From this we arrive at the solution
a = dsecx. (1.20)

17



Thus, the transformation in question is given by the equations
X =d?tanz, Y =dysecux, (1.21)
and the guage function is given by
L,
= ——y“tanx.
f=—gy tanz

This transformation in turn maps the solutions of (1.14) to the solutions of (1.11).
The solutions of (1.14) are easy to obtain by integrating both sides of the equation

twice. The general solution is therefore of the form
Y =aX + 5, (1.22)

where o and 8 are arbitrary constants. By substituting our transformation X =
X(x,y) and Y = Y (z,y), given by (1.21), into equation (1.22) and solving for y, we
obtain the expression

y = asinz + fcosw, (1.23)

which is the general solution for equation (1.11). In order to verify this, we note
that
Yy = acosx — Bsinx,

which implies that

y" = —assinz — Bcosx.

Hence

y'+1y=—asinz — Bcosx + asinz + Scosz = 0, (1.24)
and so equation (1.11) is satisfied.
In addition to finding solutions, we can use our transformation to find the conserved

quantities of (1.11), by applying our transformation map to the conserved quantities

of equation (1.14).

18



Consider, for example, the known conserved quantity
I=XY -Y (1.25)

of equation (1.14). Using transformation X = X(z,y) and Y = Y (z,y), given by
(1.21), it follows that a conserved quantity for equation (1.11) is

dy
I = X[(—=)-v
(ix)

ay
()
dx

tan x sec z(y' + ytan )
= 5 —ysecx
sec? x

= sinz(y +ytanz) — ysecx

= y/sinz + ysinztanx — ysec .

This is verified by the fact that

dl "o ,
— = Yy sinxr+ysinxy
dz
= sinz(y’ +y)
= 0.

Hence we have demonstrated how to find transformation maps using the definition of
equivalent Lagrangians. Furthermore, once the transformation has been found, we
have shown how it can be used to find solutions and conserved quantities of a given
differential equation. In the next chapter, the Method of Equivalent Lagrangians will
be applied to two scalar second-order linear ODEs, namely the Kummer Equation

and the Combined Gravity-Inertial-Rossby Wave Equation.
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Chapter 2

The Kummer and Combined

Gravity-Inertial-Rossby Wave ODEs

2.1 Introduction

Second-order ODEs can be divided into equivalence classes based on their Lie
symmetries, [11]. Two equations belong to the same equivalence class if there exists
a diffeomorphism that transforms one of the equations to the other, [11]. If a second-
order ODE admits eight Lie symmetries (the maximum number of Lie symmetries
of a scalar second-order ODE, by Lie’s ‘Counting Theorem,’ [7]), it belongs to the
equivalence class of the equation Y” = 0, [11]. Hence it can be mapped to this
equation by means of a regular point transformation. All linear second-order ODEs
belong to the equivalence class of the equation Y” = 0 (see [10] and [15]). It is
an important result from the work of Lie ([8], [9]) that such equations possess the

maximum eight-dimensional Lie symmetry algebra, [10].

20



In [11], Mahomed et al. prove that the maximum dimension of the Noether symmetry
algebra for a scalar second-order ODE is five, and that the equation (1.14) with
standard Lagrangian (1.13) attains this maximum. This five-dimensional Noether
algebra is therefore isomorphic to any other five-dimensional Noether algebra for
which the associated Euler-Lagrange equation is of the same equivalence class as
(1.14), [11]. Therefore it follows that for any scalar second-order linear ODE with
Lagrangian, L, generating a five-dimensional Noether algebra, L can be mapped
to L by means of a regular point transformation X = X(z,y) and Y = Y(x,y)
(this transformation evidently also transforms the corresponding Euler-Lagrange

equations, for L and L respectively, from one to the other, [11]).

We use the Method of Equivalent Lagrangians detailed above to find the transformation
maps that can be used to find solutions and conserved quantities for two scalar
second-order linear ODEs, namely the Kummer Equation and the Combined Gravity-

Inertial-Rossby Wave Equation.

2.2 The Kummer Equation

The Kummer FEquation has several applications in theoretical physics. Inter alia,
it models the velocity distribution of electrons in a high frequency gas discharge.
Using the solutions of this equation, which are called the Confluent Hypergeometric
Functions, [12], together with kinetic theory, it is thus possible to predict the high
frequency breakdown electric field for gases, [12]. The differential equation is given
by

xy" + 2k —x)y — ky =0, (2.1)

21



where £ is an arbitrary constant. By rearranging this equation and multiplying by

an integrating factor, we discover that a Lagrangian for this equation is

1
L= ika:e_“:(y' - in) (2.2)

Equation (2.1) has eight Lie symmetries (this is because it is a second-order linear
ODE, see [10]). Therefore there is a point transformation, X = X(z,y) and Y =
Y (z,y), which maps equation (1.14), with Lagrangian (1.13), to equation (2.1). The
Lagrangian for equation (1.14) is known to have five Noether symmetries, [11]. From
the existence of the point transformation above, it follows that the Lagrangian for
the Kummer Equation (2.1), given by (2.2), also has five Noether symmetries, [10].
Therefore Lagrangians (2.2) and (1.13) are equivalent. Invoking Definition 1* and
substituting L and L into equation (1.10), we can find the point transformation
X =X(z,y) and Y =Y (x,y) that maps (1.13) to (2.2), and hence equation (1.14)
to equation (2.1).

Equation (1.10) gives us

1 2k _— /2 k 2 1 /QdX /
_ T _ = _Y'“— .
233 ¢y +xy) 2 d:z:+f Yy

1/dy\?dx ,
- 2<dX> a TV

19N\ ax ,
= 2(%) %‘i‘fx‘f‘yfy
1<Yx+2}/x)/yy/+y/2y;;2

2 X, +v'X,

> + fo + 4 fy-

In order to simplify the above equation, we assume that X is a function of x only

and is of the form

X:/aZda:,

22



where a is a function of z. That is, X, = 0, and the above equation becomes

2

12k—x /2 _
5T € (y +$y)—

k ) 1 <Y$2_|_2Y'x}/yy/+y/ 2Y;J2
a2

Jerin @)
Now, since X and Y are dependent on x and y only, and not on their derivatives,
we can separate equation (2.3) by powers of ¢/, after which we obtain a system of

three equations,

1 /2Y,Y,
y 9 < a? y) To-
k 1 [/Y?
1 2k, 2 T [ T
me €y 2 <a2> +

From the first equation we determine that

1
Y, = axke 2%,

Integrating with respect to y results in the expression
Y = azte 2%y + b(x), (2.4)

for which we can assume, without loss of generality, that b(z)=0. We can differentiate
equation (2.4) partially with respect to z, and substitute expressions for Y, and
Y, (given above) into the second equation in the system, in order to obtain the

expression

! 1
fy = —a* ey (Zm +k— 295) )

from which we conclude that

f= —}asz’le"”yQ a—/x +k — L + c(z) (2.5)
2 a 2 ’ '

where we again assume, without loss of generality, that ¢(z)=0.

23



For the third equation, we can substitute our expression for Y, to obtain

xk = <a’> 2+ 2 <a’> x(k — ;x) + (k — ;x)g + fo-

a a

Making the substitution
A=—
a

simplifies the above equation to
2 —x 2k-1 2,2 1 L (v ok —a 2
ye Tk = (A% +2Am(kz—§x)+(k:—§x))m ey + fo

We then differentiate (2.5) partially with respect to x, and obtain an expression for

fz, which we can substitute into the above equation. This simplifies to

k (kK 1
0=A"-A—-——(--1]--. 2.6
Integrating the equation A = % gives us the expression

CL:BefAdx,

where A satisfies equation (2.6) and B is an arbitrary constant not equal to zero.

Hence we have that

X = /B2e2fA @ g, (2.7)

and

Y = Bel 4 dw k=37, (2.8)

Equations (2.7) and (2.8), where A satisfies (2.6), define our regular point transformation

X = X(z,y) and Y =Y (x,y), which transforms equation (1.14) to equation (2.1).

We know that the general solution of equation (1.14) is given by

Y =aX + 0,

24



where v and [ are arbitrary constants. Therefore, we can substitute expressions (2.7)
and (2.8), for X and Y respectively, to obtain an expression for y which is the general
solution of the Kummer Equation (2.1). The regular point transformation found
above can also be used to find the conserved quantities of the Kummer Equation in
the same way in which we found the conserved quantities for the harmonic oscillator

equation in the previous section.

2.3 The Combined Gravity-Inertial-Rossby Wave

Equation

The Combined Gravity-Inertial-Rossby Wave Equation is given by

y' +9g(z)y =0, (2.9)

where g(z) is an arbitrary function of x. The derivation of this equation is outlined
in [13]. Very briefly, the governing equations for the Combined Gravity-Inertial-
Rossby Waves on a (3-plane reduce to a partial differential equation, which, with
Fourier plane wave analysis, becomes a second-order ODE describing the latitudinal
structure of the perturbations. In equation (2.9), x and y are local Cartesian

coordinates and g(z) is the wave number, see [13]. By inspection, we find that

1 1,

L=y ?——g(x)y

5 : (2.10)

is a Lagrangian for equation (2.9). As for the Kummer Equation and its corresponding
Lagrangian, it can be shown that equation (2.9) with Lagrangian (2.10) has an eight-
dimensional Lie symmetry algebra (this is because it is a linear second-order ODE
for both arbitrary and specific g(z), see [10]) and a five-dimensional Noether algebra
(which follows from the equivalence of (2.9) and (1.14), see [10]). Therefore equation

25



(1.14) can be mapped to this equation using the Method of Equivalent Lagrangians.
We follow the same procedure as for the Kummer Equation in the previous section,
with our aim being to find the regular point transformation X = X(z,y) and

Y =Y (z,y) that maps equation (1.14) to equation (2.9).

As before, we begin by substituting expressions for L and L (given by (2.10) and
(1.13) respectively) into equation (1.10). This gives the equation

R

>+ﬁ+y@. (2.11)
Again we assume that X is of the form
X = / a? dr,

where a = a(x), which simplifies the above equation to

1 . 1 ) 1 (Y;? +2Ynyy/+y/ 2}/;/2

§y ig(:r)y = 2

>+n+y@. (2.12)

a?

Separating by powers of ¢/, we obtain the following system of three equations,

2 2a?’
Y.Y,
y/ O: 2y+fy7
a
1 2 1 1’2
1 —59(95)?/ =52 + fo

From the first equation we deduce that
Y =ay + b(z), (2.13)

where we can assume, without loss of generality, that b(z) = 0. Substituting
expressions for Y, and Y, into the second equation in the system, and then integrating

with respect to y, we have that

f=—=—vy"+c(x), (2.14)



for which we again assume, without loss of generality, that c¢(z) = 0. Finally,
after substituting expressions for Y, and f, into the third equation and making the

substitution A = %', we obtain the equation

1, 1 1
—= = _A%yE — Ay 2.1
592y = S Ay — S Ay, (2.15)
which simplifies to
0=A"— A% —g(x). (2.16)

Thus, as before, a = e A 4 where A satisfies equation (2.16). Hence we have that
our regular point transformation, X = X(z,y) and Y = Y (z,y), which transforms

equation (1.14) to equation (2.9), is given by
X:/€2]Adxdl', Y:efAdxy,

where A satisfies (2.16). This enables us to find the solutions of the Combined
Gravity-Inertial-Rossby Wave Fquation in the same way that we found the solutions
of the harmonic oscillator equation in the illustrative example. This regular point
transformation can in turn be used to find the conserved quantities of the Combined

Gravity-Inertial-Rossby Wave Equation.

2.4 Discussion and Conclusion

In this chapter, we have expanded on the work of Kara and Mahomed in [6] by
applying the Method of Equivalent Lagrangians to the second-order Kummer Equation
and the Combined Gravity-Inertial-Rossby Wave Equation. Because both of these
equations possess Lagrangians whose Noether algebras are isomorphic to that of
the Lagrangian (1.13), we were able to find transformations that map (1.13) to the

Lagrangians of these two equations respectively. Once a transformation is known,
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it can be used to retrieve all solutions and conserved quantities of the equation in
question, since all solutions and conserved quantities for equation (1.14), associated
with Lagrangian (1.13), are known. This is extremely useful as it means that the
lengthy calculations usually associated with the integration techniques used to solve
these equations can be avoided. A limitation of this method is that the equation in
question must possess a Lagrangian, which is not always the case. In addition, this
Lagrangian must be equivalent to another Lagrangian whose associated ODE has
known solutions (and conserved quantities), which in our case was (1.13). If it is
not known whether or not two Lagrangians are equivalent, their Noether symmetries
must be computed. If their Noether symmetries are of the same dimension, then
it follows that their Noether symmetry algebras are isomorphic, [2], and hence
the Lagrangians are equivalent. Under these conditions, the Method of Equivalent
Lagrangians can be applied to other classes of ODEs using the method demonstrated
above. In the next chapter we shall turn our attention to equivalent Lagrangians of

PDEs in two independent variables.
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Chapter 3

The (1 + 1) Wave Equation and
Related PDEs

3.1 Introduction

We now study the application of the method to some classes of PDEs in two
independent variables. We first demonstrate, through the use of two illustrative
examples, that given a Lagrangian, L, and a known transformation, one can construct
an equivalent Lagrangian, L, using Definition 1 given in the first chapter. Following
this, we turn our attention to the construction of a standard form for the Lagrangian
equivalent to the usual Lagrangian of the one-dimensional linear wave equation.
This will enable us to apply the Method of Equivalent Lagrangians to PDEs whose
Lagrangians are known to be equivalent to that of the one-dimensional linear wave
equation. In this latter situation, the aim of the method is to construct a transformation

that maps one Lagrangian, L, to its equivalent, L. As before, this will enable us
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to find solutions and conserved quantities of the PDE associated with L, as long as
those of the PDE associated with L are known. In the final section of this chapter,
we apply the Method of Equivalent Lagrangians to map the one-dimensional linear
wave equation with dissipation to a particular Klein-Gordon equation which we seek

to solve. This is the main application of this chapter.

3.2 Illustrative Examples

Example 1. In the first example, we use a given Lagrangian, L, and a given
transformation, X = X(z,t,u), T = T(z,t,u) and U = U(z,t,u), in order to

construct an equivalent Lagrangian, L.

Consider the (1 + 1) linear wave equation with unit wave speed,
UTT_UXX = 0. (31)

In this equation, X and T are independent variables, and U is the dependent
variable. In other words, U = U(X,T). Equation (3.1) is known to have the
Lagrangian

- 1
L=SUt-U%), (32)

see [1]. Suppose we are given the transformation
X=t+uzx, T=t—u, U=u,

which is the standard transformation to canonical form, [5]. By making the correct

substitutions into equation (1.9), we can calculate L.
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Firstly, the Jacobian, J, is given by

aX dr

J=| & =, (3.3)
aX dT
dt  dt

for two independent variables x and ¢, [5].

The Lagrangian L is a function of the variables x, t and u, where u = u(z,t). Hence,

using our canonical transformation above, we have that

From equation (1.9), assuming zero guage, it follows that

1

L=-
2

(U7 — Ux)2 (3.4)

In order to find Uy and Uy, we use the two equations

dU 9T OU  9X oU

G oror T ot ox (3.5)
and

dU_orou , ox U 56

der Oz OT or 0X’ '

which are derived from the multivariable case of the chain rule, and solve for g—g and

U
X *

Using our standard transformation to canonical form, (3.5) and (3.6) become
uy = Up + Uy, uy, = —Ur + Ux.

Solving these simultaneously, we obtain

31



We now substitute these expressions into equation (3.4), from which we have

1 1
L = E(U? — 2uzuy + Ui) — Z(u? + 2ugu; + ui)

= —UxpUyg.

Hence L is equivalent to L in the sense of Definition 1. The Euler-Lagrange Equation
associated with L is

Ugt = O, (37)

which is the canonical form of the wave equation given in (3.1), see [1].

Example 2. In the previous example, we made use of a canonical transformation
in order to find a Lagrangian equivalent to L. In this example, we follow the
procedure detailed in [5], in which an equivalent Lagrangian is constructed for the
wave equation (3.1), but where the transformed variables are a consequence of the

underlying symmetry structure concluded from a generator in the Noether algebra.

It can be verified that

G(X,T.U) = aa:r (3.8)

is a Noether point symmetry generator for the Lagrangian L given by (3.2), [1].

Suppose we wish to map G to the dilation symmetry generator
G(ZE, t U’) =Tt Uy (39)

Once this mapping is found, it can be used in formula (1.9) to determine L. The

formula for change of variables is given by

G(X,T,U) = G(X)Cfx + G(T);T + G(U);U. (3.10)

Substituting (3.8) into equation (3.10), and equating coefficients, we obtain the three

equations



We solve these equations using the method of invariants, from which we conclude

that

2 2 U2

U U
X =F(t,— T =1 — = H(t, —
F(t, L), oG ) U =HL),

where F, G and ‘H are arbitrary functions. For particular choices of F, G and H,

we arrive at

U2

X =t, T=In x, U=—.
x

This gives us our transformation. Now, using the expression given in (3.3) for J, we

have that

J:

T .

O 8=

1
As in the first example, we find Ur and Ux by solving equations (3.5) and (3.6)
simultaneously. From this we obtain

2uuy

Ux =

T

and
2

U
Ur = 2uu, — —.
x

We now substitute the expressions for J, Uy and Ur into equation (1.9), again
assuming zero guage, which gives us

- Yoo ()

—1( 5, 4du, ut 4Pl

= —— |y ——+ 5 — —
2z x x x

—u?

2q:3

(4ua? — duu,w +u® — 4u?).

Hence we have shown how, for a given PDE in two independent variables, given a
Lagrangian, L, and a transformation (which may be constructed using a symmetry
generator in the Noether algebra, as is demonstrated in this example), one can find

a Lagrangian L, which is equivalent to L.
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In the applications that follow, we show that if we have two equivalent Lagrangians of
PDEs in two independent variables, then we can find the mapping which transforms
one Lagrangian to the other. This mapping can be used to find solutions of the

PDEs associated with the Lagrangians, as well as to find conserved quantities.

3.3 Form of Equivalent Lagrangian for the Linear

Wave Equation in (1 + 1) Dimensions

We now find an expression for the form of a Lagrangian, L, which is equivalent to
the usual Lagrangian, L, of the one-dimensional linear wave equation. Once we have
this form, given any L equivalent to L, we can find the transformation that maps
L to L, and hence the solutions and conserved quantities of the (1 + 1) linear wave

equation to those of the differential equation associated with L.

Solving equations (3.5) and (3.6) simultaneously for Ur and Uy, we obtain

av x —Xtd—U
Up= &~ —dv 3.11
T TX, - X/ T, (3.11)
and dU dU
Y -T.9
Ux = & dt 3.12
YT TX, - X[T, (3.12)
Therefore,

1 ay
5([]% . U)2() _ - dt dx dt

1 (X2 - T2) + WHXZ - T2) + 29U (T,T, — X, X,)
2 T2X2 — 2T,T, X, X, + X212 ’

from equation (1.9), assuming that guage is zero. Then

dX dT

J = dx dx
dx 4T

dt dt
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dXdIr' dXdT

dr dt dt dz’

By the chain rule, % = X, + u,X,, and similarly for ‘il—:tr, % and ‘C%. Hence

and so

1
L = §(U% ~U3)J

2 2
| L[R0e - P00 1) P R - XX

2 T2X2 — 2T,T, X, X, + X2T?

If we assume that X, = 0 and T, = 0 (i.e. we assume that X = X(z,t) and

T =T(x,t)), then the above expression for the Lagrangian reduces to

_ 2 2 ]
DAL G I Ea E e i s AL O] PP
=3 (X.T, — X/L,) o

1 [9P(X2 - 72) + W2 - TP) + 20 (T, — X, X,)

dt z z dx dt

Now, by total differentiation (see (1.2)), we have that

du

E = Ut + UtUu
and

dU

— = U, +u,U,.

dx

Therefore we conclude that L takes the following form.
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Form of the Equivalent Lagrangian. The general form for a Lagrangian equivalent

to the usual Lagrangian of the one-dimensional linear wave equation is

L = swa—xmlU+wlU)(XZ - T7)
(Uy + u,U)2 (X2 = T?) + 2(Uy + u U (Up + wU ) (LT, — X X,)]
scersr | {uwRU(TT, — X, X,)]

w U (X — T + iU (X3 — T7)]

Uz [2U, Uy (X2 — T?) + 20U (T, T, — X: X))

uw 2U,U, (X2 — T?) + 22U, U (T T, — X; X,.)]

[UH(X3 = T3) + UR(XP = T7) + 20U (VT — X X1},

+

+ o+ +

(3.13)
where U = U(z,t,u), X = X(z,t) and T = T'(z,1).

Once we have a Lagrangian which we know to be equivalent to the Lagrangian
L given by (3.2), we can reverse the process of the two examples above, and
use the form of the Lagrangian given in the above equation in order to find the
transformation that maps the solutions of the one-dimensional wave linear equation
(3.1) to the solutions of the differential equation associated with the equivalent
Lagrangian. As a means of demonstrating and validating this method, we use the
Lagrangians found in the previous two examples (as we know these to be equivalent

to (3.2) by construction) and attempt to recover the required transformations.

3.4 Finding Transformations -

Illustrative Examples

Example 1. Consider equation (3.7) with its Lagrangian
L = —u,uy, (3.14)
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which we found to be equivalent to (3.2) in Example 1 of the previous section. We
use the Form of the Fquivalent Lagrangian found in the previous section in order to

find the transformation that maps the Lagrangian (3.2) to this Lagrangian.

Substituting (3.14) for L in equation (3.13), we obtain the equation
1

2(X. T — XiT)

+ Uy +u U )2 (XF = T7) + 2(Uyp + u,U) (Up + w U ) (TTy — X Xy
1

[Q(Xth —X,T})

w[Un (X7 = T + i (U (X7 = T))]

U, QU UL (X? — T?) + 20U (T, T, — X: X,)]

(U + wU,)* (X2 = T7)

—Ug Uy

] {uw, 2UE(TVT, — X: X,)]

w[2U Uy (X2 — T2) + 2U,U(Ti T, — X, X,)]

+ o+ + o+

[UA(X2 —T2) + U2(X} — T7) + 20U, (T, — X, X,)]}-

Since the transformation X, 7" and U is dependent on z, t and u alone, and not on
their derivatives, it follows that we can separate the above equation into six different

equations by the derivative terms of u. We arrive at the equations
UX(T,T, — X X,)

WUy @ —1= ,
b UAXE-T)

Ua(XZ - T3)

2 .
Yo VTS XL
g UXE = TP) + UL (TT - X,X,)
o 2(X, T, — X,T) ’
‘ QWU (X2 — T2) + 2U,Un(TiTs — Xi X.)
u s 0= 2 X, T, — X,T,) )
g URXE = T2) + UR(XE = TP) + 20U (VT — X Xa)

Using the mathematical software Mathematica (see [17]) to solve this over-determined
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system of equations, we recover the transformation

X:f(:L‘)—}-g(t), T:f(x)_g(t)7 U =u,

for f and ¢ arbitrary functions of x and t respectively.

A particular case of the transformation is
X =t+z, T=t—-u, U =u.

This is the standard transformation to canonical form which we know, from Section

3.2, maps L, given by (3.2), to L, given by (3.14).

Example 2. In order to further test this method, we use the Lagrangian

L= ;gj(éluiﬁ — v, + u? — 4u?), (3.15)
which was constructed to be equivalent to (3.2) in Example 2 of the previous section.
We wish to use the Form of the FEquivalent Lagrangian, given by equation (3.13),
in order to recover the transformation used in the construction of (3.15). This
transformation maps (3.2) to (3.15) and hence maps the associated differential
equations from one to the other. Thus we can use this transformation to find
solutions of the differential equation associated with (3.15), if the solutions of (3.1)

are known.

Using the Form of the Equivalent Lagrangian, we substitute (3.15) for L in equation
(3.13), which gives us the equation

—u? 1
o (use® — duvgr + u — duf) = [Q(Xth - Xth)] (RO (DT = XX
up[U(X7 = TP)] + i [UR (X7 = T7)]

Uy QU U (X? — T?) + 20U, (T, T, — X X,)]
w[20,U, (X2 — T?) 4+ 22U, U (T, T, — X, X,)]

+ o+ o+ o+
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As before, we can separate the above equation into six different equations by separating
by the derivative terms of u. We can do this because X, T" and U are dependent on
x, t and u only, and not on their derivatives (this will henceforth be referred to as
point dependency). We arrive at the six equations

_UATLT, — X Xy)

« : 0= ,
et 20X, T, — X,T)
2o 2w UXP-T7)
T 2AX T, - X\ T,)
, 2 UX(X2-T?)
u /2 u T T
! 3 22X, T, — X,T,)
. 20* 20U (X} = T2) + 2U0U(T, T, — X, X,)
g2 2X, T, — X, T,) ’
w0 20Uu(XE - T2) + 20U (LT, — X, X,)
LT 2X,T, — X,T,) ’
L T UG ) + UR(XP = T7) + 2UUa(TT, — XoXs)

23 2(X, T, — X, T,)

Using software (see [17]) to solve these equations simultaneously, we discover that

one solution is the transformation

X = f(t+In z)—g(t—In ),
T = f(t+In z)+g(t—1n z),

x
where f and ¢ are arbitrary functions of x and ¢t. If we choose f such that
f(t+In z)=1(t+In z) and g such that g(t —In z) = —3(¢ — In z), we have the
same transformation as the one used in Example 2 of the previous section that
resulted in the construction of the Lagrangian (3.15). Thus the Method of Equivalent
Lagrangians is validated for this example. In the next section, we apply the method

to a particular Klein-Gordon equation, to which we recover a transformation map

from the one-dimensional linear wave equation with dissipation.
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3.5 Main Application

The equation

Urr +Ur —Uxx =0 (3.16)

is the one-dimensional case of the linear wave equation with dissipation, [1]. It has

the well-known Lagrangian, after multiplication by a variational factor,

- 1

L= 5eT(U% —~U%). (3.17)
We map L to the Lagrangian

1 1 1 1

giving rise to the Euler equation
Uy — Ugy — —u = 0, (3.19)

which we note to be a Klein-Gordon equation, see [2]. The Noether symmetries of

L are of the form X = £0, + 70, + ¢0,, with gauge (f, g), and satisfy the equation

_u U 1 1 2 3
0 = — 2% 4 Lyu,& — wuedy + uguau — ufusty + ud,
2 1 2 1,2 3
FuZe + GUUTE — UFT + SUUFTy — UZTy
2 udy 1 2 2
FUSUG Ty + Uy Ty — 55 + U Dy — SUUPy + UF Oy — UZDy — Up Py

+ (%uf — %ui — %Uut + %UQ) (Tt + uTy, + §m + u:}c£u> - (ft + utfu + gz + u:BQU) )

[17]. This separates into an over-determined system of partial differential equations

whose solution is

Xlzata flzov 91:07
X2:ax7 f2:07 92:07
X3 =10, +x0;, [3=0, g3 = %UZ,

Xoo = F(2,6)04, foo = —%uF +uF;, oo = —UF},
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where I satisfies iF + F,, — Fy = 0, [17]. This Lie algebra is isomorphic to
the Noether algebra corresponding to the Lagrangian L, [4]. Hence L and L are

equivalent Lagrangians.

We can therefore use the equation (1.9) given in Definition 1 (again assuming zero
guage) in order to find the transformation X = X (x,t,u), T = T(z,t,u) and U =
U(z,t,u) that maps L to L.

Assuming that X,, = 0 and T,, = 0 as before, we have that J = X, T, — X;T,. Again,
we use the equations (3.5) and (3.6) and solve simultaneously for Uy and Ur. Using
the same procedure as before, we eventually deduce that

o
[2 X7, Xth)] {uu, 2U2 (T, T, — Xi X))
ug[U(XY = T9)] + /(U (X7 = T7)]

L

Uy QU U (X? — T?) + 20U (T, T, — X: X,)]
w[2U Uy (X2 — T2) + 2U,U(TiT, — X X,)]

+ o+ o+ o+

[UX(X2 -T2+ UX(X? — T2 + 2U,U, (T, T, — X;: X,)|}.

Substituting (3.18) for L and then separating by derivative terms of w (which is

possible by point dependency), we arrive at the six equations

. 2U3€T(TtTI — XtXx)

fitle 2N, T, — X Ty)

o L UT(XP-TP)

T2 2AX,T - X Ty,)

) 1 U2"(X2 -T2
U — u x x

! 2 2(X,T, — X,T,)’

0 eT2U, U (X} — T?) 4 2U, U, (T, T, — X: X,)]
Uy . = s
1 20U (X2 — T2) + 2U, U (T, T, — X, X,)]

U . —ZuU= ,

2(X, T, — XiT,)
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L Ll UG - T) + Up (X7 = T7) + 2UU(TT, — XiX,)]

For this overdetermined system of equations, the software (see [17]) yields the result

X = f[lt+z) = folt — =),
T = filt+z)+ folt — ),

U = —e 3ty
A particular choice of the functions f; and f; is
1 1
fl+a)=gt+a),  hlt—o)= 5t -o)

from which we recover the transformation

This is a known transformation mapping (3.16) to (3.19), as is noted in [1]. We note

that this transformation also transforms the Noether symmetries of L to those of L.

3.6 Discussion and Conclusion

In this chapter, we set about extending the Method of Equivalent Lagrangians to
some classes of PDEs in two independent variables. We began by elaborating on
the work done in [5], in which a Lagrangian equivalent to a given Lagrangian was
constructed using a known transformation and Definition 1. This aspect of the
work took the form of two Illustrative Examples. Secondly, we found the Form of

the Equivalent Lagrangian, which is the general form for a Lagrangian equivalent
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to the usual Lagrangian of the one-dimensional linear wave equation. In the next
two Illustrative Examples, we made use of this form in order to apply the Method
of Equivalent Lagrangians. Using the equivalent Lagrangians constructed in Section
3.2, we sought to recover the transformations, X, T" and U, that map the usual
Lagrangian of the (1 + 1) linear wave equation to those equivalent Lagrangians,
namely the transformations used to construct the equivalent Lagrangians in Section
3.2. The successtul recovery of these two transformations through the application of
our method serves to confirm the validity of the Method of Equivalent Lagrangians
for these two examples. In the final part of this chapter, we applied the Method of
Equivalent Lagrangians to a Klein-Gordon equation, whose Lagrangian is equivalent
to that of the one-dimensional linear wave equation with dissipation. The method
yielded a transformation which is noted in [1] as mapping these two equations from
one to the other. Thus the Method of Equivalent Lagrangians has been successful
for the main application of this chapter. The transformation found can be used to
find the solutions and conserved quantities of our particular Klein-Gordon equation,
since those of the linear wave equation with dissipation are well known. This section
has extended the Method of Equivalent Lagrangians to some classes of PDEs in two
independent variables, and validated the method for specific examples. In the same
way, the method can be easily extended to other classes of PDEs in two independent
variables, as long as Lagrangians for these equations exist. In the next chapter, we
extend the Method of Fquivalent Lagrangians to some classes of PDEs in three and

four independent variables.
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Chapter 4

Generalisation to PDEs in Three

and Four Independent Variables

4.1 Introduction

We now generalise the Method of Equivalent Lagrangians to some classes of PDEs
in three and four independent variables. As the number of independent variables
increases, the work becomes, computationally, increasingly complex. Therefore we
shall restrict our investigation to the standard linear wave equations with the usual
Lagrangians in three and four independent variables respectively. We begin by
looking at the case of three independent variables. It is well known that the
two-dimensional linear wave equation can be written in polar co-ordinates using
the regular transformation from Cartesian to polar co-ordinates. Applying this
transformation to Definition 1, we are able to construct a Lagrangian which is

equivalent to the usual Lagrangian of the two-dimensional linear wave equation.
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This is the Lagrangian associated with the two-dimensional wave equation in polar
co-ordinates. Following this, we reverse the procedure, applying the Method of
Equivalent Lagrangians in an attempt to recover the transformation that maps
one Lagrangian to the other, namely the transformation from Cartesian to polar
co-ordinates. For the three-dimensional linear wave equation, we show that the
well-known transformation from Cartesian to spherical co-ordinates satisfies the
equations derived from Definition 1 when two known equivalent Lagrangians for

this wave equation are used.

4.2 The Two-Dimensional Linear Wave Equation

The two-dimensional linear wave equation is well known and is given by
Urr — Uxx — Uyy =0, (4.1)

where T, X and Y are the independent variables, and U = U(T,X,Y) is the

dependent variable, [1]. The usual Lagrangian for this equation is

- 1 1 1

[1]. We begin by constructing a Lagrangian L = L(t,z,y) equivalent to L, using the

well-known transformation from Cartesian to polar co-ordinates, which is given by
T=t, X = xcosy, Y = zsiny.

After this we work backwards, starting with equation (1.9) that relates L and L as
equivalent Lagrangians, and using it to derive the transformation from Cartesian to

polar co-ordinates given above.
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4.2.1 Constructing an Equivalent Lagrangian

In order to find a Lagrangian L which is equivalent to L, we use Definition 1. To
this we apply the transformation from Cartesian to polar co-ordinates, in order to

find J, and substitute (4.2) for L.

Hence we have that

I, Xy Y
J = |T, X, Y,
T, X, Y,
1 0 0
= |0 cosy sin y
0 —xsiny xcosy

= wcos’y + wsin’y

= X.

By the multivariate case of the chain rule, we have the matrix equation

Ut T, Xy Y, Ur
u, | = T Xo Yo Ux |- (4.3)
Uy T, X, Y, Uy
Hence,
-1

Ur T, Xy Y, Uy
Ux | = | I Xo Y, Uy
Uy T, X, Y, Uy

10 o\ ([ w

= 0 cosy sin y Uy

0 —xsiny zcosy Uy

46



1 0 0 Ut
= 0 cosy —%Siny Uy |

0 siny %cosy Uy

which gives us the following expressions for U, Ux and Uy.

1
Ur = uy, Ux :uxcosy—uyg siny, Uy :uxsmy—i—uygcosy.

Substituting these into equation (1.9), along with our expression for J, we have that
a Lagrangian equivalent to (4.2) is

1 1 1
L= ixu? — ixui - %uz (4.4)

It is well known that this Lagrangian is isomorphic to the usual Lagrangian of the

two-dimensional linear wave equation, namely (4.2).

Now that we have used our definition of equivalent Lagrangians in order to find L,
we reverse the process, applying the Method of Equivalent Lagrangians in order to

recover the required transformation.

4.2.2 Finding Transformations -

The Reverse Procedure

In the previous section, we found that the Lagrangian L, given by (4.4), is equivalent
to L, the usual Lagrangian of the two-dimensional linear wave equation, given
by (4.2). Now, using the Method of Equivalent Lagrangians, we wish to find the
transformation, T' = T'(¢t,x,y), X = X(¢t,x,y) and Y = Y (¢,z,y), that maps L to
L. The transformation is known to us by construction. Thus in order to verify the
method for this particular example, we wish to recover the usual transformation of

Cartesian to polar co-ordinates.
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Note: We are using two Lagrangians which we know to be equivalent by construction.
If this were not the case, however, we could check that L is equivalent to L by

verifying that they have isomorphic 10-dimensional Noether symmetry algebras.

We begin by computing J. For the sake of simplification, we assume that T, =T, =
X =Y, =0. In other words, T'=T(t), X = X(z,y) and Y = Y(z,y). From this

assumption it follows that

T, Xi Y,
J =T, X, Y,
Ty Xy Yy
; 0 0
=10 X, Y,
0 X, Y,

= T(X.Y, — X,Y5).

The multivariate case of the chain rule, given by (4.3), relates u;, u, and u, to Ur,

Ux and Uy . Using this equation we have that
~1

UT E 0 0 Ut
Uy 0 Xy Yy Uy
7 0 0 Uy
— Yy *Yz
o 0 (XaYy—XyYe) (XaYy—XyYz) U
(XaYy—XyYa)  (XoYy—X,Ya) Yy
(X Yy— X, Ya)
1 T
— XY, — X,1)) —(You, — Yyu,) |
(Xpuy, — Xyuy)

which gives us expressions for Ur, Uy and Uy. By Definition 1, making the
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substitutions for L, L and J, we have the equation

1 1 1 1
[~ gy — 5ty = 5(Up = Uy = U9)T(XLY, — X, Vo). (4.5)

Writing Ur, Ux and Uy in terms of w;, u, and u,, using the expressions in the

matrix above, gives us

1

2

1 1 1
2 Zol— —? = 2(X,Y, — X,Y,)?
xut 2$Uz 2xuy 2ﬂ()(x}/é/ - Xy}/;c) (ut< Yy Yy )

- ui(Y;f + Xy2) - Ugg;(yxz + X7) 4 2upuy (Y2Y, + X, X,)).

Since T', X and Y are point dependent, we can separate by derivatives of u to obtain

the following over-determined system of four equations.
ul T = (XY, — X,Y.),
u

Ta(X,Y, — X,Y,) = Y2 + X2,

U

< N 8 N

T(X.Y, — X, Y,) = a(Y? + X7),
uzuy, o 0=2(Y,Y, + X, X,).

Solving this system using mathematical software (see [17]) yields the result
T=t+a, X = F(t)+ zcosy, Y = G(t) + zsiny,

where a is a constant and F' and G are arbitrary functions of t. If we let F' = G = 0,

we recover the transformation
T =1, X =xcosy, Y = xsiny,

which is the standard transformation from Cartesian to polar co-ordinates, as anticipated.
This transformation can in turn be used to find solutions and conserved quantities
of the PDE associated with (4.4), since those associated with the two-dimensional
linear wave equation are known. In the next section we consider the three-dimensional

linear wave equation.
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4.3 The Three-Dimensional Linear Wave

Equation

We now turn our attention to some classes of PDEs in four independent variables.

The three-dimensional linear wave equation is the well-known second-order PDE
Urr —Uxx —Uyy —Uzz =0, (4.6)

see [1]. Here T', X, Y and Z are the independent variables, and U = U(T, X, Y, Z)

is the dependent variable. The usual Lagrangian for this equation is

_ 1 1 1 1
L= §U% — §U§ — §U§ - §U§, (4.7)

[1]. Tt is well known that the Lagrangian for the three-dimensional wave equation

in spherical co-ordinates is given by

1 1 1 1
inxQSinyu?—isinny ui—isinyuZ— 2

. 4.8
QSinyuz (48)

L and L are naturally equivalent because they are Lagrangians of the same equation.

However, it can also be verified that they generate isomorphic Noether algebras of

point symmetries.

In this section, we shall apply the Method of Equivalent Lagrangians to L and L, in
an attempt to recover the transformation that maps L to L. We shall demonstrate
that equation (1.9) of Definition 1 is satisfied by the transformation from Cartesian

to polar co-ordinates, which is to be expected from our choice of Lagrangians.

As before, we make use of Definition 1, which relates two equivalent Lagrangians to

each other by means of the transformation that maps one to the other. Substituting
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L and L into equation (1.9) gives us

1,2 o 2 1 2,2 1. 2 1 2

2[L‘ Sy Ut 2SlIly xXr U$ 2SlIly Uy Zsing UZ

_ (1772 1772 1772 1772

— (U2 —1uz —luz - lu)J (4.9)

We first calculate the Jacobian, J. We assume that T, =T, =T, = X, =Y, = Z, =
0. In other words, T'= T(t), X = X(x,y,2), Y = Y(x,y,2) and Z = Z(x,y, 2).
Furthermore, we assume that 7" = ¢t. Hence 7; = 1. From these assumptions it

follows that

L Xe Yo Z
J = T, Xoe Yo Zs
T, X, Y, Z,
T, X, Y., Z

1 0 0 0
lox vz
o0 X, Y, 2

0 X, Y, Z

Now, by the multivariate case of the chain rule (in four dimensions this time), we

have the matrix equation

Uy . Xo Yo Z Ur
Uy T, X, Y, Z, U
- * (4.10)
Uy Ty Xy Y;/ Zy Uy
Uy Tz Xz sz Zz UZ
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T, X, Y, Z "
| nox.ov oz Ua
T x, v z uy
T. X, Y. Z u,
Lo o0 0\ [w
o x v oz Ua
o x, v, z U
0 X, Y, Z Uy

(XY, 2, — XoVoZy — X Yo Zoo + XY D + XY, Zy — XY, Z)
1 (Yo Zy — Yy Zy) — y(YoZo — Yo Zo) + ue(Y, 2. — Y. Z,)
J Uy (XoZ, — XoZy) — u(XoZy — Xy Zo) — up( Xy Z. — X.Z,)
U, (XY, — X,Ya) — uy(X,Y: — X.V,) 4 ua (XY, — X.Y,)

from which we can read the expressions for Ur, Ux, Uy and Uy in terms of uy, u,,

u, and u,. Substituting these into equation (4.9), along with our expression for J,

we have the equation

1 1 1 1
5172 sin y u?—isiny z? ui—isiny ui— u?

XY 24 X YT+ XYoZy — XYy~ XYoot XY, 2108
(X, Yy — uy XYy — u, XY, + u, X, Y, + 0y X, Y, — u, X, Y,)?
(X.YyZy — X,YiZoy — X Yol + XoY.Zy + XYoo — XY, Z.)?
(uYyZy — wy) Yo Zo — Yo Zy + s Yo Zy + Yo Z, — Yy Z,)?
(XY, Zo — X,YiZoy — X Yol + XaYoZy + XYoo — XY, Z.)?
(U Xy Zy — uy X, Zy — u Xo Zy + upe X Zy + uy Xo Z, — up Xy Z,)?
(-X.Y, Z, + X Y. Z, + X.Y, Z, — X,Y.Z, — XY, Z. + X, Y, Z.)?

2siny

).

Since X, Y and Z are point dependent, we can separate by derivatives of u to obtain

the following over-determined system of equations.
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2.
uj:

1 1
f%mpip&n@+&n@+&n%—&n%—&n@+&n@%
u?
1
—§$2$ny
X2 (V2 +22) + (YaZ, — Y, Z.)? = 2X,X.(Y,Y. + Z,2.) + X2 (V2 + Z2)
- 2AX.Y, Z, — X,Y.Z, — X. Yo Zy + X, Y. 2, + XY Z. — X, Y, Z.)
UZ .
L.
—— Sin
5 Siny
X2(Y2+ Z2) + (YoZy — Yo Z.)? = 2X, X.(Y,Y. + Z,2.) + X2 (Y2 + Z2)
2AX.Y, Z, — X,V.Z, — X.Yo 2y + X, Y. 2, + XY Z. — X, Y, Z,)
u?
1
2siny
X2(V2+22) + (Y Zo — Yo 2y = 2X,X,(VoY, + Z,2,) + X2 (Y + 22)
2X.Yy Zy — XY 2y — XY, 2+ X, Y. 2y + X, )V 2, — X, Y, Z.)
Uz Uy -

1
0 =
L&n&+&n@+&n%—&n%—&n@+&n@]
< X2,V + Zo2y) + (Voo = Vo 2) (Vo 2y = Y, 22)

— Xo(XYoY. + XYY+ Xy Zo 2+ XoZ,2.) + Xo X, (Y2 + 22) |,

UplUy

1
0 =
h&n@+&n@+&n4—&ng—&n4+&n@]
< XX (V)4 2)) + (V2o = Va2 ) (<Y 2, + Y, 2.)

~%ﬁ%ﬂ+%%%ﬁﬂ&%%+&nﬂ+&%%+&%@%
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Uy

1
0 =
[—XZYny + XY Z + XY, 2y — X,V 2, — X, Yo 2 + XmeZj
X | = XoXo(V2Yy + Z02)) + (Yy 2o = Yo Z,) (Vo Zw = Yo Z2)

+ X2V, Y.+ Z2,2.) + X, (X (Y2 + 22) - Xu(VaYs + Za22)) |.

It is easy to check that these equations are satisfied by the transformation map from

Cartesian to spherical co-ordinates given by

T = t,

X = wzsinycos z,
Y = xsinysinz,
Z = xcosy.

4.4 Discussion and Conclusion

In this chapter we have generalised the Method of Equivalent Lagrangians to PDEs in
three and four independent variables, using the standard two- and three-dimensional
linear wave equations respectively. We began by constructing a Lagrangian equivalent
to the usual Lagrangian of the two-dimensional linear wave equation, using the
known transformation from Cartesian to polar co-ordinates. This gave us the
Lagrangian associated with the two-dimensional wave equation in polar co-ordinates.
Following this, we applied our method as before, and successfully recovered the
transformation from Cartesian to polar co-ordinates. For the case of four independent
variables, we started with two Lagrangians which we know to be equivalent, and

attempted to use Definition 1 to find the known transformation from Cartesian to

o4



spherical co-ordinates. Although we did not go as far as to solve the system of
equations resulting from the application of our method, we demonstrated that they
would be satisfied by the transformation from Cartesian to spherical co-ordinates,
as anticipated. Hence we have verified the Method of FEquivalent Lagrangians for
two PDEs in three and four independent variables. In the same way, the method
can be applied to other PDEs in three and four independent variables, provided
that Lagrangians exist which are equivalent to other Lagrangians associated with
PDEs possessing known solutions and conserved quantities. If these conditions
are satisfied, then the transformations mapping one Lagrangian to the other can
be found, and these can be used to transform the known solutions and conserved

quantities to those of the PDE in question.
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Conclusion

In this study, we have applied the notion of Equivalent Lagrangians to determine
transformations that map differential equations one to another in order generate
solutions, conservation laws, inter alia. In the first chapter, we presented the
fundamental results and definitions required for the application of the method,
along with an illustrative example in which we used the method to find solutions
and conserved quantities of the harmonic oscillator ODE. In the second chapter, we
built on the work done in [6] by applying the method to two second-order linear
ODEs: the Kummer FEquation and the Combined Gravity-Inertial-Rossby Wave
Equation. For these two ODEs, the Method of Equivalent Lagrangians successfully
yielded transformation maps which can be used to find solutions and conserved
quantities. The procedure also holds for PDEs of any number of independent
variables. In the following chapters, we demonstrated this for PDEs in two, three
and four independent variables. In the third chapter, we began by following the
procedure detailed in [5], in which an equivalent Lagrangian is constructed, given
an original Lagrangian and a transformation map. We then found the form of a
Lagrangian equivalent to the usual Lagrangian of the linear wave equation in (1+1)
dimensions. This form was then used in two illustrative examples demonstrating the
Method of Equivalent Lagrangians, as well as in the main application of this section,

in which a transformation was recovered that can be used to find the solutions

o6



and conserved quantities of a particular Klein-Gordon equation. In the fourth
chapter, we generalised the method to certain classes of PDEs in three and four
independent variables, using the two- and three- dimensional linear wave equations
respectively. As a consequence of the procedure, we recovered two well-known
transformations, namely the mapping from Cartesian to polar co-ordinates, and the
mapping from Cartesian to spherical co-ordinates. The advantages of the Method of
Equivalent Lagrangians are that it enables one to avoid the integration techniques
normally required to solve differential equations and that once a transformation map
is recovered, it can be used to find all solutions and conserved quantities for a given
differential equation. This powerful application makes up for the cumbersome nature
of the procudure. A possible drawback, however, is that a necessary requirement of

the method is the existence of a Lagrangian for the equation under investigation.
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