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Abstract

In this research work we study some nonlinear partial differential equations which
model many physical phenomena in science, engineering and finance. Closed-
form solutions and conservation laws are obtained for such equations using var-
ious methods. The nonlinear partial differential equations that are investigated
in this thesis are; a variable coefficients Gardner equation, a generalized (241)-
dimensional Kortweg-de Vries equation, a coupled Korteweg-de Vries-Burgers sys-
tem, a Kortweg-de Vries—modified Kortweg-de Vries equation, a generalized im-
proved Boussinesq equation, a Kaup-Boussinesq system, a classical model of Prandtl’s
boundary layer theory for radial viscous flow, a generalized coupled (241)-dimensional
Burgers system, an optimal investment-consumption problem under the constant

elasticity of variance model and the Zoomeron equation.

We perform Lie group classification of a variable coefficients Gardner equation,
which describes various interesting physics phenomena, such as the internal waves
in a stratified ocean, the long wave propagation in an inhomogeneous two-layer
shallow liquid and ion acoustic waves in plasma with a negative ion. The Lie
group classification of the equation provides us with four-dimensional equivalence
Lie algebra and has several possible extensions. It is further shown that several
cases arise in classifying the arbitrary parameters. Conservation laws are obtained

for certain cases.

A generalized (2+1)-dimensional Korteweg-de Vries equation is investigated. This
equation was recently constructed using Lax pair generating technique. The ex-
tended Jacobi elliptic method is employed to construct new exact solutions for this
equation and obtain cnoidal and snoidal wave solutions. Moreover, conservation

laws are derived using the multiplier method.

The coupled Korteweg-de Vries-Burgers system, which arises in mathematical

X1



physics and has a wide range of scientific applications is studied and new trav-
elling wave solutions are obtained by employing the (G’/G)—expansion method.
The solutions obtained are expressed in two different forms, viz., hyperbolic func-
tions and trigonometric functions. Also conservation laws are derived by employing

the multiplier method.

The (2+1)-dimensional Kortweg-de Vries—modified Kortweg-de Vries equation, which
arises in various problems in mathematical physics, is analysed. This equation has
two integral terms in it. By an appropriate substitution, we transform this equa-
tion into a system of two partial differential equations, which does not have an
integral term. We then work with the system of two equations and obtain its ex-
act travelling wave solutions in terms of Jacobi elliptic functions. Furthermore,
we derive conservation laws using the multiplier method. Finally, we revert the
results obtained into the original variables of the (2+1)-dimensional Kortweg-de

Vries—modified Kortweg-de Vries equation.

We analyse a nonlinear generalized improved Boussinesq equation, which describes
nonlinear dispersive wave phenomena. Exact solutions are derived using the Lie
symmetry analysis along with the simplest equation method. Moreover, conserva-

tion laws are constructed using the multiplier method.

We study a Kaup-Boussinesq system, which is used in the analysis of long waves
in shallow water. Travelling wave solutions are obtained using direct integration
and group-invariant solutions are constructed based on the optimal system of one-
dimensional sublagebra. Moreover, conservation laws are derived using the multi-

plier method and the new conservation theorem.

Exact closed-form solutions of the Prandtl’s boundary layer equation for radial
flow models with uniform or vanishing mainstream velocity are derived using the

(G'/G)—expansion method. Many new exact solutions are found for the bound-

xil



ary layer equation, which are expressed in terms of hyperbolic, trigonometric and

rational functions.

We study an integrable coupled (2+1)-dimensional Burgers system, which was in-
troduced recently in the literature. The Lie symmetry analysis along with the
Kudryashov approach are utilized to obtain new travelling wave solutions of the
system. Furthermore, conservation laws of the system are derived using the mul-

tiplier method.

The optimal investment-consumption problem under the constant elasticity of vari-
ance (CEV) model is investigated from the perspective of Lie group analysis. The
complete Lie symmetry group of the evolution partial differential equation describ-
ing the CEV model is derived. The Lie point symmetries are then used to obtain
an exact solution of the governing model satisfying a standard terminal condition.
Finally, we construct conservation laws of the underlying equation using a general

theorem on conservation laws.

We study the (2+1)-dimensional Zoomeron equation which is an extension of the
famous (1+1)-dimensional Zoomeron equation that has many applications in sci-
entific fields. Firstly we derive the classical Lie point symmetries admitted by
the equation and then obtain symmetry reductions and new group-invariant solu-
tions based on the optimal system of one-dimensional subalgebras. Secondly we
construct the conservation laws of the underlying equation using the multiplier

method.

xiii



Introduction

It is well-known that many physical phenomena in the real world are modelled
by nonlinear partial differential equations (NLPDEs). Unlike linear differential
equations, where the exact solution of any initial-value problem can be found,
NLPDESs rarely enjoy this and other features. Moreover, basic properties, like
existence and uniqueness of solutions, which are so obvious in the linear case, no
longer hold for NLPDEs. As a matter of fact, some NLPDEs have no solutions
with a given initial-value problem while others have infinitely many solutions. This
means that the underlying theory behind systems of NLPDEs is more complicated
than that for linear systems. Therefore it is imperative to study these NLPDEs
from different points of view. One important aspect of studying NLPDEs is to
find their exact explicit solutions. However, this is a very difficult task because
there are no specific tools or techniques which can be used to find exact solutions
of NLPDEs. Despite this fact, in recent years, many scientists have developed

various methods of finding exact solutions of NLPDEs.

Some of these methods are the inverse scattering transform method [1], Backlund
transformation [2], Darboux transformation [3], Hirota’s bilinear method [4], the
bilinear method and multilinear method [5], the nonclassical Lie group approach [6],
the Clarkson-Kruskal’s direct method [7], the deformation mapping method [§],
the Weierstrass elliptic function expansion method [9], the transformed rational

function method [10], the auxiliary equation method [11], the homogeneous balance



method [12], the simplest equation method [13], the extended tanh method [14],
the Jacobian elliptic function expansion method [15], the sine-cosine method [16],
the exp-function method [17], the (G’/G)—expansion method [18], multiple exp-
function method [19], the F'—expansion method [20], and the Lie symmetry method
21-26).

The Lie group analysis is one of the most powerful methods to determine solutions
of NLPDEs. Sophus Lie (1842-1899), a Norwegian mathematician, with the inspi-
ration from Galois’ theory, discovered this method and showed that many of the
known ad hoc methods of integration of ordinary differential equations could be
derived in a systematic manner. In the past few decades Lie group method was

revived by several researchers including Ovsiannikov [21,22].

A large number of differential equations that model real world problems involve
parameters, arbitrary elements or functions. These parameters are usually de-
termined experimentally. However, the Lie group classification method can be
effectively used in obtaining the forms of these parameters systematically [26-30].
In 1881 Sophus Lie [31] was the first person to perform group classification on a

linear second-order partial differential equation with two independent variables.

In the study of the solution process of differential equations, conservation laws play
a central role. They also help in the numerical integration of partial differential
equations [32] and theory of non-classical transformations [33,34]. In recent years
conservation laws have been used to construct exact solutions of differential equa-
tions [35,36]. The Noether theorem [37] gives us a sophisticated and constructive
way for obtaining conservation laws. It actually provides an explicit formula for
finding a conservation law once a Noether symmetry corresponding to a Lagrangian
is known for an Euler-Lagrange equation. However, there are differential equations,
such as scalar evolution differential equations, which do not have a Lagrangian. In

such cases, several methods have been developed by researchers about the con-



struction of conserved quantities. Comparison of several differential methods for

computing conservation laws can be found in [38,39].
This thesis is structured as follows:
In Chapter one we introduce the preliminaries that are needed in our study.

In Chapter two Lie group classification of a variable coefficients Gardner equation
is performed. As a result the arbitrary functions and constants which appear in

the system are specified. Conservation laws are obtained is certain cases.

Chapter three presents the cnoidal and snoidal wave solutions of a generalized
(2+1)-dimensional Kortweg-de Vries equation using the extended Jacobi elliptic

function method. Conservation laws are constructed using the multiplier approach.

In Chapter four travelling wave solutions of a coupled Korteweg-de Vries-Burgers
system are obtained by employing the (G’/G)—expansion method. Moreover, con-

servation laws are derived using the multiplier method.

Chapter five studies exact travelling wave solutions in terms of Jacobi elliptic func-
tions of a (2+1)-dimensional Kortweg-de Vries modified Kortweg-de Vries equation.

Furthermore, conservation laws are derived using the multiplier method.

Chapter six analyses a nonlinear generalized improved Boussinesq equation. Exact
solutions are derived using the Lie symmetry analysis and the simplest equation

methods. Moreover, conservation laws are constructed using the multiplier method.

Chapter seven studies exact solutions and conservation laws of a Kaup-Boussinesq
system. Travelling wave solutions are obtained using direct integration and em-
ploying the Lie symmetry analysis. Moreover, conservation laws are derived using

the multiplier method and the conservation theorem due to Ibragimov.

In Chapter eight exact closed-form solutions of a Prandtl’s boundary layer equation

for radial low models with uniform or vanishing mainstream velocity are derived



by employing the (G'/G)—expansion method.

Chapter nine deals with an integrable coupled (2+1)-dimensional Burgers system.
Lie symmetry analysis along with Kudryashov approach are utilized to obtain new
travelling wave solutions. Furthermore, conservation laws of the system are derived

using the multiplier method.

In Chapter ten a group-invariant solution of an optimal investment-consumption
problem under the constant elasticity of variance model is obtained. Finally, con-
servation laws of the underlying equation are constructed using a general theorem

on conservation laws.

Chapter eleven studies a (2+1)-dimensional Zoomeron equation which is an exten-
sion of the famous (141)-dimensional Zoomeron equation. We compute Lie point
symmetries admitted by the equation and then obtain symmetry reductions and
new group-invariant solutions based on the optimal system of one-dimensional sub-
algebras. Moreover, we derive conservation laws of the underlying equation using

the multiplier method.

Finally, in Chapter twelve a summary of the results of the thesis is presented and

future work is deliberated.

Bibliography is given at the end.



Chapter 1

Preliminaries

In this chapter we present some preliminaries on the theory of Lie group analysis,
conservation laws of differential equations and some methods for obtaining exact
solutions of differential equations, which are used in this thesis and are based on

references [18,22-26,37,40,41].

1.1 One-parameter transformation groups

Let z = (2',...,2") and u = (u',...,u™) be the independent and dependent vari-

ables with coordinates z* and u® (n and m finite), respectively. Consider a change

of the variables z and v involving a real parameter a:
T,: 7 = f'(z,u,a), ©* = ¢*(z,u,a) (1.1)

where a continuously ranges in values from a neighbourhood D’ C D C R of a = 0,

and f and ¢* are differentiable functions.

Definition 1.1 (Lie group) A set G of transformations (1.1) is called a contin-

uous one-parameter (local) Lie group of transformations in the space of variables



z and wu if

(i) For T,, T, € G where a,b € D' C D then T, T, =T, € G, ¢ = ¢(a,b) € D
(Closure)

(ii) Tp € G if and only if @ = 0 such that Ty T, = T, Ty = T, (Identity)
(iii) For T, € G,a e D' C D, T; ' =T,-1+ € G, a~* € D such that

To Ty =Ty T, =T, (Inverse)

We note that the associativity property follows from (i). The group property (i)

can be written as
T = fl(ja u, b) - fz(aja u, ¢(aa b))>
ut =¢“(z,u,b) = ¢%(z,u, Pp(a,b)) (1.2)

and the function ¢ is called the group composition law. A group parameter a is

called canonical if ¢(a,b) = a + b.

Theorem 1.1 For any ¢(a,b), there exists the canonical parameter a defined by

_ [ ds ~ 0¢(s,b)
a —/0 ()’ where w(s) = |,

1.2 Prolongation formulas

The derivatives of u with respect to x are defined as

ui = D;(u®), Uf‘] = D;D;(u;),- -, (1.3)
where
0 0 0
D, = : o o , =1,.., 14
oxt T ou® + U 8u;‘ + ' " (14



is the total differential operator. The collection of all first derivatives u$* is denoted

by w(), i.e.,

uny ={ui} a=1,...m, i=1,..,n.
Similarly

up) ={ugy} a=1,..m, 4j=1..n

and u(z) = {ug,} and likewise u(q) etc. Since ug; = us;

3 «
%> U(2) contains only wuf; for

i < j. In the same manner u) has only terms for + < j < k. There is natural

ordering in u), ues) -

In group analysis all variables x,u, 1) - - - are considered functionally independent
variables connected only by the differential relations (1.3). Thus, the u? are called

differential variables [26].

We now consider a pth-order partial differential equations, namely

Eo(z,u, ugy, ..., ug)) = 0. (1.5)

1.2.1 Prolonged or extended groups

Consider a one-parameter group of transformations GG given by

ji :fi<x7u7a>7 fi’a:0:$ia

ut = ¢%(x,u,a), % q=0 = u®. (1.6)

According to the Lie’s theory, the construction of the symmetry group G is equiv-

alent to the determination of the corresponding infinitesimal transformations:

ot al(x,u), w*=u*+an®(z,u) (1.7)



obtained from (1.1) by expanding the functions f* and ¢“ into Taylor series in a,

about a = 0 and also taking into account the initial conditions
fi|a:0 :xi’ (ba‘a:() :uOl_

Thus, we have

_of
 Oa ’

a=0

o do™
n (Q?,'Ll,) = %

&z, u) (1.8)

a=0
One can now introduce the symbol of the infinitesimal transformations by writing

(1.7) as
T~1+aX)r, u*~(1+aX)u,

where

0

, 0
X :fl(l’,U) %

oxt

+n%(z,u) (1.9)

This differential operator X is known as the infinitesimal operator or generator of
the group G. If the group G is admitted by (1.5), we say that X is an admitted

operator of (1.5) or X is an infinitesimal symmetry of equation (1.5).
We now see how the derivatives are transformed.
The D; transforms as
D, = DD, (1.10)
where Dj is the total differential operator in transformed variables z‘. So
ag = D), =Dy = D),

Now let us apply (1.6) and (1.10)

Di(¢") = Di(f7) D;(u”)



= D;(f7)us. (1.11)

J

Thus

(1.12)

OF _ 40f\ . _ 09" 00"
(axi T W)“j BT

The quantities @§ can be represented as functions of z,u, u(;), a, for small a, that

is, (1.12) is locally invertible

67

uy =Pz, u,uny, a), Y|l = Uy (1.13)
The transformations in x,u,uqn) space given by (1.13) and (1.6) form a one-

parameter group called the extension of the group G and denoted by GV,
We let

uy ~ ui + ag; (1.14)
be the infinitesimal transformation of the first derivatives so that the infinitesimal
transformation of the group G is (1.7) and (1.14).

Higher-order prolongations of G, namely, G, GB! can be obtained by derivatives

of (1.11).

1.2.2 Prolonged generators
Using (1.11) together with (1.7) and (1.14) we get

Di(f7)(@3) = Di(¢%)
Di(2? + a&’)(u§ + af') = Di(u® + an®)
(67 + aD;&)(u§ + al) =uf + aDin®
u + al + aul D& =uf + aDm®

¢ =D;(n") — u?Di(gj), (sum on j). (1.15)

)



This is called the first prolongation formula. Likewise, one can obtain the second

prolongation, viz.,
¢ = D;(n7) —uD;(€"),  (sum on k). (1.16)
The higher prolongations can be found by induction (recursively) by this formula

a =D, (¢ ) — ug D; (€7), (sum on j). (1.17)

11,8250y 0p 11,82,y 0p—1 11,02,...0p—1 ]
The first to p prolongations of the group G form a group denoted by G, ... G,

respectively. The corresponding prolonged generators are

XM =X+ 0

i o (sum on 7, @),
7

XWP = x=1 4 o p>1,
Llyeeny ip aua )
01,enslp
where
. 0 0
X = fz(%u)@ + Ua(xau)%

1.3 Groups admitted by differential equations

Definition 1.2 (Point symmetry) The vector field
- 0 0
X=& — @ — 1.18
€, ) + 0 0) 5 (1.18)
is a point symmetry of the pth-order partial differential equations (1.5), if
XP(E) =0 (1.19)
whenever E, = 0. This can also be written as

XPE,|, =0, (1.20)

where the symbol |, _, means evaluated on the equation £, = 0.

10



Definition 1.3 (Determining equation) Equation (1.19) is called the deter-
mining equation of (1.5) because it determines all the infinitesimal symmetries

of (1.5).

Definition 1.4 (Symmetry group) A one-parameter group G of transforma-
tions (1.1) is called a symmetry group of equation (1.5) if (1.5) is form-invariant

in the new variables z and u, i.e.,
Ea(i’,ﬂ,ﬂ(l),--- ,ﬁ(p)) =0, (1.21)

where the function E, is the same as in equation (1.5).

1.4 Infinitesimal criterion of invariance

Definition 1.5 (Invariant) A function F(x,u) is called an invariant of the

group of transformation (1.1) if
F(z,u) = F(f'(z,u,a), ¢*(z,u,a)) = F(x,u) (1.22)

identically in z, v and a.

Theorem 1.2 (Infinitesimal criterion of invariance) A necessary and suffi-

cient condition for a function F'(z,u) to be an invariant is that

F
+770‘(:E,u)8— =0. (1.23)

; oF
X (F) =€) -

oxt

It follows from the above theorem that every one-parameter group of point trans-
formations (1.1) has n — 1 functionally independent invariants, which can be taken

to be the left-hand side of any first integrals

J1<I,U) =Cpy 7Jn71($7u) = Cp

11



of the characteristic equations

dz! _ dz" du' o dut

o) e(ru) npi(wu) (@)

Theorem 1.3 (Lie equations) If the infinitesimal transformations (1.7) or its
symbol X is given, then the corresponding one-parameter group G is obtained by

solving the Lie equations

dz , du®
). M) (121

subject to the initial conditions

—1 _ e —
T |a:0—x, U | = U-

1.5 Conservation laws

1.5.1 Fundamental operators and their relationship

Consider a pth-order system of partial differential equations of n independent vari-
ables z = (z',2?,--- ,2") and m dependent variables u = (u',u? --- u™) given

by equation (1.5).

Definition 1.6 (Euler-Lagrange operator) The Fuler-Lagrange operator, for
each «, is defined by

5 0 . 0 _
w—%_’_Z(—l) Dz‘l"‘DiSaua—u Oé—l,"' RUT (125)

5>1 i1z s

Definition 1.7 (Lagrangian) If there exists a function

L = L(x,u,uny, U, - ,Us)) , s < p, with p the order of equation (1.5), such that
oL

-0 a=1.--- 1.26

500 a=1,---,m (1.26)

12



then L is called a Lagrangian of equation (1.5). Equation (1.26) is known as the

Fuler-Lagrange equation.

Definition 1.8 (Lie-Backlund operator) The Lie-Bécklund operator is given
by

=gl

o E e A (1.27)

el
T ua
where A is the space of differential functions [26]. The operator (1.27) is an ab-
breviated form of infinite formal sum

;0
o ——+§:“QM&L , (1.28)

s>1 172 is

where the additional coefficients are determined uniquely by the prolongation for-

mulae

G = Di(W®) + &g,

i =Di D, (W) + 8y, s> 1, (1.29)
in which W is the Lie characteristic function given by
W =n® =&l (1.30)

One can write the Lie-Bécklund operator (1.28) in characteristic form as

X:5Q+mm +zy%~-%Wﬂafo (1.31)

s>1 i1421s

Definition 1.9 (Conservation law) The n-tuple vector T' = (T, T?,--- ,T"), TV €

A, j=1,---,n,is a conserved vector of (1.5) if T" satisfies
DT 15 = 0. (1.32)

Equation (1.32) defines a local conservation law of system (1.5).

13



1.5.2 Noether Theorem

Definition 1.10 (Noether operator) The Noether operators associated with a
Lie-Backlund symmetry operator X are given by

) 1 o 5 [ 6
Ni=¢ 4+ W w+ZD“~--DZS(W o

1 Gz s

i=1,--,n, (1.33)

where the Euler-Lagrange operators with respect to derivatives of u® are obtained
from (1.25) by replacing u® by the corresponding derivatives. For example,

o _ 9 . 9 |
@IG—W—FZ(_l)D]l".D]S%a—; 2217-.«,71, Oé:l’...jm,

s>1 ij1J2°Js
(1.34)
and the Euler-Lagrange, Lie-Backlund and Noether operators are connected by the
operator identity [41]

X + Dy(&") = W"fi + D;N". (1.35)

ou®

Definition 1.11 (Noether symmetry) A Lie-Bécklund operator X of the form
(1.27) is called a Noether symmetry corresponding to a Lagrangian £ € A, if there
exists a vector B = (B',--- , B"), B* € A such that

X (L) + LD;(¢") = D;i(B). (1.36)

If BB=0(i=1,---,n), then X is called a strict Noether symmetry corresponding
to a Lagrangian £ € A.

Theorem 1.4 (Noether Theorem) For any Noether symmetry generator X as-
sociated with a given Lagrangian £ € A, there corresponds a vector T = (T*,--- | T™),

T' € A, given by
T'=N'(L)-B', i=1,---n, (1.37)

which is a conserved vector of the Euler-Lagrange differential equations (1.26).

14



In the Noether approach, we find the Lagrangian £ and then equation (1.36) is
used to determine the Noether symmetries. Then, equation (1.37) will yield the

corresponding Noether conserved vectors.

1.5.3 The multiplier method

The multiplier approach is an effective algorithmic for finding the conservation laws
for partial differential equations with any number of independent and dependent
variables. The algorithm was given in [40,42] using the multipliers presented in [24].
A local conservation law of a given system of differential equations arises from a
linear combination formed by local multipliers with each differential equation in the
system, where the multipliers depend on the independent and dependent variables
as well as on the derivatives of the dependent variables of the given system of

differential equations.

This method does not require the existence of a Lagrangian and reduces the cal-
culation of conservation laws to solving a system of linear determining equations

similar to that for finding Lie point symmetries.

A multiplier Ay (2, u, u(), -+ ) has the property that
A E, = D;T" (1.38)

holds identically. Here E,, D; and T" are defined by equations (1.5), (1.4) and
(1.32), respectively. The right hand side of (1.38) is a divergence expression. The
determining equation for the multiplier A, is

(AL E,)

p— 1.
S =0 (1.39)

and once the multipliers are obtained the conserved vectors are constructed by

invoking the homotopy operator [40].
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1.5.4 A Conservation theorem due to Ibragimov

A new conservation theorem due to Ibragimov [41] provides the procedure for
computing the conserved vectors associated with all symmetries of the system of

pth-order partial differential equations (1.5).

Definition 1.12 (Adjoint equations) Consider a system of pth-order partial
differential equations given by (1.5). Let

S(PE
EX (2, w0, up), V) = —(g B), a=1,---,m, (1.40)
ua
where v = (v!,---  v™) are new dependent variables, v = v(z), and define the

system of adjoint equations to system (1.5) by

E (v, u,v, - up),vp) =0, a=1--- m. (1.41)

Theorem 1.5 Any system of partial differential equations (1.5) considered to-
gether with its adjoint system (1.41) has a Lagrangian

£:v5E;(x,u,v,--- S U(p))- (1.42)

Theorem 1.6 Consider a system of partial differential equations (1.5). The ad-
joint system given by (1.41) inherits the symmetries of system (1.5). If system
(1.5) admits a point transformation group with a generator (1.27), then the ad-
joint system (1.41) admits the operator (1.27) extended to the variables v* by the

formula

;0 0 e,
Y=< oxt oue Tl o™

+n®

(1.43)

with 773 = 773(%%”7"‘)'

Theorem 1.7 (Ibragimov theorem) Any infinitesimal symmetry (Lie point, Lie-

Bécklund , nonlocal) given by (1.27) of system (1.5) leads to a conservation law

16



D;(C") = 0 for the system (1.5) and (1.41). The components of the conserved

vector are given by the formula

e[ p (P pp ()
Ci_EiL W [(M D]<au%>—l—D]Dk(au%k) }
Toc oL Tt
+Dj(W)[au%—Dk(au—%k)‘i‘“'}"‘DjDk(W)[au%k ]7

(1.44)

where W is the Lie characteristic function given by (1.30) and £ is the formal
Lagrangian (1.42) [41].

1.6 Exact solutions

In this section we recall some methods which can be used to determine exact

solutions of differential equations.

1.6.1 Description of (G'/G)—expansion method

We present a brief summary of the (G’/G)—expansion method for solving nonlin-
car ordinary differential equations [43]. The algorithm for the (G’/G)—expansion

method is given in the following steps:

Step 1: Consider a nonlinear ordinary differential equation given in general form

by
P[U(z),U,U",U",---] =0, (1.45)

where U is an unknown function of z and P is a polynomial in U and its derivatives.

Step 2: The solution of ODE (1.45) is written as a polynomial in (G'/G) as

17



follows:

-3 (5. o

where G = G(z) satisfies the second-order linear ODE with constant coefficients,

namely,

d*G dG

— + A— G=0 1.47
where A\ and p are constants and S3; (i =0,1,2,---, M) are constants to be deter-

mined. The integer M is found by considering the homogeneous balance between

the highest order derivatives and nonlinear terms appearing in ODE (1.45).

Step 3: The substitution of (1.46) into (1.45) and then making use of ODE (1.47)
leads to the polynomial equation in (G'/G). Now by equating the coefficients of
the powers of (G'/G) to zero, one obtains a system of algebraic equations which is

solved for ;’s.

Step 4: The solutions of ODE (1.45) are given by (1.46) by using the solutions
of the algebraic system obtained in Step 3 for the constants 3;’s and making use
of the solutions of (1.47) which are given by

A (' sinh (6;2) + Cy cosh (6;2) 9
G2) = 3" ‘1 C1 cosh (012) + Cysinh (§12)’ AT >0, (148)

A —C sin (022) + Cy cos (622) 9
- 2 4 1.4
G(z) 2 " "? 0 cos (022) + Cysin (092) A p<0 (1.49)
NG )
(z) 2 T it oz n=0 (1.50)

where §; = %\//\2 —4p, 6y = %\/4,u — A2, C1 and () are arbitrary constants.

1.6.2 The simplest equation method

The simplest equation method was introduced by Kudryashov [13,44] for finding

exact solutions of nonlinear partial differential equations. Many researchers have
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applied this method to solve nonlinear partial differential equations. The basic

steps of the method are as follows:

Consider the nonlinear partial differential equation of the form
Eq(w, wg, g, Wy, gty U, Uy, - -+ ) = 0. (1.51)
Using the transformation
u(t,z,y) = F(2), z=kit+ kox + ksy + kg, (k1,--- , ks constants) (1.52)
equation (1.51) reduces to an ordinary differential equation
Ey[F(2), ki F'(2), ko F'(2), ks F'(2), ki F"(2), ksF"(2), k3F"(2),---] = 0. (1.53)
The simplest equations that we use here are the Bernoulli equation
H'(z) = aH(2) + bH?(2) (1.54)
and the Riccati equation
G'(2) = aG?(2) + bG(2) + ¢, (1.55)

where a,b and ¢ are constants. We look for solutions of the nonlinear ordinary

differential equation (1.53) that are of the form

F(2) =Y AGE) (1.56)

where G(z) satisfies the Bernoulli or Riccati equation, M is a positive integer that
can be determined by the balancing procedure and Ay, --- , A); are parameters to

be determined.

The solution of Bernoulli equation (1.54) is given by

B coshla(z 4+ C')] + sinh[a(z + C)]
H(z) = a{ 1 — beosh[a(z + C)] — bsinh[a(z 4+ C)] }
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where C' is a constant of integration. For the Riccati equation (1.55), the solutions
are

Gl2) = -2 = L amn Be@ + c)] (1.57)

6 sech [(0z)/2]

) - Ccosh [(02)/2] — 2a sinh [(02) /2] (1.58)

with 8 = v/b? — 4ac and C' is a constant of integration.

1.6.3 The Kudryashov method

Here we present the Kudryashov method for finding exact solutions of nonlinear
differential equations, which has recently appeared in [44]. We now give its de-

scription.

Consider a NLPDE, say, in two independent variables ¢ and z, given by
Ey(t, x,u, uy, Uy, Uggy Ugge, -+ ) = 0. (1.59)

The algorithm consists of the following five steps:

e Step 1. The transformation u(z,t) = U(z), z = kx + wt, where k and w

are constants, transforms equation (1.59) into the ODE

Ey(U,wU' kU WU K*U" -+ ) = 0. (1.60)

e Step 2. The solution of equation (1.60) is expressed by a polynomial in @

as follows:

U(=) =3 aa (Q()" (1.61)
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where the coefficients a,, (n =0,1,2,--- , N) are constants to be determined

and Q(z) satisfies
Q'(2) = Q%(z) — Q(2) (1.62)

whose solution is given by

B 1
1 4e?

Q(z) (1.63)

The positive integer N is determined by the balancing procedure.

Step 3. Using (1.61) in equation (1.60) and making use of (1.62), equation
(1.60) transforms into an equation in powers of Q(z). Equating coefficients
of powers of Q(z) to zero, we obtain the system of algebraic equations in the

form

Pn(aNaaNfla"'>a07k7w7"'):07 (n:O>7N> (164)

Step 4. Solving the system of algebraic equations, we obtain values of
coefficients a,’s and relations for parameters of equation (1.60). As a result,

we obtain exact solutions of equation (1.60) in the form (1.61).

Step 5. The solution of the NLPDE (1.59) is then given by u(x,t) = U(kx+
wt).

1.6.4 The extended Jacobi elliptic function method

In this subsection we describe the extended Jacobi elliptic function method which

was introduced in [45] for finding exact solutions of nonlinear partial differential

equations. The basic steps of the method are as follows: Consider a nonlinear

partial differential equation in two variables

E(u,ur,Ut7uxx,umt,Utt,"') = 0 (165>
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Making use of the transformation
u(t,z) =U(z2), z=x—vt (1.66)
equation (1.65) transforms into a nonlinear ordinary differential equation
F(U(2),U'(2), —vU'(2),U"(2), —vU"(2),v*U"(2),---) = 0. (1.67)

We consider solutions of (1.67) of the form

Ulz) = ‘Z A,G(2), (1.68)

where A;’s are constants to be determined, M will be determined by the homoge-
neous balance method and G(z) satisfies the following first-order ordinary differ-

ential equations [46]:

G'(2) + /(1 — G%(2)) (1 —w + wG2(2)) = 0, (1.69)
G'(2) — /(1 = G2(2)) (1 — wG2(2)) = 0. (1.70)

The solutions of the above equations are

G(z) = en(z;w),

G(z) = sn(z;w),
respectively. Substituting (1.68) into (1.67) and making use of one of (1.69) or
(1.70) at a time, we get a system of algebraic equations in A; by equating the
coefficients of the powers of G(z). The solution of the algebraic system when

substituted into (1.68) will give the solution of (1.67). Hence, the solution of
(1.65) is found by making use of (1.66).

1.7 Concluding remarks

In this chapter we recalled some results from the Lie group analysis and conser-

vation laws of partial differential equations which will be used in this thesis. In
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addition, we presented algorithms of various methods that are used to find exact

solutions of partial differential equations.
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Chapter 2

Lie group classification of a
variable coefficients Gardner

equation

In this chapter we carry out Lie group classification of the variable coefficients

Gardner equation (also called the general KdV equation) [47]
up + G(Ou"ug + H()u* uy + R(t)uy + F(t)ugee = 0, (2.1)

which describes many physical phenomena, such as the long wave propagation in
an inhomogeneous two-layer shallow liquid [48], ion acoustic waves in plasma with
a negative ion [49] and the internal waves in a stratified ocean [50]. We first find

equivalence transformations of (2.1).

The results of this chapter have been submitted [51] for possible publication.
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2.1 Equivalence transformations

We recall that an equivalence transformation of a partial differential equation is an
invertible transformation of both the independent and dependent variables map-
ping the PDE into a PDE of the same form, where the form of the transformed

functions can, in general, be different from the form of the original function.

In this section we look for equivalence transformations of (2.1). We consider the

one-parameter group of equivalence transformations in (¢, z,u, F, G, H, R) given by

t=t+er(t,z,u) + O(e?),
T=x+ck(t,z,u) + O(?),

i =u+en(t,z,u)+ O(),

s
I

F+ew'(t,z,u, F,G,H,R)+ O(¢%),
G=G+ew?(t,z,u, F,G,H R) + O(e?),
H=H+ew’(t,z,u, F,G,H R) + O(e?),

R=R+ew(t,z,u, F,G,H,R) + O(e%),
where € is the group parameter. Therefore, the operator
Y = 70; + €0y + 1m0y + w'0p + w?0g + w0y + w'Og (2.2)

is the generator of the equivalence group for (2.1) provided it is admitted by the

extended system

up + G(u"uy + H()u* uy + R(t)uy + F(t)ugee = 0, (2.3a)

F,=F,=G,=Gy=H,=H,=R, =R, = 0. (2.3b)
The prolonged operator for the extended system (2.3) has the form
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The variables (’s and p’s are defined by the prolongation formulae
G = Dy(n) — uDy(7) — uaDy(§),
Ca: = Dm(ﬁ) - utDr(T> - uer<£)7

and

R

py = Dy(w') = F,D, (1) — F,Dy(§) — FuDu (1),
42 = Do(w?) = GiDy(7) = Go Do (&) — GuDa(n),
12 = Dy(w?) — GiDy (1) — GoDu(€) — GuDu(n),
43 = Dy(w®) — HiDy(7) — H,D,(€) — HuDa(),
4 = Du(w®) — HiDu(r) — H, Dy (&) — HuDu(n),
respectively, where
0 0 0 0
Dt_a+ut%+"'7 Dm_%—i_ux%—i_"'
are the total derivative operators and
~ 0 0 0 0 0
o= gp T legp T Cegg THagg T Regp T
Du= ot P 4 Gu e B 4 Ry

ou oF oG oH R

are the total derivative operators of the extended system (2.3). Applying (2.4) to

the extended system (2.3) and then splitting on the derivatives of v we obtain the
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following overdetermined system of linear partial differential equations:

1 _ 1 _ ,2_ 2 _
;B_wu_wm_wu_

T, =Tu =0, w wizwzzwizwiz(), (=0, N =0,
Now — &oe = 0, W'+ (1, = 3&)F =0, n 4 0, (R+ Gu™ + Hu™) + Fijpyy = 0,
wh + W + W3+ nGut T 4+ 2nHuP ) — & — Féppn + 3Fnzau

+ (1 — &) (R+ Gu™ + Hu*) = 0.

Solving the above system we get

T =a(t),
f = k’QZL‘ + b(t),
n = kiu,

wh = (Bky —d'(t)) F,
w® = —nk;G + (ks — d'(t))G,
w? = —2nk H + (ky — d'(t))H,

Wt = (ki — A (B) R+ (2),
where k; and ks are constants and a(t) and b(t) are arbitrary functions of ¢.

Thus, the equivalence generators of class (2.1) are

Y, = w0, — nGOg — 2nH Oy,

Yy = 20, + 3F0p + GO + HOy + ROg,

Y, =a(t)0; — d(t)FOr — a' (t)GOg — d' (t)HOy — a'(t) ROR,
Y, = b(t)0, + b'(t)0g.

Thus, the equivalence group corresponding to each of the equivalence generators

is given by

Vi:t=ti=xa=ue",F=FG=Ge ™ H=He " R=R,
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Vy: t=ti=a+blt)s,i=u,F=FG=G H=HR=R+V(t)cy

and their composition gives

3 - Fede
t=a(t), 7= b(t 2, U= ue” =
a(t), T=(z+0b(t)es)e™, @ =ue?, a(t)’
Gec2—ne - H60272ncl 5 (R + bl (t)c4)662

é:

s T Tam o T
Since there are two arbitrary functions a(t) and b(¢) in (2.5), one can rescale two of

the arbitrary functions of (2.1) [52,53]. Thus, we set F = R = 1 by the equivalence

transformation
t= /Fe?’C?dt, T = (1: + /(FeQC2 — R)dt) e?,  u=ue™, (2.6)

which transforms equation (2.1) into an equivalent equation

where

Ge—(ncl+202) H€—2(n01+02)

- H=
F F
Therefore, without loss of generality, we can confine our study to the equation

Uy + up + G () uy + H(E)u* uy + Ugpe = 0. (2.7)

2.2 Principal Lie algebra and classifying relations

of (2.7)

The symmetry group of equation (2.7) will be generated by the vector field of the

form

0 9, 9,
X = T(t,l’,U)a + f(t,ﬂ?,'LO% + 77(@%“)%
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Applying the third prolongation of X to (2.7) and splitting on the derivatives of u
yields the following overdetermined system of linear PDEs:

Tu=0, & =0, N =0, 72 =0, 3Ny — 380w =0, 7 —3& =0,

ne + G(t)u"n, + HE)u* ns + Ne + Neww = 0,

"Gy + P Hyr + nG(Hu" 'y + 2nH () u* 'y — G(t)u"E, + G(t)u"

— H()u*"& + H)u™ 1 — & + 74 + 3Nawu — Eo — Ezae = 0.

Solving the above system, we obtain

T=ua(t), £E=d(t)+ %xa’(t), n=">o(tz)+u (c(t) + a’ét)) . (2.8a)

1
G(t)u"b, + H(t)u"by + by + by + byy + u (c’ + 5a”> =0, (2.8b)

2 1
nG(t)u" " b(t, x) + 2nH (t)u®" " b(t, ) — d + ga' — gzm”

+ (G'a(t) + %nG(t)a’ + §G(t)a’ + nc(t)G(t)) u”

+ (H’a(t) + gnH(t)a’ + ;H(t)a’ + 2nc(t)H(t)> Wm0, (2.80)

where a(t),b(t, x), c(t) and d(t) are arbitrary functions of their variables. In order
to find the principal Lie algebra admitted by any equation of class (2.7) we solve
equations (2.8) for arbitrary functions G and H. This results in 7 = n = 0
and £ = const. Hence the principal Lie algebra consists of one space translation

symmetry, namely,

2.3 Lie group classification

The analysis of equations (2.8b) and (2.8¢) leads to the following five cases:

Case 1 G(t) = A(B + t)3(3en=n=2) [ () = B(B + )~ 3Gentn+l) with n £ 0,1
and A, B, «,  constants
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In this case the principal Lie algebra is extended by one operator, viz.,

0 0 0
Xy =3(t+ 5)5 + (2t + x)% +u(3a + 1)%.
Case 2 G(t) = Ae ™ H(t) = Be 2" A, B, )\ constants

The principal Lie algebra is extended by the operator

Case 3G(t)=H(t)=0

The principal Lie algebra extends by four Lie point symmetries

-2

Xy = St% + (2t + x)%,
s
PR

where b(t, z) satisfies b; + b, + bypr = 0.

Case 4 G(t) = A(B+1)"* '+ 8B (B4+1)75C2 H(t) = B(B+1)" 50> with

n=1and a # —1/3,-1/6, A, B, a, 8, A constants
The extension of the principal Lie algebra in this case is given by

54BN (B + 1) 23 28
 Ba+1D6a+1) a

0 1
ng(t+6)§+§<2t+m

SERRF

41 G(t)={A-2B (B + 1)} (B +1)*/*, H(t)= B(B+1)**

BANB+1t) ™) 0
B ox

The principal Lie algebra extends by

X :(t+ﬁ)% +é [9>\$’/ﬁ+t{A+6BA—QBAIn(5+t)} +2(8+1) +x] (%
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0
+)\%

4.2 G(t) = A(B+t)/0 £ 12BAX(B+ )Y, H(t) = B(B+1t)!

The extension of the principal Lie algebra is given by

X :(t+6)% +% [2 {ﬁ+t+9AA€/ﬁ+t+18BA21n(6+t)} —i—x} a%

uy 0
A D) o
* < + 6/ Ou
Case 5 G(t) = Ae " + %672”, H(t) = Be 2", A B, v, u # 0 constants
The principal Lie algebra in this case is extended by

0
Xs 0 L gt (Ape' + Br) — + (v + pu

:E_,u? Ox )%

5.1 G(t) = A—2Bvt, H(t) =B
The principal Lie algebra extends by the following operator:

0 0 0
X2 = E + Vt(A - Bl/t)% + I/%.

2.4 Symmetry reductions and group-invariant

solutions

In this section we find symmetry reductions and group-invariant solutions for two
particular cases of equation (2.7). In order to find symmetry reductions and group-

invariant solutions, one has to solve the associated Lagrange system

dt dx du

r(t,x,u)  E(tz,u)  nt,x,u)
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Case (i) G(t) = A(B + )53 =2 [(t) = B(B + t)~5Gemtntl)
In this case equation (2.7) becomes

w4 A(B + )32y B(B A ) TG 20y 4y 4 g, = 0.
We now find group-invariant solution of this equation under the symmetry

0 0 0
X :3(t—|—5)§ (2t+x)a—+u(3a—|— )8u

The two invariants are found from the solutions of the associated Lagrange system

and are given by
r—t—30
SEE i

Hence, the group-invariant solution in this case is

I = I = u(t+ B)~ 713
u=(t+B)H3f(2), 2= (x—t=3p)(t+ 5
where f(z) satisfies the following nonlinear ODE:
3f"(2) + f'(2) BAS(2)" +3Bf(2)*" — 2) + f(2) (Ba +1) = 0.
Case (ii) G(t) = Ae ™ H(t) = Be 2
In this case equation (2.7) is given by
up + Ae” M uMu, + Be P, + Uy + Ugey = 0.

We find group-invariant solutions of this equation using the operator

This operator X, has two invariants I; = x and I, = ue™* and hence the group-

invariant solution is
u=ef(z),

where f(x) satisfies the nonlinear ODE

f"(@) + f'(@) (Af(@)" + Bf(2)™" + 1) + Mf(z) =
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2.5 Conservation laws

We now construct conservation laws for the variable coefficients Gardner equation

(2.7) using the multiplier approach for two cases.
Case A G(t) = A(B + )53m0 [ (1) = B( + t)~5Gen+n+D)
In this case equation (2.7) becomes
wy + At (F2EBan)Byng, oy By 2ntla3en)/3e 2y 4 4 Upee = 0 with 5 =0.
We look for second-order multiplier of the form
A=A(t,z,u).

Now following the procedure given in Section 1.5.3, the zeroth-order multiplier is
given by A(t,xz,u) = Ciu + Cy, where C; and Cy are arbitrary constants. Corre-

sponding to the above multiplier we obtain the following two conservation laws:

t
1

1 1
Bl 1 tk‘+1 2n+1 " A k 1 tl+1 n+1 " t - — 2
—(k+1)(l+1)( (L+ D", + Ak + D)t y) + tu + U’
. _

1
m (B(l + l)tkﬂu%“ut + A(k + 1)tl+1un+1ut) — tuut

L2y
- =u UlU gy,
2 xT
1
T, = (k+1)(1+1) (B + Dt uy + Ak + 1)t 0 u,) + tug + u,
Te = — (B(L+ Dty + Ak + Dt uy) + tuy — g,

Sy
where | = —(2 4+ n + 3an)/3, k = —2(1 + n + 3an)/3 with a # (1 — n)/(3n) and
o # (1 - 2n)/(6n).

Case B G(t) = Ae ", H(t) = Be 2"t

Here equation (2.7) becomes

g + Ae My, + Be 220, + Uy A+ Ugge = 0.
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The zeroth-order multiplier is A(t,z,u) = Ciu + Cy and hence corresponding to

this multiplier we have the following two conserved vectors:

1

T = — o (Be’Q’\”tuQ”“ux + 2A4e My, — 2 \ntuu, — )\nu2) ,
n
17 = o3 (Be_”‘”tu%“ut + 2Ae My, — 2Antuu, — Anu’ + 2/\nuum) ;
n
1
T = — o (Be’”‘"tu%uw + 2Ae M M, — 2Xntu, — 2Xnu)
n
1
Ty = o (Be_”‘”tu%ut + 2Ae_/\”tu”ut — 2 \ntu; + 2/\num) )
n

2.6 Concluding remarks

In this chapter we carried out Lie group classification of the Gardner equation
with variable coefficients. This was achieved by first determining the equivalence
transformations for the variable coefficients Gardner equation (2.1). The trans-
formations were then used to rescale some arbitrary functions in equation (2.1),
which simplified the original equation to an equivalent equation (2.7). We then
studied equation (2.7). It was found that the equivalent Gardner equation (2.7)
had a translation symmetry in space variable x as its kernel algebra. The functions
G(t) and H(t) that were able to extend the principal Lie algebra were found to be
exponential, power, logarithmic and linear functions. Symmetry reductions were
performed for two cases which extended the principal Lie algebra. Finally, for two

cases we obtained conservation laws using the multiplier method.
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Chapter 3

Cnoidal and snoidal waves
solutions and conservation laws of
a generalized (241)-dimensional

Kortweg-de Vries equation

A nonlinear integrable (2+1)-dimensional Korteweg-de Vries equation
duy — a(t, y) (duny + 2u,0" uy + Ugy) — Bt y) (Buty + Upgy) = 0 (3.1)

was constructed in [54] using the Lax pair generating technique. For a(t,y) = —4
and ((t,y) = —4 the two-solitary wave solution was obtained by employing the
singular manifold method and the Backlund transformation in terms of the singular

manifold was derived [54].

Recently, in [55] the integrability of (3.1) was investigated for «a(t,y) = a(t) and
B(t,y) = b(t). By employing the binary Bell polynomials, its bilinear formalism,
bilinear Backlund transformation, Lax pair and Darboux covariant Lax pair were

precisely constructed.
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In this chapter we study the generalized (2 + 1)—dimensional Korteweg-de Vries

equation
w + 2auu, + auxafluy + 3auty + Uggy + Uggy = 0, (3.2)

where @ is a non-zero real-valued constant. This equation is obtained from (3.1)
by taking a = f = —1 and then generalizing it by replacing 2 by a in the three
terms. In order to study this equation we first eliminate the integral appearing in
(3.2) by letting v = [ u,dz. This substitution then transforms equation (3.2) into
a system of two partial differential equations in the dependent variables u and v,

namely,
g + 20uty + aviy + 30Uty + Uggy + Uggy = 0, (3.3a)

Uy — vy = 0. (3.3b)

The results of this chapter have been accepted for publication [56].

3.1 Exact solutions of (3.2) and (3.3)

In this section we construct some solutions of (3.2) and (3.3).

3.1.1 Exact solution of (3.3) using its Lie symmetries

In this subsection we obtain exact solutions of (3.3) using the Lie point symmetries
of (3.3). The vector field

x=g2 el +53 vyl

where the coefficients 51,52,53, ¢! and ¢? are functions of ¢,z,y,u and v is a Lie

point symmetry of the system (3.3) provided

b (ug + 26 uuy + a VU + 30 Uty + Upge + Ugay) |(3.3)= 0, (3.4a)
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X[g] (Uy — U;C) |(3.3): 0 (34b)

Here X B! denotes the third prolongation of the vector field X. Writing out the
two equations of (3.4) and splitting on the derivatives of u and v yields an overde-

termined system of twenty-one linear partial differential equations. These are

¢y =0, & =0,8=0,6=06=0,8=0,&=0, ¢, =0,
&=0,86=0 =0 ¢,—¢2=0, & +0,=0, 2¢%, — &, =0,
2a¢" + 2aué; — & — 2aué; + ¢y, = 0,

3ag' + ag® + 3aug! + av§) — & — 3aull — avll — 2aug, — &2,

— &y T 30 205, =0, & =260 =& =0, § =36 £ =0,
¢; + Baudy + avd, + 2aud, + Gruy + Grpy = 0,

Solving the above system we obtain the symmetry algebra of the system (3.3)

spanned by operators

X, —a%’

X=2

Xy = F(t) o+ (02

Xy =2at 24 O30
o 0

0 0 0 0 0

Xo =digy + (@) T2, —Jug, +(-u=3vz,
) ) oy )
— 942 Z _ —_
X7 =2t 8t+t(:c+y)ax+2tyay+ (a 2tu> 5

2
+(£——y—tu—3w) 9.
a a ov
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We now use the three translation symmetries X7, X5 and X5 with F(¢) = 1. The

sum of these three symmetries provides us with four invariants, viz.,
p=t—y,q=c—y, r=u, s=uv.

Using the above invariants, system (3.3) transforms into a coupled system of non-

linear PDEs

1y +asry +ar (ry — 2rp) — Tpgg =0, (3.5a)

rp+ 1+ 5,=0 (3.5b)

in two independent variables p and ¢. This new system has three Lie point sym-

metries, namely,

0 0 0 0 0 0
=2 =2 = agd —dapZ +(1—2ar) 2 _nZ
1= gy 2T gy 3T My, apap—l—( ar)ar+(5ar+3as )85

and utilizing the symmetry al'; 4+ I's yields the invariants
(=p—aq, H=1r, J=s.

Now these invariants transform the system (3.5) into the coupled system of non-

linear ordinary differential equations

QPH(Q) + oo+ DHOH'(Q) + a0 QH'Q) - H(Q) =0, (36)
(0= DH(Q+al () =0.  (3.b)

Integrating equation (3.6b) and solving for J, we obtain

a—1

J(() =C1 - H(Q), (3.7)

«

where () is an arbitrary constant of integration. Substituting the value of J(¢)

from equation (3.7) into equation (3.6a) leads to

o?H"(¢) + 3aH(O)H'(¢) + (aaCy — 1) H'(¢) = 0. (3.8)
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Integration of equation (3.8) twice with respect to ¢ yields

acC] — 1
o2

HP(Q)+ S H(O)' + H(C)? + 2C,H(C) + C5 = 0, (3.9)

where Cy and Cj are arbitrary constants of integration. To solve equation (3.9),
we assume that A, Ay and A3 (where A\; > Ay > A3) are roots of the algebraic
equation [57]

a acCy — 1

H(¢)? + o~ H(()?* 4+ 20,H(¢) + C5 = 0.

a?
Thus, equation (3.9) can be rewritten in the form

a

H'(Q)* + — (H(¢) = M)(H(C) = A)(H(C) = A3) = 0

o?
and consequently its general solution is given by the Jacobi elliptic function as [57]

A1 — Ao
AL — A3

HQ = ho O =g (500 -0 :87) 8 =

where cn is the elliptic cosine function [46]. Now J({) can be found from equation

(3.7) by substituting the value of H(() into (3.7). Thus

{AQ 4 (A — Ao)en? ( %“2@1 )G 52>}

a—1

J(C):Cl—

and consequently

u(t,x,y) = Ao + (A — )\2)cn2 (, / ﬁ:ﬂo\l — A\3) (; 52) ,
otz y) =C) — O‘T_l {/\2 + (1 = Ao)en? ( 4%2@1 )G s?) } ,

where ( =t — az — (1 — @)y, is a solution of the system (3.3).

3.1.2 Exact solutions of (3.2) and (3.3) using the extended

Jacobi elliptic function method

In this section we employ the extended Jacobi elliptic function method [45, 58] to

obtain more exact solutions of (3.2) and (3.3). We assume that the solutions of
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the ordinary differential equations system (3.6) can be written in the form

H@%{EjAﬂ@ﬂ JK%éEZRGKﬂ

where M and N are positive integers, A; and B; are constants to be determined.

The function G(() satisfies the first-order ordinary differential equation

G'(¢) + V(1= G2(¢)) (1 —w+wG2(()) =0, (3.10)

whose solution is given by [46]

G(¢) = en(Gw).

The balancing procedure yields M = N = 2 and hence the solutions of (3.6) are of

the form

H(C) == A—2G_2 + A_lG_l + Ao + AlG + AQGQ, (311&)
J(¢) = B2G ™+ BLiG™' + By + B,G + B,G*. (3.11b)

The substitution of (3.11) into (3.6) and using (3.10) and then equating the coeffi-
cients of G* to zero, one obtains the following algebraic system of thirteen equations

in A; and B; (i = —2,-1,0,1,2):

Ay (a(6aw — aBy) — 3a(a + 2)As) — 2accAy By = 0,
ala +2)A%, + aA_; (aB_y — 12a(w — 1)) = 0,
ala +2)A3 + a(aBy — 12aw) Ay = 0,

aA_y (aB_y —6a(w—1))+aA_o(3(a+2)A_1 +2aB_1) =0,
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ac (2A3B_ 5+ A1B_1) — acA_1B; — 2a0A_3By = 0,

ala+2)A% | + 24, (8a’w — 4a” + a(a + 2)Ag + aaBy — 1) + aaA_1B_; = 0,
a(a + 2)A7 + 24, (80w — 40”4+ a(a + 2)Ag + aaBy — 1) + acA By = 0,

Ay (20°w — o 4+ a(a + 2)Ag + aaBy — 1) — acA 1 B_y

+aA 5 ((a+2)A; 4+ 2aBy) = 0,

Ay (2a2w —a* +ala+2)Ay + aaBy — 1) + 2aa00AyB_

+aA_1 ((—a—2)Ay + aBs) = 0.

Using Mathematica one can solve the above system of algebraic equations. This

gives
40 (w —1 402
A, =2 m D o =0, = 1
a a
B, — 4a(l = a)(w — 1)’ B, =0, B, = 40?(1 — 2w) — a(a + 2)Ag + 1’
a aa
4 1-—
B =0, B, = towll=a)
a

As a result, a solution of the system (3.3) is

U(t, z, y) = A—an(g; w)Q + AO + A2CH(C; w)Qa

v(t, z,y) = B_onc((;w)? + By + Byen(Cw)?,

where ( =t —ax — (1 — a)y, Ay is an arbitrary constant and nc = 1/cn. However,

the solution of the (2+1)-dimensional KdV equation (3.2) is given by

u(t,r,y) = A_onc(Cw)? + Ag + Azen((w)?, (3.12)
where
402 (w—1 1+ 4a? — 8w 402w
Ay = ¥7 Ay = , Ao =
a ala+2) a

A profile of the solution (3.12) is given in Figure 1.
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Figure 3.1: Profile of the cnoidal wave solution (3.12)

Likewise, by using the auxiliary equation

G'(¢) = V(1 = G*(2)) (1 - wG2(Q)) = 0,
whose solution is given by [46]
G(¢) = sn(¢;w)

one can obtain solutions of (3.3) in terms of Jacobi elliptic sine functions. In fact,

without giving details here, we can obtain the solution of (3.3) as

u(t,z,y) = A_oms((w)® + Ag + Assn(w)?,

v(t, 7,y) = B_ons((;w)? + By + Basn((w)?,

where ns = 1/sn,

402 4o 4 —1
A—Qz_i7A—1:O7A1:07A2:_ aw; 3120732:%7
a
4 —1 1-— 2) A + 4a? 1
p,-tele=1) p o p  Lloalart )af; ot
a

(=t—ar—(1—a)yand Ag is an arbitrary constant. Nevertheless, the solution

of the (2+1)-dimensional KdV equation (3.2) is given by

u(t,r,y) = A_ons(Gw)? + Ag + Agsn(Gw)?, (3.13)
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where

A_Q:—@, A — 1+ 402 4 40w :_4a2w.
a a(a + 2) a

A profile of the solution (3.13) is given in Figure 2.

Figure 3.2: Profile of the snoidal wave solution (3.13)

A variety of further solutions of (3.2) can be constructed using Theorem 2.2 [59,60].

3.2 Conservation laws of (3.2)

We now construct conservation laws for the generalized (2+41)-dimensional Korteweg-
de Vries equation (3.2) by employing the multiplier approach. For details of the

multiplier method the reader is referred to Section 1.5.3.
For the coupled system (3.3), we obtain zeroth-order multipliers of the form, A; =

Ai(t,x,y,u,v) and Ay = Ay(t, x,y,u,v) and these are given by

A= =5 F02 4 f (g + 5y 170 — afalt)u — uf () + o),

Ao = Filthu = ufi () + F(0)
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where f;, i = 1,2,3 are arbitrary functions of ¢. Corresponding to the above

multipliers we obtain the following three nonlocal conserved vectors of (3.2):

T = S Fi00 ~ Sy fi(o

2
1
¢ = — %{ny{’(t) /uydx + f1(t) (3ayu2 + 2ayu / Uy dT + 2yt + 2yu$y>
+ f1(t) (aumuy — 20Uy, — 2 a*u® — a?u? / Uy dr — au g, + aui) },

TV = % <y2 L u—ayfit)u’ + a® fr()u’ +a fi (t)uum) ;

T2t = f2<t)u’
3
75 = y10) [ s+ alt) (u [ e+ S+ s+ u) 7

TY = Safa(t)i® - yfilt)es

Tt =0,
Ty = — fg(t)/uydx,
Ti = f3(t)u.

Remark 2 We note that the conserved vector (7%, T, T5) gives us a trivial con-
servation law. We further note that since the functions f;, ¢« = 1,2, are arbitrary,

one can construct infinitely many nonlocal conserved vectors of equation (3.2).

3.3 Concluding remarks

In this chapter, the generalized (241)-dimensional Korteweg-de Vries equation
(3.2) was studied. The substitution v = [w,dzr was made so as to remove the

integral in equation (3.2) and then transformed (3.2) into a system of two partial
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differential equations (3.3). New exact solutions were found and these were cnoidal
and snoidal waves solutions. Furthermore, conserved vectors were constructed by

employing the multiplier method.

45



Chapter 4

Travelling wave solutions of a
coupled Korteweg-de

Vries-Burgers system

In this chapter we study the coupled Korteweg-de Vries-Burgers (KdV-Burgers)
system [61], which consists of two NLPDEs and is given by

U + Uy + U4y + Dligyy = 0, (4.1a)
Vy + VU; + Uy + dUgyy = 0, (4.1b)
where a, b, c and d are constants. In [61], the classical Lie group method was used

to study (4.1). Symmetry reductions and some similarity solutions were obtained

for (4.1).

In this chapter we employ the (G'/G)—expansion method to find new exact explicit
solutions of the system (4.1). Wang et al. [18] introduced this method for finding
solutions to NLPDEs. Using this method one can obtain travelling wave solutions.
These solutions can be expressed by the hyperbolic, the trigonometric and the

rational functions. This method is simple to use and can be employed to obtain
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exact solutions for many NLPDEs. Furthermore, conservation laws are derived

using the multiplier method.

The results of the chapter have been published in [62].

4.1 Exact explicit solutions of (4.1)

We first use the wave variable £ = x — vt, where v is the wave speed and transform
the system of nonlinear partial differential equations (4.1) into a nonlinear ordinary

differential equation system. Thus by letting
u(z,t) = F(§), v(z,t) = H(E), where & =z — vt, (4.2)
the system (4.1) transforms to the system of nonlinear ODEs

DE"(€) + aH"() + F()F'(€) — vF'(€) =0, (4.3a)
dF"(€) + cH"(€) + H(E)H'(€) — vH'(€) = 0, (4.3b)

where ’ denotes the derivative with respect to &.

The (G'/G)—expansion method allows us to use the substitution
N M
F(§) =) A(G/G) and H(&) =) B;(G'/GY, (4.4)
i=0 =0

where A; (i =0,1,--- ,N) and B, (j =0,1,--- , M) are constants which need to
be determined. The function G(§) in (4.4) satisfies

G"() + AG'(§) + pG(8) = 0, (4.5)

which is the second-order linear ODE with constant coefficients A and pu.

For our system (4.3), the balancing process gives M = N = 2 and this leads to

F(§) = Ao+ AG'/G) + A(G'/G)?, (4.6a)
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H() = Bo+ Bi(G')G) + By(G'/G)*. (4.6b)

Substituting (4.6) into (4.3), using (4.5), and then collecting the coefficients of each
power of (G'/G) and setting each coefficient to zero, gives us the following system

of twelve algebraic equations:

2A3 +24bA, = 0,

283 + 24dA; = 0,

6¢By — 20\B2 — 3B, By — 6dA; — 54d\Ay = 0,

6aBy — 2\A5 — 54bAAy — 34, Ay — 6bA; = 0,

apBi\ — b Ay N? — 6bp? A\ — 20p* Ay + pv Ay — pAg Ay + 2ap* By = 0,
cpuBi\ — dp AN — 6dp? Ak — 2dp Ay + pv By — pBoBy + 2cp*By = 0,
aBi\? — bAN3 — 14buA2)\2 — 8bpu A\ + VAT NAGALN + 6apu B\ — ,uA%

— 16bu* Ay + 2uv Ay — 2uAgAs + 2auB; = 0,

4aBa\?* — 8bAsN? — ThAIN? — AT\ — 52bpAp\ + 20 A\ — 240 Ao\ + 3aBi A
— 8buAy + vA; — AgAy — 3uA1 Ay + 8auBs = 0,

20 Ay — 38bAyN? — 12bA1\ — 3A; A\ + 10a By — A? — 2uA2 — 40bp A,

— 2A0A5 + 2aB; = 0,

cBIN? — dAN — 14dp AN — 8dpu A\ + vBIX\ — BoBi\ + 6cuBo) — uB?
— 16du? Ay + 2cpuBy + 2uv By — 2uByBy = 0,

2UBo\ — 8d A\ — TdAN + 4cBy)\? — B2\ — 52dpAs\ + 3cBi)\ — 2By By
— 8duA, + vBy — BoBy 4+ 8cuBs — 3uB1 By = 0,

10eBy) — 38dAz02 — 12dAj\ — 3B Bo\ — B? — 2uB2 — 40dpAy + 2¢B,

-+ 21/32 - QB()BQ = 0,

Solving the above system of algebraic equations, with the aid of Mathematica, we
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obtain the following values of the constants A;, B;, i = 0,1, 2:

Ao = 6bA/AE — 4t — 12bp + v, Ay = 12b (\/m - A) Ay = —120,
6¢ ()\\/m . QM) 12¢ ( N — 4p — )\)

By =v+ , By = )
5/ A2 —4pu 5/ A2 —4pu

12¢ 25bdN? — ¢
s /02 —dy LT 100bd

By = when ad = be.

Thus, the following two types of travelling wave solutions of (4.1) are obtained:

When A2 — 4 > 0, we obtain the hyperbolic function solutions

Cl sinh ((516) + CQ cosh (615) A
t)y=Ap+ A _Z
(e, f) = Ao+ A (51 Cycosh (01§) + Cysinh (6;§) 2

Cy sinh (0,€) + Cycosh (6,6) A\ ?
A (51 Ci cosh (0,€) + Cosinh (1) 5) ’ (4.7)
B Cysinh (6:€) + Cycosh (01€) A
vz t) =Bo+ By <51 Cy cosh (6,€) + Cysinh (6:6) §>
Cl sinh ((515) + CQ cosh (515) A 2
+ 5 <51 Ci cosh (6,€) + Cysinh (6;€) 5) ’ (48)

where ¢ = x —vt, §; = %\/ A2 — 4u, Cp and Cy are arbitrary constants. We present
the exact solution (4.7)-(4.8) graphically in Figure 1.
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Figure 4.1: Exact solitary wave profiles of the solution (4.7)-(4.8)

When A2 — 41 < 0, we obtain the trigonometric function solutions

. —Cl sin ((52&) + CQ COS ((525) A
ualst) = Ao+ (52 C} cos (056) + Cysin (6,6) 5)

A (5 —Cisin (62€) + Cacos (626) é>2
>\ cos (02€) + Cysin (05€) 2]
B —Cisin (626) + Cacos(02§) A
UQ(x’t) _BO +B1 (52 01 COS (52{) +Cg sin (526) 2)

—Cl sin (525) + Cg COS ((525) A 2
+ 5 <52 Ch cos (05€) + Cysin (626) 5) ’

where £ =z — vt, 0 = %\/ém — A2, Cy and Cy are arbitrary constants.
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Remark We note that we are not able to obtain rational solution of equation (4.1)

using the (G'/G)—expansion method.

4.2 Conservation laws of (4.1)

In this section we derive conservation laws of (4.1) using the multiplier method.

The associated multipliers are given by A; = C;, Ay = C5 and corresponding to

these multipliers we obtain the following conserved vectors of (4.1):

T = u,

T 1 2
TV = §u + avy + bgy;
th =,

1
Ty = 51)2 + vy + ditgy.

Remark These conserved vectors can be derived directly from system (4.1). That

is the system itself is in conserved form.

4.3 Concluding remarks

In this chapter, we obtained exact explicit travelling wave solutions of the cou-
pled Korteweg-de Vries-Burgers system (4.1) by employing the (G’/G)—expansion
method. The solutions obtained were expressed in the form of hyperbolic and
trigonometric functions and were much more general than the solutions previously
obtained in [61]. This means that the solutions obtained in [61] were special cases
of our solutions. It should be noted that many researchers have recently employed
this method to various nonlinear differential equations and have shown that this

method provides a very effective and powerful mathematical tool for solving non-
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linear differential equations in various fields of applied sciences. Conservation laws
for the coupled Korteweg-de Vries-Burgers system (4.1) were constructed by the

multiplier method.
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Chapter 5

A study of a (24+1)-dimensional
KdV-mKdV equation of

mathematical physics

In this chapter we study a NLPDE known as (2+1)-dimensional KdV-mKdV equa-

tion which is given by [63]
Up + Uggy + dun, — duuy, + 2,0, uy — 2u,0; ' (2uuy,) = 0 (5.1)

and arises in various problems in many areas of theoretical physics. The (141)-
dimensional KdV-mKdV equation describes the wave propagation of bounded par-
ticle with a harmonic force [64]. In particular, it describes the propagation of ion
acoustic waves of small amplitude without Landau damping in plasma physics [65].
The propagation of thermal pulse through single crystal of sodium fluoride in solid

physics can also be explained by this equation [66,67].

To study the (2+1)-dimensional KdV-mKdV equation (5.1), we first introduce a
new dependent variable v and set v = 9;'(u, — 2uu,) = [(u, — 2uu,)dz. This

allows us to remove the integral terms from the equation and replace equation (5.1)
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by a system of two PDEs

Up + Uggy + dun, — 4u2uy + 2u,v = 0, (5.2)

Vg — Uy + 2un, = 0.

Firstly, we use the travelling wave variable to transform system (5.2) into a sys-
tem of ordinary differential equations (ODEs) and then obtain its exact explicit
solutions. Secondly, we construct conservation laws of equation (5.1) using the

multiplier method.

This work has been submitted for publication [68] .

5.1 Exact solutions of (5.2)

We first use the travelling wave variable z = x + by + ¢t to reduce the system of

PDEs (5.2) to a system of ODEs. Thus by letting
u(z,y,t) =U(2), v(z,y,t) =V (z), where z = x + by + ct, (5.3)
the system (5.2) transforms to

bU" (2) +4b(1 — U(2))U(2)U'(2) + 2V (2)U'(2) + cU'(2) = 0, (5.4a)
20U (2)U'(z) = bU'(2) + V'(2) =0, (5.4b)

which is a system of nonlinear ODEs. We now decouple the above system by

solving the second equation for V. Integrating (5.4b) with respect to z, we obtain
V(z) = —bU(2)* + bU(2) + c1, (5.5)

where ¢, is an arbitrary constant of integration. The substitution of the value of

V from (5.5) into (5.4a) gives the third-order nonlinear ODE

bU"(2) — 6bU (2)*U’ (2) + 6bU (2)U’(2) + cU'(2) + 2¢,U’(2) = 0. (5.6)
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This equation can be solved in the following manner. Integrating (5.6) with respect

to z yields
bU" — 2bU° + 3bU? + (¢ + 2¢1)U + 5 = 0, (5.7)

where ¢, is an arbitrary constant of integration. We multiply (5.7) by the integrat-

ing factor U’ and obtain
bU'U" — 2bU3U" + 3bUU’ + (¢ + 2¢1)UU" + U’ = 0. (5.8)

Now integration of (5.8) with respect to z gives us

U? 20U 2
U’Q—U4+2U3+T(c+2c1)+ CZ +%:0, (5.9)

where ¢z is an arbitrary constant of integration. The general solution of (5.9)
is given via the Jacobi elliptic function [69] and is a bit cumbersome to write
here. However, by imposing the asymptotic boundary conditions U, U’,U” — 0 for

| z | = 0o, we obtain ¢ = 0 and ¢3 = 0 and one can write a special solution of (5.9)

given by
Us) = — 4(c — k)%e’
42\k —c+4b(c — k) (VEk — e+ €?) + (k — ¢)3/2e2’
where k = —2¢;, 0 = \/(k —¢)/b(z+ 1) and [ is an arbitrary constant of integra-

tion. Thus the exact solutions of (5.1) can be given in terms of the Jacobi elliptic

functions and a special solution has the form

w(t, z.y) = — 4(c — k)2e?
Y T e k=t db(c — k) (VEk —c+€?) + (k — ¢)3/2¢2’

9:\/1{:;6(95+by+ct+l).

where
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5.2 Conservation laws of (5.1)

We now construct conservation laws for the (241)-dimensional KdV-mKdV equa-
tion (5.1) using the multiplier approach. For the coupled system (5.2), we obtain
multipliers of the form, Q1 = Q1 (t,z,y,u,v) and Qs = Qs(t,z,y,u,v) that are
given by

1
Qu =u*fi (1) —ufi () — §yf{ O+ @) +2ufs(y—1t)— f3(y—1),
1
Q2 =ufi (t) — §f1 )+ fs(y—1),
where f;, i = 1,2 are arbitrary functions of ¢ and f3 is an arbitrary function of
y — t. Corresponding to the above multipliers we obtain the following nonlocal

conserved vector of (5.1):

T =0 fy (1) — g fo (6) - ufi (y— 1)

2
T — {(UZ — ) /(uy — 2uuy)dx — %uz Uy + %u Ugy — %uxy} fi(t)
# (200 - g210) [ - 20w do 5wl 0

+Q2u—1)f5(y—1t) /(uy — 2uuy,)dx,

77 = = S (= e = 20%) i (1) = g uluy =) )+ ulu—1) £ (0
+ufs(y—t).

Remark 2. Due to the presence of the arbitrary functions, f;, ¢ = 1,2, 3, in the

multipliers, one can obtain infinitely many nonlocal conservation laws.

5.3 Concluding remarks

In this chapter we studied the (2+1)-dimensional KdV-mKdV equation (5.1). We

introduced a new variable v and wrote the (5.1) as a system of two PDEs, which did
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not have integral terms. The travelling wave variable was then used to transform
the system of PDEs into a nonlinear system of two ODEs. The resulting system of
ODEs was decoupled and solved directly. As a result we obtained travelling wave
solutions of (5.1) in terms of Jacobi elliptic functions. Furthermore, conservation
laws of (5.1) were also computed using the multiplier approach. The conservation

laws consisted of an infinite number of nonlocal conserved vectors.
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Chapter 6

Exact solutions and conservation
laws for a generalized improved

Boussinesq equation

In this chapter we study the so called generalized improved Boussinesq equation

(GIBE) [70,71]
Uy — (1 4+ qu)py — au? — Upgze = 0, (6.1)

where « is a real constant. This equation describes nonlinear dispersive wave
phenomena, such as propagation of long waves on the surface of shallow water in
both directions, propagation of ion-sound waves in a uniform isotropic plasma, and

so on [72].

The aim of this chapter is two-fold. Firstly, we determine some exact solutions
of (6.1) by using Lie symmetry method along with the simplest equation method.

Secondly, conservation laws will be derived for (6.1) using the multiplier method.

The results of this chapter have been published. See [73].
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6.1 Exact solutions of (6.1) using Lie symmetry

and simplest equation methods

In this section we employ two methods namely Lie symmetry and simplest equation
methods to obtain exact solutions of the generalized improved Boussinesq equation

(6.1).

6.1.1 Lie point symmetries of (6.1)

We now calculate the Lie point symmetries of (6.1) and then use them to find exact

solutions of (6.1).

The symmetry group of the generalized improved Boussinesq equation (6.1) will

be generated by the vector field of the form

0 0 0
X = T(t,{l),u)a + g(t,l’,u)% + 77(757%10)8_“

Applying the fourth prolongation pri¥ X [24] to (6.1) one obtains an overdeter-

mined system of linear partial differential equations

Tw=0,8=0, Nuw=0, 72 =0, & =0, Ntau =0, &z — 27gu = 0,

280 = Naauw = 0, Ty — 20, = 0, 206, — 20T — ANy, — 1)y = 0, 20, — 73 = 0,
28, — an — 2uaTy — My — 2T — UMy + 200€s — Nygu = 0,

Nt — Netew — UM gz — Nez = 0, oz — 20Ny + Uy — 215y — 2am, = 0.

Solving this system of PDEs we obtain the following three Lie point symmetries

of (6.1):
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6.1.2 Symmetry reductions and group-invariant solutions

of (6.1)

We first consider the operator X3 = at /0t — 2(1 4+ au) d/Ju and obtain a group-

invariant solution of (6.1) under Xj3. Solving the associated Lagrange equations

dt dx du

at 0 —2(1+ou)
of X3, we obtain two invariants J; = z and J, = t*(1 + au). Hence the group-

invariant solution is given by
1 -2
ult) =~ —1+7%() ).
where ¢(x) satisfies
66 — ¢ — 66" — ¢¢" = 0. (6.2)

The solution of this second-order nonlinear ODE can be written in terms of elliptic
integral of the first kind, which is quite complicated to write here. However, a

particular solution of (6.2) is
$(x) = (C+2)"+3,

where C' is a constant of integration. Hence the group-invariant solution of (6.1)

under the Lie point symmetry X3 is given by

C+z)2—12+3
u(t,x):( )at2 :

We now use the remaining two symmetries X; and X, to transform (6.1) to an
ODE. The linear combination of the two symmetries, X; + vX,, where v is a

constant, yields the two invariants

z=x—vt, F=u.
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Now by considering F' as the new dependent variable and 2z as new independent
variable, the generalized improved Boussinesq equation (6.1) transforms to the

fourth-order nonlinear ODE
aF? 4+ (1 =v*+aF) F' + v F" = 0. (6.3)

We use the simplest equation method to solve equation (6.3).

6.1.3 Use of simplest equation method to obtain exact

solutions

In this section we find solutions of the ODE (6.3) by using the simplest equation
method. This will then give us the exact solutions of (6.1). The simplest equations
that will be used are the Bernoulli and Riccati equations, whose solutions can be

written in terms of elementary functions. See Section 1.6.2.

6.1.3.1 Solutions of (6.1) using the Bernoulli equation as the simplest

equation

The balancing procedure yields M = 2 so the solutions of the ODE (6.3) can be

written in the form
F(z) = Ag+ A H(2) + AyH(2)2. (6.4)

Substituting this value of F'(2) into (6.3) and making use of the Bernoulli equation,
then equating all coefficients of the functions H* to zero, we obtain the system of

algebraic equations.

120a* Ayr? + 10aa* A3 = 0,

AleVQ - A1b4l/2 — OéA()Ale - A1b2 = 0,
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24a* A1v* + 336a° Aybr® 4 12ca® A1 Ay + 18ca A3 = 0,

3a A bv? — 15aA:0°0% — 3aaAgAb — 3aAb — 16 A6%°% — QCYA%bQ — daAgAsb?
+ 4A50% % — 44507 =0,

202 A1v? — 2a°aAgA; — 50a® A b*? — 2a* Ay — 130aAsb° v — SaaA3h

— 10aaAgAsb + 10aAsbr* — 10aAsb — 9aA; Axb? = 0,

6a’ Asr? — 60a> A br? — 3aa2A% — 6aa’AgAs — 330a® Asb*? — 6a® A,

— 2laaA; Asb — 8aA§b2 =0.

This system, with the aid of Mathematica, has the solution

VP —b? -1 12abv? 12a%v?
Ay= ———i, 1= — ; 9 = — .

(0% (0] «

Therefore, a solution of (6.1) can be written as

ult,z) = Ag+ Ala{ cosha(z + C)] + sinh[a(z + O)] }

1 —bceosha(z + C)] — bsinh[a(z + C)]

) coshla(z + C')] + sinh[a(z + C)] 2
+ e { L —beoshla(z + C)] — bsinhla(z + C)] } |

(6.5)

where z = x — vt and C is a constant of integration.

6.1.3.2 Solutions of (6.1) using the Riccati equation as the simplest

equation

For this case, the balancing procedure gives M = 2. So the solutions of the ODE
(6.3) are given by

F(z) = Ag+ A H + Ay H?. (6.6)

Following the above procedure, and using the Riccati equation, we obtain

Ay = —8acr? — b*v? + 12 — 17 A= 12aby27 Ay — 12a2u2'

« (0% (0]

62



Thus the solutions of (6.1) are given by

u(t,z) = Ag + Al{ b itamh Fe(z + C)} }

2a  2a 2
+ Ag{ - % — % tanh Ee(z + C)} }2 (6.7)
and
ulb,z) = 4o+ A {_% - % tanh (%9Z> " Chcosh [(556/02? [Eegi/si]nh [(62)/2] }

b 1 Osech [(0z)/2] 2
= {_% g tanh (i‘%) T Ccosh [(02)/2] — 2a sinh [(62) /2]} ’

respectively. Here z = x — vt and C' is a constant of integration.

6.2 Conservation laws of (6.1)

We now construct conservation laws for the generalized improved Boussinesq equa-
tion (6.1). We employ the multiplier approach and look for multipliers of order
zero. Following the procedure described in Section 1.5.3, we obtain multiplier of

the form
Q = Cltllf + Cgt -+ Cgl' —+ C4, (68)

where C;, i = 1,2, 3,4 are arbitrary constants and so corresponding to this multi-

plier we obtain the following four local conserved vectors of (6.1):

TV = — xu+ touy + 2Uyy — trU,,

1
T! =tu + Eatuz — taxu, — atzuiy;

T2t = — U+ tu + Upy — Ty,

X .
15 = — tuy — touuy;
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T?f =2U; — TUpps

T =u+ §au2 — TUp — QTUU;

t __
T4 = U — Uiz,

T = — uy — auuy.

6.3 Concluding remarks

In this chapter we studied the generalized improved Boussinesq equation (6.1).
Group-invariant solutions of (6.1) were found using the Lie symmetry methods.
Secondly by employing Lie symmetry method along with the simplest equation
method we obtained travelling wave solutions. Finally, the conservation laws for
the generalized improved Boussinesq equation were computed by employing the

multiplier method.
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Chapter 7

Solutions and conservation laws

for a Kaup-Boussinesq system

In this chapter we study the Kaup-Boussinesq (KB) system [74,75]

U + Uy + utty, = 0, (7.1a)
1
v+ 7 Uzza + (wv), =0, (7.1b)

which describes the propagation of long waves with small amplitude in shallow
water. Here v(z,t) denotes the height of the water surface above a horizontal

bottom and u(z,t) denotes its velocity averaged over depth.

The KB system arises in several other physical applications including vibrations in
a nonlinear string, nonlinear lattice waves, and ion sound waves [76]. The solution
of the Kaup-Boussinesq system for internal waves was obtained and used as initial
guess for solving the Hamiltonian system numerically [77]. He’s variational method
has been used to search for solitary solutions of KB system [78]. Travelling wave
solutions for KB system were constructed using the (G'/G)—expansion method

[79].
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We first obtain some exact solutions of (7.1) using the direct integration and later
employing the Lie symmetry method. In addition to this, conservation laws will
be constructed for (7.1) using the multiplier method and the new conservation

theorem due to Ibragimov.

The results of this chapter have been submitted for possible publication [80].

7.1 Exact solutions of (7.1)

In this section we employ two methods of solution and obtain exact solutions of

the Kaup-Boussinesq system (7.1); direct integration and Lie group analysis.

7.1.1 Travelling wave solutions of (7.1) using wave variable

Let us assume that z = kx + It +m, where k,[ and m are constants and u(x,t) =

F(z) and v(z,t) = G(z).

Then (7.1) is transformed into a system of coupled nonlinear ordinary differential

equations (ODEs)

kF(z)F'(2) +F'(z) + kG'(z) = 0, (7.2a)
ik?’F(?’)(z) +kG(2)F'(2) + kF(2)G'(2) +1G'(2) = 0. (7.2b)

The integration of (7.2a) gives

G(z) = —kF(z)m; 20F(2) cu. (7.3)

where (' is a constant of integration. Inserting the value of G(z) from (7.3) into

(7.2b), yields the third-order nonlinear ODE

EE"(2) — 6k*F(2)*F'(2) — 12kIF (2)F'(2) — 4(IP + C1k*) F'(2) =0,  (7.4)
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After integrating the above equation twice, we obtain
K'F'(2)° = K°F(2)* + 4kIF (2)° + 4 (I* 4+ C1k°) F(2)* + 2C2F(2) +2C5,  (7.5)

where Cy and C are arbitrary constants of integration. Let «, 5, A, be the roots
of the right hand side of (7.5) such that v < A < 8 < a. Using a new variable ¢(z)

and the parameter n [69] we have

F(Z) _ 6()‘ B Q)Q(Z)Q + a(ﬁ - )‘)7 n2 _ (5 - )\)(Of B /\) (76)

T R SN O ) RS
Equation (7.5) can be written as
/ i q;;?l @) i (8 =X =7)(z ~ 20). (7.7)

The expression on the left of equation (7.7) is an elliptic integral of the first kind,

and therefore its solution is given by

q(z) =sn (k,n), (7.8)

where k = /(8 — A\)(a —7)(2 — 20)/(2k). The solution of (7.5) via the Jacobi
elliptic function [69] by substituting the expression for ¢(z) into (7.6) is given by

BN —a)sn? (k,n) + a8 —N)
(A —a)sn? (k,n)+ 5 — A

F(z) =

We now find some particular solutions of (7.1) by taking C} = Cy = C5 = 0.
Integrating (7.5) and reverting back to the original variables = and ¢, we obtain

B _ 2l{cosh (21z/k?) + sinh (21z/k*)}
u(z,t) = F(z) = 1 — kcosh (21z/k?) — ksinh (212/k?)

(7.9)

and

(@, t) = F(z) = 20 {cosh (21z/k?*) — sinh (2{z/k*)}

= 7.10
1 — kcosh (20z/k?) + ksinh (212 /k?)’ (7.10)

where z = kx + It +m.

67



The corresponding solutions vy (x,t) and vy(x, t) can be obtained from the equation

(7.3) and are given by

212 {sinh (20z/k?) + cosh (212 /k?)}

v ) = G2) = = (202 /A2 £ h cosh (212/K9) — 112 (7.11)
and
B 21 {sinh (2lz/k?) + cosh (20z/k*)}
val,t) = Gl2) = = 512 /k2) + cosh (202/k2) — kT 2" (7.12)
respectively.

7.1.2 Symmetry reductions and group-invariant solutions
7.1.2.1 Lie point symmetries of (7.1)

The symmetry group of the Kaup-Boussinesq system (7.1) will be generated by
the vector field of the form

0 0 0 0
_yJ il 2 el 1 il 2 -
X =& (v, t,u,v)— + & (z, t,u,v) t+77 (x,t,u,v) u—i—n (x,t,u,v) o

Applying the third prolongation pr®I" [24] to (7.1) we obtain the following overde-

termined system of fifteen linear partial differential equations:

é.qlL:O) 511;:()7 §2z:Oa 55207 512)20’ 7711m:07 7711;:07 nal?u_ im:()?
& —28 =0, 2 + 40l + &, =0, & —ma+n2 =0, n} +uns +n2 =0,

Nt =& —m+ull =0, & —n' —nl —ug, =0, 4n} + dun + don, + n,,, = 0.

After some lengthy computations, the above system gives the following four Lie

point symmetries:

LR L N Y S S RV}
i

X1 = ot or | Ou ot Tor  ou v
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7.1.2.2 One-dimensional optimal system of subalgebras

In this subsection we present the optimal system of one-dimensional subalgebras
for the equation (7.1) to obtain the optimal system of group-invariant solutions.
The method which we use here for obtaining one-dimensional optimal system of

subalgebras is that given in [24]. The adjoint transformations are given by
1
Ad(exp(eXz))Xj = Xj — G[XZ',X]‘] + 5 EQ[XZ‘, [XZ, XJH — e

The table of commutators of the Lie point symmetries of equation (7.1) and the
adjoint representations of the symmetry group of (7.1) on its Lie algebra are given
in Table 1 and Table 2, respectively. The Table 1 and Table 2 are used to construct

the optimal system of one-dimensional subalgebras for equation (7.1).

Table 1. Commutator table of the Lie algebra of equation (7.1)

[,] Xu X5 X3 Xy

X; 0 0 0 Xy
Xo 0 0 X1 2X,
X3 0 -Xi 0 —-X3

X, =X -2X, X3 O

Table 2. Adjoint table of the Lie algebra of equation (7.1)

Ad X7 X, X3 Xy

X1 Xy X X3 Xy —eXy
X Xi X5 X3 —eX1 Xy —2X,
X3 Xy Xo+eX: X; X4 +eXs
X, X, XX, e X X,
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From Tables 1 and 2 one can obtain an optimal system of one-dimensional subal-

gebras given by {Xi, X, X3, X4, Xo + X3}

7.1.2.3 Group-invariant solutions and symmetry reductions of (7.1)

In this subsection we use the optimal system of one-dimensional subalgebras cal-

culated above to obtain group-invariant solutions and symmetry reductions.
Case 1. X,

The group-invariant solution corresponding to X; isu = f(£), v = g(£) where £ =t
is the group-invariant of X;. The substitution of this solution into the equation
(7.1) and solving the ODE gives the solution u(x,t) = Cy, v(z,t) = Cy, where C}

and Cy are arbitrary constants.
Case 2. X,

The symmetry X5 gives rise to the group-invariant solution

u=f(§), v=g(&), (7.13)

where £ = z is an invariant of the symmetry X,. The insertion of (7.13) into (7.1)

results in the system of ODEs, whose solution is given by

u(z,t) = 24/ C sec (2\/ax + Cg) : (7.14)
v(x,t) = O) — 2C] sec? (2\/asc + Cg) , (7.15)

where C] and C5 are arbitrary constants of integration. One can also obtain the

following rational function solutions under the symmetry Xs:

1 1

U(fL’,t) = Cl + 7 U(I’,t) = _2(01 il‘)2’

(7.16)

where (' and Cy are arbitrary constants of integration.

Case 3. X;
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The symmetry X3 gives rise to the group-invariant solution

u="1 410, v=9) (7.17)

where £ =t is an invariant of the symmetry X3. The insertion of (7.17) into (7.1)

results in the system of ODEs, whose solution is given by

$+Cl

u(z,t) = rat

v(x,t) = —, (7.18)

where C and C5 are arbitrary constants of integration.
Case 4. X,

The symmetry X, gives rise to the group-invariant solution

u="f(©). v= (6, (7.19)

where £ = t/2? is an invariant of the symmetry X,;. The insertion of (7.19) into

(7.1) results in the system of ODEs
2(ff +9)—F+ [ +29=0, (7.20)
A" 4+ 2482 [+ E2TF +Afg +4gf") +3f +6f9 —2¢ = 0. (7.21)
Thus we have symmetry reduction.
Case 5. Xy + X3
The symmetry X, + X3 gives rise to the group-invariant solution

u=t+f(&), v=yg(&) (7.22)

where £ = x — t?/2 is an invariant of the symmetry X, + X3. The insertion of

(7.22) into (7.1) results in the system of ODEs

ff+g+1=0, (7.23)

" +4(fgd + f'g) =0. (7.24)
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7.2 Conservation laws of (7.1)

In this section we construct conservation laws for the Kaup-Boussinesq system

(7.1) using the multiplier method.

7.2.1 Construction of conservation laws using the multi-

plier method

We look for second-order multipliers of the form
Al = Al (CL', ta Uy Vy Uy, Vs U UJ:J:) 9 AQ = A2 (ZE, t) Uy Vy Ugy Ugy Uy Uxa:) .
Now following the procedure given in Section 1.5.3, these multipliers are given by

1
Al:602(6uum+3ux2—l—4vm+12u21)+12112)+(Clt+C’4+4Cgu)v+C5

+03u:ca:7

1 1, . 1, , 1 1
AQIECQUmx—i‘éCQU +§Cgu +Z (Clt+402’0+ C4)U+C3’U—chl’+06,

where C;, 7 =1,2,--- ,6 are arbitrary constants. Thus, corresponding to the above

multipliers we obtain the following six local conserved vectors of (7.1):

T = (tu — x)v,
1 1 1 1
Ty =2 (tu — @) Uyy — gtu§+1u1+(tu—x)uv+§t02;
1 1 1 2
T2t = 3 Uy, + 3 Vg + 3 UVpy + G . + 3 W + 2uv?,
1 1
Ty = D uix + UV Uy + 5 Uy + 3 (uvm — WUy — VU + uUpUy + 2 uuxvr)
1 1 1 1 1 2 2
+ gvzut — guxzv + gvf + guxvx + ZUQUIQ + §u4v + 3 03+ 3ut?;
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1
ng—uuxm+2u3—|—2v2,

2
Tm:1u2u 4+ vu —luu —|—1uu + 2udv + duv?;
3 2 xx xx 2 tx 2 x Ut )

T} =uv,
1 1
T4:Z—luu:m ~u,? +utv + = v
T =u,
1
T — 2
5 2u + v,
Ty =4,

T8 = Uy, + 4uv.

7.2.2 Construction of conservation laws using the new con-

servation theorem

In this subsection we construct conservation laws for (7.1), by applying the new

conservation theorem [41]. See also Section 1.5.4.
The coupled Kaup-Boussinesq system together with its adjoint equation are given
by

E,, =uw+uu, +v, =0,

1
Eu, = vy + vu, + uv, + 7 Yowe = 0, (7.25)

E:q Ept+upm+szov

1
ES&Q =Gt + UGy + UPx + mezx = 0. (726)
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One can easily verify that the third-order Lagrangian for the system of equations
(7.25) and (7.26) is given by

1
L = p (v + vuy + uvy) + q(ug + vy + v,) — pru”' (7.27)

We recall that the coupled Kaup-Boussinesq system admits the following four Lie

point symmetries:

ag, X2:8 X3:t£+37 )(4:27524‘1’2—UE—QU2
X

X1 = ot’ oz | Ou ot " Tor  ou v

Thus we have the following four cases:

(i) For the Lie point symmetry X; = 0, the corresponding Lie characteristic func-
tions are W' = —u,, W? = —v,, W3 = —p, and W* = —¢,. Thus, using the

Ibragimov theorem [41], the components of the conserved vector are given by

Tlt = — Uz — Py,
N 1 1
Tl = quy + pvy — Zua:px:c + Zpa:uzx

(ii) The Lie point symmetry X, = 0; has the Lie characteristic functions that
are given by Wl = —u,, W? = —v,, W3 = —p, and W* = —¢,. Hence by the

application of ITbragimov theorem [41], the conserved vector (T3, Ty ) is given by

1
T2t = qU; + qQUUy + PUV, + PULV — szu:v:va
i 1 1
T2 = — qUy — qUUs — PUV — PUV — Zutpxz + lexutz + Zptu:m:

(iii) The symmetry generator X3 = td, + 0, has the Lie characteristic functions
given by Wt =1 —tu,, W? = —tv,, W3 = —tp, and W* = —tq, and hence in this
case one can obtain the conserved vector whose components are

Ty =q — tqu, — tpv,,

T3 = qu+pv + tqus + tpmitpmum + ;lpm - ituxpm.
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(iv) Finally, we consider the symmetry generator X, = 2t0; + 20, — u0, — 2vV0,,

which has the Lie characteristic functions

W = —u —2tu, — zu,, W?=—20—2tv, — 20,

W3 =p—2p, — ap,, W'= =2tq — 2q,.

By invoking Ibragimov theorem [41], the components of conserved vector are given

by

1
Tj = — qu — 2Up — TqU,; — TPV, + 2tqu, + 2tquu, + 2tpuv, + 2tpuv — étpxum,

T = —2qu — qu® — 3puv + pru, + qrug — 2tqu, — 2tpuv, — 2tpvu, — 2tquuy

1 1 1 1 1 1 1
— — Ut Py
5 Usp.

Remark. Due to the presence of arbitrary functions p(z,t) and ¢(z,t), the con-

servation laws obtained by this method are infinitely many.

7.3 Concluding remarks

In this chapter we studied the Kaup-Boussinesq system (7.1). Exact solutions of
this system were found using two distinct methods. Firstly, using the direct inte-
gration we obtained travelling wave solutions of (7.1). Secondly, we obtained an
optimal system of one-dimensional subalgebras and found group-invariant solutions
based on the optimal system of one-dimensional subalgebras. Also, the conserva-
tion laws for the Kaup-Boussinesq system (7.1) were derived by two approaches;

using the multiplier method and the conservation theorem due to Ibragimov.
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Chapter 8

Classical model of Prandtl’s
boundary layer theory for radial
viscous flow: Application of

(G’ /G)—expansion method

Prandt] [81] initiated the concept of a boundary layer in large Reynolds number
flows in 1904 and showed how the Navier-Stokes equation could be simplified to
yield approximate solutions. Prandtl introduced boundary layer theory to un-
derstand the flow behavior of a viscous Newtonian fluid near a solid boundary.
Prandtl’s boundary layer equations arise in various physical models of fluid me-
chanics. The equations of the boundary layer theory have been the subject of con-
siderable interest, since they represent an important simplification of the original
Navier-Stokes equations. These equations arise in the study of steady flows pro-
duced by wall jets, free jets and liquid jets, the flow past a stretching plate/surface,

flow induced due to a shrinking sheet and so on. These boundary layer equations
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are usually solved subject to specific boundary conditions depending upon the

physical model investigation.

Blasius [82] solved the Prandtl’s boundary layer equations for a flat moving plate
problem and found a power series solution of the model. Falkner and Skan [83]
generalized the Blasius problem by considering the boundary layer flow over wedge
inclined at certain angle. Sakiadis [84] studied the boundary layer flow over a
continuously moving rigid surface with a constant speed. Crane [85] was the first
one who investigated the boundary layer flow due to a stretching surface and
developed the exact solutions of boundary layer equations. Gupta and Gupta [86]
extended Crane’s work and for the first time introduced the concept of heat transfer

with the stretching sheet boundary layer flow.

Schlichting [87] was the first to apply the boundary layer theory to the steady
flow produced by a free two-dimensional jet emerging into a fluid at rest and
solved the resulting ordinary differential equation numerically. Later, Bickley [8§]
solved the differential equation analytically. The concept of the boundary layer to
laminar jets is discussed fully in standard texts on boundary layer theory such as
by Schlichting [89] and Rosenhead [90]. More recently, the similarity solution of
axisymmetric non-Newtonian wall jet with swirl effects was obtained by Kolar [91].
Naz et al. [92] and Mason [93] studied the general boundary layer equations for
two-dimensional and radial flows by using the classical Lie group approach and
recently Naz et al. [94] provided the similarity solutions of the Prandtl’s boundary

layer equations by implementing the non-classical symmetry method.

In this chapter we employ the (G’/G)—expansion method to find some new class
of exact closed-form solutions of Prandtl’s boundary layer equation for radial flow

models with constant or uniform main stream velocity.

The results of this chapter have been published [95].
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8.1 Mathematical model

The Prandtl’s boundary layer equation, for the stream function ¢(r, ), for radial
flow with uniform or vanishing mainstream velocity is [90]

106 % 1 (96\" 1060% &% _,, 8.1)
000r00 12\ 00 ror oz Cops T ‘

where (r,0) denote the cylindrical polar coordinates and v is the kinematic vis-
cosity. The velocity components u(r,#) and v(r,d), in the r and 6 directions, are

related to stream function ¢(r,0) as

1 0¢ 10¢
u(r,0) = ~50 v(r,0) = o

By the use of Lie group theoretic method of infinitesimal transformations [24], the

general form of similarity solution for equation (8.1) is

o(r,0) = H(E), €=, 52)

where £ is the constant determined from further conditions and ¢ = 6/r” is the
similarity variable. By the substitution of equation (8.2) into (8.1), we obtain the
third-order nonlinear ODE in H(¢), viz.,

dg

Equation (8.3) is the general form of Prandtl’s boundary layer equation for radial

BH 2H dH\ >

flow of a viscous incompressible fluid. The boundary layer equation is usually solved
subject to certain boundary conditions depending upon the particular physical
model under investigation. Here, we find the exact closed-form solutions of (8.3)

using the (G'/G)—expansion method.
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8.2 Application of the (G'/G)—expansion method

In this section, we employ the (G'/G)—expansion method to obtain solutions of

Prandtl’s boundary layer equation (8.3).

We assume that the solutions of (8.3) are of the form

o~ S (55)

SN G = (8.4)

with A and p being constants.

The balancing procedure yields M = 1, so the solution of the ODE (8.3) is of the

form

H(E) = Ao+ Ay (g((g ) . (5.5)

Now substituting (8.5) into (8.3), making use of the ODE (8.4), collecting all
terms with same powers of (G'/G) and equating each coefficient to zero, yields the

following system of algebraic equations:

2BA U — BAGAI L — AN v + 2A0 A\ — 2A Py — A =0,

3BAINUL — BAGAIN? — 2BA0A1 1 — ANy + 240A1 0% — 8A v + 4Ag A1 = 0,
BAIN? — 3BA0AIN + 2BAT 1 — TAN Y + ATN? + 640 AL\ — 8A uv + 2AT = 0,
BAZN — 2BA0A; — 12A1 v + 4A2N + 440A, = 0,

3A7 — 640 = 0.

Solving this system of algebraic equations, with the aid of Mathematica, we obtain

AQ = )\V, Al = 21/, A= 2\//7

79



Substituting these values of Ay, A; and the corresponding solution of ODE (8.3)
into Eq. (8.5), we obtain the following three types of solutions of Eq. (8.1):

Case 1: When A2 —4u >0

For this case we obtain the hyperbolic function solution given by

B A Cy sinh(6¢) + Cy cosh(d€)
H(Q) = v+2v (_5 0 cosh(36) £ Oy smh((sg)) !

where § = %\/)\2 —4u, C7 and Cy are arbitrary constants.

Reverting back to the original variables (r,#), the corresponding stream function

is given by

— 2-8 _Z
or0)=r 2 "0, cosh (0.0) + Cysinh (3.2

T

_ ( A ;Cisinh (65) + Cycosh (5%))] |

T

Case 2: When \?2 —4u <0

Here we obtain the trigonometric function solution

B A —Cpsin(ef) + Cycos(0€)
H(§) = Av+2v <_§ te C cos(ef) + Cy sin(ef) ) ,

where € = %\/4/¢ — A2, 7 and Cy are arbitrary constants. The corresponding

stream function is given as

_ (6 0
AU+ 2v _é+€ Cy sin (Egﬁ) + Cy (‘308 (697’5) |
2 Cy cos (e5) + Cysin (e

gb(r, 0) = r?7F

Case 3: When A\ — 4, =0

For this case we obtain the rational function solution

B A C,

In the form of stream function, the solution is expressed as

A Cy
WA | =5
g ”( 2 01+02%>

where C and C; are arbitrary constants.

¢(T’ 0) = r*7

9
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8.3 Concluding remarks

We have employed the (G’/G)—expansion method for obtaining exact closed-form
solutions of the well-known Prandtl’s boundary layer equation for radial flow mod-
els with uniform main stream velocity. The advantage of this method is that there
is no need to apply the initial and boundary conditions at the outset. This method
yields a general solution with free parameters which can be identified by the spe-
cific conditions. Also the general solutions obtained by (G'/G)—expansion method
are not approximate solutions. Prandtl’s boundary layer equations arise in various
physical models of fluid dynamics and thus the exact solutions obtained may be
very useful and significant for the explanation of some practical physical models

dealing with Prandtl’s boundary layer theory.
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Chapter 9

Conservation laws and solutions
of a generalized coupled
(241)-dimensional Burgers

system

We consider the integrable coupled (2+1)-dimensional Burgers system

Up — 2UlUy — Vyp = 0,

Uyt — 2UUgy — 2UyVy — Ugygy = 0, (9.1)
which was studied in [96] and multiple kink solutions were obtained. The system
(9.1) was in fact introduced in [43] and the binary Bell polynomial approach was
applied to it in [97]. It should be noted that when v = v and z = y in (9.1),

the system reduces to the standard Burgers equation. Actually, this system is a

nonlinear version of the bilinear system
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D, (D;+D2)f-g=0
under the dependent variable transformations

u = (ln 2) , v=_(Infg),.
e
In this chapter we study a generalized coupled (2+1)-dimensional Burgers system

Uy — A UUy — Ve = 0, (9.2a)
Uiy — QULVy — A UVgy — Uggy = 0, (9.2b)
where a is a constant using Lie group analysis. We obtain new exact soultions

of (9.2) using Lie group method along with the Kudryashov approach [44]. In

addition, conservation laws are derived using the multiplier method [24, 40].

The results of this chapter have been submitted in [98].

9.1 Exact solutions of (9.2)

Firstly, we compute the Lie point symmetries of system (9.2). The symmetry group

of (9.2) is generated by the vector field

0 0 0
X :T(tamagﬁuav)a + g(tvxayauﬂ})% + ¢(tax7y7uav)a_y

0
+ 77(75»55’.%“’“)— + @(taxayauav)

ou o’

We apply the third prolongation pr® X [24] on (9.2). This gives us an overdeter-
mined system of twenty-eight linear partial differential equations given by
771):07 T, =0, gv:()a ¢v207 Spvv:()a ¢u:Oa T, = 0, fuzoa Cbu:O)
nuu:O’ Spyzoa TyZO, §y207 nyuzoa Tx:07 QZSx:O, nzzu:07 nx:vyzoy

¢t20, fm—QSOxv:O, Ut—amlx—@m:o, nu_Tt_(pv+2£x:O>
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aufx—an—auﬁ—ftzo, fgm—anu:O, 2€x_7_t_77u+@v207

aty +an, —aé, =0, aué, —an —aury — & =0, Py — AP, —an, = 0.

After some tedious workings, the solution of the above system gives the following

five Lie point symmetries:

0 0
X1 —¢(1/)8—, Xo = Q(t)a—, X3 = xw(t)%,
o 1,..0 1 5,0
X4—h(t)%—a ()%—%x (t)a ,
_ a 1 / a 1 / i " 2_ 1 / L 31 g
X5 —T(t)at + et (t)(?x 57 (t)u+ 52 8T (t)} 5 {27 (t)v + 9% T (1) 5

We now use the three symmetries X;, X, and X5 with ¢(y) = h(t) = 7(t) = 1.
The combination of these symmetries gives the four invariants, viz., G = v, F =
u, g=x—1y, f=1t—1y. Using these invariants results in a system of PDEs in two

variables f and ¢ given by

Fy — Gy —aF,F =0, (9.3a)
—aF (_Gfg - Ggg) —akF, (_Gf - Gg) + Frgg — Grg = Gpp + Fygg = 0. (9.3b)
The Lie point symmetries of the above system (9.3) include I'y = 9/0f and I'y =
0/0g. The symmetry I'y + vy yields three invariants P =F, R=G, z=g—vf

and using these invariants, (9.3) reduces to the system of ODEs
(v+aP(2)P'(z)+ R"'(z) =0, (9.4a)
(v =1 {aP' ()R (z)+ P"(2)+ R"(2)(v + aP(z2))} = 0. (9.4b)

We now employ Kudryashov method [44] to obtain exact solutions of system (9.4).
Consider the solution of (9.4) in the form

P(z):ZAiH(z)i, R(z) =Y B;H(z) (9.5)

1M
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where A; (i =0,---,M), B;(j =0,---,N), N and M are constants to be deter-
mined and H(z) satisfies

H'(z) = H(z)* — H(z). (9.6)

The solution of (9.6) can be written in terms of the elementary function as

1
14 e

H(z) =

(9.7)

In our case the balancing procedure yields M = N = 1. Substituting (9.5) into
(9.4) and making use of (9.6), we obtain

(H(z) —1)H(2) (aATH(2) + Ay (aAy +v) + B1(2H(z) — 1)) = 0,
(H(z) —1)H(2) (B1(2H(2) — 1) (aAg +v) + A1 (3 (aBy + 2) H(2)?
—2(aBy+3)H(z)+1)) =0.

Splitting on the powers of H(z) we get an algebraic system given by

Ay (—aAy—v)+ By =0, A (ady+v)—aAl 3B, =0,

aA? +2B; =0, 3A;(v—1)(aB;+2)=0,

aAyBiv — aAyB; — Ayww + Ay + Biv? — By =0,

2A1v (aBy + 3) — aAoBy(v — 1) — 2By (aAg + v) + 2By (aAg + v)
—2A1 (aB1+3)+ Ai(v—1)+ Bi(1 —v)r =0,

2B (v — 1) (alo +v) — 3A1v (aBy + 2) — 2A;(v — 1) (aB; + 3) + 3A; (aB; +2) = 0.

The solution of this algebraic system is

1— 2
A = Y A=-2, By=B, Bi=--
a a

and hence the solution of the generalized coupled (2+1)-dimensional Burgers sys-

tem (9.2) is given by
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2

U<t7 T, y) = BO - a (1 + e—l/t—i-x—(l—ll)y)’

where By is an arbitrary constant.

9.2 Conservation laws of (9.2)

In this section we derive conservation laws of the generalized coupled (2+1)-

dimensional Burgers system (9.2) using the multiplier method.

We look for second-order multipliers and obtain
L 4 , 1,
A= T (t)vy + | ugty — 20ty — 30,0, — —ug, — 3au vy, | fi(t) + —x f3(t)v,
2 a 2a
1 , 1
(5 2 ey + 2u) 0+ (S 00, ) 20+ 00, + i
o " L o 3 _ i 2 e i !
Ay = 6 o () + 1 2:L‘ 5 (1) —au’ f1(t) 5" Tt + 2a:1;f2(t)u
1 , 1 1, 3 1,
- afl(t)um - a$f1(t)vz + 5f2(t)vx - afl(t)v - afl(t)vt + axf:a(t)
, 1
—zfi(t)u® + §U2f2<t) = 3fi(t)uvy + fs(t)u+ f5(y) + fo(0),

where f;, 1 =1,2---,6 are arbitrary functions of ¢ and so corresponding to these

multipliers we obtain the following six local conserved vectors of (9.2):

1 1 1 1 1
T = —ga? S f(t) — %ux%yf{’(t) — (axuuw + gty + sy + zutv,
1 2UyVpe  2wpuy 300y 2ulyy, 3V, 3
2 vvy> A+ ( a a 2a a 2a ey
_U2avy + U;La Yy u3u v _ QUUny + VULVy + UVVyy + guuxuy> f1(7f),
T Pug,  2u, N uzvy\ L, 0) UT Uy,  Tugu,  uTu, VTV,
Yo\ 6a?2 2¢® 0 6a )7 4a 4a 2a  2a
2 2
VLV, T ULV 1 VIV
0 ¥+ o L + 2u2x2vy> V(t) + <au3xvy — 4 wPruy,
2 x x x x 3 €T
ToyVs _ Uyle _ Vllay _ TUrlly 2u:€vxvy> 70 + (a2u4vy 3y
a a a 2a
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Uy 20U, VigUy — 2UgyVp 3
v _ y_ Y= 4 Zau?’uw + 3au*v,v, — Z—lau2u$uy

2a a 2a a
3Utumy Ugp Ugay UggUgy Ug g Uy Ul ggxy 4 2 1 2
+ - — + U UL — UVVgy — —U Vgy
2a 2a 2a 2a 2 3 W Wogn e
1 1 4 1 o2 2 1 1
—guuxvxy — gvuxuwy 3uxuyvx + = 3 Uy Vy — guuyvm + gvumuy + guvumy
1 1 ,
+2uvv, — v, + guvxuw + guvyuw — guutuy — VU Uy + U0y | f1(2),
1 1 u? rtuu TUL v 2?ov VU
T — 3 r(4) t - (3) t “ Tx x v xx T e
! 6cﬂv$f1 ()+&2u93f1 () + 2a+ 4a + a +2a+ 4a * a 1)
Vlgy — UTUpy — OUUp VTV 200 1 ,
— —ulu, t
( 2a N a N 2a i a N a Tl 1)
2uuy 3vvy 1 4 1 5 5 UUy Vg Ulggee 1 o
( 9 + W g + g 9a + 5 + % + 3u Uz
2, 1
—gu Uy — =UVUgpy + UllyyVy + UlyVpy — guutum + VUV | f1(1);

!/
4a a
1 1 1
Ty = ( 5 Ty Eﬁuvy 1 2I2uzy) 5 (t)
VTV xvxvy VU UTUgy  TUGU, UL, 1 ,
_y S t
( 4a 4a 4da 4a 2u xvy) 2(t)
UpyVp Ul 1
(7-ww— £ G ey ) 0)
1
TV — _4_ (1) 57 5 (1) (4 uxum—l—Q uux+4 VX Vzs 5 >f2()
1
— %f (t)uutx fZ(t)M)m’

1
7= Lo, f0) + oy,
. 1 1 1 1 1
Tg = (auy — U.T'Uy — —J}uxy) fé(t) + (éu‘xuy - au2vy - §uua:y vavy + ,U,ny) f3( )

Té/ — éU.ﬁE ( ) f3( ) (uu:r:a: + 'U/Ua:x) ;
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T5t :fS(y)vyv
T5aC = - f5(y) (auvy + u:cy) )
TY =0;

Té :fﬁ(t)vy’
15 = — fo(t) (auvy + ugy),

TV = — fit).

Remark: Due to the presence of arbitrary functions in the multipliers, we obtain

infinitely many conserved vectors for our system.

9.3 Concluding remarks

In this chapter we studied a generalized coupled (2+1)-dimensional Burgers sys-
tem (9.2). The Lie group analysis together with the Kudryashov approach were
employed to obtain new travelling wave solutions of the system. Moreover, conser-
vation laws of the system were derived for the first time. The multiplier approach

was used to construct the conservation laws.

88



Chapter 10

Algebraic aspects of evolution
partial differential equation
arising in the study of constant
elasticity of variance model from

financial mathematics

One of the classical financial problems is the modelling of optimal investment-
consumption decisions under uncertainty. Since the pioneering work of Merton [99],
the investment-consumption problems have been widely studied in the literature
with different extensions and applications. Cox [100] and Cox and Ross [101] have
derived the renowned constant elasticity of variance (CEV) option pricing model
and Schroder [102] has subsequently extended the model by expressing the CEV
option pricing formula in terms of the noncentral Chi-square distribution. The

CEV model is usually applied to analyze the option and asset pricing formula,
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as was investigated by Beckers [103], Davydov and Linetsky [104], Emanuel and
Macbeth [105] and recently by Hsu et al. [106].

In this chapter, we study the optimal investment-consumption problem under the
CEV model [107]. Literature survey witnesses that a few studies [108,109] have
recently reported that the solutions of the CEV models have been found. How-
ever, the exact solutions of the CEV model to an optimal investment-consumption
problem have not been reported in the existing literature, which is the main focus

of this particular work.

Many studies on the applications of Lie symmetry group methods to differential
equations are found in the literature, since the earliest works of Lie on the subject.
In recent years a number of studies have been reported in which Lie’s theory has
been employed to problems in finance. Regarding the relation between Lie groups
and some financial mathematics problems, we would like to point out the existence
of several recent works which consistently show the application of well-known prop-
erties of Lie symmetry method to several financial mathematics problems. One of
the initial investigations is due to [110], who performed the reduction and integra-
tion of the Black-Scholes equation. Goard [111,112] also studied particular cases of
bond-pricing equation via Lie group approach. Sinkala et al. [27,113] uncovered the
invariant properties of some well-known financial mathematics models. In recent
times, the Lie group approach has been widely applied to other partial differential

equations from finance. A few important studies to mention are [28,114-116].

In this chapter, we discuss the optimal investment-consumption problem under
the CEV model from the viewpoint of Lie symmetry approach. The symmetry
structure allows the reduction of the evolution partial differential equation to an
ordinary differential equation and the group-invariant solution to the problem is
then obtained. Some nontrivial conservation laws are also derived for the CEV

model by employing a general theorem proved in [41].
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The results of this chapter have been submitted [117].

10.1 Formulation of the model

In this section, we briefly discuss the optimal investment-consumption problem
under CEV process formulated in [107]. Consider a financial market with two
assets which are continuous over the interval [0,7]. One asset is the bond with

price p; at time ¢ and satisfies the equation
dps = apdt, with py = po > 0,

where the constant o > 0 denotes the interest rate of the bond and is called the
elasticity parameter. The other asset is the stock with price s; at time ¢, with the

price process s; given by the following constant elasticity of variance model
ds; = s(Bdt + Ks]dw;), with s; = s > 0,

where 8 (8 > «) is the expected instantaneous rate of return of the stock, K and
~ are the constant parameters, Ks] is defined as the instantaneous volatility of
the stock and w; is the total wealth at any time ¢ also called a one-dimensional

adapted Brownian motion.

The underlying market is modelled by assuming that the investor invests the mar-
ket value of his wealth ¢; into the stock at time ¢. Clearly, the amount invested in
the bond is x; — ¢, in which x; represents the wealth of the investor at time ¢. In
addition, assume that short-selling of stocks and borrowing at the interest rate of
the bond are allowed and transaction cost is not taken into consideration. Thus,

the wealth process x; corresponding to trading strategy is subject to equation

dry = [axy + (8 — @) pr — ¢] dt + o K s] dwy, with x; = o > 0,
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where ¢; is the consumption rate. The optimal investment-consumption problem
under the CEV model is governed by the (141) evolution partial differential equa-
tion of the form [118]

G 0 o O’G  NB—a)? A oG
E—i—()\oz 5)G+27Kwax2 2()\_1)K2xG—i-2 ()\—1)7(5 a) =B T

oG 2\ (0G/0x)?
27 2772 N\
+v2v+ 1)K e ()\—1)va e

b (1= NataGEn =0, (10.1)

with A\, a, 0, K, v, B and 7 being constants. The corresponding terminal condition

for PDE (10.1) is given by [107]
GT,z)=1-m.
In addition, using of the variable change [107],
G(t,z) = F(t,z)'" ™ (10.2)

and substituting (10.2) into (10.1), results in a linear second-order evolution partial

differential equation in F(t, z), viz.,

o F+2 —a) - L

o " 1—)\+2()\—1)2( K ) R LA_UV(B a) =8|z
F 2P o

@y ) Lo, 0T i g (10.3)

ox 0x?
The terminal condition takes the form
F(T,z) = (1 —m)i>.
Finally, assuming

T
F(T,z) = 7T>\1/ F(u,z)du+ (1 — m)T™xF(t,x),
t

then PDE (10.3) transforms into

Ao — 6 A b — « 2
+ x

1-X  200—-12\ K
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OF O*F
+y(2y + 1)K2% + 272[(2:5@ =0. (10.4)

with the terminal condition

F(T,z)=1, with ¢ € [0,7]. (10.5)

10.2 Lie point symmetries

In this section, we calculate the Lie point symmetries admitted by (10.4). These
symmetries will be used to obtain the closed-form group-invariant solution of the

PDE (10.4).
In order to facilitate the calculations when employing the Lie group approach, we
rewrite the PDE (10.4) in the form

oF O*F OF
En + oy + (cx + d)% + (a+bx)F =0, (10.6)

where

da-d . AF-aP (M(B-a)
=T PR C—Q(W W)’

d=~v2y+1)K? e=2y*K"

We now look for the transformations of the independent variables ¢, x and the

dependent variable F' of the form

t=1tt,x Fe), T ==tz Fe), F=F(tzF,e), (10.7)

which constitute a group where € is the group parameter such that PDE (10.6)
is left invariant. From Lie’s theory, the transformations in equation (10.7) are

obtained in terms of the infinitesimal transformations

t~t+er(t,a,F), T~a+e(t,x,F), F~F+en(txF)
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or the operator

0 0 0
X = T(twra F)a +§(t7I7F)£ +77(ta$7F)ﬁ7

which is a generator of the Lie point symmetry of PDE (10.6) if the following

determining equation holds, viz.,
XUB[F, 4+ exFyp + (et + d)Fy, + (a + bx) F] |10.6)= 0. (10.8)

Expanding the symmetry condition (10.8) and separating by powers of the deriva-
tives of F', as 7, &, and 7 are independent of the derivatives of F, leads to the

overdetermined system of linear homogeneous partial differential equations

Tr =0,
§r =0,
nrr =0,
T =0,

e +exm — 2exé, =0,
(a+bx)n + bFE+ 1 F(a+ bx) — npF(a + bx) + n.(cx + d) + exng, + 1, = 0,

& +m(cx +d) — & (cr + d) + 2exn,p — exbpr — & = 0.
The solution of the above system yields

2 2
T = 01 + —0360t — —046_0t,

0 0
€ =2C5ze" + 2C,ze™ ",
1
n=CyF — ECgFeet (2a€ +df + chx — %z — cd)
1
— —004F6_6t (—2@5 + cxf + ed + db + 92m) ,
e

where § = v/c? — 4be. Thus, the Lie point symmetries of the PDE (10.6) are
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_ 240 nd 1 2 9
X270€ 8t+2x€ o 59F€ (2ae + df + bz — 6%z Cd)@F’
2 0 0 1 0
Xy = —= -0t - 2 79t___F —0t -9 2
3 ¢ gyt g — ke ( a&?—ircxe—l—cd—l—d@—i—ﬁx)—aF,
0
Xy =F—.
TR

10.3 Group-invariant solution

We now obtain the closed-form group-invariant solution for the PDE (10.6) by

making use of the Lie symmetry algebra calculated in the previous section.

We consider the linear combination of the Lie point symmetries, namely,
X = (lle + CLQXQ + a3X3 + CL4X4 (109)

and use the terminal conditions

Xt =T)|erpey =0 (10.10)
and
X(F=1)|qpy =0 (10.11)
The condition (10.10) yields
a + %e” - %e‘” =0, (10.12)

while condition (10.11) gives

0 0 el 0 €
2a cd d Pz 4br  cx\ _yp
i L 10.1
+a3(9 e € €9+9 5)6 0 (10.13)
Splitting equation (10.13) on powers of z yields
cd  2a d\ ,p 2 cd d\ _ppr
= ¢ a4t - 10.14
a4—|—a2<€9 7 g)e +a3<9 p 8)6 0, (10.14)



A 4b o\ A 4b ¢\ _yr
c_ 2. ° T ) 10.15
a2< )e —|—a3( i 5)6 ( )
Solving equations (10.12), (10.14) and (10.15), we obtain
_ay(2be + c(0 — ¢)) 207 az(0 — ¢)(ac — 2bd) AT

_axc(0—c) g4y L
= beb = 2be = beb
(10.16)

Substituting the values of a;, a3 and a4 from (10.16) into (10.9) and solving X (F')

0, we obtain the two invariants

ot

I = ze
L= (¢ + 0)e20t — 2ceft+T) 4 (¢ — )T’
Jy=F ((c+0)e® + (6 — c)eeT)d/E
4bexe® + x(c — 0)(c + )T cdt  dot
X exp | at + - .
2e ((c + 0)e2t — 2¢e0CHT) 4 (¢ — 9)e2T)  2e  2e

Thus, the group-invariant solution of the PDE (10.6) is given by J, = G(J;), which
yields
_d
F(t,z) =G(2) {(c+0)e”" + (0 —c)e} =

4bexe® + x(c — 0)(c + 0)eT cdt  dot
—al — + ==, (101
e < at+ 52 (—(c+ 0)e20t 4 2ceftHT) 4 (0 — ¢)e2T) 2 T o ) , (10.17)

where z = J;. Now substituting the value of F' from (10.17) into PDE (10.6), we

obtain a second-order ODE for G(z), viz.,

2" (20dG(z) + ?2G'(2)) 4 8b2G(2)e*" (2be — *) — dG'(2) — e2G"(z) = 0.
(10.18)

Solving this reduced ODE (10.18) for G(z), we obtain

9 o7y -1
G(2) = Cyexp(4bze™) — Cy287 121 % exp(4bzeT) <_9 Z: )

d 269TZ€2]

xrb—ﬂ—
9 15
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where C and Cy are constants of integration and I'[.,.] is the incomplete Gamma
function [119]. The terminal condition dictates that we take Cy = 0, hence the

above solution for G(z) takes the form
G(z) = Oy exp(4bze).
Substituting the value of G into (10.17), the solution for F'(z,t) is written as

F(t,x) = Cy exp(4bze’") {(c + 0) exp(0t) + (6 — C)GQT}_g

o at + 4bexe® + x(c — 0)(c + 0) exp(20T) N cdt N dot
xp | — —+ —.
P 2e (—(c+ 0)e2t + 2cef/UHT) + (§ — ¢)e®dT) 22 2

(10.19)

Finally, making use of the terminal condition F'(x,7T) = 1 from (10.19), we obtain
€ dl  doT
Cl = ((9 — C)eeT + <C+ 9)629T)d/ exp <CLT _ C_ _ _) )

Therefore, the solution of (141) evolution PDE (10.6) satisfying the terminal con-

dition is given by

Fit,) = <(c n e)ejefe(Te - c)eeT) E

(t=T)(d(c+0) —2ae) 2bx (e — €T
2¢ c (et — efT) + 0 (e + efT)

X exp

10.4 Conservation laws

In this section we derive conservation laws for the (1+1) evolution partial differ-

ential equation (10.6) using the conservation theorem due to Ibragimov.

The adjoint equation to the equation (10.6) is

(a+bx —c)w — (cx + d — 2e)w, + Wy — wy =0 (10.20)
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and hence the second-order Lagrangian of the equation (10.6) and its adjoint equa-

tion (10.20) is written as
L=wlF+exF, + (cxt+d)F, + (a+ bx)F).

We now apply conservation theorem to each Lie point symmetry of equation (10.6)
by following the procedure given in Section 1.5.4. We start with X; = 9/0t.

Corresponding to symmetry X; we obtain the conserved vector with components

T! =w ((a + bx)F + Fy(cx + d) + exFyp + Fy) — Fow,

TV = — Fy(w(cx +d — €) + caw,) — exwkFy,.

Likewise, the symmetry X, provides us with the conserved vector whose compo-

nents are
web
Ty = p; [25 {F,(x(c—0)+d)+exF,,} — F (d9 + cxf 4 2bex — Px — cd)] ,

ot
Ty = 6—0[5{2sxwm (xF,0 + F;) — waF, (2ae + df + ca + dbex — *x — cd)
€

+2F, (d — e — 20 + cx) + 2exFy, + Fwe (d* — 2ex(a + 2bz) — d (2260 + €))
+ 2ae (20 — d + &) — d*0 + 2 (2d — 20) + deb + 2bs2®0 — 4bdex + o

+ exw, (2ae + df + cxb + dbex — Pz — cd)],

where 0 = v/c2 — 4be.

The conserved vectors associated with the symmetries X35 and X, are given by

wefet

T = — 7 [F{c(z0+d)+db —2bex + Pz} + 2e {F, (z (0 + ) + d) + exF,, }],
ot
TS = 65—9[25111 (Fy(x(@+c¢)+d—¢e)+eFF,) —aF, —2c(a+ 2bx)

+c (20 + d) + db + Pz + 2exw, (vF,0 — F}) + 2Fwcez(a + 2bx)

+d (e — 220) — d* + 2ae (20 + d — ¢) — d*0 — *x (z0 + 2d) + def + 2bsx?0

+ 4bdex — *2* + exw, (—2¢(a + 2bx) + ¢ (20 + d) + df + *z)],
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Ty = wF,

Ty = F(w(cx +d —¢) — eaxw,) + exwkFy,

respectively.

10.5 Concluding remarks

The evolution (141) PDE (10.4) describing the optimal investment-consumption
problem under the CEV model [107] satisfied the classical Black—Scholes—Merton
equation with boundary conditions which differ from those often used in the most
common cases. It is well-known that the evolution (1+1) PDE (10.4) can be related
to the standard heat equation by means of equivalence transformations. However,
in view of the direct connection of PDE (10.4) to the classical heat equation the
general solution can be obtained, but that was not the focus of this chapter. We
here solved the PDE (10.4) subject to the terminal condition (10.5) by utilizing
the Lie group method. This is not to suggest that the model cannot be solved
by other methods, but the usefulness of the Lie symmetry approach is that it is
algorithmic and not subject to the possession of special insight into the way a
relevant solution to an evolution PDE can be obtained. The methodology used
is simple. We found a four-dimensional Lie symmetry algebra for evolution PDE
(10.4). Using the nontrivial Lie point symmetry operator, we have shown that the
governing PDE can be transformed into a second-order variable coefficient ODE.
The reduced ODE is solved to obtain a new exact closed-form solution of the
CEV model which also satisfies the terminal condition. The Lie approach gives
for the first time the closed-form solution of the optimal investment-consumption
problem under discussion. Finally, we constructed conservation laws corresponding
to the four Lie point symmetries by employing a general theorem on conservation

laws. This is the first time that the evolution PDE (10.4) for optimal investment-
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consumption problem has been considered from the view point of group theoretical

approach and the conservation laws have been derived in the literature.
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Chapter 11

Symmetry analysis and
conservation laws of the

Zoomeron equation

In this chapter we study the (2+1)-dimensional Zoomeron equation [120]

(2), - (2) #2000, s

u u
which is an extension of the famous (1+1)-dimensional Zoomeron equation that has
many applications in scientific fields. Equation (11.1) has attracted some attention
in recent years. Many authors have found closed-form solutions of this equation.
For example, the (G'/G)—expansion method [120,121], the extended-tanh method
[122], the tanh-coth method [123], the sine-cosine function method [124, 125] and
the modified simple equation method [126] have been used to find closed-form
solutions of (11.1). The (2+1)-dimensional Zoomeron equation with power-law
nonlinearity was studied in [127] from Lie point symmetries point of view and
symmetry reductions and some solutions were obtained. Also in [127] the authors

have given a brief history of the (1+1)-dimensional Zoomeron equation.

101



In this chapter we first derive the classical Lie point symmetries admitted by equa-
tion (11.1) and consequently use them to find an optimal system of one-dimensional
subalgebras. These are then used to determine exact group-invariant solutions and
symmetry reductions of (11.1). Furthermore, we derive the conservation laws of

(11.1) using the multiplier method.

The results of this chapter have been submitted for publication [128].

11.1 Exact solutions and symmetry reductions of

(11.1)

In this section, firstly we compute Lie point symmetries admitted by (11.1) and
then use them to construct the optimal system of one-dimensional subalgebras.
Thereafter, we obtain group-invariant solutions based on the optimal system of

one-dimensional subalgebras.

11.1.1 Lie point symmetries of (11.1)

A vector field of the form

0 0 0 0
X = fl(t,ﬂf,y,U)@ + 52(15,1',:[/,“)% + 53(t7xayau)a_y + 77(75»%%“)%

is a Lie point symmetry of (11.1) if

x4 K@) - (@) + 2(u2)m} —0, (11.2)
U /7t U 7/ zx (11.1)
where X is the fourth prolongation of X given by [24]
0 0 0 0 0 0 0 0 0
X[4] ¢l 7 2 7 3 Y -~ t x tt tx T
S T i L wi L wa Ul wal L L m A o A v
0 0 9, 0 9,
Ty txy TTY ttxy TTTY
i 1 auzy * " autmy * 1 auzmy * " 8uttzy " 7 auzmmy.
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Expanding the determining equation (11.2) and splitting on the derivatives of u

yields an overdetermined system of linear partial differential equations

gtlt:()a ftlxzoa 6?:07 6752:05 77t:0> 62207 51];:07
=0, &=0, &=0, 7,=0, &=0, &=0, &=0,

un, —n =0, fi—étl =0, 2n+u(§t1+§§) =0.
Solving the above system we obtain
=it at, &€ =cs+ e, € =c3— (e +2e4)y, 1= cuu,

where ¢;, i = 1,2,3,4 are constants. Thus, the Lie point symmetries of the

Zoomeron equation (11.1) are given by

0 0 0 0 0 0 ) 0
at7 2 af? 3 ay7 4 ) U= 5 t +x

Xi = ay  ou ot " for Yoy

which generate a five-dimensional Lie algebra Ls.

11.1.2  Optimal system of one-dimensional subalgebras

In this subsection we use the Lie point symmetries of (11.1) obtained in the previous
subsection to compute an optimal system of one-dimensional subalgebras. We
employ the method given in [24], which takes a general element from the Lie

algebra and reduces it to its simplest equivalent form by using the chosen adjoint

transformations
[es) n 2
€ €
Ad(exp(eX;)X; =Y —(adXy)"(X;) = X — e[Xi, X;] + 5 [X, [X3, Xl = -+
n=0

where ¢ is a real number and [X;, X;] denotes the commutator defined by

[Xi,Xj] - Xsz - XJXZ
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The table of commutators of the Lie point symmetries of equation (11.1) and the
adjoint representations of the symmetry group of (11.1) on its Lie algebra are
given in Table 1 and Table 2, respectively. Then Table 1 and Table 2 are used to

construct the optimal system of one-dimensional subalgebras for equation (11.1).

Table 1. Lie brackets for equation (11.1)

[,] Xi Xo X3 Xy X5

X: 0 0 0 0 X1
X, 0 0 0 0 Xy
X3 0 0 0 2X3 —X3
Xy 0 0 —2X5; 0 0

X5 X1 —-Xo X; 0 0

Table 2. Adjoint representation of subalgebras

Ad X, X X3 Xy X5
X, Xy Xy Xs X, X5 —eX,
X, X1 Xy Xs X, X5 — X,
X3 X3 X X3 Xy —2eXs X5+¢eX3
X4 X3 X X3 Xy X5
Xs Xy Xy e X3 X, X

Using Tables 1 and 2 we can construct an optimal system of one-dimensional
subalgebras, which is given by { X35, X4, X5, X1+ X3, Xo+ X3, Xi+ Xy, Xo+ Xy, Xy+
X5, X1 + X2 + X3, X1 + X2 + X4}
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11.1.3 Symmetry reductions and group-invariant solutions

We now obtain group-invariant solutions based on the optimal system of one-
dimensional subalgebras computed in the previous subsection. We start with the

symmetry operator Xs.
Case 1. X3 =0/0y

This symmetry provides us with three invariants

which give group-invariant solution v = U(s,r) and reduces (11.1) to
(UU), = 0. (11.3)

The Lie point symmetries of the above equation are

. (9 . 8 . fg(S) (9 . f4(’f’) (9
I' *fl(s)_asa szf2(7“)—a,r, ['s = U _(9U’ r,= U _aUa
0 0

_ —1 _ -1
I's = (U+U >_8U’ I's (U U )—aU.

Taking I'y — vI'y with fi(s) = fo(r) = 1, we obtain two invariants z = r + vs and

F = U. Making use of these invariants, (11.3) reduces to
(FFY =0, (11.4)
whose solution is given by
F(z) = £Va1z + as,

where a; and ay are constants of integration. Hence the solution of (11.1) is

u(t,z,y) = £/ a1(x + vt) + ay.

Case 2. X, = 2y0d/0y — ud/0u
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The associated Lagrange system to the operator X, yields three invariants

which give group-invariant solution v = y~/2U(s,r) and transforms (11.1) to

The Lie point symmetries of the above equation are

2, FQI a, F3:2$2‘i‘27ﬂg—lji
0s

I, = =
! or Js or oU

The symmetry I'y 4+ vI'y gives the two invariants z = r — vs and F' = U. Using
these invariants (11.5) transforms to the nonlinear third-order ordinary differential

equation

F\" 4y
(F7) - s (' =0 (116

Integrating (11.6) twice with respect to z, we obtain

4v
1—12

F'(2) (F(2))? — ki2F(2) — ko F(2) = 0, (11.7)

where k; and ko are constants of integration. The solution of this equation is given

by

F(z) = i\/ VEL(1 =) exp {(k12 + k2)? /b1 }
ksVki(1 — v?) exp {k3/k:} — dvy/merti ((k1z + ko) /1)

where k3 is a constant of integration and erfi(z) is the imaginary error function

[129]. Thus, a solution of (11.1) is

u(t,z,y) = + y_1/2\/ Vin(1 =) exp{(ki(z — v1) + ka)?/k1 }
) Ty k3\/k_1(1 —v2)exp{ki/ki} — dvy/merfi ((kl(x —ut) + kz)/\/k_l) )

Case 3. X + Xy, = 9/0t + 2y0/0y — ud/du
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The associated Lagrange system to X; + Xy yields three invariants
s=x, r=ye 2 U=eéel,
which give group-invariant solution u = e *U(s, r) and transforms (11.1) to

U (Us (4r°Uyr — Uss) + 41U, (3Uy, + 2rUsyy) — 2UUsy ) + 8U* (rUs, + Us) + 8rU U U?
+ U? (Usssr — 4 (Usr + 7 (3Uspr + rUsprr))) + 2 (U2 — 4r°U7) Uy = 0. (11.8)

The Lie point symmetries of the above equation are

0 0 0
Fl :£, FQZQTE—U%

The symmetry I'y gives the two invariants z = s and F' = r/2U and using these

invariants, (11.5) transforms to the nonlinear third-order ordinary differential equa-

(%)N = 0. (11.9)

Integrating (11.9) twice with respect to z, we obtain

tion

F'(2) = k12F(2) + ko F(2), (11.10)

where k; and ko are constants of integration. The solution of this equation is given

by
— k1 2
F(Z) = kg exp EZ + kQZ s
where k3 is a constant of integration. Thus, a solution of (11.1) is
-1/2 ks 2
u(t,r,y) =ksy "/ “exp 5T ke ),

which is a steady-state solution.

Case 4. X; + Xy + X3
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The associated Lagrange system to this symmetry operator gives three invariants,
Viz.,

s=x—t, r=y—t, U=u,

which give group-invariant solution u = U(s,r) and reduces (11.1) to

U2 (Usrrr + 2Uss7"7“) - 4U4 (Usr + Uss) - 4U5U3 (Ur + Us) + 2U7" (Ur + 2Us) Usr
-U (UrrUs'r + 2 (Us'r2 + UsUsrr + Ur (Usrr + Ussr))) =0. (1111>

The Lie point symmetries of the above equation are

0 0 0 0 0
%, Fg—g, FS—S%—FTE—U%

Fl =
The symmetry I'y — v’y gives the two invariants z = r4+vs and F' = U. Using these
invariants (11.11) transforms to the nonlinear fourth-order ordinary differential
equation

(F_">” _2WHD) gy, (11.12)

F 2v+1
Integrating (11.12) twice with respect to z, we obtain

2(v + 1
P ;”—L)Fff — ky2F — kyF =0, (11.13)
1%

where k; and k5 are constants of integration. This equation can not be integrated
in the closed form. However, by taking k; = 0 one can obtain its solution in the
closed form in the following manner. Multiplying (11.13) with k; = 0 by F’ and
integrating, we obtain

F,Q _ 2(1/ + 1)

F* + ko F? + k 11.14
2y+1 + 2 + 3 ( )

where k3 is a constant of integration. The solution of this equation is given by

2]{73(21/ + ].) C —]{33(V + 1)
F(z) = ) 2eler ) k2
(2) c M"Weaerp t M \/Ok:2 + Al + Ay |
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where ky4 is a constant of integration,

C = \J4k32 + 43w + 2 — 16k;02 — kg — 8k — 2kor — by

and sn is the Jacobi elliptic sine function [119]. Thus, a solution of (11.1) is

k(20 + 1)

u(t,z,y) = 8 sn ( 5+ 1)

(y +ve — (v+ 1)) +k4,2n2> :

where n2 = \/—kg(lj + 1)/(Cl€2 + 4]{3 + 4]{331/).

Likewise, one may obtain more group-invariant solutions using the other symmetry
operators of the optimal system of one-dimensional subalgebras. For example, the
symmetry operator X, 4+ X3 of the optimal system gives us the group-invariant

solution (2.9) obtained by Morris and Leach [127] in terms of the Airy functions.

11.2 Conservation laws of (11.1)

In this section we employ Anco and Bluman method [40,42] to derive conservation

laws for the Zoomeron equation (11.1).

Applying this method, we obtain the following equations for the multipliers:

Qu (ta z,Y, U) = 07
Qty (ta ZL', ya U’) = 07
nyy (t7 r,y, u) = 07

Qtt (t7 x,y, U‘) - ny (t7 r,y, U) =0.

Solving the above equations we get the four multipliers given by

oL o)

Q2 = f2($)ya
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Qs = f3(2)t,
Qa = fa(z).
Corresponding to these multipliers, we obtain four conservation laws. Thus, the

multiplier

Q=5 (P +) ()

gives the conservation law with the following conserved vector:

1 W, Ul tu,u
1t =) {0 ) (M) o P o]

1 U 1w tu
F a5y (-3 ) - )

1 2 3 1 w2t
17 = o [ (2t )t ),

u? U u3

U'ta:y - uyutx> . YUty
u u? '

TV = f1(x) {%(ﬁ + %) <4uut +

Likewise, the multiplier

Q2 = f2(1’)y
yields
t Upyy Uy , uy  1u?
Ty = foz)y | 4uuy, — w2 + e + fa(2)y w92 )
x 24y Ut ut3
T2 :fQ(x> ( u2 _7_$ )

YUty YuyUta Uty
Ty — T ( y Y - _)
2 f2( ) u u2

as conserved vector.

Similarly, the multiplier
Qs = fs(x)t

results in the following conserved vector

tugy  tulu,  Uply tuy,  1tw?
T?f:fg(l') (4tuuy— u2 + + ) +f3/)(.’ll') (7—5?—— s

u3 u?
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Lastly, the multiplier
Qu = fa(z)

gives the conserved vector whose components are

Ul Uy, u 1 >
1= o)t — 554 M) g (- 5,

u3 U
3
- 2upuy Ut Uy
Ti = fula) (gt = - 20,
U U U

11.3 Concluding remarks

In this chapter we studied the (2+1)-dimensional Zoomeron equation (11.1). The
classical Lie point symmetries were obtained and used to construct an optimal
system of one-dimensional subalgebras. This system was then used to obtain
symmetry reductions and new group-invariant solutions of (11.1). Furthermore,
we derived the conservation laws for (11.1) by employing the Anco and Bluman
method. It should be noted that since we had arbitrary functions in the multipliers

we obtained infinitely many conservation laws for equation (11.1).
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Chapter 12

Conclusions

The exact solutions and conservation laws of NLPDEs are important for the expla-
nation of some practical physical problems. The aim of this thesis was to obtain

exact solutions and derive conservation laws of some NLPDESs using different meth-

ods.

Chapter one provided relevant literature, definitions and theorems of the important

concepts that were used in this work.

In Chapter two we carried out Lie group classification of the Gardner equation
with variable coefficients. This was achieved by first determining the equivalence
transformations for the variable coefficients Gardner equation (2.1). The trans-
formations were then used to rescale some arbitrary functions in equation (2.1),
which simplified the original equation to an equivalent equation (2.7). We then
studied equation (2.7). It was found that the equivalent Gardner equation (2.7)
had a translation symmetry in space variable x as its kernel algebra. The functions
G(t) and H(t) that were able to extend the principal Lie algebra were found to be
exponential, power, logarithmic and linear functions. Symmetry reductions were

performed for two cases which extended the principal Lie algebra. Finally, for two
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cases we obtained conservation laws using the multiplier method.

The generalized (241)-dimensional Korteweg-de Vries equation (3.2) was studied in
Chapter three. New exact solutions were found and these were cnoidal and snoidal
waves solutions. Furthermore, conserved vectors were constructed by employing

the multiplier method.

In Chapter four the travelling wave solutions of the coupled Korteweg-de Vries-
Burgers system were obtained by employing the (G’/G)—expansion method. The
solutions obtained were expressed in the form of hyperbolic and trigonometric
functions. Conservation laws for the system were constructed using the multiplier

method.

Chapter five studied the (2+1)-dimensional KdV-mKdV equation. The travelling
wave solutions in terms of Jacobi elliptic functions were obtained for this equation.
Furthermore, conservation laws of the equation were derived using the multiplier

approach.

Chapter six dealt with the generalized improved Boussinesq equation. Group-
invariant solutions of the equation were found by employing the Lie symmetry
method along with the simplest equation method. Moreover, the conservation

laws were constructed using the multiplier method.

In Chapter seven the Kaup-Boussinesq system was studied. Exact solutions of
this system were found using two distinct methods. Firstly, the travelling wave
solutions were obtained using the direct integration. Secondly, an optimal system
of one-dimensional subalgebras was found and group-invariant solutions based on
the optimal system of one-dimensional subalgebras were obtained. Also, the con-
servation laws were derived using two approaches; the multiplier method and the

conservation law theorem due to Ibragimov.

In Chapter eight we employed the (G’'/G)—expansion method to obtain exact solu-
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tions of the Prandtl’s boundary layer equation for radial flow models with uniform

main stream velocity.

The generalized coupled (2+41)-dimensional Burgers system was investigated in
Chapter nine. The Lie group analysis together with the Kudryashov approach
were employed to obtain new travelling wave solutions of the system. Moreover,

conservation laws of the system were derived by employing the multiplier approach.

In Chapter ten we obtained the closed-form group-invariant solution which also
satisfied the terminal condition of the evolution (141) PDE describing the op-
timal investment-consumption problem under the CEV model. Finally, we con-
structed conservation laws by employing a general theorem on conservation laws.
We note that this is the first time that the evolution PDE for optimal investment-
consumption problem has been considered from the view point of group theoretical

approach and the conservation laws have been derived in the literature.

In Chapter eleven we studied the (241)-dimensional Zoomeron equation. The clas-
sical Lie point symmetries were obtained and used to construct an optimal system
of one-dimensional subalgebras. Symmetry reductions and new group-invariant
solutions were obtained based on the optimal system. Furthermore, we derived
infinitely many conservation laws for the (2+1)-dimensional Zoomeron equation

by employing the Anco and Bluman method.

In future work, we plan to use conservation laws derived in this work to obtain

group-invariant solutions.
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