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Abstract

This work deals with conditional symmetries of ordinary differential equations
(ODEs). We refine the definition of conditional symmetries of systems of ODEs
in general and provide an algorithmic viewpoint to compute such symmetries
subject to root differential equations. We prove a proposition which gives im-
portant and precise criteria as to when the derived higher-order system inherits
the symmetries of the root system of ODEs. We firstly study the conditional
symmetry properties of linear nth-order (n > 3) equations subject to root linear
second-order equations. We consider these symmetries for simple scalar higher-
order linear equations and then for arbitrary linear systems. We prove criteria
when the derived scalar linear ODEs and even order linear system of ODEs in-
herit the symmetries of the root linear ODEs. There are special symmetries such
as the homogeneity and solution symmetries which are inherited symmetries. We
mention here the constant coefficient case as well which has translations of the
independent variable symmetry inherited. Further we show that if a system of
ODEs has exact solutions, then it admits a conditional symmetry subject to the
first-order ODEs related to the invariant curve conditions which arises from the

known solution curves. This is even true if the system has no Lie point sym-
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metries. Examples of second- and third-order ODEs which admit conditional
symmetries but are devoid of Lie point symmetries are presented. We further
give examples of the conditional symmetries of nonlinear third-order equations
which are linearizable by second-order Lie linearizable equations. We demon-
strate the inheritance of symmetries for such second-order equations. Finally we

provide applications to classical and fluid mechanics.

Furthermore, we extend our idea of conditional symmetries to consider scalar
second-order ODEs which have seven equivalence classes and possess three Lie
point symmetries as root ODEs for the derived third-order ODEs. We show that
the symmetries of scalar second-order ODEs considered as first integrals are pre-
served as Lie point symmetries of the corresponding third-order ODEs. They in
general become conditional symmetries of the respective third-order ODEs when
derived without substitution. Also we show how one can calculate the condition-
al symmetries of third-order nonlinear ODEs subject to second-order nonlinear
ODEs which posses three point symmetries. We study the conditional sl(2, R)
algebra symmetry algebra criteria for scalar third-order ODEs, obtained after the
differentiation of the scalar second-order ODE which admits si(2, R) symmetry
algebra. We work out the criteria in terms of the coefficients involved in the
second-order nonlinear ODE which has sl(2, R) symmetry algebra. The Tressé
invariants are used to give the sl(2, R) symmetry algebra criteria for second-order
ODEs. These criteria on the coefficients can be stated in terms of the coefficients

of the derived third-order ODE.

We moreover investigate the fourth-order static Euler-Bernoulli ODE, where the

elastic modulus and the area moment of inertia are constants and the applied
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load is a function of the normal displacement. In the maximal case this has three
symmetries. This corresponds to the negative fractional power law y =5/ and the
equation has the nonsolvable algebra si(2,IR). We determine new two- and
three-parameter families of exact solutions when the equation has this symmetry
algebra. These are shown to be conditional. This is studied via the symmetry
classification of the three-parameter family of second-order ordinary differential
equations that arises from the relationship among the Noether integrals. In ad-
dition, we present a complete symmetry classification of the second-order family
of equations. Hence the admittance of sl(2,IR) remarkably allows for a three-
parameter family of exact solutions for the static beam equation with load a

fractional power law y~—°/3.

Finally, we discuss the integrability of the scalar fourth-order ordinary differential
equations and obtain some missing canonical forms for fourth-order ODEs that
admit four-dimensional Lie algebra. This is motivated by the work on the static
Euler-Bernoulli beam ODE. It will be interesting to look at reductions of such

ODEs conditionally when they possess higher symmetries.
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Chapter 1

Aims and Objectives of the
Thesis

1.1 Introduction

The concept of symmetry has fascinated many artists and scientists through
many centuries, from the ancient Greeks to Kepler, in his efforts for determining
the orbits of the planets, to Newton, who embodied in the laws of mechanics
as a symmetry principle the equivalence of motion in different inertial frames
(Galilean invariance), to Einstein, who generalized Galileos principle of relativity

from mechanics to all the laws of physics.

In the nineteenth century a great advance arose when the Norwegian mathe-

matician Sophus Lie began to investigate continuous groups of transformations



leaving differential equations invariant, creating what is now called the symme-
try analysis of differential equations. The original aim of Lie was that of setting
up a general theory for the integration of ordinary differential equations (ODEs)
in a similar vein to that developed by E. Galois and N. Abel for algebraic e-
quations (see [1] for a detailed historical analysis). Thus, symmetry analysis of
differential equations was inaugurated and applied by Sophus Lie during the pe-
riod 1872-1899 [2, 3]. This theory enables one to derive reductions and solutions
of differential equations in a completely algorithmic way without appealing to
special lucky guesses. Sophus Lie pointed out the main problem he faced with
his theory in a foreword to his lecture Differentialgleichungen. The Lie approach
to differential equations was not exploited for half a century and mainly the
abstract theory of Lie groups grew (the term Lie group was coined in 1928 by
Hermann Weyl). Further, it was the Russian school with L. V. Ovsiannikov [4]
in the forefront that since 1960 began to exploit systematically the methods of
symmetry analysis of differential equations in the explicit construction of solu-
tions of many kinds of problems, even complicated, and mostly of mathematical

physics.

The Lie classical theory of symmetries of differential equations is an inspiring
source for various generalizations and extensions aiming to work out ways for
obtaining the explicit solutions of differential equations [5]. The historical ori-
gin of group theory goes back to the seminal work of Evaristé Galois in 1831.
He was the first who really gave the essence for the notion of algebraic solution
of equations which are related to their group properties. Galois solved the age
old problem of finding a formula to solve a polynomial equation of arbitrary

order. Galois realized that the roots of the polynomials have symmetries and



these symmetries possess the group structure. He proved that there exists poly-
nomial equations whose groups are not solvable and the associated equations
are therefore not solvable by means of radicals. Inspired by Galois theory, Lie
endeavored to do for differential equations what Galois had done for polynomial
equations. Lie developed a highly algorithmic method for the reductions and
solutions of differential equations. He studied the groups of continuous transfor-
mations in Cartesian space. Such groups depend on continuous parameters and
consists of point transformations acting in the space of dependent and indepen-
dent variables. Lie demonstrated that many techniques, which appear ad-hoc,
for finding solutions of differential equations can be unified and duly extended by
considering the symmetry structure of the differential equations. Today, the Lie
symmetry approach to differential equations is widely and extensively applied in
various fields of mathematics, mechanics, economics and theoretical physics and
many of the results published in these areas justify that Lie’s theory is indeed

an efficient tool for solving many differential equations.

With the passage of time as more and more researchers tried to go forward with
Lie’s theory, certain limitations came to light in the Lie approach. Hence, the
theory of Lie groups is not complete for the integrability of differential equa-
tions. In the case of ODEs, on the one hand a differential equation may admit
a sufficient number of symmetry transformations but may not yet be solvable
by quadratures via the classical Lie approach. A particular example of this is
a variable coefficient linear second-order ODE which has eight Lie point sym-
metries but is not integrable by quadratures. On the other hand, an ODE or a
system of ODEs has general solution in terms of quadratures without admitting

any non-trivial symmetry generators [6, 7]. These insights have given rise to



extensions to different types of symmetries such as nonlocal, A as well as oth-
er types of symmetries [8, 9, 10, 11, 12]. Scalar linear second-order ODEs are
similar to each other. Characteristically, they can be converted to the simplest
equation by invertible maps. In the earlier literature, much focus has been on
the study of nonlinear differential equations and the procedures to reduce them
to linear form. Reduction and exact solutions of ODEs were investigated by Lie
in a systematic manner by use of his continuous groups of point transformations.
He, in [5], obtained a complete classification in the complex domain of such s-
calar second-order ODEs in terms of their groups. In particular, Lie determined
algebraic and invariant criteria of second-order ODEs that could be linearized.
Furthermore, he discovered the class of scalar second-order ODEs that transfor-
m to linear form under point transformations. These are called Lie linearizable
ODEs. Lie found criteria for linearizability and obtained the most general form
being that of the cubically nonlinear second-order ODE in its first derivative

which was linearizable via point transformations.

The linearization of ODEs of the second-order was extended to the third order in
[13, 14] and [15, 16]. It was shown in the latter works that there are two classes
of third-order ODEs that are linearizable by point transformations. It is possible
to extend the linearization procedure for any order n with available algebraic

computation packages. For n = 4 this was achieved in [17].

Lie algebraic properties of scalar linear nth-order (n > 3) ODEs were investigated
in [18] as well as [19]. It was shown in [19] that there are three classes of such
higher order ODEs, viz. n+ 1, n + 2 and n + 4. This is in contrast to scalar

linear second-order ODEs.



A significant extension of classical Lie symmetries for partial differential equa-
tions (PDEs) is that of non-classical or what is frequently called conditional sym-
metries [20, 21]. In the past two decades, the theoretical background of nonclas-
sical symmetry has been widely investigated and non-classical symmetry tech-
niques have been effectively applied to find the exact solutions of many partial
differential equations from mathematical physics [22, 23, 24, 25, 26, 27, 28, 29].
Literature survey witness that considerable amount of work has been done on
the study of conditional symmetry properties of PDEs. Conditional symmetries
of PDEs have direct relation to side conditions imposed on the PDEs [30, 31].
Olver and Rosenau [30] showed that the construction of exact solutions to a PDE
can be considered within the framework of a unifying approach of adding side
conditions to the PDE and then solving the resultant overdetermined system for
the solutions. An algorithmic approach to characterize weak symmetry groups
of a given PDE is presented by Pucci and Saccomandi in [31]. The authors in
[31] utilize the complete integrability condition of the system which is comprised
of the PDE itself and the group characteristic equation. In this approach the
notion of completeness of the system plays a pivotal role. There has been con-
siderable amount of work on conditional symmetries of PDEs which pervade the
literature. Our interest here is that of conditional symmetry of ODEs which has
not enjoyed much interest. One of the initial investigations of the non-classical
method to ODEs is due to Gaeta [32]. In this study [32], he discussed, inter
alia, conditional constants of the motion as well as their relation to conditional
symmetries for first-order dynamical systems of ODEs. In the definition of con-
ditional symmetries proposed in [32], the invariant curve condition is appended

as a side condition. We in our study consider higher-order ODE systems and



provide a definition in this context (see the next section). First integrals or con-
stants of the motion are naturally studied in the formalisms of Hamiltonian and
Lagrangian systems. The direct relationship between symmetries and first inte-
grals for canonical Hamilton’s equations first appeared in the work of Levi-Civita
[33] (see also the interesting translation of the work [33] and its historical per-
spective in [34]) and for symmetries related to Lagrangian systems in the work
of Noether [35]. Configurational invariants and second integrals were studied by
Darboux, Poincaré, Painlevé, Hess amongst others (see, e.g. [36] for a review).
In the paper by Sarlet et al. [37], configurational invariants were investigated in
the context of Hamiltonian systems and a weak form of complete integrability.
This notion is utilized as conditional constants of the motion in [32] and in the
present treatment we formulate the definition of conditional first integrals in the

context of higher-order ODEs under discussion.

Linearization plays a significant role in the theory of differential equations. First
order ODEs can always be linearized by point transformations. Lie proved that
the necessary and sufficient condition for a scalar nonlinear ODE to be lineariz-
able is that it must have eight Lie point symmetries. He exploited the fact that
all scalar linear second-order ODEs are equivalent under point transformations;
that is every linearizable scalar ODE is reducible to the free particle equation.
Lie took this approach no further but considerably later Chern [38] extended the
analysis to a class of scalar third-order ODEs by using contact transformations.
Mahomed and Leach [39] proved that for mth-order ODEs, m > 3, there was no
unique class of linearizable ODEs. Instead there were three equivalence classes

as remarked earlier.



Conditional classification of ODEs was proposed in [40] in which the authors
provide definitions of conditional symmetry and linearizability of scalar ODEs
subject to lower order root ODEs. They, in [41], discussed the invariant criteria
for conditional linearizability of third-order equations subject to root second-
order Lie linearizable ODEs. They have shown that certain gaps may be filled by
the recent development of conditional linearizability for the deficiency of certain
cases when the ODEs are not Lie linearizable. Differentiating the quadratically
and cubically scalar semi-linear second order ODEs relative to the independent
variable gives scalar third-order ODEs. By investigating the general class of s-
calar third-order ODEs that are conditionally linearizable one finds conditional
linearizability criteria for scalar third-order ODEs subject to root second-order
linearizable ODEs [41]. These classes were not subsumed in [15] nor in [16].
This in effect was a new type of linearizability. Further work on conditional lin-
earization of fourth-order ODEs was performed in [42] as well as the conditional
linearization of third-order systems in [43]. These were subject to Lie linearizable

lower second-order ODEs.

The Euler-Bernoulli beam equations, both static and dynamic, have recently
been under the spotlight from the Lie and Noether symmetry viewpoints. The
dynamic beam fourth-order partial differential equation (PDE) [44]

02 d%u 0%u
a2 Blgs) T ias

=f, (1.1)
where F is the elastic modulus, I the area moment of inertia, p the lineal mass
and f the applied load has been investigated algebraically for F, I, p and f
as some given constants or functions. The complete Lie symmetry group clas-

sification of the dynamic fourth-order Euler-Bernoulli (1.1), where the elastic



modulus and the area moment of inertia are constants and the applied load is
a nonlinear function, was recently studied in [45]. It has also been studied from
other perspectives (see e.g. [46]) Wafo Soh [47] solved the equivalence problem

using symmetry for

0? 0*u 0%u

in which g(z) is the flexural rigidity, m(z) > 0 the lineal mass density and u(t, x)
the transversal displacement at time ¢ and position z. Ozkaya and Pakdemirli
[48], used the Lie group-theoretic approach to analyze the axially accelerating
beam problem. For a simply supported beam, they found approximate solutions
in the case of an exponentially decaying and harmonically varying beam. In [49],
Bokhari et al. studied the static Euler-Bernoulli beam equation

Yy

dxt

= f(y), (1.3)

where f is an arbitrary function of the transversal displacement, from both the

Lie and Noether viewpoints. They arrived at an exceptional case, viz.

d4
d%i = 5y /3,5 = +1, (1.4)

for which the nonsolvable algebra sl(2, IR ) admitted by equation (1.4) is isomor-
phic to the Noether algebra with respect to the standard Lagrangian of (1.4)

1 3
L= 3"+ 56y~ (1.5)
2 2
The generators
0 o 3 0 0 0
Xi=—, Xo=0— Xy =2 — — 1
R R PRI L WU Bl e (16)



which are both Lie and Noether symmetries for (1.4) and corresponding to (1.5)
span the Lie algebra sli(2,IR). It was found that the Lie route gives two re-
ductions by use of the two-dimensional ideal generated by X; and X, given in
equation (1.6) whereas the Noether route, which yielded three first integrals cor-
responding to each X; in equation (1.6), with respect to the Lagrangian (1.5),
provided a transparent way for integrability and a two-parameter family of exact

solutions (see [49])

d
/ i = =T + C5, (1.7)
+1/2cs + cay?/?

where ¢, and c¢5 are constants and c3 and ¢4 are not independent but related by

270 + 2c3c4 = 0. These solutions were consequences of the second-order ODE
3yy” — 2y + 2%, — 2xcs + 5 = 0, (1.8)

where the ¢;s are constants, which arises via the relationship among the Noether

integrals.

The integrability of scalar ordinary differential equations (ODEs) by use of the
Lie symmetry method depends on their symmetry Lie algebra if the Lie algebra
is solvable and of sufficient dimension. There exists two different approaches to
the integrability of differential equations using Lie point symmetries. One is the
direct method in which Lie point symmetries are utilized to perform integrabil-
ity by successive reduction of order of the equation using ideals of the algebra.
The other approach is the canonical form method if the equations are classi-
fied into different types according to the canonical forms of the corresponding
Lie algebra. Lie [50] classified scalar second-order ODEs into four types on the
basis of their admitted two-dimensional Lie algebras and also performed integra-

tion of the representative equations corresponding to the canonical forms of the
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two-dimensional symmetry algebra. Therefore scalar second-order ODEs can be
integrated by using canonical variables which map the symmetry generators to
Lie’s canonical forms. Also here one can use successive reduction of order by
using ideals of the symmetry algebra (see, e.g. Olver [51]). The Noether equiv-
alence approach for Lagrangians corresponding to scalar second-order ODEs is
discussed in Kara et al. [52]. The canonical forms for scalar third-order ODEs
that admit three symmetries were obtained by Mahomed and Leach [53]. Then
Nucci and Ibragimov [54] provided the integrability of these canonical forms.
In their paper Cerquetelli et al. [55] constructed realizations in the plane of
four-dimensional Lie algebras listed by Patera and Winternitz [56]. Moreover,
the classification of subalgebras of all real Lie algebras of dimension < 4 were
discussed in [56]. The construction of Cerquetelli et al. [55] was based on the
three-dimensional subalgebras provided in [56]. They invoked the realizations
of three-dimensional Lie algebras in the plane derived earlier by Mahomed and
Leach [57] for this purpose. They then determined the fourth-order ODEs ad-
mitting the realizations of the obtained four-dimensional algebras as their Lie
symmetry algebra. Finally they provided the route to integration of the classi-
fied fourth-order ODEs. However, the derived realizations of four-dimensional
Lie algebras need supplementation in the light of recent work by Popovych et
al. [58]. Recently these authors constructed a complete set of inequivalent real-
izations of real Lie algebras of dimension not greater than four in vector fields
in the space of an arbitrary (finite) numbers of variables. We use the results of
[58] to complete the classification of fourth-order ODEs in terms of their four-
dimensional algebras presented in [55]. Apart from scalar fourth-order ODEs

arising in the symmetry reductions of partial differential equations such as the
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linear wave equation in an inhomogeneous medium (see [59]), they occur promi-
nently as model equations in the form of the static Euler-Bernoulli beam (see,
e.g. [60]) and Emden-Fowler equations. Such equations have been investigated
for symmetry properties in [49, 61]. Also their conditional symmetries become
of importance in future works. For a special case of a fourth-order ODE, viz.
the static Euler-Bernoulli beam equation the Noether reductions allow for con-

ditional integrability of the equation.

1.2 Outline of thesis

A detail outline of the thesis is as follows.

In Chapter 1, we investigate the conditional symmetries of ODEs when the ODEs
under study have insufficient number of Lie point symmetries. These are useful
for integration. We have shown by means of an algorithm as to how one calculates
the conditional symmetries of ODEs subject to lower order ODEs. Many simple
examples as well as the properties of scalar linear and linear systems of ODEs
are considered for their conditional symmetries. We explain how the symmetries
of the root linear ODE are inherited by the derived ODE by means of a four
propositions. Moreover we prove that if a system of ODEs, has exact solutions,
then it admits a conditional symmetry subject to the first-order ODEs related
to the invariant curve conditions which arises from the known solution curves.
We also investigate third-order nonlinear ODEs which admit eight conditional

symmetries subject to a Lie linearizable second-order ODE. Finally we present
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applications of conditional symmetries to ODEs that arise in mechanics and
obtain new solutions. The findings of this chapter have been published in the

”International Journal of Non-Linear Mechanics, 67 (2014) 95-105” [62].

The purpose of Chapter 2 is to venture further in the regime of conditional
symmetries of ODEs. This chapter continues the study which was carried out in
the previous chapter for scalar third-order ODEs subject to second-order ODEs
which have seven equivalence classes and possess three-dimensional Lie algebra.
We show that all the Lie point symmetries of the second-order ODEs when
derived or taken as first integrals are preserved but not necessarily as inherited
symmetries as they may be preserved as conditional symmetries as well. Further
we discuss when the derived nonlinear ODEs have less point symmetries (as
inherited symmetries) than the root ODEs. Finally, we examine the conditional
sl(2, R) criteria for a scalar third-order ODE subject to the root ODE having
sl(2, R) symmetry and workout the values of the coefficients involved in the
second-order root equation carried over to the third-order ODE. The contents
of this chapter have been written up in the form of a paper and intend to be

submitted for publication [63].

In Chapter 3, we perform the complete Lie group classification of the second-
order ODE (1.8) that results from the reduction of our static fourth-order Euler-
Bernoulli beam ordinary differential equation (1.4). We obtain all the Lie re-
ductions and integrability of the static beam equation (1.4) when equation (1.4)
admits two symmetries. We obtain new two- and three-parameter families of
exact solutions for the beam problem. This is studied via the symmetry classifi-

cation of the three-parameter family of second-order ordinary differential equa-
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tions. The results presented in Chapters 3 have been published in the ” Journal
of Engineering Mathematics, 82 (2013) 101-108” [64]. Herein the reduced ODE

have symmetries which are conditional symmetries of the beam ODE.

In Chapter 4, we show that the results on realizations of four-dimensional al-
gebras in the plane given in [55] are a special case of the corresponding set of
realizations given in [58]. We make a comparison of the lists of realizations given
in [55] and [58]. It should be remarked that in general a result of classification

of realizations may contain errors of two types, viz.

1. Missing of some inequivalent cases.

2. Mutually equivalent cases.

In the comparison made in this chapter, we show that various cases have been
missing in the results of [55]. We found that there are some other cases which can
be combined in a compact form and also some arbitrary parameters and functions
need to be modified according to the results of [58] related to realizations in the
plane. The contents of this chapter have been published in ”Journal of Applied
Mathematics, Article ID 848163, Volume 2013” [65]. This work is also related
to the previous chapter and further study could be the reductions of maximally
symmetric equations in which the reduced equations have symmetries that are

conditional symmetries of the fourth-order ODE.

Finally, some concluding remarks and future works are summarized in Chapter

d.



Chapter 2

Conditional Symmetries for
Ordinary Differential Equations
and Applications

2.1 Introduction

In this chapter, we refine the definition of conditional symmetries of ordinary
differential equations (ODEs) and provide an algorithm to compute such sym-
metries subject to root ODEs. These are considered for arbitrary systems of
ODEs. A proposition is proved which provides essential criteria as to when
the point symmetries of the root system of ODEs are inherited by the derived

higher-order system. We provide illustrative examples and then investigate the

14
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conditional symmetry properties of linear nth-order (n > 3) equations subject
to root linear second-order equations. First this is considered for simple linear
equations and then for arbitrary linear systems. We prove criteria when the
symmetries of the root linear ODEs are inherited by the derived scalar linear
ODEs and even order linear system of ODEs. Furthermore, we show that if a
system of ODEs has exact solutions, then it admits a conditional symmetry sub-
ject to the first-order ODEs related to the invariant curve conditions which arises
from the known solution curves. Moreover, we give examples of the conditional
symmetries of nonlinear third-order equations which are linearizable by second-
order Lie linearizable equations. Applications to classical and fluid mechanics

are presented.

2.2 Conditional symmetries: definitions and al-

gorithm

We firstly consider some preliminaries before proceeding to the notion of condi-

tional symmetries of arbitrary systems of ODEs.

Consider the system of nth-order ODEs of the form

ygn) = fa(x7 y? y(1)7 "'7y(n_1))7n 2 17 o = 17 et 7ﬁ7 (2'1)
where z is the independent variable, y = (v, ..., ¥,) the dependent variable and

yM y@ . y™ denote the derivatives of y with respect to  up to order n. We
may also say that the system (2.1) is of the order np which then directly gives
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the number of essential constants that arises if (2.1) has general solution.

We now have the following notion of compatibility which is much more familiar

in the setting for PDEs as in [31, 51].

If every solution of the mth-order ODE

ys" = gz, y, 9D,y ), m<n B=1,....¢ <5, (2:2)

is also a solution of the nth-order ODE (2.1), then the mth-order ODE (2.2) is
said to be compatible to the nth-order ODE (2.1).

For compatible systems of ODEs, the number of essential constants for the ap-
pended side condition system is mg which is in general lower than that of the
original ODE system of order n which is np. This reduction in the number of

essential constants will be seen in the examples considered in the sequel.

Furthermore, it is well-known that a first integral of the system (2.1) is a function

I(z,y,yD,...,y®) k < n, which satisfies the relation

where D, = d/dx is the total derivative operator with respect to z, on the

solutions of the equations (2.1).

Following Sarlet et al. [37], who stated this definition for a system of two second-
order ODEs, we have the notion of conditional first integrals for an arbitrary
system of ODEs. Note that in [37] and before, the terminology configurational

invariant was in vogue (presumably due to the advent of conditional symmetries
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appearing later) and in [32], Gaeta used the notion of conditional constants of
the motion for investigating dynamical systems. Here the context is higher-order

ODEs. We therefore have the definition below.

Definition 1. A function J(x,y,y",...,y®), k < n, is called a condition-
al first integral of the system of ODEs (2.1) with respect to the first integral
I(z,y,yD,...,y*)) = C, k <n, C a constant, if the restriction of .J to a certain
fixed surface obtained by setting C' = Cy, i.e. J|c—¢, is a first integral of the

corresponding reduced system.

It is important to remark that the number of essential constants for our system
reduces by one if we have a proper conditional first integral of the system. The

examples that ensue will amply illustrate this fact.

We start here by giving a precise definition of conditional symmetries. This is a
natural extension of that given in the work [40]. Also this in general differs from

the work [32] who require only invariant curve conditions.

Definition 2. An nth-order system of ODEs n > 1 (2.1) is conditionally classi-
fiable by a symmetry algebra A with respect to an mth-order system of ODEs
m < n (2.2) called the root ODEs if and only if the nth-order system of ODEs
jointly with the mth order system of ODEs forms an overdetermined compatible
system (so the solutions of the nth-order system of ODEs reduce to the solu-
tions of the mth-order system of ODEs) and the mth-order system of ODEs has
symmetry algebra A which is the conditional symmetry algebra of the nth-order

system.
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Now we present an algorithm for computing the conditional point symmetries of

the system (2.1) subject to the root system (2.2).

Let X be the vector field of dependent and independent variables given by

0 0

X = f(w,y)afx + na(w,y)@7 (2.4)

where ¢ and n, are the coefficient functions of the vector field X and the sum-

mation convention applies on « from 1 to p.

Suppose that the vector field X is a conditional symmetry generator of system
(2.1) subject to an mth-order root system of ODEs (2.2). Then the conditional

symmetry condition

X[n] [y((xn) - fa(l", Y, y(l)v RS y(n_l))] |y§¥")—fa:0,yg">—ga:0 = 0’ (25)

holds, where X denotes the nth prolongation of the generator X as
0

X = x 4+ Z Cfa o) (2.6)
7j=1 Yo
in which
C]a:Dx( ]q—l)_y((xj)Dm<£>7j:1:"'ana ng:na’ <27)

and D, is again the usual total differentiation operator.

The conditional symmetry approach proposed for a given system of ODEs is a
technique that allows us to construct particular compatible side conditions to
the system to enable one to obtain the construction of exact solutions of the
system if there is a sufficient number of conditional symmetries. The number of

conditional symmetries required for a solution of a nonlinear ODE system is the
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same as for the Lie approach as we seek reduction and solution to the compatible
root equation (see also [40]). The exact solutions that arise in this approach has
in general fewer or for many equations that occur in applications no essential
constants when compared to the original system. This is seen in the examples
presented below and in the section on physical applications. In relation to this, we
mention that the conditional linearization of classes of third-order ODEs subject
to Lie linearizable second-order ODEs gives rise to two essential constants for
the original classes [41] as the root ODEs are of order two for which we know
the general solutions. If the side condition is of one order (order in the sense of
essential constants) less than the original system, then first or conditional first
integrals are the appropriate side conditions. We mention these when they arise

in the examples considered.

It is now opportune to provide examples of conditional symmetries for second-

and third-order ODEs.

1. Consider firstly the scalar second-order ODE
y' = B+ 3Ax*y~t — ABaty ™% — A?Baby 3, (2.8)
where A and B are constants. By using the Lie symmetry condition
Xy — B —3Az% ' + ABa*y™? + A2Bay~%) =0, (2.9)
whenever (2.8) holds, we obtain the following determining equation

Naz + (2770631 - gmc)y/ + (nyy - 2£xy)y/2 - Syyyg
+n,(B + 3Ar*y~! — ABx'y™? — A?BaSy?)

-3¢,y (B + 3A2%y™' — ABx'y™* — A?BaSy™?)
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—6AxEy™" + AEABaPy 2 + 6€A% Py 3

+3nAz?y™? — dnABxty™® — 36 A%2% ™ = 0. (2.10)

Separation of (2.10) by powers of ¢/, as £ and 1 are independent of the derivatives

of y, leads to the overdetermined system of linear homogeneous partial differential

equations
&y = 0, (2.11)
Nyy — 282y = 0, (2.12)
277xy - 6:1::1: - 363,/3 - 9Ax2£yy71
—3ABxty ¢, + 3A%%y 3¢, = 0, (2.13)

Nex + 1y(B + 3A2%y~! — ABx'y ™ — A*BaSy?)
+3A2%y' — ABaty? — A?BaSy™3 — 2¢,(B + 3Az%y !
—ABx*y™? — A?BaSy %) — 6Axy~! + 46 AB2Py 2

+6EA% Yy 4 3nAxty~? — 4nABaty™® — 36A%2% = 0. (2.14)
By solving the above system (2.11)-(2.14), we find the trivial solution
£=0,17=0. (2.15)

Hence the ODE (2.8) has no Lie point symmetry and we consequently cannot

use the Lie reduction technique to solve it.

We now compute the conditional symmetries of the second-order ODE (2.8)

subject to the nonlinear Abel first-order ODE

y = Bx + Az’y . (2.16)
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That is the conditional symmetry condition is
b (v — B — 3Ax*y™ ' + ABz*y ™% + AQBxGy_S)(2,8)7(2.16) =0. (2.17)

If we assume that
£ =a(z) n=B(a)y, (2.18)

since a symmetry of (2.16) is of this form, then the determining equations (2.12)-

(2.15) after split in powers of y result in

=220+ 2d'x + 6 = 0, (2.19)
-3z +2dr +4a = 0, (2.20)
2*(28" — ") + 628 — 6d/z — 60 = 0, (2.21)
z(2f —a")+ 5 —-2a" = 0. (2.22)
After we solve the system (2.19)-(2.22) for « and 3, we obtain
X =20, + 2y0y, (2.23)

which is now the conditional symmetry of our nonlinear ODE (2.8) subject to
the root equation (2.16). By using this symmetry (2.23) we can construct a
one-parameter family of exact solutions of (2.8). Here we see that the root ODE
(2.16) is a conditional first integral of our equation (2.8). Thus a reduction
occurs in the number of essential constants from two to one therefore yielding a

one-parameter family of exact solutions.

We proceed further to a simpler equation by considering a linear equation in

order to understand the behavior of such symmetries.
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2. We work out the conditional symmetries of the simplest third-order ODE, viz.
y" =0, (2.24)
subject to the free particle equation
y" =0. (2.25)
Here the determining equation is

C3|y”’=0=y” =0. (226)

The expansion of (2.26) gives rise to

Nexx + (377mxy - é.;m:a:)y, + 3(77xyy - ga:acy)

y/2 + (nyyy - 3€ryy)y/3 - éyyyy/4 = 0. (2.27)

Separation of (2.27) and then solving the resultant linear homogeneous system

yields 15 conditional symmetries which are

Xl = aw7X2 - aanS - I8x7X4 - ya?ﬁ
X5 = y0y, Xo = 20y, X7 = 220, X = 2y0),
Xy = 2y0y, X109 = y2aan11 = y28x; Xig = 35253/7

X3 = 29?0, + y°0y, X1 = 2%y0, + 29?0, X15 = 2°0, + 2%y0,. (2.28)

We note that these conditional symmetries contain both the symmetries of the
free particle equation (2.25) (these are X; to Xg, X7+ Xg and Xg + Xyg) as well
as those of the simplest third-order ODE (2.24) (these are X to Xy, Xg, X152 and

X7+ 2Xg). This should be the case as conditional symmetries are more general
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than Lie point symmetries as in the case of PDEs. Moreover, it should be seen
that X3, X34 and X5 are not symmetries of (2.25) nor of (2.24). These are in
addition. Further, the symmetries (2.28) do not close under the Lie bracket and
therefore do not form a Lie algebra. One can observe that by merely computing
[X7, X12] = 2230, which is not a conditional symmetry of (2.24). Also of interest

is that X3, Xy4 and X5 form an Abelian three-dimensional Lie algebra.

In general we have that the free particle symmetries are conditional symmetries
of the third-order ODE (2.24). The question arises as to which symmetries of
the free particle equation are inherited by the derived third-order ODE as point

symmetries and which remain as proper conditional symmetries.

We focus now on the symmetries of the free particle ODE (2.25) that are inherited
by the third-order ODE (2.24). It is seen that the generators X;, X, X3, X}
and X4 given in (2.28) are inherited by (2.24). The remaining generators X,
X7 + Xg and Xg + Xjo of the free particle equation (2.25) thus become the
proper conditional symmetries of the third-order ODE (2.24). Also note that
the solution symmetry X5 and the symmetry X; 4+ 2Xg of equation 3" = 0
given in (2.28) do not come from the symmetries of the equation y” = 0. In
this example the conditional first integral is y” = 0 which restricts the number
of essential constants to two of the original third-order ODE ¢ = 0 for solution

purposes.

3. Next we consider the nonlinear third-order ODE

"

2, 2
Yy By — —y =0, (2.29)

which is of the class considered in [40]. This ODE (2.29) is also conditionally
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linearizable subject to the root Lie linearizable ODE y” + zy + 2y//z = 0 [41].

The determining equations for the symmetries of the ODE (2.29) are
& =0, 1My =0, 7. = 0,
A6 — A&y — 20°8n — 27600 = O,
=21y + 318 = 0,
26 — 22, + 328, = 0,
§—x& +2xn, = 0. (2.30)
The solution of the determining system (2.30) gives
i = 0.,
Yo = 0, (2.31)

One can at most perform a double reduction of the ODE (2.29) by using the Lie
reduction approach. However, we cannot solve (2.29) completely by using the

Lie approach.

The conditional symmetries of (2.29) subject to the second-order ODE
" 13 2 /
Yy + Y= 0, (2.32)
are
2 2 . . ]-
Xi = 2" cosy0y, Xo = x”siny0,, X3 =sinyd, + — cosy0,,
x

1
Xy = —cosy0, + —sinyd,, X5 = xcos2y0, — sin 2y0,,
x

X = xsin2y0, + cos 2y0d,, X7 = x0,, Xg = 0,. (2.33)

We see that only X7 =Y) and Xg = Y5 are inherited symmetries of (2.29). This

is quite distinct from that of the linear example considered in Example 2. The
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rest are proper conditional symmetries. Here the conditional first integral is of

order two given by (2.32).

In order to understand when the symmetry of the base scalar root equation is

inherited by the derived equation, we therefore prove the following proposition.

Proposition 1.

Consider the system of nth ODEs

Ea(x,y,y',y”,...,y(”)) =0, a=1,...,p, (2.34)

where z is the independent variable, y = (v, ..., ¥,) the dependent variable and
vy, ..., y"™ denote the first, second and up to nth order derivatives of y with
respect to x. If the generator (2.4) is a Lie point symmetry generator of the ODE
(2.34), then

XPUDLE, = DB+ ND.Es - DD B, (239

holds. Thus X is a symmetry of the derived ODE D, E, = 0 for each « if \? are
constants. Moreover if A’ are constants, then one has the following relation for

the kth derived ODEs D¥E, =0, a =1,...,p,

k:
— i)l

Furthermore, for A2 constants and Di{ = 0, we obtain

XrEpkp — ZD’“ € Dy Ea + A D, B, (2.36)

XHpkp, = MDYEy — kDEDYE,. (2.37)

This relation (2.37) implies that for the derived kth-order ODEs D*E,, = 0, for
each «, the symmetry X is inherited from E, = 0 provided that \? are constants

and £ is linear in x.
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The proof of the first part follows from the identity X"*1D, = D, X — D £D,

which acts on a differential function of order n. It is the case that

XD, Ea|p,pa=0 = Da(N) Eslp, am0+ (NaDs Bp) |, 5am0 = Du Do Ealp, 0.

(2.38)
Thus D,A° = 0 implies that \? are constants, meaning that X is an inherited
symmetry of the derived ODEs D, FE, = 0 for each . Moreover, the second part

follows from induction. Certainly, it applies for £k =1 as
XD E, = \D,Es — D,£D,E,. (2.39)
For k = 2, we have
XHIDp2E, = —(DX)D,E, + \2D*Es — 2D,ED?E,,. (2.40)

The rest follows by induction for if it is true for k = m, then for k = m + 1 one
has
XmnHipmtlp — D, (XM D"E,) - D,£D™E,,

which results in

m—1

XA DEH B, = A Dy Ep — ; A IF T!Z.)!Z.!D;“Ea

_ i pmi-ig m! DB, — D,¢D™E

— (m—i+DGE—1)* 7 T5re e
(m+1)!

— )\gDZ”HrlEﬁ _ Z D;@Jrlfig
=0

—Dm7i+1 D’iJrlEa 241
mri—gal: | D EBe (241)

The final part is a consequence of the

since ( mt m ot m! = (m+l)!

m—i) m—itDIG—1)1  (m—it1)ll"
fact that if £ is linear in x, then D2¢ = 0 for & > 2 in (2.36). This directly gives

(2.37).



We now provide applications of Proposition 1.

4. The nonlinear equation which is of the class in [40]

" /i

yy© +3yy" =0,
subject to the Lie linearizable ODE
yy" +y* =0,
has conditional symmetries

1
Xl - 8:E7 X2 = 78y7 X3 = Z‘ax,
Y

X
X4 = yay» X5 = y28wa X6 - ;aya

1 1
X, =2%0, + §xy8y, Xg = 29?0, + 5@/3%.

Clearly X is a inherited symmetry of our ODE (2.42).

Now consider the operator Xy = %Oy with its second prolongation

[2]_1 1/ / 1// 2’2 "
X5 —;%—Eyay +(—Ey +Ey )0y",

Operating X{” on ODE (2.43), we find

X2[2] (yy// + y’z) —0,

27

(2.42)

(2.43)

(2.44)

(2.45)

(2.46)

on the solution; hence X5 by Proposition 1 is also a symmetry of the ODE (2.42)

with A = 0. Consider the generator X3 = x0, with its second-prolongation

X?[)2] = 20, — y' oy — 2"y

(2.47)



Applying Xz?] on ODE (2.43), results in

28

XEyy" +y?) = 20" +y?) =0, (2.48)
where we have A = —2. Thus X3 is an inherited symmetry by Proposition 1.
Now consider X, = y0,, with
X7 =yo, +y'0y +y'0y, (2.49)
Making use of X;? on ODE (2.43), we deduce
XPuy" +y®) =20 +y*) =0, (2.50)
with A = 2. Hence X} is a inherited symmetry by Proposition 1.
Now for operator X5 = y%0,, we have
X = 20, — 2yy” 0y + (=29 — dyy'y" — 2y'y")0y". (2.51)
Operating XE[,Q] on ODE (2.43), we get
X2y + ) = —6yy' (yy" +y?) =0, (2.52)
where A = —6yy/, so that X5 is a proper conditional symmetry.
Consider the symmetry X3 = gay with second prolongation given by
X = zf?y - (; - ;zy’)ay' + (ZJ)"C‘?y”' (2.53)
Applying X([f] on ODE (2.43), we find
X" +y?) =0. (2.54)
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with A = 0. This symmetry is inherited as well.

Now consider X; = 220, + %xyé?y with second prolongation:

X2 = 2420, + xy0y + (y — 3zy" )0y + (—2y" — Tay”)0y". (2.55)
We have
XPyy" +y?) = —6a(yy” +y?) =0, (2.56)
where A = —6x; this implies that X7 is a proper conditional symmetry.

Finally, we consider Xg = xy%0, + %y?’ay with

2,1

1 2 ! i ! i
X = 2320, + 390y + (yQy —2zyy )0y — (y2y +yy ? +2xy° + 6ayy'y") 0y
(2.57)
Now with the use of X\ on ODE (2.43), we determine
Xy + ') = —6ayy (yy" +y?) =0, (2.58)

which in this case yields A = —6zyy’. Thus Xg is a proper conditional symmetry.

Therefore the inherited symmetries of (2.42) are X; to X, and Xgs. Here five
symmetries are inherited whereas in Example 3. we had only two inherited

symmetries. These symmetries are also the inherited symmetries for any derived

ODE of (2.43) as £ is linear in z.
A few examples on systems of two ODEs are now given.

5. The variable coefficient linear system

E,=2"+tx =0,

Ey=vy"+ty =0, (2.59)
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obviously admits the scaling symmetries X; = 20, and X, = yd,. According to
Proposition 1 these are inherited symmetries of any derived even order system
DYE, =0, a=1,2, k > 1. In fact we see that for X;, the \s are Al = 1 and
AZ = 0 for the other values. Similarly one can obtain A2 =1 for X, with the rest

Zero.

6. The nonlinear system (see [66])

El :.T//_y/2 :O,

E,=y" =0, (2.60)
admits the symmetries
X1 = 8,5, Xz = 830, X3 = y@m, X4 = y(?t (261)

By Proposition 1, the symmetry X;, X5 and X3 are inherited by any derived
system D*E, =0, a = 1,2, k > 1. For the first two it is evident and for X3 we
have that the nonzero A is A = 1 which is constant. In the case of X, we have
that A\l = —2¢/, A2 = —2/, A} = 0 and \3 = —3y/. Hence not all \’s are constant

and X, is a conditional symmetry of the derived system (2.60).

6. Finally for the nonlinear Newtonian system (see [66])

W/ 2 2
EFy=x"—2"—y~ =0,

Ey =y" =22y =0, (2.62)
the admitted symmetries are

X1=0;, Xo=exp—(r+y)0, Xz=exp—(r—y)dy X4="10,. (2.63)
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The symmetry X is clearly inherited and so is Xy since A} = —2 and \3 = —2
with the rest zero. Any derived system of (2.62) also has inherited symmetries X,
and Xy. These follow from Proposition 1. However, X, and X3 are conditional

symmetries.

2.3 Integrable equations admitting conditional

symmetries

It is almost a folklore even nowadays that any ODE integrable by quadratures has
nontrivial symmetries. This was dispelled in the two telling examples provided
in [6, 7). The second paper was on a system of two second-order ODEs which
we focus on later. The example we first draw attention to is from [6]. In [6] the
scalar second-order ODE

y' =y 'y +pg(x)yPy + ¢ (x)y"t, y >0, (2.64)

where p # 0 is a constant and g # 0 an arbitrary function of x, was shown to be

completely integrable by quadratures but devoid of point symmetry.

Here we demonstrate that (2.64) has a conditional symmetry subject to the
Bernoulli equation

y — Cy = g(z)y"™, (2.65)

where C' is an arbitrary constant.

We assume that € = 0, n = a(z)yP™! since a symmetry of (2.65) is of this form.

The substitution of this form into the determining equation (we invoke (2.5)) on
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the solutions of (2.64) and (2.65) gives after separation with respect to separate
powers of y that a(z) = exp(—Cpz). Thus a conditional symmetry of (2.64)
subject to (2.65) is

X = exp(—Cpx)y**'o,. (2.66)

In fact the conditional symmetry (2.66) results in the complete integrability by
quadratures of the ODE (2.64) for arbitrary g(x) and p # 0. Here the Bernoulli
equation (2.65) is a first integral of the original second-order ODE (2.64). Thus
the number of essential constants in the solution is two which results in the

general solution.

In fact we can go a step further and construct what appears to be the first higher-

order ODE which is integrable by quadratures but has no point symmetry.

We utilize (2.65) in the form
y 'y — Kg(x)y* = C, (2.67)

where C' and K are arbitrary constants. Then the corresponding second-order

ODE after differentiation is
y Y =y Y+ pg() KyP 'y + ¢ () KyP, y > 0, (2.68)

Utilizing (2.68) as a first integral for the third-order ODE, we determine

12,11 12,11

pg(x)yP2y"?y" — pPg(x)y*3y?y

"2

pg(@)y* Yy + g (@)y? 1y — pg(x)yP 2y

i 14

=3¢ (x)yP2y'y" — 2pg' (2)y*2y'y" — ¢"yP 1y + pg(x)yP Yyt + pPg(x)yPty
+2pg’ (2)y? 2y + 29/ (x)yP 3y + ¢" (x)yP?y”? = 0. (2.69)
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This ODE (2.69) subject to (2.67) admits the conditional symmetry (2.66). Here
the compatible side condition (2.67) has two constants K and C, and its integra-
bility then provides a further constant yielding in all three required for complete

integrability.
We are in a position to prove the following proposition.

Proposition 2.

If a scalar nth-order, n > 2, ODE of the form (2.34) is completely integrable
by quadratures, then it admits a conditional symmetry subject to the first-order
ODE related to the invariant curve condition which arises from the known solu-

tion curves.

The proof of this follows at once. Indeed, since the nth-order ODE of the for-
m (2.34) is completely integrable, it has integral curves ¢(z,y,C,...,C,) =0
in which C;, i = 1,...,n are n arbitrary constants (these n constants result
in n first integrals). We solve for one of the Cjs, say C,, to deduce C, =
O(x,y,Cq,...,C,_1). The total differentiation of this, viz. D, ®(x,y,C4,...,Ch_1) =
0 yields

¢, +y'Pd, =0,9, #0, (2.70)

which is the invariant curve condition. The condition (2.70) then gives the con-

ditional symmetry

o,
X =0, — =20, (2.71)
(I)y

of our nth-order ODE (2.34) subject to (2.70).

In the light of Proposition 2, we can now re-look at the example with which we
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started. For the second-order ODE (2.64), a conditional symmetry is
X =0, — (Cy+ g(z)y*™)9,, (2.72)

which is subject to the invariant curve condition (2.65). Similar considerations

apply to the third-order ODE (2.69).

An ODE may not be completely integrable such as the one given in Example
1 of the previous section in which the second-order ODE has a one-parameter
family of exact solutions. In this event, one can weaken Proposition 2 and write
the integral curves as ¢(x,y) = 0 or ¢(z,y,C1,...,C,) = 0, where r ranges from

1 to r < n. We can state a weaken form of Proposition 2 as follows.

Proposition 3.

If a scalar nth-order, n > 2, ODE of the form (2.34) has exact solutions ¢(x,y) =
0 or ¢(z,y,C4,...,C,) = 0, where r ranges from 1 to r < n, then it admits a
conditional symmetry subject to the first-order ODE related to the invariant

curve condition which arises from the known solution curves.

The proof of this is analogous to that of Proposition 2. In this case there are r
first integrals resulting in r essential constants or no first integral thereby giving
an exact solution with no arbitrary constants — the side condition is the invariant

condition which is compatible.
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2.4 Conditional symmetries of scalar linear ODEs

Now we generalize the above analysis of the free particle ODE to scalar nth-order

linear ODEs. We begin our discussion with simple linear ODEs.

Consider the simplest (n — 1)th order ODE
y" =0, n>4. (2.73)

The above equation (2.73), as is well-known, has (n — 1) + 4 = n + 3 point

symmetries for n > 4 which are (see, e.g. [19])
Xl = a:c; X2 = aya X3 = xa’m X4 = yaya X5 = $ay7

Xi=2"10,,i=6,...,n+2, X3 =220, + (n — 2)xyd,. (2.74)

The derived ODE
y™ =0, (2.75)

has n + 4 symmetries. The operators Xi,..., X, 1o of (2.74) are the inherited
symmetries of the nth-order ODE (2.75) and X, 3 of (2.74) is proper conditional.
This can be verified by Proposition 1 as only the translations, uniform scalings as
well as solution symmetries of (2.73) have A constant. Thus these symmetries are
inherited by the simplest derived higher-order linear ODE. If one looks for the
inherited symmetries that arise from the free particle equation to any subsequent
order equation y® = 0, s > 3, then these are X1, ..., X;. However, if we desire
the inherited symmetries from y® = 0, p > 3 to y@ = 0, ¢ > 4, then these are
translations, uniform scalings and solution symmetries up to X, 3 = x@-l)ay.

The symmetry X4 is a proper conditional symmetry given as

Xpia = 220, + (p — )y, (2.76)



36

We now consider how the symmetries of scalar linear second-order ODEs with

variable coefficients are inherited by the derived compatible higher-order linear

ODEs. The linear second-order ODE
y' +a@)y + b(z)y =0,
has the point symmetries
X = oqyo, + (all — ala)yQOy,

Xy = oyd, + (ay — aza)y?d,,

X3 = [0, + (ﬁl 261a)ay,
X4 - 626x + Way)
X5 = (30, + (63 Qﬁga)(,)%

Xe = 010y, X7 = 020,, Xg=y0,.

where the «;, 8; and J; are independent solutions of
" — (aa)" + ba
" — (2a' + a® — 4b)B' — ;(Za' +a® —4b)B

8" + ad’ + bd

(2.77)
(2.78)
0,
0,
0. (2.79)

It transpires by Proposition 1, that any derived ODE from (2.77) of third- or

higher-order inherits in general the symmetries Xg, X7, Xg only for non-constant

coefficients. If the coefficients of (2.77) are constants then a further symmetry

X = 0, (which comes from one of X3 to X3) is inherited.

We consider a particular example by putting a = 0 and b = —1 in ODE (2.77).

Then the ODE is

y —y=0.

(2.80)
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Thus the symmetries X3, X, and X5 of ODE (2.80) are (these come from the
corresponding symmetries in (2.78))

Xl = exyax + enyaya X2 = eixyax - eixx?ﬂayv X3 - a:c;

Xy = ¥, + e2wy8y, X =e 29, — e_%yay

X6 = Gmay, X7 = €_m8y, Xg = yay (281)
The only inherited symmetries to the derived ODE are X3, Xg, ..., Xg. Those of
X5, Xo, X4 and X5 are proper conditional symmetries of the derived equation.

In fact if one computes X for X, and X5, one gets A = —3e** and A = 3e%2,

respectively. Hence these are not inherited symmetries by Proposition 1.

For the simple harmonic oscillator equation
y'+y=0, (2.82)

again the inherited symmetries to any higher-order derived ODE are translations

in o, uniform scalings in y, and the two solution symmetries sin 20, and cos x0,,.

We may as well investigate what happens to the inherited symmetries if we
substitute the highest derivative of the root third-order ODE in the derived
ODE. Consider the first derived ODE of (2.77), viz.

y" +ay” + (d +b)y +by=0. (2.83)

Now we substitute the value for y” from (2.77) into this ODE (2.83). This results
in

y" + (' +b—a®)y + (V' —ab)y = 0. (2.84)

This equation (2.84) inherits the solution and homogeneity symmetry Xg, X7
and Xy as given in (2.78) of the second-order ODE (2.77) although Proposition
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1 does not apply. The reason being that §; and d5 of Xg and X7 solves (2.84) as
well as Xy is clearly a symmetry of (2.84).

We now consider higher-order variable coefficient linear nth-order (n > 3) ODEs

of the homogeneous type
n—2 )
E=y™ 4+ > a;(x)y® = 0. (2.85)
i=0
We content ourselves with this form as the treatment of the linear ODE without
the second highest derivative coefficient annulled is the same. We thus use the

canonical form (2.85) as it has received full treatment for its symmetry properties

in Mahomed and Leach [19]. Equation has point symmetries [19]

X, = yay7
Xi+1 = ozi(x)ay, 1= ]_, N, (286)
n—1, .
X; = B(x);0, + ?ﬁj(az)yay, j=1,2,3, (2.87)

where «; are n linearly independent solutions of (2.85) and 3, solves

(n+1)!

1
mﬁm + Ban_o + 55@%72 = 0. (2.88)

Any derived linear equation of (2.85), viz. DI'E = 0 inherits the symmetries

(2.86) as Proposition 1 applies. The symmetries (2.87) become proper conditional

symmetries of D'E = 0.

Now the differentiation of (2.85) twice, D2E = 0, and then the substitution of
the value of %™ from (2.85) into D2E = 0 gives

D2E| 0. (2.89)

ym==3"""" ai(@)y®
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The linear ODE (2.89) inherits the symmetries (2.86) of the root equation (2.85)
which comprise the scaling and solution symmetries. Here Proposition 1 does
not apply. This result though follows from the fact that the ODE (2.85) is
compatible with the ODE (2.89) and the solutions of (2.85) are the solutions of
(2.89) meaning that the solution symmetries in (2.86) are inherited by the ODE
(2.89). Also clearly (2.89) admits the uniform dilation symmetry X; of (2.86).

The above argument is valid and can be extended to an arbitrary order derived
ODE subject to appropriate substitutions of (2.85) at each stage in the derived
ODE.

In the case of constant coefficient second- and higher-order linear ODEs (2.77)
and (2.85), the derived ODE and derived ODE after substitution of the root
equation inherits in addition to the solution and homogeneity symmetries, the

translation symmetry viz. 0,.
One thus has the following proposition.

Proposition 4.

Any derived scalar linear ODE DI'E = 0, m > 1, with or without substi-
tution of the root linear mth-order (n > 2) ODE of the homogeneous type
E = y™ 4+ ¥ ai(z)y™ = 0 inherits the homogeneous symmetry y0, and
n solution symmetries o;(x)d,, ¢ = 1,...,n, where «; solves £ = 0. Further if
the coefficients a; are constants, then in addition the translation symmetry 0, is
inherited by the derived ODE. The remaining symmetries are proper conditional

symmetries of the derived ODE.
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2.5 Conditional symmetries of systems

Symmetries and integrability for systems of second-order ODEs were considered
recently in [67]. In general we have that the symmetries of the root system
are conditional symmetries of the derived higher-order system of ODEs. The
question arises as to which symmetries of the root system are inherited by the
derived system of ODEs as point symmetries and which remain as proper con-

ditional symmetries.

We commence our initial investigation by considering the simplest system of two

second-order ODEs, viz.
"

= 0,

y' = 0, (2.90)

where the prime denotes differentiation with respect to ¢. This system (2.90) has
the sl(4, R) symmetry algebra with well-known point symmetries

Xl = ata X2 - 8&,’7 X3 = 8:1/’ X4 = tata X5 = xal’)

Xe = Y0y, X7 =10,, Xg =10,, X9 = x0;, X19 = Y0,

Xll = y@w, X12 = xﬁy, X13 = t28t + tl’ax + tyay,

Xy = txd + 220, + xy0y, X15 = tyoy + xy0, + y20y. (2.91)

It easy to deduce that the derived system

"

y" = 0, (2.92)
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has the inherited symmetries X; to Xg as well as X1; and X;5. This means that 10
symmetries are inherited. These are comprised of 3 translations, 3 homogeneous,
2 solution and two symmetries of mixed type in the space variables, not time
t, viz. Xi; and Xj5. We remind the reader that upper bounds for symmetry

algebras for higher-order systems were given in [68].

One can extend the above argument to a system of more than two second-order
ODEs. To begin with we consider a system of three equations. In this case we
have 4 translations, 4 homogeneous, 3 solution and 6 symmetries of mixed type
in the space variables. One can continue in this vein and we have the following

proposition.

Proposition 5.

For a system of n, n > 2, free particle equations which admits the symmetry
algebra sl(n + 2, R), the derived even order system inherits n* + 2n + 2 of the
point symmetries of the free particle system comprising n + 1 translations, n + 1
homogeneous, n solution and n(n — 1) symmetries of mixed type in the space
variables. The remaining 2n + 1 symmetries are proper conditional symmetries

of the derived system.

The proof is constructive and follows easily. The free particle system has n? +
4n + 3 point symmetries. Of these, n are the symmetries y;0;, ¢ = 1,...,n, if
we label the space variables as y;, and n 4 1 are the true projective symmetries
which involve all the variables. These constitute 2n+1 symmetries which one can
check are not inherited by the derived system and are conditional symmetries.

Therefore n? + 2n + 2 are the inherited symmetries.
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Consider now the nth-order system of ODEs

n—1
y W+ 3 Aty = o, (2.93)
i=0
where the A;s are m X m time-dependent matrices and y = (y1, ..., ym)".

We now have the following result which is a natural extension of Proposition 4.

Proposition 6.

Any derived linear even order system of ODEs D?E = 0, p > 1, with or without
substitution of the root linear nth-order (n > 2) ODE of the homogeneous type
E = y™ + S0 Ai(t)y™® = 0 inherits the m homogeneous symmetries ;0,,,

i =1,...,m and nm solution symmetries a;(x)d,.,i =1,...,n, j =1,...,m,

Yj
where «; solves £ = 0. Further if the coefficients A; are constants, then in

addition the translation symmetry 0, is inherited by the derived system of ODEs.

It will also be of interest for further study to investigate inherited symmetries of

derived systems of linear ODEs which are of mixed type not considered above.

Before we terminate this section, we state an analogous result as for scalar nth-

order ODEs for systems regarding integrable equations.

Proposition 7.

If an nth-order, n > 2, system of ODEs E,(z,y,...,y™) =0, a = 1,...,m,
where y = (y1, ..., ym)?, has exact solutions ¢ (z,y) = 0 or ¢o(z,y,Cy,...,C,) =
0, where r ranges from 1 to r < mn, then it admits a conditional symmetry sub-
ject to the first-order ODEs related to the invariant curve conditions which arises

from the known solution curves.
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The proof is similar to that of Proposition 2 except that we have ¢, for each
«. In this context there are r first integrals yielding r essential constants in
the solution or no first integral just giving a particular solution devoid of any

essential constants.

As an example, we take the system of two ODEs considered in the work [7] which
drew attention to the misunderstanding that a system integrable by quadratures
must have a nontrivial symmetry group. It was demonstrated in [7] that the

system

2" =c(x), ' =d/dt,

y' = (f(t,z, 2 )y) + g(t,x, o), (2.94)

is integrable by quadratures but in general has a trivial symmetry group. In [7],

m—+m

the explicit forms for f = A(t)2™ and g = p(t)z was utilized to construct

the trivial group.

The system (2.94) for arbitrary ¢, f and ¢ has conditional symmetry

X =0+ s(x)0, + <yf </ s (z)dx — ¢, , s(x))
+ /g (/ s Hx)dz — g, 7, s(a:)) s H(x)dz + c;;) Oy, (2.95)

where s(z) = j:\/2 [ e(x)dx 4 2¢; with ¢p, ¢ and ¢z arbitrary constants, subject

to the invariant curve conditions

—i—g(/ s Hx)dx — g, 7, 8(x))s  (x)dw + cs. (2.96)
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The invariant curve conditions have three arbitrary constants and their integra-

bility gives one further constant.

2.6 Conditional symmetries subject to lineariz-

able ODEs

Conditional linearizability of scalar third-order ODEs subject to Lie linearizable
second-order ODEs were completely invariantly characterized in terms of the co-
efficients of the equation in the papers [40, 41] wherein the derived third-order
ODE before and after substitution of the second derivative were investigated.
Here we briefly focus on the conditional symmetries of two conditionally lin-

earizable equations subject to second-order Lie linearizable root ODEs.
1. The nonlinear third-order ODE which is of class given in [40]
vy —3y° =0, (2.97)

subject to the linearizable second-order ODE (2.43) has conditional symmetries

(2.44).
Here clearly X is a inherited symmetry of (2.97).

Now consider the symmetry X5 and its third prolongation and operating it on

ODE (2.97), we find

XSy = 3y°) = "y + 3y° + b’y (2.98)
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Now putting " = % in (2.98), we obtain
X[v?)}( 2, 3y ) _ y//lyQ 3y/3 — 0 (299)

on solutions of the equation. Thus X5 is a proper conditional symmetry when

we substitute the value of y”.

Consider the generator X3 with its third prolongation and operating it on ODE
(2.97), we get
XSy - 3y®) = =3(y*y" — 3y°) = 0. (2.100)

Hence X3 is an inherited symmetry of ODE (2.97).
The symmetry X, is also an inherited symmetry for ODE (2.97).

Since X5 = y?0, is a conditional symmetry by Proposition 1 with A = —6yy/,
thus it would also remain a conditional symmetry for a third-order ODE (2.97)

after substitution of g”.

Consider now the symmetry X4z = ﬁﬁy with its third prolongation and operating
on ODE (2.97) we find

2 13 /01

X6[3]( 2 3y ) o lem . 3y// . 3y7 + 3% + ny Y . (2101)
Y Y Y
Now putting the value of y” in (2.101), we deduce
3y x
X([;S]( 2. m 3y/3) y/// y2 ?(yQ " 3y ) 0. (2.102)

Hence Xg is a proper conditional symmetry of a third-order ODE (2.97) after

substitution.
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Now for X; = 220, + %xyay, we have found that A = —6x. Thus X7 is a
conditional symmetry for the third-order equation before and hence it remains

the same for the third-order equation (2.97) after substitution of y".

Finally we have Xg = z9%0, + %y3ay with A = —6zyy’. Here Xy is also a
conditional symmetry of the third-order equation before and it remains the same
for the third-order equation (2.97) by substituting the value of y”. Here we see
that only X, X3 and X, are inherited symmetries.

2. Another example given by
" 6 / 13 2,15
Yy =Sy —Ty” = 3x7y” =0, (2.103)
x

is of the class given in [40] and has conditional symmetries (2.33) subject to the
linearizable root equation (2.32). We have the same symmetries X; and Xg of

(2.33) as inherited symmetries.

We have seen that the inherited symmetries are different for linear and nonlin-
ear ODEs. That is, a derived linear second-order equation has more inherited
symmetries than a conditionally linearizable equation as in (2.103). Moreover,
we see from the above two examples that conditional symmetries of the derived
ODE before and after substitution need not be the same. In Example 2. above
the inherited symmetries are the same as that of Example 3. given in Section
2. The same does not apply for Example 1. above which has X, X3 and X, as
inherited symmetries and in Example 4. of Section 2, we have that X; to X4

and Xg are inherited symmetries.
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2.7 Physical applications

It is well-known that conditional symmetries of partial differential equations are
of paramount importance as they unearth physical relevant solutions. Recently

this has been applied to non-Newtonian fluid flow problems [69, 70].

Here we demonstrate the utility of conditional symmetries for ODEs that arise
in the non-Newtonian fluid flow of a third grade fluid as well as in classical

mechanics.

1. The third-order nonlinear ODE for the steady-state solution u = f(y) of the
unsteady flow of a third grade fluid through a porous plate without a modified
pressure gradient is (see Aziz and Mahomed [69])

,U*f” . Oé*Wf”/ + 3,yf/2f// _ ,.}/*ff/2 + Wf/ — f/K* =0, I = d/dy, (2104)

where the relevant constants in (2.104) are the parameters of the fluid problem.

The boundary conditions are
f(0) = Iy, I = const., f(00) =0, f'(c0) = 0. (2.105)

We show here that the physical solution of (2.104) subject to (2.105) arises from
a conditional symmetry. Indeed, the conditional symmetry of the ODE (2.104)
subject to the first-order linear ODE

f+ \/\/%f =0, (2.106)

18

_g YV
X =0, — V=10 (2.107)
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The solution of the corresponding characteristics system of (2.107) results in the

solution of (2.104) as

w=fly) =1y exp(—j;w, (2.108)

which is precisely of the form given in [69]. The substitution of this solution

(2.108) into the ODE (2.104) gives the parameters constraint

* * Vx * 1
’ VI Dy Ve — 0, (2.109)

3y V3 3y V3y K.

as is the case [69]. In this example the one constant in the first-order ODE

(2.106) which is a compatible side condition satisfies the boundary conditions

with a further constraint on the parameters as given in (2.109).

2. We consider the modified Emden equation

n—1
"4+ (k Ly =0 0.1, —1,-3 2.110
y+(+n+3w) Yy +y ,n#0,1,-1,-3, ( )

where k is an arbitrary constant. This ODE (2.110) is contained in the general
class

y' +a(z)y +y" =0, (2.111)
where a(z) is an arbitrary function, which has been studied by various authors,
notably Leach [71], Berkovich [72] recently Mahomed and Momoniat [73]. Also
extensions have been investigated [74]. Leach [71] investigated the first integrals
of (2.111) via the Noether theorem. Berkovich [72] showed that one can reduce
the equation (2.111) to an autonomous canonical form by means of the Kummer-

Liouville transformation

y=v(x)z, dt=u(r)d. (2.112)
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In [72], the point symmetry properties and exact solutions of the particular form

y = pv(z), (2.113)

for constant p which satisfies a polynomial equation were also determined. The

recent work [73] focused on a special case of (2.111), viz.

3
y" + ﬁxx?y/ +y3 =0, k = const. (2.114)

The authors of [73] then found the new general solution of (2.114) utilizing a
symmetry of a first integral of (2.114).

Note that our ODE (2.110) has particular solutions of the form (2.113) as is

easily constructible from the results of Berkovich [72]. These are

2 2 n—l —2
=0 =y 92115
e VA e sbeur £0) (2.115)

y = (

We now obtain the new general solution of (2.110) by using a conditional sym-

metry of (2.110) subject to the first-order ODE

2(n+1)

bk 2k 7+ 20+ o)

n+3
n—1 /

vy

2(n+1)

gk + gr) Tyt = C, O = const. (2.116)

This is easily deduced and we have

_n+3 n—1

X 5 (k+ n 3:1:)81, — y0,. (2.117)

We thus have an invariant of this operator (2.117)

n—1 2
n—1, 2.118
n+3x) ( )

u=1y(k+
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This invariant (2.118) after substitution in the ODE (2.116) results in the sepa-
rable ODE

-1 4u? 2
o x)u' = :I:J 20 4 —- untt (2.119)
n+3

k _
(k+ (n+3)? n+1

which is integrable by quadratures. Thus the new general solution of (2.110) is
given by (2.119). Note here that the first-order ODE (2.116) is a first integral
which has the arbitrary constant C in it. The solution of this then gives the
complete integrability of our modified Emden equation (2.110).

3. The fifth-order nonlinear ODE for the steady-state solution u = h(y) of
the unsteady flow of a fourth grade fluid over an infinite moved plate with suc-

tion/injection without a modified pressure gradient is (see Aziz and Mahomed

[70])

W()h// + h/l o O[1‘/1/'0]1/// + 61W02h//1/ + ﬁ(h/)2h”

d
— WS — QFWOd—[(h’)Qh”} =0, (2.120)
Y

where the relevant constants in (2.120) are the parameters of the fluid problem.

We show here that the physical solution of fifth-order ODE (2.120) arises from
a conditional symmetry. Indeed, the conditional symmetry of the ODE (2.120)
subject to the first-order linear ODE

dh B, _
dy 3TW,

0, (2.121)

18

x=2y 0,0

P RETTALTS (2.122)
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By solving the corresponding characteristics system of (2.122), the solution of

the ODE (2.120) is

), (2.123)

which is precisely of the form mentioned in [70]. The substitution of this solution
(2.123) into the ODE (2.120) gives the constraint on the physical parameters

B B a1’ 15! VB

AT (30)?(Wo)? B (30)3(Wy)? + (3T)4(Wy)? N (30)5(Wp)2" (2.124)

as given in [70]. Similar to Example 1. above, we have a first-order side condition
which yields one arbitrary constant and the solution of this satisfies the boundary

conditions with the above constraint on the parameters.

2.8 Concluding remarks

Conditional symmetries of ODEs are of paramount importance when the ODEs
under investigation have insufficient number of Lie point symmetries. These are

useful for integration as we have seen.

In this chapter, we have shown by means of an algorithm as to how one calcu-
lates the conditional symmetries of ODEs subject to lower order ODEs. Many
simple examples as well as the properties of scalar linear and linear systems of
ODEs were considered for their conditional symmetries. We explained how the
symmetries of the root ODE are inherited by the derived ODE by means of a
four propositions. Moreover we have proved that if a system of ODEs has exact

solutions, then it admits a conditional symmetry subject to the first-order ODEs
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related to the invariant curve conditions which arises from the known solution

curves.

We have also investigated third-order non-linear ODEs which admit eight con-

ditional symmetries subject to a Lie linearizable second-order ODEs.

Finally we presented applications of conditional symmetries to ODEs that arise

in mechanics and have obtained new solutions.



Chapter 3

Conditional Symmetries of
Nonlinear Third-order ODEs
subject to Second-order
Equations with

Three-Dimensional Algebra

3.1 Introduction

The present chapter continues the research which was performed in Chapter 2.

Here we take as our base, scalar second-order ordinary differential equations

93
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(ODEs) which have seven equivalence classes with each class possessing three
Lie point symmetries. We show when scalar second-order ODEs taken as first
integrals are preserved as Lie point symmetries and conditional symmetries of
the derived third-order ODE. Furthermore, we show how one can calculate the
conditional symmetries of third-order non-linear ODEs subject to second-order
nonlinear ODEs which admit point symmetries. Thus scalar nonlinear third-
order ODEs are considered for their conditional symmetries subject to second-
order root ODEs having symmetry. Finally, we consider the conditional sl(2,IR)
criteria for the scalar third-order ODE, obtained after the differentiation of the
scalar second-order ODE which admits the sl(2,R ) symmetry algebra. We work
out the criteria of the derived third-order ODE in terms of the coefficients in-
volved in the second-order nonlinear ODE which has sl(2,IR ). These are carried
out by use of the Tressé invariants which give the sl(2, R ) symmetry criteria for

second-order ODEs admitting such a symmetry algebra.

We commence by giving a precise definition of conditional symmetries (see Chap-

ter 2 and [62]) adapted to third-order ODEs.

Definition 3. A nonlinear third-order ODE is conditionally classifiable by a
symmetry algebra A with respect to a nonlinear second-order ODE called the
root ODE if and only if the third-order ODE jointly with the second-order ODE
forms an overdetermined compatible system (so the solutions of the third-order
ODE reduces to the solutions of the second-order ODE) and the second-order
ODE has symmetry algebra 4 which is the conditional symmetry algebra of the
nonlinear third-order ODE.
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We now present the algorithm for computing the conditional symmetries of a
scalar third-order ODE of the form (these can be derived from Chapter 2 in

which we stated it in general)

y" = f(z,u,v,y"), (3.1)

where x is the independent variable, y the dependent variable and 3/, 3" denote

the derivatives of y with respect to x.

Let X be the vector field of dependent and independent variables given by

0 0

X =&(v,y) 5~ +n(z, y)@, (3.2)

oz

where ¢ and 7 are the coefficient functions of the vector field X.

Suppose that the vector field X is a conditional symmetry generator of equation

(3.1) subject to a nonlinear second-order ODE

y' =gz, y,y). (3.3)

Then the conditional symmetry condition

XBIy" — fl2, 9.9 9" )y oy —g=0 = 0, (3.4)

holds. Here X denotes the 3rd prolongation of the generator X given by

3
0
xXBl = x + . . 3.5
in which
G = Da(G1) —y9'De(6), 5 =1,2,3, (o =1 (3.6)

and D, is the usual total differentiation operator with respect to z.
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3.2 Examples of conditional symmetries for third-

order ODEs

In this section, we present two examples of third-order ODEs. One is condi-
tionally linearizable with respect to a Lie linearizable second-order ODE. The
other has conditional s/(2, R ) symmetry subject to an Ermakov equation which

admits the s/(2,IR ) algebra.
1. First we consider the example of differentiating the linearizable equation [41]
" '3 2 /
y'rayt+ oy =0, (3.7)

which results in

! /< 6
y" — 32y — Ty 3 — Py’ =0. (3.8)

Wetakec=0,d=0,9g=f—2b=0and h=a—2e = % in the class considered
in [41] and select b =0 and e = —1. Then f =0 and a = 0. It is easily verified
that the conditions are met and that it is not in any of the classes of [15, 16, 75]
and cannot be linearized according to the methods discussed in these. Equation

d?v

(3.7) reduces to the simplest linear form %%

= 0 by use of the transformation
u = x cosy and v = x sin y. The solution is given in terms of two arbitrary
constants. Hence the third-order ODE (3.8) is conditionally linearizable by a

point transformation in v and v with respect to the second-order ODE (3.7).

2. Consider the second-order Ermakov equation [76]

y' +ay? =0. (3.9)
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The above equation has the following symmetry generators (which form the

sl(2,R) algebra)
Xl = 83:7
1
XQ = x@x+§yay,
X; = :BQ@x—i—xyay. (3.10)
Now differentiating (3.9) we obtain

vty — 3ay’ = 0. (3.11)

It is obvious that X is the inherited symmetry of (3.11). Now consider the

generator Xy with its second prolongation
1 3
xP = o, + Yo, — Ey’ay/ — §y’/3y~. (3.12)
Operating (3.12) on (3.9), we deduce

_ 3 _
X%Q} [y + ay™?] = —§(y" +ay™?), (3.13)

with A = —(3/2) (see Proposition 1 of Chapter 2 and also [62]). Hence X is
an inherited symmetry generator of (3.11) by Proposition 1. Now consider the
generator X3 with its prolongation

XP = 220, + 2yd, + (y — y)0y — 3xy" . (3.14)
By making use of (3.14) on ODE (3.9), we easily obtain

X:?] [ 4+ ay™®] = =3z[y" + ay ™7, (3.15)

and this results in A = —3x. This shows that by using X3[,2} on (3.9) we are
able to determine X3 as the symmetry generator of (3.11); hence X3 is a proper

conditional symmetry generator of (3.11) with A = —3x by Proposition 1.
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Now by eliminating « from (3.9) we arrive at
yy" + 3y'y" = 0. (3.16)
Operating (3.12) on (3.16), we find
X£3] [y + 3?/9”](3.16) =0= —2[yy" + 3y'y"] 3.16) =0, (3.17)

this is an inherited symmetry generator of (3.11). Note that Proposition 1 does
not apply as we have substituted ov. Making use of (3.14) on ODE (3.16), we

obtain
XP gy + 3y 3.16) = 0. (3.18)
which gives
[=32(yy" + 3y'y")l3.16) = 0, (3.19)

and thus X3 is a proper symmetry generator of ODE (3.11).

3.3 Symmetries of first integrals of third-order
ODEs

In this section, we consider scalar second-order ODEs in their canonical forms,
taken as first integrals of the respective third-order ODEs, which admit three
symmetry generators. We see that all the symmetries of the second-order ODEs
considered as first integrals are inherited as point symmetries of the third-order

ODEs.

Consider the following table of second-order ODEs in canonical form that possess

Lie point symmetries [77].



Table 1

29

Lie group classification of scalar second-order equations in the real plane

p=0/0x and ¢ = 0/dy

Algebra

Canonical forms of generators

Representative equations

L
L3,

)

II
L2;1

1
L3'3

3

1
L3'6

i

1
L3'7

I
L3;8

11
L3;8

111
L3;8

L3;9

Xi=p

Xi=p,Xo=¢q
X1=¢, Xo=zp+yq

Xi=p,Xo=¢,Xsg=ap+ (x+y)q

X1 =p,Xo=q,X3=1xp+ayq
X1 =p,Xo=¢,Xs= (bx+y)p+ (by — x)q

X1 =q,Xo =ap+yq, X5 =2zyp + y’q

Xi =¢q, Xy =ap+yq, X3 =2xyp + (v* + 2%)q

X; =q,Xo=ap+yq, X3 =2zyp+ (y* — 2%)q

Xy =1+ 2*)p+zyq, X2 = zyp+ (1 + y*)q,

X3 =yp—xq

¥ =gy, v
y" =9y

zy" = g(y')
y' = AeV

y'=Ay'(a—2)/(a—1)
y/l _ A(l + y’2)%€barctany/

/

vy’ = Ay® — 3y

Njw

vy’ =y +y3+ A1 +y?)
vy’ =y —y3+ Al —y?)

[SII¥Y

y// _ A[l + y/ + (y - xy/)2]3/2

1+ 22+ 92

We briefly review the following definitions and results of [78] which shows that

the symmetry of a first integral is the symmetry of the equation itself.

Definition 4 (see [78]).

The differential (n — 1)-form

w = T"(x,u,us, ...,ur,l)ij(dxl A ... Ndz™)

oxt

(3.20)
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is called a conserved form of
Eﬁ(:p,u,u(l),...,u(r)) =0,=1,...p<m, (3.21)

if
Dw =0, (3.22)

is satisfied on the manifold in the space variables z, u, u(y), ..., u(.) defined by the

system, where D is the total exterior derivative.

Theorem 1 (see [78]).
Suppose that

0 , o0 00 | o 0
%4—?7 8ua+<i37u?+91i23u9‘- LA (3.23)

1112

X=¢

where (i = 1,2,...,n) and n*(a = 1,2,...,m) are differential functions and
the additional coefficients are ¢ = D;(n*) — u$D(&7), ¢ ;. = Di (¢! ) —

i1...0s 11051

1. 051

The operator X is a Lie-Bécklund symmetry generator of the system (3.21) such
that the conserved form w of (3.21), given by (3.20) is invariant under X. Then

X(TY +T'Dj(&) —T"D;(£"),i = 1,...,n, (3.24)

where D, = £ ‘Zi + u?% + ... is the total derivative with respect to 2

0

Note.
For any differential function f, Df = D;fdz" and for any k-form w = f; ;, ;, dz"A
dz2 A ... Ndx, Dw = Df; i, i dz? Adx?t Ada? AN dar.



61

The above Theorem 1, in the case of ODEs, shows that if we consider a second-
order ODE considered as a first integral A = I(z,y,y’,y”), with three symme-
tries, of a third-order ODE and take D,A =0 on A = I(x,y,y,y"), we obtain
the same symmetries of the third-order ODE.

We focus on Table 1.

Consider the representative ODE for Lf 4 from Table 1. The canonical equation
1s

y'=Ae, (3.25)
and has the generators

X1 = 896, Xz = 8y, X3 = x@z + (l' + y)ay (326)

The derived ODE ((3.25) is taken as a first integral) corresponding to (3.25) is
[79]
y" +y"” =0. (3.27)

It is obvious that X; and X, are the symmetries of (3.27). Now consider the

generator X3 with its third prolongation

XY =20, + (x +y)0,, +0y — y" 0,0 — 20 . (3.28)
Operating (3.28) on (3.27), results in

X" + 4™ 50m = 0= —2[y" + 4% 3.2m) = 0. (3.29)

Thus X3 is a symmetry generator of (3.27). Hence the third-order ODE corre-
sponding to (3.25) has the same symmetries as the second-order ODE.
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Now for L§q from Table I, the equation is
" /(a—2)/(a—1) 1
Yy = Ay y = 07 57 27 (330)
which has the following symmetry generators
X1 = 895, X2 = (3y, X3 = x@x + ayﬁy. (331)

This ODE (3.30) corresponds as a first integral to the ODE [79]

a— 2

12
—_— = 0. 3.32
a— 1)y ( )

y///yl o (

We know that X; and X, are the inherited symmetries of ODE (3.32). We

consider the symmetry generator X3 with its third prolongation
XP =20, + ayd, + (a — 1)y 0y + (a — 2)y" 8y + (a — 3)y" Opn. (3.33)

Operating (3.33) on (3.31), we find

a— 2

X;[»)S] "y — (E //2](3'32) =0. (3.34)

Thus X3 is also an inherited symmetry generator of (3.32). Hence the third-order
ODE corresponding to (3.30) has the same symmetries as the second-order ODE

which is its first integral.
For Li.;, the equation is given as

y'=A1+ ylz)%ebamtany/, (3.35)
and has the following operators



63

This equation as first integral (3.35) corresponds to [79]

/ "2

(1+y?)
Here X; and X, are obviously the symmetry generators of ODE (3.37). Consider
X3 and its third prolongation

XE’} = (bx+y)0,+(by—x)0,— (1—|—y/2)8y/ —(b4+3y")y" 0y — [3y//2—|—2(b—|—2y')y"'] Dy
(3.38)

such that

(3y' + b)y"™
(1+y7)

This implies that X3 is a proper symmetry generator of (3.37) with X3£3]E =

AE = 2(b+ 3y')E, where E is the ODE (3.37). Here note that Proposition 1

XByr — J33m) = 0. (3.39)

does not apply as we have substituted the value of A after differentiation.

For Liy, the equation is

/ 1
zy” = Ay — iy'. (3.40)

The above equation has the following symmetries
X, = 0,, Xy = 20, + y0,, X3 = 22y0, + y*0,. (3.41)
The ODE (3.40) is a first integral of
yy" — 3y =0. (3.42)

It is obvious that X is the symmetry generator of (3.42). Now consider the

generator X, with its prolongation

X2[3} = I‘&x + yay — y//ay// — 2y///8y1//, (343)
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Making use of (3.43) on ODE (3.42), we obtain
X2[3] [y/y/// . 33/”2](3.42) = 0. (3.44)

This easily shows that X5 is also an inherited symmetry generator of (3.42).

Finally we consider the generator X3 and its prolongation

X?ES] = 2290, + y*0, — 2:Uy/28y/
—(2y” + 2(y + 3zy)y") Oy
+[(=6y" (2" + zy") — 4(y + 22y )y")] Oy, (3.45)

which on applying to (3.42) gives

X'y — 39" 350 = [(— 102y’ — 4y) (4'y" — 3y")]3.42) = O, (3.46)

with A = —(10zy’ +4y) in X¥E = AE which is zero on the equation E = 0, viz.
equation (3.42). Hence we deduce that X3 is a symmetry generator of (3.42) and

here too Proposition 1 does not apply.

For Li the ODE is
vy =y +y° + A+ )5 (3.47)

The above equation has the following symmetries
Xy = 8,, Xy = 20, + y0,, X3 = 22y, + (v* — 2%)0,. (3.48)
Equation (3.47) is a first integral of
y" "y = 3y'y"” = 0. (3.49)

Obviously the operator X is the symmetry generator of (3.49). Now we consider

the operator X, which has the prolongation given in (3.43). Making use of (3.43)
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and operating it on (3.49) results in
X2[3] [y/// + y///y/? . 3y’y"2](3.49) = 0. (3.50)

Here we see that X5 is also an inherited symmetry generator of (3.49). Consider

now the generator X3 and its prolongation

X¥ = 2290, + (y* — 22)0, — 2x(1 +y2)0,
—2(14y? + (y + 3zy)y") 0y

—[(=6y" 2y + zy") — 4(y + 229" )y") |0y (3.51)
Using the operator X:)EB] on (3.49) yields
X:ES] " + y///y/Q _ 3y/y”2](3.37) =0, (3.52)

where A = —4y — 122y in X:E?’]E = AE. This clearly shows that X3 is a proper
symmetry generator of (3.49).

Finally for the third L{{ realization, the equation is

Njw

ay' =y -y + A1 —y)2, (3.53)
which has the following generators
X, = 0,, Xy = 20, + y0,, X3 = 22y0, + (y* + 2°)0,. (3.54)
Equation (3.53) is a first integral of the ODE given by
y/// o y///y/Q o 3y/y//2 — 0. (355)

Evidently X; is the symmetry generator of (3.55). Now X, has its prolongation
given in equation (3.43). Invoking (3.43) on (3.55) we deduce

X2[3] " + y///y/z _ 3y/y//2](3.49) = 0. (3.56)
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Here we have A = —2 in XQ[?’]E = AL this shows that X5 is also an inherited

symmetry generator of (3.56). Finally, we consider X3 with

XB = 2zy0, + (y* + 22)0, — 2x(y? — 1)0,
—2(=1+y” + (y + 3zy)y") 0y

—[(6y"(2y" + xy") — 4(y + 22y )y"")]| Oy (3.57)
Applying (3.57) on (3.55), we find
X:E)] [y/// . y///y/2 . 3y/y//2](3'55) = 0. (3.58)

Here A = —4y—12xy" in X 3[,3]E = AF and thus X3 is a proper symmetry symmetry
generator of ODE (3.55).

In the last case when the ODE admits the Ls.g algebra (the rotation symmetries

constitute this algebra), the equation is

1 ! _ /\2
y":A[ ty +(y .%’y) ]3/2.

3.59
L+ 22+ 92 (3.59)
If we write this as a first integral, we have
1 / _ \2
I — y//[ +y+ (y Ty ) ]—3/2. (360)

1+a2+y2
After straightforward but tedious calculations, we find that all the symmetries

X1, X5 and X3 are symmetries of I. The derived equation after substitution of

Ais

y/// _ § //[1 +y/+ (y _$y/>2]—1D [1 +y/ + (y - xy/)Q
2 1+ a2 +y? ’ 1+ 22+ 92

by Theorem 1. Therefore our derived ODE has the three rotation symmetries.

] (3.61)

Hence we can state a proposition as follows.
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Proposition 8: The scalar second-order ordinary differential equations 3" =
f(z,y,9y") in the real plane with three symmetries as in Table I taken as first

integrals have their point symmetries inherited for the representative equations.

We have seen that in all cases X, X5 and X3 remain as inherited symmetries of
the third-order ODEs with corresponding first integrals as nonlinear second-order

root ODEs having the same symmetries.

3.4 Conditionals symmetries subject to nonlin-

ear second-order ODEs

Conditional linearizability of scalar third-order and fourth-order ODEs subject
to Lie linearizable second-order ODEs were completely and invariantly charac-
terized in terms of the coefficients of the root equation in the papers [41, 42]
wherein the derived third-order ODE before and after substitution of the second
derivative were investigated. Here we briefly focus on the conditional symmetries

of nonlinear third-order ODEs subject to second-order nonlinear root ODEs.

Again by considering L§;3, on differentiating (3.25) with respect to x with A # 0,
yields
y" + Ay"e ™V = 0. (3.62)

The conditional symmetries are given in (3.26). Here clearly X; and X, are
inherited symmetries of (3.62). Finally we consider the generator X3 with its

second prolongation as can be deduced from (3.28) and apply (3.28) on (3.25).
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This gives rise to

Xy = AeV] = —(y" — Ae™). (3.63)

Here we have A = —1 and hence X3 is also an inherited symmetry by Proposition

1 (see also [62]).

For Lis we again consider (3.30). The third-order ODE is

a—2 o

y" = ( JAY"y'T=a =0, (3.64)

a—1
with conditional symmetry generators given in (3.31). Here again X; and X,

are inherited symmetries of the nonlinear ODE (3.64). Finally consider the
symmetry X3 with prolongation given in (3.33). Invoking (3.33) on (3.30) we get

Xy — Ay = (a - 2)[y" — Ay'+1) =0, (3.65)

We have that A = a — 2 and thus X3 is also an inherited symmetry of (3.64) by

Proposition 1, [62].
For Li.;, the ODE (3.35) upon differentiation with A # 0 yields
y/// . Ay//(gy/ + b)(l + y/2)%€barctany’ —0. (366)

The conditional symmetry generators are given in (3.36). Obviously X; and X5
are the inherited symmetry generators of (3.66). Finally we consider X3 and its

prolongation given in (3.38) and applying it on (3.35) we have
X:£’2] [y// . A(l + y’Z)%ebarctany’] _ —(b + Sy/)[y// - A(l + y/2>%€barctany’]’ (367)

with A = —(3y’ 4+ b), so X3 is a proper conditional symmetry of (3.66).
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For Lis, we consider (3.40) and differentiating it with respect to = with A # 0
gives

3 /
xy/// + 5yl/ o 3Ay//y 2 — O7 (368)

with conditional symmetry generators presented in (3.41). Now operating the

second prolongation of X, which is given in (3.43) on (3.40) results in
1

/ 1 /
Xy = Ay® + Syf) = —Alay” — Ay® + 2y) (3.69)

which shows that X5 is an inherited symmetry generator of ODE (3.68) with
A = —1. Finally, we consider X3 and with its prolongation given in (3.45) and
applying it on (3.40) results in

/ 1 / 1
Xy — Ay® o+ Syf) = =2y + 3ay)ay” — Ay® + Sy, (3.70)

with A = —2(y + 3zy’) which shows that X3 is a proper conditional symmetry
generator of (3.40).

For Lik, the third-order ODE of (3.47) with A # 0 is given by

[SIES

xy/// + By//y’2 _ 3Ay’y”(1 + ylz) =0. (371)

Again we consider X, and its prolongation given in (3.43) and operating it on

(3.47) yields
[2] " / /3 / NS I ’ /3 / 2\
Xploy" =y =y - A +y7)2] = —[ay" —y —y" = A(1+y7)2], (3.72)

with A = —1 which shows that X, is an inherited symmetry generator of (3.71).
Finally, we consider X3 and its prolongation given in (3.51) and now apply this

on (3.47) to find

X?[)2] [ch”—y’—y’?’—A/(l—i-yQ)%] _ —2(y—|—3xy’)[J:y”—y’—y'?’—A’(l—i—y/z)%], (3_73)
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with A = —2(y + 32zy’). This shows that X3 is a proper conditional symmetry
generator of (3.71).

For LiY, the third-order ODE corresponding to (3.53) with A # 0 is

=

2y + 3y"y? + 34y'y' (1 — y?)2 = 0. (3.74)

For the operator X, and its prolongation given in (3.56) we have
/ 1 / 1
XQ[Q][CU?J” Y+ y/3 —A(l-y 2)2] _ —[:ch" Y+ y/3 — Al - y2)2]7 (3.75)

with A = —1, thereby showing that X, is an inherited symmetry generator of
(3.74). Now for X3 and its prolongation given in (3.57) we have

/ ’

X?[,2][$y"—y/+y'3—z4’(1—y 2)%] _ —2(y+3xy’)[J:y”—y'—l—y'g—A/(l—y 2)%]’ (3.76)

with A = —2(y + 3zy’). Therefore X3 is a proper conditional symmetry of (3.74)
when we totally differentiate (3.53) by setting A # 0.

For Ls.g, the derived third-order ODE inherits all the symmetries as conditional
symmetries. We see this as follows. The derived ODE of (3.59) for the Lsg
realization is

///_§A1+y'+(y—$y’)2 12 1+y + (y — xy)?
Yy = [ 2 2 ] w[ 2 2 ]
2 1+2*+y 1+224y

This representative second-order ODE (3.59) has the three symmetries as given

in Table I which are

(3.77)

X, = (1+2%0, + 2yd,, Xo = 290, + (1 +y*0,, X3 =y0, —20,.  (3.78)

For each symmetry in (3.78) we check if it is inherited by the derived ODE (3.77).

In the case X; we have that its second prolongation is

X=X+ (y— xy' )0y — 3xy" Oy
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Acting with this on (3.59) we find that A = —3z and thus X is a proper con-
ditional symmetry of (3.77). Likewise for X, we have its second prolongation
given by

X5 = Xo+ (yy' — 2y”)0y — Buy'y" Oy

and this results in A = —3zy’ implying that X5 is a proper conditional symmetry

of our derived third-order ODE (3.77). Lastly the second prolongation of Xj is
X5 = Xy = (L4 90, = 3y/y" Dy

Here we see that A = —3y’. Thus X3 is a proper conditional symmetry of (3.77).
In this final case we see that all symmetries are proper conditional symmetries

of (3.77).

Here we have seen that in all cases except L9, X; and X5 remained as inherited
symmetries and the derived nonlinear ODEs have less inherited symmetries than
the root ODEs. Whereas X3 is the inherited symmetry for L, and Lig, it is a
proper conditional symmetry for all the remaining cases except Lg.g. For Lz.g we

have that all symmetries are proper conditional symmetries.
A similar proposition to that of Proposition 8 applies here too.

Proposition 9: The scalar second-order ODEs in the real plane in Table I
with three symmetries which do not have Lz.9 symmetry taken as representative
equations when derived to third-order ODEs have their symmetries inherited for
Lis and Lig only. For the other realizations except Lsyg, the third symmetry
X3 is a proper conditional symmetry of the third-order equation and hence the

Lie point symmetries reduce in number from three to two in these cases. For the
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representative equation of Lsg, all symmetries become conditional symmetries

of the derived third-order ODE.

3.5 Conditional invariant criteria of third-order

equation with conditional s/(2, R ) symmetry

Here we consider the conditional sl(2, R ) criteria for a class of scalar third-order
ODEs, obtained after the differentiation of scalar second-order ODEs cubic in the
first derivative which admit s/(2, R ) symmetry algebra. We work out the criteria
for the third-order ODE in terms of the coefficients of the root second-order ODE
with sl(2,IR) symmetry algebra in the same manner as investigated in [41] for
linearizablity. The second-order ODE to be differentiated is cubic in 3’ with
arbitrary coefficients which satisfy I; = 0 and I, # 0 for some terms and thus

the third-order ODE have these coefficients appearing in some combinations.

The scalar second-order ODE has the normal form
y'=fzy.y), (3.79)
with the right hand side of (3.79) having the cubic in the first derivative form as
y' = Az, y)y” + Bz, y)y” + Clz,y)y + D(z,y). (3.80)
The Tressé relative invariants

L= fyyyys (3.81)
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and
d2

T de?

d d
I fy’y’ - 4£fy’y - 3fyfy’y’ + 6fyy + fg;(fy’y - @fy’y’)v (3-82)

both vanish identically for (3.79) when we linearize by point transformation.
Then we obtain the coefficients A to D satisfying the following two invariant

conditions (the Lie-Tressé conditions, see [77])

3A., + A,C —3A,D + 3AC, + Cy, — 6ADy + BCy — 2BB, — 2Bxy =0

6A,D — 3B,D + 3AD, + B,, — 2BD, + 3D,, + 2CC, — CB, = 0.  (3.83)

Now we obtain the conditional sl(2,IR ) criteria for a nonlinear third-order ODE
with respect to a second-order ODE which admits s/(2, R ) symmetry. We first

do this with respect to the canonical equation
1
vy’ = ay® — 5 @ # 0, (3.84)

which has sl(2,IR ) symmetry algebra. The relative invariant Iy does not vanish
for (3.84) and is I, = 6a/x3. The invariant criteria for a cubic in first derivative
second-order ODE of the form (3.80) to be transformable by point transformation
to the canonical equation (3.84) is that I; = 0 and I, = 6a/23. That is we have

(this is after some calculations on using the form (3.80))

3A.. + A,.C —3A,D + 3AC, + C,, — 6ADy + BC, — 2BB, — 2Bzy = 6a/x®
6A,D - 3B,D + 3AD, + B,, —2BD, + 3D, +2CC, — CB, =0. (3.85)

Differentiating (3.80) we find the following equation

y//l — Azy/3+Bxy/2+0xyl+ng+y/(Ayy/3+Byy/2+cy/+Dy)+y”(3Ayl2+2By,+C>-
(3.86)
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By invoking (3.80) into (3.86) we have

y" = (3A%)y° + (5AB + A,)y"* + (4AC + 2B + A, + B,)y" +

(3AD +3BC + B, + C,)y* + (2BD + C*+ C, + D,)y’ + (D, + DC). (3.87)
From (3.87) it follows that the most general form of the third-order equation is
y/// — ay’5 + 6y/4 + ’7?/3 + 5y/2 + ey' + ¢ (388)

Now the comparison of (3.87) and (3.88) results in the conditions

a=3A% (3.89)
B=5AB+ A, (3.90)

v = (4AC +2B*+ A, + B,), (3.91)
d = (3AD +3BC + B, + Cy), (3.92)
e=C?+C,+ D,), (3.93)

¢ = (D, + DC). (3.94)

The inversion of the first four equations gives the definitions for the four coeffi-

cients in (3.80) and the next two gives consistency constraint conditions:

A=/a/3, (3.95)

B = (8- A,)/5A(A#0), (3.96)
C=(y—2B*— A, — B,)/4A(A #£0), (3.97)
D= (§—3BC — B, —C,)/3A(A#0), (3.98)

e=2BD+C*+C,+ D,), (3.99)
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¢ = (D, + DC). (3.100)

Now we are ready to state the following proposition.

Proposition 10: Equation (3.87) has conditional s/(2,IR) symmetry algebra
with respect to the second-order ODE (3.80) which has sl(2, R ) symmetry alge-
bra, where the coefficients are given by (3.95)-(3.100), A # 0.

As an example we consider (3.40) or we can write it as

1
y' =2y (3.101)

T 2x

We have that [;=0 and I, = (23*)y’ with the third-order derivative in the form
of powers of 3/ given as

3a?

3a
22

) = (S + ()

"= 3.102
Yy ( ) ( )

Upon comparing (3.102) with (3.87), we have the following values of the coeffi-
cients A=2, B=0,C=— L and D = =-. Therefore, the third-order ODE

2z daz

(3.102) has conditional si(2,R ) symmetry subject to the root ODE (3.101).

Now we consider the from (3.86) which has the y” term (that is we do not replace

y” by the right hand side of equation (3.80)). We have

y/// — Ayy'4+(z4x+By)y’3+(Bz+Cy)y'2+(C’x+Dy)y'+Dx+y"(3Ay'2+23y’+0).
(3.103)

The most general form corresponding to (3.103)is given as

Y = byt + (Ap + b3)y" + by + b1y + bo + Y (a2y”? + a1y’ +ap).  (3.104)
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comparing (3.104) with (3.103) we have the following values of the coefficients

A=12 (3.105)
3
p="2 (3.106)
2
C = ao, (3.107)
by = % (3.108)
a2y A1y
b = — —_— -].
==+ (3.109)
by = a—;‘” + agy, (3.110)
D= /bodx +k(y) = /(51 — age)dy + U(z). (3.111)

As an example we consider (3.101) We have that ;=0 and I, = (2#)y’. The

third-order derivative is given as

g = (3 Sy (3.112)

T 2z

Upon comparing (3.104) with (3.103), we have the following values of the coeffi-
cients A= 2, B=0,C = —% and D = —379. Therefore, the third-order ODE

(3.112) has conditional si(2,IR ) symmetry subject to the root ODE (3.101).
We mention the following proposition.

Proposition 11: Equation (3.86) has conditional s/(2,IR) symmetry algebra
with respect to the second-order ODE (3.80) with s/(2,R) symmetry algebra,
where the coefficients are given by (3.105)-(3.111), A # 0.
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3.6 Concluding remarks

In this chapter, we have shown by means of an algorithm as to how one can
calculates the conditional symmetries of nonlinear third-order ODEs subject to
nonlinear second-order ODEs (this is adapted from the Chapter 2). Few simple
examples of scalar nonlinear third-order ODEs were considered for their condi-

tional symmetries.

We have also investigated that all the symmetries of the second-order ODEs when
taken as first integrals are preserved as inherited or more generally as conditional
symmetries. Furthermore, we have shown that the derived nonlinear ODEs after
substitution have in general less inherited symmetries as compared to that of the

root nonlinear second-order ODEs.

Finally, we embarked on the conditional criteria for sl(2,IR ) symmetry algebra
of a class of scalar nonlinear third-order ODEs, obtained after the differentiation
of the scalar second-order cubic in the first derivatives ODEs which have sl(2,R))
symmetry. We worked out the criteria on the coefficients that enable conditional
sl(2,R ) symmetry algebra for such third-order ODEs subject to the root second-
order nonlinear ODEs with sl(2, R ) symmetry algebra.



Chapter 4

Integrability of a Remarkable
Static Euler-Bernoulli Beam

Equation

4.1 Introduction

The contents of this chapter is about Lie and Noether symmetry analysis of the
fourth-order static Euler-Bernoulli ordinary differential equation (ODE), where
the elastic modulus, the area moment of inertia are constants and the applied
load is a function of the normal displacement, gives rise to the negative frac-
tional power law 3~°/3 which has the nonsolvable algebra sl(2,IR). We first

determine the inherited symmetries of the three-parameter family of second-
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order ordinary differential equations which arises from the relationship among
the Noether integrals of the fourth-order beam equation. In addition we present
a complete symmetry classification of the second-order family of equations. We
obtain new two- and three-parameter families of exact solutions for this problem.
This is studied via the symmetry classification of the three-parameter family of
second-order ordinary differential equations. Hence the admittance of si(2,1R )
remarkably allows for a three-parameter family of exact solutions for the static
beam equation with load a fractional power law y~°/%. The symmetries of the

reduced ODEs are the conditional symmetries of the fourth-order beam ODE.

4.2 Inherited and Lie symmetries

The first integrals of the ODE (1.4) by use of the Noether theorem with respect
to the Lagrangian in (1.5) are ([49])

1 3.
I = 5(?/”)2 - §5y 25— vy,
1 3 . 3 1
I = §$(y")2 — 50y M —ay'y" + 9" — vy,
1 3
Iy = 5%‘2(3/')2 - §$25y’2/ P2ty + Bayy” — ay'y” = 3yy” + 297, (4.1)

for the symmetries (1.6) X7, X and X3 respectively. The integrals I and I3 can
be written in terms of I; as (see [49])

3 1
I, — I e
2 x 1+21U?/ 2yy )

I3 — IQII + Snyy”/ o xy/y// . gyy// + 2y/2' (42)
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If one sets I} = ¢, Iy = ¢ and I3 = ¢3 and eliminate " one immediately arrives
at (1.8). Now since equation (1.8) arises from the static fourth-order Euler-
Bernoulli beam equation (1.4), via the first integrals (4.1), it is likely to inherit
some symmetries of the parent equation (1.4). If we take a linear combination
of the Xis of (1.6) in the form Y = a1 X + ax X5 + a3 X3, then we see that (1.8)

admits Y if and only if the constants are constrained by the following relations

2@362 + ci1as = 0,
ajc; —ages = 0,
aoC3 + 2@102 = 0. (43)

The following cases occur. (i) ¢; # 0.

In this case we have one symmetry generator
Y =X+ 32X, — 22X, (4.4)
C1 C1

for equation (1.8). (ii) ¢; = 0,¢ # 0.
Here we find

C3
Y =X,——X 4.5
2 202 1, ( )

as admitted by equation (1.8). (iii) ¢; = ¢ = 0.
We deduce that

is the admitted operator for equation (1.8). (iv) ¢; = ¢a = ¢3 = 0.

In this last case all the three symmetries of equation (1.6) are inherited by equa-
tion (1.8). The admittance of a single symmetry gives in general one reduction
of the ODE (1.8). The case (iv) for which all the ¢;s are zero does not yield a

nontrivial solution of our beam ODE (1.4). This is easily seen by differentiation
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of (1.8) and substitution of the beam equation. Moreover, there could be more

symmetries of equation (1.8) not inherited from equation (1.4). Therefore we

next analyze the ODE (1.8) for further symmetries. In fact we see that it is

rich of symmetries. We investigate equation (1.8) for Lie point symmetries (see

[77, 80, 81| for symmetry properties of scalar ODEs). The operator

0 0

is a generator of symmetry of ODE (1.8) if the symmetry condition
X[Q](Syy" — 2y + 2%c; — 2xcy + cs)|a.s) =0,

is satisfied, where

o' 0
X[Q} =X T TT A,
+< ay +< ay//7
in which
Cz = Dmn_y/D:vf7
gx:r = D:ECx_y//Dw£7
with
0 0
D, = — 44— ...
ox Ty dy

The determining equations that arise from (4.8) easily yield
£ = by + box + b3a?,
n = (3bsz+dy)y,
where the constants d; and b; are further constrained by the relations
bscog + 2¢1by — c1dy = 0,
—bscs — 3baco + 2dico + by =0,

—d103 + bQCg - 6102 = 0.

(4.7)

(4.10)

(4.11)

(4.12)

(4.13)
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The analysis of (4.13) after much algebra gives rise to the following cases.

. Single symmetry cases

(a) c1 # 0, c3 # cics.

We arrive at

C3 Co 2 0 Co 0
X=(=-2=2 — — =y —. 4.14
(Cl LT )(% + 3(zy cly)ay (4.14)
(b) CcCl = O, (&) 7é 0.
Here we obtain
103 0 3 0
X = (-3 T 4.15
( 202I+m>8x+2y8y ( )

We observe that these are exactly the cases (i) and (ii), viz. (4.5) and (4.6) of
the inherited symmetries.

II. Two symmetry cases

(d) 1 #0, cg # 0, 3 = cic3.

Here we have

= —_— 2 —_ — _— —_ — _—
X ( Cl+ x C2x)ax+3(y C2:Uy)ay,
X, = (2opnd 92 (4.16)

() ¢4 =0,y =0, cg #0.

This case gives

0
A= 5y
0 0

It should be noted that for the inherited symmetries given in case (iii) as equation
(4.6), X, does not appear. As a matter of fact this case implicitly occurs in

([49]) in the sense that its integrability was discussed there without referring to
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its symmetries which are mentioned above. (f) co = ¢3 = 0.

Here one has

0 0
X = x— +2y—
! x&fc + y@y’
0 0
X, = 22— —_ 4.1
5 T 83:+3xy8y (4.18)

[II. Three symmetry case.

(g) ct =ca=c3=0.

Equation (1.8) admits all three symmetries (1.6). However, as mentioned in
the discussion on inherited symmetries, this case does not result in a nontrivial
solution. In summary, we have two single symmetry cases which are also inherited
symmetries from the beam ODE. In addition we get three two symmetry cases
which were not obtained as inherited symmetries before. One of these, viz. II. (e)
was indirectly utilized in ([49]) without reference to the symmetries. The three
symmetry case which occurs in the inherited symmetries too, does not furnish
new solutions as pointed out. In the next section we deal with reduction and
integrability of our static Euler-Bernoulli beam equation (1.4) using the results

of cases I. and II. above.

4.3 Reduction and integrability of ODE (1.4)

We firstly consider the reduction of the ODE (1.4) when it admits a single sym-
metry.

For the case L. (a), we have that the zero and first-order invariants corresponding
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to the generator X are

u = y(2 22z 44?7,
C1 C1

vo= y'(9 Pt ) 3:cy(c—3 — 2% z%) 732, (4.19)
c1 c1 C1 C1

The invariant representation of the ODE (1.8) then is

dv  20° — ¢ +3uw2 — 9u*S
T = Sun T 9u;&2 Lo #0. (4.20)
(&1

The solution of this first-order ODE is complicated. However, we do state that
a solution of this equation (4.20) provides a solution of equation (1.8) which in
turn can be a candidate for a solution of the beam ODE (1.4).

In case I. (b), we find the invariants

c3
u = y( - 27052) 3/2a
v = y(z— 20632)1/2. (4.21)

The corresponding first-order ODE is

3
R (4.22)

du 3uv — %uz ’

whose solution is not obvious. Here too we cannot proceed any further in regards
to the integrability of our beam equation (1.4). In the third case II. (d) though,
we are able to go further as there are two symmetries to take advantage of Lie’s

double reduction theorem. The use of the X; invariants, viz.

u = y(2x — G2 %)*3/2,
Co C1
v = y(2x — G %)_1/2 + 3ﬂ(2m 9 2)_3/2, (4.23)

Co C1 Co Co C1
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results in the first-order ODE

dv 2P —uw —3u + e

= 4.24
du uv — 3u? ’ (4.24)
which inherits X5 in (u,v) coordinates as its symmetry which is
- 0 0
X=u—+3v— 4.25
“ou * Yov’ (425)

The zero-order invariant corresponding to X, v — 3u = s, in (4.25) reduces the

ODE (4.24) to variables separable form

sds du
— = — 4.26
3s24+cy  3u’ (4.26)
which has solution
1
(v —3u)® + 562 = cqut’?, (4.27)
where ¢4 ia a constant, which can be written by use of (4.23) as
1
[y (22 — A2 6—2)_1/2 +3%0— 3u)® + —cy = cqu’?. (4.28)
C2 1 C2 2
Then the invocation of (4.23) in (4.28) gives
C1 2  C2:2 p a3 1
20 — —x* — — = - = 4.29
22 " Cl] u? = e’ = 5o, (4.29)
which easily provides
d d
/ U _ / - +es, 01 £ 0,00 #0, (4.30)
+1/cqut/3 — ¢y /2 20— Gt — 2

where ¢ is a further constant. The substitution of this solution (4.30) into the

beam ODE (1.4) results in the additional relation

278 — 2c4c5 = 0. (4.31)
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Thus we have two conditions on our solution, viz. ¢2 = ¢jc3 and (4.31). There-
fore we end up with a three-parameter family of solutions, (4.30), to the static
Euler-Bernoulli beam equation (1.4). We must re-emphasize that the nonsolv-
able algebra sl(2, R ) admitted by the beam ODE (1.4) via the route of Noether
integrals as well as Lie symmetries of the family (1.8) enable us to deduce this
new solution. This was not considered in [49]. We can go further as we have
two more cases of two-dimensional Lie algebras admitted by equation (1.8). The

fourth case II. (e) immediately yields

dv  20% —cs
e — 4.32
du 3uv (4.32)

using the X; invariants. This ODE is trivially integrable and results in the
solution constructed in [49] which is (1.7). In this situation one determines a
two-parameter family of exact solutions. The final case II. (f) is new as well.

The invariants corresponding to X; are

u=yx 3 v=vyx -3z 2. (4.33)

The reduced ODE is
dv 30 —¢

B 4.34
du Juv (4:34)
which can be straightforwardly integrated to give
1
v? — 561 = cqut’3, (4.35)
where ¢4 is a constant, and hence the first-order ODE in y
1
(Yot —327%y) = Set cqut’3. (4.36)
The substitution of the invariant (4.33) into (4.36) provides the solution
1
= —— + Cs, (437)

/ du
+1/c1/2 + cqut/3 z



87

where c5 is a further constant and the constants ¢; and ¢4 are related by
275 + 20104 = 0, (438)

as a consequence of imposing (1.4). In this case too we obtain a two-parameter
family of exact solutions for our beam ODE (1.4). However, in this regard we
deduce a new family of solutions. In conclusion of this section, we have found
new reductions for the two single symmetries. In particular, we have constructed
two new families of exact solutions for our static beam ODE (1.4) as given by

(4.30) and that by (4.37).

4.4 Concluding remarks

We have performed the complete Lie group classification of the second-order ODE
(1.8) that results from the reduction of our static fourth-order Euler-Bernoulli

beam ODE (1.4).

Apart from the two cases of single symmetries which enables one reduction of
the ODE (1.8), we arrived at two new integrable cases. These were for the ODE
(1.8) admitting two symmetries. The integrable cases arose from the negative
fractional power law f = dy~°/3,6 = £1. The centripetal force distribution for
which f is proportional to the normal displacement y gives rise to submaximal
Lie point symmetry algebras. It is physical to have negative powers for the
normal displacement as a load but it is intriguing that the negative fractional
power law y~°/3 occurs and yields two new integrable cases. This exceptional

case admits the nonsolvable algebra sl(2,IR ). However it remarkably allows for
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a three-parameter family of exact solutions for the beam equation for this case.

Scalar higher-order equations that admit si(2,IR) symmetry are of immense
importance in diverse applications. The equation y® = 6y~°/3 is the simplest
fourth-order equation that admits the nonsolvable algebra si(2,IR) and allows
for a three-parameter family of exact solutions. More importantly it arises in
the study of a physical problem, viz. the Euler-Bernoulli beam equation. It
should also be stated that it is in the hierarchy of familiar equations which have

sL(2,R) symmetry such as the Ermakov equation.



Chapter 5

Four-Dimensional Symmetry
Algebras and Fourth-Order
ODEs

5.1 Introduction

The aim of this chapter is to provide a supplementation of the results on the
canonical forms for scalar fourth-order ordinary differential equations which ad-
mit four-dimensional Lie algebras obtained recently. Together with these new
canonical forms, a complete list of scalar fourth-order ODEs that admit four-
dimensional Lie algebras is provided. This sets the scene for future work on

conditional symmetries of such equations subject to lower order ODEs. We have

89
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seen an interesting example of a static Euler-Bernoulli beam equation which
is conditionally integrable in the previous chapter. Moreover, conditional lin-
earization of fourth-order ODEs subject to Lie linearizable lower order ODEs

were considered in [42].

5.2 Comparison of the results of [58] and [55]

We show here that the results on realizations of four-dimensional algebras in the
plane given in [55] is a special case of the corresponding set of realizations given
in [58]. We make a comparison of the lists of realizations given in [55] and [58].
It should be remarked that in general a result of classification of realizations may
contain errors of two types, viz.

1. missing of some inequivalent cases

2. mutually equivalent cases.

In the following comparison, some first type of errors exist in [55]. Five cases are
missing. There are some other cases which can be combined in a compact form
and also some arbitrary parameters and functions need modification according
to the results of [58] related to realizations in the plane. Below we keep the
notations of both; on the left hand side the notations of [55] and on right hand
side that of [58]. However, for the final results and further utilization, we keep

the notations of [58].
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Four-dimensional algebras

We use the nomenclature of Patera and Winternitz [56] in the naming of the
algebras such as 4A4; etc. Thus we do not provide a table of the abstract algebras
of dimension four as this is easily available. Here the Nu refers to the realizations
given in the work [55] and R to that of [58].

(1) Nu(4Ay) ~ (4A1)(é1 = eq,€3 = e3,€3 = €1, €4 = €4)

Nu(4A;) ~ R(4A1,11) (t =y, T =x).

(11) NU(AQ e, 2A1) ~ (Ag,l ) 2A1)(61 = €9, ég = —€1, 63 = €3, é4 = 64).

No realization exists in (1+1)-dimension.

(lll) NU(QAQ) ~ (2142'1)(6_1 = €9, 6_2 = —€q, 6_3 = €4, 6_4 = —63).
Nu(2As) ~ R(2A421,5)(t = z,T = y) whereas R(2A51,7) is missing in [55].

(iv) Nu(As1 @ A1) ~ (As1 @ Ay). No realization exists in (141)-dimension.

(V) Nu(As2 @ Ay, f(z) =0) ~ (A28 A1)
NU(A[;,Q D A1, f(JT) = 0) ~ R(Ag_z ©® Al, 9)(52 y,:i = —[L’).

(vi) Nu(Ass @ A1) ~ (As3 D Ay). No realization exists in (141)-dimension.

(vii) Nu(Ass ® Ay, f(z) =0) ~ (A3, ® Ar,a = —1) Nu(As34 @ Ay, f(z) =0) ~
R(A%, ® A1,9,a=—-1)(t =y, = 2?).

(viil) Nu(AL; @ Ay,0 < Ja| < 1,f(x) = 0) ~ (A%, ® Ay, |a| < 1,a # 0, %1)
Nu(Ag, ® A1,0 <la| <1, f(z) =0) ~ R(A5, D A1,9) =y, T=21""7).
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(lX) NU,(A&G ) Al,f(l') = 0) ~ (Ag5 @Al,b = O) NU(A3’6 ) Al,f<$) = 0) ~
R(AS . @ A1, 8,b=0)(t =y, &= (22 —1)2).

(x) Nu(A}; & A,b > 0, f(z) = 0) ~ (A’§5EBA1,b> 0) Nu(A}; & Ay,b >
0, f(x) =0) ~ R(AS. ® A;,8,b>0)(t =y, = x).

(xi)Nu(A&g @Al, f(,T) = 1) ~ (Sl(Q,]R)@Al) (él = €1, 672 = €9, 63 =
—e3, €4 = eq) Nu(Azg © A1,b > 0, f(z) = 1) ~ R(SI(2,R) D A,9) (t =
y, & = x)whereas R(SI(2,IR) @ A, 8)) is missing in [55].

(xil) Nu(Asz9 ® A1) ~ (So(3) & A;). No realization exists in (141)-dimension.

(xiii) Nu(Agq, f(x) =0) ~ (Ag1). Nu(Agq, f(z) =0) ~ R(A41,8) (t=y, T =

(xiv) NU<AZ,2>5 #0,1) ~ (AL, 0#0,1), (61 = e1, &3 = —ey, €3 = —e3, €4 = €4)
Nu(Aly) ~ R(ALy, 8)(F = 0=y, 7 = -07),

(xv) Nu(A},) ~ (4%, b=1). No realization exists in (1+1)-dimension.

(XVi) NU(A473,f(ZL‘) = O) ~ (A4.3) NU(A473,f(I) = O) ~ R(A4_3,8) (f = y,i’ =

(XVii) NU(A474,f(.Z’) == 0) ~ (A4.4) NU<A4’4,f($) == 0) ~ R<A4.4,7) (f = y,J_,’ ==

(xviii) Nu(A45, —1<a<b<lab#0)~ (Aijg,—l <a<b<ec=1abc#0)(é =

€9, € = €3,€3 = €1, €4 = €4)
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Nu(Af, ~1<a<b<l,ab#0)~R(A%7,~-1<a<b<c=1labc#0,b>0if a=—1)

(t=2""1y+2°In ﬁ,f =In|z|)

(XiX) (AZ,’;7 —1 <a< 170‘ # 0) ~ (Alllf})’a_i_l <a< 1,CL 7£ O)?(e_l = 6376_2 =

eq, €3 = €1, €4 = €4). No realization exists in (1+1)-dimension.

(xx) Nu(AZ:%,—l <a<la#0)~ (A" —1<a<1,a#0),(& = e, 6 =

es, €3 = e, €4 = €4). No realization exists in (1+1)-dimension.

(3xxi) N“(A}L:b ~ (Ai’lg,a:b:c:l)(e‘l = €9,6p = €3,63 = €1,64 = €4)

Nu(AiZé) ~ R(Ai’g, 10,a=b=c=1)(t=y,T =x)

(XXii) NU(AZ:S,G 7£ O,b > O) ~ (AZ?I(;?G > 0),(6_1 = €1,63 = €3,63 = —€2,64 —
eq). Nu(AZ:g,a £0,b>0) ~ R(ASL 6,0 > 0)( = y(1 + 22) 2eleDtan™le 7 —

tan~'x).

z?
1

(XXiii)NU(AZLJ) ~ (A4.7). NU(A477) ~ R<A4‘7, 5) (I? =Yy + (1 -2 lOg ’.CL’D, T = iL‘)

(xxiv) Nu(Ayg) ~ (A5, 1] < 1,0 = —1). Nu(Asg) ~ R(A%, 10| <1,5,b=—1) (=

Yy, T=u1).

(xxv) Nu(Afy,0 < [b] < 1) ~ (Afg |b] < 1,b# £1,0). Nu(Af,,0 < |b] <
1) ~ (A?187|b| < 17b% :l:170) NU<AZ,9) ~ R<A2875)(t_ = yvj = $) whereas
R(A%,7,b# +1,0) is missing in [55].

(oxvi) Nu(Alg) ~ (A, b= 1). Nu(ALy) ~ R(A}y,5)(F = 4.2 = ).

(xxvii) Nu(A?l’g) ~ (A%, b= 0).Nu(A279) ~ R(A%4,5)(t = y,& = x) whereas
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R(A%¢,7,b=0) is missing in [55].

(xxviil) Nu(As19) ~ (A}g,a =0). No realization exists in (1+1)-dimension.

(xxix) Nu(A§,,,a > 0) ~ (A4, a > 0). No realization exists in (1+1)-dimension.

(xxx) Nu(As12) ~ (As10). Nu(Ag12) ~ R(As10,7)(t = y,T = x) whereas
R(A410,6) is missing in [55].
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Tablel

Lie Algebra N Realizations (Generators)
4A, 11 Ot, €0y, k(x)0y, h(x)0,
245 5 O, 04, Oy, 10,
245 *7 Oy, t0y + 20y, v0y, —x0,

Az @ Ay 9 0, x0y, tOy — Oy, €704

A, ® Ajylal <1,a#0,1 9 O¢, 20y, 0, + (1 — a)z0,, \x|ﬁ8t
Ab @ ALD>0 8 | O, 20y, (b— 2)t0; — (1 + 22)0,, V1 + aZe—barctanzy,
sl(2,R) & A *8 Oy, t0; + 20, t20, + 2tx0,, 10,
sl(2,R) & A 9 Oy, 10, t20,, 0,
Agq 8 Op, 10y, 33%0;, —0,
Al b # 8 Oy, 20y, T In|x|0y, b0, + (b — 1)x0,,b # 1
Ays 8 O, 0y, —xIn|z|0, t0) + 20,
Ay 7 Op, 10y, 32°0y, 10y — 0,
APbe 1 <a<b<e=1labc#£0| 7 Oy, @929, =129, atd; + 0,,b > Oifa = —1
APbe 1 <a<b<e=1,abc#0|10 Ot, ©0y, @(x)0y, 10y, ¢"(x) #0,a=b=c=1

ALS 4> 0 6 Oy, €907 cos £0,, —e' D% sin £0,, atd, + O,
Ay 5 Op, 10y, =0y, (2t — 32%)0; + 20,

Abg bl <1 5 Oty O, 0, (1 + b)t0; + 20,

Al bl <1 7 Oy, 0y, =0, (1 + b)t0y + bxdy, b # £1
As10 “6 Ot, Oy, 10y + 20, 0y — 10,
Ay10 7 Oy, 20y, 10y, —txdy — (1 + 2)0,
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Table2
Lie Algebra | N Realizations (Generators)

2451 *7 Oy, tOy + x0y, v0y, —x0,

2421 T g = HTes 12‘23 + x;? + (e 2
sl(2,R)® Ay | *8 Oy, 10y + 20y, 120y + 2tx0,, 10,
sl(2,R)® Ay | *8 po = e Lad )2 —i—f( )%)

Abg bl <1 | *7 O, x04, —8;,;, (14 b)t0; + bxd,, b ;é +1

A, D S 1| *7 e = Tomem - B 4 B0 (2 - B (5°) )
Ag0 “6 8t, Oy, 10y + 20, 0y — t0,
Ao “6 g = Mamige %fj—mm 5 p l+x _32)

Remarks for Tablel e4A;:1, x, h(z) and k(z) form a linearly independent set.

Remarks for Tablesl & 2 In both Tables

e h. k.and ¢ are arbitrary functions with specified conditions mentioned in the

corresponding realizations.

e a,b and c are parameters and arbitrary constants, whose range and values are

mentioned in each of the realizations.

o : these are the cases of realizations which are missing in [55].

Remarks for Table 2

o : these are the canonical forms of fourth-order ODEs which are missing in [55].

Only these are given here with their corresponding algebras and realizations.
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5.3 Concluding remarks

In this contribution, we have supplemented the work [55] for the canonical forms
of scalar fourth-order ODEs and have obtained four new forms as listed in Table
2. The integrability of these equations have the same route as the others which
are discussed at length in [55]. Moreover, the notion of conditional symmetries
as shown in the previous chapter becomes amenable to such equations. The
conditional linearization subject to root ODEs have already been looked at in

[42].



Chapter 6

Conclusion

In this thesis, we have provided the algebraic structure of ordinary differential
equations (ODEs) when they have insufficient number of Lie point symmetries.
These lost symmetries are called conditional symmetries and are very useful for
integration as well. An algorithm has been given for the calculation of condition-
al symmetries of ODEs subject to lower order ODEs. An effective criteria as to
when a derived ODE system inherits the symmetries of the root ODE is proved.
We have considered scalar linear and linear system of ODEs for their condition-
al symmetries by giving many simple examples. Moreover, we have given four
propositions in which we have shown when derived linear ODEs inherit the sym-
metries of the root linear ODEs. We have proved that a system of ODEs admit
a conditional symmetry subject to the first-order ODEs if it has exact solutions
related to the invariant curve conditions arising from the known solution curve.

We have extended our investigations to third-order non-linear ODEs which ad-
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mit conditional symmetries subject to nonlinear second-order ODEs with three
symmetries. We have given applications of conditional symmetries to ODEs that

arise in mechanics and have obtained new solutions.

We have extended our idea and take the base as scalar second-order nonlinear
ODEs which have seven equivalence classes with each possessing three Lie point
symmetries. We have stated the algorithm for the calculation of conditional sym-
metries of nonlinear third-order ODEs subject to nonlinear second-order ODEs
admitting symmetries. Some examples were given. Further, we have consid-
ered first integrals corresponding to base ODEs for their conditional symmetries.
We have also shown that derived nonlinear ODEs have in general less inherited
symmetries. We have embarked on the conditional criteria for si(2, IR ) of scalar
nonlinear third-order ODE obtained after differentiation of the scalar second-
order ODE with s{(2,IR ) symmetry algebra. This has been carried out by using

the Tressé invariants.

For the first time we have analyzed (1.8) for symmetries and showed that equation
(1.4) remarkably allows for a three parameters family of exact solutions. Thus the
admittance of sl(2,IR) symmetry algebra for the static Euler-Bernoulli fourth-
order ODE (1.4) gives rise to a three-parameter family of exact solutions. This
is the simplest in the hierarchy of fourth-order ODEs that has this property and
joins the well-known Ermakov second-order ODE as well as third-order ODEs

having si(2,IR ) symmetry algebra.

Finally, we have provided a comparison of results between [55] and [58] related to

realization of four-dimensional Lie algebra as vector fields in the plane. The pa-
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per [55] contains two types of the errors, namely (i) missing of some inequivalent
cases, (i) mutually equivalent cases. Some first type of errors exist in [55]. Five
cases are missing. There are some other cases which can be combined in a com-
pact form and also some arbitrary parameters and functions need modifications

according to the results of [58] related to realizations in the plane.

The idea of conditional symmetries becomes amenable to fourth-order ODEs as
studied in Chapter 4. The conditional linearization subject to root ODEs have
already been looked at in [42]. It will be of interest in future works to investigate
the conditional symmetry classification of scalar fourth-order ODEs subject to

nonlinear root ODEs of say second-order.



Bibliography

[1] F. Klein and S. Lie, Evolution of the Idea of Symmetry in the Nineteenth
Century, The College Mathematics J. 22(2) (1991) 178-180.

[2] S. Lie and F. Engel, Theorie der transformationsgruppen; Teubner: Leipzig,
Germany, (1888).

[3] S. Lie, Vorlesungen uber differentialgleichungen mit bekannten infinitesi-

malen transformationen Teubner: Leipzig, Germany, (1891).

[4] L.V. Ovsiannikov, Group Analysis of Differential Equations; Academic
Press: New York, NY, USA, (1982).

[5] S. Lie, Lectures on Differential Equations with Known Infinitesimal Trans-
formations, Leipzig, Teubner, (Lie’s Lectures by G. Sheffers, in German),

(1981).

[6] A. Gonzalez-Lopez, Symmetry and Integrability by Quadratures of Ordinary
Differential Equations, Phys. Lett. A. 133 (1988) 190-194.

101



[7]

[10]

[11]

[12]

[13]

[14]

102

F. Gonzalez-Gascon and A. Gonzalez-Lopez, Newtonian systems of differ-
ential equations, integrabl via quadratures, with trivial group of point sym-

metries, Phys. Lett. A. 129 (1988) 153-156.

B. Abraham-Shrauner, K.S. Govinder, and P.G.L. Leach, Integration of
second order ordinary differential equations not possessing Lie point sym-

metries, Phys. Lett. A. 209 (1995) 169-174.

M.C. Nucci and P.G.L. Leach, The determination of nonlocal symmetries
by the technique of reduction of order, J. Math. Anal. Appl. 251 (2000)
878-884.

A.A. Adam and F.M. Mahomed, Integration of ordinary differential equa-
tions via nonlocal symmetries, Nonlinear Dyn. 30 (2002) 267-275.

E. Pucci and G. Saccomandi, On the reduction method for ordinary differ-

ential equations, J. Phys. A.: Math. Gen. 35 (2002) 6145-6155.

C. Muriel and J.L. Romero, First integrals, integrating factors and -
symmetries of second-order differential equations, J. Phys. A: Math. Gen.

42 (2009) article ID 365207.

S.S. Chern, The geometry of the differential equation y"” = F(x,y,vy,y"),
Sci. Rep. Nat. Tsing Hua Univ. 4 (1950) 97-111.

G. Grebot, The characterization of third-order ordinary differential equa-

tions admitting a transitive fibre-preserving point symmetry group, J. Math.

Anal. Appl. 206 (1997) 364-388.



[15]

[16]

[17]

[18]

[19]

[20]

[21]

22]

23]

103

S. Neut and M. Petitot, La géométrie de 1’ équation v = f(x,y,y,vy"),
C.R. Acad. Sci. Paris Sér 1. 335 (2002) 515-518.

N.H. Ibragimov and S.V. Meleshko, Linearization of third-order ordinary
diffrential equations by point and contact transformations, J. Math. Anal.

Appl. 308 (2005) 266-289.

N.H. Ibragimov, S.V. Meleshko and S. Suksern, Linearization of fourth-order
ordinary differential equations by point transformations, J. Phys. A. Math.
Theor. 41 (2008) article ID 235206.

J. Krause and L. Michel, Equationes différentielles linéaires d * ordre n > 2
ayant une algebre de Lie symétrie de dimension n 4 4, Comptes Rendus de

17 Académie de 1 des Science, Paris, Série 1. 307 (1988) 905-910.

F.M. Mahomed and P.G.L. Leach, Symmetry Lie algebras of n order ordi-
nary differential equations, J. Math. Anal. Appl. 151 (1990) 80-107.

G.W. Bluman and J.D. Cole, The general similarity solution of the heat
equation, J. Math. Mech. 18 (1969) 1025-1042.

D. Levi and P. Winternitz, Non-classical symmetry reduction: example of

the Boussinesq equation, J. Phys. A: Math. Gen. 22 (1989) 2915-2924.

E. Pucci, Similarity reductions of partial differential equations, J. Phys. A.

25 (1992) 2631-2640.

P.A. Clarkson, Nonclassical symmetry reductions of nonlinear partial differ-

ential equations, Math. Comput. Model. 18 (1993) 45-68.



[24]

[25]

[26]

[27]

28]

[29]

[30]

[31]

32]

104

W.I. Fushchich, Conditional symmetry of equations of nonlinear mathemat-

ical physics, Ukrain. Math. Zh. 43 (1991) 1456-1470.

D.J. Arrigo and J.M. Hill, Nonclassical symmetries for nonlinear diffusion

and absorption, Stud. Appl. Math. 94 (1995) 21-39.

S. Spichak and V. Stognii, Conditional symmetry and exact solutions of the
Kramers equation, Nonlinear Math. Phys. 2 (1997) 450-454.

M. Kunzinger and R.O. Popovych, Generalized conditional symmetries of

evolution equations, J. Math. Anal. Appl. 379 (2011) 444-460.

R. Cherniha and M. Henkel, On non-linear partial differential equations
with an infinite-dimensional conditional symmetry, J. Math. Anal. Appl.

298 (2004) 487-500.

R. Cherniha and O. Pliukhin, New conditional symmetries and exact so-

lutions of reaction—diffusion—convection equations with exponential nonlin-

earities, J. Math. Anal. Appl. 403 (2013) 23-37.

P.J. Olver and P. Rosenau, The construction of special solutions to partial

differential equations, Phys. Lett. A. 114 (1986) 107-112.

E. Pucci and G. Saccomandi, On the weak symmetry groups of partial

differential equations, J. Math. Anal. Appl. 163 (1992) 588-598.

G. Gaeta, Conditional symmetries and conditional constants of motion for
dynamical systems, Report of the Centre de Physique Theorique Ecole Poly-
technique F-99128 Palaiseau France. (1993) 1-24.



105

[33] T. Levi-Civita, Interpretazione gruppale degli integrali di un sistema canon-

ico, Rend. Acc. Lincei, s. 3%, vol. VII, sem. 2° sem. (1899) 235-238.

[34] G. Saccomandi and R. Vitolo, A Translation of the T. Levi-Civita paper:
Interpretazione Gruppale degli Integrali di un Sistema Canonico, Regular

and Chaotic Dyn. 17 (2012) 105-112.

[35] E. Noether, Invariante Variationsprobleme. Nachr. Kénig. Gesell. Wissen.,
Gottingen, Math.-Phys. K. Heft 2 (1918) 235-257 (English translation in
Transport Theory and Statistical Physics, 1(3) (1971) 186-207.

[36] A. Goriely, Integrability and Nonintegrability of Dynamical Systems, Ad-
vance Series in Nonlinear Dynamics, World Scientific Publishing, vol. 19

(2001) 54-100.

[37] W. Sarlet, P.G.L. Leach and F. Cantrijn, First Integrals versus Configura-
tional Invariants and a Weak Form of Complete Integrability, Physica D. 17
(1985) 87-98.

[38] S.S. Chern, Sur la géométrie d'une équation diff érentielle du troiseme ordre.

CR Acad Sci Paris (1937) 1227-1229.

[39] F.M. Mahomed and P.G.L. Leach, Symmetry Lie algebras of n order ordi-
nary differential equations, J. Math. Anal. Appl. 151 (1990) 80-107.

[40] F.M. Mahomed and A. Qadir, Classification of Ordinary Differential Equa-
tions by Conditional Linearizability and Symmetry, Commun. Nonlinear Sci.

Numer. Simul. 17 (2012) 573-584.



[41]

[44]

[4]

[46]

[47]

[48]

106

F.M. Mahomed and A. Qadir, Conditional linearizability criteria for third
order ordinary differential equations, J. Nonlinear Math. Phys. 15 (2008)
124-133.

F.M. Mahomed and A. Qadir, Conditional linearizability of fourth-order
semilinear ordinary differential equations, J. Nonlinear Math. Phys. 16

(2009) 165-178.

F.M. Mahomed, I. Naeem and A. Qadir, Conditional linearizability criteria
for a system of third-order ordinary differential equations, Nonlinear Anal.

B: Real World Appl. 10 (2009) 3404-3412.

A.E.H. Love, A treatise on the mathematical theory of elasticity, 4th edn.
Dover, New York, (1944).

A.H. Bokhari, F.M. Mahomed and F.D. Zaman, Invariant boundary value
problems for a fourth-order dynamics Euler-Bernoulli beam equation, J.

Math. Phys. 53 (2012).

S.M. Han, H. Benaroya and T. Wei, Dynamics of transversely vibrating
beams using four engineering theories, J. Sound Vib. 225 (1999) 935-988.

C. Wafo-Soh, Euler-Bernoulli beams from a symmetry standpoint-
characterization of equivalent equations, J. Math. Anal. Appl. 345 (2008)
387-395.

E. Ozkaya and M. Pakdemirli, Group-theoretic approach to axially acceler-
ating beam problem, Acta Mechanica. 155 (2002) 111-123.



[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

107

A.H. Bokhari, F.M. Mahomed and F.D. Zaman, Symmetries and integra-
bility of a fourth-order Euler-Bernoulli beam equation, J. Math. Phys. 51
(2010).

S. Lie, Klassifikation und Integration von gewonlichen Differentialgleichun-
gen zwischen z, y, die eine Gruppe von Transformationen gestaten. Arch.

Math. VIII(IX) (1883) 187.

P.J. Olver, Applications of Lie Groups to Differential Equations, second edi-
tion, Graduate Text in Mathematics, vol. 107, New York, Springer, (1993).

A.H. Kara, F.M. Mahomed and P.G.L. Leach, Noether equivalence problem
for particle Lagrangians, J. Math. Anal. Appl. 188 (1994) 867-884.

F.M. Mahomed and P.G.L. Leach, Normal forms for third-order equation-
s, Proceedings of the Workshop on Finite Dimensional Integrable Nonlin-
ear Dynamical Systems, Johannesburg, Leach P.G.L. and Steeb W.H. Eds.,
World Scientific, Singapore. (1988) 178.

N.H. Ibragimov and M.C. Nucci, Integration of Third Order Ordinary Differ-
ential Equations by Lies Method: Equations Admitting Three-Dimensional
Lie Algebras, Lie Groups Appl. 1 (1994) 49-64.

T. Cerquetelli, N. Ciccoli and M.C. Nucci, Four dimensional Lie symmetry
algebras and fourth order ordinary differential equations, J. Nonlinear Math.

Phys. 9 (2002) 24-35.

J. Patera and P. Winternitz, Subalgebras of Real Three- and Four-
Dimensional Lie Algebras, J. Math. Phys. 18 (1977) 1449-1455.



[57]

[62]

[63]

[64]

108

F.M. Mahomed and P.G.L. Leach, Lie algebras associated with second-order
ordinary differential equations, J. Math. Phys. 30 (1989) 27-70.

R.O. Popovych, V.M. Boyko, M.O. Nesterenko, and M.W. Lutfullin, Re-
alizations of real low-dimensional Lie algebras, J. Phys. A: Math. Gen. 36
(2003) 7337-7360.

W. Bluman and S. Kumei, On invariance properties of the wave equation,

J. Math. Phys. 28 (1987) 307-318.

S. Timoshenko and J. Gere, Theory of Elastic Stability, Second Edition,
McGraw Hill, New York, (1961).

I.L. Freire, P.L.. da Silva and M. Torrisi, Symmetry and integrability of a
fourth-order Emden-Fowler equation, Technical Report - CMCC - UFABC
1-13 (2012).

A. Fatima and F.M. Mahomed, Conditional symmetries for ordinary differ-
ential equations and applications, Int. J. Nonlinear Mech. 67 (2014) 95-105.

A. Fatima and F.M. Mahomed, Conditional symmetries of nonlinear second-
order ordinary differential equations with three dimensional Lie algebra,

(submitted).

A. Fatima, F.M. Mahomed, F.D. Zaman and A.H. Bokhari, A note on the
Integrability of a remarkable static Euler-Bernoulli beam equation, J. Eng.

Math. 82 (2013) 101-108.



[65]

[68]

[69]

[70]

[71]

[72]

109

A. Fatima, F. M. Mahomed and M. Ayub, A Note on Four-Dimensional
Symmetry Algebras and Fourth-Order Ordinary Differential Equations, J.
Appl. Math. Vol. 2013, Article ID 848163, (2013).

C. Wafo Soh and F.M. Mahomed, Linearization criteria for a system of
second-order ordinary differential equations, Int. J. Nonlinear Mech. 36

(2001) 671-677.

M. Ayub, F.M. Mahomed, M. Khan and M.N. Qureshi, Symmetries of
second-order systems of ODEs and integrability, Nonlinear Dyn. 74 (2013)
969-989.

F. Gonzalez-Gascon and A. Gonzalez-Lopez, Symmetries of differential e-

quations. IV, J. Math. Phys. 24(8) (1983) 2006-2021.

T. Aziz and F.M. Mahomed, A Note on the Solutions of Some Nonlinear
Equations Arising in Third-Grade Fluid Flows: An Exact Approach, The
Scientific World J. Vol. 2014, Article ID 109128, (2014).

T. Aziz and F.M. Mahomed, Reductions and solutions for the unsteady flow
of a fourth grade fluid on a porous plate, Appl. Math. Comput. 219 (2013)
9187-9195.

P.G.L. Leach, First Integrals for the modified Emden equation ¢ + «(t)g +
q" =0, J. Math. Phys. 26 (1985) 2510-2514.

L.M. Berkovich, The Generalized Emden-Fowler Equation, Symmetry Non-
linear Math. Phys. 1 (1997) 155-163.



73]

78]

[79]

[80]

[81]

110

K.S. Mahomed and E. Momoniat, Symmetry Classifications of First Inte-
grals for Scalar Linearizable Second-Order ODEs, J. Appl. Math. Vol. 2012,
Article ID 847086, (2012).

C.M. Khalique, F.M. Mahomed and B.P. Ntsime, Group classification of the
generalized Emden-Fowler-type equation, Nonlinear Analysis B: Real World
Appl. 10 (2009) 3387-3395.

S.V. Meleshko, On linearization of third-order ordinary diffrential equations,

J. Phys. A. Math. Gen. Math. 39 (2006) 15135-15145.

P.L. Da Silva and I.L. Freire, Symmetry analysis of a class of autonomous
even-order ordinary differential equations, arXiv 1311.0313v2 [math-ph], 7
March 2014.

F.M. Mahomed, Symmetry group classification of ordinary differential equa-

tions: Survey of some results, Math. Meth. Appl. Sci. 30 (2007) 1995-2012.

A.H. Kara and F.M. Mahomed, A Basis of conservation laws for partial

differential equations, J. Nonlinear Math. Phys. 9 (2002) 60-72.

P.G.L. Leach, Equivalence classes of second-order ordinary differential equa-
tions with three-dimensional Lie algebras of point symmetries and lineari-

sation, J. Math. Anal. Appl. 284 (2003) 31-48.

N.H. Ibragimov, Elementary Lie group analysis and ordinary differential

equations. Wiley, Chichester, (1999).

N.H. Ibragimov and F. M. Mahomed, Ordinary differential equations. Ibrag-
imov NH (ed), CRC Handbook of Lie Group Analysis, (1996).



