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Abstract

Lie’s method for converting a scalar second order ordinary differential equation (ODE) to
linear ODE by point transformations was already extended to third and fourth order scalar
ODEs by point and contact transformations and to the systems of second order ODEs.
The point symmetry group classification of linear n'” order scalar and second order systems
of m ODEs was provided. Till recently no work on the linearization and classification has
been done for higher order systems of ODEs and scalar ODEs linearizable via point, contact
and higher order derivative transformations. In this work, we use Meleshko’s algorithm
for reducing fourth order autonomous ODEs to second and third order linearizable ODEs
and then applying the Ibragimov and Meleshko linearization test for the obtained ODEs.
This method can be applied to solve those nonlinear ODEs that are not linearizable by
point and contact transformations.

Complex-linearization of a class of systems of second order ODEs had been studied
with complex symmetry analysis. Linearization of this class had been achieved earlier
by complex method, however, linearization conditions and the most general linearizable
form of such systems have not been derived yet. It is shown that the general linearizable
form of the complex-linearizable systems of two second order ODEs is (at most) quadrat-
ically semilinear in the first order derivatives of the dependent variables. Linearization
conditions for such systems are derived in terms of coefficients of the system and their
derivatives. Further, complex methods are employed to obtain the complex-linearizable
form of 2—dimensional systems of third order ODEs. This complex-linearizable form leads

to a linearizable class of these systems of ODEs. The most general linearizable form and
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linearization conditions for such class of 2—dimensional systems of third order ODEs are
derived with complex-linearization.

A canonical form for 2—dimensional linear systems of third order ODEs is obtained
by splitting the complex, scalar, third order, linear ODE. This canonical form is used for
the symmetry group classification of 2—dimensional linear systems of third order ODEs.
Five equivalence classes of such systems with Lie algebras of dimensions 8, 9, 10, 11, and
13 are proved to exist.

Contact and higher order derivative symmetries of scalar ODEs are related with the
point symmetries of the reduced systems. Two new types of transformations that build up
these relations and equivalence classes of scalar third and fourth order ODEs linearizable
via these transformations are obtained. Four equivalence classes of these equations are

seen to exist.
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Chapter 1

Introduction

Most of the important governing equations in physics and mathematical models in en-
gineering sciences, biology, economics, chemistry etc. are given in terms of nonlinear
differential equations (DEs). In earlier days, it was easier to approximate a situation by
one that led to easily solved equations. Despite enormous advances of approximation
methods for solving nonlinear DEs, the key features of the phenomenon being modelled
may be lost in the approximation. In other words we lose the essential part of a problem
under consideration along with the nonessentials. An important and difficult aspect of
nonlinear DEs is to solve these equations exactly so that their significance is not lost. One
of the methods of solving them is the transformation of a given DE into another equation
of a standard form. Since linear DEs are the simplest, we would like to transform nonlin-
ear DEs into the linear form by transforming their independent and dependent variables
which is called linearization in symmetry analysis. (However, in the literature the approx-
imation of nonlinear equations by linear ones is also called linearization). Linearization
does not only simplify a nonlinear DE but also allows us to construct its exact solutions.
Therefore, linearization can play a significant role in the theory of DEs. These equations
involve the behaviour of certain unknown functions, called dependent variables, at given
values of independent variables and their derivatives. A DE is of order n if the highest

derivative involved in it is of order n. If dependent variables are functions of a single
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independent variable, these are called ODEs. If these equations involve more than one
independent variable, they are called partial differential equations (PDEs). The number
of arbitrary constants that appear in the general solutions of linear ODEs is same as the
order of the ODEs. To get the exact solution of a linear ODE we have to put as many
initial conditions as the order of the ODE. This allows us to classify ODEs on the basis
of initial conditions to be satisfied by an ODE. We also use other generalizations of lin-
earization for the purpose of the classification of ODEs. This classification of ODEs is the
main motivation of this thesis.

The concept of groups is related to the invariance or symmetry of objects under some
action. In 1826 Abel [1] proved that irreducible quintic equations are not solvable by means
of radicals. Independently, Galois [24], in 1830, used symmetries to prove that quintic and
higher order polynomial equations are not solvable by means of radicals. This leads to the
concept of groups. Groups used by Galois were finite and are now called Galois groups.
Lie (1880) wanted to use similar methods to try to solve and classify DEs. Polynomial
equations have (at most) as many solutions as their order, while DEs have infinitely many
solutions. To deal with DEs, Lie needed to have not only infinitely continuous but dif-
ferentiable groups [38,40,42,45]. These groups are now called Lie groups. Galois groups
deal with the symmetries of algebraic equations while symmetries of DEs are discussed
in terms of Lie group theory. Unlike Galois groups, Lie groups deal with infinitely many
transformations and depend on continuously varying parameters. The crucial idea of Lie
group theory is to employ infinitesimals instead of finite transformations. Lie showed how
invariance under the action of an infinitesimal generator of a symmetry can be used to
reduce the number of independent variables in a PDE, or to reduce the order of an ODE.
Thus, if there are enough symmetry generators any DE can be reduced to quadratures.
He also classified the symmetries required for solving DEs and hence the DEs solvable.

Lie transformed DEs to the linear form by transforming their independent and depen-
dent variables invertibly. Such transformations are called point transformations and the
transformed DEs are called linearized. DEs that can be transformed to the linear form

are called linearizable. Lie [38] proved that a nonlinear scalar second order ODE can be
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mapped to a linear ODE via an invertible point transformation if and only if it has eight
Lie point symmetries. He used the fact that all linear scalar second order ODEs can be
mapped to the free particle equation via an invertible point transformation. Hence all
linearizable scalar second order ODEs can be put into one equivalence class. He proved
that any nonlinear scalar second order ODE is linearizable if it is semilinear and at most
cubic in the first derivative. Further, coefficients of the linearizable ODE must satisfy four
conditions that involve these coefficients and two auxiliary functions and their first order
derivatives. In 1894 Tresse [70, 71| reduced these four conditions to two by eliminating
these auxiliary functions.

Later developments have extended in many directions, including transformations of
derivatives as well (contact transformations). In 1940 Chern [14,15] extended the lin-
earization programme to scalar third order ODEs by using contact transformations. He
obtained conditions for scalar third order ODEs to be linearizable to the equations u” = 0
and v +u = 0. In 1990 Mahomed and Leach [48] showed that all linearizable scalar
ODEs of order n (n > 3) can be put into three equivalence classes with n + 1, n + 2 and
n + 4 Lie point symmetries. Grebot [26,27], in 1996, used the restricted class of point
transformations to address the linearization of scalar third order ODEs. Explicit lineariza-
tion criteria for scalar third order ODEs were obtained by Neut and Petitot [59] in 2002
and independently by Ibragimov and Meleshko (IM) [29,30] in 2005. They determined the
linearizability criteria and procedure for the construction of linearizing transformations
for scalar third order ODEs by following Lie’s original procedure [38]. The linearization
problem for scalar fourth order ODEs gets more complicated and was tackled by Ibragi-
mov, Meleshko and Suksern (IMS) [31,69] in 2008. They used Lie’s approach to obtain
the explicit linearizability criteria for scalar fourth order ODEs. In 2006 Meleshko [56]
provided a simple algorithm to reduce autonomous third order scalar ODEs to second
order ODEs saisfying Lie linearizability criteria.

All developments mentioned above are for scalar ODEs. The extension of the clas-
sification to systems was achieved by Goringe and Leach [25] in 1988 for a limited class

and generalized for all classes by Wafo Soh and Mahomed [73] in 2000. Gorringe and
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Leach treated the case of systems of two linear second order ODEs with constant coeffi-
cients in the complex domain and proved that they can have 7, 8 or 15 point symmetries.
Wafo Soh and Mahomed [73] extended to variable coefficients and proved that the Lie
algebra for linearizable systems of two second order ODEs can only be 5—, 6—, 7—, 8—,
or 15—dimensional. In 2001 they generalized it further to n—dimensional systems of sec-
ond order ODEs by using the group classification and found that the number of classes
increases by one with each increased dimension [74]. The number of generators in the
minimal case is n + 3 and for the highest sub-maximal case is 2n 4+ 4. There are five
equivalence classes of linearizable systems of two second order ODEs and not only the one
found by Lie for scalar ODEs. Algebraic linearization criteria for systems of second order
ODEs via invertible point transformations were provided by Wafo Soh and Mahomed [74],
Bagderina [11] and Ayub et al. [10].

A connection between the symmetries of a system of second order ODEs, that could
be regarded as geodesics on a manifold and of the underlying manifold (isometries) was
found by Aminova and Aminov [7] in 2000 and independently by Feroze, Mahomed and
Qadir [22] in 2006. For the connection to make sense one needs to be able to determine
when the system of ODEs can correspond to a system of geodesic equations (which are
defined in section 2.5) and then construct the manifold on which the geodesics live. A
mathematica code for this purpose was obtained by Fredericks et al. [23]. It was noted by
Aminova and Aminov that the requirement for the system to be linearizable is that the
curvature of the manifold be zero. The linearizability criteria for a system of second order
quadratically semilinear ODEs were obtained by Mahomed and Qadir [50] in 2007. They
considered a system of second order ODEs of geodesic type (quadratically semilinear in
the first derivative with no linear terms) and independently proved that the conditions
for the system to be linearizable are to treat coefficients of the system of ODEs as if they
are Christoffel symbols and require that the curvature tensor constructed from them be
zero. In other words the geodesics are straight lines if the manifold is flat. Using the
projection procedure of Aminova and Aminov [8], the system of n second order ODEs of

geodesic type can be reduced to a system of (n — 1) second order quadratically semilinear
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ODEs [52]. Following this procedure of projection, the linearization criteria for a system
of two cubically semilinear ODEs were derived by Mahomed and Qadir [52]. When this
procedure was applied to a system of two dimensions, Lie linearization conditions for scalar
second order ODEs were obtained.

Another recent development was of complex symmetry analysis (CSA). It deals with
those systems of DEs that come from the systems of complex DEs. Complex DEs are
those in which dependent variables are complex functions of complex or real independent
variables. Whereas Lie considered complex DEs, he did not use the analyticity of complex
functions. The fact used recently was that the dependent variables must be analytic and
satisfy Cauchy-Reimann (CR) equations [2,4]. Complex ODEs give systems of two PDEs
on splitting into real and imaginary parts. A complex function of a real variable yields
two real functions with CR structure on both the variables. In this way we get a system
of two ODEs. We can also ask for the linearizability of complex scalar ODEs to obtain
linearizable PDEs/ODEs [5]. Using CSA it has been shown that we get three of the five
linearizable classes of systems of two second order ODEs [66].

In Lie’s programme of linearization, no definite statement is available for the cases
when ODEs are not linearizable. This gap may be filled by another development called
conditional linearization. Conditional linearization is a totally different direction for lin-
earization given by Mahomed and Qadir [51] in 2008. Differentiating a linearizable scalar
second order ODE and then requiring that the original equation holds, gives the condition-
ally linearizable third order ODE [51]. The result is that the new third order conditionally
linearizable ODE may contain only two arbitrary constants in its solution. This is a new
class of ODEs and is not contained in IM [29] and Neut and Petitot class [59]. The same
procedure was applied to a system of ODEs [49] to get a system of two third order condi-
tionally linearizable ODEs. This method was repeated with the third order conditionally
linearizable ODE to get a fourth order ODE [53].

Linearization maps a nonlinear DE to a linear one by using an invertible transforma-
tion. The inverse transformation maps the solution of the linear DE to the solution of

the nonlinear DE, thus allowing us to get an exact solution of the nonlinear DE. Not only
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this, but we also obtain the general solution of a nonlinear DE. The general solution of
a linear DE contains arbitrary constants equal to its order. So initial conditions equal in
number to the order of a linearizable DE must be given in order to find its exact solution.
Our motivation for considering the linearization problem is that it does not only give the
general solution of a nonlinear ODE but also classifies ODEs according to the number of
initial conditions to be satisfied by an ODE. Using the power of linearization, we can put
DEs into one equivalence class of solvable DEs.

The thesis is organized as follows. In the second chapter we review some results on the
linearization of scalar and systems of ODEs. In the third chapter we use Meleshko’s algo-
rithm to reduce fourth order ODEs by one (or two) order(s) and then apply IM’s (Lie’s)
linearization criteria to the reduced ODEs. In this way we get the solution of a nonlinear
fourth order ODE by quadrature. We give complete criteria for scalar fourth order ODEs
that are reducible to the lower order linearizable equations. Fourth order ODEs that are
linearizable by Meleshko’s method are not necessarily contained in IMS’ class of lineariz-
able ODEs. The fourth chapter is on complex linearization of 2—dimensional systems of
second order ODEs. We first obtain the linearizable form for a 2—dimensional complex-
linearizable system of second and third order ODEs. Further, linearization conditions for
such systems are derived in terms of coefficients of the system and their derivatives. The
most general linearizable form and the linearization criteria for a class of 2—dimensional
systems of third order ODEs are also derived by complex-linearization. In the fifth chap-
ter we use complex methods for the classification of 2—dimensional linear systems of
third order ODEs. We first obtain the canonical form of 2—dimensional linear systems
of third order ODEs by using complex methods. This form provides the classification of
2—dimensional linear systems of third order ODEs that corresponds to a scalar complex
third order ODE. We prove that there are five equivalence classes of such equations from
eight to thirteen dimensions, excluding twelve. In the sixth chapter we relate contact and
higher order derivative symmetries of scalar ODEs with point symmetries of the reduced
systems. We define new types of transformations that build up these relations and ob-

tain equivalence classes of scalar ODEs linearizable via these transformations. We first
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obtain canonical forms of linear scalar third and fourth order ODEs, then perform the
group classification for these equations. Four equivalence classes of linear scalar third and
fourth order ODEs are seen to exist. In the last chapter, we conclude the work done in

the proceeding chapters along with some future directions.

1.1 Lie groups of transformations and Lie algebras

In this section, we give basic definitions with examples and necessary tools to deal with

ODEs by symmetry methods that will be used subsequently.

1.1.1 Lie groups of transformations

(3]

A set G, closed under a binary operation ‘-’ is called a groupoid. If it is associative i.e.,
(a-b)-c=a-(b-c),Va,b,ceqG,then it is called a semigroup. It is called a monoid if it
contains an identity i.e., 3! e € G such that a-e =e-a =a, V a € G. Note that we can
have a left identity that is not a right identity and vice versa, e.g. if 1 is the operation of
raising to the power defined in N then 1 is the right identity that is not a left identity,
nTl=mnbutlTn=1%n. If for a monoid we have the property that V a € G, 3!
a~! € G such that a-a ' = a™'-a = e, then it is called a group. A group G is called an
abelian group if the group operation is commutative i.e., a-b=0-a, V a,b € G. If there
are a finite number of elements in a group, then the group is called a finite group. The
number of elements in a group is called the order of the group. A basic example of a finite
group is the symmetric group .S,, which is the group of permutations of n objects. The set
of integers Z is an infinite group with ‘+’ as the group operation. These are all examples of
groups with a discrete number of elements. If we consider those groups whose number of
elements are a continuum, such as the space R, then we can talk about continuous groups.
A group G is continuous if there is some notion of ‘continuity’ imposed on the elements
of the group in the sense that a small change in a or b produces a correspondingly small

change in a - b. It is defined in a precise way as:
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Definition 1.1.1. A continuous group is a topological space, whose elements form a group
and the group operation and its inverse are continuous mappings.

Remember that a map or function is continuous from one topological space to another
if the inverse image of every open set is open. The most common example of a continuous
group is the set of all real numbers R with ‘+’ as the group operation. The same set R is
not a group under the operation of multiplication because R has an element 0 which has
no multiplicative inverse. The space of extended real numbers, R, is not a group under
multiplication. This is because 1/0 is co € R and when we approach 0 from the left its
inverse approaches —oo and when we approach 0 from the right its inverse approaches
+00. As the inverse of every element of a group has to be unique, so R fails to form a

group, and hence, is not a continuous group.

Definition 1.1.2. If the elements of a differentiable manifold form a group and the group
operation

m:GxG— G, m(a,b)=ab, abedq,

and the inversion

i:G—G, ila)=a', a€d

are smooth mappings then it is called a Lie group [60] .

The sets R and C with ‘4’ as the group operation are examples of Lie groups. If
we eliminate 0 from the set of real numbers and denote the set as R*, then R* forms a
continuous group under multiplication but not a Lie group. This is because the space
R* can be written as a union of two disjoint subsets (—oo,0) and (0,00) and hence, is
disconnected. Unlike R*, C* is a Lie group under multiplication because when we remove

the origin, the space is still connected.

Definition 1.1.3. A transformation that involves a change of dependent and independent

variables without involving other functions i.e.,
T =x(z,u), u=u(x,u), (1.1)

is called a point transformation.
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Definition 1.1.4. Suppose the point transformation (1.1) depends continuously on (at

least) one parameter a, (see e.g., [68]), i.e.
T =2Z(zr,u;a), u=u(x,u;a). (1.2)

Further suppose that these transformations (1.2) are defined for each (z,u) € D C R? and
the parameter a belongs to a continuous group S C R with a law of composition o(a,b).

The set of transformations (1.2) forms a one-parameter Lie group of transformations G if:

(i) the closure law holds i.e., if

then

(ii) the associative law holds;

(iii) the set of transformations (1.2) contains the identity transformation, i.e. 31 e € S

such that
T=Z(x,uje) =z, u=u(r,ue)=u;
(iv) the transformations (1.2) are invertible, i.e. ¥V a in S 3! @’ € S such that
a(a,a’) =e.
Examples of Lie groups of transformations

(1) Consider the 1—dimensional transformation
T =ax, (1.3)

where a is a non-zero real number.

]
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o
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By writing £ = cx, we have the product element ¢ = ba, so the composition of two
transformations is described by an analytic function that yields another transformation
of the form in (1.3). This operation is clearly associative, as well as abelian, since the
composition of transformations corresponds to the multiplication of real numbers. The
identity is determined from Z = z, which clearly corresponds to the transformation (1.3)
with @ = 1. The inverse of (1.3) is seen to correspond to the transformation with a = 1/a,
which explains the requirement that a # 0. Hence, the transformations defined in (1.3)
form a one-parameter, abelian Lie group.

(2) The set of transformations
T=aax+ay a #0, (1.5)

forms a two-parameter, non-abelian group. The identity element corresponds to the trans-
formation (1.5) with a; = 1 and as = 0. The inverse of (1.5) is determined by taking
a; = 1/a; and a3 = —as/a;. The composition of two transformations is given by the
product rule ¢; = bya; and ¢y = by + bias where & = b1 + bs.

(3) General linear groups:

The set of transformations

U = azT + aqu, (1.6)

with aya4 — asaz # 0 forms a general linear group in two dimensions. If z and u denote the
components of a vector r, the transformation (1.6) can be written in the matrix notation

as

=l
I
>

"

where

]
I
-
I
>
I
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The linear group in two dimensions is isomorphic to the group of 2x 2 non-singular matrices
with the matrix multiplication as the law of composition. Here the identity corresponds

to

A =

)

01

the inverse is the matrix inverse A~! and the product element is given by the matrix
multiplication C = BA, where r = Br. The linear group in two dimensions is a four-
parameter, non-abelian group and is denoted by GL(2,R), where R signifies that the
entries are real. The general linear group with complex entries is denoted by GL(2,C). In
n dimensions, these transformation groups are denoted by GL(n,R) and, with complex
entries, by GL(n,C). The number of parameters for an n—dimensional linear group is n?.
(4) Special linear group:
This group is obtained by restricting the determinant of the transformations in example
(3) to unity. This restriction provides one functional relation between the n? parameters.
Thus we have an (n? — 1)—parameter group. This group is denoted by SL(n,R) for real
entries and by SL(n,C) for complex entries.
(5) Orthogonal groups:

We restrict the transformations in example (3) to be length invariant:
2+ 0 = (a2 + agu)? + (asw + agu)® = 2% + v (1.7)
For the above equation to hold we must have
a?4+as=1, a3+ai=1, aay+ azay=0. (1.8)

We have three conditions imposed on four parameters, leaving one free parameter. Thus,
we have a one-parameter group. This group of transformations is called orthogonal group
and is denoted by O(2). Its elements are rotations and combinations of rotations and
reflections. This group is abelian as the angle of resultant of two transformations is the

sum of the angles of the individual transformations. Orthogonal group is isomorphic
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to the group of 2 x 2 orthogonal matrices with the matrix multiplication as the law of
composition. From orthogonality, (detO)? = 1 which implies that detO = +1, where O
is an orthogonal matrix. The subset of O(2) for which detO = 1 forms a group known
as the special orthogonal group (or unimodular orthogonal group), SO(2). Since detO =1
does not impose an additional condition on the parameters, we have one independent
real parameter. Geometrically, SO(2) can be regarded as a group of rotations about the

z—axis and written as

T =xcosf —usinb,

u=xsinf +ucosf, (0<6<2m), (1.9)

where 6 is the angle of rotation about the z—axis.

The important thing here is that O(2) is not a Lie group while its subgroup SO(2) is a

Lie group. For this, consider the orthogonal matrix that cannot be connected
0 —1
to the identity by a continuous transformation. Since a continuous group is, by definition,

always connected to the identity, the orthogonal matrix is not in a continuous group.
The determinant of this matrix is —1 and of the identity is +1. Since the product of
determinants is the determinant of products, all matrices continuously connected to the
identity will have determinant +1 and will thus lie in SO(2). Hence SO(2) forms a Lie
group while O(2) does not. Note that reflections do not form a continuous group of O(2).
Hence there is only one connected component of O(2). Further, we restrict transformations
of the general linear group to those which leave X z? invariant. The n? parameters are
subjected to n 4+ n(n — 1)/2 conditions, leaving n(n — 1)/2 free parameters. This group,
which is not a Lie group, is denoted by O(n).

If we consider transformations in example (3) to be complex, i.e. take z; as complex

variables and a;; as complex coefficients, the number of free (real) parameters is 2n?.
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1.1.2 Infinitesimal transformations

The one-parameter group of transformations (1.2) can be characterized as the motion in
the zu—plane. The image of an arbitrary point (z¢,ug) under the one-parameter group
of transformations moves in the zu—plane, when the parameter a varies. In this way, we
get different curves for different initial points. Each curve represents points that can be
transformed into each other under the action of the group. These curves, called orbits of
the groups, are completely characterized by the field of its tangent vectors X. The idea
of orbits can be concisely described by considering infinitesimal transformations defined

below [28].

Definition 1.1.5. Consider the one-parameter Lie group of transformations (1.2). Let

the functions Z(z,u; a) and u(x,u;a) satisfy the initial conditions:
T=x, u=wu, at a=0. (1.10)

We expand (1.2) as a Taylor series in the parameter a in a neighborhood of a = 0. Invoking

(1.10), we arrive at what is called the infinitesimal transformation of the group G

#(,usa) ~ @ + af(z, u),

u(z,u;a) =~ u+ an(x,uw), (1.11)

where the functions &(x,u) and n(x,u) are defined by

0x ou
§(x,u) = a_z om0+ Mz, u) = a—z la=0 - (1.12)

Definition 1.1.6. The functions &(z,u) and n(z,u) defined by (1.12) are components of

the operator

0 0
X=¢— —. 1.13
Eo g (1.13)
The operator X, is called an infinitesimal generator of the transformation (1.2).
Repeated applications of X generate a finite transformation. Although finite trans-

formations are complicated and nonlinear, their infinitesimal generators are always linear
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operators. So instead of considering a group as a whole we will consider an infinitesimal
transformation around the identity.

Geometrically, integral curves of vector fields are group orbits i.e., we obtain the finite
transformation (1.2) by integrating

0x ou
= =¢&(z,0), — =n(z,u), 1.14
=), ot =) (1.14)
with initial conditions (1.10). It is to be mentioned here that an infinitesimal generator
uniquely determines the group orbits but orbits give the generator only up to a constant

factor.

Examples

(1) Consider the following group

T = ax,

1
U= —1u. 1.15
U au ( )

The identity transformation has a = 1. The infinitesimal transformation is given by

T~ (l+a)z=1+ax,

u~(1—a)u=u-—au.

From this we find
oz ou
9 la=1= 1, 9a la=1= —u,

so that the corresponding infinitesimal generator of the given group is

X -z 2 (1.16)

(2) Take the example of the rotation group (1.9). Here the identity transformation

has # = 0. We have the corresponding infinitesimal transformations
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so that

0T ou
— U — |p=o==

o0 lo=0=—u., 90

and the corresponding infinitesimal generator is

X = —ug—i-a:—. (1.17)

Infinitesimal transformations of multi-parameter Lie groups

Transformations (1.2) can depend on more than one parameter (see e.g. [68]) as we have
seen in previous examples. In this section we define multi-parameter Lie groups of trans-

formations and their infinitesimal generators.
Definition 1.1.7. The transformations
T =2z(z,u;a.), u=u(x,u;a,) where r=12 ... N, (1.18)

form an N—parameter Lie group of transformations if:

(i) all @, are independent of each other;

(ii) transformations (1.18) contain the identity and are invertible;

(iii) the law of composition holds; and

(iv) the law of association holds.
The N—parameter Lie group of transformations is denoted by G .

Definition 1.1.8. We can associate an infinitesimal generator X, to each parameter a,
by

0

o (1.19)

0
Xr :’Sra_x"i_nr

with




1. Introduction 16

with all parameters a;, =0, s=1,2,...,N.
Each parameter of an N—parameter Lie group of transformations leads to an infinites-
imal generator. So there are N infinitesimal generators of an N —parameter Lie group of

transformations.

Examples
(1) Consider the example of a group
r = a1x + as.

The identity transformation has parameters a; = 1 and as = 0. The infinitesimal trans-

formations are
T~ (1 + Cll).fE + ao,
with the infinitesimal generators
0
Xi=2—, Xo=_—.
1 92 2

(2) Consider the following 3—parameter Lie group of transformations

T =xcosa; —usina; + as,

u = xsina; +ucosay + ag. (1.20)

The infinitesimal generators of the above group of transformations are

0 0
0
= — 1.22
X2 ax7 ( )
0
= — 1.2

where (1.21) corresponds to the rotation in the zu—plane, while (1.22) and (1.23) are
translations along the x and u axes, respectively. This group is called the Euclidean group

or group of rigid motions in R2.
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1.1.3 Lie algebras

An N —parameter Lie group of transformations is determined by N infinitesimal genera-
tors X,.. These infinitesimal generators define an N —dimensional linear vector space. This
linear vector space has an additional structure, called the commutators which is defined

below [68].
Consider an N —parameter Lie groups of transformations (1.18) with infinitesimal gen-

erators (1.19).

Definition 1.1.9. The commutator of two generators X, and X is defined by
X, X = XX, XX, = (X6~ X&) o (1.24)
From the above definition it follows that
X, X, = —[X.. X, (1.25)
Also the commutators (1.24) are bilinear, i.e.

[Clxr + CQXS, Xt] = C [Xra Xt] + Cy [Xsy Xt]a (126)

[Xta C1X7» + CQXS] =C [Xta Xr] + Co [Xt, XS] (127)
Definition 1.1.10. The Jacobi identity for the commutators (1.24), defined by

X X X ]+ X, X X+ X X X = 0, (1.28)

always holds.

Theorem 1.1.11. The commutator of any two infinitesimal generators of an N —parameter
Lie group of transformations is again an infinitesimal generator of the same Lie group of
transformations. More generally we can write it using the Finstein summation convention

as
(X, X,] =C!l.X;,, with rst=12...,n, (1.29)

t
where C},

defined by (1.29), are called structure constants.
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Structure constants possess the following properties:

(i) Structure constants are antisymmetric in the lower indices, i.e.
Cﬁs = _OET
(ii) Because of the Jacobi identity (1.28), structure constants satisfy Lie identity

ct.er +CLer + CLCr = 0.

s~ 0q sq~or qr~os

Definition 1.1.12. A Lie algebra is a vector space, L of generators (1.19) which are closed
with respect to the commutator relations satisfying (1.25), (1.26), (1.27) and (1.28).

A Lie algebra is denoted by the same letter L. The dimension of a Lie algebra is the
dimension of the vector space L. An N—dimensional Lie algebra is denoted by the symbol
Ly. If we are given N linearly independent operators (1.19), their linear span is a Lie
algebra Ly provided the relation (1.29) holds. It is convenient to use the relations (1.29)

in the form of a table of commutators of the basis (1.19).

Example

Similitude group in R? is a four-parameter Lie group of transformations that consists of

uniform scaling and rigid motions in R?:

= e™(xcosa; —usinay) + as,

5]

u=e™(rsina; +ucosay) + as. (1.30)

The infinitesimal generators of the given group are

0 0 0 0 0 0
X1 = —u%—i—x%, XQ— —x, Xg— %, X4—.’E%+’U,% (131)

The commutator table of the above infinitesimal generators is
X, Xy X3 Xy
Xy 0 X3 Xy 0
Xy | X3 0 0 X
X3 —Xy 0 0 X3
Xy 0 =Xy X3 0
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The above table is antisymmetric with its diagonal elements all zero. The structure con-
stants are easily read off from the table. This shows that the algebra of these generators is
closed with respect to the commutation satisfying the relations (1.25), (1.26), (1.27) and
(1.28). Hence, the generators (1.31) form a basis of a Lie algebra Ly.

1.2 Lie symmetry analysis of ODEs

An nt" order ODE
Fz,u;u o). u™) =0, (1.32)

can be viewed geometrically as a surface in an (n+2)—dimensional space whose coordinates
are given by the independent variable, the dependent variable and their derivatives up to
the order n. So the solutions of ODEs are particular curves on this surface. From this point
of view, a symmetry transformation represents the motion that moves solution curves into
solution curves. More precisely, a symmetry is a one-parameter group of transformations
that acts on an (n + 2)—dimensional space and maps solutions to solutions.

In this section, we show how to find infinitesimal symmetry generators admitted by an
n!™ order scalar and system of ODEs. For this purpose, we first have to prolong or extend

generators up to the n'* order.

1.2.1 Extension of transformations and their generators

To apply a point transformation (1.1) or (1.2) to (1.32) we have to transform derivatives
u™ i.e., to extend the point transformation to derivatives (see e.g. [68]). This is done by

defining
L, _ du(w,ua) _ w/(0u/ou) + (98/dx) _ .,
= T ua)  w(@%/0u) 1 (0xjaw) i)
_, _ du'(z,u,u'5a)

W =—T"T""T"l=i"(z,u,u. u";a
dj'(’m’u;a) ( b ) b ) )7

da ™V (z,u, o, ... uY;
) = (2,00, =™ (z,u, 0, .. ul

,(n
" dz(z,u;a)

"), (1.33)
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which are the extended or prolonged transformations. To obtain the extension of an

infinitesimal generator X, we write

T=x+4+a(zv,u)+ - -=z+aXz+ -,
u=u+an(x,u)+---=u+aXu+---,

w = 4+ anV(z,u,u) + - =o' +aXu 4 -,

a(n) :u(n)_i_an(n)(x’u’uI?... 7u(n)>+.,, :u(n)+a/Xu(n)+,..

where n, ... 7™ are defined by

w o ) ou™

= —0 ... = at a = 0.
77 8@7 777 aa7 a

The expressions (1.33), on account of (1.34), take the form

du  du+adn+ ...

S S ) S
wE = T U bade +

W' Faldy/dx)+... dn  ,d¢
 14al(dé/dx) + ... - +a<dx " :L')—{_“"
5(n—1
a™ = u(")+an(”)+...:dU(_ )
dz
dn=) de
= ™ "y mes
u'™ + af - u dx)+”"
which on comparison with (1.34) yields
dn(m—1 d£
I R
g dx Ca " E

. (1.34)

(1.35)

(1.36)

and which in turn, determines the components of the extended generator X of order n.

From (1.36) it is clear that the (™ is not the n*" derivative of 7.

We can summarize the above result as follows.

Definition 1.2.1. If

X= £($>u>£

o+ eu)
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is an infinitesimal generator of a point transformation, then its extension or prolongation
up to the n' order, denoted by X™, is given by

0 1 9

0 0
(n) _ ¢ Y il _—
X §8$+n8u+n 8u’+”

n)y_~
AWk

(1.37)

where 7™ are defined by (1.36).
By using the implicit function theorem, the n'* order ODE (1.32) can be locally written

as
u™(z) = flz,u ", .. uY), (1.38)

Definition 1.2.2. The n'* order ODE (1.38) admits the one-parameter group of trans-
formations (1.2) if and only if the n'" extension of its generator leaves the solution curve
Invariant.

In other words we say that the form of the ODE (1.38) remains invariant under the

point transformation (1.1) or (1.2). This implies
a™(z) = f(z,u;@,...,a" V). (1.39)

If the n'" order ODE (1.38) admits the one-parameter group of transformations (1.2)
then an infinitesimal generator of the group is called an infinitesimal symmetry generator

or symmetry of the ODE (1.38).

Theorem 1.2.3. An n'™ order ODE (1.38) admits an extended infinitesimal generator
(1.37) of order n if and only if

XM ™ (z) = flz,ud,. .., u™ )] =0,
or
™ (z, s, .. u™) = XY f (e usd, L u™Y), (1.40)
with
u™ (x) — flz, ..., u™ V) =0. (1.41)

Definition 1.2.4. Equation (1.40) with n™ given by (1.36) are called the symmetry
conditions for the n'" order ODE (1.38).
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Expressions for nM, n®, n® and n®

The third chapter of this thesis contains linearization of scalar fourth order ODEs. So we
present here the derivation of the expressions for n® up to i = 4.

Equation (1.36) with n =1 is

@ _ dn(z,u) u,dS(az,u)

n I o (1.42)
where
i———I-u’£+u” + ..
dr  Ox ou ou/
Applying the operator % in (1.42), we obtain
N =ne (e — &) —uE (1.43)

Proceeding in the same way, we have

@ = n,xz + ul(Z’r/,xu - g,zx) + UIQ (n,uu - 2§,$u) - ul3§,uu + u”<n7u - 2§$ - 3u/§,u)7 (144>

4

n
1% = Naws + (30 00u — Ean )t + 3w = Eawn)t” + (i — 3E )0 = it
+3(Nau — Eaa)t” + 3N — 3 zu) /'t — 6 uu*u” — 3E ,u'?
+ (N — 3 ) u" — 4 u'u" (1.45)
1Y =N aaas + 0 (40 200 — Eaven) T U (60 200 — 4)Eavru + U (40 2y — 6 sun)
" (N — A€ ) + U (—E ) + 1" (60200 — A€ www + 1207 g
— 18U E s + 60N s — 240E prs — TOUPE ) + U (30 00 — 126 1
—150'E ) + U (A1) g — 6€ g + AUN 1y — 160'E 4y, — 10UE
—10u"€,,) 4+ u™ (n, — 4, — 5u'E,). (1.46)

Example

Consider the rotation group (1.9) with the infinitesimal generator given by (1.17). Sub-
stituting the values of £ and 7 into the expressions (1.43) and (1.44) yields

77(1) =1+ u/27 7](2) _ ?)u/u//7
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so the prolonged generator for the rotation group (1.9) is

0 d 9, 0
2 _,, = i 2y Y 1o
X Yoz " " ou (1+u >8u’ s ou’"”

1.2.2 Lie point symmetries of scalar ODEs

Here, we will show how to find the Lie point symmetry generators of scalar ODEs. For

the first order ODE

u' = f(x,u),

the symmetry condition (1.40) is

0 0
nt =Xf = (€5, +15)f =&fatnfu

or

§fat&af + g,ufZ =Nz + Nuf — N

where the function f(z,u) is always given. The above PDE always has a solution for
the functions &(x,u) and n(x,u). So a first order ODE always has an infinite number of

symmetries.

For the second order ODE
u' = f(aud), (1.47)

the symmetry condition (1.40) reads

) B B
@ _ ) _ /
n XU (€a$+nau+nau,)f-

Invoking the expressions (1.43) and (1.44) for nV) and | we obtain
f(n,u - 2571‘ - Bulf,u) - fﬂ?g - f,un + ful[%c + ul(n,u - S,x) - ulgg,u] + n,xx
+u/(2n,xu - g,acac) + u/2<n,uu - 2€,$u> - Ulgg,uu =0.

From the above DE we have to determine ¢ and 7. Since £ and 1 do not depend on

u’, so the above DE splits into several equations, called determining PDFEs, for £ and 7).
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These determining PDEs are then solved for ¢ and 7 to obtain the point symmetries of the
equation (1.47). Similarly by following this procedure we can find the point symmetries
of any ODE of order n > 2 after calculating n¥, i = 1,2,...n. Although the procedure
becomes lengthy for higher order ODEs but the determining PDEs for £ and 7 are always
linear.

For linear ODEs of order n we have the following result [68].

Theorem 1.2.5. Ann'" order linear (systems of ) ODE(s) admits at least an n—parameter

Lie group of point symmetries.

1.2.3 Lie point symmetry conditions for systems of ODEs
Suppose we have a system of & ODEs of order n:
u™ = f(z,u;u, ..., u"Y),

where £ = (f1, fo, ..., f), u = (u,ug,...,ug), 0 = (u},u), ..., u}) and so on. To find
Lie point symmetry conditions for the above system of ODEs we first define the extended
transformation and extended infinitesimal transformations for k& dependent variables [12].

Consider a one-parameter Lie group of point transformations with u = (uy, us, . .., ug)

as dependent variables and x as independent variable:

T =z(zr,u;a),

u = u(z,u;a).
The extended transformations of the above transformations up to the order n are given
by

_, du(r,u;a)
~ dz(z,u;a)

=1/ — dﬁ,(‘/L‘? u7 ul? a/)
dz(z,u;a)
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where

The infinitesimal transformations are

r + aé(z,u) + O(a?),

x
u=u+an(zr,u)+ O(a2),

W =u +an(z,u, ') + O(a?),

a™ = u™ + an®™(z,u,v’,...,u™) + O(a?),
with the extended infinitesimals, for n > 2, given by

S O (1.49)

' dz T

and

1 1) (1)

(1):(771 M2 e Ty ), etc.

=", M), N

Here the extended infinitesimal generator is

0 0
V=™

x —¢d 02
U

Ox M ou; (1.50)

ou™’

(2

where the summation varies from 7 = 1 to k.

(1)

Expressions for 7,”’, 771(2) and 7]53)

Since the present work mainly revolves around the linearization and the group classification

i, and ;"

1 Y

of systems of two third order ODESs, so here we derive expressions for 7
with y and z as dependent variables.

Equation (1.49) for the dependent variable y with n =1 is

d d.
51) _ 77(9071/72) _y/ 5(«77,3/,2)' (151)

n dx dx
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Applying the operator

i _ ﬁ + /2 —|—Z/£ + //i +Z”i + ///i +Z”/i
dr oz Y Ay 5, Y oy’ 92 Y oy" 02"’

we obtain

1
Y = e (1 = &a) + 2 (s = Y60 — 4

Proceeding in the same way, we have

M = Mae + Y 2oy = Ean) + 25 M0 + Y 0y — 260 = 3Y'E, — 27€.)

+z”(771,z - ylf,Z) + 3/2 (nl,yy - 2€,my - 22/5,7%) + 23//'2/(771,1;2 - f,xz)

+Z/2 (nl,zz - ylg,zz) - y/3€,yy 5

3
77% ) = nl,xm} + y,(3771,my - g,xxx) + Z/(gnl,xxz) + 9/2(3771,:cyy - 3€,xxy)

Y 2 (611, 2y= — 3 ) + 22 (3M022) + U (M yyy — 3Eay)

Y22 (30yye — 68 0y2) + 4223 yzz — 3 zz) + 27 (M1 222)

+y/4(_57yyy> + y,3zl<_3€,yy2) + y/22,2(_35,yzz) + 9/2,3(—f,zzz)

+" (3012 — 3€aa) + 2" (3az) + Y'Y (3714 — 9Eay)

+2"y" (3n1y. — 68 42) + ¥ 2" (3. — 38 22) + 272" (3n1,22)

Y2y (=68 ,) + ¥ 2y (=9€,) + 2y (=36 22) + 422" (=3E )
+y'2'2" (=36 2.) + Y (=38,) +y"2"(=3E.) + ¢ (my — 36,

+2" () + ¥y (—48y) + 2y (=38.) + 2" (=€) -
Similarly for the dependent variable z, we have the expressions:

7751) =T2e + Z/(Uz,z - f,x) + y/(772,y o Zlg,y) o 2/2572 )

77§2) = e T Z,<2771,a:z - g,xl‘) + 2?/,772,131/ + 2//(772,2 - 2€,x - 2y/§7y - 32,5,2)
+y//<772,y - Zlg,y) + 2/2 (7]2,zz - Qg,mz - 22/5,;,2) + Zy/zl(n2,yz - g,my)

+y12(772,zz - Z/f,yy) - Zlgg,zz

26

(1.52)

(1.53)

(1.54)

(1.55)

(1.56)
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and

7753) = N2,a2z T y/(3772,my) + Z/(3n2,zxz - g,a:xx) + y/2(3n2,myy)

2 (612,092 — 3 ay) + 2% (3022 — 30,002) + 4 (112yy)
+y22 (3092 — 3 ayy) + ¥ 2 (309422 — 6€.2y2)

20 (1 22z = 3 0) + Y2 (<€ ) + U2 (=3 yy2)

1 2P (=3 yoz) + 2 (=€ ozz) + ¥ (302,0y)

+2" (32,02 — 3&ua) + YY" (B2yy) + 2y (3022 — 3E.y)
2" (3ayz — 68 4y) + 2'2" (32,22 — 9 02) + 42"y (=3 4y)
+2%Y" (=38 y2) + Y22 (=36 ,) + ¥ 2" (96 )

222" (=66 2.) +y"2"(=3Ey) + 2" (=3E2) + " (1)

_’_Z,/,(nQ’Z _ 3§7m) _I_ Z/y”/(_§7y) +y/Z,”<_3€7y) + Z/Z,//(—4§7Z) .

To derive the symmetry condition for a system of two third order ODEs

"

y = fl(xa Y, z; y/> zla y”> Zl/)?
"

£ = fQ(x7ya Z§y,72/ay”;75”)7

we suppose that the above system admits the symmetry generator

0 0 0 0 0 0
XB) — ¢ 2 ~ (1) (1) (2)
5095 m oy & 0z m oy’ 12 0z gl oy

+ 1

0 0
0 — Y

ay/// 2 oM

The symmetry conditions read as
X'(3) [y/,/ - fl (:L‘7 y’ 27 y,7 Z/’ y”? Z”)] = 07
X" — fole,y, 29,2y, 2")] = 0,

or

Y = XOf(z,y, 20,2y 2,

1 = X fy(,y, 20/, 2y 2").

2 0
azll

27

(1.57)



1. Introduction 28

Applying the operator X on the above expressions, we get

3 1 ! 2 g
0 = &+ mfry +mofie 0 fry + 0 0 fu 40 fran,
7753) =& foe+mfoy +mfo.+ U%l)fzy' + Uél)fzz/ + 77§2)f2,y” + 7752)f2,z"-
These are the symmetry conditions for the system of two third order ODEs with 771(1), 77,52)

and n” (i = 1,2) given by the expressions (1.52)—(1.57).

(2

1.2.4 Contact and Lie-Backlund transformations and their in-

finitesimal generators

We will be using a generalization of contact and higher order symmetry generators, we first
define the contact and Lie-Backlund transformations and their infinitesimal generators.

Some basic results related to these transformations [12] are also reviewed.

Definition 1.2.6. A transformation

(Z’ZQO(.I,U,,}?), ﬂ:wl('rauvp)a 17:1#2(%%29)7 (158)

with p = ' is called a contact transformation if it preserves the contact condition du = pdx

ie.,
du = pdz. (1.59)

The contact condition (1.59) can also be written as

Dx"vz)l ($a u,p)

V2= Dp(z,u,p)

From the above equation we find that the functions ¢, ¢y and i, are related by

wl,p = ¢290,p, Qpl,x + pwl,u = (Qp,x +p90,u)w2 (160)

We can write the above result in the form of the following theorem.

Theorem 1.2.7. Equations (1.58) define a contact transformation if and only if {¢, V1, 19}
satisfies the relations (1.60).
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Example

The contact transformation
t=u, s=-u+au, s =nuzx, (1.61)

is known as the Legendre transformation [28]. Indeed, this transformation maps the DE

of hyperbolas
. 3u1/2 B
0
to the linear equation
2ts" + 35" = 0.

Definition 1.2.8. A one-parameter Lie group of contact transformations is defined by

T =+ a&(z,u,u’) + O(a?), (1.62)
i =+ an(z,u,u’) + O(a?), (1.63)
p =+ al(z,u,u') + O(a?), (1.64)

with the infinitesimal generator

0 0
X = &(z,u,u")=— + n(z,u,u')=— + {(x,u,u)

ox ou o'’

provided the contact condition is preserved.

Theorem 1.2.9. Equations (1.62)—(1.64) define a one-parameter Lie group of contact

transformations if and only if & and n satisfy

In _ 9,
8u’_8u’u'

Let the characteristic function W' = W (x, u, u’) be defined by

W:é.u/_nv
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then the infinitesimal generator in terms of the characteristic function is given by

T =@z, uu u", . u™), (1.65)
=z, u, o u”, . u™), (1.66)
;= i (z,u,u u” . u™) =12, .m, (1.67)

is called a Lie-Backlund transformation of order m if it preserves the contact conditions

up to the order m:

du;_
Uy = dt )

i=1,2,...m. (1.68)

Lie-Backlund transformations depend on independent and dependent variables and deriva-
tives of the dependent variable up to some finite order. The following theorem shows that

the contact transformations are special case of Lie-Backlund transformations.

Theorem 1.2.11. Any Lie-Backlund transformation with an infinitesimal generator of

the form

is equivalent to a contact transformation with the infinitesimal generator

0

X = gl o) (o) 2
u

ox ou

where u' = uV.



Chapter 2

Linearization of ODEs

The study of nonlinear DEs was initially focussed on approximating them by linear DEs
[58], but then the main aspects of the nonlinear DEs that are crucial for the phenomenon
being modelled could be lost. Using approximations one was not clear how the essence of
nonlinearity was lost. This method works only when the iteration converges. One faces the
same problem with the numerical methods for solutions. To find the numerical solution
of a nonlinear equation one first needs to know whether its solution exists or not. Proof
of existence and convergence is furnished by functional analytic methods when they can
be applied. Further, the rate of convergence is very important. If we have an adequate
accuracy only after a million terms, the fact that it converges is of little help in obtaining
the solution. So one needs to find the exact solution of nonlinear DEs. In the latter part of
the 19" century Lie developed the method of linearization to solve nonlinear DEs exactly.
Linearization is an invertible mapping that converts a nonlinear DE to a linear one by the
change of variables. Linearization criteria comprise the most general forms of DEs that
could be the candidates of linearization and the sufficient conditions that ensure existence
of invertible transformations from nonlinear to linear equations.

Suppose we have an n'* order nonlinear ODE and an invertible transformation that
converts it into a linear ODE of the same order. As every linear n*"* order ODE has n

linearly independent solutions, by applying the inverse transformation to the solutions

31
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of the linear ODE, we obtain the n exact solutions of the given nonlinear ODE. The

linearization scheme can be best displayed by Figure 2.1.

Nonlinear DE Transformation Linear DE

Solving

Solution of
nonlinear DE

Soltion of
linear DE

Inverse transformation

Figure 2.1: The linearization scheme. By setting all arbitrary constants but one in the
linear superposition as zero, we can get the linearly independent solutions of the nonlinear

ODE.

This chapter briefly reviews results on the linearization of scalar and systems of ODEs.
We first review the original work of Lie and then more recent work on linearization is
presented. The results on linearization based on geometry and complex analysis are given.
New forms of linearization called by the authors “Meleshko linearization” and “conditional

linearization”, are reviewed.

2.1 Linearization of scalar ODEs

This section is devoted to the linearization of scalar ODEs by point and contact trans-
formations. We give Lie’s criteria for the scalar second order ODEs linearizable via point
transformations. The necessary forms and the sufficient conditions for the linearization of
scalar third and fourth order ODEs by point transformations are presented. Further, the

most general forms of third and fourth order ODEs linearizable via contact transforma-
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tions are provided, but first we give some well known results on the equivalence of scalar

ODEs [46].

Definition 2.1.1. Two equations are said to be equivalent if there exists an invertible
transformation which transforms one equation into the other. The problem of finding all
equations which are equivalent to a given equation (called the target equation) is called

the equivalence problem.

e First order ODEs. All first order scalar ODEs are equivalent to one another. In
particular, an equation of the form v’ = f(x,u) can always be transformed to the

simplest equation s’ = 0, by a suitable point transformation
t=o(r,u), s=1v(x,u). (2.1)

e Linear second order ODEs. As proved by Lie [38], any linear, scalar, second order
ODE can be transformed to the simplest equation s” = 0, by the transformation
(2.1). Hence all linearizable scalar second order ODEs belong to one equivalence

class.

e Linear ODEs of order n > 3. A linear scalar ODE of order n > 3 need not be
transformable into the simplest form. We now present a theorem due to Laguerre

[32,33] for linear scalar n'* order ODEs.

Theorem 2.1.2. Any linear homogeneous n'" order scalar ODE

u™ +Y E(@)u? =0, n>3, (2.2)

Equation (2.3) is called the Laguerre canonical form of the ODE (2.2).
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2.1.1 Linearization of scalar second order ODEs via point trans-

formations

The linearization problem for DEs was first solved by Lie [38]. He found the most general
linearizable form for scalar second order ODEs via point transformations and showed that
any second order scalar ODE is linearizable if it is at most cubic in the first derivative
with the coefficients of the nonlinear ODE satisfying four conditions. These conditions,
(2.11), involve up to the second order partial derivatives of the coefficients and first order
derivatives of two auxiliary functions. Tressé [70, 71] eliminated the auxiliary functions
from these four conditions and reduced them to two (namely (2.12)). These conditions
are in the form of DEs that need to be checked but not to be solved. Here, we give Lie’s
linearization criteria in detail.

To obtain the Lie linearizable form for scalar second order ODEs (see e.g. [28]), we

assume that the ODE
u' = f(x,u,u’), (2.4)
comes from the simplest linear equation
s" =0, (2.5)
by the point transformation (2.1). The derivatives s’ and s” are transformed as follows:
,_ Dy _ D,P

S = ngp = P(ZE7U,U/) 5 3” ngp,

where D, is the total derivative operator with respect to x and is given by

D —24_ ’g_|_ ”i
T Ox u@u u@u"

Equation (2.5), on using the above transformation, becomes
D.() D3 (¢) = Da(¥) D3 () = 0, (2.6)
where

DISO =P + ulsp,ua (27)

D20 = 0 20 + 20/ 0 gy + U0 0y + 1" 0,



2.Linearization of ODEs 35

and similar expressions for D, and D?w. After inserting the above expressions, equation

(2.6) takes the form

1 1
u’ + Z(@,uw,uu - w,uw,uu)ua + Z(@,xw,uu + 290,u¢ Tu w zPuu — 2¢,u§0,wU>U/2

1
+Z(Qp,uw,xx + 2@,xw,ru - w,u@,rx 2¢ xSO xu)u + ( x¢ Txxr w,xw,mc) = 07 (28)

where A = @ 1, — V.0, # 0, is the Jacobian of the transformation (2.1).

Writing
a=A" 1( uwuu_ u@uu),
b= A" 1( xw wu T 2§0 u1/J Tu w,zgp,uu - 2¢,u§0,xu>7 (2 9)
= A" 1( ud] ze T+ QSD x¢ Tu ¢,u¢,xa¢ - 2¢,x90,xu)7
d= A" 1( xw zr :1:90,9036)7
equation (2.8) takes the form
u” + a(x, w)u” + bz, u)u” + c(z, u)u’ + d(x,u) = 0. (2.10)

Hence, we have the following theorem.

Theorem 2.1.3. A scalar second order ODE (2.4) is linearizable by the point transfor-

mation (2.1) if it is at most cubic in u' i.e., has the form (2.10).

Equation (2.10) has four arbitrary functions viz; a, b, ¢, and d while (2.8) involves two
functions ¢(x,u) and ¥ (x,u). So coefficients of the equation (2.10) linearizable via point
transformations must be restricted by two relations. These relations (namely (2.12)) are

given in the following theorem.
Theorem 2.1.4. The following statements are equivalent:
(1) a scalar second order ODE (2.4) is linearizable by the point transformation (2.1);

(17) equation (2.4) has an 8-dimensional Lie algebra;
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(13i) equation (2.4) has the form (2.10) with the coefficients a, b, ¢, d satisfying the
following integrability conditions:
B, =F—dF, —cF, +d, +bd,

1 2
Fl,u = _F1F2 + ad — gb@ + =c

3 U
1 2
FQ@ = F1F2 —ad — CF1 — gc,u + gbﬂj,
Fyu=F; +bFy + aFy + a, — ac, (2.11)

where Fy and Fy are auxiliary functions;

(1v) the coefficients a, b, ¢, d satisfy the following set of constraints:

30 3z — 2b 40, + C oy — 30 g+ 3a,d + 2b b — 3c za — ¢ b+ 6d ,a =0,
bz — 2¢ gy + 3d 4y — 60 zd + bz + 3b ,d — 2¢ 0 — 3d za + 3d ,b = 0.

(2.12)

Example

Consider the following ODE

1
U/// + U/IQ o _u/ — 0 (213)
xr

Comparing (2.13) with (2.10) gives b =1, ¢ = —%, a = d = 0, which satisfy constraints
(2.12). Hence (2.13) is linearizable. In fact the point transformation ¢t = e*, s = z?
transforms the ODE (2.13) into s” = 0, whose solution is s = ¢1t + ¢, where ¢; and ¢, are

arbitrary constants. By inverting the transformation we get the solution of the nonlinear

ODE (2.13) in the explicit form: u = ln(é:zz:2 —2).

2.1.2 Linearization of higher order scalar ODEs via point trans-

formations

IM [30] obtained the linearization criteria for scalar third order ODEs by following Lie’s
procedure of point transformations. They also obtained the linearizing transformations
for these ODEs. Linearization of fourth order scalar ODEs via point transformations was
studied by IMS [31]. They obtained the necessary form for linearizable scalar fourth order
ODEs and also generalized the form for higher order scalar ODEs.
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Linearization criteria for a scalar third order ODE
For obtaining the necessary condition for a third order ODE

u" = fx,u, v u"), (2.14)

to be linearizable via point transformation (2.1), we assume that (2.14) is obtained from

the linear equation
s"(t) + ko(t)s(t) = 0, (2.15)

by the transformation (2.1). Remember that (2.15) is the Laguerre canonical form for

linear scalar third order ODEs. The derivatives are changed as follows:

D,
s = v = P(z,u,u),
D,y
D,P
= 2t
SI” — DxQ
D,o’

where

/ 8 //i " a
or ou o' Y ou'"’

is the total derivative operative with respect to x. Expanding these derivatives, one has

D:BSO =P + ul¢,u ) D:quz) = ¢,x + ul¢,ua

so that

a_DQ_ A

Doy = (ot wo Pt e = 3pu (W] + ..,

the omitted terms being at most linear in u”, and
A= So,xw,u - Qp,uw,x 7& 0.

It turns out that the transformation (2.1) with ¢, = 0 and ¢, # 0 provides two distinct

types of linearizable equations.
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IM type I. If ¢, = 0, then we obtain the first type for linearization given by
u"” + (ayu’ + ag)u” + bsu” + bou'? + byu’ + by = 0, (2.16)

where

a; = 3w,u_1w,uu7 ag = B(W,xw,u)il(gp,zw,xu - w,ugp,xa:)y
b3 = (w,u)_lw,uuua b2 = 3(@,xw,u)_l(@,xw,xuu - w,uugp,mc)a
bl = (@i¢,u)_1(3¢?xz¢,u - (p,x:cxsp,w’éb,u - 6@,wz¢,x¢,wu + 3(p72$¢,wzu)7

bo = (¢?x¢,z)_l(3%0,2m¢,m — ParePale — 3P 2cP W ee + Qp?xw,zmm + k01/190,5z-

IM type II. If ¢, # 0, set A(x,u) = ¢ /¢4, equations are of the form

1
u” ¥ [=3(u")? + (cou® + cru/ + co)u” + dsu” + dyu'*
u
+ dgul?’ + dQU/Q + dlu' + do] = 0, (217)

where ¢; = ¢;(z,u) and d; = d;(x, u).

Thus every linearizable third order ODE belongs either to the type I with linear depen-
dence on the second derivative u” or to the type II of equations that are at most quadratic
in the second derivative u” with a specific dependence on the first derivative v’. We have

the following theorems [30].

Theorem 2.1.5. Equation (2.16) is linearizable if and only if its coefficients satisfy the

following conditions:

gy — a1, =0, (3by — ap® — 3agp.) w = 0,
3(11@ + apaq — 3[)2 = 0, 3@17u + (112 — 9()3 = O,

(951 — 6ag. — 2a0)a1. + (b1, — a1bo) . + 3b1.4a0 — 27bg.uu = 0. (2.18)

Theorem 2.1.6. Equation (2.17) is linearizable if and only if its coefficients satisfy the

constraints given in Appendix A.1.
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Linearization criteria for a scalar fourth order ODE

The Laguerre canonical form of linear scalar fourth order ODEs is
sW(t) + k1 (t)s'(t) + ko(t)s(t) = 0. (2.19)

IMS [31] proved that there are two disjoint forms of scalar fourth order ODEs that are
linearizable to the equation (2.19) by the point transformations (2.1).
IMS type I. If ¢, = 0, the first candidate for linearization is

u® + (ayu + ao)u” + bou? + (cou + e’ + co)u”
+d4u’4 —|— dgulg + dQUQ + dlu' + d() = 0,
where all the coefficients, being functions of z and wu, satisfy ten long, complicated con-

straint equations which are not of our concern here.

IMS type II. If ¢, # 0, then the second candidate for linearization is

u® + (—10u" + fou* + fru + fo)u"” +

1
15 "3 h 12 h /
w + A (w+AP[u * (he™ + hyu
+h0)u//2 + (j4u'4—|—j3u'3 _|_j2u/2 +jlul+j0)u”+k7ul7+k(5u/6+k5ul5

+k4ul4 + kgu'?’ + nglQ + klu' + ko} = 0,

where A(z,u) = ¢, /@ All the coefficients, being functions of x and w, satisfy certain

constraint requirements.

Necessary form of a linearizable i'* (i > 4) order scalar ODE

IMS [31] derived two necessary forms of linearizable i (i > 4) scalar order ODEs.

IMS type I. If ¢, = 0, the first type for linearization is
u® + uVagu’ + ag) + ... = 0,

where a; = a;(z,u).
IMS type II. If ¢, # 0, the second type for linearization is

pii+1)

) . 1
OBIWGE) B

CERY
where f; = fj(z,u) and ANz, u) = ¢ /.4

+ fou? + fru/ + fo] +... =0,
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2.1.3 Linearization of scalar ODEs via contact transformations

IM [30] also used contact transformations to solve the linearization problem for scalar
third order ODEs. They proved that any general scalar third order ODE is linearizable
to the equation (2.15) via the contact transformation (1.58) if it is at most cubic in the

second derivative, i.e. of the form

" "2

u"” + a(z, u, u)u" + bz, u, v )u"? + c(x, u, v " + d(z,u,u’) = 0. (2.20)

The coefficients in the equation (2.20) have to satisfy certain constraints called sufficient
conditions for the linearization.

Linearization of fourth order scalar ODEs via contact transformations (1.58) was stud-
ied by IMS [69]. They showed that all fourth order ODEs that are linearizable via contact

transformations (1.58) are contained in the class of equations of the form

1
u® o M[_g(uul)2 + <C2u1/2 + e + Co)um + d5u"5 T+ du
+ d3UH3 + dQU”Q + dlu” -+ do] = 0, (221)

where all coefficients are functions of z,u,u’ and pu = (¢, + pu)/¢w. They derived
the sufficient conditions for the linearization, the methods for constructing the linearizing
transformations as well as the coefficients of the resulting linear equations. They also for-
mulated the linearizable form for i, (i > 4) order scalar ODEs via contact transformation
which is given by

1 [_u,,i(i +1)
(u” + ) 2

where all coefficients are functions of (x,u,u’) and p is the same as defined above.

u® 4 Gy + a2u/2 + agu + CLO] +..=0,

2.2 Linearization and classification of systems of ODEs

In this section Lie’s linearization criteria for scalar second order ODEs are extended to
2—dimensional systems of second order ODEs. The two canonical forms of linear systems

of second order ODEs of the dimension n are given with the linearization criteria developed
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for both the forms. We provide the equivalence classes of 2—dimensional linear systems
of second order ODEs.

A general non-homogeneous n—dimensional system of linear second order ODEs con-
tains 2n% + n arbitrary coefficients. This number of arbitrary coefficients makes it very
difficult to address the classification problem of such systems. Since invertible point trans-
formations preserve the number of symmetries, therefore, it is needed to convert this
general system of ODEs into a simple form of ODEs that involves a fewer number of co-
efficients. These simpler forms are called canonical forms of the given ODEs. In [72] two
canonical forms for n—dimensional systems of second order ODEs were presented which

are stated in the following theorem.
Theorem 2.2.1. Any linear non-homogeneous system of n second order ODEs
u'(z) = Ad/(z) + Bu(x) + ¢, (2.22)
can be mapped via a point transformation to one of the following forms: either
V' (t) = FU(t), (2.23)
or
w'(t) = Gu(t), (2.24)
where A, B are n X n matriz functions and u, ¢ are vector functions of x, while F, G
are n X n matriz functions and v, w, are vector functions of t.
For the case n = 2, the number of arbitrary coefficients has been reduced from ten to
four. Consider the linear system (2.24) with n = 2 having 4 arbitrary coefficients.
wi = gu(t)wr + gia(t)wo,

w'Q’ = 021 (t)wl -+ gzg(t)wg. (225)

The number of arbitrary coefficients are further reduced from four to three by the change

of variables

y=w/7(t), z=w/T(t), x:/7_2(s)ds,
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where T SatiSﬁeS
1 911 922
T — ————T

to the linear system

2" = gn(2)y — gu()z, (2.26)
with

(911 — g22)
2 Y
Thus we have the following theorem [73].

- - 3 - 3
gi11 = gi12 =T Gi12, G21 = T G21-

Theorem 2.2.2. A 2—dimensional system of linear second order ODFEs can be mapped

invertibly to the linear system (2.26).

The system (2.26) is the optimal canonical form of linear systems of two second order
ODEs. This form provides five equivalence classes of linearizable systems of two second
order ODEs, with 5—, 6—, 7—, 8— and 15—dimensional Lie algebras [73]. For the maximal
symmetry class of 2—dimensional systems of second order ODEs, we state the following

theorem.

Theorem 2.2.3. A 2—dimensional system of second order ODFEs can be reduced to the

system of free particle equations
w{ =0, wh =0, (2.27)
if and only if it has a 15—dimensional Lie algebra.
Following Lie’s procedure [57], one uses invertible point transformations
t=o(x,y,2), w=i(r,y,2), w=1h(z,y,2), (2.28)

to map the general system of two second order ODEs in semilinear form to the simplest

form (2.27). Under (2.28) the derivatives transform as

Dy
/ — x — P / /
wy DzSO 1(%%2’,972)7
D,
w/2: ¢2 :PQ(xvyVZay/uZ/)

D,y
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and

where D, is the total derivative operator. This yields

Y+ any® + apy?2 + azy'2” + a142” + biy? + bioy'2 + b1z + eny’ + cip?’ +dy =0,
Z/” + a212/3 + a22y/22/ —+ aggy'z’z + a24z’3 + bgly/2 + bQQyIZ/ + b232/2 + cmy/ + 6222, —+ dg = O,

(2.29)

where the above twenty coefficients are arbitrary functions of x, y and z. The system
(2.29) represents the most general form of a system of two second order ODEs equivalent
to the system of free particle equations (2.27).

One can also use the invertible point transformation (2.28) to map 2—dimensional
systems of second order ODEs to the second canonical form (2.25) with n = 2 to yield the

following theorem [67].

Theorem 2.2.4. A 2—dimensional system of second order ODEs is equivalent to the

system (2.25) via an invertible point transformation (2.28) if it is of the form
y' + c_myl?’ + C_L12y/22/ + @13?/2‘/2 + 5_711?/2 + 1_912?/2' + bi32” + ey + cid + dy =0,
2 any?2 + any' 2?4 a132° 4 by + booy)' 2 + bysz? + Eny’ + 7' + dy = 0,

where all of the above coefficients are arbitrary functions of x, y and z.

2.3 Meleshko linearization

Meleshko presented a new method to solve autonomous third order scalar ODEs and
called it linearization [56]. He considers those third order ODEs that do not satisfy IM
linearization criteria and reduces them to the second order ODEs and then linearizes them
if they are. Since such kind of ODEs do not satisfy IM linearization criteria and hence

are not linearizable as IM pointed out. We call this reduction of ODEs to the lower
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order linearizable equations Meleshko linearization. This type of linearization, which is
not actually linearization but uses the base of linearization allows us to define a new class
of ODEs that does not lie in IM class. We here give the essence of Meleshko’s linearization

for scalar third order autonomous ODEs. Consider a third order autonomous ODE
u" = flu,uu"). (2.30)

Since the independent variable is missing, we can take u as the new independent variable
and its derivative as the new dependent variable y(u) = «'. By this we get a second order

ODE of the form

vy +yy” = fluy,vy),

which is Lie linearizable if f is of the form
flu,u' vy = alu, u')u™ 4 b(u, v )u" + c(u, v )u" + d(z,u)
and the coefficients a, b, ¢, d have to satisfy the following conditions:

bt + (3¢ 4 3ad , + 6a.,d — 2¢ 4 )t + (2¢4 — 2¢Cop + 3bpd

+3bd 0 + 3d g ) + (6bd — 2¢* — 9d  )u’ + 9d = 0,

3 ™ + (20b,, — 3a,,c — 3ac, — 2b . )u"> + (2b,, + 3a.0d + 6ad
—bCyr + Cor)U* + (be — 9ad — 3¢ )u' + 3¢ = 0. (2.31)

This leads to the following theorem.

Theorem 2.3.1. A third order autonomous ODE (2.30) is reducible to the second order

linearizable equation (Meleshko linearizable by order one) if it is of the form
u"” = a(u, u)u"” + b(u, ' )u" + c(u, v )u” + d(z,u),

with the coefficients satisfying the constraints (2.31).
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2.4 Complex linearization

Lie used complex DEs of complex variables, but he did not consider the analyticity of
complex variables embodied in the CR-equations. A complex dependent variable splits
into two dependent real variables while the complex independent variable splits into two
real independent variables. In this way a scalar complex ODE splits into a system of two
PDEs. The CR-equations would apply not only between the independent and dependent
variables but also between the independent variables and the derivatives of the dependent
variables. If we restrict the independent variable to be real we get a system of two real
ODEs [2,4]. In this thesis we are only concerned with the splitting of complex scalar ODEs
into systems of two real ODEs. Consider the complex ODE

u' = f(z,u,u), (2.32)

where u is a complex function of real variable x. Now by writing u = y+iz and f = fi+1ifs,

will split the scalar complex ODE (2.32) into a system of two real ODEs

y' = filz,y, 2y, 7)), 2= folzy, 2y, 7). (2.33)

For the function f to be analytic, its real and imaginary parts must satisfy the CR-
equations with respect to the dependent variables and their derivatives. For complete

characterization of such systems, we state the following theorem [6].

Theorem 2.4.1. A general 2—dimensional system of second order ODFEs (2.33) corre-

sponds to a complex equation (2.32) if and only if fi and fo satisfy the CR-equations

fl,y = f2,za fl,z = _f2,y7
fl,y’ = f2,z’> fl,z/ = _f2,y’- (234)
When the dependent variable in a linearizable second order scalar ODE is a com-

plex function of a real independent variable, it leads to complex linearization. To obtain

complex linearization criteria [5] for a 2—dimensional system of second order ODEs, we
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suppose u in the linearizable ODE (2.10) to be a complex function of a real variable z.

Suppose there exist complex functions

CL(JZ,U) = al(x,y, Z) + iag(m,y,z),
(

ZL‘,U) = bl(xaya Z) + ibg(ﬂf,y, Z)a
)

S

(2.35)
(z,u) = c1(x,y, 2) +ico(z, y, 2),

o

d([E, u) = dl('ru Y, Z) + Z.dZ(xv Y, Z)'

Now by writing u(z) = y(x)+iz(z) will split the scalar complex ODE (2.10) into a system

of two second order ODEs of the form

Y+ a1y® — 3agy?2 — 3a1y' 2 + ax2” 4+ biy? — 200y — 012 + 1) — o2 +dy =0,

2"+ agy” 4 a1y 2 — 3axy'2? — a1 + boy/? + 201y 2 — by2? 4 oy’ + 12"+ dy = 0.
(2.36)

The sufficient conditions for linearization (2.12) now split into a set of four constraint

equations:

12&1’361 -+ 1261611735 — 1202@2@ — 6d1a1,y — 6d1@27z + 6d2a27y
_6d2a1,z + 12alcl,z - 12&202,$ + Clyy — Cl,zz + 202,y2
—12a1d17y — 12(11d27z + 12a2d27y - 12a2d172 + 2b1€1’y + 2[)10212

_2b2627y —+ 2b2017z — 861()1@ —+ 8b2b27$ — 4bl,my — 4b2,zz = O,

12&273” -+ 1202611735 —+ 1201&271 — 6d2&17y — 6d2a272 - 6d1a27y
+6d1a17z + 12&261@ + 12&162795 + Coyy — €222 — 2617yz
—12a2d1’y — 12a2d27z — 12a1d2’y + 12a1d17z + QbQCLy + 2b202’z

+261€27y — 2[)10172 — 8b2b17$ — 8b1b2’x — 4b27xy + 4b1,mz = O,

24d1a17x — 24d2a27x — 6d1b1’y — 6d1b27z + 6d2b27y - 6d2[)1’z
—{—12a1d1,x — 12&2(12@ + 4b17mg — 401@3/ — 4CQ,IZ — 6b1d17y
—6b1d27z + 6b2dg7z - 6b2d17z + 3d17yy - 3d17zz + 6d27yz + 40101711

+40102,Z — 4C2027y + 40261,,2 — 401[)1,2; + 4C2b2,x = 0,
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24d2(11,x + 24d1a2,x — 6d2b17y — 6d2b27z — 6dlbz,y + 6d1b17z
—|—12Cl2d17m + 12a1d2,z —+ 4b27:m; — 402’3%, + 4017332 — 6b2d17y
—6b2d27z — 6b1d2,y + 6b1d172 + 3d27yy - 3d2723 — 6d17yz + 4626173/

—4620277; + 40102,31 - 40101@ — 462[)1@ — 401()271; = 0. (237)
Thus we have the following theorem [5].

Theorem 2.4.2. A 2—dimensional system of second order ODFEs is complex linearizable
if it is of the form (2.36) and its coefficients satisfy the conditions (2.37) and CR-equations

with respect to y and z.

2.4.1 Equivalent classes of systems of ODEs obtained by com-
plex methods

As mentioned earlier, there are five classes of 2—dimensional linearizable systems of ODEs
with 5, 6, 7, 8 or 15 Lie point symmetries. By using CSA we get three of the five
linearizable classes. To obtain these classes we need a canonical form for linear systems
of two second order ODEs corresponding to complex scalar ODEs [66]. We start with a

general linear scalar complex second order ODE
' = a(x)u' + b(x)u + c(z). (2.38)

As all linear scalar second order ODEs are equivalent, so (2.38) is equivalent to the fol-

lowing scalar second order complex ODEs

' = d(z)u, (2.39)
' = e(x)u, (2.40)
where all these ODEs belong to one equivalence class and have 8 Lie point symmetries. So

these ODEs are transformable to each other and reducible to the free particle equation.

To extract systems of two linear second order ODEs from (2.39) and (2.40), we write



2.Linearization of ODEs 48

w(z) = y(x) + iz(x), d(x) = di(x) + ide(z) and e(x) = ej(x) + iex(x) and obtain the

following two forms of linear systems of second order ODEs

y' = di(x)y — da(z)z,

2" =do(x)y + di(2)2 (2.41)

and

/"

y' =ei(x)y — ex(w)?,

"

2 =ey(x)y + e1(x)7. (2.42)
Thus we can state the above discussion in the form of the following theorem.

Theorem 2.4.3. If a 2—dimensional system of second order ODEs is linearizable via
wvertible complex point transformations then it can be mapped to one of the two forms

(2.41) and (2.42).

These two linear forms contain only two arbitrary coefficients while the minimum
number of coefficients obtained earlier was three. The reason of reduction of number is
that we are dealing with the special classes of systems of ODEs that correspond to the
scalar complex ODEs. The number of coefficients in (2.41) can be further reduced to one

by the following theorem [66].

Theorem 2.4.4. Any linear system of two second order ODEs of the form (2.41) can be
mapped to the simplest system of two linear ODFEs

y' = —d(z)z,
Z" = d(z)y, (2.43)
via the real point transformation
_ Yy _ z _ T,
y a(x) ) z @(f]:) ) T / « (8) 87 ( )

where o' —dija =0 and d = ads.
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The system (2.43) is the reduced optimal canonical form for the linear systems of two
second order ODEs. It involves only one arbitrary coefficient, so three usual cases arise:
(a) d is zero, (b) d is an arbitrary constant, (¢) d(z) is an arbitrary function. It was

found [66] that (a) gives 15, (b) 7 and (c) 6 Lie point symmetry generators.

2.5 Geometric linearization

Since DEs live on manifolds, it is natural to ask about the connection between symmetries
in geometry and for DEs. A connection between the symmetries of systems of geodesics
equations and the underlying manifold was provided in the form of a theorem in [22]. This
theorem leads us to a procedure of checking the linearizability of systems of quadratically
semilinear second order ODEs.

A quadratically semilinear system of second order ODEs in the general form is given

by
i + AL0PuC + Biub 4+ 0 = 0. (2.45)

The above system of ODEs is of geodesic type it B = C* = 0. It is said to be a system
of geodesic equations if there exists some metric tensor for which the Christoffel symbols

I, given by (2.47), satisfy T, = Aj..

2.5.1 Linearization criteria for a quadratically semilinear system

of second order ODEs

We consider the system of n geodesic equations
i+ Tl =0, 4, k=1,2,...n, (2.46)
where the Christoffel symbols F;'-k, are given in terms of the metric tensor g;;

1
= §gzl<9jl,k: + Gkt — ik (2.47)
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and @ is the derivative with respect to the arc length [ defined by
di* = gijduiduj.
The Reimann tensor is defined by

Ry =Ty — g + DL = Dol (2.48)

The following theorem [50] gives the linearization criteria for systems of ODEs of the form

(2.46) via invertible point transformations.

Theorem 2.5.1. A system of n second order ODEs of the form (2.46) is linearizable via
an invertible point transformation if and only if the curvature tensor (2.48) constructed by
treating the coefficients of (2.46) as Christoffel symbols is zero and the admitted symmetry
algebra is sl(n + 2, R).

2.5.2 Linearization criteria for a cubically semilinear system of

second order ODEs

Projecting the n—dimensional system of geodesic equations (2.46) down to (n—1)—dimensional,
we get the linearization criteria for cubically semilinear systems of second order ODEs [52].
In fact, taking u! as the new dependent variable we treat all other dependent variables

as functions of u!. The projection procedure puts

d a
. d—ulull, (a=2,3,...,n)
U
and
a d2ua’ / du® "
Uu sz(ul )2 wul s (CL:2,3,. ,n)
This gives

all

u” + e u?u + B U + A +6° =0, (a=2,3,....n), (2.49)
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where prime denotes differentiation with respect to the parameter u' and the coefficients

in terms of Christoffel symbols are

Qpe = _Fl%w ﬂgc = Fgc - 252I%17 71? = 2F(11b - 5;71]‘1%1’

0*=T%, (a=2,3,...,n).

The linearization constraints are that the curvature tensor formed from the Christoffel
symbols is zero.

Taking n = 2 in (2.49) gives a system of two cubically semilinear second order ODEs

Y+ a1y + 200972 4 azy' 2 + By + 262y 2 + B3 4+ iy + ez + 61 =0,

2y 4 200y 2% + 032 + Bay” + 285y'2 + Boz? + sy + 2’ + 60, =0, (2.50)

that comes from the system of three ODEs of the form (2.46) by projection.
As a by-product of the projection procedure we re-derive the Lie conditions. This

result is stated in the form of the following remark [52,62].

Remark 2.5.2. By taking geodesics equations with n = 2 and projecting down, we
get a scalar cubically semilinear ODE (2.10) and the linearization conditions are the Lie

conditions (2.12).

2.6 Conditional linearization

Conditional linearization is another form of linearization that does not actually linearize
an ODE but uses the linearizable ODE as a base. Mahomed and Qadir introduced this
idea [51] by giving the conditional linearizability criteria for scalar third order ODEs. It
was then extended to the fourth order scalar [53] and systems of two ODEs [49]. Here
we give the criteria in detail for the conditionally linearizable third order ODEs only, but

first we define such equations [51].

Definition 2.6.1. By differentiating the second (third) order scalar ODEs linearizable

by point transformations and then requiring that the original equation holds, is called
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conditional linearizability by point transformations of third (fourth) order scalar ODEs.
The original linearizable equation is called the root equation.

To obtain the conditional linearization criteria for scalar third order ODEs, we dif-
ferentiate the cubically semi-linear, scalar, second order ODE (2.10) with respect to the

independent variable x to get third order ODE of the general form
u" + (gau”® — g1t + go)u" + hau* — hau® + hyu> — hyu' + ho = 0, (2.51)

where the coefficients are given by

92 —01 92.u
a 3 9 c Jo, 4 3’
hs = 912,u N g?? ha = gou — 912@7 d= /thgc +1(y) (2.52)

and [(y) is the arbitrary function.
We can use the original equation (2.10) to replace the second order derivative and write

the equation as quintically nonlinear in the first derivative
u" — jsu® + jgut — jau® + jou? — jiu' + jo =0, (2.53)

with the identifications of the coefficients

Ji 1 ‘
= —— b —_ — u R
\/gv 5a<a, ]2)

L. 2 1 :
C_E(]3_2b +b,u+a,m>7 d—3_a(c,u+b,r—j2—3b0),
j1=2bd+c* —d,—cuy, jo=d,—cd (2.54)

This equation will have all solutions of the original ODE but may not have any more. As
such, it could be a third order nonlinear ODE with only two arbitrary constants. We thus
have two classes of conditionally linearizable third order ODEs, those with replacement,
i.e. of the form (2.53) and those without, given by (2.51).

The above result can be stated in the form of the following theorems [51].

Theorem 2.6.2. Equation (2.51) is conditionally linearizable by a point transformation
with respect to the second order ODE (2.10) if its coefficients satisfy the linearizability
criteria (2.12) with the identification of coefficients given by (2.52).
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Theorem 2.6.3. Equation (2.53) is conditionally linearizable by a point transformation
with respect to the second order ODE (2.10) if its coefficients satisfy the linearizability
criteria (2.12) with the coefficients given by (2.54).

The above procedure is repeated to obtain the scalar fourth order ODEs with the
second order root equation by differentiating either (2.51) or (2.53) and using the second
order or one of these equations to replace the relevant derivative terms. In this way we get
five types of fourth order ODEs with a second order root equation. For details we refer
the reader to [53]. All of these types of equations have two arbitrary constants in their
solutions. Fourth order ODEs with third order root equation is obtained by differentiating
the IM type I (2.16) or IM type II (2.17) and then either replacing the derivatives terms
with any of these two equations or not [54]. In this way we get four types of fourth
order conditionally linearizable ODEs with the third order root equation. One can also
go one step further by taking IMS’ or Meleshko’s linearizable ODEs as the root equations
to go to the higher order ODEs, differentiating these equations and then replacing or
not. The same procedure can be repeated by differentiating the equations linearizable
via contact transformations. We get different classes of conditionally linearizable ODEs.
This classification will then be by the number of arbitrary initial conditions that can be

satisfied.



Chapter 3

Meleshko linearization of fourth

order scalar ODEs

If a scalar third order ODE does not depend explicitly on the independent variable, we
can reduce it to a second order ODE [56]. We can then apply the Lie linearization test
to the reduced ODE. If the reduced ODE satisfies the test then after finding a linearizing
transformation, the general solution of the original equation is obtained by quadrature. We
call this reduction of ODEs to lower order linearizable equations Meleshko linearization.

In this chapter we extend Meleshko’s procedure to the fourth order ODEs in the cases
that the equations do not depend explicitly on the independent or the dependent variable
(or both) to reduce it to third (respectively second) order equations [16]. Once the order
is reduced we can apply the IM (or Lie) linearization test. If the reduced third (or second)
order ODE satisfies the IM (or Lie) linearization test, then after finding a linearizing
transformation, the general solution of the original equation is obtained by quadrature.
So this method is effective in the sense that it reduces many ODEs, that cannot be
linearized, to lower order linearizable equations. Meleshko linearization allows us to define
a new class of ODEs that do not lie in IM’s class, IMS’class or conditionally linearizable
classes.

Meleshko had only developed the algorithm for those third order ODEs that do not

o4
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involve independent variable z. We include independence of u for completeness before

proceeding to the fourth order.

3.1 Third order ODEs independent of

Consider the scalar third order ODE that do not depend explicitly on the dependent

variable
u" = fx,u u"). (3.1)

Since the dependent variable u is missing so we take v’ as the new dependent variable

y(x). The derivatives are transformed as

" / " 1/

This converts the ODE (3.1) to the second order ODE

y' = f(z,y,y). (3.3)

The above ODE is linearizable by Lie’s criteria if and only if it is at most cubically

semilinear (2.10) i.e., f is of the form

flyy) = —alz,9)y” — bz, y)y”* — c(z,y)y — d(z,y), (3.4)

with the coefficients satisfying the conditions (2.12). Replacing y by v’ and invoking (3.2)
in (3.4) and (2.12), we get what is called the Meleshko linearization criteria for the scalar

third order ODEs (3.1). We write it in the following theorem.

Theorem 3.1.1. Equation (3.1) is reducible to the second order linearizable equation (or

Meleshko linearizable of order one) if and only if
flz, v/ ") = —a(x, v )" — bz, v )u" — c(z,u)u" — d(z,u), (3.5)
with the coefficients satisfying

30 30 — 2b gy + Cor — 3a ¢+ 3a yd 4 2b b — 3¢ 0 — ¢y + 6d ya =0,
b yy — 2¢ g + 3d oy — 6a,d + b yc+ 3b,yd — 2¢cpa — 3d za 4 3d b = 0.

(3.6)
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3.2 Fourth order ODEs

In this section we consider those fourth order ODEs that do not explicitly involve inde-
pendent variable or dependent variable or both.
Case 1. Fourth order ODEs independent of x

Counsider the autonomous fourth order ODE
u = flu, o U u™). (3.7)

Here the independent variable = is missing, so we take v’ as the new dependent variable

of the new independent variable u:

y(u) =u'. (3.8)

The derivatives are transformed as follows:

, du du'du dy ,
u = — — =

o
dr  dudr duu —YY
d /
u/// — %y/ — y//y? ‘I‘ y/2y’
dy//
u(4) _ - y/ _ y///y?) + 4y2y/y// + yy/?). (39)
This transforms the ODE (3.7) into the equation
3 .m 2 1.1 13 2 1 12\ __
vy +4vyy" +uy” = fuy vy vy +yy®) =0, (3.10)

which is a third order ODE in (u,y). It is linearizable of IM type I if it is of the form
(2.16) i.e.,

Fu, v,y ¥y + yy®) = =P [(ay’ + ao)y” + bsy + by + byy’ + by

+y*y'y" + yy®, (3.11)

where a; = a;(u,y), (i =0,1) and b; = b;(u,y), (7 =0,1,2,3). Invoking (3.11), equation
(3.10) takes the form

y" + (ary + ao)y” + bsy” + bay® + biy' + by = 0. (3.12)
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Now applying the inverse of the transformation (3.8), i.e.

. . u”’ , wu — u'"? ” ulQu(4) — A"+ RV
s y = —u/3 s y = u/5 5 (313)

the ODE (3.12) is transformed to a fourth order ODE with z as independent variable and

u as dependent variable:

u® + (A" + Ag)u” + Bsu + Byu"? + Byu + By = 0, (3.14)
where

A; = Ai(u, ), (i=0,1); Bj=Bj(u,u), (j=0,1,2,3), (3.15)

subject to the identification of coefficients

1 A A 1
ap = Ay + —, Goz—?, b3=B3+—,1+—,2>
u U u u
By | Ao B, By
R T N e

with the constraints

u?Ay, —u'Agw + Ao =0,

u?(=3A0.uw) + 0 (3B + 3A0u — 2A0A0.w) + (—6B; + 2A42%) = 0,

uw?(3A1.) + v/ (AgA; — 3By) + Ag = 0,

W2(3A1, — 9B; + A2) — WA, — 5 =0, (3.16)
(=640, A1) +u(9B1 A1y — 2A3A1 4 + 9By ) + u?(—18B1 . — 941 By

—9By Ay + 340B1w — 27Bo ) + t (2741 By — 6AgBy 4 126B,,,/) — 1808y = 0.

If the equation (3.10) is linearizable of IM type II, then we have to take

3
y
flu,y, 9y, v*y" + yy?) = i [=3(y")? + (c2y” + 1/ + co)y”
+dsy” + day™ + dsy”® + doy/* + diy/ + do] + 47y Y" + vy, (3.17)

where ¢; = ¢;(u,y), (i=0,1,2), d; =d;(u,y), (7=0,1,2,3,4,5) and A = A\(u,y).
Considering the form (3.17) and converting (3.10) into the fourth order by applying
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the inverse transformation (3.13), we have

1
4 2 2
U( ) + u// n )\0 [—3(u"’) + (CQU” + Clu// + Co)u///

+Dsu”® + Dyu* + Dyu" + Dyu™ 4 Dyu” + Do) = 0,

where C; = Cj(u,v'), (i = 0,1,2); D; = D;(u,v'), (j = 0,1,2,3,4,5);

Xo(u,u'), subject to the identification of coefficients

2 4/\0 O() D5
CZZCQ_U7 CIZCI+U,> €= n d5:%,

02 2 D3 Cl 4)\0 3/\0
di=Ditor=om b=t e s
d_DQ Co Dy Dy Ao
2—W ma 1_ﬁ7 0_m7 _U7

with the constraint equations (A.29)—(A.37), presented in Appendix A.4.

The above results can be stated in the form of the following theorems.

o8

(3.18)

Theorem 3.2.1. Equation (3.14) is reduced to the third order linearizable equation (Meleshko

linearizable of order one) if and only if it obeys (3.16).

Theorem 3.2.2. Equation (3.18) is reduced to the third order linearizable equation (Meleshko

linearizable of order one) if and only if it obeys (A.29) — (A.37), given in Appendiz A.4.

Case II. Fourth order ODEs independent of «

Consider the general form of a fourth order ODE independent of u

u(4) — f(ilf, u/’ u//7 u///).

(3.19)

Here the dependent variable u is missing. By taking u’ as the new dependent variable

y(z), the above ODE is reduced to the third order ODE

y" = f(z,y,9,y").

To make equation (3.20) linearizable for the IM type I (2.16), we have to take

f.y,y',y") = —(ay + ao)y” — b3y — bay® — b1y’ — by,

(3.20)

(3.21)
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with the coefficients a; = a;(x,y), (i =0,1) and b; = b;(z,y), (j =0,1,2,3),
satisfying the conditions (2.18). By applying the inverse transformation we get the fourth
order ODE in (z,u) variables:

u® + (ayu” + ag)u” + bsu + by + byu” 4 by = 0, (3.22)
and the coefficients being functions of (x,u') must satisfy

Ao — A1z = 07 (Bbl - CL()2 - 3a0,z),u’ = 07
30/1@ + apga, — 3b2 = 0, 3(117u/ + (l12 — 9b3 == 0,

(9b — 6ag, — 2a0?)a1. + 9(b1.p — a1bo) w + 3b1wao — 27bgww = 0. (3.23)

Equation (3.20) is linearizable of IM type II (2.17), if f is of the form

-1 2 2
flx,y,y.y") = an )\[—3(?/') + (ey® + 1y + co)y”
+dsy”® + dyy™ + dsy” + day® + dyy’ + do), (3.24)

and the coefficients ¢; = ¢;(z,y), (i =0,1,2), d; =d;(z,y), (j=0,1,...,5) and
A = A(z,y) have to satisfy constraint equations presented in Appendix A.2.

Again by applying the inverse transformation to (3.20) with f of the form (3.24) we
get the fourth order ODE in (x,u) variables:

1
u(4) + T /\[_3(u///)2 + <02ul/2 + clu” + Co)u///
+d5'LLH5 + d4u”4 + dgu”3 + dQUHQ + dlu" + do] = 0. (325)

The coefficients are now functions of x and ' and they satisfy constraints presented in
Appendix A.3.

We give the above results in the form of the following theorems.

Theorem 3.2.3. Equation of the form (3.22) is reduced to the third order linearizable
equation (Meleshko linearizable of order one) if and only if its coefficients satisfy the

constraints (3.23).
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Theorem 3.2.4. Equation of the form (3.25) is reduced to the third order linearizable form
(Meleshko linearizable of order one) if and only if its coefficients satisfy the constraints

given in Appendix A.3.

Case III. Fourth order ODEs independent of x and «
Consider the following ODE

u® = fu u" u"). (3.26)

By considering u' as the independent and u” as the dependent variable, we convert the

equation (3.26) into a second order ODE:

2.1

vy +yy® =y yy). (3.27)
For equation (3.27) to be Lie linearizable, we must have
F@ y,yy) = —y?la(e,y)y” + b, )y + c(u', )y +d(' y)] +yy™. (3.28)
Hence equation (3.26) takes the form
u® + a(u, u")u"? + b, u" "+ e(u w4 d(u,u") = 0, (3.29)
where a, b, ¢ and d must satisfy the constraints:

(3@ )" + (20b,y — 3¢ 0 — 3aC,yr — 2b 4y U + (2by — be

+3a rd + 6ad 0 — ¢ )" + (be — 9ad — 3¢ )u” — ¢ =0,

(buru )" + (bwrc + 3d yrb — 3d ywa — 6a,d — 2¢ 4 )" + (Coor + 3d
—6bd + 3brd — 2¢Cpr + 3d o )u"? + (2¢* — 6d — 12d 0 )u” + 15d = 0.

(3.30)

Hence we have the following theorem.

Theorem 3.2.5. Equation (3.29) is reduced to the second order linearizable equation

(Meleshko linearizable of order two) if and only if it obeys (3.30).

Remark 3.2.6. It is to be remarked here that the symmetry Lie algebra admitted by
Meleshko linearizable ODEs of order two is non-commutative in general. For example, the

ODE

U//3u(4) + uu'® = 0, (3'31>
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is of the form (3.29) with the coefficients satisfying the constraints (3.30). It has the

following 4 Lie-point symmetries:

Xy =u— 3.32
4 Uu u7 ( )

that form a non-Abelian algebra.

Remark 3.2.7. If we have a fourth order ODE of the form

u//u/// u//d

- 15?,

W = —f(z, u)u”® + 10—
u

with f(x,u) linear in z, then we can convert it to a linear ODE 2™ = f(x, u) by simply

taking = as dependent and u as independent variables.

3.3 Illustrative examples

Example 1. The nonlinear fourth order ODE

u3u’u(4) _ u3u1/um + Suzu/zum + 3u/5 — 07 (333)

cannot be linearized by point or contact transformation and has only two Lie-point sym-

metries
9 0
Xi=—, Xo=u—.
Yo T You
It is of the form (3.14) with the coefficients
1 / 14
Ay=——, Ay=3%, By=B,=B; =0, By=3—.
u u u

One can verify that these coefficients satisfy the conditions (3.16). The transformation

v = y(u) will reduce this ODE to the third order linearizable ODE
wyy” + 3u*(uy' + y)y" + 3uPy? + 3y°. (3.34)

By using the linearizing transformation equations given in Appendix A.1, we arrive at the

transformation

t=u, s=uy’, (3.35)
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which maps (3.34) to the linear third order ODE

whose solution is given by
s = eyt + 13y cos(V2Int) + ez sin(v21Int)},

where ¢; are arbitrary constants. By using the inverse transformation of (3.35) we get the

solution of (3.34) given by

y = j:\/clu—2 + ¢yt cos(vV2Inu) 4 csusin(v/2Inw).

Hence the general solution of (3.33) is obtained by taking the quadrature

d
/ Y = tx + ¢y,
\/cllr2 + coucos(v2Inu) + czusin(v/2 In u)
where ¢; are arbitrary constants.
Example 2. The nonlinear ODE
wu?u® — 10uu' """ — 3uuu” + 1500 + Juu*u"? + 3u*u" = 0, (3.36)

is of the form (3.14) with the coefficients

—10 —3u/ 15 9 3u’?

AIZ_,7 AOZ ) B3:_,27 B2:_7 31:_27 BOZOJ
u u u u u

satisfying the conditions (3.16). So it is reduced to the third order linearizable ODE
2,2 1M 1N

w?yty" = Buy’y” — 6uyy'y" + 3y*y + buyy” + 6u’y” =0, (3.37)

in (u,y) variables. The transformation

reduces (3.37) to the linear third order ODE s” = 0, whose solution is

s = 01t2 + cot + c3.
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Now one only needs to solve the equation

u' = 1/(cru* + eou® + c3),
where ¢; are arbitrary constants. Hence, the general solution of (3.36) is given by

r = cu’ + cu’ + cau + ¢y,

where ¢, ¢3, ¢4 and ¢4 are arbitrary constants with ¢f = ¢, ¢; = 3.

3
Example 3. The ODE
u/u//u(4) _ 3u/u///2 + 6u13u1/2u/// o 4u//2u/// _ u/u1/5 — 0’ (338)
has two Lie-point symmetries. It is of the form (3.18) with the coefficients
2 4
)\OZO, CQZGU - 0120020, D5:—1, D4:D3:D2:D1:D0:0,
u
obey the conditions (A.29)—(A.37). So it is reducible to the third order linearizable ODE

1
y" + ?[—33/’2 —uy”®] = 0. (3.39)

The transformation

will convert the nonlinear ODE (3.39) to the linear ODE
" +s5=0,
with solution
s=ce t+ 626% cost + 0365 sint.
Finally to find the solution of (3.38), we only need to solve

!

—u o’ / O /
uU=cie = +cge? cosu +cze? sinu .
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Example 4. The nonlinear ODE
ul2u1/u(4) . U/QUINB . 2ul2u///2 + u/u1/2u/// + u//4 _ 0’ (34())

is of the form (3.29) and the coefficients

1 2 u// u//3
) d = 12 )
u

satisfy the conditions (3.30). So it is reduced to the second order linearizable ODE
2 2,2

viyy” — 2y%0* + yy'v +y* =0,

by considering u' = v as independent and u” = y as dependent variables. The transfor-

mation

reduces it to linear ODE

whose solution is given by
§ = c1t + c3,
where ¢; are arbitrary constants. So the solution of (3.40) is given by quadrature
z =t +cylnu + cs,

where ¢; are arbitrary constants.

Example 5. The nonlinear ODE
(v 4+ 1)u™® + 3 + 2)u"u" + (v + 3)u" + 2* (' + V)u” + zu’ = 0, (3.41)

is of the form (3.22) and the coefficients satisfying the constraint requirements (3.23). So
it can be reduced to the third order ODE

(y+1)y" +3y+2)y'y" + (y+3)y° + 2*(yy + ') + zy = 0.
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By using the transformation
t=x, s=uye’,

we can reduce the above third order ODE to the linear equation
s" 135" +ts =0,

whose solution can easily be found.
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Chapter 4

Linearization of two dimensional
systems of second and third order

ODEs by complex methods

CSA has been employed to solve certain classes of systems of nonlinear ODEs and linear
PDEs. Of particular interest here, is the linearization of systems of second order ODEs
(see, e.g., [5,6]) that is achieved by complex methods. These classes are obtained from
linearizable scalar and systems of ODEs by regarding their dependent variables as complex
functions of a real independent variable, which when split into the real and imaginary
parts give two dependent variables. In this way, a scalar ODE produces a system of two
coupled equations, with CR-structure on both the equations. These CR-equations appear
as constraint equations that restrict the emerging systems of ODEs to special subclasses
of the general class of such systems. These subclasses of 2—dimensional systems of second
order ODEs may trivially be studied with CSA, however, they appear to be nontrivial
when viewed from real symmetry analysis. Complex-linearizable (c-linearizable) classes

are characterized by complex transformations of the form
U: (z,u(x)) = (t(z), s(z,u)). (4.1)
When linearizable scalar second order ODEs are treated as complex by considering the

66
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dependent variable as a complex function of a real independent variable, they lead to the
c-linearization. On splitting the complex functions involved in the associated constraint
equations (2.12), we get four equations. These four equations constitute the c-linearization
criteria [5], for the corresponding class of systems of two second order ODEs. The reason
for calling them c-linearization, instead of linearization criteria is that, in earlier works,
explicit Lie’s procedure to obtain linearization conditions of this class of systems, was not
performed after incorporating complex symmetry approach on scalar ODEs. The most
general form of the c-linearizable, 2—dimensional, linearizable systems of second order
ODEs is obtained here by real and complex methods. This derivation shows that the
general linearizable forms (obtained by real and complex procedures) of 2—dimensional,
c-linearizable systems of second order ODEs are identical. Moreover, associated lineariza-
tion criteria have been derived, again by adopting both the real and complex symmetry
methods. These linearization conditions are also shown to be similar whether derived
from Lie’s procedure developed for systems or by employing complex symmetry analysis
on scalar ODEs [19]. We exploit this result to obtain linearizable form and sufficient con-
ditions for the linearization of systems of third order ODEs [20]. This chapter is mainly
divided into two sections. First section is on the linearization of c-linearizable systems of
second order ODEs. The result is then employed to obtain linearization criteria for the

systems of third order ODEs in the second section.

4.1 Linearization of 2—dimensional c-linearizable sys-
tems of second order ODEs

The point transformations (2.1) yield the most general form of scalar, second order, lin-
earizable ODEs (2.10) that is derived in section 2.1.2. Restricting these transformations

to

t=o¢(x), s=1v(x,u), (4.2)
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i.e., assuming ¢, = 0, leads to a quadratically semilinear, scalar, second order ODE that is
derived here explicitly. Under transformations (4.2) the first and second order derivatives

of s(t) with respect to ¢ read as

r Dxlff(ﬂf» U)

- T /N :p(x,u,u'),

D,é(x)
and

" D.p(z,u,u)
D.¢(z)

respectively. Here

D —34_ /34_ Hi—i-"'
T Ox “au ”au/ ’

is the total derivative operator. Applying the total derivative operator in both the above

equations leads us to the following

S/ — w,x + u/¢,u
¢

and

o ¢,x(w,xft + QUIw,zu -+ Ul2w,uu + U”lﬁyu) - QS,:Ux(w,:C + U,w,u)’ (43)

o

respectively. Equating (4.3) to zero, i.e., considering s” = 0, leaves a quadratically semi-

linear ODE of the form
u” + a(z, u)u + b(x, u)u' + c(r,u) = 0, (4.4)

with the coeflicients

77D,uu b(CL’ ’LL) _ ng,xd},xu - ¢,u¢,xm C(ZE ’LL) _ Cb,xw,mc - @Z},rqs,mc
Y ’ P2V ’ ’ D2V u '

The quadratic, nonlinear (in the first derivative) equation (4.4) with three coefficients (4.5)

(4.5)

a(x,u) =

is a subcase of the general linearizable (cubically semilinear) second order ODE (2.10).
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Now for the derivation of the Lie linearization criteria of the nonlinear equation (4.4)

via the point transformation (4.2), we start with the re-arrangement

w,uu = (I(ZE, U)¢,u7
20 00 = O, Y u® g + b(2, W)Y 4,
w,:cx = ¢7_x1w,x¢,zx + C(ﬂf, u)w,u

of the relations (4.5). Equating the mixed derivatives of 1, such that

(Yaw)u = Yuu)e and  (You)z = (V) u (4.6)
we find
b — 20, =0, (4.7)
and
02 (20 00,00 — 307,) = 4cy + ac) — (20, + V7). (4.8)

As ¢, = 0, differentiating (4.8) with respect to u, simplifies it to
Cow — Qgw — Qb+ a,c+cya=0. (4.9)

Equations (4.7) and (4.9) constitute the linearization criteria for the scalar, second order,
quadratically semilinear ODEs (4.4).
In the subsequent subsections we derive the c-linearization and Lie linearization criteria

for a system of two second order ODEs.

4.1.1 c-linearization

Treat u(z) in (4.4) as a complex function of a real variable x, i.e. u(z) = y(z) + iz(x).

Further assume that
a(l', U) = CL1<.T, Y, Z) -+ i(lZ(xa Y, Z)?
b(w,u) = bi(z,y,2) +ib(z,y, 2),

c(x,u) = c1(x,y, 2) +ica(z,y, 2). (4.10)
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This converts the scalar ODE (4.4) to a system of two second order ODEs of the form
Y 4 a1y — 2a0y' 2 — a12” + by’ — bet + 1 =0,
2 agy? 4 201y 2 — axz® + boy + 012 + ¢ =0, (4.11)
with the coefficients a;, b;, ¢;; (j = 1,2), satisfying the CR-equations

A1y = A2z, A1, = —0U2y,
bl,y - bQ,za bl,z = _b2,y7

Cly = C2.2, Cl = —Copy. (4.12)

Moreover, the conditions (4.7) and (4.9) can now be converted into a set of four equations

2a1, — b1y =0, (4.13)
20, + by, = 0, (4.14)
Clyzz + Q1 gz + Q1201 — Az 2bs — (a2c1) . — (a1¢2) . = 0, (4.15)
Coyy — Q2w — Q2,01 — a1 402 + (agcy) 4 + (a1c2) , = 0, (4.16)

by splitting the complex coefficients (4.12) into the real and imaginary parts.

As evident from [5], such a (complex) procedure leads us to the c-linearization of
systems of ODEs. Our claim here is that the equations (4.13)—(4.16) are actually the
linearization conditions despite of being just the c-linearization conditions for the system
(4.11). In order to prove this fact, we now use the Lie linearization approach in the next

subsection to derive the linearization conditions for the system (4.11).

4.1.2 Lie linearization

The previous work on the c-linearizable [5,6] and their linearizable subclass of systems

[64,66] of second order ODEs reveals that point transformations of the form

t:¢<l‘), UZ%(%ZJ;Z), w:wQ(xayaz)v (417)

where

Uiy = Y2z, oy = —thz, (4.18)
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ie., v¢;, for 5 = 1,2, satisfy the CR-equations that involve derivatives with respect to
both the dependent variables, linearizes the c-linearizable systems. Notice that (4.17) are
obtainable from (4.2) that is a subclass of (2.1). These transformations map the first and

second order derivatives as

I _ Dl‘l/Jl o

v Do =pi(z,y,2,y,72), (4.19)
w = %ﬁ = p2(z,y, 2,9, &),
and
V" = IZDDZZZ; =q(r,y,2,9, 2y, 2", (4.20)
w' = %’j;f = q(z,y, 2,92, y", 2",
where

D _ 3 + /2 _I_Z/g + //i +Z”i +
* = or Y oy 52 7 oy’ 0 '

Inserting the total derivative operator in the above equations and substituting these in

v”" =0, w” =0 and simplifying, we arrive at the following 2-dimensional system

y”+0€1yl2_2a2y/2/+a32/2+/81y,_522/‘{”71 :()7

2+ oy + 205y Y + a2 + By + Bt + 72 =0, (4.21)

where

a1 = ¢ o AT (g 1 yy — V1 2tbayy),
= 2 AT (1 W2yz — Va2V y2),
ag = oA (Vo1 22 — 120 22),
= ¢ AT (V1o — Yo yiiy,),
as = ¢ AT (W1 yay: — Yayihy:),
as = G AT 1yt s — Yoyt za),s
B =20 2 A7 (g 01y — P1202.0y) —
Bo = 20 . A (Y1 21p0 00 — V22101 02),

¢,x:p
¢ )
&
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Bs = 20207 (V102,25 — Y2y ¥P1.ay),

81 = 2007 (Wnytbare — Yaytras) — 22

N = AN Gatr 100 — Vrat1yGas — Qa1 Vo2ae + U1:V2000a)

Yo = AT D1 100 — V1ot 2Oz + G aty oz + Vryocdae) ,  (4.22)

with
A= ¢,x(w1,yw2,z - wl,sz,y) 7é 07

is the Jacobian of the transformation (4.17). The coefficients (4.5) of the scalar ODE
(4.4) split into the coefficients of the corresponding 2—dimensional system of second order
ODEs. This happens due to the presence of the complex dependent function u in the
coefficients (4.5). The restricted fibre preserving transformations (4.17) used to derive the
linearizable form (4.21), are obtainable from the complex transformations (4.2) that are
employed to deduce (4.4). Therefore, the transformations (4.17) along with (4.18) appear
to be the real and imaginary parts of complex transformation (4.2), they reveal the corre-
spondence of the linearizable forms of 2—dimensional systems and scalar complex ODEs.
The CR-equations are not yet incorporated in the linearizable form (4.21). Insertion of

the CR-equations (4.18) and their derivatives

1/11,yy - 1/}2,3,12 - _1/}1,227
wQ,zz = wl,yz = _w2,yy, (423)
brings out the correspondence between the coefficients (4.5) of the complex linearizable

ODEs (4.4) and the coefficients (4.22) of the system (4.21). Employing (4.18) and (4.23)

the number of coefficients (4.22) reduces to six that read as

Q1 = —Q3 = 05 = a1, Q=04 = —0Qg = a2,

Br=PFs=0b1, Bo=Pp3=0by, 71 =c1, 72 =ca (4.24)

Here the coefficients a;, b; and c; are the real and imaginary parts of the complex coeffi-

cients (4.5). The linearizable form of the systems derived in this section by real method is
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the same as one obtains by splitting the corresponding form of the scalar complex equation

(4.4). This analysis leads us to the following theorem.

Theorem 4.1.1. The most general form of the linearizable, 2— dimensional, c-linearizable

systems of second order ODFEs is quadratically semilinear.

Sufficient conditions for the linearization of a c-linearizable system

Consider the most general form of the c-linearizable, 2—dimensional systems of second
order ODEs (4.11), with constraint equations (4.12). Rewriting the coefficients of the

system (4.11) in the form

= Ao (Vry1yy + V1201y:),

= Ao (V1,01 + Y1y1y:),
by = 287" o (Yry 1y + V12Y122) —
by = 287" o (1,01 oy + V1 41 a2)
&1 = AN (G athryt1ze — P10¥1yPar — 2t Vaae + V10200 00),
0o = A7HB o101 20 — V10120 00 + Gty Wope + V1o edan).  (4.25)

¢ Y
L

For obtaining the sufficient conditions of linearization for (4.11), we have to solve the
compatibility problem, that has already been solved for the scalar equations earlier in this
work, for the set of equations (4.25). It is an over determined system of PDEs for the
functions ¢, ¢, and ¢, with known a;, b;, ¢;.

The system (4.25) gives us

Vigyy = 1/11 2y F U1 2a, Y1y = U1 a1 — Y1400,

V1 gy = (1/11 401 4+ U1 2ba 4+ Uy yfbm)
Ve = §(¢1,zb1 — Y1 yby + U, qbqf%
wl,xz wl,ycl + wl 2C2 + ¢1 xfbxw

¢ T

wQ,xz = wl,yc2 ¢1 21+ dJQm §b
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The compatibility of the system (4.25) first requires to compute partial derivatives

Az, Ay, A, which are
¢,xz

A = AT AD,
A,y = QACLI,
A,z = —2Aa2,

of the Jacobian. Comparing the mixed derivatives (A ), = (A ,),, we obtain

ai . +as, =0. (4.26)
Invoking (A ), = (A,) . gives

21 5 — by, = 0, (4.27)
and (A ). = (A.) ., we obtain

25, + by = 0. (4.28)

Equating the mixed derivatives

(@Zjl,yy),z = (¢1,y2),y7 (¢17yy)ﬂ: = (@Z’Lx‘y)w» “DLW)W - (¢1’xy)’x’
(wl,xm),z = (1/)1,377;),2:7 (1/}1,12;),3 = (1/}17272):?47 (1/}27133)’?4 - (1/}2’121)’23
and (wQ,:cm),z = (¢2,mz),x7

gives us

A1,y — Q27 = 07
bQ,y + bl,z = 07
b2,z - bl,y - 07

Co.y + Cl1,z = 07

Clzz + Q1w + 1 501 — Az .0y — (a2c1) » — (a1c2) » = 0,

(4.29)
(4.30)
(4.31)
Cos — €1y =0, (4.32)
(4.33)
(4.34)
(4.35)

Coyy — 20z — Q2201 — a1 gba + (G102),y - (azcl),y =0,
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respectively. Note that (¥1,.) s — (V142)y = 0 and (¢14y),. — (¥1,4:)» = 0 are satis-
fied. Also (4.26), (4.29), and (4.30)-(4.33) are CR-equations for the coefficients a;, b,
¢j. Therefore, the solution of the compatibility problem of the system (4.25), provides

CR-constraints on the coefficients of (4.11) and the linearization conditions.

Theorem 4.1.2. A 2—dimensional, c-linearizable system of second order ODEs of the

form (4.11) is linearizable if and only if its coefficients satisfy the CR-equations and con-

ditions (4.27), (4.28), (4.34), (4.35).

Note that these are the same conditions (4.13)—(4.16) that are already obtained, by
employing complex analysis, i.e., splitting the linearization conditions associated with the

base scalar equation (4.4), into the real and imaginary parts.

Corollary 4.1.3. The c-linearization conditions for a 2—dimensional system of quadrat-

ically semilinear, second order ODEs are the linearization conditions.

4.1.3 Examples

We present some examples to illustrate our results.

Example 1. The 2-dimensional system of second order ODEs

2y 2z 2y 2 2y
i /2 V) 12 /
— (55— -2 ——y —— =0
(y2+z2)y (y2+22)y2 +(y2+22)z =5 =0
2z 2y 2z 2 2z
" 2 ’l 2 / _
is of the same form as (4.11) with
—2y 2z —2 —2y —2z
a)p = y2 + 227 a9 = y2 + 252’ bl - B ) b2 - Oa C1 = 1'2 ) Cy = xz . (437>

One can easily verify that (4.37) satisfy the conditions (4.27), (4.28), (4.34), (4.35) and
CR-equations with respect to y and z. So the system of ODEs (4.36) is linearizable. The

transformation

l=z, V=—F"—, W=—F—7F (4.38)
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reduces the nonlinear system (4.36) to the linear system
V"' =0, w' =0, (4.39)
whose solution is given by
V=012 + Cy, W= 3T + cy4. (4.40)

By applying the inverse of the transformation (4.38) on solution of the linear system (4.40),

we get the solution of the nonlinear system (4.36) explicitly

C1T + Co C3x + Cq (4 41>
— s z = — .
Y z[(c1x + €)% + (32 + ¢4)?] z[(c1r + ¢2)? + (e3x + ¢4)?]

Example 2. Consider the following system of nonlinear ODEs

1 21/
" (/2 cosysiny — 2" cosysiny — 2y'2' cosh zsinh z) + Y 0,

AT x

1 27
(y/ cosh z sinh z — 2’ cosh z sinh 2 + 2y/2’ cos y sin y) + = —o, (4.42)
f(y7 Z) T

where f(y, z) = sin?y cosh® z +cos? y sinh? z . The coefficients satisfy the CR-equations and

the linearization conditions (4.27), (4.28), (4.34), (4.35). Hence Theorem 4.1.2 guarantees

"
i

that the system (4.42) is linearizable. In fact, it can be transformed to the linear system

(4.39) via the linearizing transformations
t=x, wv=uxcosycoshz, w= —zsinysinhz. (4.43)

The solution of (4.42) is given implicitly by applying the inverse of the transformation
(4.43) to the solution (4.40) of the linear system (4.39)

cosycoshz =c; + 6—2, sinysinh z = —¢3 — %, (4.44)
x x

where all ¢; are arbitrary constants.

Example 3. Consider the anisotropic oscillator system

y'+ f@)y =0,
2"+ g(x)z = 0. (4.45)
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In [52] it is shown that the system (4.45) is reducible to the linear system (4.39) provided
f = g. Our c-linearization criteria also lead to the same condition, i.e. f = g.
In the next section we use Theorems 4.1.1 and 4.1.2 to obtain the linearization criteria

for the 2—dimensional systems of third order ODEs.

4.2 Linearization of the 2-dimensional systems of third

order ODEs

We have shown in section 2.1.3 that a scalar third order ODE in real variables linearizes to
(2.15) via the restricted real point transformations (4.2), if it is of the form (2.16). Treat

u in (2.16) as a complex function of a real variable x i.e.,
u(z) = y(x) +iz(x), (4.46)
and the coefficients of (2.16) as complex functions

aj(x,u):Ozj(x,y,z)+iﬂj(x,y,z); (]:071)7
bi(x,u) = (2, y, 2) +i0k(z,y,2);  (k=0,1,2,3). (4.47)

This converts the equation (2.16) in it to a system of two third order ODEs, when split
into the real and imaginary parts. The system so obtained according to (4.46) and (4.47)
1s
y" + (ay' — Bi7' + a0)y” — (By + a2’ + o)z + sy — 305y 2
=373y'2% + 0327 + 7y — 20592 — 722" + iy = 812 + 70 =0,
2 (Bry +ard + Bo)y" + (aay — B2’ + ag)?” + 531//3 + 373y/2z/

—383y'2" — 732" + 8oy + 270y — 0227 + 01y + 112 + 8 = 0, (4.48)

where the coefficients «;, 8;; (7 =0,1), v, 0k (k=0,1,2,3), are functions of (z,y, 2).

These coefficients are analytical functions of (z,y, z), so they satisfy the CR-equations
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given by

Oy = Bz =By (1=0,1)
Vhy = Ok Vee = —Okyi (K =10,1,2,3). (4.49)

Theorem 4.2.1. The system of ODFEs (4.48) represents the most general form of 2-

dimensional systems of third order ODEFEs, that can be a candidate of linearization due

to CSA.

Proof. The result follows by employing the point transformations (4.17) with the CR-
structure (4.18) on the system

V"(t) + k1 (t)v(t) — k2(t)w(t) = 0,
w"” (t) + ka2 (t)v(t) + k1 (H)w(t) = 0,

that corresponds to (2.15) due to s(t) = v(t) + iw(t) and ko(t) = ki (t) + ik2(t), map it to
(4.48). O

Theorem 4.2.2. The sufficient conditions for a 2—dimensional system of third order
ODFEs of the form (4.48) to be linearizable are that its coefficients satisfy CR-equations
(4.49) and the following conditions

oy + Bo. — 201, =0,

Boy — o — 2B1. =0,

3a . + apay — Bof — 32 =0,

3B1e + b + a1 By — 302 =0,

3a1y + 3B, + 205 — 287 — 1873 =0,

3B1,y — 30u . +4ay 81 — 1893 = 0,

371,y + 3012 — 2(a0f) . — (a0)®, + (B0)?,, — 30,22 — 3a0zy =0,

361,3; - 3’71,,2 - 2(05060),?4 + (OZO)Z,Z - (BO)QVZ - 3B0,zy + 3a0,xz - 07
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4(971 — 6ag. — 208 + 283) a1 — 4(981 — 680, — 40 fBo)Bis
+18v1 4y + 1801 42 — 18((1170)@ + 18(6150)7y — 18(a ) -
_18@170),3 + 6(71, 50 + 01,200 + 71,250 — 01,500)

—27(Yo,yy + 2005z — Y0,22) = 0,

4(971 — 6o — 208 + 283) Br.e + 4(961 — 6802 — 4 fo) 1 o
— 187122 + 18014y + 18(a170) . — 18(B1do) ., — 18(cv1do)
—18(8170) , + 6(71,480 + 61,280 — 11,200 + d1,y00)

—27(507%, — 270,zy — 5O,zz) =0. (450)

Proof. The derivation of the linearization criteria for 2-dimensional systems of second
order ODEs with CR-structure, by point transformations of the form (4.17) along with
the CR~constraints (4.18) has been demonstrated in section 4.1.2. There it is shown that
splitting the linearization criteria associated with the base complex equations due to the
complex transformations (4.2), into the real and imaginary parts, provides the sufficient
conditions for the linearization of the corresponding systems. Therefore, linearization
criteria for the 2-dimensional systems of third order ODEs (4.48) along with (4.49), are
provided here by splitting of the linearization criteria (2.18) associated with the scalar

third order ODEs. O

Scalar third order ODEs of the form (2.17) and their associated linearization criteria
cannot be regarded as linearizing the corresponding systems of third order equations. This
class of scalar third order ODEs (2.17) has been derived by exploiting the general point
transformations (2.1), that leads to c-linearization instead of linearization. The linearizing
conditions associated with this class of scalar equations reveal the complex-linearizability
of the corresponding systems and do not ensure that they are transformable to a linear

form.
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4.2.1 TIllustration of the result

Example 1. The 2—dimensional system of nonlinear third order ODEs

Sy — 355" 3" 4 2"
y///+<yy Zz>y+(zy+yz)z:0,

y2 +Z2 y2 +22
ley// _|_ 3y/Z// 3y/2,// _ ley//
n —
o (FE )y (M ) o (4:51)

where prime denotes differentiation with respect to x, has the same form as given in (4.48).

Moreover, its non-zero coefficients

3y -3z

alz—y2+22, 61:—y2+22’

satisfy the requirements of Theorem 4.2.2. So this system is transformable to the linear

system
V" =0, w" =0, (4.52)

here prime denotes differentiation with respect to ¢, under the invertible point transfor-

mation
t=x, v=y"—2° w=2yz (4.53)
The solution of (4.52) is given by
v = cit? 4 cot + c3, W= cut? + est + Cg,

where all ¢; ...,c are arbitrary constants. By using the inverse of the transformation

(4.53), we get the general solution of (4.51) in the implicit form

2

y2 — 2" = cle +cox +c3, 2yz = c4x2 + 5 + cg.

After a few calculations, we get the general solution in the explicit form

+1
y= E\/\/(clﬁ + o 4 3)% + (ca2? + 52 + ¢6)% + (122 + oz + ¢3),

+1
z = E\/\/(Clx2 + x4 3)? + (ca2® + 5z + ¢6)? — (122 + cox + ¢3).
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Example 2. Consider the following 2-dimensional system of nonlinear third order

ODEs
y/// + (3y/ + §) y// 3 4 y/3 _ 3y/212 + §y/2 - §Z/2 =0,
T T T
3 6
o 3z'y" + (Sy' + _) 2+ 3y/221 — By _y/zl =0, (454>
T T
with the coeflicients
3 3
x

) ’73:53:17 T2 =,
T

011:3, Qg =

and all others zero. The above system is of the form (4.48) and its coefficients satisfy the
CR-equations and the constraints (4.50). Hence it is linearizable and transforms to the

linear system
V" =0, w"=0. (4.55)
The linearizing transformations used in this case are
t=z, v=uze'cosz, w=xe’sinz. (4.56)
The solution of (4.55) is
v = clt2 + et +c3, w= c4t2 + 5t + cg,

where all ¢; ..., cq are arbitrary constants. By using the inverse of the transformations

(4.56), we obtain the general solution

1
y=3 In[(c12 4+ co + %)2 + (ca + 5 + %)2]7

c4a72 + csx + ¢

z = arctan(—; ,
c1x? + cox + 3

of the nonlinear system (4.54).
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Example 3. Consider the following nonlinear system of third order ODEs

an Syy' | 3 g (- A L W
v 422 yr 422 v 422 y? 422
3y 2" 629’2 3y2"?

— — 20 +3y =0
y? + 22 y2+22+y2+22+ vy ’

3zy 3y 3y 322
Z,,,+(_ Sy 3 Q)y,,_( LA 2_3)2,,
ye+z Y-+ z Y-+ z Yy +z

32y 6yy' 2’ 322"

— — 27 +32=0. 4.57
y2_|_22 y2_|_22 y2+z2+z+z ( )

The coefficients

o —i an = —3 B_—_?)Z —_—3y
1_y2+z2? 0 — 9 1—y2+z27 72_y2+227
3y
71:27 70:3% 62:m7 50:32:7
’}/3:63:51 :50:0 (458)

satisfy the CR-equations and the conditions (4.50). Hence, (4.57) is linearizable. It is

transformable to the linear system
" 6
—v=0, w"+—-w=0. (4.59)

The linearizing transformations which establish the above correspondence between the
nonlinear and linear systems are

t=e" v=y*—2} w=2yz. (4.60)
The solution of (4.59) is

v =t + tHeycos(vV2Int) + eysin(vV21In )},

w = ¢yt~ 4 t*{cs cos(V2Int) + cgsin(v2Int)}, (4.61)

where all ¢;...,c are arbitrary constants. By using the inverse of the transformation
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(4.60), the general solution of (4.57) is given explicitly by

y = %[\/[clew + €2 {cy cos(\/ﬁx) +c3 Siﬂ(ﬂx)}P + [ese + €2 {cs Cos(\/i’z;) T e Sin(ﬁx)}P
+ c1e™ + €2 {cp cos(vV/2x) + e38in(V21)}]2,
z = %[\/[clez + e20{cy cos(V2z) + c3sin(vV2z)})? + [cse® + €22 {c5 cos(V21) + cgsin(v/21) }]?

— e ® — e {cycos(V2z) + c3 sin(ﬁx)}]%.

Example 4. The nonlinear system of ODEs

y///+3(1+y/)y//_zlzll+y13_3y12/2+3y/2_32/2+3y/+(1+x):O,

M4 3(1+y)2 432y + 2P+ 3y + 6y + 32 =0, (4.62)

satisfies the conditions of theorems 4.2.1 and 4.2.2, which guarantee its transformation to
a linear form. Therefore, the following transformation is found
1 9 9 w
t=x, y= 5111(1} +w®) —x, z=arctan(—),
v

that converts the nonlinear system (4.62) to the linear system

V" +tv=0, w”+tw=0.



Chapter 5

Lie-point symmetry classification of

two dimensional linear systems of
third order ODEs by complex

methods

A unique equivalence class (with eight infinitesimal symmetry generators) exists for second
order linearizable ODEs, whereas for the third order there are three classes with four, five
and seven generators [48]. As far as 2-dimensional systems of second order ODEs are
concerned there are five classes with 5—, 6—, 7—, 8— and 15—dimensional Lie point
symmetry algebras [73]. The complex procedure has been adopted to linearize a class
of 2—dimensional systems of second order ODEs that is shown to possess 6—, 7— and
15—dimensional algebras [66]. This chapter deals with the symmetry classification of
the 2—dimensional systems of linear third order ODEs obtainable from a complex scalar
ODE of the same order. We provide symmetry algebras of those systems of third order
ODEs that correspond to scalar linearizable third order complex ODEs. For this purpose a
canonical form for the linear systems obtainable from a complex linear equation is derived.

It is shown that this form provides five equivalence classes for linearizable 2-dimensional

84
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systems of third order ODEs. The dimensions of the associated Lie algebras are found to

be eight to twelve and thirteen [21].

5.1 The canonical form obtained by complex methods

In order to classify linearizable ODEs and systems we need a canonical form of the corre-
sponding linear equations. For obtaining a canonical form of 2—dimensional linear systems

of third order ODEs we need the Laguerre canonical form given by
u" () + ko(z)u(x) = 0. (5.1)

Three equivalence classes arise from the Laguerre canonical form for the linear scalar third
order ODEs viz; for kg = 0, kg = non-zero constant and ky = non-zero function of x, the
associated symmetry algebras are 7—, 5— and 4—dimensional respectively.

Taking u in (5.1) as a complex function of a real variable z, i.e., u(z) = y(z) + iz(x)

and ko(x) = ki(x) + ika(x), converts the scalar third order ODE (2.15) to a linear system

y" (@) + ka(2)y(x) — ka(2)2(z) =0,
2"(x) + ka(z)y(x) + k1 (x)2(x) = 0. (5.2)

A point transformation of the form

z=pi(t),  y(@) = pt)o(t) + ps(D)w(t), z(x) = pa(t)o(t) + ps(H)w(t), (5.3)

is considered to map the system (5.2) to itself (with different coefficients). The transformed
coefficients are analyzed and it is found that there exist no point transformation of the
form (5.3) that can further reduce the number of arbitrary coefficients of (5.2) to one.
Therefore, system (5.2) with two arbitrary functions ki(x) and ky(x), is the canonical

form for a system of two linear third order ODEs obtained by CSA.
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5.2 Group classification

Let

0 0 0 0
X(g) = g(I,y,Z)% + 771($ay»z)8_y + 772(%% z)& + n%l)(l‘/ya Z)a_y,

(1) (2) (2)

(‘/L‘7 y? Z) 82//

0 0
+1; (x,y,z)% +m7 (2,9, Z)Gy” + 1
0
3 3
(2, y, Z)ay,,, + 5 (x,y, Z)W’ (5.4)

be the symmetry of (5.2) with 772-(1), 771(2) and ni(?’), (1t = 1,2) given by the expressions

(1.52)—(1.57). According to the Lie algorithm, we have the following symmetry conditions
W =X (—k k
m (=k(2)y (@) + ko(2)2(2)),

1y = X (—ky(2)y(x) — ki(2)2(2)),

which give the following set of PDEs, i.e., the determining equations for the system (5.2)

§y=8:=0, M2z =Mas=N2yy = N2ay =0, (5.5)
My — 3Eay = Myz — 2802 = May — o =0, (5.6)
N2,2z — 3 az = Mye — 280y = M2pz — §ae = 0, (5.7)
Mzze + Yk1§ 2 — 2k28 . = N2 gay + Ykl y + 2k1§,y = 0, (5.8)
Moaey — §aee + 4Yk1§y — 42k y + ykof . + 2k1§ . = 0, (5.9)
Moz — Eann + AUk o + 42k1€ . + yki &y — zka€, = 0, (5.10)
Yk — 2k + ki — m2ka + M1 gae + (—yky + 2k2) (M1, — 3E )
—(yka + zk1)m . =0, (5.11)
Y€ka x + 2Ek1 & + mka + Mokt 4+ M2 gwe — (Yka + 2k1) (N2, — 3E4)
+(—yk1 + zkg)n2, = 0. (5.12)
Equations (5.5)—(5.7) give the following solution
5201%2+02x+03, (5.13)
m = (cs + )y + crzy + 52 + v(x), (5.14)

ne = cey + (c7 — c2)z + c1xz + w(x),
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where ¢; (j = 1,2,...,7) are constants and v(x), w(x) are arbitrary functions of their
argument.

Now we start the group classification for the system (5.2). The following cases arise in
the equations of the system of determining equations (5.8)—(5.12) for the values of k()
and ko (x). Examples for each case are provided. These examples illustrate transformations
of the linear as well as nonlinear 2—dimensional systems of third order ODEs to the
canonical form (5.2) via point transformations.

Case I. k; =0=ky
In this case we find from equations (5.8)—(5.12) that

M,zza = 07 12,200 = O, (515)
that produces
72
v(x) = s + ¢y + Cio, (5.16)
72
w(x) = Cll? + Cc19T + C13, (517)
where ¢,, p = 8,...,13, are arbitrary constants. This yields a 13—dimensional Lie point
symmetry algebra:
0 0 0 0
Xi=—, Xo=—, Xz3=—, Xy=1—
1 axa 2 8y7 3 82’ 4 xa$7
0 0 0 0
Xs=y=—, Xg=2—, Xy=20—, Xg=1—
5 yay’ 6 2827 7 l‘ay? 8 ‘7/'627
0 0 22 0 2% 0
Xg=2—, Xp=y=—, Xy=—, Xpg=—— 5.18
9 Z(‘?y’ 10 2/827 11 2 0y’ 12 295 ( )
20 0 0
X3 = i +ary— +rz—. (5.19)

2 Oz dy 0z

As an example of this case we consider the following system of ODEs
to" + 3tv'v" + 30"+t + 302 =0,
ww"” + 3w'w” =0, (5.20)

where prime denotes differentiation with respect to t, which has a 13—dimensional algebra.

The above system of ODEs can be converted to the simplest linear system

y" =0, 2"=0, (5.21)
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here prime denotes differentiation with respect to x, by using the transformation
t=x, v=In(y/z), w=+z (5.22)
The solution of the system (5.21) is given by
Y= 1% + e + c3, &= et + s+ Cg,

which on applying the inverse of the transformation (5.22) and a simple calculation, yields

the solution of the nonlinear system (5.20)

v=In(c1t + o + %), w = \/eqt? + est + cg,

where all ¢;, + =1,2...,6 are arbitrary constants.
Case II. k; =C #0, ks =0
Keeping these choices of ki, ko for the system (5.2) yields an uncoupled 2—dimensional

system of linear third order ODEs. Accordingly the set of equations (5.8)—(5.12) reduces

to
™m + nl,x;m: - y(nl,y - 35,:1?) + an,z =0 ) (523)
M2 + Mowan — 2(No,e — 362) — Yoy =0 . (5.24)
This gives
£ =cs, (5.25)
M = cay + cs2 + v(z), (5.26)
N2 = c6Y + crz + w(z), (5.27)

where (v(z),w(x)) solves (5.2) with k1 = constant # 0 and ks = 0. In this case we have

the following 11—dimensional Lie algebra

0 ‘
Xj:vj8_y+wj$’ j:1,2,...,6,
0 0 0 0 0
Xr=—, Xg=y—, X9g=2z—, Xjyp=2—, Xy1=y— 5.28
T o 8 y@y’ 9 282’ 10 Z@y’ 11 yaza ( )



5. Classification of linearizable systems of third order ODFEs 89

where (v;, w;) are linearly independent solutions of (5.2).

A coupled system of nonlinear ODEs

2tvv” + 6(tv" + v)v” + 60" + atv® = 0,

" n 1w/ I/

vw"” 4+ wv” + 3w v + Jvw” + avw = 0, (5.29)

where a is a constant, is transformable to

"

v +ay=0, 2"+az=0, (5.30)
via the linearizing transformation

t=xz, v=+/y/z, w=2z2/2/y. (5.31)

The nonlinear system (5.29) and the linear system (5.30) both have an 11—dimensional
algebra.
Case III. ki = o(x) #0, ko =0

In this case again an uncoupled system is obtained for which we find
Ci = Cy = C3 = 0. (532)

This leads to a 10—dimensional Lie algebra

0 0 _
Xj:’l)ja—y—f—w]'%, j:1,2,...,6,
0 0 0 0
Xr=y—, Xg=z—, X9g=2z—, Xjg=y— 5.33
7 y@y’ 8 Z@z’ 9 z@y’ 10 yaza ( )

where (v;,w;) are linearly independent solutions of (5.2).

As an example of this case we consider the following nonlinear system

2tv" + 2ww” + 6w'w” + 6v" + 2t%v + tw? = 0,

viw” — 0*0" + 600" — 60 + v® + tvtw = 0,

that has a 10—dimensional algebra. This system can be converted to a linear system of

the form

yl/l _|_ xy — O, Z/// + Ty = O7
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as it also has 10 Lie point symmetries. The point transformations that relate both the

nonlinear and linear systems is
1 2
r=t, y=w+-—-, z=2tv+w".
v

Case IV. k1 =0, ko =C #0

Here we get
C1 = Cy = 0, Cs = —Cg, Cq4 = Cr, (534)

that yields a 9—dimensional Lie algebra

0 0 .
X, vja —I—wja 7=12...,6,
0 0 0 8 (3

where (v;,w;) are linearly independent solutions of (5.2) with k; = 0 and k; = non-zero
constant.
As an example of nonlinear and linear systems of ODEs that have 9—dimensional Lie

algebras consider
" +w? =0, 3ww” + 18ww'w” + 6w” +v =0, (5.36)
and
y"'+2=0, Z"+y=0.

Both the systems have same 9 Lie point symmetries which guarantees existence of a point

transformation, which in this case is

Case V. Both k1 =C; #0, ko =Cy #0
Substitution of k; and ks in (5.2) leads to a coupled system of linear equations. Inserting

non-zero constants in place of k1, k2 in equations (5.8)—(5.12) gives

C1 = Cy = O, C; = —Cg, Cqy = C7. (537)
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which is the case IV, therefore yielding the same 9—dimensional Lie algebra.

The following nonlinear system can be taken as an illustration of this case
V0" — 600" 4+ 607 +0® —vw =0, vw” —ovw—1=0. (5.38)
The above system is linearizable to the system
' —y—2=0, 2Z"+y—2=0, (5.39)
via the linearizing transformation

1
t=z, v=-, w=y. (5.40)
z

The nonlinear system (5.38) and the linear system (5.39) both have a 9—dimensional Lie
algebra.
Case VI. k; = o(x) #0, kg =C #0

A coupled system is obtained here for which
Cl = Cy = C3 = O, Cy = —Cg, Co = Cv, (541)
that makes

§=0,
m = cy + 1z +v(x),

e = —cy + iz + w(x), (5.42)

resulting in the following 8 —dimensional Lie algebra

0 0
X]:U]a_y‘i_w]&; j_1727 767

2 Xe=m e =
oy 02 ® Z@y Yo,
where (vj, w;) are linearly independent solutions of (5.2).

Consider the following nonlinear system

"+ 3+t —v—w=0, V' +w" +2tv+tw=0,
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that has an 8—dimensional Lie algebra. The transformation
t=z, v=ylz, w=z-y/x,

converts the above nonlinear system into the linear system of equations

"

V' +ay—2=0, 2" +y+xz=0.

Case VII. 1{31 = ,Ql(x> 7£ 0, ]{32 = QQ(.T)
Considering pa(z) # 0 we have the subcases: (i) oy =0, (ii) o1 = C and

(iii) o1(x) = non — constant function of x. All of these subcases produce
cio=c=c3=0, ¢5=—cg, Co2=0r. (5.44)

So we have an 8—dimensional Lie algebra, that is similar to the case VI.

The linear system
V" 42w + P+t + Dw P =0, w” —to+t(t — 2w+t =0,

can be mapped into the the linear system

"n

'+ a2ty —a2=0, Z"+ay+aiz=0,
by using the point transformation
t=x, v=2z-2y+222 w=y—a’

Both of the above linear systems possess an algebra of 8 Lie point symmetries.

The following theorem emerges from the group classification performed in this section.

Theorem 5.2.1. CSA provides us five equivalence classes for a linear 2—dimensional
system of third order ODEs, namely, with 8—, 9—, 10—, 11—, and 13—dimensional Lie

algebras.



Chapter 6

Classification of scalar higher order
ODEs linearizable via generalized
contact and generalized Lie-Backlund

transformations

Three equivalence classes exist [48] for scalar third order ODEs linearizable via point
transformations. There is no classification provided for these equations linearizable via
contact transformations. Indeed IM [29,30] obtained the necessary form of scalar third or-
der ODEs linearizable via contact transformations, given by (2.20). However they neither
discussed its contact symmetries nor provided the classification for it. Here our aim is to
investigate the contact and higher order symmetries of linearizable scalar ODEs. In fact
we reduce a scalar third (fourth) order ODE to a system of two second order ODEs and
relate contact (higher order) symmetries of the scalar ODE with point symmetries of the
reduced system. In doing so we define new types of transformations that are more general
than contact and higher order tangent transformations and perform group classification

of scalar third and fourth order ODEs linearizable via these transformations [17,18].

93
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6.1 Generalized contact transformations
Consider an n'" (n > 3) order scalar ODE

y™ = f(r,y, 4,y y ™Y, (6.1)

We substitute ' = z in the above ODE. This reduces the above scalar ODE to the

following system of two ODEs of order n — 1

2D = flzy, 22, 2, 2D, (6.2)
A point transformation
tz@(xay,z)a U:¢1(I7yaz)a w:¢2($7yaz)7 (63>

for the system (6.2) corresponds to a generalized contact transformation for the scalar n”

order ODE (6.1) with z = ¢/. The transformation (6.3) is actually the contact transfor-
mation without the contact condition.

The transformations (6.3) are generalized contact transformations for the scalar ODE
(6.1) in the sense that they involve the change of variable ¢’ by considering it as a separate
dependent variable z.

Now consider the general form of a linear scalar third order ODE
y" =0(x) +o(@)y + a(z)y + B(x)y". (6.4)

Defining 3/ = z we reduce the order to 2 and double the dimensions, i.e.

1/ /

y' =2,
2 =6(x)+o(z)y + a(z)z + [(x)z. (6.5)

Here the variable z is actually the derivative of the variable y. For the purpose of the

group classification we replace the variable z by ¢ and compare the corresponding system

of equations (6.5) with the canonical form (2.23) of the linear system of second order
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ODEs. Since (2.23) only depends explicitly on 3 and 2’ so it gives 6(x) = 0 and o(z) = 0.

The system (6.5) is now of the form

1 /

Yy =z,

2 =alx)y + B(x)7.

(6.6)

This is the reduced form of the systems of second order ODEs that is obtained from a

scalar linear, third order ODE.

6.1.1 Group classification

In this section we perform the group classification on the system (6.6). Let

d 5, d 0
X — ~ i il (1) -
§($a Y, Z) o + 771(% Y, Z)ay + 772(515, Y, Z) Oz + YR (ZL’, Y, Z) 83//
0 0 0
e,y 2) g+ (s 2) g+ (0w 2) g

be the symmetry generators for (6.6), then symmetry conditions read as

) =X (),

s = XW(a(z)y + B(x)?),

2
1

(6.7)

(6.8)

where 77( ) and nf) are second order extension coefficients given by (1.53) and (1.56)

respectively. The symmetry conditions (6.8) give the following system of determining

PDEs

gy =€y =E2:=0, M2 —&.=0, Nige— 12 =0,

Muyy — 282y — @€ =0, Mgy —aly =0, 2., — 28, — &, — 206, =0,
201y — 260, — 28y — BE. =0, 21y, — 284y — BEy — 208, =0,

2May — Moy — Eaw + Mz =0, 2020y + anlp. — Biiy — anry — (@) » =0,

27]1,12 + My — M2,z — é,x + 5nl,z = 07 27)2,12 — QN2 + Moy — g,w:v - (55),1 = 07

M2xx — QN1 — 6772,96 =0.
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The system of PDEs (6.9) gives the following solution

€ =yar(z) + zaz(x) + as(x), (6.15)
1
= §ZQCL2 + ZCL4(5B, y) + a5(x, y)v (616)
1
T = §Z2a2,x + Z2Q4 g + as g + aﬁ(y7 Z)7 (617)
where a;, (i =1,2,...,6) are arbitrary functions of their arguments.

We now assume [(z) to be zero, nonzero constant and an arbitrary function of  and

consider the following cases.
Case I B(x) =0
The system of PDEs (6.10)—(6.14) in this case takes the form

M,yy — 2€,xy - Olf,z = 07 N2yy — Oéf,y = O; 2772,zz - 25,:&2 - g,y = Oa
2Miys — 280, — 26, =0, 212y, — 284y — 206, = 0,

(6.18)

(6.19)

2May — M2y — Sax T =0, 2mogy+am, —amy, —§a, —a, =0, (6.20)
2Mee + My — M2y —Ea =0, 2mg —ams+ 1y —§ae =0,  (6.21)

(6.22)

Nz — QN1 2 = 0.

The above system of PDEs is solved for different values of a(z).
Case 1.1 Both o and [ are zero
In this case the system of PDEs (6.18)—(6.22) reduces to

Myy = 260y =0, gy =0, 2z —280: — &, =0, (6.23)
2y — 260s — 26, =0, 2may, — 284, =0, (6.24)

2y — Moy — Eaw =0, 210y =0, (6.25)

2+ My — M2z — €2 =0, 2mpa. + M2y — Euw =0, ( )
(6.27)

M2 zx = 0.
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Solving the above system yields the following 15 Lie point symmetries:

X, = 8%’ X, = a%, X5 = %, (6.28)
X4_xé%, X5—z§, Xﬁzéxza%Jr ;, (6.29)
X7 zaﬁ + %fa%, Xg = xa% + %m(%, (6.30)
Xy %xz% + z%, X0 (%xz + y)(%, (6.31)
X = %ﬁ% + :L*y% + y%, (6.32)
X = :)322 + = (2?2 + 2y)— + wzg, (6.33)
or 2 0 0z
X3 = —%xz% + iz(mz + 2y)a% + %ZQ%, (6.34)
Xuu = (52 +9) o — p2(az - 2y)a%, (6.35)
X5 = (%3322 - xy)a— + (%133222 yz)% + (%sz — yz)%. (6.36)

Case 1.2 a=ay#0,5=0
The system of PDEs (6.18)—(6.22) in this case yields a 15—dimensional Lie algebra. The
first three operators are X1, Xy, X3, given by (6.28), while the remaining 12 operators are

0 0
Y, =y— 42— .
0 0
Y2 = Za—y + aoy&, (638)
Y3 = eV ozoxg + VeV aoxg (639)
dy 0z’
9, 0o 1 0
Y= y— + 2y— + (32 2y 4
0o 1 0 0
Ys = 2— + —(y? 2) = - A1
5 zax+2(yao+z)ay+aozyaz, (6.41)
oy O ey O
Yg=¢€" aoza—y — /e a(w&, (642)
oy O oy O o
Y7 =e aoxa—x + /g€ aofﬂya_y + ape aomy&, (643)
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— 0 — 0 —
Yg =e aowa—x — /e aoxya—y + ape aomy&, (644.)
(z/qp — apy)ever 9 0
Y, = — — vaor 6.45
(z/g + apy)e Veor 9 _ 0
Y= — — — Vaor 6.46
10 /o By (2v/a0 — agy)e 92’ ( )
vy = WA= 2™ 0 (ag? = eV 0 (aoy? = eV ™ 9o

NGTS O N 2 9z’

(Vaoy + 2)e VT 9 (qpy? — 22)e V0T 9 (qpy? — 2%)e V0T
Yo = o+ — +

NG O 2/a0 dy 2 9z’
(6.48)

Case 1.3.1 a=(x+c)™, m#2 ore”, =0
This case produces a 5—dimensional Lie algebra. The first three operators are Xs, X3, Y,
given by (6.28) and (6.37).
Case I.8.2 a = (x+¢)™2%, =0
In this case we obtain a 6—dimensional Lie algebra.
Case IT (z) #0
The following subcases arise:
Case II.1 a =0, f=0,#0
The system of PDEs (6.10)—(6.14) simplifies to

Mgy = 282y =0, Moy =0, 2020 — 282, — §y — 2006 =0, (6.49)

2y — 2802 — 28 — B0€. =0, 2mpy. — 284y — Bo€y =0, (6.50)

22y — M2y — Eaz = 0, 2M24y — Bonoy =0, (6.51)

20z + My — M2 =+ Bonz=0, 224+ N2y — Ezz — Bole = 0, (6.52)
N2.ze — Bon2,e = 0, (6.53)

which produces a 7—dimensional Lie algebra. The first four of these operators are X, X5, X3, Y}

given by (6.28) and (6.37) while the remaining three are

0 0 eHor 9 o)
Yo=2—, Y3=(— -, Y= — 4 e —
2 :anv 3 ( 503/ + z>ay7 4 ﬁo ay +e 32
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Case I1.2.1 a =ay= [y #0
In this subcase the system of PDEs (6.10—6.14) gives the following set of solution

E=c1, N =Y+ c3z+ ey + c5e™ 4 cge™”,

N = czaq€™'Y 4 cgae™ + c3(y + 2)ag + oz + ¢,

where
1 /2 1 /2
ay = 5(040 +4/ag +4ag), oy = 5(040 — /g + 4oy),
and ¢;, (i =1,2,...,7) are arbitrary constants. This yields a 7—dimensional Lie algebra

with X;, Xy, X3 and Y given by (6.28) and (6.37). The other three operators are

o) 9)
Yo =z2—+ao(y+2)5

oy 0z’

0 0

Y. = V% oz 2
3 € ay + e 82’

0 0
Y, = 2% asw ~
=y + 0ge

Case I1.2.2 o = ayp # 0 and 8 = By # 0 with oy # 5y
This case produces the following set of solution for the PDEs (6.10—6.14)

E=c1, Mm=cy+czz+cy+ cseP® 4+ 6665”,

Ny = c5B1e77 + c680e™" + czapy + c3Boz + caz +

where

b= 5o+ \/B +da0), and By = 2 (B — /B + day).

From above we get a 7—dimensional Lie algebras. The first four operators are given by
(6.28) and (6.37).
Case I1.3 B = fy, a(z)=cz™, (v +¢c)",m=1,2

This case produces a 5—dimensional Lie algebra with first three generators Xy, X3, Y.
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Case I1.4.1 a(x) = (cx £d)", B(z) = (cx £d)™, m=1,2
Here we find a algebra with 6 Lie point symmetries.

Case I1.4.2 a(z) = B(z) = 2, (=2
This case lies in the above case.

The system of PDEs (6.9)—(6.14) provides us four equivalence classes with 5, 6, 7
and 15 symmetries. These Lie point symmetries correspond to the generalized contact

symmetries for the scalar ODE (6.4). Thus we have the following theorem.

Theorem 6.1.1. A linear, scalar, third order ODE has one of 5, 6, 7 and 15 generators

of generalized contact transformations.

For the scalar fourth order ODE we can reduce it to a system of two third order ODEs
and following the same procedure we can find generalized contact symmetries of the scalar
ODE. We can also reduce scalar fourth and higher order ODEs to systems of second order
ODEs and investigate about its symmetries. For this purpose we generalize Lie-Backlund

transformation in the subsequent section.

6.2 Generalized Lie-Backlund transformations

Consider the general form of scalar n'* order ODEs (6.1) with n > 4. We define m to be

n . .
1<m§§, if n is even

-1
1<m§n

, if n is odd.

We replace y™ = z in (6.1) to form the following system of two ODEs

ym =z,

2 = flxy, 222", 2™ if s even, (6.54)
and

ymt =2

2D = fp iy 2222, i s odd. (6.55)
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A point transformation (6.3) for the above systems corresponds to a generalized Lie-
Biicklund transformation of order m for the scalar ODE (6.1) with y™ = 2. Generalized
Lie-Backlund transformations depend on the independent, dependent variables and the

m* order derivative of the dependent variable but do not require the contact conditions
(1.68) to hold.

Consider the general form of a linear, scalar, fourth order ODE

y W = m(z) +y(x)y + p(2)y + A2)y" + o(a)y". (6.56)

By taking 3" = z will convert the above equation to a system of two second order ODEs
Yy =z

2 =mw(x) + @)y + p(x)y + MNx)z + o(z)2. (6.57)

We now identify the above system with the canonical form (2.24) of the linear system
of second order ODEs. The form (2.24) depend explicitly on y and z. This makes all
coefficients functions zero but y(x) and A(z). Hence we have the following reduced system

of linear second order ODEs

2 =(z)y + Mx)z. (6.58)

6.2.1 Group classification

We now perform the group classification for the system of ODEs (6.58). Suppose X
given by (6.7) be the symmetry generator for the system (6.58). The symmetry conditions
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give us the following set of determining PDEs

f,yy = f,yz =&..=0, M= Moy =0, Miyy — Qf,xy =0,

02,22 — 2§ 22 = 0, Myz — §z:=0, M2yz — 25,xy =0, Mg —2.=0,
2May — Ear — 328y —VWE — A2E =0, Moay — AY§y —72€, =0,
20902 — aw — 28y — 37YEx — 3A2E, =0,

=12 + Mga + 2Ny — 2280 +YYym . + Az, = 0,

§YYe T E2A s T Y + A — Nogw — 22y — VY22 + 27YE s

—Azng, 4+ 2X2E, = 0.

The PDEs (6.59)—(6.62) yield the following set of solutions

§= al(I),
1
n = (éal,r +c3)y + 1z + az(x),

1
Ne = C2Y + (§a1,x +c4)z + as(x),
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(6.64)

(6.65)
(6.66)

(6.67)

where ¢;, (i = 1,2,3,4) are arbitrary constants and a;, (j = 1,2, 3) are arbitrary functions

of . We now substitute (6.65)—(6.67) into (6.63)—(6.64). After some calculations we get

§= al(ili),
al,x
m = (T +c3)y + 1z +o(x),

alx
Ny = Coy + (% + c4)z + w(x),
where (v, w) solves (6.58) and a(z) satisfies
a1 zxx + 2017 —2cy = 07
20,1733 — Cl)\ R i 0,

2va1, + a1y + (3 — ca)y + A =0,

1 goz — 4Na1 o — 2) za1 — c17y + 2 = 0.

(6.68)
(6.69)
(6.70)

6.71)
2)
)
)

D
-3

D
-J

(6.
(6.
(6.73
(6.74

We now consider different cases for v(x) to be zero, nonzero constant and an arbitrary

function of xz.
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Case I v(z) =0
With the substitution v = 0 in (6.73), it becomes

CQ)\ = O,

which prompts the consideration of the following cases.
Case I.1 A\=0, y=0
This makes ¢; = 0. From (6.72) we get

T
a; = (c3 — 64)5 + ¢s,

so that we have

x
f = (63 - C4>§ + cs.

Therefore in this case we get the following 8 —dimensional Lie algebra

0

0 0 0
Xi=—, Xo=—, Xg=z— Xy=9y— —
0 0 0
Xe=2z— Xg=0—+2y—
1,0 0 1,0 0
X, = —a— — Xg=-—x’— 4+ —.
T oy o Tt o:

Case .2 A=)y #0, v=0
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(6.75)

(6.76)
(6.77)

(6.78)

From (6.75) we get ¢o = 0. From (6.74) we have a;, = 0 which implies that a; = ¢.

Hence we get 7—dimensional Lie algebra. The first four operators are given by (6.76) and

the other three are

0 0
Y= 22 il
5 Zay + ()Zaz,
Y = emxﬁ + )\oemxﬁ,
dy 0z

0 0
Y7 = G_Mx— + )\Oe_mx—.
oy 0z
Case 1.3 \(x) =¢€", (cx +d)", (m==%1,2,), v=0
In this case we find the following 5—dimensional Lie algebra

0
i:'Uja_y

0 0
Y5 :ya—y+2£,

B
Y twje i=1234,

(6.79)
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where (v;, w;) are linearly independent solutions of (6.58).
Case 1.4 \x) = (cx +d)™2, v=0
This case produces a 6—dimensional Lie algebra. The first four operators are given by

(6.79). The extra two operators are

Y5 = y3 + Zg, _ 0 0 .
dy 0z ox 0z
Case II ~v(x) #0
Here we have the following subcases.
Case II.1 v =y, A=0
This case produces a; = ¢5 and ¢; = 7yc;. Hence we have a 7T—dimensional Lie algebra.

The first four generators are given by (6.79) and extending generator is

9, 9, 9, 0 9,
9z Y6—?Ja—y+zga Y7_28_y+%y&'

Case I1.2 v =y, A=)\

Y; =

In this case we have a 7—dimensional Lie algebra with Y, Y5, Y3 and Y, given by (6.79)

The additional two operators are given by

0 0 0 0 0
Y5—%, Y6—ya—y—|—z&, Y7—Za—y+<’}/0y+/\02)$.

Case I1.3 v =~(x) #0, A= Ao
Here we get a 5—dimensional Lie algebra with first four operators given by (6.79). The

additional operator is

5_yay 0z

Case I1.4 v=~y(x) #0, A =za™

Y

This case produces the Lie algebra of case I.3.
The system of PDEs (6.59)—(6.64) provides us four equivalence classes with 5, 6, 7 and
8 symmetries. These Lie point symmetries are the generalized Lie-Backlund symmetries

of order 2 for a scalar fourth order linearizable ODE. Thus we have the following theorem.

Theorem 6.2.1. A linear, scalar, fourth order ODE has one of 5, 6, 7 and 8 generators

of generalized Lie-Backlund transformations of order 2.



Chapter 7

Conclusions and future directions

7.1 Conclusions

Nonlinear ODEs are difficult to solve but, if they can be converted to linear ones by
invertible transformations, they can be solved. Lie completely resolved the problem of the
use of point transformations for the case of scalar second order ODEs. However, he did
not extend to the higher order ODEs, to systems or to PDEs. For those he relied on his
general algorithms. In the thesis, we address the issue of linearization and classification
of scalar third and fourth order and systems of two third order ODEs. The classification
on the basis of symmetries puts the ODEs into the equivalence classes of linearizable
ODEs and hence makes them solvable. Not only this, but we get the general solution
of nonlinear ODEs. In order to tackle the problem of linearization and classification we
employed three types of transformations: (a) derivative independent transformations (b)
derivatives dependent transformations (c¢) complex transformations.

We started our work by presenting criteria for fourth order autonomous ODEs to
be reducible to linearizable third and second order ODEs. There are certain fourth order
ODEs, not depending explicitly on the independent variable, which cannot be linearized by
point or contact transformations but can be reducible to third order linearizable ODEs by

Meleshko’s method. The solution of the original equation is then obtained by a quadrature.

105
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Various fourth order ODEs with fewer symmetries can be reduced to linearizable form by
this procedure. The class of ODEs linearizable by Meleshko’s method is not included in
IM’s, IMS’ or conditionally linearizable classes [51,53] of the ODEs (though there can be an
overlap but it is not contained in that either). The reason is that it is not linearizable but
reducible to a lower order linearizable ODE. By using the concept of Meleshko linearization
a new class of scalar ODEs may be defined on the basis of initial conditions to be satisfied
by the ODEs.

Complex methods have been adopted to achieve linearization of the 2—dimensional
systems of ODEs with the help of the scalar, complex linearizable ODEs. By the complex
ODEs we extract systems with CR-structure on both the equations and employ the fibre
preserving point transformations with CR-structure, to derive the sufficient conditions of
linearization. Though by going complex we deal with the subclasses of higher dimensional
systems of higher order ODEs, it linearizes them in a trivial way that is impossible to
attempt with the real symmetry methods yet. When both the 2—dimensional systems of
ODEs and the point transformations have a specific CR-structure, then there is no need to
adopt the Lie procedure for nonlinear systems to obtain the linearization conditions. By
splitting the linearization criteria associated with the base equations due to the complex
fibre preserving point transformations, into the real and imaginary parts, leads to the
linearization conditions for the corresponding systems.

The c-linearization of 2—dimensional systems of second order ODEs is achieved earlier
by considering the scalar, second order, linearizable ODEs as complex. Their associated
linearization criteria are separated into the real and imaginary parts due to the complex
functions involved. In this thesis the linearizable form of c-linearizable systems has been
derived and it is shown to be (atmost) quadratically semilinear in the first order deriva-
tives. Moreover, the c-linearization criteria are proved to be the linearization criteria for
such 2-dimensional systems that are linearizable due to their correspondence with the
complex scalar ODEs. Using this fact, we also provided the linearization conditions for
2—dimensional systems of third order ODEs. The obtained linearizable form is (at most)

linear in second derivative and cubically semilinear in the first derivative.
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CSA is employed to tackle the problem of classification of linear systems of two third
order ODEs. We used the Laguerre canonical form of a complex, linear, scalar, third
order ODE to obtain the system of two linear third order ODEs. Five equivalence classes
are obtained from this linear system of ODEs. The allowed symmetry Lie algebras may
be 8—, 9—, 10—, 11— or 13—dimensional. The maximal symmetry case reduces to the
simplest equations y” = 0, 2’ = 0. Further, systems with 11 Lie point symmetries
are linearizable to the uncoupled systems with constant coefficients. The systems with
9—dimensional Lie algebras are those that are reducible to linear coupled systems with
constant coefficients. The systems of two third order ODEs that are linearizable to the
systems with variable coefficients have 10 and 8 Lie point symmetries. The former class
corresponds to uncoupled systems while the latter corresponds to coupled systems. It is
worth noting that in the maximal algebra there is a sub-algebra of three translations and
three scalings along the one independent and two dependent variables. There are also
“cross-scalings” between the one independent and two dependent variables, giving a total
of four such generators and then three generators with quadratic coefficients. The next
largest class has only five generators involving the independent and dependent variables,
namely one translation along the independent variable, two scalings along the dependent
variables and two “cross-scalings” between them. Then there are six extra generators
that involve the solutions of the equations as coefficients. For the next two cases there
is the translation along the independent variable and a scaling and rotation between the
dependent variables. These two correspond to the single complex scaling. For the next
two we lose the translation along the independent variable and only retain the complex
rotation as the real pair of scalings and rotations.

After presenting linearization criteria and classification of systems of two third order
ODEs, we turn to the problem of classification of scalar ODEs linearizable via derivative
dependent transformations. Though Leach and Mahomed [48] had shown that there are
three equivalence classes of third order scalar ODEs linearizable via point transformations,
no work on the symmetry group classification of these equations linearizable via contact

transformations was done. In fact IM [30] got the necessary form of a scalar third order
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ODE linearizable via contact transformations but there was no attempt to address the
classification problem with their methods. We found a connection between (generalized)
contact transformations of systems of order n with point transformations of the reduced
systems of order n — 1. By defining the first derivative of dependent variables to be new
variables we reduce the order of a system from n to n—1 and increase its dimension form m
to 2m. Point transformations for the lower order system correspond to generalized contact
transformations for the higher order system. We obtained the canonical form of scalar third
order ODEs linearizable via generalized contact transformations. This canonical form
gave us four equivalence classes for scalar third order ODEs depending on the number of
infinitesimal generators. Here we obtained group classification of a scalar third order ODE
by reducing it to a system of two second order ODEs. If the reduced system of ODEs
is linearizable then it can be solved by using geometric linearization [61]. In reducing a
scalar third order ODE to a system of two second order ODEs, the advantage of geometric
linearization could be availed, where we can find the solution of the system easily by simply
employing the coordinate transformations as the linearizing transformations.

A similar procedure is carried out to the fourth order scalar ODEs. We reduced
a linear scalar fourth order ODE to a system of two linear second order ODEs. Any
point transformation for the reduced system corresponds to a generalized Lie-Backlund
transformation of the scalar ODE. The reduced system of two linear second order ODEs
provided us four equivalence classes of such equations with 5, 6, 7 and 8 generalized

Lie-Backlund symmetries of order 2.

7.2 Future directions

In the last we will give some future directions associated with the work presented in the

thesis.

e We reduced the scalar fourth order ODEs to linearizable third and second order
equations. It would be interesting to apply the procedure to systems of third order

ODEs in the cases that the equations do not depend explicitly on one of the depen-
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dent variables or the independent variable. These systems can then be reduced to
systems of second order ODEs to apply the power of geometry. If they satisfy the

geometric linearization criteria they can then be solved easily.

e The concept of c-linearization can be generalized to the 2m—dimensional systems
of n'* order ODEs by splitting the complex, linearizable, m—dimensional systems
of ODEs of the same order. There is a development [55] to obtain odd dimensional
systems by splitting iteratively starting with a scalar base equation. This procedure
may lead us to the linearization of m—dimensional system of second order ODEs,

by iteratively complexifying a scalar, second order, linearizable ODE.

e In the present work, we obtained point symmetry group classification of linear sys-
tems of two third order ODEs using complex methods. CSA may lead us to the
classification of the higher dimensional systems of higher order ODEs. Similarly,
the classification problem of such linearizable systems is addressable with the com-
plex methods. Presently, the symmetry classification and linearization of higher

dimensional systems of higher order ODEs seems to be exploitable only with CSA.

e A scalar third order linear ODE has three classes with 4, 5 and 10 contact symme-
tries. The maximal symmetry class with 15 generalized contact symmetries corre-
sponds to the maximal symmetry class of contact symmetries. It remains an open
problem to study the correspondence between the other classes of generalized contact
symmetries and those of contact symmetries. Also of great interest is to obtain the

linearization criteria via generalized contact transformations of systems of ODEs.

e Here we reduced a scalar fourth order ODE to a system of two linear second order
ODEs. We can reduce a scalar fourth order ODE to a system of two third order ODEs
and following the same procedure of group classification we can find generalized
contact symmetries of the scalar ODE. Similarly we can take it to higher order
ODEs to get equivalence classes of these equations by simply reducing scalar ODEs

to systems of ODEs. One could use the given procedure to find the equivalence
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classes of systems of higher order ODEs. We can also reduce a scalar fourth order
ODE, y™® = f(z,9,9,9",y"), to a system of three second order ODEs by following
two steps. In the first step we reduce it to a system of two third order ODEs

" " n

y =z Y z = f(x7 y? Z; 2/7 Zl/)? (7'1)

by defining ¢ = z. In the second step we define 2/ = u to reduce (7.1) to system of
three ODEs of order two

1/ / 1 / "

y' =2 =, W = f(ry, 2z upd). (7.2)

Similarly any system of ODEs of order n > 3 can be reduced in m steps to a system
of second order ODEs to use the power of geometry. In this way we can relate the
higher order symmetries of the scalar ODEs with the point symmetries of reduced
systems and can find the equivalence classes of the higher order ODEs. The m steps
of reduction of an ODE can be shrunk into one step by defining the second or higher
order derivative to be a new dependent variable. In this way the point symmetries
of the reduced system correspond to the generalized Lie Backlund symmetries of the

corresponding scalar ODE.

e This procedure could be carried out to reduce scalar n'* order ODEs to systems of
lower order with three or more dimensions. As an example consider the scalar fifth

order ODE

YO = f(@, ;9,9 y", y™). (7.3)

By defining y” = z and 2z’ = u we can reduce it to a system of three ODEs of order

two
y =z Z =Uu, U :f(zv,y,z,u;y',u'), (74)

and investigate the point symmetries of the reduced system. We can also reduce the

scalar ODE (7.3) to a system of two third ODEs

" " "

y'=2" 2= f(r,y, 5y, 2 2, (7.5)
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by defining 3" = 2’ and find the Lie point symmetries of the above system. It would
be interesting to find a connection between the equivalence classes of the systems

(7.4) and (7.5) and relate their point symmetries.

e In the thesis, we performed the classification of those systems that are linearizable
via generalized contact and generalized Lie Backlund transformations. Also of great
interest is to develop linearization criteria for such systems and relate the linearizable
classes of these systems. This is the start. There is much work that needs to be done
in this direction to explore new and interesting results about these transformations
and their equivalence classes. The equations linearizable via these transformations
may form a new class of ODEs that do not fall into IM’s, IMS’, Meleshko’s classes
of linearizable ODEs. In Lie’s programme there is no definite statement available
for the cases when the ODEs are not linearizable. By the recent developments this

gap may be filled.



Appendix A

Al

The linearizing transformation is provided by the third order ODE

where

d
X

— 3X2 = 3b1 — CZOQ — 3&0793,
dx

P ax
9
Pz

X:

and by the following integrable system of partial differential equations

where

and

Q

3¢,uu — alw,U7 3¢,zu - (SX + Go)¢,u )

1
w,zzz = 3X1p,zx + bow,u - _(3a0,x + a02 - 361 + 9X2)w,x - Qi/’ )

1
Y

6

(gao,x:r + 18&0@(10 + 54()07” — 27b1,m + 4&03 — 18@0()1 + 18@1[)0) s

a=Qp,
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(A.2)

(A.3)

(A.4)

(A.5)
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A.2

and

Co = 6)\)\7u - 6)\@ + )\Cl - /\202 s

6)\,uu =Cx —Ciu + )\CQ,U + 02)\,1“

18dy = 3N} [Ac1y — 2010 — Acow + 3N 2co0 — 12 4] — 54(\ )3
FOA[BA 4 + 15X Ay — 6A(N )% 4 (3c1 — Aca) A L]

+A2[9(Aca — 2¢1) Ay — 2612 + 2)ciep + AN e® + 180 2d, — T2X\3d5)

18d; = 9N?c1 — 12Xe1, — 27TA%Co 0 + 330 o — 362N 4
+18A 4z + 6(3c1 4+ 4Xca) A, — 3A(6c; + TAc2) Ao + 18A(N,)?

—18X A — 4Ae] — 2X2¢ico + 2003 ¢ + T20Pdy — 2700 d5 |

9dy = 3\c1 — 3c1p — 21ACop + 21N %Co, + 15co ),

—15Aco)y — 12 — BAeicy + 14X2¢y? + 540%d, — 180)\*d; |
3d3 = 3\Ca — 3Cop — €102 + 265 + 12Xdy — 30M*d5,
54dy 5 = 18¢1 4y + 3CaC1y — T2C2 gy — 39C2Ca

+18MCouu — 3ACaCoy + (2094 + 33¢3) Ay + 108d4 N,

+270d5 )\, + 378d5 . — 108A\%ds5 , — 540Ad3s ),

+36Ac1ds — 8ACh — 36Acady + 108N %cods + HANH |

H, =3H\,+A\H,,
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(A.8)

(A.9)

(A.10)

(A.11)

(A.12)

(A.13)
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where

H = d4,u — 2d57x — 3)\(157” — 5d5)\7u — 2)\02d5

1 4
+§[627uu + 262027u — 201d5 + 262d4] + 2—703 . (A14)

The functions ¢(z,u) and 1 (z,u) are found by the following system of equations:

Po=Apy, Yo=—0 N+, (A.15)
690,u()0,uuu - 9(90,uu)2 + {15)‘ad5 - 3d4 - Cg - 302,u}(@,u)27 (A16>
1 1
Yuuwu = Wdsp o + 6{15)\d5 - Cg —3dy — 3027u}'¢7u — 5[—]1/)
3 _
+3§0,uuw,uu(§0,u) t— §(¢,uu)2w,u(¢,u) 2 5 (A17)
where
W, ={c1 = Aea + 6 JW , 3W, =W, (A.18)
and
H
o= (A.19)
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A.3

and

Co = 6)\/\’u/ - 6)\@ + )\Cl - )\202 s

/
6>\,u’u’ =Coz — Cru/ + )\CQ,U/ + C2>\u>

18dy = 3N*[Acrw — 2010 — Acop + 3X2co — 12X 1] — 54(N,)?
FOA[BA 2 4+ 15X A — 6A(N)? + (Ber — Aca) A )

FA2[9(Aeg — 2¢1) A — 2612 + 2)crep + AN e? 4 1802, — T2M\3d5)

18dy = 9IN?cy 0 — 12Xc1 0 — 27N %Co + 33N 3o — 36Xy
+18A 4z + 6(3c1 + 4Xca) A x — 3A(6¢; + TAC2) A wr + 18X\ ur)?

— 18\ A — 4AcT — 2X2¢cico + 2003 ¢ + T20Pdy — 270N d5 |

9dy = 3Nc1w — 3c1p — 21ACop + 21X o + 15co

—15Aco) y — 1% — BAciey + 14M%co? + 54NAdy — 180A3d; |
3ds = 3\Co — 3o — C1Co + 2X5 + 12Xdy — 30M*d5,
94dy 5 = 18¢y oy + 3caC1 w — T2¢0 gy — 39C2C2 4
+18NCg s — 3ACaCow + (T2¢2u + 33¢3) A + 108dy\ o

+270d5\ , + 378)ds . — 108M\*ds5 , — 540Ads )\,

+36Ac1ds — 8AC) — 36Acady + 108N %cods + HANH |

H,=3H\y+ A,
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(A.20)

(A.21)

(A.22)

(A.23)

(A.24)

(A.25)

(A.26)

(A.27)
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where

A4

H = d47u/ — 2d5,m — 3)\d57u/ — 5d5)\7u/ — 2)\02d5

1 4
+§[Cg,ulu/ + 262027u/ — 261d5 + 202d4] + 2—763 . (A28)
(MC1 — 6X0.)U* + (6Xg Ao, + 4N5 — A5Ca — Co)u/ — 4X3 =0, (A.29)

(CQ,U - C’1,u’)ul3 + ()\OCQ,UI + C(2)\0,u’ - 4)\0,1/ - 6>\0,u’u’)ul2
+(1O/\07u/ + 4/\0 - CQ)\())U,/ - 8)\0 =0 s (ASO)

(—=6X2C"0 — 54(Nowy)” 4 18X A0.uu + 18X A0 Ch — 20202 )u/®
+(BN O + 48X5 X0, — 3N O — 3625 M 0.0 — 6X5A0.C2 — 18A2 N0, O
+2X00C1Cy — 16X5C )" + (—60A3 Ao, + INGCr — 4203 Mo

—3602 (Mo ) 4+ NN, Cs + 14N Oy — 32204 + 8AECh + 4N C2

FI8AG D) + (4408 + 7203 N0 — 18N N0 — TAGC )

+(—202)u* — 7205 D5 = 0, (A.31)

(=1200C1 2 + 18Xg i + 1800, C1 — 4XNCP)U® + (INGCh o — 48N Ao
—27A2C5.4 — 36X0 M 0w — 18X0.4 + 7200 0.0 + 24X 0., Co — 18 MM Ch
— 18X\ Ao — 32X5C) — 2A2C1Co)u”" + (—=18D1 — 36A5 M0, + 33N5C.
F6X0 M0 4 I8A2CT — 210200 Cy + 18Xg(Aowr)” — 64X + 4N2C, — 830,
+20A0C3 + 7205 D) u'® + (5275 + 63 No.r + 13A5co)u’®

+(=220)u* — 2700 D5 = 0, (A.32)
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and

where

(=3C1 . — O + (3XChuw — 12004 — 2100Ca — 8X0Ch
+15X0.,Ca — BAC1C)U" + (=9ds + 1200 M0 + 2105 Car — 3004
— 1500, C + 1000 — 2003C5 + 14N\2C3 + 5405 D,

—1623)u’® + (—9C) 4 2822 4 30\ Ao + 13X3Co)u” + (—40A2)u'

—180A3D5 =0, (A.33)

(_BCQ’U — 0102)U/7 + (—3D3 + 401 + 3)\002’u/ — 4)\002 + 2)\0022

+1200 D)8 4 (—4Xg + 4XoCo)u’® + (= Xo)u'* — 30A3D5 = 0, (A.34)

(=54Dy 4+ 18C s + 3CoChr — T2C g — 39C2Cy, )u'® + (24Cs,
FT2X 0. + 12Co N0, — 6C1 4 36200 s — 3MgCoCl ur + 72000 Co
+33C5 A0,y + 108Dy A + 54X 0daur + 360005 + 18X Coyr )17
+(—=168Ng.r — 1220 — 138XgCl.r — 24Co g0 — 3300C5 — 36 A0 Dy )
+(168)g — 228X9C + 60X )u"® + (—120X)u"* + (270 D5

+270M\ D5 )t + (543 D5 v — 810AgAo,ur D5 )u’ + 21607\ D5 = 0 | (A.35)

(—Ho)u” 4+ (3H Ao + AoH w)u' —3HN =0, (A.36)

1 2 2 4
H = (Dyy + =Csys + =C5C + =CoDy + —C3
(Dy, +3 2, +3 209, +3 2 4+27 5)

1 4 2 4 8
C(—ZChwtZc2—Zp, - Sc2
T3t T30 i 5
1 5 1 40 1 2
1 8
+ﬁ(_3/\0D5,u/ — 5Ds5A0 — 200C2 D5 — 5/\0D5)
1
+— (2400 D) . (A.37)
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1. Introduction

First order ODEs can always be linearized [ 1] by point transformations [2]. Lie [3] showed that all linearizable second or-
der ODEs must be cubically semi-linear, i.e.,

Y +a1(x,y)y? — ax(x,y)y* + a3(x,y)y’ — as(x,y) =0 (1)

the coefficients ay,ay, as, a4 satisfy an over-determined integrable system of four constraints involving two auxiliary func-
tions, which Tresse wrote in more usable form [4]

3((11 a3)x - 3a4a1y - 6(11 Qgy — 2(12(12x + axasy — 3a1xx + 202xy — A3y = O,
3(a4az), — 30104x — 60401, — 20303y + G302 + 30ayy — 203y + Goxx = 0. (2)

We call such equations Lie linearizable.

Chern [5,6] and Grebot [7,8] extended the linearization programme to the third order using contact and point transfor-
mations, respectively to obtain linearizability criteria for equations reducible to the forms u”(t) = 0 and u”(t) + u(t) = 0. It
was shown [9] that there are three classes of third order ODEs that are linearizable by point transformations, viz. those that
reduce to the above two forms or u”(t) + a(t)u(t) = 0. Neut and Petitot [10] dealt with the general third order ODEs. Ibragi-
mov and Meleshko (IM) [11] used the original Lie procedure [3] of point transformation to determine the linearizability cri-
teria for third order ODEs. They showed that any third order ODE y” = f(x,y,y’,y”) obtained from a linear equation
u” + a(t)u = 0 by means of point transformations t = @(x,y),u = y(x,y), must belong to one of the following two types of
equations.

* Corresponding author. Tel.: +92 3035979229.
E-mail addresses: hinadutt@yahoo.com (H.M. Dutt), agadirmath@yahoo.com (A. Qadir).

http://dx.doi.org/10.1016/j.cnsns.2013.12.031
1007-5704/© 2014 Elsevier B.V. All rights reserved.
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Type I: If ¢, = O the equations that are linearizable are of the form

yw + (aly/ + aO)yU + b3yl3 + bzy,z + bly’ + by =0. (3)
Type II: If ¢, # 0, set r(x,y) = ¢,/ ¢, , equations are of the form
1
y” T [=30/) + (y? + 1Y + €)' + dsy” + day* + dsy® + dry? + dvy' +do] = 0, 4)

where all coefficients a;, b;, ¢;, d;, being the functions of x and y, satisfy certain constraint requirements. Afterwards [12,13]
used the point and contact transformations to determine the criteria for the linearizability of fourth order scalar ODEs. Mel-
eshko [14] provided a simple algorithm to reduce third order ODEs of the form y” = f(y,y’,y") to second order ODEs. If the
reduced equations satisfy the Lie linearizability criteria, they can then be solved by linearization. Meleshko showed that a
third order ODE is reducible to the second order linearizable ODE if it is of the form

V' +AY.Y)Y"? + B,y )y?*+Cy.y )y +Dy.y), (5)

where the coefficients A, B, C, D satisfy certain constraints.

In the present paper we extend Meleshko’s procedure to the fourth order ODEs in the cases that the equations do not
depend explicitly on the independent or the dependent variable (or both) to reduce it to third (respectively second) order
equations. Once the order is reduced we can apply the IM (or Lie) linearization test. If the reduced third (or second) order
ODE satisfies the IM (or Lie) linearization test, then after finding a linearizing transformation, the general solution of the ori-
ginal equation is obtained by quadrature. So this method is effective in the sense that it reduces many ODEs, that cannot be
linearized, to lower order linearizable forms. This is one of the motivations for studying this method. Another hope for the
study of the linearization problem is that by using it we may be able to provide a complete classification of ODEs according to
the number of arbitrary initial conditions that can be satisfied [17].

2. Equations reducible to linearizable forms

Meleshko had only treated the special case of independence of x for third order ODE. We include independence of y for
completeness before proceeding to the fourth order.

2.1. Third order ODEs independent of y

Taking y’ as the independent variable u(x), we convert the ODE

V' =fxy.y"), (6)
to the second order ODE
u" = fxuu), (7)

which is linearizable by Lie’s criteria if it is cubically semi-linear with the coefficients satisfying conditions (2).
Hence (7) is reducible to second order linearizable form if and only if

3

fx,y.y') = —cx.y)y” +gxy)y? —hxy)y +dxy), (8)
with the coefficients satisfying

3(ch), — 3dcy — 6cdy — 2gg, + ghy, — 3¢ + 28,y — hyy =0,

3(dg),, — 3cdy — 6dcy — 2hhy + hg, + 3dyy — 2hy + 8, = 0. 9)

2.2. Fourth order ODEs independent of y

Since the variable y is missing, by taking y’ as the new dependent variable u(x), the ODE

YO =fxy.y" ", (10)
is reduced to third order ODE
uu/ :f(x,u,u’,u”). (11)

Eq. (11) is linearizable for the type I of Ibragimov and Meleshko’s criteria if and only if

f(x’y/’y//’ym) _ _(alyu 4 ao)y/// _ b3y//3 _ bzy//Z _ b]_VN _ b07 (12)
with the coefficients a; = a;(x,y’), (i=0,1) and b; = bj(x,y’), (j = 0,1, 2, 3), satisfying the conditions
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doy — 1x =0,

(3by —ak - 3doy), =0,

3aix + apa; — 3b, =0,

3ayy + a2 —9b; =0,

(9by — 600, — 2a3) a1 + (b1 — arbo),, + 3b1yap — 27bgyy = 0. (13)

Also the necessary and sufficient conditions for (11) to be linearizable for the type II of Ibragimov and Meleshko’s criteria are

fxy.y".y") =

=30 @y Y o)y dsy” - day - day oy 4y + o) 14

and the coefficients ¢; = ¢i(x,y'),(i=0,1,2) ,d; = d;(x,y’),(j=0,1,2,3,4,5) and r = r(x,y’) have to satisfy constraint equa-
tions which can be produced simply by replacing y by y’ for the type Il constraint equations in [11].

2.3. Fourth order ODEs independent of x

The transformation y’ = u(y) will transform autonomous ODE of the fourth order
Y =fu.y. Yy, (15)
into the equation
wu” + 4vtu'” +uu® — f(y,u,ur’, v +uu?) = 0, (16)
which is a third order ODE in (y,u). It is linearizable by Ibragimov Meleshko’s criteria if it is of the form (3) i.e,,
fy,u,v'u,u'v? + uu?) = —3[(ayu’ + ap)u” + bsu® + bou? + bt + bg + 4uPu'u” + uu®, (17)
where a; = a;(y,u), (i=0,1) and b; = b;(y,u), (j = 0,1, 2,3). With this (16) takes the form

u" + (' 4 ap)u” + bsu® + byu? + byt + by = 0. (18)
Transforming (18) into a fourth order ODE with x as independent variable and y as dependent variable:

y(4) + (A]y// +A0)ym + B3yll3 + Bzy/IZ + B]y// + BO _ 07 (-19)
where

Ai=AW.y), (i=0,1); B;=Bj(y.y), (=01,2,3) (20)
subject to the identification of coefficients

4 A A 1
a1:A1+}7, 00:??7 b3:B3er—}+}ﬁ7
B, Ao B, By
bzzy"‘ﬁy b]:W7 Ozﬁa (21)

with the constraints

V?A1y — Y Aoy + Ao =0,

Y2(—3A0yy ) + ¥ (3B1y + 3Aoy — 2A0Aey ) + (—6B; + 2A2) = 0,
Y2(3A1y) + ¥ (AoA; — 3B,) + Ao = 0,

¥?(3A1y — 9B; +A}) —y'A; —5=0,

y/4(—6A0yA]y) +yl3 (931A]y — 2A(2)A]y + 9B1yy/) +y,2(—1831y — gA] Boy/ — gBoA]yr + 3A()Bly/ — 27B0y’y’) +y,(27A1B0
— 6AoB; + 12630y/) — 180B,

=0. (22)
Also in order to make (16) linearizable of type II of Ibragimov and Meleshko’s criteria we have to take
u3
fy,u,uv v +uu?) = — T [=3(U")? + (cou? + eyt + o)’ + dst® + dagu* + dsu® + dyu + dyut’ + dy)

+ 4utu'” + uu®, (23)
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where ¢; = ¢;i(y,u),(i=0,1,2) ,d; =d;j(y,u),(j =0,1,2,3,4,5) and r = r(y,u).
Considering the form (23) and converting (16) into fourth order with x as independent and y as dependent variable, we
have

1

m [_3(y///)2 + (Czyuz + Clyll + Co)ym + Dsy//S + D4yu4 +D3y//3 + Dzyuz + Dlyll + DO} _ 07 (24)

Yo 4

where
Ci:Ci(y7y,)7(i:07172); D]:Dj(yvyl)7(]207172737475)’ rOZrO(ymyl)v

subject to the identification of coefficients

2 4r0 Co D5
szcz—y, C1:C1+y,, 0:W7 d5:F7
G 2 D; Gy 4ry 3rg
da=Datyimgs Bty ey
Dz Co D] DO To
dzzﬁ Jﬁ’ dlzﬁ, ozﬁ, T=J7, (25)

with the constraints (43)-(51) (presented in the Appendix A).

2.4. Fourth order ODEs independent of x and y

By considering y' as independent and y” as dependent variable, we convert the equation

y(4) :f(y/yy//’y///)’ (26)
into a second order ODE:

v +uu? = f(y,u,ud). (27)
For (27) to be Lie-linearizable we must have
f uun') = —?[AY, uu® + By ,uju? + C(y', u)u’ + D(y', u)] + uu. (28)
Hence (26) takes the form
y(4) T a(y/’yu)yuﬁ + b(y/’y//)y/uZ 4 C(y/,yu)ym + d(y,,y/,) — 07 (29)
where a,b, c and d must satisfy the constraints:
(3ay/yr)y/l4 =+ (2bb . — 3ca, — 3ac, — 2by/y~)y”3 =+ (Zby/ — bcy —+ Bayrrd + 6(1dy// — Cynyn )y”2 —+ (bC —9ad - 3c //)y” —C= 07
(by/y/)ylﬂl + (b ¢ +3dyb —3dya — Gayrd — 2Cy/y~)y//3 + (Cy/ +3d,» — 6bd + 3b,»d — ZCCyH + derry//)yla + (2C2 —6d
—12d,)y” + 15d
=0. (30)

Thus we have the following theorems.
Theorem 1. Eq. (19) is reduced to the third order linearizable form if and only if it obeys (22).

Theorem 2. Eq. (24) is reduced to the third order linearizable form if and only if it obeys (43)-(51) (presented in the appendix
).

Theorem 3. Eq. (29) is reduced to the second order linearizable form if and only if it obeys (30).

Remark. If we have a fourth order ODE of the form
1111 /13
Y = —fyys + 1052 150 (31)
y y
with f(x,y) linear in x, then we can convert it to a linear ODE x* = f(x, y) by simply taking x as dependent and y as indepen-
dent variables.
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3. Illustrative examples

Example 1. The nonlinear fourth order ODE
y/y(4) _ y//y/// o 3y/2y/// + 2y/3y// + 3y/5 — 07 (32)

cannot be linearized by point or contact transformation. It has the form (19) with the coefficients A; = —1/y’,Ao = -3y,
Bs =B, =0,B; = 2y By = +3y”. One can verify that these coefficients satisfy the conditions (22). The transformation
y' = u(y) will reduce this ODE to the 3rd order linearizable ODE

u" + %u’u” —3u" - %u/z +2u' +3u=0. (33)

By using transformation equations in [11], we arrive at the transformation t = e”, s = u?> which maps (33) to the linear third
order ODE s” + 6s/t> = 0, whose solution is given by s = c;t™" + c,t?cos(2"/? Int) + c3t>sin(2'? Int), where ¢; are arbitrary
constants. By using the above transformation we get the solution of (33) given by u=4%+

\/c1 eV + c,e%cos(2'%y) + c3e¥sin(2'/?y). Hence the general solution of (32) is obtained by taking the quadrature

/ dy R (34)
\/q e~y + coe cos(2'y) + cze¥ sin(2'/%y)
where c; are arbitrary constants.
Example 2. The nonlinear ODE
yZy/Zy(4) _ 10y2y/y//y/// _ 3yy/3y/// + ]5y2y//3 + 9yy/2y//2 + 3y/4y// _ 07 (35)

is of the form (19) with the coefficients A; = % VAo = % B3 = ;—3 B, = 3 ,Bi = 3}{—22 , By = 0 satisfying the conditions (22). So it

is reduced to the third order linearizable ODE
yuru" — 3yutu’ — 6y*uu'n” + 3uPu’ + 6yuu? + 6y*u” =0, (36)

with y as independent and u as dependent variable. The transformation t = y2,s =1 reduces (36) to the linear third order
ODE s” = 0, whose solution is s = ¢;t? 4 c,t + ¢3. Now one only needs to solve the equation y' = 1/(c;y* + ¢2y? + ¢3), where
c; are arbitrary constants. Hence, the general solution of (35) is given by

X =01y’ + Y +C3) + Ca.

Example 3. The ODE

124 101 /12

y/y//y(4) _ 3y/y///2 4 6y13y Y — 4y y/// _y/y//5 — 07 (37)
has 2 symmetries. It is of the form (24) with the coefficients ry = 0,C, = 6y~ —%, Ci=Cy=0,D5 =-1,Dy =D3 =Dy =Dy
= Dy = 0, obey the conditions (43)-(51). So it is reducible to linearizable third order ODE

u"” + % [731,[”2 7yu/5] =0. (38)
The transformation t = u,s = y, will convert the nonlinear ODE (38) to the linear ODE s” + s = 0 with solution

s=cre ' +cyefcost + csefsint. (39)
Finally to find the solution of (37), we only need to solve

y =cie? +ce7cosy + csezsiny. (40)

Example 4. The nonlinear ODE
y//y(4) +y///3 _ yu/Z _ y//y///7 (41)

is of the form (29) and the coefficients a = yl b= —% ,c = —y".d = 0, that satisfy conditions (30). So it is reduced to the lin-
earizable second order ODE u” 4 u® — v’ = 0. By using the transformation t = u,s = e¥, we can reduce it to linear ODE
s” —s = 0, whose solution is given by s = c;e' + c,e~t, where ¢; are arbitrary constants. So that solution of (41) is obtained
by solving the second order ODE

eV =cie? +ceV, (42)

where ¢; are arbitrary constants.
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4. Concluding remarks

Nonlinear ODEs are difficult to solve but, if they can be converted to linear ones by invertible transformations, they can be
solved. Hence linearization plays a significant role in the theory of ODEs. In this paper we have presented criteria for fourth
order autonomous ODEs to be reducible to linearizable third and second order ODEs. There are certain fourth order ODEs, not
depending explicitly on the independent variable, which cannot be linearized by point or contact transformations but can be
reducible to linearizable third order ODEs by Meleshko’s method. The solution of the original equation is then obtained by a
quadrature. Various fourth order ODEs with fewer symmetries can be reduced to linearizable form by this procedure. The
class of ODEs linearizable by this method is not included in the Ibragimov and Meleshko classes or conditionally linearizable
classes [15,16] of the ODEs (though there can be an overlap but it is not contained in that either). The reason is that it is not
linearizable but reducible to linearizable form. In Lie’s programme there is no definite statement available for the cases when
the ODEs are not linearizable. By the recent developments this gap may be filled. By using the concept of Meleshko linear-
ization a new class of scalar ODEs may be defined on the basis of initial conditions to be satisfied by ODEs.

Appendix A
(roCy — 6roy)y* + (6roroy + 412 —13C, — Co)y' — 412 =0, (43)
(Czy — C]yf)y/3 + (r()Czyf + Czroyr - 4r0yr - 6T0yryr)y/2 =+ (10r0yf + 4T0 - Czro)y/ - 8r0 = 07 (44)

(=612C1y — 54(roy)* + 1870Toyy + 18T0ToyC1 — 2r2C3)y"® + (3r3Cyy + 481210y — 3r3Coy — 361210y — 61210, C;
— 18121y Cy 4 2r3C1C, — 1613C1)y7 + (—=60r3 oy + 9raCoy — 421210, — 3612 (roy )> + 9r3ro, Cy + 1413C4
— 3218 4+ 8r4C, + 4riC2 + 18riD,)y" + (44rd + 72r2ro, — 181310y — 7TriCa)y” + (—20rd)y* — 72r3Ds = 0, (45)

(=12rCiy + 18rgyy + 18r0,C1 — 4roCh)y”® + (9r2Cyy — 48rgrgy — 27r2Cay — 36ToToyy — 1870y + 72100y + 247070y Ca
— 1817y C1 — 187groy — 3213Cy — 2r3C1C)y” + (—18Dy — 361310y + 3313Cay + 61Ty + 1872C1 — 211310, Co
+18rg(roy )* — 6413 + 4r2C; — 8r3C, 4 20r3C3 + 72r3Da)y’® + (5213 + 6121,y + 13r3c2)y”°
+ (=22r3)y* — 270riDs = 0, (46)

(—3C1y — C?)y’s + (3r0C1y/ — 12rgy — 2]7’0C2y — 8r0C] + 15r0yC2 — 5r0C1 Cz)y'7
+ (—gdz + 12r0royr + 2]1%C2y/ — 30r0y — 15r0roer2 +10ryCq — 207‘56‘2 + 147’6C§ + 54T(Z)D4 — 16r5)y’6

+ (=9Co + 2812 + 30roroy + 13r3C,)y" + (—40r3)y™* — 180r3Ds = 0, (47)
(—3C2y — C] Cz)yl7 + (—3D3 + 4C1 + 3r0C2yr — 4T'0C2 + 2roC§ + 12T0D4)y16 + (—4T0 + 4T0C2)yl5 (48)
+ (=10)y* —30r3Ds = 0,
(—54D4y + 18C1y/yr + 3C2C1yr — 72C2yy/ — 39C2C2y)y/8 + (24C2y + 72r0y’y’ + 12C2T0yr — 6C1yr + 36roC2y,y/ — 3roC2C2yr
+ 7210y Cay + 33C5Toy) + 108D4roy + 54r0day + 3610C5 + 1870Cayy )y’
+ (*]681'0},/ — 12TOC2 - 138TOC2yr - 24C2T0yr - 33TOC§ - 36T0D4)y/6 -+ (168T0 - 228TOC2 + 60T'0yl)yl5
+ (=120r)y"™ + (270DsTq, + 270roDs,)y? + (54r2Dsy — 810ror0,Ds)y’ + 2160r2Ds = 0, (49)
and
(—H,)y”? + (3Hroy +1oH,)y' — 3Hro =0, (50)
where
1 2 2 4 1 4 2 4 8 1 5 1 /40
H= (D4y' +§C2y’y’ +§C2C2y' +§C2D4 “rﬁC;) -‘r)? (_§C2y’ +§C§ - §D4 —§C§) +.W (—gcz) +F (ﬁ)

1 2 1 8 1
+F (*2D5y — §C1D5) +ﬁ (*3TOD5yr — 5D5T0y/ — 2r0C2D5 — §r0D5> +W(24r0D5). (51)
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Abstract

Complex-linearization of a class of systems of second order ordinary
differential equations (ODEs) has already been studied with complex
symmetry analysis. Linearization of this class has been achieved ear-
lier by complex method, however, linearization criteria and the most
general linearizable form of such systems have not been derived yet. In
this paper, it is shown that the general linearizable form of the complex-
linearizable systems of two second order ODEs is (at most) quadrati-
cally semi-linear in the first order derivatives of the dependent variables.
Further, linearization conditions are derived in terms of coefficients of
system and their derivatives. These linearizable 2-dimensional complex-
linearizable systems of second order ODEs are characterized here, by
adopting both the real and complex procedures.
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1 Introduction

Most of the algorithms constructed to solve differential equations (DEs) with
symmetry analysis involve an invertible change of the dependent and/or inde-
pendent (point transformations) variables. For solving nonlinear DEs symme-
try analysis uses a tool called linearization, which maps them to linear equa-
tions under invertible change of the variables. Linearization procedure requires
the most general forms of the DEs that could be candidates of linearization and
linearization criteria that ensure existence of invertible transformations from
nonlinear to linear equations. Though construction of point transformations
and finally getting to an analytic solution of the concerned problem are also
involved in linearization process, these issues are of secondary nature as one
needs to first investigate linearizability of DEs. An explicit linearizable form
and linearization criteria for the scalar second order ODEs have been derived
by Sophus Lie (see, e.g., [3]). Similarly, linearization of higher order scalar
ODEs and systems of these equations attracted a great deal of interest and
studied comprehensively over the last decade (see, e.g., [4]-[11]).

Complex symmetry analysis has been employed to solve certain classes of
systems of nonlinear ODEs and linear PDEs. Of particular interest here, is
linearization of systems of second order ODEs (see, e.g., [1]-[2]) that is achieved
by complex methods. These classes are obtained from linearizable scalar and
systems of ODEs by considering their dependent variables as complex functions
of a real independent variable, which when split into the real and imaginary
parts give two dependent variables. In this way, a scalar ODE produces a
system of two coupled equations, with Cauchy-Riemann (CR) structure on
both the equations. These CR-equations appear as constraint equations that
restrict the emerging systems of ODEs to special subclasses of the general
class of such systems. These subclasses of 2-dimensional systems of second
order ODEs may trivially be studied with real symmetry analysis, however,
they appear to be nontrivial when viewed from complex approach. Complex-
linearizable (c-linearizable) classes explored earlier [1]-[2] and studied in this
paper provide us means to extend linearization procedure to m-dimensional
systems (m > 3), of n'" order (n > 2) ODEs. Though these classes are subcases
of the general m-dimensional systems of n'" order ODEs, their linearization
has not been achieved yet, with real symmetry analysis. Presently symmetry
classification and solvability of higher dimensional systems of higher order
ODEs seems to be exploitable only with complex symmetry analysis.

When linearizable scalar second order ODEs are considered complex by
taking the dependent variable as a complex function of a real independent
variable, they lead to c-linearization. The associated linearization criteria that
consist of two equations (see, e.g., [3]) involving coefficients of the second or-
der equations and their partial derivatives of (at most) order two, also yield
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four constraint equations for the corresponding system of two ODEs on split-
ting the complex functions involved, into the real and imaginary parts. These
four equations constitute the c-linearization criteria [1], for the correspond-
ing class of systems of two second order ODEs. The reason for calling them
c-linearization instead of linearization criteria is that, in earlier works, ex-
plicit Lie procedure to obtain linearization conditions of this class of systems,
was not performed after incorporating complex symmetry approach on scalar
ODEs. The most general form of the c-linearizable 2-dimensional linearizable
systems of second order ODEs is obtained here by real and complex methods.
This derivation shows that the general linearizable forms (obtained by real
and complex procedures) of 2-dimensional c-linearizable systems of second or-
der ODEs are identical. Moreover, associated linearization criteria have been
derived, again by adopting both the real and complex symmetry methods.
These linearization conditions are also shown to be similar whether derived
from real Lie procedure developed for systems or by employing complex sym-
metry analysis on scalar ODE. The core result obtained here is refinement
of the c-linearization conditions to linearization criteria for 2-dimensional sys-
tems of second order ODEs, obtainable from linearizable complex scalar second
order ODEs.

The plan of the paper is as follows. The second section presents derivation
of the linearizable form for the scalar second order ODEs and Lie procedure to
obtain associated linearization criteria. The subsequent section is on the lin-
earization of 2-dimensional c-lineariable systems of second order ODEs, by real
and complex symmetry methods. The fourth section contains some illustrative
examples. The last section concludes the paper.

2 A subclass of linearizable scalar second or-
der ODEs

The following point transformations

f::gb(l‘,u), ﬂ:d}(xvu)v (1)

where ¢ and v are arbitrary functions of x and wu, yield the most general form
of linearizable scalar second order ODEs

!+ aw, up® + B, u) +y(z, ud + 6w, u) = 0, (2)

with four arbitrary coefficients, that is cubically semi-linear in the first order
derivative of the dependent variable, for derivation see [3]. Restricting these
transformations to

:Z’:(b(l'), ﬂziﬂ(%“)» (3)
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i.e., assuming ¢, = 0, leads to a quadratically semi-linear scalar second order
ODE that is derived here explicitly. Under transformations (3) the first and
second order derivatives of 4(Z) with respect to ¥ read as

= w = Nz, u,u), (4)
and
., DX u,u’) .
= Do) = p(z,u, v’ u"), (5)
respectively. Here
D:g+u’2+u”i+---, (6)

ox ou ou’

is the total derivative operator. Inserting the total derivative operator in both
the above equations leads us to the following

o et Uty
W = ————

PR (7)

and

= ¢z(1/1m¢ + 2U’I¢$u + ul2wuu + Ul/wu) — ¢zm(1/1r + ull/}u)
= ¢% ,

respectively. Equating (8) to zero, i.e., considering @” = 0, leaves a quadrati-
cally semi-linear ODE of the form

(8)

u’ + a(x, u)u + b(z, u)u’ + c(z,u) =0, (9)

with the coefficients

=—, b(z,u) = , = :
Yu P2y G2tbu

The quadratic nonlinear (in the first derivative) equation (9) with three co-

efficients (10) is a subcase of the general linearizable (cubically semi-linear)

second order ODE (2).

Now for the derivation of Lie linearization criteria of nonlinear equation
(9), we start with a re-arrangement

,lvz)uu = a<x>u)¢u 5
20y, = ¢;1¢u¢mx + b(:(:, u)¢u )

c(x,u)

a(x,u) (10)
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of the relations (10). Equating the mixed derivatives of 1, such that (¢,), =
(wuu)x and (¢xu)x = (¢xa})ua we find

by — 2a, =0, (12)
and
G2 (200 G0z — 307,) = 4(cu + ac) — (2b, + b°). (13)
As ¢, = 0, differentiating (13) with respect to u, simplifies it to
Cou — Qgz — Azb + ayc + cya = 0. (14)

Equations (12) and (14) constitute the linearization criteria for the scalar sec-
ond order quadratically semi-linear ODEs.

3 Linearizable two dimensional c-linearizable
systems of second order ODEs

We derive c-linearization and Lie-linearization criteria for a system of two
second order ODEs.

3.1 C-linearization

Suppose u(z) in (9) be complex function of a real variable z i.e., u(x) =
y(x) + iz(z). Further assume that

a(z,u) = ai(z,y, 2) +ias(z, y, 2) ,
b([L’, U) = b1<CL’,y, Z) + ’ibg(l’,y, Z) )
c(z,u) = ci(x,y, 2) +ica(x, y, 2) . (15)

This converts the scalar ODE (9) to a system of two second order ODEs of
the form

Y+ a1y? —2a0y'7 — a1 2?4+ by — b+ =0,
2 agy? 4 201y 2 — ax2® F by + b 4 =0, (16)

with the coefficients a;, b;, ¢j; (j = 1,2), satisfying the CR-equations

A1,y = A2z, A1z = —Q2y,

bl,y = b2,z; bl,z = _b2,y7

Cl,y = CQ,Z, Cl,z = —Cg7y. (17)
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Moreover, conditions (12) and (14) can now be converted into a set of four
equations

2a1 5 — by, = 0, (18)
2a3, + 01, =0, (19)
Clzz + Q1w + Q1 501 — a2.by — (a2c1) , — (a1c2) . =0, (20)
Coyy — Q200 — Q221 — a1.b0 + (a2c1) y + (a102) y = 0, (21)

by splitting the complex coefficients (17) into the real and imaginary parts.
As evident from [1], such a (complex) procedure leads us to c-linearization
of systems of ODEs. Our claim here is that equations (18-21) are actually the
linearization conditions despite of being just the c-linearization conditions for
system (16). In order to prove this fact, we now use Lie linearization approach
in the next subsection to derive the linearization conditions for system (16).

3.2 Lie linearization

The previous work on c-linearizable [1, 2] and their linearizable subclass of
systems [9, 10] of second order ODEs reveals that point transformations of the
form

i’:gb(i), g:¢1(x,y,z), §:¢2(x7y72)7 (22)

where

¢1,y = Q/)Q,za ¢2,y = _,lvbl,za (23)

i.e., ¢;, for j = 1,2, satisfy the CR-equations that involve derivatives with
respect to both the dependent variables, linearizes the c-linearizable systems.
Notice that (22) are obtainable from (3) that is a subclass of (1). These
transformations map the first and second order derivatives as

D D
g/ - D@Z;: - )\1(1}7 Y, %, yla Zl)? 7= Dq/g;z B )‘2(%% Z7y/7 Zl)? (24)
and
D\ D)
v = Digzﬁl =m(z,y,2y, 2y 2", 2= 17; = pa(z,y, 2,9, 2, y", 2"), (25)
where
0 0 0 0 0
D:7 ,7 /7 /17 ,/7 26
8x+y8y+zaz+y 8y’+282’+ (26)
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Inserting the total derivative operator in the above equations and simplifying,
we arrive at the following 2-dimensional system

y// + alylz o 2a2ylzl + a3212 + 51y/ o /622, +71 — 07

2"+ gy + 20597 + a2 + B3y + a2 + 72 = 0, (27)

where

ap = QSxA_l(wQ,zwl,yy - ¢1,z¢2,yy)7 Qg = ¢IA_1(¢1,z¢2,yz - w2,3¢1,yz)a
Q3 = beAil(wZzwl,zz - wl,sz,z;,'); Qy = (beil(wl,wa,yy - w2,yw1,yy)7
a5 = ¢xA_1(wl,y¢2,yz - ¢2,yw1,yz)v Qg = ¢IA_1(¢17y¢2,zz - 77ZJ2,ywl,zz)>

61 = 2¢zA_1(¢2,z¢l,xy - wl,zwlxy) - (f;wa 62 = 2¢xA_1<w1,zw2,zz - wZ,z¢1,xz)>
Bs = 20,07 (Y1 yt2ay — V2y¥iay); Bi = 20:07 (Ury¥na: — Yay¥ie:) — d:bm,

and

Y1 = A_1<¢m¢1,ywl,mz - ¢1,z¢1,y¢wm - Qbmwl,zwlmm + ¢1,z¢2,x¢mz) 9
Yo = A71(¢zw1,zw1,mz - wl,mwl,z¢xcp + ¢xw1,yw2,xx + wl,ywlx¢xm) ) (28)

where

A= (bx(wl,ywz,z - wl,zw&y) 7£ 0 ) (29)

is the Jacobian of the transformation (22). The coefficients (10) of the scalar
ODE (9) split into the coefficients of the corresponding 2-dimensional sys-
tem of second order ODEs. This happens due to presence of the complex
dependent function wu, in the coefficients (10). The restricted fibre preserving
transformations (22) used to derive the linearizable form (27), are obtainable
from the complex transformations (3) that are employed to deduce (9). There-
fore, transformations (22) along with (23) appear to be the real and imaginary
parts of complex transformation (3), they reveal the correspondence of the
linearizable forms of 2-dimensional systems and scalar complex ODEs. The
CR-equations are not yet incorporated in the linearizable form (27). Insertion
of the CR-equations (23) and their derivatives

wl,yy = wQ,yz = _wl,zz:
77Z12,ZZ = 77bl,yz = _¢2,yya (30)

brings out the correspondence between the coefficients (10) of the complex
linearizable ODEs (9) and coefficients (28) of the system (27). Employing (23)



2896 H.M. Dutt and M. Safdar

and (30) the coefficients (28) reduces to only siz arbitrary coefficients that read
as

Q1 = —Q3 = 05 = a1, Qg = 0y = —Qg = Az,
Br=Ps=0b1, Bo=P3=0by, M1 =c1, Y2=ca. (31)

Here the coefficients a;, b; and c; are the real and imaginary parts of the
complex coefficients (10). The linearizable form of systems derived in this
section by real method appears to be the same as one obtains by splitting the
corresponding form of the scalar complex equation (9). This analysis leads us
to the following theorem.

Theorem 3.1 The most general form of the linearizable two dimensional
c-linearizable systems of second order ODEs is quadratically semi-linear.

3.2.1 Saufficient conditions for the linearization of a c-linearizable
system

Consider the most general form of the c-linearizable 2-dimensional systems
of second order ODEs (16), with constraint equations (17). Rewriting the
coefficients of the system (16) in the form

ay = A_l(bx(wl,ywl,yy + wl,z¢1,yz)a
A9 = A_lgbw(d)l,zd)l,yy + wl,y¢l,yz)a
o

by = 2A_1¢:c<¢1,y¢1,my + 1/}1,21/}1,12) -

¢z’
b2 = 2A_1¢x<w1,zwl,xy + ¢1,y¢1,xz)7
G = A_1(¢$¢1,y1/}1,zz - ¢1,z¢l,y¢x$ - ¢$¢1,z¢2,w$ + ¢1,z¢2,x¢m),
Co = A71<¢zwl,zw1,zx - wl,xwl,z¢xx + bewl,ywz:m + wl,yw2,x¢mz>- (32)

For obtaining the sufficient linearizability conditions of (16), we have to solve
compatibility problem, that has already been solved for the scalar equations
carlier in this work, for the set of equations (32). It is an over determined
system of partial differential equations for the functions ¢,y and 1y with
known aj;, b;, ;.

The system (32) gives us

wl,yy = ¢1,ya1 + ¢1,za2 y
1/11,yz = ¢1,za1 - 1/11,3,,@2 s
1 Pu
Vigy = §(¢1,yb1 + 1 by + ¢1,y¢7) )
¢CECE

1
Vigz = §(¢1,zb1 — 1 yba + wl,qu) ;
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Pz

wl,xx = 7vbl,ycl + wl,zCZ + wl,x ¢ )
_ o

77b2,mc - wl,yc2 - wl,zcl + 102,95? .

The compatibility of the system (32) first requires to compute partial
derivatives

A, = 2Afb” + Ab;
Ay = 2A(11 y
Az = _QACLQ s

of the Jacobian. Comparing the mixed derivatives (A,), = (A,),, (A), =
(Ay), and (A;), = (A,),, we obtain

ay + A2y = 0 s (33)
2@1’1 — bl,y =0 s (34)
2@271 + bl,z =0 > (35)

respectively. Equating the mixed derivatives (¥1,,): = (V1y2)ys (V1yy)s =

(djlwy)ya (7/}1,961)31 = <w1,xy)x y (wl,zx>z = (wl,xz)za (wl,xy)z = (wl,zz>ya (w2,xm)y ==
Wz,m)y and (wQ,:mc)z = (¢2,mz>x gives us

al,y — CL27Z = O, 36
byy + 1. =0, 37
by — by =0, 38

Coz —Cly = 0,

Coy + Clz = Oa

N
[S—

Cloz + Q1w + Q1201 — ag by — (agcr) , — (a1c9) . = 0,

Coyy — Q20 — Q2,01 — a1 500 + (a1¢2) y — (azc1) , = 0.

A~ N A/~ A/~~~
w
Ne)

NN
N}

=~
o]
N N e e e e N

—~
e~
w

Note that (¥1,4:)s — (Y1.22,)y = 0 and (1,4y)> — (¥1,4:). = 0 are satisfied. Also
(33), (36), and (37)-(40) are CR-equations for the coefficients a;, b;, ¢;. There-
fore, the solution of the compatibility problem of the system (32), provides
CR-constraints on the coefficients of (16) and the linearization conditions.

Theorem 3.2 A two dimensional c-linearizable system of second order ODFEs
of the form (16) is linearizable if and only if its coefficients satisfy the CR-
equations and conditions (34), (35), (41), (42).

These are the same conditions that are already obtained (18-21), by em-
ploying complex analysis, i.e., splitting the linearization conditions associated
with the base scalar equation (9), into the real and imaginary parts.
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Corollary 3.3 The c-linearization conditions for a two dimensional system
of quadratically semi-linear second order ODFEs are the linearization conditions.

4 Examples

We present some examples to illustrate our results.

1. The 2-dimensional system of second order ODEs

2y 2z 2y 2 2y
! 12 . ! 12 /
(27 ) _49 Bl A
(y2+22)y (y2+22)yz +(y2+22)2 Y ,

2z 2z 2z 2 2z

" /2 ) 2 / _
is of the same form as (16) with
—2y 2z —2 —2y —2z

S @S pra e BE0 A=y, as g )

One can easily verify that (45) satisfy the conditions (34), (35), (41), (42) and
CR-equations w.r.t y and z. So the system of ODEs (44) is linearizable. The
transformation

y —Z
t= -7 S 46
S ) R (46)

reduces the nonlinear system (44) to the linear system v” =0 ,v" =0 .

2. Consider the following system of nonlinear ODEs

2 /
(y/? cosysiny — 2" cosysiny — 2y'2’ cosh zsinh z) + ) ,

1
f(y,Z) T

1 27
- f(y,2) (v cosh z sinh z — 2’ cosh 2z sinh 2 + 2y/2’ cosh y sinh /) + i (47)
Y,z x

where f(y,z) = sin®ycosh® z + cos? ysinh?y, and the coefficients satisfy the
CR-constraint and linearization conditions (34), (35), (41), (42). Hence The-
orem 2 guarantees that system (47) can be transformed to system of linear
equations u” = 0, v = 0. The linearizing transformations in this case are

t=x, w=uxcosycoshz, v=—xsinysinhz . (48)

3. Consider the anisotropic oscillator system

y'+ f@)y =0,
2+ g(x)z=0. (49)
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In [7] it is shown that system (49) is reducible to the free particle system
(u" =0, v" =0) provided f = g. Our c-linearization criteria also leads to the
same condition, i.e. f =g.

5 Conclusion

C-linearization of 2-dimensional systems of second order ODEs is achieved
earlier by considering the scalar second order linearizable ODEs as complex.
Their associated linearization criteria are separated into the real and imaginary
parts due to complex functions involved. In this work, the c-linearization
and linearization are shown to be two different criteria for a 2-dimensional
systems of second order ODEs. Linearizable form of such c-linearizable systems
has been derived and it is shown to be quadratically semi-linear in the first
order derivatives. Moreover, complex linearization criteria have been refined
to linearization criteria for such 2-dimensional systems that are linearizable
due to their correspondence with the complex scalar ODEs.

Earlier in this work, c-linearizable classes of systems of ODEs are claimed
to be non-trivial, when viewed from complex approach. The reason for calling
them non-trivial is that the concept of c-linearization of systems of ODEs is
extendable to m-dimensional systems of n'® order ODEs. The simplest pro-
cedure that might lead us to linearization of m-dimensional system of second
order ODEs, is to iteratively complexify a scalar second order linearizable
ODE. Therefore, complex symmetry analysis needs to be extended to 2- and
3-dimensional systems of third and second order ODEs, respectively, in order
to derive the general linearization results mentioned above. Likewise, com-
plex symmetry analysis may lead us to algebraic classification of the higher
dimensional systems of higher order ODEs.

Acknowledgements. The authors are most grateful to Asghar Qadir for
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