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Abstract

In this study, we consider a Lienard Il-type harmonic nonlinear oscillator equation as a
nonlinear dynamical system. Firstly, we examine the first integrals in the form

Alt, x)x + B(t, x), the corresponding exact solutions and the integrating factors. In
addition, we analyze other types of the first integrals via the A-symmetry approach.
We show that the equation can be linearized by means of a nonlocal transformation,
the so-called Sundman transformation. Furthermore, using the modified Prelle-Singer
approach, we point out that explicit time-independent first integrals can be identified
for the Lienard ll-type harmonic nonlinear oscillator equation.

Keywords: dynamical systems; first integrals; A-symmetries; integrating factors;
Sundman transformation; Prelle-Singer procedure; Lagrangian and Hamiltonian
description

1 Introduction

Mathematical modeling of many problems in physics and engineering sciences involve
nonlinear ordinary differential equations. Therefore, the methods to solve a nonlinear or-
dinary differential equation have been continuously developed in the literature; see, for
example, [1-8]. The linearization technics deal with obtaining the general solutions of
nonlinear equations by using the first integrals and A-symmetries. Furthermore, using
linearization methods, a nonlinear second-order equation can be converted to a linear
second-order ordinary differential equation with known solutions. The first linearization
problem for differential equations is solved by Lie [9]. He shows that a second-order ordi-
nary differential equation is linearizable by a change of variables if and only if the equation
has the form

¥+ ax (b, 0)%% + ar(t, %)% + ag(t,x) = 0, (1.1)

where ¢t is the independent variable, x is the dependent variable of the equation, and the
over-dot denotes the derivative with respect to ¢ [10].

Moreover, one of these methods is to obtain the general solution by using the first in-
tegral of the equation. It is known that some solutions remain invariant under symmetry
group transformations; these solutions are called invariant (or similarity) solutions. In
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this study, we assume that the ordinary second-order differential equation (1.1) has the
first integrals of the form

A(t,x)x + B(t,x). (1.2)

In order to find the first integrals of the form (1.2), we can use a practicable procedure and
apply it to the Lienard II-type harmonic nonlinear oscillator equation. Then it is possible
to obtain the first integrals of the form A(¢, x)x + B(t,x) by using this procedure [11].

From the mathematical point of view, the process of linearization is a difficult task, and
it can only be applied to the second-order ordinary differential equations. Therefore, it is
necessary to consider other type of transformation techniques for linearization of nonlin-
ear differential equations. In the literature, it is shown that the equations of the form (1.1)
can be transformed into the linear equations X7 = 0 by means of a nonlocal transforma-
tion of the form

X =F(t,x), dT = G(t,x) dt, 1.3)

which is known as the generalized Sundman transformation [12, 13]. Such a transforma-
tion is also called an S-transformation, and the equations that can be linearized by means
of an S-transformation are called S-linearizable [12]. Duarte [14] proves that S-linearizable
equations must be of the form (1.1). A detailed review for the available generalizations and
recent contributions can be found in the references [15, 16].

Another method to solve nonlinear differential equations is to obtain A-symmetries of
the equations. Muriel and Romeo [11] prove that the equations of the form (1.1) have
the first integrals of the form (1.2), A-symmetries, and the integrating factors u = A(t, x).
They also show that the equation of the form (1.1) admits v = 9, for A-symmetry of the
form [11]

At x, %) = a(t,x)x + B(t,x). (1.4)

In addition, the modified Prelle-Singer procedure [17, 18] is used to apply it to a class of
second-order nonlinear ordinary differential equations, to solve several physically inter-
esting nonlinear systems, and to identify a number of important linearization procedures.
Prelle and Singer have proposed an algorithmic procedure to find the integrating factor
for the system of first-order ordinary differential equations. Once the integrating factor
for the equation is determined, it leads to a time-independent integral of motion for the
first-order ordinary differential equation. The Prelle-Singer method guarantees that if a
first-order ordinary differential equation has a first integral in terms of elementary func-
tions, then this first integral can be found. This method has been generalized to incor-
porate the integrals with nonelementary functions. Recently, this theory is generalized
to obtain general solutions for second- and higher-order ordinary differential equations
without any integration [18].

This study is organized as follows. In Section 2, we present some fundamental defini-
tions and theorems. In Section 3, we discuss the nonlinear Lienard II-type harmonic non-
linear oscillator equation and the corresponding linearization methods. Furthermore, the
first integral, the A-symmetry, the integrating factor, and the transformation pair are pre-
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sented. In Section 4, we apply the modified Prelle-Singer method to the Lienard II-type
harmonic nonlinear oscillator equation to obtain Lie symmetries, the first integrals, A-
symmetries, the integrating factors and the Lagrangian-Hamiltonian functions. The last

section summarizes some important results and discussions in the study.

2 Preliminaries
2.1 The first integrals of the form A(t, x)x + B(t, x)
In this section, we examine the equations of the form (1.1) that have first integrals of the

form A(t,x)x + B(t, x) for A # 0. For this purpose, we introduce the following notations:

Sl(t» x) =diy — 2612&) (2'1)

Sy(t, %) = (aoas + aoy), + (az — a1y); + (a2, — ar)an. (2.2)

We can say that if S; = 0, then S; = 0. Equation (1.1) is S-linearizable if and only if S, = 0.

By these definitions we have the following theorem to determine A(¢,x) and B(¢, x).

Theorem 1 [11] Let us assume that equation (1.1) is S-linearizable, that is, S; = S, = 0. In
addition, let f (t) be the function defined by

1 1
S = a0y + o, — S, - Zﬂf, (2.3)

and P = P(t,x) be a function such that

1
Pt = Eﬂl, Px =day. (24)

Thus, using equation (2.4), we can determine the function P = P(t,x) explicitly. Similarly,

let g = g(t) be a nonzero solution of the linear equation

g +f(1) gt)=0, (2.5)
and Q = Q(t,x) be a function such that

Q=ag-g-¢, Q= <1a1—‘§>g~e”‘ (2.6)

Then, we can obtain the function Q = Q(t,x) from equations (2.5) and (2.6). Finally, the

functions A and B are determined as
A=g~eP and B=Q. (2.7)

2.2 The A-symmetries and the integrating factors

Let us consider a second-order ordinary differential equation

%= Bt %, %). (2.8)

Page 3 of 20



Orhan and Ozer Advances in Difference Equations (2016) 2016:259 Page 4 of 20

Then we can say that the vector field v = 9, is a A-symmetry of (2.8) if and only if A is a
solution of the equation

D, + ADg = Ay + Khy + Py + A2 (2.9)

Using the coefficients ay, 41, g, in (1.1), we can easily compute S;, S, and then we can
obtain A-symmetry for (1.1).

Theorem 2 [11] If S; = S; = 0, then A-symmetry for (1.1) is determined using following
feasible algorithm. We consider the equation

W) +H () +f() =0, (2.10)
where f(t) is defined by (2.3). Then the function B is found as

Bl = ht) — S (). (.11
Thus, we find that the \-symmetry is of the form

A=—ay(t,x)x + B, x). (2.12)

Theorem 3 [11] Ifequation (1.1) has the first integral of the form I = A(t,x)x + B(t,x), then
equation (1.1) has an integrating factor of the form u = A(t, x).

2.3 The nonlocal transformations

It is possible to show that the nonlinear second-order equations are linearizable by means
of a generalized Sundman transformation. These nonlinear equations are characterized in
terms of the coeflicients of the equations, and constructive methods to derive the lineariz-
ing Sundman transformation can be presented. Thus, the nonlinear ordinary differential
equations can be solved by transforming them into the linear ordinary equations whose
solutions are known. The nonlocal transformations commonly used in the literature are

X =F(t,x), dT = G(¢,x) dt, (2.13)

called Sundman transformations. These equations are called S-linearizable. The second-
order S-linearizable equations have first integrals of the form A(¢, x)x + B(t,x). When a
first integral of this form is known, we derive a method to construct the Sundman trans-
formation linearizing the equation. Conversely, if a linearizing Sundman transformation
is known, then a first integral of this form is obtained. Now, we present the following theo-
rem that the characterizes S-linearizable equations by the coefficients of given differential

equations.

Theorem 4 [12] We assume that equation (1.1) is S-linearizable. If S; = Sy = 0 and ¢(t) is
the solution of the equation

P+ @>+f=0, (2.14)
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where the function f (t) is defined by (2.3), let C(t,x) be a solution of the following equations:

Ci=ag—-C- (%+<p>, (2.15)

C, = <% —(p) ~C-a. (2.16)

IfF(t,x) is a solution of the equation

F,=C-F, (2.17)
and

G =F,exp (—P - / o(t) dt), (2.18)
then the S-transformation pair F and G is defined by (2.13).

2.4 Lagrangian and Hamiltonian description
Assuming the existence of a Hamiltonian

I(x,x) = H(x,p) = px — L(x, %), (2.19)

where L(x, %) is the Lagrangian, and p is the canonically conjugate momentum, we have

ol O0H 0 aL 0
S Ty R ) (2.20)
ox dx  Ox dx  0x
From equation (2.20) we identify
Ii .
p=| —dx+fx), (2.21)
x

where f(x) is an arbitrary function of x. Equation (2.21) has also been derived recently
by a different methodology. We take f(x) = 0, and substituting the known expression of
I into equation (2.21) and integrating it, we can obtain an expression for the canonical
momentum p.

3 The first integral, A-symmetry, and the integrating factor of Lienard lI-type
harmonic nonlinear oscillator equation

We consider the following Lienard II-type harmonic nonlinear oscillator equation, which

possesses an exact periodic solution, exhibiting the characteristic amplitude-dependent

frequency of nonlinear oscillator in spite of the sinusoidal nature of the solution of the

equation [19]:

26%(t)  w’x(t)

-3 " 3

0, (3.1)

where x is the position coordinate, which is a function of time ¢, and w is the strength of the
forcing, in which these parameters indicate nonlinearity. The Lienard II-type harmonic
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nonlinear oscillator equation has a natural generalization in three dimensions, and these
systems can be also quantized exhibiting many interesting features and can be interpreted
as an oscillator constrained to move on a three-sphere. In this section, we investigate the
first integral of the form A(¢, x)x + B(¢, x) of equation (3.1).

Definition 1 An equation of the form
X+ f(0)x* +g(x) =0, (32)

where f(x) and g(x) are arbitrary functions of x, and over-dots denote differentiation with
respect to ¢, is called a quadratic Lienard-type equation. A quadratic Lienard-type equa-
tion is linearizable if and only if its coefficients satisfy the condition

g&) +f(x) gx) =y, (3.3)
where y is an arbitrary constant. This condition is called the isochronous condition.

Proposition 1 A dynamical system is called isochronous if it features in its phase space an
open, fully-dimensional region where all its solutions are periodic in all its degrees of free-
dom with the same, fixed, period. In order the Lienard II-type harmonic nonlinear oscillator
equation to belong to this class, it must satisfy the isochronous condition to be linearized.
Thus, if we apply (3.3) to equation (3.1), then we see that Lienard II-type harmonic nonlin-
ear oscillator equation satisfies the isochronous condition.

Proof Firstly, we compute the function S; for the nonlinear Lienard II-type harmonic non-
linear oscillator equation to classify the equation. The Lienard II-type harmonic nonlinear

oscillator equation is of the form (1.1), and the coefficients of (3.1) are given by

%) 2
220 ai(t,x) =0, ao(t,x) = @ x(t).

dZ(t: x) =
Using these coefficients, we obtain S; = 0, which is given by (2.1). Thus, we know from
Theorem 1 that S; must be zero if §; = 0. The function S, computed for the Lienard II-
type harmonic nonlinear oscillator equation is found to be zero. d

3.1 The first integral of the form A(t, x)x + B(t, x) and the invariant solution

It can be shown that the Lienard II-type harmonic nonlinear oscillator equation (3.1) has
the first integral of the form A(z, x)x + B(¢, x) by determining the functions A and B using
a procedure given above. Then, the equation can be integrated by using this first integral,
and the exact solution of the equation can be obtained.

Proposition 2 The Lieanard II-type nonlinear harmonic oscillator equation (3.1) has the
first integral of the following form

t t c1cos(%2) + ¢y sin(2E))x
I=c3—wxé(c2cos<%>—clsin<%>>+(1 (5) + c2sin(5) , (3.5)

2
x3

where ¢y, ¢3, c3 are constants and equation (3.1) has an integrating factor and an invariant
solution that corresponds to equation (3.5).



Orhan and Ozer Advances in Difference Equations (2016) 2016:259 Page 7 of 20

Proof For this purpose, let a function P = P(t, x) be such that

-2

P;=0, P,=—-. (3.6)
3x
Using (3.6), we obtain the function P = P(x) as
-21
Plx) = 8% 3.7)
3
If we compute f(£) using formula (2.3), then we obtain
2
1)
f0=%. (3.8)

Let g = g(¢) be a nonzero solution of equation (2.5). Then, substituting (3.8) into equation

(2.5), we obtain the equation

g0+ 5 g0, (39)

the solution of which is

git)=a cos(%) + ¢ sin(%t). (3.10)

Substituting the functions P(x) and g(t) into (2.6), we obtain the following equations:

1 t t
Q:= gx%a)2 (cl cos(%) + ¢y sin(%)), (3.11)

+ ¢y sin(%))

~

1
—zw(cicos(§

Qx:

(3.12)

SSIN]

X

Solving (3.11)-(3.12), we have

Q(t,x) =c3 - wx3 (02 cos(%t) o sin(%t)). (3.13)

Substituting this solution into (2.7), we obtain the functions A(t, x) and B(t, x) as follows:

(c1cos(%) + ¢y sin(%))

2 M
X3

B(t,x) = c3 — wx3 <cz cos(%) - sin<%t>>. (3.15)

Thus, the first integral (3.5) is found.
And by Theorem 3 the integrating factor is

Alt,x) = (3.14)

(c1c08(L) + ¢, sin(L))
W= e 3. (3.16)
X3
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A group-invariant solution of this nonlinear equation can be constructed from the first

integral, that is, from (3.5) the invariant solution of equation (3.1) is determined by

wcies cos(%) + (ca — ¢3 + wercacs sin(§))?
w3c ,

x(t) = (3.17)

where ¢, ¢3, ¢3, ¢4, c5 are constants. O

In the literature, the phase plane method refers to graphically determining the existence
of limit cycles in the solutions of the oscillator equations. The solutions to a nonlinear
differential equation are a family of functions. Graphically, this can be plotted in the phase
plane like a two-dimensional vector field. The vectors representing the derivatives of the
points with respect to a parameter time ¢ at representative points are drawn. With enough
of these arrows in place, the system behavior over the regions of plane in analysis can be
visualized, and the limit cycles can be identified. Then a phase portrait is a geometric
representation of the trajectories of a dynamical system in the phase plane. Each set of
initial conditions is represented by a different curve or point.

The phase portraits are an invaluable tool in studying dynamical systems. They consist
of a plot of typical trajectories in the state space. This reveals information such as whether
an attractor, a repeller, or a limit cycle is presented for the chosen parameter value. The
concept of topological equivalence is important in classifying the behavior of systems by
specifying when two different phase portraits represent the same qualitative dynamic be-
havior. A phase portrait graph of a dynamical system depicts the system trajectories.

Remark1 InFigure 1, we see that the solutions of the oscillator equation constitute a limit
cycle in the phase plane. The limit cycle begins as a circle and, with varying », becomes

increasingly sharp.

Figure 1 Phase portrait of equation (3.17) for ®
=0.1,w=0.2,w=0.3,0=04.

\ 1‘0 t(sec)

Figure 2 Phase portrait of equation (3.17) for sates
values x (m), x (m/sec), and X (m/sec?).

(sec)
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Remark 2 The blue line shows the position x over time, and the red line shows the rate
of change x or, in other words, the velocity x over time, and the purple line shows the rate
of change of the velocity, that is, acceleration, over time in Figure 2. These are the three
states of the system simulated over time. The way to interpret this simulation is that if we
start the system at x = 0, x = 0, and ¥ = 0 and simulate for 20 seconds, then this is how the
system would behave.

Furthermore, we can determine the corresponding Hamiltonian form related to the first
integral (3.17). First, the canonical conjugate momentum is

) log(%)(c1 cos(£2) + ¢y sin(£2))

) (3.18)

Wi

x
the Hamiltonian function that corresponds to the canonical conjugate momentum is

t ¢ 1 cos(%2) + ¢y sin(%2)x
H263—a)<02COS<?w> ) sin(%))xé + 2 (5) + cosin(5) . (3.19)

2
x3

Then the corresponding Lagrangian is

tw tw L E

- w(cy cos(5) —crsin(F))x + (log(x) — 1)(c; cos(5) + ca sin(F))x — csxg ' (3.20)
x

tw

Wi

Now, we can see the graph of the solution. The graph of a dynamical system depicts stable
steady states and unstable steady states in the state space. The axes are of state variables. In
this case, we deal with the rate of change (velocity) & and the rate of change of the velocity
(i-e., the acceleration), denoted X, as states of the equation.

The graph of (3.17) corresponding to the conjugate momentum (3.18) for four different
values w = 0.1, w = 0.3, w = 0.5, and w = 0.8 with w is shown with four different colors in
Figure 3.

Figure 3 The graph of the conjugate

momentum p is given by (3.18) depending on -1
the position x for w = 0.1, w = 0.3, © = 0.5, @

=0.8. ot

Figure 4 The graph of the conjugate ‘
momentumpovertforo=3,w=4,w=6,® \ “ 4l ‘
=7. |
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Figure 5 The contour plot for conjugate 0.25

momentum p. 024

0.23
0.22

0.21

0.20

4.0 4.5 5.0

Remark 3 The trajectories are open curves representing unbounded motions in Figure 4.

We can obtain the contour plot graph above for conjugate momentum in Figures 5.
Firstly, we find the argument ¢ in terms of x and %. Using this relation, we can rewrite
the canonical conjugate momentum p in terms of x and %, and we obtain this diagram for
different values of w.

A contour plot is a graphical technique for representing a three-dimensional surface by
plotting constant z slices, called contours, on a two-dimensional format. That is, given a
value for z, lines are drawn for connecting the (x,y) coordinates where that z value occurs.
The contour plot is an alternative to a 3-D surface plot. The independent variables are
usually restricted to a regular grid. An additional variable may be required to specify the z
values for drawing the isolines. If the function does not form a regular grid, you typically
need to perform a 2-D interpolation to form a regular grid. The contour plot is used to
answer the question ‘How does z change as a function of x and y?’

3.2 The A-symmetry and the nonlocal transformation pair

We can characterize a second-order ordinary differential equation that can be linearized
by means of nonlocal transformations. This characterization is given in terms of the coef-
ficients of the equation and determines the second-order ordinary differential equations
that admit A-symmetries. There is a systematic method to find A-symmetries. These A-
symmetries can be used to reduce the order of equation. Second-order ordinary differen-
tial equations can be integrated by a unified procedure based on A-symmetries. An equa-
tion of the form (1.1) admits v = 9, as A-symmetries for some function X of the form

AME &, %) = a(t,x)x + B(t,x). (3.21)

Proposition 3 We consider equation (3.1) and the functions S, S, defined by (2.1), (2.2).
The condition S1 = Sy = 0 is satisfied if and only if 3, is a A-symmetry of (3.1) for A =
%wtan(%(—wt +9wcy)) — g—i

Proof To obtain a A-symmetry of the equation, we first substitute the function f(¢) (3.8)
into (2.10) and find the following differential equation:

W () + KA (¢) + %2 =0. (3.22)

Solving this differential equation, we have

h(t) = %a)tan(%(—wt + 9wc1)>. (3.23)
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Substituting the function /(¢) into (2.11), we find the function 8 as

1 1
B(t,x) = ga)tan<§(—a)t + 9wcl)> (3.24)
a A-symmetry as

1 1 2%
A= —owtan| —(-wt + 9wcy) | — —. (3.25)
3 3 3x 0

Proposition 4 Equation (3.1) has a transformation pair F and G, and the equation can be
linearized using this pair. Then the first integral is obtained from this transformation pair.

Proof For given equation (3.1), we know that S; = 0 and thus S, = 0. In this situation, we
first obtain the transformation pair F and G. For this purpose, we consider an algorithm
to determine a nonlocal transformation pair of a oscillator equation that is linearizable
under a nonlocal transformation. If ¢(¢) is the solution of the equation
2
1)
@t + 5 =0 (3.26)

then f(¢) is computed by (3.8). Solving (3.26), we obtain the function ¢(z):

Q= %wtan(%(—wt + 9a))>. (3.27)

Let C(t,x) be a solution of the equations

2 1 1
C =2 _Cowtan( = (9w - wt) ), (3.28)
3 "3 3
Co= Lot Low-wy)+ € (3.29)
=——owtan| =90 - + = .
»ETgeEl\ zreTe 3x

Solving these equations, we obtain
1
C(t,x) =x- wtan(§(wt—9a))>. (3.30)
If F(¢,x) is a solution of the equation
F,=C-F, (3.31)

then we obtain the following partial differential equation if we substitute the function
C(t,x) into (3.31):

1
F; — Fyxw tan<§(a)t - 9a))) =0. (3.32)

Solving this partial differential equation, we find the function F(¢, x):

3
F(t,x) = 1//<xsec<%(wt—9w)> ) (3.33)
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Substituting these functions, we find the function G:

> 1 * 1 3
G=x3 sec<§(a)t - 9w)) lp’(x sec(g(wt - 9a))) ) (3.34)

Then we find an S-transformation pair F and G:

1 3
F= 1/f(xsec<§(wt—9a))) ),
) 1 * 1 3
G=x3 sec<§(a)t— 9a))) Iﬁ/(xsec(g(wt - 9a))) )

We can integrate the equation using this nonlocal transformation pair. O

(3.35)

Now, we can derive the first integral from the transformation pair. Firstly, we find the
functions A(¢,x) and B(¢, x) using the equations

F, F,
Alt,x) = < B(t,x) = é (3.36)

We obtain the following functions A(t,x) and B(¢, x):

cos(3w — &2 ¢ 1
A(t,x) = M, B(t,x) = x3wcos( 3w — e tan| = (wt - 9w) |. (3.37)
3 3 3
x

The first integral is found using the transformation pair:
t 1 cos(3w — £
I:x%a)cos(Ba)— g) tan(g(a)t—%))) + #x (3.38)

X3

Now we find the solution of the equation corresponding to this first integral:
1 (4, (1 o, ., 1 >
x(t) = P c;w’ cos §(t -9w | +3cicrw” cos §(t_ Nw | sin §(t_ Nw
) 1 ! >, (1 °
+ 3c1c50Cos §(t - 9)w | sin §(t -9w | +c;sin §(t -9w . (3.39)

The conjugate momentum corresponding to this solution is given by

i, )
e cos(3(¢ 92)60) log(x), (3.40)
X3

the Lagrangian is

[ sin(3 (£ — 9)w)x + cos(3 (¢ — 9)w)(log(x) — 1)&

2 b
X3

(3.41)

and, finally, the Hamiltonian function corresponding to the conjugate momentum p is

g sin(3(£ - 9)w)x : cos((t - 9)w)5c. (3.42)
X3
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x(m)

Figure 6 The graph of the position is given in
(3.39)overtime tforforw=1,0=11,0=12, @
=1.3.

t(sec)

states

Figure 7 The graphs of the position x is given by
(3.39), the velocity x, and the acceleration X over
time t for different values of .

03F

02

\ 0.1 )

\ /
| \ . | |
\ : ;

Hence, we can obtain the graphs of these solutions (Figures 6 and 7).

Remark 4 The solution (3.39) of the oscillator equation constitutes a limit cycle in Fig-
ure 6. The limit cycle begins as a circle and is changing for different choices of w.

4 The extended Prelle-Singer method and A-symmetry relation

In this section, we consider other types of the first integrals and the exact solutions by using
the Prelle-Singer method and its relation to A-symmetry. This method provides not only
the first integrals but also integrating factors. Moreover, we can define the Hamiltonian
and Lagrangian forms of the differential equations by using the extended Prelle-Singer
method. In this section, we consider the first integrals and exact solutions of the Lien-
ard II-type harmonic nonlinear oscillator equation by the approach related to the Prelle-
Singer symmetry, A-symmetry, and Lie point symmetry as different concepts from the
mathematical point of view.

4.1 The time-independent first integrals
For the Lienard II-type oscillator equation (3.1), we can write

C282(1)  wP«x(2)
T 3x(t) 3

¢ (4.1)

If this equation has a first integral (¢, x, ) = C with a constant C, then the total differential
for the first integral can be written as

dl = I, dt + I,dx + I;dx = 0. (4.2)
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Substituting equation (4.2) into the formula ¢ dt — dx = 0 and adding the null term
S(t,x,%)x dt — S(t, x, %) dx, we obtain the relation

(¢ + Sk)dt — Sdx —di = 0. (4.3)

Hence, multiplying (4.2) by the factor R(¢,x,%) (named the integrating factor), we ob-
tain

dl = R(¢p + Sx)dt — RSdx — Rdx = 0. (4.4)
It is clear that equations (4.2) and (4.4) yield the relations
L=R(¢p+Sk), IL.=-RS, I,=-R. (4.5)

Then, using the compatibility conditions, namely Iy, = Ly, Ity = Ly, Lii = L, (4.5) pro-
vide us the following system of coupled nonlinear differential equations in terms of S,

R, and ¢:
S; + %Sy + $S; = —px + ¢3S + S, (4.6)
Ry + xR, + pR; = —(¢p; + S)R, (4.7)
R, —SR; —RS; =0, (4.8)

where the last equation (4.8) is called the compatibility equation. In addition, wee can
determine the first integral I by using the functions R and S with the following rela-

tion:
d .
I=ri—ry— / |:R + —(n - 7’2)] dx, (4.9)
dx
where
. d
r = fR(¢ + xs) dt, ry = /(RS+ d—rl) dx. (4.10)
x

First of all, we consider the time-independent first integral case, that is, I, = 0. We can
easily find S from the first equation in (4.5):
- 2 2
g b o 2% (4.11)
x 3x  3x

for ¢ in (4.1). Substituting this form of S into equation (4.7), we get

2‘2 2,2 2'2 2
RIZT) yr (2 -2 ) s R+ R = 0. (4.12)
3xx 3x 3

Equation (4.12) is a first-order linear partial differential equation. To solve this equation,
we assume R to be of the form
x

k= (A(x) + B(x)x + C(x)a2)r’ (4.13)
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where A(x), B(x), and C(x) are functions of x, and r is a constant. If we substitute (4.13)
into equation (4.12), then we obtain a set of equations in terms of & and its powers. From
the solutions of these equations we have

Ax) = x3 5 o? + csx, (4.14)
2(r-2)

B(x) = cox™ 5, (4.15)
4(r-1)

Clx)=cx 3, (4.16)

where ¢, ¢, and c3 are arbitrary constants. Substituting these functions into equation
(4.13), we find

. 4 _4(r=1) 2.4 —r
R=x(csx% +cx ¥ i+ clx3’+37w2) , (4.17)

and substituting the functions R (4.17) and S (4.11) into equations (4.6)-(4.8), we easily
check that these equations are satisfied. Thus, we can determine the first integral of the
Lienard II-type equation from relation (4.9):

25 @3 (e384 01 (82 + 20?)

I= 20 —T) ) (4.18)

and, for example, if r = -2, then the invariant solution of the Lienard II-type equation is
x(t) _ e—i(t+c4\/a)w(e%i(t+04ﬁ)w _ C3C1(,()2)3. (419)

Furthermore, we can determine the corresponding conjugate momentum related to the

first integral (4.18):
C%fcs 2 4.3 2 9 8. 2 9\9
I+ faxsx (c3 + c1x3 w?) + x3x(c3 + 123 w*)
p=- . . (4.20)

X

Then the corresponding Lagrangian is

. 2R 4. 2 8. 2
x(% +2a1x3 5% (c3 + 3 ?) + X3 4(c3 + 133 0%)?)

L= P
(cax® +cy (3% + xzwz))a’ (4.21)
6c1x*
and the corresponding Hamiltonian form related to the first integral (4.18) is
e (C3x% +a(# + x’w?))? ‘ (4.22)

661964

Thus, we can examine the relation between Hamiltonian function and the position x with

the contour plot graph given in Figure 8.
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Figure 8 The contour plot of Hamiltonian F ]
function in terms of x and x. 25F 3

”is“*xag,, =

0.0E - -
—1.0 —05 0.0 05 1.0

4.2 The exact solution of the equation using the A-symmetries based on a
linearization method
In this section, we examine another method to investigate symmetries of the nonlinear
equations. We construct the first integral directly from A-symmetry. The procedure es-
sentially involves the following four steps.
1. Find a first integral w(z, x, ) of v, that is, a particular solution of the equation

Wy +Aw; =0, (4.23)

where subscripts denote partial derivatives with respect to that variable, and v is
the first-order A-prolongation of the vector field v.

2. Evaluate A(w) and express A(w) in terms of (¢, w) as A(w) = F(t, w), and the operator
A is defined in the form

A =0; + %0y + P(,x,%) 0. (4.24)

3. Find a first integral G of 9, + F(t, w)d,,.

4. Evaluate I(¢,x,%) = G(t, w(t, x,%)). Then I(t, x,%) is a first integral, and u(t, x,%) = I; is

an integrating factor of the given second-order equation.

Now we introduce a first integral and an exact solution of the nonlinear oscillator har-
monic equation by using A-symmetry (3.25), which is found by linearization method. We
first consider the A-symmetry (3.25) of the nonlinear oscillator harmonic equation (3.1).
The null function S can be written

1 1 2%
S=-A=-wtan| =(-wt +9wc;) | - —. (4.25)
3 3 3x
From (4.23) we have
% —xotan(3w — &2
w= : . (4.26)

X3
Hence, we can evaluate A(w) as the application of the operator A (4.24) to w (4.26),
2

. oxX ., wx
Aw)=A =0, + X0, + x° - s, (4.27)
1+ox2 1+ ox2

and derive A(w) in terms of (¢, w) as A(w) = F(¢, w), that is,

F(t,w) = —%ww sec(%(t - 9)a)> sin <6a) - ZtTa)) (4.28)
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In the last step, we can find a first integral G of 9, + F(¢, w)d,, from the first-order partial
differential equation of the form

1 1
G; + (—gwa) sec(g(t - 9)a)> sin <6a) - ZITw))GW =0, (4.29)

the solution of which is
1
Gt,w)=c (wcos(g(t— 9)w>>, (4.30)

where ¢ is an arbitrary constant. Finally, we can express G(¢, w) in terms of (¢, x, %) using
(4.26) to find the first integral

! cos((t - 9)k — xwtan(3w — 1))

2
X3

(4.31)

The integrating factor can be deduced from the first integral by differentiating it with
respect to x. Thus, we find the integrating factor of the form

Ly
= oSG 9)) (4.32)

SSIN]

x
The function R can be written as

cos(%(t -9w)

2
X3

R=—pu= (4.33)
It is easy to check again that the functions S and R satisfy equations (4.6)-(4.8). Thus, the
other exact solution of the Lienard II-type nonlinear harmonic oscillator equation is

(crwcos(3(t - 9w) + csin(3 (£ - 9)w))?

x(t) = "

) (4.34)

where c is an arbitrary constant. Now, we see the graph of the corresponding solution to
the equation (4.34) in Figure 9. Then, Figure 10 shows the rate of x(1) given by equation
(4.34), x (m/sec), and ¥ (m/sec?) depending on time ¢.

Furthermore, it is possible to show that we can find other forms of the first integrals
and the integrating factors rather then the forms given by (4.31) and (4.32) for the same
null function S. With this aim, we consider again (4.23) and substitute this form of S into
equation (4.7):

1
(Ry + XR,)3x + R(Za’c + 2w tan(g(—a)t + 9a)c1)>) +R; (29'c2 - xsz) =0. (4.35)

Equation (4.35) is a first-order linear partial differential equation in terms of R = R(¢, x, %),
and it is known that any particular solution is sufficient to construct an integral motion.
For this purpose, to seek a particular solution for R, we can make a suitable ansatz instead
of looking for the general solution by assuming R to be of the form

3x
R= (A(t, %) + B(t, X)%)"

(4.36)
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Figure 9 The graph of the position is given in
(4.34) versustimetforo =4, w=4.1,w =42, ®

=4.3.

t(sec)

states

Figure 10 The graphs of the position is given by
equation (4.34), the velocity, and the
acceleration versus time t for ® = 4.

N
Al \ ‘ ;”,/’/‘/\‘ \ J%\ ()
SRR

[ /‘j} \\ \/ \ )
| !
\

where A and B are functions of their arguments, and r is a constant, which are all to be
determined. The denominator of the function S should be the numerator of the function R.
Since the denominator of S is 3x, we fix a numerator of R as 3x. Then, substituting (4.36)

into (4.35) yields

-3 (A(t, x) (—556 + xw tan <3w - tg))

+ B(t,x) ((—5 +2r)x% — rx*w? + xkw tan (Ba) - tg))
+ 3r(A,(t, %) + %(By(£,%) + Ax(t,%) + XBy (£, x)))) =0. (4.37)

From the solutions of A(z,x) and B(¢, x), the integrating factor R using (4.9), for example,

r = —1, is written

R=-pn
1 2 X 1 . tw
=3 cos(g(t - 9)0)) (clx§ + % cos<§(t - 9)a)) — Coxw sin (Bw - ?)) (4.38)

and the corresponding time-dependent first integral is

j —

1
4x3

3 2
<62§c2 + X’ W + ¢y (5c2 - x2) cos(g(t - 9)a)) - 4clx%a) sin (Sw - ?a))
1 2, . . tw
+ 4 cos <§ (t- 9)a)> (c1x3 X — CoxXw Sin <3w - ?>>), (4.39)
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where ¢; and ¢, are arbitrary constants. But it is clear that it is not easy to find an explicit
solution for (4.39). Then, we can obtain the Hamiltonian function corresponding to the
first integral (4.39), the conjugate momentum is given by

3cos(L(t — 9)w) (a3 log(®))(c1 — cox3 wsin(3w — 1) + ¢y cos(L (£ — 9)w))k
peo (5(¢ = 9)w)(x3 log(x))(c1 - c2 ‘ ( ) + ez cos(5 (£ = 9)w)) | (4.40)
X3
the corresponding Lagrangian is
1 et 2 5 tw
L=—F3cx 0" sin| =(t-9w | -6cx3wsin| 30w - —
2x3 3 3
2 . 1
+3x3 (log(x) - 1) (—2c1 cos<§(t - 9)a))>
1 . 2tw . 1 2.2
+ Ccpx3 wsin 6a)—T X — 3¢y cos g(t—9)a) %), (4.41)

and the Hamiltonian is

3 ! 2 5 tw
H=-——F|cxo'sin| z(t-9w | -2cx3wsin| 3w - —
2x3 3 3

. 2 1 : 2tw
+x| 2¢1x3 cos §(t - 9w | - crxwsin| 6w — EN

1 2
+ ¢y COS (g (t- 9)a)> x2)> (4.42)

5 Concluding remarks

The Lienard II-type nonlinear harmonic oscillator equation has a natural generalization in
three dimensions and can be interpreted as an oscillator constrained to move on a three-
sphere. Such a problem is highly nonlinear. In this study, we analyze the first integral of
the form A(t, x)x + B(¢, %), the A-symmetries, and the integrating factors of the Lienard II-
type nonlinear harmonic oscillator equation, which is a second-order nonlinear ordinary
differential equation.

Firstly, we have characterized the second-order nonlinear ordinary differential equa-
tions, and this characterization is given by the coefficients of the equation and also de-
termines the first integral, the A-symmetry, and the integrating factor. Thus, the Lienard
II-type nonlinear harmonic oscillator equation is classified by using functions S; and Sy,
and the first integral of the form A(t, x)x + B(¢, x) is obtained by an algorithm. Moreover, we
presented some properties and characterization of the equation that admits a vector field
as A-symmetry. Linearization, the symmetries, and the transformation of equations play a
crucial role. Furthermore, the nonlinear second-order ordinary differential equations can
be linearized by a Sundman transformation. Finally, we apply a Sundman transformation
to the Lienard II-type nonlinear harmonic oscillator equation.

We have identified the time-independent first integrals for the Lienard II-type non-
linear harmonic oscillator equation using the modified Prelle-Singer approach. More-
over, we have constructed appropriate Lagrangian and Hamiltonian functions from the
time-independent first integrals and transformed the corresponding Hamiltonian forms
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to standard Hamiltonian forms. The important point of the Prelle-Singer procedure lies
in finding explicit solutions satisfying all three determining equations (4.6)-(4.8). In our
study, we have taken specific ansatz forms to determine the null forms S and the integrat-
ing factor R. Finally, from our detailed analysis we have shown these results with the phase
portraits depending on the choice of parameters, and using these phase portraits, we in-
terpreted geometric meanings of the solutions. Using the Hamiltonian and the conjugate
momentum functions, we demonstrated relations among the solutions, Hamiltonians, and

conjugate momentum functions by contour plot portraits.
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