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Abstract This study focuses on the analysis of the
first integrals, the integrating factors and the solutions
for some classes of nonlinear dynamical systems rep-
resented by a mass—spring—damper model. The study
consists of the applications of local-nonlocal trans-
formations and the extended Prelle—Singer approach
by considering the relation with Lie symmetry groups
and A-symmetry. In addition, the mathematical rela-
tions between these methods are presented, and time-
dependent and time-independent first integrals and the
corresponding exact solutions of nonlinear dynamical
systems such as general Morse oscillator equation, the
path equation, the harmonic oscillator equation and
the displaced harmonic oscillator equation as special
cases of Liénard-type equations are investigated. Fur-
thermore, the general forms of Liénard-type equations
including general nonlinear damping and nonlinear
spring functions are studied.
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1 Introduction

One can say that the concept of dynamical systems
is very general and it includes many applications from
engineering field to economy field. The dynamical sys-
tem is about the interactions with the environment by
means of its inputs and outputs. The modeling of a
dynamical system, such as the general Morse oscilla-
tor equation, the path equation, the harmonic oscillator
equation and the displaced harmonic oscillator equa-
tion, is given by differential equations including inputs,
states and outputs. This means the behavior of dynam-
ical systems is given by evolution its states; that is, if
one has some information about the input of the sys-
tems and all its properties, one can predict the future
behavior of the system. In addition, the behavior of
the system is also characterized by its evolution over
time.

The general procedure to analyze the behavior of
dynamical systems is to construct a mathematical
model described by a differential equation. In the liter-
ature, one of the representations of a dynamical system
can be given by a mass—spring—damper model (Fig. 1).
The Newton’s second law leads to the following differ-
ential equation for this model
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Fig. 1 A mass—spring—damper model

i4 f @) +kx =0, (1.1)

where x = x(¢) denotes the position of the mass and
varies with time #, f(x) is the nonlinear damping force
as a function of the velocity of the mass, k is the spring
stiffness coefficient, and kx is the spring restoring force.
For the case f(x) = cx, where c is the viscosity coeffi-
cient of the damper, then Eq. (1.1) becomes a differen-
tial equation representing a linear mass—spring—damper
model. In addition, the case f(x) = cx? corresponds
to a drag force on a mass moving in a fluid. In addition,
one can consider the following second-order governing
differential equation as a more general case of (1.1)

X+ f(x,x)=0. (1.2)
Thus, it is possible to write the following differential

equations describing nonlinear mass—spring—damper
model as specific cases of Eq. (1.2)

¥+ f(0)x+g(x) =0, (1.3)
and
¥+ f0)i2+g(x) =0, (1.4)

where f(x) represents nonlinear damping and g(x) rep-
resents nonlinear spring in the model. From the math-
ematical point of view, the differential equations given
by (1.3) and (1.4) correspond to Liénard I-type and Lié-
nard II-type equation, respectively, which have impor-
tant properties in terms of mathematics, physics and
mechanics [1-9]. In this study, we deal with the applica-
tions of mathematical methods such as Lie group theory
related to the A-symmetry approach, local and nonlocal
transformations to analyze first integrals, Lagrangian—
Hamiltonian forms and exact solutions of the nonlin-
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ear dynamical systems represented by the differential
equations (1.3) and (1.4).

In the case of analysis of differential equations, Lie
symmetry groups are one of the most effective meth-
ods in the literature [10-16]. Application of Lie groups
has significant effects on all area of science includ-
ing pure and applied mathematics, geometry as well
as engineering, physics and social sciences. In 1883,
S. Lie discovered that the general transformation for-
mulas can be obtained by using a change of variables
for certain classes of second-order ordinary differen-
tial equations to convert them to linear form, which
is an application of Lie symmetry groups to nonlinear
ordinary differential equations. He also indicated that
the linearizable equations must be mostly cubic in the
first-order derivative and its coefficients can be written
as over-determined partial differential equations that
should satisfy Lie linearization test [17,18]. The first
requirement of Lie linearization test is to solve sys-
tems of partial differential equations. The second one
is based on the fact that only second-order ordinary dif-
ferential equations which have eight-dimensional Lie
symmetry algebras can pass the Lie linearization test,
which can be considered as a restriction property. In
order to evaluate with wider perspective of lineariza-
tion problems, new studies on nonlocal transformations
has been developed in studies [18,19]. Sundman [18]
proposes the general transformation formulas, which

X = F(x,t) dT = G(x, t)dt, (1.5)

are defined as a nonlocal transformation. If any nonlin-
ear equation can be obtained in linear form via Sund-
man transformations, thenitis called S-linearizable [3].
Duarte et al. [18] derive the second-order equations,
which can be obtained as S-linearizable equations and
demonstrate that they belong to the family of equations
of the form

¥4 ax(t, x)%% 4+ a1 (t, x)% + ap(t, x) = 0. (1.6)

Further studies on S-linearizable equations that
involve an algorithm which enables finding the S-
transformation are developed in [2,3]. They revaluate
Duarte’s results [18] and introduce some theorems for
S-linearizable second-order ordinary differential equa-
tions as the form (1.6).

For Eq. (1.6), there are a list of three properties so
that writing a, (¢, x) = 0 and a; (¢, x) = ap(t, x), and
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the function only depends on x, then (1.6) corresponds
to Liénard I-type equation [6,7]. On the other hand, for
a list of three properties so that writing a;(¢,x) = 0
and ax (t, x) = ap(t, x), and the function only depends
on x, then Eq. (1.6) becomes Liénard II-type equation
[20]. In the literature, Lie point symmetry properties
for Liénard I-type and II-type equations, which have
eight-parameter Lie symmetry groups are investigated
in detail in [6,7,20]. Some invariant solutions of the
Liénard II-type equations representing some nonlinear
dynamical systems are investigated by using the Lie
point symmetry concept in [20]. Some solutions are
presented and plotted. In the study [21], A-symmetries
are introduced as a new concept in the study of Lie
groups. It is also shown that if any Lie point sym-
metry of second-order ordinary differential equation
is known then the A-symmetry of the same equation
can be found by using a feasible algorithm. In fact,
from the mathematical motivation point of view, in this
study our aim is to consider more general mathemati-
cian concept in analyzing not only for Liénard II-type
equation but for Liénard I-type equation and not only
using Lie point symmetry but also using transforma-
tions and A-symmetries approaches connected with Lie
point symmetry and to represent some mathematical
relations between these methods.

In addition to this, in the literature, the extended
Prelle-Singer method is also used for investigating the
time-dependent and time-independent first integrals of
the ordinary differential equations. In fact, it is possi-
ble to show that there is a strong mathematical connec-
tion between A-symmetry approach and the extended
Prelle-Singer method based on the solution of null
function and the integrating factors. We present that
the use of Lie point symmetries and A-symmetries in
the concept of Prelle-Singer method procedure may
give some important advantages to investigate first inte-
grals of differential equations. Based on these facts,
we analyze local and nonlocal transformations and A-
symmetries of some specific forms of Liénard I-type
and Liénard II-type equations. In addition, we con-
sider the relation between A-symmetries and Prelle—
Singer method for analyzing first integrals and integrat-
ing factors for general and spacial cases of Liénard-type
equations.

This paper is organized as follows. In Sect. 2, we
introduce some necessary preliminaries about Sund-
man transformation, theorems based on the condi-
tions of being an S-linearizable equation. In Sect. 3

the linearizable cases of Liénard II-type and S-trans-
formations, local transformations are presented by
including some examples. Section 4 deals with A-
symmetries of given equation. Section 5 consists of
analysis of Liénard I-type equation via S-linearizable
conditions. Section 6 focuses on the application of
extended Prelle-Singer method and the presentation
of relations with the A-symmetries. Section 7 includes
conclusions and discussions.

2 Preliminaries

2.1 Nonlocal (S) transformations

Let us consider a second-order ordinary differential
equation

X=M(,x,x). 2.1
Duarte et al. [18] illustrate that the equations of the

form (2.1) can be written in the following linear equa-
tion form

Xrr =0, (2.2)
via generalized Sundman transformations

X =F(x,t) dT = G(x,t)dt, 2.3)
which are called S-transformations [3]. Besides, they
state that if any equation can be linearized by means of
S-transformations, then this equation can be called as

S-linearizable. In fact, in order to express Eq. (2.1) as
S-linearizable, it has to be in the form

¥4 ax(t, x)%% 4 a1 (t, x)% + ap(t, x) = 0, (2.4)

where

y_ GFe —FGe () (F\7'
>~ 77 ¢6r, ~\¢). \c) -

2GFyx — FiGy — F,Gy

a) =

GFy
(@) @)@
B |:(G)x " G t:| G ’
-1
X t
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Theorem 2.1 [3] The Eq. (2.4) is S-linearizable by
means of S-transformation (2.3) if and only if its first
integral can be defined as

w(t,x,x) =A@, x)x + B(t, x), (2.6)

in which A and B are defined by
Awx) = 2 Bxy =4 2.7
JX) = — ,X) = —. .
G G

It is clear that one can write

A + ax(t, x)%% + a1 (t, x)x + ap(t, x))
= D, (w(t, x, X)), (2.8)

where Dy is the total derivative operator. Consequently,
first integral and integrating factor corresponding to
Eq. (2.4) can be written as w and A = w; =
F. /G, respectively. Conversely, if the first integral
w = A(t,x)x + B(t, x) of (2.4) is known then a lin-
earizing S-transformation can be determined by

F(t,x) =@t x)), (2.9)

then G is uniquely given by

F, Fo .
G(t,x)=— or G(t,x)=— if B#0, (2.10)
A B
in which I (x, y) is the first integral of
=B (2.11)
x=-——. .

In the study [3], a new characterization method in
terms of coefficient ag, a;, a> is developed to obtain S-
linearizable form of Eq. (2.4). The following theorem
summarizes the construction of the method.

Theorem 2.2 [3] Let us consider an equation of the
form (2.4) and let S| and S; be the functions defined by

S1(t, x) = ayy — 2ay,, (2.12)
Sa(t, x) = (apaz + aoy), + (az; + aiy),
+ (a2; —aix) ay. (2.13)

Hence, the following alternatives hold:

e [fS1 = 0thenEq. (2.4) is S-linearizable if and only
if S =0.
e IfS1 #0, let S3 and S4 be the functions defined by
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S
S3(t, x) = (S_T) — (a2, +a1y), (2.14)
X
So Y 2
4 si), " \s
hY)
+a (S—]) + apaz + aoy, (2.15)

then the Eq. (2.4) is said to be S-linearizable if and only
if S3=0and S4 = 0.

Theorems 2.1 and 2.2 present the conditions for any
equation to be S-linearizable by using S-transformation.
Now we consider the following theorem consisting of
the methods to obtain F and G functions for the Sund-
man transformation.

Theorem 2.3 [3] Suppose that Eq. (2.4) is
S-linearizable. If S| = S> = 0, let ©(t) be the function
defined by

1

1
T(t) = aox — 51 + aoaz — Za%. (2.16)

Let w(t) be a solution of the system of equations

wt+w2+‘f=0,

wy =0, 2.17)
and C(t, x) is a solution of the system
C=a—C(F +0). (2.18)
= (5 +o) - Ca. (2.19)
and P(t, x) is a solution of
Pr=a, P = %, (2.20)

then if F (¢, x) is a nonconstant solution of equation

Fy = CFy, (2.21)
and G is given by
G = Fy -exp (—P - /a)(t)dt) , (2.22)

thus the pair F and G define, via Eq. (2.3), a lineariz-
ing S-transformation. If S1 # 0 then the equation S-
linearizable if and only if S3 = S4 = 0 then C(t, x) is
a solution of the system

C, = ap— Clay +u), (2.23)
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Cy = —u— Cay, (2.24)

where u = S»/S1. And let P(t, x) be a solution of

Si
Pi=ay, P=--+a.

5 (2.25)

If F is a nonconstant solution of Eq. (2.21) and G is
defined by

G = Fx - exp(—P), (2.26)

then the pair F and G define via Eq. (2.3) a linearizing
S-transformation.

2.2 Local (L) transformations

Let us consider Eq. (2.4), which is linearizable to the
Eq. (2.2) via local transformations

X =R(@t,x), T=S(tx), (2.27)

then Eq. (2.1) has the form

X+as(t, )c))'c3 +ay(t, x))'c2 +ai(t, x)x+ap(t,x) =0,
(2.28)

where the coefficients a;(f,x), 0 < i < 3 can be
expressed in terms of R and S and their derivatives
(8]

Sx Rxx - Sxx Rx

Y

az(t, )C) — Slex - Rthx + 2 (SxRtx - RxSlx) i
SiRy — SxR:

a1t x) = SxRy — ReSi +2 (S Ry — RtStx)7
StRy — Sx Ry

ao(t, x) = H. (2.29)

Thus, if Eq. (2.28) can be linearized by means
of local transformations (2.27) then it is called L-
linearizable.

Theorem 2.4 [8] L-linearizable equation must be at
most cubic in the first-order derivative and its coeffi-
cients satisfy the following equations

3(az) —2(a)u + (a)xx = (3a1a3 — a%)t

—3(aoaz)x — 3azapy + azaiy

30 =2(@0)s + (@) = 3(aoas)+(af — aoaz)
+3ap(az); — ai(az);. (2.30)
It can be said that the conditions of L-linearizable
equations are also valid for S-linearizable equations.
The following procedure can be given to obtaining local
transformation for the condition §; = S» = 0. Let’s
consider a nonzero solution o (¢) of the equation

o'(t) = w(t)o (1), (2.31)

where w is a solution of (2.17). If P satisfies (2.20)
then the function H can be defined such as H = oe”.

Since S = 0, there exists a function N such that

(2.32)
o

1 o’
Ny =agH, N, = Eal__ H.
With the solution of (2.16), the function F' (¢, x) can
be found from the integration of the differential equa-
tions

H
Fr=—5. F= (2.33)

le >

By using Eq. (2.31) w is written in terms of o and
by substituting in (2.22) then the expression

G =Fe ol (2.34)

is obtained. And G can be defined in terms of o as
below

P P 1
= ol
(2.35)

Let § = S(t) be such that S'(r) = 1/02. The
local transformations (2.27) that linearize (2.4) can be
defined as

R(t,x) = F(t,x), S(t,x) = S(1). (2.36)
Theorem 2.5 [3] An equation of the form (2.4) is
L-linearizable and S-linearizable if and only if S| =

S, =0.
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3 S and L-transformations of Liénard II-type
equation

We deal with the second-order nonlinear differential
equation, which is called Liénard II-type equation [22,
23]

¥4 f)x2 4 gkx) =0, (3.1)

where f(x) and g(x) are arbitrary functions of x. In
this section, we investigate S-linearizable conditions
of equation of type (3.1). From Egs. (2.4) and (3.1) one
can write

ay(t,x) = f(x), ai(t,x) =0, ap(t,x)=gx).
(3.2)

3.1 S-transformations

Proposition 3.1 Liénard Il-type equation is called L-
linearizable and S-linearizable if and only if with the
condition g'(x) + f(x)g(x) =y, y > 0is satisfied.

Proof Substituting the coefficients as, aj, ap to the
Eq. (2.12), S1(¢,x) = 0 is obtained. Based on The-
orem (2.2) if S»(¢, x) = O satisfies, then Eq. (3.1) is
called S-linearizable. Let us assume that S> (¢, x) = 0,
then the differential equation in terms of f(x) and g(x)
is found

g0+ (f()gx) = 0. (3.3)

If we integrate Eq. (3.3), then the relationship
between f(x) and g(x) is given by

g+ fgx) =y, v >0, (3.4)

where y is a constant. O

Equation (3.4) describes isochronous condition,
which is an important result from physical and math-
ematical point of view [20]. In addition, a (classical)
dynamical system is called isochronous if it features
an open (hence fully dimensional) region in its phase
space in which all its solutions are completely periodic
(i.e., periodic in all degrees of freedom) with the same
fixed period (independent of the initial data, provided
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they are inside the isochrony region) [24]. The integra-
tion of Eq. (3.4) enables us to define g(x) function in
terms of given f(x). Hence, the special form of (3.1)
can be written as

X4 f0x% +ye” ff(x)dx/eff(")dxdx

+ Y1 e J S (x)dx =0. (35)

Here we deal with obtaining F and G functions to
define S-transformations. For this purpose, in terms of
the coefficients ay, ag, ap Eq. (2.16) is written to find
7(t) as below

(1) = g'(x) + f(x0)g (). (3.6)

Since 7 (¢) only should depend on ¢, one can see that
the Eq. (3.6) must be equal to a constant such that

(1) =y. (3.7)

Based on Eq. (3.4) it is possible to see that two dif-
ferent cases of y value should be considered since if y
is equal to zero then Eq. (3.4) becomes homogeneous
but it is different from zero then Eq. (3.4) becomes

nonhomogeneous.
Case 1. y = 0 From Eq. (2.17) we find

w(t) = 0. (3.8)
A particular solution of the system (2.18) is
C(t,x) =tg(x). 3.9)
Then, P(t, x) via Eq. (2.20) is obtained
P(r, x) = —In(g(x)).

(3.10)

By solving Egs. (2.21) and (2.22), the pair F and G
defines, via Eq. (2.3), S-transformations

1 dx
d ’ - 2 ’ 2/ _)) ’
0=y (2 (t AT
G(t,x) = ’(l (r2+2/—dx ))
=2 g0 )]’

that linearize Eq. (3.1). From the (2.6) and (2.7) the
first integral of (3.1) can be written as

@3.11)

|
I = —x+1t.

3.12
g(x) G-12)
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Case 2. y # 0. The solution of (2.17) gives

o(t) = —/7 tan (/71). (3.13)

If we solve the system (2.18), then

C(t,x) = %tan( i), (3.14)

is obtained. Thus, P(t, x) is found in the following
form

P(t, x) = / £ (x)dx. (3.15)

From the (2.21) and (2.22) the functions F and G,
which define S-transformations, yield

d 1
F(t,x) = ¢ (fg)(‘x) - (cos(ﬁr))) . (3.16)

1 /
G(t,x) = @ exp (— / f(x)dx) sec (ﬁt) )
X (% - %ln (cos (ﬁt))) ,

(3.17)

which linearize Eq. (3.1). From the (2.6) and (2.7) the
first integral for (3.1) can be written as

I =exp (/ f(x)dx)

x (cos (Vre) &+ %g(x) sin (ﬁt)) )
(3.18)

3.2 L-transformations

Based on the Theorem 2.5, Eq. (3.1) is linearizable
by a transformation of the form (2.36). It can easily
be checked that Liénard II-type equation (quadratic
Liénard type) satisfies Lie’s linearization test given
by (2.30). If we substitute the coefficients of (3.5)
in Eq. (2.30), then one can see that these two equa-
tions are satisfied. Now let us consider the case of
w(t) = —y tan(yt), then Eq. (2.31) yields

0 = cos (ﬁt) . (3.19)
From the equation H = oel, we find
H(t,x) = exp (/ f(x)dx) cos (ﬁt) . (3.20)

Solution of Eq. (2.32) yields

1
N(t, x) = ” exp (/ f(x)dx) sin (/1) g(x).
(3.21)

Consequently from Egs. (2.33) and (2.35), we can
write the pair

R(t,x) = % sec (y/71) exp (/ f(x)dx) ,

1
S(t, x) 7 tan (ﬁt) , (3.22)
which define a local L-transformation that linearizes
Eq. (3.1). The examples of the application of S and
L-transformations to Liénard II-type equations having
important mechanical and physical meaning are studied
below.

Example 1 The differential equation describing the
path of minimum drag work has been defined such that

ME)) f'x) 0

L2 S

fx) fx) G2
where x = x(t) is the altitude function [25]. In a fluid
medium, drag forces are the major sources of energy
loss for moving objects. Fuel consumption may have
to be reduced to minimize the drag work. This can be
achieved by the selection of the optimum path. It is a
fact that the path equation (3.23) is a type of quadratic
Liénard equation. It can be seen that it satisfies the
isochronous condition (3.4) and S-linearizable condi-
tions S1 = S> = 0 are satisfied if and only if f(x) has
only the form f(x) = Bsech(,/y(x — c1)), where B
and ¢ are constants. If Eq. (3.23) is rewritten by means
of f(x), then one can find

X+ /y tanh (/¥ (x —c1)) (1 +5c2) =0. (3.24)

By using Egs. (3.16)—(3.18), for the Eq. (3.24) pair
of S-transformations are

(et
F(t,x) —w(y (1 (sin (ﬁ(x—cl)))))’

(3.25)
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Gt x) = _csch (VY —cp)) sec (ﬁt)(p, r
VY
CleEFES)) 4’
Y sin (/7 (x —c1)) 5L
(3.26)
and the first integral is 7
I = cos (/yt) cosh (/7 (x —cp)) & N
+ sin (ﬁt) sinh (ﬁ(x — cl)) , (3.27)
where gives the invariant solution e S/ ~0s 05 "

x(t)=c £ %arcsinh (% (=/7cacos (ri)
+2¢3sin (7)) (3.28)

where ¢, and c¢3 are arbitrary constants. In addition, the
L-transformations for Eq. (3.23) are

R(t,x) = :/—; sinh (ﬁ(x - cl)) sec (tﬁ) ,

S(t,x) = %tan (J71) (3.29)

which transform Eq. (3.24) to the linear equation R” =
0. The general solution of this equation can be written
as

R+aS+b=0, (3.30)

where a and b are constants. By applying Eq. (3.29) to
the (3.30), we find the general solution of (3.24)

x(t) =c| — %arcsinh (Vryacos (ty/y) + bsin (t/7))
(3.31)

which is the same as the solution given in (3.28) for
¢y = a, ¢z = b. Furthermore, if the first integral of an
equation is known, then the relation

I (x,x)=H(x, p)=px—L(x,x), (3.32)
can be given, in which H is the Hamiltonian, L is the
Lagrangian, and p is the conjugate momentum. Thus,
the relation

0l 9H dp. oL  dp .

a _ , 333
ax  ox o TP T o Tt (3-33)

can be written. In addition, the p conjugate momentum
is expressed of the form

pZ/I—.X—i-k(x),
X
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(3.34)

Fig. 2 Phase portrait of (3.28) for three different integration
constants

where k(x) is an arbitrary function of x. For the con-
venience, k(x) can be assumed to be zero. Hence, it
is easily checked that Lagrangian formulation can be
given

L=pi—1(x,%). (3.35)

For Eq. (3.24), the Lagrangian is obtained from
(3.27) and (3.35)

L = x cos (y/yt) cosh (/¥ (x —c1)) (In (%) — 1)
—sin (/y1) sinh (¥ (x —¢1)) . (3.36)
From (3.32) the Hamiltonian

H = cos (/y1) cosh (/7 (x —c1))
« (ep sec(ﬁt)sech(ﬁ(qu))

+tan (/y1) tanh (/¥ (x — c1)))

and the conjugate momentum p.

p = cos (1) cosh (/¥ (x —c1))In (&) .

are found. Figure 2 presents the variation of the con-
jugate momentum p (3.34) versus position for three
different values of integration constants for the para-
meter y = 0.4.

Additionally, Fig. 3 shows the states of simulations
for the position, velocity and acceleration.

(3.37)

(3.38)

Example 2 If one substitutes f(x) = A to Eq. (3.9),
then generalized Morse oscillator

a4 Al (1—e ) =0, (3.39)

1
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Mass-Spring—Damper Simulation
2+ \

. N
-4 -2

0 2 4
TIME(sec)
— x(m) — x(m/sec)

i(m/sec2)

Fig. 3 State simulation representing position x(¢), velocity x
and acceleration ¥ of (3.28)

is obtained, where A1 and y are constants. For the limit
A1 — 0, the above equation corresponds to the linear
harmonic oscillator. Then, S-transformations are

F(t,x)=¢ (% In (sec (t/7) (1 - eW))) . (3.40)
M /
G(t, x) = oy e sec (1/7) ¢

x (%m (sec (ty/7) (1 — em))) , (341

and the first integral of (3.39) from (3.16) to (3.18)

I = e"* cos (tﬁ) X+ \}{—17 (el'x — 1) sin (tﬁ) .
(3.42)

is obtained. Furthermore, L-transformations can be
expressed by using (3.22) as below

R(t,x) = M (ellx _ 1)

S(t, x) = %tan (V71). (3.43)

With the similar process, the general solution can
be obtained by utilizing L-transformations (3.43) in
the following form

x(t) = %ln (1 — bAj cos (tﬁ) — % sin (tﬁ)) .
(3.44)

In addition, the corresponding p, H and L functions

p =€ cos (t/y) In (%), (3.45)

2 4
Fig. 4 Phase portrait for (3.44) with three different integration
constants

Mass—Spring-Damper Simulation

T T

—
1

TN

aiAIN

2F
Fig. 5 State simulation representing position x(z), velocity X
and acceleration ¥ of (3.44)

STATES
o

=3[

LA N T | PR TP |

-10 -5 0

5 10
TIME(sec)

— x(m) — x(m/sec)

'i(m/secz)

L =e"cos (ry/y) % (In () — 1)

—*:—7 (% — 1) sin (/7). (3.46)
1
H = exkl+e—«vklpsec(tﬁ) cos (t\/?)
+“/<—7 (M — 1) sin (1/7) - (3.47)
1

can be obtained. Similarly, Fig. 4 presents the variation
of the conjugate momentum p (3.34) versus position for
three different values of integration constants and Fig. 5
shows the states of simulations for position, velocity
and acceleration.

Example 3 For the case of f(x) = — -, Eq. (3.5)

becomes

¥ — L'%y (x+/\1x2) =0. (3.48)
14 xAq
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For thelimitA; — 0, Eq. (3.48) reduces to the linear
harmonic oscillator. Pair of S-transformations become

F(t,x) =¢ (—i In (cos (V71) (xl + %))) ,

(3.49)

CGax 4D ,
x) = TSCC (ﬁl‘)(ﬂ

x (—i In (cos (V71) (M + )lc))) :

(3.50)

G,

The corresponding first integral is

! ( (v7)

z)»lx-l—l AMx+1

X + xsin ({/y1) ﬁ),
(3.51)

which yields the invariant solution of (3.48)

) = i (1 + b) cos (tﬁ) +asin(t/y)
POE AN\ =0+ Deosttyy) +asin (ty7) )
(3.52)
And L-transformations are
_ sec (ty7) 1
R(t,x) = — . (1+)»1x+1)’
S(t,x) = %tan (V7). (3.53)

which linearize Eq. (3.48). Conjugate momentum p,
Lagrangian L and Hamiltonian for Eq. (3.48) are rep-
resented by

- %m ), (3.54)
_dcos(1y/y) (In () = 1) —x /¥ (hx + D sin (1,/7)
- (rx + 1)? ’
(3.55)
B (}»1x1+ 1)2 ep (aatD?seelty7) co (V)
+x/y(A1x + Dsin (1/7) . (3.56)

Figure 6 presents the variation of the conjugate
momentum p (3.34) versus time for three different val-
ues of integration constants, Fig. 7 shows the states of
simulations for position, velocity and acceleration, and
Fig. 8 is about the comparison of the graphs between
the solution (3.52) and the linear case f(x) = g(x) =
constant.

@ Springer

T

<§5 10

Fig. 6 Phase portrait of(3.52) with three different integration
constants

Mass—Spring—Damper Simulation

STATES

=2 0 2 4

TIME(sec)
— x(m) — x(m/sec) i(m/sec2)

Fig. 7 Graph of state simulation representing position x (),
velocity x and acceleration X for (3.52)

--- X)) — x(t)

Fig.8 Plot of two solutions corresponding to (3.52) as x2(¢) and
corresponding for f(x) = g(x) = constant in (3.1) as x ()
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4 Relationships between S, L transformations and
A-symmetry

We have so far investigated the first integrals and invari-
ant solutions of Liénard II-type equation by using S
and L-transformations. In this section, we consider A-
symmetry approach and its relation with these transfor-
mations. Now let us consider the vector field v = 9, is
a A-symmetry of (2.4) if and only if A is a solution of
the equation

My + AM; = A + Xhe + Mg + 22, .1

and assume that the coefficients ag, aj, ap satisfy the
conditions §1 = §» = 0. If Eq. (4.1) has the solutions
of the linear form of A = «a(¢, x)x + B(¢, x), then the
following system has particular solutions for « and g

oy + o + ara +az, =0, 4.2)
Bx +2(ax +@)f +ai, + o =0, (4.3)
B + B* +a1B + ap, — aper = 0. (4.4)

It is easy to see that the solution of (4.2) is «(t, x) =
—as(t, x). If we substitute « in Egs. (4.3) and (4.4),
then these equations can be rewritten such that

Bx+aiy —axy =0, 4.5)
B + B> +a1B + ao, + agaz = 0. (4.6)

We consider here two different cases:
Case1.If S| = S, = 0, the function T which is defined
by (2.16) only depends on independent variable ¢. Sup-
pose that A(¢) is any solution of the Riccati equation
given below

W) +h*@t) +1@) =0. 4.7

Therefore, the solution of (4.7) which satisfies the
Egs. (4.5) and (4.6) is defined by B(t,x) = h(t) —
%a 1(t, x). As a result, for the A function

A= —ark + B, (4.8)

dy 1s a A-symmetry of (2.4).
Case 2. If S1 # 0 and S3 = S4 = 0, then solution of
Egs. (4.5) and (4.6) gives B(t, x) = S2/S1. Hence, 9,
is a A-symmetry of (2.4) for

A= —ax + $2/S8;. 4.9)

Proposition 4.1 [9] The Liénard equation of the sec-
ond kind X+ f (x)x%+g(x) = 0admits a A-symmetry of
the form A = a(t, x)x +b(t, x), witha(t, x) = — f(x)
and b(t,x) = /[y cot(/yt) when the functions f
and g satisfy the Sabatini (isochroniticity) condition
g+ fgkx) =y, ¥ >0.

In addition to the method for obtaining A-symmetry,
there is an alternative approach based on the rela-
tion between Lie point symmetry and A-symmetry
[1,21,26]. Here, a way to derive A-symmetries associ-
ated with Lie symmetries directly is considered. If Lie
symmetries of any equation are known, then A symme-
tries can be found by a simple algorithm as explained
below.

Let us consider the second-order differential equa-
tion of the form

¥=¢ @ x, %), (4.10)

and total derivative operator for above equation can be
written in the form

A =8 + 50, + (1, x, %) 0. (4.11)
In addition, let
£t 4t x) 2 4.12)
v==E&E(@{,x)— LX) —, .
ar TR

be a Lie point symmetry of (4.10) and then the charac-
teristic of v is

Q=n—-§y,

and the A-symmetry for the given equation can be deter-
mined as below

_A©
o

The method for obtaining the first integrals and inte-
grating factors from A-symmetries are given below step
by step [21]:

(4.13)

3 (4.14)

1. Substitute A-symmetry (4.14) to the differential
equation

wy + Aw; = 0. 4.15)

2. Evaluate A(w) and derive A(w) in terms of (7, w)
as A(w) = F(t, w).

3. Find a first integral G of 9; + F (¢, ®)d,,.

4. Evaluate I (t, x,x) = G(t, w(t, x, x)) and find the
integrating factor, which is given in the form
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=Gy ws. (4.16)

Remark 1 In proposition 4.1 by Guha [9] for S and L
transformations it is claimed that A function must be in
the form A = — f(x)x + /vy cot(/yt). However, it is
possible to show that A symmetries with respect to S
and L transformations can be different forms from the
A function mentioned in Proposition 4.1. The proof is
given in the following subsection.

4.1 First integral and invariant solutions of Liénard
[I-type equations via A-symmetries

Now, we deal with the A-symmetry analysis of Lié-
nard II-type equations with respect to Lie point sym-
metries for the cases considered in Examples 2 and
3. For Example 1, the detailed information about A-
symmetry analysis to the path equation can be found
in the reference [27]. We here consider some of Lie
point symmetries to present A-symmetry procedure of
the generalized Morse oscillator equation (3.39) for the
form that is given in Eq. (3.5) of Example 2, which has
an eight-parameter symmetry groups (please see Sect. 6
for the detail).

w2
1=
in (71) (¢ — 1) 5
X, = —
Al at
LT (7 0 2) 0
A2 ax’
cos (y71) (€~ 1) &
X3 = —
A at
sin () @ =2) 8
A2 ax’
v l—e™* 3
4= Al ax’
Yo — _sin (2\/71) i _ cos (2ﬁt) (1 —e_’x‘x) i
T 2 ot 207 ox’
g cos 2yyt) 8 sin(2/yt) (1—e %) 3
=TT 2007 ax’
X7 = sin (ft) —x 9
ox’
Xg = cos (yt) e M* — 9 4.17)
ox

Here, we only consider Lie point symmetry genera-
tors X, X4 and X7 in (4.17).

@ Springer

Case 1. Let us consider X vector field. Via this vector
field, the infinitesimals are

E=1, n=0. (4.18)
By using Eq. (4.5), we obtain the A-symmetry
YA Gl il (4.19)
X
and then the integration factor becomes
w=2e**x. (4.20)
We can write the first integral of the form
exh
=% (e“m%fﬂ +etMy 2y) . 421)

Case 2. With the similar procedure, we utilize X4 vector
field and then corresponding infinitesimals are

] —e ¥
The A-symmetry is
Ax
=S (4.23)

and then the integration factor is written as

exkl (1 _ exkl)
n= o~ 1)2 BERCERETS (4.24)

Thus, the first integral is found as below
1 X)‘lx)nl
(_f)» (lf+ arctan(( o) ﬁ))) =0,
(4.25)

and the invariant solution is given by

(1) = % In (1 — ¢t cos (17 + c2)) (426)
1

where c1 and ¢, are arbitrary constants. The Lagrangian
L is written in the following form from (3.35)

1 e i
= t/y +arctan| ——
Jm(f (wwwﬁ»
e¥hy (1 _exkl)zy +e2x11x2)\2
In 1 ,

2y (et — 1) x2

+

(4.27)
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p

N N N N oy
0.5 1.0 1.5 2.0 2.5 3.0

Fig.9 Phase portrait for Eq. (4.26) for the three different values
of integration constants
Hamiltonian is via (3.32)

1
JY A

ex)\.l)\'l
X |t + arctan s
< v ( 2(1—e~**1) 2x01 A3
e Py _ e 177

(4.28)

and then conjugate momentum is written by (3.34)

2 .
et ) In ( (1 - e")‘l) y+ ethxz)t%)’

2y (e¥h1 —1 X2

p =
(4.29)

Figure 9 shows the plot of p versus x for Eq. (3.39)
are given for the parametric choices of y = 0.4 and
A1 = 1.4 for the three different values of integration
constants ¢y and c;. Figure 10 presents the simulation
for the position, velocity and deceleration.

Case 3. Another vector field X7 gives the following
infinitesimals

£=0, n=sin(yyt)e ™" (4.30)
A-symmetry is equal to
A=y cot(1/y) — Ak, 4.31)
and the integration factor is written as
p=esin (t/y). (4.32)
The first integral of Eq. (3.39) is

1= ;_1 sin (1 /7) (V7 cot (1/7)

+eMT (=7 cot (ty/7) + A1) (4.33)

Mass-Spring-Damper Simulation

a |\ TN :
g L/ / \
Y BN B BN AR

|

-3F 3

-10 =5 0 5 10

TIME(sec)
~— x(m) — x(m/sec) i(m/sec’)

Fig. 10 Graph represents position x (), velocity X and acceler-
ation X of (4.26)

which gives the invariant solution of (3.39)

x(t) = ;—lln (sin(z4/7)

cp cot (t y)
x (q BV + csc (tﬁ)))

(4.34)

where c¢; and c¢p are arbitrary constants. Similarly,
with respect to the previous case of the Lagrangian,
the Hamiltonian and the conjugate momentum can be
derived as below, respectively

(€1~ 1) 7 eos (1y7)

L= M
+ei (In (1) — Dsin (1y/7) ,
g =) ycos (1y7)

Al
+ otMHeT M pese(ty7) gip (tﬁ) ,

p=e"In(%)sin (/7). (4.35)

Using the same parametric values in the previous
case, the plots p versus x and numerical simulation for
the position, velocity and acceleration are presented
in Figs. 11 and 12, respectively. Similarly for the har-
monic oscillator equation (3.48) of Example 3, we fol-
low the similar approach by considering its Lie point
symmetries. It can be shown that Lie point symmetries
of Eq. (3.48) (please see Sect. 6 for the detail) are

3
Xl = 5.
ot
5, _ Xsin (V7t) 8 Jveos(yr) (1+2x1x) 9
2 = - —

1+ax 9t A3 ax’
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—04f

—0.6F

Fig. 11 Phase portrait for the conjugate momentum for
Eq. (4.34) for the three different values of integration constants

Mass—Spring-Damper Simulation

= 0 5
TIME(sec)

~— x(m) —— x(m/sec) 'x(m/sec2)

Fig. 12 State simulation representing position x (), velocity X
and acceleration X of (4.34)

X COS (ﬁt) 3 3 /v sin (ﬁt) (1 +2A1x)i

1+ax o A7 dx

X3 =

’

X4 = (X +)\.1X2) %,

_sin (2y71) L (x + A1x?) cos (2/71) Kl

XS == ’
2y ot 2y dx
P (2 71) 9 N (x +A1x?) sin (2/71) @

°~ 2y o 27 ax’

9
X7 = sin (71) (1 +)»1x)za,

Xg = cos (71) (1 + xlx)Zaix. (4.36)

For this example, we only deal with the application
of the symmetries X, X4 and X3.
Case 1. By utilizing the similar process, the infinitesi-
mal functions corresponding to X vector field are

E=1, n=0. (4.37)

@ Springer

From (4.14) A-symmetry is found
26k x V(L4 A

= 4.38
14+ A1x X ( )
and the integration factor becomes
2X
= 4.39
ARG TEST (4-39)

Thus, one can find the first integral

1
| = —5——"7——
A2(1+ aqx)
X (—y —4yxi; — Syxzk% + )%2)»% — 2yx3k%) .
(4.40)

Case 2. Now based on X4 vector field, the infinitesimals
are obtained as the following form

£=0, n=ux+Arx" (4.41)
The A-symmetry is
t(2x\ 1
= M7 (4.42)
x(1+xip)
which yields the integration factor
x(L 4+ xAp)
= . 4.43
" 224+ yx2( + xxp)? (4.43)
First integral of (3.48) can be written
1 X
I=t+—arctan| ——— ), (4.44)
VY JYx( 4+ xAy)
which gives the invariant solution of (3.48)
e“! cos cy—t
x(1) = V(2= 1) (4.45)

eirjcos (¥ —1) =1

where ¢ and c; are arbitrary constants. Via Eq. (3.35),
Lagrangian formulation is obtained as

1 X
L=—t——arctan| ——
JY (WX(l +xk1))
_ X 22422y (1 +x1p)?
2xy (1 + x\p) x2 ’

(4.46)

and by using Eq. (3.34), the conjugate momentum is
found in the time-independent form

1 1 x2
= n .
P oy 0+ xa) T\ + 221+ x41)2
(4.47)
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Fig. 13 Phase portrait for the conjugate momentum for
Eq. (4.45) with respect to ¢

Mass—Spring—Damper Simulation
l T

=5 0 5

TIME(sec)
— x(m) — x(m/sec) i(m/secz)

Fig. 14 State simulation representing position x (), velocity x
and acceleration X of (4.45)

Figures 13 and 14 present the plots of p versus ¢ for
the parameters y = 0.4 and A| = 1.4 for the three dif-
ferent values of integration constants cj and ¢, and the
numerical simulation for position, velocity and accel-
eration, respectively. Figure 15 shows the comparison
of the graphs between the solution (4.45) and the linear
case f(x) = g(x) = constant.

Case 3. Finally, by means of Xg vector field, the infin-
itesimals of (3.48) are written

£=0, n=cos(ty7)(x+rx)2 (4.48)
The corresponding A-symmetry is
by
A= —— — tan (¢ , 4.49
(xA1+ 1) vr ( ﬁ) ( )
and integration factor from Eq. (4.16) is obtained
cos (¢
= M (4.50)
(x + A1x)2

-8 -6 -4 -2

o — x()

Fig. 15 Plot of two solutions corresponding to (4.45) as x3(¢)
and corresponding for f(x) = g(x) = constant in (3.1) as x; ()

Additionally, one can find first integral of equation
I xcos (1/7) + /yx(xii + 1) sin
B (I+2x)?
which gives the invariant solution

(r y), 4.51)

x(1)
—J7¥ — cayAicl — cohy tan (1,/7)
- creay32a? — 2 /7 sec (1/7) sin (%)2 +eani? tan (1/7) ’
(4.52)

where c1 and ¢; are arbitrary constants. Lagrangian and
time-dependent conjugate momentum are expressed by

_ Xcos (t/7) (In@) — 1) — /yx (xA+ 1) sin (1,/7)
N (1 + xx)2 ’

(4.53)
cos (tﬁ) In (x)
ESI
(4.54)

Similarly, Fig. 16 presents the plot p versus ¢ with
the same values for parameters y and A;. Three differ-
ent colors correspond to the three different values of
integration constants. Figure 17 presents the state sim-
ulation for the position x (), velocity x and acceleration
X of (4.52).

5 Liénard I-type equation, the corresponding S
and L transformations and A-symmetry

In this part, we study Liénard I-type differential equa-
tion based on S and L transformations and the relation
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. . P
-3 Vl
720\

_40t

Fig.16 Phase portrait of conjugate momentum for the Eq. (4.52)
with respect to ¢

Mass—Spring-Damper Simulation

STATES

N

2f \ ]

i | \ | _

-5 0 5 10

TIME(sec)
~— x(m) ~—— %(m/sec)

'i(m/secz)

Fig. 17 State simulation for the position x(z), velocity x and
acceleration X of (4.52)

with A-symmetry and some related properties. In addi-
tion to Liénard II-type equations, a great number of
mathematical models of physical systems give rise to
differential equation of the Liénard I-type equations of
the form

X+ fo)x+gkx) =0, (5.1)

where f(x) and g(x) are arbitrary real functions of x.
Linearizable conditions for Liénard equation consist of
two cases, which are S| = S =0 and S3 = S; = 0.

Proposition 5.1 Liénard I-type equation is S-linea-
rizable and L-linearizable with the necessary condi-
tion S1 = S» = 0 satisfies if and only if f(x) = k and
g(x) = A1x + Ay where A1 and Ay are constants.

In this case, the Liénard I-type equation gets the form

X4 ki 4+ Ax + 22 =0, (5.2)

@ Springer

which represents the displaced damped harmonic oscil-
lator. Equation (2.16) gives

kZ
‘L’(t)=—Z+)»1. (5.3)

Then, a particular solution of the system (2.18)

Ax 4+ Ao
C(t,x) = Z—M 2a + 2B tan(Bt)) , 5.4

can be found, where o = % B = %(4A1 - k2)1/2.
Hence, P (¢, x) via Eq. (2.20) can be written as

P(t,x) = at. (5.5)

Solving Egs. (2.21) and (2.22), the pair F and G
define a transformation (2.3)

okt
F(t,x)=¢ (A—](Mx +22) SeC(ﬂl)) ,

kt
G(t, x) = sec(Br)*¢' (i—()qx + ) sec(,Bt)) ,
1
(5.6)

that linearize Eq. (5.2). From (2.6), first integral of (5.2)
can be written as

ekt kt/2
I = TCos(ﬁt))'c + e

cos(Bt)(k + 28 tan(B1)). 5.7

(A1x + A2)

The local transformations are

kt/2
R(t,x) = . (M1x 4+ A2) sec(Bt),
S(t.x) = tan/(f 2 (5.8)

Thus, the A-symmetry for Eq. (5.2) can be found by the
formula (4.8) in the following form

A = —a — Btan(Bt). (5.9)

Proposition 5.2 Another case of Eq. (5.1) S1 # 0 and
S3 = S4 = 0 if and only if the relation between f(x)
and g(x) isas f(x) = )Tll + g'(x), then (5.1) is called
S-linearizable.

Equation (5.1) can be rewritten

1
i+ ()\_1 + g’(x)) X+g)=0. (5.10)
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We recall the formula u = %, then in this case
u = —A1g'(x) is obtained. Equations (2.23) and (2.25)
yield
t
Ct,x) =nrigx), P(t,x)= v (5.11)
1

Consequently, the pair of S-transformations are
evaluated as below

1
F“"(“’*/@“)’

e /M 1

G = ¢ (Alt +/ —dx) , (5.12)
g(x) g(x)

and the corresponding first integral is

I =e ' (g(x) +%). (5.13)

The A-symmetry can be found by Eq. (4.9) of the
form

A= —rigx). (5.14)

Similar to the Liénard II-type equations, one can
deal with A-symmetry by considering the connection
of these equations with the Lie point symmetry gener-
ators. For example, for the Lie point symmetry X¢ =
(x+ i‘—?)% of Eq. (5.10) the infinitesimals yield

A
=0, n=1x+ -2, (5.15)
Al
From Eq. (4.14) the A-symmetry is found
XA
= (5.16)
Ax 4+ Ao

and the integration factor from (4.16) is equal to
. Ax 4+ Ao
B o ki O + 22) + (ix + 22)2

thus the time-dependent first integral of Eq. (5.10)
becomes

(5.17)

(5.18)

1 2xX\ k(A A
I=t+Earctan( i+ kGax £ 2)).

2B(Ax + A2)

6 Extended Prelle-Singer method and A-symmetry
connection

In fact, the extended Prelle-Singer method can also
be considered to study Liénard I-type and Liénard II-
type equations with the relation between A-symmetry
approach and the extended Prelle-Singer method [5]

for the investigation of new first integrals, integrat-
ing factors and invariant solutions. Let us consider the
second-order ODE:s of the form

X:g:¢, P,Q eClt, x, x], 6.1)

where over dot denotes differentiation with respect to
time and P and Q are analytic functions of the variables
t,x and x. Let us assume that (6.1) admits a first integral
I(t,x,x) = C, where C is a constant, then the total
differentials are

dI = Ldr + Iydx + L;ds = 0, (6.2)

where the subscript denotes partial differentiation with
respect to that variable. Reconsidering Eq. (6.1) in
the form (P/Q)dt — dx = 0 and adding a null term
2(t, x,x)xdt — £2(t, x, x)dx to the latter, we obtain
that on the solutions the one-form

(g + .Qx) dt — 2dx — di = 0. (6.3)

Hence, on the solutions, the one-forms (6.2) and
(6.3) must be proportional. Multiplying (6.3) by the
factor ¥ (¢, x, x), which acts as the integrating factor
for (6.3), we have

dl =¥ (¢ + 2x)dt — ¥ 2dx — ¥dx =0, (6.4)
where ¢ = P/Q. Comparing Egs. (6.2) and (6.4), we

obtain three relations relating the integral, integrating
factor and the null term,

I, =V (¢ + 2x),

I, =-¥2,

I; = —W. (6.5)

Then, the differential equations in terms of ¥ and
§2 are given as below

R+ 32 + 2 = —¢y + i + 2% (6.6)
U, + XU + oW = W (p + 2%), (6.7)
U, = W2 + V2. (6.8)

The last equation can be considered as a compatibil-
ity equation. In fact, in addition to the classical inves-
tigation procedure of Lie point symmetries of differ-
ential equations [10—16], one can present a connection
between Lie point symmetries and the extended Prelle—
Singer method discussed above. For this purpose, it can
be proved that the first equation (6.6) is related to the
Lie point symmetries of a given differential equation.
Then, we can define the following statements.
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Remark 2 For the generalized Morse oscillator (3.39),
the solution of Eq. (6.6) by considering ¢ = —A %2 —
L1 —e ) and 2 = — )forQ:n—Ey’and

A = 0 + X0y + ¢(t, x, x)0; gives the infinitesimal
functions £ and n, which construct an eight-parameter
symmetry groups given in (4.17).

Remark 3 Similarly, for ¢ = %Xz—y(x+klx2)the
solution of Eq. (6.6) gives symmetry groups given in

(4.36) corresponding to the harmonic oscillator (3.48).

If the solutions for functions ¥ and §2, which satisfy
Egs. (6.7) and (6.8), are found, then the first integral
1(t, x, x) can be found by the relation

I(t,x,Xx)=r] — 1 —/ |:lI/ + %(rl — rz)] dx, (6.9)

and the null form in the general case is

£242 —A1x

XA —e My +
o= % _Yh-e vty (6.13)

X XAl
To obtain the integrating factor ¥, one can consider
the ansatz in the following form [5],
X
v = , (6.14)
(Ax) + B(x)x + C(x)i2)

where A, B and C are functions of only variable x and
r is constant. If we substitute (6.14) in Egs. (6.7) and
(6.8), we obtain a set of equations in terms of x and
its powers. From these equations the explicit solution
forms of A, B and C functions can be found. Following
this procedure, the integrating factor ¥ can be found
in the form

v = x(be—zx)»l/r +ae2x(—)»1+r)ul)/r)'c2 + a(

eX)»l ) ex)quxM/r -r
)y , 6.15)

where

r =/‘I/(¢+.ch)dt and

d
ry = / (lPQ + arl) dx.

In the following subcases, we analyze the integrating
factors and first integrals by considering these mathe-
matical relations between A-symmetry and null §2 func-
tion and integrating factor . and ¥ function by com-
paring the results found in the previous sections.

(6.10)

Proposition 6.1 The function ¥ is equal to negative
of integrating factor |1, and null function S2 is equal to
negative of A.

6.1 Application to the generalized morse oscillator

We deal with the generalized morse oscillator equation
as given in (3.39) as an example of Liénard II-type
equation

55+x15c2+%(1—e**1x) —0. 6.11)
1
From (4.10), we have
] —e M
R (6.12)
1

@ Springer

where a and b are arbitrary constants. In addition, by
using the relation (6.9) the time-independent first inte-
gral

e(2(1—r)x)q)/r
T 2a(r—1)

e—2x}q/r
( 09 a2y e +m%>>>),
1

r#1,

(6.16)

is derived. In the following cases, we present new inte-
grating factors and first integrals of generalized morse
oscillator by using the relation A-symmetry with the
extended Prelle—Singer approach for each correspond-
ing Lie point symmetry.

Case 1. By using X from Eq. (4.17), the infinitesimals
& and n correspond to

£=1,

This case coincides with the general case obtained
by using the extended Prelle-Singer procedure dis-
cussed above. It is easy to see that for the case a = 0,
b = 1/2 and r = 1 the integration factor ¥ in (4.20)
can be easily obtained from (6.16).

Case 2. If we consider X, from (4.17) the infinitesimals
& and n are written as

7= 0. 6.17)
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_sin (yr) (e 1)

’

Al
cos (/) (e** —2
)‘1
By using the relation 1 = —£2, we have
A (23 )
@ = A= T D asin(yrn — (17 —2) Jycos (1)
(6.19)
If ¥ may be defined as the following form
Sd
(6.20)

¥ = —
(A(t, x) + B(t, x)x)"

where A(t, x) and B(t, x) are functions of x and # and

is obtained. Similar to the first case, from solutions of
A(t, x) and B(t, x), the solution of ¥ can be written as

Vo=—n

B eP A3 ((eM¥ —2) Sy sin (yr) + (€M% — 1) %x cos (/7))

B (e*1dny sin (7t) — (€% — 1) /¥ cos (ﬁt))a '
(6.25)

and the time-dependent first integral is obtained from
(6.9) and (6.10)

ez’dlx% (—2y + e (y + ,\'12)»%))

27 (=eM1ing sin (7t) + (417 — 1) 7 cos (71))*
(6.26)

I =

Case 4. For symmetry X4 from Eq. (4.17), the vector
field is

Sd is the denominator of §2 and we substitute (6.20) in | — ehix
(6.7) by considering Sd, then the functions A(z, x) and E=0, n= . . (6.27)
B(t, x) are determined and ¥ is written in the form !
vV =—u
_ )3 ((eM* —2) fy cos (/7t) — (e4* — 1) %Ay sin (/71))
(M1 521 cos (J7t) + (€417 — 1) /7 sin (1))’
(6.21)
It is easy to see that £2 and ¥ also satisfy the com- ] )
patibility condition (6.8). From Eq. (6.9) we find time- For this case, the null function
. . . . A'
dependent first integral by considering (6.10) 0= )= 1 X ]Mx ’ (6.28)
—e

T (<2y + e (y +x%43))

27 (i cos (71 + (7 — 1) Yy sin (V1))
(6.22)

1

Case 3. By using X3 from Eq. (4.17) the vector field
for infinitesimals & and 7 corresponds to

_ cos (ﬁt) (e)‘lx — 1)
A
T sin () (4 ~2)

2
)‘1

3

n=— (6.23)

For this case

2 =-Ai

_ e M (—y cos (/71) + e Mxhy (g cos (/v1) + /¥ sin ((¥1)))

is obtained. Because £, n and §2 are time-independent
we can write ¥ as below if it is assumed to be in the
form (6.14)

ce—2Mx 32 —172
v=i S —2)
i

where c is an arbitrary constant. Thus, it is easy to see
that £2 and ¥ satisfy (6.6) and (6.7). However, it can
be checked that the last equation as compatibility con-
dition (6.8) is not satisfied. To overcome this difficulty,
we consider the modified form of ¥ function in the
following form

(6.29)

(e*1* — 1) x cos (/¥1) — (¥ —2) /¥ sin (/¥1)

: (6.24)
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¥ =F)- ¥, (6.30)

where F(I) is an arbitrary function of the first integral
1. Here, the first integral / can obtained from Eq. (4.21)
and one can write

R ex)\.l
J=F (7 (e“lk%fcz +ey — 2)/))

ce—2hix 32 -1z
XX — .
ey

Then, substituting (6.31) in (6.30) into the compati-
ble condition (6.8) a first-order differential equation in
terms of /

6.31)

Hence, the following time-dependent first integral
in the form

el retty—y

e~ My (tﬁJr arctan (% — arctan (W))
V7 (@ = 1)

co— 232 -172
kY i — s
e 1)

is found.
Case 5. For X5 from Eq. (4.17), the infinitesimals &
and 7 are

I=-

6.37)

: -2

F) + (_12 + 1) P =0, 63 e eos(yp) (-

M 2y 27
is obtained by yielding the solution (6.38)

For this case the null function
oy et ) iyyhicos (27) — (v + ™ (2 +474])) sin (20/7) (6.39)
T (e*1* — 1) /¥ cos (21/y) — eM¥ kA sin (2¢/7) ' '

1 is obtained. If we solve the determining equations

F() = m (6.33) depending on the functions A(t, x) and B(¢, x), then
— A

Thus, the modifying form (6.30) has the form

we have

A A
oo Mx _ 1)2 201x 2252Y - lp:_ﬂ‘:elx((e1x_1)\/700$(2t\/7)
U =—u= (e 1) y +e X°AT) X Nk .
—eM kA sin (264/7)) (6.40)
ce—2Mx 42 —12
X (A—)z , (6.34) Thus, time-dependent first integral is found to be
eM¥ — 1
which now satisfies the compatible condition (6.8). I = b (2e"1x (e’\"‘ — 1) X/¥ M cos (2;@)
Finally, by considering (6.10), one can write M ,
A 2021 2252 o
e—hixps ce-2h¥ 2 -1/2 + ((e X _ 1) y —e* My )\1) sin (ZIW)) .
n= _(e)qx — Dy \(eMx — 1)2 ’ (6.35) (6.41)
xiy 3252 XA{ .,
e M*x arctan (%) Case 6. For X from Eq. (4.17) we have
rh = —
’ NGRS —cos (271) sin (/71) (1 — e1%)
ce—2mx 2\ 12 . - 2y T 27 M '
X (eMr — 1)2 : (6.36) (6.42)
For this case
o (241 — 1) & /7y sin (2t/7) — (= + e (v +5247)) cos (21./7) 643

(e*1* — 1) /7 cos (2t/y) — eM¥ kA sin (2¢,/7)
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is obtained. Based on Eq. (6.20), the integrating factor and the time-dependent first integral
is
eM¥ — 1) /v sin (t/7)
I = —( ) — Mg cos (1y/7)

Y =—u Al

_ aAlX Ax : ALX L (653)

=M ((eM* = 1) ¥y sin (2t/y) + kA cos (264/7)) -

(6.44) are found.

The corresponding time-dependent first integral is

_ L Ax [aA1x : i
= o (_2e 1 (e x_ 1) XJ/yhisin (2t/7)

+ ((e)‘“‘ — 1)2 y — CZXAI)%Z)\%) cos (ZIW)) .
(6.45)

1

Case 7. By using X7 from Eq. (4.17) vector field infin-
itesimals for £ and n correspond to

£=0, n=sin(yyt)e . (6.46)
For this case

2 =—%=xA —/ycos (ﬁt) , (6.47)

is obtained. From Eq. (6.20)

W =—p=e"sin (1Y), (6.48)

is found. The first integral can be written as

I (eMx —1) fcos (V) 5 sin (1/7)
(6.49)

and the invariant solution for this case overlaps with
Eq. (4.34).

Case 8. As the cast case we consider Xg from
Eq. (4.17), which corresponds to

£=0, n=cos (ﬁt) e MY, (6.50)
For this case, the null function
2 = -1 =3+ /ytan (1), (6.51)

is obtained. By using similar calculations, the integra-
tion factor

W = —p=e""cos (t/7), (6.52)

6.2 Application to the displaced harmonic oscillator

In this section, we consider the displaced harmonic
oscillator as given in (5.2), which is an example of
Liénard I-type equation

X+kx+xix+21 =0, (6.54)

First of all, we consider a similar procedure to calcu-
late Lie point symmetries of Eq. (6.54) discussed in the
previous section by considering the following remark.

. A(Q)
Remark 4 For¢p = —kx — Al x—Xlpand 2 = ———

the solution of Eq. (6.6) in terms of & and 5 by consid-
eringQ =n—&y and A = 9, + X9, + ¢ (t, x, X)0;
gives the following symmetry groups corresponding to
the displaced harmonic oscillator (6.54).

e @ P (xi +12) @

A ot
LT 2 @@t B = M) D
B2 ax’
v — e @tP (xhi 4+ 22) 3
2= A at
LSO+ h)? @(—a 4 B +h)
B3 ax’
AN
X3 =(x+ 22 —,
A1) 0x
Yu — ﬂﬁ 2P (xi +r)(B—a) 0
YT 0 o 2812 ax’
e e PPy e P 400 ((—a+ )+ A1) I
>T T8 B2 ax’
Xe = 0 alxA+2) 3
T o o ox
Xy = eteth O
ox’
3
Xg = e/ ot L (6.55)
ox

where % =a, B = %(k2 — 4172, Finally for each
symmetry, from the solution of Eq. (6.54) the null func-
tion and the corresponding X function are found by the
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formula (4.14) based on the relation 2 = —A. It can
be seen easily that symmetries X1, X», X3, symme-
tries X4 and Xg and symmetries X5 and X7 have same
forms of §2. Therefore, we only consider the symmetry
generators X3, X4, X5 and Xe.

Case 1. To obtain £2 by using A function, we use the
X3 symmetry generator

A2

E=0, n=x+ . (6.56)
Al
For this case, the null function is
XA
S S (6.57)
XA+ A2

Using by the same ansatz (6.20), then A(x) = O,
B(x) = 0and C(x) = 0 are found, then the integration
factor related function

I =

26" @) (i (a + B) + xh1 + A2) 21 + €' @A (kA + (@ — B)(xh1 + 12)))

Case 2. Infinitesimals corresponding to X4 vector field
are
£ e?f P+ A (B - @)
“2p T 2832
For this case, one can get the null function §2 of the
form

2 =ua-—8.

(6.60)

(6.61)

Similarly, the function ¥ is given by

v = %ze’“’*’” (b1 + P (g + @ = B +42)))
1
(6.62)

and the first integral

. (6.63)

(@ + B)r

W =A% (xh1 4 A2) (%A1 + 20 (xA1 + A2)) cosh B
—2B (xA1 + Ay)sinh B) 72, (6.58)

is derived and the first integral via Egs. (6.9) and (6.10)
can be defined as

I=—0q (—u] (xle 208 (xAy + Aa) + (xhp + A2)2

_2B (4a2(xxl 4 30)2 4 20(xA] + 1)

X (2EA] +2B(A1 + A2)) + 24 (xle + 28
(xh1 +32) = (1 +72)?)) ) )

/ (4ﬂ o (x%\l 20k (XA + A2) + (A + x2)2)

tetBy, (;e?xl T 208 (0] + A2) + (XA + A2)?

teih (4am1 (A1 + A2) + 402 (xhq + A2)?
2 (—xle T (A +A2)2))))) .

(6.59)

e @2 (3 (a — B) + xh1 + A2)2h1eP + e (XA + (@ + B)(xh1 + 12)))

is obtained.
Case 3. Infinitesimals corresponding to X5 vector field
are

e P e 2Py +4o) (@(=a + B) + A1)

— . N=
28 B3

(6.64)

For this case, the relation

Q2=a+p, (6.65)
gives
el @=28)
V= (P e+ (@t P+ 02).
1

(6.66)

Then, it is easy to see that the first integral is in the
following form

I =—
2(a = P)m

_ (6.67)
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Case 4. As the last case, the infinitesimals for X¢ vector
field can be written of the form

A A
E=1, n:_a(xl—w’ (6.68)
A
then the null function and
A v A A
_ ek (i +22) 6.69)
XA+ (xA1 + A2)
and integrating factor-related function
W = e (ih 4+ alxr; + A2)) . (6.70)

are found. As aresult, one can write the time-dependent
first integral in the following form

[ = —e2 (xle T 20 (xhy + A2) + (xAp + Ag)z) .
6.71)

7 Concluding remarks and discussions

In this study, we analyze the nonlinear dynamical sys-
tem including general nonlinear damping and nonlin-
ear spring functions by considering relations between
the local-nonlocal transformations, Lie point symme-
tries and A-symmetries. From the mathematical point
of view, we consider the nonlinear differential equa-
tions related to the nonlinear dynamical systems called
Liénard I-type and II-type equations corresponding to
many physical examples well known in the literature.
Then, we consider linearizable conditions for each case
of Liénard I-type and II-type equations. We prove that
the nonlinear dynamical system with general forms in
the form of Liénard II-type equation can be lineariz-
able using Lie point transformations and the necessary
corresponding conditions are introduced. For this kind
of equations, we determine whether the condition of Sy
exists. Then, if the condition S» = 0 is satisfied, then
we call them as S and L-linearizable. With the rela-
tion of S condition, we derive the property defined as
isochronicity condition for Liénard II-type equations.
Based on the S and L-transformations, the first integrals
and integrating factors for the general and special types
of Liénard I-type and II-type equations are analyzed.
Some problems such as the path equation, the gener-
alized Morse equation and the linear harmonic oscilla-
tor equations are considered. For these equations, we
prove that the isochronous condition is satisfied for
some cases based on the local and nonlocal transfor-
mations. After that, the corresponding conserved forms

and the exact solutions are obtained. Additionally, via
the local and nonlocal transformations we obtain the
necessary relation, which is based on the fact that the
nonlinear damping term must be constant and the non-
linear spring term must be in a linear form in terms
of the position of the mass. As a physical example for
this case, we consider the displaced damped harmonic
oscillator equation and obtain the transformation pair
to linearize this equation. Also, we prove that there is an
additional condition between nonlinear damping func-
tion and the nonlinear spring function in order to have
S-linearizable property for the displaced damped har-
monic oscillator problem. Similar to the first case, we
obtain the corresponding A-symmetries related to the
corresponding Lie point symmetries, new conserved
forms and the integrating factors of the equation. For
each case, the exact solutions are obtained and some
corresponding graphs for conjugate momentum versus
time and conjugate momentum versus position are pre-
sented for different values of equation parameters and
integration constants of the solutions. With respect to
these solutions, the mass—spring—damper simulations
including position, velocity and acceleration relations
are presented and some linear and nonlinear cases are
compared.

In addition to the local and nonlocal transformations,
we present that it is possible to find new conserved
forms and exact solutions of the nonlinear dynamical
systems by using the relation between the Lie point
symmetry and A-symmetry. In this concept, it is shown
that one can obtain a new exact solution for the problem
by considering each Lie point symmetry. For example,
in the case of the general Morse oscillator having an
eight-parameter symmetry groups, for each symmetry
group the corresponding A-symmetry is obtained and
then using the standard procedure the corresponding
integrating factors and first integrals are identified. In
addition for the linear harmonic oscillator having an
eight-parameter symmetry groups, the same procedure
is carried out and the new conserved forms are obtained.
The results corresponding to each Lie point symme-
try are given and discussed in the study since they are
important not only from mathematical point of view
but also from physical point of view.

Furthermore, in the literature, the extended Prelle—
Singer method is used for the investigation of first inte-
grals and integrating factors of differential equations. In
this approach, in order to obtain the integrating factors
and first integrals, one has to solve a system of partial
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differential equations given by (6.6)—(6.8). In general,
it is not easy to get nontrivial solutions from this sys-
tem of differential equations. However, in this study,
we introduce a new approach related to A-symmetry,
and by using the relation between the A-symmetry and
the extended Prelle—Singer method, we prove that the
time-dependent and the time-independent first integrals
of Liénard-type equations can be obtained. It is also
important to mention that there is an important relation
between equations §2, ¥ functions, which are solu-
tions of three differential equations (6.6)—(6.8) and A-
function (4.14). In the literature, £2 and ¥ functions
are determined by using some proper ansatz functions.
In fact, the present study can be considered as an
application of the Lie point symmetry—A-symmetry
approach together to find £2 and ¥ functions as a dif-
ferent approach. By using this idea, for the cases of
Liénard I-type and II-type equations, new, nontrivial
integrating factors, nontrivial first integrals and non-
trivial A-symmetries corresponding to each Lie point
symmetry are determined. For the general Morse equa-
tion and linear harmonic oscillator, for each Lie point
symmetry for the equations, new first integrals, and
invariant solutions are obtained and presented. In fact,
Sects. 4 and 6 concentrate on the derivation and the
interrelation of the symmetries and the methods. These
parts represent one of the main important results and
contributions in the study.

We also deal with a different approach for inves-
tigating classical Lie point symmetries of differential
equations, which is related to the application of the
extended Prelle—Singer approach. It can be shown that
the first Eq. (6.6) in terms of £2 corresponds to the
determining equations in which the solutions of them
give Lie point symmetries. It means that the solution
of Eq. (6.6) by using the expression (4.14) gives all
Lie point symmetries of the corresponding equation.
Thus, instead of solving null function from Eq. (6.6)
we consider the solutions of £2-function considering
the corresponding Lie point symmetries since it is dif-
ficult to get a solution from equations (6.6) to (6.8). In
general, it is also possible to prove that every Lie point
symmetry corresponds to a null §2-function; thus, one
can say that £2 function is related to A-function. Then,
the connection between A-symmetry and null function
can be given based on the fact that A = —£2 and the
relation between the integrating factor y and ¥ is given
as u = —¥. Therefore, as mentioned in Sect. 6.2, first,
one can consider the characteristic Q) function in terms

@ Springer

of & and 1 and then substitute the Q function and the
A-function (4.14) in Eq. (6.6). Finally, the determining
equations in terms of infinitesimal functions & and ) are
obtained. From the solution of infinitesimal functions
& and n, the corresponding nontrivial A-functions and
nontrivial null functions are determined. In the study,
this method is applied for investigation for Lie point
symmetries of the generalized Morse oscillator equa-
tion, the harmonic oscillator equation and the displaced
harmonic oscillator equation and we prove that their Lie
symmetry groups found by this approach are equiva-
lent to the symmetries obtained by the classical method
known in the literature.
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