M entropy

Article

Simple Equations Method and Non-Linear Differential
Equations with Non-Polynomial Non-Linearity

Nikolay K. Vitanov 1%*

check for

updates
Citation: Vitanov, N.K.; Dimitrova,
Z.1. Simple Equations Method and
Non-Linear Differential Equations
with Non-Polynomial Non-Linearity.
Entropy 2021, 23, 1624. https://
doi.org/10.3390/e23121624

Academic Editors: Praveen Agarwal,
Carlo Cattani, Thiab Taha, Shaher

Momani and Juan Garcia Guirao

Received: 6 November 2021
Accepted: 29 November 2021
Published: 2 December 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Zlatinka I. Dimitrova

1

Institute of Mechanics, Bulgarian Academy of Sciences, Acad. G. Bonchev Str., Block 4, 1113 Sofia, Bulgaria;
zdim@imbm.bas.bg

Climate, Atmosphere and Water Research Institute, Bulgarian Academy of Sciences, Blvd. Tzarigradsko
Chaussee 66, 1784 Sofia, Bulgaria

*  Correspondence: vitanov@imbm.bas.bg

Abstract: We discuss the application of the Simple Equations Method (SEsM) for obtaining exact
solutions of non-linear differential equations to several cases of equations containing non-polynomial
non-linearity. The main idea of the study is to use an appropriate transformation at Step (1.) of SEsM.
This transformation has to convert the non-polynomial non- linearity to polynomial non-linearity.
Then, an appropriate solution is constructed. This solution is a composite function of solutions of
more simple equations. The application of the solution reduces the differential equation to a system
of non-linear algebraic equations. We list 10 possible appropriate transformations. Two examples
for the application of the methodology are presented. In the first example, we obtain kink and anti-
kink solutions of the solved equation. The second example illustrates another point of the study.
The point is as follows. In some cases, the simple equations used in SEsM do not have solutions
expressed by elementary functions or by the frequently used special functions. In such cases, we
can use a special function, which is the solution of an appropriate ordinary differential equation,
containing polynomial non-linearity. Specific cases of the use of this function are presented in the
second example.

Keywords: non-linear differential equations; exact solutions; simple equations method (SEsM);
composite functions; Faa di Bruno formula; V-function

1. Introduction

Complex systems are numerous in human societies and in Nature. Several examples
are research groups, communities, traffic networks, stock markets, etc. [1-8]. The above
(and many other) complex systems are important. Because of this, their dynamics are
studied by many research groups [9-23]. Characteristic feature of the most complex
systems is their non-linearity. Examples for this can be seen in fluid mechanics, solid state
physics, etc. [24-31]. In many cases, the non-linearity is modeled by non-linear differential
or difference equations [32—49]. Thus, the study of the analytical and numerical solutions
of the non-linear differential equations are of large interest for science and for practice. We
note that the exact solutions of nonlinear differential equations are of interest also for the
numerical analysis of these equations. The reason is that the exact solutions can be used to
test the corresponding numerical methods and computer programs.

The research on the exact solutions of the non-linear differential equation started a
long time ago. At the beginning, the efforts were directed at removing the non-linearity
of the solved equation by means of an appropriate transformation. A large success in this
direction was the Hopf—Cole transformation [50,51]. It transforms the non-linear Burgers
equation to the linear heat equation. An even larger success was the transformation which
connected the Korteweg—de Vries equation to the famous linear equation of Schrodinger.
This transformation leaded to the development of t the Method of Inverse Scattering
Transform [52-54]. Another method which uses an appropriate transformation is the
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method of Hirota [55,56]. Truncated Painleve expansions lead to many of these appropriate
transformations [57-61].

Below, we discuss the SEsM (Simple Equations Method) for obtaining exact solutions
of non-linear differential equations. Before the arising of SEsM, Kudryashov formulated
the Method of Simplest Equation (MSE) [62]. MSE is based on the determination of the
singularity order n of the solved NPDE and on searching of a particular solution of this
equation as a series containing powers of solutions of a simpler equation called the simplest
equation [63-66]). Kudryashov [61,67-69] also used various transformations in order to
transform the non-linearity of a generalized evolution equation of the wave dynamics and
to obtain exact solutions of this equation. More results connected to the application of the
MSE can be seen, for example, in [70-76].

Some elements of SEsM [77-81] can be seen in our publications written years ago [82-88].
About 10 years ago [89,90], we used the ordinary differential equation of Bernoulli as the
simplest equation [91] and applied a methodology called the Modified Method of Simplest
Equation (MMSE) to model non-linear partial differential equations from ecology and
population dynamics [92]. We have used the concept of the balance equation, which helps
us to determine the kind of the simplest equations in the MMSE. The balance equation also
helps us to determine the form of the solution of the solved equations as a series of the
solution of the simplest equation [93,94]. The methodology based on the truncation of the
series of solutions of the simplest equation by means of application of a balance equation
is equivalent to the MSE mentioned above. We made many applications of MMSE for
obtaining exact solutions of different non-linear differential equations [95-103]. We note
the article [102] which is connected to the part of the topics discussed below in the text.

Over the course of the years, MMSE was extended to SEsM [77]. SEsM is connected to
the possibility of using more than one simple equation in order to construct the solution
of the solved non-linear differential equation. A realization of this possibility was shown
in [104]. The first description of SEsM was made in [78] and then in [77,79-81,105]. Several
examples of the methodology and its applications are presented in [106-111]. An important
part of SEsM is the construction of the solution of the solved equation. This solution is
a composite function of solutions of more simple differential equations. Thus, the Faa
di Bruno formula for the derivative of the composite function participates in the process
of obtaining exact solutions [112,113]. The possibility for use of more than one simple
equation and the possibility of use complicated composite functions which connect the
solution of the solved equation and the solutions of the simple equation distinguish SEsM
from the methodology of Kudryashov and from other methodologies such as the Modified
Simple Equation Method [114,115]. We note also that SEsM can be easily connected to
other approaches (for examples, see [116-118]).

Up to now, SEsM can deal successfully with many non-linear differential equations
which contain polynomial non-linearity. In this article, we start to study the topic of the
application of SEsM to non-linear differential equations with non-polynomial non-linearity.
Our approach will be similar to many of the approaches described above. We will search
for appropriate transformations. These transformations will transform the non-polynomial
non-linearity of the solved equations to polynomial non-linearity. After this, we will use
the capacity of the SEsM to obtain exact analytical solutions of many equations containing
polynomial non-linearity.

The text below is organized as follows. We describe the SEsM in Section 2. We note
that the general case of the SEsM is for a system of non-linear differential equations. Below,
we consider the specific case of search for exact traveling wave solutions of one non-linear
differential equation. In Section 3, we discuss the properties of the appropriate trans-
formations and formulate two propositions about these properties. Several appropriate
transformations are listed. In Section 4, we present two selected examples of application
of SEsM to non-linear differential equations with non-polynomial non-linearity. The first
example illustrates the reduction of the solved non-linear differential equation to a system
of non-linear algebraic equations containing relationships between the parameters of the
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solved equation and the parameters of the constructed solution. The second example
illustrates the fact that there are simple equations in the SEsM for which solutions cannot
be constructed by elementary functions or by the known special functions. Because of
this, we emphasize the usefulness of a special function, which is a solution of an ordinary
differential equation containing polynomial non-linearity. This function plays important
role in the construction of many solutions of non-linear differential equations by means
of SEsM. Several concluding remarks are summarized in Section 5. The text ends with
two appendices. Appendix A gives the necessary information about the derivatives of
the composite functions. Appendix B supplies useful information connected to the use of
composite functions and their derivatives in SEsM.

2. The Simple Equations Method (SEsM)

In general, the SEsM is designed for obtaining exact solutions of systems of differential
equations. Below, we are going to discuss the specific case when one wants to obtain exact
solutions of a single nonlinear differential equation. The summary of this specific case of
SEsM is as follows—Figure 1. We consider the (partial or ordinary) differential equation:

Vu(x,...,t),...)] =0. 1)

In (1), Y[u(x,...,t),...] depends on the function u(x, ..., t) and some of its derivatives (u
can be a function of several spatial coordinates). In order to obtain an exact solution of (1),
we make the following four steps.

SIMPLE EQUATIONS METHOD (SEsM): 1 DIFFERENTIAL EQUATION, M SIMPLE EQUATIONS

STEP 1:

TRANSFORMATION OF NONLINEARITIES BY TRANSFORMATION OF THE UNKNOWN FUNCTIONS

TRANSFORMED FUNCTIONS ARE CHOSEN AS COMPOSITE FUNCTIONS OF OTHER FUNCTIONS
WHICH ARE SOLUTIONS OF MORE SIMPLE DIFFERENTIAL EQUATIONS

STEP 3:

THE MORE SIMPLE DIFFERENTIAL EQUATIONS ARE SELECTED. THE RELATIONSHIPS FOR THE
COMPOSITE FUNCTIONS ARE FIXED (IF THIS WAS NOT DONE AT STEP 2). THE SOLVED
DIFFERENTIAL EQUATION IS TRANSFORMED TO A SYSTEM OF NONLINEAR
ALGEBRAIC EQUATIONS

ANY NONTRIVIAL SOLUTION OF THE SYSTEM OF ALGEBRAIC EQUATIONS
LEADS TO SOLUTION OF SOLVED DIFFERENTIAL EQUATION

Figure 1. The Simple Equations Method (SEsM) for the specific case of one solved equation by use of
M simple equations. The method has four steps which are described in the text. The discussion in
the text below is about the kinds of possible transformations used in Step (1.) of SEsM.

Step (1.) Transformation of the non-linearity of the solved equation
We apply the following transformations:

u(x,..,t) =T[F(x,...,t),...,Fn(x,...,t)]. 2)
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T(F) is a function of another functions F;, i = 1,...,N. F(x,...,t) is a function of
several spatial variables as well as of the time. The transformation T may remove
some non-linearity if possible. An example of such a transformation is the Hopf-
Cole transformation which leads to the linearization of the Burgers equation [50,51]).
Moreover, T may transform the non-linearity of the solved differential equations to
a more treatable kind of non-linearity. Transformations with this property will be
discussed below in the text.

In numerous cases, one may skip this step (then we have u(x, ...,t) = F(x, ..., t)). In
many other cases, the transformation is needed for obtaining a solution of the studied
non-linear PDE. The application of (2) to (1) leads to non-linear differential equations
for the functions F;. We do not know the general form for the transformation T. The
reason is that the non-linearity in the solved equations can be of different kinds.

We note that Step (1.) of SEsM will be at the focus of our study in this article. We
are going to study non-linear equations for which non-linearity can be reduced to
polynomial non-linearity by means of appropriate transformations.

Step (2.) The solution is searched as composite function of solutions of more simple

equations

In this step, the functions F;(x, ..., t) are chosen as composite functions of functions
f1, ..., which are solutions of more simple differential equations. In general, we do
not fix the relationship for the composite function. Then, we use the general Faa di
Bruno relationship for the derivatives of a composite function [113]. In MMSE, we
have used a fixed relationship for the composite function. For an example, for the
case of 1 solved equation and one function F:

N N N N N
F=ua+ 2 Bifi, + Y Z Yivirfi fir + 2 e Y i i fi- 3)

11:1 i1:1 12:1 11:1 iN:1

Step (3.) Selection of the simple equations

We select the simple equations for the functions fi, .... In addition, we have to fix the
relationship between the composite functions F;(x, ..., t) and the functions fi, .... We
note that the fixation of the simple equations and the fixation of the relationships
for the composite functions are connected. The reason for this is as follows. The
fixations transform the left-hand sides of the solved equations. The result of this
transformation can be functions which are sums of terms. Each term contains some
function multiplied by a coefficient. The coefficient is a relationship connecting
some of the parameters of the solved equations and some of the parameters of the
solutions of the used simple equations. Each coefficient must have at least two terms
(Otherwise, the trivial solution will be produced). In order to ensure this, a balance
procedure must be applied. This balance procedure leads to one or more additional
relationships among the parameters of the solved equation and parameters of the
solutions of the used simple equations. The additional relationships are called balance
equations. The balance equations are the connection between the choice of the simple
equation and the fixation of the form of the composite function.

Step (4.) Solution of the obtained system of non-linear algebraic equations

We may obtain a nontrivial solution of (1) if all coefficients mentioned in Step (3.)
are set to 0. This condition leads to a system of non-linear algebraic equations. The
equations connect the coefficients of the solved non-linear differential equation and
for the coefficients of the solutions of the simple equations. Any nontrivial solution of
this algebraic system leads to a solution of the studied non-linear partial differential
equation.

There are two possibilities for the solution of the system of non-linear algebraic
equations:
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®  The number which is the sum of the number of parameters of the solution and
the number of parameters of the equation can be larger than the number of
algebraic equations or equal to the number of algebraic equations. Then, the
system usually (but not in all of the cases) has a nontrivial solution(s). Indepen-
dent parameters may be presented in this situation. The other parameters of the
solution are functions of these independent parameters.

®  The number which is the sum of the number of parameters of the solution
and the number of parameters of the equation is smaller than the number of
algebraic equations. Then, the system of algebraic equations usually does not
have a nontrivial solution. However, there can be important exceptions to this.
An exception occurs when the number of equations of the algebraic system can
be reduced and this number becomes less or equal to the number of available
parameters. Then, this case is reduced to the previous one and a nontrivial
solution is possible.

3. Several Transformations Which Are of Interest for the SEsM
3.1. General Considerations

Below, we discuss in more detail the application of Step (1.) of the SEsM to dif-
ferential equations containing non-polynomial non-linearity. The idea is to reduce the
non-polynomial non-linearity to polynomial non-linearity and then to deal with the poly-
nomial non-linearity by means of Steps (2.), (3.), and (4.) of the SEsM.

We consider below the problem of searching for exact solutions of non-linear differen-
tial equations containing the function u(x, ..., t) and its derivatives. In general, we consider
the case of several spatial variables x, ... and the time .

Proposition 1. Let us consider a differential equation for the function u(x, ..., t) which contains
terms of two kinds:

1. Terms containing only derivatives of u;
2. Terms containing one or several non-polynomial non-linearities of the function u and these
non-polynomial non-linearity are of the same kind.

Let u = T(F) be a transformation with the following properties:

1. Property 1: The transformation T transforms any of the non-polynomial non-linearity to a
function which contains only polynomials of F.

2. Property 2: The transformation T transforms the derivatives of u to terms containing only
polynomials of derivatives of F or polynomials of derivatives of F multiplied or divided by
polynomials of F.

Then, the transformation T transforms the studied differential equation to a differential equation
containing only polynomial non-linearity of F.

Proof. The studied differential equation contains two kinds of terms: derivatives of u
and terms which contain the non-polynomial non-linearity of 1. These non-polynomial
non-linearities are of the same kind. Let us apply the transformation u = T(F) to the terms
of our differential equation. We consider first each of the terms containing derivatives.
According to Property 2 of the transformation T, it transforms this term to a term containing
derivatives of F and polynomials of F. What remains are the terms containing the non-
polynomial non-linearity. Because of the property 1 of the transformation T, each of these
terms are transformed to a term containing only polynomials of F. Then, the transformation
T transforms the studied differential equation for u to a differential equation containing
only polynomials of F as well as derivatives of F. [

3.2. Several Kinds of Non-Linearity Possessing the Properties 1 and 2 from the Proposition above

Let us now consider several transformations which have the properties discussed in
the above Proposition. We note that there are more transformations of the desired kind
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than the transformations listed below, and one of them will be used in the Example 2 in the
next Section.

Case 1: N(u) =exp(u); N(u) = [exp(u)]™
In this case, the transformation is u = In(F). Let us consider first the case N(u) =
exp(u). The transformation has Property 1 as follows:

N(u) = exp(u) = exp[In(F)] = F.
The transformation has also Property 2. For an example:

Ee

uy = [In(F)]x = T

The derivative of u contains only a derivative of F in the nominator and a polynomial
of F in the denominator. We note that further differentiation does not change the
situation. For an example:

Fox  F _F« KR

F ORI R

Uyx =

Next, we consider the case N(u) = [exp(u)]™. In this case, N(u) = [exp[(In(F)]" =
F™. The transformation has Property 1. In addition, the transformation that has
Property 2 as the relationship u = In(F) also holds. Thus, the transformation works
also for the non-linearity of the kind [N (u) = exp(u)]".

Case 2: N(u) = sin(u); N(u) = [sin(u)]™.
In this case, a possible transformation is u = 4 tan~!(F). Let us consider first the case
N(u) = sin(u). The transformation has Property 1 as follows:

F(1—-F?)

N(u) = sin[4tan*1(1—")] = 4m

N(u) is transformed to a function which contains only polynomials of F. The trans-
formation also has Property 2, for an example:

4

RPN

Uy

Next, we consider the case N(u) = [sin(u)]™. In this case, the transformation has
Property 1 as follows:

[F(—F))"

N(u) = {sin[4tan~1(F)]}" = e

The last relationship shows that N(u) is transformed to a function containing only
polynomials of F. Since u = 4 tan —1(F), Property 2 holds.

Case 3: N(u) = cos(u); N(u) = [cos(u)]™.
We consider first the case N(u) = cos(u). The transformation is u = 4tan—!(F). The
transformation has Property 1 as follows:

(1—F2)2 —4F2

N(u) = e

The transformation also has Property 2 as follows:

4

R

Uy
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For the case N(u) = [cos(u)]™, the transformation has Property 1 as follows:

[(1—F2)2 —4F%)™"

N =

The transformation also has Property 2.

Case 4: N(u) = tan(u); N(u) = [tan(u)]™.
We first consider the case N(u) = tan(u). In this case, a possible transformation
is u = tan~!(F). The non-linearity is transformed to a polynomial of F: N(u) =
tan[tan~!(F)] = F. The derivative of u is also reduced to a relationship containing
the polynomial of F and a derivative of F. For an example:

1

BEEYAL

Uy
For the case N(u) = [tan(u)]™, N(u) is transformed to the polynomial F". The
derivative of u remains as above.
Case 5: N(u) = cot(u); N(u) = [cot(u)]™.
The transformation in this case is # = cot ! (F). The non-linearity is transformed to
a polynomial of F: N(u) = cotcot™}(F)] = F. The derivative of u is reduced to a
relationship containing a polynomial of F and a derivative of F. For an example:

1

_1+F2F"

Uy =
For the case N(u) = [cot(u)]™, N(u) is transformed to the polynomial F”. The
derivative of u remains as above.
Case 6: N(u) = sinh(u); N(u) = [sinh(u)]™.
In this case, the transformation is # = 4 tanh ! (F). The derivatives of u contain
derivatives of F and polynomials of F. For an example:

4

=1 g

Uy

The non-linearity is reduced as a relationship containing polynomial non-linearity of
F. For the case N(u) = sinh(u) we obtain:

2
N(u) = sinh[4tanh~(F)] = 4?1(1_25)2)
For the case N(u) = [sinh(u)]™ we obtain:
2\1m
N(u) = 4" [[1(31(1_+F12:)2)]]m

Case 7: N(u) = cosh(u); N(u) = [cosh(u)]™.
In this case, the transformation is u = 4 tanh ! (F). For the case N(u) = cosh(u):

(1+F?)% +4F?

N(u) = S

The transformation also has Property 2, for an example:

4

=il

Uy

For the case N(u) = [cosh(u)]™, the transformation has the Property 1 as follows:
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[(1+ F2)% +4F%)"
[(1— F2)2]m

N(u) =

Case 8: N(u) = tanh(u); N(u) = [tanh(u)]™.
In this case, the transformation is u(F) = tanh ™ (F). N(u) is reduced to N (u) = F,
which is a polynomial of F. The derivatives of u contains polynomials of F and
derivatives of F. For an example:

1

be=1"p
Case 9: N(u) = coth(u); N(u) = [coth(u)]™.

In this case, the transformation is 1(F) = coth™*(F). N(u) is reduced to N(u) = F,

which is a polynomial of F. The derivatives of u contains polynomials of F and

derivatives of F. For an example:

_ 1
S |

Case 10: N(u) = sin(mu); N(u) = cos(mu).

In this case, we can use the following relationships:

sin(mu) = kg;) (7:) cos® (u) sin™ ¥ (u) sin[g(m — k)} 4)
cos(mu) = kgé (7:) cos® (u) sin” ¥ () cos [%(m - k)} (5)
The transformation is u = 4tan~! F. The case N(u) = sin(mu) has Property 1 as
follows:
N(u) = kgo (’Z) cos () sin™ (1) sin[g(m - k)} -
mo s _p2\2 _gqp21k _ 2k
5O s o] lzev]

As above, the transformation has Property 2. For the case N(u) = cos(mu):

m

N(u) =) (1:) cos (1) sin™ ¥ (u) Sin{g(m - k)} =

k=0
é (7:) [(1 _(11:?)12:2_)24[?2} k [45(1+ - ZF;) } " [%(m k).

The list of the appropriate transformations can be continued. Let us now consider two
examples.

4. Two Illustrative Examples
4.1. Example 1

We consider the following equation:
bu2, + du?, = Isin®(u) (6)

where b, d, and [ are parameters. Following the considerations from the previous section,
we use the transformation u = 4 tan~!(F) at the first step of the application of the SEsM.
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This transformation leads to the following equation for F(x, t), containing only polynomial
non-linearities:

4F2(bF} + dF}) — 4(F 4 F3)(bF2Fyy 4+ dF?Fy) 4+ (1 +2F?) (bF2, 4+ dF3) 4+ F4(bFey + dFy) —1(FC —2F* + F?) =0 (7)

Step (2.) of the SEsM requires F to be a composite function of more simple functions:
F(x,t) = F[Ty(x,t), To(x,t)]. In order to consider the general case, we have to use the
information from Appendices 1 and 2. In order to keep the example relatively simple, we
will consider a particular case of the above composite function:

F(x,t) = ATy (1) T2(3), ®)

where y = ax and { = ~t. This means that we are going to search for standing wave
solutions of (6). (8) leads to large simplifications of the corresponding Faa di Bruno
formulas. The result is a differential equation which contains polynomials constructed of
Ty, T», and their derivatives.

At Step (3.) of the SEsM, we have to determine the form of the functions T; and T5.
Following the methodology of SEsM, we assume that T; and T, are solutions of more
simple (and ordinary) differential equations which contain polynomial non-linearity.

Ny )
Tli =Y 6T
i=0

Ny .
=Y T), ©)
j=0

where §; and ¢; are parameters. The simple equations are ordinary differential equa-
tions containing polynomial non-linearity. These equations are particular cases of the
Equation (A7).

We substitute (9) in the relationship which occurs in Step (2.) of the SEsM. As a
result, we obtain a polynomial of T; and T,, which contains monomials of T; and T
and monomials which are combinations of powers of Ty and T,. These monomials are
multiplied by coefficients which are non-linear algebraic relationships containing the
parameters of the solved equation and the parameters of the more simple equations (9).
We have to ensure that any of these non-linear algebraic relationships contains at least two
terms. This is performed by a balance procedure which leads to the fixation of the values of
the parameters N; and N,. Below, we consider a specific case: the case when Ny = Np = 4.
For this case:

TlIZ‘ = (547—‘{L + (SgT? + (52T12 4+ 61T71 + dp;
Toi = esT5 + &3T3 + 15 + 1 Th + €. (10)
In order to keep the example simple, we further restrict the form of the simple equations
by setting 63 = 1 = €3 = €1 = 0, and in addition, we assume d4 = p, 5 = q,and 6y = r as
well as €4 = 5,6 = v,and €y = w. In such a way, the simple equations for the function Ty
and T, become:
Tlf, =pTi +qTE +7;
Toz = sTy +0T5 + w. (11)
The form (11) of the simple equations lead to the following system of non-linear alge-

braic equations (these are the non-linear algebraic relationships for the coefficients of the
polynomial containing 17, T, and their derivatives:
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batg® +dyto? =

dytvA%w — batpg =

—4dy*sw — batq® — 4batpr + 1 — dyto?
bat A2 4 dqyts?

—batq A%r + doy*sv

batp? + dytAtw? =

—dy*sv + batqA%r

—dv*vA%w +batpg =

I
oo o oo oo —

(12)
The system (12) has the following solution:

[~b(dy*0® — D]/
a2b

p=w=r=5=0,9g=90 , 6=+1, —b(dy**-1)>0  (13)

and v, A, 1, b, d, a, 7y are free parameters (they have to satisfy the condition —b(d'yzv2 -1 >
0. Equation (13) corresponds to the following solution of (6):

5 (wHW[—b(devZ—D]“ztﬂ } S =41 (14)

u(x,t) —4tan_1{Aexp 25

This solution describes traveling waves of kind kink and anti-kink—Figure 2.

7, .
6~ ]
S5 -]
4= -]
u 3F -
Zj (a)i
iy -]
0 —
s | | | ]
-1 s 0 5 10
X
Tr T ]
6 -]
S5 -]
4= -
u 3 (bk
2 -]
L= -]
07
4L | | |
-10 s 0 5 10
X

Figure 2. Examples of a kink and anti-kink described by the solution (14). The parameters are as
follows: t =02.v=02,A=3,1=13,b=1,d =22a =0.08, v = 2.1, = 1.0d0. §; = 1 for (a);
61 = —1 for (b).

4.2. Example 2

By this example, we are going to illustrate the use of a transformation which transforms
non- polynomial non-linearity to polynomial non-linearity and is not listed in Section 3.
In addition, we illustrate the fact that in many cases, the solutions of the more simple
equations cannot be composed by elementary functions. Because of this, we will need an
appropriate special function. Such a function will be discussed below.
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Let us consider the following equation:

1 2 2
Allyy — buy = csinh(u) + §d sinh(%) + 3351nh<;), (15)

where 4, b, c,d, e are parameters. In order to keep the calculations simple, we will consider
the case of traveling waves with the corresponding coordinate § = ax 4 Bt. At Step (1.) of
the SEsM, we apply the following transformation:

u(x,t) = Acosh™}(F), A=3. (16)

The transformation (16) leads to the following equation for F:

N O

(a®a — B*b)Fz = 4cF° + 2eF* + (d — 7c)F® — 3eF* — (d — 3¢)F +e (17)

Next, we have to construct F by functions which are solutions of more simple differential
equations. We note the following. In [102], we mentioned a function which is the solution
of the following equation with polynomial non-linearity:

dk ! m )
(ﬁ) = Lo (18)
j=

where k, [, m are integers. This function was denoted as Vz(k,1,m; &) where:
o  d=(ag,a1,...,am);
®  k: order of derivative of g;
¢ [: degree of derivative in the defining ODE;
e m: highest degree of the polynomial of ¢ in the defining ODE.
The function V has very interesting properties. Its particular cases are the trigonometric,
hyperbolic, elliptic functions of Jacobi, etc. The polynomial non-linearity in the the defin-
ing Equation (18) makes the function V very convenient for use in the SEsM. For more
information about the use of the function V in the SEsM, see Appendix B.

Below, we will illustrate the use of the function V;(1,2,m; ), which is solution of

the following equation:
(5) - Lo
=) = ¢ (19)
ag far /

We note that (17) is a specific case of (19), and then the solution of (15) can be written as
follows:

Vi, (1,2,5:¢);
2e —2(d — 3¢) —2e 2(d —7c) de 8¢ 20)
a2a — B?b)" 9(a2a — B2b)’ 3(a2a — B2b)" 9(a2a — B2b)” 9(a2a — B2b)’ 9(a2a — B2b) )
Letc = d = 0. Then, (15) becomes:
AUy — buy = %e sinh(?) (21)
The corresponding equation for F is:
pRo_ % g2 % 22)

€ 7 9(a2a — B2b) 3(a2a — B2b) 9(a2a — B2b)
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Equation (21) has the following solution:
F(@¢) = Vi(51,2,4);

. 2e —2e 4e
2= (9(ocza — B?b) 0, 3(a2a — B?b)" 9(a?a — B2b) ) @3

We note that (22) can be written as:

2e
2 4 2 _
This can be further transformed to:
Ff = s(1—F?)(1—2F?). (25)

Equation (25) is not an equation for any of the three main Jacobi elliptic functions. The
equations for the three main Jacobi elliptic functions are (0 < k < 1 is the modulus of the
corresponding Jacobi elliptic function. k> = 1 — k?):

e F=sn(xk): Fg = (1—-F?)(1—-K2F?);
e F=ocn(xk): ng = (1— F?)(K? + K*F?);
e F=dn(xk): Fg = (1— F?)(F> - k?);

Let us now obtain another solution of (17). At Step (2.) of the SEsM, we have to relate
the composite function F to a function G, which is a function of a more simple equation.
The more simple equation will be of the kind (19), namely:

Gz = kG* + mG* + o, (26)

where k, m, 0 are parameters. The substitution of (26) in (17) leads to an equation for the
form of the composite function. The form of the composite function is determined by the
requirement that all of the coefficients of the resulting polynomial of G must have at least
two terms. This requirement leads to a balance equation. This equation determines the
maximum power of the polynomial of G in the relationship for the composite function F.
The result of this operation for the simple Equation (26) is as follows:

F(G) = pG*+ 4G +r 27)

The substitution of (26) and (27) in (17) leads to the following system of non-linear al-
gebraic equations which connect the parameters of the solved equation and the parameters
of the selected solution:

p* (kK —2¢Bp)
p?(—eBp? — 10cBp? 4 2mik)

2p*[2(m? + 20k) — pB(d — 7c) — 8eBrp — 40cBr’p] =
2p*[4om — 3(d — 7¢)Br + 3eB — 12¢Br* — 40cBr°]
2p[2po* — 8eBr® — 20cBr* — 3(d — 7¢)Br* + 6eBr + (d — 3¢)B]
2B[—e — 4cr° + (d — 3¢)r — (d — 7¢)r° + 3er® — 2er?]

o o o o o o

(28)

Above B = {9[a2a — %b]}~!. One solution of the system (28) is:
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u(x,t)

3cosh™!

0

1T

127,

[36edc + 108ec® — 8¢ + 12[12cd® — 108c2d* — 3d%¢* + 324cd + 126¢cde* —

324c* — 27¢%6? — 246 c]V/?)?/3 —12¢cd + 36¢% + 46 —

[36edc + 108ec® — 8¢® + 12[12cd® — 108c%d* — 3d%e? + 324c3d + 126cde® —

324c¢* — 27c%e? — 24¢*c]1/2)1/3

c[36edc + 108ec? — 8% + 12[12cd® — 108c%d* — 3de® + 324c%d + 126cde® —

324c* — 27026 — 24¢%c]V/?)1/3 (29)

Thus, we have obtained the following result. We obtain a solution of (17). This solution
is a composite function containing the solution of Equation (26). The solution (26) can be
written in terms of the V function:

G = Vi(&1,1,8);
iy = <02,0,2mo,0,2k0+m2,0,2km,0,k2>. (30)
Then, from (23):
F(G) = qVi,(&1,1,8) +r.

The solution of (17) is as follows:

1
(qV,73(§; L1,8)+ 5 {[36&10 + 108ec® — 8¢ + 12[12cd® — 108¢%d* —

3d%e% + 324c3d + 126cde® — 324c¢* — 27¢%e% — 24¢*c]V/?)?/3 — 12¢d + 36¢° + 4e? —
[36edc + 108ec® — 8¢® + 12[12cd® — 108c%d* — 3d%e? + 324c3d + 126cde® —

324c* — 27c%e? — 24¢c]V/2)V/ 3} / [c[36edc +108ec? — 8¢ + 12[12cd® — 108c%d? —

3d2e? + 324c3d + 126cde? — 324c* — 27c%¢* — 24¢*c]V/ 2]V 3} ) ] . (31)

The above shows that the function V can be very useful for use in the methodology of
the SEsM. We have demonstrated that there are cases when solutions of the solved non-
linear differential equation exist, but they cannot be constructed by elementary functions
or by the known special functions. In these cases, the solutions can be constructed by
appropriate V-functions. In addition, the V-function contains as specific cases many well-
known functions. Because of all above, we emphasize this special function and we will use
it in our future work.

5. Concluding Remarks

This article is devoted to a discussion of the following question: How can the method-
ology called the Simple Equations Method (SEsM) lead to exact analytical solutions of
non-linear differential equations containing non-polynomial non-linearity? We follow a
classic idea: to find appropriate transformation which converts the non-polynomial non-
linearity to more treatable kind of non-linearity. This more treatable kind of non-linearity
is the polynomial non-linearity, and the SEsM can successfully deal with such kind of
non-linearity. We discuss the necessary properties of the above appropriate transformation.
Several transformations which have these properties are listed. Two illustrative examples
are presented. The first example shows the procedure of the application of the SEsM and
leads to kink and anti-kink traveling wave solutions of the solved non-linear differential
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equation. The second example illustrates the application of an useful function which is
solution of an ordinary differential equation with polynomial non-linearity. This function
can be used in many cases when the solution of the solved equation cannot be constructed
by elementary functions.
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Appendix A. Faa di Bruno Relationship for Derivatives of a Composite Function

The composite functions and their derivatives play important roles in the SEsM. Be-
cause of this, we provide information about the Faa di Bruno relationship for the derivatives
of the composite functions. Let us consider the function h(x, ..., x;). Itis a function of
d independent variables x1,...,x;. The function & is a composite function of m other

functions g%l), ..,gm

h(xy,...,xq) = f[g(l)(xl, e Xd), - ..,g("’)(xl,. ce Xg)]- (A1)

We use the following notations:

e U= (v,...,v4)is ad-dimensional index containing the integer non-negative numbers

Vi,---,V4;
e Z=(zy,...,24) is a d-dimensional object containing the real numbers z1, ..., z4;
d
e |V |= Y v;isthe sum of the elements of the d-dimensional index ¥;
i=1
. d
e 7! =TT v;!is the factorial of the multi-component index 7;
i=1
o4, . -
e ZV =[] z;' is the V-th power of the multi-component variable Z;
i=1
. Dg = %, | 7[> 0 is the V-th derivative with respect to the multi-component
xl xd
variable ¥. We note that in this notation Dg is the identity operator;
e || Z]|= max, | z; | is the maximum value component of the multi-component variable
<i<
zZ;

e For the d-dimensional index [ = (Ii,...,14) (l,...,1; are integers), we have T <7
when [; <v;,i=1,...,d. Then we define

()-110) -7

*  Ordering of vector indices. For two vector indices, i = (y1,...,4g) and Vv =
(v1,...,v4), we have ji < 7 when one of the following holds:
@) |H|<|V];
() |i|=]V]and u3 <vy;
(c) |i|=|V|, p1=v1,... 4 =vgand pyg,q < Vgyq forsomel1 < k < d.
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In addition, we need the following notation:

DUk fe —Dif o) — DR g ()
ho) = Deh fiz) = Dgf 8 = Dis"s 8y = a8

Then, The Faa di Bruno relationship for the composite derivative of a function containing
functions of many variables is as follows [112]:

hoy= L fo o X T (A2)

and

For case of 1 function of 1 variable h = f[g(x)], the Faa di Bruno formula can be
written as follows:

oy =Y foo 2 ”'HW (A3)

In (A3):
* hy = % is the n-th derivative of the function h.

*  fw= Zk?{ is the k-th derivative of the function f.

* gu= % is the i-th derivative of the function g.
e p(nk)={A1, Ay ..., An}: set of numbers such that

/\i:k,'il'Al‘:Tl.

n
i=1 i=1

Appendix B. Several Results Relevant for Applications of the SEsM in the Main Text

Here, we mention a theorem (for details about other related propositions and their
proofs, see [102,113]). The theorem is connected to the case of the application of the SEsM
when the composite function is constructed by a function of a single variable and this
function of a single variable satisfies differential equation containing polynomial non-
linearity. Let us consider a non-linear partial differential equation with non-linearity which
are polynomials of the unknown function h(x,t) and its derivatives. We search for a
solution of the following kind:

h(x,t) = h(&); ¢ = ux+vt,

where y and v are parameters. The basis of our search will be a solution g(&) of a certain
simple equation. Then:

h = flg(&)] (A4)

h from Equation (A4) is a composite function. We assume that f is a polynomial of g. Then:

9
f= Z bg". (A5)
r=0
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We use the following simple equation:

1
dk m )
1 8\ _
8k = (ljgk) =) a8’ (A6)
j=0
This is the Equation (18) from the main text above. In (A6), k, [, m are integers. We remember
that the solution of (A6) defines the function Vy 4,,....4, (€; k, I, m) where:

(a.) k: order of derivative of g;
(b.) I: degree of derivative in the defining ODE;
(c.) m: highest degree of the polynomial of g in the defining ODE.

The trigonometric, hyperbolic, elliptic functions of Jacobi, etc., are specific cases of the func-
tion V. Below, we note a theorem in which the function Vg 4,,... 4, (&;1,2, m) participates.
This function is solution of the following simple equation:

8 = (d(—;) =) 48" (A7)
j=0
The theorem is as follows [102]:

Theorem Al. If g%l) is given by Equation (A7) and f is a polynomial of g given by Equation (A5),
then for h[f(g)], the following relationship holds:

iy = Kn(q,m)(8) + §(1)Zn(q,m)(8)
where Ky, (q,m)(g) and Z,,(q, m)(g) are polynomials of the function g(&).
This theorem allows us to calculate fast the derivatives of composite functions of

interest for SEsM. The polynomials K,(q,m)(g) and Z,(gq,m)(g) can be calculated as
follows:

q
KO = Zbrgr
r=0
Zy = 0 (A8)

Then, starting from (AS8), we obtain:

Zo B dZy o
Knpr = S0 ) jaig '+ -5 ) aig
j=0 8 j=0
dK,,
Zyt1 o (A9)

We note that the equations of Bernoulli and Riccati are specific cases of the following
simple equation:

gy =y 8- (A10)
j=0

In (A10), n and ¢; are constant parameters. The equation of kind (A10) occurs in the
Example 2 in the main text. Equation (A10) is a specific case of (A7). This can be easily seen
as follows. The idea is that (A7) contains all cases of (A10). From (A10) we obtain:

n on 2n

sty = (L ag) (L egh) =) Yeeg™ =) ag™ (A11)
i=0 j=0

i=0j=0 k=0
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In (A11), ay are appropriate combinations of the coefficients ¢;. Equation (A11) is of the
kind (A7). Then, (A7) contains all possible relationships of the kind (A10). However, (A7)
contains more than this. For an example, (A7) contains the following case:

gh) = a0+ mg. (A12)

(A12) cannot be reduced to relationship of the kind (A10). Then, (A10) is a specific case
of (A7).

For the case when the simple equation has the specific form (A10), we have to calculate

a single kind of polynomial L. In other words, when the simple equation is of the kind
(A10), hy,) is a polynomial of g: h(,y = Lu(g). Lu can be calculated as follows. We start

from:
9
=Y bg".
r=0
Then we use the recurrence relationship:
L m
L= d— Z (A13)

The derivatives h (), h(2), h(3), h(4), h(5) are much used in the model non-linear partial
differential equations. Below, we calculate the polynomials K,, and Z, connected to these
derivatives. We start from:

q
), brg’
r=0
Zy = 0 (A14)
From Equation (A9), we obtain:
q
Ky =0 Z1 =) rbg ! (A15)
r=0
Then:
SRLIpY jHr—2
K = Y ) Ejr—l—r(r—l) ajb,g
r=0;=0
Z, = 0. (Al6)
Kz = 0;
- [1 ; j+r—3
Zz = Y ) E]r—ﬁ—r(r—l) (j+r—2)ajbrg (A17)
r=0j=0
1, o /1 1 . s
Ky = ZZZ[(er—l—r(r—1)>(j+r—2)<2u+]+r—3>]ajbrgug1+f+u
r=0j=0u=0
Zy = 0. (A18)
Ks = 0;
1 US| 1
Zs = ZZZszr—i—r(r—1)>(j—|—r—2)<2u+j+r—3>}(]'+
=0 j=0 u=0
r+u— 4)ajbraugj+’+”*5 (A19)
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We can also calculate several of the polynomials L; for the case (A10) We start from:

q
Ly=) bg" (A20)
r=0

The application of the recurrence relationship (A13) leads to the following relationships for

Ll/ Lz, e .
m .
Ly =YY brejg . (A21)
=0 j=0
9 m m .
Ly=Y Y Y br(r+j—1)cjcrg 2 (A22)
=0 j=0 k=0
m .
Ly=) Z Y obr(r+j—1)(r+j+k— 2)cjckc1gr+]+k+l_3. (A23)

o

‘
Il
S
!;
0= Tp=

ber(r+j—1)(r+j+k—2)(r+j+k+1-3)cjckcicn ¥

gr+j+k+l+n74. (A24)

Ls = iiiii ib,r(r—i—j—1)(r+j+k—2)(r+j+k+l—3)><

r=0 ]:O k=01=0n=0 p:O
’ 1k i n—4)c €k CICnC Y+j+k+l+7l+ﬁ*5' (A25)
+7tk+ j P8
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