TURKIYE
FIRAT UNIVERSITY
GRADUATE SCHOOL OF NATURAL AND APPLIED SCIENCES

EXACT SOLUTIONS FOR SOME DIFFERENTIAL
EQuATIONS THROUGH DIFFERENT METHODS

Karmina Kamal ALI

Ph.D. Thesis

DEPARTMENT OF MATHEMATICS

JUNE 2022



TURKIYE
FIRAT UNIVERSITY
GRADUATE SCHOOL OF NATURAL AND APPLIED SCIENCES

Department of Mathematics

Ph.D. Thesis

EXACT SOLUTIONS FOR SOME DIFFERENTIAL
EQUATIONS THROUGH DIFFERENT METHODS

Author
Karmina Kamal ALI

Supervisor

Prof. Dr. Resat YILMAZER

JUNE 2022
ELAZIG



TURKIYE
FIRAT UNIVERSITY
GRADUATE SCHOOL OF NATURAL AND APPLIED
SCIENCES

Department of Mathematics

Ph.D. Thesis

Title: Exact Solutions for Some Differential Equations Through Different
Methods

Author: Karmina Kamal ALI
Submission Date: 10.5.2022
Defense Date:  10.6.2022

THESIS APPROVAL

This thesis, which was prepared according to the thesis writing rules of the Graduate
School of Natural and Applied Sciences, Firat University, was evaluated by the
committee members who have signed the following signatures and was unanimously

approved after the defense exam made open to the academic audience.

Signature

Supervisor: Prof. Dr. Resat YILMAZER Approved
Firat University, Faculty of Science

Chair: Prof. Dr. Hasan BULUT Approved
Firat University, Faculty of Science

Member: Assoc. Prof. Dr. Asif YOKUS Approved
Firat University, Faculty of Science

Member:  Assoc. Prof. Dr. Hact Mehmet BASKONUS Approved

Harran University, Faculty of Education
Member: Assoc. Prof. Dr. Nuri Murat YAGMURLU Approved

In6nii University, Faculty of Science

This thesis was approved by the Administrative Board of the Graduate School on .../.../....

Prof. Dr. Kirsat Esat ALYAMAC
Director of the Graduate School



DECLARATION

This thesis is dedicated to my father Kamal Ali Othman, my mother Fatma Abdullah Khalifa,

my husband Hajar Farhan Ismael, and my daughters Masa Hajar Farhan and Mila Hajar Farhan.

June 2022

Karmina Kamal ALI



PREFACE

My deepest thanks to Allah for giving me the opportunity to compile this thesis in good health
condition. My sincere gratitude to my supervisor, Prof. Dr. Resat Yilmazer, for his continuous
guidance and moral courage during the long process of completing my thesis, and Prof. Dr. Alireza
Khalili Golmankhaneh for being very helpful, supportive and encouraging in the subject of fractal
calculus. My special gratitude goes to the jury members for valid comments that help to improve
the thesis. Many thanks to my family, my father Kamal Ali Othman, my mother Fatma Abdullah,
my brothers (Kami, Karmel and Kamaf) and my sisters (Karina and Kahin) for their unconditional
supports. Special thanks to my dear husband Hajar Farhan Ismael for his always support, motivation
and encouragement, may Allah continue to raise my daughters Masa Hajar Farhan and Mila Hajar
Farhan above their expectations. I would also like to extended my thanks to Mr. Mohammad Hasan
Maronisi for his continuous support and help. My deep gratitude also goes to my colleagues, and

friends.

Karmina Kamal ALI
ELAZIG, 2022

iv



CONTENTS

Page
PREFACEL. . . . o ot e e e e iv
TABLE OF CONTENTSI. . . . . o e v
ABSTRACT] -+« « o v ettt e e e e e e e vi
OZET] . .. vii

5. FRACTAL DIFFERENTIAL EQUATIONS|. . . . . . . v v i i e e e e e e e e e e e 64
b1 Series RLC Circuitl. . . . . . . . . . e 64
[0.2  Battery Discharging Model on Fractal Time Sets| . . . . . . ... ... ... ... .. 68
[0.3  One-term and Three-term Fractal Differential Equations|. . . . . . ... .. ... .. 73
[5.4  Numerical Examples|. . . . . . .. . o 79
[CONCLUSIONS| . . . . . o o e e e e e s 84

87
(CURRICULUM VITAEI 93




ABSTRACT

Exact Solutions for Some Differential Equations Through Different
Methods
Karmina Kamal ALI
Ph.D. Thesis

FIRAT UNIVERSITY
Graduate School of Natural and Applied Sciences

Department of Mathematics
June 2022, Page: vi-92

This study looks on finding exact solutions to differential equations in a variety of nonlinear
scientific fields. The generalized exponential rational function method is used to study some nonlinear
model includes the Gilson-Pickering equation, the strain wave equation in micro-structured solids,
and system of equations based on ion sound and Langmuir waves equations. In addition, we modified
a new technique named as a modified generalized exponential rational function method. To evaluate
the efficiency of the new scheme, we applied the generalized exponential rational function method
and the new modified method to the system of equations based on ion sound and Langmuir waves
equations, and we chose the same values of the parameters in all families for both methods, as
well as we presented the difference between the obtained solutions by two methods in the result
and the discussion section. One might easily conclude that the new approach is quite effective and
successful in seeking the exact solutions of the nonlinear differential equations. Besides, we study and
defined some new basic concepts in fractal calculus. We also, study some fractal differential equation
such as the electrical circuits involving fractal time, the fractal battery discharging on fractal time
sets, and study the fractal version of both one-term and three-term fractal differential equations.
The fractal Laplace transform of the local derivative and the non-local fractal Caputo derivative is
applied to investigate the proposed fractal models. Furthermore, the simulation analysis is performed
by comparing the underlying fractal derivatives to the classical ones in order to understand the
significance of the results. The effects of the fractal parameter and the fractional parameter are also

discussed.
Keywords: Exact solutions; Analytical methods; Generalized exponential rational function and
its newly modified method; fractal calculus; Local fractal derivative; Non-local fractal Caputo

derivative; Local and non-local fractal Laplace transform.
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OZET

Baz1 Diferansiyel Denklemlerin Farkli Yontemlerle Kesin Coziimleri

Karmina Kamal ALI
Doktora Tezi

FIRAT UNIVERSITESI
Fen Bilimleri Enstitiisii

Matematik Anabilim Dali
Haziran 2022, Sayfa: vi-92

Bu c¢aligmada, cesitli dogrusal olmayan bilimsel caligma alanlarindaki diferansiyel
denklemlere kesin ¢oziimler bulmak amaglanmaktadir. Genellestirilmis iistel rasyonel fonksiyon
yontemi, Gilson-Pickering denklemini, mikro yapili katilarda gerinim dalgasi denklemini, iyon
sesine ve Langmuir dalga denklemlerine dayali denklem sistemlerini iceren bazi dogrusal olmayan
modelleri incelemek igin kullanilir. Ek olarak, modifiye edilmig genellegtirilmig tistel rasyonel
fonksiyon yontemi olarak adlandirilan yeni bir teknigi modifiye ettik. Yeni gemanin etkinligini
degerlendirmek icin, iyon sesi ve Langmuir dalgalari denklemlerine dayali denklem sistemine
genellegtirilmig tistel rasyonel fonksiyon yontemini ve yeni modifiye edilmis yontemi uyguladik ve
her ikisi i¢in de tiim ailelerde ayn1 parametre degerlerini se¢tik. Yoéntemlerin yam sira iki yontemle
elde edilen ¢oziimler arasindaki farki sonug ve tartisma boliimiinde sunduk. Yeni yaklagimin lineer
olmayan diferansiyel denklemlerin tam c¢ozlimlerini aramada oldukga etkili ve basarii oldugu
sonucuna kolayca varilabilir. Ayrica, fraktal analizde bazi yeni temel kavramlari inceledik ve
tamimladik. Ayrica, fraktal zamani igeren elektrik devreleri, fraktal zaman kiimelerinde bosalan
fraktal pil gibi baz1 fraktal diferansiyel denklemleri ve hem bir terimli hem de ti¢ terimli fraktal
diferansiyel denklemlerin fraktal versiyonu incelendi. Onerilen fraktal modelleri arastirmak icin
yerel tlirev ve yerel olmayan fraktal Caputo tiirevinin fraktal Laplace doniigimi uygulandi.
Bundan bagka, sonuglarin 6nemini anlamak icin temeldeki fraktal tiirevleri klasik tiirevlerle
karsilagtirarak simiilasyon analizi yapildi. Fraktal parametrenin ve kesirli parametrenin etkileri de
tartigildi.

Anahtar Kelimeler: Kesin ¢oztimler; Analitik metodlar; Genellegtirilmis tistel rasyonel fonksiyon
ve yeni modifiye edilmiy yontem; fraktal hesap; Yerel fraktal tiirev; Yerel olmayan fraktal Caputo

tiirevi; Yerel ve yerel olmayan fraktal Laplace dontigiimii.

vii



LisT OF FIGURES

Page
[Figure 2.1. The thin Cantor set (k = 1/3) by iteration.|. . . . . ... ... ... ... .... 5
[Figure 2.2. The thin Cantor set (k = 1/5) by iteration.. . . . ... ... .. ... ... ... 6
|[Figure 2.3. The integral staircase function for the thin Cantor set F™ for the case of (k = |
| 1/3) 7
[Figure 2.4. The integral staircase function for the thin Cantor set F' for the case of (k = |
| 1/5).
|[Figure 2.5. W — dimension of the thin Cantor set (k =1/3). . . . . ... .. ... ... ...
[Figure 2.6. ¥ — dimension of the thin Cantor set (xk =1/5).| . . . .. .. .. ... ... ...
|[Figure 2.7. Characteristic function for thin Cantor set with (k =1/3). . . . . ... ... .. 10
|[Figure 2.8. Characteristic function for thin Cantor set with (« =1/5). . . . . . ... .. .. 10
[Figure 4.1. 3D profile and 2D graphs of Eq. (4.1.7) using A; = 0.2, a =05and e=0.1 . . 21
|[Figure 4.2. 3D profile and 2D graphics of Eq. (4.1.8) using h=2, a =0.5and k=4|. ... 22
|[Figure 4.3. 3D profile and 2D graphics of Eq. (4.1.10) using B; = 0.2, a =0.5 and e =0.1.] 23
|[Figure 4.4. 3D profile and 2D graphics of Eq. (4.1.11) using A; = —2, a = —0.5 and h = —2.[ 24
|[Figure 4.5. 3D profile and 2D graphics of Eq. (4.1.13) using A; = 0.2, a =0.5and e =0.1). 25
|[Figure 4.6. 3D profile and 2D graphics of Eq. (4.1.14) using A; = 0.2, « = 0.5,h = 1 and |

|[Figure 4.7.

3D profile and 2D graphics of Eq. (4.1.16) using By = 0.2, « = 0.5 and e = 0.1.| 27

|[Figure 4.8. 3D profile and 2D graphics of Eq. (4.1.17) using B; = 2, « = 1.5,k = 1 and |
| O A . AR . N SR . TP . . 28
|[Figure 4.9. 3D profile and 2D graphics of Eq. (4.1.19) using A; = 0.2, a =05ande=1). . 29

|[Figure 4.113D profile and 2D graphics of Eq.

4.1.22) using A, = 1.2, a =2and e=2.5). . 31

|[Figure 4.123D profile and 2D graphics of Eq.

( )

|[Figure 4.103D profile and 2D graphics of Eq. (4.1.20) using A; = 0.2, a2,h=3 and a =2 30
( )
(

4.1.23) using e =2 and k=—-0.5] . ... .. 32

|[Figure 4.13.Topological type profile of Eq. (4.2.8) using S =2.2, 1 =29and k=16 . .. 34

|[Figure 4.14.Topological type profile of Eq. (4.2.9) using S = 0.2, 5 = 0.9, 83 = 0.7 and |

Br = O&] o oo e e 35

|[Figure 4.15 Periodic singular type profile of Eq. (4.2.11) using 5, = 0.5, S =0.4 and x =0.7.| 36

|[Figure 4.16 Periodic singular type profile of Eq. (4.2.12) using g5 = 0.5, S = 0.1, 5, = 0.7 |

| A0 Br=00] « o o oo 37
|[Figure 4.17 Non-topological type profile of Eq. (4.2.14) using §, = —2, 1 =5, 83 = —1 and |
| S =3 o e 38
|[Figure 4.18 Topological type profile of Eq. (4.2.15) using $; = 0.2, S =04 and k =0.2] .. 39
|[Figure 4.19Singular type profiles of Eq. (4.2.17) using 8, =4, §1 = 0.2 and 3 = —4). . . . 40

|[Figure 4.20Singular type profile of Eq. (4.2.18) using 4 = —3, 1 =2, f3 = —1land S =4, 41

|[Figure 4.21 Periodic singular type profile of Eq. (4.2.20) using 5; = 0.5, S = 0.4 and k = 0.7.[ 42

[Figure 4.22 Periodic like lump type profiles of Eq. (4.2.21) using §; = 0.3, 3 = —2 and |

Br=T] o o e e 43

|[Figure 4.233D surfaces and 2D graphs of n(z,t) in Eq. (4.4.3) using By =4 and k£ =0.3.| . 46

[Figure 4.243D surfaces and 2D graphs of F(z,t) in Eq. (4.4.3) using By =4 and k£ =0.3 . 47

[Figure 4.253D surfaces and 2D graphs of n(z,t) in Eq. (4.4.4) using k = 2.3 and « =0.3] . 48

|[Figure 4.263D surfaces and 2D graphs of F(x,t) in Eq. (4.4.4) using k = 2.3 and aa =0.3.[. 48

|[Figure 4.273D surfaces and 2D graphs of n(z, ) in Eq. (4.4.6) using k =3 and B; =4.|. . 49

viii



|[Figure 4.283D surfaces and 2D graphs of F(z,¢) in Eq. (4.4.6) using k=3 and B; =4 . . 50
|[Figure 4.293D surfaces and 2D graphs of n(z,t) in Eq. (4.4.7) using k =2 and w=4.|. . . 51
[Figure 4.303D surfaces and 2D graphs of F(x,t) in Eq. (4.4.7) using k =2andw=4,). .. 51
|[Figure 4.313D surfaces and 2D graphs of n(z,¢) of Eq. (4.4.9) using « =1 and w=—2.[. . 52
|[Figure 4.323D surfaces and 2D graphs of F(z,t) of Eq. (4.4.9) using a =1 and w = —2f. . 53
|[Figure 4.333D surfaces and 2D graphs of n(z,t) of Eq. (4.5.2) usinga =1and w=-2.| . 54
[Figure 4.343D surfaces and 2D graphs of F(x,t) of Eq. (4.5.2) using a =1 and w=—-2]. . 55
[Figure 4.353D surfaces and 2D graphs of n(z,¢) of Eq. (4.5.3) using « =0.4and k=2.|. . 56
|[Figure 4.363D surfaces and 2D graphs of F(x,t) of Eq. (4.5.3) using « =04 and k=2 .. 56
|[Figure 4.373D surfaces and 2D graphs of n(x,t) of Eq. (4.5.4) using A; = 2, By = 0.5 and |
| k=21, . e 57
|[Figure 4.383D surfaces and 2D graphs of F(z,t) of Eq. (4.5.4) using A; = 2, B; = 0.5 and |
| k=20, . 58
|[Figure 4.393D surfaces and 2D graphs of n(z,t) in Eq. (4.5.5) using w =04 and k=2 . . 59
[Figure 4.403D surfaces and 2D graphs of F(x,t) in Eq. (4.5.5) using w =0.4and k=2f. . 59
|[Figure 4.413D surfaces and 2D graphs of n(z,t) in Eq. (4.5.6) using w =0.4 and k=2| . . 61
|[Figure 4.423D surfaces and 2D graphs of F(z,t) in Eq. (4.5.6) using w =0.4and k=2.|. . 61
[Figure 5.1. The sketch of Eq. (5.1.3) using A=0.5, R=3,L=0.8and C=2.| . ... .. 65
|[Figure 5.2. The sketch of Eq. (5.1.4) using A=0.5, R=3, L=0.8and C=2]....... 65
|[Figure 5.3. The sketch of Eq. (5.1.7) using A=0.5, R=2, L=7and C=0.1.|. . . .. .. 67
|[Figure 5.4. The sketch of Eq. (5.1.8) using A=0.5,R=2, L=7and C=0.1| . . ... .. 67
|[Figure 5.5. We have sketched Eq. (5.2.3) Q)9 = 0.5, R =5, C = 3. kK = 1/5 (red color), |
| x = 1/3 (blue color) and k = 1/2 (green color). | . . . . ... ... ... .. ... 69
|[Figure 5.6. We have presented Eq. (5.2.4) using Qo = 0.5, R=5and C=3.|. .. ... .. 69
[Figure 5.7. We have sketched Eq. (5.2.8) setting Qo = 0.5, R=2, C =2, k= 1/3(a = |
| 0.63), 8 = 0.9 (red color), 5 = 0.8 (blue color) 5 = 0.7 (black color) and |
[ B=0.3(greencolor). [. . . . ... . L 71
|[Figure 5.8. We have presented Eq. (5.2.9) using Q) = 0.5, R=2, C =2and a=0.63.|. . 71
[Figure 5.9. We have presented Eq. (5.2.8) using ()9 = 0.5, R = 2, C = 2, 5 = 0.3, |
| k = 1/5, (red color), Kk = 1/3 (blue color) Kk = 1/2 (green color) | . . . . ... .. 72
|[Figure 5.10.We have presented Eq. (5.2.9) using Q) = 0.5, R=2, C=2and §=0.3.| .. 72
|[Figure 5.11.The sketch of Eq. (5.4.1) using « =0.62, 5=0.5 £t =09 and A=0.8]| . . . .. 79
[Figure 5.12.The sketch of Eq. (5.4.2) using « =0.62 u=0.9and A=0.8] ... .. .. ... 80
|[Figure 5.13.The sketch of Eq. (5.4.2) using §=0.5, u=09and A\=08]. . ... ... ... 80
|[Figure 5.14.The sketch of Eq. (5.4.3) using o = 0.62, u=0.9, A=0.8 and y=0.55 . ... 81
|[Figure 5.15.The sketch of Eq. (5.4.3) using 8 =0.55, x =0.9, A\=0.8and y=0.55.] . ... 82
|[Figure 5.16.The sketch of Eq. (5.4.3) using 5 =0.5, u=0.9, A=0.8 and a« =0.62. . . . . . 82

ix



SYMBOLS AND ABBREVIATIONS

Symbols
R : Real number
cr : Fractal set
yo : Mass function
S (t) : The integral stair case function
xC*(a,t) : The characteristic function
Dg.f(t) : The local fractal derivative
faaf f(t)dg.t : The local fractal integral
I F () : The non-local fractal integral
aC]D)tB f @ : The non-local fractal Caputo derivative
L. : The fractal Laplace transform
Eg. ., (t) : The fractal Mittag-Leffler function of one parameter
Egn (1) : The fractal Mittag-Leffler function of two parameters
Wy, (1) : The fractal Wright function
10y : The generalized Wright function
Abbreviations
NPDEs : Nonlinear partial differential equations
NODEs : Nonlinear ordinary differential equations
3D : Three dimensional
2D : Two dimensional
GERFM : Generalized exponential rational function method
MGERFM : Modified generalized exponential rational function method
SISLWs : System based on ion sound and Langmuir waves equations
SW : Soliton waves
FLT : Fractal Laplace transform



1. INTRODUCTION

Nonlinear partial differential equations (NLPDESs) are used to represent a variety of
nonlinear physical phenomena in different areas of applied sciences like fluid dynamics,
plasma physics, optical fibers, and biology [1]. This prompts the development of a number
of analytical ways to dealing with wave or evolution equations.

In a situation whereby the dependent variable v appearing in PDEs associates with
a physical quantity (for instance, the magnitude of an electromagnetic wave, the surface
height of a water wave), it is pertinent to investigate the oscillation of u. This stimulates the
introduction of several approaches to deal with the wave or evolution equations analytically.
If the form of these solutions has not changed during oscillation, then, such solutions are
regarded as the solitary waves (SW). SW which can remain unchanged in shape during
a time of collision are known as solitons [2]. The equilibrium between nonlinearity and
dispersion leads to SW and solitons being present.

The history of SW’s inception is quite important. Russell discovered in 1834 that a
wave bend collapsing at a large velocity traveled as a large heap of water for a long time
before spreading into minute ripples. Russell’s tests in a massive water tank were rigorous
in order to understand this logical phenomena. Furthermore, Stokes, Airy, Rayleigh, and
Boussinesq studied SW in an attempt to better understand this important phenomenon [3].

The quest for the exact solutions of nonlinear partial differential equations has long
been one of the most important priorities of mathematicians. So, for that purpose, several
effective analytical methods have been identified, like the sine-Gordon expansion method
[4-6], the Lie symmetry analysis [7], Backland transformation method [8], the Bernoulli
sub-equation method [9], the modified auxiliary expansion method [10], the
(m + (G'/@G)) —expansion method [11,12], Jacobi elliptic function expansion [13,14], the
extended sinh-Gordon expansion method, Hirota’s simple method [15-20], and so on.

One of the most significant fields of mathematics is partial differential equations
which describe a variety of processes in physics and engineering, for example, the
third-order Gilson and Pickering equation that have application in plasma physics
[6,21,22]. The strain wave equation in micro-structured solids have application is solid
physics [23-29]. In solid physics, waves are transmission layers that change energy (or)
knowledge from one mark to the other at a finite velocity. Such waves, when traveling,
carry energy in the form of pieces, packets, frames, and data-grams that include the source
location, the path, and the target address. A complication that occurs throughout wave
transport, including path deviation, loss of information, information error, and other
problems, must be handled in order to guarantee adequate delivery of information to the
terminal. In solids, the different wave forms, including elastic, longitudinal, vibration,
shear, shock, sound, and transverse, are responsible for the information conveying
processes referred to above. The practical applications of the system of equations for the

ion sound and Langmuir (SEISLWESs) [9,30,31] are as follows: the electron temperature of



the plasma is determined by calculating the frequency of the standing ion-wave mode [32].
The neutral gas density was predicted by the measurement of the gas damping of different
standing ion-wave modes [32]. The waves of Langmuir arise as coherent field structures
with peak intensities reaching levels of the collapse of Langmuir [33].

A fractal is a complex geometric figure that, unlike a traditional complicated figure,
does not simplify when enlarged. Fractal geometry extends classical geometry by removing
the assumption of smoothness to include non-differentiable functions. The word “fractal”
was invented in the 1960s by Mandelbrot [34,35]. Fractals have the following properties:
complicated structure, the similarity of structures across scale (self-similarity), and fractal
dimension, which is describing how much of the next dimension the function takes up
by virtue of folding back on itself [36-40]. Scientists have developed various methods to
propose fractal analysis, such as harmonic analysis, probabilistic method, fractional space,
and time scale methods [41-48]. Fractals have a non-differentiable framework, so ordinary
calculations can not be used on them. A. Parvate and A.D. Gangal have introduced the
Riemann like method to build a calculus for functions on Cantor sets, such as fractal curves.
The proposed method is a generalization of the ordinary calculus, that applies in instances
in which the standard calculus is not viable. Another useful feature of the proposed method
is the algorithmic method and local [49-51]. Algorithmicity is important in computations
with computers, and locality is important because measurements are local in physics [49-
51]. Several applications for fractal calculus are addressed in the literature, for example,
integrals and derivatives of functions on Cantor tartan spaces were defined and applied to
model sub-and super-diffusion on totally disconnected sets [52-55]. The diffraction fringes
from the fractal grating Cantor sets have been found in [56]. The analogue of the Euler
method and Logistic equation in fractal calculus were investigated in [57], and other related
researches in [58,59]. The classical non-local fractional integrals and derivatives have been
generalized based on fractal sets [60,61]. A fractal Kronig-Penny model which includes a
fractal lattice, a fractal potential energy comb, and a fractal Bloch’s theorem on thin Cantor
sets was investigated in [62]. The economic models from the viewpoint of local and non-
local fractal Caputo derivatives was studied in [63]. The analogues of both local Fourier
transform with its related properties and Fourier convolution theorem were proposed with
proofs in fractal calculus, also the fractal Dirac delta with its derivative and the fractal

Fourier transform of the Dirac delta were defined in [64].

1.1 Aim of the Thesis

The aim of this thesis is to present some new exact solutions to some nonlinear
partial differential equations via the generalized exponential rational function method
(GERFM) and its modified namely modified generalized exponential rational function

method (MGERFM). Various kinds of traveling wave solutions are constructed to the



proposed nonlinear partial differential equations. On the other hand, some new results in
fractal calculus to some fractal differential equations are obtained by using fractal Laplace

transform and non local Laplace transform in the sense of Caputo derivative.

1.2 Outline of Thesis

The organization of this thesis is outlined as follows: Chapter one entails the
introduction about nonlinear partial differential equations and their applications, as well
as introduction about fractal calculus and their applications. Chapter two of this thesis
gives the definitions of some important terms in standard differential equations and some
fundamental definitions in fractal calculus. Chapter three presents the descriptions of the
used analytic methods in this thesis. Chapter four, we discussed the application of the
proposed methods to some certain nonlinear partial differential equations. In chapter five,
some necessary theorem and application of fractal Laplace transform to some fractal
differential equations are addressed. We present the conclusion of this thesis in chapter

six.



2. FUNDAMENTAL DEFINITIONS

2.1 Some Fundamental Definitions of Differential Equation

In this section, some useful fundamental definitions of partial differential equations
that are related to the work of this thesis are presented.
Definition 2.1.1 A partial differential equation is a differential equation that has more
than one independent variable with one or more dependent variables [65].
Definition 2.1.2 The largest derivative that appears in the equation is called the order of
the differential equation [65].
Definition 2.1.3 A partial differential equation is considered to be linear if and only if the

following conditions are holds [65]:

e The dependent variable’s exponent and each partial derivative included in the

equation are both one.

e There are no cross-terms—that is, terms such as wu, or uzus; in which the function

or its derivatives occur more than once.

Otherwise, differential equation is said to be nonlinear differential equation.

Definition 2.1.4 A partial differential equations are regarded as homogeneous or
in-homogeneous. A partial differential equation of any order is referred as homogeneous if
each term of the PDE includes the dependent variable u or one of its derivatives [65].

Examples of homogeneous PDE:
1. Uy = 4’1111

2. Ugg + Uyy = 0.

Examples of in-homogeneous PDE:
l.up = uge +

2. Upy + Uy = u+ 4.

2.2 Some Fundamental Tools of Fractal Calculus

In this subsection, we present some basic tools of the fractal calculus on a thin Cantor
set, which is shown in Figure 2.1.; and Figure 2.2. Let p[a;, ag] be a subdivision of an interval
I = [a1, ag] which is a collection of points {a; = tg, t1,...,t, = a2}, such that ¢; < ¢;41, for
more details we referred the reader to see [49-51, 66-70].

Definition 2.2.1 Assume that ' C R is a thin Cantor set [71] and pla1, az] is a subdivision.



The mass function is given by [49-51]

v (Fﬁ7alaa2) = gl-l_l;% \IJ?7
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0.3

0.4

0.5

0.6

0.7

0.8

0.9 1

Figure 2.1. The thin Cantor set (x = 1/3) by iteration.

(2.2.1)

(2.2.2)

(2.2.3)



A= == -—- == -- == - o

Figure 2.2. The thin Cantor set (kx = 1/5) by iteration.

Definition 2.2.2 Assume that ¢y € R. The staircase function of order « is given by [49-51]

S5 (1) =

WO (F, co, 1), if > o,
{ (F”, aa5¢) ° (2.2.4)

— WY (F", co,t), otherwise.

The graph of the integral staircase function is presented in Figure. 2.3., and Figure 2.4.



09 T T T T T T T T T

0.6

051

0.4 1

0.3 1

Figure 2.3. The integral staircase function for the thin Cantor set F** for the case of (k = 1/3).

09 1

08 r /—f 1
0.7 1 ,—/ ]

(1)
S

03r | /_,

0.2} 1

0.1} 1

Figure 2.4. The integral staircase function for the thin Cantor set F'* for the case of (k = 1/5).



Definition 2.2.3 The ¥ — dimension is defines using the mass function as follows [49-51]:

dimg (F" N [a1,a9]) = inf {a : ¥ (F* a1,a2) =0},

(2.2.5)
=suf{a: U (F" a1,a2) = o0} .

‘1

S2

LA

Figure 2.5. ¥ — dimension of the thin Cantor set (x = 1/3).



A [ JIr‘J.! [
'-;2 s
—~

N
T

-
L

O 1 1 1 1 1 1 1 1 1
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s

Figure 2.6. ¥ — dimension of the thin Cantor set (x = 1/5).

Figure 2.5., and Figure 2.6. are the ¥ — dimension which is intersection point of the
red line with the blue line.
Definition 2.2.4 The characteristic function x g« (c, t) for a given thin Cantor set is defined
by [49-51]

- teF"
xpe(a,t) = ¢ Tlat 1) (2.2.6)

0, otherwise.



0.8

0.4+

X‘Fh‘ {Gf, t)

021

61 02 03 04 05 06 07 08 009

Figure 2.7. Characteristic function for thin Cantor set with (k = 1/3).

0.8

0.6

0.4

X Fr (f}:, t)

0.2

01 02 03 04 05 06 07 08 09

Figure 2.8. Characteristic function for thin Cantor set with (k = 1/5).

Figure 2.7., and Figure 2.8. are the characteristic function for thin Cantor set.
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Some important formulas:

D%wc 0, cis constant, (2.2.7)
D% Sex(t) Xre (o, t), (2.2.8)
T S (B)™ mSE. ()", (2.2.9)
D% sin(Sx(t)) XFe (o, t) cos(SEx(t)), (2.2.10)
D% tan(S%x(t)) X (a, t) sec? (8% (1)), (2.2.11)
D% cos(Spx(t)) = —xpe(a,t)sin(Sex(t)), (2.2.12)
ol 3 ol 5 0 ) e 2i—1
Sn(SP.(8)) = S () — SF;ft) 4 SF;,(” b= Z(—w—l%@ms)
! ! P !
N _ San(t)2 So‘n(t)4 _ 0 i San(t)%_g
cos (S%e (1)) = 1-— F2! + F4! 4= ;(—1) 1W’ (2.2.14)
« 2 X Qa(4)i—1
See® = 14 8% (1) + SF;?) 4 e = ; % (2.2.15)
o 2 «a 3 o . «a i
In |14 S% ()| = S&(t)— SF”Q(t) - SF“?)( .- ;( 1)’—15 () (2.2.16)

2.3 Local Fractal Calculus

In this section, we provided some definitions of the local fractal calculus.
Definition 2.3.1 If F® is a— perfect set, then the F'®-derivative of f (¢) at t is defined by
[49,50,51]

—f(t
P lim ] @) fi) . if te PR,
e (f (1) = 2=t Sfw (@) = Sp (1) (2.3.1)
0, otherwise,
if the limit exist.
Definition 2.3.2 The F®-integral of f (¢) on [a1, as] is defined by [49,50,51]
/ £ () d%t ~ Z £ () (S () — 5% (£5-1)). (2.3.2)

2.4 Non-Local Fractal Calculus

In this section, we present some useful concepts of the non-local fractal calculus [60-
64, 71-73].
Definition 2.4.1 For a function f(t), ¢t € F*, the fractal left-sided Riemann-Liouville

11



integral is defined by [61]

_ 1 / f (z)
T (B) Ja (Sgw (1) — S ()7

oJ7f (2) X, (2.4.1)

where ¢t > a.

Definition 2.4.2 The fractal left-sided Riemann-Liouville derivative is given by [61]

B e — 1 oy [t f (x)
aDt f(t) = F%‘m (’fL — ﬂ) (DF“) /a (S%'n (t) _ S%K (l,))fnaJrﬁJra

TR, (2.4.2)

where na — a < 8 < na, n € N.
Definition 2.4.3 [61] The fractal left-sided Caputo derivative is given by

1 (D%“)nf(x) (o}

Cyf '
U0 = ) . 0~ Spate

(2.4.3)

where na —a < f < na, n € N.
2.5 The Local Fractal Laplace Transform and Mittag-Lefller Functions

In this section, we provide definitions of the local fractal Laplace transform and fractal
Mittag-Leffler functions to apply them in solving fractal differential equations.
Definition 2.5.1 The fractal Laplace transform (FLT) of a function f(t),t € thin
Cantor sets is presented by [60-61, 71-73]

o0

B (w) = L (£(1)) = [ exp (S (1) S () f (1)t (25.)
0

where B (w) and L (f) : f (t) — B (w) are called the fractal Laplace transform of f (¢). If
IM>0,3T >0, and at® < S (t) < bt*, a, be R

eSO f() < e ) <M ViE>T, (2.5.2)

then the fractal integral Eq. (2.5.1) exists.

12



Table 2.1. Fractal Laplace Transform Formulas

f@) e (S (1))

a 52, ( ya> 0

etk sg:,@ (o=

Di i f (2) o (w) B (w) — f(0)

(Dfew )2 f (1) SFn( )’ B (w) = Sgw (w) f(0) = D of (¢) l1=o
Jo F(t) et )

eSO 1 (1) B(w - a)

(Spe (1)" f (1) (=D)"(Dfn)"Bw)

g (t — ) S%:(w)efcsgﬁ(w)

ufe(t —c)f(t —c) | e B(w)

Definition 2.5.2 The fractal Laplace transform of the local fractal derivative is
defined by [60,61,71-73]

n—1
Fr (D) (£)) = S (w)" L (f (1) = D S ()" 77 (D) flio- - (25:3)

The fractal Laplace transform of the fractal left-sided Riemann—Liouville
derivative is defined by [60,61,71-73]

S ( (D)) f (1)) = Sie (w) Z&w (oD% £ ())i=o. (2.5.4)

The fractal Laplace transform of the fractal Caputo derivative is defined by [60,61,71-
73]

e (§DF (1) = Spu(w)’ L Z&m*”lDwH<mM.<mm

Definition 2.5.3 The inverse fractal Laplace transform is given by [60-61,71-73]

F(t) = (Lge) " (B (w)). (2.5.6)
Example 1. The fractal inverse of the following

Ste (w) +3
(S5 (w) = 2)(SFe (w) +1)°

13



is given by

Ste (w) +3 1

a \—1 _ ? a \—1
N T VU AN =k
2 . 1
2 _ 2.5.7
_ D28, _ 2 —sa.)
3 3
Example 2. Consider the fractal differential equation
D% o f(t) = 5f(t) = 57 F(0) = 0. (2.5.8)

By taking the local fractal Laplace transform to both sides of Eq. (2.5.8), we have

1

St (w)B(w) — bB(w) = W

(2.5.9)

It follows

1

Bl = Gy e

(2.5.10)

Taking the fractal inverse Laplace transform of Eq. (2.5.10), we obtain

F(#8) = (L) B(w) } = Sgn(t)e?55 0, (25.11)

which is the solution of Eq. (2.5.8).

Example 3. Consider the fractal system given as follows
(Dgw o) *y(t) + 2(t) + y(t) =
(D )2(8) + (D Jy(t) = 0,

)

(2.5.12)

with the conditions
y(0) =0, Dpwy(t)t=0 =0, 2(0) =1.

Taking the local fractal Laplace transforms of Eq. (2.5.12), gives
(Sgﬁﬁ (w)? + 1) Y(w) + Z(w) =0,

1 (2.5.13)
- SPe(w)’

Z(w) +Y(w)

where Z(w) = (L%x)z(t) and Y (w) = (L%« )y(t). Solving Egs. (2.5.13), we get

~ Spe(w) +1 1

A s T T T

14



Thus, taking the fractal inverse Laplace transform, we conclude that

y(t) = =Sk« (1), (2.5.14)
2(8) = 14+ 5% (b).

Definition 2.5.4 The fractal Mittag-Lefler function of one parameter is given by
[60,61,71-73]

B, (t) = i % v > 0. (2.5.15)
S+

Definition 2.5.5 The fractal Mittag-Lefler function of two parameters is given by
73]
E# ()—iM 7>0, veR. (2.5.16)
T e (v +v)’ ’
Definition 2.5.6 The fractal Laplace transform of the Mittag-Lefller function is
defined by [73]

_ S%. (w)?™
a « v—1 o . F «
B (Spe(0) T B, (M) = ST 52, (w) > 0, ‘ < 1. (2.5.17)
Definition 2.5.7 The fractal Wright function is defined by [73]
0 San(t)j
We, ()= It -1 R. 2.5.18
O’,’U() Jz:%)j'ra‘(aj—i—v)’ ’7> ,'UE ( )

Eq. (2.5.18) is named the simplest Wright function.
Definition 2.5.8 The more general Wright function is given by [73]

n+1,1 > T j a (1)
| Y () S| =3 it D) SR ) )
(on+1,0 —v) T (on+v+oj) !

Furthermore, a generalization of three parameters Mittag-Lefler function is defined

as follows:

Ea,p i pj S%“(t)j — 1 1\111
(cj+v) j! ' (p)

(p; 1)

(v,0

S, (t)] , (2.5.20)

where 0 >0, v >0, o, v, S%. (t) € R. Using the fact that

= T%(nv+a)
=S Ty
] TLZ::OF‘X (xn +9)n!

15



Definition 2.5.9 The Laplace transform of the Wright function is defined by [73]

(=n) Sp (t)U_U]) — S%n(w)(”*“)*(nvﬂ)l

K | o
(S5 ()™ + 1)

(2.5.21)

(n+1,1)
(on+1,0 —v)

%‘n (S%‘n (t)anl\Ijl

Theorem 2.5.1 Fractal convolution theorem. If L. (h (t)) = H (w) , and LEx (k (1)) =
K (w), then [73]

e (h(t) % k(1)) = Liow (R (8)) Lipe (K (2)) = H (w) K (w) . (2.5.22)
Or, equivalently,
L' (H (w) K (w)) = h(t) # k(t), (2.5.23)

where h (t) = k (t) is called the fractal convolution of & (t) and k (¢), which is defined by
the integral

ht)« k(1) = /h (t = 7)k (£) d%er = /h (P)k (t — 7)d%eT, (2.5.24)
0 0

where t € F'*.
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3. FUNDAMENTAL CONCEPTS OF EACH METHOD

This chapter provides the basic concepts of the GERFM and its newly modified version.
3.1 The GERFM

The fundamental steps of the GERFM are addressed in this section as follows [74-79].
Step 1. Consider the NPDE as follows:

Q (u, Ug, ug, Ugg, ...) = 0, (3.1.1)
using

u(z,t) =U(C), ¢=oz+dy, (3.1.2)
in Eq. (3.1.1), we get a nonlinear ordinary differential equation (NODE)

w (U, U, U",..) =0. (3.1.3)

Step 2. Let we set up the solution of Eq. (3.1.3) as

U(¢) = Ao + i A (O + i Bry(¢) ™, (3.1.4)
k=1 k=1

where

r1€516 4 roes2¢

V() = 7355C 1 rgenil (3.1.5)

where Ag, Ay, By, and 75, s; (1 < j < 4) are constants to be determined, such that the Eq.
(3.1.4) verify the NODE Eq. (3.1.3). Note that m can be determine by using the balance
principle which is determine between the highest derivative and a nonlinear term.

Step 3. Plugging Eq. (3.1.4) into Eq. (3.1.3), we get a polynomial equation. Setting each
coefficient in the polynomial to zero, we achieve a system of algebraic equations.

Step 4. Solving the obtained system given in Step 3 with aid of computational packages,
we will find the values of Ag, Ak, and By. Eventually, one may simply acquire the exact
solutions of Eq. (3.1.3).

3.2 The newly MGERFM

The basic steps of the newly MGERFM are presented in this section as follows:
Step 1. Consider the NPDE as follows:

Q(ua ux,’l,Lt,'Lan;,...) = 07 (321)



using

u(z,t) =U(C), ¢=ox+dy, (3.2.2)
in Eq. (3.2.1), then we obtain a NODE as follows

w (U, U, U",..) =0. (3.2.3)

Step 2. Let we set up the solution of Eq. (3.2.3) as

m m m / k
U(Q) = Ao+ 3" 4O + 3 By + 3 6 L (3.2.4)
k=1 k=1 m v(Q)
where
¥ () = I oo (3.2.5)

 13e93C + ryesal’

where Ay, Ay, By, Ck, and rj,s; (1 < j <4) are constants to be determined, such that the
Eq. (3.2.4) verify the NODE Eq. (3.2.3). Note that m can be determine by using the
balance principle.

Step 3. Plugging Eq. (3.2.4) into Eq. (3.2.3) we get a polynomial equation. Setting each
coefficient in the polynomial to zero, we achieve a system of algebraic equations.

Step 4. Solving the obtained system given in Step 3 with aid of computational packages,
we will find the values of Ay, Ag, and By, Ci. Eventually, one may simply acquire exact
solutions of Eq. (3.2.3).
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4. MATHEMATICAL ANALYSIS AND APPLICATION OF

THE METHODS

In the part of the theses, mathematical analysis of the Gilson-Pickering equation
(GPE), the strain wave equation in micro-structured solids, and the system based on the
ion sound and Langmuir waves (SISLWs) equations are addressed. In addition, application
of the GERF to the GPE, the strain wave equation in micro-structured solids, and the SISEs
are analyzed, as well as application of the new modified generalized exponential rational
function method to the system based on the ion sound and Langmuir waves (SISLWs)
equations are given.

4.1 Gilson-Pickering equation

In this portion, the GERFM is implemented in getting the wave solutions to the third-
order nonlinear partial differential equation was introduced in [21] by Gilson and Pickering

as
Up — EUgyt + 2kUy — Ulgpr — QUUE — BUztzy = 0, (4.1.1)

where ¢, a, x and 8 are non-zero real numbers. There have been specific instances of Eq.
(4.1.1) has been reported in the literature, such as when e =1, « = =3, § =2, Eq. (4.1.1)
gives the Fuchssteiner-Fokas-Camassa-Holm equation, which is a completely integrable
nonlinear partial differential equation which arises at different levels of approximation in
shallow water theory [80,81], when e =0, « = 1, k = 0, and 5 = 3 then Eq. (4.1.1) reduces
to the Rosenau-Hyman equation, which arising in the study of the influence of nonlinear
dispersion on the structure of patterns in liquid drops [82], when € = 1, a = —1, k = 0.5,
and f = 3, then Eq. (4.1.1) becomes the Fronberg-Whitham, which was developed to
analyze the qualitative characteristics of wave breakage, and admits a wave of the highest
height [83-85].

Recently, the Gilson—Pickering equation has been investigated using a variety of
methods, such as the (G'/G)-expansion method [86], the Bernoulli sub-equation model
[87], the anstaz method [88], and the sine-Gordon expansion method [89]. Consider the

following wave transformation

u=U((), ( =z — ht, (4.1.2)
plugging Eq. (4.1.2) into Eq. (4.1.1), then the following NODE can be obtained:

(2k — h)U" + heU" —UU" — pU'U" — aUU’ = 0, (4.1.3)

where €, 8, a, h, and k are non-zero real numbers.



Integrating Eq. (4.1.3) once with respect to ¢, and assuming that the integration

constant is zero, we have

(2k — h)U + (eh —U) U”+¥(U’)z— %UZ =0. (4.1.4)

Applying the balance principle, by taking the nomlinear term U?, and the highest
derivative U” in Eq. (4.1.4), gives m = 2, with m = 2, Eq. (3.1.4) takes the form

By By
¥ (0) v(¢)*
Taking Eq. (3.2.5) into account, we have to following family:
Family 1. When r; = {-2,-1,1,1}, s; = {0,1,0,1}, then Eq. (3.2.5) reduced to

the following form

(4.1.5)

U(C) = Ao+ A1 () + + Agp(C)® +

—92_ ¢S
_ _ 4.1.6
VO = Tt (4.1.6)
Case 1. When
Ay (—1+13 A
4= AL g o AL By —0,5— 2,
18« 3
h_A1(—2+a+a2) k_A1(—1+a)(2—i—oz+ae)
B 36ae T T20€ ’
we have hyperbolic type solution as shown in Figure 4.1.
1 1 3
Ul (.%,t) = 7141 (1 - - — At ) . (4.1.7)
(-2+a+a?)
18 & 1+ cosh |z — 136#}

20
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Figure 4.1. 3D profile and 2D graphs of Eq. (4.1.7) using A1 = 0.2, « = 0.5 and € = 0.1.

Case 2. When

Uy = _2(h=20) (=1 +130)

2(h — 2k
7A1=OaB1:_7( )a
(14 a)a -1+«
48 (h — 2k h—2k) (2
Ay= 0. By— — 8( )’6_( ) ( +a)’ﬁ:_27
-1+« ha

we get exponential type solution as seen in Figure 4.2.

_ e2ht _ a eQm _ a) — eht—l—:v a
UQ(x’t):_Q(h 2k) (42"t ( 11}: ) + : (=1 + ) — deht+ (142 ))‘ 418)
(2eht +e7)* (=14 a)a
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u2(x,t)

Figure 4.2. 3D profile and 2D graphics of Eq. (4.1.8) using h =2, & = 0.5 and k = 4.

Family 2. Whenr; = {-2—-14,2 —14,—1,1},s; = {i, —,4, —i}, then Eq. (3.2.5) takes
the form

0 (0) = cos (¢) + 2sin (¢)

. 4.1.9
sin () (4.1.9)
Case 1. When
B; (8—13 5B
Aozu,z‘h:(), Ay=0, By=-"2,8=-2,
60 4

Bi(-8+a)(4+«a)
h=—
240ce

o Bi(4+a) 8+ a(—1+4e¢))
T 480cve ’

we get periodic singular solution as shown in Figure 4.3.

15
B Bit(—8+a)(440) . Bit(—8+a)(44a) ) 2
us (w,t):%Bl (cos (= + Btlpraltiral) 4 ggin (o 4 Bl )
8
+2+°
«

(4.1.10)
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Figure 4.3. 3D profile and 2D graphics of Eq. (4.1.10) using B

2

(4+a)’k:

48ha

we get singular solution as seen in Figure 4.4.

(4.1.11)

«

Ay (=8 + a+ Bacot (ht — 2)°)
12

ug (x,t) = —
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Figure 4.4. 3D profile and 2D graphics of Eq. (4.1.11) using A; = —2, a = —0.5 and h = —2.

Family 3. When r; = {2,0,1,1},s; = {-1,0,1, -1}, then Eq. (3.2.5) reduced to
the following form

~ cosh (¢) —sinh (¢)

_ 4.1.12
6(0) o (] (4.1.12)
Case 1. When
A (—4 A
AO:——l( +a)7B1:0)A2:__17B2:07/8:_2’
3o 2
p_ At a) Bt A4+ )8 +atdad)
= 2cve T 48ae ’
we have dark solution as shown in Figure 4.5.
Aqt(—44a) (84« 2
Ay (8 + o — 3atanh (x + %) ) (4.1.13)
us (z,t) =

6
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Figure 4.5. 3D profile and 2D graphics of Eq. (4.1.13) using A; = 0.2, « = 0.5 and € = 0.1.

Case 2.
h— 9k & v/ (h—2k)% (—4+a)
/ 2
Ao=-— o e ;B =0,8= -2,
A — 8k + V (h—2k)*(—4+0a) (4+a)
c V(=4+a)? B =0
4ha ’ ’
61/ (h — 2k)? 31/ (h — 2k)?
A = ( ) Ay — ( ) |
(=4 +a)? (=4 +a)?

we get bright solution solution as shown in Figure 4.6.

—\/(h—2k)? (4 + ) — (h— 2k) /(=4 + @)?

2
(=4t o) (4.1.14)

3/ (h — 2k)*asech(ht — z)?

ug(z,t) =

+
(-4 + a)’a



Figure 4.6. 3D profile and 2D graphics of Eq. (4.1.14) using A; = 0.2, a =0.5,h =1 and k = 2.

Family 4. When r; = {1 —4,1+4,1,1},s; = {4, —i,4, —i}, then Eq. (3.2.5) reduced

to the following form

cos (€) + sinh (¢) ‘

= 4.1.15
v(Q) = (41.15)
Case 1. When
By (-2
AO = _1(3—i_a)7‘41 = 07 A2 = 07 BQ - _Bla /8 = _27
o
b bl(8+a)d+a) b bl (4+ ) (8 + a(—1 + 4e))
N 48cve e 96e ’
we have periodic singular solution as seen in Figure 4.7.
—15
Bit(—8+a)(4+a . Bit(—8+a)(4+a) \\ 2
ur (z,t) = %Bl (COS (9” R )) +2sin (x + T 310ac ))
8
+2+ -
o
(4.1.16)
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3a
1 Bi(—-8+a)(4+a)
h=2k— —B (4 -
plil+a). = T B AT )

we have periodic singular solution as seen in Figure 4.8.

1 4 3
ug (v, t) = —B1 | 1+ —+ : (4.1.17)
6 @ 1 +sin (4ht — 20 — LBt (4+ o))
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Figure 4.8. 3D profile and 2D graphics of Eq. (4.1.17) using By =2, a = 1.5,k =1 and A1 = 2.

Family 5. When r; = {-1,3,1,—1},s; = {1,—-1,1, -1}, then Eq. (3.2.5) reduced
to the following form

0 (0) = cosh (¢) — 2sinh (¢)

. 4.1.18
sinh (C) ( )
Case 1. When
Ay (— 11 A
Ao:M,B1=O,A2=—1,B2:0,5:—2,
12« 4
po A4+ a)(8+a)  Ai(-4+0)(8+a+daq)
B 48ae e 96e ’

we have a dark soliton solution as shown in Figure 4.9.

2
Ay <8+a—3atanh ($+W) )

uo (&.4) (4.1.19)

6
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Figure 4.9. 3D profile and 2D graphics of Eq. (4.1.19) using A; = 0.2, « = 0.5 and e = 1.

Case 2.
— A
Ao:M,BI=O’A2:_1’B2:0,B:_2,
12« 4
1 A (44 o) 8+ )
k—ﬂ(12h+A1(—4+a)),e— 1Sha

we have singular solution as seen in Figure 4.10.

Ay (—8 + 2a + 3acsch(ht — x)2)
12a '

u10 (CL’, t) =

29

(4.1.20)



Figure 4.10. 3D profile and 2D graphics of Eq. (4.1.20) using A1 = 0.2, a2,h =3 and oo = 2.

Family 6. When r; = {1,1,—-1,1},s; = {1,—1,1, -1}, then Eq. (3.2.5) reduced to

the following form

— cosh (¢)
=27 4.1.21
v(0= "m0 (41.21)
Case 1. When
b= a2 (—16 + «) (32 + ) b a2 (=16 + «) (32 + a + 16e)
B 12ae e 24cve ’
2A5 (—64
AO = M,-Bl = OaBQ = AQaB = _25 Al = 07
3a
we have hyperbolic type solution as shown in Figure 4.11.
245 (—64 Agt (—16 32 2
ull(ﬂz,t)zz(ﬁ—i—a)—kAgcoth(a:— 2t ( +a)( +a)>
3o 12ce
n r - ) (4.1.22)
+ Ay tanh (33— 2t (=16 + o) ( +a)> .
12ce
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Figure 4.11. 3D profile and 2D graphics of Eq. (4.1.22) using A2 = 1.2, a = 2 and € = 2.5.

Case 2.

16ke? (1 + 64e) 24ke>
“14256e2 T P T A T T on6e2’
24ke? 1 1
By=——— B=-2h=2k(24+ ——— —
2= o562 ’ <+—1—|—16e>’a ¢’

we have hyperbolic type solution as shown in Figure 4.12.

0

2
].6](562 (1 + 646) 24k62 coth (ZL’ — 2kt (2 + ﬁ))
—1 + 25662 —1 + 256¢2
2
24ke? tanh (l‘ — 2kt (2 + ﬁ))
—1 + 256¢€2 '

uye (z,t) =
N (4.1.23)

_l’_
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Figure 4.12. 3D profile and 2D graphics of Eq. (4.1.23) using € = 2 and k = —0.5.

4.2 The Strain Waves in Micro-Structured Solids

In this portion, we applied the generalized exponential rational function method to

the strain waves in micro-structured solids.

The guiding equation for the micro-strain wave in micro-structured solids is defined
23]

01t — boz = SB1(87) | — NB2ast + 60s3brrar — (082 — NBr) |
v (4.2.1)
+ Ad (ﬁ5¢xmcmt + 66¢mxttt) = Oa

where S stands for an elastic strain, § represents the ratio between micro-structure size and
the length of wave, A represents the influence of dissipation and ; € R — {0}, for 1 <4 < 7.
The balance among non-linearity and dispersion is said to have occurred when § = O (.5).
Putting A =0 in Eq. (4.2.1) provides a non-dissipative case that is driven by the following

double dispersive equation

¢tt - ¢xm ) (Bl (¢2>xz - ﬂ3¢mxrx + B4¢xwtt) = 0. (422)

In certain nonlinear strain wave models for adaptable or elastic solids, different
methodologies could be used to portray the in uence of macro-dissipation.  The
synchronized impact of large scale and micro-dissipation on shock wave spread has been
investigated in a series of studies by neglecting the micro-structure’s inertia and

micro-stresses that could be associated with the fine structure [89].

32



Recently, Eq. (4.2.2) have been investigated by several distinct methods including
the new generalized (G'/G) — expansion method [25], the exponential expansion method
[26], the Kudryashov and functional variable methods [27], the sine-Gordon expansion
method [90], the modified extended mapping technique [91], the modified extended direct
algebraic method [92].

Inserting the wave transformation

»p=U(),( =z —kKt, (4.2.3)
into Eq. (4.2.2), we get

(/«? - 1) U — Sp (UQ)H +5 (,83 - 64&2) U@ =o. (4.2.4)
Integrating Eq. (4.2.4) twice with respect to ¢, yields

S (Bs = Bar?) U" + (82 = 1) U = SBU* =0, (4.2.5)

where the integration constants are considered zero.
Using the balance principle between the terms of U” and U? in Eq. (4.2.5), we get
m = 2, then Eq. (3.1.4) takes the form

By

2

By

f(Q)

Taking Eq. (3.2.5) into account, we have to following family:
Family 1. If we set r; = {—2,—1,1,1},s; = {0,1,0,1}, then Eq. (3.2.5) turn to the

following form

U(C)=Ag+ ALf(O)+ + Aaf2(¢) + (4.2.6)

—92 ¢S
_ _ 4.2.7
VO =T (427
Case 1.
13 (=1 + &%) 18 (=1 + K?) 6 (—1+ K2
0 Sﬁl ) 411 Sﬁl y D1 y 12 S/Bl y D2 )
—1+ (1+ 5B) K2
/33 = g ’
we have hyperbolic type solution as shown in Figure 4.13.
—1 4+ K?%) (=2 + cosh (z — tk
o1 (z,t) = ( ) ( ) (4.2.8)

Sp1 (14 cosh (x — tk))
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Figure 4.13. Topological type profile of Eq. (4.2.8) using S =2.2, 81 =2.9 and x = 1.6.

Case 2.

_ 13(B3 — Ba) B ~36(B3 — B)
A PR Rl N3
Vv1+508;3
VITSh

inserting the above values and Eq. (4.2.7) into Eq. (4.2.5), we have the following exponential
solution as presented in Figure 4.14.

_24(B3 — Ba)

7A :07B - b
2 >7 B+ SBifs

20\/TF553 oq BY/1¥5Bs
(62:1: 4 4e VITSh1 _ e m) (B3 — fa)
4o (@8] = — . (4.2.9)
(ew + 2e V1+584 ) (81 + SB154)
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By (xit)

Figure 4.14. Topological type profile of Eq. (4.2.9) using S = 0.2, 81 = 0.9, B3 = 0.7 and 84 = 0.4.

Family 2. Let r; = {—-2—14,2—4,—1,1},s; = {i,—14,i,—i}, then Eq. (3.2.5) takes
the following form

¥ (0) = cos (€) 4 2sin (¢)

o (4.2.10)
Case 1.
4 —1+ k24 144/ (—1 + 2)? ) 64/ (=1 + k2)?
0 — 2561 s L1 — S,Bl ;
B0’ (=1 + K2)? B0 ,  V(-1+rK2)?
1 =Y, A2 — 2361 y D2 — 7/33_/34H +

45 ’
substituting the above values and Eq. (4.2.10) into Eq. (4.2.5), we have a periodic singular
solution as seen in Figure 4.15.

—1+ K2+ 20/ (=14 £2)* 4 31/ (=1 + k2)% cot (x — tr)*
¢z (z,t) =

2504

(4.2.11)
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Figure 4.15. Periodic singular type profile of Eq. (4.2.11) using 81 = 0.5, S = 0.4 and x = 0.7.

Case 2

_ 26(fs—P4)
B — 458154
V1—4503
VI—4S3y

plugging the above values and Eq. (4.2.10) into Eq. (4.2.5), we have a periodic solution as

_0p = 20Bs—B) , _op _ 15008 —p)
ey Y S e A R 17 A

A

shown Figure 4.16.

2(83—Ba) | 2— 15

(cos(x+t\/7“ll;zfgj’)+2sin(az+t%)>2 (4212)

b4 (.le,t) =

B1(—1+45p4)
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Figure 4.16. Periodic singular type profile of Eq. (4.2.12) using 83 = 0.5, S = 0.1, 84 = 0.7 and (81 = 0.9.

Family 3. When r; =2,0,1,1,s; = —1,0,1, —1, then Eq. (3.2.5) takes the form
cosh(¢) — sinh(()
— , 4.2.13

¥(¢) cosh(0) ( )
Case 1.

_ A =B 124 B) 5o  6(B3— fa)
A= 5 TusB 8 M T By raspp, BT 0=

B+ 458,80 2 =%
v—1—450;
VI 155,

inserting the above values and Eq. (4.2.13) into Eq. (4.2.5), we have non-topological type
profile as shown in Figure 4.17.

2(B3—Pa) |2 —

(cos (‘T-‘r%) :jsin (w-i—%) ) 2
B1(—1+458)

(]55 (a;, t)

(4.2.14)
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(bs(x,'t)

Figure 4.17. Non-topological type profile of Eq. (4.2.14) using 84 = =2, f1 =5, 83 = —1 and S = 3.

Case 2.
n —14 K244/ (—1 +K2)? A 3y/ (1 + K2)?
0 — 2Sﬁ1 s 441 — — Sﬁl )
3v/ (=1 4 K2)?
B1 = O,AQ =

B0 ) (=1 + K2)?

48 ’
inserting the above values and Eq. (4.2.13) into Eq. (4.2.5), we have a bright solution as
given in Figure 4.18.

—1+ K%+
b6 (z,t) =

(=1 + k2)% = 3y/(—1 + K2)?sech(x — tr)*
2561

(4.2.15)
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Figure 4.18. Topological type profile of Eq. (4.2.15) using 81 = 0.2, S =0.4 and k = 0.2.

Family 4. By setting r; = {—1,1,1,1} ,s; = {1,—1,1, -1}, then Eq. (3.2.5) turn to

the following form

—sinh
v (Q) = CSISHT(S) (4.2.16)
Case 1.
Ao = _4(62—5_1@4)’141 =0,B1=0,A2 = 2B (ﬁ?’ﬁ; '84>,
B, — 20— 0B41) g__ 1 . 4B+ b
’ CIN 4By’ V3B
we have singular solutions as seen in Figure 4.19.
it/ 1\
15y 20— o (o - BT
¢7 (:Ea t) = B - B
1 ) ! 2 (4.2.17)
2 (B3 — B4) tanh <$ - w—v\;f\/‘r’%ﬂ‘l)

b1
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Figure 4.19. Singular type profiles of Eq. (4.2.17) using 84 = 4, 81 = 0.2 and f3

Case 2.

6 (B3 — Ba)
p1 — 1656164
1-16S
1—-165p8;’

Ay =

)

=0

)7A1

B3 — B4)
1416584

(

(

6 (83 — Ba
B — 1656164

12

An =
T B

B3

0, k

By

)

2

B
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we have hyperbolic solution as shown in Figure 4.20.

b (2,1) = 12 (B3 — f4)

2
N 6 (B3 — B4) coth <I + %)
= L 16560 By — 165B1 s (4.2.18)
2 2.
. 6 (83 — B4) tanh (33 + %)
/81 — 165,81/64

1000

qﬁa(x,t)

500

Figure 4.20. Singular type profile of Eq. (4.2.18) using 84 = —3, 1 =2, 83 = —1 and S = 4.

Family 5. By setting r; = {4, —,1,1},s; = {i, —4,4,—i}, then Eq. (3.2.5) turns to
the form

. 4.2.1
cos(Q) ( 9
Case 1.
—1+ K2 3(=1++%
Ay=—— A1 =0,B1 =0,45 = —
0 45,81 s 411 s D1 5 £12 8S,81 )
3(—1+ k%) 14 (=14 16584) k?
B2 - - y K3 =
853

165 ’

using the above values and Eq. (4.2.19) into Eq. (4.2.5), we have periodic singular solution
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as illustrated in Figure 4.21.

bo (2.1) = 14 &%+ 21/ (=14 #2)* + 31/(—1 + 2)* cot (= — tli)Q‘ (4.2.20)

25p1

Figure 4.21. Periodic singular type profile of Eq. (4.2.20) using 81 = 0.5, S = 0.4 and x = 0.7.

Case 2.
4 (B3 — Ba) 2 (B3 — Ba)
Ay =—"—,A41=0,B=0, Ay = ———~—-,
0 36, 1 1 2 3,
2B —Bs) o 1 iv—4B3+ B
BQ—_iaS_ia’%__—a
B 454 V3VBa
we get periodic singular solution as seen in Figure 4.22.
2
. it\/—4B3+pB4
_4(53*54) 2 (33 — B4) cot (33+ NN/ >
¢10 (ﬂ?, t) - 35 - ,6
! b, (4.2.21)
. it\/—4B3+P4
B 2(83 — p4) tan <x+\/§\/ﬁ»4 )
Ej1
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Figure 4.22. Periodic like lump type profiles of Eq. (4.2.21) using 81 = 0.3, 3 = —2 and (4 = 1.

4.3 The System Based on the Ion Sound and Langmuir Waves

In the present portion, mathematical analysis of the SEISLWEs equations are
addressed, as well as application of the GERF and the new MGERF methods on the
proposed system are discussed.

Consider the system based on the ion sound and Langmuir waves equations by
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[9,30,31,93,94]

o8 10
! ot 2 0x?

%n 92 92 |E|?
n n 5 \|:07

—nkE =0,
(4.3.1)

o2 ox2  ° Ox2

it is under the influence of the power-motive force arising from the non-linear force that
charged the particle experience in the in-homogeneous electromagnetic oscillating region due
to the high-frequency effect, Ee’P! and n respectively show the normalized electrical field
of the Longmuir oscillation and the normalized density perturbation [95]. The structure
of the constitution and relationship of the solitons of Langmuir and the heavy chaos have
been studied in [96]. Langmuir cave through pumping and wave energy dissipation have
been provided in [97]. Simulation of the collapse of the Langmuir waves is performed via
the PIC method [98]. The evolution of the isolated cavity of Langmuir is explored, for
this aim, the Vlasov equations for electrons and ions are solved by numerical method for
two spatial variables [99]. Numerical simulation have been studied for two-dimensional
Langmuir collapse in plasma [100]. Strong Langmuir turbulence in laser plasma have been
investigated in [101]. Weak Langmuir turbulence has been considered in [102]. Nonlinear
Langmuir waves in multi-ion-component low-temperature plasma have been studied, the
Sagdeev potential method has been used to examine the characteristics of solitary waves,
and it has also been observed that the properties of soliton in multi-ion-component plasma
are distinct from those of soliton in electron-ion plasma [103]. The meaning of the spectra
as a symbol of nonlinear collapse of the electron-sound and ion-sound secondary waves
of the Langmuir waves has been addressed in [104]. The relationship between Langmuir
solitons, coupled solitons and sound waves has been investigated in [105]. The trapping
of Langmuir waves in Ion Holes have been studied in [106]. The problem of the nonlinear
level of instability of the monochromatic wave of Langmuir have been addressed [107]. The
spacial location of Langmuir waves create from an electron ray spread in an inhomogeneous
plasma have investigated in [108].

Take the wave transformation as
E(x,t)=e"U (), n(z,t) =V ((),y=kz+wt and ¢ = az + fit, (4.3.2)

where k,w, a, and 3 are none zero scalars, as well as

2

P U?(¢). (4.3.3)

V(¢ =

Using Eq. (4.3.2) and Eq. (4.3.3) into Eq. (4.3.1), one may obtain
pU" — U — 4U3 = 0, (4.3.4)
where p = o (k2 =1), 0= (k*—1) (2w + k?).
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4.4 Application of the GERFM

In this subsection, the application of the GERFM to Eq. (4.3.1) is presented. By
using the balance principle between U” and U? in Eq. (4.3.4), we get m = 1. Using m = 1,
then Eq. (3.1.4) reduces to the following form

U(C) = Ao+ A1y (O) + Biyp(O) ™. (4.4.1)

Using Eq. (4.4.1) into Eq. (4.3.4), then after some processes the following families of exact
solutions of Eq. (4.3.1) can be obtain:
Family 1. Using r;, = {—1,-2,1,1}, s; = {1,0,1,0} in Eq. (3.1.5), one may get

—e$ —9

_. 4.4.2
e +1 ( )

¥ () =

Taking Eq. (4.4.2), Eq. (4.4.1), and Eq. (4.3.4) into account, the following cases can be

obtain:

Case 1. For
4 =3B 4y By? — 4k? + 4k* iBy
= — =] w = o= ——-
0 A ) 1 ’ 8*8]{32 ) 2—2]€27

we get a complex exponential type solutions as given in Figure 4.23., and Figure 4.24.

1By kt iBjz 2
By | 2e V222 — gV2-2k2
2

n(x,t) = 1+ k2 iB) kt iBj ’
4 <2e V2—2k2 + e\/2—2k2>
iBykt iBiz (4'4'3)
i<(B124k2+4k4)t+kx) Bj | 2e V222 — gv2-2k2
_8k2
E(z,t)=¢e o

iB kt iBx
4 (26 V22,2 4 e\/22k2>
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Figure 4.23. 3D surfaces and 2D graphs of n(z,t) in Eq. (4.4.3) using B1 =4 and k = 0.3.
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Figure 4.24. 3D surfaces and 2D graphs of E(z,t) in Eq. (4.4.3) using B; =4 and k = 0.3.

Case 2. For
3vV—1+ k2 vV—1+ k2 1
Aozi—i_ CK’ Alz‘ + av B1:0, wzf(—QkQ—Oﬂ),
22 V2 4

we have dark type solutions as shown in Figure 4.25., and Figure 4.26.

n(z,t) =

—1+ k2 2/2
V—1+ k?atanh (% (kt —x) a))

2 (_\/—1+k2atanh (% (kta:)a))2

(4.4.4)

B (,1) = el(ka+Hi(-22=2)) (_ -
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Figure 4.25. 3D surfaces and 2D graphs of n(z,t) in Eq. (4.4.4) using kK = 2.3 and o = 0.3.

0.04 +

0.03 +

[E(x )2

Figure 4.26. 3D surfaces and 2D graphs of E(z,t) in Eq. (4.4.4) using k = 2.3 and a = 0.3.

Family 2. Using r; = {-2—14,—-2+14,1,1}, s; = {i,—i,4, —i}, then Eq. (3.1.5)
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reduced to the following form

—2cos (¢) +sin (()

= 4.4.
v () -0 (4.45)
by using Eq. (4.4.5) with Eq. (4.4.1) into Eq. (4.3.4), we have
Case 1. When
2bB k? 2b3 2B
Ag = 1,A1:O,w:——+71,a:L,
5 2 25(—1+k?) 5v/—1+ k2
we get a singular solutions as seen in Figure 4.27., and Figure 4.28.
2
n () = 2 2B B
T 1k 5 o g (Y2kia)By Y |
( 5\/—1+k2 ) (446)
! k2 2B2
E(a,t) = (koo mthemy)) [ 2B Bi
2 + t (\/ngt—z)Bl)
5v/—1+k?

20

y

Figure 4.27. 3D surfaces and 2D graphs of n(z,t) in Eq. (4.4.6) using k = 3 and B; = 4.
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Figure 4.28. 3D surfaces and 2D graphs of E(z,t) in Eq. (4.4.6) using k = 3 and B; = 4.

Case 2. When

1
Ay =V -1+ k2VE2 + 2w, A = 5\/—1 + k2VE2 + 2w, B =0,

we get periodic singular solution as shown in Figure 4.29., and Figure 4.30.

2
2 1 k2
- - | Z.\/—= 2 2 _ _
n(x,t) = S (2\/ 1+ k2Vk2 + 2w tan (\/ 5 +w (kt x))) ,
i(tw+kx) 1 2 2 k2
E(z,t)=¢e 5\/—1-1—/{ Vk2 + 2wtan ?-l-w(k:t—a:) .
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Figure 4.29. 3D surfaces and 2D graphs of n(z,t) in Eq. (4.4.7) using k = 2 and w = 4.

|
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Figure 4.30. 3D surfaces and 2D graphs of E(z,t) in Eq. (4.4.7) using k = 2 and w = 4.

Family 3. Using r; = {2,0,1,1}, s; = {—1,0,1,—1} in Eq. (3.2.5), then we have

v(q) = IR,

(4.4.8)
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by using Eq. (4.4.8) with Eq. (4.4.1) into Eq. (4.3.4), we get

Case 1. When
—a? (142 202 —0? (142 202
AO:\/a(+w+ a)’Alz_\/a(—l-w—l- O‘),Blzo,
V2 V2
k=—V2V-w— a2,

we get dark solutions as shwon in Figure 4.31., and 4.32.

2

V—a2 (1 + 2w + 2a?) tanh (a (ac + ﬂu/ﬂ))
7 X

n(z,t) =

2
—14+2(—w—a?)’
V—a? (1 + 2w + 2a2) tanh (a (:Jc + \@tm))
7 X

(4.4.9)

E (z,t) =

ei(tw—\/ix\/ 7w7a2) .

20

n{x.t)

Figure 4.31. 3D surfaces and 2D graphs of n(z,t) of Eq. (4.4.9) using o =1 and w = —2.
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Figure 4.32. 3D surfaces and 2D graphs of E(z,t) of Eq. (4.4.9) using a =1 and w = —2.

4.5 Application of the new MGERF method

In this portion, application of the new MGERF to the Eq. (4.3.1) are presented.
Using the balance principle between U” and U? in Eq. (4.3.4), we get m = 1. Using m = 1,
Eq. (3.2.4) reduces to the form

¥ ()
Q)

U(¢) = Ao+ A1 (¢) + Bi(¢) ™' + C1 (4.5.1)
By using Eq. (4.5.1) into Eq. (4.3.4), then after some processes the families of exact
solutions of Eq. (4.3.1) can be produces as follows:
Family 1. Taking Eq. (4.4.2) and Eq. (4.5.1) into account, one may get
Case 1. When
B (=24 + By)? — 4k? + 4k*

3
0=724+4), Ci=—7, w S (=15 ) ;

i (241 — By)
o= ——",
V2 — 2k2
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we get dark solution as shown in Figure 4.33., and Figure 4.34.

2 V(=1 + k?) o? tanh (% (kt — ) a)
@t =

21/2 ) ’
E(l’,t) — ei(kari(kaQfaQ)t) (

V(1 + k2) o tanh (% (kt — ) a)

(4.5.2)
22 ) '
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5 48

Figure 4.33. 3D surfaces and 2D graphs of n(z,t) of Eq. (4.5.2) using o =1 and w = —2
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Figure 4.34. 3D surfaces and 2D graphs of E(z,t) of Eq. (4.5.2) using o =1 and w = —2.

Case 2. When

\/ﬁ
A0:3A1+3 (—1+ k) B =24,+2 /(—1+k2)6¥27

22
Ci=A+ \/5 ,w—4( 2k Oz),

we get exponential solutions as illustrated in Figure 4.35., and Figure 4.36.

92 (ekt"‘ - em> (-1+k?)a

n(l',t) — _1 +k2 Qﬂ(ekta +efra) )

’ (87 ( 3)
k —e

2\/5 (ekta + eza)
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n{x.t)

0.005

Figure 4.35. 3D surfaces and 2D graphs of n(z,t) of Eq. (4.5.3) using o = 0.4 and k = 2.
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Figure 4.36. 3D surfaces and 2D graphs of E(x,t) of Eq. (4.5.3) using o = 0.4 and k = 2.

Family 2. Taking Eq. (4.4.7) and Eq. (4.5.1) into account, we get
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Case 1. When

oo B —25(—1+ k) k> (1 + k) +4(—54; + By)?
Ty T 50 (—1 + k2) ’

5
\/5(—51414-31) 2

o = 7A :—5A +B,
e A

we get periodic singular solutions as shown in Figure 4.37, and Figure 4.38.

2
") = — (1<5A1_Bl>tan<ﬁ<kt—w><5z41—Bﬂ)),

-1+ k2\5 5v—1+ k2
—25(—1+k)k2 (1) +4(~5A41 +B1)?) )

«
il kx+
E(x,t) —e ( 50(—14k2)

(é (54, — By)tan (ﬁ(kt —2) (5A1 - Bl))) .

5v/—1+ k?

= 10000 - | ‘

5000 |

Figure 4.37. 3D surfaces and 2D graphs of n(z,t) of Eq. (4.5.4) using A; =2,B1 =0.5 and k = 2.
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1 I |

% 10*

Figure 4.38. 3D surfaces and 2D graphs of E(z,t) of Eq. (4.5.4) using A; = 2,B1 = 0.5 and k = 2.

Case 2. When

| Ot

Ay = \/(—1 + k2) (k2 + 2w) + 4A,, By = <\/(—1 + k2) (k2 + 2w) + 2A1) ,

1 2
Cy = —5\/(—1 + R (B +20) = A1, a =5 +w,

we have trigonometric type solutions as seen in Figure 4.39., and Figure 4.40.

V(=1 +k?) (k2 + 2w) (—1 + 2tan (\/%(lﬂt — a:)))
et = —Ll+ & <2+tan (M(H—M))
(-

V(=1 +k2) (k% + 2w) 2tan( -I-w(kt—:v)))

2
E(x,t) _e(tw—i-ka:)
<2+tan <\/7 w (kt — x) ))

2

(4.5.5)
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n{x,t)

Figure 4.39. 3D surfaces and 2D graphs of n(z,t) in Eq. (4.5.5) using w = 0.4 and k = 2.

Figure 4.40. 3D surfaces and 2D graphs of E(z,t) in Eq. (4.5.5) using w = 0.4 and k = 2.

Family 3. Taking Eq. (4.4.12) and Eq. (4.5.1) into account, then the following cases

can be obtained:
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Case 1. When

Ap =~ (\/— (=1 + k2) (k2 + 2w) +4cl) By =0,

2

1 k?
A1:—5\/—(—1+k2)(k2+2w)—01,a:\/—5—10,

we have hyperbolic type solutions as shown in Figure 4.41., and Figure 4.42.

nlet) =5

E (1‘, t) r ei(tw+kx)

— % (—1 +eV _k;_w(kt_“’)) \/— (=1 + k2) (k2 + 2w)—

1 —E—w —T
—(—1+e 7w ))\/—(—1+/€2)(k2+2w)—

(—1+cosh( —k;—w(k‘t—x))) X
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4.5.6) using w = 0.4 and k = 2.

(

3D surfaces and 2D graphs of n(z,t) in Eq.

Figure 4.41

10

Figure 4.42. 3D surfaces and 2D graphs of E(z,t) in Eq. (4.5.6) using w = 0.4 and k = 2.
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GERFM MGERFM
Family one, case one, complex Family one, case one, tanh type
exponential function type solution
solution
Family one, case two, tanh type Family one, case two,
solution exponential type solution
Family two, case one, tan type Family two, case one, tan type
solution solution
Family two, case two, cot and Family two, case two, cot type
tan type solution solution
Family three, case one, tanh Family three, case one, cosh and
type solution tanh type solution

Table 4.1. Comparison between solutions obtained by GERFM and its newly modified version.

4.6 Result and Discussion

In this part of thesis, the GERF method and the newly MGERF method have been
successfully used to investigate SISLWs equations. To better understand the difference
between two methods, the same parameters were chosen to solve the proposed system at
the same time for both methods, leading in the development of same solutions as well as
the different solutions. We found that in family one, Eq. (4.4.3) with Eq. (4.5.2), and
Eq.(4.4.4) with Eq. (4.5.3) are different solutions. In family two Eq. (4.4.6) with Eq.
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(4.5.4) are similar solutions, and Eq. (4.4.7) with Eq. (4.5.5) are different solutions. In
family three Eq. (4.4.9) with Eq. (4.5.6) are different solutions. We conclude that the newly

modified method is a powerful method and give different types of solutions comparison with

the GERFM.
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5. FRACTAL DIFFERENTIAL EQUATIONS

In this chapter, some fractal differential equations are proposed for investigation
includes electrical circuit involving fractal time, fractal battery discharging model on
fractal time sets, and three-term as well as one term fractal differential equations.

5.1 Series RLC Circuit

In this section, we present two examples as applications in which temporal evolution
with a fractal structure takes place. In part (i), we take a series RLC circuit, and in part (ii),
we take a parallel RLC circuit, which are widely used in the field of physics and engineering
[109].
A. Series RLC Circuit

Consider a series RLC circuit such that its dynamics, which include fractal time, is

suggested as follows [109]:

R 1
D3 4i () + TDFeai(t) + 751 () =0,0<a <1, teFr, (5.1.1)

using the initial conditions i (0) = A, and D i(t)|t=0 = A. In Eq. (5.1.1), R,L, and C
are the resistor, inductor, and the capacitor, respectively.

Applying the fractal Laplace transform to both sides of Eq. (5.1.1), we get

- ASE. (w) A
i%n (W) = - R on 1 o 2 . Roa 1
SF»@(U}> + ZSF” (U]) + T+C SF“(w) + ISFH (’U)) + xC (5 1 2)
X R A 1.
LS. (w)® + 5%, (w) + 15
applying the inverse Laplace to Eq. (5.1.2), then gives
— —4L+CR2S% . (t)
o e (o (e e
© z (5.1.3)

) —
i® 2y/—4L + CR? VEALEOR? 53, (1)

_|_<1+e VL ) —4L + CR?

In view of the upper bound of the staircase function (S%.(t) < t*) [49,50], we have

- % 772&
) (me L2, \FC<—1+e e )(2L+R)
e 21

() ~
W~ i om Nemyver:i)
+1|1+e v —4L + CR?

(5.1.4)
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Figure 5.1. The sketch of Eq. (5.1.3) using A =0.5, R=3, L=0.8 and C = 2.

0.59 e ! " i T
0.58 |
057 ;;
0.56

055

i(t)

0.54 |

0.53

0.52

0.51

0.5

Figure 5.2. The sketch of Eq. (5.1.4) using A=0.5, R=3, L=0.8 and C = 2.

Figure 5.1., and Figure 5.2. are corresponding to series RLC circuit.
B. Parallel RLC Circuit

Consider a parallel RLC circuit if its dynamics includes fractal time; therefore, to
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model it, we can write the following differential equation as [109]

1
D30 (1) + S5 Dw v (t) + oV (t)=0,0<a<1, tcF" (5.1.5)

using the initial conditions v (0) = A, and Dg« ,v(t)li=0 = A, and applying the fractal
Laplace transform to both sides of Eq. (5.1.5), then it turns to

S%e 1
U%‘” (’Uj) =A o 2 E S(‘;:]?w) 1 o 2 S%%(w) 1
SFH(w) + RO + C SFH](w) + RO + el (5 1 6)
1 1 o
F Yl S, (w :
RC S8, (w)? + FRé ) 4 %
Taking the inverse Laplace of Eq. (5.1.6), we get
L+4+/L(L—4CR2))S% (t)
Aef< vl 3CLRE )) £ \/ L(L—4CR2)S%; (1)
v(t) = —14€ CLR L(1+2CR)
2\/L (L — 4CR?) (5.1.7)
L++/L(L—4CR2))S%,. (t) o
Ae_( v S5CLR )> Frlt \/L(L—4CR2)S% . (1)
+ 1+e CLR L (L —4CR?).
2VL (L — 4CR?)
By the upper bound of the staircase function (S%«(t) < t%), we get
L+4/L(L-4CR2) )t%
Ae” ( 50T R ) v/ L(L—4CR2)t*
v(t) ~ —1+e CLR L(1+2CR)
2\/L (L — 4CR?)
(5.1.8)

(L+1/L(L—4CR2))ta
Ae” 20LR 1+ L(L—4CR?)t® L(L — ACR?)
CLR _ .
NNl D) ¢

66



0.56 T T T T T T T T T

0.55

0.54

0.49

0.48

0.47 1 1 1 1 1 1 1 1 1

Figure 5.3. The sketch of Eq. (5.1.7) using A =0.5, R=2, L =7 and C =0.1.
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v (1)

0.51

0.5

0.49

0.48
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Figure 5.4. The sketch of Eq. (5.1.8) using A=0.5, R=2, L =7and C =0.1.

Figure 5.3., and Figure 5.4. are corresponding to parallel RLC circuit.
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5.2 Battery Discharging Model on Fractal Time Sets

In this section, the mathematical model of battery discharging involving the fractal
time [110-112] is proposed for investigation. The discharge of a battery may be defined
as an RC'—circuit with resistance R and capacity C for the charge Q). In the first model,
we study the local fractal battery discharging model by virtue of the local fractal Laplace
transform. In the second model, we investigate the non-local fractal battery discharging
model by mean of the non-local fractal Laplace transform.

First Model.
Consider the local fractal battery discharging model as follows (for the standard

version we refer the reader to see [113]):

1

P Q (1) + RC

Q(t) =0, (5.2.1)

with the charge amount for the battery at ¢ = 0 equal to Qo (i.e @ (0) = Qo) . If we apply
the local fractal Laplace transform to Eq. (5.2.1), then we have

St () Lo (@ (1) ~ Qo+ 2L (Q0) =0,

or,

Qo

Y LW (5.2.2)
St (w) + %

e (Q (1))

Taking the inverse Laplace local fractal calculus to both sides of Eq. (5.2.2), we obtain the
charge of a battery in the frame of local fractal derivative follows:
Q1) = Qoexp (~ St 1)) (5:23)
= X ——— K . . .
0 €Xp RC°F

Using (a1t® < S%.(t) < ast®), we can write

Q (t) = Qoexp (—Rlcta) : (5.2.4)
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Figure 5.5. We have sketched Eq. (5.2.3) Qo = 0.5, R=5,C = 3. kK = 1/5 (red color), K = 1/3 (blue color) and
Kk = 1/2 (green color).
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a=1
a=0.75
a=0863
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.
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0.35 e 7
“‘\.\.
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03 S i
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Figure 5.6. We have presented Eq. (5.2.4) using Qo = 0.5, R=5and C = 3.

In Figure 5.5., and Figure 5.6., we have shown the solution of first model for the

discharging batteries.
Remark 1. If we choose a = 1, in Eq. (5.2.3), then we arrive the same result in the

standard form, where « is the dimension of the fractal set.
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Second Model. Consider the non-local fractal battery discharging model as follows:

ED7.Q 1) + 5@ (1) =0, (5.2.5)

with using @ (0) = Q. If we apply the non-local fractal Laplace transform to Eq. (5.2.5),

then we obtain

SEe(w) e (Q (1)) — QoSfe(w)’ ™+ 5L (@ (1) =0,

S (w)?!

. (5.2.6)
S (w)’g + %

e (Q (1) = Qo

Taking the inverse non-local fractal Laplace transform to both sides of Eq. (5.2.6), we
obtain the charge function, which is solution of a battery discharging model in the frame of

non-local fractal derivative as follows

Q6) = QuEfe s (75580 (527

or, equivalently

Qo i (Rci};j_)))- (5.2.8)

Utilizing (a1t® < S%(t) < ast®), we get

-1 aﬁ
~ Qo Z ( ) (5.2.9)

I'(nB+1)
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Figure 5.7. We have sketched Eq. (5.2.8) setting Qo = 0.5, R = 2, C = 2,

0.1

0.2

0.3

0.4

0.5

k = 1/3(a = 0.63), B = 0.9 (red

color), B = 0.8 (blue color) 8 = 0.7 (black color) and 8 = 0.3 (green color).
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Figure 5.8. We have presented Eq. (5.2.9) using Qo =0.5, R=2, C =2 and « = 0.63.
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Figure 5.9. We have presented Eq. (5.2.8) using Qo = 0.5, R = 2, C = 2, B8 = 0.3, k = 1/5, (red color),
k = 1/3 (blue color) kK = 1/2 (green color)
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a=0.75
=0.63
0.45 a=05 | ]

0.4 [

0.35

0.3

0.25 1 1 1 1 1 1 1 1 1

Figure 5.10. We have presented Eq. (5.2.9) using Qo =0.5, R=2, C =2 and $=0.3.

In Figure 5.7., Figure 5.8., Figure 5.9., and Figure 5.10., we have illustrated the details
of the second model.

Remark 2. If we choose a = 1 in Eq. (5.2.9), then we get the same result in the standard
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fractional calculus form. If we choose @« = § = 1 in Eq. (5.2.9), then we get the same
result in the standard calculus form, where « is the dimension of the fractal set, and § is
the operator of the non-local derivative.

5.3 One-term and Three-term Fractal Differential Equations

In this section, we investigate the fractal version of both one-term and three-term
fractal differential equations.
(I) Consider the three-term fractal-order differential equation with constant coefficients, for

the standard version see in [114]
D%w 4y (t) + 1 ngn,ty W+ xyt)=f(t), n>00<p<a<l, (5.3.1)

1
where y (0) = b and Fp,. (w) = S @)
Applying the fractal Laplace transform to both sides of Eq. (5.3.1), we have

o 1 5%, (w)?
Vo ) = b I
S () + uSE (W) 4 X S (w) + S (w)” + X 532)
5% (w) ™t .

5%, (w) + uSEe (w)’ + A
Observe that
1 5%, (w)™? 1

She (w) + pSga(w)” + 1 Spe(w) 7 + g [1 - (‘AS?““W )
82 (w) P +p

)

—AS%, (w)~?

— | < 1.
S%,{(w)l B+H

where

Recall that

(1_t)i:i(i+r—1) "

r=0
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This implies

1 00 . Se (w) P8
e raser =Y e
Fr (W) T HOpr (W i=0 (S%R(w) +,u)
o0 .52, (w) A HD(-9)
=y (R —
i=0 (1+ pSgn(w)™)
. i Qo —(7 « —1\ @+
=3 (=) 85 ()™ (14 S (w) )
1=0
:Z(*)\)’LSO‘K(W) (i+1)
=0
© [(1+7 _
Z( )(—m’“sa (w) 7~
r=0 r
:Z(*)\)’LSQK(U}) (i4+1)
=0
= (+")! e (B
> sty O

Inserting Eq. (5.3.3) into Eq. (5.3.2), we have
a .- % .- 7’ + T «a —1)r—(z
Yie (w) =0 (Z Z i )" S % (w) P (+1)>
=0 r=0
S i L+r) r qa —1)r—(i -
+ by (ZH) >0 T,Z.,) (=) S () P D2 )
=0 r=0 o

= (H‘T B—1)r—(i+1)—1

Taking the inverse Laplace of both sides of Eq. (5.3.2), one may get

B 00 ; 00 (’L—FT’)' , Saﬁ(ﬂ(l B)r+i
y(’f)—b<§)(_” 2w w ra((f—ﬁ)rﬂﬂ))
W( S yyigs (47! S (1) )

i;) - ; it M (A-B)r+i—B+2)
S i (14 7)! , Sam(t)(l—/ﬂ’)r—i-i-&-l
+ (Z (_)\) Z rlil (_M) o (F(11 _ ,8) it 2)) .

=0 r=0
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rl!

o ) ) i ) o 1-p)r
y(t)="b <Z(_A)15%“(t)lz - )'(_”)TF“ ((iF—(;))r +i+ 1))

g qyipies @D S O
by | D0 (=N S (1) ﬁ“;ﬂ o W e BT B +2)>

00 . ; 00 (Z—l-’f‘)' . San(t)(lfﬁ)r
{2 (SR +1§0 ) F“((lF— 6)r+z’+2)>'

(5.3.6)

Hence

1+ 1,1 1—
ety ‘ (1) S (1) ‘*])
(’L+15175)

S Ay ST | LD ) 53
—Hw(Z( A) A 17y (—f121-8) (—H) Sgw(t)

S - ZS%‘K (t)H—l (l +1, 1) _ Jo! 1=-5
' (Q W | ] msk ] ) .
(5.3.7)
By considering Eq. (2.4.20), Eq. (5.3.7) can be rewritten as follows:
y(t) = b( SN S B () S ) )
=0
+ by x ( SNSRI (Cmst)') ) (5.38)
=0
+ ( S (NS E ((m) Spe ) ) .
=0
Furthermore, we have
(& & wey, (Cwspo
y(t)b<nz%)()\) SF”(t) jz:%ra((l—ﬁ)J-f—TH-l) ]'
i (7)\)115@ ( )(n+1 B)
=0
b 1-87\J
o S (n+1), () S3e0) "’
S - ey, (Cwspe)
+(nZO< NSE(0) +ZF°“ (1-B)j+n+2) 7! ‘

(6]



(5.3.9)

(IT) Consider a fractal differential equation involving the non-local fractal derivatives as

follows:
SDYowy (8) + 1S Diow yy () + Ay () = f(£), >0, 0<B<y<1, (5.3.10)

by using v (0) = b and F, (w) = <s—— ). Applying the fractal Laplace transform to both
F Se. (w)
FN
sides of Eq. (5.3.10), we obtain

a y—1 a -1
VB (1) = b i
5% ()" + pS%e (w)” + A S (w)? 4+ pS% (w)” + A (5.3.11)
Fg. (w)
S () + S (w)? + X
Observe that
1 S (w)? 1
S%K(w)v—l—usan(w)ﬂ—l—/\ S%N(w)v_ﬁ—l—,u 1_ 5%, (w) P\’
S (W) 4p
—AS%, (w) P
where 5o ()P in < 1.
Recall that
‘ X fi+r—1
(1-t"=) t".
r=0 r
This implies
« « - o i+1
S () + Sk (w)’ + X = (Si‘m (w)" P + M) +
o0 g —B—iB—(i+1)(v—B)
- Z (_)‘)ZSFK(w) i+l
i=0 (1+ g (w)* )
- i Qo —(z « —\ D)
= (=) S ()" (14 S (w)* )
i=0
o . — o Z + r ,
=3 (NS (w) Y (—)"
i=0 r=0 r
Sl‘%m(w)r(ﬁ_“*)
= i (i +7)! rga (o \—(i r(B—
=) (=) Z( r'i') (—p)" S5 (w) (i+Dv+r(B—7)
=0 r=0 o
(5.3.12)
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Inserting Eq. (5.3.13) into Eq. (5.3.12), we get

o > i o l+7" r oo —r—iy—
Vi (w) = b (Z(—A) > D st w) P )
=0 r=0 o
o i (i +7)! T qa —y)r—(i -
+bu< (=) Z( m'l) (— )" S5 (w) P = (D5 1) (5.3.13)
=0 r=0 o
— i (i +7)! rqa —y)r—(i4+1)y—
(T R s )G )
=0 r=0 o

Taking the Laplace inverse to both sides of Eq. (5.3.13), we have

) . (4 ) . Se. (y=B)r+ivy
o (St B

i=0 r=0

5% (t) (y=B)r+(i+1)y—p
Fe((y=B)r+(@+1)y-58+1)
00 (i 4 1) . 5%, ( )(W—B)T+(i+1)v
<;) Z rli! Fa(( ﬁ)r+(i+1)fy+1)>

=0

12!
; —0 .

) (5.3.14)

Therefore, we obtain the following;:

Sl nSaH(t)’m (n + 1’ 1) y—B
=b AP — ) S%w
y (t) (ZO< L (W+M_ﬁ)‘ (—pe) S (t) ])
00 nSO‘N(t)(”H)”_B
b n;o(i)\) L n! X
+ by
n+1,1 ye
(nt1,1) ‘ (=) S (1) ]
(n+1)y—B+1,v—8)
X L SEmUt (et 1,1 ‘ B])
S} LR AN —11) S%e(t ,
+(;}( P Y (s | O

(5.3.15)

By taking into account Eq. (2.4.20), Eq. (5.3.15) can be rewritten in the following form:

y(t) =b ( > NSO () spe)) )

1=0

— a z+1 B ma,i+1 « v—B
+ b X ( ZO = E’Y B,(i+1)y—pB+1 ((_M) S (t) ) )

- ( > (NS0 TEN L () S <t>”’“’)) |

=0
(5.3.16)
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Furthermore, we have

N e e VR (AL S
y(t)—b nEZ:O( A) SFm(t) ij;)lja((v—ﬁ)j—kn'y—kl) j'
i (—/\)nsgﬁ(t)(”‘f'l)v—ﬁx
n=0

’ y=B\J
o i (n+1), ((—u) 5% (t) ﬂ)

k:()ra<(7_/8>j+(n+l)7—/8+1) j!

i (_)\)nsgm(t)(n—kl)yx
n=0
+ i (n+ 1)j ((—,u) S%(t)w_ﬁy
T ((v=B)j+(n+1)y+1) ;!

(5.3.17)

(III) Consider the following one-term fractal differential equation with constant coefficient

and local fractal derivatives:
bD%xy (t) = f(t), beR. (5.3.18)

By taking the Laplace transform to both sides of Eq. (5.3.18), we have

1

~ 57 ) (S (w)) . (5.3.19)

e (y (1))

Let us now take the Laplace inverse to both sides of Eq. (5.3.19), and using Eq. (2.4.24),

we get,

y(t) = bl/f(T) e (5.3.20)
0

Remark 5.3.1. When we put o = 1, we get the standard ordinary calculus results [121].
(IV) Consider a fractal differential equation involving the non-local fractal derivatives as

follows:
b Dy (1) = £ (1), (5.3.21)

where 0 <o <1, beR.
By taking the Laplace transform to both sides of Eq. (5.3.21), we have

P (1) = e P (S (). (5.3.22)
b 57 (w)
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Taking the Laplace inverse to both sides of Eq. (5.3.22), and using Eq. (2.4.24), we get

1
y(t) = bF(J)O/(t—T)lof(T)

T

(5.3.23)
Remark 5.3.2. When we put a = 1, get the standard fractional calculus results [121]
5.4 Numerical Examples

In this section, the simulation of all obtained solutions are analyzed
1. Assume that b =01i.e y(0) =0 in Eq. (5.3.9), we get

[e.e]

3 (—A) SRt @Hzra

(z+1)
2 (EOFETE)

o 1-8\J
. (= sp.07)

F . (5.4.1)

oo Nt a(i+1) (i + 1) (_H(t)a*kaﬁ)j
L

=T B)j+i+2)
In Figure 5.11., we have plotted exact solution of Eq. (5.4.1)
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Figure 5.11. The sketch of Eq. (5.4.1) using « = 0.62, 8 =0.5 4 =0.9 and A = 0.8
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Figure 5.12. The sketch of Eq. (5.4.2) using a = 0.62 p = 0.9 and A = 0.8.

In Figure 5.12., we have plotted exact solution of Eq. (5.4.2) under the effect of

fractional parameter [.
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Figure 5.13. The sketch of Eq. (5.4.2) using 8= 0.5, x = 0.9 and A = 0.8.

In Figure 5.13., we have plotted exact solution of Eq. (5.4.2) under the effect of fractal
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parameter a.

2. Assume that b=01i.e y(0) =0 in Eq. (5.3.17), we get

y(t) =

Ir

(—A) S5 (1)

I
[e)

r

(i+1), (- St
‘T ((y=B)j+(i+1)7+1) 7l ,

J

(5.4.3)

(i+1);

~ Z (_A)ita'y(iJrl) Z -

(5.4.4)
In the approximation of Eqs. (5.4.2) and (5.4.3) we used upper bound as S&. (t) < t“.
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Figure 5.14. The sketch of Eq. (5.4.3) using o = 0.62, © = 0.9, A = 0.8 and v = 0.55.

In Figure 5.14., we have plotted exact solution of Eq. (5.4.3) under the effect of
fractional parameter [3.
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Figure 5.15. The sketch of Eq. (5.4.3) using 8 = 0.55, p = 0.9, A = 0.8 and v = 0.55.

In Figure 5.15., we have plotted exact solution of Eq. (5.4.3) under the effect of fractal

parameter a.
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Figure 5.16. The sketch of Eq. (5.4.3) using 8 = 0.5, x = 0.9, A = 0.8 and o = 0.62.

In Figure 5.16., we have plotted exact solution of Eq. (5.4.3) under the effect of fractal
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Mittag-Leffler parameter +.

83



CONCLUSION

This thesis provided a comprehensive study on the theory and applications to some
nonlinear partial differential equations, local, and non local fractal differential equations.
The technique of generalized exponential rational function and its newly modified version
are used to construct exact solutions fro some NPDEs. The GERFM and its modify are
the most powerful methods because constructing solutions via these two methods are
depend on the include constants r;,s; (1 < j <4), in other words, when we change the
values of 7;,s; (1 < j <4) the solutions are change, so, by continuous the processes, we
can get abundant families of different solutions. In order to convert the proposed non
linear partial differential equations into a NODESs, a traveling wave transformation has
been implemented. Singular solutions, compound singular solutions, complex solutions,
and topological and non-topological solutions are reported for the Gilson-Pickering
equation that arise in plasma physics by using the GERFM. Non-topological solutions,
periodic singular solutions, topological solutions, singular solutions, and periodic like lump
solutions are constructed for the micro-strain wave in micro-structured solids using the
mentioned method. The GERFM method and the novel MGERFM method have been
successfully used to investigate the system based on the ion sound and Langmuir waves
equations which arise in various area such as plasma physics, engineering sciences. To
better understand the difference between the two methods, the same variables were chosen
to solve the model at the same time for both schemes, leading in the development of the
same solutions as well as the different solutions, we gave more details about difference of
two methods in the subsection result and discussion in chapter 4. All produced solutions
satisfy the studied governing equations. Furthermore, the dynamic behavior of all
reported solutions are addressed in 2D, 3D, and contour surfaces by selecting suitable
values for free involved parameters.

The local fractal Laplace transform and non-local Fractal Laplace transform in the
sense of Caputo derivative have applied to investigate some fractal differential equations
such electrical circuits involving fractal in both of serious and parallel RLC circuit, battery
discharging model on fractal time sets as well as one-, and three-term fractal differential
equations. In addition to, some new concepts of fractal calculus have been defined.

Time and space with a fractal structure in physical models give us new and more
general results [115,116]. In [117], a general technique has developed to retrieve the fractal
dimension of self-similar soils through microwave (radar) scattering. Researchers have
usually studied the laws of physics in spaces with higher dimensions. However, studying
the laws of physics in the spaces of non-integer dimensions, which are seen in nature and
laboratories, has its own place [118,119]. A polariton gas that is confined in a
quasiperiodic one-dimensional cavity gives a fractal energy spectrum and log-periodic
oscillations of the integrated density of states [120]. The fractal structure in a space

random walker leads to a broad distribution and non-equilibrium phenomena or
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anomalous diffusion on fractally disordered media such as the backbone of a percolating
cluster (see Ref. [121] and the references therein).

The fractal calculus includes fractional order derivatives that have the following
benefits. First, it has a local property that plays an important role in application because
measurements are also local in physics. Second, it has a geometric meaning; that is, the
order of the fractal derivatives is equal to the dimension of the domain of the functions.
Third, it has a physical meaning; that is, Einstein’s law states the relationship between
the random walk dimension D,,, electric resistance exponent resistance ( , and the
spectral dimension ds, which reads as D,, = 2(/2 — ds (see Refs. 122 and 123). Also,
according to the relation of Alexander—Orbach, D,, = 2D/d, where D is the fractal (e.g.,
Hausdorff, box counting, or ¥-dimension) dimension such that ( = D,, — D (see Ref. [53]).

We have generalized the fractal calculus and investigated the series and parallel
RLC circuits by considering their corresponding fractal differential equations that give
their dynamics with fractal time. The local fractal Laplace transform has been used to
obtain some new analytical solutions for the equations under consideration. Some
examples using the local fractal Laplace transform have been provided. Furthermore, we
carry out the comparison analysis by solving the governing equations in the standard
version and in the fractal calculus; also, we demonstrate that when o = 1, we get the same
results in the standard version. In order to study the effect of fractal derivatives, we have
changed the value of a in given models. A simulation analysis has been carried out in
order to explain the effect of the dimension of the fractal time on these systems so that it
can provide a new mathematical model for experimental data.

The battery discharging model on a thin Cantor set from the viewpoint of the fractal
calculus. The local and non-local fractal Laplace transforms have been used to obtain some
new analytical solutions for the equations under consideration. It is worth pointing out that
in all the obtained solutions, for model one, the case of & = 1, we get the same result in the
standard calculus, for model two, the case of o = 1, we get the same result in the standard
fractional calculus, and also if we choose a = 8 = 1, we get the same result in the standard
calculus; this shows us the power of the used method. In addition, simulation analysis has
been carried out in order to shed more light on the physical characteristics of the given
equations. To study the effect of fractal and fractional parameters, we have changed the
values of k in Figures 5.5, 5.9, and the values of « in Figures 5.6, 5.10, also the values of
B in Figure 5.8. The parameter « is a dimension of the fractal set, the parameter k is a
length of removed open interval from the Cantor set, and § is a parameter of the non-local
derivative.

The one-term and three-term fractional differential equations from the viewpoints
of local and non-local fractal derivatives have been explored. The well-known Laplace
transform has been used to form some new analytical solutions for the mentioned models.
Furthermore, we carry out a comparative analysis by solving the governing equation in the

contexts of the standard version and fractal calculus for two cases in which one can also
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demonstrate that when a« = v = 8 = 1, the same results are obtained in the standard
version (see [114,121]). To study the effect of a fractional order derivative, we have fixed
one index while changing the other one. A simulation analysis has been carried out to
explain the effect of the orders of derivatives for both local and non-local cases on bound
solutions that might be helpful in providing a mathematical model for experimental data
in physical phenomena. All in all, exact solutions are non-differentiable in the sense of

standard derivatives.
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