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Abstract: The fractional non-linearity of space-and-time of Estevez-Manstfield-Clarkson
equation, Ablowitz-Kaup-Newell-Segur equation and modified Korteweg-de Vries equation
reveals the effects on shallow-water waves, optical-fibre waves and electric-circuit waves
respectively. Using the fractional derivative of Jumarie's Riemann-Liouville and a
combination of Kudryashov method and the process of establishing the answer in finite series,
the procedure is called the transformation of fractional non-linearity of partial differential
equations into the non-linearity of ordinary differential equations. The newly discovered
analytical solutions take the form of exponential functions, which ultimately leads to the
occurrence of physical wave effects. These effects are manifested in kink and periodic waves,
and they are separately depicted by 2-D, 3-D and contour graphs.

Keywords: wave solutions, fractional Estevez-Mansfield-Clarkson equation, fractional
Ablowitz-Kaup-Newell-Segur equation, fractional modified Korteweg-de Vries equation,
Kudryashov method

INTRODUCTION

The non-linear evolution equations are highly essential equations used in real-world situations
in applied mathematics, applied science and engineering, such as plasma waves, water waves,
capillary-gravity waves, optical fibres, electric circuits, plasma physics, fluid mechanics, chemical
kinematics and chemical physics. Researchers are now interested in exploring numerical solutions
[1, 2] or exact solutions and putting the outcomes from the aforementioned studies into practice. To
explore the effects of these factors further, it is required to investigate the method to solve the
fractional non-linearity of partial differential equations (PDEs). Many new powerful methods of
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seeking new results of the analytical wave study have been implemented by mathematicians, such
as first integral method [3, 4], fractional sub-equation method [5, 6], Poincaré-Lighthill-Kuo
method [7, 8], G"/G-expansion method [9, 10], modified Kudryashov method [11, 12], generalised
Kudryashov method [13, 14] and simple equation method [15, 16].

Estevez-Mansfield-Clarkson (EMC) equation (shallow-water equation) is a fourth-order non-
linearity of PDE derived from Mansfield and Clarkson's dispersion of patterns in liquid drop in
1997 [17], which describes the influence of shallow-water wave and has the following form with
the constant A:

u,, +Auu, +Au, u +u, =0. (1

The fourth-order non-linear Ablowitz-Kaup-Newell-Segur (AKNS) equation (optical-fibre
equation) was established in 1970 by Ablowitz, Kaup, Newell and Segur [18], who were motivated
by the non-linear optical fibre. The AKNS equation with the parameter x is shown as

Aty + Uy + 8y +Auu, — pitt, = 0. (2)

In 1985 the modified Korteweg-de Vries (mKdV) equation (electric-circuit equation) was
developed from the third-order KdV equation, which was reconstructed by Diederik Johannes
Korteweg and Gustav de Vries [19, 20]. The mKdV equation has been applied in the study of
electric circuits and is given by

- 7“2ux + Upex = 0’ (3)

where y is a constant.

In this work we have found new analytical wave solutions of the fractional non-linearity of
space-and-time EMC equation, the fractional non-linearity of space-and-time AKNS equation and
the fractional non-linearity of space-and-time mKdV equation by using the fractional derivative of
Jumarie’s Riemann-Liouville and the algorithm of Kudryashov method. Moreover, we have shown
the wave effects in contour graphs, 2D graphs and 3D graphs.

Definition 1. The fractional derivative of Jumarie's Riemann-Liouville [21] is given as follows.
If a=0,
Drf(1)= 1 (1),

if O<a<l,

DEf(1)= 1 dij (w)~/(0)]dy.

if n<a<n+1and n>1,
dn
dt"

D f(1)=

where o is the fractional derivative order.

a nf()

The following basic features of the fractional derivatives of Jumarie's Riemann-Liouville were
found in 2009 [22]:

_ [(m+1)

D[ f(1)h(t)|= 1 (¢)DER(t)+h(e) DE £ (¢), (6)

D™ m=0, (%)
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Dy fh(1)| =D [ ()] (1)
= fi [ A(e)] D e). (7)

ALGORITHM OF KUDRYASHOV METHOD

This algorithm goes through how to solve the fractional non-linearity of PDEs using
Kudryashov method [23]. The basic structure of the fractional non-linearity of PDEs may be
represented as

A(u,Dgu,D;‘u,Df‘u,Dﬁau, D% Dfu, DI Diu,.. ) =0,0<a <1,¢>0, (8)

where 4 represents a polynomial in u(x,y,7) and its fractional derivatives. The processes involved
in this technique are illustrated here.
First Step: Transformation of fractional non-linearity of PDE to non-linearity of ordinary
differential equation (ODE)

Set a solution and use the wave transformation:
kx® Iy* ct®

u(e ) =U ) = o  FlarD) Tarl)

)

where constants k¢ and / are non-zero, ¥ 1is a wave transformation term and c¢ is a constant of the
wave speed. When c is larger than 0, the wave is travelling in the direction of positive motion, and
when c is less than 0, the wave is travelling in the direction of negative motion. Converting Eq. (8)
by Eq. (9) to the non-linearity of ODE,

B(UUU"U",..)=0, (10)
where B represents a polynomial in U(¥) and its derivatives.

Second Step: Assumption of the solution

Set the solution of Eq. (10) as a finite series:
M
U=> aP, (11)
i=0
where @, are constants with a,, #0 and the Kudryashov method is used to determine P:

P=P-P. (12)

The solution of Eq. (12) is

1
P=1+deq” (13

where d is an integrating constant.

Third Step: ldentification of M

Find the integer M by finding the balance between the derivative of the highest order term and
the non-linear variable in Eq. (10).
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Fourth Step: Obtaining the solutions

To generate the parameters ai(i:l,2,3,...,M ) and ¢, collect the coefficients of all terms that

have the same order of P (i=1,2,3,...) and set them to zero. Substitute all parameters in Eq. (11);

the analytical wave solutions to Eq. (8) are constructed.

APPLICATIONS

The effects of the fractional non-linearity of the three space-and-time equations, i.e. EMC
equation, AKNS equation and mKdV equation are explored.
Fractional Non-Linearity of Space-and-Time EMC Equation

The following is the fourth-order fractional non-linearity of space-and-time EMC equation [11,
16]:
Di“Df‘u +ADuD; Dffu+ lDyzathau +Du=0,0<a<l,t>0, (14)

where uzu(x, y,t) and A is a constant. Identifying the solution and carrying out the transformation
by the first step, Eq. (14) is transformed into the non-linearity of ODE:

LU -2PUU" +cU" =0, (15)
We then obtain Eq. (16) by integrating Eq. (15) with zero constant:

—PU"-PAU) +eU' =0. (16)

From the second step, Eq. (11) is used to write the solution. Next step, the derivative of the highest
order term and the non-linear term of Eq. (16) are balanced, M =1. Eq. (11) turns into

U(‘P):a0+a1P(‘P). (17)
Eq. (16) is substituted with Eq. (17). In the fourth step we aggregate all the same power terms of
P(¥) and put zero in each of the coefficients:

P(¥) : al’—ac=0, (18)

P (¥) : —-Tal’—aiP2+ac=0, (19)
P (YY) : 12a) +2a{PA =0, (20)
PH(Y) : —6al’—all’2=0. 21

Solving the system of Egs. (18) - (21), we get
a=—,c=0. (22)

Considering Eqgs. (9), (13), (17) and (22), the analytical solutions of the fractional non-linearity of
space-and-time EMC equations are given as

6/
u(x,y,t)=a,—————~, 23
(1) =y A(1+de") @)
a a 3ia
where d is an integrating constant and ¥ = b __

F(a+1) T(a+l) T(a+1)
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For the fractional EMC equation, a comparison of solutions is shown in Table 1, using the
G'/ G -expansion method [24] and Kudryashov method. It is quite clear that the structure of our
solutions is less complicated.

Following that, the sample graph of the wave effect of the fractional non-linearity of space-and-
time EMC equation is obtained by adjusting specific parameters. Figure 1 shows the exact
exponential solutions in the form of kink wave influence, changing from one state to another, when
we set a,=0,1=-1,/=1,k=1,d=1,a=0.5,10<x<200, 10< y <200, t =100 (Figure 1a) and 300
(Figure 1b) in Eq. (23). Figure 2 shows the periodic wave influence, the wave form that repeats at
regular intervals, when we set the parameters n Eq. (23) as
a,=0,1=-11=Lk=1,d=-1,a=0.50<x<300,0<y<300,7=100 (Figure 2a) and ¢ = 300
(Figure 2b).

Table 1. Comparing differences of exact solutions to the fractional EMC equation

G'/ G - expansion method Kudryashov method
Case 1: 2*—au>o0, u=ao—6—l,
A(1+de”)
. NellP Nell?
¢, sinh ¢ |+¢,cosh 4
6l 1 e/l 2 2 where
u=a,+— ——+ Joc® i l3ta
Bl 2 2 e/l NOE = Y ,
c,cosh{ cz §J+cz nh( c2 Q'J F(a+1)+r(a+1) F(a+1)

Case 2: 2*—4u<o0,
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Figure 1. 3-D, contour and 2-D kink graphs of Eq. (23)
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Figure 2. 3-D, contour and 2-D periodic graphs of Eq. (23)
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Fractional Non-Linearity of Space-and-Time AKNS Equation
The fourth-order fractional non-linearity of space-and-time AKNS equation is defined [11, 16]:
4D?D?u + D Dfu +8D%uD? D*u + 4D**uD%u — uD>*u = 0,0 < <1,¢ > 0, (24)
where u=u(x,y,t) and u is a constant. Transforming Eq. (24) by Eq. (9), we get
—(4c+ pk)U" - ck*U™ +12kU'U" = 0. (25)
Integrating Eq. (25) and setting to zero, we get
~(4c+ pk)U'—ck*U™ + 6kl (U') =0. (26)
Balancing Eq. (26), M =1, Eq. (11) is transformed into
U(‘P) =a, +a1P(‘P). 27)

Replacing Eq. (26) by Eq. (27) and collecting the coefficients of all terms with the same power and
setting them to zero, we get

P (YY) : 4ca +apk+cak® =0, (28)
P (¥) : —4ca, —a,uk —Tck* +6kall =0, (29)
P (YY) :12cak® —12kail =0, (30)
PY¥) : —6cak’ +6kail=0. 31
Solving the system of Egs. (28) - (31), we obtain
a = kL (32)

The analytical solutions of the fractional non-linearity of space-and-time AKNS equations are
described as

pk?
[(4+K)(1+de")

u(x,y,t)=a, - (33)

S L pkt”
T(a+1) T(a+1) (4+k*)T(a+1)

where d is an integrating constant and ¥ =

The Kudryashov method and G’/ G -expansion method [24] are compared in Table 2 for their
ability to solve the fractional AKNS problem. The solution using the Kudryashov method is an
easier form to work with than that using the G’/ G -expansion method.

To obtain a kink graph of the wave influence of the fractional non-linearity of the space-and-
time AKNS equation, we set q,=0, u=-1L/=Lk=1,d=1,0=0.51<x<51<y<5,t=100
(Figure 3a) and ¢ = 1000 (Figure 3b). In Figure 4a the periodic wave influence is shown by setting
a, =0, u=-1,1=Lk=1,d=-1, a=050<x<50<y<51¢=100. It is shown again with
a, =0, u=~-1, I=Lk=1,d=-1,a=050<x<50<y<5 =200 in Figure 4b.
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Table 2. Comparing differences of exact solutions to the fractional AKNS equation

G'/ G -expansion method

Kudryashov method
- 2
Case 1: 22 —4u>o0, u=a,— zﬂk T
F T 1(4+k)(1+de”)
¢, sinh ¢ |+¢,cosh s
e +g _i_'_ ’c/lB 2 2 Where
Bl 2 2 X \/c/l3§ + e ik \/c/l3é, g R bt pkt
¢ cosh| — ¢, sinh| — T(e+1) Ta+1) (4+k%)0(a+1)

Case 3: A*—4u=c=0,
61[ YRS
u=a,+—
B G +ed

kxa

-=+
2

E

o

ly

alpha=0.5,t=100

u(x.y)
Ua(x.y)

ugx.y)

(a)
3-D, contour and 2-D kink graphs of Eq. (33)

Figure 3.

alpha=0.5,t=1000

(b)



270
Maejo Int. J. Sci. Technol. 2022, 16(03), 262-274

alpha=0.5,t=100 alpha=0.5,t=200

300

200
100
0
-100
5
5
00
y X
alpha=0.5,t=100 alpha=0.5,t=200
5 5 R
4 4
3 3 ‘
> > .
- N .
2 2 i N =L P
1 1 NO
-
0 0
0 1 2 3 4 5 0 1 2 3 4 5
X X
alpha=0.5,t=100 alpha=0.5,t=200
e . = 400
0 (S oo rr
~ 50 || —~ 200 lhl
= || 5 (\
x
%, 100 I % [
=] ‘ = 0 | A &
-150 I \/ /—
-200 -200
0 2 4 6 0 2 4 6
y y
(a) (b)

Figure 4. 3-D, contour and 2-D periodic graphs of Eq. (33)

Fractional Non-Linearity of Space-and-Time mKdV Equation
The third-order fractional non-linearity of space-and-time mKdV equation [19, 20] is defined as
Dru—yu* Du+Du=0,0<a<1,¢t>0, (34)
where u=u(x,t) and y is a constant. Eq. (34) is converted into an ODE by Eq. (9) without
considering the variable y:
—cU' —ykUU +I°U" =0. (35)
By integrating Eq. (35) with a constant of zero, we get

3
—cU—7"7U+k3U” 0. (36)

Balancing Eq. (36), we found M =1. Eq. (11) is evolved into
U(Y)=a,+aP(¥). (37)

Eq. (36) is replaced with Eq. (37). When we group all the same power terms of P(¥) and put zero

in each of the coefficients, we get

P(¥) : —cao—yk;gzo, (38)
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P(Y) : —ca —ykaya, +Ka =0, (39)

P(¥) : —ykaa —3ka =0, (40)
3

P(¥) : —%+2k3a1=0. (41)

The system of Eqs. (38) - (41) is solved and the result is

i e (“2)
4o 3 |6k c__ﬁ
o —2)/’@1 _y ) >
The following are the analytical wave solutions to the fractional non-linearity of space-and-time
mKdV equations:
3k* 6k* 1
= - /— — 44
u(x,z) 2 1+deq' , (44)
3k* 6k2
o / 45
u(x.r) 2y 1+de 43)

N k3t®
F(a +1) ZF(a +1)

(43)

where d is an integrating constant and ¥ =

Table 3 presents a comparison of the solutions to the fractional mKdV equation obtained by the
use of generalised G'/ G -expansion approach [25] and Kudryashov method. The solutions of the
Kudryashov method appear to be simpler than those of the generalised G'/ G -expansion approach.

Table 3. Comparing differences of exact solutions to the fractional mKdV equation

Generalised G’/ G -expansion method Kudryashov method
=1 Af/‘z_& \/acoth(g@],uz = i% @tanh(gq’} e \/% ) \/g(l - LeWJ
"= :j'v”_ [C +CZC<I>J iA\}@[ 35[3_2@@}{%@}}} where

Il
I+

JA ' JA _ kx Kt
U, A\/16—[ 35[3 2+/A tanh [TA(DJD’%:iAx}@ [—35[3—21@00{ AACDH], ‘P_F(O!+l)+21“(a+1)'

u‘,,:iA\}6_[ 35[B+2l\/_tan[ A JD
)

where cD_x+—(B +4Ey )ty = A—-C,Q =B +4E(A-C),A=yE.

Next, we choose the parameters a, =0,y =1, d=1k=1,0=0.51<x<20 and 1<¢r<30 to

get the kink wave influence of Eq. (44) and Eq. (45), which are shown in Figure 5 and Figure 6
respectively.
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Figure 5. 3-D, contour and 2-D kink graphs of Eq. (44)
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CONCLUSIONS

The fractional non-linearity of space-and-time EMC equation, space-and-time AKNS
equation and space-and-time mKdV equation has been solved for the analytical wave solutions by a
powerful method, namely Kudryashov method. As a direct consequence of this, the new analytical
solutions to these equations take the form of exponential functions and the influences of the wave
solutions on the fractional EMC equation (shallow-water equation) and fractional AKNS equation
(optical-fibre equation) are shown as a kink wave and a periodic wave, and the influence of the
wave solutions on the fractional mKdV equation (electric-circuit equation) is shown as a kink wave.
Moreover, the exact solutions by the Kudryashov method to all of these equations have a form that
1s easier to understand than the solution obtained through the earlier technique.
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