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Abstract [ )
In this article, with the help of the new Kudryashov method, we examine general solutions to the (241)-dimensional
Sawada-Kotera equation (SKE) and Kaup-Kupershmidt (KK) equation. Using Maple, a symbolic computing
application, it was shown that all obtained solutions are given by hyperbolic, exponential and logaritmic function
solutions which obtained solutions are useful for fluid dynamics, optics and so on. Finally, we have presented
some graphs for general solutions of these equations with special parameter values. The reliability and scope of
programming provide eclectic applicability to high-dimensional nonlinear evolution equations for the development
of this method. The results found gave us important information regarding the applicability of the new Kudryashov
method.

Keywords. Exact solutions, Travelling wave solutions, Nonlinear partial differential equations.

2010 Mathematics Subject Classification. 65L05, 34K06, 34K28.

1. INTRODUCTION

Partial differential equations are important component of applied mathematics and have been known by scientists
for a long time. They have a significant role in many fields including elasticity theory, fluid dynamics, plasma physics
and engineering [22]. The development of computer programs for engineers and applied scientists approach to problems
in PDEs has had an a significal impact. Pachage programs such as Maple, Mathematica, Matlab have started to be
used for large calculations in the solutions of problems. In this paper, we used the symbolic computer program Maple
to determine the exact solutions of partial differential equations.

Different approaches to solving nonlinear partial differential equations have been developed in recent years by
scientits. Such as (G’/G)-expansion method [28], symmetry method [2], tanh-coth method [23, 30], Hirota’s bilinear
method [12], sine-cosine function method [32], the homogenous balance method [7, 29], simplest equation method
[5, 34], Backlund transformation method [24], exp-function method [10], variational iteration method [11] , sine-
Gordon method [33], first integral method [8], P° model expansion method [1], Kudryashov method [35], unified
Ricatti equation expansion method [36], trial function method [3], sine-Gordon expansion approach [6], and so on.

Kudryashov method is one of the methods to solve the nonlinear PDEs. Kudryashov method was proposed by N.
A. Kudryashov in 2011 [16-18]. Many researchers developed new methods using Kudryashov method [25, 37]. Like as
modified Kudryashov method [14, 15, 27], improved Kudryashov method, modified improved Kudryashov method, gen-
eralized Kudryashov method, modified genereralized Kudryashov method, improved generalized Kudryashov method,
modified improved generalized Kudryashov method, extended Kudryashov method and the new Kudryashov method
[19] that we use in this article.

In this paper we will explain the new Kudryashov method proposed by N.A. Kudryashov. Then we will apply this
method to the (241)-dimensional Sawada Kotera equation and the (1+1)-dimensional Kaup-Kuperchmidt equation.
The new Kudryashov method is introduced in section 2. The exact solutions to the (241)-dimensional Sawada Kotera
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equation and the (1+1)-dimensional Kaup-Kupershmidt equation are the found and illustrated in section 3. Also, we
present some visual representation of the solutions. The final section provided the conclusion.

2. THE NEW KUDRYASHOV METHOD

In this section, we describe the main steps of the new Kudryashov method. Assume the next nonlinear partial
differential equation (PDE):

Q(uaut;umvuttvumyvu$zv'") :07 (21)

where §2 simply represents a polynomial.
Step 1 By the travelling wave transformation ¥ =  +y — ot and with wu (x,y,t) = U (99), Equation (2.1) can be
reduced to an ordinary differential equation (ODE)

G (U, Uy, Ugg, Uggy,...) = 0. (2.2)
Step 2 Consider the Equation (2.2) has a solution as:

N
U@ => aQ (), (2.3)
i=0
where ¢; (i = 0,1, ..., N) are the coefficients of Q* (¥) with cy#0 and

1
Q('lg) - (G/A(Qﬁ) + bA(_@ﬁ))v

is the solution of the differential Equation (2.5)

(@' )" = ©una) Q)7 (1 - 4abQ* (1)) (25)

where a,b,0 andA are constants and non-zero arbitrary real parameters to be determined later, with A>0 and A##0.
Also the positive integer N can be determined by using homogenous balance between the highest order derivative
term with the highest order nonlinear term appearing in ODE (2.2).

Step 3 After substituting solution (2.3) into Equation (2.2), the left-hand side of Equation (2.2) can be converted
into a polynomial in powers of @ (¢). Collecting the terms that include the same power of @ (¥) and equating each
coefficient equal to zero, one obtains an algebraic equation system for ¢, ¢1, co, A, a,b and O.

Step 4 We solve the algebratic equations in the Step 3 with the help of the Maple. Substituting the obtained values
of ¢g,c1,c2,A,a,b and O into solution (2.3) by considering Equation (2.4), the solutions of the NLPE in Equation
(2.1) can be obtained.

(2.4)

3. APPLICATION OF THE NEW KUDRYASHOV METHOD

3.1. Solutions of the (2+41)-dimensoinal Sawada-Kotera Equation. One of the important model in mathe-
matical physics is the classical Sawada-Kotera equation (SKE), which was put forth by Sawada and Kotera firstly [32].
Aplication for this equation include nonlinear optics, nonlinear acoustic waves in an inharmonic lattice and quantum
mechanics. It also emerged to be used to describe how long waves move in shallow water [33, 34]. Numerous varieties
of approximate and exact solutions are obtained, such as lump solutions, periodic solitary wave solutions, N soliton
solutions, and two soliton solutions. Thus, investigating novel interaction solutions among soliton molecules, breather
molecules and soliton-breather molecules of it also of great significance.
The following form of the (241)-dimensional Sawada-Kotera Equation was proposed by Ma et al. [21].

Ut + Ugzy — SUUy — 3UgV + Usy — 15 (uum — u3)m =0, with vy = uy, (3.1)

where u = u (z,y,t) and v = v (z, y,t) are the unknow function with a real value that results from the real independent
variables x, y and t. Also z, y are dimensionless spatial variables and ¢ is temporal variable.
Now, we apply the new Kudryashov method to find the exact-solution for the Equations (3.1).

(&)
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Using the travelling wave transformation

u(z,y,t) =UW),v(z,y,t) =V (), =x+y—ot. (3.2)
where o is represents the wave velocity. The Equation (3.1) is carried to NODE

— Uy + Uggy — 3UUy — 3UyV + Uggggy — 15 (UUyy — U*) ; = 0. (3.3)

Uy =Vy. (3.4)

By applying integrate on Equation (3.4) with respect to ¥ and then taking the integral constant as zero, we get
U=V (3.5)
Substituting Equation (3.5) into Equation (3.3), after integrating with respect to ¥,
—oU + Ugg — 3U? + Ugggy — 15 (UUgy — U*) + B = 0. (3.6)

where B is constant of integration.
By balancing the highest order derivative term Ugggy and the highest order nonlinear term U?3,we get;

N+4 = 3N, (3.7)
N = 2.
So from solution (2.3), we can write
U (W) =co+c1Q (9) + 2Q* (9), (3.8)

where cg, c; and cy are constants to be determined later.
Substituting solution (3.8) into the Equation (3.6) yields a polinamial in @ (). A system of algebraic equations is
obtained by setting each coefficient of the equations to zero.

Q% : 19201n (A)* a®b?c20* + 3601n (A)? abc2©? + 15¢3,
Q° : 3841n (A)4 a’b?c10%* + 480 1n (A)2 abeyco®? + 450103,
Q*: —4801In (A 4 abcs©®* +3601n (A 2 abcoca®? +1201n (A 2 abc20? — 241n (A)? abce©?
1
—601n (A)? 202 + 45¢0c2 + 45c2 ¢y — 3c2,
Q®: —801n (A)4 abc1©* +1201n (A)2 abcyc;©2 — 81n (A)2 abc1©? — 751n (A)2 1202 + 90coci o + 150113 — 6cico,
Q?:161n(A)' 0%, —601n (4)? O%coen — 151n (A4)> O%c2 4+ 41n (A)? ©%¢y + 452 ¢y + 45c2 ¢y — oca — Beges — 3¢,
Q':In (A)4 0% —151n (A)2 02%¢cye; + In (A)2 ©%cy +45c¢kc; — ey — 6ege,
Q" 1503 —ocy — 308 + B.
To solve the above system of algebraic equations we use Maple Software. Therefore we get following 2 solution sets;
Set 1
B =161n(A)" ©% — 60In (4)* 022 + 41n (4)* ©2¢) + 303 — 3¢,
o =16In(A)'©* —60In (A)* O2¢; + 41n (4)* ©2 + 45¢2 — 6cy, (3.9)
co =cg,c1 =0,c0 = —81In (A)2 O2ab.
Substituting Equations (3.9) into (3.8) with using (2.4), we obtain the exact solution of the (2+1)-dimensional SKE
as follows:

In(A)? ©2
Uy = Vi= ¢y SM(A)"O%ab - (3.10)
(aA®9) 4 pA(-09)
where
9= — (161n (A)* 0 —601In (A4)>O%¢o + 41n (A)* ©2 + 45¢2 — 600) t+z+y. (3.11)

(=)=
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Set 2
_ n 606 n 44
p = —(2m@°e’) | (6w 1 61, ()t et - L,
(3.12)
n 202
00:(41(“%@)4%7@1:0702:_16111(,4)292@1;.

Substituting Equations (3.12) into (3.8) with using ((2.4), we obtain exact solution of the (2+41)-dimensional SKE
as follows:

2
e (4ln(A) 92) L1 161n (A)? ©%ab (3.13)
2 3 15 (aA®©) 4 (,14(4919))2 ’ ’
where
1
W= — <161n(A)494— 5) t+z+y. (3.14)
In particular, if we have a = b in solution Us ,then Equation (3.3) has the following bright-soliton solution
4ln(A)? 6?2 (1 — 3sech? (@ (SOt In(A)*©* —t — 5z — 5y) @))
t)=— . 1
uz. (,y,t) 15 + 3 (3.15)
On the other hand if we take a = —b in in solution Us, then Equation (3.3) has the following singular-soliton
solution
41n (A)* ©? In (A 1
uz.2 (7,y,t) = % +41n (A)? ©%csch? (@ (8025 In(A)*0* —t —ba — By) né )> + R (3.16)

Figure 1 and Figure 2 as given below, eight graphs in total are drawn with the help of the Maple for the exact
solutions Uy = V; (3.10) and Us = V5 (3.13). For the graphs of these exact solutions are drawn for the Sawada-Kotera
equation, the parameters and the range of x and ¢ values are specially chosen.

3.2. Solutions of the (141)-dimensional Kaup-Kupershmidt (K K) equation. The standard fifth-order KdV
equation (fKdV) of the form [31],
s + auug + Buglse + Yutse + usy = 0. (3.17)

where «, 8 and v are arbitrary nonzero and real parameters and u = u (z,t) is a differentiable function. With taking
different values of the parameters «, and =y, the Equation (3.17) change the characteristics of the fKdV equation.
Kaup-Kupershmidt equation is characterized by

5 1,
B - §7a a = 37 .
For v = 10, then 8 = 25 and a = 20, therefore Equation (3.17) reduces to standard KK equation:
ug + 200Uy + 25Ugptgy + 10uusy + sy = 0. (3.18)

where u = u(x,t) is the unknow function with a real value that results from the real independent variables x and y.
The Kaup-Kupershmidt equation was proposed by Kaup in 1980 [13, 20].
To find the exact-solution for the Kaup-Kupershmidt Equation (3.18), we apply the new Kudryashov method.
Consider the following travelling wave transformation

u(z,t)=U(9),9 =z — ot. (3.19)

where o is represents the wave velocity.
The Equation (3.18) is carried to NODE

—oUyg + 20U2Uy + 25UsUgy + 10UgUggs + Usy = 0, (3.20)
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(c) 2d Chart. (d) Polar coordinates.

FIGURE 1. New exact solution Uy = V1(3.6) of the (2+1)-dimensional SKE (3.10), for A = 1.5,0 =
1.5,a =3,b=2,c9 = 0.5,y = 1, when in the range of t €[0,10], x € [-10, 10].

integrating with respect to ¢
20 5 15, B
—oU + 3U t3 (Uy)” +10UUyy + Ugpgy + B = 0, (3.21)

where B is constant of integration. By balancing the highest order derivative term Uyygyy and the highest order
nonlinear term U3, we get,

N+4 = 3N, (3.22)
N = 2.
So from (2.3), we can write
U (¥) = co+a1Q (9) + 2Q° (9), (3.23)

where cg, c; and ¢y are constants to be determined later.
Substituting (3.23) into the Equation (3.21) yields a polinamial in @ (). A system of algebraic equations is
obtained by setting each coefficient of the equations to zero.

(2063)
3 b
Q° : 3841n (A)* ©*a?b?c; — 44002 In (A)? abeycz + 20¢1 ¢,
Q*: —4801n (A)! ©%abey — 24002 In (A)? abegey — 11002 In (A)? abe? + 7002 In (A)? ¢ + 20¢c3 + 20¢3 ¢,

Q% : 19201n (A)* ©%a?b?c, — 36002 In (A)” abc? +
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(c) 2d Chart. (d) Polar coordinates.

FIGURE 2. New exact solution Uy = V5(3.13) of the (2+1)-dimensional SKE (3.6), for A = 1.5,0 =
2,a=>5,b=2,¢9 = 0.5,y = 2 when in the range of t €[0,10], x € [-10, 10].

20c

3
Q? : 800%1n (A)2 c1co — 801n (A)4 ©*abey + 40cperco + 3 L _800%In (A)2 abcpey,

3502 1n (4)° ¢
Q? : 4002 In (A)* coca 4 20¢oc? — oey + 20ckcs + 161n (A)* Oc, + #,
Q' :In(A)" O + 1002 In (A)° coey + 20cic; — ocy,
20c3
Q" :B—oco+ %.
To solve the above system of algebraic equations, we use Maple Software and we get the following two solution sets;
Set 1

61n (A)° -62In(4)

B= %, o=In(A)*e* ¢ = @Tn(), c1 =0, c; = 602abln (A)?. (3.24)

Substituting Equations (3.24) into (3.23) using (2.4), we obtain the exact solution of the KK as follows:

—621n (A)* In (A)? ©%ab

v, =~ 6In(A) 6%ab (3.25)

2 (aA®?) 4 pA(-0D))
where
¥ =—In(A)" 0%+ . (3.26)
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(a) 3d Chart. (b) Contour plot.

e —— s —— ¢l

(¢) 2d Chart. (d) Polar coordinates.

FI1GURE 3. New exact solution Us(3.25) of the KK Equation (3.21), for A=2.5,0 =15,a=1,b=2
when in the range of t €0, 10], x € [-10, 10].

—— 02— 05 — 1

In particular, if we have a = b in solution Us, then Equation (3.3) has the following bright-soliton solution

irs (@0) — O In (4)? 3sech? (@2 <ln (A)42@8t — a:) In (A)) - 1. 5,27

On the other hand if we take a = —b in in solution Us, then Equation (3.3) has the following singular-soliton
solution

urs (z,t) = —©21n (A)? 1 + 3csch? (@ (111 (A % — x) In (A))

. 2
- (3.25)
Set 2
~8320° In (A)°

B= +”,a =1761n (A)* 0%, ¢o = —4021In (4)% ,¢1 = 0, cp = 480%abln (A)>. (3.29)

Substituting Equations (3.29) into (3.23) with using (2.4), we obtain the exact solution of the KK as follows:
481n (A)? ©%ab
Uy = —40%1n (A)% + n(4)" % - (3.30)
(aA©) 1 pA-07)

where

9 = —1761n (A)" Ot + .

(3.31)

The graphs are drawn with help of the Maple for the Us (3.25) and Uy (3.30) by choosing the parameters and x, t
values in Figures 3 and 4.

(=)=
BIE
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(¢) 2d Chart. (d) Polar coordinates.

FIGURE 4. New exact solution Uy (3.30) of the KK Equation (3.21), for A =3,0 =0.2,a =2,b=5
when in the range of t €0, 10], x € [-10, 10].

4. CONCLUSION

In this study, we discussed (2+1)-dimensional Sawada Kotera equation and the (141)-dimensional Kaup-Kupershmidt
equation, both of which have several uses in mathematics and physics. We utilized the new Kudryashov method after
reducing the PDE to ODE using traveling wave transformation. We observed different bright soliton solutions for
the (241)-dimensional Sawada Kotera equation and the (141)-dimensional Kaup-Kupershmidt equation using the
Q (9¥) function, which is in exponential form and is the solution of the auxiliary equation. Various three and two
dimensional plots, polar coordinate plots and contour plots, and dynamical characteristics of these waves are shown
well using Maple. The newly found hyperbolic function solutions may be useful for understanding physical phenomena
especially in long-wave propagation, dynamics of shallow water wave, and plasma fluid. Additionally, it is clear that

the approach used in this article is a powerful and practical mathematical tool that may be used to provide exact
solutions to various other different NLPDEs in the future.
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