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Abstract: Making use of the generalized elliptic equation, the mapping method with aid of
the symbolic computation system Mathematica is used for constructing new traveling wave so-
lutions of the modified Kawahara equation. The solutions found in this paper include periodic
solutions and complex periodic wave solutions. In the limit cases the multiple solitons solutions,
complex solitons solutions, trigonometric solutions and rational solutions can be obtained. The
properties of some solutions for the modified Kawahara equation are shown by some figures.
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1 Introduction

The world around us is inherently nonlinear. Nonlinear partial differential equations (NLPDEs) in mathe-
matical physics are widely used to describe complex phenomena in various fields of sciences, especially in
physics. So, it is greatly important to find periodic solutions of NLPDEs to provide more information for
understanding many physical phenomena arising in numerous scientific and engineering fields. In the last
decades, direct search for exact solutions of NLPDEs has become increasingly attractive partly due to the
availability of computer symbolic software like Mathematica or Maple, which allow us to perform compli-
cated and tedious algebraic calculations as well as help us to find exact solutions of NLPDEs. There has
been a great amount of activity aiming to find powerful methods for obtaining such solutions. We can cite,
the Backlund transformation [1], the Darboux transformation [2], the Jacobi elliptic function method [3], the
tanh- function method [4], the sine- cosine function method [5,6], the homogenous balance method [7] and
the Jacobi function expansion method [8,9]. Very recently, a unified method called the mapping method has
been developed to obtain Jacobi elliptic functions, solitons and periodic solutions to some NLPDEs [10].
The remarkable observation about the mapping method is that it allows one to find Jacobi elliptic functions,
triangular functions and hyperbolic functions using the same procedure. Moreover, this method permits the
classification of solutions depending on four parameters.

Therefore, the motivation of this paper is to take full advantage of the elliptic equation that Jacobi elliptic
functions satisfy and use its solutions to obtain new periodic, complex line periodic, solitary and complex
line soliton solutions of the modified Kawahara equation. Before discussing the solutions for the modified
Kawahara equation, let us simply review the technique of solution. For a given nonlinear partial differential
equation
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we seek its traveling wave solution of the form

u(z,t) =u((), ¢=z— At. ()

Substituting Eq.(2) into Eq.(1) yields an ordinary differential equation of «(¢). Then u(() is expanded
into a polynomial in f ()

u(@)=> aif’, 3)
=0

where a; are constants to be determined and n is fixed by balancing the linear term of the highest order
derivative with nonlinear term. In the present work, we shall introduce the generalized auxiliary ordinary
differential equation

F2(Q) =pf*(O) + 53af*(C) + 5sf5(O) + 7

Q) =pf(Q) +af*(Q) +sf2(C),
here the prime means derivatives with respect to ¢ and p, q, s, r are constants. After Eq.(3) with Eq.(4)
is substituted into the ordinary differential equation, the coefficients a;, k, A, p, g, s and r may be deter-
mined. Thus, equation (3) establishes an algebraic mapping relation between the solution of Eq.(1) and
that of Eq.(4). We shall construct periodic, complex periodic, solitary and complex soliton solutions for the
modified Kawahra equation by using solutions of Eq.(4), see appendix A. I would to point out that Jacobi
elliptic functions sn((m), cn(¢m), dn(¢m), where m (0 < m < 1) is the modulus of elliptic function, are
doubly periodic and possess properties of triangular functions. In addition we see that other solutions are
obtained from appendix A in case of degeneracy. As we know, when m —1, Jacobi elliptic functions de-
generate as hyperbolic functions as indicated in Appendix B. Also, Jacobi elliptic functions degenerate into
trigonometric functions as shown in appendix C when m —0.

“)

2 The modified Kawahara equation

We consider the modified Kawahara equation
U + Uy + UQUCC + QUzgr + Bugzzes = 0, )

where «, ( are nonzero real constant. This equation arises in the theory of shallow water waves [13] and its
exact solutions were obtained by using the tanh-function method [14] and the sech-function method [15].
After using the transformation u(z,t) = u(¢), ¢ = x — At, and integrating once, Eq.(5) becomes

1
(1—Nu+ gu?’ + o + Bu® = ¢. (6)

The solution of Eq.(6) may be chosen as
u(Q) = aif'(¢), ()
i=0

with arbitrary constants a;(¢ = 0,1,...n) to be determined later. Balancing the highest derivative term
u®with the highest power nonlinear term u> gives the leading order n = 2. Substituting (7) into (6)
along with Eq.(4) and using Mathematica yields a system of equations with respect to f(¢). Setting the
coefficients of f*(¢) in the obtained system of equations to zero, we get the following set of algebraic
equations

3ag + ag — 3¢y + 6asra + 24asprB — 3agA = 0,

3a1(1+ a¢ + pa+ p?B + 6gr — \) = 0,

apa? + adas + az(1 + 4pa + 16p?3 + 36gr8 — ) = 0,

a1(a? + 6agas + 3ga + 30pgB + 60rs3) = 0

3az(a? + apaz + 3qa + 60pgB + 80rsB) = 0,

3ay(a3 + 6¢°6 + s(a + 26pf)) = 0,

az(a3 + 2(45¢?3 + 4s(a + 40pB)) = 0,

60s8a1q = 0,240sBazq = 0,3552Ba; = 0,128s%as8 = 0.

()
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Solving these algebraic equations, by use of Mathematica, we obtain the following six sets of solutions

15¢1 B(a+20pp) 450c1 ¢8>
a3—120(2p2—3qr)a32+800p(4p2 —9qr) 33’ a3—120(2p2 3qr)aB32+800p(4p2—9qr) 33’

3_ 2 _3ar)a32 2_9ar)33
o = 15\1/E\/_ (a3—120(2p2—3q )a,@ﬁ3+800p(4p 9qr)33)* A=1-— W 24p% 3 + 36qr3, q #£0,08#0,

)
9c1p*—6c1p%gr -0 _ 18c1p3¢
= 7P —294pTqr—204p2 22— 40533 0 ¢ a2 = (171p%—294prqr—204p2q>r2—40¢313)33
¢ = % 5\/_( 171p% —294pqr— 2(2)4;7 q%r2— 40q37‘3)2637 (10)
2A =2~ 53p23 — +52qr — PLIL o = —5p — 10 0. g £0,8 0,

apg =

15¢1 _ _ 2%eg /3884241925533
30365750 @1 = 0,02 = —13535,35) €1 = 1125 (11)

Pt a=-22p8 A=1-Fp?B,p#0,0# 0,640,

15¢1 0 _ 225c1q
@0 = 1371 p2+1890¢r)° ¢ A2 = ~ 12713 5+1890 pgr )’
2 4 2)\33
e = (—2350112p 327801161(;1; qr—114307200¢2r2)3 (12)
rz%%az—mw,—4—@%ﬁ+@¥?q#&ﬁ¢&
2_
a0 = 0,01 = 0,05 = 524 ¢y = 24, 2qra/F, g = 1BHB0 o o 03
rB#0,a#0, 4a®—2584 256\ #0,
and
ag 3(c1a+20c1pP)
= 2(—a+2pa®—20pB+48p%af—T2qraB+160p3 BZ+ar+20pBN)
B __ 3(qa+20pgB) | i3/a?—108—360gr32+108A
al_oa az = ao 7p_:l: 4153 )
g3 # 0,00 #0, o —2pa® —48p?af + 72qraf — 160p3 32 — al — 20pBX # 0,
cl ::lzgi\/g\/A1+A2+A3+A4, (14)

Ay = —8448p*a? B — 576pca(aB(N — 1))

Ag = 1296pgra(a? + 53(A — 1)) + 8p%(32a%(2 + 99¢r3 — 2))

As = 358(\ — 1)?) — 3(129600¢%r333 + 72¢*r?3(103a2 + 1508(A — 1)).
Ay = 4qr(—64a + 356X — 1)) (A = 1) — 15(A — 1)3))

For the above six sets of solutions, we get six types of periodic and complex wave solutions as following

u= a3—120(2p2—lg;’/)go(zg;—fggg;(4p2—9qr)ﬁ3 + a3—120(21)2—3qﬁ?26612qf;00p(4p2—9qr)ﬁ3 F(CIm) (15)
v= (171p67294p?‘cqlfj2_0i22pq22q:2740q3r3)53 + T 2012 qr182cé4p R eI Vi (¢Im) , (16)

N 13;??;;% N 1§§§g;§ﬂf H(Clm) an

YT 1Ben p125—T—11890 ) 4(271p3;2+5611§90 pargy? € (18)
u:i%fﬁ@mh (19)

“= 2(*a+2p02*20Pﬁ+48ig25j7220;£g)+160p3ﬁ2+a)\+20pﬁ>\) (qafj)omﬁ FA(¢Im) (20)

Depending on p, q, s and r in Eq.(4), we may obtain many periodic and solitons wave solutions of Eq.(5),
see the Appendix A. Due to the large number of solutions in appendix A, it is not advisable to treat every
set. Therefore, we shall only deal with one set and one case from appendix A as illustrative examples.
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3 Solutions of the first set

By choosing p = 2m? — 1,q = —2m? s = 0,7 = 1 — m?2, the solution of Eq. (4) readsf = cn(¢ |m). We
obtain the periodic solutions

= 15c1ﬂ(a+20b(;1+2m2)ﬁ) . 900cz§n2ﬁ2 cn2(C Im),
N=1— S = T2mA(1 = m?)B — 24(—1+2m%)%6, ¢ = 2l /- B
by = o — 120(6m?(1 — m?) + 2(=1 + 2m?)?)aB? + 800(—1 + 2m?)(18m?2(1 — m?) + 4(—1 + 2m?)?)33.
In case of degeneracy, we can obtain the following solitary solution when m goes to one. ey
U= a3—152)iloi(,@a2f302%)053 - a3—24%(2836%f-2320063 sec h?(¢), 22)

1 o (03240032 132003%)2
A=1- 2 24ﬂ,c1_15m\/ = ,

The structure graphs of Eqs.(21) and (22) are plotted in Figure.1 and Figure.2, the parameters are a=10,
B=-5, m=0.3. They are valid throughout this section unless otherwise stated.

Figure 1: The periodic wave so- Figure 2: The solitary wave so-
lution of Eq.(21) lution of Eq.(22)

4 When c; equals zero

In a similar way, in case of taking the constant of integration equals zero, we can obtain three types of
complex periodic wave solutions

u = + LIV 4 35 /T0gy/B) £2(C m) 03
o? + af%(360gr — 240p%) — pB%(7200gr — 3200p?) = 0, A = 1 — % — 24p?3 + 36qr 3,

i 2/B— r ;
Y — 4 iB3VI0p \/sz%/ﬁq VB) 1 3i\/10q+/B) f2(C |m) ,

3, 294p* 204p2 > 171p%q . 10gr . 188p2 171p* 308qr
40¢° + 251 4 2L - T = 0,0 = §(=5p — 917), A = 1 4 B9F — IGES 4 S50,

(24)

and
u =iy 2pV/B £ 3iVI00VB) (¢ m) 7 = ~ T o = ~22p8, lambda = 1 — 2482 (25)

By choosing p = 2 — m?,q = —2,s = 0,7 = m? — 1,the solution of Eq. (4) reads f = dn({ |m). The
periodic solutions of Eq.(23) is

i o —m? )
u = OOk 20VIE)5) 4 6 /1,/Bdn?(C |m)

A=1- f5— 242 - m?)28 — 72(m? — 1)

(26)
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When m — 1, this solution becomes

w = i% +i6v/10y/Fsec h(, lambda = 1 — & — 243 7)

The modulus of solutions (26) and (27) are shown graphically in Fig.3 and Fig.4.

Figure 3: The modulus of the Figure 4: The modulus of
complex periodic solution of the complex solitary solution of
Eq.(26) Eq.(27)

5 Conclusion and discussion

In this work, new periodic and solitary solutions of the modified Kawahara equation are obtained by using
the mapping method. The idea of our method is to use the generalized elliptic equation involving four
parameters instead of specific functions as in previous methods [5-13]. The remarkable observation about
the mapping method is that it allows one to find Jacobi elliptic functions, triangular functions and hyperbolic
functions using the same procedure. Moreover, this method permits the classification of solutions depending
on four parameters.

In addition, we obtained some complex periodic and complex soliton solutions for the modified Kawa-
hara equation. We suppose that these solutions are not just only the extension from mathematical meaning,
but in the hope that they will lead to a deeper and more comprehensive understanding of the complex struc-
ture resulted from the nonlinearity of traveling wave equations.
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Appendix A: Different solutions of the elliptic equation (4)

Case | Arbitrary constants Solutions of Eq. (4)
1 p=—(1+m?),q=2m%s=0,r=1. f(€) =snl, f(C)=cdC.
2 p=2m?—1,g=-2m?s=0,r=1-m? | f(¢) = enl.
3 p=2-m?qg=—-2,5=0,r=m?—1. f(¢) = dnc.
4 p=2m?-1,q=2,5=0,r = —m?(1-m?). | f(¢) = dsC.
5 p=2-m?>—1,g=2,5s=0,7r=1—m>. f(C) = esC.

2_ 2 n
6 p:m2 27@[:%:5:077’:5 f(C):lj:dng

2 2 2 f(C) = sn( £ icnd,
7 p="5 Q,q:%,s:o,r:%. £(0) = dng

ivV1—m?2 sn{+dn’
1Q) = i /O = =
3 p= 1—%m2, _ %’8 =0,r = i mendtiv1-m?2’ 1-m2sn¢+dn(’
F(Q) = 1357, f () = misng + idn.

P) o poy

9 p:mg—Haq: 21,5—0,?"— 41' f(C) 1££Z§n(
2 2
0 |p=tg=1ms—0r=19= [0 =T
2 —
11 =g = %752?0,7’——(1 T) f(€) = menC £+ dn¢
1—

12 pzl—‘;g’rnaq:(le)as_O’T:i' f(C):dngicch

—2 1
13 p="57,9q="5,5=0,r= F(Q) = Jp%idnc
14 [p=0,g=2,5=0,7r=0. Q=75

Here C is a constant.

Appendix B: Jacobi elliptic functions degenerate into hyperbolic functions when the modulus is approach-

ing 1
sn{—tanh( cn{—sech( dn{—sech( sc(—sinh(
Sd¢{—sinh( cd¢—1 de¢—1 ns¢—coth{
Nd({—cosh( cs¢—csch( ds¢—csch( nc(—cosh(

Appendix C: Jacobi elliptic functions degenerate into trigonometric functions when the modulus is ap-

proaching 0
sn{—sin( cn{—cosC dn(—1 sc(—tan(
Sd{—sin( cd¢—cosC ns¢—cscC nc¢—sec(
Nd(—1 cs¢—cot( ds¢—csc( de(—sec(
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