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CHARACTERISTICS OF NEW TYPE ROGUE
WAVES AND SOLITARY WAVES TO THE
EXTENDED (3+1)-DIMENSIONAL
JIMBO-MIWA EQUATION

Jian-Gen Liu'?, Xiao-Jun Yangh?*, Yi-Ying Feng??
and Lu-Lu Geng!?

Abstract On the basis of the binary Bell polynomial scheme, the bilinear
form of the extended (3+1)-dimensional Jimbo-Miwa (JM) equation, is con-
structed. Then, a class of new type rogue waves solutions to the extended
(34+1)-dimensional JM equation, is found. It mainly includes the lump solu-
tions, lumpoff solutions and instanton solutions. Their nonlinear evolutionary
processes by 3D- and 2D-graphs, are shown. Finally, a direct method which is
called the tanh-function method was used to get solitary waves of this consid-
ered model. These results can help us better understand interesting physical
phenomena and mechanism.
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waves, solitary waves.
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1. Introduction

It is known that the integrability of mathematics physics had been better investi-
gated in recent years. There are different definitions of integrability of nonlinear
differential equations(NDEs). Among them, there are existing some indicators,
such as the Béacklund transforms, Lax pairs, infinite conservation laws, N-soliton
solutions and infinite symmetry, etc [3,4,7-11,18,30,40]. Therefore, as well to
study the integrability of NDEs, we need to find these indicators. To the best of
our knowledge, the multi-dimensional binary Bell polynomial approach [4,7,8] is
an effective tool to construct the bilinear equation, Backlund transforms and Lax
pairs and infinite conservation laws. This method has been developed by Gilson,
et al [4], Lambert and Springael [7,8]. Later, many scholars further developed and
promoted this method [3,9, 10,18, 30, 40].

Recently, on the basis of the bilinear equation, the lump solutions, lump-type
solutions, N-lump and interaction solutions in Refs. [12,19-25], were presented.
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This field has received a lot of attention from researchers in recent years. For exam-
ple, Ma, et al [19] discussed the lump solution to the nonlinear partial differential
equations in detail, Liu, et al [12] constructed the lump solutions and mixed lump
stripe solutions of the (3+1)-dimensional soliton equation, the lump-type solutions,
N-lump and interaction solutions for partial differential equations by researcher J.
Manafian [20-25], et al, were obtained. The lump solutions and lump-type solutions
sometimes were called the rogue waves. It can be used to express meaningful non-
linear wave phenomena in natural science, such as oceanography [26] and nonlinear
optics [31]. For example, M, Onorato, et al [29] found the rogue waves generating
mechanisms in different physical contexts, Yan [37] found the rogue waves phe-
nomenon appears in financial problems, and others [5,32]. More recently, Lou [13]
constructed a class of new type rogue waves for integrable and non-integrability
models.

In this paper, we mainly consider the following nonlinear dynamical model,
which can be used to describe some interesting (3+1)-dimensional waves of physics
[34]. That is

Upgzy + SUyUszy + UgUpy + 2Usy — 3(Ugs + Uys + Uzz) = 0. (1.1)

Its 1-soliton solution, 2-soliton solution and multi-soliton solutions of Eq.(1.1) by
utilizing the simplified Hirota bilinear method [34], were obtained. Also, lump
solutions have been acquired by Sun and Chen [33]. Some other important results
in Refs. [1,14,27,28].

The aim of this paper to obtain a class of new type rogue waves to the extended
(341)-dimensional JM equation with the help of the bilinear equation. In addition,
new solitary waves have been also obtained via the tanh-function method.

2. Multi-dimensional binary Bell polynomials

In this section, we briefly give certain basic knowledge of the Bell polynomials
[3,4,7-10,18,30,40] which are required for the remaining part of this article.

Making f = f(z1,22,...,2,) be a C®function with multi-variables, the polyno-
mials of the following form

Ynlﬂch---,mxz(f) = Yn17~--,nl (f7"13?17---,7“m) = eifagll"'agzlef’ (2'1)

with

T T — .o —
frlwl,..‘ﬂ‘lml = awiazllf7 fOCEi == f7 = 0) ey 15T = 07 cey 1Y,

are called the multil-dimensional Bell polynomials.
In particular, when f = f(z), then, we have

}/1(.]0) = fIvYQ(f) = .f2fE + fa"25Y3(f) = me + 3fo2r + fgfa
When f = f(x,t), then, we get
Yoi(f) = for + folfi, Your(f) = fowt + fouft + 2fuifo + fgchu e (2.2)

According to the definition of the above explained, the multi-dimensional binary
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Bell polynomials has the expression of

o O w) =Y (F)]

Upize,...may> T1+ T2+ ...+ 1 is odd,
Froanso o=

Wryzq,....ma, T1F T2 + ...+ 17 is even.

(2.3)

Based on the definition of the above stated, the first few lowest order binary
Bell polynomials is given by

2:1:(’07 U}) = Wag + Ui, (24)

2.t (V, W) = Wyt + Vg0, ...

11 [1]

Relations between =-polynomials and the Hirota bilinear equation D}!... D! F-G
can be given by the following proposition.

Corollary 2.1. Under the variables
v=In(F/G),w =In(FG), (2.5)

the relations between binary Bell polynomials and Hirota D-operator shall be ex-
pressed by

E (Uvw)lv=ln(F/G),w:1n(FG) = (FG)ingllD:;F : Gv (26)

—
—
NPT,y

where the Hirota D-operators [2, 6] were defined by

’ /

D;l..Dy FG = (811—833/1)”1...(8:”—8 ;)’”F(xl, oy )G (21, oy )]

x xlzzll,...,:cl:.r; :
(2.7)
For F' = G, the formula (2.6) can be rewritten as
F72DM . .DIF - F = Epyay,...na (0,9 = 2In(F))
0, ny + ng + ... + ny is odd, (2.8)

Poiav,...omay, 1+ N2 + ...+ ny is even,

,,,,,

where these even ordered Z-polynomials are called P-polynomials.
On the basis of the definition of the above stated, the first few lowest order
binary Bell polynomials is given by

Py = qaq,
Pr1(q) = Gt (2.9)
PSz,t(q) = q3z,t + 3qgc,tq2mu

Further, we have the following proposition for the bilinear Bécklund transfor-
mations.

Corollary 2.2. Given an integrable equation for a field q of the form

E(Q) = Zcipnlam,...,nlrl =0,

%
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one can find a pair of constraint conditions

Z Clenlzl,..A,nlzl (Ua w) = Oa
j (2.10)

Z cQjEmlzl,‘-»’szz (’U, w) =0,
J

which need to satisfy

R(q',q) = E(¢) - E(q)

(2.11)
=FEw+v)—Ew-—v)=0,
the system (2.10) is called the binary Bdcklund transformations.

We have been known that the binary Bell polynomials =, 2, .. n,e, (v, w) can be
separated into the generalized Bell polynomials Yy, 4, . n,2, (v) and

(FG)™'D'..D}F -G

:Enlml,.“,nzwl (Ua ’UJ) |v:1n(F/G),w:ln(FG)
:Enlzl,“.,nlzl (U, v+ q)|v:ln(F/G),q:2 In(G) (212)
e il l n;
= 1;[ Prlxl,...,nzz (q)}/(nlfrl)ml7...,(ni7ri):ri(U)'
r1=0 r;=0 i=1 T

Meanwhile, we note that the generalized Bell polynomial can be also linearized by
the Cole-Hopf transformation v = In(¢)). i.e.

}/7'1461,.4.,7'11'[ (U = hl(w)) = Wa (213)

(FG)™' Dyt .. D! F - Gla=exp(a/2),F/G=1

=ty LY

T =0 T =0 v 7"1

3 Prlml,.,.,rlml (Q)w(nl—ﬁ)x] yeers(Mi—ri) s

e~

Due to the definition of the above stating, we have

Et(’l)) = %7

—_ _ 1/]29:

Eox(v,w) = qox + ?, (2.15)
T 2 T xr T

Eogy(v,w) = q2¢¢y + 4 Z’ij + wa’y,... .

It helps us construct associated Lax pairs of this considered equation.

3. Bilinear equation to the extended (3+1)-dimensi-
onal JM equation
In order to get the existence of linearizing representation, we take the potential field

q by considering
U = cqy, (3.1)
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where ¢ = ¢(t) is a function on time variable ¢.
Inserting equation (3.1) into equation (1.1), the new equation is

E(Q) = 3CmeQ2o: + 2Qyt — 3Gzz — SQyz —3q2, + Qreaaxy = 0, (32)

with the constraint condition
c=1. (3.3)

The new equation E(q) can be re-expressed in the form of P-polynomials

E(q) = Psuy(q) +2Py4(q) — 3P22(q) — 3Py 2(q) — 3P2z(q) = 0. (3.4)
Making a change of dependent variable
q=2WIn(F) & u=cq =2(In(F)),, (3.5)
and owing to the property (2.8), Eq.(3.4) yields the following theorem with the
dependent variable (3.5).
Theorem 3.1. Substituting the following potential field

u=2(In(F)),, (3.6)

into Eq.(1.1), the extended (3+1)-dimensional JM equation can be linearized the
following bilinear equation

D?D,+2D D,—3D,D.—3D,D.—3D?)F - F=0. 3.7
Y Yy Yy z

4. New type rogue waves to the extended (341)-
dimensional JM equation

With the help of the bilinear equation (3.7), we construct the new type rogue waves
to the extended (3+1)-dimensional JM equation by setting

k k k ka+k —tks—xki—yko—zks—k
F:1+g2+aet3+w1+y2+Z4+5+bet3 xk1—yko—2zky 57 (41)
g = taz + xa1 + yas + zaq + as,

where a;(i = 1,2,3,4,5),k;(j = 1,2,3,4,5),a and b are arbitrary parameters.

To yield the new type rogue waves of this considered model, we substitute equa-
tion (4.1) into Eq.(3.7). As a result, a class of polynomial of the variables z,y, 2, t,
were obtained. Then, it yields a set of algebraic system in a;(i = 1,2, 3,4,5),k;(j =
1,2,3,4,5),a and b. Solving this system of equations with the help of symbolic

computation Maple, we can obtain the following solutions of parameters:
Case 1

a=0,b=0,a1 = —aq,a2 = 0,a3 = a3, a4 = a4,a5 = as, k1 = ki, (4.2)
ko = ko, k3 = k3, ky = ky, .
where a;(i =1,3,5) and k;(j = 1,2, 3,4) are arbitrary parameters.
Case 2
k k
a=0,b=0,a; :al,a2:0,a3:*m,a4:*ah
2ko (4.3)
3k4 (k k '
as = 0, k1 = 0, ky = ko, ks — M,lm:m,

2ks
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where a1, ks and k4 are arbitrary constants.
Case 3

1
a = 0>b: Oaa/l = —Q4,02 = Oaa?) = 5 (3k12 +3)a47a4 = Q4,
1.5 3
as = as, k1 = —kg, ko = kq, k3 = —§k1 -5 k1,ky = ky,
where a1, a5 and ki are free constants.
Case 4
a=0,b=0,a1 = —ay,a2 =0,a3 = a3, a4 = a4,as = as,

3ksas’ ksaq (4.5)

—————— ks =ks3, ks =
a3(2a3_3a4)7 3 3, 4 as )

k1:07k2:

where b, a1, a3, as and k3 are arbitrary parameters.
Case 5
3a4 (kg + k4)
2ko
3ky (kQ + k‘4)
where b, a1, a5, ko and k4 are arbitrary constants.
Case 6
a=ab=">ba1 = —ay4,a0 =0,a3 = az,aq4 = ag,a5 =0,
koas (2a3 —3as) ,  ko(2a3 —3ay) (4.7)

ki =
3&42 i 3a4 ’

a:07b:b7a1:_a4aa2:0aa3: , A4 = Qy4,

as = as, k1 = 0,ky = kg, k3 = vkg = Ky,

k1 =0,ky = ko, ks =

where a, b, a1,as and ko are arbitrary parameters.
Case 7
3ay (kiz + kj4)
2ko
3ky (ko + k4)
2ko

a:a,b:b,alz—a4,a2:O,a3: , g = Qy4,

(4.8)
a5:a5ak1:0ak2:k25k3: 7k4:k47
where a, b, a1, as, ko and k4 are free constants.
Case 8
3(a2k13k2 —2agk1ky — a2k42 + agkiko + a4k22 + 2 a4k2k4)

a =
? 2%y? ’

k

b=b, a1 = —(1]2671,@2 =ag,aq = ag,a5 = 0,k1 = ki, k2 = ko, (4.9)
2

ag* _ k1’ky — 3kika — 3koky — 3k4”

Tk T 2k,

a ,k4 = k4,
where b, as, a4, k1, k2 and k4 are arbitrary parameters.
Case 9
4
ai a1 3aq (k4+k1) (k1k471)
a=——,b=b,a1=a1,a0=—,a3=
by A 2%k,
1 1 3 3 3
a5 =0,k = ki, ke = —— ks = —=k° — §/<?4]f12 ~3 keika® + §/€47k‘4 = kuy,

k1 2
(4.10)

ki+k
7a4:7a1( 4t 1)7

ky
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where b, a1, k1 and k4 are arbitrary constants.

Case 10
2
ag a9 (]{31 — 3)
a=a,b=bay = ——5——,a3 =ag,a3 =0,a4y = ————%,
1 k12 _9 2 2, U3 4 k'12 _9
(124
a5 = as, ki = ki, ka = ki kg = ———g—, (4.11)
(kl — 2) bak:1
10 8 6 4 47. 2 4
fon — (6abk;1 — 36 abk1® + 72 abky® — 48 abk1”™ — as*k1” + 3 aq )kl
3 — 20,24 )
where a, b, as, a5 and k4 are free constants.
Case 11
k2 +1
a=a,b=ba1 = 7201723112 =ag,a3 = 0,aq4 = 7a2(217)7
k1”42 k17 +2
o 1 3 (4.12)
9 .
as = ag, k1 = ki, kg = ————5—— k3 = —§k15 —3 ki, ka = =k,
(k1* +2)" baky
where a, b, as, a5 and k4 are arbitrary parameters.
Case 12
a=a,b=>b,a1 = —ayg,a2 =0,a3 = a3, a4 = a4, a5 = as,
3ksay? k 4.13
=0,k = — kg = g kg = 1)
as (2 az — 3 a4) as
where a, b, a1, as, a5 and k3 are arbitrary constants.
Case 13
a=a,b=>b,a1 = —ay,as =0,a3 = a3, a4 = aq,
1 4,02 3 3,04 4 (4.14)
as = as, k1 = ki,ka = 0,ks = k3, kg = —ka,
where a,b, a1, a3, as, k1 and k3 are free parameters.
Case 14
3a1k
a:a7b:baa1:a1aa2:0aa3: “ 4,@4:0,0/5:@5,
2k (4.15)
3ky (ko + K ’
b= O, = g kg = 2B E )
2ko
where a, b, a1, as, ko and k4 are arbitrary constants.
Case 15
3ay (ks + k
a=a,b=b,a1 = —ayg,a3 =0,a3 = M,@ = ay,
2ko
3ky (ko + k4) (4.16)
a5 = as,ky = 0,ky = ko, ks = 2 ky = ky,

2ks

where a, b, aq, a5, ks and k4 are arbitrary parameters.

From Cases 1-15, the new type rogue waves to the extended (341)-dimensional
JM equation in detail, were yielded.

(I) Algebraic solitary wave(lump) If we taking a« = b = 0, then the solutions
of Eq.(1.1) have a pure algebraic solitary wave. That is

Ucases,_3 — Q(IH(Fcasesl,g))w; (417)
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Fease, = 1+ (tag — zay + zas + as)?, (4.18)
a1t (ko + k
Fca582 =1+ (_m +xay — Z(ll)g, (419)
2ko
1
Fcaseg =1 + (_5 t (_3 k12 - 3) g4 — TAy + Za4 + (15)2. (420)

Lump structure of solution ucqse, by Figure 1, were plotted.

u(x,z,t)

=220

,

10 20

(2) (b)

Figure 1. Plots of the lump solution Ucases With parameters a1 = 1,k = —2,kq = 1. (a) 3D-plot,
with z = 20. (b) 2D-contour plot.

From Figure 1, we can see that the lump solution exhibits periodic characteris-
tics.

(IT) Interaction between lump and exponentially decayed solitary
waves (lumpoff). If we letting a = 0,b # 0(or a # 0,b = 0), then the solutions
of Eq.(1.1) is an algebraically decayed soliton and exponentially decayed soliton,
which are

Ucasesqg_5 — Q(IH(FcasesA;_s))x» (421)
y3kgay? zkga
Frase, = 14 (tas — zay + zaqg + as)” + be~ths T mlzas ey T an ke (4.22)
3ayt (ke + k _Bkat(Rotka) p g g
Feases = 1+ ( . (2]: th) zay + zag + as)* + be oy ykamzka—ks
2
(4.23)

Lumpoff structures of solution u,qse; by Figure 2, were revealed. From Figure
2, we can see that the lumpoff solution is the evolution of the interaction between
lump and exponentially decayed solitary waves in XY -plane.

(III) Interaction between lump and exponentially localized twin soli-
tary waves (instanton or rouge wave). If we considering a # 0,0 # 0, then
the solutions of Eq.(1.1) is an interaction solutions between the lump and the ex-
ponentially decayed twin soliton, that are

Ucasesg_15 — Q(IH(FCQSESG,ls))xa (424)

kat(katky) | o kuthe _Bkatlhgtka) g
Fcaseg, =1 +92 +ae  Fz +ykotzkatks +bhe T 22 yko—zky 5’

Baat (ks + k (4.25)
QZW—UCCM-FZ(M-FGS,
2
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(@) (b) ()

Figure 2. Plots of evolution of the lumpoff structures of solution Ucase; With parameters aq = 1, ko =
—2,ky =1,ks =as =0,b=—10,z = 2. (a)t = —20. (b) t = 0. (c) t = 20.

kgagt(2a3—3a4)+yk2+zk2(2;3—3a4)+k5
aq

Frase; =14 g* +ae 34

_tk2a3(2a3—3a4)_ k _zk2(2a3—3u4)_k (4 26)
an2 Yk2 3 5 .
+ be 324 1 :

g = taz — xaq + zayq,

F =1 +92 + CL24 e—t(k13k2_3klkz4k;3k2k4_3 k42)+mk1+yk2+zk4+k5
caseg — 47
ko™b
+ bet(klgkz_sk1k24k;3k2k4_3k42) —xk1—yka—zks—ks
’ (4.27)
o 3t (aok: ko — 2 askika — asks® + askika + asks” + 2 askoky)
B ko
xa2k1
T + yag + zaq,
2
Fcaseg =1+ 92 + ba]/;zet(é k13*% k4k127%k1k42+% k4)+mk17%+zk4+k5
1
T be—t(—%kﬁ*—g kak1? =3 kika®+ 35 ka) ok —zka—ks (4.28)
. 3aqt (k4 + kl) (k1k4 — 1) yay zay (k4 + kl)
g= 9%, +xap + oy et )
Fegse,, =1+ g% + ae® + be ¢,
2
Tras zZag (kl — 3)
= ——5—— tya— ——5—— +as,
I T YT Ty T
. t (6.abk: ™ — 36 abk:® + 72 abk:® — 48 abk1* — azxki® + 3ax?) by (4.29)
N 2&24
4
a
+ xky + Y2 3+Zk‘1—|—k‘5,

(kx® = 2) baky
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4
t(—3 k=3 k1 )taki+—5 2% —2ki+ks
Fcaseu =1+ 92 +ae ( ’ ) (k12+2)baky®
4
—t(=L k3 —2 k) —xk— —5Y%2 42k —ks
T N S A (4.30)
Tas zZao (k12 + 1)
9=—735 5 tyae— ——5——— t+as,
ki®+2 ki®+2
y3kgays? zkgay 1 y3kgag?  zkgay

FCasel2 =1 +92 + a,ethJr113(2ﬂ?ﬁ3'14)jL ag +hs + be ths ag(2az—3ayq) ag k57

g = taz — xaq + za4 + as,
(4.31)

2 - —thy— _
Frasers = 14 (tag — wag + zay + as)” + ae'tsteki=zhiths 4 po=ths—ahitzhi—ks

(4.32)
Frnsor, = 14 g2 + qe " S84 4ukatahaths | g —PGEED —yko —zka—ks
t3a1ky n ra (4.33)
= xra
2]{32 1 55
Fcasels =1 + 92 + ae%+ykz+zk4+ks + be_%%m_ykz_zm_ksa
t3ay4 (ko + k (4.34)
:M,m4+m4+a5.
2ko
In particular, when a = b, then, we have
Fcaselg,,l =1+ 92 + QCLS’H’lh(C),
3ky (ko + k4)
= —1 k ki+ Kk
C 2]{/’2 +y 2 + 2Ka + 5, (435)
t3ayq (ko + k
:M_mﬁzawr%
2ko
When a = —b, then, we have
_ 2
Fcasel5_2 =1+ g+ ZCZCOSh(C)7
3ky (1{32 + /{34)
=0 k k4 + ks,
oy LT Yk2 ket (4.36)
t3ay (ko + Kk
g = M — Taq4 + zag + as.
2ko

Remark 4.1. Other cases (casesg_15) are similarly considered.

Instanton structures of solution ucqse,; by Figure 3, were shown.
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120
100
80

- 60
u(x,y,z.t) uxy.z)
0

(@) (b) ()

Figure 3. Plots of the instanton structures of solution Ucaseqs with parameters ag = 1, kg = —2,ky =
1,ks = a5 =0,b=—10,z =t = 0. (a) 3D-plot, a = 2,b = —2. (b) 3D-plot, a = —2,b = 2.(c) 3D-plot,
a=2,b=—-1.

From Figure 3, we can see that the instanton solution of the evolution of the
interaction between lump and exponentially decayed twins solitary waves.

5. Solitary waves to the extended (341)-dimensional
JM equation

We know that solitary wave solutions are one form of traveling wave solutions
[15-17,38,39], which play an important role in understanding physical phenomena
and mechanisms. Therefore, in this section, we search for the solitary wave solution
to the extended (3+1)-dimensional JM equation by using the tanh-function method
[35, 36].

Firstly, plugging the traveling wave transformation

U:U(f),§:k1$+k2y+k3z+k‘4t (51)
into Eq.(1.1), then, we have

o' (&)
9et

ou(§) 0°U ()

og 0

0*U(8)
062

Now, we find the solutions of the following form

0°U(€)
o2

k2 ks + 6k T ko )+ 2koky
(5.2)

*3(k1k3+k2k3+k§) =0.

N
U= Z a; (tanh (tky + xky + yko + Zk?,))i , (5.3)
i=0
where a;(i =0,1,2,...,N) and k;(i = 1,2, 3,4)are constants.
According to the homogeneous balance principle, we balancing the highest deriva-

848%&) and highest order nonlinear term 8%25) 826[25,5), yields

tive term
N+4=2N+3=N=1 (5.4)
Hence equation (5.3) becomes the form

u = ag + a1 tanh (tky + xk1 + yko + zks3) . (5.5)
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Substituting (5.5) into (5.2) and equating coefficients of tanh(§) to zero, we can
obtain system algebraic equation including k;(i = 1,2,3,4) and a;(j =0,1)
- 2(11 (6 a1k12k2 - 8k13k2 - 3]€1]€3 - 3k2k3 + 2 k2k4 - 3](132) == O7
—2ay (12a1ki’ky — 20 k1% ko — 3kiks — 3koks + 2koks — 3k3%) =0,  (5.6)
—12 a1k12k2 (a1 —2 kl) =0.

It can easily solve with the help of Maple. As a result, we have

ag = ag, a1 = 2k1, k1 = ki, ky = ko, k3 = k3,
Ak *ky — Bk — 3koks — 3ks” (5.7)
2ko ’

ky =

where ag and k;(i = 1,2, 3) are free constants.
Hence we have the following solitary wave solution to Eq.(1.1)

(4]6:13]62 — 31{31]63 — 3]{32]63 — 3]€§)t — 2]@’1]62]) — 2k‘%y — 2](52]{?32)

u = ag — 2krtanh( oL
2

(5.8)
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