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Abstract

In this paper, we consider a (3 + 1)-dimensional Boiti-Leon-Manna-Pempinelli
equation. We employ the Hirota bilinear method to obtain the bilinear form of the
(3 + 1)-dimensional Boiti-Leon-Manna-Pempinelli equation. Based on the bilinear
form, we derive exact three-wave solutions by using an extended three-soliton
method. In addition, we also get the trajectory of some solution with the help of
MAPLE.

Keywords: (3 + 1)-dimensional Boiti-Leon-Manna-Pempinelli equation; extended
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1 Introduction

Integrable systems and nonlinear evolution equations [1-9] have attracted much atten-
tion of mathematicians and physicists. Especially, exact solutions of nonlinear evolution
equations play a pivotal role in the study of mathematical physical phenomena. Not only
can these exact solutions describe many important phenomena in physics and other fields,
but they can also help physicists to understand the mechanisms of the complicated phys-
ical phenomena. A variety of powerful methods have been employed to study nonlinear
phenomena, such as the inverse scattering transform [10], the tanh function method [11],
the extended tanh-function method [12], the homogeneous balance method [13], the aux-
iliary function method [14], and the exp-function method [15], the Pfaffian technique [16],
the dressing method [17], the Backlund transformation method [18], the Darboux trans-
formation [19], the generalized symmetry method, the tri-function method [20] and the
G'/G-expansion method [21], the modified CK direct method [22].

Very recently, Dai et al. proposed a new technique called the three-wave approach to
seek periodic solitary wave solutions for integrable equations [23]. The method is to use
Frobenius’ idea [24] to reduce the PDE into integrable ODEs. Frobenius’ idea was suc-
cessfully used to establish the transformed rational function method [25] and to solve the
KPP equation [26]. In fact, the Tanh function method and the G'/G expansion method
are special cases of the reduction idea raised in [26], say, the general Frobenius idea. Fur-
thermore, a three-wave solution in (3 + 1)-dimension was obtained by using the multiple
exp-function method [27, 28]. With the rapid development of computer technology and
the help of symbolic computation, this approach is of utmost simplicity. Hence, it can be
applied to many kinds of nonlinear evolution equations and higher-dimensional soliton
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equations. Zitian Li obtained periodic cross-kink wave solutions, doubly periodic solitary
wave solutions and breather type of two-solitary wave solutions for the (3 +1)-dimensional
Jimbo-Miwa equation by this method [29]. Wang applied the method to a higher dimen-
sional KdV-type equation [30].

The BLMP equation was first derived in [31]:

Uyt + Uyxxy — 3uxxuy - 3uxuxy =0, 1)

where u = u(x, y,t) and subscripts represent partial differentiation with respect to the given
variable. Boiti et al. [31] also discussed the Painlevé property, Lax pairs and some exact so-
lutions of (2 +1)-dimensional BLMP. Through the Backlund transformation, Bai and Zhao
got some new solutions of the BLMP equation. By means of the multilinear variable sepa-
ration approach, a general variable separation solution of the BLMP equation was derived
in [32]. Liu proposed a simple Bécklund transformation of a potential BLMP system by us-
ing the standard truncated Painlevé expansion and symbolic computation, and a solution
of the potential BLMP system with three arbitrary functions was given in [33]. The sym-
metry, similarity reductions and new solutions of the (2 + 1)-dimensional BLMP equation
were obtained in [34]. These solutions include rational function solutions, double-twisty
function solutions, Jacobi oval function solutions and triangular cycle solutions. In [35],
based on the binary Bell polynomials, the bilinear form for the BLMP equation was ob-
tained. The new exact solutions were derived with an arbitrary function in y, and soli-
ton interaction properties were discussed by the graphical analysis. The author in [36]
discussed the BLMP equation and generalized breaking soliton equations by using the
exponential function and obtained some new exact solutions of the equations. By using
the modified Clarkson-Kruskal (CK) direct method, Li et al. [37] constructed a Backlund
transformation of the (2 + 1)-dimensional Boiti-Leon-Manna-Pempinelli (BLMP) equa-
tion. Laurent Delisle and Masoud Mosaddeghi proposed the study of the BLMP equation
from two points of view: the classical and the super symmetric. They constructed new
solutions of this equation from Wronskian formalism and the Hirota method in [38].

In this paper, we consider the (3 + 1)-dimensional Boiti-Leon-Manna-Pempinelli equa-

tion

Uyt + Uz + Ugxxy + Ugxxz — Sux(uxy + Uyz) — Suxx(uy +u;) =0, ()
which was introduced by Darvishi in [39]. We apply the extended three-soliton method
to the (3 + 1)-dimensional Boiti-Leon-Manna-Pempinelli equation, obtaining more exact

solutions including a complexiton solution, periodic cross-kink solutions about it.

2 Methodology
In this section, we briefly highlight the main features of the extended three-soliton
method. Let us consider a PDE for u(x, z, t) in the form

Pu, 1y, Uiy Uy Upry Uty Utz Ungs Unzy Uz - ..) = 0, (3)

where P is a polynomial in its arguments. The solution method will also work for systems
of nonlinear equations and high-dimensional ones.
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Step 1. Firstly, we introduce the D-operator which was proposed by Hirota [40] and
defined as

m n

ad
Dy"Da(t,x)-b(t,x) =
as

5 bl =55 = Dscoyeo @)

By transformation # = alnf, u = GT(’() and D-operator definition, Eq. (3) can be turned into

F(D’ Dt’ Dx,Dz: Dtt; Dtx; thr .. )ff =0, (5)

where F is a polynomial in its arguments.
Step 2. To seek the three-wave solution of Eq. (3), let us consider the solution of Eq. (5)
in the following form:

f =cos(§) +a_yexp(—0) + a; exp(f) + ay sinh(n), (6)

where £ = pi(x + Y1z + B1y + a1t), 1 = pa(x + yaz + Bay + aat), 0 = p3(x + y3z + B3y + azt) and
Pi» &, Bi, v (i =1,2,3) are free constants to be determined later.

Step 3. Substituting Eq. (6) into Eq. (5), and collecting the coefficient of sinh(n) cos(§),
sinh(n) exp(#), sinh(n) exp(—0), cosh(n) sin(§), cosh(n) exp(0), cosh(n) exp(-6), sin(&) exp(H),
sin(&) exp(—0), cos(&) exp(0), cos(&) exp(—0) to zero, we can derive a set of algebraic equa-
tions for a_y, a1, as, pi, &, Bi, vi (i =1,2,3).

Step 4. Solving the set of algebraic equations defined by Step 3 with the help of MAPLE,
we can derive parameters a_y, ai, ds, pi, &, Bi, ¥i (i =1,2,3). Therefore, we can obtain

abundant exact multi-wave solutions of Eq. (3).
3 Exact three-wave solutions for the (3 + 1)-dimensional
Boiti-Leon-Manna-Pempinelli equation

In this section, we consider the following (3 + 1)-dimensional Boiti-Leon-Manna-Pempi-
nelli equation Eq. (2):

Uyt + Uzt + Uxxxy + Uxxxz — 3Mx(uxy + Uyz) — 3Mxx(uy +u,) =0,
or, equivalently,

(uy + U + (uy + Uz )xx — Sux(uy + )y — Suxx(uy +u;)=0. (7)
Under the dependent variable transformation,

u=-2(Inf),, (8)

where f(x,y,z,t) is an unknown real function, system (2) is turned into

=St = Joft = Feady = 3l + 3fxafey = frxafz = Bfuacf + Bfenfiz
+fyff + fuf +fxxx3(f + faaxef = 0. 9)
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Equivalently, Eq. (9) can be mapped into the Hirota bilinear equation
(DyD; + D,D; + DyD3 + D,D3)f f = 0. (10)

According to the methodology in Section 2, we can derive a set of algebraic equations for
a-1, a1, 4z, pi, &, ﬂir Yi (l =1, 213)

sinh(n) cos(&) :

=3p5p1 v + pyas By — preayi + phcays — pion Bi — 3pips Ba — 3pipi B — 3pipsys
+PLBL+ P3P+ PiVL + P32 =0,

sinh(n) exp(#), sinh(n) exp(-0) :

3p3P3Va + 3PaP3Ys + Pyya + P3P + P33 B2 + PaBa + 3PapiBs + P3vs + P3Bavs
+ P30y + Praa P + piysas =0,

cosh(n) sin(§) :

~3pi B+ 3p3B2 + Pyyi = 3PiV1 + 3p3va — PLva + Baon + Yics + Y20
+ Praa — pi B + P3P = 0,

cosh(n) exp(), cosh(n) exp(-0) :

B3ty +3p5 B2 + Pacts + 3p5 B3 + y3ta + P3ys + Valis + P3ys + p3fa
+3p3y2 + P3Bs +3p3y3 = 0,

sin(€) exp(0), sin(&¢) exp(-0) :

—Pras + pi s + prys — pvi + 3pi B+ 3pivi — P3P — Bsar — 3p3ys
- y13 - 3p3fs — y301 =0,

cos(&) exp(0), cos(&) exp(-0) :

19553063 —pfotm - 319%19%,33 +P§)’30ts - 3P§P%ﬁ1 +P%,31 - 319%?%)/3 +P§,33

- 3p3pin + pivi - pionpr + p3ys =0,
and constant term:

—aypyaa P — aspyays — pion i — ploayy — 4asps Br — 4aspy ys + 16a_1psa B
+16a_1psarys + 4a_1psPsmas + da_ypyysaras + 4pi By + 4piy = 0.
Solving the above algebraic equations with the help of MAPLE gives the following solu-

tions.
Case 1.

a=ay, a =a, as = dy, =0, p2=0, P3 =P3,
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Figure 1 The propagation of solution u; witha_y =-1,a,=1,p3=1,y3=1,z=1.

Bact1 + Y10ty + Yooy
pr=- ) B2 = o, B3 =~vs,

o
1=V V2=V V3 = V3.

In this case, we obtain the single soliton solution

—a_1pse P ENPI 4 g o ep3leys(@)-pit]

Uy =— ) (11)

1+ a_jeP3rE-ri | g orslerysz—y)-p3t]

where a_j, a1, p3, y3 are free constants. The propagation of solution u; is described in

Figure 1.
Case 2.
a=a.y, a, = ay, a = ay, P1=p1, p2=0, p3=0,
2
o1 =pis Q) =0, a3 =g,
Bsaty + y300 + a3
BL=-n, Ba=~ ) B3 = B3,

a3

=" V2 =Y V3 =1V3.
Then we obtain new periodic solutions as follows:

vy 21 sin(pi [x + y1(z - y) + pit])

- H (12)
cos(pi[x + y1(z - y) +p%t]) +d_1+am

where a_j, a1, p1, Y1 are free constants. The propagation of solution u, is described in
Figure 2.
Case 3.

a1 =0, a, = ay, ap = a, =0, P2 =P2 P3 =ps;
_ _ 2 _ 2
o) =0y, Qy = =Py, a3 = —p3,

B1= B, B2 =2, Bs =~vs, =" V2 = Y2 V3 = V3.
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Figure 2 The propagation of solution u; witha_y =1,a,=1,p1=-1, 1 =1,z=5.

‘We then obtain

arpse T BENTE 4 g) p sinh(p, [x + 12(z — y) — p2t])

1+ @esF @3 4 g cosh(ps[x + (2 —y) - pat]) ’

uz=-— (13)

where a1, as, pa2, ps, ys are arbitrary constants.

Case 4.
1 ,
ai1=—), a = ay, az = day, b1 =ps3h, p2=0, P3 =ps;
441
2 2 2
o1 = —p3, oy = —3p3, o3 = —p3,

Bi=-n-B3-vs B2 = Ba, B3 = B, V1=V Y2 =V V3 =Vs.

We then obtain a complexiton solution

-p3(ery3z+B3y-p3e) 9
] p3e —pat
—psi Sln(s) — 4—511 + a1p36p3(x+y3z+ﬁ3y P3 )

-P3 x+ygz+ﬂ3y—p§ t)
- ° 4

( ) (14)
cos(€) + ¢ v

Ug = —
ae’s (x+y3z+B3y-pit)

where & = ips(x + Y1z + (—=y1 — B3 — ¥3)y —p%t) and a4y, p3, a3, B3, ¥1, v3 are free constants.
Case 5.

ay=d.y, a = a, as = dy, p1=p1 p2=0,
_ _ 2 _

PS —PS; (03] —Pp 0y =,

az = as, Br=-», B2 =2, B3 =~vs,

=" V2=V V3 =7s.
We then obtain new periodic cross-kink solutions

. - —2 -
—p1 Sin(]) — a_pse P3EHTBIPI o g o eP3 (i r3zmysyast)

cos(&1) + a_jers(rysz-ysyrast) 4 g, gp3(etysz—ysytest)

Us = ’ (15)

where & = p;(x + iz — y1y +p%t) and a_j, my, p1, p3, @3, y3 are free constants.
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Case 6.

| _Pinrpib+ apsys + apips
- 4(Bs + y3)p3em

’ ay =d, aj = dy,

p1=Pp1 P2 =p3, P3 =ps, oy = —3p3 + pi, a =3p; - p3,
as =3p; - p3, B =B, Ba==v2—v3- P53 B3 = B3,

1=V V2=V V3 =7Vs.
We then obtain new periodic cross-kink solutions

2 2 2.2 2.2
: pini+piBi+azpyys+azp3 3

— Sin +
2 pisin(&2) 4(B3+y3)p3an

cos(E) — Pivi+pii+a3plys+a3pips
2 4(B3 +V3)P§ﬂ1

e + ayp3e” + azps cosh(n,)
Ug = —

, (16)

e % + a e’ + a, sinh(n,)

where & = pi(x + Y1z + By + (=3p} + pD)t), 62 = p3(x + ysz + Bsy + Bpi — p3)t), m2 = p3(x +
Y2z + (=ya — y3 — B3)y + (3p} — p3)t) and ay, as, p1, p3, B1, B3, Y1, V2, V3 are free constants.
Case 7.

a_1=0, a, = ay, ap = day, p1=ipa, P2 = P2

3psp3 + p3 — 3pipa + 3p3
PB :PB; o= _4p%’ oo = _4'17%’ o3 =— 2 2 2 2y

ps3
P3Bs +p3ys + Py D3B3 +p2y2 + psys
pr=- ) B2 =— ) B3 = B3,
b2 b2
=Y Y2=Y2 V3 =1V3.
We then obtain a new complexiton solution
_ 317317% +p§ —317%172 +3p%
=2 —ipy sin(gs) + ayps T 73 D 4 ayp, cosh(ns) a7
7T P  3p3p3+p3-3p3pa+3p] ’
COS(&3) + ag e TTBEFSY 73 + ay sinh(n3)

where & = pi(x + 12 — p3ﬁ3+p31/3+17271y _ 419%,:), N3 = pa(x + Y2z — P3ﬂ3+}7272+p31/3y _ 4p%t) and

12 P2
a, az, P2, P3, Bs, Y1, V2, Vs are free constants.
Case 8.
a1=a-, a =dy, a =ay, P1=p1 P2 =p2,
2 2
p3=0, a1 = pi, az = —p3, a3 =z,

Br=-n, B2 =2, Bz = B3,

=" V2 =Y V3 =1V3.
We then obtain new periodic cross-kink solutions

—p1sin(p1(x + 12 — 1y + pit)) + axps cosh(py (x + yaz — Yoy — p3t))
cos(p1(x + 112 — 1y + PIE)) + a_y + ar + ay sinh(py(x + yoz — Yoy — p3t))’

(18)

where a_j, a1, as, p1, p2, @3, B3, 1, Y2 and y; are free constants.
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Figure 3 The propagation of solution us withay =1,a,=1,p2=1,p3=1,y2=1,y3=1,z=1.
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Figure 4 The propagation of solution us witha_1=1,a,=1,p1=1,p3=1, a1, 1 =1,y3=1,z=1.

Case 9.

(@3py + B+ 11+ asy1)p3 ,
a1 = > a = ay, ap =dy, b1 =1p2,
4(Bs + ys)psem

P2 =p2 P3=P3, = =3p3 - pj, ay = -3p3 - p3, as =-3p5 - p3,

B =P, Br==Br—v2— 1, Bs = B3, 1= Y2 =V, Y3 = V3.
We then obtain a complexiton solution

aAp1+pr+yitain
4(B3+r3)p3zam

a}pi+prvitain
43 +ys)piar

e 1+ aip3e® + asp, cosh(n,)

—ipy sin(&,) —
2

Ug = — ) (19)

cos(&q) + e + a1e% + a, cosh(ny)

where & = ipy(x + 11z + By + (=3p3 — p3)t), 64 = p3(x + y3z + B3y + (=3p3 — p3)t), na =
Pr(x + 1oz + (=f1 — 2 — )y + (=3p5 — p3)t) and ay, as, pa, p3, Bus B3, V1, V2, v3 are free
constants. Figures 3, 4, 5, 6 described the solution of u3, 14, ug and ug respectively.

Remark 1 Noting if we set §; = —y; in Case 1 to Case 5 of the solutions above are special
solutions of the equation, we can see that for an arbitrary function, u(x,y — z,t) is also a
solution. However, the other cases are different.
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Figure 5 The propagation of solution ug witha, =1,a,=1,p1=1,p3=1,61=1,83=1,y1 =1,
}l2=—1,}I3=1,Z=1.
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Figure 6 The propagation of solution ug witha_1=1,a1=1,a2=1,p1=1,p2=1,y1=1,y2=-1,
z=1.

Remark 2 Noting sinh(ix) = i sin(x) and cos(ix) = cosh(x), the solutions presented in this
paper can be obtained by using the multiple exp-function. Furthermore, we can get an N-

soliton solution just by modifying the ansatz and using the exp expanding method [27].

4 Conclusion

In this paper, we obtained three-wave solutions to the (3 + 1)-dimensional Boiti-Leon-
Manna-Pempinelli equation with the extended three-soliton method. All the presented
solutions show remarkable richness of the solution space of the (3 + 1)-dimensional Boiti-
Leon-Manna-Pempinelli equation and also that the (3 + 1)-dimensional integrable system
may have very rich dynamical behavior. The considered solutions are of complexiton type
[41]. There is also a generalized theory of the Bell polynomials method which describes
the generalized bilinear differential equations [42, 43]. To our knowledge, our solutions
are novel. They cannot be obtained just through the simple generalization of the (2 + 1)-
dimensional BLMP equation. In fact, the extended three-soliton method is entirely algo-
rithmic and involves a large amount of tedious calculations. However, the method is di-
rect, concise and effective. Therefore, we can apply the method to the variety of dynamics
of a higher-dimensional nonlinear system and many other types of a nonlinear evolution

equation in further work.
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