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Abstract In this paper, we introduce a new inte-
grable nonlinear evolution equation in 4 4+ 1 dimen-
sions, which is an extension of Boiti-Leon—Manna—
Pempinelli equation. We prove that this new equation
has the Painlevé property. By using the Bell polyno-
mial approach, we obtain the bilinear representation,
bilinear Bicklund transformation, Lax pair and infi-
nite conservation laws. Furthermore, several types of
new exact solutions are also constructed based on the
Hirota bilinear method, including the N-soliton solu-
tions, periodic soliton solutions and mixed lump—kink
wave solutions. The dynamics and interactions of local-
ized wave solutions are illustrated by some graphs.

Keywords (4 + 1)-Dimensional BLMP equation -

Bicklund transformation - Infinite conservation laws -
Periodic soliton solution - Lump-kink solution

1 Introduction

Nonlinear evolution equations (NLEEs) have wide
applications in many branches of physics like quantum
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field theory, nuclear physics, plasma physics, optical
physics, condense matter physics, fluid mechanics and
oceanography [1-4]. Among NLEEs, completely inte-
grable systems are often referred to as exactly solv-
able models. In 1 4+ 1 dimensions and 2 4 1 dimen-
sions, there are numerous integrable models, such as
the Korteweg—de Vries (KdV) equation, modified KdV
equation, Boussinesq equation, nonlinear Schrodinger
equation, Camassa—Holm equation, Davey—Stewartson
equation, and so on.

Due to the fact that the real physical space is (34 1)-
dimensional, the study of higher dimensional NLEEs
has attracted considerable attention of mathematicians
and physicists. Many higher dimensional NLEEs may
provide more beneficial information, and they always
possess more abundant explicit solutions, including
lump wave, rogue wave, breather as well as quasiperi-
odic solutions [5—12]. In the past decades, scholars have
tried to search for new integrable models using differ-
ent methods, especially in higher than two space dimen-
sions [13—17]. Until now, nontrivial higher dimensional
integrable models are quite a few. There is still a lot of
room to establish some methods for constructing new
integrable models of higher dimensions.

The (4 4+ 1)-dimensional Fokas equation, obtained
by extending the Lax pair of (2 + 1)-dimensional
Kadomtsev—Petviashvili (KP) equation to higherbreak
dimensions [14], has become a hot research issue in
recent years. Yang and Yan derived the point symme-
try, potential symmetry and doubly periodic wave solu-
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tions [18]. The multiple soliton, rouge wave and lump
solutions and singular manifold analysis were given
in Refs. [19-23]. The natural and important problem
is that are there other (4 + 1)-dimensional integrable
models.

In this paper, we propose a new (4 + 1)-dimensional
model with the form

Uyt + Uz + UgpHAUxxxy + QUxxxz + AUxxxs
+ buy (txytux; + Uxs)+D Uy (y + u; + us)=0,
(1)

with four space variables x, y, z, s and one time vari-
able ¢; a and b are constant parameters. Equation (1)
can be considered as an extension of KdV equation in
4 + 1 dimensions.

For particular choices of parameters, Eq. (1) includes
several important (24 1)- and (3+ 1)-dimensional non-
linear models with physical interests. If u = u(x, y, t)
anda = b = —1, Eq. (1) becomes

Uyt — Uxxxy — UxxUy — Ux Uyxy = 0, )

which was first proposed by Boiti et al. [24], here-
inafter referred to as BLMP equation. Equation (2) can
be used to describe an incompressible fluid and it is
closely related to the classic KAV equation. The spec-
tral transform, nonclassical symmetry, Bécklund trans-
formation (BT) and some explicit solutions have been
constructed [24-26].

When u = u(x, y,t), and takinga = 1, b = -3,
Eq. (1) is reduced to

Uyt + Uxxxy — 3 UxxUy — 3 uy Uyy = 0, 3)

which is exactly another form of BLMP equation pro-
posed by Gilson et al. [27], and its various exact solu-
tions have been constructed, including Jacobi ellip-
tic function solution, quasiperiodic wave solution and
mixed lump—soliton solution [28,29]. Equation (3) was
investigated through Bell polynomial method, and the
integrability properties have been presented [30].

If u is independent of the variable s, taking a = 1,
b = —3,Eq. (1) reduces to the BLMP equation in 3+ 1
dimensions, which reads

Uyt + Uzt + Uyxxy + Uxxxz — 3uy (uxy + uyz)
Bttty + 1) =0, )
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This model has attracted much attention of researchers,
and the Painlevé property, Bédcklund transformation,
Lax pair, step-like soliton solutions, nontraveling wave
solutions, breather waves and lump-kink solutions
have been presented by virtue of different methods [31—
36].

The new model (1) is associated with the BLMP
equation in lower dimensions. In what follows, we refer
to it as the (4 4+ 1)-dimensional BLMP equation. The
remaining parts of this work are organized as follows.
In Sect. 2, we systematically study the integrable char-
acteristics of Eq. (1) to prove its complete integrability.
In Sect. 3, several types of localized wave solutions are
constructed through the Hirota’s direct method and then
their dynamics are analyzed by some graphs. Finally,
this paper concludes in Sect. 4.

2 Integrability of Eq. (1)

In this part, we first perform the singular manifold anal-
ysis for Eq. (1) and confirm its Painlevé integrability.
Furthermore, we utilize the Bell polynomial method
to systematically construct the Hirota’s bilinear rep-
resentation, Lax pair, bilinear BT as well as infinite
conservation laws.

2.1 Painlevé property

Following the WTC-Kruskal method [2], the integra-
bility test of Eq. (1) is made up of three steps. Firstly, we
may substitute u = ug¢? into (1). Balancing the dom-
inant terms, we obtain the values of leading exponent
and coefficient, namely y = —1 and ug = 6a¢, /b.

The second step is to calculate the values of resonant
points, which can be done by inserting the truncated
expansionu = ug ¢! +u; ¢/~ linto (1) and balancing
the dominant terms. After some calculations, it is found
that there are four resonant points, namely j = —1, 1,
4 and 6.

Finally, in order to check whether Eq. (1) passes the
integrability or not, we should verify the compatibility
conditions at j = 1, 4 and 6. For this purpose, the Lau-
rent series may be truncated at the maximum resonant
point,

6

w=7y uj¢’7", (5)

j=
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where the Kruskal’s ansatz is used to simplify the
involved calculations, i.e., ¢ = x + ¥ (y, z, 5, t). Note
that all the coefficients u ; in (5) do not depend on the
variable x. Inserting (5) into Eq. (1) and collecting the
coefficients of ¢ with the same degree, we have
1y = ﬂ Uy +urz; +uis
2b 2y + Y )
’a = Yyr + Yo + Yse + b(“Zy + uzp + uoy)
40 (Yy + Yz + ¥s)

us = [(4busuz — 2uzW + uz) Yy + ¥ + Yy)

+ (Y1 — buo) (uay+uaz + usg)+ur(Yy+

+Vse) — 2bu3(’41y Fur +urg) — Uy

—unz —unsi] [ [24a @y + v+ )]
(6)
In (6), ¥, uy, us and ug are arbitrary, which indi-
cates that the Laurent series of Eq. (1) admits suffi-
cient number of arbitrary functions. Therefore, the pro-
posed Eq. (1) passes the integrability test and thus it has
Painlevé property.

Although there is not a general definition about com-
plete integrable system, it is widely accepted that an
integrable model should possess Lax pair, infinite con-
servation laws, Hamiltonian structure, infinitely many
symmetries, bilinear BT as well as N-soliton solutions.
Equation (1) is proved to be integrable in the sense
of Painlevé, and below we will systematically con-
struct integrable properties using the Bell polynomial
method [3].

’

2.2 Bilinear form

The Painlevé test provides an efficient method to check
whether nonlinear models are integrable not. More
importantly, it also produces some useful information
to further study the integrability properties and various
types of explicit solutions.

The singular manifold analysis yields the Painlevé—
Bécklund transformation in the form

6a
u=7(ln¢)x+u1, (7

where u is the seed solution of Eq. (1). For the sake
of simplicity, we may take u; = 0. Introducing ¢ =
21n ¢, it follows from (7) that

3a

Substituting the transformation (8) into (1), we get

Gxyt + qxzt + Yxst + 3a [q,\fx (%cxy + Gxxz
+ Gxxs) + Grxx (Gry + gxz + %cs)]
+a (Qxxxxy + Gxxxxz + %cxxxx) =0. )

After integrating Eq. (9) once, we easily obtain

qyt + qzt + qst + a (CIxxxy + 3q;:x‘bcy + qxxxz
+3¢xxqxz + Grxxs + 3qxxqxs) = 0. (10)

Based on the definition of &7-polynomial, (10) can
be written as

f@yt(Q) + P4(q) + P (q) +a gzxxxy(Q)
+a Prxxz(q) +a Prixs(q) = 0. (11

Together with ¢ = 21n ¢, from (11) we obtain

(DyD; + DDy + DsD; +aD3Dy
+aDD,+aDID\)F - F=0, (12)

where “D” is the Hirota’s derivative operator [4]. Notice
that (12) is exactly the bilinear representation for the
(4 4 1)-dimensional BLMP equation.

2.3 Bilinear Bécklund transformation and Lax pair

The binary Bell polynomial method provides us a sys-
tematic procedure to derive the integrable properties of
NLEEs [3]. Based on the results obtained in the above
subsection, one can obtain bilinear BT.

Suppose that g = 2In F and g = 2In G are two
solutions of Eq. (10), and we take
v = t};q w

2

q q

It follows from Eq. (10) that

E(q) — E(q)
2
= Uy + AUxyxy + 3aWxx Vyy + 3aWxy Uy

+ Vgt + AUxxxz + 3aWrx Uy + AWy Uiy

+ Vg + AUxxxs + 3aWyx Uys + 3aWysVxy

0
= 5 (% (v) + a%ixx (v, w)) + 3a(wxyvxx

ad
— UxWxxy — v)%vxy) + 3_Z (% (v) + a%ixx (v, w))

2
+3a (wxzvxx — UxWxxz — Uy sz)
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d
+ a (% (v) + a%xx (v, W) + 3a (W Vxx

— UxWxxs — v)%vxs) . (14)
To obtain the bilinear BT, we introduce the con-
straint between v and w with the form

Wy + UxVy + Wyz + VxVz + Wiy + V05 = @ vy, (15)

with o being arbitrary constant, and then Eq. (14)
becomes

d 0
3_ (Z () + axx (v, W) + —(Z(v)
y 0z

+ a % (v,w)) + 88_.9 (% (v) + a Zxx (v, w)) =0.
(16)

Note that (15) can also be expressed as

%)7(1)7 w)+@xz(vs w)‘i‘@xs(l)’ U)) _a@/x(v’ U)) = O
(17)

The % -polynomials are closely related to the bilin-
ear derivative operators, from (16) and (17), and we
get

(D, +aD}—F - G=0,
(DyDy + DyD; + DDy —a D) F-G =0, (18)

where . = p(¢) is arbitrary. Equation (18) is just the
bilinear BT of Eq. (1).
By setting

v=Ing, w=gqg+e, (19)

and linearizing the coupled system (16) and (17), the
linear differential equations are obtained as
O+ a@ex +buyp, =0,
b
Oxy + @xz + @xs + 3_a(ux +u; +us)p —ag, =0.

It is easy to prove that the above system is just the Lax
pair for the (4 4+ 1)-dimensional BLMP equation.

2.4 Infinite conservation laws

The concept of infinite conservation laws is a very
important property of nonlinear integrable systems.

@ Springer

Searching for infinite conservation laws of NLEEs is
still an open issue. For the new proposed Eq. (1), the
infinite conservation laws can be constructed by virtue
of the coupled # -polynomials system (16) and (17).

Introducing the transformation n = (g, —¢q,)/2 and
making good use of (13) with v = 0, Eqgs. (16) and (17)
become

qxy + qxz “l“]xx+778x_177y+778x_1nz+778x_177s
+ny +n:+n =0,

d _ d _
E (8x 177y) + 3_x [anxz +a(nx + Qxx)ax lnz

_ a _
+2an(n; + qxz) + an*d, lnz] +— (fix lm)

0z
9 ;1 9
+— [anxx +3an(x + qxx) +an ] +— lanxx
ay as
@+ 3an (0 + g +an’ + 07 | = 0

(20)

The function 7 is expanded as the following series,

o0
n=e+> (g qu...)e" 1)

n=1

Inserting series (21) into the first equation of (20) gives
the recursion formula for the conversed densities .%,,
namely

b
jl = — {xx = — 5 Uy,
3a
b
52 = xxx = 5 Uxx,
3a

8;1 (jn-ﬁ—l,y + jn-ﬁ—l,z + jn-H,s)
= _jn,y_jn,z - ]n,s

n
- Z T 8;1 (jn—k,y+jn—k,z+]n—k,s) , n>2.
k=1
(22)
Using ansatz (21) again, from the second equation of

(20), the infinite conservation laws of (1) can be derived
as

gn,t‘i'yn,x +gn,y+%1,z +%n,s =0,n=1,2,...
(23)

In Eq. (23),
Ly =037y, =07,
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with .#, being given by (22). The flux .%, takes the
form

In = aﬂn,xz + a‘h)cax_leﬂn,z +2a ‘Ixzv¢n+1,z

n
+ady I A2aq Inta Y 07 I s I g
k=1
n n+1
+2a ) I ko420 Iy Ik
k=1 k=1
ta Y Ao A
i+j+k=n

And ¥, can be expressed as

Y, =a ﬂn,xx+3ajn+1,x+3a‘hx I

n
+3a S0 +3a Z«ﬂkﬂn—k,x

k=1
n+1
+3a ) AIpi+a Y SIS
k=1 i+j+k=n

The fourth fluxes .#, read
My = 37 s+ @ Iy oy +3a Iy + 3aqey S

n n+1
+3a T2 +3a Y IiInkx +3a Y IIuk
k=1 k=1
ta Y SIiA
i+j+k=n

It is noted that the first member of (23) is proved to be
the (4 + 1)-dimensional BLMP equation (1). In addi-
tion, starting from other members of the conservation
laws (23), some new integrable models in 4 + 1 dimen-
sions may be generated.

3 Localized wave solutions

The Hirota bilinear method is an efficient and direct
tool to study nonlinear evolution models [4], which has
been widely applied to investigate integrability prop-
erties like bilinear Bicklund transformation and Lax
pairs. In the meanwhile, it also can be used to solve
both integrable and nonintegrable NLEEs with impor-
tant physical interests.

3.1 N-soliton solutions

According to the Hirota’s bilinear method, the key step
is to change the original models to bilinear equations

with suitable transformations. Through the Painlevé—
Bicklund transformation (7), Eq. (1) can be reduced to

Dyid — Pyr + G2 — P Pr + G5 1) — G5By
+a (Prrxy® — braxy + 3Prx ey — 3P Puxy
+ Grxxz® — PraxPz + 3PrxPrz — 3PxPax:
+ Gxxxs® — GrxxPs + 3PxxPrs — 3Pxrxs) = 0.
(24)

N-soliton solutions may be the fundamental char-
acteristic of integrable nonlinear evolution equations.
As discussed in Sect. 2, Equation (1) is integrable
in the sense of Painlevé. Following the perturbation
method [4], one can obtain the N-soliton solutions with
the form

_6a

u=—- - (ng), (25

and ¢ is given by

N N
p=1+> e+ Ajelitn
i=1

i<j

N
+ Z AijAiAji i+
i<j<k
>
_|_+ Z Aijeizlnl’
l<i<j<N

ni =kix +1iy + piz + gis + wit + noi,

wj=—ak, i=1,...,N,

(ki —kpUi+pi+qi—1j—pj—q;)
(ki + k)i + pi +qi +1j + pj +q))
Bidirectional solitons have potential values to simu-

late ocean waves phenomenon, but they are rare for

lower dimensional NLEEs. However, a number of

(3+ 1)-dimensional NLEEs admit bidirectional soliton

solutions. The reason is due to the existence of more

arbitrary parameters in the dispersion relations. The
dispersion relation, given by (26), tells us that there only

exist overtaking collisions between solitons along x-

direction, while there are both overtaking and head-on

collisions between solitons along y-, z- and s-direction.

The interactions between multiple solitons are similar

to those of the GBS equation [12] and the GNNV equa-

tion [37], and thus the interaction analysis is omitted
here.

(26)

ij
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3.2 Periodic soliton solutions

Starting from the N-soliton solutions (25), we can get
some interesting periodic soliton solutions by choosing
suitable parameters in (26).

Case 1 If taking N = 2, from Eq. (26) we have

p=1+e" +e”+ Ape” ™, 27)

Together with transformation (25), the two-soliton
solution of (1) is then obtained.
For the parametric choices

ki =ki=ai+ip1, I =0 =38 +ip,
pL=pi=wm+ivi, q=q;=xr+iol,

Sl=a1x+61y+m1z+rs+yt,
H=ax+8&hy+uaz +rs—aat,

O = Bi1x + p1y +viz + o015 + €1,
yi=aBuipi —a}), e =a(B —3aip),
_ Bilpi +vi+01)

A12 = —7
a1(81 + p1 + A1)

For the parametric choices
ki =k3=ai+ip1, [y =15 =681 +ip1,
p1L=ps =1 +ivi, g1 =¢5 = +ioy,
k3 = o0, I3 =82, p3 = p2, q3 = A2,
not = 102 = 103 =0, (31

where ay, a2, 1,61, 82, p1, 41, M2, V1 are real con-
stants, Eq. (27) takes the following form:

¢o=1+ 2¢ef! cos(®) + App e
e [1 4+ 2Lef cos(@ + W) + A L2 e2€'] ,
(32)

where

(= + i) 61 =+ —pr+ A — A+ i(p1 +vi +o1)]

Lel¥ = Az = A>2k3

(e + i) 81+ 8+ 2+ A+ A+ i(pr v+ o]

nor = no2 =0, (28)
Equation (27) takes the following form

=1 +26a1x+61y+mz+kls+y11 cos(®)
2 $ A S t
+Ape (o1 x+81 y+p1 z+r1 s +y1 )’

O = Bi1x + p1y +viz + o015 + €1,

i =a@aifi —af), e = a(] —3aipy).

A12:_/31(01+V1+01). 29)
(81 + p1 + A1)

Substituting (29) into (25) yields a periodic soli-
ton solution of Eq. (1). Figure 1 shows the interac-
tions between one kinky solitary wave and one peri-
odic wave. Figure la—c gives the 3D plots of the peri-
odic solitary wave in x—y plane, x—z plane and x—s
plane, respectively. Their contour plots are shown in
Fig. 1d-f.

Case 2 If taking N = 3, if follows from Eq. (26) that

p=1+e" +eP e+ Appen T 4 A13e’71+'73
+ Ax et + ApAzA» elnt+m+tns. (30)

Together with transformation (25), one can obtain the
three-soliton solution of (1).

@ Springer

Substituting (32) into (25) yields another periodic
soliton solution of Eq. (1). Figure 2 depicts the interac-
tions between one periodic wave and two kinky solitary
waves. Figure 2a—c gives the 3D plots of the periodic
solitary wave in x—y plane, x—z plane and x—s plane,
respectively. Their contour plots are shown in Fig. 2d—f.

3.3 Mixed lump—kink solutions

In recent years, the study of interactions between lump
waves and soliton-like waves has received increasing
attention from many scholars, and abundant interest-
ing results have been presented for a number of higher
dimensional nonlinear evolution equations. These solu-
tions may be written as combinations of two positive
quadratic functions, or two positive quadratic functions
plus one exponential function, or two positive quadratic
functions plus one hyperbolic cosine function, and so
on [38-46].

After some tedious computations, it is shown that the
(4 4+ 1)-dimensional BLMP equation (1) admits more
general form of solutions. This new type of solution
can be given by transformation (25) and
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(b)

Fig. 1 (Color online) Plots of periodic soliton solution given by
(25) and (29). a The case of z = s = 0 with the parameters
a; =68 =08, 8 =04, p =1, uy = —0.5, 2 = —0.6,
vy = o1 = 0, b the case of z = s = 0 with the parameters
ap=—pu; =058=02,pp =0, =0,v; =1,A; =04,

Fig.2 (Color online) Plots of periodic soliton solution given by
(25) and (32). aThecaseof z =s = O witha; =8; = =6, =

08,00 = —pu1 = —pp = 05,4 = =0.6, p1 = =4y =1,
B = 04, vy = oy = 0, b the case of y = 5 = 0 with
ap =8 = =& =08, ap = —u; = 05, 4 = —0.6,

cthe case of y = z = 0 with ¢y = 0.5, 1 = 04,8 = 0.8,
p1=v; =0, u; =—-0.6, 11 = —0.4, 01 = 1.2, d the contour
plot in x—y plane, e the contour plot in x—z plane, f the contour
plot in x—s plane

no = —ix =1L, =12, 81 = 0.8, p = o1 =0, ¢ the case
ofy=z=0witha; = =61 = =82 = 0.8, A1 = —a2 = 0.6,
mr=p2=p=1,x12x=09p=v1 =00 =12,dthe
contour plot in x—y plane, e the contour plot in x—z plane, f the
contour plot in x—s plane

@ Springer
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N
¢ =co+&°+E° +Z (hje" + pje™™ ),
j=1
nj=kjx+1ljy+m;z+njs +wjt,
&1 = c1x + 2y + 32 + c45 + cs5t + g,
& = c7x 4+ cgy + c9z + ci08 + 11t +c12, (33)
with h; and p; being arbitrary, and other constant
parameters are given by

Derx=—c4, c3=cs =c7=c11 =0,
¢ =¢(i=0,1,4,6,8,9,10,12),
lj=—(mj+n)), oj =—ak}, kj =k;j,
mj=mj,nj=nj, j=1,...,N. (34)
() c2 = —c4, c3 =c11 =0, cg = —(c9 + ¢10),
ci=c¢(i=0,1,4,56,7,9,10,12),
lj=—(mj+nj), ijkj,l’l’thl’l’lj,
nj=nj, wj=wj, j=1,...,N. (35)
(D ¢2 = —c3, c4 = c11 =0, cg = —(c9 + c10),
¢ =c¢(@=0,1,3,56,7,9,10,12),
li=—(mj+nj), kj=kj, mj =mj,
wj=—ak}, nj=nj, j=1,...,N. (36)
(IV)ea = =3, ca=cs =c7=cn1 =0,
ci=c(i=0,13,6809,10,12),
lj=—(mj+nj), a)jz—ak?, ijkj,
mjzmj, nj=nj,j=l,...,N. (37)
V)er = e + c1¢4 + ¢7¢8 + ¢709 + 67610’
c1
¢ =¢({=0,1,3,4,6,7,8,9,10, 12),
¢s=c11=0,1; =—@m; +nj), a)jz—ak?,

kj =kj, mj=mj, njy=nj, j = 1,...,N(38)
Due to the arbitrariness of positive integer N and
constant parameters in (34)—(38), different parametric
choices lead to different exact solutions for Eq. (1).
Here, we only consider six different cases as follows.
Case 1 In (34), taking N = 1 and p; = 0, along with
(25), the solution with two quadratic functions and one
exponential function is obtained
_ 6a (2c1&1 + hykyre™)

ur= 2, 2 ’
b(co+&f +& +hieh)
&1 = c1x — cay + c45 + ce,

& = cgy + coz + cl08 + C12,

n =kix —(my +ny))y+miz+ns — ak]3t, 39)
wherec;(i =0,1,4,6,8,9, 10, 12), k;,m,n and h|
are arbitrary constants.

@ Springer

Case 2 In (35),if N = 1 and p; = h , through trans-
formation (25), we obtain the solution consisting of two
quadratic functions and one hyperbolic cosine function
_ 12a [c1&1 + ¢7&2 + hy ky sinh(n1)]
 bleo+E +8 +2hicosh(n)]
&1 = c1x — ¢4y + ¢4 + ¢s5t + Cé,

& = c7x — (c9 + c10)y + coz + cios + c12,

m =kix —(mi+n)y+mz+nis+ort, (40)
where ¢;(i =0,1,4,5,6,7,9,10, 12), k1, m1, ny, hq
and w are arbitrary constants.

Case 31n (35), taking N = 1 and p; = —hy, from (25)
we obtain the solution with two quadratic functions and
one hyperbolic sine function
_ 12a [c181 + ¢752 + hy ky cosh(n1)]
"~ b [co+ &+ EF +2hysinh(yy)]
&1 = c1X — cay + ¢4 + ¢s5t + Cé,

§ = c7x — (c9 + c10)y + c9z + cr08 + 12,
m=kix —(my+n)y+mz+ns+wrt, 4l)
where ¢;(i =0,1,4,5,6,7,9, 10, 12), k{, my, ny, hy
and w are arbitrary constants.
Case 4 In (36),if N = 2, p; = 0 and py = h», from
(25) one obtains the solution in the form

u4 = 6a [2C1£;'1 + 2¢76 + hikie™
4 2hoks sinh(p2)] / [b(co + &2+ g2

+ h1e™ + 2h; cosh(m))]

§1 = c1x — 3y + c3z2 + st + ¢,

& = c7x — (co +c10)y + c9z + c108 + C12,
nj=kix —(mj+n;)y+mjz+njs— ak;t, (42)
where¢;(i =0,1,3,5,6,7,9,10,12),kj,mj,nj, hj,
hjand w;(j =1, 2) are arbitrary constants.

Case 5 In (37), taking N = 2, p; = hy and p» =
h,, along with (25), we obtain the solution with two
quadratic functions plus one hyperbolic cosine function

us = 12a [c1&; + hik; sinh(ny)
+ haka sinh(p2)1 / [ beo + &7 + &2
+2h cosh(n1) + 2ha cosh(2))],
&1 = c1x — ¢4y + c45 + ce,
& = cgy + 9z +cro8 + i,
nj=kjx—(mj+nj)y+mjz+n;s— ak;t, (43)

where ¢;(i = 0,1,4,6,8,9, 10, 12), ki,mj,nj, hj
(j = 1,2) are arbitrary constants.



Integrability and localized wave solutions for the (4 + 1)-dimensional BLMP equation 1387

Fig. 3 Evolution and interaction plots of one lump wave and
a pair of kinky waves given by (40) with (45). az =5 = 0,
t=-20,bz=5=0,t=0,cz=5=0,t=20,dy=5=0,

Case6In(38),if N =4and p1 = pr = p3 = p4 =0,
together with (25), we obtain the solution of the form

6a (261%‘1 +2c76 + 24}:1 hjk; enf)

ug =
b (co+&8+82+ X5 hjen)

&1=cix+cy+c3z+cas + ce,

o= — €13 + c1cq4 4 c708 4 ¢709 + 07010’
Cl

& = c7x 4+ cgy + c9z 4 c108 + c12,

nj=kjx — (m; -I—nj)y—i-mjz—i-an—ak;l‘, (44)

wherec;(i =0,1,3,4,6,7,8,9,10,12),k;,mj,nj, h;
(j = 1,2,3,4) are arbitrary constants.

With particular choices of the parameters in (39)-
(44), we may obtain abundant interactions between
lump wave and kinky solitary waves. Here, solutions
(40) and (44) are chosen to illustrate the interesting
evolution and interaction phenomenon. Figure 3 gives
the three-dimensional plots of evolutions given by (40)

a0

t=-30,ey=5=0,t=0,fy=5=0,t =
t=-25hy=2=0,t=0,iy=2=0,1=2

with the selection of parameters,

a=—-1,b=3,h; =1, ¢cc =10, c; =20,

c4 =03, ¢c5=0.5, cg =c12 =0, ¢c7 =25,

cg =—0.5, c10=0.2, ky =0.8, m; =04,

ny =03, w1 =0.7. (45)

Figure 3a—i shows the interaction behaviors between
one lump and a pair of kinky solitary waves in x—y
plane, x—z plane and x—s plane, respectively. As we
can see, the lump wave always lies between these two
kinky waves. The amplitude of lump wave first shows
a declining trend and then increases gradually with the
change of time. As shown in Fig. 3d—i, one can observe
that the lump wave has overturned during the evolutions
in x—z plane and in x—s plane.

In the following, we select solution (44) to analyze
the interesting interactions between one lump wave and
four kinky waves by graphs. Taking

co=cr=cg=h1=hy=h3=h4 =1,

@ Springer
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Fig. 4 Evolution and interaction plots of one lump and four kink waves given by (44) with (46) in x—y plane.at = —5,bt = 0.5, ¢

t=6,dt=48,er=2300,fr= 1000

c3=—c4=0.5,c6=cip=0, c7 =18,

cio=—-c9=0.6, k; =05, k=1, k3 = 1.5,

k4 = 2, mip = —0.1, nyp = 0.5, ns3 = 0.6,

myg = —0.2, n1 =0.25,np, = n3 = —0.3,

ng=07,a=1,b=3, (46)
Figure 4 depicts the fission and fusion phenomenon
during the evolutions in x—y plane. In Fig. 4a, there is
only one kink solitary wave at t = —5. At¢ = 0.5,
the lump soliton appears as shown in (b). In (b)—(d),
it is easily seen that the kinky wave splits into two,
three, and four kinky waves in a short period of time.
Meanwhile, the amplitude of the lump soliton has been
declined. As shown in Fig. 4d—f, four kinky solitary
waves first merge into three, then fuse into two and
finally fuse into one kinky solitary wave, which is
propagating along the positive x-direction. As shown
in Fig. 4b—f, the lump soliton stands at the bottom
kinky solitary wave, which depends on the signs of
ki(j = 1,2,3,4) in (44). For the sake of simplicity,
the similar analysis in x—z and x—s plane is omitted here.

4 Conclusions

In this paper, we introduce a new integrable nonlinear
evolution model in 4 + 1 dimensions, which we call the

@ Springer

(4 4+ 1)-dimensional BLMP equation. This new equa-
tion includes several important NLEEs in 2 4+ 1 and
3 4 1 dimensions.

By performing the singular manifold analysis, we
showed that (44 1)-dimensional BLMP equation passes
the Painlevé integrability test. Generally speaking, the
positive result in Painlevé test shed light on explor-
ing the N-soliton, Biacklund and Darboux transforma-
tions and Lax pair. Thus, we employed the Bell poly-
nomial approach to further study integrable properties
of (4 4+ 1)-dimensional BLMP equation and found that
it is also integrable under other meanings. The bilinear
form, bilinear BT, infinite conservation laws as well as
Lax pair are firstly presented.

Based on the Hirota bilinear method, several types
of new exact solutions have been constructed, includ-
ing the N-soliton solutions, periodic soliton solutions
and mixed lump—kink wave solutions. The interactions
between multiple solitons are unidirectional along x-
direction, while the interactions between multiple soli-
tons are bidirectional along y-direction, z-direction and
s-direction. In addition, we also studied the interactions
between periodic waves and kinky solitary waves. It is
noteworthy that Eq. (1) admits a new type of exact
solutions composed of two quadratic functions plus N
pairs of exponential functions, with N being arbitrary
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positive integer. The interactions between one lump
wave and multiple kinky waves show the character-
istics of fusion and fission. For the obtained interesting
localized wave solutions, it is very promising to find
some potential applications in physical and engineer-
ing fields.

We noticed that the contributions of three space
variables y, z and s in (1) are the same, so the
(4+ 1)-dimensional integrable BLMP equation may be
extended to any dimensions. The more study on Eq. (1)
as well as searching for new integrable models in higher
dimensions can be investigated in future works.
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