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In this paper, we investigate the exact solutions for the (I+1)-D Ito equation.
Some lump solutions are obtained by using Hirota’s bilinear method, and the
conditions to guarantee analytical and rational localization of the lump solutions
are presented. Suitable choices of the involved parameters guaranteeing analyt-
icity of the solution are given. The 3-D plots with particular choices of the in-
volved parameters are illustrated.

Key words: Ito equation, lump solution, solitons, Hirota’s bilinear method

Introduction

The exact solution of PDE is one of the hot trends in the field of non-linear science.
In order to obtain the solutions, some methods have been investigated by scientists and physi-
cists, for example the inverse scattering method [1], Backlund transformation, the exp-
function method, variational iteration method, homotopy perturbation method, and Hirota bi-
linear methods. In recent years, the determination of exact soliton solutions to non-linear
wave equations is of great value to understand widely different physical phenomena [2].
There has been a renewed and growing interest in rational solutions to non-linear PDE such as
the rational solutions to the Toda lattice equation in Casoratian form [3], KdV-like equation
[4], extended Kadomtsev-Petviashvili-like equation with symbolic computation [5]. Particu-
larly important are rationally localized solutions, called lump solutions, and examples of lump
solutions are found for many integrable equations. Lump solutions have great importance in
fluid dynamics, propagation of surface waves, and many other fields of physics and some en-
gineering fields. Recently, Xu et al. [6] proposed the periodic solitary wave and doubly peri-
odic solutions through using the bilinear method and extended homoclinic test approach. Fu et
al. [7] acquired the periodic solutions by using the Jacobi elliptic function expansion method.
Wang et al. [8] discussed the traveling wave solutions of single variable by using Riccati
equation method. Among these methods, it is well known that the Hirota bilinear formulation
is a powerful tool to find explicit solutions to the non-linear PDE. The Hirota bilinear method
also plays an important role in presenting lump solutions owing to its simplicity and intelligi-
bility. Lump and rational solution become more and more important and attractive [9-12]. In
contract to the soliton solution, lump solution is a different kind of rational function solutions,
decayed polynomially in all directions in the space. The lump solution which is called the vor-
tex and anti-vortex solution for Ito equation was firstly put forward by Zakharov [13] and lat-
er by Craik [14]. Some lump solutions are explored through homoclinic test technique [15].
There are many other types of equations possessing lump solutions: the 3-D three-wave reso-

* Corresponding author, e-mail: hongcaima@dhu.edu.cn



Ma, H., et al.: A Class of Lump Solutions for Ito Equation
2206 THERMAL SCIENCE: Year 2019, Vol. 23, No. 4, pp. 2205-2210

nant interaction [16], the Davey-Stewartson equation II [17]. In this paper, we attend to con-
struct lump solutions of the (1+1)-D Ito equation. One class of lump solutions are obtained
through analysis and symbolic computations with maple, which supplement the existing liter-
ature on soliton solutions.

Lump solution of Ito equation

In this section, we construct a bilinear representation of an infinite hierarchy related
to the Ito equation [18]:

Uy, + sy, +Ouut, + 3uu, +3u,, j u,dx'=0 (1)
which is an extension of the K-dV (mK-dV) type to higher orders. Ito equation also can be
used to predict the rolling behavior of ships in irregular sea. It is also used to describe the in-
teraction process of two internal long waves. A lump solution for (1+1)-D Ito equation are ob-
tained by using Hirota’s bilinear method. According to Bell polynomial theories of soliton
equations, we assume that the solution of eq. (1):

u(x,t) =2(In f),, 2)
where f (x, #) is unknown real function. By substituting eq. (2) into eq. (1), under the convert:

2fof = 1)
2

u=2(nf),, = 7 3)
the following bilinear equation is obtained:
[D}+DiD, |ff =0 )
where D,, D, are all the bilinear derivative operators which is defined by [19]:
DD} a(x,0)b(x,1) = (0, =0,)" (0, = 0,)" a(x,Db(X,1") | 1 p—(x. 6]

Using the dependent variable transformation, we can transform the dimensional re-
duced bilinear eq. (4) into:

I:th + chDt:|ff = (2fttf - 2];2) + fo;xxx - zf;fmcx - 6ftxxfx + 6fxxftx =0 (6)

Soliton solution

By constructing an assume function that is different from [20], and using the homo-
clinic assume technique [21], we assume that:

f,t)y=1+b (eipx 4Py )eQHﬂ T b262(Qt+A) o

where p, Q, 4, b}, and b, are parameters to be determined later. Substituting eq. (7) into eq.
(2), yields the exact solution of eq. (1):

u(x,t)=2(In f),, =
2b1 (_pzeipx _ pze—[pX)th+/1 2b12 (l-pe[px _ ipe—ipX)Z (th+l )2

1+ blth+ﬂ (eipx + e—ipX) + bze2(Qt+ﬂ) [l + bleQH-ﬂ (eipx + e—ipX) + bzez(QH—l) ]2

®)
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Substituting eq. (7) into eq. (4) leads to:

[—4sin(px)Qbyb, p° + 4cos(px)Q2b,b, 1 34 + 85,0224

+[4sin( px)Qb, p* + 4cos(px)Q*h 1 =0 9)
Equating all coefficients of different powers of eQ’”, ez(Qt”), e3(9t+’), to zero, we get:
—4sin( px)Qbb, p* + 4cos(px)Q2bb, =0 (10)
85,Q% =0 (11)
4sin( px)Qb, p* + 4cos(px)Q*h, =0 (12)
Solving previous system of algebraic eqgs. (10)-(12) with MAPLE we have:
Q=0, b =b, 13)
or
. 3
__SinpIpT (14)
cos(px)

Substituting egs. (13) and (14) into eq. (8), we get an exact periodically breather sol-
itary solution of (1):

4b, pret [bzeu cos(px) + 2ble’7L + cos(px)]

- 4b12e2’1 cos(px)* + 4b, cos(px)[bzeM +et+ bzzeM + 2[)262’7L +1 (15)
and
_sin(p)p’t [ _sin(p)p’t }
e 4b pPe P 2be P 4 cos(px) (16)
7zsin(px)p3t+2;t B sin(px)p3t+/1

4e  cos(PO) cos(px)>b + 1+ 4b, cos(px)e P

We get two different forms of soliton solutions. As follows, contour plots and 3-D
plots of the soliton solutionuatb,=1,p=1,b,=0,A=0,andatb;=—1,p=1,b,=2,1=0
are shown in figs. 1 and 2, respectively.

Lump solution

In order to search for the lump solutions of eq. (1), we introduce the following as-
sumption:

2k x+2k,t

f=(ax+ayt+ay)* + (agx +ast +ag)” +ke +a, 17)

where a1, a,, as, as, as, as, az, ki, k2, and k are real parameters to be determined later.
Substituting eq. (17) into eq. (2) we have:

2(2al +2d; + 4kkie* 2kt
2k x+2k,t

u=

(ayx + ayt + @) + (agx + ast + ag)* + ke +a,

 202(ayx + ayt + az)ay +2(ayx +ast + ag)ag + Dk, ekt 12

2kx+2kyt

(18)

[(ax + ayt + as)* +(ayx +ast +ag)* + ke +a, I
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Figure 1. Plots of eq. (15) with (a) b, =1,p=1,b,=0,A=0,(b) by=-1,p=1,b,=2,1=0

Figure 2. Plots of eq. (16) with (a) b;=1,p=1,0,=0,2=0,(b) by =-1,p=1,b,=0,2=0
(for color image see journal web site)

Substituting eq. (17) into eq. (4) leads to:

[(32a,kk;® —32a3% k> )t — 32aya3kk + 48aya,kk + 48a,askii + 4ark +
+ datk + (-32a,a,kk;’ —32a,a5kk )x]e* ! 4 (—4ay —8aial —4ad )t +
+ [—8a§c15a6 - 8a2a3a52 - 8aga3 —8(153a6 + (—8alag - 8a1a2a52 - 8a§a4a5 -
- 80146153 )x]t —16a,a5asa, + 24a,a,a] +24a’a, — 4a22a32 + 4a§aé2 +
+ 441324152 + 24aia5 - 4a52a§ + 4a§a7 + 4a52a7 +
+ (-8aya3a, —16a,a,a5a5 + 8a,ayaz +8a;a,a, —16ayaza,a5 — 8a,azag)x +

+(~4ala; + 4alai —16a,a,a,a5 + 4a3al —dajal)x* =0 (19)
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Equating the coefficients of the eq. (19) to zero we can get:
a,=0, ay=a;, as=0, as=ag (20)

Substituting eq. (20) into eq. (18) leads to a class of positive solution, analytical
functions, f. Meanwhile, through transformation u(x, ) = 2(Inf),, one can generate a class of
lump solutions of eq. (4):

2(2af +2a7 + 4kl 2kl

u(x,0)= 2kx+2k

(ayx + ay)* +(agx +ag)” + ke +a,

22(ayx + a3)a; +2(a,x + ag)ay + 2kk, >R P

2hx+2kt a; P

2]

[(ax+ay )2 +(asx + a6)2 +ke

The particular lump solutions with specific values of .
the included parameters are plotted. Figure 3 represents
the spatial structures of the lump solutions by choosing «,
= —1/2, as = 3/2, ag = 1/2, de = 2/3, ar = —l, k= 0, kl = —1,
k2 =1. "o s

Conclusion

. - Figure 3. Lump structure of eq. (21
Based on the Hirota bilinear form of the (1+1)-D Ito wi%h ay=-1 ,2,1313 =32, a,=1 ,(21’ @1

equation, we presented two classes of solutions including ag=2/3,a;,=-1,k=0,k; =-1, k=1
soliton and lump solutions through MAPLE symbolic (for color image see journal web site)
computation. It is becoming more and more popular to

search for lump solutions to non-linear PDE by Hirota bilinear forms. The result is guaranteed
by some valid parameters. According to the equation of the constructed solution, the parame-
ter selection in the equation is also crucial. Different parameter selection may result in the di-
versity of the structure of the lump solution. All this provides abundant structure supplement-
ing existing lump and soliton solutions. We also can investigate different interaction solutions
of (1+1)-D Ito equation and other high order equation in the future. This kind of solutions
could describe complicated non-linear physical phenomena.
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