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Abstract. Applying Maple symbolic computations, we derive eight sets of mixed lump-
soliton solutions to the (2 + 1)-dimensional BKP equation. The solutions are analytic
and allow the separation of lumps and line solitons.
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1. Introduction

It is well known that solitons describe various significant nonlinear phenomena in na-
ture [1,39] and the Hirota bilinear method provides a power tool for solving integrable
equations [16]. Positons and complexitons are other typical solutions of integrable equa-
tions [25,43], and the interaction between different classes of solutions leads to a better
understanding of nonlinear phenomena [35]. In particular, the long wave limits of solitons
generate lump solutions, rationally localized solutions in all directions in space, and many
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other ones — cf. Refs. [1,40]. Hirota bilinear forms play a crucial role in finding such exact
solutions but the algorithm heavily relies on try and error experiments [5,16].
Let us recall [30] that the KP equation

(ue + 06Uty + tyyy )y —Uyy, =0,

has the following set of lump solutions:
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where q; are arbitrary parameters such that a;ag —a,as # 0. This set contains a subset of
lump solutions of the form

_—Ix+ay+ (a® —b)t]> + b2(y + 2at)? + 3/b?

u= {[x +ay + (a2 —b2)t]2 + b2(y + 2at)? + 3/b2}2’ (1.1)

with two free parameters a and b [38]. The situation is not unique and there are many
integrable equations with lump solutions — e.g. three-dimensional three-wave resonant
interactions [21], the BKP equation [14,45], the Davey-Stewartson equation II [40], the
Ishimori-I equation [17] and so on. Besides, non-integrable equations, such as (2 + 1)-
dimensional generalized KB BKP and Sawada-Kotera equations, also have lump solutions
— cf. Refs. [8,32,36,48,53].

It is worth noting that the general rational solutions of integrable equations have been
derived within the framework of Wronskian, Casoratian, Grammian and Pfaffian formu-
lations [1,16]. The set of equations studied contains a variety of physically significant
equations such as the KdV and Boussinesq equations, the nonlinear Schrodinger equation
in (1+1)-dimensions, the KP and BKP equations in (2+ 1)-dimensions, and the Toda lattice
equation in (0 + 1)-dimensions [2,7, 13,34, 35]. General rational solutions of nonlinear
partial differential equations — e.g. generalized bilinear differential equations have been
also discussed [3,37,47,50-52].

Here we consider a (2 + 1)-dimensional BKP equation of [9,18] — viz.

Pygp(u) := (u + 15Uty + 151, % — 151, Uy, + Usy )y — Sllyrry — 5Uy, =0. (1.2)

This is a first member in the BKP integrable hierarchy [6,41], represented by the (2 + 1)-
dimensional generalization of the Caudrey-Dodd-Gibbon-Sawada-Kotera equation

Ve + 15VVypy + 15V, vy +45V21, + Vs, = 0. (1.3)

If v = u, and the function u depends on x and t only, then (1.2) becomes the Eq. (1.3).
The underlying spectral problem

_¢y + Prxx T (Bv—2A)p =0, (1.4)
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has order 3. Hence one can apply the inverse scattering transform [1] to the Cauchy prob-
lem for the Eq. (1.3) — cf. Refs. [4,20].

In this paper we present eight sets of interaction solutions of the (2 + 1)-dimensional
BKP equation, obtained with the Maple symbolic computation software. These mixed lump-
soliton solutions are an addition to the set of the lump and line soliton solutions known.
Starting with the Hirota bilinear form of the (2+1)-dimensional BKP equation, we establish
combinations of the hyperbolic cosine and quadratic functions satisfying the bilinear BKP
equation.

2. Abundant Interaction Solutions

Let us start with the first-order logarithmic derivative transformation
u=2(nf),, (2.1)

routinely used in the Bell polynomial theory of integrable equations [15,29]. Applying
this transformation to the (2 + 1)-dimensional BKP equation (1.2), we transform it into the
(2 + 1)-dimensional bilinear Hirota equation

Bykp(f) : = (D¢ —5D3Dy + DD, —5D2)f - f
= _10fyyf + 1Ofy2 + zfxtf - zftfx - 10fxxxyf + 3Ofxxyf:x - Sofxyfxx

+ 10fyfxxx + 2f6xf - 12f5xfx + 30f4xfxx - 2Ofxxx2 =0. (2.2)
Note that the (2 + 1)-dimensional BKP and bilinear BKP equations satisfy the relation
_ Bsxr(f)
Ppgp(u) = [T]x (2.3)

Thus, if the function f is a solution of the bilinear BKP equation (2.2), then u =2(Inf), is
a solution of the BKP equation (1.2).

Our goal now is to find interaction solutions of the BKP equation (1.2) located between
the lumps and line solitons and represented as a combination of the hyperbolic cosine
and quadratic functions. In addition to the popular Hirota perturbation technique and
symmetry constraints — cf. Refs. [10,11,22-24,55], this approach amends basic tools for
dealing with soliton and dromion-type solutions. More precisely, to discover such solutions,
we employ the Maple computer algebra system starting with the combination

f 2512+£22+C05h§3+a13, (24)
where the wave variables are defined by

E1=a1x+ayy +ast+ay,
&y =asx+agy +at+ag, (2.5)

€3 =agx +ajpy +apt+a.
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The ansatz contains unknown real-valued parameters a;, i = 1,2,---,13.

In this work, the three special cases — viz. ag =0, a;; = 0 and a;o = 0 are considered.
Symbolic computations show that conditions ag = 0 and a;; = 0 do not produce any non-
trivial solutions, whereas the case a;; = 0 generates eight sets of nontrivial solutions of the
resulting algebraic systems. Other non-trivial solutions can be found in Ref. [33,46,49,54].
We note that if a parameter q; is not specifically defined, then it can take any value within
the corresponding solution set, provided that all expressions there make sense.

1. The set of solutions by solving in terms of the parameters a; and as:

1 a92(b a5 — a12 — a52) 5 a94(b a5 + a12 - a52) 1 2
ay =—= , 3 =—= , g = = bay”*,
2 ag 2 a; 2
5 2a,*+4a,%a:2+2a:t —ayt
4 5 1 1 %5 5 9
a;=—daq¢'(b—2az), a;p=0, a1 =—aq>, aj3 =— ,
7=73 9 ( 5), 1o 1 97, a13 ao%(a12 + as?)

where b is a solution of the equation b? —2asb —3a;2+as? =0.
2. The set A of solutions by solving in terms of the parameters a, and aq:

= 1ba6—a22—a62 a _5a92(ba6+a22—a62) a _]. b
1— 5 3= = 5= ——
2 ayay2 ’ 2 a, ’ 2 ag?’
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J

where b is a solution of the equation b2 —2agh —3a,% + ag? = 0.
3. The set B of solutions by solving in terms of the parameters a, and ag:

el S 2aa2 an = LD =4a) 5 aeas’(b+2a,)
! 2a92’ 3 2 2059 0 75 2 agz(b_az)’ 7 2 b_a2 ’
5 2a,% +4a5%ag? +2a5* — agt?
a0 =0, aj; =—ay”, 13 =— ,

ag®(az* + a6?)

where b is a solution of the equation b> —2ayb +a,%2 —3ag? = 0.
4. The set of solutions by solving in terms of the parameters a3 and a:

L b—24, 10 1 baz—a;®+a;* 1 ay(b—4as)
a, = — _—, ad, = — —, Qe = —— , e = — )
P10 agt 2710 a9 ° 10 a;aq* ®~ 10 aq2(b —as)
a9 = 0 a;; =—a 5 a3 = _i 2a34 + 4a32a72 + 2a74 — 625 a920
, ? 25 (a32 +a72)a910 ?

where b is a solution of the equation b?> —2asb +as?> —3a,? = 0.
5. The set A of solutions by solving in terms of the parameters a; and ag:

a
) _ __ % _ 2 —
a, =a;b%, a3 =0, a5——§, a; =10agb”, ag =D,
3bag? 1 32a,°—27a¢>
a;p=0, a3 =————, a;3= — 412

a, _E a14b2 ’
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where b is a solution of the equation a;*b* —3a¢% = 0.
6. The set B of solutions by solving in terms of the parameters a; and ag:

2a;2a9* + bag—2ag? 5(a;2ag* + bag—2ag?)
aZ = 9 B a3 = B
ajdg a;
b
— _ 2 2 _ _ 5
as = 22’ a; =—=5bay” +5asa9”, ayp =0, a;; =—ay’,
9
1 32a;,%ag® —ag'? + 64 ba;2agag* + 32 a;%ag%as* + 64 bag® —96as*
a3 =—— 5
4 ag®(a;2a9* + bag —ag2)

where b is a solution of the equation b? — 4 agb + 4as> — 3 a;%as* = 0.
7. The set A of solutions by solving in terms of the parameters a; and a;:

1 ay 1 ay
a,=a,b% a3 =0, azc =—— —%, ag = — —, ao = b,
2T T 10b% ° 10b20 0
1 32a;*—90b*
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1

where b is a solution of the equation 100a;2b® —3a,% = 0.
8. The set B of solutions by solving in terms of the parameters a; and a;:

1 a7b+2a72_25 a12a98 1 a7b+2a72_50a12a98
as = E 5 , A3 = g 7 s
aqdg ai;dg
10b 1 b + ay 0 5
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where b is a solution of the equation b? + 4 a,b + 4a,> — 75 a;%a,® = 0.

It is clear that all the quadratic equations above have real solutions, and so all sets
of parameters a; are well defined. These sets generate eight classes of the combination
solutions (2.4)-(2.5) to the bilinear BKP equation (2.2). Subsequently, the transformation
(2.1) produces eight classes of mixed lump-soliton solutions of the (2+ 1)-dimensional BKP
equation (1.2) and for positive a3, the interactions solutions are analytic.

The interaction solutions become, respectively, line or lump solutions depending on
whether the quadratic function or the hyperbolic cosine disappears. Let us emphasize that
the interaction solutions found contain a line soliton solution. Therefore, they do not ap-
proach zero in all directions in the space of both spatial and temporal variables. Moreover,
due to the presence of a lump solution, they form a peak at a finite time.

The graph of the interaction solution of the (2 + 1)-dimensional BKP equation (1.2) for
the parameters a;o =0, b =1+ +/3 and

a;=-1, a,=2v3-2, a;=40+40vV3, a,=1,
as=1, ag=2+2V3, a,=40v3—-40, ag=-1, (2.6)

ag = 2, ap; = —32, a9 = 2, a3 = 1,
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Figure 1: Solution of (2.6) for t =0, t =0.1 and t =0.2. Top: 3d plots. Bottom: Contour plots.

is presented in Fig. 1.
We also tried to solve the resulting systems of nonlinear algebraic equations with other
combinations of parameters but have not found any new non-trivial solutions.

3. Concluding Remarks

Applying Maple symbolic computations, we found eight sets of exact mixed lump-
soliton solutions of the (2 + 1)-dimensional BKP equation. These solutions generate lump
and line soliton solutions as special cases, and the technique adopted above provides a sup-
plement to the different combination theories in [31,42,44,56]. It would be interesting to
know which of these new solutions can be detected by the Wronskian technique [12,19].

Let us also note that the systems of nonlinear algebraic equations connected with the
BKP equation, are usually not solvable in general setting but only for specific sets of parame-
ters. Combination solutions of generalized bilinear and tri-linear differential equations with
generalized bilinear derivatives [26] are also of interest, since the corresponding mixed in-
teraction solutions are different from the resonant ones generated via linear superposition
principle [27,28]. In particular, the BKP-like equation defined with p = 3,

(D3, —5D; D3 + D3 D3, —5D; )f - f =0,

has distinct lump-soliton solutions, whereas lump solutions derived from quadratic func-
tions remain the same — cf. Ref. [37].
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