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Abstract The aim of this paper is to construct Wron-
skian solutions to a generalized KdV equationin (2+1)-
dimensions, which possesses a trilinear form. On the
basis of two useful properties associated with Hirota
differential operators, a general Wronskian formu-
lation is established and the involved functions for
Wronskian entries satisfy a system of combined lin-
ear partial differential equations. The key technique
is to apply the Wronskian identity of the bilinear
KP equation while presenting those sufficient condi-
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tions. Other illustrative examples of sufficient con-
ditions are also given for the cKP3-4 equation, the
(2 + 1)-dimensional DJKM equation, and the dissi-
pative (2 4 1)-dimensional AKNS equation. Finally,
N-soliton solutions and soliton molecules are worked
out through the presented Wronskian formation.

Keywords Generalized KdV equation - Trilinear
form - Wronskian formulation - N-soliton solution

1 Introduction

It is of great significance in nonlinear science to inves-
tigate nonlinear integrable equations and discuss their
integrable properties. There are many interesting char-
acteristics, such as N-soliton solutions, bilinear Béck-
lund transformations, Lax pairs, Painlevé test, and
infinitely many conservation laws, which could repre-
sent integrability of nonlinear differential equations [1—
15]. Among those integrable properties, the existence
of N-soliton solutions usually implies the integrabil-
ity [16] of the underlying nonlinear evolution equa-
tions. N-soliton solutions are a kind of exact multi-
ple exponential wave solutions [17]. It is known that
the Hirota bilinear method is widely used in construct-
ing N-soliton solutions by perturbation [18]. Once a
nonlinear differential equation is expressed as a Hirota
bilinear form, one can always work out one-soliton
and two-soliton solutions, based on the corresponding
Hirota bilinear equation. However, when N > 3, a
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Hirota bilinear equation possesses an N-soliton solu-
tion if and only if the Hirota N-soliton condition is
satisfied [19,20]. More recently, one of the authors
(Ma) has presented an improved algorithm to verify the
Hirota conditions via comparing degrees of the poly-
nomials on the basis of the Hirota functions in N wave
vectors [21-23]. In addition, Wronskian formulas are a
universal feature for nonlinear integrable equations and
also become a powerful and standard way to establish
N-soliton solutions in terms of Wronskian-type deter-
minants [24-27].

In mathematical physics, the Korteweg de-Vries
(KdV) equation

U + Outty + tyyy =0, (1.1)

and its (2 + 1)-dimensional generalization, the Kad-
omtsev—Petviashvili-I (KPI) equation [28]

Uy = —6uny — tyyy + 307 iy, (1.2)

are two well-known integrable models which possess
N-soliton solutions that could be generated through
their Hirota bilinear forms. Based on the Lax operator
of the KP equation, the commuting KP hierarchy [29],
also known as the integrable positive KP hierarchy [30],
was presented in previous studies. The third member
of the integrable positive KP hierarchy is just the KPI
equation (1.2), and the fourth member can be written
as

ur = 12Qurd;  uy — 97 %uyyy 4 ttyry + duuy), (1.3)

via appropriate scaling and Galileo transformations.
These two equations have lump solutions with different
kinds of rational dispersion relations [31,32]. A novel
(2+ 1)-dimensional system, the combination of the Eq.
(1.2) and the Eq. (1.3) (cKP3-4)

u = a(Ouuy + tyxx — 3wy)
+b(2wux — 2y + Uxxy + 4Muy)s
Uy = Wy, Uyy = Zxx, (1.4

has been systematically considered by Lou recently
[33]. Lou named Eq.(1.4) as the cKP3-4 equation in
Ref. [33]. Clearly, the cKP3-4 equation will be reduced
back to an equivalent form of the standard KdV equa-
tion (1.1) when y = x, so the system (1.4) is also an
extension of the KdV equation in (2 + 1)-dimensions.
The Lax pair, the dual Lax pair and multiple soliton
solutions were written down directly by Lou [33], upon
observing that a linear combination in a soliton hierar-
chy is still integrable.
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Besides, the KdV equation has some other general-
ized forms in (24 1)-dimensions, including the (2+ 1)-
dimensional generalized breaking soliton equation

3ae
Ur + altyyx + buiyxyy + TMMX

+2euvy +euyv =0, uy = vy, (1.5)

which was first proposed by Xu [34]. This general-
ized equation passes the Painlevé test and possesses
some integrable properties, such as N-soliton solu-
tions, bilinear Biacklund transformations, Lax pairs and
infinitely many conservation laws [34]. Infinitely many
nonlocal symmetries and similarity reductions were
also discussed for the equivalent form of Eq.(1.5) in
Ref. [35].

Motivated by the abovementioned results, we would
like to extend the cKP3-4 equation (1.4) and the (2+1)-
dimensional generalized breaking soliton Eq. (1.5) to
a new one which still has many significant properties:

a(6ouny + Uxxy + 3y Vxy) + D(Uyyy + 200Uy vy
+auuy + yvyy) +cup +duy =0, vy = uy,
(1.6)
where a, b, ¢, d, « and y are real constant coefficients,

which satisfy ca(a® + b?) # 0 to guarantee the non-
linearity of Eq. (1.6). Obviously, taking

a=1,y=c=—-1,d=0, v, =w (1.7)
and

e
=—,y=0,c=1,d =0, 1.8
@=nY c (1.3)

in Eq. (1.6) gives Eqgs. (1.4) and (1.5), respectively. Set-
tnga =y = 0,0 = 2,b = 1,c = 4,d # 0,
and making use of the potential u = ¢, , we see that
Eq. (1.6) reduces to the following dissipative (2 + 1)-
dimensional Ablowitz—Kaup—Newell-Segur (AKNS)
equation:

4oy + @xxxy + 4(pxx(py + Sgox@xy +dp. = 0. (1.9)

The bilinear Biacklund transformation, Lax pair, infin-
itely many conservation laws and various exact solu-
tions for Eq. (1.9) were investigated in Refs. [36,37].
To sum up, the system (1.6) includes a great num-
ber of significant integrable equations as its special
cases. Itis known that integrable equations play a major
role in modeling complex physical phenomena due to
their interesting integrability. For instance, if the coef-
ficient d = 0, Eq.(1.9) is just the AKNS equation
[38], which is one of the important integrable model
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equations for the propagation of long waves in non-
linear dispersive systems. Moreover, since the dissi-
pation will inevitably occur when the shallow water
waves come across damping, the dissipative (2 + 1)-
dimensional AKNS equation is widely used to charac-
terize the (24 1)-dimensional interaction of waves with
dissipative effect in various branches of science espe-
cially in fluid mechanics [39]. According to the phys-
ical properties of the integrable equations mentioned
above, the extended (2 + 1)-dimensional KdV equa-
tion (1.6) may be described as the interaction of two-
dimensional shallow water waves in nonlinear disper-
sive systems. Therefore, we may trust that the discus-
sion of Eq. (1.6) is beneficial to explain diverse physical
phenomena in many areas of nonlinear science.

We consider the logarithmic transformations

0

2 u 2
u=—(Unf)ey+—,v=—(nf),, (1.10)
o o o ’

where uq is a real parameter. Under the transforma-
tions (1.10), the extended form (1.6) is translated into
a trilinear form

a(f? fexxx + 2f fex frxx — SFfx frax

—6f2 fx + 8 fexx f2+ 372 fayy
=3y fefyy — VL s fey + VS f]
610 f2 fexx — 18uo ffx fx + 12u0 f7)
+b(f? frxxry — Flexxx fy + 2 frx fray
~4ffy frexy + 4 fx Foxx fy
212 fy — 4 fex fe foy + AL Fexy + VI Foyy
211 = 3V Sy fy
41 f2 frxy — 4u0 ffrx fy — 8u0 ffx fry
+8u0 f2 fy) + c(f2 frxs
—fhxfi = 2f Fefer + 202 1)
+d(f? frxx = 3ff fex +21) = 0.

It seems that the trilinear equation (1.11) cannot be

directly bilinearized. But we have the following so-

called quadrilinear representation of Eq.(1.11) [8,40,
41]:

(1.11)

Dx[(3aDj +9ay D2 +2bD} D,
+3¢Dy Dy + 3dD? + 18augD?) f - f] - f?
+D,[ (6D} + 3by D?

+12bugD?) f - f] f2 =0, (1.12)

1703
where the D-operator is defined by
= (B, — 8)" (B, — )"
£t x)8 O X5t g xg (1.13)

with 71 and ny being arbitrary nonnegative integers
[18].

The purpose of this paper is to furnish a Wronskian
formulation to the extended (2 + 1)-dimensional KdV
equation (1.6) by employing Wronskian identities of
the bilinear KP hierarchy, thereby presenting its N-
soliton solutions. This paper is structured as follows. In
Sect. 2, by using two helpful properties associated with
Hirota differential operators, a general Wronskian for-
mulation will be constructed. Furthermore, N-soliton
solutions and soliton molecules will be generated from
the obtained Wronskian formulation in Sects. 3 and 4,
respectively. Conclusions and remarks will be given in
the last section.

2 A new Wronskian structure

The Wronskian technique is a valid method to estab-
lish exact solutions for Hirota bilinear forms. To this
end, we adopt the following helpful notation defined
by Freeman and Nimmo [24,25]:

1 N—1

¢ ¢1‘1>~-~¢>§ 1>
N7

¢ ¢SV o PN

W(g1,¢2,....0n) = , (2.1a)
P =
ov oy oy "
. o/ b;
where ¢>l.(’ ) — —d;l , i, j > 1. It can often be written

X
in the compact form as follows:

W=lp. ¢, ... o™
=0,1,....,N—1|=|N —1], (2.1b)

where ¢! denotes the column vector (qbfl), d)g), e

(ONT

dn ).
As we know, the first two equations of the KP hier-
archy [42] can be written in Hirota bilinear form as

(D} —4D1D3 +3D3)f - f =0,
[(D} +2D3)Dy —3D1 Dyl f - f =0,

(2.2a)
(2.2b)

where f is a function of the variables x;, j =
1,2,3,...,and D; = ij. Note that the first member
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(2.2a) just becomes the typical bilinear KP equation,
upon setting (x1, x2, x3) = (x, y, t). If the Wronskian
entries ¢; = ¢;(x1, x2,x3,...) (1 < i < N) satisfy

that
3/ ¢y
8}(j¢i - le

then f = fy = |17_—\1| defined by the Wronskian
determinant (2.1) solves the bilinear equations (2.2a)
and (2.2b) [18,43]. Sato et al. showed that the KP
hierarchy equations in bilinear forms reduce to the
Pliicker relations for determinants when the function
f is expressed by the Wronskian [18,44]. For exam-
ple, under the conditions (2.3), the first member (2.2a)
in the KP hierarchy yields the following identity

(D} —4D\D3 +3D})IN — 1|-|N — 1|
—24(N —1|I[N —=3,N, N + 1|
“IN—2,N|IN—3,N—1,N +1|
HIN—2,N+ 1[N —3,N—1,N) =0, (2.4)
which is nothing but the Pliicker relation.
To present Wronskian solutions, we first give two

useful properties associated with Hirota differential
operators.

L j=1,2,3,..., 2.3)

Lemma 2.1 [fthe Wronskian entries ¢; = ¢;(x, y, 1),
1 <i < N, in the Wronskian determinant (2.1) satisfy
the expressions (2.3) and the following conditions:

dydi = (@19 +ad + -+ a0

= (alaxl + a2ax2 +---+ amax,,1)¢i» (2.5a)
ddi = (b10x + b2d7 + -+ + b, )y
= (b18x, 4+ b2d, + - - + by, )i (2.5b)

where m, n are nonnegative integers, and ay, as, . . .,
am, b1, by, ..., b, are arbitrary constants, then f =
N = |17_—\1| defined by the Wronskian determinant
(2.1) possesses the following property:

DD} f - f
= (a;D1+ayDy + -+ + ay Dpy)?
(b1D1 +baDy + - -+ by D)1 f - f, (2.6)
with p,q are nonnegative integers and D; = Dy;.

Here the Hirota’s bilinear operators ij, j=1,2,3,
..., are defined by the expression (1.13).

Lemma 2.2 Suppose the Wronskian entries ¢; =
¢i(x,v,t), 1 < i < N, in the Wronskian determi-
nant (2.1) satisfy the expressions (2.3) and

N
3 hijbj = (10 + €202 + - + cnd;
j=1

@ Springer

= (Claxl + 028)62 +--- 4+ Cmaxm)‘f’i’ (2.7

where c1, 2, ...,y are arbitrary constants and the
coefficient matrix A = (Ajj)1<i,j<N IS an arbitrary
real constant matrix. Then we have

Di(ciD1+c2Dy+---+cmDw)f - f =0, (2.8)

where the function f is expressed by the Wronskian
determinant (2.1) and Dy = Dy,. Here the Hirota’s
bilinear operators Dy, ,k = 1,2,3,..., are defined
by the expression (1.13).

Lemmas 2.1 and 2.2 have been proved in Ref. [45]. We
only make a supplement to the proof of Lemma 2.1 (see
the “Appendix” for details).

In the following, we present a well-known example
to shed light on applications of Lemma 2.2. It is known
that the KdV equation (1.1) is mapped into the bilinear
form

(DD, + D)) f - f =0, 2.9)

by the dependent variable transformation u =2(In f),x.
For the convenience of later discussions, we can rescale
the coordinates and rewrite Eq. (2.9) as follows:

(D} —4D\D3)f - f =0, (2.10)

where D and D3 stand for Dy and D;, respectively.
In the KP hierarchy, the bilinear KP equation (2.2a) is
reduced to the bilinear KAV equation (2.10) if one takes
D> = 0, which is the “2-reduction” of the KP equation
[46]. Assume that the function f = |N/—\1| is defined
by the Wronskian determinant (2.1) and the Wronskian
entries ¢; satisfy the following linear conditions

N

i xx = Z)\ijd)jv (2.11a)
j=1

¢i,t = (bi‘xxxs 1 <i=<N, (2.11b)

where the A;;’s are arbitrary constants. Using the condi-

tion (2.11a) and Lemma 2.2 gives D%f - f =0.Then
applying the conditions in (2.11) and the Wronskian
identity (2.4), we can deduce that

(DY — 4D\ D3)|N —1|-|N — 1]
= [(D} —4D\D3 +3D3) —3D3]IN —1|- [N — 1| = 0.
2.12)

This shows that the Wronskian determinant f =
IN — 1] solves the bilinear KAV equation (2.10).
According to the above results, we now give a set
of sufficient conditions, under which the Wronskian
determinant solves the trilinear equation (1.11).
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Theorem 2.1 Assume that a set of functions ¢; =
¢i(x,y,t),1 <i <N, satisfies the following com-
bined linear conditions:

N
Gixx = Z)»ijqﬁj, (2.13a)
Jj=1
i,y =i x, (2.13b)
(bi,l = r2¢i,x + r3¢i,xx)m (2.13¢)
with
)/r12(3a +bry) d 4+ 4bugr; + 6aug
rp = — — s

c Cc

4
r3 = ——(a + bry), (2.13d)
C

where r1 # 0 is a free parameter and the coefficient
matrix A = (Ajj)1<i, j<N is an arbitrary real constant
matrix. Then f = fn = |17—\1| defined by the Wron-
skian determinant (2.1) solves the trilinear equation
(1.11).

Proof We introduce an auxiliary independent vari-
able z, so that the quadrilinear representation (1.12)
becomes

Dy [(3aD;‘; +9ay D} +2bD3 Dy + 3¢Dy Dy + 3d D}

+18augD2 — DyD,) f - f] .2
+Dy[(b1)§ +3by D? + 12bug D?

+D:D:)f - f| - £2 =0, 2.14)

Suppose that the Wronskian entries ¢;, 1 < i < N,
satisfy

¢i,z = r4¢i,x + r5¢i,xxm

rqy = =3byri — 12bug, rs = —4b. (2.15)

We utilize the conditions (2.13) Eli Lemma 2.1, and
then the function f = fy = |N — 1] defined by the
Wronskian determinant (2.1) yields
Dif-f=Dif-f Dif-f=riDif-f.
DDy =rD{f - f.
DyD; = Di(r2Dy +r3D3) f - f,
DyD, =riDi(r4Dy +rsD3), DD,
= Di(r4Dy +rsD3) f - f.
Now, we can compute that
(3aD} + 9ay D} + 2bD; Dy + 3¢Dy D;
+3dD? + 18augD? — DyD,)f - f

= [3aD} + 9ayri D? + 2br D}

+3c¢D1(rp D1 4+ r3D3)

+3dD? + 18augD} — r1 D1 (r4D1 +rsD3)|f - f
= [3a + 2br1) D} + Qayr?

+3cro —rir4 +3d + 18au0)D%

+Q@cr3 —rirs)D D3] f - f

= (3a +2br)[D} — 4D D3]f - f =0, (2.16)

and
(bD} +3by D + 12bugD3 + Dy D) f - f
= [bD} + 3byr} D} + 12bug D?
+Di(r4Dy +rsD3)|f - f
= [bD} + Gbyr} + 12bug + ry) DY + rsD\ D3 f - f
=b[D} —4D\D5]f - f =0, (2.17)
where the conditions (2.13), (2.15) and the Wronskian

identity (2.12) of the KdV equation have been applied.
It follows further that

D, [(3a1)§ +9ay D% +2bD3Dy +3¢D, D,
+3dD? + 18augD?)|N — 1] - |N/—\1|] NP
+Dy[ (bD} + 3by D}
+12bugD2)|N — 1| |N/—\1|] N =12 =0.

(2.18)

Therefore, this shows that f = |N/—\1| solves the
bilinear trilinear equation (1.11).

Subsequently, three application examples will be
given to illustrate the Wronskian sufficient conditions
of Theorem 2.1.

Case 1 The cKP3-4 equation
The case of a? + b> #0,a =1,y =c=—1and
d = ug = 0 presents
Dx[(3aD§ —9aD? +2bD3D, — 3D D;)f - f] e
+Dy[(bDj —3bD2)f - f] 2=, (2.19)

which is mapped into the cKP3-4 equation (1.4) [33],
under the logarithmic derivative transformations

u=2(In frx, w=20n f)yxy, z=20n f)yy,. (2.20)

A set of sufficient conditions, which makes the Wron-
skian determinant a solution to the quadrilinear equa-
tion (2.19), can be expressed as

@ Springer
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N
Gixx = Z)»iﬂﬁj, (2.21a)
j=1
iy = r1¢i x, (2.21b)
bii = —riBa+br)dix+4@a + bri)d; e,
(2.21¢c)

where r; # 0 is a free parameter and the A;;’s are
arbitrary constants.

Case 2 The (2 + 1)-dimensional DJKM equation
The case of « = b = 1,¢c = =2,y = —1 and
a =d =ugp = 0yields

Dx[(zDiDy —6D,D;)f - f] - f?

+D[ (DY =3D2)f - ] 2 =0, (2.22)

which is equivalent to the (2 + 1)-dimensional Date—
Jimbo—Kashiwara—Miwa (DJKM) equation [5,47,48]:

wxxxxy + 4wxxy 1/fx + 2%“ Wy + 6¢xy1/fxx
_Wyyy - 21//xxt = 0,

under the dependent variable transformation v =
2(In f),. Note that Eq.(1.3) can be transformed into
an equivalent form of the (2 + 1)-dimensional DJKM
equation (2.23) by the potential u = . Based on
the presented results in Theorem 2.1, the correspond-
ing sufficient conditions for the Wronskian determinant
f =|N — 1| read as

(2.23)

N

Gixx = Zkiﬂ’j, (2.24a)
j=1

biy = r1ix, (2.24b)
1

biy = —Erfdn,x + 2104 xxxs (2.24¢)

where r1 # 0 1is a free parameter and the A;;’s are arbi-
trary constants. It is worth mentioning that the above
sufficient conditions for the Wronskian determinant
are different from the ones presented previous studies
[49,50].

Case 3 The dissipative (2 4+ 1)-dimensional AKNS
equation

The case of « = 2,b = 1,c =4,d #0anda =
y =ugp = 0 gives

D.[(2DD, + 12D, D, +3dD2) f - f]

f2+Dy(Dif - f)- f2=0. (2.25)

@ Springer

which becomes the dissipative (2 4 1)-dimensional
AKNS equation (1.9) [36,37], through the dependent
variable transformation ¢ = (In f),. According to
Theorem 2.1, for Eq. (1.9), a set of sufficient conditions
for the Wronskian solution f = |N/—\1| is

N

Gixx = Z)»ijtbj, (2.26a)
j=1

i,y = r1¢ix, (2.26b)
d

bi = _Z¢i,x — I @i xxxs (2.26¢)

where r is an arbitrary nonzero constant and the 4;;’s
are arbitrary constants.

3 N-soliton solutions

The Wronskian technique is a direct and comprehen-
sive tool to construct N-soliton solutions to nonlinear
integrable equations [26]. Assume that the coefficient
matrix A in (2.13a) has the following form:

k? 0
k2
A= > , 3.1)
. 2
0 kN NxN

where 0 < k1 < kp < --- < ky are arbitrary con-
stants. Substituting the above special matrix into the
Wronskian conditions (2.13)and (2.15), and solving the
conditions (2.13) and (2.15), we obtain a general choice
for ¢;, which is
¢i = ¢ + (=1 HleTE,
E = kix + rikiy + (raki 4 r3k)t + (rak; +rsk)z + €0,
3.2)
where Sio’s are arbitrary constants, and ry, 2 <k <5,
are defined by (2.13d) and (2.15). We only need to
consider
& = kix +rikiy + (ki + 3kt + 80, 1 <i <N,
(3.3)
since the auxiliary parameter z can be absorbed in the
the auxiliary parameters 51.0. For the trilinear equation

(1.11), N-soliton solutions associated with the Wron-
skian determinant can be written as:

f=/n=W(1,P2,...,Pn),
= |éfi + (—1)"+1e75", ki (es" + (—1)"+2e75"), o
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KN e+ (D Ve, (3.4)

where &, 1 < i < N, are defined by the expression
(3.3). Via the same way presented in [51], we get

N N
N(N=1) NN g
=" [ ki —kpe Zi=s 3 T

1<i<l n=0,11<i<l

(u)‘“f"“ezi’il 2N < it Al
ki + k;

(3.5)

where }° _ | stands for the summation over all pos-
sible combinationsof ©; = 0,1, i =1,2,..., N,and
the phase shifts are determined by
ki — ki\2
= () 3.6
e = . .
ki + ki e

When O < k; < kp --- < ky, we have

N PR—

1_[ (M)‘“’ MU X i i At
1zi<s KK

(3.7)

Thus, an N-soliton solution of Eq. (1.11) can be rewrit-
ten as

N
fy= DT [T e — ke TR

1<i<l

» PHEVITEI SIS (3.8)

n=0,1
if we put

N

28 — 5 Z .Ail — ;. (3.9)

1=1,1#i

N(N-1)

Omitting the factor (—1) 2 [, _, (ki—k)e™ Xic1 &
and taking the logarithmic transformations (1.10), we
can easily determine the following N-soliton solution
to the extended KdV equation (1.6):

2 uo
u=—(nf)rx +—,
07 o

2
V= —(ln f)y,
(07
f=fy= Z it i+ Yy < i A (3.10)
n=0,1

where n; = 2k;x + 2r1k;y + 2(rok; + 3kt + £, and
rk, 1 < k < 3, are defined by the condition (2.13d).
Besides, if we introduce new parameters as follows:

Ki =2k, Li = 2riki, W; = 2(raki +r3k), (3.11)

then the dispersion relation of the trilinear equation
(1.11) reads as

a bL;
Wi =——Q@yL}+ K') — —(yL? + K}
l CK[( V 1 1 CKIQ'(V 1 l)
(d + 6aug)K; + 4bugyL;
C

, (3.12)

which shows higher-order dispersion relations, com-
pared with the KdV equation and the KP equation.

For Eq. (1.6), a special two-soliton framework of u
generated by the expression (3.10) with the parameter
selections

a=b=1,c=-2,y=—-1l,a=d=uyp=0,
N=2ki=1,k=3r=05¢& =18 =3,
(3.13)

is plotted in Figs. 1 and 2. Figure 1 depicts the propa-
gation of the two-soliton solution (3.10) for the field u
with the parameter choices (3.13) at several time steps.
We can see that two line soliton waves are parallel to
each other due to 2k /2k, = 2r1ky/2r1ks inthe (x, y)-
plane, and they have different amplitudes and widths.
The tall and thin wave is behind the short and fat wave
at the beginning of the propagation. After a while, the
tall wave catches up with the short wave and collides,
since the tall wave with high amplitude moves faster
than the other. Figure 2 shows the evolution of two
solitary waves, one of which is a line soliton in the
(x, t)-plane. From Figs. 1 and 2, it is easy to observe
that the interaction between two solitons is elastic with-
out changing their original shapes and velocities before
and after the interaction.

Figures 3 and 4 display the propagation of a special
three-soliton solution for the field u# determined by the
expression (3.10) with the parameter selections

a=b=1,c=-2,y=—1,
a=d=up=0,N =3,

ki=1k =3, ky=—-2,r =05, =2,
g=38=1

The development of three solitons is the same as above.

(3.14)

4 Soliton molecule solutions
Very recently, soliton molecules as bound states have

attracted more and more attention from scholars in
some fields such as Bose—Einstein condensates, wave
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(@)

0

x

(e) ®

Fig.1 Three-dimensional plots and density plots of # determined by the N -soliton solution (3.10) with (2.13d) and (3.13) whent = —1
in (a) and (d), # = O in (b) and (e), and ¢ = 1 in (¢) and (f), respectively

guides and nonlinear optics. Many kinds of theoret-
ical or experimental approaches have been proposed
to search for soliton molecules [52,53]. In particu-
lar, a velocity resonance mechanism was introduced
to explore soliton molecules of (1 + 1)-dimensional
nonlinear evolution equations by Lou [54,55]. It was
further found that the velocity resonance mechanism
can be widely used to find soliton molecules in higher-
dimensional systems including the cKP3-4 equation
[33]. In this section, we would like to study soliton
molecules, which will be generated from the previous
Wronskian N-soliton solutions to Eq. (1.6).

Based on the sufficient conditions (2.13), it is obvi-
ous that under a selection of r| = —a/b, the N-soliton
solution (3.10) reads as

2 u
u = —(1Hf)xx+_0,
o o

2
v="0nf)y f=fn
a

@ Springer

— Z er\lenﬁZf;id Wit Ait 4.1)
n=0,1
where
ni = Kix + Liy + Wit + &,
a
Li= —ZKI',
2ya® 2 d
W; = —( ybi + auo + )Ki,eA”
c
_<K1‘Ki)2 4.2)
C\K + K/ ‘

with K; and él.o being arbitrarily prescribed constants.
We can further find that the following soliton resonant

condition:

£=£=&, K; #%K;, 4.3)
K; Lj W

is satisfied, based on the expression (4.2). Thus, within
the velocity resonance mechanism formulation, the
solution (4.1) with (4.2) just presents a kind of soli-

ton molecule solutions.
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Fig. 2 Three-dimensional plots and density plots of u determined by the N-soliton solution (3.10) with (2.13d) and (3.13) when
y = —121in(a) and (d), y = 0 in (b) and (e), and y = 12 in (c) and (f), respectively

Particularly, setting
a=2a=b=c=1y=d=0u=4 (44

we obtain a generalized breaking soliton equation as
follows:

Up + Uy + Uyxy + 12uu, + Buu,y,
+huyvy =0, vey = uy, 4.5)
which has a Hirota bilinear form

Dx[(3D§ +2D3D,, +3D,D, +72D%) f - f] f?
+D[(DE+48D2) f - ] 12 =0, (4.6)

under the logarithmic transformation u = (In f)y, +
2,v = (In f),. Making use of the solution (4.1) with
(4.2), we can present the following soliton molecule
solution to Eq. (4.5):

u=(nf)xx +2,

v = (111 f)y9
f= Z eZ{LlMini+ZiV§i<[ Mt Ait (4.7)
n=0,1

where
K; — K; )2

:K - —St O’ Ail:(—
ni i(x—y )+§1 e K + K,

with K; and %}0 being arbitrary constants. To exhibit
some characteristic properties of soliton molecule solu-
tions, three density plots of the above solution (4.7) with
specific parameters are made in Fig. 5.

In addition, we can present a special set of suffi-
cient conditions, which guarantees that the Wronskian
determinant solves the trilinear equation (1.11).

Theorem 4.1 Suppose that a group of functions ¢; =
¢i(x,y,1), 1 <i < N, satisfies the two sets of condi-
tions

a
Giy = —Zdn,x, (4.82)
2va’  2aug+d
¢m=—<y2+ 0 )@m (4.8b)
ch c

where the parameters a @\b are two nonzero con-
stants. Then f = fy = |N — 1| defined by the Wron-
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(d)

Fig.3 Three-dimensional plots and density plots of u determined by the N-soliton solution (3.10) with (2.13d) and (3.14) whenr = —1
in (a) and (d), = 0 in (b) and (e), and ¢t = 2 in (c) and (f), respectively

skian determinant (2.1) solves the trilinear equation
(1.11).

Proof Under the conditions (4.8), we can obtain var-
ious derivatives of the Wronskian determinant f =
fn = |N — 1] with respect to the variables x, y, z as

follows:
a 2ya®  2aug+d
fy——zfx,fz=—(cb2+ : )fx,

a

fxy = _Efxx,

a2 (12
fyy = b_zfxx, fxyy = b_zfxxxy

2ya’ 2aug +d
fxt=_<y + )fxmuu

ch? ¢

Substituting the above derivatives into the left side of
the trilinear equation (1.11), we find that Eq.(1.11)
holds followiggidirect observation. This shows that
f = fnv = |N — 1] solves the trilinear equation (1.11).

@ Springer

5 Concluding remarks

The main goal of the paper is to investigate an extended
(2 + 1)-dimensional KdV equation and its N-soliton
solutions through the improved Wronskian technique.
By introducing an auxiliary parameter, we have pre-
sented a set of sufficient conditions, consisting of sys-
tems of combined linear partial differential equations,
which make the Wronskian determinant to be a solution
to the resulting trilinear equation. The Wronskian iden-
tity of the bilinear KP equation and two universal prop-
erties of Hirota differential operators have played vital
roles in exploring Wronskian solution structures. Other
illustrative examples of sufficient conditions have also
been presented for the cKP3-4 equation, the (2 + 1)-
dimensional DJKM equation and the dissipative (241)-
dimensional AKNS equation. Lastly, soliton molecules
have been generated through the presented Wronskian
N-soliton solutions when the coefficients a and b
are two nonzero constants for Eq. (1.6). The obtained
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y=0 y=0

(b)
Fig.5 aTwo-soliton molecule profile of the solution # expressed %, K, = %, K3 = ;{,g? =0, Eg = —15,%‘? =12,y = 0.
by Eq.(4.7) with parameters: N = 2, K| = % Ky = % 510 = ¢ Four-soliton molecule profile of the solution u expressed by
0,&) = —15,y = 0. b Three-soliton molecule profile of the Eq.(4.7) with parameters: N = 4, K| = 5, Ky = 5, K3 =
solution u expressed by Eq. (4.7) with parameters: N = 3, K| = %, K4 = % S? =0, Eg = —15, Sé) =12, Eff =—15y=0
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results amend the existing studies on those equations
and enrich solution structures of higher-dimensional
integrable equations.

We point out that Eq.(1.6) has a class of traveling
wave solutions with an arbitrary function:

uo

2
u —(nh(m)xx +—,
o o

V= n ,N=Xx
m)y, N ly

2ya®  2aug+d
( ch?

where the coefficients @ and b are two nonzero con-
stants, & is an arbitrary function and ° is an arbi-
trary constant. Thus, even if the parameter y = 0,
the extended equation (1.6) may possess more solu-
tion structures including the missing D’ Alembert-type
waves [33] and various lump-type solutions [56]. Such
solutions are very helpful to the study of complex non-
linear phenomena in fluid dynamics, oceanic dynamics,
nonlinear optics and other fields.

We also remark that there should exist other kinds
of sufficient conditions for Wronskian solutions to
the resulting trilinear equation with the coefficient
y # 0. The N-soliton solution generated from the
Wronskian formulation is of (1 4 1)-dimension, owing
to the dimensional reduction in the sufficient condi-
tions. However, the considered generalized (2 + 1)-
dimensional KdV equation should have general N-
soliton solutions, since its several integrable proper-
ties have been explored. It would be particularly inter-
esting to check if the Hirota N-soliton conditions
hold for the introduced trilinear equation and if there
exist Wronskian formulations for soliton solutions to
variable-coefficient generalizations of integrable equa-
tions [57,58]. Furthermore, it has become an increas-
ingly interesting research topic to investigate diverse
hybrid solutions, including the mixed breather-soliton
molecule solutions, the mixed lump-soliton molecule
solutions [59,60] and the mixed lump-kink N-M-
soliton solutions [15,61,62]. It is hoped that more novel
hybrid-type solutions could be explored for Eq. (1.6) in
future works.
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Appendix

The proof of Lemma 2.1 is as follows:

Proof By applying the conditions (2.5) and differen-
tial rules for determinants as defined in [18], we have
the followingﬂer\ivatives of the Wronskian determinant
f=/N=IN-1

3

% @0y + @ 4t and™) S (A.1a)
= (a19y, + @20y, + - - + amdy,) f (A.1b)
)

a—’; = (b10y + b2 + -+ 5,0 f (A.1¢)
= (b10y, + b20y, 4 -+ + by, f- (A.1d)

Let us next suppose that

m
)\_.
(a1 +ay+---+ap) = Z ‘Snrl_[ailv
MAM+HAim=n i=1
r=12,....Cp
A €f{0.1,2,..)

(A.2)

where 8,,,r =1,2,..., nm+n—1’ are expansion coef-
ficients. Using the definition of D-operators and the
above conditions (A.1), we further get

D{D}f - f
= (dy — 3P (3 — 9)?
X fx, y, 0) f(x,y, t/)|y’:y,t’:t
= [a1(3y, — 8x) + a2(dx, — yy)
Foe By, — )]

m

x[bl(axl —dy) + by (0x, — Oy) + -

+bn(axn - ax;l)]qf(x’ ) t)f(x/’ ) t)|x’=x

Y4
Cm+p—1

= > 8pr [ Jlai (05 — 9,01

r=1 i=1
A tAry++Am=p
A €{0,1,2,..., p}

q
Cn+q—| n

x Z 8y l_[[b (@ — 31

s=1 j=1
o] +wy+---+wnp=¢q
wj €{0,1,2,....q}
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X[y, O f (O y, D)lv=x

P
Cm+p—| m
A
= Z Spr l_[(aiDi) !
r=1 i=1
MAdp+-+rm=p
A €10,1,2,..., p}
q
Cn+q71 n
Wi
D DR § (TR
s=1 j=1

wptwy+---+op=¢q
wj €{0,1.2,....q}

Xf(x’ y’t)f(x/’ y’t)|x/=x
= (@1D1 +ayDy+ - + @y Dy)? (b1 Dy

+byDy+ -+ by D) f - f. (A.3)

It means that Lemma 2.1 holds.
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