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1. Introduction

In the study of nonlinear partial differential equations of mathematical physics, the Bécklund transforma-
tion (BT) provides a means to construct new solutions from known ones [1-20]. BTs can connect solutions
of different equations or the same equation [6,11]. In the latter case, BTs are generally called auto-BTs. In
soliton theory, BTs are also closely related to integrable properties such as Lax pairs, nonlinear superposition
formulas, and infinitely many conservation laws [3-5,12].

Among others, the Hirota bilinear method [2,3,5,12,13,16] is a powerful approach to solving soliton
equations and deriving bilinear BTs. Some generalization of bilinear forms has been given, including a natural
extension: multilinear forms [17]. A class of generalized Hirota derivatives has been introduced by assigning
specific signs to derivatives [18], and as a result, some generalized nonlinear differential equations have been
built and studied, for which the linear superposition principle [19] can be applied to the construction of
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sub-spaces of solutions [20]. For example, the Korteweg—de Vries (KdV) model [3,4,11],

U +6UUL + Ugzy =0 (1)
enjoys the bilinear representation, via the dependent variable transformation w(z,t) = 2[111 f (a:,t)]m, as
follows

(D2Dy+Dy)f - f =0, (2)
where the Hirota derivatives D,, Dy and D2 [3] are bilinear operators defined by

20029 = (5~ 5) (5~ 5) (55— ) Flaw B’y 0) .

Based on the bilinear Eq. (2), it is easy to derive the following bilinear BT for the KdV model [3],
(D +Ng- f=0, (3a)
(D} + Dy —3X\Dg)g - f =0, (3b)

where A is an arbitrary constant, and g = g(x,t) is another solution of Eq. (2).

Generally speaking, there exist some difficulties in applying the Hirota bilinear method to construct bi-
linear BTs for nonlinear equations. In some cases, employing the Bell-polynomial technique and introducing
the auxiliary independent variable(s) are helpful [7,9,10].

The following (2+41)-dimensional KdV-like model,

Ut +6uuw—|—umw—|—4uuy—l—umy—l—Quw/uydm:O,

which is firstly proposed with the Lax pair generating technique [14], can be converted into
Ut +6UUL + Ugpy + L UUY + Upgy + 20U, =0, (4)

via u, = v,. The auxiliary-independent-variable-involved bilinear form of Eq. (4) has been derived with the
Bell-polynomial scheme [15]:

(D} —mD,D)T-7=0, (5a)
P
(DuDy + 3 DD, + % DDy +mD,D,)r -7 =0, (5b)

where u = 2[ln T(m,y,t)] Lv =2 [ln T(x,y,t)]” , s is an auxiliary independent variable, while m # 0 is
xrxT Yy
an arbitrary constant. Through symbolic computation, the auxiliary-independent-variable-involved bilinear

BT, with 7/ = 7/(x, y, t) being another solution of Eq. (5), can be determined by [15]:

[Di—/\DI—k‘}T/-TZO, (6a)
[mD‘ngifgkaI}T/'T:O, (6b)
[Dt+D§Dy + D3~ AD,D,+(\2+3k) D, +3k D, —u(y,t)}T’-T =0, (6c)

where A and k are two arbitrary constants and v(y,t) is an arbitrary function.

In this Letter, without employing the Bell-polynomial technique and introducing the auxiliary independent
variable, we will directly construct a bilinear BT for Eq. (4). We will firstly give a so-called quadrilinear
representation in Section 2, and directly derive a bilinear BT in Section 3. In Section 4, we will apply a gauge
transformation (GT) and the Hirota perturbation technique to compute multisoliton solutions iteratively.
Section 5 will be our concluding remarks.
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2. Quadrilinear representation

Substitution of the dependent variable transformation, u = 2 [ln T(x,y,t)}w

into Eq. (4) generates

U + 6U UL + Ugga + 4 UUY + Upay + 20Uy = {[T2(D$Dt’r -T) + 72(D;LT - T)

+ (D27 - 1)(DaDyr - 1))/} + {2 (D7) — 2D - 7)) /7

1

3 3

=0.

Hereby, we can take

,and v =2 [lnT(x,y,t)]x

Y

2 1
- T‘l{Dw[(D”Dt +D; + 7D33¢Dy)7'7} 72+ 2Dy (Dy7 - 7) ~7'2}

D, [(Dth + D + ngDy)T~T] 2 %Dy(DiT'T) 22—

39

y’

(7)

as a quadrilinear representation of Eq. (4). If we introduce the auxiliary independent variable s via
(D —m D, Dg)T-7 = 0, then the auxiliary-independent-variable-involved bilinear form (5) can be decoupled
from Eq. (7). In the following, starting from Eq. (7), we will directly construct a bilinear BT of Eq. (4) without

any decoupling.

3. Bilinear BT

Assuming u/(z,y,t) =2 [ln T’(x,y,t)}m and v'(z,y,t) =2 [ln T’(a:,y,t)]zy to be another solution of Eq.

(4), we consider
2
3

1

0=P = 7D, [(D.Di+ D} + 3

DiDy)T . T:| T2

fT4{Dm[(DrDt + D+ %DgDy)T'.T/} 2y %Dy(DiT/'T/) '7_’2}
y(DiT~T) ~7'2}
3D§Dy)7/ . T/} 'T/2} — (7-2)2{ 1

, 2 2 ,
=D, [7’ 2(D1Dt + D1+ gDiDy)T o — 12 (Dg;Dt + D3+ ngDy)T/ . ’7'/:| 7272

(27 { D2 | (D2Di+ D2 + %DiDy)T SR RGO
2

- (72)2{DI[(DIDt + DA 4

+ %Dy [7'2 (Di7 1) — T2 (Dy7’ - 7-’)} 2.2

= D, |2Dy(Dy7 - 7') - (17') + 2D, (D37 - 7') - (77') — 6Dy (D37 -7} - (Dyr - 7'
[2D4( :

+2D,(D2Dyr - 7') - (17') = 2D, (D27 - 7') - (Dy7 - 7')
2
3

3
At this stage, if we take
D?(r-7") = ADy(1-7')+ k17’

with A and k as two arbitrary constants, Eq. (8) can be simplified into

P = Dw{Dw [(2Dt +2D3 4+ 2D2D,, + 6kDy — 20D, Dy + (6 + 2A%) D)7 - r’} : (TTI)} 202,

y(D;

D, (DiT . T/) . (T’TI) - 2D, (DgT . 7'/) . (DzT . T/)} -TOT

D, (D;l:T . 7') . 7'2}

x

_ gDy [Dw(DiT . 7—’) . (TT/) _ SDI(DgT . 7_/) . (DJZT . T/):| ) 7_27_/2.

T T
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from which, we can assume
[Dt + D} + D2D,, + 3kD, — D, D, + (3k + AQ)Dy} 7o = vy, t)yrr, (9b)

where v(y,t) is an arbitrary function, and then, the set of Egs. (9) constitutes a bilinear BT for Eq. (4). We
remark that Eqgs. (9) are as the same as Egs. (6a) and (6¢).

Solving Egs. (9) with 7 =1 (corresponding to the vacuum solution v = 0), A = 0 and v(y,t) = 0, we can
obtain a solitary wave solution of Eq. (4) as follows:

u=2[In7(z,y,t)] = 2ksech2<\/E:r+04y—éllc(\/%—koz)t%—ﬂ)7

where «, 3 and k > 0 are arbitrary constants. Hereby, the existence of the above new solution u shows that
the BT, Egs. (9), is powerful in solving Eq. (4). Based on the BT, Egs. (9), multisoliton solutions can be
constructed iteratively.

4. Gauge transformation and multisoliton solutions

Noticing the arbitrariness of A\, k and v(y,t) in the BT, Egs. (9), we apply the following GT to Egs. (9):
T — €T, 7 — 7, E=wit+miz+ny+E?, n=oit+ha+py+n?,

where wi, mq, ni, &9, o1, l1, p1 and n(© are all arbitrary constants. With symbolic computation, another
form of the bilinear BT (9) can be given by
(D2 4+ 2kD,)7 -7 =0, (10a)
(D¢ + D2 + D2D,, + 26D, Dy + 45°D,))7 - 7/ = 0, (10b)

upon taking

k=(mi—1h)?
V(y,t) = (m1 — l1)2(n1 —pl) + 3k(m1 — l1) — )\(ml — l1)(ﬂ1 —p1) + (3]{3 + )\2)(77,1 —pl),

setting A = 0 and denoting m; — l; = k.
Substituting the following expansions with a formal parameter €

=1 + ET(I) + 627’(2) + 637'(3) + .. ,
=1+ 67—/(1) + 627—/(2) 4 637—,(3) N

into Egs. (10), and comparing the like powers of the coefficients of €, we can derive multisoliton solutions of
Eq. (4) as follows.

e One-soliton solution: Taking 7/ = 1 and k = k1 # 0, and solving Egs. (10), we can obtain the one-soliton
solution:

u=2[In(1+ 651)]351 =2k7 sechz(%l),
where £ = —2k12 + 1y + (8/&? — 45%;;1)15 + ¢1, while k1, p; and ¢ are all arbitrary constants.
e Two-soliton solution: Setting x = ko # 0 and 7/ = 1 + €' corresponding to the one-soliton solution, we

can solve Egs. (10) to obtain the two-soliton solution:

u =2 {ln(l + oSt + Pt Qe§1+£2)]

TxT

with & = 5142 g — Mtk2 9 where £y = —2Ko® + oy + (8K — 4k312)t + @2, while Ko, o, w2 and 2 # 0

Ko—K1’ K2—K1
are all arbitrary constants.
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e Three-soliton solution: Setting k = k3 # 0 and 7/ = 1 + 7€t 4 Bes2 + ef11¢2 corresponding to the
two-soliton solution, we can solve Egs. (10) to obtain the three-soliton solution:

w=2 [111(1 e + tye? + atye’S 4 e a1 TE | g efrtes +%e£1+£2+§3>}

with
. (I‘il + /ig)(l'il + Kg) . (Kl + K/Q)(K/Q + /ig) . (Kl + Kg)(ﬁg + /ﬁg)%
A= (K1 — r2) (K1 — K3)’ = (k1 — K2) (k2 — Hs)g’ 7= (k1 — k) (k2 — K3) 2’
(k1 4 K3) (K2 + K3) (K1 + Ro) (Ko + K3)Z (k14 K2) (k1 + K3)
2 = (k1 — K3) (ko — K3)’ 137 (k1 — k2) (ko — K3) 2’ oy = (k1 — K2)(k1 — 53)%,

where €3 = —2k3x + psy + (8n§ - 4,%%#3)75 + 3, while k3, p3, 3 and Z # 0 are all arbitrary constants.
5. Concluding remarks

Based on the quadrilinear representation [Eq. (7)], we have directly constructed the bilinear BT [Egs. (9)]
for the (2+1)-dimensional Korteweg—de Vries-like model [Eq. (4)]. Without employing the Bell-polynomial
scheme, the construction of the bilinear BT is based on the quadrilinear representation, but not the bilinear
equations like normal bilinear BTs in the literature (see, e.g., [2,3,16]); and no auxiliary independent variable
has been introduced in our construction. Finally, we have applied the gauge transformation and the Hirota
perturbation technique on the bilinear BT to iteratively compute the specific multisoliton solutions. We hope
that the construction manner of the BT in this Letter would be useful in studying other soliton problems.
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