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1. Introduction

(1+1)-Dimensional solitons and solitary wave so-
lutions have been a topic of intense investigation in
several branches of science such as condensed matter
physics, fluid mechanics, plasma physics, optics, [1].
In (2+1) dimensions rich localized coherent structures,
including dromion [2], peakon [3], compacton [4],
foldon [5], ghoston [6], ring soliton [3], and the inter-
action between these solitons [3, 5, 7, 8] have been ex-
tensively discussed. Moreover, non-propagating soli-
tons [9], chaotic and fractal patterns [3], periodic and
quasi-periodic waves [10] have also been studied well.
From the symmetry study of (2+1)-dimensional inte-
grable models one knows that there exist much more
abundant symmetry structures than in lower dimen-
sions [11]. This fact suggests that the coherent struc-
ture of the (2+1)-dimensional integrable models may
have quite rich structures that have not yet been re-
vealed.

It is well-known that the interaction of solitons in
(1+1)-dimensional nonlinear models is considered to
be elastic. That means there is no exchange of any
physical quantity like the energy and the momentum
among interacting solitons. That means, except for the
phase shifts, the shapes and velocities of solitons all
remain unchanged. However, there exist more interac-

tions among localized structures in (2+1)-dimensional
nonlinear models, i.e., elastic and non-elastic inter-
actions have both been investigated between vari-
ous coherent localized structures (see [7] and refer-
ences therein in detail). In [5], the single-valued struc-
tures, i.e., special dromion and peakon, have been
constructed by selecting multi-valued functions. To
our knowledge, the interactions between these single-
valued structures constructed by multi-valued func-
tions are still open questions. In order to discuss
these exotic interactions more directly and visually,
we take the (2+1)-dimensional nonlinear Nizhnik-
Novikov-Veselov (NNV) equation as a concrete exam-
ple. The system is of the form

Ut + AU + Buyyy — 3a(uv)x — 3b(uw)y =0, (1)

Ux = Vy, Uy = Wy, (2

where a and b are arbitrary constants. This system is
simply a known isotropic Lax extension of the well
known (1+1)-dimensional Korteweg—de Vries (KdV)
equation. Some types of the soliton solutions have been
studied by many authors. For instance, Boiti, Leon,
Manna and Pempinelli [12] solved the NNV equation
via the inverse scattering transformation. Tagami [13]
obtained the soliton-like solutions of the NNV equa-
tion by means of the Béklund transformation. Hu and
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Willox [14] also gave the nonlinear superposition for-
mula of the NNV equation. Ohta [15] obtained the
Pfaffian solutions for the NNV equation. Radha and
Lakshmanan [16] constructed only its dromion solu-
tions from its bilinear form after analyzing its integra-
bility aspects. Lou [17] got some new special types of
multisoliton solutions of the NNV equation by using
the standard truncated Painlevé analysis.

The paper is arranged as follows. In Section 2, we
obtain the variable separation solutions of the NNV
system via the variable separation approach (VSA)
based on the extended homogeneous balance method
(EHBM) [7,18]. Three kinds of coherent localized
structures and interactions among them are discussed
analytically and graphically in Section 3. Finally, a
short summary is presented.

2. Variable Separation Solutionsfor the
(2+1)-Dimensional NNV System

According to the idea of EHBM, considering the
balance in part between the nonlinear terms and the
higher order partial derivative terms in the system (1)
and (2), we suppose that its solution is of the form

u= f(@)xy+Uo, 3)
V:g((P)XX+V0? (4)

where f(¢),0(¢),w(p) and o(x,y,t) are to be deter-
mined later, and ug, Vo, Wp are arbitrary known seed
solutions. It is evident that (1) and (2) possess trivial
seed solutions up = 0,vp = Vo(X,t),Wp = Wp(Y,t). Now
substituting (3)—(5) together with the seed solutions
into (1) and (2) yields

Ut + Uk + buyyy — 3a(uv)x — 3b(uw)y =

(f® —31"gl® —3fCg")agt gy

+(£8 —31"h® — 3t ON")beyeey (6)

+ lower power terms of the derivatives of
o(x,y,t) with respect to {x,y,t} =0,

(@ —g®)piey+ (1" — 0" oy
+2(f" —g") oxuy + (' — )y = 0,

(f@ —h®) gl + (17 — ") ey
+2(f" —g" ) oyuy + (' — g ) @y = 0.

™

®)
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Setting the coefficients of the terms with ag; ¢y and
by in (6), pZ¢y in (7) and gx@ in (8) to zero, we
obtain the following ordinary differential equations for
the functions f(¢), g(¢) and h(@):

5 379 —3fC)g" =0, 9)
4 —3f"h® —3fC)n" =, (10)
3 _g® =0, (11)
& _h® =0. (12)

The following special solutions exist for (9)—(12):

f(@) =9(¢) =h(e) = —2In(e). (13)
Therefore,
£ ¢ — §3) £2 _ o f//zzlf(@
5 1 .3 (14)
f’f(3):§f(4>, f”f(3)zéf(5>_

Using (13) and (14), (10) and (11) are satisfied auto-
matically, and (9) can be simplified as

[(@x + agoo + by — 3avopx — 3bwopy) pxpy
+3(axPecPy - DOy Py Py — 80F Proy—DR] Pryy)]
+[( @t + aPux + by — 3avopx — 3bwopy)xpy
+ (@ + a@ox + by — 3avopx — 3bwoy )y x
+ (@ + aQox + by — 3avopx — 3bwogy) oy
+3(— aPary + APxProy— PPy Pyyy + DOy Pryyy )| £
+ (@t + aPo+ bPyyy — 3aVoPx — 3bWo @y )y ' = 0.

(15)

Setting the coefficients of () f” and f’ in (15) to
zero yields a set of partial differential equations for

P(XYt)
Or + aPxx + by — 3avopx — 3bwoy = 0, (16)

APx PoxPry + DDy Pyy Pry — 3PS Prooy — DG Py =0, (17)
— APy Pxy + APx Procy — PPy Pyyy +-DPy Py = 0. (18)
Because Vp(x,t) and wy(y,t) are arbitrary functions of
the variables {x,t} and {y,t}, respectively, in (16)-
(18) we can select an appropriate variable-separated
hypothesis for the function ¢(x,y,t) as follows:

(p(x7y,t) = p(X,t) + q(y7t)7 (19)

where p(x,t) is an arbitrary function of variables {x,t},
q(y,t) is an arbitrary function of variables {y,t}. Insert-
ing (13) and (19) into (3)—(5), along with (16)—(18),
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and carrying out some careful and tedious calculations,
we deduce a rather general exact solitary wave solution
of the (2+1)-dimensional NNV equation in the form

2pxQly
ux,y,t) = ———, 20
2P 2px | Pt apox
V(X y,t) = — , (21
B (p+a? p+q  3apx &
20 20y | G +bayy
w(Xx,y,t) = — , (22
Gyt (p+a)? p+q  3byy @2
with two arbitrary functions p(x,t) and q(y,t).
141 P(xt)

Remark 1: If setting p(x,t) = 8 AP qiy,t) =
Q(y,t) in the solution (20), the solution (12) in [17] can
be recovered. This fact implies that we can substitute
the complicated variable separation forms 1+ a;P +
a,Q+ APQ in [17] as the simple and direct one p+ q,
which will greatly simplify the operation.

Remark 2: If taking p(x,t) = —ﬁ, qy,t) =
Q(y,t), the solution (20) changes into u(xy,t) =
(lzfxT%y)z. This fact suggests that the variable-separated
ansatz 1 — PQ is identical to the one p+ q.

3. Exotic Localized Structures

In this section, we will discuss some special types
of interesting localized structures for the quantity

u PxQy

2 (p+a)?

from which we know that for general choices of p
and g there may be some singularities for the quan-
tity U. However, when the arbitrary functions p and
g are chosen appropriately to avoid the singularities,
there may exist abundant excitations for U. All rich
localized coherent structures, such as non-propagating
solitons, dromion, peakon, compacton, foldon, instan-
ton, ghoston, ring soliton, and the interaction between
these solitons, can be re-derived by using the quanti-
ties U expressed by (23). Moreover, if p or g is consid-
ered to be a periodic function or a solution of a chaos
system like the Lorenz chaos system, then solitons
possess periodic or chaotic behavior. It is well-known
that there are some lower-dimensional stochastic frac-
tal functions, which may be used to construct higher-
dimensional stochastic fractal dromion and lump ex-
citations by using the quantity U expressed by (23).

(23)

Since these similar situations have been widely dis-
cussed [2-10, 17], the related plots are omitted in our
present paper. Here we focus on some novel localized
coherent structures of multi-valued functions and their
interactions.

3.1. Special Dromion, Special Peakon and Foldon

From the presentation (23), dromions, peakons and
foldons can be obtained by choosing p or q as a
single-valued function, piecewise defined function,
and a multi-valued function, respectively. However, in
fact, these single-valued structures, i. ., dromions and
peakons, can also be derived by selecting p or g as
multi-valued function [5]. Based on the quantity (23),
special dromions, special peakons and foldons can be
constructed if we choose both p and g as the following
series:

N N
pe= D &(C—Gt), x=C+Y xi(C—at), (24)
i=1 i=1

M M
=D, %(n—djt), y=n+Y Aj(n-djt), (25
j=1 i=1
where ¢ (i=1,2,...,N)and dj (j =1,2,...,M) are
arbitrary integers, x; and yxi, ¥ and A; are localized
excitations with the properties x;(+e) = 0, yi(doo) =
consts, ©¥j(Fee) = 0, Aj(Fee) = consts. From (24) and
(25), one can show that ¢ (or 17) may be a multi-valued
function in some suitable regions of x (or y) by choos-
ing the functions y; (or A;) appropriately. Therefore,
the function px (or gy), which is obviously an interac-
tion solution of N(or M) localized excitations due to
the property &fx—.c — o (OF 1|y—w — o), may be a
multi-valued function of x (or y) in these areas, though
it is a single-valued function of £ (or n).

Specifically, p and g are chosen as

px =sech?({ —t), x= ¢ —Atanh({ —t), (26)

gy =sech?(n —t), y=mn—Ctanh(n—t), (27)

where A and C are characteristic parameters, whose
differences imply the different localized structures.
When their values are chosen between 0 and 0.9, 0.9
and 1, and bigger than 1, special dromion, special
peakon and foldon can be derived. Figure 1 describes
three localized structures (special dromion, special
peakon and foldon) with A =C = 0.05,0.95,1.5, re-
spectively.
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Fig. 1. (a), (b) Special dromion, (c), (d) special peakon, and (e), (f) foldon structures for U with conditions (26) and (27);
(@), (b) A=C =0.05; (c),(d) A=C=0.95; (e), ) A=C=15att =0and t =5, respectively.

3.2. Asymptotic Behaviors of the Localized Excitations
Produced from (23)

The interaction can be elastic or inelastic. It is called
elastic, if the amplitude, velocity and wave shape of
solitons do not change after their interaction. Other-
wise, the interaction between solitons is inelastic

(incomplete elastic and completely inelastic). Like the
collisions between two classical particles, a collision
in which the solitons stick together is sometimes called
completely inelastic, which is discussed in [8]. In order
to discuss the interaction property of these localized
excitations related to the expression (23), we first study
the asymptotic behaviors of the localized excitations
produced from the quantity (23) whent — oo,

In general, if the functions p and g [considering (24) and (25)] are chosen as multi-localized solitonic excita-

tions with (z = { —cit, Z; = n —djt)

N
Ples = X P7,PT (@) = P(E— ) = [ KOy e
i=1

M
Qg = 2., 07,0 (Zj) =qj(n —djt) = /’5‘1 dylzj e,
j=1

(28)

(29)

where {p;,q;}Vi and j are localized functions, then the physical quantity expressed by (23) delivers M x N
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(2+1)-dimensional localized excitations with the asymptotic behavior

¥ of
Piz djz;

N M N M
Ul = gljgl (L+ x5 L+ 25 [P (@) + BF) + (o] (Z) + a7 )2 Ei:ljzzluiT’

Xtogeo = C4+ 67 + 277 (2), (1)
Vg = N+ A] +A7(Z), (32)
with

B = X Pi(Feo) + X pj(E=), (33)
j<i j>i

G = 2, 0i(Fo) + X, 0y (), (34)
j<i j>i

&7 = D xi(F=) + X xi(E=), (35)
j<i j>i

Af =3 Aj(Feo) + X Aj(£). (36)

j<i j>i
In the above discussion, it has been assumed, without
loss of generality, that ¢ > ¢;j,d; > d; if i > j. From
the asymptotic result (30), we discover some important
and interesting facts.

(i) Theij-th localized excitation U;; is a travelling
wave moving with the velocity c; along the positive
(ci > 0) or negative (c; < 0) x direction, and d; along
the positive (dj > 0) or negative (d;j < 0) y direction.

(if) The properties of the ij-th localized excitation
Uij is only determined by p; of (28) and q; of (29).

(iii) The shape of the ij-th localized excitation Uj;
will be changed (incomplete elastic or completely in-
elastic interaction) if

B # B, @7
and (or)
G # 6, (38)

following the interaction. On the contrary, it will pre-
serve its shape (completely elastic interaction) during
the interaction if

Br=0. (39)

G =aj - (40)

(iv) The phase shift of the i j-th localized excitation
Ujj reads & — & in the x direction and A;" — A in
the y direction.

(30)

3.3. Interactions among the Localized Coherent
Excitations Produced by Multi-Valued Functions

Now we discuss some novel coherent structures for
the expression U, and focus our attention on inter-
actions among the localized coherent excitations pro-
duced by multi-valued functions. In Section 3.1, we
present three interesting coherent excitations, i.e., spe-
cial dromion, special peakon and foldon. Here we dis-
cuss some novel interactions among them. If we take
the specific choice N=2, M =2, ¢; =0.5, ¢, =0,
d; =0.5,d, =0in (28) and (29), one has

px = 0.5sech?(¢{ — 0.5t) + 0.8sech?({),

(41)
x= { — Atanh({ — 0.5t) — Btanh(¢),

gy = 0.5sech?(n — 0.5t) 4-0.8sech?(n),

(42)
y =1 —Ctanh(n — 0.5t) — Dtanh(n),

where A/B,C and D are characteristic parameters,
which determine the types of interaction and the
phase shift of solitons. From the expression U with
(41) and (42), one can obtain four solitons, one of
which is static, and the others are moving. Gener-
ally, the phase shift of the static soliton is ,” — 6, =
21(—o0) — x1(+e0) = 2Ain x directionand A,” — A, =
A1(—e0) — A1(+o0) = 2C in y direction, the phase
shift of the moving smallest soliton is &;" — 6, =
X2(—=) — x2(+e0) = —2B in x direction and A;” —
A; = Ap(—o0) — Ap(+e) = —2D in y direction.

Incomplete Elastic Interaction among
Special Peakons

When we fix the values A=B=C =D =0.951in
(41) and (42), we can successfully construct interac-
tions among special peakons that possess phase shifts
for the quantity U as depicted in Figure 2. From Fig. 2,
we can see that the four special peakon localized exci-
tations possess novel properties, that is, it is incomplete
elastic since their shapes are not completely preserved
after interaction and there also exists a multi-valued
foldon in the process of their collision. Actually, the
completely elastic interaction conditions (39) and (40)
are not satisfied for the physical quantity (23) with (41)
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and (42), i.e.,
S 11
Pz — By = Pu(ee) = Pr(—e0) = 35 #0, (43)
B — B = Pa(—=) — Pal(+0) = — o £0, (44
G 0 = ulhs) () = 50 £0, (45)

0 — 0 = (=)~ Gp((+<0) = — g £0. (46)

In order to reveal the phase shift more clearly and visu-
ally, it has proved to be convenient and sufficient to fix
one peakon possessing zero velocity. The phase shift
can also be observed. As can be seen from Figs. 2a
to e, before the interaction the static largest peakon is

=
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Fig. 2. Incomplete elastic interaction among special peakons
for U with conditions (41) and (42) and A=B=C=D =
0.95attime (a)t = —15; (b)t =—6; (c)t =0.2; (d) t = 4;
(e)t=15.

located at {x = —0.95,y = —0.95}, the moving small-
est peakon is situated at {x =t +0.95,y =t + 0.95},
while for the other two peakons, they are static in
one direction and moving in the other direction and
their centers are located at {x = —0.95,y =t +0.95}
and {x =t+ 0.95;y = —0.95}, respectively. After
the interaction, the static peakon remains static and
its center shifts to {x = 0.95,y = 0.95}, the small-
est peakon shifts to {x =t —0.95,y =t — 0.95}, the
others have their centers shifted to {x = 0.95,y =
t —0.95} and {x =1t —0.95,y = 0.95}, respectively.
Therefore the phase shift of the static largest peakon
is 8 — 8, = x1(—e°) — x1(4e) = 1.9 in x direction
and Ay — A, = A1(—o0) — A1(+e0) = 1.9 in y direc-
tion, the phase shift of the moving smallest peakon
is 8 — 8] = ya(—o0) — ya(+e) = —1.9 in x direc-
tion and A;" — A] = Ap(—e0) — Ap(+e) = —1.91iny
direction.
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Incomplete Elastic Interaction among
Special Dromions

If we take the specific valuesA=B=C =D =0.05
in (41) and (42), then we successfully construct in-
teraction among special dromions that possess phase
shifts for the quantity U depicted in Figure 3. From
Fig. 3, we can see that the interaction among the four
special dromion localized excitations may exhibit a
novel property, which is incomplete elastic since their
shapes are not completely preserved after interaction.
The analytical analysis of the incomplete interaction
is similar to the previous case, that is, f; — p, =
AP P =-%#0 G -G =5#0
G — 6, = —% # 0. They do not satisfy the com-
pletely elastic interaction condition (39) and (40). A
phase shift can also be observed. Similar to the analy-
sis in the previous case, we can obtain the phase shift

0.015

7N
20N /) 0 S
N7 o \
0.008 /'%O‘O‘WW\\???‘:‘%%‘\\\
KRS (\
0 s
,"‘:}

Fig. 3. Incomplete elastic interaction among special
dromions for U with conditions (41) and (42) and A=B =
C=D=0.05attime (@)t =—15; (b)t = —6; (c) t =0.2;
d)t=4; () t=15.

of these dromions, here we omit it for the limit of
length.

Completely Elastic Interactions
among Foldons

It is interesting to note that although the above
choices result in incomplete elastic interaction be-
haviors for the (2+1)-dimensional solutions. We can
also construct localized coherent structures with com-
pletely elastic interaction behaviors by selecting the
values of A B,C and D suitably in (41) and (42).

Along the above ideas and performing a similar
analysis, if A=B=C =D =1.5in (41) and (42),
interactions among foldons can be constructed for the
physical quantity U depicted in Figure 4. The phase
shift can also be observed, which is similar to the
analysis before. Prior to interaction, the largest foldon



C.-Q. Dai et al. - (2+1)-Dimensional Nizhnik-Novikov-Veselov System 223

0.01

SR SOS SOS RS S

S

SR

S S S S S ST STRSTS
S
S Soss
=

0.01

U0.005

has set to be {vox = ¢ = 0,voy = do = 0}, however,
the position of the foldon is still changed from {x =
—15,y=—15} to {x= 1.5,y = 1.5}, then stops at
{x= 1.5,y = 1.5} and preserves its shape and ini-
tial velocities {vx = vox,Wy = Voy} after interaction.
Therefore the phase shift of the static largest foldon
is 6,7 — 8, = ya(—o<) — x1(+e°) = 3 in x direction
and A" — Ay = Aq(—o0) — A1(4ee) = 3 in y direction.
The final velocities Vi and Vy of the moving smallest
foldon are also the same as the initial velocities {Vx =
Vox = €1 = 0.5,y = Voy = diy = 0.5}. The phase shift
of the moving smallest foldon is 8, — 6, = y2(+o0) —
x2(—e) = —3inxdirectionand A;” —A; = Ap(—e0) —
A2(+e) = —3 in y direction. Moreover, from these
evolution profiles and through detailed analysis, one
can observe that they are completely elastic, which is
very similar to the completely elastic collisions be-
tween two classical particles, since their shapes, am-
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Fig. 4. Completely elastic interaction among foldons for U
with conditions (41) and (42) and A=B=C=D =15 at
time (@)t = —15; (b)t=—7;(c)t =0.2; (d)t =4; (e) t = 15.

plitudes and velocities are completely preserved af-
ter interaction. Analytically, from (33), (34), (41) and
(42), we have pj — P, =0, Bf —p; =0, G —
G, =0, g —d, = 0. That is to say, the completely
elastic interaction conditions (39) and (40) are really
satisfied.

4. Summary and Discussion

In summary, the EHBM is applied to obtain variable
separated solutions of the (2+1)-dimensional NNV
system. Some lower dimensional arbitrary functions
can be included in the exact solutions. Based on the
quantity (23), three kinds of exotic coherent local-
ized structures, that is, special dromion, special peakon
and foldon, are discussed, and the interactions among
them are investigated both analytically and graphically.
Some novel properties and interesting behaviours are
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shown: the interactions among four foldons are com-
pletely elastic and possess phase shifts, and the in-
teractions among four special dromions or four spe-
cial peakons are incompletely elastic depending on the
specific details of the solutions. Moreover, there ex-
ists a multi-valued foldon in the process of interactions
among the four special peakons, which is reported here
for the first time, to the best of our knowledge. Fur-
thermore, the explicit phase shifts for all the local ex-
citations offered by expression (23) given and applied
to these novel interactions in detail. Of course, there
are some pending issues to be further studied: How to
quantify the notion of complete or incomplete elastic-
ity more suitably besides analysis of asymptotic behav-
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iors (37)-(40)? What is the measure for the deviation
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In our future work, on the one hand, we will
study how to generalize this method to other (2+1)-
dimensional and (3+1)-dimensional nonlinear systems,
and to differential-difference equations. We will also
look for more interesting localized excitations.

Acknowl edgement

The authors express their sincere thanks to the edi-
tors and the anonymous referees for their constructive
suggestions and kind help.

[9] J.P. Meng and J. F. Zhang, Commun. Theor. Phys. 43,

831 (2005).

[10] X.Y. Tang and S.Y. Lou, Commun. Theor. Phys. 44,
583 (2005).

[11] S.Y. Lou, Phys. Rev. Lett. 71, 4099 (1993); S. . Lou,
J. Math. Phys. 35, 1755 (1994).

[12] M. Baoiti, J.J.P. Leon, M. Manna, and F. Pempinelli,
Inverse Problems 2, 271 (1986).

[13] Y. Tagami, Phys. Lett. A 141, 116 (1989).

[14] X.B. Hu and R. Willox, J. Phys. A: Math. Gen. 29,
4589 (1996).

[15] Y. Ohta, J. Phys. Soc. Jpn. 61, 3928 (1992).

[16] R.Radhaand M. Lakshmanan, J. Math. Phys. 35, 4746
(1994).

[17] S.Y. Lou, Phys. Lett. A 277, 94 (2000).

[18] M. L. Wang, Phys. Lett. A 199, 169 (1995).



