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Abstract Under investigation in this paper is the (2 +

1)-dimensional generalized Konopelchenko—Dubrovsky—

Kaup-Kupershmidt equation, which can be utilized to
describe certain nonlinear phenomena in fluid mechan-
ics. We obtain the higher-order lump, breather and
hybrid solutions, and analyze the effects of the constant
coefficients &1, hy, hs and hs in that equation on those
solutions, since the higher-order lump solutions are
generalized via the long-wave limit method, and since
the higher-order breather solutions and hybrid solu-
tions composed of the solitons, breathers and lumps are
derived. With the help of the analytic and graphic anal-
ysis, we get the following: (1) amplitudes of the humps
and valleys of the first-order lumps are related to /1, 7,
hy4 and hs, proportional to h4 while inversely propor-
tional to h,. Velocities of the first-order lumps are pro-
portional to k4. The second-order lumps describe the
interaction between the two first-order lumps, which
is elastic since those lumps keep their shapes, veloc-
ities and amplitudes unchanged after the interaction.
Effects of hy and h4 on the second-order lumps are
graphically illustrated. (2) Amplitudes of the first-order
breathers are proportional to /,. Interaction between
the breather waves is graphically presented. Effects
of hy and h; on the amplitudes and shapes of the
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second-order breathers are graphically discussed. (3)
Elastic interactions are graphically illustrated, between
the first-order breathers and one solitons, the first-
order lumps and one solitons, as well as the first-order
breathers and first-order lumps. Also graphically illus-
trated, amplitudes of all those three kinds of hybrid
solutions are inversely proportional to />, and velocity
of the one soliton is positively correlated to /4.

Keywords Fluid mechanics - (2 + 1)-Dimensional
generalized Konopelchenko—Dubrovsky—Kaup—
Kupershmidt equation - Lump solutions - Breather
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1 Introduction

Nonlinear evolution equations (NLEEs) have been pro-
posed in such fields as fluid mechanics, plasma physics,
fiber optics and ocean dynamics, and analytic solu-
tions for the NLEEs such as the solitons, lumps and
breathers have received people’s attention [1-18]. Soli-
tons have been seen to maintain their shapes and veloci-
ties unchanged during the propagation [19-26]. Lumps
have been considered as the waves localized in all direc-
tions in the space [27-29]. Breathers, localized waves
with oscillatory patterns, have been classified as three
types, namely the Akhmediev breathers, Kuznetsov-
Ma breathers and Peregrine solitons [30-36]. Interac-
tions among those nonlinear waves have attracted the
researchers’ attention [37-39].
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Refs. [40,41] have considered the (2 + 1)-dimen-
sional generalized Konopelchenko—Dubrovsky—Kaup—
Kupershmidt equation for certain nonlinear phenom-
ena in fluid mechanics, which reads

U + Mtyxx + houiy + havtxxxxx + h48x_luyy
+ hsttyyy + h6(ux3x_luy +uuy) +hy (it (1)
+ Ullyry) + hguzux =0,

where u = u(x, y, t) is the amplitude of the relevant
wave, x and y are the running coordinates, ¢ is the
time, the subscripts represent the partial derivatives,
0 ! represents the integral with respect to x, and the
coefficients hy’s (£=1,2,...,8) are the real constants.
Some special cases of Eq. (1) in fluid mechanics and
plasma physics have been seen as follows:

— When hy = 0,hp = 0,h3 = 1,hy = —5,hs =
—5,h¢ = —15,h7 = 15, hg = 45, Eq. (1) has
been reduced to the (2 + 1)-dimensional B-type
Kadomtsev—Petviashvili equation which describes
the shallow water waves in a fluid or electrostatic
wave potential in a plasma, where u is a wave ampli-
tude function of the scaled space coordinates x, y
and time coordinate ¢ [42-47].

— When hy = 6hy, he = 4hs, hy = hy = h7 =
hg = 0, Eq. (1) has been degenerated to the (2 +
1)-dimensional generalized breaking soliton equa-
tion which describes the interaction of a Riemann
wave propagating along the y axis and a long wave
propagating along the x axis, where u represents the
amplitude or elevation of the Riemann wave [48—
50].

— When hs =1, h7 = 15, hg =45, hy = hy, =
ha = hs = he = 0 and u is independent of y,
Eq. (1) has been reduced to the fifth-order Sawada-
Kotera equation which describes the long waves in
the shallow water under the gravity and in a one-
dimensional nonlinear lattice [51-55].

N-soliton solutions of Eq. (1) have been obtained via
the Hirota bilinear method, where N is a positive inte-
ger, and periodic-wave solutions of Eq. (1) have also
been constructed via the Riemann theta function [40].
Lump, lumpoff and rogue wave solutions for Eq. (1)
have been derived [41].

However, to our knowledge, Eq. (1) is still worthy
of further study. Firstly, the higher-order lump solu-
tions of Eq. (1) have not been reported, and interaction
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between the lumps has not been investigated. Secondly,
breather solutions of Eq. (1) have not been obtained.
Thirdly, although Ref. [41] has obtained the lumpoff
solutions of Eq. (1) which describe the inelastic interac-
tion between the lumps and one solitons, elastic interac-
tions there have not been investigated, between the first-
order breathers and one solitons, the first-order lumps
and one solitons, as well as the first-order breathers and
first-order lumps. Motivated by those, we will present
this paper.

Through the dependent variable transformation [40],

u=12h1h " (A0 f) ey, ()

Eq. (1) has been transformed into the following bilinear
equation [40]:
(Dy Dy + hy D} + h3DS + hy D}

. 3)
+h5Dny)f. f 207

where 2h1hy ' = Shahy! = hshg!' = hahg!, Shahy =
—hg, f = f(x,y,t) is a real function, and D is the
Hirota’s bilinear differential operator defined as [56]

DI DY2D f(x, y, 1) - g(x, y, 1)

& a\" [ d 3N/ 9\
~\ox oy dy 9y ar ot

f(-xv Y, t)g(-x/9 y/s t/)|x=x’,y=y’,l=t’a
“)

with g(x’, y’, t’) being a function of the formal vari-
ables x’, y" and ¢, while m1, m, and m3 being the non-
negative integers. N-soliton solutions for Eq. (1) have
been expressed as Expression (2) [40] with

N N
f=Y exp (me +ZMM./AU) ,

n=0,1 i=1 i<j
ni =pix tkytotte;, (i=12,...,N)
-1
wj = —hyp} —h3p] — hspiki — hap; k7,

R..
ei=—"Y (i<j j=23,...,N)

Rjj = h3(p; — P,/)6 +hi(p; — P‘/)4 + ha(k; — kj)2
+(pi — pj)(wi —wj) +hs(p; — Pj)S(ki —kj).

Sij = h3(p; +Pj)6 + hy(p; +Pj)4 + hq(k; +kj)2
+(pi + pj) @ + @) +hs(pi + pp) ki + k). (5)

where p;’s, k;’s and ¢;’s are the complex constants,
>_,—0,1 denotes a summation over all the possible



The higher-order lump, breather and hybrid

1775

combinations of u; = 0,1, wr = 0,1,..., uy =
0, 1, and the notation ZlN< j indicates a summation
over all the possible pairs (i, j) chosen from the set
{1,2,..., N}, with the condition i < j.

To sum up, this paper will investigate the higher-
order lump, breather and hybrid solutions for Eq. (1),
and study the effects of hy, h», h4 and hs5 on those
solutions. In Sect. 2, employing the long-wave limit
method [57,58], we will construct the Lth-order lump
solutions, where L is a positive integer, and analyze the
effectsof iy, ha, haand hs onthe velocities and ampli-
tudes of the first-order lumps. We will graphically dis-
cuss the interaction between the two first-order lumps,
and the effects of /4, and A4 on the first-order lumps.
In Sect. 3, we will construct the Mth-order breathers,
where M is a positive integer. Effects of #; and /> on
the second-order breathers will be discussed. Interac-
tion between the two first-order breather waves will be
graphically presented. In Sect. 4, hybrid solutions com-
posed of the first-order breathers and one solitons, the
first-order lumps and one solitons, as well as the first-
order lumps and first-order breathers will be obtained.
Elastic interactions of those three kinds of hybrid solu-
tions will be graphically illustrated. We will also dis-
cuss the effects of the coefficients on those hybrid solu-
tions. In Sect. 5, we will give our conclusions.

2 The higher-order lump solutions for Eq. (1)

In this part, we will construct the Lth-order lumps
via the long-wave limit of the N-soliton solutions for

Eq. (1).
To construct the Lth-order lumps for Eq. (1), setting

¢i=1In, pp=oPb;, ki=0K;, N=2L, (6)

and then taking 0 — 0, we can generalize the Lth-
order lumps from Solutions (2) and (5) as

u=12h1hy " (Inf)yx, 7)

where I = «/—1, o is areal constant, P;’s and K;’s are
the complex constants,

2L |2 2L |
f:ﬂ@i-l—zlzj:&j 1—[ 9r+-~-+L!2L

L#i,j
2L L 2L
X Z BijBys ... By 1_[ oy +---,
Uy Jseensk,U YAl ook, U

K?
0i = Pix + Kiy — ha—-t,
P;
B — 6P P} [2h1 PP + hs(P;K; + PK ;)]
v ha(PjK; — PiK )

. (®)

ZIZI]‘ _ «., means the summation over all the possible
combinations of i, j, ..., x, v, which are taken from
1,2, ..., 2L and are all different from each other.

To obtain the nonsingular solutions, we set

Pf:PZ+r: 1+ 1P, )
K, =Kj,, =K 1+I1Kq2, (r=12,...,L)
and substitute Egs. (9) into Egs. (7) and (8), where
the superscript * represents the complex conjugation,
P.1’s, Po’s, Kr1’s and K,7’s are the real constants.
Thus, we obtain the nonsingular lump solutions for
Eq. (1) under the condition B, 14+, > 0.

When L = 1, the first-order lump solutions for
Eq. (1) can be written as

u=12h1hy " (nf) ey, (10)

where

f =6162 + Bi2,

K?
01 = Pix+ K1y — ha—t,
Py

2

K2
0 = Pox + Kyy — ha—=t,
P

6P P3 [2h) P1 Py + hs(P2K| + P1K3)]
2= :
ha(PyK| — P1K»)?

(1)
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When one takes

Py =Py =P+ 1P,

(12)
K| = Kik =K +1Kp»

in Solutions (10), the corresponding solutions are non-
singular under the condition By > 0. Solutions (10)
can also be expressed as

24hy [—(X"+ MY+ AJY? + A5]
u= s
ha [(X 4 A Y2+ A2Y2 + As]

13)

with
ha(K? + K2
X =x+ 4( 211 212)t,
Piy + Py
v — 2ha(K11 P11 + K12 Pr12)
- 2 2 ’
Pi + Pp,
A Ki1 P11+ Ki2P12 Ki2Pi1 — K1 P2
1: 2 2 9 A2= 2 2 9
Pi + P, Pi + Ppy

_ =3lhs(K11 P11 + Ki2P12) + hi(PY + P3)]
ha(P{ + PH)~' (K12 P11 — K11 P12)?
(14)

where A3 > 0 must be satisfied. We find that u — 0
when x — oo and y — oo from Expressions (13).
Hence, Solutions (10) are the first-order lumps moving
on the constant backgrounds along the line

(K% + K%)y —2(K11 Pyj + KipPio)x = 0. (15)

Velocity components of the first-order lumps along the
x and y directions, Vy and Vy, are obtained as

__ha(K} + K)
g 7}
Pi + Pp,
2h4(K11 P11+ K12P12)
g 5} '
Pi + Ppy

(16)

Vy =

For Solutions (10), when t = 0, there are three extreme

points at (0, 0), (v/3A3,0) and (—+/3A3,0) on the
x — y plane. Amplitudes of the humps and valleys of
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the first-order lumps are derived as

—8h1h4 (K12 P11 — K11P12)2(P121 + Plzz)i1

1= ’
haolhs(K11 Py + K12 P12) + hi (P + P)]

o = hihs(K12 P11 — K11 P12)*(P{ + PH) ™!
halhs(K11 Pii + Ki2Pro) + hi (P + Ph)]

A7)

From Expressions (16) and (17), we find that the
velocities of the first-order lumps are proportional to
the coefficient 74. Amplitudes of the humps and valleys
of the first-order lumps are related to the coefficients
h1, ha, hsa and hs: both the amplitudes of the humps
and valleys of the first-order lumps are proportional to
h4, while inversely proportional to /7. Amplitudes of
the humps of the first-order lumps are eight times as
large as those of the valleys of the first-order lumps.

We need to point out that The First-Order Lump
Solutions (10) are constructed via the long-wave limit
method, which is different from the method adopted
in Ref. [41]. Compared with those of the lump solu-
tions obtained in Ref. [41], the trajectories of The First-
Order Lump Solutions (10) always pass through the
point (0, 0) on the x — y plane. The First-Order Lump
Solutions (10) depend on four parameters, namely Py,
P12, K11 and K13, while the first-order lump solutions
obtained in Ref. [41] depend on more parameters.

When L = 2, the second-order lump solutions for
Eq. (1) can be obtained via Solutions (7), as

u=12h1hy " (Anf)x, (18)

where

f = 010:0304 + B120304 + B136204 + B146203
+ B2360104 4 B246163 + B34616> (19)
+ B12B34 + B13B24 + B14Bos.
The second-order lumps describe the interaction

between the two first-order lumps. As shown in Fig. 1,
the two first-order lumps move along two lines

(K}, + Kh)y — 2(K11 Pi1 + K1aPio)x = 0,

) 5 (20)
(K3 + K3)y — 2(K21 P21 + K2p P)x =0,

on the x — y plane. It can be seen that the two first-order
lumps have different shapes, velocities and amplitudes.
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(a) t=-30 (b)t=0 (¢) t=30

Fig. 1 The second-order lump via Solutions (18) with Py = P = -1 -1, P, = Pf = -1, K1 = Kj =21, K» = K} =
21, hy=1hy=2 hy=-1 hs=1.

(a) t = —30 (b)t=0 (c) t=30

Fig. 2 The same as Fig. 1 except that hy, = 4.

(@)t =-60 (b)t=o0

L

Fig. 3 The same as Fig. 1 except that hy = — 5.

They move close, and then interact with each other. further. We can find that the interaction between those
When ¢t = 0, due to the interaction, it can be seen that two lumps is elastic since the shapes, velocities and
there are two humps with the same amplitude. Finally, amplitudes of those lumps have no changes the inter-
the two first-order lumps separate and move further and action. To investigate the effect of 4y, based on the
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parameters in Fig. 1, we set hp = 4 and fix the other
parameters. Comparing Figs. 1 and 2, we find that the
amplitudes of the two first-order lumps are inversely
proportional to hy. When hy = —% and the other
parameters are the same as those in Fig. 1, a second-
order lump is depicted in Fig. 3. Comparing Figs. 1
and 3, we find that both the velocities and amplitudes
of those first-order lumps are proportional to /4.

3 The higher-order breather solutions for Eq. (1)

In this part, we will construct the Mth-order breathers
under certain parameter constraints in the N-soliton
solutions for Eq. (1).

Motivated by the procedure in Refs. [29,37], we take

N =2M, p- ZPI/I+I = pe1 + Ipeo,

ke =k r = ket + Tk, Q1)
Pr =¢;/I+r =¢+ 1, (t=1,2,...., M)

in Solutions (2) and (5), where p;1’s, pr2’s, k1S, kz2’s,

¢r1’s and ¢;2’s are the real constants. The Mth-order
breather solutions of Eq. (1) are given as

u=12h1hy " (Inf)yx, (22)
with
2M 2M
f=0 e[ Do mimi+ ) minjAi |,
u=0,1 i=1 i<j

Nt = Nygr = et + 1022,

el = peix +key — (P2, + p2) ™!
x {hy [(k%l - k%z) pe1+ 2krlkr2pr2]
+(p2 + pE)[hs (2] — p2)ket — 2kapet pr2)
+hy pei(p2 = 3p2y) + h3pei (pey — 10p2, p2,
+5p)]}e + bet

Ne2 = prax +keay — (2, + p2y) !
x {ha[(—=k2| + k2 pra + 2kr1kea e ]
+(p?) + P2 s (P2 — P1ykea + 2ke1 pe1 pr)
+h1pr2a(Bp2 — p2y) + h3pea(5pt, — 10p2 p2,
+pi}t + ée2,

R;j

Aij —
Sij

)
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Rij = h3(pi = pp)° +h1(pi = pp)* + hatki —kj)?
+(pi — )@ — @) +hs(pi — p) ki —kj),
Sij = h3(pi + pp)° + hi(pi + p)* + haki +k))?
+(pi + P + @)+ hs(pi + p)> ki + k). (23)
and e4=¥+r > 1 to ensure that the solutions are non-
singular.

When M = 1, Solutions (22) reduce to the first-
order breather solutions of Eq. (1),

u=12h1hy " (0 f) ey, (24)

with

f=T14eM 4l 4 emtnitan,

n =mn5=n11+In,

mi = pux+kiy — (piy + pip) !
x{hy [(k%l - kfz) pit+ 2k11k121712]
+(p}y + P [hs (P} — i)kl — 2ki2p11p12)
+h1p11(p%1 - 3p%2) + hspll(lffl - 101’%117%2
+5p?2)]}t + ¢11,

M2 = piax +kioy — (phy + pip) !
><{h4[(—k12] + k) p12 + 2k11ki2p11]
+ (i) + PiD[hs((p}) — pikiz + 2k11pripi2)
+h1p12Gp} — ply) +h3p1a(Spt, — 10p7, P,

-I-sz)]}t + 12,
A — 1 = ﬁ,
S
R = 3(p2 22 hs(k k
= 3(p1; + p12) {hskiipi1 +k12p12)
+(p1y + P+ 5h3(pty — PiD])
& = ha(kiap11 — k11p12)* + P%l(P%l + P%z)
x[3h1 +5h33piy — pi)] + hspui(piy + ply)
x[2k1ap11p12 + k113p3 + )], (25)

and e42 > 1. The first-order breathers via Solu-

tions (24) are localized along the direction of n1; = 0
and periodic along the direction of nj» = 0. Periods
2

of those breathers are o along the x direction and

I%Tﬂz along the y direction. There are three kinds of the
first-order breathers with different values of p;; and
k11 in Solutions (24). When p;; = 0 and k11 # O,
the first-order breathers are parallel to the x axis on the
x — y plane; When p;; # 0 and k;; = 0, the first-
order breathers are parallel to the y axis on the x — y
plane; More generally, when p1; # 0 and k1 # O, the
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(a) t=-10

(b) t=0

Fig. 4 The second-order breather via Solutions 22) with M =2, p1 = pi =3 — 1. pp=pi =321, ki=ki =31 ky =k} =
I+1, ¢pr=¢p=¢3=¢ps=0,h1 =1, hy=2, hy=—1%, hs=1.

(@) t=-10

Fig. 5 The same as Fig. 4 except that hy, = 4.

(3) t=-10

Fig. 6 The same as Fig. 4 except that h; = 2.

first-order breathers are parallel to the line y = — %x
on the x — y plane. When p12 = k12 = ¢12 = 0, The
First-Order Breather Solutions (24) reduce to the one-

soliton solutions for Eq. (1). From Expressions (24)

and (25), we also notice that the amplitudes of the first-
order breathers are inversely proportional to ;.
Similarly, we can obtain the second-order breather
solutions of Eq. (1) with M = 2 in Solutions (22).
The second-order breathers describe the interaction
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between the two first-order breathers. As analyzed
above, the second-order breathers can be composed of
different kinds of the first-order breathers. For instance,
we may construct a second-order breather which con-
sists of two first-order breathers, one of which is parallel
to the x axis, while the other is parallel to the y axis, as
shown in Fig. 4. Those two first-order breathers keep
interacting with each other on the x —y plane. As ¢ goes
on, the interaction region keeps moving. To investigate
the effect of /7, based on the parameters in Fig. 4, we
set hp = 4 and fix the other parameters. Comparing
Figs. 4 and 5, we find that the amplitudes of the two
first-order breathers are inversely proportional to %5.
When i1 = 2 and the other parameters are the same as
those in Fig. 4, interaction between the two first-order
breather is illustrated in Fig. 6. Effects of &1 on the
amplitudes and shapes of the first-order breathers can
be seen via comparing Figs. 4 with 6.

4 Hybrid solutions for Eq. (1)

In this section, we will focus on three types of hybrid
solutions for Eq. (1). We will construct the hybrid solu-
tions consisting of the first-order breathers and one soli-
tons, of the first-order lumps and one solitons, and of
the first-order lumps and first-order breathers.

4.1 Hybrid solutions consisting of the first-order
breathers and one solitons for Eq. (1)

We take

N =3, p1 = p5=pi+1Ipi2, p3 = pai,
ki = k3 = ki + Tkiz, k3 = k31, (26)
¢ = ¢ =d11 + 112, 3 = P31,

in Solutions (2) and (5), and get the following:

Hybrid solutions composed of the first-order breathers
and one solitons describe the interaction between the
first-order breathers and one solitons, as shown in
Figs. 7 and 8. When pj1k3; = p3iki1, the first-order
breather is parallel to the one soliton on the x — y
plane, as shown in Fig. 7. The first-order breather
and one soliton move in opposite directions. As ¢
goes on, they move close, interact with each other at
t = 0, and finally become further and further. When
t = 0, due to the interaction, each peak of the first-
order breather is divided into two peaks, and ampli-
tude of any peak is lower than that of the first-order
breather. After the interaction, both the breather and
soliton keep their shapes, velocities and amplitudes
unchanged, which means that the interaction between
the first-order breather and one soliton is elastic. When
p11k31 # p3iki, the first-order breather and the one
soliton are unparallel on the x — y plane, and keep inter-
acting with each other as r goes on. To investigate the
effect of hy, we take ho = 4, and the other parame-
ters are the same as those in Fig. 7. Comparing Figs. 7
and 8, we find that the amplitudes of both the first-order
breathers and one solitons are inversely proportional to
hy.

4.2 Hybrid solutions consisting of the first-order
lumps and one solitons for Eq. (1)

(a) t=-30

() t=0

(¢) t=30

Fig. 7 Hybrid solution composed of a first-order breather and a single soliton via Solutions (2) and (5) with N = 3, p; = pj =
ol = k== +3L k=2 ¢1=¢r=¢3=0, =1 hy=2 hg=—5, hs=1.

@ Springer
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(a) t =-30

Fig. 8 The same as Fig. 7 except that i, = 4

Via the long wave limit method [57,58], hybrid solu-
tions composed of the first-order lumps and one solitons
for Eq. (1) can be derived via Solutions (2) and (5) with
the parameters

N=3,¢p1=¢p=1In, pp=0oPi, pp=o0h,
k1 =0K1, k2=O’K2, o — 0.
(27)

Thus, we obtain the hybrid solutions composed of the
first-order lumps and one solitons for Eq. (1) as

u=12h1hy " (Inf)x, (28)

where
f =010+ Bio + (B12 + 13623 + §1362
+£2301 + 6162)exp(n3),

£131 = 6P p3lhs(Piks + K1 p3)
+2hy Py p3 + 5h3 P p3],
£132 = hs Py p3(2Piks + K1 p3) + 3h1 P} ps
+5h3 PEp§ — ha(Piks — Kip3)?,
6231
§3 = “om’
£231 = 6P p3lhs(Paks + K2 p3)
+2h1 Pyp3 + 5h3P2P§],
£230 = hs Py p3(2Paks + Kap3) + 3h1 P3 p3
+5h3 P3 p§ — ha(P2ks — Kap3)?, (29)
and 01, 6>, B3 and n3 are given by Expressions (5) and
(11). In this case, we find that £3 = 52*3, which ensures

(¢) t=30

that f be a real function. Velocities and amplitudes
of the first-order lumps are given by Expressions (16)
and (17). However, the velocity components of the one
solitons along the x and y directions, Vy_sosizon and
Vy_soliton- are obtained as

h1p3 + h3p$ + hspiks + hak3
p3 ’
h1p§ + h3p§ + hspiks + hak3
p3k3

Vi —soliton =

(30)

)

Vyfsoliton =

and the amplitudes of the one solitons are | 3 p%h 1hy ! |

Hybrid solutions composed of the first-order lumps
and one solitons describe the interaction between the
first-order lumps and one solitons, as shown in Figs. 9,
10 and 11. From Fig. 9, we can see that the velocities
of the first-order lump and one soliton are different.
At first, they move close, and then the first-order lump
interacts with the one soliton at # = 0. When ¢ = 0,
due to the interaction, the maximum amplitude of u is
lower than that of the first-order lump. Finally, they sep-
arate and the distance between them becomes further
and further. After the interaction, no changes happen to
the shapes, velocities, and amplitudes of the first-order
lump and one soliton, which means that the interaction
is elastic. Thus, properties of Hybrid Solutions (28) are
different from those of the lumpoff solutions obtained
in Ref. [41], which describe the inelastic interaction
between the first-order lumps and one solitons.

To investigate the effect of 417, based on the parame-
tersin Fig. 9, we sethy = 4 and fix the other parameters.
Comparing Figs. 9 and 10, we find that the amplitudes
of this kind of hybrid solutions are inversely propor-
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-10
10
u
y -10 y
(@t=-12 (b)t=0 (c)t=12
Fig. 9 Hybrid solution composed of a first-order lump and a single soliton via Solutions (28) with Py = P} = —1 — I, p3 =

—5 Ki=Ky=2-1ki=2 ¢3=0, hi =1, hy=2, hy=—5, hs = 1.

y

(@ t=-12

Fig. 10 The same as Fig. 9 except that h, = 4

y -10 y -10

(@) t=-12 (b)t=0

1

Fig. 11 The same as Fig. 9 except that hy = — 15

tional to 4. When hy = —ﬁ) and the other parameters to h4. However, amplitude of the one soliton does not
are the same as those in Fig. 9, interaction between a depend on &4, and velocity of the one soliton is posi-
first-order lump and one soliton is illustrated in Fig. 11. tively correlated to /4. In this case, we also notice that
Comparing Figs. 9 and 11, we find that the amplitude the first-order lump crosses over the one soliton and
and velocity of the first-order lump are proportional has two peaks due to the interaction when ¢ = 0.
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(@) t=-20

(b)t=0

(¢) t=20

Fig. 12 Hybrid solution composed of a first-order breather and a first-order lump via Solutions (32) with Py = Py =1 — %I , p3 =
pi=31 K\ =K; =241 ki=kj=1+1 h =1 hy=2 hy=—1% hs=1

Fig. 13 The same as Fig. 12 except that i, = 1

4.3 Hybrid solutions consisting of the first-order
breathers and first-order lumps for Eq. (1)
From Solutions (2) and (5) with

N=4, ¢1 = ¢r=1Im, pp=0cP, pp =0k,
ki = 0Ky, kp =0Ky, 0 — 0, 31

hybrid solutions composed of the first-order breathers
and first-order lumps for Eq. (1) are obtained as

u = 12h1hy " (A0 f) sy, (32)

with
f =010+ Bio+ (B2 + A13A23 + A1362
+A2301 + 6162)exp(n3) + (Bi2
+A14A24 + A1402 + A246y + 0102)exp(n4)
+[01(A23 + Azg) 4+ 62(A13 + A1a)
+B12 + A13A23 + A14A3 + A13Ang

+A14004 + 61602 |exp(n3 + 14 + Asg),

A
A,,:—A’—“, G=1,2, 7 =34

1y2
A1 = 6P prlhs(Pk, + K, p))
+2h\ P, p, + 5h3 P, p3).
Aijo =hsP,p} 2Pk, + K,p,) + 3h1 P} p)
+5h3 P2 p® — ha(Pik; — K, p,))*.
p3 = pi = pa1 + Ipan, (33)

under the condition p3; = 0 or p3» = 0, where 13, 14,
Aszy, 61, 67 and By, are given by Expressions (5) and
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(11), p31 and p3; are the real constants. In this case,
we find that A3 = A3, and A4 = AZ;, which ensure
that f be a real function.

Hybrid solutions composed of the first-order breathers
and first-order lumps describe the interaction between
the first-order breathers and first-order lumps, as shown
in Figs. 12 and 13. As ¢ goes on, the breather and lump
move close, interact with each other, and finally move
further and further. It is found that the interaction is
elastic since the shapes, velocities and amplitudes of
the first-order breather and lump do not change after
the interaction. To investigate the effect of /,, based
on the parameters in Fig. 12, we set h; = 1 and fix the
other parameters. Comparing Figs. 12 and 13, we find
that the amplitudes of this kind of hybrid solutions are
inversely proportional to &5.

5 Conclusions

In this paper, we have studied the (2 + 1)-dimensional
generalized Konopelchenko—Dubrovsky—Kaup—
Kupershmidt equation, i.e., Eq. (1), which can be
utilized to describe certain nonlinear phenomena in
fluid mechanics. The Lth-Order Lump Solutions (7)
have been constructed via the long-wave limit method.
Based on Solutions (7), the first- and second-order
lump solutions, i.e., Solutions (10) and (18), have been
obtained. Via Expressions (16) and (17), it has been
found that the velocities of the first-order lumps are
proportional to the constant coefficient z4 in Eq. (1).
We have also found that both the amplitudes of the
humps and valleys of the first-order lumps are related
to the constant coefficients A1, ho, hq and hs in Eq. (1),
proportional to h4 while inversely proportional to A,.
It has been found that the second-order lumps describe
the interaction between two first-order lumps, which
is elastic since those lumps keep their shapes, veloci-
ties and amplitudes unchanged after the interaction, as
shown in Figs. 1, 2 and 3. Comparing Figs. 1 and 2, we
have seen that the amplitudes of the second-order lumps
are inversely proportional to /. As shown in Figs. 1
and 3, we have seen that both the velocities and ampli-
tudes of the first-order lumps are proportional to /4.
We have derived The Mth-Order Breather Solu-
tions (22). The First-Order Breather Solutions (24)
have been obtained from Solutions (22) with M = 1.
Solutions (24) have indicated that the amplitudes of
the first-order breathers are inversely proportional to

@ Springer

hy. The second-order breather solutions have been
obtained with M = 2 in Solutions (22). It has been
found that the second-order breathers describe the inter-
action between two first-order breathers, as shown in
Figs. 4, 5 and 6. Comparing Figs. 4 and 5, we have
seen that the amplitudes of the second-order breathers
are inversely proportional to h;. Effects of 41 on the
amplitudes and shapes of the second-order breathers
have been shown in Figs. 4 and 6.

Hybrid solutions consisting of the first-order breathers
and one solitons have been constructed via the substi-
tution of Expressions (26) into Solutions (2) and (5).
Interaction between a first-order breather and one soli-
ton has been found to be elastic as both the breather
and soliton keep their shapes, velocities and amplitudes
unchanged after the interaction, as shown in Figs. 7
and 8. Comparing Figs. 7 and 8, we have seen that
the amplitudes of both the first-order breathers and one
solitons are inversely proportional to 4. Via the long-
wave limit method, hybrid solutions composed of the
first-order lumps and one solitons, i.e., Solutions (28),
have been obtained from Solutions (2) and (5) with the
parameters given in Expression (27), and graphically
analyzed, as shown in Figs. 9, 10 and 11. It has been
found that the interaction between a first-order lump
and one soliton is elastic. Comparing Figs. 9 and 10,
we have found that the amplitudes of this kind of hybrid
solutions are inversely proportional to 4. Comparing
Figs. 9 and 11, we have seen that the amplitude and
velocity of the first-order lump are proportional to /4.
However, we have found that the amplitude of the one
soliton does not depend on %4, and the velocity of the
one soliton is positive correlated to /4. Hybrid solu-
tions composed of the first-order breathers and first-
order lumps, i.e., Solutions (32), have been obtained
from Solutions (2) and (5) with the parameters given
in Expressions (31). As shown in Figs. 12 and 13, the
interaction between a first-order breather and a first-
order lump has been found to be elastic. Comparing
Figs. 12 and 13, we have found that the amplitudes of
this kind of hybrid solutions are inversely proportional
to hy.
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