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The (2 + 1)-dimensional elliptic Toda equation is a high-dimensional generalization of the Toda lattice and a semi-
discrete Kadomtsev—Petviashvili I equation. This paper focuses on investigating the resonant interactions between two
breathers, a breather/lump and line solitons as well as lump molecules for the (2 + 1)-dimensional elliptic Toda equation.
Based on the N-soliton solution, we obtain the hybrid solutions consisting of line solitons, breathers and lumps. Through
the asymptotic analysis of these hybrid solutions, we derive the phase shifts of the breather, lump and line solitons before
and after the interaction between a breather/lump and line solitons. By making the phase shifts infinite, we obtain the
resonant solution of two breathers and the resonant solutions of a breather/lump and line solitons. Through the asymptotic
analysis of these resonant solutions, we demonstrate that the resonant interactions exhibit the fusion, fission, time-localized
breather and rogue lump phenomena. Utilizing the velocity resonance method, we obtain lump—soliton, lump-breather,
lump—soliton-breather and lump-breather—breather molecules. The above works have not been reported in the (2 + 1)-

dimensional discrete nonlinear wave equations.
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1. Introduction

The Toda lattice originally describes the motion of a chain
of particles with exponential interactions between the near-
est neighbors of particles, which has important applications in
molecular dynamics,!!! statistical mechanics,>?! biology, !+
optics,®! string theory,!”! two-dimensional gravity®°! etc.
The (1 + 1)-dimensional Toda lattice equation has the follow-

ing form:[1°!

Vtt(n) — ev(nfl)fv(n) _ ev(n)fv(nle)7 (n c Z), (1)

where we denote v(n,t) as v(n), and v(n) represents the mo-
tion of the n-th particle in the chain. The (2 4 1)-dimensional
elliptic Toda lattice is obtained by the natural dimensional gen-
eralization of Eq. (1) as follows:

AV(I’l) _ ev(nfl)fv(n) _ ev(n)fv(nJrl)7 (I’l c Z), 2)

where A = dy + 9y, is a two-dimensional Laplacian operator.
Here we denote v(n,x,y) as v(n) for simplicity. In 1983, the
exact Bessel-type solutions of the (2 + 1)-dimensional ellip-
tic Toda Eq. (2) were obtained by applying Hirota bilinear
method.!"] In Ref. [12], line solitons and instantons of the
(2 4 1)-dimensional elliptic Toda equation were obtained by
the inverse scattering transform method. Reference [13] estab-
lished a relation between the (2 + 1)-dimensional elliptic Toda
lattice and the Ablowitz—Ladik hierarchy. In Ref. [14], an im-
proved representation of N-soliton solution for the (2 + 1)-
dimensional elliptic Toda equation was obtained. Further-
more, rational and N-breather solutions were derived. Utiliz-
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ing the symbolic computation, three classes of lump solutions
for the (2 + 1)-dimensional elliptic Toda equation were con-
structed in Ref. [15]. More recently, N-soliton, M-breather
and lump solutions of the (2 + 1)-dimensional elliptic Toda
equation have been investigated by the Bécklund transforma-
tion and nonlinear superposition formula,'®! which provides
the possibility to obtain more hybrid solutions.

The nonlinear localized waves such as line solitons,[!7-18]
breathers, "1 Tumps!?*2!1 and rogue waves widely exist in
various nonlinear physical systems such as nonlinear op-
tics, oceanography, Bose—Einstein condensates, and plasma
physics. In the system with two spatial dimensions, the peak of
the line soliton maintains its peak transversely on a planar line,
so the line soliton is also called long crested wave in physics.
The lump has two-dimensional localized structures,??! which
decays algebraically in all directions. The breather is partially
localized and periodic in space or time.[?>! The interactions
among the two-dimensional localized waves exhibit diverse
and complicated nonlinear wave phenomena,**! which have
important applications in physics and engineering./?>2%] Res-
onant interactions between solitary waves contribute to the
formation of various surface-wave patterns and instantons in
the quantum field theory. Miles initially investigated the res-
onant interaction between line solitons in KP-II equation and
showed the Y-shape waveforms are formed during the reso-
nant interaction between two line solitons. [*”28! Subsequently,
more general web-shaped waveforms were observed in a cou-
pled KP (cKP) system!>*3% and KP-II equation.*!! Although
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the multi-line solitons of the KP-I equation can not realize the
resonant interaction, the breathers of the KP-I equation can
form the web-shaped waveforms.!*?! Johnson and Thompson
gave a resonant solution of a lump and a line soliton for KP-I
equation.®3] During the partial resonant interaction between
a lump and a line soliton, the lump exhibits two different dy-
namical behaviors.?*3! One is the lump fuses into the line
soliton, which is called fusion. The other is the lump sepa-
rates from the line soliton and keeps its shape and velocity
unchanged, which is called fission. Rao et al. investigated
the complete resonant interactions among the lumps and line
solitons/breathers in KP-I equation.**37! In this case, lumps
separate from one line soliton/breather and fuse into the other
line soliton/breather. The dynamical behaviors of these lumps
are similar to the rogue waves in the ocean, so these lumps
are called rogue lumps.
the breathers and line solitons in Mel’nikov equation, KP-
I equations and (2 + 1)-dimensional asymmetrical Nizhnik—
Novikov—Veselov equation as well as the resonant interaction
between breathers in two-dimensional multi-component long-
wave—short-wave resonant interaction system were studied in
Refs. [38—41]. In this paper, we investigate the resonant in-
teraction among the line solitons, breathers and lumps for the
(24 1)-dimensional elliptic Toda equation.

The concept of soliton molecules is proposed in optical
system, which refers to the formation of bound states between
solitons.[*>#*4 Soliton molecules can improve the carrying ca-
pacity of optical fiber. Experimentally, the internal dynamics
of soliton molecules are intensely studied by means of real-
time ultrafast measurements.*>~43! The soliton molecules, the

The resonant interaction between

breather molecules and breather—soliton molecules have been
observed in mode-locked fiber lasers.[**-!1 Soliton molecules
are involved not only in optics, but also in physical fields such
as Bose—FEinstein condensates,”?! oceanography,>3! etc. In
Ref. [54], Lou proposed a new mechanism to form soliton
molecules by introducing velocity resonance, which provides
an effective method for the study of soliton molecules. Besides
the line soliton molecules, other types of soliton molecules
such as dark soliton molecules, kink—kink molecules, dromion
molecules, breather molecules, breather—soliton molecules,
lump-breather—soliton molecules are also obtained by utiliz-
ing the velocity resonance method,>>° which enrich the
bound state phenomena of nonlinear localized waves. In
this paper, we investigate lump-soliton, lump-breather, lump-
soliton—breather, and lump-breather—breather molecules for
the (2 + 1)-dimensional elliptic Toda equation.

This paper is organized as follows. In Section 2, we in-
vestigate the resonant interaction between two y-breathers for
the (2 + 1)-dimensional elliptic Toda equation, and show that
the resonant interaction between two y-breathers exhibits the
fusion and fission phenomena by analyzing the asymptotic
forms of the resonant solution. In Section 3, we study the
resonant interaction between a y-breather and line solitons ar-
ranged in the y direction for the (2 + 1)-dimensional elliptic

Toda equation. We demonstrate the resonant interactions be-
tween a y-breather and a line soliton/two line solitons arranged
in the y direction exhibit the fusion, fission and time-localized
breather phenomena by analyzing the asymptotic forms of
the resonant solutions. In Section 4, we investigate the res-
onant interaction between a lump and line solitons arranged
in the y direction for the (2 + 1)-dimensional elliptic Toda
equation. We demonstrate the resonant interactions between
a lump and line solitons arranged in the y direction exhibit
the fusion, fission and rogue lump phenomena by analyzing
the asymptotic forms of the resonant solutions. In Section 5,
we obtain lump-soliton molecule, lump-breather molecule,
lump—soliton-breather molecule and lump-breather-breather
molecule for the (24 1)-dimensional elliptic Toda equation
by applying the velocity resonance method. A summary and
discussion is given in Section 6.

between

2. Resonant interactions

breathers

two y-

In this section, we construct the resonant solution consist-
ing of two y-breathers. Through the asymptotic analysis of the
resonant solution, we show the resonant interaction between
two y-breathers exhibits the fusion and fission phenomena.

By introducing u(n) = e*"~1="(") Eq. (2) can be rewrit-
ten as follows:

2 2
(;x aaz>lnu() u(n+1)—2u(n)+un—1), 3)

where we denote u(n,x,y) as u(n). Through the transforma-
tion
1 —1
oy = L0 DI01)
f(n)
Eq. (3) can be transformed into the bilinear form

(D3 +D3)f(n)- f(n) = (2e”" =2)f(n)- f(n),

where we denote f(n,x,y) as f(n).

The N-soliton solution of the (2 + 1)-dimensional elliptic
Toda equation has been derived by the Bécklund transforma-
tion and nonlinear superposition formulal'®!

fin+1)f(n—1)

“

u) = T ®
where
f(n) = Z exp (Z HilljAij + Zﬂz )
n=0,1 i<j

n; = 2sinh(k;)cos(l;)x+ 2sinh(k;)sin(l;)y + 2k; n—&—ﬁj,

cos(l; —1j) —cosh(k; — k)
cos(l; — 1) — cosh(k; +k;)’
where the notation }',_ ; implies the summation over all pos-

sible combinations of yu; =0,1,...,uy = 0,1 and Z, < indi-
cates the summation over all possible pairs chosen from N el-

(j=12,...,N), exp(4;j) =

ements.
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When we take N =4, k1 = oy, kp =
L =38, h=&i, h=-8i, 4=-&i, B =
BY = BY (o #0, 8 #0 for i = 1,2 and * denotes the com-

plex conjugate) in N-soliton solution (5), we obtain a hybrid

062, k3 - al k4 - a27

solution composed of two y-breathers

fn+1)f(n—1)

B TR

(6)
with

Fln) =1+ 4’;4 exp(2£1) + @ exp(2£2)

KK 1313 .
1600

1 KL L,
~enn(d) 1+ 201

i 4o,

1 KL L,
——e 1+
0622 Xp(éz) |: 40{?

xp[2(&1 +&2)]

exp(2)| cos(v)

exp(26)| (v

+ exp(&i + &) [Licos(yi +y2)

2 2
204 06

+L;cos(y; — l[/z)] ,

, and

_ Kicosh(2§; +-2¢;) + K; cosh(4 ;)

in which
- cosh(26;) — 1 i=1.2),
cosh(26;) — cosh(2ev;)
L= cosh(6; — &) —cosh(oy — o)
cosh(8; — &) —cosh(oy + o)’
_cosh(0; + &) —cosh(og — @)
cosh(8; + &) —cosh(oy + o)’

& = 2sinh(o) cosh(;)x+20n+0;, (i=1,2),
y; = 2sinh(oy) sinh(5;)y+ 6;, (i=1,2),

where o1, 02, 01, 6, are real constants and satisfy

exp(Re(BY) — 01) = =

207
1
exp(Re(BY) — 07) = —, @)
( 2) 2 20622
61 =Im(By) -7, 6, =Im(By) - ®)

From hybrid solution (6), we obtain the breather named
as breather 1 moves along &; ~ 0 and the breather named as
breather 2 moves along &, = 0. The breather 1 and the breather

2 can be expressed as follows:

—4+/K; cosh(2a;) cosh(&; + &) cos(y;) +2cos? ()

u; = ,
' 2(v/Kicosh(& + &) —cos(y;))?
\
with where
K; cosh(20, + 20y —20) — 1
exp(e) = Y K- o0 ae de) |
205 cosh(28; +20 —20) —cosh(20y)

where subscript i denotes the breather i (i = 1,2). The non- _ cosh(28,) — 1
singular conditions of the breather 1 and the breather 2 are cosh(28;) —cosh(2a)’
|61] > |0 | and |8;| > |0z |. Reference [16] gives that the phase cosh(0y — 0 +28,) — cosh(a; — o)
shifts of two breathers before and after the interaction between = cosh(oy — o +28,) — cosh(ay + o)

two breathers are both I', where I' = In|L;L;|. When I" — o,
the interaction between two breathers becomes resonant inter-
action. Because the resonant solutions are similar in form as
I' — +oo, we only consider I" — —eo, which is equivalent to
Ly =0. From L; = 0, we obtain a resonant condition

- =268 — . ®)

By introducing the resonant condition (9) into the hybrid solu-
tion (6), we derive the resonant solution as follows:

fln+D)f(n—1)

o

u(n) = )2 , (10)
with
K K
f(n) =1+ 471? exp(2&)) + @ exp(2&)

1 1
7?‘”‘1’(&1)(505(‘//1) - @exp(éz)cos(w)

1 2

L
+WZZ§€XP(‘SI +&) cos(yi — y), (1)

& = 2sinh(a) cosh(

&=
Y = 2 Sinh((xl

— o+ &)x+20n+ oy,
2sinh(0p) cosh(8,)x +2an + 07,

)sinh(ot; — ap + &)y + 61,
(

Y, = 2sinh( @) sinh(8,)y + 65.

It should be noted that the resonant interaction between
two breathers involves a resonant breather, so we analyze the
asymptotic properties of three breathers. The nonsingular con-
ditions of the breather 1 and the breather 2 are |6, + ot — 0| >
|| and |8;| > |az|. From the resonant solution (10), we ob-

tain the breather named as breather 3 moves along & — &, ~ 0.

|

the breather 3 can be expressed as follows:

By introducing
1, L, >0,
0, L,<O0,
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_ Kzcosh(2&3 420" +2¢€3) + K3 cosh(40i3) — 44/K3 cosh(203) cosh(&3 + 67 + €3) cos(y3) 4 2 cos? (y3)

u 9
3 2(v/Kzcosh(&3 + 0’ + &) — cos(y3))?
with
K K> 2|Ly| a2 02 VK3
m=a—-0, =88, B=yi—y+or, K3= 2 o'= ln(|1(laz23)’ eXp(€3) = 2037
2 1 3

where subscript 3 denotes the breather 3. We derive K3 > 1 under the resonant condition (9) and the nonsingular conditions of the
breather 1 and the breather 2, so the breather 3 is nonsingular. We calculate the velocities of breather 1, breather 2 and breather

3 as follows:

Vi = % o) . vi— ® o)
' (_sinh(ocl)cosh(ocl—Ocz—&-52)7 > PR <_Sinh(0‘2)005h@2)7 > ’
Ve — o — 0 0 T
T (_ sinh(at) cosh(a — 0 + 8,) — sinh (o) cosh(6,)’ ) 7

where subscripts 1, 2 and 3 denote the breather 1, the breather 2 and the breather 3. In Table 1, we summarize that the three

breathers admit six different types of the asymptotic behaviors in the resonant interaction under different parametric conditions.

Here we analyze the case 1 with the parametric condition o > @ > 0, |V}| < |V2] in detail, and the asymptotic processes of other

cases are similar to the case 1.

Table 1. The asymptotic forms of three breathers under different parametric conditions.

Case Condition Before interaction (n — —oo0) After interaction (n — +o0)
1 o >0 >0, Vi <|Valoroy <ap <O, |Vi| > |V Uy 2y, tyy 2 1, Uy 1 w2 1wty o, uty >~ us
2 o < <0, |Vi|<|Valorag > >0, Vi > V2 w2 1, Uy ™ o, s 2 u3 wh g, uh > 1~ 1
3 o0 <oy <0, |Vi|>|Valorapy > >0, |Vi| < V2] Uy Uy, > 1, U u;;lzl,u;rzzuz,u;%zl
4 o >0 >0,V >|Wlorw <a <0,V < |V gy 22 1,y 2o,y =~ 1 w2y, ugy > 1wt~ us
5 o1 >0,0 <0,|Vi|>[Va|loroyg <0, 00 >0, V| < |Va] Up) UL, Uy ™ U, Uy uglzl,u;rzzl,uggzm
6 o1 <0,0>0,|Vi|>[Va|lorog >0, 00 <0, |Vi| < |V, upy > 1y > 1, upy ~ u3 u;j:ul,u;rz:uz,ubgzl

For the asymptotic analysis of the breather 1, we have

&1 ~ 0 and &, can be expressed as follows:

& = 2sinh(@) cosh(8)(|Va| — [Vi|)n+ 0,
oy sinh(ap) cosh(6,)

~ sinh(oy ) cosh(0 — ap +6,) 12

thus & — Foo as n — Foo. We obtain the asymptotic form of
the tau function of the breather 1 denoted as fi,; from Eq. (11)

as follows:

oo [ T aen(2E) — ep(Ecosyi). s e
1, n— oo,

13)

where superscript — and + denote the asymptotic form as
n — —oo and n — oo, respectively.
For the asymptotic analysis of the breather 2, we have

&, ~ 0 and & can be expressed as follows:

&1 = 2sinh(a;)cosh(a) — 0 + &) (|Vi| — [Va|)n+ oy
0, sinh(oy ) cosh(o — o + &)
B sinh(ay) cosh(8,) ’

thus & — 4o0 as n — Foo. We obtain the asymptotic form of

(14)

the tau function of the breather 2 denoted as f, from Eq. (11)

as follows:
1, n— —o0,
Jo2 =4 14 K2 exp(28) — L exp(&) cos(ya), 11— +oo.
405 %
(15)

s

Under the parametric conditions o > o > 0, |Vi| < |V2

we obtain the relation |V;| > |Vi| > |V3|. For the asymptotic
analysis of the breather 3, we have & — &, =~ 0, & can be ex-

pressed as follows:
& = 2sinh(oy) cosh(ay — o + &) ([Vi]| — |V3])n+ p1,

where
sinh(coy ) cosh(oy — a + 62) (01 — 02)
~ sinh(a ) cosh(oy — o + 85) — sinh(oy) cosh(8,)”

and &, can be expressed as follows:

pP1 =01

&, = 2sinh(0p) cosh(&)(|Va| — |V3])n+ pa2,

in which
sinh(o) cosh(8) (o1 — 02)
~ sinh(ay) cosh(oy — @ + &) — sinh(az) cosh(&,)”

Therefore, we obtain &;, &,— Feo as n — Foo and the asymp-

P2 =02

totic form of the tau function of the breather 3 denoted as fi3
from Eq. (11) as follows:
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1,
fo3 =
4a, 4o
By introducing the asymptotic forms fy; (i = 1,2,3) into
the transformation Eq. (4), we derive the asymptotic forms for
three breathers denoted as up; (i = 1,2,3) as follows:
(i) Before the interaction (n — —oo)

Uy ~up, 17

u, ~ 1, (18)

Uy~ 1. (19)
(ii) After the interaction (n — +o0)

u ~1, (20)

ugrz ~u, 21D

uly ~ us. (22)

The specific process of the case 1 is shown in Fig. 1. Fig-

£24 exp(2&) (1 + Lﬂ exp(2(&+0')) — é exp(& +0') cos(%)) , N — oo,

n— —oo,
(16)

3

ure 1 illustrates fission of the breather 1 into the breather 2
and the breather 3. In case 2, the asymptotic expressions as
n — —oo in Egs. (17)—-(19) will interchange with the asymp-
totic expressions as n — oo in Egs. (20)—(22). The case 2
describes the breather 2 merges with the breather 3, and they
turn into the breather 1. We demonstrate the specific process
in Fig. 2. In all cases, there are two different physical phe-
nomena, which are fusion and fission. The case 4 and the
case 6 describe the fission phenomena as well as the case 3
and the case 5 describe the fusion phenomena. Interestingly,
the breathers that act as resonant breathers are different in dif-
ferent cases. The breather 1 acts as the resonant breather in
case 1 and case 2, the breather 2 acts as the resonant breather
in case 3 and case 4 as well as the breather 3 acts as the reso-

nant breather in case 5 and case 6.

Fig. 1. Fission of two y-breathers with the parameter o = 0.3, & = 0.2, §; = 0.6, 5, =0.5, 06, =0, 0, =0, 6, =0, and 6, = 0.

(a) n=—145. (b) n = —56. (¢c) n = 25.

Fig. 2. Fusion of two y-breathers with the parameter o; = —0.3, op = —0.2, § = —0.6, 6, = —0.5, 01 =0,0, =0, 6; =0, and 6, = 0.

(a) n=—25. (b) n=56. (c) n = 145.

3. Resonant interactions between a breather and
line solitons

In this section, we construct the resonant solutions con-
sisting of a breather and a line soliton/two line solitons.
Through the asymptotic analysis of the resonant solutions, we
show that the resonant interactions between a breather and a
line soliton/two line solitons exhibit the fusion, fission and
time-localized breather phenomena.

3.1. Resonant interactions between a breather and a line
soliton
Whenwetake N =3, ki =0o, kp =00, k3 =0, 1} = oi,
L=0,I3=—8iand B} =B (o; #0fori=1,2and § #0)in
N-soliton solution (5), we obtain a hybrid solution consisting

of a line soliton arranged in the y direction and a y-breather

_ St 1) f(n—-1)

where

fln) =1+ % exp(2€) - § exp(&1) cos(y)
2

KL L
+exp(Ga) 1+47?exp(251)—a—%exp(él)COS(%) ,

in which
B cosh(28) — 1 _ cosh(d) —cosh(o — ap)
~ cosh(28) —cosh(20;)”  cosh(8) —cosh(og + o)’
& = 2sinh(oy) cosh(8)x+2an+ oy,
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w1 = 2sinh(@;)sinh(8)y + 0,
& = 2sinh(a)x+20on+ B9,

where o1, 0, ﬁg are real constants and satisfy

1
exp(Re(By) —o1) = s 0= Im(BY) — 7. (24)
1

. Kcosh(2&; 4 2¢) + K cosh(40,) —4+v/K cosh(2a; ) cosh(&; + &) cos(y) +2cos?(yy)

The hybrid solution (23) is nonsingular when |8| > |oy| and
18] # o + @z

From the hybrid solution (23), we obtain the breather
moves along & = 0 and the line soliton named as line soli-
ton 1 moves along & = 0. The breather can be expressed as
follows:

uj

with
expler) = L
20
where subscript 1 denotes the breather. The line soliton 1 can
be expressed as follows:
. cosh(&)+cosh(2m)
2= cosh(&) +1 ’

where subscript 2 denotes the line soliton 1. In order to de-

(26)

rive the phase shifts of breather and line soliton 1 before and
after the interaction, we analyze the asymptotic properties of
the breather and the line soliton 1. We assume o > 0, o > 0,
and ap/sinh(az) > o /sinh(c ) cosh(J). For the asymptotic
analysis of the breather, we have & ~ 0 and &, can be ex-
pressed as follows:

. * d
&2 = Zsinh(a) <sinh(ocz) - Sinh(al)COSh(5)> '

0_ O] Sinh(az)
5 sinh(oy ) cosh(8)’

thus & — Foo as n — Foo. We obtain the asymptotic form of

@7

the breather denoted as uy, from Eq. (23) as follows:

{ﬁl(él,%),

n— —oo,
u¥~

g (28)

~

(& + T,y +€m), n— oo,

where 1 (&1, y) represents ) in Eq. (25), I’ = In|L| as well
ase=0forL>0and e=1for L <O.

For the asymptotic analysis of the line soliton 1, we have
&) =~ 0 and &; can be expressed as follows:

&1 = 2sinh(oy)cosh(8) (sinh(al(;izosh(& - Sinf(lx(zaz)> "

_ Bsinh(ay)cosh(8)

o
+oi sinh( o)

; (29)

thus &; — -0 as n — Foo. We obtain the asymptotic form of
the line soliton 1 denoted as u;; from (23) as follows:

{ﬁ2(§2+2r), n— —oo,
i2(52),

where i (&;) represents 3 in Eq. (26).

From the asymptotic expressions (28) and (30), we obtain
the phase shift of the breather is I and the phase shift of the
line soliton 1 is 2I". When I" — oo, the interaction between

ut ~

0= (30)

n— +oo,

2(v/Kcosh(& + &) —cos(y))?

) (25)

the breather and the line soliton 1 becomes resonant interac-
tion. Because the resonant solutions are similar in form as
I' — +oo, we only consider I" — —eo, which is equivalent to
L = 0. From L = 0, we obtain a resonant condition

52062—061. (31)

By introducing the resonant condition (31) into the hybrid so-
lution (23), we derive the resonant solution as follows:

fin+1)f(n—1)

uln) = = (32)
with

K 1
fn)=1+ mexp@él) - aflzexp(él)COS(lVl) +exp(&2),
where
COSh(ZOtz — 2061) -1
- cosh(20 —2a;) — cosh(2a)’

& = 2sinh(ay) cosh(a — @) )x+2an+ oy,

y; = 2sinh(a;)sinh(o — a;)y+ 0,
& = 2sinh(a)x -+ 20n + BY.

The nonsingular condition of the resonant solution (32) is
|062 —061‘ > |O£1|.

It should be noted that the resonant interaction between
a breather and a line soliton involves a resonant line soliton
which is different from the original line soliton, so we analyze
the asymptotic properties of a breather and two line solitons.
From the resonant solution (32), we obtain the line soliton
named as line soliton 2 moves along 2&; — & ~ 0. The line

soliton 2 can be expressed as follows:

. cosh(&3+ &) 4 cosh(2a3)
N N SRS I

with

K
& =286, =201, exp({)=-—,
4o
where subscript 3 denotes the line soliton 2. Furthermore we
calculate the velocities of breather, line soliton 1 and line soli-

ton 2 as follows:

[04] T
Vo= (- 0
b ( sinh(al)cosh(oczal)’> ’
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200 — 0 0 T
2sinh(cy ) cosh(op — o) —sinh(0)’ ’
where subscripts b, 11, and 12 denote the breather, the line

Vio =

soliton 1 and line soliton 2. In Table 2, we conclude that the
breather and the line solitons admit four different types of the
asymptotic behaviors in the resonant interaction under differ-
ent parametric conditions. We obtain |Vj;| > |V} in all cases.
Here we analyze the case 1 in detail, and the analyses of other
cases are similar to the case 1.

For the asymptotic analysis of the breather, we have &; ~
0 and &, can be expressed as follows:

& = 2sinh(0n)(|Vii| - [Vo|)n +B7
_ (o] Sinh(OCz)
Sil‘lh(al) COSh((X2 — 061> ’

(33)

thus & — Foo as n — Foo. We obtain the asymptotic form of
the breather from Eq. (32) as follows:

$N{m,n—)—og

o 34
" 1, n— +oo. (34)

For the asymptotic analysis of the line soliton 1, we have
&, ~ 0 and & can be expressed as follows:
& = 2sinh((x1) COSh(OCQ — (X])(|Vb| — |V]1 |)n + 01

ﬁg sinh(a1 ) COSh(OZz — 061)
sinh(ap)

) (35)

thus &; — d-o0 as n — Foeo. We obtain the asymptotic form of
the line soliton 1 from Eq. (32) as follows:

o 1, n— —oo,
= Uy, n— +oo.

For the asymptotic analysis of the line soliton 2, we have

(36)

2&1 — &, ~ 0, & can be expressed as follows:
& = 2sinh(0y) cosh(op — a1 ) (Vo] — [Vi2| )+ 11,5
where

sinh(0y ) cosh(a — o) (201 — BY)
2sinh(a ) cosh(op — 0y ) —sinh(a;)’

=01
and &, can be expressed as follows:
& = 2sinh(0n)([Vii| — [Vi2[)n + 12,
where

sinh(ap) (207 — /320)
2sinh(a ) cosh(on — o) —sinh(an)

nh=p8—

We can calculate [Vip| > [Vi1| > |V| in case 1, thus &;,& —
doo as n — Feo. We obtain the asymptotic form of the line
soliton 2 denoted as ujp from (32) as follows:

$N{u3,n—>—oo,

~ 37
2 1, n— Hoo. (37)

We also calculate the peaks of the line soliton 1 and the
line soliton 2 are cosh? () and cosh? (20, — 0 ), respectively.
It should be noted that cosh?(0) > cosh?(20 — @) under
the condition of case 1. Figure 3 shows the breather merges
with the line soliton 2, and they turn into the line soliton 1. In
case 2, the asymptotic expressions as n — —oe in Egs. (34),
(36), and (37) will interchange with the asymptotic expres-
sions as n — 40 in Egs. (34), (36), and (37). Therefore, the
case 2 describes fission of the line soliton 1 into the line soliton
2 and breather. We demonstrate the specific process in Fig. 4.
In all cases, there are two different physical phenomena, which
are fusion and fission. The case 3 is fusion and the case 4 is
fission. Interestingly, the line solitons that act as resonant soli-
tons are different in different cases. The line soliton 1 acts as
the resonant soliton in case 1 and case 2, and the line soliton 2
acts as the resonant soliton in case 3 and case 4.

Table 2. The asymptotic forms of a breather and two line solitons under different parametric conditions.

Case Condition Before interaction (n — —o0) After interaction (n — +o0)
1 o >20 >0 uy ~ 0y, uyy o~ 1, up, 20 w1 U i, uh >~ 1
2 o <20 <0 wy =1, up 2, up 1 ITAESITIINTVESE WTAESHT:
3 o <0ap >0 Uy 2, Uy U, up 1 TS WTARSE WTAESRT:
4 o >0 <0 uy > 1wy ~ 1, up >~ 3 u;:ﬁl,uﬁzﬁz,urgzl

Fig. 3. Fusion of a y-breather and a line soliton arranged in the y direction with the parameter o = 0.1, p = 0.9, 6 = 0.8, 0] =5,

6 =10, and ﬁg =5. (a) n=158. (b) n =225. (c) n = 340.
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Fig. 4. Fission of a y-breather and a line soliton arranged in the y direction with the parameter @; = —0.1, 0o = —0.9, 6 = —0.8, 6, =35,

6 =10and B; =5. (a) n = —340. (b) n = —225. (c) n = —158.

3.2. Resonant interactions between a breather and two line
solitons

Whenwetake N =4, ki = o, kp = 0, k3 = 03, kg = &1,

I} =8i,b=0,13=0,ly = —&i, and B? = BY" (0 # O for

i=1,2,3 and § # 0) in N-soliton solution (5), we obtain a

hybrid solution consisting of a y-breather and two line solitons
arranged in the y direction

fln+1)f(n—1)

uln) = ———-=,

F(n? 9

with

1 K
fln) =1- a—lzexp@)cos(w) + @exp(zéo

2
exp(en) 1 hexp(Ecos(y) + St exp(28)

2
rexp(E) 1 el cosly) + 't exo(260)

L L
+Kyexp(& +&3) [1 _ (‘lxzz
1

exp(&1) cos(y)

K313
+W exp(261) |,
in which
cosh(28) — 1 1 —cosh(op — o3)
K 2

~ cosh 28) —cosh(20y)’ 1 —cosh(a + 03)’
_cosh(8) —cosh(o — @)

(
(
'™ cosh(8) — cosh(ey + )’
(
(

__cosh(8) —cosh(o — a3)
>~ cosh(8) — cosh(oy + 03)

&1 = 2sinh(oy) cosh(8)x+2an+ oy,

y = 2sinh(oy ) sinh(8)y+ 6,
él’ = 2sinh(ai)x+ 2ain + Bioa (l = 2a 3)a

where o7, 0, B9, B are real constants and satisfy

exp(Re(By) —01) = 6=Im(B))—m.  (39)

7«12’
It should be noted that K, > 0 when o + a3 # 0, so the non-
singular condition of the hybrid solution (38) is |8] > |oy|,
o+ a3 #0, |5| # oy +062|, and |8| # ‘OC] + 3.

In Subsection 3.1, we have derived the phase shifts of the
breather and the line soliton before and after the interaction
between a y-breather and a line soliton arranged in the y di-

rection. In the same way, we can obtain the phase shifts of
the breather and two line solitons before and after the interac-
tion among a y-breather and two line solitons arranged in the y
direction. They are In|L;L,|, In|K>L?|, and In|K,L3|, respec-
tively.

When phase shifts of the breather and two line solitons
are both infinite, the interaction between the breather and two
line solitons becomes a resonant interaction. Because the res-
onant solutions are similar as the phase shifts approach pos-
itive and negative infinity, we only consider the phase shifts
approach negative infinity, in other words, L; = Ly = 0. From
L = L, =0, we obtain a resonant condition

o0+ 03
“="5
6_062—063 (40)
2

By introducing the resonant condition (40) into the hybrid so-
lution (38), we derive the resonant solution as follows:

fn+1)f(n—1)

u(n) = O 41
with
4K,

f(n) =1- mexp(él)cos(w) + mexp(25l)

+exp(&2) +exp(&3) + Kaexp(82 + &3),
where

K — cosh(op —a3) — 1

= cosh(a — 03) — cosh( + 03)’
1 —cosh(op — a3)
K, =

~ 1—cosh(op +a3)’

&1 = (Sinh(()tg) + Sinh(O@))x—i— (062 + (X3)I’l + oy,

y = (cosh(aa) —cosh(az))y + 0,

& =2 sinh(op)x+20pn + ﬁ20,

& = 2sinh(a)x+ 201+ BY.
It should be noted that K> > 0, so the nonsingular condition of
the resonant solution (41) is | — 03| > | + 03]

From the resonant solution (41), we obtain the breather

moves along &; = 0, the line soliton named as line soliton 1
moves along & = 0, and the line soliton named as line soli-

ton 2 moves along &3 2 0. The breather can be expressed as
follows:
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o Kjcosh(2&; +2¢;) + Kj cosh(2(0n + 03)) — 4y/Kj cosh(ap + a3) cosh (&) + 1) cos(y) + 2 cos?(y)
! 2(VK; cosh(&| + &) — cos(y))2 ’

with
2K,
P = (o £ )

where subscript 1 denotes the breather. The line soliton 1 and

the line soliton 2 can be expressed as follows:

~ cosh(&;) + cosh(204)

i cosh(&)+1 2,3)

, (i= (42)

where subscripts 2 and 3 denote the line soliton 1 and the line

soliton 2, respectively. Furthermore we calculate the velocities

of breathers, line soliton 1 and line soliton 2 as follows:

vi—(_ o0+ 03 T
® =\ sinh(ay) +sinh(az)” )
o o3

T T
Vi = (_ sinh(az)’()) > e = <_ sinh(ag)’o) ’

where subscripts b, 11, and 12 denote the breather, the line soli-
ton 1 and line soliton 2, respectively. We conclude that the
breather and two line solitons admit two different types of the
asymptotic behaviors in the resonant interaction under differ-

ent parametric conditions.

Fig. 5. Resonant interaction between a breather and two line solitons with the parameter oy = 0.1, op = 1.1, a3 = —0.9, 6 = 1.0,
01=0,0=0, B9 =-20,and B = —20. () n = —199, (b) n = 14, (c) n = 60, (d) n = 114, (e) n = 363.

Case 1 We consider the case when ap > 0, o3 < O,
|oa| > |og| or 0p < 0, a3 > 0, |az| < |o3|. Here we inves-
tigate the case with op > 0, o3 < 0, |az2| > |o3]. Under this
parametric condition, we obtain |Vip| > |Vi;| > |V,|. For the
asymptotic analysis of the breather, we have &; =~ 0, &, can be
expressed as follows:

207 sinh(0p)
sinh(or) 4 sinh(asz)’

& = 2sinh(a) ([Vit| — [Vo|) n+ By —

and &3 can be expressed as follows:

20 Sinh(Otg)

— 9 _ 0_
& = 2sinh(as) Vol — Vel)n-+ B — o RN

thus & — Foeo, &3 — oo as n — Feo. We obtain the asymp-
totic form of the breather denoted as u;, from Eq. (41) as fol-
lows:

F o 1, n— —oo,
5T 1, n— oo

For the asymptotic analysis of the line soliton 1, we have

(43)

& ~ 0, & can be expressed as follows:

§1 = (sinh(@) +sinh(0s)) (Vo] — [Vii[)

BY(sinh(cr2) + sinh(03))
a 2sinh(oy) ’

+01

and &3 can be expressed as follows:

_ B sinh(as)

— 9 _ 0
& = 2sinh(as) Vol — Vi) n-+ B — P28

)

thus & — oo, &3 — o0 as n — Feo. By utilizing the relation
28— & =& +201 — B — B, we obtain the asymptotic form

of the line soliton 1 denoted as u;; from Eq. (41) as follows:

- { (G2 +&), n— —eo,

ut ~< (44)
" u2(§2)7 1 — o0,
with

4K exp(20, — BY — B?
o) - 18020 -0

+K27

where 1 (€;) represents u; in Eq. (42).
For the asymptotic analysis of the line soliton 2, we have

&3~ 0, & can be expressed as follows:

&1 = (sinh(e) +sinh(as)) (V| — Vi) n
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ro - BY(sinh(@) + sinh(o3))

2sinh(0) ’
and &, can be expressed as follows:
) BYsinh( o)
= 2sinh(0n) ([Vi| — [V §oSH =
&2 =2sinh(a) ([Vii| = [Viz|)n + B, sinh(a3)

thus & — dreo, & — -0 as n — Foo. By utilizing the relation
28— & =& +201 — B — B, we obtain the asymptotic form
of the line soliton 2 denoted as i from (41) as follows:

;N{ﬁ3(§3+C)7 n— —o,

Up =19 ~
u3(83),  n— +oo,

where u3(&3) represents u3 in Eq. (42).

(45)

In the same way, we obtain the asymptotic forms
Eqgs. (43)-(45) in the case with ap < 0, a3 > 0, |ap| < |o].
We calculate that the peaks of the line soliton 1 and the line
soliton 2 are cosh?( o) and cosh?(03), respectively. We have
cosh?(orp) > cosh?(a) under the condition o > 0, o < 0,
|az| > ||, and cosh?(a3) > cosh?(a@y) under the condition
o <0, a3 >0, |062| < ‘063‘.

The specific process of the resonant interaction between a
breather and two line solitons is shown in Fig. 5. The breather
detaches from the line soliton 1 with higher peak and fuses
into the line soliton 2 with lower peak. In the whole process,
the breather is localized in time, which exhibits time-localized
breather phenomenon.

Case 2 We consider the case when o > 0, a3z < 0,
‘OCQ‘ < ‘OC3‘ or ap <0, oz > 0, |062‘ > |OC3|. Similar to the
Case 1, we derive the following asymptotic forms.

(i) Before the interaction (n — —oo)

Breather (§; ~ 0, & — —o0, &3 — +o0):

u, ~1.
Line soliton 1 (£, ~ 0,28 — &30, & — —oo0, &3 — —o0):
wy = ur(&2)-
Line soliton 2 (£3 ~ 0,2 — & =0, & — —o0, &y — —o0):
up == u3(&3)-

After the interaction (n — +o0)
Breather (§; ~ 0, &, — 400, &3 — —oo):

u;’ ~ 1.
Line soliton 1 (&, ~ 0,28 — &3 20, & — +o0, &3 — +o0):
my = (& +C).
Line soliton 2 (£3 ~ 0,2 —&; =0, & — +o0, &y — 4-o0):
), = 13(83+§).

From above asymptotic analysis, we derive the case 2 with the
parametric conditions o > 0, 03 <0, |0z| < |03| describes the
breather detaches from the line soliton 2 with higher peak and
fuses into the line soliton 1 with lower peak, and the case 2

with the parametric conditions o < 0, az > 0,

| > o]
describes the breather detaches from the line soliton 1 with
higher peak and fuses into the line soliton 2 with lower peak.
After the resonant interaction, the original line soliton 2 be-
comes the line soliton 1 and the original line soliton 1 becomes
the line soliton 2.

4. Resonant interactions between a lump and
line solitons

In this section, we construct the resonant solutions con-
sisting of a lump and a line soliton/two line solitons. Through
the asymptotic analysis of the resonant solutions, we show
the resonant interactions between a lump and line solitons ar-
ranged in the y direction exhibit the fusion, fission and rogue
lump phenomena.

4.1. Resonant interactions between a lump and a line soli-
ton

If the N-soliton solution (5) with N = 3 satisfies the par-
tial long wave limit constraints

ki =Kie, ky=Ke, exp(By) =exp(py) =—1,
Ki=K;, 1L =15, €e=>0,

where * denotes the complex conjugate, we obtain the hybrid
solution consisting of a lump and a line soliton

_fn+D)f(n—1)
u(n) = )2 , (46)

in which
f(n) = 616, +ap
+exp(n3)(aizaxs +ai136, + a3 6 + 616, +ain),

with
2K Ky
ap=—— "
2 Cos(li— ) — 1’
2K;sinh(k
a isinh (ks) (i=1,2),

- cos(l; —I3) —cosh(kz)’
0; = 2K;cos(l;)x+ 2K;sin(l;)y +2Kn, (i=1,2),

13 = 2sinh(k3 ) cos(l3)x + 2sinh(k3 ) sin(l3 )y 4 2kzn + B,

where ﬁ30 is a arbitrary real constant.

By taking Ky = a, K> = a, ks = a, ]} = bi, [, = —bi, and
I3=0(a#0, a+#0,and b # 0) in the Eq. (46), we obtain
the hybrid solution consisting of a lump and a line soliton ar-
ranged in the y-direction

fln+1)f(n—1
u(n):—(n f()n)zn )7 (47
with

f(n) =& +ivi]* +an+exp(ns) (|& +ivi +ais]* +an),
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in which
2 _ 2asinh(a)
~ cosh(2b) -1’ as = cosh(b) —cosh(ax)’

&1 =2acosh(b)x+2an, y; =2asinh(b)y,

a2

N3 = 2sinh(a)x+2an+ B,

where &, y; are real part and imaginary part of 6y, respec-
tively. It should be noted that a1, > 0, so hybrid solution (47)
is nonsingular.

From the hybrid solution (47), we obtain the lump moves
along & ~ 0 and y; = 0 as well as the line soliton moves along
13 ~ 0. The lump can be expressed as follows:

_ (&7 —4@®)P+(yf +an)(&F +4a%)F2anyi+yita,

uy= )
(&2 +yi +an)?

(48)
where subscript 1 denotes the lump. The line soliton can be
expressed as follows:

_ cosh(nz)+cosh(2ax)
uy =
cosh(n3) +1

; (49)

where subscript 2 denotes the line soliton. We assume a > 0,
o > 0 and o/ sinh(@) > 1/cosh(b). For the asymptotic anal-
ysis of the lump, we have & ~ 0 and 13 can be expressed as
follows:

o 1

P _ 0
M3 = 2sinh(a) <sinh(oc) cosh(b)) ntpy. 50

thus 13 — Foo as n — Foo. We obtain the asymptotic form of

the lump denoted as ujyyp from Eq. (47) as follows:
u1(G1), n— —oo,
]Tlmp ~<{ (&1) (51)
41 (81 +ai3), n— +oo,

where u; (&) represents % in Eq. (48).
For the asymptotic analysis of the line soliton, we have
N3 = 0 and &, can be expressed as follows:

1 o
&1 = 2acosh(b) (cosh(b) B sinh(a)> "

thus & — oo as n — Foeo. We obtain the asymptotic form of

apy) cosh(b)
sinh(c)

» (52)

the line soliton denoted as u)jp from (47) as follows:

T {Mz(nz), n—r —oo,

F o~ 53
line ﬁZ(nS)a 1 — oo, ( )

where 7 (1n)3) represents 7, in Eq. (49).

From the asymptotic expressions (51) and (53), we obtain
the line soliton remains unshifted during the process of the in-
teraction and the phase shift of the lump before and after the
interaction is a;3. In order to derive the resonant solution, we
need to make the phase shift @3 infinite. To this end, we take
the phase parameter 39 as 39 = Fg —1In(|a3|?), and then take
the limit o¢ — b. We obtain the resonant solution as follows:

fn+D)f(n=1)

un) = ———m—5—-, (54)
=
in which
f(n) =& +ivi > +an +exp(xa),
where
_ 2a?
927 Cosh(26) — 17

&1 =2acosh(b)x+2an,
v = 2asinh(b)y,
X2 = 2sinh(b)x + 2bn + BY.

It should be noted that aj, > 0, so the resonant solution (54) is
nonsingular.

We calculate the maximum amplitude point and two min-
ima amplitude points of the lump as follows:

o) = (- o)
1 \/46124-3(1]2 0)

(x2(n),y2(n)) = <_cosh(b)n_ 2acosh(b) ’

1 V4a? +3ap, O)

(x3(n),y3(n)) = <_cosh(b)n+ 2acosh(b) ’

By introducing these points into the resonant solution (54), we

obtain the maximum amplitude of the lump is

(4 +ap)? + (4a® +ap) exp(Ast + A3 + BY) + (4a® +arn) exp(Aat — Az + BY) +exp(2A31 + 28Y)

upy =
and two minima amplitudes of the lump are

uz

(a12 +exp(Aat + BY))>

_ Cl + §2 exp(lgt + Az + (P) + C3 exp(7L3t -+ (P) +exp(2),3t + ZQD)

(4a® +4ap + exp(Ast + @))?
_ G+ Gexp(Ast + A5+ @) + Grexp((Ast — A3 + ¢') +exp(24sr +2¢)

)

us3

where

(4(12 +4ay; +exp(Ast + (P/))z

)

$1 = 1642, +16d%ays, & = 8a° +3ain +4av/4a +3arn, G = 8a® +3ar, —4av/4a® +3ay,

V4a? +3ajytanh(b)  —5

v/ 4a® + 3aj; tanh(b
Ao = 2b—2tanh(b), @ — — V4@ +3aiztanh(b)
a

+BY, ¢ = - +BY.
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According to the sign of A3, the resonant interaction can
be classified into two distinct cases.
(i) Fusion When A3 > 0, (b > 0), we obtain

2
4q® “+air
- , —> —o0,
a2

uy — (55)
1, n— +oo,
1642, + 16a%a» L

uy — (4(12 + 4a12)2 ’ ’ (56)
1, n— —{-007
16a%2 +1642a;2
A2 A o T

uz — (4a +4a12) &)

1, n— oo,

From Eqgs. (55)—(57), we derive that the lump only exists be-
fore the resonant interaction. Figure 6 shows that the lump

fuses into the line soliton.
(i) Fission When A3 < 0, (b < 0), we obtain

17 n— —oo,
uy — 4> 2 (53)
<M> .
an
1, n— —oo,
uy — 16(1%2 +16a%a;» (59)
—A2 = oo,
(4612 +4a12)2
1, n— —o0o,
uz = 4 1643, + 164> (60)
ap +16a%a

(4a2 —1-4012)2 N
From Egs. (58)-(60), we derive that the lump only exists after
the resonant interaction. Figure 7 shows that the lump detaches
from the line soliton.

Fig. 7. Fission of a lump and a line soliton with the parameter a = 2.5, b = —0.6, E =28. (a) n = —110, (b) n =200, and (c) n = 280.

4.2. Resonant interaction between a lump and two line
solitons

If the N-soliton solution (5) with N = 4 satisfies the par-
tial long wave limit constraints

ki =Kie, ky=Kze, exp(B) =exp(By) = —1,
Ki=K;, 1 =13, € =0,

we obtain the hybrid solution consisting of a lump and two line
solitons

Fn)? o

with
f(n) = exp(Ass + 13+ Na)(aizas + aizar + aisa
+a4a24 +a1302 +a140, +ax301 +ax40; + 0,6
+a12) + (a13a23 +a1362 + a3 61 + 016, +a2) exp(n3)

+(a14a24 + a146> 4 a2401 + 016> +ay2) exp(n4)

+6,60, +aiz,
in which
o 2K1K2 G — 2Ki sinh(kj)
~cos(ly—hL)—1" " cos(l;—1;) —cosh(k;)’
cos(lz —I4) — cosh(ks — k4)
cos(l3 —1y) —cosh(ks +kq)’
0; = 2K;cos(l;)x+ 2K;sin(l;)y +2Kin, (i=1,2),
n; = 2sinh(k;) cos(I;)x + 2sinh(k;) sin(l;)y + 2k;n + BY,
(j=3.4),
where [3](-) is an arbitrary real constant.

By taking K1 =1, Kb =1, k3 = oy, ka = 0, I} = bi,

lp=—bi,l3=0,and l4 =0 (a; #0, o # 0, and b # 0) in the
Eq. (61), we obtain a hybrid solution consisting of a lump and

a2

(i=1,2, j=3,4), exp(Az) =

050205-12



Chin. Phys. B 32, 050205 (2023)

two line solitons arranged in the y-direction

_ St Df(n-1)
M(I’l) - f(l’l)2 ) (62)

with
f(n) = & +iyi[*+a +exp(ns) (1€ + iy +a13\2+a12)
+exp(n4) (|€1+iw +ag)? +ap)
+exp(n3 + M +Asq) (& +ivi + a3 +awl* +an),
in which

1 2sinh(a;)

~ cosh(b) —cosh(oy)’

(& —4d®)* + (vi +an) (&} +4a°) + 2an v} + ¥ +a7,

1 —cosh(a — )

2sinh(op)
s —
14 1 —cosh(a; + )’

~ cosh(b) —cosh(ap)’
&1 =2cosh(b)x+2n, y; =2sinh(b)y,

exp(Aszq) =

N3 = 2sinh(oy )x+20n+ [3?,
N4 = 2sinh(on)x +20on + BY,

where &; and y are real part and imaginary part of 0y, respec-
tively. The nonsingular condition of the hybrid solution (62)
isoy+ o #0, |b| # |ai], and |b| # ||

The lump moves along & ~ 0 and y; =~ 0. As 13,14 —
—oo, We obtain the asymptotic form of the lump denoted as
ump from Eq. (62) as follows:

o 63
lump (612+W12+a12)2 ( )
The lump is centered at | + iyq| = 0. As 113, N4 — +o0, we obtain the asymptotic form of the lump as follows:
(G tata)’ —4a®) + (Wi +an) (& +ais +ais)’ +4a%) +2any] + Y +ap, (64)

lump —

The lump is centered at |€; + iy + a3 +aja| = 0. From the
above analysis, we derive the phase shift of the lump before
and after the interaction is a3 + a4.

Now we investigate the resonant solution consisting of a
lump and two line solitons. If a3, aj4 — oo, the phase shift
of the lump before and after the interaction will become infi-
nite. To this end, we take the phase parameter [310 (j=3,4)
as [3]0 = ﬁijof In(|ai;]?), and take the limits b — p, a; — p,
o — —p. We obtain the resonant solution as follows:

_ [+ Df(n—1)
u(n) - f(n)z ’ (65)

in which
F(n) = |&+ivi P +ai+exp(x + BY) +exp(—x + BY)
+sinh?(p) exp(BY + BY), (66)
where

1
ap = — , & =2cosh(p)x+2n,

sinh?(p)
Yy = 2sinh(p)y, x = 2sinh(p)x+2pn.

It should be noted that a1, > 0, so the resonant solution (65) is
nonsingular.

The trajectories of two line solitons can be calculated
from Eq. (65). Line soliton 1 moves along

L =0,
and the line soliton 2 moves along

L, =0,
where

Li=x—BY+L, Ly=x+B)-L,

((&1+a3+a14)?+yi+an)?

in which
L=mn(|& +iy; \2 +an +sinh2(p) exp(@—k@)).

The line soliton 1 and the line soliton 2 can be expressed
as follows:
A D filn—1)

() fin?

(67)
with
filn) =1+exp(Ly), (i=1,2),

where subscript i (i = 1,2) denotes the line soliton i (i = 1,2).

For the asymptotic analysis of the lump, we have & ~ 0
and y = (2p —2sinh(p)/cosh(p))n, thus || — e as n — Feo.
We obtain the asymptotic form of the lump from Eq. (65) as
follows:

ut :{1’”_)_“” (68)
wp =\ 1, s oo,

For the asymptotic analysis of the line soliton 1, we have
L) =~ 0. We rewrite Eq. (66) in the following form:

exp(2L; + ﬁ:o + ﬁT?)
exp(2L) ’

f=exp(—x+BY) (1 +exp(Li) +
and exp(2L) — 4o as n — Freo. We obtain the asymptotic
form of the line soliton 1 denoted as ujipe, as follows:

ulfnel ~uy(n), n— Foo. (69)
For the asymptotic analysis of the line soliton 2, we have
L, ~ 0. We rewrite Eq. (66) in the following form:

f = exp(—x+BY) (1+exp(Lz — B~ Y +2L)

+exp(2La— Y~ BY+21)),
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and exp(2L) — oo as n — Foo, s0 we obtain the asymptotic
form of the line soliton 2 denoted as ujine, as follows:

ul~uy(n), n— Foo. (70)

line,

From above asymptotic analysis, we derive that the lump does
not exist before and after the resonant interaction, and the line

solitons do not change their velocities and shapes before and
after the interaction. The process of the resonant interaction
between a lump and two solitons is shown in Fig. 8. The lump
separates from one line soliton and fuses into the other line
soliton. In the whole process, the lump is localized in both
time and space, which exhibits rogue lump phenomenon.

Fig. 8. Resonant interaction between a lump and two line solitons with the parameter p = 1.6, EO = -20, [373 = —20. (a)n=—60, (b)yn=—15,

(©)n=0,(d)n=15,(e) n=60.
5. Molecules between lump, breathers and line
solitons

In this section, we investigate the lump—soliton molecule,
the lump-breather molecule, the lump-breather—soliton
molecule and the lump-breather—breather molecule for the
(24 1)-dimensional elliptic Toda equation by utilizing the ve-
locity resonance method.

Case 1 From the hybrid solution (46) composed of a lump
and a line soliton, we obtain the velocities of the lump and the

line soliton as follows:
<sin(ll) —sin(ly) cos(ly) —cos(l) ) T
Vlump = ’

sin(l, — 1) sin(l] — )
P kycos(l3)  kssin(l3) T
fine =\ " Sinh(ks) * sinh(ks)

Utilizing velocity resonance condition

Vlump Vines

we derive a lump-line molecule which is shown in Fig. 9 by
taking the parameters K1 = 14 0.61, K, = 1 —0.61, k3 = 0.5,
I, =08+ arccosh(smh(o )i, (sinl(;g).S) )i
I3 =0.8, and ﬁ3

Case 2 From the hybrid solution (61) composed of a lump
and a breather, we obtain the velocities of the lump and the
breather as follows:

I, = 0.8 — arccosh

)

e _ sin(l}) —sin(l) cos(l;) —cos(l)\ "
e =\ sin(l — 1) sin(l; — b) ’
Re(2k3)Re(2sinh(k3)cos(l3))
Re2(251nh(k3)cos(l3))+Re (2sinh(k3)sin(l3))

Re(2k3)Re(2sinh(k3)sin(l3))
" ReZ(2sinh(k3) cos(l3))+Re? (2sinh (k3 ) sin(l3))

Vbreather =

Utilizing velocity resonance condition

Vlump = Vbreathers

we derive a lump-breather molecule which is shown in
Fig. 10 by taking the parameter K; = 1 + 0.6i, K; =
1—-06i, ks = =03+ Zi, ky = =03 -3%i, [, = n +
arCCosh(cosh(O.SO);mh(O.S) )i, L=m— arccosh(cosh(O.?z));mh(OAS) )i
I3=%+0.5i,l4 =% —0.5i, B =15, and B = 15.

Case 3 If the N-soliton solution (5) with N = 5 satisfies
the long wave limit constraints

Kye, exp(By) =exp(By) = —
Ki=K;, L =0, ks=kj, =1}, B =B, e—0,

>

ki =Ki€g, ky =

we obtain the hybrid solution consisting of a lump, a breather
and a line soliton
fln+1)f(n—1)
u(n) = TR ) an
f(n)?

with
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f(n) = e TAsTASTI NS (43003 + ay3a04 + arzazs + araans + a14azs + araans + aysaz + ajsazs + ajsags

+a1362 +a146s +ai562 + a3 01 + a0 +axs 01 + 0162 +arn) + e B (q13a03 4+ arzang + ajaan

tai4a +a1360, + a6 + a3 0y +a0; + 016> +arn) + AT (q13a05 + apzazs + arsan

+a1sazs + a3 +ars6r + a0 +axs 61 + 016, +arp) + e TN (a1 4404 + arsazs + arsaz

+ajsars +aiab +ajs6 + a0 +axs 601 + 0162 +ain) + e (a13a23 +ai136: + a0y + 616, +arn)

+e™ (a14a24 +a1462 +a240, + 0162 +a12) + e (a15a25 + a1562 + a5 0 + 016, +a2) + 6,6, +aia,

in which
2K K> 2K; Sinh(kj)
apn = y Aij = )
cos(lj — ) —1 cos(l; —1;) —cosh(k;)

cos(l; —1;) —cosh(k; — k)

i =1,2,j=3,4,5
((=1,2,j=345), cos(l; — 1) — cosh(k; +k;)’

exp(4;;) =

(i=3,4,j=4,5i<})),

0; = 2K;cos(l;)x+2K;sin(l;)y+2Kin, (i=1,2),

n;j = 2sinh(k;) cos(/;)x+ 2sinh(k; )sm(l')y—|—2kjn—|—ﬁjo,
(j=3,4,5),

where ﬁjo (j = 3.,4,5) is an arbitrary real constant. From hybrid
solution (71), we obtain the velocities of the lump, the breather
and the line soliton as follows:

_ (sin(ly) —sin(ly) cos(l1) —cos(l>) T
Vlump o ( Sin(lz — l]) Sin(ll - 12) > '

Re(2k3)Re(2sinh(k3)cos(l3))
Re? (2sinh(k3) cos(l3))+ReZ(2sinh(k3 ) sin(i3))

Voreather = . Re(2k3)Re(2sinh(k3)sin(l3)) ’
Viine = (_

Re2(2§mh(k3)cos(l3))+Re 2sinh(k3)sin(l3))
f(n) — eA34+A35+A36+A45+A46+A56+773+774+775+716(

kscos(ls)  kssin(ls)\ "
sinh(ks) *  sinh(ks) ‘

Utilizing velocity resonance condition

Vlump = Vbreather = Vlines

we derive a lump-breather—line molecule which is shown in
Fig. 11 by taking the parameter K; = 14 0.6i, K, = 1 —0.6i,
k3 = —0.4789249532 4 T, k4 = —0.4789249532 —
1.6, = 7r+arccosh(w)i, I, = 1w — arccosh i,
Ii=%5406i, 14 =% —06i, s =m, [33 = -30, B = 30,
and B9 = 30.

Case 4 If the N-soliton solution (5) with N = 6 satisfies
the long wave limit constraints

Kae, exp(By') = exp(By) = —
Ki=K5, h =01, ks=k;, =1},
kS :kgv ZS :lga ﬁ??: 0*7 1350: g*v

we obtain the hybrid solution consisting of a lump and two

Ti ks =
(smh(l 6))

ki = K¢, ky =
£—0,

breathers
fn+1)f(n—1)

Fwr "

u(n) =

with

aizass +aj3an +azazs +azazs +aj4as + ajsan

+aisars +aaaze +aisaz; +aisaz +ajsaxs +ajsaz +aieazs +aieazs + ajedos + ajeaos + a1362

+a140 +a156; +a1602 + 42361 + 2401 + az501 + az6 01 + 0105 +a1p) + e AT A TN o

(a13a23 + a13azs + a13azs + a1a4a23 + aiaa4 + arsans + aisa + aysar + aisaxs +a1362 +a146>

+a156 + a0 + a6 + as0) + 60165 +ayn) + e HATAGTMLIMANS (413053 4+ aj3a04 + arzans

+a14a3 + ajaa4 + a1aa26 + a16a23 + a16a24 + ajeaos +a1362 +a146x +a1662 + a3 0 + a6,

Ass+Aszg+A
+a2601 + 0162 + a1p) + eI TANTASTNINSHe (413055 + ay3a05 + ar3ane + arsazs + aisass

+aisas + aieans + aiears + aiears +a1362 +ai562 + ai166> + a3 0 +ars0; + a6 + 0162 +ai2)

4 eA4sHA46HAse+N4+Ns5 16 (

a14a24 + a1aans + a14az6 + ajsaz24 + ajsas + ajsaze + aiedz4 + areazs

+ajeare + a1a6 +aij50; +a166 + a2401 + ars 0y + are 6, + 6,6, +a12) + eAatms (a13a23

+a13a04 + a14a23 + a14a24 +a136 + @146 + a2301 + 2401 + 0162 +arn) + 3T (q13a,5

tap3axs +arsazs +ajsags +a130; +a156s + a3 b +axs0; + 016, +ain) + eI (a13a,,

)

+a13a26 + ar6azs + areazs +a1302 +aj66s + a1 + a0 + 6,6 +apn) + e TN
)
)

(

(
14025 + a15a24 + a15a5 + 1462 + ay562 + a0 +ays0y + 016 +ayy) + eI (q14a0,

(

aj4any

+a14az6 + a16a2s + a16a26 +a1462 +a1662 + a0y + a0 + 0162 +ary) + e T (qy5a,5
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+aisass + aietas + aiedos + ais6r + ai1662 +ars 01 + a0 + 016, +aiz) + €™ (a13a23 +ai136,

+ax301 + 616, +ain) + e™(ajaa0s +a1462 + a0 + 0162+ ain) + €™ (arsazs +as62 + ars 6

+616,+a12) + e (ajeaz + a1662 + ax 61 + 0162 +ain) + 616, +ain,

in which
2K1 K2 2Ki sinh(kj)
app = ————~——, 4jj = ,
cos(lj — ) — 1 cos(l; —1;) —cosh(k;)
(i=1,2,j=3,45,6),
cos(lj —1j) —cosh(k; — k)
exp(A4;;) = ,
P(4s) cos(l; —1;) — cosh(k; +k;)
(i = 374’5’j = 47576’1- < j)7

6; = 2K;cos(l;)x+ 2K;sin(l;)y + 2K;n, (i=1,2),
n; = 2sinh(k;) cos(l;)x + 2sinh(k;) sin(l;)y + 2k;n + BY,
(j=13,4,5,6),

where [3]0 (j =3,4,5,6) is an arbitrary real constant. From hy-

brid solution (72), we obtain the velocities of the lump and two
breathers as follows:

N sin(l}) —sin(l) cos(l;) —cos(l)\ "
e =\ Tsin(lh— 1) 0 sin(l —b) ’

Re(2k3)Re(2sinh(k3)cos(l3))
Re?(2sinh(k3) cos(l3))+Re?(2sinh (k3 ) sin(3))

Vi =
breather! Re(2k3)Re(2sinh(k3) sin(13)) ’

Re?(2sinh(k3) cos(l3))+Re?(2sinh (k3 ) sin(3))

Re(2ks)Re(2sinh(ks) cos(ls))

Re? (2sinh(ks) cos(I5))+Re?(2sinh(ks ) sin(ls))
Re(2ks)Re(2sinh(ks ) sin(l5))

Re? (2sinh(ks) cos(l5))-+Re?(2sinh(ks ) sin(/s))

Vbreather2 =

Utilizing velocity resonance condition

Vlump = Vireather] = Vbreather2,

we derive a lump-breather—breather molecule which is
shown in Fig. 12 by taking the parameter K; = 1 +
0.8i, K = 1 —0.8i, k3 = —0.5128078901 + Ji, k4 =
—0.5128078901 — Zi, ks = —0.4 + 37”1, ke = —0.4 —

e cosh(0.5128078901) sinh(0.6) \:  ;

2 b h = tﬁotlggg;g?)?)( nn(0.6) Tl fio b=
COos . Sin . . _ E . _ E _

arccosh( 0.5128078901 i, I3 =3 +06i, Iy =3

0.6i, Is = 23X +0.5i, ls = 3£ —0.5i, By = —20, B) = —20,
B2 =20, and B = 20.

Fig. 11. Lump-breather—line molecule. (a) n = —555, (b) n = 3, and (c) n = 556.
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Fig. 12. Lump-breather—breather molecule. (a) n = —560, (b) n = 0, and (c) n = 560.

6. Conclusion

By introducing different parameter constraints and uti-
lizing the partial long wave limits on the N-soliton solu-
tion, we obtain various hybrid solutions for the (2 + 1)-
dimensional elliptic Toda equation. Based on these hybrid
solutions, we demonstrate different interactions that exhibit
interesting physical phenomena. When the phase shifts of
solitary waves before and after the interaction are infinite,
the elastic interaction becomes a resonant interaction. The
resonant interaction between two breathers and the resonant
interactions between a breather/lump and line solitons ex-
hibit the fusion, fission, time-localized breather and rogue
lump phenomena. When the interactions between the solitary
waves make each other moves at the same speed, the molec-
ular structure is formed between the solitary waves. We de-
rive the lump—soliton molecule, the lump-breather molecule,
the lump-soliton-breather molecule and the lump-breather—
breather molecule for the (2 + 1)-dimensional elliptic Toda
equation through the velocity resonance method. Our work
on the diverse interactions among nonlinear localized waves
for the (2 + 1)-dimensional elliptic Toda equation contributes
to the study of complicated nonlinear wave phenomena for the
(2 + 1)-dimensional discrete nonlinear wave equations.

A natural extension of the present work may be to investi-
gate the resonant interaction between the lumps and breathers
as well as the resonant interactions among the line solitons,
breathers, lumps for the (2 + 1)-dimensional elliptic Toda
equation, which may exhibit various interesting physical phe-
nomena. Recently, the resonant interactions between the
lumps and homoclinic orbits for some continuous (2 + 1)-
dimensional integrable equation have been investigated.[69-621
It is interesting for us to study the resonant interaction between
the lumps and homoclinic orbits for the (2 4 1)-dimensional
elliptic Toda equation. Furthermore, pattern formation in
higher-order lumps of the Kadomtsev—Petviashvili I equation
at large time is investigated in Ref. [63]. We are also interested
in studying the patterns of higher-order lumps for the (24 1)-
dimensional elliptic Toda equation in future work.
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