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Abstract

Studying the transformation mechanisms of soliton solutions of some high-dimensional
equations can aid in comprehending the physical phenomena of the relevant nonlin-
ear wave interactions. Therefore, the transitions and mechanisms of nonlinear waves
in the (2+1)-dimensional sine-Gordon and (2+1)-dimensional modified Boussinesq
equations are investigated for the first time by means of characteristic line and phase
shift analysis, and the dynamic behavior of various nonlinear transformed waves is
analyzed. Firstly, we derive the N-soliton solution by applying the Hirota bilinear
method, from which the breather solution is constructed by changing the parame-
ters into a complex form in pairs. In addition, via the characteristic-line analysis, we
present the mechanism for the transformation of the breather solution, which is com-
posed of the nonlinear superposition of a solitary wave and periodic wave. When the
characteristic lines of the two parts are parallel, we find that various transformed non-
linear wave structures can be obtained, such as M-type solitons, oscillating M-type
solitons, multi-peak solitons, quasi-sine waves and so on. Finally, we demonstrate that
the geometric properties of the characteristic lines vary with time essentially result-
ing in the time-varying properties of nonlinear waves, which have never been found
in (1+1)-dimensional systems. Overall, the study of breath-wave transitions in the
(2+1)-dimensional sine-Gordon equation and the modified Boussinesq equation pro-
vides valuable insights into the bahavior of nonlinear systems and wave propagation.
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1 Introduction

Soliton theory was developed in the 1840s, and has become an important means to
study nonlinear science [1]. Soliton is a quasi-particle that is morphologically stable
and excited by a nonlinear field with non-dispersive energy. Soliton possesses all the
properties of particles, including energy, momentum, and mass, and so on. They also
adhere to all the laws of nature [2, 3]. It can describe some physical phenomena,
and is widely used to explain water wave propagation in rivers and oceans, signal
transmission in optical fiber communication, and some special phenomena in the field
of plasma physics [4-6]. Some eloquent developments in nonlinear physics have been
made [7-9]. The discovery of soliton phenomena can be traced back to 1844, when
British scientist Scott Russell [10] accidentally discovered a strange phenomenon of
water waves while walking in the river. Since then, the concept of soliton waves entered
everyone’s vision. Subsequently, in 1895, Korteweg and Vries introduced the signature
KdV equation for isolated waves [11], and since then, the existence of solitary waves
has been widely recognized by the academic community. In 1965, Zabusky and Kruskal
used numerical methods to study the interaction process of solitary waves in plasma,
and confirmed that the waveforms do not change after the interaction of solitary waves,
and were named soliton [12]. The development of soliton is of great significance to
mathematics and other scientific fields [13—-17]. At present, soliton theory seems to
have shown its vigorous vitality, and has become a new science, and its research will
undoubtedly promote the development of modern mathematical physics and applied
engineering [18-22].

There are many famous methods to derive the soliton solution of the nonlinear
equation, such as inverse scattering method [23], Bickloud transformation method
[24], Lie group method [25], Darboux transformation method [26] and Hirota bilinear
method [27]. In addition, there are various methods to derive soliton solutions of the
nonlinear equation [28]. The Hirota bilinear method applied in this paper is proposed
by Hirota in 1971 [29]. It is a powerful tool to construct analytical solutions [30-32].
Moreover, somenew works find new properties of PDEs by using bilinear method [33—
35]. We apply the bilinear method in this work, which has the advantages of simplicity
and directness. It does not require that the nonlinear partial differential equations under
study have Lax pairs, i.e., regardless of the existence of Lax pairs in equations, the
equations can be solved directly by transforming them into bilinear type by means of
bilinear transformations.

In addition, solitons with different structures have also been studied, such as the dark
solitons [36], anti-dark solitons [37], W-type solitons [38] as well as multi-solitons
[39, 40]. The concept of rogue wave [41] was proposed by the British writer Darp,
which is a peak value structure with limitations in space and time, and it is also known
as the wave of “coming without shadow, going without trace”. Breathers are nonlinear
waves that are periodic in both time and space, and can be divided into Akhmediev
breathers [42] and Kuznetsov-Ma breathers [43]. Akhmediev breathers are periodic
and completely localized in the direction of evolution, while Kuznetsov-Ma breathers
are periodic and localized in the direction of evolution. Many mathematical models
can describe these nonlinear waves, such as the Korteweg-de Vries (KdV) equation
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[11] and the nonlinear Schrodinger (NLS) equation [44], as well as their various
deformations.

The breather is a local wave that exhibits periodic oscillation behavior in a cer-
tain direction [45]. Recent studies have shown that breather solutions exist for many
nonlinear equations, including sine-Gordon equation [46], Kudryashov-Sinelshchikov
equation [47], (4+1)-dimensional Fokas equation [48], Korteweg-de Vries (KdV)
equation [49]. Lump is derived from breather degradation (period is infinite), that
is, a limiting structure of breather [50]. Under certain conditions, breathers and rogue
waves can be converted into other types of nonlinear waves, referred as the state
transformation of waves [51, 52].

In nonlinear systems, higher-order effects and coupling effects have significant
effects on the state transformation of nonlinear waves. In this case, the breather can
be seen as a single pulse composed of a nonlinear superposition of a solitary wave
component and a periodic wave component with their own velocities Vy and V,,.
In general, the velocity difference between the two components is not zero, that is,
Vi # V). Conversely, if Vi = V), the breather can be transformed into other non-
linear waves, such as antidark solitons (ny # 0, n, = 0), M-type or W-type solitons
(ns ~ np), multi-peak solitons (ny < 1), periodic wave (n;, = 0,71, # 0), where
ns, Np represents the wave number of the solitary wave component and the periodic
wave component, respectively. Moreover, in recent years, some rich nonlinear wave
structures have been discovered in the plane wave background in the higher-order
nonlinear equations. [53] proved that the breathers in the higher-order NLS equation
can be converted into non-pulsed solitons. The conservation between rogue waves and
W-type solitons in the Hirota equation has been discovered, which is influenced by
higher-order effects [54]. Breather-to-soliton transitions, nonlinear wave interactions,
and modulational instability have been found in a higher-order generalized nonlinear
Schrodinger equation [55]. In addition, the (2+1)-dimensional KdV equation and the
state transition between lump wave and breather have been studied in [56].

In view of previous studies, the transformation mechanism for the (2+1)-
dimensional sine-Gordon equation and (2+1)-dimensional modified Boussinesq
equation has not yet been studied. Motivated by these, we investigate nonlinear wave
state transitions for the (2+1)-dimensional sine-Gordon equation [57] and the (2+1)-
dimensional modified Boussinesq equation [59].

The (2+1)-dimensional sine-Gordon equation is given as follows:

Uyy + Uyy — Uy = Sinu. (1.1)

Equation (1.1) is the classical wave equation with a nonlinear sine source term. The
sine-Gordon partial differential equations can be used to simulate the dynamic mecha-
nism of base motion during DNA transcription and remaking. The equations are widely
used in research because of their adaptability, nonlinearity and increasing dispersion
accuracy. [58] derived localized dynamical behavior in the (2+1)-dimensional sine-
Gordon equation. [60] studied new kink-shaped solutions and periodic wave solutions
for the (2+1)-dimensional sine-Gordon equation. New class of running-wave solutions
of the (2+1)-dimensional sine-Gordon equation have also been given in [61].
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. f*)
=2il — 1, 1.2
‘ ln(f (1.2)

where f is any complex function, * denotes the complex conjugate, and i = +/—1
Then we get the bilinear form of the (2+1)-dimensional sine-Gordon equation:

Here we take

1
(DY + D} = D) - )= 5(f* = (), (1.3)
where Dy, Dy and D, are bilinear operators. They are defined by

D" D} DY(f - &) = (3 — 8™ (Bx — 3:1)" By — dy)”
[f(, x, y)g(f/,x/7 y/)]|t’=t,x’=x,y/=y~ (1.4)

The (2+1)-dimensional modified Boussinesq equation is given as follow:

Uy — Uxx — Uyy —3<u2) — Uyyyx = 0. (1.5)
XX

The standard Boussinesq equation is often used to describe the propagation and change
of nonlinear shallow water waves, including shallow water deformation, reflection,
diffraction, refraction, wave breaking and dissipation, wave current interaction, and
tidal current phenomenon caused by waves [62, 63]. Solutions and conservation laws
of a (2+1)-dimensional Boussinesq equation have been given [64]. The decomposition
method for solving (2+1)-dimensional Boussinesq equation have also been studied in
[65]. [66] researched on lump solution of (2+1)-dimensional Boussinesq equation.
This paper is evolved from the generalized (2+1)-dimensional Boussinesq equation,
which is shown as follows:

Uy + Quxy — Uyy + B (uz) N + Yuyxxx = 0.

X

When o = —1, 8 = -3,y = —1, it is the (2+1)-dimensional modified Boussinesq
equation.
In order to obtain the bilinear form of equation (1.5), first we let

u=2(n ). (1.6)

Substituting Eq. (1.6) into Eq. (1.5) , we get:
(D} = D; = Dy = D)(f - f) = 0. 1.7
The main purpose of this work is to study the state transition of nonlinear waves and

various properties of transformed waves via nonlinear superposition, characteristic
lines and phase shift analysis of the (2+1)-dimensional sine-Gordon equation and the
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Table 1 Various types of

transformed waves and Transformed nonlinear waves Wave parameters (ay, by)
corresponding wave parameters Quasi-anti-dark soliton ap=3,b =1
M-type soliton ap=1,b =1
Oscillating M-type soliton ap=1,b =2
Multi-peak soliton ay=1,b1 =5
Quasi-sine wave a; =0.001,b1 =1
Quasi-periodic anti-dark soliton a; =0.001,b1 =3

(2+1)-dimensional modified Boussinesq equation. Thus, following problems need to
be further considered:

e What is the nonlinear superposition mechanism of the breathers of these two
equations?

e Do state transition conditions exist for breathers?

e How does time change affect nonlinear waves?

In addition, compared with previous studies, we also have some innovations, which
are as follows:

e According to the Hirota method, we derive the breather solutions and some con-
version waves of the two equations for the first time.

e We also present a certain nonlinear superposition mechanism of some breathers.
The breathers and transformed waves are the nonlinear superpositions of soli-
tary and periodic waves. Those results help us understand some structures of the
transformed solutions.

e The characteristic lines of the transformed waves are parallel, and the distance
between them is a function of the time ¢. As the time changes, the geometry of the
characteristic lines also changes, thus having the evolution of the other transformed
waves. It is helpful for finding various types of solutions with position and range
requirements.

1.1 Main Results

Theorem 1.1 The transformed wave solution iy of the breather for the (2+1)-
dimensional sine-Gordon equation can be expressed as:

(2+4/A2 cosh(01 + In \/A2) + Az cos Ap)*
2/ Ay cosh @) + In /Ay + A3cos Ay

ity = 2i In( (1.8)

where parameters ay, by are arbitrary constant, 01, A2, A3, A are defined in Eq. (2.23).
The relationship between various types of transformed waves and parameters is shown
in Table 1.

Remark 1 The constants ay, by in Eq. (2.23) control the locality and oscillation of the
transformed wave respectively. The larger the value of a;(b;), the stronger locality
(oscillation) the wave is.
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Table 2 Various types of

transformed waves and Transformed nonlinear waves Wave parameters (ay, by)

corresponding wave parameters Quasi-anti-dark soliton a;=2,b1 =2
Oscillating M-type soliton ap=1,b =2
Multi-peak soliton a; =0.5,b; =2
Quasi-sine-wave a; =05,b; =5
Quasi-periodic anti-dark soliton a; =0.01,by =1.24

Remark 2 Equation (1.8) is composed of hyperbolic and trigonometric functions, so
the transformed waves are nonlinear superpositions of solitary and periodic waves.

Remark 3 B1(01 + In/A; = 0) and B2(A; = 0) are the characteristic lines of the
transformed waves. The two characteristic lines are parallel, and the distance between
them is a function of the time . As the time changes, the geometry of the characteristic
lines also changes, thus having the evolution of the other transformed waves.

Theorem 1.2 The transformed wave solution Uy of the (2+1)-dimensional modified
Boussinesq equation can be expressed as:

> = 2[In(2v 22 cosh(8; + Inv/A2)) + A1 cos A ]ex
_ 8a2iy — 26222 +4(a? — b)Ai+/Ay cosh(6r + In v/2) cos(Ar)
B (2v/2 cosh(fr + In A2) + A1 cos(A2))2 (1.9)
8a1bi A1/ A2 sinh(62 + In /%) sin(A2)
(2v/3 cosh(6 + Inv/A2) + A1 cos(A2))?

where parameters ay, by are arbitrary constant, 01, A1, Ao are defined in Eq. (3.14).
The relationship between various types of transformed waves and parameters is shown
in Table 2.

Remark 4 a; is always smaller than by, periodicity of transformed waves is stronger
when a; is much smaller than b;.

Remark 5 Equation (1.9) is composed of hyperbolic and trigonometric functions, so
the transformed waves are nonlinear superpositions of solitary and periodic waves.

Remark6 B1(61 + In /A2 = 0) and B>(A; = 0) are the characteristic lines of the
transformed wave. At the point the two characteristic lines are parallel, and the distance
between these characteristic lines is a function of the time ¢. As the time changes, the
geometry of the characteristic lines also changes, thus having the evolution of the other
transformed waves.

1.2 Plan of Proof

In this paper, the state transformation of nonlinear equations is studied. In order to
study this problem, we must first obtain the soliton solution of the equation, the breather
solution. So the structure of this paper is as follows:
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In Sect. 2, we derive single soliton solution and double soliton solution of the (2+1)-
dimensional sine-Gordon equation, and we prove Theorem 1.1 in subsection 2.2 and
2.3 of this chapter.

In Sect. 3, N-soliton solution and breather solution of the (2+1) dimensional modi-
fied Boussinesq equation are derived. Then the state transition problem of the equation
is studied by the characteristic line analysis, Theorem 1.2 is proved here.

In Sect. 4, we summarize the previous work.

In Sect. 5, we say the future recommendations.

2 Breather Transition and Its Mechanism of (2+1)-Dimensional
Sine-Gordon Equation

The (2+1)-dimensional sine-Gordon equation is given in the previous section. In this
chapter, we mainly learn about the characteristic line of its solution.

2.1 Soliton Solution of (2+1)-Dimensional Sine-Gordon Equation
Let f be expanded in series according to the parameter ¢ as:
f =1 +f(1)8+f(2) 2 +f(") . (21)

Then we substitute Eq. (2.1) into Eq. (1.2), and collect the coefficients of the same
degree ¢ to obtain the following equation:

et f0+ f0 - 1D = %(ﬂ“ —(fMy"), (2.2)
e 2(f<2’+f;%> A+ D7+ D} = DYH(FD - F D)
5((#”)2 —(FY) + O — (O, (2.3)

e (fQ+ O — g+ 02+ D2 - DH(f V- £

= %(f(” = O+ VLD =D O,

...... (2.4)
2.1.1 Single Soliton Solution
Since f is any complex function here, let’s set

fO=ét.e T L& =kix + 11y +wit + 1, (2.5)

where ki, /1, wy, y1 are all real numbers, substituting Eq. (2.5) into Eq. (2.2), we get

k417 —wl=1. (2.6)
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-1o

(a) () (©)
Fig. 1 Structure of Single Soliton Solutions as t changes. at = —7. bt = 0. ¢t = 7. Parameters
k=30 =5yn=0w=/k+7-1=33

Then we substitute the Eq. (2.5) into (2.3),

1
PR+ = 17 =502 = . @.7)

The same as Eq. (2.1), so let f(2) =0, we get

1
3
V1D =5 =50 =, 2:8)
Here we take f® = 0, in turn, we can get f® = f©) = ... =0.Soif wesete = 1,
then

fi=14 W =1 4eft.eF, (2.9)

By substituting the above equation into Eq. (1.5), we obtain the single soliton solution
of this equation.

R o 1—iéh
uy =2iln=— =2iln -
f 14 iek

= 4arctan(e). (2.10)

Thus, we can get the three-dimensional diagram of its soliton solution at time ¢ =
-7,0,7.

2.1.2 Double Soliton Solution
In order to find a double soliton solution to the equation, let’s set

fO= (462 T & =kix+Ly+wit+y),j=12k+1 —wi=1.
(2.11)
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(@ (b) ()

Fig. 2 Structure of Double Soliton Solutions as t changes. at = —1. bt = 0. ¢t = 1. Parameters
ki=3,L=5k=2h=2y=pn=0w=/B+3-1=VBw=/kE+5-1=7

By plugging in Eq. (2.3) and setting f@® = ef1+52+412 . /™ among them the first
index of the last item for soliton interactions, so we can get

A ki —k)? + (I — )* — (wi — wy)?
(ki +k2)? + (1) + 12)? — (w1 + w2)?’

then
fr=1+ f(l) + f(2) =14+ (851 + 652) . e%" +e$1+$2+A12 e (2.12)

By substituting the above equation into (1.2), we derive the double soliton solution of
the equation

* &1 &
1wy =2i1n (f7) — 4arctan (L> . (2.13)

1 — eb1téat+An

We use mathematical software again to draw a three-dimensional diagram of the double
soliton solution at time t = —1, 0, 1 as shown in Fig. 2.

2.2 The Breather Solution and Characteristic Line Analysis of (2+1)-Dimensional
Sine-Gordon Equation

In order to obtain the breather solution of the (2+1)-dimensional sine-Gordon equation,
we pluralize the wave number of the double soliton solution u», i.e., Eq. (2.13). Let’s
set

A
ki =k =a;+iby,1 =1§k=p1+iq1,)/1=V2*=1n?1+81+771, (2.14)

where a1, b1, p1, q1, M1, 81, 1 are real numbers, we plug in (2.12)

=1 +ei7”(69|+iA1+ln)‘71 _i_e(-)lfiAlJrln%]) | 2014200 G+ Aptim

iz 2H L, (2.15)
=14 11”72 cos(Ay) + —‘4 2t
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where

o
61 =a1x+p1y+\/ﬁcos?lt+61,

4
Aq =b1x+611Y+«/581n?1t+771,

a2 ki — k) + (lh — )* — (wy — wp)?
(ki + k2)? + (11 + 12)? — (w1 + w»)?
. —4b2 —4g? — (a1 +ib1) >+ (p1+iq1)> — (a1 —ib1)? — (p1 — iq1)*)?
42 44g7 — (a1 +ib)2+(p1+ig)? — 2+ (a1 — ib)? + (p1 — ig)H)?’
pcosay =aj + pt — bl —qt — 1,
psino = 2a1b1 + 2p1q1, (2.16)

H=c¢

then we take

\H . in
=L A3 =Ajez.
4
In order to better reflect the characteristics of breather, we will be on both sides of Eq.
(2.15) at the same time divided by e?1, the resulting

efTZI =e 0 4 Azcos(Aq) + )\2691
0
«/)\.—2601 + el
= 2\/)»2f\/)‘72 + Az cos(Aq)
= 2V/hs cosh(8; + Inv/22) + A3 cos(Ap).
Thus,
fr ~ 2/A2 cosh(8) + In v/A2) 4+ A3 cos(A}). (2.17)

Therefore, we get its breather solution by substituting Eq. (2.17) into (1.5), i.e.,

) f* ) (2+/Ap cosh(0; 4+ Iny/A2) + A3 cos A1)*
up =2iln|{— ) =2iln .
2/ Az cosh @) +1In /Ay + A3 cos Ay
(2.18)

If f5 is converted to Eq. (2.17), It can be seen that the breather solution u» is localized
and periodic, where the hyperbolic function (cosh, sinh) determines its localiza-
tion and the hyperbolic function (cos, sin) determines its periodicity. Therefore, the
breather structure can be considered as a family of solitary wave and periodic wave
components. In order to better understand the wave state of the breather, we need to
analyze the characteristic lines of the solitary wave and the periodic wave. According
to the derivation process, we get two characteristic lines B1(6; + Iny/A> = 0) and
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[

(@ (b) (c)

Fig.3 a Spatial structure of the breather solution at # = 0. b The contour figure of a. L1 and L2 represent
the characteristic lines. ¢ The characteristic lines of a in the (X, y)-plane at# = Oand t = 1. Parametersa; =
0.1,by=2,pr=1,q1=1,A1 =2,81 =0,71 =0. L1 = 0.1x 4+ y 4+ 0.5230469914¢ — 1.723950496,
L2 =2x + y +2.294248931¢.

B2(A1 = 0) of the breather. Notice that the solitary wave component is traveling at

o o
—‘/ﬁz(;s 2 velocity on the x-axis, and % on the y-axis. The propagation velocity
/P cos !

of the periodic wave in the x-axis is TT’ and the propagation velocity in the
y-axis is Yoo 3 .

Figure 3 is the three-dimensional diagram of breather at ¢ = 0, the contour diagram
and the characteristic diagram atr = 0, 1.

From Fig. 3, we can see that the angle between the two characteristic lines does
not change with time. So we cannot help but ask under what conditions are the two
feature lines parallel? What happens to its wave state in this case? This is what we are
going to study next in the equation breather state transition problem.

2.3 State Transition of Breather in (2+1)-Dimensional Sine-Gordon Equation

Through the previous analysis, we know that the two characteristic lines of the breather
are:

o
81 :a1x+p1y+ﬁcos71r+31 +1ny/as =0, (2.19)
o
B2 1 bix +q1y + /pcos %H—m =0. (2.20)
Then the condition that the two characteristic lines are parallel is:

a  pi

=0.
by q

Then we get a relation: ajq; — by p1 = 0, further we can know

b
a_a_y 2.21)
ar pi
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where/ is a constant, then we can analyze how the breather changes under the condition
of parallel characteristic lines according to this relation, that is, how its wave state
changes.

From (2.21), we can get b1 = lay, g1 = Ip1. Then we obtain the breather solutions
in the new form,

fr ~ 2+/Azcosh(@) + In+/X2) + Az cos(Ay), (2.22)

where

o
01 =a1x+p1y+\/ﬁcos7]t+81,

o
Ay = layx +Ip1y + /psin 711 + 11,

ap k= k)? 4+ (L — ) — (wi — wy)?
(ki k)2 + (U 4+ 1)? — (wy + w))?
_ —Ab} —4q7 — (a1 +ib)* + (p1 +iq)? — (a1 — ib1)? — (p1 — iq1)?)?
4b} +4qf — (@1 +ib)? + (p1 +ig)? — 2+ (a1 — ib)? + (p1 — iq1)?)?
_ —4la)? —4Up1)* = (@1 +ila)* +(pi +ilg)* — (a1 —ila))* = (p1 —ilp1)*)?
~ 4(lan?+4pn)r— (a1 +ila)2+ (p1+ilp1)2 =2+ (a1 —ilay) 2+ (p1 —ilp1)?)?’
MH

ho=L=em ay = Ae7. (2.23)

H=c¢

By substituting in (1.5), we get

~ Sy oo ((24/Axcosh(0) +In/A2) + A3 cos(A1))*
Uy =2iln=—= =2iln .
2 24/Az cosh(@1 + In /X)) + Az cos(Aq)

(2.24)

From the perspective of form alone, Eq. (2.24) and (2.18) have no difference, but they
are different in essence. The solitary wave and periodic wave of Eq. (2.24) solution
are superimposed in the same direction, and the characteristic direction is the same,
that is to say

0r = K1 A2 + k2. (2.25)

So we use the characteristic line expression to define the characteristic direction angle,

(%)
¢ = arctan | — |,
ap

where ¢ is the positive angle between the characteristic line and the y-axis, which
needs to be distinguished from the general definition.
*

Since f is a complex function, so sz can be written in exponential form, then

ln(sz) can be converted, then we have to consider the conditions required in the
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Fig. 4 Spatial structure of the transformed nonlinear wave solution at #+ = 0. a Quasi-anti-dark soliton.
Parameters [ = %,al =3,b; =1, p; = 3,91 = 1. b M-type soliton. Parameters [ = 1,a1 = 1,b] =
1, p1 = 1,91 = 1. ¢ Oscillating M-type soliton. Parameters [ = 2,a1 = 1,b1 = 2,p1 = 1,q1 =2
d Multi-peak soliton. I = 5,a; = 1,b1 = 5,p; = 1,q; = 5. e Quasi-sine-wave. Parameters [ =
1000, a; = 0.001,b; = 1, p1 = 0.001,q; = 1. f Quasi-periodic anti-dark soliton. Parameters /| =
3000, a; = 0.001,b1 =3, p1 =0.001,q; =3,/ = Z—}. Other parameters o] =2,8; =0,n7; =0

function f, according to Eq. (2.22) we can know that 1, # 0, then H # 0. According
to equation (2.21), the breather can be converted into other waves under the condition
that the characteristic lines are parallel. Then we get three-dimensional maps of the
other nonlinear waves by using mathematical software.

Figure 4 is based on the change of wave-number ratio /. In Fig. 4, it can be found
that when [ = %, the breather transforms into a quasi-anti-dark soliton with only one
extreme line and is symmetric about the characteristic direction. When [ = 1, the
breather transforms into an M-type soliton with three extreme lines, one crest and two
troughs. When ! = 2, the breather again becomes an oscillating M-type soliton. When
| = 5, the breather is transformed into multi-peak soliton,/ = 1000, is transformed into
quasi-sine wave, and [ = 3000, is transformed into quasi-periodic anti-dark soliton.
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In this case, there is almost no localization in other directions, and the localization of
waves is almost only shown in the characteristic direction. It can be seen that with the
increase of the parameter /, the transformation of the breather into other waves follows
the following rules: quasi-anti-dark soliton — M-type soliton — oscillating M-type
soliton — multi-peak soliton — quasi-sine wave — quasi-periodic anti-dark soliton.

From Fig. 4, we find that parameter condition a; > b; represents waves with
strongly solitary states and weakly periodic states, while a; < bj represents waves with
weakly solitary states and strongly periodic states. So when a; increase, nonlinear wave
solitons sexual enhancement, b increases, the nonlinear wave periodic enhancement.
We can verify this conclusion with images.

Since the above results are obtained by fixing the time r = 0, what effect does the
time change have on the transformed waves? Next, we continue to study the effect of
time change on the transformed waves.

We can get from the previous work that the characteristic line of the transformed
waves are:

o

B3 :aix + p1y + /p cos Elwral +1ny/A2 =0, (2.26)
o

Bs :laix + Ip1y + /p cos 7%+m = 0. (2.27)

The direction of the two characteristic lines is the same, but the velocity is different.
For its solitary wave component, its velocity on the x-axis and y-axis are respectively:

Jpcos S

Vip = ——=,
ai

Jpcos 5

Viy=YE"2
P1

For the periodic wave component, its velocity on the x-axis and y-axis are:

Jpcos S

Ve =Y""2
2.x lay

Jpcos S

Vo, =Y—"2
Ip1

So the two characteristic line with change with the change of time, set the distance of
two characteristic line is di, we have

in %L
P = Ueos S+ B — 61 —In VAol

Vai + pi

It can be seen that with the change of time, the distance between the two characteristic
lines also changes, and the shape of the transformed waves also changes.

The following is an analysis of the different transformed waves. The first is the
quasi-anti-dark soliton at different times, whose three-dimensional maps are drawn
by Maple software.

d
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Fig. 5 Structure of the quasi-anti-dark soliton as t changes. at = —1. bt = 0. ¢ t+ = 1. Parameters
I=%.a1=3b=1p =3q=11=28=07n=0

(a) (b) ©

Fig. 6 Structure of M-type soliton as t changes.at = —1. bt = 0. ¢t = 1. Parameters [ = 1,a; =
L,bhy=1,pr=1,q1=1,x2x=2,81=0,n1=0

As shown in Fig. 5, the time change does not have much effect on quasi-anti-dark
soliton.

Next is a three-dimensional diagram of M-type soliton at different times.

It is found from the Fig. 6 that time change has a great influence on M-type soliton.

3 Breather Transition and Its Mechanism of the (2+1)-Dimensional
Modified Boussinesq Equation

This chapter we continue to study the N-soiton solution of the (2+1)-dimensional
modified Boussinesq equation by using the Hirota bilinear method, and construct the
breather solution by wave number pluralization, and study the state transition of the
equation.

The (2+1)-dimensional modified Boussinesq equation to be studied in this chapter
is given in the previous section.

3.1 Soliton Solution of the (2+1)-Dimensional Modified Boussinesq Equation

Based on the Hirota bilinear method, we get the N-soliton solution of Eq. (1.5):

N N
uy =2(In fy)xx, fv = Z exp Zﬂjé“j-i- Z wiiAj ], 3.1

n=0,1 j=1 1<j<l
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\
A

(a) (b) (c)

Fig. 7 Structure of Single Soliton Solutions as t changes. at = —2. bt = 0. ¢ t = 2. Parameters

k]:l,pl:1,w]:‘/l+k%+p%:\/§,y1:O

where
oAl — (kjwj = kwn)? = (kj = k)* = (kjpj = kip)* = (kj — kp)*
(kjwj +kw)? — (kj +k)? — (kjpj + kip)* — (kj + k)
g =ki(x+piy+wt)+y,wr=1+k>+pi=1,2

3.1.1 Single Soliton Solution

When N = 1, we can get the single soliton solution of this equation:

£ 5 £\’
up =2(0n fi)yx =201 + €°1))yx = > (sech 3) . 3.2)

By using mathematical software, we can get the three-dimensional diagram of its
soliton solution at time t = —2, 0, 2 as shown in Fig. 7.

3.1.2 Double Soliton Solution
J> is represented as follows:
fr=1+ o5l 4 52 4 e§'+52+‘412, (3.3)

A — _ kwi—kow)’—(ki—kp)> = (ki p1—kap2)* = (k1 —k2)*
. . (kywi+kowa)? — (k1 +k2)?— (k1 pr+ka p2)? — (ki +ko)*
soliton solution of the equation

where e

So, we get the double

up = 2(In f)xr = 2(In(1 + €81 + 52 51Tt Any) (3.4)

We use mathematical software again to draw a three-dimensional diagram of the double
soliton solution at time t = —1, 0, 1. As shown in Fig. 8.
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")

(a) (®) ©
Fig. 8 Structure of Double Soliton Solutions as t changes. at = —1. bt = 0. ¢ r = 1. Parameters k| =
6p1=lLk=4p=4y=rn=0w = /k+p+1=v38u=/k5+p;+1=133

3.2 The Breather Solution and Characteristic Line Analysis of the
(2+1)-Dimensional Modified Boussinesq Equation

We use the double soliton solution in Sect. 2 of this chapter to pluralize the wave
number of Eq. (3.4). Let

A
kl=k§=a1+ib1,p1=p;=c1+id1,m=y2*=1n71+81+im, (3.5)

where a1, b1, c1, d1, A1, 81, 1 are real numbers, we plug in (3.3),

h=1 LA | e—iAiHn | 264210 H A
=1+ ae cos(A1)+—14 e,

where

[07 [07
01 = a1x + (arc1 — bidy)y + /p(aj cos ?1 — by sin ?l)t 181,

.o o
Ay =bix + (a1d) + bic)y + /p(a;g sin 71 + by cos 71)t + n1,
_ (kwi—kow2)® = (ki —k2)* = (kip1 — kap2)* — (ki —k2)*
(k1w + kow2)? — (ki + k2)? — (ki p1 + kap2)? — (ki + ko)*’
p Ccos =a]2 —I—c% —b% —d12 + 1,
psina; = 2a1b; + 2c1d;.

H=e42=

3.7

Let’s set

=5
T

L ‘

A2
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In order to better reflect the characteristics of the breather, we will be on both sides of
Eq. (3.6) at the same time divided by ¢, the resulting is

efTZI —e + Ay cos(Aqp) + )\.2@91
Vige +
= 2\/A2+ + A1 cos(Ar)
= 2/ cosh(@; + Inv22) + A1 cos(Ap),
thus,
fo ~ 24/ A2 cosh(@1 + Inv/A2) + A cos(A1). (3.8)

Then we get its breather solution by substituting the equation (3.8) into (1.6).
ur = 2(In f2)xx = 2[In2+/3 cosh(@) + Inv/A2) + A1 cos Aqlx

_ 8afaa — 26123 + 4(a} — bHhi/Rz cosh(Bh + In y/A2) cos(A1)
24/Aa cosh() + In /A2) + A1 cos(A1))? (3.9)

8a1biA1+/Az sinh(61 + In /A7) sin Ay
(2+/A7 cosh(0 + In /A2) + A1 cos(A1))2

As aresultof f> > 0, and 2 cosh(91 +1n+/A2) + A1 cos(A 1)) has the minimum value

of 24/A3 — |A1], so when A, > T’ i.e.H > 1, there is a non-singular solution to Eq.
(3.9).

If f> is converted to Eq. (3.8), it can be seen that the breather solution u» is local
and periodic, in which the hyperbolic function (cosh, sinh) determines its locality, and
the hyperbolic function (cos, sin) determines its periodicity. This kind of breather is
a combination of the two components of solitary wave and periodic wave. In order to
better understand the wave state of the breather, we need to analyze the characteristic
lines of the solitary wave component and the periodic wave component. According
to the derivation process, we get two characteristic lines B1(6; + Iny/A> = 0) and
B2(A1 = 0) of the breather.

We can see from the characteristic lines that the propagation velocity of the solitary

Jplai cos L —by sin 2 L) JPlaj cos %—bl sin “71) the
al ajc1—bid;

wave in the x-axis is and in the y-axis is

.. . . ay sin 5L +bj cos
penodlc wave component is traveling at % velocity on the x-axis, and

aj sin —»-+bj cos
W on the y-axis. Observing the expression of the characteristic lines, we

can see that the angle (or parallel) between the two characteristic lines does not change
with time, from a physical point of view, which shows that the shape and amplitude
of the breather do not change with time, only the phase changes with time.

Figure 9 is the three-dimensional diagram of breather at ¢ = 0,the contour diagram
and the characteristic diagram atr = 0, 1.
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(@) (b) (©
Fig.9 a Spatial structure of the breather solution at = 0. b The contour figure of a. L1 and L2 represent
the characteristic lines. ¢ The characteristic lines of a in the (X, y)-plane at# = Oand t = 1. Parametersa; =
0.I,by=1l,c;=1,di=1,A1 =2,81 =11 =0.L1 =0.1x — 0.9y — 0.9311534897¢ + 1.931492390,
L2 =x+ 1.1y + 1.164034421¢

As shown in Fig. 9, under the above parameters, two characteristic lines intersect
and the angle does not change with time, then we will also have a question, under what
conditions will two characteristic lines be parallel? What happens to the breather in
this case? If it changes, will it change in the same way as in the previous chapter? This
is the state transition problem of this nonlinear wave that we want to study.

3.3 State Transition of Breather for (2+1)-Dimensional Modified Boussinesq
Equation

Through the previous analysis, we know that the two characteristic lines of breather
are:

o o
B1 :aix + (ajc; — bidy)y + ﬁ(al 00571 — by sin %) t + 6 —I—lnﬁz =0,
(3.10)
o o
B i bix + (ardy + bicy)y + \/ﬁ(al 00571 — by sin 71) t+n =0. (3.11)

Then the condition that the two characteristic lines are parallel is that the following
determinant is zero.

ay ajcy — bid;
by a1dy + b1y

Then we get a relation: (a]2 — b%)d1 = 0, so when a]2 — b% # 0,d; = 0, so at this
time

J-B-2iaib a4 E 1 - 4 2iarh) +af +E 4 1 —a] + T — ] — 1
H_

J-Ph-2iaibitad+ A1 -2 4 2iarhy +af + R+ 1 —Tad + 0 ] — 1
(3.12)
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When a; = 05,01 = 2,c; = 1,H = 9.77, this satisfies nonsingular conditions,
and in this case the characteristic lines are parallel. All the transformed waves in the
following paper satisfy the non-singular condition.

Next we’ll let d; = 0 in breather solutions in the equation of a new form:

o ~ 2323 cosh(8) + Inv/A2) + A1 cos(Az), (3.13)

where

0 = ayx +ayjcry + /plal cos(%1 — by sin O;—l)t + 61,

L« a
Ay =bix +biery + /plaj sin 71 + b cos Tl)t +n1,

J-P-2iatbi+ai+ct + 1\ J-b 4 diarb +ad+c +1—a? 70— — 1
H —

J0 = 2iatby + a4 G4 1[0 4 2iarhy +a} + 4 1-Tad 4+ B ] — 1

A H

dp =L (3.14)

By substituting in (3.4), we get

iy = 2(In f2)x = 2[In(2v/A2 cosh(@1 + Inv/A2)) + A1 cos Aj]ex
8a?hy — 233 + 4(a? — b)A v/ Az cosh(2 + Inv/A2) cos(Az)
(2+/25 cosh(Br + In A2) + Aq cos(A2))?
8a1biA /A2 sinh(0 + In /%2) sin(A»)
(/A2 cosh(6 + In v/A2) + A1 cos(A2))?

(3.15)

From the perspective of form alone, Egs. (3.15) and (3.9) have no difference, but they
are different in essence. The solitary wave and periodic wave of Eq. (3.15) solution
are superimposed in the same direction, and the characteristic direction is the same,
that is to say,

0 = k12 + k2. (3.16)
So we use the characteristic line expression to define the characteristic direction angle,
@ = arctancy,

where ¢ is the positive angle between the characteristic line and the y-axis, which
needs to be distinguished from the general definition.

In other words, when we fixed ¢y, under the condition of characteristic line parallel
of the characteristics of nonlinear wave direction does not change, and when H > 1,
the equation has a non-singular solution, then the breather can be converted into various
other types of waves, such as quasi-antidark solitons, M-type solitons, oscillating M-
type solitons, multimodal solitons, quasi-sine waves, and quasi-periodic waves.
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© (d (e)

Fig. 10 Spatial structure of the transformed nonlinear wave solution at ¢t = 0. a Quasi-anti-dark soliton.
Parameters / = 2,a; = 1, by = 2 b Oscillating M-type soliton. Parameters / = 2,a; = 0.5,b1 =2 ¢
Multi-peak soliton. [ = 10,a; = 0.5, b1 = 5 d Quasi-sine wave. Parameters [ = 124, a; = 0.01,b] =
1.24 e Quasi-periodic anti-dark soliton. Parameters / = 300, a; = 0.01, b1 = 3. = g—} Other parameters
c1=1,4=2,61=0,n1=0

Figure 10 is a 3D diagram of the conversion of the breather into other types of
waves under different conditions at # = 0 time.

Same as the analysis in the previous chapter, we can find that the transformed waves
also change with the change of the wave-number ratio/ = z—:. When the wave-number
ratio increases, the transformed waves change as follows: quasi-anti-dark soliton —
oscillating M-type soliton — multi-peak soliton — quasi-sine wave — quasi-periodic
anti-dark soliton.

At the same time we find in the process a; is always smaller than b, and when the
aj is far less than by, periodicity of the transformed waves is stronger.

Since the above results are obtained by fixing the time # = 0, what effect does the
time change have on the transformed waves? Next, we continue to study the effect of
time change on transformed waves.

We know from the previous work that the characteristic line of the conversion wave
is:

B3 :a1x +ajcry + ﬁ(al cos % — by sin %) t+61 +Inv/Ap =0, (3.17)
.o o

Ba :b1x+b1c1y+ﬁ(a1 s1n71+b1 cos %)t—i—m =0. (3.18)

The direction of the two characteristic lines is the same, but the propagation velocity

is different. For its solitary wave component, its propagation velocity on the x-axis
and y-axis are respectively:

Jplaicos 3 — bysin %)
Vl,x = ’
aj
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(a) ®) ©

Fig. 11 Structure of the oscillating M-type soliton as t changes. at = —2. bt = 0. ¢ r = 4. Parameters
l=4,a1=05,b1 =2,c1=1,A1=2,61=0,1n1 =0

f(al cos & — by sin 2

Viy=
¥ = aic

For the periodic wave component, its propagation velocity on the x-axis and y-axis
are:

Jp(ay sin G- 4 by cos 3t

V - £
2,x — bl

Vs — Jplaysin G- 4 by cos F)
2 bicy '

So the two characteristic line with change with the change of time, set the distance of
two characteristic line is d;, then

a+1 _6] _ Inva
d2 _ a1b| \/ﬁSln _ ar aj |

It can be seen that with the change of time, the distance between the two characteristic
lines also changes, and the shape of the transformed waves also changes.

The following is an analysis of the different transformed waves. Since we have
analyzed quasi-antidark solitons in the previous chapter, we would hazard a guess
that time change has no effect on it, and we can verify this conclusion by plotting.
So next we study the oscillating M-type solitons, the following is the change of the
transformed wave at different times.

The following Fig. 11 shows the oscillating M-type soliton at t = —2, 0, 4.

Through observation, we can find that the change of time has a certain effect on the
transformed waves such as oscillating M-type soliton.

4 Conclusions

In this paper, bilinear forms of two (2+1)-dimensional equations are studied and their
breather solutions are obtained, and we derive the state transition problem by using
their breather solutions. The results are as follows:
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1. We get the soliton solution and breather solution of the (2+1)-dimensional Sine-
Goedon equation via Hirota bilinear method, and derive the conversion conditions
of the breather into other waves. We also analyze the influence of wave number
ratio on solitary wave and periodic wave, and learn obout the influence of time
change on transformed waves.

2. Similarly, we use the same method to obtain N-soliton solution of the (2+1)-
dimensional modified Boussinesq equation, and then obtain its breather solution
by wave number pluralization. And when the two characteristic lines are parallel,
that is to say, H > 1, the breather can be converted into other types of nonlinear
waves. In addition, we find that the difference in wave-number ratio also affects
the solitary and periodic waves.

3. Through the analysis of the above two equations, we find that both breathers and
transformed waves are formed by the nonlinear superposition of solitary waves
and periodic waves, the difference is the characteristic direction of the solitary
waves and periodic waves, and the conversion conditions of the breather into other
waves of the two equations are different, but the difference in wave number ratio
has an impact on both solitary waves and periodic waves. And the change of time
also has an effect on some transformed waves.

Through the analysis in this paper, we can know that the breathers and other non-
linear waves are formed by the nonlinear superposition of solitary waves and periodic
waves. In addition, we try to investigate the dynamics process of nonlinear transformed
waves over time. And from the perspective of the change of the geometric structure
of the characteristic lines, the principle behind it is analyzed. In the future work, we
will focus on studying the conversion mechanisms of higher-dimensional equations,
including not only the problem of converting the states of the equation breather, but
also the conversion mechanism of the equation lump wave, and so on. This work will
be beneficial for the study of nonlinear physics, fluid dynamics, solitons, and other
related fields.

5 Future Recommendations

The (2+1)-dimensional sine-Gordon equation has significant applications in study-
ing the motion of charged particles in nonlinear fields, field coupling in quantum
field theory, and other related problems. The (2+1)-dimensional modified Boussinesq
equation is a widely applicable tool for describing the propagation of nonlinear waves
in various fields of study, including water wave theory. They are particularly useful
for describing phenomena such as ocean waves, optical waves, and fluctuations in
solid materials. Therefore, in the future we can explore more analytical and numer-
ical solutions of these two equations to deepen our understanding of them. Further
mechanisms of nonlinear wave transitions can also be investigated and attempts can
be made to apply these mechanisms to other nonlinear dynamical systems to explore
their generalisability and application. We can also extend the research results to other
fields, such as biomedical engineering and seismology, to explore the significance and
potential applications of breather conversion in different fields.
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