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Abstract Water waves are one of the most com-
mon phenomena in nature, the study of which helps
in designing the related industries. In this paper, a
generalized (3 4 1)-dimensional B-type Kadomtsev—
Petviashvili equation for the water waves is inves-
tigated. Gramian solutions are constructed via the
Kadomtsev—Petviashvili hierarchy reduction. Based on
the Gramian solutions, we construct the breathers. We
graphically analyze the breather solutions and find that
the breathers can be reduced to the homoclinic orbits.
For the higher-order breather solutions, we obtain the
mixed solutions consisting of the breathers and homo-
clinic orbits. According to the long-wave limit method,
rational solutions are constructed. We look at two types
of the rational solutions, i.e., the lump and line rogue
wave solutions, and give the condition for the lumps
being reduced to the line rogue waves. Taking another
set of the parameters for the Gramian solutions, we
also derive the kinky breather solutions which can be
reduced to the kink solitons. For the higher-order kinky
breather solutions, we obtain the mixed solutions con-
sisting of the breathers and kink solitons. Combining
the breather and rational solutions, we construct two
kinds of the hybrid solutions composed of the breathers,
lumps, line rogue waves and kink solitons. Characteris-
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tics of those hybrid solutions are graphically analyzed
and the conditions for the generation of those hybrid
solutions are given.
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1 Introduction

Water waves have been thought to be one of the
most common phenomena in nature, the study of
which helps in designing the related industries [1—
7]. The Kadomtsev—Petviashvili (KP)-type equations
have been seen in fluid mechanics, nonlinear optics
and plasma physics [8—15]. People have also obtained
the B-type KP hierarchy by imposing an extra condi-
tion between the Lax operator and its adjoint of the
KP hierarchy [16-20]. To study the B-type KP hierar-
chy, researchers have presented a generalized (3 + 1)-
dimensional B-type KP equation for the water waves
[21-23],

Upy — Uxxxy — 3(quy)x + 3ux; =0, (D

where u = u(x, y, z, t) is a real function of the scaled
spatial coordinates x, y, z and temporal coordinate 7,
the subscripts denote the partial derivatives. The higher-
order, multiple rogue waves and lumps for Eq. (1) have
been obtained based on the solutions in terms of the
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Gramian [21]. Multiple wave solutions for Eq. (1) have
been constructed by means of the multiple exp-function
algorithm [22]. N-soliton solutions formed by the lin-
ear combinations of the exponential traveling waves
have been constructed [23].

Breathers, lumps and rogue waves have attracted
researchers’ attention because of their applications in
fluid mechanics, nonlinear optics, plasma physics and
other fields [24—-40]. It has been considered that there
are three types of the breathers, namely the Akhme-
diev breathers, Kuznetsov—Ma breathers and Peregrine
solitons [36,41-46]. As akind of the rational solutions,
lumps have been considered as the waves localized in
all directions in the space [33-35]. Rogue waves have
been seen as the large-amplitude waves unexpectedly
appearing in the oceans [36-38,47,48]. A potential
mechanism for the formation of the rogue waves has
been associated with the modulation instability [45,49—
52]. Peregrine solitons have been considered as the pro-
totype of the rogue waves in the oceans [36]. It has
been reported that three types of the breathers are mutu-
ally related, especially the Peregrine solitons have been
considered as the limiting form of the Akhmediev or
Kuznetsov—Ma breathers [53,54].

To our knowledge, the breather solutions and hybrid
solutions which are composed of the breathers, lumps,
line rogue waves and kink solitons for Eq. (1) have
not been studied via the KP hierarchy reduction. In
Sect. 2, we will construct the solutions in terms of the
Gramian which are different from those in Ref. [21]
for Eq. (1). In Sect. 3, we will derive one kind of the
breather solutions for Eq. (1), which can be reduced to
the homoclinic orbits under certain conditions. Accord-
ing to the long-wave limit method [33,55], we will also
construct the rational solutions including the lumps and
line rogue waves for Eq. (1). In Sect. 4, one kind of the
hybrid solutions composed of the breathers, lumps and
line rogue waves for Eq. (1) will be obtained. In Sect. 5,
another kind of the breather solutions and hybrid solu-
tions which are composed of the breathers, lumps and
kink solitons for Eq. (1) will be constructed. In Sect. 6,
we will give our conclusions.

2 Gramian solutions for Eq. (1)
By virtue of the dependent variable transformation [21]

u=2(n f)x, 2)
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where f = f(x,y, z, t) is a real function, Eq. (1) can
be converted into the following bilinear form [14]:

(DyD; — D3Dy 4+ 3D, D,)f - f =0, )

where D is the Hirota’s bilinear differential operator
defined as [56]

d d\i/0 d\!
DD DDl g = (- LY (L Dy
’ dx  dx’ ay 9y

d 0 \3/0 0 \l4
P ., T A~ s Vo ’t
(az 81’) <8t 8[’) fx 32,0

g(x/’ y/a Z/a t/)|x=x’,y=y/,z=z/,t=t/7

with g as a function of the formal variables x’, y’, 7’
and ¢, [y, I, I3 and I4 being the non-negative integers.

Referring to Refs. [57-60], the bilinear equation in
the KP hierarchy,

(D} Dy, + 2Dy, Dyy — 3Dy D)ty -t =0, (4)

admits the Gramian solutions,
T = Im{ 1<i j<n. )

where the matrix element ml(;‘) satisfies the following

differential and difference relations:
By m (n) l_(n)l/,](_n)’

mz‘“ (@ﬂﬁbwﬁﬁ—?mw v,
m = @20 + " @2 v
—(@mmbwmww)
m = @3 0" " = 0% ") (0 ¥ )
+<wﬂf5wmw9)—‘“w3w“5

(6)

+1 +1 +k
m0D = gy D ) gk,
k
mw9=—wﬁ),@=hzau
(n) () (n) : :
mg;’, ¢ and ; are the functions of the variables

X1, X2, x3 and x4, “0” means the partial derivative, n
is an integer and N is a positive integer. Proof process
about 1, being the solutions of Bilinear Form (4) can
be found in Ref. [21].
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In order to construct the breather solutions for
Eq. (1), satisfying (6), we choose

(n) (n) , (n)
m =8 + ——— My,
0T g Vi

o = pl(pi +qie",

wj(_n) = (- qj)—nes_,-’
with

ri =P5X1+P,-2X2+P?X3+P?x4+”?’

2 3 4 0
Sj=4qjX1 —qjXx2+q;X3 —q;jxX4+S;,

where p;,q;, rlp and s? are the complex constants, §;; =
1(i=j)andé;; =0 # j).

We set f = 70 and take the independent variable
transformations:

x1=—x, x2=1y, x3=2¢t, x4 =12,

where I = /— 1, and then Bilinear Form (4) can be
reduced to Bilinear Form (3). With certain parameters
pi and g; given in [61], we can prove that f = 79 isa
real function. Therefore, Gramian solutions for Bilinear
Form (3) can be written as

Pi + qi eri‘Hj

= 8+ )
! Y pita; NxN

)

where

ri = —pix + Iply + 2pit + Ip}z +r),
Sj=—qjx — Iqllz.y + 2q?t — Iqj.‘z +s?,
and then, by virtue of the transformation u = 2(In f),,

we can obtain the Gramian solutions which are different
from those in [21] for Eq. (1).

3 The first kind of the breather and rational
solutions for Eq. (1)

3.1 The first kind of the breather solutions for Eq. (1)

In Appendix A, we construct the first kind of the
breather solutions for Eq. (1). Setting M = 1 in

Eq. (24), we can obtain the first-order breather solu-
tions for Eq. (1) as

u=2(In f)y, (8a)
f=14e8 4 efl 4 Apeb™ii, (8b)
where

01 = —Ihix + 21 Ahyy — In(A1A3 +443)z
- %(kﬁ 124h1 + ¢/,

A M

p=1- A= AT

Take Ay = Ajg + I A; with I = /=1, Ay and

Ajqy as the real constants, and we rewrite {; = {1g +
1¢1;, where

CiR = =20 Ay + M A (A — 442,
+ 12427 + 120 Ag At + ¢,

C11 = —Mx + 201 ARy )
— MARGT — 1243, +44% )z

X
- 71(,\% — 1242, + 1243 p)1.

It can be found that the behavior of the first-order
breather is affected by Ajg, Ay and Ay, and the
asymptotic behavior of the first-order breatherisu — 0
as {|g — = 00. Moreover, the first-order breather is
localized along the direction of the line {1 = 0 and
periodic along the direction of the line {1; = 0. Calcu-
lation shows that A7 and A cannot be zero; otherwise,
the first-order breather solutions will be equal to zero.
Because ¢1 g only contains the expressions of y and ¢ but
not the expression of x, the first-order breather is paral-
lel to the x axis on the (x, y) and (x, z) planes. However,
on the (y, z) plane, the first-order breather has an angle
with the y and z axis. Particularly, when the coefficient
of zin ¢ g is equal to zero, i.e., A% _4A%1 + lZA%R =0,
the first-order breather will be parallel to the z axis on
the (y, z) plane.

We note that when 3% = 0or ag% = 0, which
means that the coefficient of z or ¢ in C1g 1s equal to
zero, and the localized behavior of the breather only
appears in the ¢ axis. Those breathers will be reduced
to the periodic line waves on the (x, z) or (x, ) plane,
where the periodic line waves begin from the constant
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plane, then form the periodic waves, and finally return
to the plane. That kind of the solution is also called the
homoclinic orbit [62,63]. Because A7 and A cannot
be zero, there is no such solution on the (x, y) plane.
The higher-order breather solutions for Eq. (1) can
be obtained similarly. For instance, when M = 2, the
second-order breather solutions for Eq. (1) are

u=2(1Inf),, (10)

1(a1-a3+2522) 1(a3-a1+21572)
1 1
1(A—a+232) 1(a3-41+21572)
-1 _
A —A A +A
I(A]*—Az-i-%) I(AT—Aﬁ—i—%) , (1)
1 1 —1
Irpe82 122
1

(A 43)
— 1 — 1

1(A2~45) e T
where

Gk = — Dhx + 21 Aphey — I(AG +447)z
(12a)

I
- Tk(ki+12A£)t+§£, k=1,2)

Ay = A%k%e§1 T+ (12b)

From the above analysis on the first-order breather
solutions, we know that there are three forms of the
second-order breathers, which contain two first-order
breathers, two homoclinic orbits and the mixed form
consisting of one first-order breather and one homo-
clinic orbit, as shown in Fig. 1. Since ¢z in Egs. (12)
only contains the expressions of y and ¢ but not the
expression of x, which means that the x direction shows
only the periodicity, so that the second-order breathers
are still parallel to the x axis on the (x, y) and (x, z)
planes. However, on the (y, z) plane, we can construct
the breathers which are parallel to the z axis or have an
angleto the y and z axes. Because Im( A1) (where Im(e)
is the imaginary part of @) and A1 in Solutions (10) can-
not be zero, the second-order breathers on the (y, z)
plane can be parallel to the z axis but not to the y
axis. We find two interaction forms of the second-order
breathers. The two first-order breathers propagate along
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the same direction and undergo an overtaking inter-
action when Re(Aj) - Re(Ay) > 0 (where Re(e) is
the real part of e) in Solutions (10). However, when
Re(Ay) - Re(Ay) < 0in Solutions (10), the two first-
order breathers propagate in the opposite direction and
undergo a head-on interaction.

If we take %ﬁm = 0 or %ﬁm = 0 in Solu-
tions (10), we can obtain the mixed form of the second-
order breather solutions consisting of one first-order
breather and one homoclinic orbit, as shown in Fig. 1.
It can be seen that the mixed solutions only contain
one first-order breather when [t| > 0, and the first-
order breather is parallel to the x axis. When |¢| — 0,
periodic line waves arise from the constant background
and interact with the first-order breather. Moreover, let
both 2 = ( and 2 = 0 in Solutions (10),
and we can obtain the second-order breather solutions
consisting of two homoclinic orbits.

3.2 Rational solutions for Eq. (1)

According to the long-wave limit method [23,39], we
construct the rational solutions for Eq. (1) in Appendix
B. We note that the rational solutions have also been
obtained via another method in [21]. When M = 1, the
rational solutions for Eq. (1) can be written as

u=2(In f),,

=10 2——, 13
S =10 = (13)
with

0 = I(x —2A1y +4A3z +64%1).

Let Ay = a + Ib with a and b as the real constants,
and the rational solutions can be rewritten as

16b2(x + hy + mz + nt)
u= ,
1 +4b2[(x + hy +mz +nt)2 + (ry + pz + qt)?]
(14)

where

m = da(a® — 3b%), n = 6(a> —b?), p = 4b(b*> —3d>),
q = —lZab, h = —2(17 r = 2b.

Next, we give two types of the rational solutions:
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(a2) t=0 (a3) t=5

(b2) t=0 b3)t=5

(c1) t=-5

(c2) t=0 (c3) t=5

Fig. 1 The second-order breathers via Solutions (10) with Ay = 04+ 1, A; =2, Ay = — % + %1, A = % and glo = ;20 =0.a
z=0bx=0cy=0

. Lumps. We take the (x, z) plane as an example.
From Eq. (14), when y = 0, at any fixed ¢, when
(x, z) goes to the infinity, # — 0. Hence that solu-
tion indicates a lump moving on a constant back-
ground, and that lump has two extreme points at
(ﬁ, 0) and (— zl—b, 0) with the maximum and min-
imum being 4b and — 4b, respectively.

. Line rogue waves. When p = 0 in Solutions (14),
ie., 4b(b*—3a?) = 0, the lumps will be reduced to

the line rogue waves on the (x, z) plane. Different
from that of the soliton, the amplitude of the line
rogue wave varies with 7, and the maximum and
minimum amplitudes of the line rogue waves are
4b and — 4b, respectively. We note that because b
cannot be zero (otherwise u is equal to zero), there
is no such line rogue waves on the (x, y) plane.
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(c1) t=-2

Fig. 2 The second-order rational solutions via Solutions (15) with A} = 5 + § and Ay = — % +

(a2) t=0

(c2) t=0

When M = 2, the second-order rational solutions

are
u="2(In f)y,
9 1 1 1
U A AT A4y A4
1 o* -1 -1
f _ Al—AT 1 AT—AZ AT—A;
= 1 1 1
A=A A—AF ) Ar— A3
—1 —1 1 0
N—A| G—A A—4A5 2
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15)

(3)t=2

1 ,az=0bx=0cy=0

)

where

O = I(x —2Ary + 443z +6A21). (k=1,2).

The second-order rational solutions contain the two
lumps, two line rogue waves and the mixed form con-
sisting of one lump and one line rogue wave, as shown
in Fig. 2. Similar to the second-order breathers, there
are also two kinds of the interaction forms from the two



Breather and hybrid solutions

2029

(c1) t=—4

(b2) t=0

(€2) t=0

(a3)t =4

(b3) t=4

(c3)t=4

Fig. 3 The second-order rational solutions via Solutions (15) with A} = 0.2 4+ 0.6/ and A, = — % + @ az=0bx=0¢cy=0

lumps, as shown in Fig. 2. We show the evolution of
the two line rogue waves in Fig. 2c. It can be seen that
the two line rogue waves arise from a constant back-
ground, then reach their maximum amplitudes atz = 0
and finally disappear into the background again. We
also find that the amplitude at the location of the inter-
action between the two line rogue waves is zero and
the wave pattern forms two curvy wavefronts which are
separated, as seen in Fig. 3c. We illustrate the mixed

solution consisting of one lump and one line rogue wave
in Fig. 3, from which we find that the lump exists all
the time and moves on the constant background but the
line rogue wave exists only for a period of 7. When the
amplitude of the line rogue wave reaches the maximum
value, the line rogue wave crosses over the lump and
the lump is divided into two parts.
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4 Hybrid solutions for Eq. (1)
We give the hybrid solutions for Eq. (1) in Appendix C.
When N = N = 1 in Eq. (26), rational- and exponent-

type solutions can be written as

u=2(InAoF)y,

F =
0 1 2 2
1 A —AT 2A—A)—hy 2(A—AP+ia
1 9 -2 —2
A]*AT 1 2(AT7A2)7)»2 2(AT7A§)+)\.2
-2 21 =L 4 =l I ’
2(A1=A2)+ry —2(AT—A2)—hy  apef2 A2 Ay—A%
-2 21 —1 1 e
20 —A)—hy —2(AT—A3)+Aa A =43 Atz R
(16)

where Ag = k%eﬁﬂz* and

01 = I(x —2A1y +4A3z + 6A7D),
0 = — Ihax + 21 Aghpy — 1Mo (A5 +4A3)z

Ik
- 72@3 + 12401 + ¢,

Based on the above analysis on the breather and
rational solutions, we know that the hybrid solutions
are composed of the lumps, breathers, line rogue
waves and homoclinic orbits. We show the rational and
exponent solutions in Fig. 4. It can be seen that the
breather is parallel to the x axis on the (x, y) plane
but has an angle with the y and z axes on the (y, z)
plane.

‘We find that the breather and lump move in the oppo-
site directions and form the head-on interaction when
Re(Ap) - Re(A2) < 0 in Eq. (16). However, when
Re(Ap) - Re(Az) > 0 in Eq. (16), the breather and
lump move in the same direction and form the over-
taking interaction. If we set [Im(A1)]? = 3[Re(A)]?
in Eq. (16), we can obtain the hybrid solutions con-
sisting of one breather and one line rogue wave, as
shown in Fig. 4c. It can be seen that the breather
moves on the (x,z) plane and the line rogue wave
only exists for a limited period of ¢ in Fig. 4c. If
we set A3 — 4[Im(A2)]* + 12[Re(A2)]*> = 0 in
Eq. (16), we can obtain the hybrid solutions con-
sisting of one homoclinic orbit and one line rogue
wave.
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5 The second kind of the breather and hybrid
solutions for Eq. (1)

5.1 The second kind of the breather solutions for
Eq. (1)

In Appendix D, we construct the second kind of the
breather solutions for Eq. (1). Different from the first
kind of the breather solutions for Eq. (1), the second
kind of the breather solutions emerges from some dif-
ferent characteristics. For example, when M = 1 in
Eq. (29), the first-order breather solutions for Eq. (1)
can be written as

u="2(n f)y, (17a)
F=14e" + e + At (17b)
where

0= hix — 21 Ajay — TAIM (A3 +442)2
A
- 503+ 124dr +¢f,

(A + AD)?
App = —_—s.
(Al + AT)Z - )\]

Take A; = Ajg+1A1y, and werewrite {| = {1g+
I{ll,where

QIR = Ax + 201 Agpy
MA (O3 —4AT, 4+ 1247z

A
- 71@% — 124}, + 1243 )1 + ¢,

tir = =20 ARy — A AIR(A — 124}, + 44 )z
— 12A1 A1 A RE. (18)

The first-order kinky breather in Fig. 5 shows both
the features of the breather and kink. Kinky breather is
also localized along the direction of the line g = 0
and periodic along the direction of the line ¢;; = 0. We
find that the kinky breather in Fig. 5 does not need to
be parallel to the x axis on the (x, y) and (x, z) planes
because {1 g in Eq. (18) contains four variables x, y, z
and 7. Moreover, the imaginary part in Eq. (17b) will
disappear when {17 = 0, and then the kinky breather
will be reduced to the kink soliton.
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(c1) t=-2 (2)t=0 (c3) t=2
Fig. 4 Hybrid solutions via Solutions (16) with A; = — 2 + 231, Ay =03+ land A, =l.az=0;bx =0;cy =0

1 1
A]—Az—lw A§+A1—T

When M = 2 in Eq. (29), the second-order kinky
breather solutions for Eq. (1) can be written as

A tA A +A
Aot 22 AT-ATHERE 20)
— + —_— [ —
u=2(In f), (19) lae 2 MFAh
=1 -t __ 1 Ax+AS+1, o +
et T A ? hae
—1 —1 -1
Al+AT+ o T
f = A2 : 11 : Ael 1 where
A=A =52 App -3
— —1
M2 a3_an i Gk = Mex — 21 Ay — I AghicOf + 447z
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(b1) t=-20

(c1) t=-20

(b2) t=0

(2 t=0

(a3) t=20

(b3) t=20

(e3) t=20

Fig. 5 The first-order kinky breather via Solutions (17) with A} = 0.6 — %I and A} = % az=0bx=0¢cy=0

A
_ 7"@,{ + 12401+, (k=1,2)
Ay = 3Gl He ot
We find that the second-order kinky breather solu-
tions contain two first-order kinky breathers, two kink

solitons and the mixed solutions consisting of one first-
order kinky breather and one kink soliton. If we set

@ Springer

Re(Ar) = 0 in Eq. (19), the kinky breather will be
reduced to the kink soliton. We can construct the mixed
solutions consisting of one kinky breather and one kink
soliton when Re(Aj) = 0 and of two kink solitons
when Re(A1) = Re(A) = 0in Eq. (19). We find that
the kinky breather and kink soliton move in the oppo-
site directions when Im(A7) - Im(A3) < 0 or move
in the same direction when Im(A{) - Im(A3) > 0 in
Eq. (19).
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(c1) t=-10

Fig. 6 The second-order kinky breathers via Solutions (19) with A} = %I , A =1, Ay = % -

cy=0

5.2 Hybrid solutions for Eq. (1)

Based on the second kind of the breather solutions, we
construct the hybrid solutions for Eq. ( (1) in Appendix
E. According to Eq. (26), when N =N =1,the hybrid
solutions can be written as

(b2) t=0

(c2) t=0

(b3)t =10

(e3) t=10

Zandry = f.az=0;bx =0;

s

u=2(InAoF)y,

0 1 2 2
! A TA—A R XA
—1 * -2 —
A+AT o1 2(ATI+A2)+A2 2(A] =A%)+
-2 -2 1 B

2(A1— /\22)+A2 —2(A*+A2)+)»2 haet2 + T2 A+ AT—1
=1 4 =1
TATASTR AT MTAT s TR
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(a1) t=-8 (a2) t=0 (az)t =28

(b2)t=0 (b3) t=8

(c1) t=-8 (c2) t=0 (c3)t=8

Fig. 7 Hybrid solutions via Solutions (21) with A} = \/T§ — %I , Ay =

where Ag = A%egzﬂz* and

0 = —x + 21 A1y + 41 A3z + 6431,
O = Aax — 21 Axhpy — IA2)\.2()\.% + 4A%)Z (22)

s
- 72(,\5 + 1243 + 2.

That kind of the hybrid solutions, composed of the
kinky breathers, lumps and kink solitons, is shown

@ Springer
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+1 p=4andy=0.az=0bx=0cy=0

in Figs. 7 and 8. Hybrid solutions composed of one
kinky breather and one lump is shown in Fig. 7. Sim-
ilarly to that in Fig. 6, if we set Im(z2) = 0 in
Eq. (22), the kinky breather will be reduced to the kink
soliton and we can obtain the hybrid solutions com-
posed of one kink soliton and one lump. When we set
[Re(A1)]> = 3[Im(A})]? in Eq. (22), we can derive
the hybrid solutions composed of one kinky breather
and one line rogue wave, as shown in Fig. 7. Moreover,
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(c1) t=—4

Fig. 8 Hybrid solutions via Solutions (21) with A} = 4 - %I , Ag

if we set [Re(A1)]*> = 3[Im(A)]? and Im(z2) = 0
in Eq. (22), which means that the kinky breather is
reduced to the kink soliton and the lump is reduced to
the line rogue wave, we can obtain the hybrid solutions
composed of one kink soliton and one line rogue wave,
as shown in Fig. 8.

(a2)t=0

(b2) t=0

(e2) t=0

(az)t=14

(c3) t=4

I y=3andy=0.az=0;bx=0;cy=0

[S][N)

6 Conclusions

Water waves have been thought to be one of the most
common phenomena in nature, the study of which helps
in designing the related industries. In this paper, a gen-
eralized (3 4 1)-dimensional B-type KP equation for
the water waves, i.e., Eq. (1), has been studied. Dif-
ferent from those in Ref. [21], Gramian Solutions (7)
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for Eq. (1) have been constructed via the KP hierarchy
reduction. Based on Solutions (7), we have derived the
first- and second-order breather solutions, i.e., Solu-
tions (8) and Solutions (10). We have found that the
first-order breather is parallel to the x axis on the (x, y)
and (x, z) planes and can be reduced to the homo-
clinic orbits. For the higher-order breather solutions,
we have constructed the mixed solutions consisting
of the breathers and homoclinic orbits, as shown in
Fig. 1. According to the long-wave limit method, ratio-
nal Solutions (25) for Eq. (1) have been derived. Two
types of the rational solutions, i.e., lump and line rogue
wave solutions, have been analyzed, as shown in Figs. 2
and 3 . We have found that the lumps can be reduced
to the line rogue waves. We have also constructed the
hybrid solutions composed of the breathers, lumps and
line rogue waves, i.e., Solutions (26), for Eq. (1). Char-
acteristics of those hybrid solutions have been graphi-
cally analyzed, as shown in Fig. 4.

Taking the parameters given in Eq. (28) for Gramian
Solutions (7), we have also derived the kinky breather
solutions for Eq. (1), i.e., Solutions (29). The first-
and second-order kinky breathers are shown in Figs. 5
and 6 . We have found that it is not necessary for the
kinky breathers to be parallel to the x axis, i.e., the
kinky breathers can have an angle to the x axis, and
the kinky breathers can be reduced to the kink soli-
tons. For the higher-order kinky breather solutions,
we have constructed the mixed solutions consisting of
the kinky breathers and kink solitons. Meanwhile, we
have derived another kind of the hybrid solutions, i.e.,
Solutions (30), for Eq. (1), which are composed of the
breathers, lumps, line rogue waves and kink solitons.
Characteristics of those hybrid solutions have also been
graphically analyzed, as shown in Figs. 7 and 8.
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Appendix A

According to the procedure in [61], we take

Ak « Ak
P2k—1 :_IAk'i‘I?, p2k=—IAk—I?,

Ak Ak
k-1 = IAk +I7, Pk = IA: — 17’ (23)
0 0 0 0 0 0
Pok—1 = T2k = Th» S2k—1 = 52k = Sk

[T

where the asterisk “x”” indicates the complex conjugate,
Ap’s, rp’s and s;’s are the complex constants, Ax’s are
the real constants fork = 1,2,..., M and M = N/2.
Combining the above assumptions and Eq. (7), we can
obtain the Mth-order breather solutions for Eq. (1) as

uw=2(n f),, 24)

M (o ek
where f = A|Fk,l|1§k,l§M and A = eZi:I (é‘l + é‘i )
]_[,/(V’: ; A7, and the matrix elements are defined as

—1 —1 I
+ = ==
ek Ak A—Ap

Frp = < —1 I IRk

Ak*Alt )Lkeglj + *

I I
At A —A
A=A =L A= A=

Fk,l — I 2 1 2 )
A —A Ap+A
Ap— AT A Ap+ T

Gk = — Iex + 21 Aghgy — I (Al + 447z

Ix
- T’“(x,’f + 124D + ¢,

where ;,? = r,? + s,?.

Appendix B

Based on the long-wave limit method [33,55], we will
derive the rational solutions for Eq. (1). Setting e =
— 1, and taking the long-wave limit Ay — 0, we can
construct the rational solutions for Eq. (1) as

u=2(n f)y, (25)
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where f =
as

9k 1 1 1
Ap— A% Ax—A;] Ap—AF
Frx = 1 o0* Y, Fra= 1 1],
A—ar Yk A=A A —AF

with

| Fk.1], and the matrix elements are defined

O = [ (x —2Ary +4A3z + 6A%1).

Appendix C

We have derived the rational- and exponent- type solu-
tions for Eq. (1) in Appendices A and B. Combining the
above two kinds of solutions, we can obtain the hybrid
solutions for Eq. (1) as

u=2(n f),, (26)

N+N « NN
where f = A|Fyl, A = eZk:N+l(§k+§k)n]]<v:1T]/V+1

A%, N and N are the positive integers, the relevant deter-
minant is defined as

27

A B
[ Fl = ’C D"

Aisa2N x 2N matrix with its matrix elements defined
as

1
A 9]( Ar— A*
k.k = 1 0* s
Ak—AZ
1 1
A=A Ap— A*
A= "21 "“1'],
A* Ay k_A;<

B and C are the 2N x 2N and 2N x 2N matrices,
respectively, with their matrix elements defined as

2 2
(Z(Ak—/\t)—)»t 2(Ak— 4] )-H»t)
2 s

2A—AD—h 2(A— A*)+Al

B, =

—21 21
Cri= = 2(Ag=AD+Ae 2(A—AD) =2k
k= —21 21 ’
TAAT— A= XAT—ANFik

Disa2N x 2N matrix with its matrix elements defined
as

-1 -1 I
ek + T A=A}
Dy = 1 Ay ar

Ak—A,t )\,kegk Ak

—21 —21
D=~ 2(Ak—ADFhp+r —2(Ak—A)) +h—N
ki = 21 21 ;
2(A5—=AD+r—h 2(AF=AD)+h+h
and

O = I(x — 2Axy +4A3z + 6A7D),
Gk = — Iex + 21 Aghiy — I (AAd + 447z

- —(xk + 12401 + ¢,

Appendix D

‘We assume that

Ak Ak
-1 = A - -, = — A* - -,
P2k—1 k B P2k k )
Ak )\k
Q-1 = — Ap — 5 4%k = AL — ER (28)

0 0 0 .0 0 0
k-1 =Tk = Ti» S2k—1 = Sok = Sk-

Combining the above assumptions and Eq. (7), we
can obtain the Mth-order kinky breather solutions for
Eq. (1) as

u=2(In f)y, 29)

where f = A|Fk1|andA—ng 1(§l+§ )1—[ ’
and the matrix elements are defined as

—1 4 =1 1
ek Mo Ap+AF—Ak
Frie= —1 -1 4 -1
M+ AL 5 Ak
—1 —1

A2 A+

o= | - AetaETt KM A A
kil = —1 1 )

A*+A +)‘k+)‘l A* A*+)‘k+)‘l

G = Mx — 20 Apagy — L Ah O} +4A2)z

A
- 7"@% + 1242 + ¢,

where ;,? = r,? + s,?.
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Appendix E

Similar to those in Appendix C, we can construct the
hybrid solutions for Eq. (1) as

u=2(n f)y, (30)

N+N * NN
where f = A|Fl, A = ezk=ﬁ+1(ck+§k)]—[]1:/:1\~1]v+l

k,%, the relevant determinant is defined as

€1V

A B
|Fk,l|=’ '

CD

Aisa2N x 2N matrix with its matrix elements defined
as

1

1
A—Ay Ak+A7

0* ’ ) = —1 —1 ’
3 E3 E3
k Ak+A[ Ak_Al

B and C are the 2N x 2N and 2N x 2N matrices,
respectively, with their matrix elements defined as

2 2
B = 2(Ak=AD—r 2(Ak+AD) =N
kg = — -2 9
2(A5+AD+ M 2(AF=AD)+N
2 2
_ | 20— AD—hi 2(Ax+A)) =2k
Cri = _ )

s —

2(A5+AD M 2(Af— A+

Disa2N x 2N matrix with its matrix elements defined
as

—1 4 =1 1
axelk Mo Ap+A7—2k

Dix = —1 -1 L -1,
Ap+Af 2 )Lke{/j Ak

2 2
D 2(Ak—AD=hk—hr 2(Ak+AY) =M=
k,l -2 -2 s
2AFADF AN 2(AF—AD Mt
and

O = —x + 21 Ary + 41 Az + 6431,
Ok = hx — 20 Ay — I A 02 4 442)2

Iy
- ?"(xg + 12401 + ¢,
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