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Abstract In this work, a non-isospectral and variable-
coefficient Kadomtsev—Petviashvili equation is con-
sidered using Hirota’s bilinear form and a direct
assumption with arbitrary functions. Analytical ratio-
nal solutions in light of positive quadratic functions and
lump solutions of the variable-coefficient Kadomtsev—
Petviashvili equation are obtained. These lump solu-
tions describe two types of characters by some three-
dimensional graphs and contour plots, which contain
bright lump wave and bright—dark lump wave. Mean-
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while, periodic structure of the lump wave is also
shown.
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1 Introduction

Nonlinear integrable equations are often used to describe
problems in the fields of mechanics, fluid mechanics,
plasma, fiber optic communication and Bose—Einstein
condensation [1-5]. Finding exact solutions of non-
linear integrable equations has become an important
research topic [6-13], and a series of special meth-
ods have been proposed, such as inverse scattering
method [14], Darboux transformation method [15],
truncated Painlevé expansion method [16], Hirota’s
bilinear method [17], (G’/ G)-expansion method [18],
multi-exponential function method [19] and so on.
Inrecent years, lump-type solutions and lump—stripe
mixed solutions have attracted many scholars’ atten-
tion. They can reveal very interesting dynamical prop-
erties [20-32]. The lump solution, also known as the
rational solution, is an elastic collision in which the
shape, amplitude and velocity remain unchanged after
collision with the soliton solution. The mixed solu-
tion of lump-stripe mainly considers the interaction
between lump solution and other soliton solutions. The
research in this field is mainly based on Hirota’s bilin-
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ear method and symbolic computation. Many non-
linear integrable equations have lump formal solu-
tions and lump-stripe mixed solutions. Some impor-
tant results have been established. Gilson and Nimmo
discussed the lump solution and properties of the B-
type Kadomtsev—Petviashvili (KP) equation [33]. Li
[34] and his collaborators considered the interaction
between lump solution and cosh function. Sun et al.
[35] considered the interaction between lump solutions
and exponential functions. Ma et al. [36] further con-
sidered the interaction between the lump solution and
the trigonometric function and the bi-exponential func-
tion, which have more abundant dynamical properties
and structures. With the development of lump formal
solutions and lump—stripe mixed solutions, the dynam-
ical properties of the solutions are discussed, which will
help us to understand the physical background behind
the nonlinear integrable equations.

The KP equation was first proposed in 1970 by
Soviet physicists Kadomtsev and Petviashvili [37],
which has been used to describe water waves of long
wavelength with weakly nonlinear restoring forces
and frequency dispersion, and waves in ferromagnetic
media, as well as two-dimensional matter-wave pulses
in Bose—FEinstein condensates. The KP model has the
wave dispersion changing significantly the nonlinear
dynamics [38]. Nonlinear stability with infinite space
and periodic boundary conditions and dynamics of soli-
tary waves of KP-type equation have been discussed in
many literatures [39—41].

In this paper, a (3 + 1)-dimensional generalized KP
equation with variable coefficients is presented as fol-
lows [42]:

D3(O[Is(uy + wy ] + ux[302(D)uxy + I5(1)]
+3ﬂ2(t)uyuxx+l91 (t)”xxxy+uxt_l94(t)uzz =0,

ey
where u = u(x, y, z,t) is the wave amplitude func-
tion, which describes the long water waves and small-
amplitude surface waves with weak nonlinearity, weak
dispersion and weak perturbation in fluid mechan-
ics. ¥0;(t)(i = 1,2, 3,4,5) are arbitrary differentiable
functions. ¥ (¢) and ¥, (¢) represent the dispersion and
nonlinearity, respectively. 93 (¢) and 95 (¢) are the func-
tions representing the perturbed effects. ¥4(¢) repre-
sents the disturbed wave velocities along the z direc-
tion, and the subscripts represent the corresponding
derivatives. When 9 = ¢ = 93 = ¥4 = 1 and
Y5 = 0, Eq. (1) becomes the (3 + 1)-dimensional gen-
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eralized KP equation [43]. For Eq. (1), Wronskian and
Grammian solutions were obtained with a constraint
condition on the variable coefficients [44]. A couple
of solutions have been studied by the extended trans-
formed rational function method [45]. Pfaffian solu-
tions were presented by the Pfaffianization procedure
of Ohta and Hirota [42].

For the KP-type equations with constant coeffi-
cients, rational solutions and lump-type solutions have
been obtained in many research works. However, as far
as we know, rational solutions and lump-type solutions
to the KP equation with the variable coefficients have
not been found yet, which will become the primary
work of our paper. Section 2 inquires the rational solu-
tions and lump solutions by the Hirota’s bilinear form
and a direct assumption with arbitrary functions; Sect. 3
describes the spatial structures of the lump waves in
figures by choosing some suitable parameters; Sect. 4
gives the conclusion.

2 Rational solutions and lump solutions for Eq. (1)

Through the transformation u = 21;21(%) [[n&(x, y, z,

£)], and the constraint 91 (t) = Vo (t)e~ /] I5s® d’,
Hirota’s bilinear form of Eq. (1) can be presented as

[D; Dy + 91 () DDy + 93(t) D; Dy
—04(t)D7IE - & = 0. )

This is equivalent to:

_EISX + 1940)53 - 193(1‘)%'15)/ + 39 (I)ExySXX
_3191(t)§x‘§xxy — 1 (t)éygxxx + ‘E[‘Ext
—04(1)&zz + 03(D&y + D1(1)Exxxy] = 0. 3)

Considering the rational solutions and lump solutions
for Eq. (1), we make the following assumption

¢ = xay + yor + zaz + as(t),
¢ = xas + yae + zog + ag(t),
£=0"+ ¢t +an(), @)

where a1, an, a3, a5, ag and o7 are undefined con-
stants. a4(t), ag(t), ag(t) are unknown differentiable
function. Compared with those methods in Refs. [25—
32], our assumption can be used for solving variable-
coefficient nonlinear integrable equation. Substituting
Eq. (4) into Eq. (3) with the Mathematica software, we
have following results
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(1) :ay = ag =0,a8(t) = n; ag4(t) =sint, 93(t) =1, D4(1) =1,
N /, alad s (t) + a3alva(t) — ade (1) o O5(t) =0, o] = -5,
5 ,
1 pcs a3z =2, a5=3, n=n=0=1. (8)
305
Y= a9ty =m Substituting Eq. (7) and Eq. (8) into solution u ), three-
t 5 ., dimensional graphs and contour graphs at z = —5 and
* /1 A—eseimPa() +aimay (1) x = —5 are shown in Figs. 1 and 2, respectively.

+loda) (1) — 3oy 04(1))
5 /f 3o Va(t) + aada(t) — aje(r) i
i atas

+ oasog (D) V4(1) — aseag (e (1)]/(cras) dr

&)

where ajas # 0, n; and 7, are integral con-
stants. Substituting Eqs. (4), (5) and the constraint
M@t = oa(t)e ] 950 dr into the transformation

= 279’72'(%) [In&(x, v, z, t)]x, the rational solutions for

Eq. (1) can be expressed as follows:

D = [zﬁoe—f vs(n) dr

a%(alz+a§)l?4(t) _ Cl]()(i(l)

t az
25 | m +f ! dr
1 o5

o3z
+as <x+ai>j|+2a| (aq(t) + a1 x + a3z) X
1

t
/s + /1 2 (0140 = a3da) Lo [

2(2 2
“3(“12‘;5)04(’) _ (X]Oli(l)
1
+ dr
1 as
—asaq(D)]] /(aras) df + {m
2(.2 2
TG,
1
- a
1 as

+as (x + O%Z)] Tt (oa() +orx + 0131)2] . (0)

where ¥y is an arbitrary nonzero constant. In addition
to the constraint (/), other parameters are arbitrary.

To describe the resulting rational solutions in Eq. (6),
we select the two particular values for the parameters:

ag(t) =sint, 93(0) =1, @) =t, 50 =0,
ap=1l,a3 =2, as5=-3, ni=n =0 =1,
(7

and

Next, we will present the lump solutions for Eq. (1)
and discuss their spatial structures as follows

(I1) : 94(r) = [3(a} + a2) (@122 + asae) 01(1)
[a% + ag + (a% + aé) 93(1)?
+2 (@12 + asae) D3(1)| |

/ laglaz (a1 + a23(1)) — azlas
+a693(D117], a9 (1) = e,

t
ag(t) = n3 + f [3 (Ot]z + aé) (a102 + asag)
1
210) 20305007
)
+ o (()63 — a7) + [20[30[(,0(7

)
/g [oe7 (o1 + c293(2))
— a3 (s + ae¥3(0))11dr,

t
ag(t) = ng4 + / [3 (a% + a?) (jop + as0)
1

91 (O[3~ [as

+ w603 (t)]] + 20703 (1 + a203(2))

+ a2 (as + ag3(1)]]

/laolag (@1 + a2¥3(2))

— a3 (s + W3 (1)1 dt 9)
where agla7 (o + a203(1)) — a3 (as + asV3(2))] #

0, n3 and n4 are integral constants. Substituting Eq. (4),

Eq. (7) and the constraint 0 (1) = Do (t)e—/ ?sdt

into the transformation u = 21;21(%) [[n&(x,y,z, )]x,

the lump solutions for Eq. (1) can be expressed as fol-
lows:

ulh = [217()8_'[05(0(:1[[20{1(064(1‘) + ax
+azy + @3z) + 2a5(as(7) + asx
+oaey + ar2)1l/[ao + (aa(t) + a1x
+ary + a3z)?
+ (as) +asy + oy +a70)?], (10)

where ¥y is an arbitrary nonzero constant. In addition
to the constraint (II), other parameters are arbitrary.
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Fig. 1 Rational solution
u®D whenz=—-5a
three-dimensional graph, b
contour graph

Fig. 2 Rational solution
u®D whenx = —5a
three-dimensional graph, b
contour graph

Fig. 3 Spatial structure of
the bright—dark lump
solution /D when z =0 a
three-dimensional graph, b
contour plot

3 Spatial structures of lump solutions in Eq. (10)

To demonstrate the spatial structures of lump solutions
in Eq. (10), we select the three particular values for the

parameters:

Po(t) =t, 93()=1, V¥5(t)=t=0, ar=a9=2,
ap =a3=ac=0a7=m3=m="79=1 as=-3
Po(t) =t, 93()=1, V5(t)=x=0, ar=0a9=2,
ap =a3=ac=0a7=m3=m="9=1, as=-3,
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an

12)

(b)

and

(1) =sint, 93(1) =1, Is5()=y=0,
a=ayg=2,0] =03 =ag=a7 =13
:)742190:1,0[5:—3. (13)

Substituting Eq. (11) into solution u'?), three-
dimensional graphs and contour plots at z = 0 and
x = 0 are shown in Figs. 3 and 4, respectively. Substi-
tuting Eq. (12) and Eq. (13) into solution x/?), three-
dimensional graphs and contour plots at y = —5;0; 5
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Fig. 4 Spatial structure of
the bright—dark lump
solution /" when x =0 a
three-dimensional graph, b
contour plot

(a)

(b)

-20 -10 0 10 20 -20 -10
z

Fig. 5 Spatial structure of the bright lump solution uD when y = —5(a,d), y=0(b,e)and y = 5 (c, f)

and x = —5; 0; 5 are presented in Figs. 5 and 6, respec-
tively.

Figures 3 and 4 demonstrate the spatial structure of
the bright—dark lump solution because the height of the
peak is competent for the depth of the valley bottom,
which contains one peak and one valley. Their peak and
valley are meristic. Figure 5 shows the spatial structure
of the bright lump solution, which contains one peak

and two valleys. Figure 6 shows the periodic structure
of the lump solution.

4 Conclusion
In this work, by applying Hirota’s bilinear form and

a direct assumption with arbitrary functions, we have
obtained rational solutions and lump solutions to the

@ Springer
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0
z

Fig. 6 Periodic structure of the lump solution uD whenx = =5 (a,d), x =0 (b,e)and x = 5 (c, f)

(34 1)-dimensional generalized KP equation with vari-
able coefficients. Spatial structures of the bright lump
solution and the bright—dark lump solution are shown
by some three-dimensional graphs and contour plots.
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