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Abstract: In this article, various exact solutions of the
fifth-order variable coefficient KdV equation with higher-
order dispersion term are studied. Because of the com-
plexity of the exact solution of the variable coefficient ¢, it
has a certain influence on the tension waves at the fluid
interface on the gravity surface. First, the bilinear KdV
equation is derived by using the Hirota bilinear method,
and four mixed solutions consisting of positive quartic func-
tion, quadratic function, exponential function, and hyperbolic
function are constructed. Second, the linear superposition
principle is used to obtain the resonance multisoliton solu-
tion, and two cases are taken as examples to illustrate the
study of resonance multi soliton solution. In addition, 3D
images and contour images are drawn by mathematical
symbol calculation and appropriate parameters, and the pro-
cess of tension fluctuation is vividly explained by physical
phenomena. The results obtained greatly expand the exact
solution of the KdV equation in the existing literature and
enable us to understand nonlinear dynamical systems more
deeply.

Keywords: tension waves, fifth order variable coefficient
KdV equation, Hirota bilinear method, linear superpo-
sition principle, interaction solution, resonant multi
soliton solution

1 Introduction

Onlinear partial differential equations [1-5] have been
widely used in natural and social sciences, especially in
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the fields of plasma physics, ocean dynamics, lattice
dynamics, and hydrodynamics [6]. The most famous
non linear variable coefficient partial differential equa-
tion is the variable coefficient KdV equation. Until now,
many scholars have done a lot of research on the complex
non linear waves of nonlinear constant coefficient and
variable coefficient KdV equations, and put forward various
effective methods to solve their exact solutions and numer-
ical solutions, for example, Bicklund transform method
[7,8], Hirota bilinear method [9-11], (G'/G) expansion
method [12], multisoliton solution [13], Wronskian method
[14], Painlevé analysis [15], and other methods.

At the same time, it is found that the physical proper-
ties described by various types of KdV equations are
different. For example, in ref. [16], the propagation char-
acteristics of nonlinear solitary waves in the ocean were
described, and the effects of dissipation term and pertur-
bation term contained in KdV on the elastic collision of
nonlinear solitary waves in two oceans were given. In
ref. [17], unstable drift waves in plasma physics were
described. In ref. [18], the propagation of solitons in inho-
mogeneous propagation media in the fields of quantum
mechanics and nonlinear mechanics was described. In
ref. [19], nonlinear solitary wave fluctuations in the atmo-
sphere and ocean with large amplitude were described.
Reference [20] showed that by simulating the propaga-
tion depth and width of small amplitude surface waves in
large channels and straits, the transformation was slow,
and the vorticity did not disappear. After more in-depth
study of nonlinear partial differential equations with vari-
able coefficients, scholars found that the coefficient of the
dissipation term of the variable coefficient KdV equation
changes with time and space, and the variable coefficient
KdV equation can better describe the physical phenomena
and physical properties behind it. Therefore, the research
on the variable coefficient KdV equation has increased in
recent years, and it is found that the aforementioned
methods for studying the constant coefficient KdV equa-
tion can also be used to study the variable coefficient
KdV equation, and some progress has been made. For
example, in ref. [21], the author used pfaffians form to
represent the multi soliton solution of the variable
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coefficient coupled KdV equation and further analyzed
the dynamic characteristics of the soliton solution. In
ref. [22], the author used the improved sine cosine method
to construct the exact periodic solutions and soliton solu-
tions of two groups of the fifth-order KdV equations with
variable coefficients and linear damping term. In ref. [23],
the author first obtained the N-soliton solution of the (2 + 1)-
dimensional KdV equation with variable coefficients by
using the bell polynomial method and analyzed the influ-
ence of soliton fission, fission and rear end collision on the
coefficients, obtained the Bicklund transformation of the
equation, and then obtained the periodic wave solution of
the equation by using the Riemann function method.

In this article, the generalized variable coefficient KdV
equation with higher-order dissipative term is studied:

U + a(uy, + b(Ougy + c(Ouu, + d(t)ucsy
+ (Ul + f (oo + (U 1ty €y
+ h(Ougy + k(t)uu, = 0,

or

U + a(tuwy, + b(Ougy + c(Ouuy, + d(O)uuyy
+ e(Outbore + f(OUgoonr + 8(OUY + A(E)Varx

+ k(t)uy, = 0,

Uy = Vg,

whereu = u(x, y, t) in Eq. (1) is the function space of x, y,
t.a(t), c(t), d(t), e(t), g(t), and k(t) are nonlinear term of
time t, b(t), and h(t) represent linear dispersion of time t,
and f(t) represents higher-order dispersion on time t. Eq.
(1) shows tension waves on a gravitational surface at a
fluid interface, where surface tension, gravity, and fluid
inertia are affected.

Eq. (1) is the interaction between solitons, and the
interaction between solitons can be divided into elastic
and inelastic collisions. The variable coefficients f(t) and
I(t) of the union Eq. (1) can lead to fusion and fission of
solitons.

This article is organized as follows. In Section 2, the
bilinear form of the KdV equation with a variable coeffi-
cients is obtained by using the Hirota bilinear method. In
Section 3, by constructing the combined solutions of
positive quartic function, quadratic function, exponential
function, and hyperbolic function, the three-dimensional
space corresponding to the interaction solutions of high-
order Lump solution and periodic cross kink solution is
obtained, and the forms of accurate solutions are more
abundant. The shape and trajectory of waves are vividly
displayed through Maple. In Section 4, the resonant multi
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soliton solution of the KdV equation with variable coeffi-
cients is obtained by linear superposition principle, and
the physical structure of tension waves is illustrated by
N=2,N=3, and N = 6 as examples. The symbolic cal-
culation is carried out by using mathematical software,
and the high-order lumps solution, the interaction solu-
tion with periodic cross kink solution, and resonant
multiple solitons are obtained, which supplements the
research on the exact solution of the generalized variable
coefficient fifth-order variable coefficient KdV equation.
The fifth part is the summary.

2 Preparatory theory

1) When c(t) = 6, d(t) =y, e(t) =B, f(t) = a, and a(t) =
g(t) = h(t) = k(t) = 0, Eq. (1) transforms into the gen-
eralized fifth-order KdV equation [24] with constant
coefficients,

Us + Qe + Pl + Vil + U2y = 0. 2

By using the Ansatz and Jacobi elliptic function expan-
sion method, the elliptic cosine wave solution of the
equation is constructed.

2) Whena(t) = b(t) = g(t) = h(t) = k(t) = 0, Eq. (1) trans-
forms into variable coefficient Sawada-Kotera equation
(25],

U + f(OuPuy + g(Ouu,2 + h(t)uu,s + k(tu,s = 0.3)

The auto-Bicklund transform, soliton solution, and
random soliton solution are obtained by using Hermite
transform in Kondrativ distribution space.

When k(t) =4h(t)=2g(t), a(t)=6b(t), and c(t)=d(t) =
e(t) = f(t) = 0, Eq. (1) is transformed into a general-
ized (2 + 1)-dimensional equation [26],

w
=

U — hy(4uuy + 2u07'Uy + Uy) — ho(6Ully + Uy) = 0.(4)

The bilinear form, bilinear Backlund transformation,
Lax pair, and Darboux transformation are constructed by
using binary Bell polynomials. The equation is simplified
into integrable equation, and the infinite conservation
law of the equation is obtained by using binary Bell
polynomials.

In this section, the Hirota bilinear method is used to
obtain the bilinear form of Eq. (1), and then the form of
solution is constructed to obtain the interaction solution
of the equation.
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First, the transformation of related variables is used:
u= z(lng)xx- (5)

Convert Eq. (1) into the bilinear equation as follows:

Bxav(g) = (DxD; + b(t)Dy + f(t)D§ + h(t)D{D,)g - g
=88 + 88« + 3b(1)g} — 4D(1)8\8
- 10f (t)gxzxx + D(6)88 o + 15/ ()80 8rox (6)
= 6f ()88 xoonx t f()8800nr + M(E)88 1y

- Bh(t)gxgxxy + 3h(t)gxxgxy - h(t)gXXng
=0,

where g = g(x,y, t), and D-operator is defined by ref.
[27]:

m n k
D"DI'D)fg = (i _ i) 9 _9 (i _ i)
Y ox ox') \ay oy )J\ot ot 7)

f(xx Y, t)g(X/, )’/, t/)lx’:x,y’:y,t’:t-

2.1 Interaction solution

To obtain the interaction solution between the high-order
Lump solution and the periodic cross kinking solution of
the fifth-order variable coefficient KdV equation, the fol-
lowing positive quartic function, quadratic function, and
the test function of the combination of exponential func-
tion and hyperbolic function are assumed,

g =ePih + lgePr + kg cos(paé,) + ks cosh(£))

+ kg sinh(¢,) + ks sin(&,) + an, ®

where

& =ax + ay + as(t) + as,
§=asx + agy + az(t) + as,
& = aogx + aypy + an(t) + ap,
&, = apx + ayy + ays(t) + a,
& = airx + agy + a(t) + ax.

where a; (2 <i<21), kj (1 <j <5) are constant. A set of
algebraic equations about q(1<i<21, andi+3,7,9,
11, 15, 19) are obtained by substituting Eq. (8) into Eq.
(1) and making the coefficients of x and y zero. By solving
the algebraic equations, we can find the following groups
of rich interaction solutions.

Case 1:
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a; =0, a3(t) = a3(t), as = 0, a9 = 0, a3 = O,
¢

as(t) = j aayh(s)ds, py = 0, £(£) = £(0),

a

t
1 ass(t) = I4af7f(s)ds, h(t) = h(t), k; = 0, ©)

t

an(t) = J-aﬁaloh(s)ds, ko = 0.

a

ay, a4, Ag, Ag, Aig, A1, A1y, Aig, A1g, k3, k4, ks, and p-, are all
constants. a;; is a constant that is not equal to zero, and
the relation between the dispersion term of Eq. (1) and the
M. The

a7
interaction solution of Eq. (1) can be obtained by trans-
formation Eq. (5).

higher-order dispersion term is b(t) =

(0}
w(x,y, t) = =1

¥ (10)

where

@, = —2agks(sin(ay(t) + apx + aigy + ax)
x (k4 sinh(ais(t) + aiy + age) + ks cosh(ay(t) + apy
+ap) + ay + 1) + ks),
W = 2ks sin(ayo(t) + ax + agy + ax)(ky sinh(as(t)
+ auy + a) + kzcosh(ay(t) + apy + ap) + ax + 1)
+ 2(axn + Dk, sinh(as(t) + ay + aie)
+ k3 cosh(ay(t) + ayoy + ap)?
+ ki cosh(ais(t) + ay + me)? + (ay + 1)?
+ 2k; cosh(ay(t) + aoy + ap)(an + 1
+ kg sinh(ays(t) + auy + aie))

- k52 COS(alg(t) + 17X + a8y + azo)z - kf + ksz.

Case 2:

t
@ =0, a(t) = jaéazh(s)ds, as =0,

a
t

a(t) = ar(t), an(t) = j aZayh(s)ds,

a
P, t

as = 0, a(t) = [ adauh(s)ds, ko= 0,

a

(11)

t
as(t) = j4af7f<s>ds, as = 0, f(t) = £(©),

I = 0, h(t) = h(t).
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@, Ay, dg, Ag, A1, A1, A4, e, dig, Ki(3 < 1< 5), p1, and p,
are all constants. a;; is a constant that is not equal to zero,
and the relation between the dispersion term of Eq. (1) and

5aif (t) - ash(t)
a7 ’
The interaction solution of Eq. (1) can be obtained by

transformation Eq. (5).

the higher-order dispersion term is b(t) =

)
u2(X1 Y, t) = ?2,
2

(12)

where

@, = —2ajks(sin(a(t) + aypx + agy + azo)(k4 sinh(ays(t)
+ ay + agg) + sin(a(t) + apX + agy
+ @y e P @Oray+as) 4 ko + fg cosh(ay(t) + ay
+ap) + 021)),
W, = e P1@O+ay+a)( ok, sin(ag(t) + ayX + agy + )
+ 2k, sinh(ais(t) + awy + age)
+ 2kg cosh(ay(t) + apy + ap) + 2ax)
— k2 cos(ay(t) + ayx + aigy + ax)?
+ sin(a(t) + apX + aigy + ax)(az — ki
+ 2k4ks sinh(ags(t) + apy + ag) + k2 + 2anks
+ 2kgks cosh(ay(t) + ay + ap))
+ 2axky sinh(ays(t) + awy + aie)
+ kZ cosh(ay(t) + ayy + ap)?
+ k2 cosh(ays(t) + aysy + ar6)%(2ksks sinh(ays(t)
+ @y + tie) + 2axks) + cosh(an(t) + aioy + ai)
+ e @O rayray)

Case 3:

m =0, a3(t) = as(t), as = 0, ay(t) = a;(t),
t

@ =0,k = 0, au(®) = - [ aaoh(s)ds,

a

t
Yaw(t) = 4 jafJ(s)ds, ay = 0,f(6) = f(©), (13)

t

aslt) = —jaéalsms)ds, n(t) = h(o),

p1=0,k1:0.

@y, Ay, A, Ag, Aio, A1z, I3, A1, A1, (g, Ki(3 < 1< 5), and p,
are all constants. a3 is a constant that is not equal to zero,
and the relation between the dispersion term of Eq. (1), and

_ 5aBf (D) + agh(t)
as ’
The interaction solution of Eq. (1) can be obtained by trans-

formation Eq. (5).

the higher-order dispersion term is b(t) =
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()
U3(X, )/, t) = _3

v’ (14)

where

@ = 2aj3ky(ky sinh(ars(t) + apx + awy + ae)?
— k4 cosh(ass(t) + aix + any + aie)?
+ sinh(ays5(t) + aix + awy + age)(ks sin(ayo(t)
+ gy + ayo) + k3 cosh(an(t) + ay + aix) + ax
+1),
W = (kg sinh(ais(f) + aisx + awy + a)
+ ks sin(ag(t) + agy + azo)

+ ks cosh(ay(t) + ayy + ap) + an + 1)2.

Case 4:

t
a =0, as(t) = —Iaéazh(s)ds, as =0,

a
t

o = 0, ay(t) = - I aXaoh(s)ds, h(t) = h(),
! . (15)
as(t) = 4 j agf(s)ds, ay = 0, f(£) = F(b),

t

a(t) = — _[ aXash(s)ds, ki = 0,k = O.

a

ay, Ay, g, Ag, A10, A1, 13, A1s, (ie, Aig, ki(3 < 1 < 5), py1, and
p> are all constants. a3 is a constant that is not equal to
zero, and the relation between the dispersion term of Eq. (1)

_5adf(t) + ah(t)
as :
The interaction solution of Eq. (1) can be obtained by trans-

formation Eq. (5).

and the higher-order dispersion termis b(t) =

@
U6y, t) = —+

v’ (16)

where

D, = 2a123k4(k4 sinh(ais(t) + aiX + auy + ae)?
— ky cosh(ais(t) + aisx + awy + @)’
+ sinh(ay5(t) + aizx + ayy + ase)(ks sin(ayo(t)
+ agy + ay) + ks cosh(an(t) + ay + ain) + ax)
+ ePi@Orayta) sinh(ays(t) + ax + auy + 6116)),
W, = (ky sinh(ags(f) + azx + apy + age) + ks sin(as(t)
+ gy + Go) + k3 cosh(an(t) + aoy + an)
+ @y + e P @Oray+any

Case 5:
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a =0, a3(t) = a5(t), a5 = 0, a;(t) = a; (1),
Adig
a;; ’ 17)
ms(t) = 0, a(t) =0,k =0,k =0,p; =0,
f(t) =0, h(t) = h(t).

ay, Ay, g, Ag, A1, A13, (is, Aig, G20, Ax, ki(3 < 1 < 5), and p,
are all constants. a7 is not equal to zero for the constant,

the high-order dispersion term of Eq. (1) is zero, and the

_ aigh(t)
ay

The interaction solution of Eq. (1) can be obtained by
transformation Eq. (5).

ag=0,a10=0,an(t) =0, ay =

relationship between a linear dispersion b(t) =

D5
us(x, y, t) = —=, 18
5(X, ¥, t) V. (18)
where

@5 = —2a’ks(ks cosh(ay(t) + ap) + ax + 1) sin(a(t)

+ X + Aigy + ax)

- ((a127 — ag)ks sin(a(t) + ayx + agy

+

az0)2ks Sinh(als(t) + (apx + ag) + M)

a7

ad (ks cosh(ay(t) + ap) + ax + 1))

— bapaykqks cos(a(t) — 2agk? - 2aiki + agx

+ 18y + ay) COSh(aIS(t) + (ax + age) + M)
az
¥ = 2ks(ks cosh(ay(t) + ap) + ay + 1) sin(ap(t) + azx
+ gy + ay) + 2k, sinh(ays(t) + (apx + ay)
+ a;a;gy

17

(ks sin(ao(t) + apx + aigy + ax)

+ kg cosh(ay(t) + ap) + ay + 1) + (an + 1)?
+ 2(021 + 1)k3 COSh(aH(t) + alz)
+ kf cosh(ay(t) + ap)? — k2 + k2

2
apagy )

+ kZ cosh(als(t) + (apx + agg) +
7

— kZ cos(a(t) + ayx + agy + @)

Case 6:
al = 0’ az = O’ a3(t) = O, a5 = Oy a7(t) = a7(t)’
a;a
ag = 0, Ao = o, all(t) =0, Ay = M’
a7 (19)
ms(t) =0, ap9(t) =0,k =0,k =0, f(£) =0,

h(t) = h(t).

a4, As, Ag, Ap, A13, A1, dig, Ao, A1, Ki(3 < 1< 5), py, and p;
are all constants. a7 is not equal to zero for the constant,
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the high-order dispersion term of Eq. (1) is zero, and the
_ aigh(t)
a7 '

The interaction solution of Eq. (1) can be obtained by
transformation Eq. (5).

relationship between a linear dispersion b(t) =

D
UG(X, Y, t) = _6a

¥, (20)

where

Dy = —2a127k5(k3 cosh(ay(t) + app) + e Pr@®+as)
+ aZl) sin(ag(t) + a7x + aigy + ao)
+ (ah — a@)kssin(a(t) + ayx + aigy + ax)
+ 2k, sinh (ags(t) + (a3x + age)

+ apaigy )( e

PiaO+an) 4 g2 (ks cosh (an(t) + ap)
ayy

+ 6121)) — 4apairkyks cos(ay(t) + ax + aisy

a;a
+ ax) COSh(aIS(t) + (apx + a) + 13—18)/)

a7

- 2atk? - 2akk2,

\I',G = 2](5(](3 COSh(all(t) + alz) + e‘pl(‘“(t)““)

+ an) sin(a(t) + apX + gy + ax)
+ 2k, sinh(a15(t) + (a;zx + ag)

a;sa .
+ 13—lsy)(k5 sin(ao(t) + a;7x + agy + ax)
iz

+ ks cosh(an(t) + ayp) + eP(@O1a0 1 )

+ e P@O+ai) ol cosh(an(t) + ap) + 2a)

— kZ cos(ag(t) + aX + agy + ax)?

+ 2ank; cosh(an(t) + ap) + kF cosh(an(t) + ap)?
+ e m@Ora) 4 g — k2 + k2

2
a3y )

+ kZ? cosh(a15(t) + (aX + agg) +
a7

Case 7:

a; = 0, as(t) = az(t), as = 0, a;(t) = a;(t),
ag = 0, ay(t) = 0, ay5(t) = 0, aye(t) = 0, kg = 0, (21)
kZ = O’ b1 = O)f(t) = Or h(t) = Oa b(t) = 0.

@z, ay, dg, ag, Aig, A1z, A3, A1y, 16, A1g, Ar0, Aa1, ki(3 < 1 < 5),
and p, are all constants. Both the dispersion term and the
higher-order dispersion term of Eq. (1) are zero. The inter-
action solution of Eq. (1) can be obtained by transforma-
tion Eq. (5).

(22)
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where

@7 = —4aarkyks cos(aig(t) + ayx + agy + o) cosh(as(t)
+ aiX + Ay + die)
- 2ai7ks(ks cosh(an(t) + awy + ap) + ax
+ 1) sin(ayo(t) + a;zx + aigy + axo)
= (x + auy + aig) — 2k, sinh(ass(t) + ax + ay
+ aie)((afy — aB)ks sin(ae(t) + ayx + agy + ao)
— a(k; cosh(an(t) + ayy + ap) + ax + 1)

- 2apk? - 2akkz,

W, = —kZ cos(ay(t) + ayx + aigy + ax)>
+ k2 cosh(ags(t) + apx + auy + aie)?
+ 2ks(ks cosh(ay(t) + ayy + ap) + an
+ D) sin(ayo(t) + azx + aigy + ax)
+ 2k, sinh(ay5(t) + a;3x + ay + aye)(ks sin(ayo(t)
+ apX + agy + ) + ks cosh(ay(t) + ayy + ar)
+ axn + 1) + 2(an + Dks cosh(ay(t) + ajoy + arn)
+ kg cosh(ay(t) + ajoy + ap)? + (ay + 12 - k?
+ k2.
Case 8:
a; = 0, a3(t) = a3(t), as = 0, a;(t) = a;(t),

as =0, ay(t) = 0, ais(t) = 0, ao(t) = 0, kg = 0, (23)
ko = 0, f(£) = 0, h(t) = 0, b(t) = 0.

ay, Qg, Qe, Aag, Ao, A1, A13, Ay, 16, A17, A1g, (20, A2,
ki3 <i <5), p1, and p, are all constants. Both the disper-
sion term and the higher-order dispersion term of Eq. (1)
are zero. The interaction solution of Eq. (1) can be
obtained by transformation Eq. (5).

Dg

u8(X7 Y, t) = P
8

(24)

where

g = e P1@Oray+an2ak, sinh(as(t) + apx + @ay + a)
— 2ai7ks sin(ag(t) + ayX + @igy + ax))
— hapayrkyks cos(a(t) + apx + agy
+ @) cosh(ais(t) + ax + awy + a)
— 2ai7ks(k; cosh(ay(t) + awoy + a) + ax) sin(a(t)
+ azX + agy + ay) + 2k, sinh(ags(t) + apx + any
+ ai6)((aj3 — ai)ks sin(ai(t) + apx + agy + ax)
+ a(ks cosh(an(t) + ay + aw) + an)) - 2aiks

27,2
- 2ai3kj,
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W, = e Pr@OrayranQk, sin(ao(t) + ayx + mgy + ax) + az
+ 2k, sinh(ays(t) + ai3x + aiy + age)
+ 2kg cosh(an(t) + aypy + ap) + 2ax)
— kZ cos(a(t) + ayx + agy + ax)?
+ kZ cosh(ays(t) + a;x + ayy + a)?
+ (2sks cosh(ayy(t) + ajoy + ap) + 2axyks) sin(ayo(t)
+ QX + agy + ay) + sinh(ays(t) + aix + ayy
+ a6)(2ksky sin(ag(t) + aizx + aigy + o)
+ 2kgk, cosh(ay(t) + ay + ap) + 2axk,)
+ 2axlks cosh(ay(t) + appy + ap)
+ kg cosh(ay(t) + ay + ap)® — ki + k2
+ e @O +ay+ay)

Case 9:

a =0, a3(t) = as(t), as = 0, a;(t) = a;(t),
ay(t) = 0, a;3 = 0, ay5(t) = as(t), as(t) = 0,
ki=0,k0=0,p; =0,f(t) =0, ht) =0,
b(t) = 0.

(25)

a4y, Qy4, QAg, Ag, A9, Qio, A2, Ay, e, 17, Aig, 20, A1,
ki3 <i < 5), and p, are all constants. Both the dispersion
term and the higher-order dispersion term of Eq. (1) are
zero. The interaction solution of Eq. (1) can be obtained
by transformation Eq. (5).

Dy

U9(X, Y, t) = v
9

(26)

where

®g = —2ay + Dagks sin(as(t) + ayx + aiy + ax)
— 2a3kZ — hasmzksks cos(ao(t) + ayzx + aigy
+ ayo) sinh(ay(t) + agx + ayy + ap)
+ 2ks cosh(an(t) + asx + ajpy
+ ap)((as — aip)ks sin(ays(t) + apx + agy + ax)

+ (axn + ad) + 2adksi,

Wo = 2(ay + Dks sin(aio(t) + apX + aigy + ax)
— kZ cos(ao(t) + ayx + mgy + ax)?
+ kg cosh(ay(t) + aox + apy + ap)?
+ 2kg cosh(ay(t) + asx + apy + arp)(ks sin(apo(t)

+apX + agy + Ay) + dy + 1) + (ay + 1)? + k52.
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Case 10: relationship between a linear dispersion b(t) = —‘“Z—h(t).
17
asa The interaction solution of Eq. (1) can be obtained b
aIZO’aZ:0,a3(t):0’a5:o,a10:ﬂ; . q() v
a7 transformation Eq. (5).

ay(t) = 0, a;3 = 0, ms(t) = aps(t), ao(t) = 0, @7)

k] = O, k2 = O, k4 = O,f(t) = 0, h(t) = h(t).

a4, As, ag, g, A1, Ay, Ais, d17, dig, Ao, o1, K3, ks, p1, and p,
are all constants. a7 is not equal to zero for the constant,
the high-order dispersion term of Eq. (1) is zero, the rela-
tionship between a linear dispersion b(t) = —ali—}l'ft). The
interaction solution of Eq. (1) can be obtained by trans-
formation Eq. (5):

(I)IO
ulO(Xy Y, t) =
Yo

(28)
where
Do = —2ajks(eP@O+) + gy)sin(ay(t) + ayx + aigy

+ @) — 2k3 cosh(au(t) + (agx + app)

asa
+ & 18Y
az

+ ax) — agz(e‘l’l(“ﬁ(f)”‘*) + a21)) - 2atk? + 2a3ks

)((a127 - ad)ks sin(ay(t) + ayx + agy

— hagar7ksks cos(ayg(t) + ajzx + ajgy

agaigy )
b

+ azo) sinh(all(t) + ((19X + alz) +
a7

W0 = 2ks(ePH@0+a) 4 gy)sin(ag(t) + aX + aigy + ax)

+ 2k; cosh(au(t) + (agx + app)

asa
. 9a18Y

p )(k5 sin(ag(t) + a7 + aigy + o)
17

+ e PuasO)+as)
2
+ a21) — k& cos(ag(t) + apx + aigy + ax)?

2
agazgy )

+ I cosh(an(t) + (Ao + ap) +
7

+ 2a2167p1(a3(t)+a4) + 9*2171((13(1‘)“14) + a221 + kg.
Case 11:

m =0, as(t) = as(t), as = 0, ay(t) = a;(t),

asa
ap = Z B an(t) = 0, a3 = 0, as(t) = ais(t), )
17

ap(t) =0,k=0,=0,k;=0,p; =0,
f(t) =0, h(t) = h(t).
ay, Ay, A, A, g, A1, A1y, Mg, Ai7, (ig, A20, 21, K3, ks, and p,

are all constants. a7 is not equal to zero for the constant,
the high-order dispersion term of Eq. (1) is zero, the

Pu

un(x, y, t) = ¥
11

30)

where

@1 = —2(an + Dagkssin(aig(t) + ax + aigy + ax)
- 2akk? + 2a2k? - 4asayksks cos(ay(t) + apx
QAodygy )

a7

+ agy + axo) sinh(ayn(t) + (aox + ap) +

+ 2 cosh(ay(t) + (agx + ap)

Qoaygy 2
+ —)((ag
aiz

- afy)ks sin(aig(t) + azx + digy
+ ax) + (ax + Dag),

Wi = 2(ay + Dks sin(ayg(t) + ayx + agy + ax)
— kZ cos(ap(t) + ayx + aigy + ax)?

2
agaigy )

+ I cosh(an(t) + (aoX + ap) +
Q7

+ 2k cosh(au(t) + (agox + ap)

asa
+ % 18Y
17

+1) + (ay + 1)2 + k2.

)(ks sin(ao(t) + aizx + aigy + ax) + axn

Case 12:

t
@ =0, as(t) = —ja&azh(s)ds, as =0,

a

t
a(t) = (), an(t) = 4 j asf(s)ds, a; = 0,
a (31

t

as(t) = ais(t), as(t) = —jaéalsh(s)ds,
a

k1= 0,’(2: 0,k4:0ap1 = Oaf(t) =0,

h(t) = h(t), a;; = 0.

@y, ay, s, Ag, A1, A1, A1y, di6, A1g, A20, o1, K3, ks, and p, are
all constants. ay is a constant that is not equal to zero,
and the relation between the dispersion term of Eq. (1) and

_2a3f(6) + aroh(t)

the higher-order dispersion term is b(t) = =

The interaction solution of Eq. (1) can be obtained by
transformation Eq. (5).

D

s (32)
¥

ulZ(Xy ,V, t) =
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where

Dy = 2a92k3((k5 sin(aig(t) + aigy + ax) + ax) cosh(an(t)
+ aoX + ayy + ap) + cosh(ay(t) + agx + agy
+ ap)e P@®+ay+a) 4 ka),

W), = e P @O+ray+a) (ks cosh(ay(t) + dox + apy + ap)
+ 2ks sin(ayo(t) + aigy + ax) + 2ay)
+ ki cosh(ay(t) + asx + ayy + ap)?
+ (2ksks sin(ag(t) + ay + az)
+ 2ayks) cosh(ay(t) + asx + aypy + ap)
+ 2axuks sin(ayo(t) + aigy + ax)
— k2 cos(mo(t) + agy + ax)? + e P1(@O+ay+an)

+az + k2.
Case 13:

@ =0, as(t) = a3(t), as = 0, ay(t) = a;(t),

¢
an(t) = 4 Iagf(s)dS, apz = 0, ais(t) = ass(t),
. “ (33)

t
ay = 0, a(®) = - [ adash(s)ds, k = 0,

a

lo=0,kys=0,p; =0,f(t) =0, h(t) = h(t).

ay, Ay, As, Ag, A10, A1z, A1y, 16, Aigs Ar0, o1, K3, ks, and p, are
all constants. ay is a constant that is not equal to zero,
and the relation between the dispersion term of Eq. (1) and

_ 5agf (t) + anoh(t)
ag :

The interaction solution of Eq. (1) can be obtained by
transformation Eq. (5).

the higher-order dispersion term is b(t) =

0]
ul3(X’ Y, t) ===

s (34)
W3

where

@13 = 2agks((ks sin(as(t) + aigy + ax) + ax
+ 1) cosh(ay(t) + aox + apy + ap) + k),
W3 = K cosh(ay(t) + agx + agy + ap)?
+ 2kt (ks sin(ayg(t) + aigy + az) + an
+ 1) cosh(an(t) + asX + @y + @) + k2
+ 2(axn + Dks sin(ayo(t) + aigy + ax)

— kZ cos(ap(t) + agy + ax)? + (an + 1)
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Case 14:

t
a =0, as(t) = —Iaéazh(s)ds, as =0,

a
t

ar(t) = ar(t), ant) = - j adaoh(s)ds,

1 a
t

a3 =0, a5(t) = 4 J.afsazf(S)dS, a;; = 0,

a

(35

ag =0, mo(t) = ao(t), kg =0,l0=0,ks =0,
f@®) =0, h(t) = h(t).

ay, Ay, Ag, Ag, A0, 12, Qiss Aig, A18, (20, A, k3, ks, p1, and p
are all constants. a3 is a constant that is not equal to zero,
and the relation between the dispersion term of Eq. (1) and

_5apf(t) + auh(t)
a3 '
The interaction solution of Eq. (1) can be obtained by

transformation Eq. (5).

the higher-order dispersion term is b(t) =

)
u14(X, )’, t) = —14

s (36)
Wiy

where

CI)14 = 2(1123](4((’(3 cosh(all(t) + oy + alz) + (121) sinh(al5(t)

+ a;X + ay + aye) + sinh(ags(t) + ax + ayy

+ ayg)e P @O+ayay) _ k4),
Wi = (k4 sinh(ais(t) + aX + awy + aie)

+ k3 Cosh(au(t) + oy + 6112)
+ e Pi@O+ay+as) 4 a21)2.

According to the case of higher-order dispersion
term, it can be divided into three types. On the basis of
these three cases, the corresponding type of solitary wave
images are drawn by mathematical software for analysis.

(1) Category 1:

The higher-order dispersion terms of w(x,y,t),
wx, y, t), us(x,y, t), us(x,y, t), and u;(x,y,t) are not
zero. It can be obtained that there is a certain relationship
between the higher-order dispersion term and the linear
dispersion term.

Physical characteristics and dynamic structure of the
equation wheny =10,y = -5,y =0,y =4,and y = -10
are selected. As shown in Figure 1, the parameters of
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w(x, y, t) is selected as the three-dimensional graphics
and contour graphics of a, — 1, as(t) = sin(t), as = -2.3,
a =1, ap=1, ay=t, ap =1, a, = 2.3, ay5(t) = cos(t),
g =1, a7 = 2.2, aig = 1.5, a(t) = sin(t), a,g = 1.3, and
an = -1.2.

As can be seen from Figure 1(a)-(e), when different
parameter values are selected for the spatial variable y
and the time variable ¢, the solitary wave image presents
a non smooth solitary spike wave, and its maximum
peaks are equal. The solitary wave behavior from
Figures 1(a) to 2(c) gradually moves toward t — +oco
and the maximum wave crest is upward. This solitary
wave behavior of plasma is bright wave. The dynamic
behavior of this nonlinear solitary wave in plasma is
bright wave.

(2) Category 2:

The higher-order dispersion terms of u;(x,y,t),
ug(x, y, t), and uqs(x, y, t) are zero. It can be obtained
that there is a certain relationship between the linear
dispersion terms.

Selection in the variabley =10,y = 4,y = -1,y = -5,
and y = -16 equation when the physical characteristics
of structure and dynamics. As shown in Figure 1, the
parameters of us(x, y, t) is selected as as(t) = sin(t), ag =
1.2, aio = 1, an(t) = cos(t), ap, = 1, a7 = 0.5, a;g = —0.06,
ao(t) = sin(t), ay = 1, and ay = -1.5, the drawn three-
dimensional graphics and contour graphics.

By looking at Figure 2, we can see that the dynamic image
is distributed in x — t flat level, higher-order Lump cross kink
wave solutions and periodic solutions of interaction force

Exact solutions of higher-order dispersion variable coefficient KdV equation

— I

from strong to weak to strong, and solitary wave solution,
are mutual inelastic collision between amplitude and
shape all happen very big change, peak shape isolated
sharp wave tapering and reach maximum peak.

(3) Category 3:

Both the higher-order dispersion term and the
linear dispersion term of us(x, y, t), ug(x, y, t), uio(x, y, t),
u(x, y, t), up(x, y, t), and ui(x, y, t) are zero.

3 Resonant multisoliton solution

The principle of linear superposition is applied to assume
that the bilinear generalized variable coefficient KdV
equation has the form of the following solution.

N N
g=Yeg =) &exp(), 37)
i=0 i=0

where g; = exp(p;) = exp({x + Ay + %), 1<i <N, and
&, A, and 7 are all constants. Substituting Eq. (37) in
the bilinear Eq. (6) and by using the bilinear equation
identities, we can obtain

N
P(DX) Dy9 Dt) = Z SiSjP(é - {', Ai - A]’ T - T]) eXp(Qi + Q])'
Lj=t (38)
So we can draw the double linear equation solution
of g ifand only if P(§; - &, A — Aj, 7 — 1) exp(g; + @) = 0.

i

A,

it

VDUV

Figure 1: When y =10,y = 4,y = 0, y = -5, and y = -10, the three-dimensional graphics and contour graphics of the interaction solu-

tion uy(x, y, t).
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(b) (d)

Figure 2: When y =10,y = 4,y = 0, y = -5, and y = —16, the three-dimensional graphics and contour graphics of the interaction solu-
tion u;(x, y, t).

Figure3: WhenN =3,y =-5,y=-2,y =0,y = 2,y = 7, three-dimensional graph and contour plot of resonant soliton solution uss(x, y, t).

According to the aforementioned linear superposi- Case 1: & = &, A = —20¢, 7 = —f(t)¢’. The resonant

. . . . - ONS
tion principle, the polynomial corresponding to bilinear multisoliton solutions of Eq. (1) can be obtained by trans-
Eq. (6) is expressed as follows:

formation Eq. (5):
P(x,y, t) = xt + b(H)x* + f()x® + h()x3y.  (39)

ZN &2t "o, g

i=171

—
N b= "0 f (gt
i=1

A 2
40 ZN Ex="0%_p (e
o 2( i o

- : 2"
(32 e a0

i=1

Substituting Eq. (39) into Eq. (38), we obtain us(x, y, t) =2

(6 = &)@ - 1) + O - §)* + F(OE - §)°
+h(t)(&; - §)°’Ai - &) = 0.

(41)

By simplifying Eq. (40), we obtain the following sets
of solutions. We choose two cases as examples:
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(a)

Figure 4: WhenN =6,y = -5,y =-2,y =0,y = 2,y = 7, three-dimensional graph and contour plot of resonant soliton solution uys(x, y, t).

‘,

-3

(a) (b)

In the first case, N = 3, 6, and variable selection y = -5,
y=-2,y=0, y=2, y=7, the equation of the physical
characteristics and dynamic structure. As shown in Figures 3
and 4, when us5(x, y, t) the parameter selection of N = 3,
f(t) = sint, h(t) = tant, b(t) = ¢, § =-13, & =11 and
N =6, f(t) = cost, h(t) = sint, b(t) = sint, §; = 1,¢, = 1.2,
&=11, =05, & =-0.25 & =21, the drawn three-
dimensional graphics and contour graphics.

When N = 3 and 6, we can observe that the ratio of
linear dispersion terms and the higher-order dispersion
terms increases, with the increase of t — +00. As can be
seen from the contour diagram in Figure 3, the initial

L N

()

(d)

Figure 5: When N =2,y = -5,y = -2,y =0,y = 2,y = 7, three-dimensional graph and contour plot of resonant soliton solution us7(x, y, t).

enlarged “W?” image gradually shrinks and then gradually
expands, and the isolated peak wave gradually increases
and then decreases with the ratio of linear dispersion terms
and the transformation of higher-order dispersion terms.
The dynamic behavior is always bright. It can be observed
from the contour line in Figure 4 that peak-like isolated
sharp waves move slowly toward t — +oco with the increase
of the ratio of linear dispersion terms and the increase of
higher-order dispersion terms, and elastic collision occurs.
The amplitude and maximum peak value of isolated waves
remain unchanged.
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(a) (b) (c) (d) (e)

(d)

Figure 7: When N = 6,y = -5,y = -2,y =0,y = 2,y = 7, three-dimensional graph and contour plot of resonant soliton solution uyy(x, y, t).

Case 2: & =4, A = ( _ %) 3, = -2+ b(t)E. In the second case,.N =2,3,6, and y.= -5, y= —.2,
L / y =0,y =2,y =7 equation when the physical properties

The resonant multi soliton solutions of Eq. (1) can be . . e
btained by t ‘ tion Ea. (5 of structure and dynamics, as shown in Figures 5 and 6,
obtained by transformation Eq. (5), when ugg(x, y, t) parameters selection N = 2, f(t) = cost,

ZN §Ze€#+2<’,~3>'-f(szy-ZE?t-b(t)é?t h(t) = sint,b(t) = sint, ¢ = 0.25,¢, = 1.8 and N = 3, f(t) =
we(x, y, t) = 2217 — cost, h(t) = sint, b(t) = cost, & = 3, & =-0.25, & =13
ZN b2y~ h(t;y ~282t-b(6)E . 1
i1 and N =6, f(t) = cost, h(t) = sint, b(t) = cost, & = 3
2
Z{v £'e§#+2§3y_f(;lzf;3y_2é3t_ b (42) & = —o..25, 53.= 13,¢, = ‘0.5, & =-0.25¢ = 21 the drawn
, i=171 three-dimensional graphics and contour graphics.

3 When N = 2, 3, 6, we can observe that the ratio of
N excragdy-TO ek bt . . . : : ;
Zi:le it ko i linear dispersion terms and the higher-order dispersion

terms decrease with the increase of t — +o0o. It can be
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observed from the contour diagram in Figures 5-7 that
the soliton gradually decreases from the initial concen-
trated distribution to x — t with a fast speed. The peak
isolated sharp wave also gradually decreases with the
ratio of linear dispersion terms and the transformation
of higher-order dispersion terms, and inelastic collisions
occur between multiple solitons.

4 Conclusion

In this article, two methods are used to solve the interac-
tion solutions and resonant multi soliton solutions of the
generalized variable coefficient fifth-order KdV equation
with higher-order dispersion terms. First, the fifth-order
KdV equation with variable coefficients is transformed
into a hilinear KdV equation with variable coefficients
by using the Hirota method, and then four mixed solu-
tions containing positive quartic function, quadratic
function, exponential function, and hyperbolic function
are constructed. Second, the resonant soliton function
solution form of bilinear variable coefficient KdV equa-
tion is constructed by using the linear superposition
principle The specific interaction solution and resonant
soliton solution are solved, respectively, and the rela-
tionship between the higher-order dispersion term and
the linear dispersion term of the fifth-order variable
coefficient KdV equation is obtained. A simple physical
analysis is carried out according to the nonlinear soli-
tary wave image.
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