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This paper applies an extended auxiliary equation method to obtain exact solutions of the KdV equation with

variable coefficients. As a result, solitary wave solutions, trigonometric function solutions, rational function solutions,

Jacobi elliptic doubly periodic wave solutions, and nonsymmetrical kink solution are obtained. It is shown that the

extended auxiliary equation method, with the help of a computer symbolic computation system, is reliable and effective

in finding exact solutions of variable coefficient nonlinear evolution equations in mathematical physics.
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1. Introduction

Exact solutions for nonlinear evolution equations
play an important role in many phenomena in physics
such as fluid mechanics, hydrodynamics, optics, con-
densed matter physics, plasma physics, and so on.
In recent decades, many effective methods have been
established to obtain exact solutions of nonlinear
evolution equations (NLEES), such as the Adomian

[1.2] the Jacobi elliptic func-

decomposition method,
tion method,3~9 the hyperbolic function method, [©]
the tanh method,[”8) the F-expansion method,®1%
the Exp-function method,!'!! the homogeneous bal-
ance method,['13 and the homotopy perturbation
method.[14:15]

However, most of these are related to constant
coefficient models. One of the prime reasons is that
to find exact solutions for variable coefficient equa-
tions is much more difficult than for constant coeffi-
cient equations. In view of this unsatisfactory situa-
tion and the importance of variable coefficient equa-
tions, to seek exact solutions of these equations effec-
tively and systematically is an urgent task. Recently,
the study of variable coefficient NLEES has attracted

[16—23]

much attention, because many nonlinear physi-
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cal equations possess variable coefficients.

This paper is motivated by the desire to pro-
pose an extended auxiliary equation method to im-
prove the work of Ref. [18]. As one application of this
method, we will consider new exact solutions for the
following variable coefficient and nonisospectral KdV
equation: 1923

ur = Ko(t)(Ugps + 6uty) + 4K (t)uy
— h(t)(2u + zuy), (1)

where Ko(t), K1(t), and h(t) are arbitrary functions of
t. Equation (1) is related to the well-known variable
coefficient modified KAV (mKdV) equation!!6:23]

v = Ko(t)(Vage — 60%0,) + 4K (t)v,
—h

(t)(2v + 2vy) (2)
by Muria transformation!2%!
U= v, — v (3)

Equations (1) and (2) are important equa-
tions in different physical systems such as fluids,?%
traffic

problems.[2”l Many scientists have studied the variable

plasmas,[?5]  elastic media,[?6! and flow

coefficient KdV equations and obtained some solutions
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such as periodic traveling wave solutions, 2228 multi-
compacton solutions,29 soliton-like solutions,*% and
generalized travelling wave solutions."

This paper is organized as follows. In Section 2,
we describe an extended auxiliary equation method in
detail. In Section 3, we apply the proposed method
to address a variable coefficient KdV equation, and
obtain some new solutions including nonsymmetrical
kink solutions, rational function solutions, trigono-
metric function solutions, Jacobi elliptic doubly pe-
riodic wave solutions. In Section 4, some conclusions

are given.

2. Description of the extended

auxiliary equation method

Consider a given nonlinear variable coefficient
evolution equation with independent variables X =

(z1,22,23,...,t) and dependent variable wu:

F(’LL, Ut, uI1,u$27uw3a .. 7u:v1t7uw2,t7u$3,t7 sy

Uttv umlmlauxgxgauxgxgv .. ) = 07 (4)

where u = u(xy, 22, x3,...,t) is an unknown function,
F' is a polynomial in u and its various partial deriva-
tives.

Step 1 We assume that equation (4) has solu-

tions of the form
u(X) =Y a(X)F(€) + ao(X), an(X)#0, (5)
i=1

where n is an integer to be determined by balanc-
ing the highest-order derivative terms in Eq. (4),
a;(X) (i=0,1,...,n) and £ = £(X) are all functions
of X to be determined later, F' = F(£) is a solution of
the following auxiliary ordinary differential equation:

F?(&) = co+ a1 F(€) + caF?(€)
+ csFP (&) + caF(8), (6)

where F/ = dF/d¢, ¢; (i =0,1,...
hence we have

,4) are constants,

3
F/F// — %F’+CQFF/+ §C3F2FI+2C4F3F/, (7)

3
F" = % +eoF + SeF? 420, F, (8)
F" = cyF' 4+ 3c3FF' 4 6c4F?F'. (9)

Step 2 Substituting Eq. (5) into Eq. (4) and
making use of Egs. (6)—(9), then setting the coeffi-

cients of F'F"7 (i =0,1,2,...,5 =0,1,2,...) to zero,

we obtain a set of over-determined partial differential
equations for a;(X) (1 =0,1,...,n) and £ = £{(X).

Step 3 Solve the over-determined partial differ-
ential equations obtained in Step 2 for a;(X) (i =
0,1,...,n) and £ = &(X) using Mathematica or
Maple.

Step 4 Substituting a;(X) (i =0,1,...,n) and
& = &(X) obtained in the above steps and known solu-
tions F'(§) of Eq. (6) (see next section) into Eq. (5), we
obtain a series of u(X) which are solutions of Eq. (4).

3. New exact solutions of a gener-
alized variable coefficient KdV

equation

With the steps in
Section 2, balancing the highest derivative terms in

Now we return to Eq. (1).

Eq. (1) leads to m = 2, hence we may suppose the
solutions of Eq. (1) can be expressed in the form

ul@,t) = ao(t) + a1 () F(€) + az() F*(),
ag(t) }é 0, (10)

where F'(§) satisfies Eq. (6), & = p(t)z+q(t), a;(t) (i =
0,1,2), p(t), q(¢t) are functions of ¢, which will be de-
termined later.

Substituting Eq. (10) along with Eqgs. (6)—(9) into
Eq. (1), and collecting all terms with the same order
of F'F'7 (i = 0,1,2,3,5 = 0,1) together, we convert
Eq. (1) into a polynomial in F*FY (i = 0,1,2,3,j =
0,1). Setting each coefficient of this polynomial to
zero, we obtain a set of over-determined partial dif-
ferential equations for a;(t) (i = 0,1,...,n), p(t) and
q(t) as follows:

FO(€): ap(t) + 2h(t)ao(t) =0,
F(§): ay(t) +2h(t)ai(t) = 0,
F'(§): ar(t)q (t) — Ko(t)ai (t)eap®(t)
— 3Ko(t)az(t)erp’ (1)
— 6Ko(t)ao(t)ar (t)p(t)
— 4K (t)ar (t)p(t)

+ za1(t)p'(t) + zh(t)ar (t)p(t) = 0,
F(OF'(€) : 2a2(t)q (t) — 8Ko(t)as(t)cap®(t)

— 3Ko(t)a1(t)esp’ (1)

— 12Ko(t)ao(t)az(t)p(t)

— 6Ko(t)ai (t)p(t)

— 8K (t)az(t)p(t)

+ 2zas (t)p'(t) + 2xh(t)as(t)p(t) = 0,
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F2(€) : ah(t) + 2h(t)as(t) =
F2(&)F'(§) : 15Ko(t)a 2<t)c3p3(t)
+ 6Ko(t)ay (t)cap®(t)
+ 18K (t)a1(t)az(t)p(t) = 0,
FYEF'(§) : 24Ko(t)ag(t)cap® ()
+ 12Ko(t )aQ(t)p(t) =0.

Solving the above system of partial differential
equations (PDEs) with help of Mathematica or Maple,
we obtain

Casel ¢y =c3=0

ao(t) = py e 21O g (1) =0,
as(t) =pge 2SO p(t) = pye= SO
4= b3

*2104217

Q(t)/<4K002pZegfh(t)dt

+ 6K0p1p4673fh(t)dt +4K1p4efh(t)dt) dt,
where p1, p3, and ¢ are arbitrary constants, py # 0.

Case 2 cyg=c1 =0

ao(t) = g e 2O g (1) = gp e/ MO
ag(t) _ qge—2fh(t)dt, p= q4e_fh(t)dt,
C3 = %a Cg = 402047 Cq4 = 1 29

—dy —2q3

Q(t) = / (KochZe—3fh(t)dt
+ 6Kopipse 3O L 4K pye” fh(t)dt) dt,

where q1, g2, g3, and ¢y are arbitrary constants, py # 0.

We use the results obtained in the above steps
to derive a series of fundamental solutions of Eq. (1)
depending on the solution F'(€) of Eq. (6). Given dif-
ferent values of ¢; (i = 0,1,...,4), equation (6) has
many kinds of solutions, which are listed below.

Case A If ¢; = ¢3 = 0, equation (6) admits the
following solutions.

(i) A bell-shaped solitary wave solution

F(¢) = ,/—z—j sech(y/c3 €),

co=0, c2>0, c4<0. (11)

(ii) A kink-shaped solitary wave solution

F(§) =, /—2% tanh( —?g) ,

cop=—", c2<0, cy <O. (12)

(iii) Two triangular function solutions

F(¢) = ,/—gsec(ﬁf),

¢ <0, >0, (13)

and

F(e) = ;;tan( C;s) ,
C2

Co = )
dey

C2>0 cy < 0. (14)

(iv) A rational function solution

F = —— =cy =0 0. 15
() Jae ©@=e=0 cq > (15)
(v) Three Jacobi elliptic doubly periodic-type so-
lutions
P = - — 22 ¢
) a2m? 1) (2m2 —1)>)"
CQm (1 - )
0 0 = 16
Cy < , Co > , Co 64(2m2 — 1)2 9 ( )
C2 C2
F=,/—————d —
O=\marm v (fatm )
c3(1 —m?)
0 0 =2 = 17
¢y < , €2 > , Co 04(2 — m2)27 ( )
and
F(&)=4]— cam? sn —© £
B ca(m? +1) (m2+1)°)"7
2.2
csm
= — 1
cg >0, c2<0, ¢ ca(mZ £ 12 (18)

where m is a modulus. The Jacobi elliptic functions

possess the following properties:
s +en?é=1, dn’¢=
()’ =cn& dn¢, (n¢) =—sng dng,
(dn¢) = —m?sné ené,

1—m?sn?¢,

when m — 0, the Jacobi elliptic functions degenerate
to triangular functions, i.e.,

sné — siné, cn& — cosé,

when m — 1, the Jacobi elliptic functions degenerate

to triangular functions, i.e.,

sné — tanhé, cné — seché&.

As m — 1, the Jacobi doubly periodic solutions (16)
and (17) degenerate to the solitary solution (11), and
the solution (18) degenerates to the kink-shaped soli-
tary wave solution (12).
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Case B If ¢g = ¢; = 0, equation (6) admits a
triangular-type solution

o sec? <;\/CQ §>

F(¢)=- 1 , €2 <0,
2\/—cocy tan (2\/—025) + c3
(19)
and a solitary wave solution
1
o sec? <2\/5§>
F(§) = , g >0. (20)

2,/cacy tan (;@ﬁ) —c3

When ¢3 = 2,/cacq, solution (20) degenerates to the
following solution:

Fe) = _;\/g [1 + tanh (;\/agﬂ .

According to Case 1 and Case A, we obtain the
following exact solutions of Eq. (1):

u(z,t) = ao(t) — Z—Zag(t) sech?(\/c3£),

co=0, c2>0, c4<0, (21)
) = aolt) = 5 aalt) a1/~ 2.
02
Co = 72, ca <0, c¢4>0, (22)
Cq
C
u(z,t) = ag(t) — iag(t) sec?(v/—caf),
co=0, c2<0, ¢c4>0, (23)
C C
u(z,t) = ag(t) + 2—024(12(15) tan? < 22§> ,
3
Co = Q, Co > O, cy < O, (24)
1
t) = t t)——=
U(I, ) CLQ( )+a2( )\/5627
co=co=0, c4 >0, (25)
2
Com
t) = t) — ————=aa(?
) = aalt) = — 2 anlt)

X cn2 < 4(27’77;2— 1) f) )

c3m?(1 —m?)

co = —m, ce >0, ¢4<0, (26)
u(z,t) = ao(t) — C4(2c+m2)a2(t)
x dn? ( 2= my _szQ)f) )
co = m, ca >0, ¢4 <0, (27)
and
w(z,t) = ao(t) — %(;:’ig’il)@(t)

2 —C2
X sSn —_—
< o 1>5> ’
c3m?

_ <0,
cq(m? +1)2’ €2

co = cs >0, (28)
where £ = p(t)z + ¢(t), the functions ao(t), as(t), p(t),
and ¢(t) are given in Case 1.

According to Case 2 and Case B, we obtain the

following exact solutions of Eq. (1):

(@, ) = aolt) — ;\/gal(t) {1 + tanh (;\/czgﬂ

1 2
+ 2 () [1+tanh (@5)] . (29)
4C4 2

where £ = p(t)z + ¢(t), the functions ag(t),a:(t),
az(t),p(t), and q(t) are given in Case 2. This solu-
tion is a new type of nonsymmetrical kink solution.

4. Conclusions

In this paper, we applied the extended auxiliary
equation method to study a variable coefficient and
nonisospectral KdV equation. Using the proposed
method we successfully obtained some new exact so-
lutions of the equation under different conditions.
These exact solutions include solitary wave solutions,
trigonometric function solutions, rational function so-
lutions, Jacobi elliptic doubly periodic wave solutions,
and a nonsymmetrical kink solution. These may be
of importance in the explanation of phenomena in
fluid dynamics and other physical fields, for instance,
the propagation of (small-amplitude) surface waves in
straits or large channels of (slowly) varying depth and
width and nonvanishing vorticity.

More importantly, the paper shows that the ex-
tended auxiliary equation method is direct, power-
ful, and can be used for many other high-dimensional
NLEES in mathematical physics.
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