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Abstract

PACS: 05.45.Yv; 02.70.Wz; 05.45.Yv; 52.35.Mw; 52.35.Fp

The (3+1)-dimensional variable coefficient Kadomtsev-Petviashvilli equation describes the dynamics of solitons and
nonlinear waves in plasmas and superfluids. Based on computerized symbolic computation and extended variable
coefficient homogeneous balance method, several families of exact soliton-like solutions, rational solutions, and auto-
Backlund transformation are presented. With the use of the auto-BT and the e-expansion method, we can obtain a
soliton-like solution including N-solitary wave of the (3+1)-dimensional Kadomtsev-Petviashvilli equation with variable
coefficients. Especially, we get a soliton-like solution including two-solitary waves as an illustrative example in detail.
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Introduction

More and more physical structures of nonlinear disper-
sive equations have attracted a lot of interests due to
their applications in many important scientific problems.
With the help of symbolic computation [1-13], various
methods have been developed for studying these phys-
ical structures, such as the inverse scattering method,
Béicklund transformation, Hirota bilinear forms, the
tanh-sech method, the sine-cosine method, truncated
Painlevé expansion method, similarity reduction method,
and so on.

There has been considerable interest in the Kadomtsev-
Petviashvili (KP) equation, which arises in many physical
applications including shallow water waves and plasma
physics. The KP equation describes the evolution of small
amplitude surface waves, namely weak nonlinearity, weak
dispersion, and propagation in one direction (the x-axis)
with the waves weakly perturbed in the y direction [14].
In fact, the KP equation is a completely integrable soli-
ton equation, which generally possesses almost all of the
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following remarkable properties: the existence of mul-
tisoliton solutions, an infinite number of independent
conservation laws and symmetries, a bi-Hamiltonian rep-
resentation, a prolongation structure, a Lax pair, Backlund
transformations, the Hirota bilinear representation, and
the Painlevé property, etc. [15].

Here, we consider the (3+1)-dimensional variable coef-
ficient KP equation in the form [15]

(e + A () vy + () Ugpn)x + 7 (£) Uyy + 8t uy, =0, (1)

where A(¢), n(t), y(t), and 8(t) are all functions of ¢ only
with A(¢) # 0, u(t) # 0.If 5(¢) = 0, Equation 1 becomes
the (2+1)-dimensional KP equation. If y(£) = &) =
0, Equation 1 becomes the Korteweg-de Vries (KdV)
equation. When A(¢), u(t), y(t), and §(¢) are arbitrary
constants with A(¢) = 6, u(¢) = 1, Equation 1 becomes
the (3+1)-dimensional KP equation, which describes the
dynamics of solitons and nonlinear waves in plasmas and
super fluids.

Zhang and coworkers [16] obtained an auto-Backlund
transformation (BT) and the exact solution for the (3+1)-
dimensional variable coefficient KP equation using the
homogeneous balance principle. In virtue of the gener-
alized variable coefficient algebraic method, Zhao [17]
derived several new families of exact solutions of physical
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interest for the (3+1)-dimensional variable coefficient KP
equation.

The structure of the present paper is as follows. The
section ‘An extended variable coefficient homogeneous
balance method” presents the developing of the
extended variable coefficient homogeneous balance
(EvcHB) to solve the (3+1) dimensional equation. In
section ‘Auto-Bdcklund transformation,” an auto-BT of
Equation 1 is obtained with the use of the EvcHB method.
In section ‘Soliton-type solutions,” using the auto-BT,
we can derive the soliton-type solution of Equation 1.
In section ‘e-expansion method and two-solitary waves
solutions,” we discuss our method and results in detail.

An extended variable coefficient homogeneous
balance method

An EvcHB has been proposed in [18]. In this paper,
we will develop the EvcHB to solve the (3+1) dimen-
sional equation and use Equation 1 as an illustration
for the variable coefficient nonlinear evolution equations
under investigation. Now, we describe what is the EvcHB
method in solving the (3+1) dimensional equation and
how to use it to look for the auto-BT and special exact
solutions for the given (3+1) dimensional partial differen-
tial equation:

P(u, iy, y, Uz, Us, Uy, Uszy Uyz, Uzt Uxt, Uyt

Uxx, Uzz Utts - - ) = 01 (2)

where P is in general a polynomial function of its argu-
ments, and the subscripts denote the partial derivatives.
First step: we assume a general transformation:

ux,y,z,t) =¥, zt) Vx Bky 3"z Bltf[é(x,y,z, £),nx, 5,2z, t)]
+ uo(x, 9,2, 1), 3)

where ¥ (y,z,¢) is a differentiable function; j, k, m, and /
are integers; uo (%, ¥, z, t) is a special solution of Equation 2;
f(&,n) is a function to be determined later.

Second step: by balancing the terms with the highest
powers of the differential coefficients of &, we can obtain
the values of j, k, m, and /. Substituting (3) into Equation 2,
equating the coefficients of the highest powers of &, to
zero yields the value of f (&, 7).

Third step: equating the coefficients of various partial
derivatives of (&, n) to zero, the corresponding auto-BT
of Equation 2 can been derived.

Though the method is entirely algorithmic and it often
has many tedious algebraic and auxiliary calculations
which are virtually unmanageable manually, we can con-
cisely and straightforwardly simplify them with the devel-
opment of the symbolic computation systems [1-13].
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Auto-Bédcklund transformation
In terms of the second step of the EvcHB method, we can
obtain

w(x,9,2,8) = Y (5,2,t) P f[£(x,9,2, ), (%, 9,2, 1)]
+ up (x; V2, t)' (4)

In the following analysis, we will stay with the following
conditions

v,z t) =1, A(E) =6u(?),
Nx(x,9,2,8) = 0= nx,5,21t) = n0,z1t). (5)

Substituting (4) and (5) into Equation 1 we obtain

+ (6f5e + Ofee feeer + frezeer) WES+]6 U Eny tons

+ 8 Exnzz + ¥ Exayy + 12 10 thox Exex + Exxar + 6 14 10 Exra

+ 1 Errrrnn] fr+ 6 Wthoxx &7 + 28 Exz bx + 27 Enyy

+ 36 11 U0 S Ex + 3 Exat Ex + 24 0 U0 Exax

+ 6 1 Ernnnn Ex + 2065 + 2y &L + 18 puug ) + 10 &7,
8 &2z Exx + ¥ Eyy b + 3 Ent Enx + 28 Ex bz + 27 &y by
+ & B + 15 (1 Sy Exne] freH[12 0 02 &7 + 8 28]
&y E7 36 ] + 3600 b Ef + 15 1 Eunnn &
FA8E Exr b + Ay &y buy b + 36 Eur b + 60 U Eny S £
F A5 UES + 08 En + v E) bl free H6puo &) + £ E
20 Ubnen 6 + SEZEL + Y E) 8] + 45 nEL €] fresx

+ 15 &S b frzeer + T2 WES Enn frt feer + 6 LES Exa fi freee
(36 &L &7 + 12 )t b E2] fi frze + (72082 &7

+ 24 1 Een £2) S+ 61(0) Exnx E7 + 36 11 £ v b
6k (360 + 46 brnx) | fi fre 61 ED,

+ 6 14 Exx ] SEH10 Naz B + ¥ Ny Exw + 28 1z bz

+ 29 1y Exny + N Exxn] SenH[I02E2 + Y1yyE7 + 400:Excbx
+ 4y nyEaybn + 3nebuxbx + 2602E80x + 2y myEyéna] foen

+ (&7 + 20m:E:87 + 2yny&)E2] frren + E71 00}

+ )/7732,] Seenn + (o + Ao tox + 1 Uoxxx)x

+ ¥ uoyy + 8 ugzz = 0.
(6)

Setting the coefficient of 5,? in (6) to zero yields an
ordinary differentiable equation (ODE) for f; namely

2
6 fies + 6 fce fesse + feeeree =0, (7)

which admits the solution

f=2InE)+80m +&a(m, (8)
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where §(n) and o (1) are differential functions. According
to (8), we obtain

—[2+ 2 1
2= %Jr&, fgg = —gfggsg,
_9_ -2 - )
Jefes = #ﬁféér Jefese = 50(77 Sesess
1 —2—-§&0(n)
Jeefooe = —Cfossses fefeeee = 750 1 Jegeee.

)

According to the third step, substituting (7) and (9) into
(6) yields a linear polynomial of f;, fi¢,.... Equating the
coefficients of fz, fz¢, . . . to zero, holds

REO()Ef &y =0, (10)

SEX+vE +E&E+n{b6ugl; —4[Ea(n) —1]

Exenbx —3[4E0(n) +1] E2) =0, 11)

S[Eb] +& (4Ekw +EE) ] +Y £y +§ (4EE,
& b)) +3Ex Exbur + Ebra) + 12 L U0r &)
+ 31 {1210 Exxt[3 — & 0 ()] Exaan } E7
=308 0(N) Exxbunn b — 30 [3E0 () + 1] £3, =0,

(12)
- 3“52 é;?xx 0(77)2 - 3#52 Exx Exanx 0(77)2
— 121 E 87, 0 () — 12 & Ene Kiunx 0 (1)
+ 18/Lu0§'3x — Z,ué,?xx + 36 1 & Uox Sxx
+3&éxx + 6;“«53? Uoxx + 3 Ex St (13)

+8 (265 + 28 Enre + 5o ban + 26 Euxe)
7 (2834 2608y + By n + 28 By
+ & Ennx + 24 10 10 Ex Exn + 3 1 Exx Exxx
+ 6 &y Exxnxx = 0,

8 xnzz TV Exnyy + Sxame + 1 (6 Exw Uoxx + 12 oy Exsx
+6 g Exxxx + Exxxxxx) = 0, (14)

(s0r + A 1o Uox + L Uoxxx)x T ¥ Uoyy + 8 Uozz = 0. (15)

From (4) and (8), the new auto-BT for the (3+1)-
dimensional variable coefficient KP equation can be writ-
ten as follows

u(x,y,2,) = 3% [2 In(€)+8(n) +£& o ()] +uo(x, 9,2, 1),
(16)
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with o(n), 8(n), and & satisfying Equations 10 to 15.
The meaning of auto-BT consisted of 10 to 16 is that if
uo(x,y,z,t) be a special solution of Equation 1, then the
expression (16) is another solution of Equation 1.

Soliton-type solutions

Now, we use the new auto-BT consisted of Equations 10
to 16 to obtain the exact solutions of Equation 1. Starting
from Equation 10, we need to investigate different cases as
follows

Casel: &4, =0
In this case, assume that
§@y2,t) = 10,2, 8) x + 92(9, 2, 1), 17)

where ¢1(y, 2, t) and @2(y, z, t) are differentiable
functions. Substituting (17) into (11) yields

— G+ 920 91 — 8&p1z + 92)° — ¥ ((/J%y + x‘ﬂly)

uo (?C, Yz, t) =
61}
(18)
Substituting (17) and (18) into (12), we get
xX:8¢1zz Ty o1y =0, (19)

£ @16+ 8 Pazz + ¥ Y25y = 0.

Equations 13 and 14 equate to zero naturally.
So, we derive a family of rational solutions for
Equation 1 as

2 (p%
(@14 ¢2)?
812+ 0222 +7 (x 01y + 92,) + 01 @1 +01)
- 6up3 ’

”(x,y, z, t) =

(20)

with o1 = 01(3,2,1), p2 = @2(y, 2, £) and
uo(x, y, z, t) satisfying constraint (19) and (15).

o(m) =0.
Aiming at the exact solutions, we substitute a
trial solution

E(x,y,2,0) = A(y,2,t) + 2 OFFFO20 - (01)

into Equations 11 to 15, where a(¢), A(y, 2, £),
and B(y, z, t) are differentiable functions.
Substituting (21) into (11) yields

Case 2:

o? Bt ApexeP
uo(x,y,2,t) = — 6 6ua 6pa
P )Lg e 2xa=2p )‘5 e—2xa—2p

xao

6o

6 1 a 6 1o
5B2  vBy e Pypa,
C6pa®  6ua’ 3
8B h e P
B 3o
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Substituting (21) and (22) into (12), we get

e2(xatp) Za/+8,322+y/3yy201
FtP a4+ 2BAz—Az) +y (zﬁyky_)“w) =0,
822 +ya =0
(23)

Then, Equations 13 and 14 equate to zero
naturally. Collecting all above terms, we can
derive the general solutions of Equation 1 as
follows

2a(t)2 O] 2a(t)2 e2re()+2p
A+ e @+ (n + exa®+)?
a®)?  xa'(t) + Br + A e OB

6 6u(t)a(t)

8Bz e ™ OF + y (1) Byhy e P

3u(t)a(t)?
SWBE + 82 e 02 4y ()L + y (32 e 272
6 (t)a(t)? '

u(x,y,z,t) =

(24)

All parameters have been explained before.
uo(x, 9,2, t), a(t), . = A(y,2,t), and

B = B(y,z t) satisfying constraint (15) and (23).
Solution (24) contains more arbitrary
parameters than the solution obtained before in
[16] and [17].

e-expansion method and two-solitary waves
solutions

In order to obtain two-solitary waves solutions of
Equation 1, we use the auto-BT consisted of Equations 10
to 15 to obtain a special single solitary wave solution of
Equation 1. So, for simplicity, we take uo(x,y,2,t) = 0,
o (n) = 0 and a direct assuming

Exy,z,t) =14+expb, 6 =cx+h(y,zt), (25)
where c is an arbitrary constant, /(y, z, t) are functions to
be determined later. Substituting (25) into Equations 10 to

14, we hold

Shy +y by =0,
4 2 2 (26)
)y +ch +6h; +yhy =0.
Substituting (25) into Equation 16 yields a soliton-like
solution containing single solitary wave of Equation 1

1 1
u(x,y,z,t) = 3 *sech®> =0, (27)

2

where 0 is expressed by (25), c and & = h(y,z,t) must
satisfy Equation 26.
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Next, we use the e-expansion method [18-20] and
assume that the solution of Equations 10 to 14 is of the
form

o
Exy,zt) =1+ Zw,'ei,
i=1
where w; = wi(x,9,2,¢) (i=1, 2, 3, ...) to be deter-
mined later, ¢ be a small parameter. Substituting (28) into
Equations 10to 14. Equating the coefficient of £ (k=1, 2,
3,...) to zero yields a set of PDEs for wy (k=1, 2, 3,...)

(28)

g :[ (Wi + U Wixxx)x + ¥ Wiyy + 8 Wizzlax = 0, (29)
g? [ (War+ Worxs)x+y WZyy'i'(S Wozz = 3W1 Wit +* 5
(30)
&3 [ (Waetp wayex)x+y WByy"f‘(S W3zz = 3Wa Wiggmet- -5
(31)

and so on, to be solved.
For simplicity, we take a special solution of Equation 29
in the form
N
w1 = Zgi, gi=expb;, 0 =cix+hi(y,z,t), i=12,...,N,
i=1
(32)

where ¢; and /;(y, z, t) satisfy Equation 26, N, a positive inte-
ger. Then, wy includes only all terms g;g; with i # j; w3
includes only all terms g; gjgx with i # j # k; and so on.
Thus the sequence wy terminates at wy o g1 g2 - - - gn, then the
series (28) truncates. So, we have an exact solution (¢ = 1) of
Equations 10 to 15 in the form

Ex9,2,t) =14+w

N
= Zgi + th]’gtg/

i=1 i#j

+ Z hijkgigigk + -+ hi2,. NZ1&EN-
ik
(33)
Substituting (33) and uo(x,y,2,¢) = 0 into (16), we can
obtain a soliton-like solution containing N-solitary wave of
Equation 1; here, N-solitary wave means the interaction of
N-solitary waves.

As an illustrative example, we look for a soliton-like solution

containing two-solitary wave of Equation 1 in detail. Getting

wi=g1+g, g =expb;, 6;=cix+h(y,z1), i=12,
(34)

for a solution of Equation 29. Substituting (34) into the right
hand side of Equation 30, which admits a solution

(c1—c2)?
wy = h , hpp= ——. (35)
2 128182 2= )
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Substituting (34) and (35) into the right hand side of
Equation 31 yields

(W3t + U W3skxn)x + ¥ Wayy + w3z =0, (36)

we may take w3 = O for its solution, hence w, = 0 (n > 3),
therefore the series (28) truncates. Substituting (34), (35) and
wy, = 0 (n > 3) into (28) (¢ = 1) yields an exact solution of
Equations 10 to 13

Exyzt)=1+g+g+h2gg. (37)

Substituting (37) and uo(x,y,2,t) = 0 into (16), a soliton-
like solution containing two-solitary wave of Equation 1 can be
written as

a’git(a—o)’ag +al
l+g+@+hoang
agr+ogpthnc+a)ag
2
(I+a+o+han)
which represents the interaction of two-solitary waves.
In principle, families of the three-solitary wave, exact ana-
lytic solutions, and those for more solutions could be con-

structed similar to the above. However, the situations would
become extremely complicated.

u(x,y,t) =2
5 (38)
I ]

’

Discussions
In this letter, we have extended to Equation 1 an EvcHB method
presented in [21-28], performed symbolic computation, and
obtained a new auto-Bécklund transformation and a families
of the exact, analytic soliton-type solutions, two-solitary wave
solution for Equation 1, which are Expression (24) and (38).
The method can be implemented in the symbolic computation
systems such as Mathematica or MatLab in Appendix A.

Of optical and physical interests, let us discuss the follow-
ing special cases of our solutions which have appeared in the
literature:

(1) An interesting case of Expression (24), with A = 1,
a(t) = =2 [y(@) ¢5(0) dt,
B = ¢5(8) y* + b6(1) y+[ $3(8) y + ¢a(t) ] 2+ ¢7(2), is the
set of the nebulonic solitons,

Y (5O (@) / Y (O5(8) di — u(2) (y(t)a(t)¢3(t>2

+ sy (0) /V(t)¢5(t) dt) =0,

_ a(t)? a(t)?
cosh[ —a(t)x — B]+1 6
. 2{—2xy ()¢5 (t) + yzd}y(£) + 29}, () + y [¥d5 (&) + ¢ ()] +5 (1)} (2)
(@)
3O [y93®) + 9a® P+ () [ 230 + 2y5(8) + ds(1) I
u(t)

(39)

where u = u(x,y,2,t), pi(t)(i = 1,2,3,4,5,6,7) is the
arbitrary function. We also find that

wlt) = -2 f Y (0) 5(0) dt, (40)
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Figure 1 The nebulonic solution (25), where p(¢) = 2,
v () = ¢5(8) = ¢6(2) = £, ¢7(2) = cost, ¢3(¢) = ¢4(¢) = 0,
= —1.6.

which has not been given in Refs. [16] and [17]. A family
of exact analytic, nebulonic solutions (25) is shown in
Figures 1, 2, and 3.
(2) Solution (3.3) in [16] is a special case of Expression (24).
(3) The soliton-type solution for (2+1) dimensional KP
equation,

(g + (8 u e + 1 (8) Unrx)x + ¥ (£) uyy = 0,

in [16] is a special case of Expression (24), with a(¢) = [,
B =my+ ¢g(t) and §(¢£) = 0, where | and m are
arbitrary constants,¢g(¢) is arbitrary function. A
soliton-type solution is shown in Figure 4. which has been
known in [29].

(4) Figures 5, 6,7, and 8 with the data of parameters
illustrated in their captions, supply for us the propagating
and interactions of the two-solitary wave in the different
time.

Figure 2 The nebulonic solution (25), where t = —1.8.
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Figure 3 The nebulonic solution (25), where t = —2.
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Figure 6 The two-solitary wave solution (38), where £ = 2 in
Figure 5.

Figure 4 The soliton-type solution.

Al
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Figure 7 The two-solitary wave solution (38), where t = 6in
Figure 5.

Figure 5 The two-solitary wave solution (38), where¢; =1,
h(y,zt)=—t—2+y— 2y2,cz =2,
hy(y,2z,t) = =t +2y —3y%,t = —6.

Figure 8 The two-solitary wave solution (38). Where ¢y =1,

hi(y,zt) = —t =242y —2y>, o =2 hy(y,z,t) = t + 2y — 3y?,
t=—50.
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Appendix A

The description of the symbolic code

The symbolic code of Equations 5 to 16 can be described as
follows:

In[1]: = ulx,y,2,t] = 0xxf[§[ %, y,2,t] , 03, 2, 1] ]
+ uolx,9, 2t

In[2]: =] = 0,(0culx,y, 2, t] +6 ul t] ulx, v,z t] o ulx, v,z t]
+ wlt] dxxxttl 6,3, 2, £]) + v [ 2] Oyyul %, 2, ]
+ 8[¢] 0 ulx, 9,2 t]

In[3]: = Coefficient[ ], 100 [ x, ,£]°]

In{4]: = M = Expand(J — (6 [f®0)2 +620 40 4 y60)
*§1000 5,200 L0 —
—[2+&0(nly,z 1P f*)2
, [f(2,0)]2 — _f(4,0)/3 f(l,O)f(Z,O) —
——[2+¢&0[nly,z 11/ /2,
f(IO)f(ZO) 2_’_%.0[,7[%%]:] f(40)/3
f(Z,O)f(B,O) N _f(S,O)/6

FEOFEO — —[2 4 E0[nly 2,111 /4)

In[ 5] : = M; = Coefficient Mf(6’0) Elxy,zt],nly 2 t]]]

In[6]: =M,y = Coefficient[Mf(so)[ Elxy,z,t],nly 2z t]]]

In[7): = M3 = Coefficient[ M, f V[ &[x,,2,t], [y, 2,t]]]

In[ 8] : = My = Coefficient[ M, f 3V [ &[x,y,2,t],n[y,2,t]]]

In[8]: = My = Coefficient[ M, f®O[£[x,,2,t] , 9,2, t]]]

In[ 8] : = My = Coefficient[ M, f YO [ &[x,,2,t], [y, 2,t] ]

(41)
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