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In this paper, with the aid of symbolic computation we improve the extended F-expansion method
described in Chaos, Solitons and Fractals 22, 111 (2004) to solve the (2 + 1)-dimensional Korteweg
de Vries equation. Using this method, we derive many exact non-travelling wave solutions. These
are more general than the previous solutions derived with the extended F-expansion method. They
include the Jacobi elliptic function, soliton-like trigonometric function solutions, and so on. Our
method can be applied to other nonlinear evolution equations.
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1. Introduction

In recent years, nonlinear evolution equations have
attracted considerable attention. Many powerful meth-
ods have been proposed to find exact solutions of non-
linear evolution equations (NEES). For example, in the
past decades there has been significant progress in the
development of methods such as the inverse scattering
[1], the B&cklund transformation [2-5], the Darboux
transformation [6—8], the Hirota bilinear [9-10], the
algebro-geometric [11—12] and the tanh-function [13],
variable separation [14].

Korteweg de Vries (KdV) and KdV-type equations
are found in many apparently unrelated phenomena
such as in plasmas and fluids, and in lattice vibrations
of crystals at low temperatures. All these applications
start from a more or less general physical model and
end up in the KdV equation by considering a specific
limit of the physical problem. In this sense the KdV
equation is universal. The balance of the dispersion of
linear waves with the non-linearity stabilizes the so-
lution of the equation and results in the outstanding
behavior of regularity. The (2 + 1)-dimensional KdV
equation
Uyx — 3UVx — 3Vuy =0
Ut + Usoxx x X ) } 1)
Ux = Vy

was first derived by Boiti et al. [15], using the idea
of the weak Lax pair. Subsequently, many people an-

alyzed its localized structure and presented a series of
methods to get its exact solutions. For example, Radha
and Lakshmanan [16] analyzed the localized coherent
structures of the (2 + 1)-dimensional KdV equation.
Lou and Ruan [17] revised the localized excitations of
the (2+ 1)-dimensional KdV equation. Elwakil et al.
[18] and Xuan et al. [19] found further exact solutions
using homogeneous balance and the generalized Ric-
cati equation expansion method, respectively.

In this paper, with the aid of symbolic computation
we improve the extended F-expansion method in [20]
to solve the (2 + 1)-dimensional Korteweg de Vries
equation. Our method is more convenient and general
than the method in [21]. If we let the modulus of the
Jacobi elliptic function approach 1 or 0, we find ad-
ditional solutions to (1). The properties of exact so-
lutions of the KdV equation are shown as examples
in some figures. We show that the solutions we get
are more general than those which the extended F-
expansion method yields. In fact, our method is also
powerful to solve other nonlinear evolution equations.

The paper is organized as follows: in Section 2, we
derive our method; in Section 3, we apply it to the
(2+1)-dimensional KdV equation. We give conclusions
in the last section.

2. Summary of our Method

In this section, based on symbolic computation, we
describe our method.
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Consider a given NEE with independent variables
t,X,y, and a physical field u = u(t,x,y):

W(UI7UX,Uy,Utt7Uxt,uyt7 ...... ) —=0. (2)
We solve (2) with the ansatz
u(x) ao+2 fi-1(
i=1
3)

where the functions f(w) and g(w) satisfy the rela-
tions

f2(w) =11 f4(®) + m f2(w) +ny,

g%(0) = L.g*(@) + mg?(w) +ny,
2 _
P 3l
= m; — mp? + 3121,
3l; ’
where f' = & f(0), ¢ = f£9(0), © = o(t,xy), and
ap, &, b (i=1,2,---,n) are undetermined functions of

(t,x,y). nis an integer which is determined by balanc-
ing the highest order derivative term with the highest
order nonlinear term in (2).

The ansatz (3) is more general than previous ones,
because it contains two independent functions f(w)
and g(w) and the coefficients ag, &, b; (i =1,2,--- ,n)
are allowed to be functions of (x,y,t) instead of being
constants.

Substituting (3) into the given NEE (2) with (4)
and coIIecting the coefficients of the polynomials of
f(w), 9(w) and /11 f4(®) + M f2(®w) + ny, then set-
ting each coefﬁuent to zero, we can deduce a set
of over-determined partial differential equations. They
are solved with Maple, determining the values of ao,
&, b, o (i=1,2,--- n). At the same time we select
proper values of parameters |1, my, ng, |2, My, ny to de-
termine f(®), g(w). Finally, substituting ag, &, bi(i =
1,2,---,n) and o into (3) with the corresponding so-
lutions of f(w),g(w), we derive exact solutions of the
given NEE (2).

As is known, when k — 1, the Jacobi elliptic func-
tions degenerate to hyperbolic functions, and when
k — 0, the Jacobi elliptic functions degenerate to
trigonometric functions. So, by this method we can get
many other exact solutions of NEEs.

0)(a f(w)+big(w)), a? +b? #0,

Here, it is necessary to point out that the ansatz
.
= 2 ZCJI
J: :

in [1] is less general because F () and G(w) are re-
lated by

®)G (@) (5)

|1F2((D) M — Ny

2 _
G (w) = B + 3, (6)
For example, if n = 2 the ansatz (5) becomes
u(w) = coo + C10G(w) + c11F (w) @

+CgoG2(a)) +cnF(0)G(w) + ngFZ(w).

Because of (6), G?(w) is redundant. We therefore use
the more general transform (3).

Remark 1. We point out that for the more gen-
eral ansatz (3), a more complicated computation is ex-
pected than before, even if the symbolic computer sys-
tems like Maple allows us to perform the complicated
and tedious algebraic and differential calculations on
a computer. In general it is very difficult, sometime
impossible, to solve the set of over-determined partial
differential equations. As the calculation goes on, in
order to drastically simplify the work or make it feasi-
ble, we often choose special functions for ag, a;,b; (i =
1,2,---,n),and .

We may extend the above method in the following
way: We rewrite the ansatz (3) to be

3 e)ate @)

a? +b? #0.
Then, using this ansatz, we can find many explicit solu-
tions of (2) and we will consider this ansatz in another
paper.

u(x) =

3. Non-travelling Wave Solutions of the
(2+1)-Dimentional KdV Equation

In this section, we construct solutions of (1), using
the method described in Section 2.

By the balancing procedure we get n = 2. Because
there are two dependent variables, the ansatz (3) reads
as follows:

u=ag+af(ax+&)+biglax+E)
+apf2(ax+ &) +byf (ax+E)glax+ &),

v=cg+cif(ax+&)+diglox+ &)
+Cf2(ox+ &)+ da f (ox+E)gox+ &),

©)
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where « is a nonzero constant to be determined and  (y,t), also to be determined. Here we assume £ = p+q
&,ap,a1,by,cp,C1,d1,a2,b,C,d;, are all functionsof  (with p= p(y),q= q(t)) for convenience.

Substituting (9) into (3) with (4) and collecting the coefficients of the polynomials of f(ax+ p+q), g(ax+
p+0q), {l1f4(ax+ p+q) + my f2(ax+ p+q) + g} Y2, then setting each coefficient to zero, we can deduce a set
of over-determined partial differential equations about o, p,q,a9,a1, b1, Cg, C1,d1,ap,bp, ¢y, dy as follows:

—6d2|1py+6b2|1(x:0, 72b2OCS|;|_2—\'.’)6()6C2b2|1—36061512dz|;|_207
6&2(X|2—6C2py|2=0 byocmy —byamp — dzpyml-i-dzpyn'}z_o
18b1|1(X —27aczb1I1—27occlb2I1—27oca1d2I1—27oca2d1I1_
—27(Xa102|2—|—186110€3|2|1—2706b1d2|1—27(Xa201|2—2706b2d1|1: s

(10)

Because there are so many over-determined partial differential equations, only part of them is shown here for
convenience.

Solving the over-determined partial differential equations (10) by using the PDE tools package of the comput-
erized symbolic computation system Maple, we derive several solutions as follows:

Case 1.
b =Fi(y), bi=0, a=0, di=0, ¢1=0, a=CF(y), w=FR(), d=C,
151,C Iol1Fp ( Fi( | 11v121:C lol14/1511C
o= VG \/2 1(Y 7 _/ 1(y)V/12l1v/12lh Lay1Cs o= V121VIzhG a1
Iy |2|1C1 loly
(\/|2|1C1mz+3v|2 101m1 —3CyCulaly — Blal1Fa(t)) V12111211 Cy
Q=/ 21,2 dt +Cs,

where Fy(y) is an arbitrary function of y, F,(t) is an arbitrary function of t and C,,C;,Cs,Cs are arbitrary con-
stants.

Case 2.
b =Fi(y), b1=0, ay=0, di=0, c=0, ay=CF(y), c=R(t), d=C,

_ VhliF(y) VG RV -llivihC —lal1 /121Gy
a2 - —77 C2 - ) p_ dy+C4’ - —7
P l . [211Cy 211 12)
_/ (\/|2|1C1mz+3\/|2|1C1ml+3C2C1|2|1+3|2|1F2(t)) _|2|1V|2|1C1dt+C5
- |22|12 ’

where Fy(y) is an arbitrary function of y, F,(t) is an arbitrary function of t and C,,C;,C4,Cs are arbitrary con-
stants.

Case 3.
by=0, ay=0, dj=0, c;=0, p= / Foly ch\l/'lT dy+Cs,
2=C;, CG=FR(), a=0 a=FRy), Oﬂz—%lllﬁy (13)
/ \/_\/|1T3|:21|(1) 2C1ml)dt+C4, b,=0, d,=0,

where F;(y) is an arbitrary function of y, F1 (t) is an arbitrary function of t and Cy,Cs,C, are arbitrary constants.
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Case4.
a = () QZ%, b1:07 a1:0, d1=0, C1=0,
1
2v/11Cq
RO)vV2VT ——————dy+C;, ©=C;, c=F(t), ag=0, by=0, d=0, (14)

211Gy

_ / (3/2Fy(t)ly —Cimy)V/11C V2

2 dt+C4, by=0, dr=0,
1

where F;(y) is an arbitrary function of y, Fy(t) is an arbitrary function of t and Cq, C;, C,4 are arbitrary constants.
With these results we get the general form (9) of solutions of (1).

Type3.1. Ifwechoosel; =k?, mp = —(1+Kk?), n =1, 1, = -k, mp = (2k? — 1), n; = (1 —Kk?), from (4),
we derive f =sn(ox+&), g=cn(ax+&).

Thus we get the following Jacobi elliptic function solutions of (1):

V=0Co+cisn(ox+ &) +-dien(ox+ &) 4 cpsn? (o x+ &) + dasn(ax+ & )en(ax + &), } (15)

u=ag+aysn(ox+ &) +bren(ox+ &) 4 apsn? (o x+ &) + bpsn(ax+ E)en(ox+ ),

where £ = p+qand o, p, q, ag, a1, by, Co, C1, d1, @, by, Cy, dy satisfy (11)—(14), respectively.
For example, if the functions satisfy (11), namely Case 1, we derive the following Jacobi elliptic function

solution of (1):

KA/ — KA
Uy = CoFi(y) — vV —K*Fi(y)sn? (k—4ClX +p+ Q> k™

—k*v/—K4C VvV =k —KC
+Fi(y)sn (Tlx—k p+q> cn (Tlx +p+ q) )
(16)
V—kiC VvV =k —KC
Vi =R(t) - 12 1sn2< 7 1X+D+Q>
—k4v/—KiC —k*v—kiC
+Cisn (Tlir p+q> cn (Tl)(+ p+q> :
N ki~ —V/—KAC K2 —4+/ —KAC; +3C,Cr K +3K \/—k4/—K4C
where p= f#dwg andq:f( ! ol isl i FZ(t)> “dt+Cs.  If
k— 1, sn(w) — tanh(w) and cn(w) — sech(w), so we get a soliton-like solution from (16):
12 = CoF1 (y) — i1 (y) tanh? (\/—iC1x+ p+q) +Fu(y)tanh (x/—iC1x+ p+q) sech (\/—iclx+ p+q) Can

V12 = F>(t) —iCy tanh? (/=ICx+ p+ @) + Cy tanh (v/=iCix+ p+q) sech (v=iCix+ p+q),

where p= [ BUV=Cdy 1 G5 and q = [ (—5iC; +3C,Cy + 3R (t)) v/ —ICydlt + C.
So from Case 1 ‘We find the Jacobi elliptic function, soliton-like solution of (1). We can also derive many other

solutions if we make use of the other cases.
Type3.2. Ifwechoosel; =1, m; = (2—Kk?),m =1—K2, I, =1, mp = (2k? — 1), np = —k?(1—k?), from (4),
we derive f =cs(ox+ &), g = ds(ax+&).
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Thus we get the following Jacobi elliptic function solutions of (1):

U=ag +a;cs(ax+ &) + byds(ox+ &) + apcs? (ox+ &) 4 baes(ox+ & )ds(ax+ €), 18)
V= G+ C1C8(axX+ &) + dds(ox+ &) + caes? (x4 &) + dacs(ox + € )ds(ox + &),

where £ = p+qand o, p, q, ag, a1, by, Co, C1, di, @, by, Cy, dy satisfy (11)—(14), respectively.
For example, if the functions satisfy (11), namely Case 1, we derive the following Jacobi elliptic function
solution of (1):

o1 = CoFa(y) + Fa(y)es? (—/Cox+ p+a) + Fa(y)es (—vCux-+ p-+ @) ds (—/Crx+ p+a),
v21:Fg(t)+clcs2(—\/C_1x+p+q>+clcs<—\/(71x+p+q)ds(—\/(71x+p+q),

where p= [ —l\/clfdw—q-, and q= [ —(—Cy(2k? — 1) — 6Cy +3C1k? +3C,Cy + 3F(t))/Crdt + Cs.
Whenk — 1, cs(w) — sech(w) coth(w) and ds(®) — sech(w) coth(w), so we get the degenerative soliton-like
solution from the solution (19):

Upz = CoF1(Y) + 2 F1(y)csch? (\/CTX— p—q) . Vap = Fp(t) +2Cscsch? (\/C?lx— p— q) 7 (20)

(19)

where p= [ —5dy+Cs and g = [ —(—4C; +3C,C + 3Ry (1)) Crdt +Ce.
Ifk— 0, cs(w) — cot(w) and ds(w) — csc(w), we get the triangular function solution from the solution (19):

Upz = CoFa(y) + Fa(y) cot2( \/C—1x+p+q>+F1( cot( \/C—1x+p+q>csc< \/C_lx+p+q>7
Vo3 = Fo(t) + Crcot? (/Crx— p—a) +Cycot (/Crx— p—g) csc (/Crx— p—a),

where p= [ — \/_dy+C5 and q= [ —(=5C; +3C,Cy + 3F2(t))/Cyat +Cs.
So from Case 1, we find the Jacobi elliptic function, degenerative soliton-like and triangular function solutions
of (1). We can also derive some other solutions if we make use of other cases.

Type3.3. If we choose I3 = —k2, my = (2k? —1),n; =1 —K?, | = —1, mp = (2 —K?), np = k% — 1, from (4),
we derive f =cn(ax+¢&), g=dn(ox+¢&).
Thus we get the following Jacobi elliptic function solutions of (1):
U= ag +aen(ax+ &) + bydn(ox+ &) 4+ agen? (ox+ &) + baen(ox+ & )dn(ax + &),
V=G +cren(ox+ &) + dydn(ox+ &) 4 coen? (ox+ &) + daen(ox+ € )dn(ox+ &), } @)

where £ = p+qand o, p, q, ag, a1, by, Co, C1, di, @, by, Cy, dy satisfy (11)—(14), respectively.
For example, if the functions satisfy (11), namely Case 1, we derive the following Jacobi elliptic function
solution of (1):

Uzt = CFy(y) — VKeFi(y)en? ( vie k2C1x —0—— tp+ CI>

\/k24/K2Cy x k2v/k2Cyx
+Fy(y)en (—71+ p+q> dn (—71+ p+q) :

k2 k2

k2

kZ\/k_zclx kzx/FClx (23)
+CGen | ————+p+q|dn | ——5——+p+q],

k2v/K2Cyx
Va1 = R (t) — VK2Cyen? (—71 +p+ q)

k2 k

2 2 2 2 2 2\/Kk2
where p:f_Fl(y)\k/gq kcldy+C andq= | (—ViK2C, +5K2VKEC, — 3Cii:lk —3K2R(1)) k\/k—cldt—l—Ce.
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So from Case 1, we find the Jacobi elliptic function solution of (1). We can also derive some other solutions if
we make use of other cases.

Type3.4. If we choose I3 =1 — K2, my = (2k> —1),ny = —K?, I, = (1 — k%), mp = (2—K?), np = 1, from (4),
we derive f =nc(ox+ &), g=sc(ox+&).

So we get the following Jacobi elliptic function solutions of (4):

U= ag +ainc(ax+ &) + bysc(ax+ &) + anc®(ax+ &) + banc(ox+ &)sc(ox+ &), } (24)

V =G+ cinc(ox+ &) + disc(ax+ &) + conc? (ox+ &) + danc(ox + & )sc(ax+ £),
where £ = p+qand o, p, q, ag, a1, by, Co, C1, di, @, by, Cy, dy satisfy (11)—(14), respectively.

For example, if the functions satisfy (11), namely Case 1, we derive the following Jacobi elliptic function
solution of (1):

VI—KCrx

Usg = CoFa(y) + Fa(y)nc? <—W +p+ Q>

\/(1—k2‘)c1x+p+q> . <_‘/(1—k2)clx+ p+q>’

+Fi(y)nc (— e

1-k?
(25)
1-K?
Va1 = o (t) +Cinc? (—7( 1_k)c1x+ P+ q)
1-k?)C 1-k?)C
—i—Cmc(—%—i—p—&-q) (—%—i—p—&-q)

. R/ (1K) _ V/(1-K3)Cy [ 3CxC1K2+5C; K +3Fp(t)k? —C; —3C,C —3 R (t)clt
where p= [ — e, dy+C5andq (1-Kk2)C [ 3CCi K7+ (1—11k2)22() 1—3CC-3R(t) 1Gs.

So from Case 1, we flnd the Jacobi elliptic function solution of (1). We can also find some other Jacobi elliptic
function solutions if we make use of other cases. If k — 1, or k — 0, we derive other exact non-travelling wave

solutions of (1).

Type 3.5. If we choose I3 =K, my = —(1+K?),m =11, = -1, m = (2—K?), np = —(1—k?), from (4),
we derive f =sn(ox+ &), g=dn(ax+§).

So we get the following Jacobi elliptic function solutions of (1):

V=g + Cisn(ox+ &) + dydn(ax+ &) 4 cosn? (aex+ ) 4 dasn(ox+ & )dn(ax + &), } 26)

U= ap+aisn(ox+ &)+ bidn(ax+ &) + asn?(ax+ &) + bosn(ax+ &)dn(ax+ &),
where £ = p+qand o, p, q, ag, a1, b, Co, C1, d1, @, by, Cy, dy satisfy (11)—(14), respectively.

For example, if the functions satisfy (11), namely Case 1, we derive the following Jacobi elliptic function
solution of (1):

Usy = CoFy(y) — ikF1(y)sn ( N X+p+q>+F1(y>Sn<' 7K X+ p+q) dn('}?ﬁ p+q),
_ _ A @7
v51:F2(t)—ikC15n2< ?/Il_flx+p+q>+c1sn< T/II_(<:1X+ p+q) dn( T/II_(<:1X+ p+q),

where p=

/=ICq [ F1(y)dy+CsvkCy and g = —/=IC; [iC1+4ik3C; —3CyCrk—3kR (t)dt+Cgk3/2
VG, q= a2 :
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2

- e
e
e

So from Case 1, we find the Jacobi elliptic func-
tion solution of (1). We can also find some other Ja-
cobi elliptic function solutions if we make use of other
cases. If k — 1, or k — 0, we can derive other exact
non-travelling wave solutions of (1).

Of course, there are other formal solutions of (1).
They are omitted here for simplicity.

Remark 2. The properties of some new exact solu-
tions of (1), as some illustrative samples, are shown in
some figures. For example, the properties of solutions
of Type 3.2 are shown in Figures 1-3.

Of course, we can also plot the other figures of the
exact solutions of the (2 + 1)-dimensional KdV equa-
tion. We omit them here for convenience.

Fig. 1. Combined Jacobi ellip-
tic function solution uy; (left)
and w1 (right) of the (2 4 1)-
dimensional KdV equation at k =
70, X =0, Cr =4, Fi(y) =V,
F(t) =t%, Co =Cs =C5 = 1/2.

Fig. 2. Soliton-like solution us;
(left) and vy, (right) of the (2+
1)-dimensional KdV equation at

i s T
e x=0,Cy =4, F(y) =y% R (t) =

ey

2t,C, =C5 =Cg = 1/2.

Fig. 3. Trigonometric function so-
lution upsz (left) and o3 (right)
of the (2 + 1)-dimensional KdV
equation at x = 0, Fi(y) = 2,
Rt)=t,C;=C=C=C;=
1/2.

4. Conclusion and Discussion

In summary, based on Yan [21] and Liu and Yang
[20], using symbolic computation, we have improved
the extended F-expansion method in [20] and proposed
the further improved F-expansion method to solve the
(24 1)-dimentional KdV equation (1). Compared to
the Jacobi elliptic function expansion method in [21 -
23] and F-expansion method [24—25], our method is
more convenient and can get more new exact solutions.
Although it is very complicated, we make use of the
powerful symbolic computation system Maple, which
makes the process simple. Among the solutions, the
arbitrary functions imply that these solutions have
rich local structures. The obtained solutions obtained
may be of important significance for the explanation
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of some practical physical problems. In fact, this
method is readily applicable to a large variety of
nonlinear PDEs, such as the Perturbed-KdV equation,
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