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By some ‘pre-possessing’ techniques we extend the generalized tanh method to special types of
nonlinear equations for constructing their multiple travelling wave solutions. The efficiency of the
method can be demonstrated for a large variety of special equations such as those considered in this
paper, double sine-Gordon equation, (2+1)-dimensional sine-Gordon equation, Dodd-Bullough-
Mikhailov equation, coupled Schrodinger-KdV equation and (2+1)-dimensional coupled Davey-
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1. Introduction

The tanh method, developed for years, is one of
most direct and effective algebraic method for find-
ing exact solutions of nonlinear equations [1 - 3].
Recently, much work has been concentrated on the
various extensions and applications of the method
[2 - 13]. Parkes and Duffy have further developed a
powerful automated tanh method, in which a Math-
ematica package can deal with the tedious algebraic
computation and put out required solutions [2, 3].
Other generalizations have been carried out by Gao,
Tian and Gudkov to find more general soliton-like
solutions [4, 5]. Recently we presented a generalized
tanh method for obtaining multiple travelling wave
solutions [11 - 13]. The key idea is to use the solution
of a Riccati equation to replace the tanh function in
the tanh method. We simply describe this method as
follows.

For given a nonlinear equation

(1.1)

when we look for its travelling wave solutions, the first
step is to introduce the wave transformation u = U(€),
& = x+ At and change (1.1) to an ordinary differential
equation (ODE)

HU,U, U, )=0.

H(’U,, Uty Uz y Uz - ) = 0>

(1.2)

The next crucial step is to introduce a new variable
@ = @(€) which is a solution of the Riccati equation

o' =k+ % (1.3)

Then we propose the following series expansion as a
solution of (1.1):

w, ) =UE) =Y a', (1.4)

=0

where the positive integer m can be determined by
balancing the highest derivative term with nonlinear
terms in (1.2). Substituting (1.3) and (1.4) into (1.2)
and then setting zero all coefficients of gai, we can
obtain a system of algebraic equations, from which
the constants &, A, ag, - - - , a,, are obtained explicitly.
Fortunately, the Riccati equation admits several types
of solutions:

{ —+v/—k tanh(v/—k¢)
@ = for k <0, (1.5)
—v =k coth(v/—k§)
90=—% for k=0, (1.6)
{\/Etan(\/ﬁi)
Q= for k > 0. (1.7)
—Vk cot(vVk€)
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Another advantage of the Riccati equation (1.3) is that
the sign of k& can be used to exactly judge the amount
and types of travelling wave solutions of (1.1). For
example, if & < 0, we are sure that (1.1) admits
tanh-type and coth-type solutions. Especially, (1.1)
will possess five types of solutions if % is an arbi-
trary constant. The algorithm presented here is also
a computeriable method, in which generating an al-
gebraic system from (1.1) and solving it are two key
procedures, laborious to do by hand. But they can be
implemented on a computer with help of the symbolic
computation software Mathematica. The output solu-
tions from the algebraic system comprise a list of the
form {), k, ag, - - -}. In general, if the values of some
parameters are left unspecified, then they are regard
to be arbitrary for the solution of (1.1).

In the tanh method or the above generalized tanh
method, (1.1) is required to be of differential poly-
nomial form (i.e Bugers equation, KdV equation,
Boussinesq equation). But physics and engineering
often provide special types of nonlinear equations,
such as sine-Gordon equation, sinh-Gordon equation
and Schrodinger equation, which cannot be directly
solved by tanh method. The aim of this paper is to
solve such equations by the above proposed general-
ized tanh method. As illustrative examples we shall
establish a series of soliton solutions, periodic solu-
tions and rational solutions for the double sine-Gor-
don equation, (2+1)-dimensional sin-Gordon equa-
tion, Dodd-Bullough-Mikhailov equation, coupled
Schrodinger-KdV equation and (2+1)-dimensional
Davey-Stewartson equation. For further illustrating
the properties of these solutions, we choose the Dodd-
Bullough-Mikhailov equation and coupled Schrodin-
ger-KdV equation and draw their figures. The coth-
type and cot-type travelling wave solutions are omit-
ted in this paper for the simplicity, since they always
appear in pairs with tanh-type and tan-type solutions.

2. Examples

Example 1: Consider the double sine-Gordon equa-
tion [14]
Uy = SINU + Sin 2u.

Q2.1

In order to apply the generalized tanh method de-
scribed in Sect. 1, we first introduce the transforma-
tions

. v—0 . vt — v
siny = ———, sin2u= ———
23
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and change (2.1) to the following required form:

v+l =0.

2005 — 20,V — U (2.2)
Again using the wave transformation v = V(£),
& = x + At, we reduce (2.2) to an ODE
AVV" — AV V4 V34V 4+1=0. (2.3)
By using the ansatz (1.3) and (1.4) and balancing the
term V'V with the term V* in (2.3), we obtainm = 1,
and hence

v=ag+ag. (2.4)

Substituting (2.4) into (2.3) and setting all coeffi-
cientsof * (i = 1,2, - - -) to zero, we further obtain the
following system of algebraic equations for ag, a;, &
and A:

1 +ay — ap — ag — 2k*Xa? =0,

ay +4aga Ak — 3(10(11 4aoa1 =0,
—3apal — 6(10(1 =0,
daga A — al 4a0al =0,

2ai\ —aj = 0.

From the output of Mathematica we get a solution,
namely
1 1, 3
ap=—=, A=zaj, k=—,
0T T TT 2T T 4
where a; # 0 is an arbitrary constant.

Since k& > 0, according to (1.7) we obtain a travel-
ling wave solution

((ﬁtane 1) +4)
U] = arccos ,

4(+/3tanf — 1)
V3. V3

h H—— =—
where > & (z+

1 o2
1t
ay 2aq )

Example 2: Consider the (2+1)-dimensional sine-
Gordon equation [15]

Upy — Ugy — Uy +m>sinu = 0. (2.5)
Similar to the above Example 1, we introduce the
transformations

mou@, ) =VI©), E=a+yy+ At

v=e"
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and change (2.5) into the required form
22— = DVV"+V ) +m2(V3 V) = 0. (2.6)

Balancing the terms V'V and V3 in (2.6) may lead
to the ansatz

V= a0+a150+a2502. 2.7)

Substituting expansion (2.7) into (2.6) and using
Mathematica, we get the following system of alge-
braic equations:

—mPag + mzag —2(\% — 'yz — l)kzza%
+ 4\ — 4% — Dk*apar = 0,
—m?a; +40\% — 72 — Dk’aga; + 3777/2(1%(11
—4(\* —~% — DE*ajay = 0,
3m2a0a% —mPay + 16(/\2 — 72 — 1)k:2a0a2
+3m?aday — 4\ — % — Dk?a3 =0,
4\* — 'yz — Dk2aga; — mza?
+ 4()\2 — 72 — 1)k:2a1a2 +6magarar = 0,
2007 — 4% — DE?at + 12002 — v — Dk apay
+3m2aia, +3mPaga; = 0,
8(\? — 'yz — Dkajan + 3m2a1a§ =0,
4\ — 4% — DE?a} +m?a3 = 0.

Solving it by Mathematica gives two kinds of solu-
tions

1 1 m?
ap=a; =0, a =7, 7=i§“_4+4/\2+ﬁ’

1 1 m2
=a; =0 =——, y=F_4/—4+4)\2 — —
ap = ay y A2 L’ Y 7 L2 y
where k& # 0, A are arbitrary constants.
By using (1.5) and (1.7) we obtain two solutions,
namely,

tanh* \/—
w1 = arccos w for k <0,
2tanh”™ v/ —k¢&
tan* 'k
Uy = arccos M ,for k>0,
2 tan? VkE

2
gra+ 2y

1
h =x+ -
where £ = x > 2
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Example 3. Consider the Dodd-Bullough-Mikhai-
lov equation [16]

Uyt + pe™ + qe_z“ =0, (2.8)

which is the Liouville equation ifn ¢ = 0 [17].

From the transformation u = Inv, v = V(§),§ =
z + At, (2.8) becomes

AVV! = AV 4 pV3 4 ¢ =0. (2.9)

Balancing the terms V'V" and V3, we obtain the fol-
lowing ansatz:

V=a0+a190+a2g02. (2.10)

Substituting (2.10) into (2.9) and using Mathema-
tica, we get the following system of algebraic equa-
tions:

q+ pag — /\kza% +2Mk%apar = 0,

2Akagpa; + 3pa%a1 —2\k?aja; =0,

3pa0af + 8Akagpay + 3pa(2)a2 — 2)\k:2a§ =0,
20E*apay + pal + 2M\k*aya; + 6pagaia; = 0,
Mk?a? + 60k agay + 3paiay + 3pagas =0,
ANk ayap + 3pa1a% =0,

20k%a3 + pa3 = 0.

Solving it by Mathematica gives two solutions:

1
qg=0, a; =0, ag=kay, /\=—§pa2 2.11)
with a,, k being constants, and
3q1/3 q1/3 (,qu)l/3
(11=0, a0=W> a2=2p1/3k: = - Ak
(2.12)

with k& # 0 being constants.

Then from (1.5)-(1.7) and (2.11), we obtain three
kinds of solutions for the Liouville equation (g = 0):

uy = In(kasech®>vV/—k§), k<0,
us = In(ayk sec? \/EE), k>0,

a3
§> ]{7:0,

uz = In

1
where £ =2 — Epazt.
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Fig. 1. The soliton solution u; and periodic solution u,, where p = ¢ =1,k =0.5.

From (1.5), (1.7) and (2.12), we get two kinds of
solutions for the Dodd-Bullough-Mikhailov equation

(¢#0)
ur = [2 73 — tanh® V=& 5)]
1/
up = lz 1/3(3+tan2 \/—E)l

@'

u; and wu; are given in Figure 1.

where £ =z — t. The plots for the solutions

Example 4. Consider the coupled Schrodinger-
KdV equation [18]

Uy = Ugy + UV,
(2.13)
U + 60U, + Vo = (U]

‘We introduce the transformations

u=eUE), v=V(©), 0=ar+pt, E=x+M,
2.14)
where «, 3 and A are real constants and U(§), V(§)
are real functions.
Substituting (2.14) into (2.13) we obtain the rela-

tion A =2, and U, V satisfy the system

l]’ll + (ﬁ _
20V +6VV' +

AU +UV =0, 2.15)
v (U'Z)/I =0 ’

Balancing the highest linear term with nonlinear terms
in equation (2.15), we have the expansion

U=ag+a1p+ a2g02, V=b +b1’,0+b2g02. (2.16)

Substituting (2.16) into (2.15) yields

—a’ag + Bag + 2k%a, + aghy = 0,

2kay — o’ay + Ba; + arby + aghy =0,

8kay — a’ay + Bay + axby + arby + aghy =0,

2a;1 + axby + a1y =0,

6a, + ayb, =0,

—2kaga; + 2k>by + 2akb; + 6kbob; = 0,

—2kat — 4kagay + 6kb? + 16kb, + dakb,

+ 12kboby = 0,

—2apa; — 6kajay + 8kby + 2ab; + 6byb;
+18kb by = 0,

— 4agay — 4kas + 607 + 40kb, + 4ab,
+ 12bob, + 12kb3 = 0,

—6ajay + 6b; + 18b1b, =0,

—4a5 + 24by + 1263 = 0.

—2a?

From the output of Mathematica, we obtain two so-
lutions, namely

= O, ar = ﬂ:6\/§,
—6,3 = %(3042 +a — 10k)
(2.17)

ap = :|:2\/§]<‘ a) = bl
1
bo = —5(8]{‘ + O[),bz =

with k&, o being arbitrary constants and

1
ap=b=ay=0, by= —E(l6k+4a+a%),

1
by=—2, 3= ﬁ(1202 +4a — 8k +a?),
(2.18)
with k&, a; and « being arbitrary constants.
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Re(u)
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Im(u,)

Abs(u,)

U1

Fig. 2. The soliton solutions u; and v; with two-peak shaped for «; and bell-shaped for v, where & = 0.5, p = 0.1.

From (1.5)-(1.7) and (2.17), we get three kinds of
solutions:

uy = +2v/2ke”[1 — 3 tanh® V—k¢],
1
v = —§(8k +a)+ 6k tanh® vV—k¢, k<0,

uy = +2v2ke®[1 + 3 tan? \/Ef],
1
v2 = —2(8k +0) — 6k tan> VkE, k>0,

where £ = z+2at, = ax+1(3a’+a — 10k)t, and

: 1 6
uz = £——e'?, 'v3=—§oz—€—2, k=0,
where { =z +2at, §=az+5(3a’+alt.

Again from (1.5)-(1.7) and (2.18), we obtain other
three kinds of solutions

Ug = —A1V —keie tanh V _kf,
1
vy = = (16k +4a + ap) + 2k tanh® V—k¢, k <0,

U5 = ay \/];61.9 tan \//:5,
1
vs =~ (16k +4a + a?) — 2ktan® VkE, k>0,

where £ = z+20t, 0 = az+5(120% +4a —8k+ad)t,
and

a , 1 2
Ug = —? ,9, v6:—5(40¢+a%)— 5—2, kZO,
where £ = z+2at, 0 = az+5(120% +4a+a})t. The
properties of the solutions v; and v; (¢ =1,2,---,6)

are shown in Figures 2 - 7.

Example 5. Consider the (2+1)-dimensional Da-
vey-Stewartson equation [17]

WU+ Upy — Uyy — 2|ul?u — 2uv = 0,

(2.19)
Vi + Uyy + 2(JuP)zz = 0.

Similar to the above Example 4, we introduce the
transformations

u=c?U),v=V(©,

(2.20)
0 =ax+Py+6t, E=x+yy+At,
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Re(uz) Im(us)

Fig. 3. The periodic solutions u, and v, where k = 1, p = 0.25.

Re(u3) Im(us)

Fig. 4. The rational solutions u3 and v3, where & = 0.5, p = 0.3.
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Re(us) Im(uq)

Fig. 5. The soliton solutions w4 and v4 with all bell-shaped for w4 and v4, where & = —0.5,p = 0.5, a; = 1.

Re(us) Im(us)

4

Fig. 6. The periodic solutions us and vs, where &k = 0.25,p = 0.2,a; = 1.
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Re(ug)
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Im(ug)

Abs(ug)

Fig. 7. The rational solutions w6 and vs, where p = 0.3, a; = 1.

where a, 3, 8, v, A are real constants and U(§), V(£)
are real functions.

Substituting (2.20) into (2.19), we find that A =
—2(av — 37%). U and V satisty the system

(B —a? = 0OU+(1 —~HU" =203 —2UV =0,

A+AHV"+ (V' =0. (2.21)

Balancing the highest linear term and nonlinear terms
in (2.21) we have the ansatz

U=ag+arp, V=by+bio+bhe® (222

Substituting (2.22) into (2.21), we obtain the follow-
ing system of algebraic equations:

(3 — o — §)ag — 2a3 — 2aphy = 0,
2ka; — 2v*kay + (6% — o® — 8)ay

— 6(1%(11 —2a1by — 2agby =0,
—60,00% —2a1by — 2a0b, =0,
2a; — 2v%a; — 2a; — 2a1by =0,
4k a + 2k%by + 2k*y%by = 0,
8kagay + 2kby + 2k~y?b; = 0,

16ka? + 8kby + 8ky?by = 0,
8agay +2by +24%b; =0,
1243 + 6by + 67%b = 0.

Solving the system by M athematica, we find two
kinds of solutions:

1
bO = E(ﬁz — Ckz — 6 — 204(2)), b] = —2@004],
(2.23)

with &, «, 8, 6, ag and a; being arbitrary constants
and

by=—ai, 7=l

1
ap=b, =0, b0=§(52—a2—5+2k—zy2m,

431 =ﬂ:i\/1+72, by =2
with &, «, 8, v and § being arbitrary constants.
From (1.5)-(1.7) and (2.23) we obtain three kinds
of solutions

up = em[ao — a1V —ktanh v —k£],
1
vy = 5(52 —a? — § — 2a}) + 2apa; tanh k¢

+aktanh® V—kE, k <O,

(2.24)
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uy = € [ag + alx/ztan vV —Ek£],
1
vy = E(’Bz —a?—6— 2a%) — 2apa, tan \/ES
— afktan2 \/Eﬁ, k>0,
R )
U3z =¢ |:(l() f j|,

1 2 2
vy = E(ﬁz ey g 2a(2)) + dot _ 91

¢ &

where { =2+ +y — 2(8 + a)t, 0 =ax+ Py + 6t.
Again from (1.5)-(1.7) and (2.24), we also find
three kinds of solutions

ug = tie?/—k(1 + +2) tanh v —k¢,

1 :
vy = E(,32 — o — 642k —29%k)

k=0,

— 2ktanh® V—k¢, k<O,

us = +ie’ k(1 + 12) tan VEE,
1 ‘
vs = ﬁ(pﬂ — o — 642k —279%k)

+2ktan® Vke, k>0,

ii\/ 1 +’Y2€719’

g =+————e

§

I 2 e 2
U6:E(6 — o —(5)+€—2, k=0,
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