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Abstract

In this Letter, sine-Gordon-type equations, including single sine-Gordon equation, double sine-Gordon equation and triple sine-Gordon equa-
tion, are systematically solved by Jacobi elliptic function expansion method. It is shown that different transformations for these three sine-Gordon-
type equations play different roles in obtaining exact solutions, some transformations may not work for a specific sine-Gordon equation, while

work for other sine-Gordon equations.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Sine-Gordon-type equations, including single sine-Gordon
(SSG for short) equation

Uy =asinu, ()
double sine-Gordon (DSG for short) equation

Uy =aSinu + Bsin2u, 2
and triple sine-Gordon (TSG for short) equation

Uy =aSinu + Bsin2u + y sin3u, 3)

are widely applied in physics and engineering. For example,
DSG equation is a frequent object of study in numerous phys-
ical applications, such as Josephson arrays, ferromagnetic ma-
terials, charge density waves, smectic liquid crystal dynamics
[1-5]. Actually, SSG equation and DSG equation also arise in
nonlinear optics *He spin waves and other fields. In a resonant
fivefold degenerate medium, the propagation and creation of
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ultra-short optical pulses, the SSG and DSG models are usu-
ally used. However, in some cases, one has to consider other
sine-Gordon equations. For instance, TSG equation is used to
describe the propagation of strictly resonant sharp line optical
pulses [6].

Due to the wide applications of sine-Gordon-type equa-
tions, many solutions to them have been obtained in different
functional forms, such as tan—!coth, tan—!tanh, tan—!sech,
tan—1sn and so on, by different methods [7-9]. In this Let-
ter, we will show the systematical results about solutions for
these three sine-Gordon-type equations. Here different trans-
formations will be introduced to derive more types of solutions,
of course, some transformations may not work for a specific
sine-Gordon-type equation.

2. Solutionsto SSG equation

In order to solve the sine-Gordon-type equations, certain
transformations must be introduced. For example, the transfor-
mation

Ly or v:tang, 4)

has been introduced in Refs. [7,9] to solve DSG equation.

u=2tan"
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When the transformation (4) is considered, there are

2tan 5 2v

sinu = = , 5
‘ 1+tan?y 1402 ®)
and
2 4v
Mt T a2t ©

Combining (5) and (6) with (1), the SSG equation can be
rewritten as

(1+v2)v,x — 20,0, — v — av® = 0. @)

Eqg. (7) can be solved in the frame

v=uv(§), &=k(x—co), (8)

where k and ¢ are wave number and wave speed, respectively.
Substituting (8) into (7), we have

d? dv\?
kzc(1+v2)d—§z —2k2cv<d—;) +av+av® =0, 9)
which can be solved directly by Jacobi elliptic function expan-
sion method [10,11]. For instance, the ansatz solution can be
written as

v=ag+aisng, (10)

where sn ¢ is Jacobi elliptic sine function [12-14].
The constants ag and a; can be determined by substituting
(10) into (9) as

o — (1 4+ m?)k?c
a0=0, a1=\/—T, (11)
with
o
 EfA— 12
CTERA—m2y (12)

where 0 < m < 1 is called modulus of Jacobi elliptic functions,
see [12-14].
Thus, the solution to the SSG equation is

— AY ¥
uls:Ztanl[\/_Msn

Ton §:|, m#1. (13)

The second transformation is introduced in the form

u=2sin"tv or v:sin%, (14)
and then

sinu=25in%cosg =2vﬂ, (15)
and

2 . 2v
u = —— -
T A2 Y A=)V 2

Combining (15) and (16) with (1), the SSG equation can be
rewritten as

Vs Uy (16)

2

(1—v2)vtx+vvtvx—av(1—v2) =0. an

In the travelling wave frame (8), the formal solution of
Eq. (17) by the Jacobi elliptic function expansion method [10,
11] can be written as

v=ap+aisné&. (18)
Similarly, the expansion coefficients can be determined as
o
ag = 07 al = :l:lv c= W5 (19)
or
o
ap=0, ay ==+m, c:F. (20)
Thus, we can obtain two more solutions to the SSG equation:
uss = £2sin"[sné&], (21)
and
uzs = £2sin"[msng]. (22)

Moreover, it is known that when m — 1, sn(&, m) — tanhé&.
So we can get more kinds of solution expressed in terms of
hyperbolic function,

uas = +2sin"[tanh £], (23)
with
o

Next, we introduce the third transformation

u=cos"tv or wv=cosu, (25)
and then

sinu =+v/1— 2, (26)
and

1 v
v J—
102 " (1= v2)VI-02

Combining (26) and (27) with (1), the SSG equation can be
rewritten as

Vg Uy 27

Uty = —

(1—v2)v,x —i—vv,vx—i-a(l—vz)z:O. (28)

In the travelling wave frame (8), the formal solution of
Eqg. (28) by the Jacobi elliptic function expansion method [10,
11] can be written as

v=ag+ a1 SN& + azsn’&. (29)
Similarly, the expansion coefficients can be determined as
2m?k?
ao=+1, a1=0, ap=-TC (30)
o
with
o
c 22 forap=1, (31)
and
o
€=13 forap = -1, (32)
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or
1 2 k2 2 2k2 .
ao:w, a1 =0, ap = — m C’ (33)
o o
with
o
=t——. 34
‘A (34)
Thus, we can obtain still more solutions to the SSG equation
r 2 2k2
uss = cos 1| 1 — M5 € g2 S}, (35)
o
I 2m?k?
ugs =cos | —1— X Cgn2 s}, (36)
and
[(L+m?k’c  2m%k?
u7s = C€0s* d+mOk7c _ 2m Csnzg}. (37)
o

Moreover, when m — 1, sn(¢,m) — tanh&, we can get
more kinds of solution expressed in terms of hyperbolic func-
tion,

2k?
ugs = C0S ™ [il — 22 tanh? E], (38)
with
o

3. Solutionsto DSG equation

First of all, we consider the first transformation (4), then we
have

(40)

Combining (5), (6) and (40) with (2), the DSG equation can
be rewritten as

(1+v2)vtx —2vvv, — (@ +28)v — (« —2,3)v3=0. (41)

In the travelling wave frame (8), the formal solution of
Eq. (41) by the Jacobi elliptic function expansion method [10,
11] can be written as

v=ap+aisné. (42)

Similarly, the expansion coefficients can be determined as

0 N 2m2k2c
ag=20, ay = — s
0 ! (@ — 2B) + (L + m2)k2c
with
28(1 +m?) £ /(1 — m2)20 + 16m22
Cc =
(1 _ m2)2k2

(43)

form #1, (44)

and
o® —4p°

c=—

Thus, the solutions to the DSG equation are

i 211212

uip = +2tan"t| |- m7k7e sne |, m#1,
(@ —28) + (1 +m?)k2c

- (46)
and

i 2k?c

—42tan" | /————— — _ tanhé& |. 47

20 an \/ (@ —28) + 2k2c E} S

When the second transformation (14) is considered, it can
be easily proven that the DSG equation (2) cannot be solved
directly. So, the second transformation (14) does not work for
the DSG equation (2), more further transformations are needed.
This case does not happen in the third transformation (25),
where we have

sin2u = 2vy/ 1 —v2. (48)

Combining (26), (27) and (48) with (2), the DSG equation
can be rewritten as

(1 - vz)vtx + vvsvy + oc(l - v2)2 + 2,31)(1 - v2)2 =0. (49

In the travelling wave frame (8), the formal solution of
Eq. (49) by the Jacobi elliptic function expansion method [10,
11] can be written as

v=ap+aisné&. (50)

Similarly, the expansion coefficients can be determined as

o m2k2¢
=——, = — , 51
w=-7z a1 25 (51)
with
2 16 2
c= _%. (52)
41 + m?)k2p
Thus, another solution to the DSG equation is
i 21,2
1 o mekéc
=Ccos | —— =%, /— sné |. 53
u3p 25 2 E} (53)

When m — 1, we have

B 2
uap = cos* —%:{: l—kz—;tanh“g‘], (54)

with

a? + 1682
8k2p

(55)

4. Solutionsto TSG equation

First of all, we consider the first transformation (4), then we

have
6v 2v 3

sin3u =
1
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Fig. 1. Graphical presentation for solution u = Zsin—l[msn(x,m)] for
m=0.5.

. . . . 2,2
Fig. 2. Graphical presentation for solution u = cos*1[1 - % snz(x, m)]

form=05a=1.

Combining (5), (6), (40) and (56) with (3), the TSG equation
can be rewritten as
(1 + vz)vtx —2vvuy — (0 + 284+ 3y)v — 2(a — 5)/)1)3

— (@ —2B+3y)°=0. (57)

In the travelling wave frame (8), the formal solution of
Eq. (57) by the Jacobi elliptic function expansion method [10,
11] can be written as

v=ap+aiSné. (58)

Similarly, the expansion coefficients can be determined as

Sy
=0, =+ | —F+, 1, 59
ao ap ==+ | Ao ™ # (59)

here the solution to the TSG equation (3) is

/ 5
M1T=:|:2tan_l|: msné}, m 751 (60)

Unfortunately, the second transformation (14) and the third
transformation (25) cannot be applied to solve the TSG equa-
tion (3) directly, i.e., the second transformation (14) and the
third transformation (25) do not work for the TSG equation (3),
more further transformations are needed.

27T
X

Fig. 3. Graphical presentation for solution u = cos—l[—% + /—’”é’;;c X
sn(x,m)] form=05a=1,8=1.

0BT 6 4 20 2 4 6 8 1o
X

Fig. 4. Graphical presentation for solution u = cos‘l[—% + /—kziﬂ“ tanh(x)]

fora=1,8=1.
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Fig. 5. Graphical presentation for solution u = 2tan™"[ AomDiZe sn(x, m)]

form=05,y=1.

5. Conclusion

In this Letter, the sine-Gordon-type equations, including sin-
gle sine-Gordon equation, double sine-Gordon equation and
triple sine-Gordon equation, are systematically solved by Ja-
cobi elliptic function expansion method. Here some new solu-
tions have not been reported in the literature, for example, for
the DSG equation (2), uzp and u4p have not been reported in
the related works [3,4,7,9]. It is shown that different transforma-
tions for these three sine-Gordon-type equations play different
roles in obtaining exact solutions, some transformations may
not work for a specific sine-Gordon equation, while work for
other sine-Gordon equations. Of course, there are still more ef-
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forts needed to explore what kinds of transformations are more
suitable to solve these sine-Gordon-type equations, especially
for the higher multiple sine-Gordon equations. Because differ-
ent transformations result in different partial balances for these
sine-Gordon-type equations, which will lead to different ex-
pansion truncations in the Jacobi elliptic function expansion
method. Finally, these will result in different solutions of the
sine-Gordon-type equations. Details can be found in the above
graphical representations of the solutions. From these graphical
representations, we can see that the solutions take different be-
haviors when different transformations (see Fig. 1 and Fig. 2)
and different parameters (see Fig. 3 and Fig. 4) are chosen.

Acknowledgements

We would like to thank referees for their careful reading of
the manuscript and constructive comments. Many thanks are
due to supports from National Natural Science Foundation of
China (No. 40305006).

References

[1] E. Goldobin, A. Sterck, D. Koelle, Phys. Rev. E 63 (2001) 03111.
[2] K.M. Leung, D.L. Mills, P.S. Riseborough, S.E. Trullinger, Phys. Rev.
B 27 (1983) 4017.
[3] M. Salerno, N.R. Quintero, Phys. Rev. E 65 (2002) 025602.
[4] S.Y. Lou, G.J. Ni, Phys. Lett. A 140 (1989) 33.
[5] V.A. Gani, A.E. Kudryavtsev, Phys. Rev. E 60 (1999) 3305.
[6] R.K. Bullough, P.J. Caudrey, H.M. Gibbs, in: R.K. Bullough, P.J. Caudrey
(Eds.), Solitons, Springer, Berlin, 1980.
[7] M. Panigrahi, P.C. Dash, Phys. Lett. A 321 (2004) 330.
[8] J.S. Yang, S.Y. Lou, Chin. Phys. Lett. 21 (2004) 608.
[9] E.G. Fan, J. Zhang, Phys. Lett. A 305 (2002) 383.
[10] Z.T. Fu, S.K. Liu, S.D. Liu, Q. Zhao, Phys. Lett. A 290 (2001) 72.
[11] S.K. Liu, Z.T. Fu, S.D. Liu, Q. Zhao, Phys. Lett. A 289 (2001) 69.
[12] S.K. Liu, S.D. Liu, Nonlinear Equations in Physics, Peking Univ. Press,
Beijing, 2000.
[13] V. Prasolov, Y. Solovyev, Elliptic Functions and Elliptic Integrals, Ameri-
can Mathematical Society, Providence, RI, 1997.
[14] z.X. Wang, D.R. Guo, Special Functions, World Scientific, Singapore,
1989.



	Exact solutions to sine-Gordon-type equations
	Introduction
	Solutions to SSG equation
	Solutions to DSG equation
	Solutions to TSG equation
	Conclusion
	Acknowledgements
	References


