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Abstract

In this Letter, dependent and independent variable transformations are introduced to solve the nonlinear Schrodinger (NLS) equation systemat-
ically by using the knowledge of elliptic equation and Jacobian elliptic functions. It is shown that different kinds of solutions can be obtained to
the NLS equation, including many kinds of envelope breather solutions and envelope breather lattice solutions.
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1. Introduction

Among the soliton bearing nonlinear equations, the modi-
fied Korteweg—de Vries (mKdV) equation is of special interest
[1,2]. For it possesses rich solutions, such as solitary solu-
tions [ 1-4], periodic solutions [3-6], breather solution [1,2,7,8],
breather lattice solutions [7,8]. A particularly interesting type
of solution is the so-called breather kind of solution, usually
this kind of solutions is unavailable and such solutions have
to be solved numerically [7]. In some cases, however, the an-
alytical expressions in closed form can be found, such as the
breather lattice solution for the sine-Gordon equation [9] and
for the mKdV equation [7,8].

In Refs. [7-9], Kevrekidis’s research group has applied some
ansatzes to obtain the breather lattice solutions to the mKdV
equation and the sine-Gordon equation. The aim of present Let-
ter is to present the envelope breather solutions and envelope
breather lattice solutions of the NLS equation in a systematical
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way. Based on the introduced transformations, we will show
systematical results about these breather-type solutions for the
NLS equation by using the knowledge of elliptic equation and
Jacobian elliptic functions [3,4,10-12].

The cubic nonlinear Schrodinger (NLS) equation reads [1,2]

iut’+a/ux’x’ +13/|M|21/t=0, (1)
where i = +/—1.

Eq. (1) can be transformed as
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2
with the transformation
I/l(.x/, t/) — E()C/, t/)eik(x/fcf/)’ (3)

where the amplitude E (x’, 1) is a real function of its arguments.

Next, we will try to find the analytical expression of E (x', t').
First of all, the real part and imaginary part of Eq. (2) can be

separated into a set of equations, i.e.
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Substituting Eq. (4a) into Eq. (4b) yields the modified KdV
(mKdV) equation
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Setir=1r,x=p"13x and v = i\/gﬂ—l/%", Eq. (5) can
be rewritten as

v + 6v2vx + Vxyx =0, (N

which is called the positive mKdV (pmKdV) equation [7,8].
If wesett=1¢t,x=p8""13 and v=+=+ /—%ﬂ’lmE,
Eq. (5) can be rewritten as

Uy — 6U2Ux + Vxyx =0, ()

which is called the negative mKdV (nmKdV) equation [7,8].

From the above relation between (7), (8) and (5), it is ob-
vious that if one derives the solutions to (7) or (8), then the
solutions to (5) can be obtained directly by the rescaled inde-
pendent variables and dependent variable. Next, we will show
the details to derive many kinds of solutions to (5), especially
the breather solutions, the solutions describing the interaction
of two-soliton and the shelf-shaped solutions, which have not
been reported in the literature in a systematical way.

2. Envelope breather lattice solutions and envelope
breather solutions: Case for the pmKdV equation

In order to obtain the breather solution and breather lattice
solution to Eq. (5) satisfied by the amplitude E, the following
transformation

3
v :28—tan_l é 9)

X

must be introduced, and then ¢ satisfies

(1+¢%) (@ + brrx) + 665 (7 — prx) = 0. (10)

Eq. (10) can be solved by introducing the following indepen-
dent variable and dependent variable transformations

& =ax+ bt + &, n=cx +dt + no, (11)
and
p=AUE)V(n), (12)

where &y and g are two constants, A is a constant to be deter-
mined, U and V satisfy the following elliptic equation

U§ =s1U*+ p1U% +q1,
Vi=nVi+ ppVi+ g, (13)

where s1, 52, p1, P2, q1 and g are determined constants.

Substituting (11) and (12) into (10) yields the following al-
gebraic equations

b+ pia® +3prac® =0, (14a)
q1A%a% + 55¢? =0, (14b)
q2A202 +s1a% =0, (14¢)
d+3pia*c+ prc® =0. (14d)

For the algebraic equations (14), some cases can be ad-
dressed, first of all, we will address some special cases.

Casel.If 51 =50 =¢q1 =¢q2 =0and p; > 0, py > 0, then from
Eq. (14), we have
U = yjetVPes, V = ypetVP2, (15)

where y| and y» are two constants. The solution (12) can be
written as

o1 = AeTWPIEPD, (16)

where A is a constant, and the solution (16) is a kind of
shelf-shaped solution, whose graphical presentation is shown
in Fig. 1, an obvious shelf shape.

Case 2. If only sp = g1 =0, then from Eq. (13), we have

U=siU*+piU% Vi=pV2i+q. (17)
Actually, if we set U = % then we have

W =piW?+s1. (18)

It is obvious that V and W satisfy the same equation, this
equation has three subcases to be considered.

Case2a.If p; > 0,51 > 0or pp >0, g2 > 0, the solution to U
or Vis

1 S
— == [—sinh(/pi§ +c1),
U 4 P

Fig. 1. The graphical presentation shows the space—time evolution of the
shelf-shaped solution of Egs. (15) and (16), where the parameters are chosen as
pi=pp=A=l,a=b=§=2,c=d=ng=1.
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V=x+/ % sinh(/Pan + ¢2), (19)
2

where ¢; and c; are two constants.

Case 2b. If p; >0, s1 <0 or py >0, g2 <0, the solution to U
orVis

1 S

— =% [——cosh({/pi§ +c1),

U P1 b

V=it /—Z—z cosh(y/pa7 + ¢2), (20)
2

where ¢; and c; are two constants.

Case 2¢. If p; <0, s1 > 0 or pr <0, g2 > 0, the solution to U
or Vis

1 s1 .

— == [——sin(J/—pi§ +c1),

U D1

V=it /—Z—zsin(«/—Pzn-l-Q), Q1)
2

where ¢; and ¢, are two constants.

Similarly, the case for only s; = ¢g» = 0 can be discussed.
The solution (12) can be obtained by the combinations of above
six pairs of U and V. For example, for p; > 0, p» >0, s1 >0
and ¢» < 0, the solution is

PR [ p1g2 cosh(y/pan + c2) 22)
B past sinh(/pr& +c1)’

this is a solution describing the interaction of two solitons,
whose graphical presentation is shown in Fig. 2, an obvious
figure of the interaction of two solitons.

For p1 > 0, p2 <0, s;1 <0 and g2 > 0, the solution is

PR p1q2 sin(y/—pan + ¢2) 23)
27T pasi cosh(YpiE + 1)

obviously, this is a kind of breather solution, whose graphical
presentation is shown in Fig. 3.

Fig. 2. The graphical presentation shows the space—time evolution of the inter-
action of two-soliton solution of Eq. (22), where the parameters are chosen as
pi=pp=si=lL,q¢pg=—l,a=b=ci=1l,c=d=cy=2.

Case 3. If q1, g2, 51 and s; are all nonzero values, from (14),
we can determine

o @ s @A
qQq’ 2 qA? 51

b= —a(p1a2 + 3p2c2), d= —c(3p1a2 + pzcz). (24)

From (24), it is obvious that the determined constants in (14)
must satisfy the following constraints
Sz >0, 2 <0, e
9192 q1 S1
this implies that not all combinations of Jacobi elliptic func-
tions are solutions to the positive mKdV equation (10) under
the above mentioned transformations, only the combination
of a couple of the Jacobi elliptic functions satisfies the con-
straint (25), it can be a solution to the positive mKdV equa-
tion (10). Actually, there exist only 18 of this kind of combina-
tions [13], we will address some of them in details.

<0, (25)

Case 3-1. When U = sn(§,k) and V = dn(n, m), where
sn(&, k) and dn(n, m) are the Jacobi sine elliptic function and
the Jacobi elliptic function of the third kind, respectively, and k
and m are their modulus [10-12]. Then from (13), we have

pr=2—m>,

q1 =1,
@ =—(1-m?. (26)
Substituting (26) into (24), the parameters can be determined

sp=—1,
as
_2@ b o[@(+#) 320 -m)],
{44 - )]

[k
} ; (27)

1 —m?

A=z

then the solution (12) is

27
¢2—4 = :l:|:1——n12} [Sn(g’ k) dn(ﬂ, m)]v (28)

Fig. 3. The graphical presentation shows the space—time evolution of the
breather solution of Eq. (23), where the parameters are chosen as p; =¢» =1,
pp=si=—l,a=b=ci=1,c=d=c;=2.
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Fig. 4. The graphical presentation shows the space—time evolution of the
breather lattice solution of Egs. (27), (28), where the parameters are chosen
asa=1,c=1,m=0.8, & = ng = 0, from which the other parameters can be
determined as b= —-2.72,d =2.72, k=06 and A = 1.

which is a kind of breather lattice solution given in Refs. [7,8,
13], and when m — 0, dn(n, m) — 1, it turns to be a periodic
wave solution

¢274/ = :f:«/z sn(é, k) (29)

Fig. 4 shows the evolution of the breather lattice solution
with the periodic characteristics in both spatial and temporal
directions, while for the normal breather solution which has the
periodic characteristics just in a specific direction.

Case 3-2. When U =cn(£,k) and V = sd(n,m) = :1?1((7,;:))’
where cn(&, k) is the Jacobi cosine elliptic function [10-12].
Then from (13), we have

s1=—k>, p1=2*-1, q=1-—k%
S2=—m2(1 —mz), p2:2m2— 1, g =1, 30)
then the solution (12) is
em2(1 —m?) 4
$r5= :t|:1—7k2:| [cn(é, k) sd(n, m)], (31)
with
a? m [1—m? b 2 5 5 5
d
— = [3a%(1 — 2k%) + ¢*(1 — 2m?)],
Km2(1 —m?) 3
A=t ———=| . 32
ey @)

The periodic characteristics in Fig. 5 is different from what
we see in Fig. 4, here the periodic characteristics only in a spe-
cific direction is obvious, in other directions it is much weaker.
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Fig. 5. The graphical presentation shows the space—time evolution of the
breather lattice solution of Eqgs. (31), (32), where the parameters are chosen
asa=1,c=1,m=0.5, & = ng = 0, from which the other parameters can be
determined as b =2,d =2, k=0.5and A = .

3. Envelope breather lattice solutions and envelope
breather solutions: Case for the nmKdV equation

For (8), the transformation is
0
v=2— tanh™! ¢, (33)
ax
then ¢ satisfies

(1= ¢%)(dr + brrx) — 66 (0 — Pprx) = 0. (34)

Substituting (11) and (12) into (34) yields the following al-
gebraic equations

b+ pra® +3prac® =0, (35a)
q1A%a* — s5¢* =0, (35b)
@ A% —51a* =0, (35¢)
d+3pia’c+ prc® =0. (35d)

Similar to (14), there are also some cases that can be ad-
dressed, first of all, we will address some special cases.

Casel.If s =50 =¢q1 =¢q2 =0and p; > 0, pp > 0, then from
Eq. (35), the solution (12) can be written as
N (36)

where A is a constant, and the solution (36) is a kind of
shelf-shaped solution, whose graphical presentation is shown in
Fig. 6, an obvious shelf shape, but different from Fig. 1. Here
the shelf-wave will blowup within finite region along two lines.

Case 2. If only s1 = g2 = 0, then from Eq. (13), we have

U;:2=P1U2+611, V,72=SzV4+P2V2~ (37)
Actually, if we set V = %, then
Wi = p2W2 + 52. (38)

It is obvious that U and W satisfy the same equation, this
equation has three subcases to be considered.
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Fig. 6. The graphical presentation shows the space—time evolution of the
shelf-shaped solution of Eq. (36), where the parameters are chosen as p; =
pp=A=l,a=b=§=2,c=d=ny=1.

Case 2a. If p» > 0,50 > 0or p; >0, g1 > 0, the solution to U
or Vis

1 52,

— == [—sinh({/p2n +c2),

Vv D2 P

U=+ /% sinh(\/pi& + c1), (39)
1

where ¢ and ¢; are two constants.

Case 2b. If p» > 0,50 <0 or p; > 0, g1 <0, the solution to U
orVis

1 52

— =4 [——=cosh(/p2n + c2),

14 V b2

U=+ /—i—l cosh(\/pi& + c1), (40)
1

where ¢; and c; are two constants.

Case 2¢. If p» <0, s > 0or p; <0, g1 > 0, the solution to U
or Vis

1 52,
— == [——sin(J/—pan+c2),
14 )
U=+, /—Z—l sin(v/=pié +c1), (41)
1
where c¢; and ¢, are two constants.

Similarly, the case for only s, = g1 = 0 can be discussed.
The solution (12) can be obtained by the combinations of above
six pairs of U and V. For example, for p» >0, p; >0, 52 >0
and g1 < 0, the solution is

A — p2q1 cosh(/p1§ +c1) @)
3 V' pis2 sinh(/pan+c2)’

this is another solution describing the interaction of two soli-
tons, whose graphical presentation is shown in Fig. 7, an ob-
vious different figure of the interaction of two solitons from
Fig. 2.

Fig. 7. The graphical presentation shows the space—time evolution of the inter-
action of two-soliton solution of Eq. (42), where the parameters are chosen as
pi=pr=sr=Lgqi=—-l,a=b=ci=1,c=d=cy=2.

Fig. 8. The graphical presentation shows the space-time evolution of the
breather solution of Eq. (43), where the parameters are chosen as p| =
so=—1,pp=qi=l,a=b=ci=1,c=d=cp=2.

For p» >0, p1 <0, s <0 and g1 > 0, the solution is

PR [p2q1 sin(y/—p1& +c1) 43)

pis2 cosh(\/pan +c2)’

obviously, this is another kind of breather solution, whose
graphical presentation is shown in Fig. 8, which is with dif-
ferent figure from Fig. 3.

Case 3. If g1, q2, s1 and s, are all nonzero values, from (35),
we can determine

> s @A’

2 q1A%2 s
d= —c(3p]a2 + pzcz). (44)

From (44), it is obvious that the determined constants in (35)
must satisfy the following constraints

$152 a
0192’
b= —a(p1a2 + 3p26‘2),

At =

3

5182 §2 q2
2o, Zso, -

q192 q1 S1

this implies that not all combinations of Jacobi elliptic func-
tions are solutions to the negative mKdV equation (34) un-
der the above mentioned transformations, only the combination

>0, (45)
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Fig. 9. The graphical presentation shows the space-time evolution of the
breather lattice solution of Eqgs. (46), (47), where the parameters are chosen

asa=1,c=1,m= ?, &y = no = 0, from which the other parameters can be

determined as b=—5,d = -5,k = JT§ and A = %

of a couple of the Jacobi elliptic functions satisfies the con-
straint (45), it can be a solution to the negative mKdV equa-
tion (34). Actually, there exist only 28 of this kind of combina-
tions [14], we will address some of them in details.

Case 3-1. When U = nd(§, k) and V = nd(n, m), then from
(13) and (44), the parameters can be determined as

az_ 1 —m? b
2V 1=k a

A==%[(1-m?)(1—)]", (46)

—[a?(2 = k%) +3c2 (2 —m?)],

then the breather lattice solution is

¢34 = £[(1 — m?) (1 — k)] [nd(&. &) nd (. m)]. 47

It is obvious that Fig. 9 describes a different kind of breather
lattice solution from that given in Fig. 4. Compared to Fig. 4,
the profiles in Fig. 9 for both spatial and temporal directions
are intermittent. At the same time, the periodic characteristics
of Fig. 9 in the spatial direction is quite different from that in
the temporal direction.

Case 3-2. When U = sn(&,k) and V = cs(n, m), then from
(13) and (44), the parameters can be determined as

a? 1 —m? b
C_ S ) -l -]
% = [3a2(1 +k2) — c2(2 — mz)]
K2
A:i[l_mz} , (48)

f‘-” ;* H;‘ " ‘Ja 'r ’- o
i:ff:;r 1
i

;““ m’%ﬁ“ ‘

2 2

Fig. 10. The upper panel shows the space—time evolution of the breather lattice
solution of Eqgs. (48), (49), where the parameters are chosen asa =1, ¢ =1,
m = 0.8, §g = no = 0, from which the other parameters can be determined
as b=-2.72,d =2.72, k = 0.6 and « = 1. While for the bottom panel, the
parameters are chosen as a =1, c =1, m =0, &y = ng = 0, from which the
other parameters can be determined as b= —4,d =4, k=1and A=1.

then the breather lattice solution is

1

SRk
¢>3—5=:|:[ —m2] [sn(€. k) cs(n, m)]. (49)

1

When k — 1 and m — 0, the breather lattice solution (49)
turns to be a solution

936 = £[tanh(®) cot(n)]. (50)

with

=3, b=-2Y  a=xX (51)
4a da

From Fig. 10, it is obvious that for different values of m
and k, the same breather lattice solution will also show differ-
ent characteristics, small or large. Especially, when m and k
take their limiting values, the behavior will be quite different
from what given in Fig. 10. Actually, the characteristics of the
breather lattice solution shown in the upper panel of Fig. 10
is sporadic, the magnitude of v has an antisymmetric charac-
teristics along a specific direction. But for the bottom panel of
Fig. 10, the profiles in any directions are smooth.
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4. Conclusion

In this Letter, dependent and independent variable trans-
formations are introduced to solve the nonlinear Schrodinger
(NLS) equation systematically by using the knowledge of el-
liptic equation and Jacobian elliptic functions. Here first of all,
the variable satisfying the nonlinear Schrédinger (NLS) equa-
tion is separated into real part and imaginary part, where the
amplitude, i.e. the envelope, is related to the mKdV equation.
The rescaled independent variable and dependent variable sat-
isfy the positive mKdV equation or the negative mKdV equa-
tion. It is shown that different kinds of solutions can be ob-
tained to the NLS equation, including many kinds of envelope
breather solution and envelope breather lattice solutions. Fur-
thermore, when different independent variable transformations
are adopted, there will be different results. For example, when
we choose the independent variable transformation

1 1
é:ax-l—;t-i-éo, n=ax — 1+, (52)

which is given in Ref. [2], some breather lattice solutions ex-
pressed in terms of Jacobi elliptic functions will be omitted.
From the view point of constructing the connection between
the solutions of different family of nonlinear equations, there is
still much work needed to do, since a wide variety of different
physical systems can be described by a relatively small set of
universal equations [15]. In this Letter, we have chosen a simple
envelope representation of the wave function (a real amplitude
and a phase linearly dependent on both space and time coordi-
nates) for NLS equation, so the governed equation for the am-
plitude is turned to be the positive mKdV equation or the neg-
ative mKdV equation by suitable combinations. Actually, this
approach can extended in a more general framework, as it has
been done in Refs. [16,17], where a correspondence between
envelope solutions of generalized NLS equations and solutions
of generalized KdV equations is constructed. In their frame-
work, the envelope representation allows to split a generalized
NLS equation into a pair of the Madelung’s fluid equations,
when the connection between phase and amplitude is assumed,

an equation for the only amplitude can be established to be the
generalized KdV equation, Eq. (5) is just a special case. The
generalized KdV equation can be solved to obtain its breather-
typed solutions by means of suitable transformations (including
Miura transformation, since the Miura transformation is an ex-
act transformation between the solution of the mKdV equation
and that of the KdV equation), just as we have done in Sec-
tions 2 and 3.

Due to wide applications of the NLS equation, the analytical
solutions given in this Letter will be helpful in related research.

Acknowledgements

Many thanks are due to supports from National Natural Sci-
ence Foundation of China (Nos. 40305006 and 90511009).

References

[1] P.G. Drazin, R.S. Johnson, Solitons: An Introduction, Cambridge Univ.
Press, New York, 1989.
[2] G.L. Lamb Jr., Elements of Soliton Theory, John Wiley and Sons, New
York, 1980.
[3] Z.T. Fu, S.K. Liu, S.D. Liu, Q. Zhao, Phys. Lett. A 290 (2001) 72.
[4] S.K. Liu, Z.T. Fu, S.D. Liu, Q. Zhao, Phys. Lett. A 289 (2001) 69.
[5] Z.T. Fu, L. Zhang, S.K. Liu, S.D. Liu, Phys. Lett. A 325 (2004) 364.
[6] Z.T. Fu, S.D. Liu, S.K. Liu, Phys. Lett. A 326 (2004) 364.
[7] P.G. Kevrekidis, A. Khare, A. Saxena, Phys. Rev. E 68 (2003) 047701.
[8] P.G. Kevrekidis, A. Khare, A. Saxena, G. Herring, J. Phys. A 37 (2004)
10959.
[9] P.G. Kevrekidis, A. Saxena, A.R. Bishop, Phys. Rev. E 64 (2001) 026613.
[10] S.K. Liu, S.D. Liu, Nonlinear Equations in Physics, Peking Univ. Press,
Beijing, 2000.
[11] Z.X. Wang, D.R. Guo, Special Functions, World Scientific, Singapore,
1989.
[12] PF. Byrd, M.D. Friedman, Handbook of Elliptic Integrals for Engineers
and Physics, Springer-Verlag, Berlin, 1954.
[13] Z.T. Fu, S.D. Liu, S.K. Liu, J. Phys. A, in press.
[14] Z.T. Fu, S.D. Liu, S.K. Liu, submitted for publication.
[15] J.M. Christian, G.S. McDonald, P. Chamorro-Posada, J. Phys. A 39 (2006)
15355.
[16] R. Fedele, H. Schamel, Eur. Phys. J. B 27 (2002) 313.
[17] R. Fedele, Phys. Scripta 65 (2002) 502.



	Envelope breather solution and envelope breather lattice solutions  to the NLS equation
	Introduction
	Envelope breather lattice solutions and envelope breather solutions: Case for the pmKdV equation
	Envelope breather lattice solutions and envelope breather solutions: Case for the nmKdV equation
	Conclusion
	Acknowledgements
	References


