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Abstract

Exact extended traveling wave and spatiotemporal soliton solutions to the generalized

(3 + 1)-dimensional Schrodinger equation with distributed coefficients and linear potential
are found. We obtain solutions for four combinations of the temporal dependence of the
coefficients: constant and sinusoidal diffraction coefficients and constant and sinusoidal
external electric fields. A number of stable periodic soliton solutions are obtained whose
signal does not decrease with time in the absence of an externally induced loss.

PACS numbers: 05.45.Yv, 42.65.Tg

(Some figures in this article are in colour only in the electronic version.)

1. Introduction

The generalized nonlinear Schrodinger equation (NLSE) is
a generic model that is very important in nonlinear optics,
where it describes the full spatiotemporal optical solitons [1]
or light bullets [2]. It has also been very instrumental
in describing the matter wavefunction in Bose—Einstein
condensates (BECs) [3]. The stable exact soliton solutions
to the generalized NLSE with the cubic nonlinearity were
known to exist in (1 + 1) dimensions ((1 + 1)D) for quite some
time [4]. Recently, there has been significant improvement
in obtaining stable spatiotemporal soliton solutions for a
higher number of transverse dimensions [5, 6]. The traveling
wave and soliton solutions to the generalized NLSE in
(3+1)D for a cubic nonlinearity were first developed in [7]
for anomalous dispersion and were generalized in [8] for
normal dispersion. Exact solutions for varying potential and
nonlinearity were found in [9] by similarity transformations.
It should be noted that the stability of localized solutions
of the generalized NLSE with time-dependent coefficients is
of lesser concern than that in the case when the coefficients
are constant. It is known that in homogeneous media,

0031-8949/11/065001+06$33.00 Printed in the UK & the USA

multidimensional solitary waves tend to blow up; they
can be stabilized by dispersion management techniques [5]
developed recently. When the coefficients in NLSE keep
changing with time, the solutions to the equation become
transient at all times. They can diminish, blow up, oscillate
or tend to specific profiles. The question of stability of such
solutions then is not of great importance.

The NLSE with cubic nonlinearity and a linear potential
has also been of great interest to various fields of physics. The
topic was first covered in [10], where detailed solutions were
offered for the (1+ 1)D case of BECs at constant diffraction
and constant linear potential in time. Then in [11, 12], the
Hirota method was used to find both one- and two-soliton
solutions in (1+1)D. Finally, in [13], (1+1)D solutions
without chirp for the time-dependent linear potential in BECs
were developed, using the F-expansion technique. Here, we
present analytical traveling wave and soliton solutions to the
NLSE in (3 + 1)D with cubic nonlinearity and time-dependent
linear external potential. We specifically concentrate on the
solutions with chirp, as this internal parameter function of the
solutions offers a wide range of localized and wave solutions
to the multidimensional generalized NLSE.

© 2011 The Royal Swedish Academy of Sciences
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This paper is organized as follows. Section 2 introduces
the method of F-expansion and the balance principle.
Section 3 summarizes the results obtained for the four
different cases considered: constant diffraction and field,
constant diffraction and sinusoidal field, sinusoidal diffraction
and constant field and sinusoidal diffraction and field. In
section 4, we graphically present the solutions obtained and
discuss the stability of these solutions. Finally, section 5
presents the conclusion.

2. Method

We consider the NLSE with distributed coefficients in (3 +
1)D, with a linear potential of the form [1, 4, 6]

10;u + ?Au +x(t)|u|2u +e(t)x+y+u=iy(u. (1)

Here ¢ is time, A = 8)%+8y2.+812 is the 3D Laplacian, r =

Vx2+y%2+72 is the position coordinate and €(¢) stands for
the strength of the linear potential as a function of time.
The strength of the linear potential is related to the strength
of the electric field established in the medium; hence, we
will use the term ‘electric field’ to refer to €. The direction
of the electric field is purposely chosen to symmetrize the
three coordinates, although other choices are possible. The
functions B(t), x(¢) and y(¢) stand for the diffraction,
nonlinearity and gain/loss coefficients, respectively.

Equation (1) will in principle be solvable by our method
for arbitrary B, € and y, provided an integrability condition
is satisfied by the nonlinearity coefficient y. However, only
certain forms of the coefficients will be studied in detail:
in particular, the sinusoidal B8 and €. The reason we take
such a form of B and € is that there exists increased
interest in systems with periodic dispersion and nonlinearity,
as these tend to produce stable solitary and traveling wave
solutions [7]. In addition, the chirp function contained in these
solutions will also be periodic and therefore the solutions will
not decay or collapse, as will become apparent in the four
cases of study. The two types of external field that are of most
experimental interest are, of course, constant and alternating.

According to the F-expansion and the balance principle
techniques [14, 15], we search for the solution of equation (1)
in the form [6, 7]

u(x,y,z,t)=A,y,z,t)expliB(x, y, z, 1)1, 2)

where
A= f(OF@O)+g)F~'(0), (3)
0 =k®)x+1(1t)y +m(t)z+w(t), 4)
B=a®r*+b(t)(x+y+2)+e(r). ®)

Here f, g, k, I, m, w, a, b and e are parameter functions to
be determined, and F is one of the Jacobi elliptic functions
(JEFs). When expressions (3)—(5) are plugged into equation
(1) and the detailed balance principle [6, 7] is applied to
the resulting expressions, the following set of differential
equations for the parameter functions are obtained:

d
Y v3af —vf =0, ©)
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98 | 308 =0 )
5 T3P —ve=0.
dk
— +2kaB =0, 8
ot ap ®)
dl+2z,3 0 9)
J— a — s
dr
dn  omag =0 (10)
ar AP =5
da
— +2B8a%> =0, 11
ot Ba (11)
db
E+2ﬂab—e=0, (12)
dw
$+ﬂ(k+l+m)b=0, (13)
d
d—j+§[3b2—(k2+12+m2)C2]—3xf1f2:0. (14)

In addition, two algebraic relations involving the
functions f and g are obtained:

FIBU*+1P+m*)es+ xf21=0, (15)

glBU*+12+m*)co+ xg*1=0. (16)

The coefficients ¢y and c4, together with the coefficient c¢;
appearing in the equation for e, are the coefficients of the
Jacobi elliptic differential equation [6]. In [7], we treated
light bullets, and in [16], we considered the Gross—Pitaevskii
equation by a similar method. The major difference compared
to [16] is that equations (11) and (12) are different. These
differences will produce a significant change in the form of
solutions.

3. Results

Although the problem treated in [7] is different from the
problem treated here, equations (6)—(11) and (15)—(16) of this
paper are the same as the corresponding equations in [7];
hence the solutions to all the parameter functions except b,
w and e will be the same as those found in [7]:

< c
f=@?foexp / yde, g=68/—f (7
0 Cq4
a=aay, k=aky, [=ualy, m=amy, (18)

where « = (1+2ay fot Bdr)~' is the normalized chirp
function, and § =0, 1. The subscript O denotes the value
of the given function at t = 0. The integrability condition for
x (1) is also the same as that in [7]:

x =—Bea(k2+12+md) fy2e 2 ordt g, (19)

In the absence of gain/loss and chirp, i.e. when agp =0, x
is of the same form as 8. This testifies to the importance of
the chirp function: it provides not only a means of producing
different solutions, but also a means of producing different
coefficients. Equations (17)—(19) hold for arbitrary (¢) and
€(1).

‘We now proceed to solve the remaining equations for four
distinct cases: constant € and B8; constant €, 8 = Sy cos 21;
constant 8, € = €p cos Qt; and B = By cos Qf, € = € cos Q1.
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Figure 1. Soliton solutions for constant 8 and ¢, as functions of
time. Intensity |u|? is presented as a function of kox +1yy + gz
and ¢. ((a), (¢), (e)) Dark solitons (F = tan h for M = 1). ((b), (d),
(f)) Bright solitons (F = sec h for M = 1). The parameters are
M=1,ﬂ= 1,b0=0,60=0,k0=lo=m0= 1,&)020,620.2
and 8 = 0. Panels (a) and (b) are with no chirp or gain: ay =0,

y (t) = 0; panels (c) and (d) are with chirp: ap = 0.1, y () = 0; and
panels (e) and (f) are with chirp and gain: ap = 0.5, y () =3/(2t).

3.1. Case 1: constant € and 8
In the case of constant € and 8, we obtain

b =a(by+et +apBet?), (20)

t2
® = wo — B (ko +1o +mo) <b0t+%), 1)

¢ 2t3
e=eo+ % |:q - (3b§ +3boet +€2 + %)] . (2

where the normalized chirp function is now a = (1 +2apft)~!
and g = (k(z) + lg +m%)(cz —66./cocs).
3.2. Case 2: constant € and § = By cos Qt

In the case of constant € and 8 = S cos 2, we obtain

2
agzoe (1—cos Qt)] ,

b=« [b0+et+ (23)

w = wo +afy(ky+1lo+mp) [€e(1 —cos Q)

—Q (b +e€t) sin Q1] / 2, (24)
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Figure 2. Traveling wave solutions for 8 and € constant, as
functions of time. The setup and parameters are the same as in
figure 1, except that M = 0.995.

e=ep+ ;—@([(q —3b3)2% +362Q + 12a0 foe* Q1 + 6bpe Q2

— 320212 sin Qt+(6€2 2% 1 —12ap foe> —6boe %) cos Qt
—3apBoe? cos(2Q2t) + 15ap foe> + 6boe %), (25)

where o = (1 +2ayB sin 2t/ Q)~! is the normalized chirp
function here.

3.3. Case 3: constant B and € = € cos Q2

In the case of constant 8 and € = ¢( cos £2¢, we obtain

2apBeo
o2

in Q¢
oS EET 1+ 2a081) +

(cosQt—1)),
(26)

b=0[<b0+

w =y —aBlko+lo+mo) [bot +€(1—cos Q1) /%], (27)

e=ep+ ;‘—Q((q —3b3)Q2*t +36a0Bel — 2400 — 6€2 Q2
— 12a0Be} Q% + (24byegQ* — 48apfel) cos Qi
+12apB€d cos(2Q1) + (3632 + 6ao Bl Q1) sin(2Q1)),
(28)
where o = (1+2apBt)~" is the appropriate normalized chirp
function.
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Figure 3. Soliton and traveling wave solutions for 8 = f, cos Qt
and constant €, as functions of time. Intensity |u|” is presented as a
function of kox +1yy + mpz and ¢. ((a), (c), (e)) F =sn (F =tanh
for M = 1). ((b), (d), f)) F =cn (F =sech for M = 1). The
parameters are By =1, y(t) =0,bp=1,e0 =0, ko =lp =mo =1,
wp=0,e=0.1,2=1, y(tr) =0and § = 0. Panels (a) and (b) are
solitary waves with no chirp: ap = 0, M = 1; panels (c) and (d) are
solitary waves with chirp: ap = 0.1, M = 1; panels (e) and (f) are
traveling waves with chirp: ap = 0.1, M = 0.999 99.

3.4. Case 4: B = By cos Q and € = € cos Q2

In the case of 8 = By cos Qf and € = € cos 2¢, we obtain

b=a (bo + %’ sin Q7 + %(sin2 Qt)) .9

sin Q¢ € .
= (b0+—s1n52t), (30)

0)=a)0—0l,30(k0+l() +m0) 20

in Q¢
e=e %(8(4] — 32 — 4620
— 3eg(aoBoeo + 8boQ2%) sin Q1 +apfoel sin(3Q21)),

€29}

where o = (1 +2apfysin Qt/ )~ again is the normalized
chirp function. We note that in all four cases the solutions with
€ = 0 reduce to those found in [7].

4. Discussion

We are now in a position to study the effect of external
linear potential on our solutions. We will not include solutions
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Figure 4. Soliton and traveling wave solutions for constant 8 and
€ = €y cos Qt, without chirp and gain. Intensity |u|? is presented as
a function of kox +lyy + moz and t. ((a), (c), (€)) F =sn (F =tanh
for M = 1). ((b), (d), (f)) F =cn (F =sech for M = 1). The
parameters are 8 =1, y (1) =0,a0=0,e9 =0, kg =1y =mo =1,
wy=0,€p=1,Q2=1and § =0. Panels (a) and (b) are solitary
waves with no b: M = 1, by = 0; panels (c) and (d) are solitary
waves with b: M = 1; by = 1; panels (e) and (f) are traveling waves
with b: M =0.99, by = 1.

without the field turned on, i.e. € = 0; these can be found
in [7]. Still, for € = 0, one should remark that for by = 0 the
waves travel in a straight line for both constant 8 and § =
Bo cos 2t. For € =0, constant 8 and by = 1, the solution is
linear as a function of the longitudinal variable, unlike the case
B = Bo cos Qt depicted in [7], where the solution oscillates.
Although no results on the stability of these solutions are
provided here, numerical work done in [7] and the study of
modulational stability of solutions in [17], obtained using
a method similar to that described here, all point to these
solutions as being numerically and modulationally stable.

4.1. Case 1: constant € and B

First we discuss the first case: constant € and B. Figure 1
depicts the soliton solutions when the elliptic modulus M of
JEFs equals 1. In figures 1(a) and (b), we see the effect of
adding the electric field to a solitary wave. Pushed by the
external field, the chirpless solution moves away parabolically
from the center. The effect of chirp dramatically changes the
situation, as can be discerned from figures 1(c) and (d). As a
consequence of the chirp, the solution decays. The same will
hold true for the third case: constant 8 and € = ¢; cos 7.
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Figure 5. Soliton and traveling wave solutions for constant § and
€ = ¢ cos Q2t, with chirp and gain. The figure layout is as in
figure 4. The parameters are the same as in figure 4, except for
ap=0.5,y() =3/2¢).

The effect of chirp can be mitigated to a certain degree
by including some gain in the problem. Specifically, when y
is set to be y (¢) = 3/(2t), the long-time influence of the chirp
will be canceled out by the exponential in the formulae for f
and g. This idea was first used in [16]. The value to which
the amplitude of the pulse converges is 1/(2aoB)®/?. Dark
and bright soliton solutions with chirp and gain are given in
figures 1(e) and (f). Naturally, when gain is present, the power
will increase with time; the solutions will not blow up, but will
become wider.

In figure 2, we see the same solutions as in figure 1,
except that the traveling waves are shown; that is, the only
parameter different from figure 1 is the elliptic modulus of
JEFs, M =0.995. By comparing figures 2(a) and (b) with
figures 2(c) and (d), we see that the effect of the chirp is not
only to reduce the intensity but also to broaden the waves. In
figures 2(e) and (f), once again the effect of adding the gain is
seen. Note that the picture is not symmetrical with respect to
the transverse variable, and that the central crest curls to the
right (towards positive values of the transverse variable), and
along with it all other crests.

4.2. Case 2: constant € and = By cos Q¢

We now turn our attention to the second case: § = f cos Q¢
and constant €. Here we see the effect of a sinusoidal form of

#
-

e
42
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kox+lyy+myz kox+lyy+myz

Figure 6. Soliton and traveling wave solutions for 8 = f, cos Q¢
and € = ¢y cos Q2t, as functions of time. The figure layout is the
same as in figure 3. The parameters are Sy =1, y (1) =0, ap =0,
b0= 1,80=0,k0=lo=”’lo= 1,0)020,60:3,9:131'1(16:0.
Panels (a) and (b) are the solitary waves with no chirp: ap =0,

M = 1; panels (c) and (d) are the solitary waves with chirp:

ap =0.1, M = 1; panels (e) and (f) are the traveling waves with
chirp: ap = 0.1, M = 0.999.

B, analyzed in more detail in [7], in the presence of a constant
electric field. In figures 3(a) and (b) we see that the effect of
the electric field is to widen the amplitude of oscillation of
the soliton. This widening effect happens even in the absence
of by. For by = 0 and without the electric field, the solution
obtained is that of a pulse moving in a straight line.

In figures 3(c) and (d) one sees the effect of adding
chirp, which roughly corresponds to what was obtained in [7].
Since B has the form of a sine function, the chirp does not
cause the pulse to decay (given sufficiently low aq to avoid
singularities), but rather the amplitude of the pulse oscillates.
As in [7], there is the effect of stretching along the transverse
variable; that is, the solution is no longer periodic with respect
to the transverse variable. In figures 3(e) and (f), we see the
corresponding effects on traveling waves.

4.3. Case 3: constant B and € = €, cos Q2t

We now analyze the third case: constant § and € = ¢, cos Q2¢.
In the absence of b, the solutions oscillate as a sine wave, as
in figures 4(a) and (b). However, if by # 0, then the solution
veers towards positive values of the transverse variable, as
in figures 4(c) and (d). In figures 4(e) and (f), we see the
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traveling wave solutions for by # 0. The presence of the chirp
causes the solutions to decay, as in the first case. However,
the same trick can be applied as in the first case: adding the
right amount of gain to counteract the loss of the signal due to
chirp. We see the effect in figure 5.

4.4. Case 4: B = By cos 2t and € = €y cos Q2

Finally, for the fourth case we have B = fycosQr and
€ = €y cos 2t. In this case the oscillations of 8 and € combine,
as shown in figure 6. In figures 6(c) and (d) we see the effect
of adding chirp. As can be seen, the chirp warps the amplitude
of the signal in surprising ways. Finally, in figures 6(e) and (f)
we see the same results as in figures 6(c) and (d) but for the
traveling waves.

5. Conclusion

We have obtained exact solutions for the NLSE with a
cubic, time-dependent nonlinearity, in a linear time-dependent
potential. We have analyzed in detail the dependence of the
form of the solutions on the time dependence of the linear
potential and the diffraction coefficient, and obtained exact
solutions for four cases that are of particular interest.
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