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Abstract

The interaction of matter-wave solitons in elongated Bose—Einstein condensate
with time-dependent parabolic trap is investigated using the perturbation theory
based on the inverse scattering transform. Regimes of parametric and main
resonances in solitons interactions are investigated for harmonic trap potentials.
The predictions of the theory are confirmed by the numerical simulations of
the quasi-one-dimensional Gross—Pitaevskii equation.

1. Introduction

Realization of bright matter waves in the laboratory has opened up an interest in solitary
matter wave propagation [1, 2]. In the experiment of [2] a bright matter-wave soliton train was
created raising questions about the relative phase between solitons [3]. From soliton theory,
it was first pointed out in [4, 5] that solitons in the nonlinear Schrodinger (NLS) equation
with zero (;r) relative phase difference produce attractive (repulsive) interactions. Inverse
scattering transform (IST) provided analytical solution to the soliton—soliton problem [6-9].
The same results can also be obtained from the variational approach [10]. In [7] it was shown
that zero phase solitons develop an oscillating mode, whose frequency is well determined by
soliton parameters.

Recently attention has been devoted to the theoretical studies of the soliton—soliton
interactions in the trap potential. The energy exchange between solitons in the trap and
the chaotic behaviour in oscillations have been investigated in [11, 12]. The interactions of
two and N-solitons in the harmonic trap were also analysed in [13, 14] from purposes of source
of the generation and storage of matter-wave solitons train. A natural tool to investigate diverse

0953-4075/05/224111+11$30.00  © 2005 IOP Publishing Ltd  Printed in the UK 4111


http://dx.doi.org/10.1088/0953-4075/38/22/014
mailto:vpbarros@astro.iag.usp.br
mailto:mbrtka@if.usp.br
mailto:gammal@if.usp.br
mailto:fatkhulla@yahoo.com
http://stacks.iop.org/JPhysB/38/4111

4112 V P Barros et al

dynamical behaviour of the system, in particular the presence of resonances, is to obtain the
condensate response to temporal force as in [15, 16].

The main goal of this work is to investigate soliton—soliton interactions in the presence
of a time-dependent harmonic trap. The time-dependent trap is used to analyse the collective
oscillations of condensate [17]. Here we show that such modulations can help to obtain
information about the matter-wave solitons interaction and give the possibilities of controlling
the interactions. Note that the single bright soliton dynamics under a time-dependent trap were
considered in [18-20]. The Schrodinger equation is integrable either with harmonic potential
or with cubic nonlinearity. However, combination of both terms produce nonintegrable
perturbed nonlinear Schrédinger model. We thus study the model by the perturbation theory
based on the inverse scattering transform following [4, 21, 22] and by full numerics solving
directly the Gross—Pitaevskii equation.

The paper is organized as follows: in sections 2 and 3 we describe the model and
analytical approaches based on the inverse scattering transform, in section 4 analytical and
numerical results are presented and discussed, and finally in section 5 we summarize the main
conclusions. In the appendix we derive the main equations using the variational approach.

2. The model

Matter waves in the Bose—Einstein condensate have been shown to be well described by the
Gross—Pitaevskii equation which in three space dimensions has the form

n? 4rh’a,
W, =~V %(a)iri + i)W+ TRy, 1)
m

m
where m is the atomic mass, a; is the interatomic scattering length, a; > 0 corresponds to the
repulsive condensate and a; < O to the attractive one, w, is the radial frequency and w, is
the axial frequency. The order parameter W is normalized to N, where N is the number of the
condensed atoms in the trap.
For an elongated trap with tight confinement in the transverse direction w; > w, the
quasi-one-dimensional(1D) Gross—Pitaevskii equation can be derived as [23]

. h? 2 m , 2
i, + — VY — gD IY Y — swix™y =0, 2
2m 2

where gip = 2ha,w,,a; = J/h/(mw,) and f |1ﬂ|2dx = N. Below we will consider the
case of attractive condensate (a; < 0). In this case, the condition of validity of the quasi-1D
approximation is

Nl )

a,
Typical experimental data are w; = 27 x 640 Hz, w, = 2w x 3.2 Hz, thus
wy/w, = a}[a> ~ 0.005. The scattering length is @, = —0.16 nm [2]. The critical

point when the collapse occurs is determined by the parameter k. = Nlas|/a; = 0.676
[23, 24] (connected with the soliton amplitude v; see below).

To simplify the analysis, we introduce dimensionless variables w = w,/w,,t’ =
twy,x' = x/a;,u = /2|a;[ and we rewrite the equation as

fuy + Sy + ulPu — 1o ()x*u =0, 4)

where the primes on ¢’ and x’ are omitted for the convenience of notation.
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3. Equations for two-soliton interactions in time-dependent trap

In this paper, we study the interaction of two solitons when the trap is varying in time. As
far as we know, this problem has not been considered previously and is of general interest as
much for Bose—Einstein condensates (BEC) as for nonlinear optics. For two well-separated
solitons (i.e., for the relative distance much larger that the solitons widths a;,i = 1, 2), the
solution is given approximately by

u(x,t) =u(x,t) +us(x, ), &)
where the single soliton solution is
(X, 1) = 2vy sech[2v, (x — §,)] e/ (6w 6)

with n = 1,2. Substituting equation (5) into equation (4) and taking into account weak
overlapping condition (11§ — v,& > 1), we find the system

. i 2 122 2 2
iy, + U0+ |ug["up = 30°x7u; — (uﬁul +2\u| uz), o
. 1 2 122 2 2
iU+ 5Up e + |Ua| Uy = F0°X Uy — (Lffu2 +2|us| ul).
This system can be obtained from the Lagrangian
i 1 1 1
Z 2 4 2.2 12
L= —(un,,l/t: —c.c.) — _|un,x| + = up " — w0 xu,|
2 2 2 2
n=1,2
— i€ Ro1[u1]+ ujRia[uz] +c.c.) (8)
where
: 2 2
eRu,] = 1(ufnun + 2 Uy | ) 9)

with m,n = 1,2,m # n and we must neglect u, dependence in R,, when taking the
variational derivative. Since the overlap between solitonic tails is small and the trap potential
is weak (w?> < 1), we can use the perturbation theory based on the inverse scattering transform
theory [4, 21, 22]. The perturbed NLS equation is

i, + Sue + |ul’u = i€ R(u). (10)

The equations for the soliton parameters are

d “ R s \& i

LN o TR n
2 —oc COsh(z)

d % tanh .

=S [ S R d (12
dt 2 _oo Cosh(z)

d = ZR]u; i

d _ 2u+ iRe/ Rl @) e 0@ g4z a3)
dr 42 —oo COSh(z)

ds dé 5 ) € /oo (1 — ztanh(z)) —i6

—_— = 2 —_ 2 —_ _I —R q ! (Z’t) d ) 14
G = g P g im [ Rl @)l z (14)

where z = 2v(x — £(t)), 0 = (u/v)z + 6. As the result we find the evolution equations for
the soliton parameters:

dv, .

c;’t = (=D)"16v% e 2" sin(s), (15)
du, 1

(/; = —Ea)zé,, +(=1D)"16v° e cos(¢), (16)
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dg, :

di =2, +4ve " sin(¢), (7
ds, 1 2 ,

= sz ( 2 ;;7) +2(v2 + p2) +8uve > sin(g) +24v? e 2" cos(¢), (18)

where ¢ =2ur+¢, v = V1 +v)/2, 0 = (u1+u2)/2,r =& —&, ¢ = §—§. Here ris the
distance between solitons and ¢ is the relative phase of solitons. It was assumed that r > 0
and [v; — v»p| K v, |1 — uo| K w, |[vi — wm|r < 1 and vr > 1. Note that the variational
approach in the appendix is free of the restriction for weak frequencies. For large distances the
interaction term tends to zero and we get simply the harmonic oscillator. The restriction on the
relative distance occurs from the requirement that the contribution from the trap is one order
or more than the contribution from the solitons interaction, i.e., w*r > 64v3 exp(—2vr). The
adiabatic approximation considered in this work is valid for the time ~1/¢. The obtainment
of a more accurate estimate for the time the calculation of the radiation is required, but that
represents a separate problem.
From this system we obtain the equation for the relative distance of solitons

& _ —?(t)r — 6413 eI sgn(r) cos(¢) (19)
dr2 g ’
where sgn(r) = 1 forr > 0 and sgn(r) = —1 for r < 0. In the dimensional units the equation
has the form
d’r -
d—ig = — (1) — 64a,w v* e 2/ son(r) cos(¢), (20)

where v = Nlay|/(2a_). This is the equation of motion of unit mass particle in anharmonic
effective potential

U@r) = 1 (0)r? — 3207 e > cos(g). 21

This potential has a discontinuity at » = 0. The quasi-particle theory of Karpman—Solov’ev
is valid when vr 3> 1. The equation for the relative phase is
& = 128v* e 21" sin(¢) (22)
dr? '

4. Analysis of the different regimes

1. For the phase difference ¢ = 0 the interaction between solitons is attractive and in the
dependence on the initial separation we have two oscillating regimes: in the first regime
the harmonic trap is dominating and the frequency of oscillations is just given by the trap
frequency. In the second the periodic coalescence of solitons dominates due to the interaction
potential. When the trap is negligible, the solitons oscillate with the period [7]

T~ e (23)

42 7

where ro = r(t = 0)vrg > 1. In general, the period of oscillations can be estimated from the
potential of equation (21) and is given by

L[ dr
T~4 —/ . (24)
2 Jo \/%wz(rg _ r2) +3202(e~ 2 — e—2vn)

Although equation (21) is valid only for vr > 1, for small values of r the solitons move
relatively fast when compared to moderate and large 7’s and there is little contribution to the
period. Thus the lower limit of the integrand of equation (24) can be taken as zero.
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Figure 1. Soliton—soliton oscillation frequency perturbed by stationary harmonic trap. The phase
difference is ¢ = 0 and relative distance is ro = 20. Dashed line corresponds to v = 0.10 and
solid line to v = 0.2.
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Figure 2. Potential U (r) and phase space diagram for ¢ = 0, v = 0.15, w?> = 1.6 x 107*. These
plots are strictly valid only for vr > 1.

In figure 1 we present the numerical results of the oscillating frequency as a function of
the trap frequency. For high trap frequencies, the trap almost entirely dominates the oscillating
phenomena. For negligible trap (w ~ 0) the numerics agree well with equation (23). Finally,
for expulsive trap (w® < 0) there is a critical trap frequency where the system stops oscillating.
For w? below the squared critical frequency, the solitons are expelled. This demonstrates the
richness of phenomena that can be controlled by external potential.

For the harmonic case (w? > 0) we present the potential and phase space diagram in
figure 2. Note that for large distances between solitons the potential U (r) is almost harmonic.

In order to study a time-dependent trap, we considered the trap frequency varying in time
in the form

o* = W[l +ncos(wyst)] (25)
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Figure 3. Oscillations of the relative distance (r) for the zero relative phase case ¢ = 0 and
different initial relative distances rg. (a)ro = 15, (b) ro = 20, (¢) ro = 25, (d) ro = 30; where
v =0.2,wp = 0.005, s = 2o, n = 0.3; PDE (solid lines) corresponds to equation (4) and ODE
(dashed lines) to equation (26). In the PDE the distance of the solitons were obtained from the
distance of centres of mass calculated for (—oo, 0] and for [0, 00).

and in this case equation (19) is modified for r > 0 to
d*r 2 3 —2vr
Pl +wp[l +ncos(wst)]r +64v7 e cos(¢p) = 0. (26)

In figure 3 we present the results of the numerical simulations of the ODE and PDE
for the case of ws = 2wy. As can be seen, for sufficiently large initial separation of the
solitons (rg > r. ~ 25), the parametric resonance in the oscillations is turned on, which leads
to the growth of the relative distance. The inverse scattering transform results from ODE
qualitatively agree with the full numerical simulations from PDE.

2. For the phase difference ¢ = 7 the interaction between solitons is repulsive and the
effective potential, which is the sum of the trap and interaction potentials, has the form of the
double well potential, i.e. equilibrium point at r = 0 becomes unstable and two new equilibria
points appear. The positions of minima are given by
64p3 e—2vre

wr
In figure 4 we show the potential U (r) and the phase space diagram for ¢ = 7, using suitable
parameters. The two lower points at the bottom of the double well correspond to the two
fixed points. The fixed point in the oscillations of the relative distance r corresponds to the
stable bisoliton state, when the centres of both solitons are performing small oscillations near
the stable points. For the phase difference ¢ = 7, we also consider the time-dependent trap
frequency (25) and equation (26). In this case, the phase is oscillating with small amplitude
near i as

27)

ri2 =1, 1, =

&>y
dr?
where ¢ = 7 + ¢, and with the frequency Q2,4 = 8212 exp(—vr.) = /2vr.wy, which is
well separated from oscillations of the relative distance. Thus, in the linear approximation,

+Q5¢1 =0, (28)
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Figure 4. Potential U (r) and phase space diagram for ¢ = m showing fixed points. r, = 15,
v =0.15, ® = 1.26 x 1072. These plots are strictly valid only for vr > 1.

the phase oscillations are decoupled from the oscillations of r. Then we can consider only the
resonance in the relative distance oscillations.

For n = 0 we have equilibrium points as given in (27). Substituting y = r — r, in (26),
assuming y small and using (27), we obtain

d2

d_tz + a)é[l +2vr, +ncos(wyt)]y = —a)éren cos(w t). 29)
One can rewrite this expression as

dzy —2 -

) + [l +7cos(wst)]y = Fycos(wyt), 30)
where 5(2) = a)g[l +2vr.], 17 = n/(1 +2vr,) and Fy = —a)(z)ren. The solution for this
equation is

(&) =y +yp (31)

where y;, and y, are respectively the homogeneous and particular solution to equation (30).
Using the standard approach [25] for the case of the parametric resonance where
wy = 2wo + ¢, we find the following solution to the homogeneous equation:

yu(t) =€’ [ao cos [(50 + %) t] + by sin [(50 + %) t]] , (32)

. FDo\2 . . . .
with o = 1[(%£2)" — &?], ap and b being constants. In order to obtain the particular solution

we employ the method of variation of parameters and find

(052 +0?) @ +0?) (33)

yP(t) = =

Fy |:360 cos(Qwot) + o sin(2wgt)  wocos(wpt) + o sin(ZEot)]
2w

Using the initial condition y(t = 0) = yg, dy/dt(r = 0) = 0, the constants ay and by are
given by

o=y Fo[ 3 1 } (34)
0=Y0— = - ,
© )

2 [ (905 +02)  (wg+0>
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b c Fo b, 35
0~ wo{yo 2[(95§+02) (5§+02)“' )

We performed numerical simulations on the diverse approaches including the PDE in the
quasi- 1D approximation. We used parameters wy = 2.93 x 1073 and, v = 0.2, 7(t = 0) =20
and n = 0.1. The PDE numerical simulations were made using the Crank—Nicolson algorithm
with initial profiles given by two solitons as given by equation (6).

We compared the numerical solutions of small amplitudes in the forced case
(equation (30)) to the ones obtained analytically with the variation of parameters method
equations (31)—(35). They showed remarkable agreement for small parameter 7. We also
observed that the right-hand forcing term in equation (29) makes an enhancing of the amplitude
of the resonance as compared to the standard Mathieu equation (figure 5(a)), and causes
appearing of a second harmonic mode. This is in contrast with the standard Mathieu equation,
where we have a single harmonic mode. In figure 5(b) we present the solution to equation (30)
using the method of variation of parameters. In figure 5(c) we present the numerical solution
of the soliton—soliton parametric resonance (equation (26)). A comparison of figures 5(b)
and (c) shows remarkable agreement for small amplitudes. For growing amplitudes nonlinear
terms of equation (26) have the effect of increasing the growing rate. Figure 5(d) shows the
numerical solution of the PDE equation (2). The IST approach showed very good agreement
with PDE results. In figure 5(e) we present the results from figures 5(a)—(d) superimposed for
initial evolution. For longer times we observed that the shape of oscillations strongly deviates.
Note the appearance of the second harmonic mode, a distinct effect from the standard Mathieu
equation. In the main resonance case where w; = @y, there is not closed approximation for
the homogeneous solution of equation (30). To obtain an analytical approximation, we rewrite
this equation as

Ly@) = Sy, 1), (36)

where L = d?/de* + 5% and § = [Fo — Eéﬁy(t)] cos(wot). In this form we can use Green’s
function standard iteration techniques [26]

Yy (1) = y) (1) + / G(t —1)SYu-1(r), 7)dr. 37

For the operator L the Green function is simply given by G(r — ) = sin[@y(t — 7)]/@y.
Assuming y(t = 0) = yo and dy/dt(t = 0) = 0 we have y ) = yo cos(@ot) and up to second
iteration we finally get

1 1 1 1 87
Yo (t) = yo{cos@ot) +ﬁ[§ cos(wot) + 3 cosQwpt) — 5] +ﬁz[—6 + 364 cos(wot)

1 1 5
+ 8 cos(Qwpt) + % cos(Bwot) + ﬂaot sin(aot)] }

+ FO{ # [cos(ZEot) — cos(@ot)i| + ]2n

_0 60

1
t sin(2wgt) + —1 sin(wyt) }
2&)0
(38)

Our numerical studies showed remarkable agreement between the numerical solution of
equation (30) and the Green’s function approximation (38). In figure 6 we present
the comparison of the numerical calculations of equation (26) and the Green’s function
approximation from equation (38). Clearly the approximation is good for short times but breaks
down during the evolution. As the time evolves the amplitude increases and nonlinearity of
equation (26) starts to play its role. This causes the effect of typical modulation of resonance,
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Figure 5. Parametric resonance in soliton—soliton interaction with wg = 2.93 x 1073,v =

0.2,r7(0) = r, = 20,n = 0.1, case ¢ = 7. (a) Numerical simulation of the Mathieu equation given
by equation (30) with Fp = 0. (b) Analytical approximation obtained for small amplitude (equation
(29)) using method of variation of parameters, equations (31)—(35). (c) Numerical simulation
results of equation (26). (d) PDE results from simulation in the quasi-1D limit of equation (2).
(e) results from figure 5(a) (dashed), (b) (solid), (c) (triangles), (d) (dots) superimposed for initial

stages.

as we can observe. Let us estimate the value of these effects for the experimental case of [2].
For v = 0.2, r, = 20 follows that @y = wp+/1 +2vr, = 3wy, so the parametric resonance

occurs approximately at w, = 27w x 19.2 Hz and the main resonance at 27 x 9.6 Hz.

The resonant oscillations can lead to splitting of the bisolitonic state to separated solitons.
Indeed, if the amplitude of oscillations of equation (34) becomes of order of the width of the

potential r,, at the maximum U,,, the bisoliton splits into two noninteracting solitons.

length r,, can be estimated from Eiy = U,,, i.e.

12r2 =320 (1 —e

20" m

—2vr,,.)

The

(39)
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Figure 6. Main resonance in soliton—soliton interaction with wg = 2.93 x 1073, v = 0.2, ro =
20,n = 0.1. Dashed lines represent the analytical approximation obtained for small amplitude
(equation (29)) using Green’s function iterative method, equations (38). Solid line corresponds to
numerical simulation results of equation (26). Filled dots is the solution of PDE in the quasi-1D
regime, equation (2).

Thus r,, = 8v/wy. For the parameters of figure 4 it is r,, ~ 95. The maximum of amplitude
at the parametric resonance at time ¢ = 6000 is A,, < 1. The distortion of the bisoliton can
happen if A,, > r,. So this condition cannot be satisfied. The same conclusion is valid also
for the main resonance case with A,, < 10 (see figure 5). Thus we can conclude that the
bisoliton state in 7 -phase remains stable.

5. Conclusion

In conclusion, we have analysed the matter-wave soliton—soliton interactions in the elongated
trap under the time-dependent modulations of the trap in the longitudinal direction. We
developed the theory describing such interactions using the perturbation theory for solitons,
based on the inverse scattering transform and the variational approach. We show that it is
possible to obtain parametric and main resonances in the oscillations of the relative distance
of solitons. The cases of phase differences zero and m were considered. The analytical
predictions are confirmed by the numerical simulations of the full Gross—Pitaevskii equation
with the time-dependent trap. Future work can be the investigation of other regimes, in
particular, the dynamical chaos caused by the interaction of solitons in time-dependent trap
potential. The long-time evolution, when the interaction of solitons with emitted radiation
becomes important, is another case which requires consideration beyond the quasi-particle
picture used in this paper.
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Appendix A

Equations (15)—(18) can be alternatively obtained by a variational approach [10] to the averaged
Lagrangian

+00
L= / L(x,t)dx, (A.1)
—00
where L is given by equation (8). Substituting (6) in (8) and then in (A.1) we obtain
8v3 16 w?
L= 8Vtlnbns — 4080 — =2 — 8, + —v) — 207 + V0,82
H;Z Vn [n&n, 1 VnOn,t 3 VUnlhy, 3 Yy 0) 48v, vné,,
+ 96v12vz exp(—2vr) + 96y, v% exp(—2vr). (A.2)
Applying the Euler—Lagrange equations
oL d dL 0 (A3)
9gi dr 9gi, - .

where g; are the eight parameters v; 5, (412, 812 and &; », we obtain equation (15)—(18).
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