Eur. Phys. J. D 33, 253-263 (2005)
DOI: 10.1140/epjd,/e2005-00040-x

THE EUROPEAN
PHYSICAL JOURNAL D

Dynamics of Bose-Einstein condensates in one-dimensional
optical lattices in the presence of transverse resonances

K.-P. Marzlin»2® and V.I. Yukalov®*

L N N

Department of Physics and Astronomy, University of Calgary, 2500 University Drive NW, Calgary, Alberta T2N 1N4, Canada
Fachbereich Physik der Universitat Konstanz, Fach M674, 78457 Konstanz, Germany

Bogolubov Laboratory of Theoretical Physics, Joint Institute for Nuclear Research, Dubna 141980, Russia

Institut fiir Theoretische Physik, Freie Universitdt Berlin, Arnimallee 14, 14195 Berlin, Germany

Received 8 October 2004 / Received in final form 11 February 2005
Published online 12 April 2005 — (© EDP Sciences, Societa Italiana di Fisica, Springer-Verlag 2005

Abstract. The dynamics of Bose-Einstein condensates in the lowest energy band of a one-dimensional
optical lattice is generally disturbed by the presence of transversally excited resonant states. We propose
an effective one-dimensional theory which takes these resonant modes into account and derive variational
equations for large-scale dynamics. Several applications of the theory are discussed and a novel type of
“triple soliton” is proposed, which consists of a superposition of a wavepacket at the upper band edge and
two transversally excited wavepackets which are displaced in quasi-momentum space.

PACS. 03.75.-b Matter waves — 05.45.-a Nonlinear dynamics and nonlinear dynamical systems

1 Introduction

The phenomenon of Bose-Einstein condensation is a col-
lective effect which relies on the bosonic nature of the
particles alone (for reviews see, e.g., Refs. [1-6]). Although
an interaction between particles is not needed for the cor-
responding phase transition, its presence has a substan-
tial influence on the properties of a Bose-Einstein conden-
sate (BEC). In this context, solitons are of fundamental
interest since they represent states whose very existence
relies on the interaction.

For atomic BECs, bright solitons as well as dark soli-
tons have been experimentally demonstrated for atoms
with attractive [7,8] and repulsive interaction [9,10], re-
spectively. The present work is motivated by the recent ob-
servation of gap solitons in a ¥Rb BEC [11]. Gap solitons
are bright solitons for a BEC with repulsive interaction in
an optical lattice and rely on the negative effective mass
around the upper band edge of the periodic potential. To
create a gap soliton it is necessary to control the motion
of the initial wavepacket in quasi-momentum space [12].
This kind of physical situation has recently been inten-
sively studied, both theoretically [13-16] and experimen-
tally [17-19].

In the present work we consider the influence of the
transverse confining potential on the dynamics of a BEC
in an one-dimensional optical lattice. We are particularly
interested in the behaviour around the upper band edge
of the lowest energy band. In this energy range the trans-
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verse confinement leads to the presence of transversally
excited resonant states which significantly change the sta-
bility of the BEC [20,21] and alter its dynamics [22]. The
resonances are important if the transverse excitation en-
ergy is small compared to the modulation depth of the
optical lattice.

Much of the recent research on BEC is concerned with
an effectively one-dimensional situation. Generally this
can be achieved if the transverse excitation energy is large
compared to the interaction energy. This allows a simpli-
fied one-dimensional description of the dynamics by ei-
ther projecting the collective wavefunction on the trans-
verse ground state [2,6] or, more accurately, by making
a Gaussian variational ansatz for the transverse shape of
the wavefunction [23,24]. While such an approach gives
excellent agreement with a full three-dimensional theory
in absence of transverse resonances (i.e., around the lower
band edge in the case of a 1D optical lattice [21]), it is
not suitable to describe a BEC around the upper band
edge [20,21]. In this paper we present a generalized one-
dimensional theory by projecting the collective wavefunc-
tion on a superposition of longitudinal wavepackets cen-
tered around the resonant states. In Section 2 we will
review the preparation of a BEC at the upper band edge
in order to motivate our particular approach. In Section 3
simplified dynamical equations are derived and compared
to previous approaches. In Section 4 we further reduce
these equations by making a variational ansatz for the
wavefunction. In Section 5 we will discuss several solu-
tions of this system.



254

2 Description of the problem

Very recently, gap solitons have been experimentally ob-
served in a BEC of Rubidium atoms [11]. Gap solitons cor-
respond to a wavepacket of repulsively interacting atoms
prepared at the upper band edge of the lowest band in
an optical lattice. The process of creating a gap soliton is
quite sophisticated since one has to move the BEC from
the ground state, where it first is created, to the upper
band edge of the optical lattice. For the purpose of this
paper it can be summarized in the following way: first, a
BEC is created in the ground state of a 3D harmonic trap
Virap(X) = MQwﬁZQ/QJrMQwﬁ_(xQ +y?)/2, where M is the
atomic mass and w; are the axial and transverse trapping
frequencies. Then a one-dimensional optical lattice of the
form

Vapt (2,8) = Vo cos(2k + (2)) 1)
along the z-axis is switched on adiabatically and the axial
harmonic trap is switched off (w = 0). Here, kr is the

wavevector of the laser beam forming the optical lattice.
At this time the lattice phase ¢(t) is zero. The BEC is thus
prepared as a wavepacket around the lower band edge of
the lowest band of the optical lattice. Finally, a Bloch os-
cillation is employed (¢(t) varying with time) so that the
wavepacket is slowly moving upwards in the energy band
(so that excitations to higher bands can be neglected) and
eventually reaches the upper band edge. This is an appli-
cation of dispersion management for atomic matter waves
which is described in more detail in reference [12] and is
now of high experimental interest [17-19].

To describe the dynamics of a BEC that is manipulated
within the lowest energy band of the lattice, it would be
desirable to have an effective dynamical equation at hand
which is one-dimensional and based on the effective-mass
approximation, rather than including the full periodic and
transverse trapping potentials. To derive such an equation
we start from the Gross-Pitaevskii equation (GPE) for a
BEC in a 1D optical lattice and a transverse trapping
potential,

ithow(x,t) = (H” +H, — Maz) P(x,t)
+h[P(x, )P (x, 1) (2)

with x; := (z,y) and

Pz

H” = oM + %Pt(z7t) (3)
Pf

H, = W + Vtrap(xl)- (4)

Here v is the collective atomic wavefunction which we
assume to be normalized to one. The interaction parame-
ter is given by k := 47rh2ascattN/M with agcaty being the
atomic scattering length and N the number of atoms in
the BEC. We have also included a homogeneous force term
which corresponds to an acceleration a of the atoms. This
term is closely related to the time variation of the lattice
phase ¢(t) and responsible for the generation of Bloch os-
cillations of the wavepacket. To avoid exciting atoms to

The European Physical Journal D

higher bands of the optical lattice, the acceleration must
be small enough so that adiabatic motion in the lowest
band is possible. Throughout the paper we will assume
that this is the case. We have omitted a longitudinal con-
fining potential since our aim is to study the effects of the
transverse dynamics rather than the perturbation of the
longitudinal lattice symmetry. A weak longitudinal poten-
tial could be included by introducing a slow variation of
the lattice parameters [25], however.

Being nonlinear and inhomogeneous, equation (2) is
impossible to solve analytically. Even the numerical simu-
lation of it is time-consuming because of the necessity to
resolve features on the scale of half the laser’s wavelength
(which is equal to the period of the lattice). In addition,
it would be desirable to have a description which uses the
(numerically verified) fact that the wavepacket stays local-
ized in the energy band for a long time if the modulation
depth V4 is sufficiently small. We remark that, if Vj gets
too large, a phase transition to a spatially localized state
which is smeared out over the lowest energy band takes
place instead [26].

To derive such an analytical theory, we employ the
observation that a wavepacket, which is narrowly localized
around a certain quasi-momentum g in the lowest energy
band, is very broad and varies slowly in position space. Let
us assume for the moment that no transverse excitations
are produced. Then one can make the ansatz

’lﬁ(X,t) = B(th)(ptm (Z)XO(XL) (5)

where g, is a quasiperiodic (Bloch) eigenfunction of
H) with quasimomentum go. The function xo denotes
the transverse ground state of the trapping potential.
The (dimensionless) function B(z,t) is an envelope which
describes the large scale features of the wavefunction,
whereas the small-scale features are included in ¢g,. The
basic idea of our approach is to average over the small
spatial scales and to derive an effective equation for the
large-scale behaviour of the wavefunction, i.e., for the en-
velope B(z,t).

3 Effective dynamical equations for resonant
modes

Before we can start to derive an effective equation, the
ansatz (5) has to be generalized in two aspects. First, since
our aim includes to describe the adiabatic Bloch oscilla-
tion from the lower to the upper band edge, we cannot
assume that the quasimomentum is fixed, but have to ad-
mit a time-dependent go(t). Secondly, we have to take into
account transverse resonances which appear if go(t) is in
the vicinity of the upper band edge (see Ref. [20] and
Fig. 1). Numerical investigations suggest that it is suffi-
cient to include the two nearest resonances only, because
all other resonances are negligibly populated. Therefore,
the ansatz (5) needs to be modified to

P(x,t) = Z Bi(z,t)@q, (1) (2)xn: (X1), (6)
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Fig. 1. Scheme of the collective wavepacket’s motion through
the lowest energy band. The dotted lines represent the spec-
trum of noninteracting atoms in a 1D optical lattice and a
transverse harmonic trap. The lowest of these lines corresponds
to the lowest energy band of the lattice for atoms in the trans-
verse ground state. The two upper copies of it are transver-
sally excited atoms in the same band. The BEC is initially
prepared as a wavepacket around the lower band edge (lower
left corner) and is adiabatically moved to the upper band edge
with quasimomentum ¢o (dashed arrow). Around the upper
band edge transversally excited resonances occur at quasimo-
menta ¢ and q2.

where, for our purposes, ¢ runs from 0 to 2, g; denotes the
quasimomentum around which each of the three modes
is centered, and n; represents the transverse excitation
number (ng = 0,n; = ne = 2 since, by symmetry, only
even levels can be excited [20]). B; is a slowly varying
envelope function for each of the three modes.

To derive an effective equation for the envelopes, we
average over the small spatial scale set by the lattice length
L, = w/kr. Following standard methods, we introduce
an averaging function f,y(z) which is slowly varying on
the scale of L,, has a narrow support whose width cor-
responds to the resolution of the effective equation, and
which is normalized to one, [ fay (2)dz = 1. The width
of fav should be much smaller than the scale on which the
envelopes B; are varying. A function g(z) is then averaged
by calculating ((g))(z) := [ dz’ fav(2')g(z — 2’). With this
method, the envelopes can be extracted from the wave-
function by evaluating

[ ) [ Exani x0e, (c — ta,e — ) =
Z Onsm; /dz'fav(z')Bj(z — 2@ (2 = 2")pq; (2 = 2)
J

~ Z Bj(2)0n,.n, /dz'fav(z')go; (z—2")pq, (z = 2"),
(7)

where we have used that B; is approximately constant
over the support of f,, and where the time dependence,
for brevity, is dropped out. The integral in the last line can
be evaluated as follows: for j = i the function |, |? is peri-

odic with period Lg. Therefore, fOL” |0q:1?dz = L,/ L since
the Bloch functions are normalized (L is the quantization
length). Since f,y is roughly constant on the scale of Ly,
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we find, by cutting the integral into bits of length L,
L
d”av /i ) //2% v o a_a
[t = lou (P % 3 e = mL)
m
1
~ = 8
L7 ( )

since the sum is just the discretized expression for a
Riemannian integral over f,, with dz = L,. For j # i, con-
sider first the case that the width L of f,, is very large,
Ly = L. Then the integral is simply the scalar product
between the two modes and therefore zero unless q; = g;.
For sufficiently large L¢, the integral is still approximately
zero if ¢; and g; are not too close to each other, since the
product of the Bloch wavefunctions then oscillates rapidly
and averages to zero. Assuming that this is the case we
find from equation (7)

([ exgev)) =22

When we apply the same procedure (projecting onto
the transverse modes and averaging over the longitudi-
nal part) to the GPE and insert the ansatz (6), we are
led to

o 1 .
thB; = hw (’I’LZ + 5) B; + LZ(Sni,nj“(pquH(quBj»
J

* || 1
+“§ :Bj BBy ij;kllz’j;kl
Jrk,l

+(¢; — Ma)zB;, (10)

with the usual interaction mode integrals
Iz”j;kl = /dZ‘P;-‘P:;j ParPa (11)
Foa = [ @i oo (12)

A dot denotes the derivative with respect to time. In the
derivation of equation (10) we have exploited the fact that
the averaging over the interaction integrals can be done in
much the same way as for equation (7): the averaged in-
teraction integrals are again either periodic or rapidly os-
cillating and therefore do essentially acquire a factor 1/L,
which we have multiplied out in equation (10).

The last line in equation (10) deserves a comment.
The homogeneous potential term —Maz simply survives
the averaging procedure and is a direct consequence of
the corresponding term in equation (2). The term propor-
tional to ¢; arises from the time derivative on the left-
hand side of equation (2) which includes a term of the
form ¢;(0y,q; ) Bi. It is not hard to see that, provided the
assumption that the wavepacket remains in the lowest en-
ergy band holds true, the derivative with respect to the
quasi momentum can be approximated by 0g, ¢4, = i2¢q,.
The term is then of the same form as the homogeneous
force and can be averaged in the same way. It is inter-
esting to note that in the case of a simple Bloch oscilla-
tion caused by the homogeneous force we have ¢; = Ma
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so that the linear potential is cancelled. This is nothing
but a different description of the fact that a Bloch oscil-
lation simply corresponds to a shift of a wavepacket in
quasimomentum space, again under the condition that no
higher bands are populated. This is the case for the main
wavepacket in Figure 1 for which the time dependence of
its quasimomentum gqq is simply a consequence of the in-
duced Bloch oscillation. However, for the modes ¢; and ¢»
the time dependence of the quasimomenta is determined
by a resonance condition and is not directly related to the
Bloch oscillation. Hence, these two modes are subject to
a renormalized homogeneous force.

To perform the averaging over the longitudinal
Hamiltonian in equation (10), we employ the well-known
effective-mass method from solid state theory (see, e.g.,
Ref. [27]). Using that Bjp,, is narrowly localized around
quasi momentum ¢; we can expand this expression in
terms of Bloch wave functions ¢4, 1+ a4, which are eigen-
functions of H| with eigenvalues £(q; + Aq). The eigen-
value can be expanded to second order in Aq, resulting in

Hyjpq; By = /qu (Pg;+aqlpg; Bj)
2

Aq
(E(QJ) +v;Aq + 2Meff> Pg;+Aq- (13)

In this equation, we introduced two important physical pa-
rameters: the group velocity v; := 0E(q)/0q|q=q; and the

effective mass MST := (02E(q)/0¢*|4=q,) " Introducing

the function
By(e) = [ dAqe = gy aalon, ) (1)

it is easy to see that the action of H) can be expressed as

B =~ [ S HD, B

< [ ddge 4 gy ag(a). (15)

(H)jpq,

with the effective Hamiltonian

h%0?

4 _
Hegf,” - E(qJ) 2MJ¢H'

— ihv;0, — (16)

This allows us to write the averaged Hamiltonian action
appearing in equation (10) in the form

((¢3 Hyq; Bj)) = / g—;’(Héﬁf)”B )(2) / 2" fu (2)

% /qu eiAq(z_Zl_ZN)U;(Z*Z”)

X tgysaqlz =2, (17)
where u, are the periodic Bloch wavefunctions, ¢q(z) =
exp(igz)uq(z). Because of the averaging, we are inter-
ested in distances z — 2z’ much larger than L,. In this
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case, the phase factor in the integral over Aq varies much
faster with Ag than the periodic Bloch function wug; 4 aq-
We therefore can replace the latter by ug,. The integral
over Ag then becomes, on scales much larger than L, the
delta function 27(z — 2’ — 2’) and we arrive at

ey Higo Ba)) = [ 42 (HE By ) 1G")
%07 ("), ()

~ (1 By [ 5

2")pq; ()

()
Heff HB

><<p;(

~ 4 (18)

qi,9;5 L
The last step in our derivation of effective equations for
the envelope functions B; is to show that B; and B; are,
on average, equal. To do so, we first note that B; =
L{(¢3, 4, Bi)) since B; is slowly varying. Inverting equa-
tion (14), we can rewrite this as

Bi(2) = L [ " fue") [ dday (- )

dz'
X ‘PquAq(Z - Z”) / o

It is then possible to repeat the argument given above for
the action of H|. Writing the quasiperiodic Bloch func-
tions ¢4 in terms of the periodic Bloch functions ug, we
again find a rapidly oscillating exponential in Ag which
results in a spatial delta function for large scales. Inte-
grating this we find

e Bi(2"). (19)

2B1)) = LUBifug %)
LBy (g )
(20)

L{{l¢q,

Q

|
mz

Using this identity we find for the effective equation de-
scribing the large scale dynamics of the envelopes

e 1 ()
’LFLBi = hwl (nl + 5) Bz + Heff HB

Ttk Z B;BkBlIw klIzj;kl
3okl

For the case of a single wave packet centered around
a fixed quasimomentum, an equation similar to equa-
tion (21) has also been derived using multiple-scale pertur-
bation theory in the context of nonlinear optics [28] and
atom optics [29-31]. We have chosen a different approach
since the inclusion of time-dependent quasi momenta is
more obvious using the averaging method. In the follow-
ing sections we will apply this equation to examine the
conditions under which gap solitons can be formed and
how they evolve in time.
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4 Derivation of variational equations

A major advantage of equation (21), compared to
the full GPE, is the simple form of the effective
Hamiltonians Hé;f)’”. It describes interacting particles in
a homogeneous external potential with different masses
and velocities. This allows us to find a simplified ana-
lytical description and thus to gain more insight in the
dynamics of a BEC in an optical lattice. Numerical sim-
ulations of the full GPE indicate that for each mode the
wavepacket remains localized around ¢; for a long time if
the optical lattice is not too deep. It is therefore reason-
able to assume that the wavepackets can approximately be
described as Gaussian wavepackets and to make a varia-
tional ansatz for them. Following the technique described
in references [2,32], we first observe that equation (21) can
formally be derived from the Lagrangian

L= Z{Zg (B::B'L _B:Bz>

1
# (Bl +hos (w4 3 ) - (a2 ) 18P
h h?
“’ (0.B;B; — Br9.B;) + ﬁ|azBi|2}
2M;
+§ Z BB BBl I (22)
0,5kl
A consistent variational ansatz for Gaussian envelopes is
achieved by setting

Ai(t)

AR
/2w, (t) P (

2w; (t)?
i)+ (D)2 (23)

B;(z,t) = —i¢i(t)

This describes a wavepacket of width w; and amplitude A;
(having dimensions of length'/? so that B; is dimen-
sionless). It is spatially localized around z; and has an
instantaneous energy of hqﬁl Its mean velocity and its
variance are given by (v;) = (8; + 2v,w;)/MFT and Av; =
V2v2w? +1/(2w?) /MEE.

Insertmg thls ansatz for the envelopes in the
Lagrangian and extremizing the corresponding action in-
tegral, we derived a set of 18 equations which describe
the evolution of the three Gaussian wavepackets involved.
This task, as well as the algebraic manipulations follow-
ing below, are rather tedious and therefore have been
completed using Mathematica [33]. Since the variational
equations are somewhat lengthy we exploited the special
features of our system to reduce its complexity. To do
so, we restrict our considerations to the case when the
wavepackets are already at the upper band edge so that
the quasi momenta are time-independent and given by
qo = hkyp and q1 = hky —09q as well as go = hky+Jdq, where
k1, is the wavenumber of the optical lattice which appears
in the optical potential (1). dq is identical to g2 — go. It can
be derived from the resonance condition that the three en-
ergies E(q;)+hwy (n; + %) for i = 0, 1,2 are equal. Setting
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this energy to zero we can also omit the corresponding
terms in the Lagrangian. Because the wavepackets are al-
ready at the upper band edge we will also not need the
homogeneous force to induce Bloch oscillations, i.e., we
set a =¢; = 0.

The special values of the quasi momenta imply that
most of the interaction integrals I . I ki Are Zero or have
an identical value. This can be seen by expanding the
Bloch wavefunctions in terms of momentum eigenstates,
wq(2) = >, ci(q) exp(iz(q+2lhky)). By Fourier transform-
ing the stationary Schrédinger equation H|p, = E(q)@q,
one finds the following equation for the expansion coeffi-
cients ¢;(q),

(q + 2lhkr)?

Blgalg) = 3

alq) + %(CHl(Q) +a-1(q))-

(24)
This equation shows that the expansion coefficients are
real and that, if ¢;(fikp — d¢) is a solution, then so is
ci(hkr + 6q) = c—i—1(hkr — dq). Thus, we have the re-
lation

Pg (2) = g, (2)- (25)

It is well-known, and can be seen from the above ex-
pansion, that Bloch wavefunctions are periodic up to
a phase factor exp(igx). Therefore, the three wavefunc-
tions g, are oscillating with a phase factor exp(+idqx)
relative to each other. In the limit of an infinite optical

lattice, the interaction integral I, I ikl will therefore vanish
if these phase factors do not exactly cancel each other.

. o o .
For instance, Ijy.0; = 0 because its integrand is propor-

tional to exp(idqx), but Igo;lg # 0. This, in combina-
tion with equation (25), ensures that all interaction in-
tegrals, except Igo;oo and Iﬂl;n = 152;22 = I{l2;12 as well as

10”1 01 = ISQ 02 = IOHO 12, do vanish (in addition, the sym-

metries IHJ W = I” 4w and I” Gk = I”J  have to be taken

into account). Thus there are only three independent in-
teraction parameters which we will denote by

KR

— [ 1
Ko = Ioo;oofoo;om
VTh

K1 =

kgl 1L
I 11145
\/Eh 11;11°11511»

K
ko1 = WIO”MOIIOJLOI' (26)

Even with these simplifications the resulting equations are
still very lengthy, but they admit the analysis of symmetric
solutions. By symmetry, we have vy = 0 and vy = —wv; for
the group velocities of the wavepacket, and Ms off — = M7 eff
for the effective masses. Under these condltlons one can
show that zp = 0 and By = 0 are solutions of the varia-
tional equations. This result is intuitively clear and just
means that the central wavepacket remains at the upper
band edge with mean position and velocity zero. In addi-
tion, symmetry implies that the two transversally excited
wavepackets should evolve in an identical way, but with
opposite mean velocities (because their group velocities
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differ by a sign). We therefore can set As = A, v2 = 71,
P2 = ¢1, wa = wy, and By = —f1, 22 = —21, which re-
duces the number of independent variational parameters
to ten (four for gg and six for ¢p). In addition, the con-
servation of the number of atoms implies the constraint
A% + 242 = L, so that we are effectively left with nine
independent parameters®. The resulting variational equa-
tions are given by

22

671“7 5(1) Ay A12 Ro1

Ay = (27)
-1
. hﬁl 2521 Y1 6_1“_% S(l) A02 Z1 ko1
= 28
zZ1=1 Mfﬂ Mleff + wo w1 , (28)
-1
i = 2h'LU() Yo + (& wi A12 (5(3) - S(l) w02) Ro1 (29)
0 Mgﬁ w02 w1 ’
. 2 hw1 Y1
w1 = 7Mfﬁ
i
N e w? A()2 (75(3) + S(l) w12 o 25(1) 212) Ko1
2’1110 w12 ’
(30)
. h 2h70?  Ao® ko
o = eff,, 4 o T 3
2 M() wo M() 2 \/§w0
n 6_“’_% A12 (—0(3) + oW w02) Ko1
wo® wy
-1
e w2 A12 (’LT)Q — 2212) K01
+ =5 ; (31)
. h 2 ﬁ"}/12 A12 K1
"= eff 4 eff + 3
2 Ml w1 Ml 2 \/Q’Ujl
.2
2L
n e w? A12 ('LU12 — 4212) K1
\/§w15
.2
2K01 6_@_12 A02 (’LT}2 - 2212)
’LTJ5
1
Ro1€ w% A()2 (*C(S) + C(l)('LU12 - 2212)) 32
+ S wo , (32)

L The amplitudes A; are normalized to L because the full
wavefunction B;pg, should be normalized to one and ¢4, car-
ries a factor of 1/+/L because of its normalization.

The European Physical Journal D

_ h 5 Ao® Ko
2 M(?H w()2 4 \/§’LU()

(ZB()

6_“}7% A12 (—0(3) + 30 w02) K01

+
2 w03 w1

22
2€7ﬂf12 A12(3 w04 + 2'LU14 + 'LU()2(5 ’LU12 - 2212))H()1
— )

ws

(33)

h h212
2MeTw, 2 2 M,

ozt
5(14+2e “w1 | w?
2
#1

2
_9%1 _9Z1
+2 <—1—|—2e “’f> w1? 22 +16e 1 214>

7 tuib

2
Ko Ay

4 \/§w15

hp®
2 Mt

+

=1
-4 9
e “1 Ay“ko1
e A0TROL ((3) (9.2 _ 42
4'LU() ’LU15 ( ( 1 w1 )

+C(1)(3w14 + 4214))

2
_*1 2
e w2 Ay kol 4 4 4
775(2?1)() +3wi" +42
w

+wp? (5 w? + 2212)) )

2hB1m

ﬁZl
7~ 2uim — T

1= T3 eF. 4
6 Mfﬁwl

2
221
e wi \/5141221 (U}12 +4212) K1 A12 21 K1
+ 5 -
w1 V2w, 3

_ 2 3
8e w2 A1 21° Kot

'LD5

2
—ZL
e i

A02 21 (0(3) +2 cW 2’12) K01

+ 5

35
wo w1 ( )

In these equations we have introduced the notation w :=

Vwi +w? and

—2i(po—¢1)
S = ‘ s+ e,
(w%o + w%l = 2i(y0 — 71))
—2i(¢o—¢1)
o™ = < +ce  (36)

1 1 ) n/2
(w_g +ar— 2i(y0 — 71))
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The functions S depend on ¢;, v;, and w; and do vanish
for ¢1 - ¢0 =0.

5 Special solutions of the variational
equations

Initially empty transverse excited modes: a surprising con-
sequence of the variational equations can be seen im-
mediately: it follows from equation (27) that, when all
atoms are in the central wavepacket (4; = 0), the am-
plitude Ag and therefore also A; will not change in time.
Thus, the transversally excited wavepackets would never
be populated. This prediction is a direct consequence of
the assumption Icl)‘o;01 (= (l)‘0;02) = 0 and in striking con-
tradiction to the numerical results of reference [20]. This
difference can be resolved when one recalls the conditions
under which our analytical theory is valid. 10”0;01 =0is
exactly fulfilled only in the limit of an infinite optical lat-
tice. In a finite lattice the fact (discussed above) that the
integrand is oscillating with a phase factor of exp(£idgz)

only leads to oscillations of I(l)lo;m, so that it is zero on
average only. Since our wavepackets have a finite width
in quasimomentum space, there will be a finite excita-
tion probability even when A; = 0 initially. In addition,
our theory assumes that the three wavepackets are not
overlapping in quasimomentum space, since only under
this condition the averaging method can yield reasonable
results. In practice, this is not exactly fulfilled and will
lead to corrections to the prediction of the averaged equa-
tions. However, the time scale for transverse excitation
out of a central wavepacket is quite large (typically about
70 ms [20]) so that the averaged equations should provide
a valid description for shorter times. In fact, the present
considerations may provide another reason for the long
time scales for transverse excitations. In addition, dur-
ing the preparation of the wavepacket at the upper band
edge through Bloch oscillations, the transversally excited
modes are populated. Therefore, an initial condition with
A1(0) # 0 is realistic when we describe a system that
already is prepared at the upper band edge.

On the other hand, when using the initial condition
A1(0) = 0 we are left with a theory for the central
wavepacket only, since there are never any transversally
excited atoms to interact with. In this case our descrip-
tion reduces to the case considered in reference [32] (but
with a negative effective mass) so that one can transfer
most of the results to our case. We therefore will not dis-
cuss it further.

Case of three initial gap solitons: another case of in-
terest is the case when all three wavepackets are initially
forming independent gap solitons. That is, in the absence
of mutual interactions each of the three envelopes corre-
sponds to a stationary solution of the variational equa-
tions with self-interaction. We can find these solutions by
setting ko1 = 0 and removing the terms proportional to
k1 exp(—223 /w?), which describe the interaction between
wavepacket ¢; and g2 (see above). It is easy to see that in
this case the soliton solution is given by v; = 3; = 0 and
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The question remains whether this solution is stable
against the presence of the mutual interactions of the
three gap solutions. To answer it, we have made a sta-
bility analysis by linearizing the variational equations in
the deviations from the soliton solution (37), (38). We set
w; = wi® + edw; (and similarly for the other dynamical
variables) and consider all equations only to first order
in €, whereby the mutual interaction terms are treated
as of first order in e. This is justified since these terms
all include a factor which exponentially decays in time
and thus have limited influence. Such a factor arises be-
cause the three wavepackets all have different group ve-
locities and thus separate after a short time, the expo-
nential being a consequence of the overlap between the
Gaussian wavepackets. The resulting linearized equations
are given by

2
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The functions f,(¢) depend on the soliton solution pa-
rameters and increase at most polynomially (degree less
than 4) in time. They represent inhomogeneities, similarly
to the right-hand side of equation (39). Because of the
exponentially decaying factor, these terms are only im-
portant for times ¢t < wi®'/v;. Therefore, to analyze the
stability of the soliton solution, it is sufficient to solve the
homogeneous linearized equations for a general set of ini-
tial conditions, since for large enough times this correctly
describes the general solution.

To reduce the length of the linearized equations we
have made an additional approximation. Our numerical
simulations of the full GPE indicate that, after the BEC
has been transferred to the upper band edge, the number
of atoms in the ¢y wavepacket is considerably larger than
in the other two modes?. Since A? = LN;, where N; is the
initial number of atoms in each mode, one can see that
A3t <« A% and therefore wi®! > wil. Assuming that
this is the case, we here present the linearized equations
only to second order in the ratio A5°!/A%°L.

The general solution of the homogeneous linearized
equations is not hard to find. One immediately sees
that d Ag and therefore, because of atom number conserva-
tion, also § A; are constant in time. dwg and 6y are then
coupled to each other only so that equations (40) and (41)
are easily solved. dwg and d+yy then generally show a purely
oscillating behaviour. This solution can then be inserted
into equation (42) for the homogeneous phase factor. The
latter then grows in time, in addition to some oscillating
factors, proportional to 3troAZ'6 Ag(0)/(v2w"). When
this expression is compared to the evolution of the soli-
ton phase factor (38) it becomes obvious that this linear
increase in d¢q just corresponds to a small deviation, pro-
portional to §A4g(0)/A%!, from the unperturbed energy of
the soliton. We therefore have shown that the central soli-
ton around quasi momentum ¢q is stable against the inter-
action with the other two wavepackets since its stability
does also not depend on the evolution of the deviations in
these wavepackets.

The situation is quite different for the transversally
excited modes. Repeating the steps leading to the solution
for the central wavepacket, one can see that the solution

2 The variational equations presented in this work would pre-
dict that all atoms remain in the transverse ground state since
the excited modes are initially (almost) empty.
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for 0, is given by
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with (27 = (4/3)d#5*!/dt. This growing oscillatory
behaviour clearly indicates instability against any ini-
tial deviations dw1(0),dA1(0),071(0), which unavoidably
are introduced by the interaction between the three
wavepackets.

It is worth to examine the origin of this instability
more closely. Our arguments are based on the fact that
the two transversally excited wavepackets move away from
the central wavepacket. This happens because we have
set f1 = (2 = 0 for the excited wavepackets, so that
they propagate with the group velocity +wv;. Hence, af-
ter some time the wavepackets are separated, so that the
mutual interaction disappears and cannot cause instabil-
ity anymore. However, setting 3; = 0 in absence of mu-
tual interactions creates another source of instability: even
in a strictly one-dimensional situation, a gap (or bright)
soliton with non-vanishing group velocity is only stable?
if the phase factor exactly matches the group velocity,
G = foHvi /h. Therefore, the instability of the transver-
sally excited wavepackets is the same as that of an isolated
gap soliton with the wrong phase factor.

The only possibility to avoid this kind of instability
is to choose the appropriate phase factors o = —f; =
—Mfffvl /h. As a consequence, the excited wavepackets
would remain at their original position so that the mu-
tual interaction would not decrease. Since the latter is a
resonant coupling between the three wavepackets a general
superposition of three gap solitons would not correspond
to a stationary solution anymore. In the next section we
will demonstrate that for a particular choice of parameters
this problem can be overcome.

6 Triple solitons

A particularly interesting situation appears when one tries
to construct stationary wavepackets which remain spa-
tially localized around z; = 0. As is evident from equa-
tion (28), this is only possible for 3; = —M{fv; /h. In-
terestingly, this condition also guarantees the validity of
B1 = 0 in equation (35), so that this requirement is self-
consistent. The remaining equations will only lead to a
stationary solution if the populations of the three modes
are constant, i.e., if Ag = 0. Apart from the trivial so-
lutions Ag = 0 or A; = 0 this can be achieved by the
condition S = 0. A natural solution to this condition
is ¢p1 — ¢g = 0 and 79 = 71 = 0, whereby the latter as-
sumption also ensures that the widths of the wavepackets

3 For other values of §8; a wavepacket characterized by equa-
tions (37) and (38) is still a stationary solution of the nonlinear
Schrodinger equation, but it is not stable.
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remain constant. A necessary condition for this to hold
are the equations

$1—d0o =" =5 =0. (49)
Using equations (31-34) this leads to algebraic conditions
on the widths and populations of the three modes. The
simplest way to solve these algebraic conditions is to, first,
fix the ratio between the widths according to ws = nwy,
where 7 is some positive number. In addition, we write
k; = NE;/L so that &; is independent of the total num-
ber of atoms N and remains finite when the quantization
length L goes to infinity. For these settings we derived so-
lutions of the algebraic conditions which determine N, wy,
and the population distribution among the modes as a
function of 7, &, Mfﬁ, and v;. A particularly nice ex-
ample is the case when all three wavepackets have equal
width, wy = wg. The solution then becomes very compact
and is given by

3Mfﬂﬁl — GMSHR01

A2 =T s 50
L 2M§%(Ro — 3Ro1) + 3M{T (k1 — 2ko1) o
N = 2o (2MET(S —Foy) + MET(R1 —2R01)) (51)
(672, — RoR1)\/3MEE(MET — MT)
h 3(MgH — Mgt
wp = T ( 0 e L ); (52)
— Mo, —2M§

with wy = w1 = wo and &; := k;L/N being independent
from the number of atoms and the quantization length.

The state characterized by equations (50—52), which
we will refer to as “triple soliton”, represents a special
coherent superposition of a wavepacket in the transverse
ground state at the upper band edge of the optical lattice,
and two wavepackets around the transverse resonances.
The special choice (50—52) for the parameters ensures
that the mutual and self-interaction of the wavepackets
exactly cancel the dispersion of each wavepacket due to
its negative effective mass. It also guarantees, within the
approximation that only two resonances are taken into ac-
count, that the triple soliton does not spread in the trans-
verse direction. It therefore can be seen as a generalization
of the gap soliton which is unstable against transverse de-
cay. It differs from the case of a superposition of three
gap-soliton wavepackets discussed above in that the mu-
tual interaction between the wavepackets destroys the lat-
ter. This is because the stability criterion (37) and (38)
takes only into account the self-interaction of each of the
three wavepackets. For the triple soliton the mutual inter-
action is included as well.

A very interesting feature of the triple soliton is that
the width of the soliton does not depend in any way on
the interaction parameters of the system. It is solely de-
termined by the structure of the lowest energy band of
the optical lattice and in particular is proportional to the
de Broglie wavelength of a particle of mass —M{f moving
with the velocity v;. The number IV of atoms in the soliton
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Fig. 2. (a) Group velocity and absolute value of effective
masses as a function of the optical lattice depth V. (b) Ful-
fillment of condition (53) as a function of V5. The solid line
represents Mfﬁ/Mgﬁ, the dashed lines are the upper and lower
bound in the inequality (53). For Vo > 0.4ERr the condition is
fulfilled.

depends on the interaction parameters, but it vanishes if
the group velocity vy of the transverse resonances goes to
zero, i.e., if the resonances are close to the band edge. The
population of the three modes depends on the interaction
and leads to consistency requirements: since A2 can only
take values between 0 and L we find that the soliton can
only exist if the effective masses fulfill the inequality

5 Mt og
AU Qs S Qi 1 (53)
3Ro1 I K1

To see if this condition can be fulfilled, we have numeri-
cally calculated the band structure for a BEC in a periodic
potential of the form Vj cos(2kyz), where k;, = 2m/Ap is
the laser’s wavenumber and Vj the depth of the optical lat-
tice, which we will give in units of the recoil energy EFr =
(1/2)Mv% with the recoil velocity vg = hkr, /M. We con-
sider 8" Rb atoms (M = 1.45 x 10725 kg, ascats = 4.9 nm)
in an optical lattice driven by a laser close to the D2 line
(AL = 780 nm) and a 2-dimensional transverse harmonic
trap of strength w = 534 s~!. The effective mass, the
group velocity, and the interaction parameters as a func-
tion of Vj are shown in Figures 2a and 3, respectively. As
can be seen from Figure 2b condition (53) can be fulfilled
in this parameter regime, which also lies well within the
range of current experiments [11,12]. In Figure 4 we have
plotted the width as well as the number of atoms and
population distribution for the novel kind of soliton. For
the case wy = wi under consideration, the population in
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Fig. 3. Interaction parameters as a function of lattice depth V4
in units of the recoil velocity vg = /2Er/M. Solid line: Ro,
dashed line: 51, dot-dashed line: Ro1.
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Fig. 4. (a) Width of the soliton wavepackets as a function
of Vp. (b) Total number of atoms N (solid line) in the soliton,
and number of atoms N; = A?N/L in mode i = 0 (dashed
line) and ¢ = 1 (dotted line), respectively.

the transversally excited modes is larger than that of the
central wavepacket.

7 Conclusion

Using an averaging method we have derived effective field
equations which describe the large-scale behaviour of a
transversally confined BEC in a one-dimensional opti-
cal lattice. Due to the existence of transversally excited
modes resonant to wavepackets in the transverse ground
state, these equations have the structure of coupled
one-dimensional particles with different effective masses
and dynamical interaction parameters. We have made a
Gaussian ansatz for the envelopes of a wavepacket pre-
pared at the upper band edge and the two nearest reso-
nances in quasi-momentum space. Variational equations

The European Physical Journal D

for this ansatz are derived and several solutions are dis-
cussed, including a novel kind of “triple” soliton.
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