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Abstract. We study the dynamics of an inhomogeneous Bose-Einstein
condensate subject to a one-dimensional harmonic trap and a moving
random potential of finite extent. Above the critical velocity, a part of
a condensate glues to the moving random potential with a consequent
displacement of the condensate center-of-mass along the harmonic trap.
We show that the center-of-mass turning point provides a direct mea-
sure of the average drag force acting on the condensate.

1 Introduction

The study of complex systems, such as many-body systems characterized by inter-
particle interactions and disorder is one of the outstanding challenges of physics. In
the presence of significant interactions, the disorder can induce exotic phases on lat-
tice systems [1], and shift the onset of superfluidity in continuum systems at lower
[2,3] or even larger [2] critical temperatures. In the superfluid regime, the presence
of a random potential does not perturb the low-energy dynamics of the system it-
self. Indeed, below a critical velocity vcr that depends on the gas density and on the
disorder strength [4–7], the superfluid does not scatter against the potential defects
by its superfluid nature. On the contrary, at velocities greater than vcr, superfluidity
breaks down and the interference of the scattered waves may deeply modify the fluid
transport [8–10] unto the Anderson localization regime [11,12]. In a confined system
where the density is inhomogeneous, superfluidity breaks down beforehand in the low
density regions and one may observe the inhibition of the expansion [13], the dipolar
mode damping [14], and the localization of a piece of the system [15]. Differently and
in complementarity with [15], in this paper we focus on the dynamical evolution of
the localized fraction of a cigar-shaped Bose-Einstein condensate (BEC) subject to a
moving random potential. We analyze the density and center-of-mass time-evolution
of the system, comparing two types of disorder potentials characterized by different
correlation functions. The paper is organized as following. In Sect. 2 we describe the
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model of the systems and, in Sect. 3, we discuss our numerical results. Finally, some
concluding remarks are given in Sect. 4.

2 The model

We focus on a system of N = 105 Bose-Einstein condensed 87-Rubidium atoms of
mass m subject to a static cigar-shaped harmonic trap and a time-dependent random
potential:

U(r, t) =
1

2
mω2⊥(x

2 + y2) +
1

2
mω2zz

2 + V (z, t) (1)

with ω⊥ = 2π × 500 Hz and ωz = 2π × 7 Hz the trapping frequencies in the per-
pendicular and longitudinal directions, respectively. The last time-dependent term in
(1) corresponds to a random potential that is fixed in the moving frame z′ = z − vt,
v = vêz being the drift velocity. This potential is modeled by the sum ofNdis Gaussian
functions of height Vdis and width w distributed at positions zi = jid, where ji is a
random integer number and d fixes the minimal distance between the peaks. This
type of disorder, known as Edwards model [16], could be realized by pinning some
heavy impurities in the minima of a periodic potential as proposed previously [17,18].
Under cigar-shaped trap geometry, the full 3D equation of motion for the BEC

wavefunction ψ(r, t) can be reduced to the effective 1D time-dependent nonpolynomial
nonlinear Schrödinger equation (NPSE) [19]
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]
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as being the s-wave scattering length. To obtain Eq. (2) we set

ψ(r, t) = f(z, t)φ(r, t) = f(z, t)
e−(x

2+y2)/2σ2(z,t)

√
πσ(z, t)

(3)

where the transverse part φ(r, t) is modeled by a Gaussian function with variance
σ(z, t). Within the assumption that this variance varies slowly as functions of z and
t, σ(z, t) is given by

σ2(z, t) = �20
√
1 + 2asN |f(z, t)|2, (4)

where �0 =
√
�/(mω⊥) is the oscillator length in the transverse direction. The 3D

density profile is then

ρ(r) = ρ̃(z)
e−(x

2+y2)/σ2

πσ2
, (5)

with ρ̃(z) = |f |2 the integrated 1D density.

3 Numerical results

We study and compare the BEC dynamics in the presence of two types of moving
Edwards disorders: (i) an Anderson-like distribution (AM), where the ji’s are ran-
domly distributed; (ii) a Random Dimer Model (RDM) distribution where peaks are
dimerized and the dimers are randomly distributed [20]. Hereafter we consider a dis-
order potential characterized by an amplitude Vdis = 0.02Er, where the recoil energy
Er = h

2/(2mλ2) is defined with respect to the wavelength λ = 780 nm, characterizing
the D2 hyperfine Rubidium transition. The dimer peak-to-peak distance �, as well as
the minimum distance d between single defects are set equal to λ; the width of a
single bump w is fixed at 140 nm.
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Fig. 1. Integrated density profiles ρ̃ as functions of the position for the moving single defect
(top row) and moving single dimer (bottom row) at a velocity v = 1.4 c. The left, middle
and right columns correspond to t = 0.75/ωz, 1.5/ωz and 2.4/ωz, respectively.

3.1 Density profiles

We first study the effect of a single defect for the two models (i) and (ii) on the
dynamical evolution of the BEC density profile. Both the single bump and the sin-
gle dimer drag some atoms as they move through the fixed parabolic trap. This is
illustrated in Fig. 1 in the spatial profile of the density as both objects move with
the same velocity v = 1.4 c, c =

√
μ/(2m) being the BEC sound velocity in a cigar-

shaped geometry [21] at the trap center. At this drift velocity, the dimer perturbs the
BEC more than twice a single defect in its trajectory through the density profile. In
fact, we found that the center of mass is shifted by a factor of about 3 with respect
to the single defect. The scattering properties of a single dimer depend on the drift
velocity non-monotonically [15], so that in some energy regions, as in this case, the
dimer may drag the BEC more efficiently than two uncorrelated single defects or may
help delocalization [20].
In the presence of several defects, the dynamical evolution changes qualitatively

and the number of atoms dragged by the moving potential increases as well. We focus
on the case with a density of peaks ndis � 0.12λ−1 � 0.16 peaks/μm (the same for the
AM and the RDM), moving through the BEC with drift velocities v = 1.2 c, 1.5 c and
1.8 c. Figure 2 displays the density profiles at a time corresponding to a displacement
of the moving potential of about 96μm � 200�0. We observe that the perturbations
on the parabolic potential are more irregular than for the single defect case, and that
depending on the value of v, more atoms are dragged either by the AM or the RDM
potentials. For the parameters here considered we find that for the low velocity case,
the AM potential drags more atoms than the RDM potential, whereas we increase v
the RDM becomes more efficient to localize and, hence, drag more atoms along the
moving potential.
The dependence of the fraction of dragged atoms Nd/N on the type of disorder

and on its velocity can be more simply read from the center-of-mass displacement
zcm of the BEC as already discussed in [15]. The underlying idea is that Nd/N equals
the ratio between zcm and the disorder displacement vt. As illustrated in Fig. 3 this
quantity depends on time showing that the atoms need some time to be affected by
the moving potential. This delay stems from the time needed to scatter from one
bump to another and to establish the interference of the scattered matter waves. The
importance of the interference effects in the dynamics is supported by the dependence
of Nd/N on the correlation function of the disorder potential. In addition, we observe
in Fig. 3 that the curves in the AM and RDM cases do not intersect showing that for
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Fig. 2. Integrated density profiles ρ̃ for the AM (top row) and RDM (bottom row) random
potentials. The left, middle and right column correspond to drift velocities v/c = 1.2, 1.5, 1.8
respectively. The densities are displayed for times corresponding to the same displacement
of the moving potential.
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Fig. 3. Center-of-mass positions as functions of the displacement vt of the moving potential.
Blue dashed and red continuous lines correspond to AM and RDM, respectively. Panels from
left to right correspond to v = 1.2 c, v = 1.5 c, v = 1.8 c.
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Fig. 4. The same as for Fig. 3 but for the barycenter ztail of the forward tail populated by
1% of the atoms.

all times one of the disorder potentials drags more effectively the atoms for a given
velocity, irrespectively of the initial delay.
The atoms dragged by the moving potential belong mainly to the tails of the

density profiles. This is shown in Fig. 4 where we have plot the time evolution of the
barycenter ztail of the forward tail populated by 1% of the atoms. This inhomogeneous
distribution of the dragged atoms is due to the density inhomogeneity imposed by the
harmonic potential since at low densities vcr is lower and thus the atomic scattering
becomes more efficient.
The maximum displacement zf of the center of mass is determined by the com-

petition between the drag force

Fdis = −
∫ +∞
−∞

dz|f(z, t)|2 ∂V
∂z

(6)

induced by the moving random potential and the force exerted by the harmonic
confinement. The dynamics of Fdis is very complex and cannot be evaluated in an
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Fig. 5. Average drag force F̄dis compared with the turning point zf (in units of �0) for the
AM disorder potential as functions of the drift velocity v.

experiment. However its average value F̄dis =
∫ zf
0
Fdis dzcm/zf provides information

about the localization efficiency of a given random potential and can be straightfor-
wardly evaluated by the turning point zf as shown in [15]. Indeed we found that
zf = 2F̄dis/(mω

2
z). This is numerically confirmed by the comparison of zf with F̄dis

obtained by averaging the value of the drag force (6) during the simulation as shown
in Fig. 5 for the AM disorder and the whole range of drift velocities analyzed.

4 Concluding remarks

In this paper we investigated the dynamical evolution of a cigar-shaped BEC subject
to a moving random potential. A fraction of the atoms belonging to the low density
regions of the BEC glue to the random potentials. This fraction depends on the ve-
locity and type of correlation of the disorder potential indicating that the localization
occurs by interference effects.

This work was supported by CNRS PICS grant No. 05922. P. C. acknowledges support
from ANPCyT and CONICET, Argentina through grants PICT 2008-0682 and PIP 0546,
respectively.
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