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We discuss and model an experiment to study quasicondensate growth on an atom chip. In particular, we
consider the addition of a deep dimple to the weak harmonic trap confining an ultracold one-dimensional
atomic Bose gas, below or close to the characteristic temperature for quasicondensate formation. The subse-
quent dynamics depends critically on both the initial conditions and the form of the perturbing potential. In
general, the dynamics features a combination of shock-wave propagation in the quasicondensate and quasi-
condensate growth from the surrounding thermal cloud.
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I. INTRODUCTION

Recent advances in experiments with trapped ultracold
atomic gases have led to the creation of quasi-one-
dimensional �quasi-1D� Bose-Einstein condensates. In such
systems, the transverse degrees of freedom become sup-
pressed, provided that the relevant energies of the system—
i.e., chemical potential � and thermal energy kBT—are less
than the transverse confinement ���. The first quasiconden-
sate experiments were performed close to the 1D regime, in
large elongated magnetic traps �1–6�, with �����, with
related experiments in this regime recently performed in di-
pole traps �7–9�. Experiments have further directly probed
the 1D regime ����� in optical lattices �10–14�, in dipole
traps �15–18�, and on atom chips �19–21�.

The creation of Bose-Einstein condensation on atom chips
�22–32� opens up the way for a number of applications, such
as precision interferometric measurements �33–39� and
quantum computation �40,41�. One-dimensional geometries,
in which the transverse confinement exceeds all other rel-
evant energy scales in the system, require exceptionally
smooth atom chips �19–21,42� and offer improved stability
�37�, measurement sensitivity �43�, and device miniaturiza-
tion. This comes at the expense of increased phase fluctua-
tions, which tend to destroy the coherence of the ensemble.
Various equilibrium studies have already been performed
both experimentally �3–6,44–46� and theoretically �47–58�
to understand in particular this latter effect. However, a
deeper understanding of the intrinsic dynamics of such sys-
tems is still lacking, including the issue of quasicondensate
formation and the role of phase fluctuations on its growth
dynamics. Although condensate formation has been studied
in 3D geometries �59–64�, such studies are only now pos-
sible in 1D. In this paper, we discuss a realistic experiment
which captures the dynamics of quasicondensate formation
and relaxation into a perturbed potential by adding a dimple
microtrap on an atom chip containing a gas of 1D ultracold
Bose atoms.

The issue of quasicondensate formation may be related to
a recent 3D condensate growth experiment �61�, which to
date remains largely not understood. In particular, this ex-
periment revealed, under conditions of slow cooling, an un-
expected slow linear initial condensate growth. As these fea-
tures were observed close to the transition point, the authors
suggested that this might be due to the enhanced phase fluc-
tuations in this region, leading to the formation of a quasi-
condensate that preceded the usual condensate growth. The
dimensionality of our envisaged 1D experiment ensures that
the system remains in the regime of large phase fluctuations
throughout its entire evolution. Moreover, under conditions
of slow cooling from above the transition point, our results
point towards a slow initial linearlike growth which is con-
sistent with bosonic enhancement. However, a detailed com-
parison to the above experiment would require a full 3D
calculation and therefore lies beyond the scope of this paper.

The experimental scenario considered here is the follow-
ing: An atom chip is first loaded with a certain number of
atoms, at densities low enough to be in the 1D regime, and
cooled to a prescribed low temperature. The approximately
harmonic longitudinal confinement of the atoms is then per-
turbed by the addition of a deep dimple microtrap, of vari-
able width, as shown in Fig. 1. Such a technique of local
phase-space compression �65,66� has been used to force a
system of 23Na atoms into the quantum-degenerate regime in
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FIG. 1. �Color online� Initial �brown and gray lines� and final
�black� longitudinal harmonic potentials �solid lines� and total den-
sities �dashed lines� for a system of 2500 87Rb atoms at a tempera-
ture T=50 nK for �a� a wide dimple w=4lz and �b� a tight dimple
w=0.5lz, with zD=0, V0=−2000��z. Here, lz=�� /m�z is the lon-
gitudinal harmonic oscillator length.
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a reversible manner in 3D �60�. A related approach has been
used to create quantum-degenerate 133Cs in 3D �67,68� and
in 2D �69�. In 1D, such a dimple can be created by optical
and magnetic traps, although the optimum technique on an
atom chip appears to be the application of electric fields to a
separate electrode, as discussed in the Appendix. We study
the resulting growth dynamics, focusing on the regime of a
very deep dimple, whose potential greatly exceeds all other
energies in the system �70�, as this leads to the most inter-
esting nonequilibrium regime. If there is already a quasicon-
densate present in the original trap, the addition of the
dimple is found to lead to shock-wave formation and subse-
quent relaxation of the perturbed quasicondensate in the
dimple. In the opposite case of an initially incoherent ultra-
cold atomic sample, we observe direct quasicondensate
growth from the surrounding thermal cloud. The nature of
the dynamics additionally depends on the width of the
dimple compared to the size of the atomic cloud and on the
dimple location. The distinct regimes of quasicondensate dy-
namics can be probed by controlling the initial temperature,
atom number and perturbing potential.

This paper is structured as follows: Sec. II discusses the
methodology used to model the envisaged experiment. The
dynamics following the addition of the dimple in the limit of
low temperature is then discussed in Sec. III, paying particu-
lar attention to shock-wave formation �Sec. III A�, its effect
on the dynamics of the density at the trap center �Sec. III B�,
and the effect of the width of the dimple compared to the size
of the atomic cloud �Sec. III C�. The effect of temperature is
discussed in Sec. IV for both wide and tight dimples, with
the latter case highlighting the interplay between spontane-
ous and stimulated growth in the dimple. Section V summa-
rizes the examined regimes by means of a suitable graph, and
Sec. VI features a brief summary. The discussion of experi-
mental techniques which can be used to create the dimple
trap on an atom chip has been deferred to the Appendix.

II. METHODOLOGY

To model the proposed experiment, we first prepare the
desired initial state on the atom chip stochastically. This is
achieved by means of the Langevin equation

i�
���z,t�

�t
= �−

�2�2

2m
+ Vext�z� − � − iR�z,t� + g���z,t��2�

���z,t� + ��z,t� , �1�

describing the dynamics of the order parameter ��z , t�
�71–73�. Here Vext�z�=m�z

2z2 /2 denotes the longitudinal har-
monic confinement and g=2�a�� is the one-dimensional
coupling constant obtained by averaging over transverse
Gaussian wave functions, where a is the three-dimensional
scattering length and �� the trap frequency in the transverse
directions �74�. The chemical potential � determines, for a
given initial trap potential and temperature, the total atom
number in the system. The atom chip trap is pumped from a
thermal reservoir at a rate �71–73�

iR�z,t� = −
	

4
�
K�z�	−

�2�2

2m
+ Vext�z� − � + g���z,t��2
 .

�2�

In accordance with the fluctuation-dissipation theorem, there
is an associated Gaussian noise contribution ��z , t� obeying
��*�z , t���z� , t���= �i�2 /2�
K�z���z−z����t− t��, where the
brackets denote averaging over the realizations of the noise.
The dependence of these quantities on the Keldysh self-
energy �
K�z� ensures that the trapped gas relaxes to the
correct thermal equilibrium, as additionally verified by direct
comparison to the modified Popov theory discussed else-
where �48–50�. For simplicity, we choose in this work both
the longitudinal and transverse atom chip confinement to be
harmonic, with respective trap frequencies �z=2��5 Hz
and ��=2��5000 Hz, and present explicitly results for
87Rb, with a=5.32 nm. Unless otherwise specified, results
will be given in dimensionless harmonic oscillator units of
the original trap, such that lengths are scaled to the longitu-
dinal harmonic oscillator length lz=�� /m�z and energies to
��z.

Once the system has fully relaxed to the desired equilib-
rium, we suddenly turn on a Gaussian dimple potential
and simultaneously remove the coupling to the heat bath.
Switching off driving and dissipation terms—i.e., taking
R�z , t�=��z , t�=0—ensures that the total atom number on the
atom chip remains fixed, as in the envisaged experiment, and
thus only the intrinsic dynamics of the system is taken into
account. The dimple potential added is given by VD

=V0e−�z − zD�2/2w2
where V0 is the dimple depth, w its width,

and zD its location. A sudden introduction of the dimple po-
tential is chosen, since this generates a highly nonequilib-
rium situation, which gives rise to the most interesting dy-
namics. For the chosen parameters, this corresponds to a trap
turn-on time scale of 6 �s, which is an experimentally real-
istic time scale. The subsequent analysis is based on averag-
ing over many different initial realizations, which ensures
that both density and phase fluctuations are accurately in-
cluded. This is equivalent to averaging over a large number
of independent experimental realizations with a variable ini-
tial phase, as typically done when investigating growth dy-
namics �59–61�. In our discussion, we assume the dimple is
turned on at t=0.

III. LOW-TEMPERATURE LIMIT

The sudden addition of a deep Gaussian dimple on a har-
monically confined pure condensate leads to a large atomic
flux towards the center of the dimple and thus to the devel-
opment of a large local density gradient at symmetric points
about the dimple center, which, in turn, leads to the forma-
tion of two counterpropagating shock-wave fronts. The dy-
namics of the initial shock-wave formation stage for a pure
coherent condensate has been discussed under various re-
lated conditions in Refs. �75–77�. In addition, shock waves
have already been observed experimentally in the context of
rapid potential perturbations related to the formation of dark
solitons �78� and vortex lattices �79�. In this paper, we dis-
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cuss both short- and long-term dynamics in the dimple and
identify the distinct growth dynamics induced by the addi-
tion of the dimple. In particular, we highlight the competing
effects of temperature, chemical potential, and dimple width
on these processes.

We start our analysis by considering the most general sce-
nario of experimental relevance. The dimple of Fig. 1�a� is
added onto a quasicondensate with about 3400 atoms. This
particular dimple has been chosen, as it can be easily gener-
ated with existing atom chips. A detailed discussion of how
this can be achieved can be found in the Appendix.

In brief, we find the subsequent dynamics to be essentially
controlled by two parameters: �i� First, the dynamics depends
critically on the amount of quasicondensation present in the
initial system. This is determined by the ratio of T /Tc, where
Tc is the effective 1D “transition” temperature. �ii� Second,
the dynamics is sensitive to the relation of the spatial extent
of the atomic cloud in the original trap compared to the
effective width of the perturbing dimple potential.

A. Nonequilibrium dynamics in the dimple

For simplicity, we focus initially on the regime T�Tc, for
which most of the atoms are in the quasicondensate. Typical
density snapshots of the growth dynamics in this limit are

shown by the black lines in Figs. 2�a�–2�i�. In our analysis,
the “transition” temperature Tc in the presence of interactions
is determined numerically from our modified Popov theory
�48–51�.

Once the dimple is turned on, the central density increases
rapidly, until the instability towards shock-wave formation is
reached �75–77�. The ensuing shock waves propagate to-
wards the dimple edge and subsequently reflect back into the
dimple center. Individual profiles can be simulated by solv-
ing the Gross-Pitaevskii equation for a fully coherent con-
densate, yielding density profiles with large density varia-
tions, as shown by the green �gray� curves in the insets of
Figs. 2�d�–2�h�. However, a detailed understanding of
growth dynamics which enables a straightforward compari-
son to experiments requires the addition of random initial
phases and subsequent averaging over such initial configura-
tions. Such averaged profiles, obtained within our analysis,
reveal the initial formation of a large central peak, followed
by its breakup into two smaller peaks, moving in opposite
directions towards the dimple edges, with the central peak
reemerging after a characteristic time determined by the
dimple potential. The latter peak further splits into counter-
propagating lower peaks, and so forth, until the gas equili-
brates to the profile shown in Fig. 2�i�. Such shock-wave
dynamics would be largely suppressed if the dimple was

FIG. 2. �Color online� Averaged snapshots of
total density in the initial harmonic �a� and per-
turbed ��b�–�i�� trap, taken at equal time intervals,
t=0.073�z

−1, for a gas of 3400 87Rb atoms. Pro-
files are shown at T=50 nK�Tc �black lines� and
T=200 nKTc �brown and gray�. �i� Indistin-
guishable equilibrium profiles due to large dimple
depth. Insets compare single-run results based on
the Gross-Pitaevskii equation �green and gray� to
the averaged low-temperature stochastic profiles
at T=50 nK �black�. �j� Corresponding oscilla-
tions in averaged density at the trap center. The
inset highlights the first two oscillations, showing
explicitly the times of the plotted snapshots �a�–
�h�. These are additionally compared to results of
a single Gross-Pitaevskii run �green and gray�.
Dimple parameters as in Fig. 1�a�.
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much shallower or if it were introduced on a much slower
time scale.

The long-term system dynamics is portrayed in the evo-
lution of the central density of the gas shown by the black
lines in Fig. 2�j�. It features oscillations on top of a growth
curve. This complicated dynamics is a result of a number of
competing processes occurring simultaneously. First, the ob-
served oscillations are a direct consequence of averaged
shock-wave propagation in the quasicondensate. In fact, the
initial oscillatory dynamics in the low-temperature limit re-
sembles a suitably averaged single run of the Gross-
Pitaevskii equation, shown by the green �gray� lines in the
inset to Fig. 2�j�. The “growth” part of the dynamics arises as
a result of spatial compression of the trap and features vari-
ous contributions: In addition to quasicondensate compres-
sion, there is an additional process whereby all thermal at-
oms located in the dimple area fall into the perturbed trap by
joining the quasicondensate. This is ensured by the depth of
the applied dimple, which largely exceeds all other relevant
energies of the system. Moreover, thermal atoms located in
the tails of the initial atomic cloud �as well as any quasicon-
densate atoms located outside of the region of the dimple�
are pulled into the trap center, continuously interacting with
the propagating quasicondensate shock wave and eventually
leading to additional quasicondensate growth. In the remain-
ing part of the paper we discuss these competing processes in
more detail by identifying suitable experimentally realistic
limiting regimes.

B. Oscillation frequencies

First, we comment on the observed oscillations. The ad-
dition of the dimple corresponds essentially to an instanta-
neous local compression of the central region of the trap. For
an easy visualization which captures the main dynamics dis-
cussed here, let us consider the simplified case of a harmonic
dimple of width comparable to the system size, such that
essentially all of the dynamics is contained within a suitably
defined “dimple region.” In this case, the effect induced by
the addition of the dimple is similar to that of an instanta-
neous increase in the harmonic frequency. This leads to ex-
citation of the lowest compressional mode, which, for a pure
condensate in the 1D mean-field regime, has been predicted
to occur at a frequency of �3�D �80–82�, as already ob-
served experimentally �11,83� and additionally verified nu-
merically in our simulations.

In the experimentally more realistic Gaussian dimples
considered here, we can define an effective harmonic fre-
quency �D=�V0 /w at the central dimple region. Although
the initial oscillation in the Gaussian dimple occurs very
close to the predicted frequency, the frequency shifts towards
lower values, as soon as the quasicondensate no longer feels
a purely harmonic confinement—i.e., for system sizes larger
than the effective dimple width. This shift becomes more
pronounced in time as the quasicondensate grows in the
dimple. In addition, the observed oscillations are damped
due to various effects. First, unlike for a purely coherent
system, the averaging performed over random initial phases
in the presence of fluctuations leads to dissipation, precisely

as would be the case in averaged condensate growth experi-
ments in the presence of a non-negligible thermal cloud. Fur-
thermore, the relative motion between the shock waves and
the �mostly thermal� atoms entering the dimple region from
the edges is expected to create an additional channel for dis-
sipation. Finally, the addition of a Gaussian dimple leads to
excitations of multiple frequencies, which lead to beating
effects and an accelerated decay of the oscillation amplitude.

C. Effect of dimple width

The above example featured a combination of shock-
wave propagation and growth. These effects can be isolated
by changing the form of the perturbation. Shock waves arise
in the quasicondensate already present prior to the addition
of the dimple. On the other hand, the observed increase in
the central density is the result of both local compression of
the atoms in the dimple region and of direct growth arising
from �mainly thermal� atoms moving into the central region
from the trap edge. As a result, oscillations dominate when
the dimple width is comparable to the initial quasicondensate
system size and, for relatively small atom numbers, such that
growth is minimized. On the other hand, the growth features
are dominant in very tight traps for which the dimple width
is much smaller than the initial system size.

These two contrasting regimes for the two opposite limits
of wide and tight dimples, with respect to the effective sys-
tem size, are shown in Fig. 3 for a reduced number of N
960 atoms for computational convenience. To facilitate an
easy comparison between these two limits we keep the
dimple depth fixed. To give a simple visualization of this
distinction, we note that, for the low-temperature case con-
sidered here, the zero-temperature Thomas-Fermi profile
�dashed green line in Fig. 3�a�� is a reasonable first approxi-
mation to the system density prior to the addition of the
dimple �thin solid blue line�. In the chosen harmonic oscil-
lator units, the zero-temperature Thomas-Fermi radius is de-

FIG. 3. �Color online� �a� Initial density for a gas of N960
atoms at T=25 nK and �=100��z, such that � /kBT1 �thin solid
blue lines�, versus corresponding zero-temperature Thomas-Fermi
profiles �dashed green and gray lines�. The harmonic potential is
also shown for easier visualization �thick solid black�. �b� Initial
�solid black� versus final �solid brown� potentials for the two
dimples of Fig. 1. Corresponding dimple potentials VD are shown
by the dashed red and gray lines.
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fined by RTF=�2�, where � is the chemical potential of the
system.

An effective dimple width, RD can also be approximately
defined as the point at which the dimple depth falls to 0.01 of
its maximum value V0, implying RD3w. Figure 3 plots
both initial densities and potentials �top� and perturbed po-
tentials �bottom� for the two opposite regimes of RDRTF
�left� and RD�RTF �right�. Note that the equilibrium densi-
ties in both dimple traps are essentially given by the Thomas-
Fermi profiles in these traps. This is true for all atom num-
bers considered in this paper �N�3500�, for which the
chosen large dimple depth ensures that all atoms can be ac-
commodated within the central approximately harmonic
dimple region �see also the density profiles in Fig. 1�.

The system dynamics in these two opposite regimes is
portrayed by the evolution of the central density in Fig. 4.
This evolution is plotted both in terms of the original trap
timescale �z

−1 in Fig. 4�a� and in terms of the effective
dimple time scale �D

−1 in Fig. 4�b�, as these reveal different
dynamical features that we wish to comment on.

The actual relaxation time scale and long-term dynamics
in these opposing regimes are best compared when both
curves are plotted in terms of the characteristic time scale
�z

−1 of the initial harmonic trap. Figure 4�a� thus shows that
the central density in the tight dimple increases much more
significantly, due to the enhanced spatial compression. A
comparison of the growth rate in the different dimple traps is
facilitated in the inset to Fig. 4�a�, by plotting the dynamics
of the peak densities, approximately scaled to their respec-

tive equilibrium values. Although equilibration time scales
appear to be comparable, the initial dynamics is slower in the
tight trap, presumably due to the reduced overlap between
the states in the initial and final traps.

The initial dynamics, including the shock-wave-induced
oscillations, is more appropriately investigated when the
same results are plotted in terms of the effective dimple time
scale �D

−1, as in Fig. 4�b�. This is because the oscillations are
actually fixed by the frequency �D of the perturbed trap
�multiplied by the factor of �3�, which varies with dimple
width w. When plotted in this manner, the initial dynamics
feature a striking similarity in both amplitude and frequency
of the respective central density oscillations, as shown in the
inset. This is due to the fact that the initial dynamics is set by
the quasicondensate which is, in both cases, present over the
entire extent of the dimple region. However, the subsequent
growth is noticeably different, due to the enhanced compres-
sion in the tight dimple, leading to a much enhanced growth
in the central density.

IV. EFFECT OF TEMPERATURE

All earlier discussion focused on the regime T�Tc. We
now discuss the effect of changing the initial temperature of
the system, with respect to Tc.

A. Wide dimple

The density snapshots shown in Fig. 2 correspond to
fairly “typical” experimental regimes, for which RTF�0� is

FIG. 4. �Color online� �a�, �b� Dynamics of
dimple central density for N960 atoms upon
adding a broad dimple with w=4lz �black� or a
narrow one with w=0.5lz �brown and gray�, as in
Fig. 3. Time plotted in terms of �a� original trap
time scale �z

−1 and �b� dimple time scale �D
−1,

with �D=11.2�z �black� or 89.4�z �brown and
gray�. Here T=25 nK and �=100��z, with
� /kBT1. Insets: �a� same plot with densities
approximately scaled to final equilibrium values
nEQ�0� and �b� initial regime highlighting the
overlapping density oscillations.
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approximately equal to a few RD, such that the addition of
the dimple is accompanied by a combination of oscillations
and growth. However, as the temperature of the initial
sample increases towards Tc at fixed atom number, the
propagating secondary density peaks in the averaged profiles
become washed out, as shown by the brown lines in Figs.
2�a�–2�h�. This is due to the enhanced fluctuations in the
initial state prior to the addition of the dimple. Nonetheless,
the final averaged profile is almost independent of tempera-
ture, due to the large dimple depth, which overshadows all
other energies of the system.

By comparing these two cases, we note that the amplitude
of the initial oscillation is controlled by the ratio of the
chemical potential � to the thermal energy kBT. Under con-
ditions of strong condensation, such that � /kBT�1, the ini-
tial oscillation amplitude is large and can even exceed the
equilibrium value. In the opposite regime, its amplitude is
largely suppressed. In the limit of a sufficiently small atom
number and a relatively broad dimple, the addition of the
dimple perturbs the central density only mildly. Thus, the
additional constraint of extremely low temperature �kBT
��� leads essentially only to the appearance of oscillations
without substantial growth.

B. Tight dimple

The tight dimple, whose width is much smaller than the
effective system size, creates a natural temporal separation
between the initial shock-wave-induced oscillations and the
subsequent growth dynamics. These competing effects ex-
hibit different characteristics, depending on the ratio T /Tc, as
shown in Fig. 5�a�. This ratio can be controlled either by

changing the temperature at constant total atom number, as
discussed for Fig. 2 above, or by varying the atom number
at fixed temperature. In this section, we choose to discuss
the latter, as this enables a further distinction between spon-
taneous and stimulated bosonic growth. Note that, for the
small atom numbers 400�N�1000 considered here, the
condition RTF�0��RD is always satisfied for the dimple with
w=0.5lz.

Regarding the initial oscillations in the central density, we
note that, as the atom number decreases, so does also the
ratio of � /kBT determining the amplitude of the first oscilla-
tion. This leads to very strong suppresion when � /kBT�1,
as shown by the bottom curve in the inset to Fig. 5�a�. After
quenching of these initial oscillations, we observe a “second-
ary growth” dynamical phase. For small atom numbers, cor-
responding to large T /Tc, we observe a very slow initial
growth in the central density. This will be shown to be con-
sistent with spontaneous quasicondensate growth from the
thermal cloud. Increasing the atom number leads to a lower
value of T /Tc and to a significant quasicondensate fraction in
the initial trap, which yields a faster initial growth rate in the
dimple.

To understand this in more detail, Figs. 5�b� and 5�c� plot
the integrated quasicondensate atom number in the dimple as
a function of time for the cases �b� TTc and �c� T�Tc. The
quasicondensate atom number is determined from a combi-
nation of local quadratic and quartic correlations of the order
parameter ��z , t�, as will be discussed in more detail else-
where. The evolution is in both cases fitted by two distinct
growth models, as in �59�. The first model includes both
spontaneous and stimulated bosonic growth, and is fitted by
dashed brown lines. It obeys

FIG. 5. �Color online� �a� Central density dy-
namics in tight dimple �w=0.5lz� with increasing
atom number �from bottom to top� N420, 490,
620, and 960, with RD�RTF in all cases. The
temperature is fixed to T=25 nK, and the corre-
sponding chemical potentials are � /�wz

=5,30,60,100. Inset: comparison of initial oscil-
latory dynamics. �b�, �c� Quasicondensate growth
in the dimple for �b� N420 �TTc� and �c� N
960 �T�Tc�. Each computed curve �solid
black� is fitted with the growth curve of Eq. �3�
�dashed brown and gray curves� and the relax-
ation curve of Eq. �4� �solid green and gray
curves�. The initial number of condensate atoms
in the dimple is bigger in �c�, due to the larger
chemical potential.
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N0�t� = N0
�i�e�t�1 + �N0

�i�/N0
�f����e��t − 1��−1/�, �3�

where N0 is the total quasicondensate atom number in the
dimple, the superscripts �i� and �f� denote, respectively, ini-
tial and final values, and � corresponds to the initial growth
rate. The value �=2/3 assumes a growth rate linear in the
difference of chemical potential of the thermal cloud and the
quasicondensate, for which ��N0

2/3. The second model, fit-
ted by the solid green lines, describes simple exponential
relaxation to equilibrium via

N0�t� = N0
�f��1 − e−�t� . �4�

The limit TTc shown in Fig. 5�b� is well described by
the growth model of Eq. �3�, indicating spontaneous and sub-
sequent stimulated quasicondensate growth in the dimple,
analogous to the first condensate growth studies in 3D sys-
tems. Although the exponential relaxation model fails to de-
scribe the entire dynamics in this case, it nonetheless works
well if fitted after a certain “initiation” time �62�. In the
opposite regime of T�Tc shown in Fig. 5�c�, the initial
dimple dynamics is mainly governed by reequilibration of
the perturbed quasicondensate in the combined trap. This
obeys the exponential relaxation model well, indicating that
the dynamics is dominated by stimulated growth.

The intermediate-temperature regime features interesting,
but complicated, dynamics, as the effects of spontaneous and
stimulated growth compete with each other. The above dis-
tinction between spontaneous and stimulated growth be-
comes less pronounced with increasing atom number, with
the initial growth dynamics being well modeled by an expo-
nential relaxation curve even for the tight dimple considered
here, when N is a few 1000 atoms.

V. SUMMARY OF DISTINCT REGIMES

The effect of adding a dimple trap to the center of a
weaker harmonic trap containing a 1D quasicondensate was
considered in the limit when the dimple depth greatly
exceeds all other relevant energies in the system—i.e.,
VD�� ,kBT ,��z. The presented analysis was restricted to
the typical experimental regime satisfying the following
length scale separation:

l� � � � ��dB,lD� � lz � „RD,RTF�0�… , �5�

where l�=�� /m�� is the transverse harmonic oscillator
length, �=� /�4�m is the healing length of the system, �dB

=�2��2 /mkBT is the thermal de Broglie wavelength, lD

=�� /m�D is the effective harmonic dimple oscillator length,
RTF�0� is the zero-temperature Thomas-Fermi radius in the
original harmonic trap, and RD is the effective dimple width.
Within this regime, the dynamics in the dimple displays an
interesting interplay between shock-wave propagation in the
perturbed quasicondensate and direct quasicondensate
growth.

The following important conclusions were reached about
the accessible dynamical regimes in such systems.

�i� The initial dynamics for T�Tc is dominated by shock-
wave propagation, leading to large oscillations in the central
density. The initial amplitude of such oscillations is con-

trolled by the ratio of �� /kBT�, yielding large oscillations
when this is of order unity or larger.

�ii� The long-term system dynamics is dominated by qua-
sicondensate compression and growth in the dimple, with
this effect largely pronounced when the system size greatly
exceeds the dimple width.

The different accessible regimes, along with the associ-
ated relevant parameters for �� /kBT� and RTF�0� /RD, are
summarized by the evolution of the central density shown in
Fig. 6. In this figure, each horizontal line �a�–�c� corresponds
to a particular configuration of fixed initial atom number and
dimple width. Left images �i� show the cases T�Tc, while
right images �ii� display the corresponding high-temperature
limits TTc. The images shown portray, from top to bottom,
the following cases.

�a� A relatively large atom number N=3400, such that
RTF�0� is slightly larger than RD. This leads to noticeable
growth and additionally features pronounced and “long-
lived” oscillations when � /kBT1.

�b� A sufficiently small atom number N=540 and com-
paratively wide dimple, RTF�0�RD, for which growth is
suppressed and oscillations are the dominant feature in the
low temperature limit.

�c� A very tight dimple RD�RTF�0�, featuring “long-
term” pronounced growth, after damping of any initial oscil-
lations occurring. Note that the spontaneous bosonic growth
contribution is pronounced here due to the small number of
atoms.

Having identified the importance of the relation of the
size of the atomic cloud compared to the dimple width and of

FIG. 6. Visualization of distinct regimes accessible in ultracold
1D Bose gases, upon addition of a deep dimple �V0=−2000��z� at
the center of a weaker harmonic trap �i.e., zD=0�, as manifested by
the dynamics in the central density oscillations. From top to bottom,
N�a� 3400, �b�, �c� 540 and w= �a�, �b� 4lz and �c� 0.5lz. Left
images �i� correspond to T�Tc, with right images �ii� showing the
opposite regime TTc. Each figure displays the corresponding ap-
proximate values of �=� /kBT and 	=RTF�0� /RD determining the
system dynamics.
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the chemical potential compared to the temperature of the
system, we can now “tailor” our experimental conditions to
produce the desired dynamics.

Note that all dimples were considered to have the same
depth, which exceeds all other relevant energy scales in the
system. Thus, for the atom numbers considered here, the
final densities are all described by Thomas-Fermi profiles in
the dimple and the dimple width is the relevant parameter
determining the ensuing 1D dynamics.

The case of an off-centered dimple, with z0�0, yields
qualitatively similar behavior, which will be discussed in
more detail elsewhere. When the dimple falls within the ini-
tial quasicondensate size, shock-wave formation plays a key
role in the subsequent dynamics. However, in the opposite
limit of a dimple located outside of the quasicondensate, the
oscillations are largely suppressed and quasicondensate re-
laxation competes with quasicondensate growth. The whole
process is further modified by the asymmetry in the initial
density distribution with respect to the dimple center, an ef-
fect which becomes particularly pronounced for shallow
dimples.

VI. CONCLUSIONS

In conclusion, we studied one-dimensional quasiconden-
sate growth dynamics in a dimple microtrap created on top
of the harmonic confinement of an atom chip. Rich dynamics
were observed in the case of a deep dimple, whose depth
exceeds all other energies of the system, displaying an inter-
esting interplay between shock-wave propagation in the per-
turbed quasicondensate and direct quasicondensate growth.
The optimum observation of shock-wave dynamics, without
the added significant growth of the central density, requires
low temperatures T�Tc, a comparatively large chemical po-
tential ��kBT, and a dimple of width comparable to the
system size. Understanding these processes in more detail is
expected to contribute to fundamental issues in the dynamics
of degenerate one-dimensional Bose gases, with potential ap-
plications in atom lasers and atom interferometers.
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APPENDIX: EXPERIMENTAL CREATION
OF 1D DIMPLE POTENTIALS

This appendix discusses various experimental techniques
which can be used to create a dimple potential, in a quasi-1D
atomic gas on an atom chip �31,84,85�, in order to observe
the dynamics discussed in this paper. The basic idea is to
modify the 1D trapping potential with a small but localized

attractive potential, which creates a tight potential minimum
along the weak confining axis of the 1D trap.

To create the situation described in this paper one needs
exceptionally smooth trapping potentials as obtained for ex-
ample with atom chips nanofabricated in gold layers on
semiconductor substrates �19,42,70,86�. On these atom
chips, we can routinely create 1D traps with an aspect ratio
of larger than 1000 �20�. The longitudinal confinement in the
traps can be harmonic or boxlike on the energy scale of the
chemical potential, depending on the actual setup.

Starting from a 1D potential we can create a dimple on an
atom chip by using �i� magnetic fields, �ii� electric fields, and
�iii� dipole potentials. In the following discussion of creating
a dimple we neglect the longitudinal confinement of the
original trap.

1. Creating the dimple with magnetic fields

On an atom chip, the 1D trap is formed in a magnetic
minimum created by superimposing the magnetic field of a
current in a straight wire by a homogeneous bias field
�84,86–88�. We assume the trapping wire to be parallel to the
z direction �Fig. 7� and the homogeneous bias field Bbias
= �Bx ,By ,BIoffe� to be nearly orthogonal—i.e., �BIoffe�� �B��
with B�= �Bx ,By ,0�. The component of the field along the
wire direction, the Ioffe field BIoffe, defines the minimum of
the trapping field.

A dimple can be created by a second wire, located along
the y direction and thus crossing the trapping wire �Fig. 7�
�89�. A small current jD in this dimple wire creates a mag-
netic field which either subtracts from or adds to BIoffe, thus
creating a dimple or a barrier, respectively. For a linear cur-
rent crossing the trapping wire at z=0, with the 1D trap at
height h above it �Fig. 7�a��, the dimple potential is given by

FIG. 7. �Color online� Wire configurations for creating a dimple
in a quasi-1D gas on an atom chip. �a� The dimple is created by the
crossing wire placed above the trapping wire. The magnetic field
created by the current flowing in the crossing dimple wire subtracts
from the minimum of the 1D trap �Ioffe field BIoffe�. �b� By rotating
the bias field the 1D trap is displaced and the dimple is created on
the side of the trapping wire. To keep the trap symmetric around the
dimple, a wire crossing is again required. �c� In the rotated geom-
etry charging an electrode creates a strongly confining dimple, with-
out the need for wire crossing.
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VD�z� = V0
1

1 + �z/h�2 . �A1�

The depth of the dimple potential V0=gF�BmF��0 /2��
��jD/h� is determined by the magnitude of the magnetic
field created by the current jD at the position of the trap. Here
�B is the Bohr magneton, gF the Lande factor of the trapped
atomic state �F ,mF�, and �0=4� G mm/A is the vacuum
permeability. The longitudinal size �i.e., width� of the dimple
is set by the distance h.

The geometry of the dimple depends on the ratio between
h, the height of the trap above the dimple wire, and dtrap, the
distance of the atoms to the trapping wire:

��

�D
=

h

dtrap

�B��
�2BIoffeBD

. �A2�

The parameters h and dtrap can be controlled independently,
by either mounting the dimple wire above the trapping wire
�Fig. 7�a�� or by rotating the trap towards the surface by
rotating the bias field �Fig. 7�b��, thus yielding complete con-
trol of the dimple trap anisotropy. When the 1D gas is
trapped relatively far from the trapping wire, the remaining
residual disorder potentials �19,43,70� are reduced to a point
where they are not visible even for tight transverse confine-
ment of typical frequency ���2��5 kHz� �20,90�.

In a real experimental setup, the width of the wires and
the exact form of the current distribution in the wires deter-
mines the potential. By measuring the magnetic dimple po-
tential, as described in �43�, we found that it is actually very
well described by a Gaussian shape, as used in the calcula-
tions presented in this paper �90�.

On an atom chip, a 1D trap with ���2��5 kHz� can be
typically created by a 1000 mA current and a B��28 G. If
the trap is then rotated towards the chip surface and posi-
tioned above an orthogonal wire at heights h��5–25� �m, a
current jD��10–100� �A in the dimple wire creates poten-
tials like the ones described in the main part of this paper.
The larger values of h correspond to wider dimples and re-
quire larger jD.

2. Creating the dimple by adding electric fields

A second way of implementing a controllable dimple on
an atom chip is by using electric fields �Fig. 7�c��. An atom
with electric polarizability � feels an attractive potential
Vel=− 1

2�E2. Charging up a wire positioned orthogonal un-
derneath a trap will create a dimple potential �91�.

In a simple model of a 1D trap at height h above the line
charge Q, the electric dimple potential

VD
el�z� = −

1

2
�

Q

z2 + h2 �A3�

has the same form as the magnetic dimple discussed above
�Eq. �A1��. The ratio of the longitudinal to transverse con-

finement in the dimple depends again on the distance dtrap
between the trapping wire and the atom trap and on the
height h above the line charge. This ratio can thus be ad-
justed over a broad range of values by suitably choosing the
position of the trap, as shown in Fig. 7�c�.

Such a 1D electric dimple can be easily created on the
atom chip with ���2��5 kHz� described above, once the
trap is rotated towards the chip surface and positioned above
an orthogonal wire. In the electric case, a few volts of elec-
tric potential on the dimple wire create an adjustable dimple,
whose parameters are similar to the ones described in this
paper for typical trap heights of order h��5–25� �m �90�.

In a real setup one must again take into account the de-
tailed geometry, the exact boundary conditions and the di-
electric properties of the chip substrate. Measuring the po-
tentials we found that they can be described, to good
accuracy, by a Gaussian shape �90�.

Creating the dimple with electric fields has the advantage
that a switchable dimple can be created even without the
need for crossing the wires on the chip, as shown in Fig.
7�c�. In addition, high-resistivity materials can be used for
charged structures and this will dramatically reduce the ther-
mal noise induced by Johnson noise currents �26–28,92–97�,
such that distances of 1 �m to the charged dimple wire are
feasible.

3. Creating a dimple by superposing a dipole potential

A third way of creating a dimple on an atom chip is fol-
lowing �60� and superimposing a dipole potential on the
atom chip trap �98�. The dimple is created by a tightly fo-
cused red-detuned laser beam. The size of the dimple is
given by the focus size of the beam. The form of the dimple
potential is Gaussian, VD=V0e−�z − z0�2/2�2

, and the size of the
dimple is set by the numerical aperture of the imaging lens
and will typically be of order of 3–10 �m.

The dipole dimple can be created at arbitrary distance
from the surface of the chip. It is the simplest way to create
a tight dimple in cold atom experiments and has been used in
the condensate growth experiments at MIT �60� and the
133Cs experiments at Innsbruck �67,69�. In an atom chip en-
vironment, one has to take care of the stray light from the
chip surface and the resulting interference structure inside
the dimple. Scattered light will create speckles and form a
additional disorder potential.

4. Switching the dimple

All three examples of dimple traps discussed above can
be switched very fast. In the electric and magnetic cases,
only very small currents or charges are needed and rapid
switching times ���1 �s�, much faster than the time scale
of the transverse trapping frequency ��, can easily be ob-
tained. The same can be said for the dipole dimple, for which
the switching depends only on the light switching time,
which can be again ��1 �s.
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