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We study the evolution of a collisionally inhomogeneous matter wave in a spatial gradient of the interaction
strength. Starting with a Bose-Einstein condensate with weak repulsive interactions in quasi-one-dimensional
geometry, we monitor the evolution of a matter wave that simultaneously extends into spatial regions with
attractive and repulsive interactions. We observe the formation and the decay of soliton-like density peaks,
counter-propagating self-interfering wave packets, and the creation of cascades of solitons. The matter-wave
dynamics is well reproduced in numerical simulations based on the nonpolynomial Schrödinger equation with
three-body loss, allowing us to better understand the underlying behaviour based on a wavelet transformation.
Our analysis provides new understanding of collapse processes for solitons, and opens interesting connections
to other nonlinear instabilities.

Collisionally inhomogeneous fluids exhibit spatially vary-
ing interactions between their particles. They frequently oc-
cur at interfaces, where interaction properties change due to
a variation of an external potential or due to a change of the
fluid’s composition. Examples for fluids at interfaces with a
collisional inhomogeneity are liquid-vapour surfaces, and ma-
terial junctions in condensed-matter physics. Studying quan-
tum gases at boundaries is a current experimental challenge,
with the goal to simulate mechanisms that modify transport,
such as Andreev-like reflections for a gas of electrons [1, 2].

In this Letter, we provide a first experimental study of the
dynamical properties of a quantum gas with a linear colli-
sional inhomogeneity. Specifically, we explore Bose-Einstein
condensates (BEC) with spatially mixed interactions, i.e.,
wave packets that expand simultaneously into regions with
attractive and repulsive interaction. Starting from a trapped
BEC in a region with weak repulsive interaction, we monitor
its spreading along a vertical guiding potential into a region
with attractive interactions. We study the density profile of the
wave packet as it evolves and expands, and we observe the for-
mation and decay of a soliton-like peak, counter-propagating
self-interfering wave packets, and cascades of solitons. Mod-
elling quantitatively the underlying nonlinear dynamics nu-
merically, we use wavelet transformations to extract position
and momentum information. This allows us to understand
the collapse dynamics, and identify the vital role three-body
processes play in controlling these processes in experiments.
This opens intriguing potential connections to related phe-
nomena, including a recent experimental study [3] showing
shock waves and soliton trains as a result of an effective nega-
tive mass in spin-orbit-coupled BECs, in which the existence
of counter-propagating wave packets was also predicted [4].

Several methods were previously proposed to create quan-
tum gases with position-dependent interactions. Optical Fesh-
bach resonances [5–7], and optically controlled magnetic
Feshbach resonances [8, 9], can be used to tune the interaction
strength with position-dependent properties of laser beams
[9–12]. However, optical control methods are typically aimed
to change the interaction strength on short length scales, and
they often suffer from loss and heating of the gas. Our scheme

is based on magnetic Feshbach resonances and magnetic field
gradients as proposed in Refs. [13–16]. It allows for a long
observation time of hundreds of milliseconds, which is nec-
essary to study the impact of small, spatial changes of the
interaction strength on the dynamical evolution of gas. We
apply a magnetic field gradient ∂zB along the z-direction,
B(z) = Boff +∂zB · z, which directly maps the field-dependent
s-wave scattering length, a(B), to position space. A draw-
back of this scheme is the creation of a strong, constant force
due to the field gradient and the resulting Zeeman shift of the
atomic energy levels. In our experimental setup, we apply a
vertical magnetic field gradient with a value that compensates
the gravitational acceleration, thus effectively cancelling both
forces.

Depending on the structure of magnetic Feshbach reso-
nances, the resulting position-dependent scattering length,
a(z), can be a complicated function showing spatial regions
with attractive, repulsive and diverging interaction. While ∂zB
is determined by our levitation scheme, we can use Boff to
control the spatial variation of a(z). For a first experimental
study, we chose a regime with a linear variation of the scat-
tering length, a(z) = aoff +∂za · z, with a constant spatial gra-
dient ∂za, and an offset value aoff at the center of the cloud
at z = 0. The gradient introduces a new length scale to the
system, La = |aoff/∂za|, which corresponds to the distance be-
tween the center of the cloud and the position of the zero-
crossing of a(z). This length scale La can be compared to typ-
ical length scales of the matter-wave packet, Lw, such as the
Thomas-Fermi radius of a BEC or the size of a soliton. For
La� Lw, the relative change of a is small over the extend of
the matter wave, and a propagating wave packet can adapt its
size and peak density while preserving its overall shape. For
this regime, an analytical solution for a bright soliton was de-
rived based on the perturbed nonlinear Schrödinger equation
[13, 14]. For a strong interaction gradient with La ≤ Lw, the
shape of the matter wave is changed and local self-amplifying
feedback effects can be expected.

Details of our experimental apparatus and cooling sequence
can be found in earlier publications [17, 18]. A BEC of ap-
proximately 12,000 cesium atoms [18] in the Zeeman sub-
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FIG. 1. (a) Experimental setup with coils and with the vertical and
horizontal laser beams LV and LH . The gravitational force, Fgrav, is
cancelled by the magnetic force Fmag. (b) Position-dependence of
the scattering length (left axis) and the magnetic field (right axis).
Inset: absorption image of the initial density distribution at position
z = 0 µm after a free expansion time of 25 ms. (c) Absorption im-
ages of the density distribution after a variable evolution time t and
an expansion time of 25 ms. The colormap of each image is re-scaled
using the peak-density to enhance the visibility of the evolving struc-
tures in the density profiles. (d-g) Horizontally integrated density
profiles of the images in (c).

state |F = 3,mF = 3〉 is trapped in the dipole potential of
two crossed laser beams, LH and LV , with trap frequencies
ωx,y,z = 2π × (40(1),40(1),5.3(1))Hz (Fig. 1(a)). Two pairs
of vertical coils create a homogeneous magnetic field Boff and
a magnetic field gradient ∂zBlev = 31.1G/cm to compensate
the gravitational acceleration. The scattering length aoff at the
initial position of the BEC is +4a0 with an approximately lin-
ear variation ∂za = 0.21a0/µm (Fig. 1(b)), where a0 is Bohr’s
radius. We initialize the expansion of the BEC along the guid-
ing laser beam LV by switching off the beam LH within 4ms.

Figure 1(c) shows absorption images of the expanding BEC
over an evolution time t of 300 ms with the corresponding
horizontally integrated one-dimensional density profiles in
Figs. 1(d-g). To facilitate the discussion, we divide the evo-
lution of the spreading wave packet into four phases (I-IV).
Phase I is dominated by an asymmetric, interaction-driven ex-
pansion of the BEC (Fig. 1(d)). In Phase II, a sharp matter-
wave front develops in the density profile on the attractive side

FIG. 2. (a) Calculated density profile of the ground state for N =
13,000, ωr = 2π×40Hz, ωz = 2π×5.2Hz, a= 3a0 (red) and aoff =
36a0 (blue) with ∂za = 0.21a0/µm (solid lines) and ∂za = 0a0/µm
(dashed lines). (b) Absorption images and (c) 1D-density profiles of
a BEC for varying hold times t and a constant free expansion time
of 20 ms. aoff is 36a0 at the initial position of BEC. (d) Illustration
of forces on sections of a BEC and soliton, and (e) during the expan-
sion into regions with attractive interaction. Red (blue) patches and
arrows indicate sections of the matter wave that are pushed towards
smaller (larger) scattering length.

forming a sharp soliton-like peak (Fig. 1(e)). Periodic ripples
in the density profile start to propagate from the attractive side
of the wave packet to the repulsive side when the peak reaches
maximum height (Phase III, symbol A at 160 ms in Fig. 1(c))
and then starts to decay. At 200 ms (Symbol B), only a small
cloud of atoms remains where the peak was located and con-
tinues to propagate downwards. A second (Symbol C) and a
third (Symbol D) soliton-like peak are visible at 220 ms and
300ms. The process of formation and decay of density peaks
continues in Phase IV (Fig. 1(g)), e.g. with the decay of the
second peak (Symbol E at 300ms). We discuss these four
phases successively in the following paragraphs.

Phase I. Asymmetric expansion: Our scattering length
gradient causes a linear coupling constant g(z) = goff +∂zg · z
with an offset goff = 2h̄ωraoff and a gradient ∂zg = 2h̄ωr∂za.
Here, ωr is the radial trap frequency of LV in the horizontal
plane. For small gradients with La� Lw and repulsive inter-
actions, the density profile of the ground state in the Thomas-
Fermi approximation is given by

n(z) = max(0, ñ(z)), ñ(z) =
µ−V (z)

goff

(
1+

∂za
aoff

z
)−1

, (1)

with an external potential V (z) and a chemical potential µ .
The interaction gradient adds a position-dependent scaling
factor to the density profile, which, as a result, shows a shift
of the peak position and a slant towards the side with smaller
scattering lengths (Fig. 2(a), red lines).

The slanted density profile of the ground state results in
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an asymmetric expansion when we remove the vertical con-
finement. However, a slant can also develop in the expan-
sion profile for a symmetric ground state wave function. We
observe this effect in an expansion measurement for repul-
sive interaction with a larger scattering length (aoff = 36a0,
Fig. 2(b)) and an almost symmetric initial wave function of
the ground state (Fig. 2(a), blue line). The expansion is driven
by the conversion of interaction energy to kinetic energy [19],
with an asymmetry due to the position-dependent interaction.
We find excellent agreement of the density profiles (Fig. 2(c),
red lines) with Eq. 1 (Fig. 2(c), gray dashed lines) assuming a
shape preserving expansion [20].

Phase II. Soliton-like peak: In addition to the asymmetric
expansion, a further deceleration of the atoms occurs when
the wave packet crosses the point of zero interaction (80 ms,
Fig. 1(e)) and forms a sharp matter-wave front, similar to a
single soliton. Here, we provide an intuitive explanation for
the coherent formation of the single soliton-like peak. A full
numerical simulation of the time evolution is presented when
discussing Phase III.

When neglecting the kinetic energy in the 1D-GPE, the
force F on a section of the wave packet at position z is pro-
portional to the spatial derivative of the interaction energy
n(z)g(z) with

F ∼−∂zn(z) ·g(z)−n(z) ·∂zg. (2)

The first term in Eq. 2, depending on the density gradient
∂zn(z), causes the spreading of the wave packet for repulsive
interaction and a contraction for attractive interaction. The
second term, which depends on our interaction gradient, al-
ways accelerates the wave packet towards smaller scattering
lengths. As a result, the forces are not spatially symmet-
ric, but push the section in the middle of each wave packet
towards smaller scattering lengths (Fig. 2(d), hatched areas).
Patch colors and arrows indicate the forces acting on differ-
ent sections of the wave packet in Fig. 2(d) as prescribed by
Eq. (2). A soliton-like peak forms when a wave packet spreads
into the region with attractive interaction (Fig. 2(e)), because
forces on sections with an increasing density gradient change
sign and counteract the expansion, while the second term in
Eq. (2) continues to push atoms towards smaller scattering
lengths (Fig. 2(e), hatched areas).

Bright matter-wave solitons have been created by seed-
ing modulational instabilities in a dense background gas with
noise or interferences [21–23], and by shaping the density pro-
file with an external potential before an interaction quench
[18, 24–26]. Here, in contrast, the single soliton-like peak
emerges due to the propagation of the matter wave in the linear
interaction gradient and without the need of additional seed-
ings or quenches.

Phase III. Decay and fragmentation of the soliton-like
peak: The soliton-like peak propagates towards regions with
stronger attractive interaction, while growing in height and
shrinking in size as predicted in Ref. [13]. At approximately
t = 160ms (Fig. 1(c)), periodic ripples appear in the den-
sity distribution and extend, with a counter-propagating flow,

FIG. 3. (a) Numerical simulation of the evolution of the density
profile using NPSE with three-body loss (1D-density in atoms/µm).
Inset: Zoomed region of the growing and then decaying soliton.
(b) Wavelet decomposition [20] of the atomic wave function at
t = 150 ms (first vertical line in (a)), showing the emerging soliton
(white arrow). (c) Wavelet decomposition at t = 190 ms (second ver-
tical line in (a)), after the appearance of the density ripples. The
arrow indicates the counter-propagating wave packet. (d) Wavelet
decomposition at t = 260 ms (third vertical line in (a)), after the
counter-propagating wave packet identified by the arrow penetrates
the region of repulsive interactions (a > 0).

into the region of repulsive interaction. The soliton-like peak
has almost fully decayed at approximately t = 200 ms with a
small cloud of atoms appearing below its former position. We
employ numerical calculations based on the nonpolynomial
Schrödinger equation (NPSE) [20, 27] to simulate the com-
plete evolution of the matter waves (Fig. 3). The NPSE alone
with a linear dependence of the scattering length reproduces
the expansion and soliton-like peak formation well in phases
I and II. When the local density becomes large, it is necessary
to include a three-body loss term in the model [28–31].

In the simulation, the peak density of the propagating soli-
ton increases due to a shrinking of its width (Fig. 3(a)), until
the three-body loss term increases and prevents a rapid col-
lapse of the soliton [30, 31]. To analyse the effect of the soli-
ton’s subsequent decay, we employ a Gabor wavelet decom-
position of the wave function [20] similar to what was used
in Ref. [4]. In contrast to a Fourier spectrum which uses delo-
calized sine and cosine functions, the wavelet decomposition
provides information about the location, direction and veloc-
ity of motion of wave packets at a given time. In the wavelet
decomposition at t = 150 ms the soliton is visible as a peak in
the region of attractive interactions (arrow in Fig. 3(b)). After
the soliton starts to decay at t = 190ms, a counter-propagating
wave packet develops on the side of the soliton (arrow in
Fig. 3(c)) at t = 190ms) and then penetrates the region of re-
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FIG. 4. Ripple pattern in the density profile for approximately
22,000 atoms. (a) Absorption image of density profile after a free
expansion time of 25 ms. (b) Positions of density peaks for multi-
ple absorption images. Mean position and standard deviation of the
numbered peaks are indicated by dashed lines and by gray areas, re-
spectively. (c) Simulated density distribution at ∆T = 40 ms after the
decay of the soliton. (d) Measured density distribution at ∆T = 40 ms
[20].

pulsive interactions (arrow in Fig. 3(d) at t = 210ms). We in-
terpret this wave packet as a partial reflection of the incoming
atoms on the sharp edges of the now decaying soliton. The
counter-propagating wave packet coherently interferes with
the atoms moving towards negative scattering lengths, giving
rise to the ripple pattern in the atomic density observed in both
the attractive and repulsive interaction regions. We observe no
change of the ripple pattern at the zero-crossing of the scatter-
ing length, where the interaction-dependent speed of sound in
the gas vanishes (dashed lines in Fig. 3(b-d)).

In Fig. 4, we study the ripples of the density profile in the
experiment and in the simulation. We find qualitative agree-
ment between the density profiles of the simulation and the
experiment (Fig. 4(c,d)). In the experiment, the pattern shows
fluctuations of the peak density and of the positions of the
ripples, but the distances between the ripples are maintained
from shot-to-shot. To test this, we identify for each absorption
image the peak positions relative to the position of the first
large density peak next to the decaying soliton (Fig. 4(b)). The
distances between the peaks are close to 8 µm, with a slow in-
crease in time (see details in [20]).

Phase IV. Cascades of soliton-like peaks: In the simula-
tion, we observe that ripples in the region of repulsive interac-
tion do not grow with propagation time and their amplitudes
decay the further away they are from the point of zero scatter-
ing length. This is markedly different to atoms in regions of
attractive interaction, where experiment and simulations show
the formation of additional soliton-like peaks for long hold
times. The peak-formation process of Phase II repeats itself
as atoms are continuously pushed towards the region with at-
tractive interaction, and, for large initial densities, the density
ripples of Phase III attract the surrounding medium, shrink
in size, grow in height, and form new separate soliton-like
peaks (Fig. 3(a)). This is in agreement with the appearance
of a second and a third soliton-like peak in the experimen-
tal data during Phases III and IV (Symbols B and D, Fig. 1c).
We also expect secondary decays to occur, as those soliton-

like peaks propagate towards stronger attractive interaction,
and new ripple patterns form (Fig. 3(a)). A related scheme to
create multiple solitons was proposed in Ref. [32], based on a
careful tuning of position-dependent interactions and an opti-
cal dipole trap. Our results show that even without the dipole
trap, cascades of solitons form due to the interaction gradient.

In conclusion, we provided a first experimental study of
the dynamical evolution of collisionally inhomogeneous mat-
ter waves with a linear interaction gradient. We observed the
time evolution of a BEC in quasi-1D geometry, as it expands
with repulsive iteration into non-interacting and attractive re-
gions. Four characteristic phases were identified in the time
evolution, i.e. an asymmetric expansion, the coherent forma-
tion and decay of a soliton-like peak, the generation and prop-
agation of counter-propagating coherent waves, and the cre-
ation of cascades of solitons. Utilizing our spectrum of mag-
netic Feshbach resonances, we expect that our experimental
method can be extended beyond a linear interaction gradient
and small scattering lengths, to study matter wave transport
in complex potentials with position-dependent loss and rapid
interaction changes as they occur at boundaries and interfaces.

The data used in this publication are openly available at the
University of Strathclyde KnowledgeBase [33].
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I. NUMERICAL SIMULATIONS

A. Non-Polynomial Schrödinger Equation

For sufficiently low particle density n and s-wave scat-
tering length a, with n|a|3 � 1, we can describe the
dynamics of a Bose-Einstein condensate (BEC) within a
mean field approximation using the 3D Gross-Pitaevski
equation (GPE) [1],

i~
∂

∂t
ψ(r, t) =

[
− ~2

2m
∇2 + V (r)

+g(z)N |ψ(r, t)|2
]
ψ(r, t).

(1)

Here, the atomic wave function ψ(r, t) describes the
macroscopically populated state, and g(z) is the position-
dependent coupling constant. For our experimental gra-
dients of g(z), the change of two-body scattering param-
eters is negligible over the effective range of interparticle
interactions, and we can use a spatially varying scatter-
ing length a(z), with g(z) = 4π~2a(z)/m. The external
potential V (r) in Eq. (1) describes a three-dimensional
harmonic trap with anisotropic trap frequencies.

For a cylindrical trap geometry, an effective 1D equa-
tion for the dynamics of the BEC can be derived by ex-
pressing the wave function in terms of the single particle
eigenstates of the radial harmonic oscillator. By using a
standard Gaussian ansatz, the wave function ψ(r, t) con-
sists of a Gaussian function in the radial direction and
an arbitrary component f(z, t), in the longitudinal direc-
tion,

ψ(r, t) = f(z, t)φ(x, y, σ)

= f(z, t)
1√

πarσ(z, t)
exp

[
− (x2 + y2)

2a2
rσ(z, t)2

]
,

(2)

where ar is the harmonic oscillator length in the radial
direction and σ(z, t) is the spatially dependent width.

Assuming that ∇2
zφ(x, y, σ) �

(
∇2

x +∇2
y

)
φ(x, y, σ),

we can use the Euler-Lagrange equations to derive the
equation of motion. Following [2], we obtain the non-

polynomial Schrödinger equation (NPSE) given by
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(3)

with σ(z, t) defined by

σ(z, t)2 =
√

1 + 2a(z)N |f(z, t)|2, (4)

where N is the total number of atoms and ωr = ~/(ma2
r).

In the case of a constant radial width with σ(z, t)2 = 1,
Eq. (3) corresponds to the 1D GPE. We use the NPSE in
this article instead of the more common 1D GPE, because
it provides a more accurate approximation of the shape
and phase of the wave packet of the full 3D GPE (Eq. 1)
over a wide range of scattering lengths [2].

B. Three-Body Loss

Following Ref. [3], we include the effects of particle
loss through three-body recombination via a short range
process

H3B = −i~L3

6

∫
dr|ψ(r, t)|6, (5)

where L3 is the three-body loss parameter. In our model,
we add this term to the right-hand side of the effective
NPSE (Eq. 3) as

− i ~L3N
2

6π2a4
rσ(z, t)4

|f(z, t)|4. (6)

Within these approximations we find that we can cap-
ture all qualitative features observed in the experiment.
However, the optimal condition for σ(z, t) to minimise
the effective 1D action can have non-negligible correc-
tions for large values of |a| and L3.

C. Wavelet Decomposition

For a complex wave function f(z), the wavelet trans-
formation provides its decomposition in position z and
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wave number k [4]. The wavelet decomposition used in
our analysis is given by

W (z, k) =
√
k

∫ +∞

−∞
f(z′)G∗[k(z′ − z)] dz′, (7)

where k is the scale, z the translation parameter and G(s)
is the Gabor/Morlet wavelet

G(s) = π−1/4 exp(iωs) exp(−s2/2), (8)

with ω being the wavelet’s frequency. In our simulations,
we have applied the wavelet decomposition Eqn. (7)-(8)
to the NPSE wavefunction f(z, t) at fixed times t with
ω optimised to generate equal variance in time and fre-
quency (see [4] for definitions). Figures 3(b,c,d) in the
main text display |W (z, k)|2 at the given times, showing
different wave packets that move at a given position z
with different wave numbers k.

II. EXPERIMENTAL METHODS

A. Asymmetric expansion in phase I

We studied the density profile of a matter wave packet
during its expansion in a quasi-1D system with a linear
gradient of repulsive interactions. The expansion of the
wave packet in the guiding potential of laser beam LV is
initialized by switching off the beam LH , and we mea-
sure the density profile after a varying expansion time
of 0-200 ms. For repulsive interactions, aoff = 36 a0, the
expansion is driven by a conversion of interaction en-
ergy to kinetic energy. Due to the interaction gradient
∂za, we expect a position-dependent interaction energy
to drive an asymmetric expansion. This asymmetry is
clearly demonstrated by the density profiles in Fig. S1(a)
for 33,000 atoms (blue line) and for 18,000 atoms (red
line).

Our fit function for the 1D-density distribution is based
on Eq. (1) in the main text, with

n(z) = Bmax

(
0, 1− (z −D)2

C2

)
1

1 +A(z −D)

+ F.

(9)

The fit parameters A,B,C,D, F measure the asymmetry,
amplitude, width, shift and offset of the density profile,
respectively. We find excellent agreement of the fit func-
tion with our profiles (dashed lines, Fig. S1(a)). We use
the parameter A to quantify the slant of the density pro-
files. As a reference, we show the same fit functions with
parameter A set to zero (dotted lines, Fig. S1(a)).

We observe a converges of the fit parameter A
for long expansion times to values of approximately
−0.0015 (1/µm) (Fig. S1b). This convergence is in agree-
ment with our expectation that the interaction energy
of the wave packet decreases for long expansion finally
resulting in a ballistic motion of the atoms.

Absorption imaging: For our experimental parame-
ters, in-situ absorption images of the atoms are optically
dense, and we need to add a short period of untrapped,
levitated expansion before taking the images (25 ms).
During this period, the atoms expand mainly along the
horizontal direction, which was strongly confined by the
guiding beam LV before release. The magnetic field is
not changed during this free expansion period to prevent
the creation of additional forces that might change the
density profile. Compared to the overall evolution time,
this period is short, and we neglect it in our data analy-
sis. Finally, we switch off the magnetic field in 1 ms, and
take absorption images at close to zero magnetic field
strength.

FIG. S1. Asymmetric expansion in quasi-1D with a gradient
of repulsive interactions. (a) Density profile after an expan-
sion time of 200 ms in the guiding potential for 33,000 atoms
(blue line) and 18,000 atoms (red line). Dashed lines: fit with
Eq. (9), dotted lines: same fit result with A = 0. The scat-
tering length at z = 0µm is aoff = 36 a0. (b) Asymmetry pa-
rameter A for increasing expansion time, and approximately
33,000 atoms (blue circles) and 18,000 atoms (red squares).

B. Uncertainties of experimental parameters

Our numerical simulations in Fig. 3 of the main text
show good qualitative agreement with the experimental
data. For example, the decay of the soliton-like peak oc-
curs at t = 225 ms and z = −54µm in the simulation,
which matches well to our observations t = 200 ms and
z = −50µm (Symbol A in Fig. 1(c)). However, for ob-
servation times after the decay of the soliton-like peak,
length and time scales start to deviate. We attribute the
deviations to an approximate knowledge of initial condi-
tions and simulation parameters, which will be listed in
this section.

� Initial density profile of the BEC: The ini-
tial density profile is calculated using a Thomas-
Fermi distribution and our experimental parame-
ters. We determine our trap frequencies by mea-
suring center-of-mass oscillations in the dipole trap
with 3% measurement uncertainty. Our shot-to-
shot atom number fluctuations are below 5%, and
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FIG. S2. Ripple pattern in the density profile for approximately 22, 000 atoms. (a) Position of density peaks at ∆T = 20 ms
for multiple absorption images. We identify on each image the reference position z = 0µm with the position of the first large
density peak next to the decaying soliton. Mean position and standard deviation of the numbered peaks are indicated by dashed
lines and by gray areas, respectively. (b) Time evolution of the distances between the peaks. Data points for ∆T = 20 ms
correspond to peaks with matching colors and numbers in (a). (c) Corresponding distances between the peaks in the numerical
simulation, blue circles highlight 20 ms intervals. The peak positions of the ripples have been averaged over 20 ms time intervals
to account for shot-to-shot fluctuations (see Section II C) and for the time resolution of the experimental data.

we estimate the systematic error of the atoms num-
ber measurement to be below 10%. No thermal
fraction is detectable for the initial BEC.

� Three-body loss coefficient L3: The three-body
loss coefficient of cesium atoms in the |3, 3〉 hyper-
fine state is within the range of 5×10−28 (cm6/s) to
5× 10−27 (cm6/s) for magnetic fields close to 17 G
[5]. We performed numerical simulations covering
L3 parameters from 5×10−28 to 5×10−27 (cm6/s),
in accordance with experimental limits. For the
lowest values of L3 we observe that the soliton de-
cay occurs around 220 ms, and for the highest ones,
we saw that the soliton decays approximately 40 ms
later. We found that for a value of L3 = 5× 10−28

(cm6/s) the time of the soliton decay best matches
the experimentally observed ones.

� Scattering lengths aoff and ∂aa The magnetic
field of the zero-crossing of the scattering length
was experimentally determined to be 17.119(2) G
in a precision measurement using Bloch oscillations
[6]. Our calculation of a(B) close to the zero-
crossing is based on Refs. [7, 8].

� Magnetic fields and external forces: Our cur-
rent regulation for the magnetic field generating
coils provides a relative current stability of 10−6

with a similar stability for Boff [9]. Vertical forces
are generated by gravity, by our magnetic field gra-
dient, and by the longitudinal confinement of the
laser beam LV (200µm waist). We balance our ver-
tical forces by minimizing the center-of-mass mo-
tion of a BEC with low density and weak, repulsive
interactions. Using our residual vertical drifts, an
upper limit for the uncertainty of the vertical force
is ∼ 10−5g.

C. Density ripples

In addition to Fig. 4 in the main text, we provide a
comparison of the spacing between the density ripples
in the simulation and in the experiment in Fig. S2. In
the experiment, the pattern shows shot-to-shot fluctua-
tions of the peak density and positions of the ripples, but
the distances between the ripples are reproducible. To
quantify the average distance between peaks and the re-
producibility, we identify the peak positions for each ab-
sorption image relative to the position of the first large
density peak next to the decaying soliton (Fig. S2(a)).
Mean positions and standard deviations of the peaks are
indicated by dashed lines and by gray areas, respectively.
In Fig. S2(a), the density ripples with matching positions
are numbered (1-5) and indicated by a common color.

Due to the small shot-to-shot fluctuations, the destruc-
tive nature of absorption imaging, and our resolution
limit, it is difficult to determine the time of decay of
the soliton-like peak precisely. Instead, we reference the
evolution time ∆T to a point in time after the decay of
the soliton when we can clearly distinguish the ripples
(Fig. S2b). The positions and standard deviations of the
ripples in Fig. S2(a) correspond to the data points (1-5)
at ∆T = 20 ms. We observe an initial distance between
the first two ripples of approximately 7µm with a slow
increase to 9µm in 80 ms.

In the simulation (Fig. S2(c)), we average the peak po-
sitions of the ripples over 20 ms time intervals to account
for the shot-to-shot fluctuations and the time resolution
of the experimental data. The distance between the first
two ripples increases from approximately 6µm to 10µm
in 80 ms, in close agreement with the experimental data.
However, ripples at larger distances spread with a faster
velocity in the simulation than in the experimental data.
This discrepancy is not entirely understood. We specu-



4

late that these deviations are due to residual experimen- tal uncertainties and fluctuations in atom number, levi-
tation gradient and scattering length (see Section II B).
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H. C. Nägerl, and R. Grimm, Evidence for efimov quan-

tum states in an ultracold gas of caesium atoms, Nature
440, 315 (2006).

[6] M. Gustavsson, E. Haller, M. J. Mark, J. G. Danzl,
G. Rojas-Kopeinig, and H.-C. Nägerl, Control of
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