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The observed large-scale structure in our Uni-
verse is seen as a result of quantum fluctuations
amplified by spacetime evolution [1]. This, and
related problems in cosmology, asks for an un-
derstanding of the quantum fields of the stan-
dard model and dark matter in curved spacetime.
Even the reduced problem of a scalar quantum
field in an explicitly time-dependent spacetime
metric is a theoretical challenge [2–4] and thus a
quantum field simulator can lead to new insights.
Here, we demonstrate such a quantum field simu-
lator in a two-dimensional Bose-Einstein conden-
sate with a configurable trap [5, 6] and adjustable
interaction strength to implement this model sys-
tem. We explicitly show the realisation of space-
times with positive and negative spatial curvature
by wave packet propagation and confirm particle
pair production in controlled power-law expan-
sion of space. We find quantitative agreement
with new analytical predictions for different cur-
vatures in time and space. This benchmarks and
thereby establishes a quantum field simulator of
a new class. In the future, straightforward up-
grades offer the possibility to enter new, so far
unexplored, regimes that give further insight into
relativistic quantum field dynamics.

As early as 1980, W.G. Unruh [7] pointed out that the
motion of sound waves in a convergent fluid flow can
be seen in close analogy to the behaviour of a quan-
tum field in a classical gravitational field. It is thus
directly connected to quantum field theory in curved
spacetime. Many impressive experiments and theoretical
studies have followed, building on the imprint of a flow
pattern to generate the metric structure of interest [8–
18]. This ranges from classical [19, 20] to quantum fluids
[21–27]. Here, we show that even a static but spatially
inhomogeneous superfluid can provide a curved space-
time metric for its phononic excitations. Using a Bose-
Einstein condensate of ultracold atoms, spatial curvature
is adjustable by the proper choice of the density distribu-
tion, while time-dependence of the metric is implemented
via a change in the inter-atomic interaction.

In our experiment, we realise a two-dimensional con-

densate of potassium-39 with configurable density distri-
bution and additional dynamic control of atomic inter-
actions. With that we implement curved metrics for the
phononic field of the form (see methods: ‘Curvature in a
metric’)

ds2 = −dt2 + a2(t)

(
du2

1− κu2
+ u2dϕ2

)
. (1)

This corresponds to the standard cosmological metric
of a 2 + 1 dimensional homogeneous and isotropic uni-
verse, the Friedmann-Lemâıtre-Robertson-Walker met-
ric (FLRW) in reduced circumference coordinates (u, ϕ).
This metric is parametrised by intrinsic and extrinsic cur-
vature: the intrinsic curvature, κ, is the curvature of the
spatial part of the metric, while the extrinsic curvature
arises from the time dependence of the scale factor a(t).
In our atomic implementation both parameters, curva-
ture and scale factor, can be adjusted independently.

Phonons in the central region of a harmonically
trapped Bose-Einstein condensate experience a metric
with κ < 0. In cosmological settings, this is a hyper-
bolic two-dimensional spatial geometry with a radial co-
ordinate of infinite range, as depicted in Figure 1 a.
Through the Poincaré transformation, the infinite hyper-
bolic space is mapped to a finite disc, perfectly suited
to be implemented in finite-size ultracold gases. The
Poincaré disc in Figure 1 a shows equidistant lines in
this metric, which become more dense towards the edges,
illustrating the divergence of distances.

The exact density profile for the implementation of
a hyperbolic metric is shown in Figure 1 b (black
line) which is naturally realised in the central region of
a harmonically trapped Bose-Einstein condensate (red
curve). The corresponding spatial curvature is given
by κ = −2/R2

TF, with the size of the cloud given by its
Thomas-Fermi radius RTF.

To demonstrate the implementation of hyperbolic
space with our condensate, we observe the propagation
of a wave packet that follows geodesics of the underlying
metric. We prepare the wave packet by focusing a blue-
detuned laser beam onto the atomic cloud, which evolves
into an expanding wave in the hyperbolic geometry once
the laser is switched off. Figure 1 c shows this propa-

ar
X

iv
:2

20
2.

10
39

9v
2 

 [
co

nd
-m

at
.q

ua
nt

-g
as

] 
 2

2 
Fe

b 
20

22



2

0ms

4ms

8ms

20�m

=

scale factor a

sc
at

te
rin

g
le

ng
th

 a
s as ~ a-2

t

t

RTF

r
R0

de
ns

ity
co

nt
ra

st
 �

c
no ramp � = 0.5

b

c d f

e

g

10ms

12ms

14ms

16ms

18ms

0ms

2ms

4ms

6ms

8ms

Poincaré disc

-20 -10 0 10 20

n
o

rm
a

liz
e

d
 d

e
n

si
ty

 d
iff

e
re

n
ce

distance from the center in �m

a

mean density difference

FIG. 1. Curvature in space and time realised in a Bose-Einstein condensate. a) Hyperbolic space with constant negative
curvature mapped onto the finite-sized Poincaré disc. b) Realisation of a hyperbolic geometry in an inhomogeneous condensate. The
corresponding density profile (black) is approximated by a condensate in a harmonic trap (red). c) Propagation of a phononic wave
packet averaged over ∼ 100 realisations (left) and difference to the unperturbed condensate (right). d) Quantitative comparison
between prediction and experiment for the propagation along the geodesic indicated in the lower right panel of c (black line). The
red dots mark the position of the wave packet at each time. The blue line is the theory prediction for the hyperbolic space and the
grey line the prediction for the acoustic metric of the parabolic Thomas-Fermi profile. e) Illustration of the equivalence between an
expanding space and the static BEC with dynamically controlled s-wave scattering length as. f) Density and density contrast δc of a
single realisation before and after a ramp with scale factor a(t) ∝ tγ . The emergence of fluctuations on large scales indicates particle
production. g) Structures are distributed randomly in different realisations.

gation averaged over ∼ 100 realisations, as well as the
density difference to the unperturbed system. For each
time-step, the profile of the density is extracted along
the geodesic connecting the initial perturbation with the
centre of the condensate.

Figure 1 d shows the normalised profiles from which
the positions of the minima are extracted (red points).
We use the three points marked with open symbols to
fit the speed of sound at the centre of the condensate.
This measured speed of sound and the extracted Thomas-
Fermi radius completely determine the metric and hence
set the prediction for the phononic wave packet trajec-
tories (for further details see methods). The solid grey
line in Fig. 1 d shows the prediction for the harmonically
trapped condensate, and the blue line the prediction for
a hyperbolic space. This serves as a quantitative demon-
stration that a condensate in a harmonic trap approxi-
mates a hyperbolic geometry, corresponding to negative
curvature. Deviations only occur close to the Thomas-
Fermi radius of 25µm.

This concept can be extended to different curvatures

by choosing the appropriate density profile (see meth-
ods). For spacetime geometries beyond hyperbolic, we
use a digital micromirror device (DMD) [5, 6] to con-
figure arbitrary spatial curvatures. One such possibility
is positive spatial curvature, also known as spherically
curved space. Figure 2 contrasts the wave packet propa-
gation on background densities corresponding to hyper-
bolic and spherical metrics. We observe fundamentally
different evolution in agreement to the expected dynam-
ics. This confirms that our simulator can be configured
to positive or negative curvature.

The implementation of curvature in time, i.e. extrin-
sic curvature, is depicted in Figure 1 e in two equiva-
lent representations of a spatially flat FLRW metric with
increasing scale factor a(t). The distance covered by a
signal moving at the causal speed in a unit of time is
depicted by the separation between the circles. For a
constant causal speed, the expansion of space is encoded
in the increase of coordinate distance between the two red
points, as illustrated on the left side of 1 e. However, this
is equivalent to keeping coordinates static (comoving co-
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FIG. 2. Configurable density distribution for hyperbolic and
spherical geometry. a) Density distribution of the conden-
sate for hyperbolic geometry and expansion of a phononic wave
packet depicted in the difference to the unperturbed conden-
sate (blue under-, red over-density). For improved visibility, a
two-by-two region of pixels is averaged in density-difference pan-
els. b) Density distribution with maximal density at the rim of
the two-dimensional condensate realises spherical geometry. The
propagation of the wave packet exhibits the expected straighten-
ing confirming the successful implementation of the metric with
positive curvature. Black lines indicate equidistant lines from
the initial perturbation in the hyperbolic and spherical metric,
respectively.

ordinates), while decreasing the causal speed to capture
the expansion (right side of 1 e).

We use this equivalence to implement expanding space
in our static BEC by dynamically controlling the s-wave
scattering length as(t), which relates to the scale factor
a(t) via

a2(t) =

√
m3

8π ωz ~3 n̄20
1

as(t)
, (2)

where ωz = 2π · 1.6 kHz is the trap frequency in the
tightly confined direction, n̄0 = 1.3 · 109 cm−2 is the two-
dimensional density at the centre of the trap and m is the
atomic mass. Control of the scattering length is achieved
by changing an external magnetic field in the vicinity of
the Feshbach resonance in potassium at 562.2(1.5) G [28].
In order to keep the density distribution of the conden-
sate constant during changes of the scattering length, we
adjust the radial trap frequency accordingly.

In quantum field theory, the expansion of space leads
to the phenomenon of particle production [2–4]. Moti-
vated by cosmological expansion scenarios, we perform
power-law ramps with the scale factor a(t) ∝ tγ , where
γ = 1 corresponds to a uniformly expanding universe,
γ > 1 an accelerating universe and γ < 1 a decelerat-
ing universe. In Figure 1 f typical density distributions
before and after a specific ramp with γ = 0.5 (deceler-
ating universe) are shown. After the ramp, the atomic
gas features enhanced density fluctuations as expected
from particle production. These enhanced fluctuations
have also been observed in quench experiments, corre-
sponding to an infinitely fast ramp, performed in atomic
[29, 30] and photonic systems [31]. We show in the fol-
lowing that the shape of the ramp leads to distinctive

features in the emerging quantum state.
For a comparison between theory and experiment we

consider the experimentally accessible density contrast

δc(x, y) =

√
n0(x, y)

n̄30
[n(x, y)− n0(x, y)] , (3)

with the density distribution of the background conden-
sate n0(x, y) = 〈n(x, y)〉, inferred from the mean over all
experimental realisations at each pixel position with co-
ordinates x and y. This specific form is chosen such that
the density contrast is proportional to the time derivative
of a massless, real, relativistic scalar field φ, describing
phononic excitations in a curved spacetime governed by
the effective action

Γ = −~2

2

∫
dtdudϕ

√
g gµν∂µφ∂νφ , (4)

with the metric gµν and
√
g =

√
−det(gµν) (see details

in [32]). For expanding spacetimes, this is the minimal
model system for cosmological particle pair production.
This quantum process is visible as enhanced fluctuations
in single experimental realisations (see Figure 1 g), which
we quantify with the δc-δc-correlation function, averaged
over many realisations. The symmetries of the underly-
ing metric imply that the correlation depends only on the
distance L measured with the metric in Eq. (1) between
two points. Thus, we evaluate correlations as an average
over all pixel-pairs of given hyperbolic distance in the set
of experimental realisations (see Figure 3).

Figure 3 b shows the correlation functions before
(grey) and after (blue) a ramp with a(t) ∝ t0.5 evalu-
ated in a circular region at the centre of the cloud with
diameter RTF. While there are only short-range correla-
tions of the initial condensate over the area of interest,
we find a clear anti-correlation signal at a length scale of
5µm after the decelerated expansion, followed by a small
correlation peak. We find the same correlation function
for an analysis with distances evaluated in the hyperbolic
and in the flat metric, as expected for the central region
of the Poincaré disc.

An advantage of the atomic system is that the time
evolution of the quantum field after the expansion can
be directly accessed, in contrast to cosmological settings.
For this, we let the system evolve at constant scatter-
ing length 50aB for a hold time th after the ramp. Fig-
ure 4 a shows the correlation functions at different hold
times for γ = 0.5 and two different ramp durations. For
the slower ramp, the characteristic correlation feature ap-
pears at a larger distance and is less pronounced. Corre-
lations move to larger distances with a constant speed
of v = 2.5(1)µm/ms, for both ramp durations. The
speed agrees with twice the speed of sound in the cen-
tre of the condensate predicted from the density of the
three-dimensional GPE ground state. The propagation
of the correlation is the result of the time evolution of
the spontaneously created excitations: initial excitations
spread radially outwards with each wavefront moving at
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FIG. 3. Correlation function of fluctuations before and after
the ramp. Correlation functions are extracted from the density
contrast δc (see Eq. (3)) as an average over all pairs of points
with the same distance. The correlation function after a ramp
(blue line) shows clear structure in comparison to the correlation
function before the ramp (grey line). Distances are evaluated in
the flat (solid lines) and in the hyperbolic metric (dashed lines).
As expected from the geometry of the Poincare disk in its central
region, these two are very close.

the speed of sound. Interference of the many waves leads
to a pattern that appears to be random (see Figure 4 b),
but the underlying structure shown in c is preserved. A
correlation peak is expected at the diameter of the cir-
cular wavefront, which increases with twice the speed of
sound.

Remarkably, the time evolution contains information
about the prior expansion history. This is not apparent
in the real space correlations, but becomes clear in the
evolution of individual momentum modes. Since parti-
cles are only produced during the ramp, the populations
do not change further during the hold time. However,
each phononic excitation accumulates phase according to
its energy. Experimentally, we observe the phase evolu-
tion by the interference between the modes and the back-
ground condensate, analogous to heterodyne detection in
quantum optics [30, 33].

To analyse the resulting oscillations, also known as
Sakharov oscillations [29, 34, 35], we consider the spec-
tral decomposition of the density-contrast correlations.
Since the correlations depend only on distances and
do not contain angular information, we use the Han-
kel transformation of zero order, which is the appro-
priate decomposition for a spatially flat metric. The
time evolution of specific k-modes of the Hankel trans-
form are shown in Figure 5 a for ramps with three
different power-laws (colours) and two different ramp
speeds. They reveal oscillations with twice the frequency
of the phononic dispersion relation of the correspond-
ing k. The solid lines are functional fits to the data
of the form fk(th) = Ak · cos(2ωkth + ϑk) + const. Here,
for ωk = csk we insert the speed of sound previously ex-
tracted from the evolution of the correlation functions
and Ak and ϑk are fit parameters. Figure 5 b shows am-
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FIG. 4. Propagation of correlations after expansion. a) The
characteristic features in the correlation functions propagate to
larger distances, shown for two different ramp durations. The
speed of propagation is twice the speed of sound in both cases.
These are Sakharov oscillations in real space. b) Localised ex-
citations at random initial positions emit waves that propagate
at the speed of sound (red circles). c) A correlation is expected
at the diameter of the sound cone, which grows with twice the
speed of sound.

plitude and phase of the oscillations for the two different
ramp speeds. The error bars are 1-s.d. errors from the
fit. Here, the solid lines are theory predictions derived by
analytically solving mode evolution equations for a free,
massless, relativistic scalar field in a (2 + 1)-dimensional
expanding spacetime [32].

The prediction uses a final sound speed of
cs = 1.2µm/ms at a scattering length of 50aB and
an initial scattering length of 350aB. These parameters
are within the error bounds of the independently ex-
tracted sound speed and the position of the Feshbach
resonance. It also uses an initial excitation spectrum
which corresponds to a temperature of T = 40 nK. Ex-
perimentally, the temperature of the gas in the harmonic
trap is independently determined to be T = 60(10) nK
using the in-situ density distribution [36]. We ascribe
the deviation between experimental and theoretical
temperatures to the fact that thermal excitations are
expelled from the centre of a harmonically trapped con-
densate, and thus the initial fluctuations are captured
by a lower effective temperature.

The quantitative agreement between analytical theory
and the observations of amplitude and phase confirms
that we indeed observe the predicted particle production
caused by the expanding metric. Specifically, for γ = 1.0
(uniform expansion) and γ = 1.5 (accelerated expansion)
we confirm the existence of a phase jump which is not
present for γ = 0.5 (decelerated). Theoretically we find
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FIG. 5. Expansion histories extracted by heterodyne detection. a) Sakharov oscillations of different k-modes for three different
γ corresponding to an decelerated (blue), uniformly expanding (red) and accelerated (black) universe together with cosine fits. b)
Benchmarking of the quantum field simulator with time dependent correlations. Initial phase and amplitude of the heterodyne signal
show quantitative agreement with analytical theory predictions [32] (solid lines). Of special interest is the dramatic signal of the
initial phase for the 3 ms ramp. This is a feature of the produced quantum state, robust against thermal fluctuations in the initial
state.

that this feature is independent of temperature and thus
an ideal indicator for the expansion history of the metric.

Our results confirm the first successful implementation
of a foundational model of relativistic quantum field the-
ory - a relativistic scalar quantum field in curved space-
time. With the unique capabilities of the experimental
system, fundamental questions in quantum physics can
be investigated, such as entanglement in time-evolving
curved space [37–39], the connection of general event
horizons [40], thermodynamics, and general relativity
[41, 42]. Extending the experimental platform to multi-
species atomic systems allows to realise unorthodox ver-
sions of spacetime geometry [43, 44].
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III. METHODS - TYPICALLY DO NOT
EXCEED 3000 WORDS

Experimental system

We prepare a two-dimensional potassium-39 Bose-
Einstein condensate of approximately 23, 000 atoms in
the state that corresponds to F = 1, mF = −1 at low
magnetic field. The atoms are levitated against gravity
by a magnetic field gradient. A two-dimensional geome-
try is achieved by a blue-detuned lattice at 532 nm with
a spacing of 5µm leading to a strong confinement with
a trap frequency of ωz = 2π · 1.6 kHz. Radial trapping
is provided by a red-detuned Gaussian beam at 1064 nm
in the case of hyperbolic geometry and a beam shaped
by a digital micromirror device in direct imaging config-
uration for the spherical geometry. The DMD light is
blue-detunded at 532 nm. The radial trapping frequency
is dynamically adjusted between 23 Hz and 7 Hz for the
realisation of hyperbolic geometry and metric expansion.
The Thomas-Fermi radius of the condensate is typically
25µm for the curvature measurements and 30µm for the
expansion measurements. The scattering length is ad-
justed utilising the Feshbach resonance at 562.2(1.5) G
[28]. For wave packet propagation the scattering length is
set to 100aB for the hyperbolic case and to 200aB for the
spherical case. In the expansion experiments the ramps
are performed from 400aB to 50aB. During the ramp,
the trap frequency is adjusted such that the shape of
the condensate remains static. The density distribution
of the atoms is detected with absorption imaging using
a two-frequency scheme described in [45], which allows
an approximately closed scattering cycle at the magnetic
fields around the Feshbach resonance. Imaging resolution
is 1µm.

Curvature in a metric

The acoustic metric in a Bose-Einstein condensate [14,
32, 46, 47] is given by

ds2 = −dt2 +
1

c2s

(
dr2 + r2dϕ2

)
, (5)

with cs the time and space dependent speed of
sound. On a two-dimensional condensate with az-
imuthal symmetry, a hyperbolic geometry with con-
stant curvature is achieved for the radial density profile
n0(r) = n̄0[1− r2/R2]2 with n̄0 the density at the centre
and R the maximal radius (radius of the Poincaré disc).
This yields the speed of sound

c2s =
λ(t)n0(r)

m
, (6)

with λ(t) =
√

8πωz~3/mas(t) the two-dimensional cou-
pling strength depending on the s-wave scattering length

as(t). This brings the metric into the form

ds2 = −dt2 + a2(t)

(
1− r2

R2

)−2 (
dr2 + r2dϕ2

)
. (7)

The FLRW metric in Eq. (1) is recovered by a coordinate
transformation between the radial lab coordinate r and
reduced circumference coordinates

u(r) =
r

1− r2

R2

. (8)

A condensate in a harmonic trap has a parabolic den-
sity profile with Thomas-Fermi radius RTF, which ap-
proximates the above density profile around the centre
of the condensate for R =

√
2RTF.

The propagation of a wave packet proceeds along a
geodesic. Since phonons propagate with the speed of
sound, their trajectories satisfy ds2 = 0 and for the dis-
tance L between two points can be measured with the
metric in Eq. (1)

L(u, ϕ, u′, ϕ′) =
1√
|κ|

cosh−1
[√
|κ|u2 + 1

√
|κ|u′2 + 1

− |κ|uu′ cos(ϕ− ϕ′)
]
. (9)

For the trajectory prediction in Figure 1 d, we use Eq. (9)
with ϕ = ϕ′, divided by the speed of sound at the centre
of the condensate, and Eq. (8).

The free parameters, speed of sound and Thomas-
Fermi radius, are determined to be RTF = 25µm and
cs = 1.5µm/ms. The former is extracted from the den-
sity profile and the latter is the slope fitted to the three
open symbols in Figure 1 d. This is consistent with the
speed of sound estimated from GPE simulations of the
ground state.

The experimental density profiles in Figure 1 d are
obtained along the black line in the lower right panel of
Figure 1 c. To increase signal to noise, we take an angular
average over ±10◦ around that line. We determine the
position of the wave packet to both sides of the initial
position by a parabolic fit around the minimum value of
the profile.

An analogous calculation can be done for a positive
spatial curvature implemented by the density profile
n0(r) = n̄0[1 + r2/R2]2 [32].

Extraction of the correlation function

The correlation functions are extracted from the den-
sity contrast in Eq. (3) within the central region of the
condensate up to half the Thomas-Fermi radius. For the
density contrast, we first compute the distribution of the
background condensate as an average over all realisations
post-selected to be within 10% of the mean atom num-
ber. The background is normalised to the atom number
of each realisation. To increase signal to noise, four pix-
els are averaged, corresponding to the optical resolution.
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The spectrum is derived from the correlation function
by a one-dimensional Hankel transform

Sk =
n̄0m

~ a(tf)

1

k

∫
dLLJ0(kL) 〈δcδc〉 (L), (10)

which is a decomposition into Bessel functions of the first
kind J0(kL). Here, the scale factor a(tf) is calculated
with the scattering length at the end of the ramp as(tf)
(2). The transformation in Eq. (10) is appropriate here
due to statistical homogeneity and isotropy.

From theory, the power spectrum of fluctuations for
non-zero initial temperatures is predicted to be of the

form

Sk(t) =

[
1

2
+ |βk|2 + |αkβk| cos(θk + 2ωkt)

]
(1 + 2N in

k ).

(11)

The term 1/2 corresponds to vacuum fluctuations, the
term |βk|2 describes the populations of a mode k and the
oscillating term contains the contributions from coher-
ences. The Bogoliubov coefficients αk and βk, as well as
the phase θk = Arg(αkβk), depend on the expansion his-
tory and are calculated by relating the quantum states
before and after the expansion [32, 48]. The initial dis-
tribution is taken to be of thermal form

N in
k (T ) =

1

e~ωk/(kBT ) − 1
. (12)

The experimentally extracted quantities are related
to the spectrum by Ak = |αkβk|(1 + 2N in

k ) and
ϑk = θk + 2ωk∆t, with ∆t the duration of the ramp.
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Figure 1. Theoretical prediction for density-density contrast correlation functions as they evolve through hold time, propagating
at twice the speed of sound. These results are given for a condensate with an initial temperature of roughly 40nK and taking into
account an experimental precision of 0.8µm by convoluting the functions defined in momentum space with a Gaussian distribution of
the corresponding width.
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Figure 2. Speed of sound 1.2µm/ms. Initial scattering as = 350a0.

Extended Data Figure— 1. Theoretical prediction for density-contrast correlation functions in real space. The initial temper-
ature is taken to be 40 nK, the final speed of sound is 1.2µm/ms and the ramp goes from as = 350 aB to as = 50 aB with scale
factor a(t) ∝ tγ for a decelerated expansion with γ = 0.5 and a duration ∆t = 1.5 ms (left) and ∆t = 3.0 ms (right). The fields are
convoluted with a Gaussian of σ = 0.8µm corresponding to the optical resolution of the experiment. Different colours correspond to
different hold times.
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