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Analogue cosmological particle creation in an
ultracold quantum fluid of light
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The rapid expansion of the early universe resulted in the spontaneous production of cos-
mological particles from vacuum fluctuations, some of which are observable today in the
cosmic microwave background anisotropy. The analogue of cosmological particle creation in
a quantum fluid was proposed, but the quantum, spontaneous effect due to vacuum fluc-
tuations has not yet been observed. Here we report the spontaneous creation of analogue
cosmological particles in the laboratory, using a quenched 3-dimensional quantum fluid of
light. We observe acoustic peaks in the density power spectrum, in close quantitative
agreement with the quantum-field theoretical prediction. We find that the long-wavelength
particles provide a window to early times. This work introduces the quantum fluid of light, as
cold as an atomic Bose-Einstein condensate.
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ARTICLE

he expansion of a universe stretches all length scales,

including the wavelengths of the particle modes. Thus, the

frequencies of the modes evolve with time!, which implies
that the modes at early and late times are related by a Bogoliubov
transformation?=6. This field theory approach avoids the micro-
scopic details, and predicts the spontaneous production of cos-
mological particles, including the primordial density fluctuations
which led to the acoustic peaks in the cosmic microwave back-
ground (CMB) spectrum*®7. It is particularly relevant since the
acoustic peaks can be described by linear perturbation theory3.

The field theory approach inspired the subject of analogue
cosmological particle creation, in which laboratory experiments
mimic the dynamics of scalar fields in curved space times~1°.
The experiments even allow for measurement over time, which is
impossible in the real universe, for which there is only one time of
observation. Since the model is independent of the microscopic
description of the medium, various quantum fluids were pro-
posed for the study of cosmological particle creation in analogue
universes?~1°. In a two-dimensional atomic Bose-Einstein con-
densate, a qualitative comparison with cosmological particle
creation was reported!®. In a 1-dimensional experiment not
related to quantum fluids, a rapid switch in the trapping field of
two ions led to phonon pair creation and formation of spatial
entanglement!”.

Analogue cosmological particle creation is a type of dynamical
Casimir effect!8-20, which was observed in a superconducting
circuit?! and an optical fiber?2. The classical, stimulated version
of the effect was reported in a Bose-Einstein condensate?3, but the
observation of the quantum effect in a quantum fluid has not
been reported. Pairs can also be produced by a modulational
instability24,

We simulate expanding and contracting universes in a
3-dimensional quantum fluid of light, as coherent as an atomic
Bose-Einstein condensate, and we observe time-resolved analogue
cosmological particle creation out of vacuum fluctuations. Our
quantum fluid is a near-resonant laser pulse traversing a warm
atomic vapor cell, as illustrated in Fig. la. Within the vapor cell,
the repulsive interactions between photons are mediated by the
atoms, due to Kerr nonlinearity induced by the atomic

a . quench 2
T T2

- —

quench 1  r

7>0

resonance?’. The interactions are suddenly quenched to zero
when the laser beam exits the vapor cell?®. This configuration
mimics an expanding universe, since a rapid reduction of the
interactions causes a sudden red shift of the energy spectrum?-13.
We also observe the reverse process at the cell entrance, in which
the interaction suddenly appears, mimicking a contracting uni-
verse. We demonstrate that both processes produce pairs of
analogue cosmological particles, which confirms the predictions
of Ref. 26,

Results

Theoretical techniques. Our approach relies on the analogy
between light propagation in a Kerr nonlinear medium, and the
temporal dynamic of an atomic Bose-Einstein condensate. The
effective time is 7 = z/c, where z is the position in the direction
of propagation, and ¢ is the speed of light. This effective time is
equivalent to true time for the sake of quantum mechanical
quasiparticle creation?®?”. With no approximation other than the
usual paraxial and slowly-varying envelope approximations28, we
extend the standard monochromatic limit>® and find that our
fluid is described by the 3-dimensional Gross-Pitaevskii equation
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where y is the slowly-varying envelope of the electric field, 1//‘2 is
the volume density of the photons, m is their effective mass, U is

an external potential, and g|1//}2 is the mean-field interaction
energy. The three spatial dimensions of V correspond to the
transverse coordinates (x,y) and to 2’ = y(v,t — c7), which is a
coordinate comoving with the laser pulse at the group velocity v,,

and compressed by the factor y = (—vékODO)fl/ ?, where k, is the
wavenumber of the laser, and D, is the group velocity dispersion
(see 3-dimensional Gross-Pitaevskii equation in Supplementary
Methods). In other words, a laser pulse viewed in the z’' coordi-
nate would appear stationary and compressed relative to its
length in the z coordinate.

b
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Fig. 1 The analogue universe. a The fluid of light (red) is a laser pulse traversing a heated 8°Rb vapor cell. The axial position gives the effective time 7. The
quenches occur at the entrance and exit of the vapor cell. =0 corresponds to quench 2. The time between the two quenches is 7;,. b The true time gives
an effective third spatial dimension z’. ¢ Typical image of the fluid of light integrated along z’, given in units of photon density. An effective time =103 ps

after quench 2 is shown.
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Fig. 2 Analogue cosmological particle creation in a quantum fluid of light. a The static structure factor Sk, k, k,» = 0) at various times after the second
quench. The dashed green curves indicate the first minimum of the red curves in (b). The symmetric white points near the center of all panels are due to
spurious fringes in the imaging system. b Radial profiles of (a). The black curves are the experimental data. The red curves are the prediction for analogue
cosmological particle creation, from Eq. (2). ¢ Density-density correlations. The experimental (black) and theoretical (red) curves are obtained from b by

the spherical Fourier transform of Eq. (5).

We study the analogue cosmological particles using the static
structure factor, in analogy with the CMB power spectrum. The
static structure factor has been used to study density fluctuations in
Bose-Einstein condensates!®2%, and we apply this technique to a
fluid of light. It is given by S(k,.k,, k,) = (|dp(k,. k,, k)% /M,
where 8p(k,, k,, k) is the spatial Fourier transform of the density
fluctuation at time 7, and M is the total number of particles in the
fluid. With this definition, a zero-temperature, non-interacting gas
has S(k) = 1, reflecting the presence of spatial shot noise. The

operator l;l corresponds to the creation of a quasiparticle after the
quench, in mode k = (k,, k. k) oscillating at frequency w;. In the

presence of quasiparticle populations N = (l;ll;k) and correlations

C= (i)kl;_k), the static structure factor within the Bogoliubov
approximation is given by (see S(k) including absorption
in Supplementary Methods)

S(k) = 1+ 2N + 2Re(Ce 7). )

The populations and correlations are given by
N =B+ Ny (o + ) + 2apRe(C,) 3)
C = af + Cyo* + C;p* + 20BN, (4)

where N, = (&I&k) and C, = (aa_y) are the populations and
correlations before the quench, respectively, &]t corresponds to the
creation of a quasiparticle before the quench, and the operators

are related by the Bogoliubov transformation l;k = aq, + ﬁ&ik.
For our series of two quenches, Egs. (3) and (4) are applied twice.
Since each quench either starts or ends with no interactions, a
and P are the same Bogoliubov coefficients which diagonalize the
Hamiltonian of a weakly-interacting quantum fluid (see S(k)
including absorption in Supplementary Methods). In the absence
of quasiparticles before a given quench, the pair production is
spontaneous, and Egs. (3) and (4) become N = ﬁ2 and C = af.
On the other hand, a distribution of quasiparticles before the
quench, thermal or otherwise, will stimulate additional pairs.

Experimental design. To create the fluid of light, we use a laser
pulse with a 4 mm Gaussian waist and a power of 100 mW,
propagating in an 8°Rb vapor cell heated to 150 °C. A pulse length
of 100 ns is employed to avoid saturating the camera used for
observation. The laser is detuned —1.5GHz (90 natural line-
widths, 6 times the Doppler broadening) from the D2 55, ,, F =

3 — 5P;), transition, giving v, = 0.007c. The interaction energy

and healing length £ =60 um are determined by the nonlinear
change in the refractive index An, which is computed from the
experimental parameters (see Determination of Az in Methods).
By taking into account the compression factor y, this configura-
tion leads to a weakly interacting photon gas with a thickness of
2mm in the z' coordinate, and a dimensionless interaction
coefficient pa® = 7 x 10714, where p is the average photon density,
and ag is the effective scattering length.

The fluid of light is imaged on a sSCMOS camera, as shown in
Fig. 1c. We tune the imaging system to pick out a certain z after
the cell (fixing the effective time 7 after the second quench), and
the camera integrates over true time (thus integrating over 2’), as
illustrated in Fig. 1b. According to the Fourier slice theorem, this
integration in position space gives a slice in k-space?0. Thus, an
ensemble of 200 images is obtained for each 7, and the power
spectrum S(k,, k,, k., = 0) is computed by 2-dimensional Fourier
transforms within the dashed square shown in Fig. lc. The
computation partially removes the effects of any drifts such as
thermal convection, and accounts for the measured quantum
efficiency of the camera (see Computation of S(k,, k,, k,, = 0) in

X }/ y vzt
Methods).

Observation of analogue cosmological particle creation. In
Fig. 2a we observe ring patterns in S(k,, k, k,, = 0), oscillating as
a function of k. These oscillations are the experimental signature
of analogue cosmological particle creation, in close analogy with
the acoustic peaks in the angular spectrum of the CMB. Pairs of
quasiparticles with momenta *k are generated at the moment of
the quench with a random overall phase, but a definite phase
relationship between +k and —k, and oscillate with various
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frequencies w;. Only certain k-values interfere constructively at
the observation time 7, resulting in a ring pattern. The rings
shrink with 7 since lower frequencies take longer to develop
oscillations. The shrinking pattern of rings is described quanti-
tatively by Eq. (2). The radius of the first minimum in Fig. 2a is
seen to be in good agreement with the theoretical prediction of
Eq. (2), indicated by the dashed green curve. The azimuthal
averages S(k) of S(k,, k,, k,, = 0) are indicated in black in Fig. 2b.

x0 vy Bz
The red curves are calculated from Eq. (2), taking into account
the two quenches, and the variations in «, 3, and w; which result
from the measured absorption (see S(k) including absorption
in Supplementary Methods). Very good agreement between the
experimental black and theoretical red curves is seen.

We also determine the spatial density correlations produced by
the analogue cosmological particle creation. We derive the
density-density correlation function ¢g®(r) from S(k) by the
3-dimensional spherically-symmetric Fourier transform

1 sin(kr)
(2) = 2
g 2mp / dkk kr

Figure 2c shows g?(r) — 1, found by applying Eq. (5) to
Fig. 2b. The oscillations are spherical shells propagating outward.
The correlations are seen to reach increasing distances as time
increases. They are on the order of 107, which implies that the
relative density fluctuations are on the order of 1073. The
oscillations are clear despite the small signal, due to the high
sensitivity of the optical detection. The theoretical red curves are
obtained by applying Eq. (5) to Eq. (2), and quantitative
agreement with the experimental curves is seen.

[S(k) — 1]. )

Spontaneous particle creation in the first quench. The low-k
behavior of S(k) provides a window into the early times before the
quenches, since the frequency of these modes approaches zero, so
the modes do not have sufficient time to evolve during the
experiment. The first peak in S(k) corresponds to the frequency
1/47, the lowest frequency which has time to oscillate. Well below
this k-value, Eq. (2) reduces to S(k) = 1 + 2N, where N is the
incoherent population before the first quench, and the unity term
corresponds to the quantum shot noise, which is scale invariant
(independent of k). Thus, the value of S(k) gives a direct measure
of N,. Figure 3a shows the S(k) curves for all 7 plotted together.
We observe that S(k) is at most 1.4 for low k, as indicated by the
dashed green line, giving N, < 0.2. This value is finite and
approximately scale invariant, which implies a negligible thermal
component, since a thermal population diverges like 1/k. Fur-
thermore, it is less than unity, implying that the spontaneous
contribution dominates. Thus, the analogue cosmological particle
creation is spontaneous in the first quench. This is verified by the
blue and green curves in Fig. 3¢, which show that stimulation in
the first quench by thermal noise and white noise, respectively,
would produce larger values of S(k) than those of the experiment,
for low k.

Stimulated particle creation in the second quench. The quasi-
particles spontaneously created during the first quench stimulate
pair creation in the second quench. However, if the particle
production in the second quench were stimulated by the first-
quench quasiparticles only, S(k) would oscillate about unity, as
indicated by the magenta curve in Fig. 3d. Rather, S(k) features an
upward shift relative to unity, and a downward slope for large k.
The downward slope is due to the finite resolution of the imaging
system, measured to be 10 um (see Measuring the imaging
resolution in Supplementary Methods), and is included in the
theoretical curves. The upward shift results from absorption and
spontaneous reemission of photons from the atomic medium. By
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Fig. 3 Spontaneous and stimulated cosmological particle production.

a The envelope of S(k). The black curves of Fig. 2b are among the curves
shown. Darker gray indicates later time. The low-k limit is indicated by the
green dashed line. The k, mark the nodes and antinodes. b The envelope of
the theoretical curves. ¢ The effect of stimulation in the first quench, on
S(k) after both quenches. The blue curve includes additional stimulation by
a thermal distribution in the first quench. The green curve includes
stimulation by a flat distribution in the first quench rather than the second.
=153 ps is shown. d The effect of stimulation in the second quench. The
blue curve includes additional stimulation by a thermal distribution in the
second quench. The magenta curve includes no extra stimulation in either
quench. =153 ps is shown. e Effect of the interactions. The black curve is
from Fig. 2b. The blue curve employs a pulse which is 500 times weaker
and longer. The red curve is the theoretical prediction for the long, weak
pulse.z = 87 ps is shown.

the first two terms of Eq. (2), S(k) oscillates about the value
1+ 2(N; + Ny), where Ny, is the background population present
in the fluid between the two quenches. The population sponta-
neously created in the first quench does not contribute to this
expression, since its spectrum (given by ,82 in Eq. (3)) does not
extend to large k. The upward shift in Fig. 3a suggests Ny, =1.2,a
value which agrees well with our estimate for spontaneous ree-
mission (see Absorption and spontaneous reemission in Supple-
mentary Methods). The theoretical curves in Fig. 2b include this
additional stimulation. While this incoherent, flat spectrum of 1.2
quasiparticles per mode implies that the fluid is not in its ground
state, like a finite-temperature Bose-Einstein condensate, it does
not negate the oscillatory behavior of S(k), and it even enhances
the visibility of the oscillations. We can control this population by
tuning the atomic density, the pulse duration, intensity, and
detuning. In Fig. 3e we verify that this population vanishes for
long weak pulses as expected, due to the finite coherence time of
the spontaneous reemission. The unity value of S(k) confirms that
the fluid is shot-noise limited, when the effect of the atomic
medium is absent.

Although our fluid of light is not in thermal equilibrium
between the two quenches, we can put an upper limit on the
effective temperature of the thermal component before the second
quench. The blue curve in Fig. 3d includes thermal stimulation
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with an effective temperature 2mc? =30 mK, where ¢, is the
speed of sound for the Bogoliubov quasiparticles, which results in
a greatly enhanced first peak. Since this enhanced peak is absent
from the experimental curve, we estimate the effective tempera-
ture of the thermal component to be less than 2mc?, as in an
atomic Bose-Einstein condensate. For the second quench, the
thermal component does not diverge like 1/k since the zero-
temperature static structure factor in the fluid of light goes to zero
for low k (Ref. 31).

Interference pattern and the dispersion relation. Figure 3a
exhibits a beating pattern in the envelope of the various curves,
resulting from interference between analogue cosmological par-
ticles created in the two quenches. The theoretical curves in
Fig. 3b show a similar pattern. The envelope has nodes and
antinodes at Wiy, = np/27,,, where p is an integer (see Beating

pattern in Supplementary Methods). By identifying each k, as
shown in Figs. 3a, 4 points on the dispersion relation are found,
as indicated by blue points in Fig. 4a. These points agree well with
the dispersion relation in the medium, calculated from the
interactions, and indicated by the blue curve.
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Fig. 4 Individual modes of the analogue cosmological particles. a The
dispersion relation. The blue points are derived from the k, in Fig. 3a. The
error bars indicate one standard deviation. The black curve is obtained by
sinusoidal fits to the gray curves in (¢). The magenta curve is the free-
particle dispersion relation. The blue curve is the dispersion relation in the
interacting fluid of light. b The static structure factor at various times. The
curves are from Fig. 3a, and are shifted vertically. The vertical dashed line is
used to find the values in (¢). ¢ Each curve shows the z-dependence of a
definite k, given by the values along a vertical line in b, such as the dashed
line. The grayscale is the same as in (b). The k-values shown are equally
spaced by 5.4 x 1073 um™1. The green curves are computed with Eq. (2).
Each pair of black and green curves has been shifted vertically.
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Fig. 5 Comparing the measured power spectrum with that of the CMB.
a The static structure factor for ¢ > 0. The wavenumbers are normalized
such that unity can be compared with the first peak of the CMB spectrum in
(b). b The power spectrum of temperature fluctuations in the CMB, as a
function of multipole number, from Ref. 36,

Individual modes. Figure 4b shows the curves of Fig. 3a, one
above the other. By plotting the S(k) values along the dashed line,
we obtain the time dependence of a given mode k, as shown in
Fig. 4c. Each mode is seen to oscillate sinusoidally after the sec-
ond quench, with no visible damping. The frequencies of the
oscillations, indicated by the black curve in Fig. 4a, agree well
with the free-particle spectrum, which is relevant after the second
quench.

Comparison with the CMB power spectrum. We compare and
contrast our observed spectra with the CMB power spectrum in
Fig. 5. Since 1990, several successive space missions have
improved the resolution of the CMB measurements®?-3°, and
Fig. 5b shows the latest results’®. In the CMB spectrum, the
oscillations occur as a result of the well-defined phase between the
cosmological particles>®37, which is also true for our spectra. In
the early universe, the density fluctuations relevant for the
acoustic peaks oscillated until the effective time of observation 7,
when the photons decoupled from matter?®. The mode number
¢ shown in Fig. 5b is proportional to k, when mapped back to the
density fluctuations in the early universe, and the first peak likely
corresponds to w, 7 ~ 7 (Refs. 3°-41), In contrast, the Bogoliubov
transformation predicts a first peak in the CMB spectrum at
w, T~ m/2 (Ref. ). Figure 5a shows our spectra for 7>0. For
visual comparison with the CMB spectrum, k is divided by k,,
which satisfies w; 7= /2, where w; is the magenta curve of
Fig. 4a. There are features which are common to our spectra and
that of the CMB, in addition to the oscillations: the decay of the
oscillations for large k or /, and the approximately scale-invariant
region for small k or /. The oscillations in the CMB spectrum
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decay for large # due to damping by photon diffusion. In contrast,
the oscillations in our spectra decay because the 5 Bogoliubov coef-
ficient in Eq. (4) decreases for high k. The scale-invariant region of
the CMB spectrum arises from quantum fluctuations*>~#4, assuming
that the inflation model is correct*>~48, Similarly, the scale invariant
part of our spectra reflects the quantum nature of the particle pro-
duction, as a result of the vacuum of incoming particles. However,
our incoming vacuum is a property of our shot-noise limited laser, as
opposed to red-shifting of the modes which possibly occurred during
inflation*249>0, Red-shifting was observed in the laboratory°!, and it
would be interesting to combine it with analogue cosmological par-
ticle production.

Discussion

This work establishes the paraxial fluid of light as a quantum
fluid. The results demonstrate that quantum field theory applies
to a system in which a spatial coordinate plays the role of time.
The effective temperature is less than twice the interaction energy,
which is comparable to many atomic Bose-Einstein condensates.
On the other hand, the apparatus is an order of magnitude
simpler, smaller, and less expensive. The direct detection of the
photon fluid is also an advantage.

In conclusion, we observe both spontaneous and stimulated
analogue cosmological particle creation in a quantum fluid of
light. The particle production in the first quench is seen to be
spontaneous, while the second includes stimulation by the first
quench quasiparticles, as well as by an incoherent background.
We quantitatively confirm the quantum field-theoretical predic-
tion. The long wavelength part of the spectrum provides a win-
dow into early times before the particle creation. From an
alternative perspective, we observe the spontaneous and stimu-
lated dynamical Casimir effects in a quantum fluid.

Methods
Determination of An. The interaction between photons is quantified by the
nonlinear contribution to the index of refraction , given by An = n(I) — n(0). We

would like to express An in terms of easily measurable quantities. The index of
refraction is given by n = /1 + Re(y), where  is the atomic susceptibility. Since

n & 1, one obtains An = A [Re()()} /2. Furthermore, the absorption coefficient is
given by «, = koIm(x). Thus,

A A[Re(}()]
"% Im(y) ©
Also, y is proportional to (i — 28/T) [1 + (25/r)2 + I/Isat} _1, where 8 is the

detuning from resonance, I is the linewidth, and I, is the saturation intensity.
This gives

2
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2k,
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The detuning is § = —1.5 GHz relative to the 85Rb cooling transition, and the
self-broadened linewidth is T'/2m = 16 MHz (Ref. >2, for the vapor cell temperature
of 150 °C, corresponding to an atomic density of 1 x 1020 m=3. The intensity is
given by I = 2P/nw?, where the waist of the beam is w =4 mm, and the laser
power P decays exponentially due to absorption, from 100 mW at the entrance to
the vapor cell, to 20 mW at the exit. We estimate I, to be the far-detuned,
n-polarized value, 25 Wm~2 (Ref. >3. The absorption coefficient is given by
a, = —(InT)/L, where T = 0.2 is the transmission through the vapor cell of length
L =10 mm. The wavenumber is given by k, = 27/), where A = 780 nm. Equation
(7) yields An=—8.6x107% and —1.7 x 107° for the entrance and exits of the
vapor cell, respectively. We have neglected the effect of optical pumping into the
dark ground state. Via measurements of An and «,, we find the optical pumping
time to be a few microseconds, so optical pumping is negligible during the 100 ns
pulse employed in this work.

Computation of S(k,, k,, k., = 0). The power spectrum (static structure factor)
S(k,, ky7 k,,) of a system of M particles (photons in our case) is given by

2
<)Bp(kx-,ky,kz,) > ®)
S(kok k) = L
where 8p(k,, k. k,) = [ dxdydz 8p(x, y,2)) ek tky k) and the density fluc-
tuation dp(x, y,z') = p(x,y,z') — (p(x,y,2)). Setting k,, = 0, one obtains the
2-dimensional Fourier transform

O (ke kyk, = 0) = [ dedy (. ) e G200 ©)

where p(x, y) = [dz/p(x, y,2’) is the number density integrated in the z/ direc-
tion, a quantity we measure directly on the camera.

The density fluctuation 8p = p — (p), is computed for each image, where (5),
is the average of 5 adjacent images rather than the average (p) over the entire
ensemble. This technique reduces the effects of drifts in the experimental
parameters during the 7 s required to obtain the ensemble. As mentioned in
relation to Fig. 2, the relative density fluctuation 85/(p) is on the order of 1073, so
small drifts can play a role. For example, thermal convection of the $°Rb gas may
induce small changes in the shape of the fluid of light from image to image. The
2-dimensional Fourier transform in Eq. (9) is computed for each image within the
dashed square of Fig. 1c. The power spectrum S(k,, k,, k,, = 0) is computed by Eq.
(8). The use of (p) 5 rather than (p) reduces the fluctuations by a factor of 4/5.
Thus, Sk, k,, k., = 0) is multiplied by 5/4 to correct this effect. Furthermore, the
finite quantum efficiency Q = 0.485 of the camera tends to randomize the photon
density and bring S(k,, ky, k,, = 0) closer to unity. Thus, S(k,, ky, k,=0)—11is
multiplied by the factor 1/Q.

Data availability

Source data are provided with this paper. The images generated in this study have been
deposited in Zenodo (https://doi.org/10.5281/zenodo.6438403). Source data are provided
with this paper.

Received: 11 May 2021; Accepted: 10 May 2022;
Published online: 25 May 2022

References

1. Schrédinger, E. The proper vibrations of the expanding universe. Physica 6,
899-912 (1939).

2. Parker, L. Particle creation in expanding universes. Phys. Rev. Lett. 21,
562-564 (1968).

3. Parker, L. Particle creation in isotropic cosmologies. Phys. Rev. Lett. 28,
705-708 (1972).

4. Grishchuk, L. P. & Sidorov, Y. V. Squeezed quantum states of relic gravitons
and primordial density fluctuations. Phys. Rev. D. 42, 3413-13421 (1990).

5. Mukhanov, V. F., Feldman, H. A. & Brandenberger, R. H. Theory of
cosmological perturbations. Phys. Rep. 215, 203-333 (1992).

6. Campo, D. & Parentani, R. Inflationary spectra and partially decohered
distributions. Phys. Rev. D. 72, 045015 (2005).

7. Peebles, P. J. E. & Yu, J. T. Primeval adiabatic perturbation in an expanding
universe. Astrophys. J. 162, 815-836 (1970).

8. Hu, W. & Dodelson, S. Cosmic microwave background anisotropies. Annu.
Rev. Astron. Astrophys. 40, 171-216 (2002).

9. Barcelo, C, Liberati, S. & Visser, M. Probing semiclassical analog gravity in
Bose-Einstein condensates with widely tunable interactions. Phys. Rev. A 68,
053613 (2003).

10. Barceld, C., Liberati, S. & Visser, M. Analogue models for FRW cosmologies.
Int. J. Mod. Phys. D. 12, 1641-1649 (2003).

11. Fedichev, P. O. & Fischer, U. R. “Cosmological” quasiparticle production in
harmonically trapped superfluid gases. Phys. Rev. A 69, 033602 (2004).

12. Jain, P., Weinfurtner, S., Visser, M. & Gardiner, C. W. Analog model of a
Friedmann-Robertson-Walker universe in Bose-Einstein condensates:
Application of the classical field method. Phys. Rev. A 76, 033616 (2007).

13. Schiitzhold, R. & Unruh, W. G. Analogue Gravity Phenomenology, Ch. 3.
Springer International Publishing, Switzerland (2013).

14. Fischer, U. R. & Schiitzhold, R. Quantum simulation of cosmic inflation in
two-component Bose-Einstein condensates. Phys. Rev. A 70, 063615 (2004).

15. Prain, A., Fagnocchi, S. & Liberati, S. Analogue cosmological particle creation:
Quantum correlations in expanding Bose-Einstein condensates. Phys. Rev. D.
82, 105018 (2010).

6 | (2022)13:2890 | https://doi.org/10.1038/s41467-022-30603-1| www.nature.com/naturecommunications


https://doi.org/10.5281/zenodo.6438403
www.nature.com/naturecommunications

ARTICLE

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Hung, C.-L.,, Gurarie, V. & Chin, C. From cosmology to cold atoms:
Observation of Sakharov oscillations in a quenched atomic superfluid. Science
341, 1213-1215 (2013).

Wittemer, M. et al. Phonon pair creation by inflating quantum fluctuations in
an ion trap. Phys. Rev. Lett. 123, 180502 (2019).

Moore, G. T. Quantum theory of the electromagnetic field in a variable-length
one-dimensional cavity. J. Math. Phys. 11, 2679-2691 (1970).

Fulling, S. A. & Davies, P. C. W. Radiation from a moving mirror in two
dimensional space-time: conformal anomaly. Proc. R. Soc. Lond. A 348,
393-414 (1976).

Dodonov, V. Fifty years of the dynamical Casimir effect. Physics 2, 67-104
(2020).

Wilson, C. M. et al. Observation of the dynamical Casimir effect in a
superconducting circuit. Nature 479, 376-379 (2011).

Vezzoli, S. et al. Optical analogue of the dynamical Casimir effect in a
dispersion-oscillating fibre. Commun. Phys. 2, 84 (2019).

Jaskula, J.-C. et al. Acoustic analog to the dynamical Casimir effect in a Bose-
Einstein condensate. Phys. Rev. Lett. 109, 220401 (2012).

Chen, C.-A., Khlebnikov, S. & Hung, C.-L. Observation of quasiparticle pair-
production and quantum entanglement in atomic quantum gases quenched to
an attractive interaction. Phys. Rev. Lett. 127, 060404 (2021).

Fontaine, Q. et al. Observation of the Bogoliubov dispersion in a fluid of light.
Phys. Rev. Lett. 121, 183604 (2018).

Larré, P.-E. & Carusotto, I. Propagation of a quantum fluid of light in a
cavityless nonlinear optical medium: General theory and response to quantum
quenches. Phys. Rev. A 92, 043802 (2015).

Lai, Y. & Haus, H. A. Quantum theory of solitons in optical fibers. I. Time-
dependent Hartree approximation. Phys. Rev. A 40, 844-853 (1989).
Carusotto, I. Superfluid light in bulk nonlinear media. Proc. R. Soc. A 470,
20140320 (2014).

Schley, R. et al. Planck distribution of phonons in a Bose-Einstein condensate.
Phys. Rev. Lett. 111, 055301 (2013).

Blumkin, A. et al. Observing atom bunching by the Fourier slice theorem.
Phys. Rev. Lett. 110, 265301 (2013).

Piekarski, C. et al. Measurement of the static structure factor in a paraxial fluid
of light using Bragg-like spectroscopy. Phys. Rev. Lett. 127, 023401 (2021).
Smoot, G. F. et al. Structure in the COBE differential microwave radiometer
first-year maps. Astrophys. J. 396, L1-L5 (1992).

Netterfield, C. B. et al. A measurement by BOOMERANG of multiple peaks in
the angular power spectrum of the cosmic microwave background. Astrophys.
J. 571, 604-614 (2002).

Bennett, C. L. et al. Nine-year Wilkinson microwave anisotropy probe
(WMAP) observations: Final maps and results. ApJS 208, 20 (2013).
Aghanim, N. et al. Planck 2018 results. I. Overview and the cosmological
legacy of Planck. Astron. Astrophys. 641, Al (2019).

Albrecht, A., Coulson, D., Ferreira, P. & Magueijo, J. Causality, randomness,
and the microwave background. Phys. Rev. Lett. 76, 1413-1416 (1996).

Pen, U.-L., Seljak, U. & Turok, N. Power spectra in global defect theories of
cosmic structure formation. Phys. Rev. Lett. 79, 1611-1614 (1997).
Brandenberger, R. H. Lectures on the theory of cosmological perturbations.
Lect. Notes Phys. 646, 127-167 (2004).

Hu, W, Sugiyama, N. & Silk, J. The physics of microwave background
anisotropies. Nature 386, 37-43 (1997).

Hu, W. & White, M. A new test of inflation. Phys. Rev. Lett. 77, 1687-1690
(1996).

Hu, W. & White, M. Acoustic signatures in the cosmic microwave
background. Astrophys. J. 471, 30-51 (1996).

Bardeen, J. M., Steinhardt, P. J. & Turner, M. S. Spontaneous creation of
almost scale-free density perturbations in an inflationary universe. Phys. Rev.
D. 28, 679-693 (1983).

Guth, A. H. & Pi, S.-Y. Fluctuations in the new inflationary universe. Phys.
Rev. Lett. 49, 1110-1113 (1982).

Hawking, S. W. The development of irregularities in a single bubble
inflationary universe. Phys. Lett. 115B, 295-297 (1982).

Starobinskii, A. A. Spectrum of relic gravitational radiation and the early state
of the universe. JETP Lett. 30, 682-685 (1979).

Sato, K. Cosmological baryon-number domain structure and the first order
phase transition of a vacuum. Phys. Lett. 99B, 66-70 (1980).

47. Guth, A. H. Inflationary universe: A possible solution to the horizon and
flatness problems. Phys. Rev. D. 23, 347-356 (1981).

48. Linde, A. D. A new inflationary universe scenario: A possible solution of the
horizon, flatness, homogeneity, isotropy and primordial monopole problems.
Phys. Lett. 108B, 389-393 (1982).

49. Albrecht, A, Steinhardt, P. J., Turner, M. S. & Wilczek, F. Reheating an
inflationary universe. Phys. Rev. Lett. 48, 1437-1440 (1982).

50. Jacobson, T. Introduction to quantum fields in curved spacetime and the
Hawking effect, arXiv:gr-qc/0308048v3 (2004).

51. Eckel, S., Kumar, A., Jacobson, T., Spielman, I. B. & Campbell, G. K. A rapidly
expanding Bose-Einstein condensate: An expanding universe in the lab. Phys.
Rev. X 8, 021021 (2018).

52. Weller, L., Bettles, R. J., Siddons, P., Adams, C. S. & Hughes, I. G. Absolute
absorption on the rubidium DI line including resonant dipole-dipole
interactions. J. Phys. B:. Mol. Opt. Phys. 44, 195006 (2011).

53. Steck, D. A. Rubidium 87 D line data (2003).

Acknowledgements

We thank 1. Carusotto, T. Jacobson, M. Jacquet, P.-E. Larré, and V. Desjacques for
helpful comments. This work received funding from the European Union Horizon 2020
research and innovation programme under grant agreement No 820392 (PhoQuS) and
from the Region Ile-de-France in the framework of DIM SIRTEQ. QG and AB thank the
Institut Universitaire de France (IUF) for support.

Author contributions

J.S. and Q.G. designed the experiment. M.A. and J.S. gathered the data. J.S., M.A. and
C.P. analyzed the data. T.A. performed calculations and modeling. T.B. performed
numerical simulations. M.A. and W.L. performed calibrations of the experimental sys-
tem. Q.G., E.G. and A.B. gave theoretical insights. J.S. wrote the manuscript with con-
tributions from all authors.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41467-022-30603-1.

Correspondence and requests for materials should be addressed to Jeff Steinhauer or
Quentin Glorieux.

Peer review information Nature Communications thanks Salvatore Butera, Giovanni
Modugno and the other, anonymous, reviewer(s) for their contribution to the peer
review of this work.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2022

| (2022)13:2890 | https://doi.org/10.1038/s41467-022-30603-1 | www.nature.com/naturecommunications 7


https://doi.org/10.1038/s41467-022-30603-1
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	Analogue cosmological particle creation in an ultracold quantum fluid of light
	Results
	Theoretical techniques
	Experimental design
	Observation of analogue cosmological particle creation
	Spontaneous particle creation in the first quench
	Stimulated particle creation in the second quench
	Interference pattern and the dispersion relation
	Individual modes
	Comparison with the CMB power spectrum

	Discussion
	Methods
	Determination of  n△n
	Computation of S(kx,ky,kz =0)S(kx,ky,kz′=0)

	Data availability
	References
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




