Analogue cosmological particle creation in an ultracold quantum fluid of light
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In inflationary cosmology, the rapid expansion of the early universe resulted in the spontaneous
production of cosmological particles from vacuum fluctuations, observable today in the cosmic
microwave background anisotropies. The analogue of cosmological particle creation in a quantum
fluid could provide insight, but an observation has not yet been achieved. Here we report the
spontaneous creation of analogue cosmological particles in the laboratory, using a quenched 3dimensional 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 longwavelength particles provide a window to early times, and we apply this principle to the cosmic
microwave background. This work introduces a new quantum fluid, as cold as an atomic BoseEinstein condensate.

Cosmological particle creation is an intriguing form of
pair production from vacuum fluctuations, due to the
expansion or contraction of the universe [1-6]. In the
inflationary model of cosmology [7-10], the
cosmological particles spontaneously created by tearing
apart quantum fluctuations during the rapid cosmic
expansion have an observable signature today, in the
anisotropy of the cosmic microwave background
(CMB) [11]. Since 1990, several successive space
missions [12-15] have improved the resolution of the
CMB power spectrum measurements, revealing the
presence of characteristic peaks. These peaks are well
described by acoustic oscillations in the quantum fluid
of photons and baryons in the early universe [16], and
suggest that cosmic inflation is the correct theory [11].
Analogue systems can explore this hypothesis, since
they allow for measurement over time, which is
impossible for the real universe, for which there is only
one time of observation. Since the acoustic peaks are
independent of the microscopic description of the
medium, various quantum fluids were proposed for the
study of cosmological particle creation in analogue
universes [17-23]. In a two-dimensional atomic BoseEinstein condensate, the out-of-equilibrium evolution
after an interaction quench was reported, but the signalto-noise ratio did not allow a quantitative comparison
with cosmological particle creation [24]. In a recent

experiment, a rapid switch in the trapping field of two
ions led to phonon pair creation and formation of spatial
entanglement [25]. However, this last configuration is
limited to 1 dimension, and is not a quantum fluid.
In this work, we introduce a novel 3-dimensional
quantum fluid of light, as coherent as an atomic BoseEinstein 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. 1(a). Within the vapor cell, the two-body
repulsive interactions between photons are mediated by
the atoms, due to Kerr nonlinearity induced by the
atomic resonance [26]. The interactions are suddenly
quenched to zero when the laser beam exits the vapor
cell [27]. This configuration mimics an expanding
universe, as illustrated in Fig. 1(d), since a rapid
reduction of the interactions causes a sudden red shift
of the energy spectrum [17-21]. We also observe the
reverse process at the cell entrance, in which the
interaction suddenly appears, mimicking a contracting
universe. By measuring the static structure factor,
which is the spatial noise power spectrum, we
demonstrate that both processes produce pairs of
analogue cosmological particles. Also, the precision of
our experiment allows for the observation of
1

coordinates (𝑥, 𝑦) and to 𝑧 ′ = 𝛾(𝑣g 𝑡 − 𝑐𝜏), which is a
coordinate comoving at the group velocity 𝑣g , and
compressed by a factor 𝛾 due to group velocity
dispersion [30].

interferences between these two sets of analogue
cosmological particles.
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 𝜏 = 𝑧/𝑐, where 𝑧 is
the position in the direction of propagation, and 𝑐 is the

To create the fluid of light, we use a 100 ns laser pulse
with a 4 mm Gaussian waist and an intensity of 100
mW, propagating in an 85Rb vapor cell heated to 150
ºC. The laser is detuned -1.5 GHz (90 natural
linewidths, 6 times the Doppler broadening) from the
D2 resonance. The interaction energy is determined by
the nonlinear change in the refractive index ∆𝑛, which
is computed from the experimental parameters [30]. By
taking into account the compression factor 𝛾, this
configuration leads to a weakly interacting photon gas
with a thickness of 2 mm in the 𝑧′ coordinate, and a
dimensionless interaction coefficient 𝜌𝑎s3 = 2×10-12,
where 𝜌 is the average photon density, and 𝑎s is the
effective scattering length [30].
In each of the quenches, counter-propagating pairs of
quasiparticles are produced in all three dimensions, in
analogy with cosmological particle creation. We study
the analogue cosmological particles using the static
structure factor of a quantum fluid, in analogy with the
CMB power spectrum. It is given by 𝑆(𝑘, 𝜏) =

Fig. 1. The analogue expansion. (a) The fluid of light (red)
is a laser pulse traversing a heated 85Rb vapor cell. The axial
position gives the effective time 𝜏. The quenches occur at the
entrance and exit of the vapor cell. 𝜏 = 0 corresponds to
quench 2. The time between the two quenches is 𝜏12 . (b) The
true time gives an effective third spatial dimension 𝑧′. (c)
Typical image of the fluid of light integrated along 𝑧′, given
in units of photon density. An effective time 𝜏 = 103 ps after
quench 2 is shown. (d) Cosmological particle creation in the
early universe. The gray surface indicates the radius of the
universe.
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〈|𝛿𝜌(𝑘𝑥 , 𝑘𝑦 , 𝑘𝑧′ , 𝜏)| 〉⁄𝑀, where 𝛿𝜌(𝑘𝑥 , 𝑘𝑦 , 𝑘𝑧′ , 𝜏) is
the spatial Fourier transform of the density fluctuation
at time 𝜏, and 𝑀 is the total number of particles in the
fluid. With this definition, a zero-temperature, noninteracting gas has 𝑆(𝑘) = 1, reflecting the presence of
spatial shot noise. The operator 𝑏̂𝐤† corresponds to the
creation of a quasiparticle in mode 𝐤 =
(𝑘𝑥 , 𝑘𝑦 , 𝑘𝑧′ ) oscillating at frequency 𝜔𝑘 . In the
presence of quasiparticle populations 𝑁 ≡ 〈𝑏̂𝐤† 𝑏̂𝐤 〉 and
correlations 𝐶 ≡ 〈𝑏̂𝐤 𝑏̂−𝐤 〉, the static structure factor
within the Bogoliubov approximation is given by [30]

speed of light. This effective time is equivalent to true
time for the sake of quantum mechanical quasiparticle
creation [27, 28]. With no approximation other than the
usual paraxial and slowly-varying envelope
approximations [29], we extend the standard
monochromatic limit [29] and find that our fluid is
described by the 3-dimensional Gross-Pitaevskii
equation
𝜕𝜓

ℏ2

𝑖ℏ 𝜕𝜏 = − 2𝑚 ∇2 𝜓 + 𝑈(𝐫, 𝜏)𝜓 + 𝑔(𝐫, 𝜏)|𝜓|2 𝜓

𝑆(𝑘) = 1 + 2𝑁 + 2Re(𝐶𝑒 −𝑖2𝜔𝑘𝜏 ).

(2)

The populations and correlations are given by

(1)

where |𝜓|2 is the volume density of the photons, 𝑚 is
their effective mass, 𝑈 is an external potential, and
𝑔|𝜓|2 is the mean-field interaction energy. The three
spatial dimensions of ∇ correspond to the transverse
2

𝑁 = 𝛽 2 + 𝑁0 (𝛼 2 + 𝛽 2 ) + 2𝛼𝛽 Re(𝐶0 )

(3)

𝐶 = 𝛼𝛽 + 𝐶0 𝛼 2 + 𝐶0∗ 𝛽 2 + 2𝛼𝛽𝑁0

(4)

where 𝑁0 and 𝐶0 are the populations and correlations
before the quench, respectively, and 𝛼 and 𝛽 are the
Bogoliubov coefficients [30]. For our series of two
quenches, Eqs. 3 and 4 are applied twice. Since each
quench either starts or ends with no interactions, α and
β are the same Bogoliubov coefficients which
diagonalize the Hamiltonian of a weakly-interacting
quantum fluid [31]. In the absence of quasiparticles
before a given quench, the pair production is
spontaneous, and Eqs. 3 and 4 become 𝑁 = 𝛽 2 and 𝐶 =
𝛼𝛽. On the other hand, a distribution of quasiparticles
before the quench, thermal or otherwise, will stimulate
additional pairs.

convection, and accounts for the measured quantum
efficiency of the camera [30].
In Fig. 2(a) we observe ring patterns in 𝑆(𝑘𝑥 , 𝑘𝑦 , 𝑘𝑧′ =
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. They occur
because the modes 𝑘 are generated synchronously at the
moment of the quench, and oscillate with different
frequencies 𝜔𝑘 . The rings shrink with 𝜏 since lower
frequencies take longer to develop oscillations. The
radius of the first minimum is seen to be in good
agreement with the theoretical prediction of Eq. 2,
indicated by the dashed green curve. The azimuthal
averages of the spherically-symmetric 𝑆(𝑘) are
indicated in black in Fig. 2(b). The red curves are
calculated from Eq. 2, taking into account the two
quenches, and the variations in 𝛼, 𝛽, and 𝜔𝑘 which
result from the measured absorption [30].

The fluid of light is imaged on a sCMOS camera, as
shown in Fig. 1(c). We tune the imaging system to pick
out a certain 𝑧 after the cell, and the camera integrates
over true time, as illustrated in Fig. 1(b). Thus, each
image shows the density integrated in the 𝑧’ direction,
at an effective time 𝜏 after the second quench. For each
𝜏, an ensemble of 200 images is obtained in 7 seconds,
and the power spectrum 𝑆(𝑘𝑥 , 𝑘𝑦 , 𝑘𝑧′ = 0) is computed
by 2-dimensional Fourier transforms within the dashed
square shown in Fig. 1(c). The computation partially
removes the effects of any drifts such as thermal

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
cut-off frequency is on the order of 1/𝜏, which

Fig. 2. Analogue cosmological particle creation in a quantum fluid of light. (a) The static structure factor
𝑆(𝑘𝑥 , 𝑘𝑦 , 𝑘𝑧′ = 0) at various times after the second quench. The dashed green curve indicates 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. (c) Density-density correlations. The experimental (black) and theoretical (red) curves are
obtained from (b) by the spherical Fourier transform of Eq. 6.
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corresponds to the first peak in 𝑆(𝑘). Well below this
𝑘-value, Eq. 2 reduces to 𝑆(𝑘) = 1 + 2𝑁1 , where 𝑁1 is
the incoherent population before the first quench. Thus,
the value of 𝑆(𝑘) gives a direct measure of 𝑁1 . Fig. 3(a)
shows the 𝑆(𝑘) curves for all 𝜏 plotted together. We
observe that 𝑆(𝑘) is at most 1.4 for low 𝑘, as indicated
by the dashed green line, giving 𝑁1 ≤ 0.2. This value is
finite, which implies a negligible thermal component,
since a thermal population diverges like 1⁄𝑘.
Furthermore, 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(c), 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.

vanishes for long weak pulses, as expected for
spontaneous and superradiant emission.
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. 3(d)
includes thermal stimulation with an effective
temperature 2𝑚𝑐s2 = 30 mK, which results in a greatly
enhanced first peak, absent from the experimental
curve. Thus, we estimate the effective temperature of
the thermal component to be less than 2𝑚𝑐s2 , as in an

The quasiparticles 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. 3(d). The upward
shift of 𝑆(𝑘) allows us to identify the presence of
background quasiparticles, due to spontaneous and
superradiant emission of photons from the atomic
medium, which cause additional stimulation in the
second quench. The downward slope of 𝑆(𝑘) observed
at large 𝑘 is due to the finite resolution of the imaging
system, measured to be 10 µm [30] and is included in
all theoretical curves. Other than this slope, 𝑆(𝑘)
oscillates about the value 1 + 2(𝑁1 + 𝑁b ), where 𝑁b is
the background population present in the fluid between
the two quenches. In our experimental configuration,
we calculate that the contribution of spontaneous and
superradiant emission leads to an incoherent population
of 𝑁b =1.3 [30]. The theoretical curves in Fig. 2(b)
include this additional stimulation with no adjustable
parameters, and confirm the origin of the background
population. While this incoherent, flat spectrum of 1.3
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. 3(e) we verify that this population

Fig. 3. Spontaneous and stimulated cosmological
particle production. (a) The envelope of 𝑆(𝑘). The black
curves of Fig. 2(b) are among the curves shown. Darker gray
indicates later time. The low-𝑘 limit is indicated by the
green dashed line. The 𝑘𝑝 mark the nodes and antinodes. (b)
The envelope of the theoretical curves. (c) The effect of
stimulation in the first quench. 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. 𝜏 =
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. 𝜏 = 153
ps is shown. (e) Effect of the interactions. The black curve
is from Fig. 2(b). 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. 𝜏 = 87 ps is
shown.
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atomic Bose-Einstein condensate. For the second
quench, the thermal fraction does not diverge like 1/𝑘
since the zero-temperature static structure factor in the
fluid of light goes to zero for low 𝑘 [32].
Fig. 3(a) exhibits a beating pattern in the envelope of
the various curves, resulting from interference between
analogue cosmological particles created in the two
quenches. The theoretical curves in Fig. 3(b) show a
similar pattern. We can obtain a simple expression for
the beating by neglecting absorption and approximating
𝛼 ≈ 1 and 𝛽 ≪ 1, which is valid for all but the lowest
values of 𝑘. This yields
𝑆(𝑘) = 1 + 2(𝑁1 + 𝑁b ) + 4𝛽𝑁b 𝑐𝑜𝑠(2𝜔𝑘 𝜏) + 4𝛽(1 +
2𝑁1 ) sin(𝜔12 𝑘 𝜏12 ) sin(2𝜔𝑘 𝜏 + 𝜔12 𝑘 𝜏12 ) (5)

where 𝜔12 𝑘 = √𝑔𝜌𝑘 2⁄𝑚 + (ℏ𝑘 2⁄2𝑚)2 and 𝜔𝑘 =
ℏ𝑘 2⁄2𝑚 are the Bogoliubov frequencies between the
quenches and after the second quench, respectively, and
𝜏12 is the time difference between the quenches. The
last term in Eq. 5 results from the interference. The
sin(𝜔12 𝑘 𝜏12 ) factor is the envelope, which has nodes
and antinodes at 𝜔12 𝑘 = 𝜋𝑝⁄2𝜏12 , where 𝑝 is an
𝑝

integer. By identifying each 𝑘𝑝 as shown in Fig. 3(a), 4
points on the dispersion relation are found, as indicated
by blue points in Fig. 4(a). These points agree well with
the dispersion relation in the medium, calculated from
the interactions, and indicated by the blue curve.

Fig. 4. Individual modes of the analogue cosmological
particles. (a) The dispersion relation. The blue points are
derived from the 𝑘𝑝 in Fig. 3(a). The black curve is obtained
by sinusoidal fits to the curves in (c). 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. 3(a), and are shifted vertically. The vertical dashed line
is used to find the values in (c). (c) Each curve shows the 𝜏dependence of a definite 𝑘, given by the values along a
vertical line in (b), such as the dashed line. The gray scale is
the same as in (b). The 𝑘-values shown are equally spaced by
5.4×10-3 µm-1. The green curves are computed with Eq. 2.
Each pair of black and green curves has been shifted
vertically, with a spacing of 2. (d) The power spectrum of
temperature fluctuations in the CMB, as a function of
multipole number, from Ref. 15. The inset shows our
measurement for 𝜏 = 53 ps.

Fig. 4(b) shows the curves of Fig. 3(a), 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. 4(c). Each mode is seen to oscillate
sinusoidally after the second quench. We observe as
much as 3 full oscillation periods. The frequencies of
the oscillations, indicated by the black curve in Fig.
4(a), agree well with the free-particle spectrum
indicated by the magenta curve.
We also determine the spatial density correlations
produced by the analogue cosmological particle
creation. We derive the density-density correlation
function 𝑔(2) (𝑟) from 𝑆(𝑘) by the 3-dimensional
spherically-symmetric Fourier transform
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1

𝑔(2) (𝑟) − 1 = 2𝜋2 𝜌 ∫ 𝑑𝑘 𝑘 2

sin(𝑘𝑟)
[𝑆(𝑘) −
𝑘𝑟

quench, as in our measurement. Thus, the longwavelength modes during inflation are likely near their
vacuum state with a negligible thermal contribution, as
predicted [4, 5].

1]. (6)

Figure 2(c) shows 𝑔(2) (𝑟) − 1, found by applying Eq.
6 to Fig. 2(b). The oscillations are spherical shells
propagating outward. The correlations are seen to reach
increasing distances as time increases. They are on the
order of 10-6, which implies that the relative density
fluctuations are on the order of 10-3. 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. 6 to Eq. 2, and quantitative
agreement with the experimental curves is seen.

In conclusion, we observe both spontaneous and
stimulated analogue cosmological particle production
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 fieldtheoretical prediction, with no free parameters. The
long wavelength part of the spectrum provides a
window into early times before the particle production,
and we apply this principle to the CMB angular
spectrum. This work establishes the paraxial fluid of
light as a quantum fluid, and confirms that effective
time is relevant for quantum field theory. The effective
temperature is less than twice the chemical potential,
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. Thus, the paraxial fluid of light
presents opportunities for a wide class of experiments.

Our experimental results open interesting prospects for
cosmology. In particular, the window back in time
discussed above also applies to the CMB angular
spectrum from Ref. 15, shown in Fig. 4(d). The quench
begins during the inflation period of the early universe,
when the oscillation frequency 𝜔𝑘 of a given
cosmological particle mode drops below the expansion
rate of the universe, as illustrated in Fig. 1(d) [6]. It ends
during the radiation-dominated period, when the
expansion rate drops below 𝜔𝑘 . The effective
observation occurs a time 𝜏 later, when the photons
decouple from matter [4]. The first peak near ℓ = 200 in
Fig. 4(d) corresponds to 𝜔𝑘 𝜏 = 𝜋 [11]. The region well
below the first peak is known to be a pristine imprint of
the initial conditions just after the quench [15]. This
region is similar to our measurement shown in the inset,
plotted in terms of mode number ℓ ≡ 𝑘𝑤⁄2𝜋, where 𝑤
is the waist of the laser beam (the radius of the analogue
universe). This mode number is analogous to the
multipole number in the CMB angular spectrum, when
mapped back to the cosmological particle modes in the
early universe [11]. We can use this region of the CMB
spectrum to look even further back in time, since the
low values in this region suggest vacuum before the
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Supplementary Material
3-dimensional Gross-Pitaevskii equation
It is known that the wave equation for a fluid of light takes the form of the following nonlinear Schrödinger
equation, within the usual paraxial and slowly-varying envelope approximations [27, 29, 33]
𝜕ℰ

1

𝑖 𝜕𝑧 = − 2𝑘 ∇2⊥ ℰ +
0

𝐷0 𝜕2 ℰ
2 𝜕𝑡 2

𝑖 𝜕ℰ
g 𝜕𝑡

−𝑣

+ 𝑈(𝐫, t)ℰ + 𝑔(𝐫, t)|ℰ|2 ℰ

(S1)

where ℰ(𝑥, 𝑦, 𝑧, 𝑡) is the electric field, 𝑘0 is the wavenumber of the light, ∇⊥ ≡ (𝜕𝑥 , 𝜕𝑦 ), 𝐷0 = 𝜕 2 𝑘0⁄𝜕𝜔2
is the group velocity dispersion, 𝑣g = 0.007𝑐 is the group velocity, 𝑈(𝐫, t) is the external potential due to
an applied index of refraction, and 𝑔(𝐫, t) is the effective coupling constant due to nonlinearity. The role of
time is played by the spatial coordinate 𝑧 in the direction of propagation, and the fluid is 2-dimensional in
the transverse coordinates 𝑥 and 𝑦. Equation S1 also contains first and second derivatives with respect to
the true time 𝑡, but these are often neglected (the monochromatic approximation). However, the 3dimensional nature of our study requires a different approach.
Firstly, we write Eq. S1 in energy units, as in the usual Gross-Pitaevskii equation,
𝜕𝜓

ℏ2

ℏ2

𝑖ℏ𝑐 𝜕𝑧 = − 2𝑚 ∇2⊥ 𝜓 − 2𝑚

2
𝑧′ 𝑣g

𝜕2 𝜓
𝜕𝑡 2

−

𝑖ℏ𝑐 𝜕𝜓
𝑣g 𝜕𝑡

+ 𝑈(𝐫, t)𝜓 + 𝑔(𝐫, t)|𝜓|2 𝜓

(S2)

where 𝜓(𝑥, 𝑦, 𝑧, 𝑡) is the macroscopic wavefunction, normalized such that the mean of |𝜓|2 is the photon
density 𝜌 ≈ 7×1016 m-3. Also, the effective photon mass is 𝑚 = ℏ𝑘0 ⁄𝑐 =2.8×10-36 kg, and 𝑚𝑧′ =
−ℏ⁄𝑐𝑣g2 𝐷0. The mean-field interaction energy (the chemical potential) is given by 𝑔(𝐫, 𝜏)𝜌 =
−ℏ𝑐𝑘0 ∆𝑛⁄𝑛, and the external potential is given by 𝑈(𝐫, 𝜏) = −ℏ𝑐𝑘0 𝛿𝑛/𝑛, where 𝛿𝑛 is an applied change
in the index of refraction. Furthermore, the healing length is given by 𝜉 = ℏ⁄𝑚𝑐𝑠 = 60 µm, where 𝑐𝑠 =
√𝑔(𝐫, 𝜏)𝜌⁄𝑚 = 𝑐√−∆𝑛⁄𝑛 is the speed of sound for the Bogoliubov excitations. The length scale
associated with group velocity dispersion is given by 𝜉𝑧′ = 𝜉(𝑚⁄𝑚𝑧′ )1⁄2 = 6 mm (27). In order for Eq’s.
S1 and S2 to be valid, the frequency interval 𝑣g ⁄2𝜋𝜉𝑧′ = 50 MHz should be much less than the 1.5 GHz
detuning, which is indeed the case. The effective s-wave scattering length is 𝑎s = 𝑚𝑔(𝐫, 𝜏)⁄4𝜋ℏ2 =
3.1×10-10 m.
Secondly, rather than neglecting the time derivatives, we make the coordinate transformation (𝑧, 𝑡) →
(𝑧′, 𝜏), where the effective time is 𝜏 = 𝑧/𝑐 (𝑧 plays the role of time), and
𝑧′ ≡ √

𝑚𝑧′
(𝑣g 𝑡
𝑚

− 𝑧)

(S3)

where the first factor is 𝛾 in the main text. This coordinate 𝑧’ is comoving with the light at the group velocity,
and is compressed due to group velocity dispersion. The relationship between 𝑧 and 𝑧’ is illustrated in Fig.
S1. The square pulse in Fig. S1(a) is stationary and compressed when plotted versus 𝑧’, as shown in Fig.
S1(b). The second factor in Eq. S3 is from Ref. 28. The transformation is
𝜕𝜓
𝜕𝑧
(𝜕𝜓
)
𝜕𝑡

=

𝜕𝑧′
𝜕𝑧
(𝜕𝑧′
𝜕𝑡

𝜕𝜏
𝜕𝜓
𝜕𝑧
𝜕𝑧′
) ( 𝜕𝜓 )
𝜕𝜏
𝜕𝑡
𝜕𝜏
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𝑚𝑧′
𝑚

1
𝑐

𝑚
𝑣 √ 𝑧′
( g 𝑚

0

−√
=

)

𝜕𝜓
𝜕𝑧′
(𝜕𝜓 )
𝜕𝜏

(S4)

Applying the transformation twice gives
𝜕2 𝜓
𝜕𝑡 2

𝑚𝑧′ 𝜕2 𝜓
)
𝑚 𝜕𝑧′2

= 𝑣g2 (

(S5)

Inserting 𝜕𝜓⁄𝜕𝑧, 𝜕𝜓⁄𝜕𝑡, and 𝜕 2 𝜓⁄𝜕𝑡 2 from Eq’s. S4 and S5 into Eq. S2 gives Eq. 1, the 3-dimensional
Gross-Pitaevskii equation. All three space coordinates 𝑥, 𝑦, and 𝑧’ have the same mass 𝑚 and healing length
𝜉. Thus, we have recast Eq. S1 into the 3-dimensional Gross-Pitaevskii equation without any further
approximation. The mapping carries on to the quantized field, as shown in Ref. 27.

Fig. S1. The comoving and compressed coordinate. (a) A square pulse as a function of 𝑧. (b) The same
pulse as a function of 𝑧’.

The determination of ∆𝑛
The interaction between photons is quantified by the nonlinear contribution to the index of refraction 𝑛,
given by ∆𝑛 = 𝑛(𝐼) − 𝑛(0), where 𝐼 is the laser intensity. We would like to express ∆𝑛 in terms of easily
measurable quantities. The index of refraction is given by 𝑛 = √1 + Re(𝜒), where 𝜒 is the atomic
susceptibility. Since 𝑛 ≈ 1, one obtains ∆𝑛 = ∆[Re(𝜒)]/2. Furthermore, the absorption coefficient is given
by 𝛼a = 𝑘0 Im(𝜒). Thus,
𝛼

∆𝑛 = 2𝑘a

0

∆[Re(𝜒)]
Im(𝜒)

Also, 𝜒 is proportional to (𝑖 − 2δ⁄Γ) [1 + (2δ⁄Γ)2 + 𝐼 ⁄𝐼sat ]−1, where δ is the detuning from resonance,
Γ is the linewidth, and 𝐼sat is the saturation intensity. This gives
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−
𝛼

∆𝑛 = 2𝑘a

0

2δ
2δ
Γ
Γ
+
2
2
2δ
𝐼
2δ
1+( ) +
1+( )
Γ
𝐼sat
Γ
1
2δ 2
𝐼
1+( ) +
Γ
𝐼sat

(S6)

The detuning is δ = -1.5 GHz relative to the 85Rb cooling transition, and the self-broadened linewidth is
Γ/2π = 16 MHz (34), for the vapor cell temperature of 150 ̊C, corresponding to an atomic density of 1×1020
m-3. The intensity is given by 𝐼 = 2𝑃⁄𝜋𝑤 2 , 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 𝐼sat to be the far-detuned, 𝜋-polarized value, 25 Wm-2 [35]. The absorption coefficient is
given by 𝛼a = −(ln 𝑇)⁄𝐿, where 𝑇 = 0.2 is the transmission through the vapor cell of length 𝐿 = 10 mm.
The wavenumber is given by 𝑘0 = 2𝜋⁄𝜆, where 𝜆 = 780 nm. Equation S6 yields ∆𝑛 = -8.6×10-6 and 1.7×10-6 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 ∆𝑛 and 𝛼a , 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.

Spontaneous and superradiant emission
The absorption of the laser pulse implies that photons were scattered by the atomic vapor. Early in the pulse,
the number of previously scattered photons is small, so the emission is spontaneous. As the number of
photons 𝑁m emitted into each single mode grows, the emission rate increases by a factor 1 + 𝑁m , due to
superradiance [36].
The total number of photons 𝑁s emitted during the pulse is equal to the number of photons removed from
the pulse by absorption,
𝑁s =

𝑃L 𝑡p
(1 − 𝑇)
ℏ𝑐𝑘0

where 𝑡p is the length of the pulse, and 𝑃L = 𝑃 erf 2 (𝐿s ⁄√2𝑤) is the laser power within the dashed square
in Fig. 1(c), with dimension 𝐿s = 6 mm. We are interested in the number of photons per mode 𝑁m . The
number 𝑁s is readily observable experimentally, and it essentially fixes 𝑁m , regardless of whether the
photons were emitted spontaneously or superradiantly. Nevertheless, we explicitly include superradiance
in the calculation.
Only those photons with the same frequency and polarization as the fluid of light become quasiparticles.
Thus, the absorption and emission must return the atom to the original hyperfine 𝐹, 𝑚F level. The ground
state of 85Rb has 𝑛gs =12 such levels. Furthermore, only 𝑞 = ½ of the emitted photons have the relevant
polarization. Also, the width of a mode is given by 𝛿𝑘 = 2𝜋⁄𝐿s , and the total number of modes is 𝑛m =
4𝜋𝑘02⁄𝛿𝑘 2 = 4𝜋𝐿2s ⁄𝜆2. The total number of photons emitted into each mode, with the correct frequency
and polarization, is given by
𝑁t = 𝑁s 𝑞⁄𝑛gs 𝑛m =

𝑞𝜆3 𝑃𝑡p
8𝜋2 ℏ𝑐𝐿2s 𝑛gs

(1 − 𝑇) erf 2 (𝐿s ⁄√2𝑤).
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(S7)

However, the photons have a finite lifetime Δ𝑡 = 1⁄Δ𝜔, where Δ𝜔=6×105 sec-1 is the spectral width of the
laser. We can find the corresponding reduction in the number of photons per mode by considering the rate
at which photons are created and lost, given by
𝑁
𝑁̇m = 𝑅(1 + 𝑁m ) − Δ𝑡m

(S8)

where 𝑅 is the rate of spontaneous emission, and the first term includes superradiance. The rate is given
by
𝑅 = 𝑡p−1 ln(1 + 𝑁t )

(S9)

which ensures that the total number of photons produced by the first term in Eq. S8 is 𝑁t . The solution of
Eq. S8 at 𝑡 = 𝑡p is
R

𝑁m = Δ𝜔−𝑅 [1 − 𝑒 −𝑡p (Δ𝜔−𝑅) ].

(S10)

For the 𝑡p = 100 ns pulses used in Fig. 2, Eq’s. S7, S9, and S10 give 𝑁m = 1.3. On the other hand, the blue
curve in Fig. 3(d) employs pulses which are 500 times longer and weaker, corresponding to 𝑁m = 0.04.

Computation of 𝑆(𝑘𝑥 , 𝑘𝑦 , 𝑘𝑧′ = 0)
The power spectrum (static structure factor) 𝑆(𝑘𝑥 , 𝑘𝑦 , 𝑘𝑧′ ) of a system of 𝑀 particles (photons in our case)
is given by
2

𝑆(𝑘𝑥 , 𝑘𝑦 , 𝑘𝑧′ ) =

〈|𝛿𝜌(𝑘𝑥 ,𝑘𝑦 ,𝑘𝑧′ )| 〉
𝑀

(S11)

where 𝛿𝜌(𝑘𝑥 , 𝑘𝑦 , 𝑘𝑧′ ) = ∫ 𝑑𝑥 𝑑𝑦 𝑑𝑧′ 𝛿𝜌(𝑥, 𝑦, 𝑧′) 𝑒 −𝑖(𝑘𝑥 𝑥+𝑘𝑦 𝑦+𝑘𝑧′ 𝑧′) and the density fluctuation
𝛿𝜌(𝑥, 𝑦, 𝑧′) = 𝜌(𝑥, 𝑦, 𝑧′) − 〈𝜌(𝑥, 𝑦, 𝑧′)〉. Setting 𝑘𝑧′ = 0, one obtains the 2-dimensional Fourier transform
𝛿𝜌(𝑘𝑥 , 𝑘𝑦 , 𝑘𝑧′ = 0) = ∫ 𝑑𝑥 𝑑𝑦 𝛿𝜌̃(𝑥, 𝑦) 𝑒 −𝑖(𝑘𝑥 𝑥+𝑘𝑦 𝑦)

(S12)

where 𝜌̃(𝑥, 𝑦) = ∫ 𝑑𝑧′ 𝜌(𝑥, 𝑦, 𝑧′) is the number density integrated in the 𝑧′ direction, a quantity we measure
directly on the camera.
The density fluctuation 𝛿𝜌̃ = 𝜌̃ − 〈𝜌̃〉5 is computed for each image, where 〈𝜌̃〉5 is the average of 5 adjacent
images rather than the average 〈𝜌̃〉 over the entire ensemble. This technique reduces the effects of drifts in
the experimental parameters. As mentioned in relation to Fig. 2(c), the relative density fluctuation 𝛿𝜌̃⁄〈𝜌̃〉
is on the order of 10-3, so small drifts can play a role. For example, thermal convection of the 85Rb gas may
induce small changes in the shape of the fluid of light from image to image. The 2-dimensional Fourier
transform of Eq. S12 is computed for each image within the dashed square of Fig. 1(c). The power spectrum
𝑆(𝑘𝑥 , 𝑘𝑦 , 𝑘𝑧′ = 0) is computed by Eq. S11. The use of 〈𝜌̃〉5 rather than 〈𝜌̃〉 reduces the fluctuations by a
factor of 4/5. Thus, 𝑆(𝑘𝑥 , 𝑘𝑦 , 𝑘𝑧′ = 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(𝑘𝑥 , 𝑘𝑦 , 𝑘𝑧′ = 0) closer to unity. Thus, 𝑆(𝑘𝑥 , 𝑘𝑦 , 𝑘𝑧′ = 0) − 1 is multiplied by the factor 1/𝑄.
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The static structure factor as a measure of 2-mode fluctuations
We can gain additional insight into the power spectrum by noting that it measures the relative fluctuations
between two regions of the fluid of light. The vector (𝑘𝑥 , 𝑘𝑦 , 𝑘𝑧′ = 0) defines the two areas, indicated by
red and green in Fig. S2. The power spectrum is essentially given by 𝑆(𝑘𝑥 , 𝑘𝑦 , 𝑘𝑧′ = 0) =
2

〈(𝑁r − 𝑁g ) 〉⁄〈𝑁r + 𝑁g 〉, where 𝑁r and 𝑁g are the numbers of photons in the total red and green regions.
The quantity 𝑁r − 𝑁g could be computed by multiplying the image by a square wave and summing, but
sine and cosine functions are used, giving a Fourier transform.

Fig. S2. The power spectrum as a measure of relative fluctuations between two areas. The total red
and green regions of the image indicate the two areas defined by the vector (𝑘𝑥 , 𝑘𝑦 , 𝑘𝑧′ = 0).

Measuring the imaging resolution
The resolution of the imaging system is determined from images of very small rubidium droplets on the
window of the vapor cell, as shown in Fig. S3(a). The sizes of the droplets are below the resolution, so the
images show the point spread function of the imaging system. The Fourier transform of the images gives
the response of the imaging system as a function of 𝑘. The magnitude squared of the 2-dimensional Fourier
transform is computed for each image, and the average over all images is found. The azimuthal average of
this quantity is shown in Fig. S3(b). The dashed curve is a Gaussian fit, normalized to unity, which is taken
as the response of the imaging system. The Gaussian is of the form exp(−𝑅2 𝑘 2⁄4), where 𝑅 = 10 µm is
the measured resolution. Throughout this work, the theoretical curves for 𝑆(𝑘) − 1 are multiplied by this
Gaussian.
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Fig. S3. The resolution of the imaging system. (a) Images of tiny rubidium droplets. Each image shows
the point spread function of the imaging system. Each image has dimensions 85 µm × 85 µm. (b) The
response of the imaging system. The solid curve is determined from the images in (a). The dashed curve is
a Gaussian fit.

Derivation of Eq’s. 3 and 4
The annihilation operators are given by 𝑎̂𝐤 (before the quench), and 𝑏̂𝐤 (after the quench). The population
†
† ∗
〉,
and correlations before the quench are 𝑁0 ≡ 〈𝑎̂𝐤† 𝑎̂𝐤 〉 = 〈𝑎̂−𝐤
𝑎̂−𝐤 〉 and 𝐶0 ≡ 〈𝑎̂𝐤 𝑎̂−𝐤 〉 = 〈𝑎̂𝐤† 𝑎̂−𝐤
̂
respectively. The operators before and after the quench are related by the Bogoliubov transformation 𝑏𝐤 =
†
𝛼𝑎̂𝐤 + 𝛽𝑎̂−𝐤
, where the Bogoliubov coefficients are given by 𝛼 = (√𝑆0 + 1⁄√𝑆0 )⁄2, and 𝛽 =
(√𝑆0 − 1⁄√𝑆0 )⁄2, where 𝑆0 = (𝜉𝑘)2 ⁄√4(𝜉𝑘)2 + (𝜉𝑘)4 , and 𝜉 is the healing length just after the first
quench [31]. Since 𝑏̂𝐤† = 𝛼𝑎̂𝐤† + 𝛽𝑎̂−𝐤 , one obtains 〈𝑏̂𝐤† 𝑏̂𝐤 〉 = 𝛼 2 〈𝑎̂𝐤† 𝑎̂𝐤 〉 + 𝛽 2 (1 + 〈𝑎̂𝐤† 𝑎̂𝐤 〉) +
†
〉 + 𝛼𝛽(1 +
2𝛼𝛽 Re〈𝑎̂𝐤 𝑎̂−𝐤 〉, which is Eq. 3. One also obtains 〈𝑏̂𝐤 𝑏̂−𝐤 〉 = 𝛼 2 〈𝑎̂𝐤 𝑎̂−𝐤 〉 + 𝛽 2 〈𝑎̂𝐤† 𝑎̂−𝐤
2〈𝑎̂𝐤† 𝑎̂𝐤 〉), which is Eq. 4.
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𝑆(k) including absorption
The annihilation operators are given by 𝑎̂𝐤 (before the vapor cell), 𝑏̂𝐤 (in the vapor cell), and 𝑐̂𝐤 (after the
vapor cell).
Before the vapor cell (the initial state)
†
The population is 𝑁1 ≡ 〈𝑎̂𝐤† 𝑎̂𝐤 〉 = 〈𝑎̂−𝐤
𝑎̂−𝐤 〉, which may be a thermal distribution or otherwise. The
population is assumed to be incoherent, so the correlations are 〈𝑎̂𝐤 𝑎̂−𝐤 〉 = 0.

First quench
The first quench occurs at an effective time 𝜏0 = − 𝐿⁄𝑐. The operators before and after the quench are
†
related by the Bogoliubov transformation 𝑏̂𝐤 = 𝛼(𝜏0 )𝑎̂𝐤 − 𝛽(𝜏0 )𝑎̂−𝐤
, where the Bogoliubov coefficients
are given by 𝛼(𝜏0 ) = (√𝑆0 + 1⁄√𝑆0 )⁄2, and 𝛽(𝜏0 ) = (√𝑆0 − 1⁄√𝑆0 )⁄2, where 𝑆0 =
(𝜉𝑘)2 ⁄√4(𝜉𝑘)2 + (𝜉𝑘)4 , and 𝜉 is the healing length just after the first quench [31]. The population after
the first quench is given by 〈𝑏̂𝐤† 𝑏̂𝐤 〉 = 𝛼 2 (𝜏0 )𝑁1 + 𝛽 2 (𝜏0 )(1 + 𝑁1 ) + 𝑁b , where the first two terms are from
the Bogoliubov transformation, and 𝑁b is the background distribution of quasiparticles inside the vapor
cell, thermal or otherwise. The correlations after the first quench are given by 〈𝑏̂𝐤 𝑏̂−𝐤 〉 =
−𝛼(𝜏0 )𝛽(𝜏0 )(1 + 2𝑁1 ). These populations and correlations are the initial state for the second quench.

Second quench
The second quench occurs at 𝜏 = 0, and the operators before and after are related by the Bogoliubov
†
transformation 𝑐̂𝐤 = 𝛼(0)𝑏̂𝐤 + 𝛽(0)𝑏̂−𝐤
, where the Bogoliubov coefficients include the effects of
propagation and absorption in the vapor cell. We find that the Bogoliubov coefficients obey the wave
equation [37]
𝜕

𝑖 𝜕𝜏 [

𝑖𝑐𝛼a
2

where 𝒦(𝜏) ≡ (

+

ℏ𝑘 2
2𝑚

𝛼(𝜏)
𝛼(𝜏)
] = 𝒦(𝜏) [
]
𝛽(𝜏)
𝛽(𝜏)

+ 𝑐𝑘0 ∆𝑛

−𝑐𝑘0 ∆𝑛

𝑐𝑘0 ∆𝑛
𝑖𝑐𝛼a
2

−

ℏ𝑘 2
2𝑚

(S13)

)

− 𝑐𝑘0 ∆𝑛

We find
[

𝛼(𝜏0 ) 𝑐𝛼𝜏⁄2
𝛼(𝜏)
] = ∏0𝑞=𝑀 𝑒 −𝑖𝒦(𝜏𝑞 )𝛿𝜏 [
]𝑒
𝛽(𝜏)
𝛽(𝜏0 )

(S14)

where the first two factors are the solution of Eq. S13 from [37], the last factor is added to ensure that
|𝛼(𝜏)|2 − |𝛽(𝜏)|2 = 1, 𝛿𝜏 = (𝜏 − 𝜏0 )⁄𝑄, and 𝜏𝑞 = 𝑞𝛿𝜏. The integer 𝑄 should be large enough to ensure
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convergence. Eq. S14 is evaluated at 𝜏 = 0 to obtain the Bogoliubov coefficients for the second quench,
𝛼(0) and 𝛽(0).
The populations after the second quench are given by 〈𝑐̂𝐤† 𝑐̂𝐤 〉 = |𝛼(0)|2 〈𝑏̂𝐤† 𝑏̂𝐤 〉 + |𝛽(0)|2 (1 + 〈𝑏̂𝐤† 𝑏̂𝐤 〉) +
2〈𝑏̂𝐤 𝑏̂−𝐤 〉 Re[𝛼(0)𝛽 ∗ (0)], which becomes
〈𝑐̂𝐤† 𝑐̂𝐤 〉 = |𝛽(0)|2 + [|𝛼(0)|2 + |𝛽(0)|2 ][𝛼 2 (𝜏0 )𝑁1 + 𝛽 2 (𝜏0 )(1 + 𝑁1 ) + 𝑁b ]
−2𝛼(𝜏0 )𝛽(𝜏0 )(1 + 2𝑁1 ) Re[𝛼(0)𝛽 ∗ (0)]

(S15)

The correlations just after the second quench are given by 〈𝑐̂𝐤 𝑐̂−𝐤 〉 = [𝛼 2 (0) + 𝛽 2 (0)]〈𝑏̂𝐤 𝑏̂−𝐤 〉 +
𝛼(0)𝛽(0)(1 + 2〈𝑏̂𝐤† 𝑏̂𝐤 〉), which becomes
〈𝑐̂𝐤 𝑐̂−𝐤 〉 = −[𝛼 2 (0) + 𝛽 2 (0)]𝛼(𝜏0 )𝛽(𝜏0 )(1 + 2𝑁1 )
+𝛼(0)𝛽(0){1 + 2[𝛼 2 (𝜏0 )𝑁1 + 𝛽 2 (𝜏0 )(1 + 𝑁1 ) + 𝑁b ]}

(S16)

Power spectrum
In the Bogoliubov approximation, the Fourier transform of the density operator is given by 𝜌𝐤 =
†
√𝑁[𝛼(𝜏) + 𝛽(𝜏)](𝑐̂𝐤 + 𝑐̂−𝐤 ). The power spectrum a time 𝜏 after the second quench is given by 𝑆(𝐤) =
〈𝜌𝐤 𝜌−𝐤 〉⁄𝑁 = [𝛼(𝜏) + 𝛽(𝜏)]2 [1 + 2〈𝑐̂𝐤† 𝑐̂𝐤 〉 + 2Re(〈𝑐̂𝐤 𝑐̂−𝐤 〉𝑒 −𝑖2𝜔𝑘 𝜏 )], where the exp(−𝑖𝜔𝑘 𝜏) dependence
of 𝑐̂𝐤 is included. Since there are no interactions after the second quench, 𝛼(𝜏) = 1 and 𝛽(𝜏) = 0, and the
power spectrum becomes
𝑆(𝐤) = 1 + 2〈𝑐̂𝐤† 𝑐̂𝐤 〉 + 2Re(〈𝑐̂𝐤 𝑐̂−𝐤 〉𝑒 −𝑖2𝜔𝑘 𝜏 )
where 〈𝑐̂𝐤† 𝑐̂𝐤 〉 and 〈𝑐̂𝐤 𝑐̂−𝐤 〉 are given by Eq’s. S15 and S16, respectively.
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