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Abstract. By exciting the transverse breathing mode of an elongated Bose–Einstein condensate, we paramet-
rically produce longitudinal collective excitations in a pairwise manner. This process, also referred to as Fara-
day wave generation, can be seen as an analog to cosmological particle production. Building upon single par-
ticle detection, we investigate the early time dynamics of the exponential growth and compare our observa-
tions with a Bogoliubov description. The growth rate we observe experimentally is in very good agreement
with theoretical predictions, demonstrating the validity of the Bogoliubov description and thereby confirm-
ing the smallness of quasiparticle interactions in such an elongated gas. We also discuss the presence of os-
cillations in the atom number, which are due to pair correlations and to the rate at which interactions are
switched off.

Résumé. Nous excitons le mode de respiration transverse d’un condensat de Bose–Einstein allongé afin
de générer, de manière paramétrique, des paires d’excitations collectives longitudinales. Ce processus,
souvent dénommé instabilité de Faraday, peut également être interprété comme analogue à la production
cosmologique de particules. Dans ce travail, nous tirons parti de notre système capable de détecter un atome
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unique pour étudier le développement du motif généré et sa croissance exponentielle. Nous comparons
nos observations à celles prédites par la théorie de Bogoliubov pour un système homogène. Le taux de
croissance que nous mesurons expérimentalement est en très bon accord avec celui prédit théoriquement,
ce qui confirme la validité de la description du système via la théorie de Bogoliubov ainsi que la faiblesse des
interactions entre quasiparticules dans un condensat très allongé. Nous discutons également de la présence
d’oscillations dans le nombre d’atomes détectés, résultant du processus de création par paires et du temps
mis pour éteindre les interactions interatomiques.

Keywords. Parametric amplification, Bose–Einstein condensate, Faraday waves, quasiparticles, collective
excitations, analog gravity, early universe.

Mots-clés. Amplification paramétrique, condensat de Bose–Einstein, ondes de Faraday, quasiparticules,
excitations collectives, gravité analogue, univers primordial.
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1. Introduction

Parametric resonance is a ubiquitous phenomenon in physics, manifesting in systems ranging
from nonlinear optical amplifiers to particle creation in the early Universe [1]. It was first
reported in 1831 when Faraday observed the spontaneous formation of surface wave patterns
on a fluid subjected to vertical oscillations [2]. The oscillation periodically modifies the effective
gravitational field and thus the dispersion relation, which parametrically excites modes whose
frequencies are multiples of half the driving frequency [3]. The amplitude of these modes grows
exponentially from an initial seed, for instance thermal or vacuum fluctuations, forming a pattern
at the interface, before the growth saturates because of nonlinearities [4].

In quantum fluids such as Bose–Einstein condensates (BECs), the dispersion relation depends
on the interaction strength between atoms, which can be modulated in time [5,6], resulting in
the formation of Faraday patterns [7–9]. These patterns have been further interpreted as time
crystals [10–12] and have revealed a wide variety of structures in two-dimensional gases [13–
16]. The role of vacuum fluctuations in seeding the growth of the pattern was revealed through
the observation of entanglement between waves of opposite momentum [17]. Faraday waves
were also explored in other configurations, including fermionic clouds [18,19], two-component
superfluids [20], and fluids with different dispersion relations, such as those exhibiting a roton
minimum [21] or in optical lattices [22,23].

The dynamics of these collective excitations, or quasiparticles, on top of the fluid is analogous
to the dynamics of a quantum field on a curved space-time [24]. Thus, by engineering an ap-
propriate background profile, these experiments can reproduce well-known effects of quantum
field theory [25,26], such as analogs of Hawking radiation [27], cosmological particle creation [28–
31], or the dynamical Casimir effect [32,33]. However, in order to interpret or design these experi-
ments as faithful analogs of these effects, precise modeling of the system is required, an endeavor
to which R. Parentani made major contributions [34–38]. These proposals successfully led to the
experimental study of quasiparticle production in a time-dependent background [39–47] or in
the presence of an analog horizon [48–55].

In this work, we use single particle detection to investigate the early-time development of
Faraday patterns in a modulated BEC and give an interpretation within Bogoliubov theory, in light
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Figure 1. Experimental parametric excitation of quasiparticles. (a) Diagram of the experi-
mental setup. (b) By modulating dipole trap laser power P las, the breathing mode of the
BEC is excited. (c) The BEC width σ oscillates as long as the cloud is kept in the trap for a
duration ∆t . The breathing mode parametrically excites two longitudinal excitations with
opposite momenta. (d) Time evolution of the longitudinal density profile of the atom ve-
locity distribution. The dark band at vz = 0 is the condensate. After a hold time of about
2 ms, sidebands appear on either side of the condensate.

of Parentani’s work [36–38]. In Section 2, we present the experimental setup and procedure, along
with a brief summary of our model. In Sections 3 and 4, we observe the exponential growth of the
quasiparticle number and we compare the observed growth rate to a theoretical treatment [36].
Section 5 provides an interpretation of the oscillatory behavior of the atom number observed
during the growth dynamics. This oscillation results from the presence of correlations between
modes of opposite momentum, as well as from the non-adiabatic transfer between the collective
state confined in the trap and the free particles which we ultimately detect.

2. Experimental setup and model

Modulation protocol. We produce a cigar-shaped BEC with typically 15,000 atoms and at a
temperature between 30 and 45 nK, in a crossed dipole trap with longitudinal and transverse
frequencies of 40 Hz and 1 kHz, respectively. The experimental setup and procedure, sketched
in Figure 1(a), are the same as in [17], with the main difference being the number of atoms in
the BEC and its temperature, which we control by adjusting the final trap power. To excite the
gas, the power of the vertical laser Plas, which confines the gas transversely, is modulated at twice
the transverse trap frequency ω⊥, for four oscillation periods, see Figure 1(b). This modulation
excites the transverse breathing mode of the BEC: its widthσ continues to oscillate with the same
amplitude for an additional hold time ∆t after the modulation ends [56], as drawn in Figure 1(c)
(see also the experimental data in Figure 3(a)). This breathing mode is not damped by thermal
phonons [57] but rather couples to longitudinal collective excitations i.e. Faraday waves [58].

Detecting atoms. When the trap is switched off, the density decreases and atoms that carry a
collective excitation separate from the BEC, forming two sidebands, as shown in Figure 1(d).
Atoms fall onto a microchannel plate detector located 46 cm below the trap, which records the
arrival time and position of single atoms with a quantum efficiency of 25(5)% [59]. The time of
flight is sufficiently long that the arrival time and position at the detector accurately reflect the
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three-dimensional velocity of the atoms at the moment the trap and interactions were switched
off. The detector is protected from the vertical trapping laser; thus the 13µs Raman pulse that
transfers the atoms to a magnetically insensitive state after the trap switch off also imparts a
transverse momentum, ensuring that the atoms are detected on the unshielded region of the
detector. In addition, in some data sets, a 1 ms velocity-selective Bragg pulse deflects 97% of the
BEC atoms upwards at 48 mm/s, while not affecting the sidebands [60]. The Bragg pulse helps
prevent saturation of the detector in the vicinity of the sidebands, which may alter their shape
and intensity.

Modeling quasiparticle production. To model the production of longitudinal collective excita-
tions or quasiparticles, we make use of the Bogoliubov description and refer the interested reader
to the appendix or to [37,61] for the details of the model. In this approximation, the BEC is treated
as a coherent state acting as a reservoir for non-interacting quasiparticles. For simplicity, we ne-
glect the weak longitudinal harmonic trapping, which is not expected to change the physics at
play [62]. Quasiparticles with energy ħωk and momentum ħk are then described by annihilation
(creation) operators b̂(†)

k whose evolution obeys [37]:

∂t b̂k =−iωk b̂k +
ω̇k

2ωk
b̂†
−k where ωk =

√
g1n1

m
k2 +

(ħk2

2m

)2

. (1)

Here, ħ is the reduced Planck constant, m is the mass of the atoms, n1 is the one-dimensional
density and ω̇k represents the time derivative of ωk . The effective 1D interaction strength g1 is
proportional to the mean transverse density, and therefore inversely proportional to the cross-
sectional area of the BEC. Assuming a Gaussian transverse profile and extending the result
of [63,64] to the anisotropic case, we find g1 = 2ħ2as /(mσxσy ), where as is the atomic s-wave
scattering length and where x and y correspond to the principal axes along which the transverse
profile has minimal and maximal width. During the breathing oscillation, σx and σy vary in
time which in turn modulates the dispersion relation in Eq. (1). In the absence of oscillation,
ω̇k = 0 and the second term in Eq. (1) vanishes. Thus, each quasiparticle mode b̂k evolves
independently as b̂k ∝ e−iωk t . However, when g1 varies, we have ω̇k ̸= 0 and the evolution of
modes with opposite wavevector are coupled. In particular, when ω̇k oscillates at 2ω⊥, the two
modes with ω±k = ω⊥ are parametrically excited and squeezed. The number of quasiparticles
〈b̂†

k b̂k〉 increases exponentially, as does their anomalous correlation
∣∣〈b̂k b̂−k〉

∣∣, signaling a pair
production process. The rate of the exponential growth depends on the breathing amplitude,
which itself depends on the amplitude and duration of the laser power modulation.

Mapping quasiparticles to atoms. When the trap is switched off, the atomic wavefunction ex-
pands and the collective excitation state is mapped onto the free atomic state which is then de-
tected. The (a)diabatic nature of this mapping depends on the rate of change of the interaction
strength g1n1 [65] and will be discussed further in Section 5.

3. Exponential creation of quasiparticles

Observations. Figure 1(d) shows the one-dimensional density in velocity space as a function of
the hold time ∆t during which the BEC continues to breathe. In the figure, visible sidebands
emerge after about 2 ms, rapidly growing in intensity and oscillating at the modulation frequen-
cy ω⊥. We will focus on these two features — growth and oscillations of the sidebands — in
the following. One also sees that the mean momentum of the sidebands increases with time, a
behavior which may be related to an excitation of the longitudinal breathing mode [10]. Lastly,
we note that the longitudinal width of the BEC (at vz = 0) also exhibits oscillations. This effect
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Figure 2. Detected atom number in each sideband as a function of the hold time. In this
data set the laser power was modulated by ±15%. The atom number was counted in each
voxel as defined in the text. The data was fitted to Eq. (2) in the exponential regime, that is
between 0.5 and 4 ms. The solid blue and dashed orange lines show the fits for the negative
and positive velocity sidebands respectively. The fits give a reduced chi-squared of χ2

ν = 1.0
and χ2

ν = 1.2 respectively.

may be an artifact caused by detector saturation varying with the transverse width. In any case,
since it affects only the BEC and not the sidebands, we consider it unimportant for our analysis.

To quantify the growth, we define a 3D volume in velocity space, a voxel, whose longitudinal
size is roughly that of one mode [17]. For each hold time ∆t , the voxel is centered at the velocity
for which the atom density is maximum. In Figure 2, the evolution of the number of atoms in
the two sidebands is plotted as a function of hold time, confirming the exponential growth. The
oscillations shown here have also been observed in other experiments [10,13,16,19] and we will
discuss their interpretation in Section 5.

Model. We fit the measured number of atoms in the sidebands using

nd
k (∆t ) = n0 +∆n eGk∆t × [

1+ Ak cos(2ωk∆t +ϕk )
]
. (2)

The model fits well to the data in Figure 2. The physical meaning of some fit parameters, whose
theoretical expression is given in the appendix, is as follows. The offset n0 accounts for other non-
excited modes which are detected in the voxel analysis. The exponential growth is multiplied by
an overall prefactor ∆n, which characterizes the fluctuations that seed the parametric growth.
The parameter Gk characterizes the growth and Ak the amplitude of the oscillations. In our fit,
n0 and∆n are sensitive to the analysis voxel size, while Gk and Ak are not. These will be discussed
in the next sections.

4. Measurement of the growth rate

If we assume that the interaction strength g1 is modulated as

g1(t ) = g1(0)
[
1+a cos(ωd t )

]
, (3)

where a is the modulation amplitude and ωd the driving frequency, the growth dynamics can
be solved analytically. Without damping, the growth rate for the resonant mode ωk = ωd /2 in a
homogeneous gas is predicted to be [36]

G th
k = a

2

ωk

1+k2ξ2/4
(4)
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Figure 3. Comparison between the experimental and homogeneous undamped theoretical
rate. (a) The asymmetric breathing mode of the BEC is fitted with a sine function along both
axes. The modulation parameters are the same as in Figure 2. (b) The relative, effective 1D
interaction strength. (c) The fitted growth rate for different modulation amplitudes on the
vertical axis is compared to the prediction of Eq. (4) on the horizontal axis. The theoretical
growth rate is also shown as a line of unit slope.

where ξ=
√
ħ2/(mg1n1) is the healing length of the BEC.

Numerical estimates. The healing length is estimated via the dispersion relation (1) by matching
the sidebands velocity and the trap frequency. Since the quasiparticles are predominantly
produced where the density is highest, our estimate amounts to characterizing the cloud near the
center. The effective 1D interaction strength is inversely proportional to the cross-sectional area
of the BEC, g1 ∝ 1/σxσy . We can measure the relative amplitude of the oscillation by measuring
the transverse widths sx and sy of the cloud at the detector for different hold times∆t . Due to the
inverse relationship between spatial confinement and rate of expansion, the width at detection
is inversely proportional to the in situ width, sx ∝ 1/σx . We observe a 50% asymmetry in the
breathing amplitude between the x and y directions, as shown in Figure 3(a), which might reflect
a small trap anisotropy.1 The time dependence of sx and sy is well modeled by a sine function
from which we extract the amplitudes ax and ay . Because the effective interaction strength
depends on their product g1 ∝ sx sy , the value of a is given by a = (ax + ay )/(1+ ax ay /2). The
evolution of g1 is shown in Figure 3(b) and the solid line is the product of the fits of sx and sy ,
which shows a good agreement.

Results. We show in Figure 3(c) the measured growth rate Gk as a function of the theoretical
growth rate G th

k , evaluated using Eq. (4). The line of unit slope thus corresponds to the theoretical
prediction, and the measured growth rates are seen to be in very good agreement with the
predicted ones. Recently, it was shown that the growth rate should be sensitive to interactions
between quasiparticles [61] arising from higher-order terms in the Hamiltonian, which are not
taken into account within the Bogoliubov description. The dominant effect is the presence of a
decay rate that acts counter to the growth of quasiparticle populations and correlations [61,66].

1We believe this anisotropy to be small because both radii breathe at the same frequency.
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With our experimental parameters, the magnitude of this decay is predicted to be on the order of
0.1 ms−1, and while our data are not sufficiently precise to confirm such a small reduction, they
do confirm that any decay rate present cannot be much larger.

5. Microscopic interpretation and scaling of the oscillations

The large oscillation in the exponential growth of the atom number shown in Figure 2 was
also observed in other experiments [10,13,16,19]. Here we analyze this oscillation within the
Bogoliubov framework and show that it stems from two ingredients: the anomalous correlation
between opposite momentum quasiparticles and the diabatic transfer from the interacting basis
to the non-interacting one.

Bogoliubov transformation. During the parametric excitation, the number of quasiparticles
grows exponentially. We refer here to the quasiparticle operators as the operators b̂k which
diagonalize the Hamiltonian at any time. These quasiparticles correspond to superpositions of N
atoms moving in one direction and N −1 moving in the other. Since quasiparticles are produced
coherently in ±k pairs, the superposition of these moving atoms creates a standing wave in the
atomic density, which oscillates at frequency ωk as observed in [10–12,19]. This standing wave
corresponds to a superposition of equal numbers of atoms at momenta k and −k, whose number
is minimal whenever the density is momentarily stationary. As this occurs twice per cycle, the
atom number oscillates at frequency 2ωk . At (almost) any instant there is thus an excess of
moving atoms above the minimum, and this excess can be interpreted physically as driving the
movement of the density pattern, i.e. as those atoms which are moving from regions of decreasing
density into regions of increasing density.

Mathematically, the quasiparticle and atomic operators b̂k and âk are related by a Bogoliubov
transformation âk = uk b̂k + vk b̂†

−k and characterized by (uk , vk ) coefficients.2 The number of

atoms nat
k = 〈â†

k âk〉 with momentum k can be evaluated in the quasiparticle basis b̂k and is
given by

nat
k = v2

k + (u2
k + v2

k )〈b̂†
k b̂k〉+2uk vk Re

(〈b̂k b̂−k〉
)
, (5)

where we have used 〈b̂†
k b̂k〉 = 〈b̂†

−k b̂−k〉. When g1 is modulated, all the terms of Eq. (5) experience

an oscillation. However, the amplitudes of uk , vk and 〈b̂†
k b̂k〉 are small and the large oscillation in

the atom number is caused by the last term of Eq. (5), see Appendix A.1.
If the number of atoms nat

k is directly probed within the trap, Eq. (5) must be evaluated within

the trap. In the regime of exponential growth Gk t ≥ 1, we have |b̂k b̂−k | ∼ 〈b̂†
k b̂k〉 and the relative

oscillation amplitude Ak only depends on the (uk , vk ) Bogoliubov coefficients:

Ainst
k = 2|uk ||vk |

u2
k + v2

k

=
(
1+ ħ2k2

2mg1n1

)−1

, (6)

which is approximately equal to 0.7 with our parameters. However, experiments that measure
atoms in momentum space do so either after time-of-flight expansion (as in our case) or by imag-
ing atoms following a phase-space rotation [67,68], as in [16]. In both cases, the measurement is
performed once the atoms cease to interact and quasiparticles and atom operators are formally
identical: uk = 1 and vk = 0 in Eq. (5). The amplitude of the observed oscillation in nat

k then de-
pends on the details of the measurement protocol which modifies the state of the collective exci-
tations, e.g. the values 〈b†

k bk〉 and 〈b−k bk〉, while mapping it to that of the atoms. For a time-of-
flight expansion, this modification depends on the rate of change of the quasiparticle frequency

2The Bogoliubov coefficients are given by uk , vk = 1
2

(√
ħk2/(2mωk )±

√
2ωk m/(ħk2)

)
. This transformation depends

on the quasiparticle frequency ωk , which itself depends on the interaction term g1n1, see Eq. (1).
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Figure 4. A more adiabatic mapping of the quasiparticles to the atoms. (a) Numerical
solution and (b) experimental plot of the evolution of the number of atoms when the
transverse laser power, shown in the inset, is abruptly turned off (solid and round markers,
in red) or ramped down in 1.5 ms (dashed line and square markers, in green).

ω̇k /ωk as can be seen from Eq. (1) where a high value of ω̇k /ωk induces a mixing between the k
and −k modes, see Appendix A.2 for details. This point has also been discussed in the context of
other analog gravity experiments in [69].

(A)diabatic mapping. If the interaction is switched off suddenly with respect to 1/ωk , the state of
the system is instantaneously projected onto the atomic plane wave basis in a way similar to an in
situ fluorescence measurement. Experimentally this situation is realized when interactions are
tuned using a Feshbach resonance [16,44] or in an optical lattice [23,70]. On the other hand,
if the interaction term g1n1 decreases slowly so that ω̇k ≪ ω2

k , the system is in the so-called
phonon evaporation regime [65], and the collective excitation state is mapped adiabatically onto
the atomic basis.

Intermediate case. In our experiment, the interaction strength is driven by the transverse width
of the BEC g1 ∝ σ−2. Even if the dipole trap is turned off instantaneously, the transverse width
increases on a time scale of the order of ω−1

⊥ . As the frequency of the excited quasiparticles
corresponds precisely to this timescale, we are neither in the adiabatic nor in the diabatic regime.
The observed oscillation amplitudes in Figures 2 and 4(b) are about 0.5, smaller than Ainst

k = 0.7
and close to the amplitude found numerically (see Figure 4(a)). Although we cannot strictly reach
it experimentally, we can approach the adiabatic case by slowly ramping down the transverse
laser power. The resulting evolution of the atom number for a 1.5 ms ramp is shown in green
squares in Figure 4(b). One sees that the oscillations, if present, are quite weak. On the other
hand, the total number of atoms is higher than for the sudden turnoff. This is because the pair
production mechanism continues to operate during the ramping down of the laser power (see
Appendix A.4).

6. Conclusion

In this paper, we have studied the production of quasiparticles in a parametrically driven BEC.
Our observations of exponential growth and oscillation of the particle number are in agreement
with Bogoliubov theory as applied in [37]. The data clearly shows the parametric nature of the
process and the fact that the excitations are generated in a pairwise manner.
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The measured growth rate is in very good agreement with the predicted value, even in the
presence of a trap inhomogeneity. The precision of our measurements cannot isolate and
measure the small effect of quasiparticle interactions, which should reduce the growth rate [61].
Nevertheless, our results do confirm the smallness of this decay, if present. Future work will aim
to improve the experimental procedure in order to increase the signal-to-noise ratio and further
isolate this effect. Higher experimental precision may require a closer correspondence between
the experiment and the model, especially if we wish to compare the value of the damping of
the collective excitations with the prediction of [61]. Thus we envision repeating the above
experiments in a square potential [71]. Alternatively, the model could be improved by including
the density inhomogeneities. Also, exciting the gas with a Feshbach resonance would excite other
k modes while our excitation method is restricted to modes satisfying3 ωk =ω⊥. This perspective
is interesting because the predicted decay rate of [61] depends on k.

The observed oscillations are well understood. If we could precisely measure their amplitude
and estimate uk and vk , we would be able to compare the quasiparticle population to their
anomalous correlation (see Eq. (5)). This comparison would demonstrate the (non)separability
of the two-mode state [38] without looking at many-body correlation functions [72].

Appendix A. Model

In this appendix, we describe with a bit more details than in the main text our modeling of
the longitudinal excitations produced in the experiment and refer the reader to [37,66] for more
details.

Collective excitations. Our gas is neither in the 3D cigar-shaped regime nor in the 1D mean-
field regime [73] so we model its transverse profile using an effective Gaussian ansatz, assumed
cylindrically symmetric for simplicity, characterized by its width σ [63,64]. The evolution of σ is
controlled by the trapping frequency [37]

σ̈+ω2
⊥(t )σ= ħ2

m2σ3 . (7)

Neglecting transverse excitations, we integrate over this profile to have an effective one-
dimensional gas with a contact interaction4 g1 = 2ħa2

s /(mσ2). The small excitations around the
BEC of our weakly interacting gas are well described within Bogoliubov theory [74]. We split the
atomic field Ψ̂(z) into a classical pieceΨ0 describing the homogeneous BEC, and a quantum per-
turbation δΨ̂(z) describing the uncondensed atoms, and truncate the Hamiltonian at second or-
der in this perturbation H (2) [75].5 The dynamics of these interacting uncondensed atoms can
be conveniently recast as that of freely evolving collective excitations, or quasiparticles. They are
represented by annihilation (creation) operators b̂(†)

k related to the atomic one â(†)
k by a Bogoli-

ubov transformation âk = uk b̂k+vk b̂†
−k , where the values of uk , vk are given in the main text. The

quasiparticle operators by definition diagonalize the Hamiltonian H (2) =∑
k ̸=0ħωk (g1)b̂†

k b̂k with
ωk given by Eq. (1) and n1 = |Ψ0|2 the density of the BEC. Thus, a collective excitation of momen-
tum k has an energy ħωk and consists of atoms with opposite momenta ±k that keep interact-
ing. Our experimental set-up allows us to measure atom numbers nat

k = 〈â†
k âk〉 as a function of

momentum k which is related to the number of quasiparticles nk = 〈b̂†
k b̂k〉 and their anomalous

correlations ck = 〈b̂k b̂−k〉 by Eq. (5).

3By varying the excitation frequency of the laser power, we could in principle excite other modes [40]. However, the
procedure did not yield such a clear parametric growth as in Figure 2.

4Even without assuming a Gaussian profile for the transverse density, a similar result can be obtained [37].
5The difficulties with Bogoliubov treatment for a 1D homogeneous gas [76] are irrelevant here since we focus on a pair

of modes only.
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Dynamics. Working in the Heisenberg picture, the evolution of the quasiparticle content is given
by Eq. (1) whose solution between two times t ≥ t ′ is given by a Bogoliubov transformation on
the quasiparticle operators [36]

b̂k (t ) =α(t ; t ′)b̂k (t ′)+β⋆(t ; t ′)b̂†
−k (t ′), (8)

where α(t ; t ′),β(t ; t ′) are solutions of Eq. (1) with initial conditions α(t ′; t ′) = 1,β(t ′; t ′) = 0. At
the start of the experiment the trap is held constant ω⊥ = ω⊥,0, the gas’s transverse size σ is
fixed and so ωk is time-independent, which leaves only the first term in Eq. (1) encoding the
free evolution b̂k (t ) = b̂k (0)e−iωk t . The quasiparticle number is time-independent nk (t ) = nk (0)
and the correlation oscillates ck (t ) = e−i 2ωk t ck (0) at 2ωk . When the trap frequency ω⊥ is varied,
the transverse size of the gas reacts according to Eq. (7) and ωk becomes time-dependent.
The second term in Eq. (1) then does lead to a production of pairs of opposite momentum
quasiparticles which can be separated in the following two stages [37].

A.1. Modulation

We initially modulate the trap at resonance ω⊥,0 for δt = 4×π/ω⊥,0 after which we hold the trap
at ω⊥,0 for a duration ∆t . Eq. (7) then predicts that σ first experiences breathing oscillations at
frequency 2ω⊥,0 with linearly growing amplitude, which then persist at fixed amplitude during
the hold time, see Figure 1. This variation leads g1 to oscillate at 2ω⊥,0 [37]. To get explicit expres-
sions, we neglect the growth phase and assume sinusoidal oscillation with a fixed amplitude a i.e.
g1(t ) is given by Eq. (3) from t = 0 to ∆t . This modulation corresponds to a two-mode squeezing
operation on the ±k modes which are resonant with the process ω±k = ω⊥,0 [36]. Assuming an
initial thermal population n±k (0) = nin

k and ck (0) = 0, Eq. (8) can be solved using a rotating wave
approximation and gives [36]

nk (t )+ 1

2
=

(
nin

k + 1

2

)
cosh(Gk t ),

ck (t ) = e−2i
∫ t

0 ωk (t ′)dt ′
(
nin

k + 1

2

)
sinh(Gk t ),

(9)

where the growth rate is given by Eq. (4). Neglecting the early linear phase [66], these quantities
grow exponentially

nk (t )+ 1

2
−→

(
nin

k + 1

2

)
1

2
eGk t ,

ck (t ) −→ e−2i
∫ t

0 ωk (t ′)dt ′
(
nin

k + 1

2

)
1

2
eGk t .

(10)

To check that Eqs. (10) capture the essential features of the quasiparticle production process, we
compare them to a more complete numerical description of the experiment, see Section A.4 for
details. The results are shown Figure 5.

The number of atoms nat
k , defined in Eq. (5) and shown in solid red, exhibits pronounced

oscillations as witnessed experimentally. In contrast, and in agreement with Eq. (10), the number
of quasiparticles nk , shown in dashed blue, grows exponentially with only shallow oscillations
not captured by Eq. (10) because of the rotating wave approximation. Since these cannot be
responsible for the oscillations of nat

k , we examine in Figure 5(b) the evolution of the other terms
in Eq. (5): the Bogoliubov coefficients uk , vk , shown in dashed blue lines, and the real part of the
anomalous correlation Re(ck ), in solid yellow. While the Bogoliubov coefficients do exhibit small
oscillations, their amplitude is much smaller than that of Re(ck ), which is thus the source of the
large oscillations in nat

k as claimed in the main text. Note that a non-zero value of vk in Eq. (5) is
also required.
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Figure 5. Theoretical evolution of the mean value of some operators during the parametric
growth. (a) Quasiparticle and atomic populations during the excitation. (b) Corresponding
evolution of the real part of the anomalous correlation Re(ck ) (left y scale, solid yellow) and
of the Bogoliubov coefficients uk and vk (right y scale, in blue dashed).

A.2. Expansion

After ∆t the trap is switched off, i.e. ω2
⊥ → 0, the gas expands σ → ∞, and the atoms stop

interacting g1 → 0, see Figure 1. This change of interaction also affects the quasiparticle state
via a Bogoliubov transform given by Eq. (8) which has to be solved from opening time t = ∆t to
detection time, effectively t =∞ using the variation of σ computed from Eq. (7). We make this
dependence implicit and write αop. = α(∞;∆t ), βop. = β(∞;∆t ). Since at t =∞ the gas is non-
interacting (g1 = 0), we have uk (∞) = 1, vk (∞) = 0 and quasiparticles correspond to atoms, in
particular nat

k (∞) = nk (∞). The number of atoms with momentum k at the end of the expansion
is thus related to the quasiparticle state at the opening time via

nat
k (∞)+ 1

2
= (|αop.|2 +|βop.|2

)[
nk (∆t )+ 1

2

]
+2Re

[
αop.β

⋆
op.ck (∆t )

]
. (11)

Eq. (11) demonstrates that the details of the opening procedure must be taken into account since
they condition the way the quasiparticle number and correlations are revealed in the detected
atom number [65]. First, the coefficients depend on the opening time∆t that selects initial values
of σ and σ̇. Yet, since σ oscillates at fixed amplitude we expect that dependence to be weak.
Second, they will depend strongly on how quickly the trap is turned off [37], which gives different
evolutions for σ computed from Eq. (7).

In the regime of exponential growth where
∣∣ck (∆t )

∣∣∼ nk (∆t ), we can immediately read off the
relative amplitude of the oscillations:

Ak = 2|αop.||βop.|
|αop.|2 +|βop.|2

≈ 2|βop.|. (12)

This is the analogue of Eq. (6) when the interaction switch-off is not instantaneous, while the
approximation of 2|βop.| applies when |βop.|2 ≪ |αop.|2 ≈ 1. The relative amplitude of the oscil-
lations thus provides us with a measurement of the strength of the Bogoliubov transformation
associated with the expansion.

A.3. Analytical growth of the atom number

We now combine the effect of the modulation and the expansion to derive the expected growth
in the atom number.



12 Victor Gondret et al.

We assume that g1 is modulated sinusoidally as Eq. (3) for a duration ∆t before opening the
trap. The number and correlation of quasiparticles are then given by Eq. (9) at opening time. The
detected number of atoms ndet

k in the resonant mode ωk =ωd /2 after trap expansion is obtained
by inserting these function in Eq. (11) and multiplying the overall atom number by η the quantum
efficiency of the detector. We then obtain

ndet
k (∆t ) = n0 +2cosh(Gk∆t )×∆n × [

1+ Ak tanh(Gk∆t )cos(2ωk∆t +ϕk )
]
. (13)

with
n0 =−η

2
,

∆n = η
(
nin

k + 1

2

)
1

2

(|αop.|2 +|βop.|2
)
,

Ak = 2|αop.||βop.|
|αop.|2 +|βop.|2

,

ϕk = 2
∫ [

ω⊥−ωk (t )
]−Arg

[
αop.β

⋆
op.

]
,

(14)

which for Gk∆t ≥ 1 gives Eq. (2). In Eq. (2), we have suppressed the time-dependence of ϕ which
is expected to be small compared to the rotating phase 2ω⊥∆t .

A.4. Numerical simulation of both phenomena

The predicted amplitude in Eq. (14) relies on the value of |βop.|, which characterizes the Bogoli-
ubov transformation from the quasiparticle to the atomic basis. We can then simulate numeri-
cally the expected amplitude within our model. Using our Gaussian ansatz, we infer g1n1 and us-
ing the dispersion relation we find the resonant modes k such thatωk =ω⊥. We then numerically
solve the full dynamics of σ given by Eq. (7): an initial four periods of modulation at 2ω⊥,0, a hold
time of ∆t , and then the opening. Using this variation we numerically solve Eq. (8) from an ini-
tial thermal state of quasiparticles at temperature T = 35nK, to a late enough time after the trap
switch-off such that the Bogoliubov coefficients have become time-independent. This gives us
access numerically to the number of detected atoms Eq. (2), with a 25% quantum efficiency. We
repeat this procedure for two different switch-off ramps, a very short one of 10µs and a longer
one of 1.5 ms, matching that of the experimental realizations shown in Figure 4(b). The corre-
sponding evolution of the atom number is shown in Figure 4(a). The solid red line corresponds
to the case where the dipole trap power is switched off abruptly and the dashed green curve as-
sumes that the dipole trap power is ramped down in 1.5 ms. In agreement with the experimental
data, we observe pronounced oscillations of relative amplitude Ak ≈ 0.34 for the shortest ramp,
roughly half that of the in situ oscillations for which Eq. (6) gives Ainst

k ≈ 0.7, and much reduced
oscillation for the slowest turn off, with an amplitude of 0.1. As for the experimental data, we
observe that the green dashed curve is above the solid red one, an indication of the additional
quasiparticle production that occurs during the slow switch-off.
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