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We study theoretically the dynamical Casimir effect in an exciton-polariton condensate that is suddenly
created by an ultrashort laser pulse at normal incidence. As a consequence of the abrupt change of the
quantum vacuum, Bogoliubov excitations are generated. The subsequent evolution, governed by polariton
interactions and losses, is studied within a linearized truncated Wigner approximation. We focus in
particular on the momentum distribution and spatial coherence. The limiting behavior at large and small
momenta is determined analytically. A simple scaling relation for the final condensate depletion as a
function of the system parameters is found and the correlation length is shown to depend linearly on the
condensate depletion.
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Interacting systems possess a rich ground-state structure,
as a profound consequence of quantum mechanics. An
immediate implication is the dynamical Casimir effect:
when some parameter is abruptly varied, the system does
not find itself in the new ground state, causing excitations
to appear. Since the original idea of generating photons by
accelerating two mirrors with respect to each other [1,2],
the dynamical Casimir effect has been studied in contexts
as diverse as particle production in a time dependent
cosmological background [3–5], superconducting circuits
[6,7], and ultracold atomic gases [8–11]. In the latter
system, the nontrivial vacuum is that of the (weakly)
interacting Bose gas, which features quantum depletion.
A different realization of the weakly interacting Bose gas

is formed by exciton polaritons in a microcavity [12]. Their
advantage over atomic gases is that exciton polaritons
contain a photonic component, offering great flexibility for
optically creating them in a specific state. This feature was,
e.g., exploited in the experiments on polariton superfluidity,
where the polariton velocity could be varied by simply
changing the angle of incidence of the excitation laser [13].
This advantage has recently led to several proposals to

utilize exciton polaritons for the experimental observation
of Hawking radiation [14,15]. In this Letter, we analyze the
dynamical Casimir effect, a phenomenon intimately related
to Hawking radiation. We propose to create polaritons by a
pulsed laser at normal incidence, which results in a state
with all particles at zero momentum. This is not the true
ground state of the interacting many-body system, where
the condensate is depleted as a fraction of the particles has
nonzero momentum. Therefore, quasiparticles are expected
to appear. In other terms, by the sudden creation of a
coherent polariton population, the vacuum is changed from
the trivial one to the Bogoliubov vacuum, leading to
dynamical Casimir emission, see Fig. 1. The change of
the dispersion due to the presence of a condensate was
probed in the experiments of Kohnle et al. [16] by a

four-wave-mixing pump-probe experiment. We suggest
here to study the dynamics without the probe pulse.
An important aspect of polariton physics in actual

experiments is the finite polariton lifetime. This brings
the system in an inherently out-of-equilibrium situation and
limits the possibilities to observe quantum effects. On the
other hand, it offers a unique laboratory to study the
interplay and competition between quantum correlations
and dissipation, which may teach us lessons that are
relevant for cosmological studies [17]. A basic question is
how the finite polariton lifetime affects the dynamical
Casimir generation of excitations. We will show that within
the Bogoliubov approximation, the dynamical quantum
depletion of a one-dimensional polariton wire [18] scales
linearly with a “blockade” parameter U=γ [19], where γ is
the homogeneous linewidth and U is the interaction energy
of two polaritons that are localized within the condensate
healing length.

FIG. 1 (color online). When a short laser pulse (1) is shone onto
a (quasi-one-dimensional) microcavity, photons become confined
between the two Bragg reflectors (BR). The laser frequency is
chosen to be resonant with an excitation in the quantum well
(QW). This results in the creation of a polariton condensate (2)
and the trivial vacuum suddenly changes to the Bogoliubov one.
Consequently, dynamical Casimir emission of Bogoliubov
excitations is generated (3).
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The coupling between the polariton fluid and the outside
world leads both to particle losses and to the entrance of
vacuum fluctuations into the system. This coupling can be
described accurately with the master equation [20]. An
equivalent formulation can be constructed in terms of the
Wigner distribution of the polariton field [20]. This
approach comes down to mapping the quantum master
equation to a set of classical differential equations for
stochastic fields that sample the Wigner distribution func-
tion. The stochastic differential equation for the polariton
field φðx; tÞ reads in the so-called truncated Wigner
approximation [21]

iℏdφðx; tÞ ¼
�
ϵð−i∇⃗Þ − i

γ

2
þ gjφðx; tÞj2

�
φðx; tÞdt

þ
ffiffiffiffiffiffiffiffiffiffi
ℏγ
4ΔV

r
dWðx; tÞ; (1)

where ϵð−i∇⃗Þ gives the kinetic energy of a free particle, g is
the strength of the contact interaction, and ΔV is the
volume of the grid cell necessary in the derivation of the
truncated Wigner approximation. The stochastic term dW
is white Gaussian noise with amplitude variance
hdW�ðx; tÞdWðx0; tÞi ¼ 2dtδx;x0 and a random phase.
Expectation values with respect to the Wigner distribution
of the stochastic fields correspond to the symmetric opera-
tor averages, e.g., hφ�ðx; tÞφðx0; tÞiW ¼ 1=2hψ̂†ðx; tÞ×
ψ̂ðx0; tÞ þ ψ̂ðx0; tÞψ̂†ðx; tÞi. This allows for a direct com-
putation of all equal time correlation functions [20].
Although the mapping between the quantum and classical
problem becomes exact only in the case of a quadratic
Hamiltonian [20], the truncated Wigner formulation does
not introduce any further errors in our calculations,
since our computations are restricted to the Bogoliubov
approximation.
The action of a resonant excitation pulse at k ¼ 0 can be

included in Eq. (1) by adding a pumping term FLðx; tÞ on
the right-hand side. However, for a very short laser pulse,
the pumping term can be replaced by a shift of the initial
condition of the stochastic variable

φðx; t ¼ 0Þ ¼ ηðxÞ þ
Z

FLðt0Þeiϵð0Þt0=ℏdt0; (2)

where ηðxÞ is the normally distributed uncorrelated vacuum
noise with variance hη�ðxÞηðx0ÞiW ¼ 1=2δx;x0 . The sub-
sequent dynamics are no longer influenced by the exciting
laser. This situation is different from both resonant and
nonresonant continuous wave excitation schemes, where an
interplay between driving and dissipation takes place at all
times. Compared to the continuous wave excitation regime,
the dynamics of the polariton gas in the present scheme
resembles the standard Bose gas more closely.
For the zero pulse width approximation in Eq. (2) to be

valid, the pulse duration τL should be shorter than
ℏ=½gncð0Þ�, where ncð0Þ is the initial condensate density,

since the blueshift gncð0Þ is the largest energy scale for
polaritons with small momenta. At the same time, τL
should be longer than the Rabi period Ω−1

R , in order to
prevent creating polaritons in the upper branch. Thus, for
typical values gncð0Þ ¼ 0.5 meV andΩR ¼ 10 meV, pulse
duration is restricted to 66 fs ≪ τL ≪ 1.3 ps. Although the
frequency of the laser does not play a crucial role in the
discussed excitation scheme, the best efficiency will be
obtained for the frequency corresponding to the blue shifted
polariton energy.
In our calculations, the polariton field is decomposed into

a condensate (k ¼ 0) and fluctuation (k ≠ 0) component:
φðx; tÞ ¼ φcðtÞ þ δφðx; tÞ, where jφcðtÞj ≫ jδφðx; tÞj.
Solving Eq. (1) for the condensate component, i.e., without
the fluctuations and the noise term, yields

φcðtÞ ¼
ffiffiffiffiffiffiffiffiffiffi
ncðtÞ

p
exp ½−iθcðtÞ�; (3)

where the condensate density hφ�
cðx; tÞφcðx; tÞiW ≡

ncðtÞ ¼ ncð0Þe−γt=ℏ decays exponentially and its phase
is given by the time integrated blueshift θcðtÞ ¼
g=ℏ

R
t
0 ncðt0Þdt0. Up to first order, the motion of the

fluctuations is governed by the familiar Bogoliubov matrix

BkðtÞ¼
�
ϵðkÞþgncðtÞ− iγ=2 gncðtÞ−gncðtÞ −ϵðkÞ−gncðtÞ− iγ=2

�

(4)

as

iℏdΦk ¼ BkðtÞΦkdtþ
ffiffiffiffiffi
ℏγ

p
2

dΞkðtÞ; (5)

where Φk ¼ ½e−iθcδφðkÞeiθcδφ�ð−kÞ�T and dΞkðtÞ ¼
½dWðk; tÞ − dW�ð−k; tÞ�T , with the correlation in momen-
tum space hdW�ðk; tÞdWðk0; tÞi ¼ 2dtδk;k0 .
Because of the time dependence of the Bogoliubov

matrix, an analytic solution for the fluctuations Φk is
not straightforward to compute, but for small and large
wave vectors, limiting expressions can be found. Let us
start with the limit k → 0. In this case, the time dependence
of the real part of the Bogoliubov matrix comes down to a
rescaling with a factor expð−γt=ℏÞ, whereas the imaginary
part is proportional to the identity matrix. Hence, the
Bogoliubov matrices at different times commute with each
other. The differential equations (5) are then easily solved,
yielding for the momentum distribution

lim
k→0

nðk; tÞ ¼ limk→0hδφ�ðkÞδφðkÞiW − 1

2

¼ 2

�
gncð0Þ

γ

�
2

e−2γt=ℏ
�
eγt=ℏ − γt

ℏ
− 1

�
; (6)

where we have used the relation between the momentum
distribution and the expectation value of the stochastic
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fields that sample the Wigner distribution W. At large
times, Eq. (6) reduces to the simple scaling nðk → 0;
t → ∞Þ ¼ 2ðgncð0Þ=γÞ2 expð−γt=ℏÞ.
For the limit of large k, we can use the sudden

approximation from [22]. We used the Bogoliubov trans-
formation to derive the expectation values for the
Bogoliubov excitations at t ¼ 0. Neglecting the time
dependence of the polariton density, the expectation values
for the polariton momentum distribution can be expressed
in terms of those for the Bogoliubov excitations [23]. Of the
four terms, two represent the average value, whereas the
other two are terms oscillating in time. These last two terms
we neglect, and the time dependence due to the losses is
included by an exponential decay. As a result we find for
the momentum distribution

nðk; tÞ ¼ 1

2

�
gncð0Þ
ℏωBðkÞ

�
2

e−γt=ℏ; (7)

where ℏωBðkÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ϵðkÞ½ϵðkÞ þ 2gncðtÞ�

p
. The wave num-

ber k� where the crossover between the small (6) and large
(7) momentum behavior takes place can be found by
equating both expressions. In the limit gncð0Þ ≪ γ, this k�
tends to zero and the expression (7) becomes accurate down
to very small wave vectors. In the more interesting limit
where gncð0Þ ≫ γ, this yields

k�ðtÞ ¼
γ

2ℏ

ffiffiffiffiffiffiffiffiffiffiffiffiffi
m

gncð0Þ
r �

1 − e−γt=ℏ
�
γt
ℏ
þ 1

��−1=2
; (8)

where m is the polariton mass.
For the behavior of the momentum distribution around

k�ðtÞ, we have not found an analytic formula, but the
Bogoliubov dynamics (5) were solved numerically instead.
To this purpose, we wrote down a formal solution to Eq. (5)
in terms of a Green’s function that describes the evolution
over the time interval of interest [23]. In the computation
this time interval is discretized. The results obtained with
this numerical scheme are presented in Fig. 2 by the solid
blue lines. We have rescaled them to the condensate density
in order to cancel the trivial exponential decay. The black
dashed horizontal line represents the prediction (6) for
t → ∞, which matches perfectly with the numerical result
at late times. The red dotted line represents expression (7),
which is seen to match very well for sufficiently large
momenta, justifying the sudden approximation in this
regime. For the smaller interaction strength [Fig. 2(a)], the
momentum distribution decays as k−4, where for the larger
interaction strength [Fig. 2(b)], its decay is dominated by
the intermediate k−2 region, although for larger momenta
the momentum distribution also decays as k−4. This k−4
behavior is a general result derived in several systems with
repulsive contact interactions. It was found, e.g., in a
Lieb-Liniger gas for all values of the interaction strength

[24] and in a harmonically confined Tonks-Girardeau gas at
zero [25] and finite temperature [26].
The total number of particles produced through the

dynamical Casimir effect can now be computed by inte-
grating the momentum distribution nðk; tÞ over k. The
result for the total number of particles will depend on the
dimensionality of the system, because of the integration.
Here, we will evaluate the particle production for a one-
dimensional polariton wire, where quantum fluctuations are
most important due to the high density of states at low
momenta. The ratio of particles in nonzero momentum
states to the condensate density ncðtÞ can be written as

δnðtÞ
ncðtÞ

¼ lim
k0→0

nðk0; tÞ
2πncðtÞ

Z
dk

nðk; tÞ
nðk0; tÞ ; (9)

where we have taken the continuum limit. The integrand in
Eq. (9) is approximately one for k < k�, where for k > k� it
can be computed from Eqs. (6) and (7). Thus, we find that
the particle production scales in the limit gncð0Þ ≫ γ as
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FIG. 2 (color online). The momentum distribution nðkÞ of the
polariton gas (of arbitrary dimensionality) due to the dynamical
Casimir effect. The momentum distribution is normalized by the
number of particles in the condensate and given as a function of
the unitless parameter ξjkj with ξ ¼ ℏ=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mgncð0Þ

p
the initial

healing length. The full lines show the numerical result for
various times. The black dashed line is the prediction (6) for
small k at large times; the red dotted line represents the
asymptotic result (7). We have chosen g ¼ 0.01 μmmeV,
γ ¼ 0.05 meV, L ¼ 100 μm, ℏ ¼ 1, m ¼ 1. (a) gncð0Þ=γ ¼ 1.
(b) gncð0Þ=γ ¼ 10.

PRL 112, 036406 (2014) P HY S I CA L R EV I EW LE T T ER S
week ending

24 JANUARY 2014

036406-3



δnðtÞ
ncðtÞ

¼ C
g2ncð0Þ

γ2

�
1 − e−γt=ℏ

�
γt
ℏ
þ 1

��
k�ðtÞ; (10)

where the constant can be computed numerically from the
full momentum distribution: C ≈ 1.5. At large times, the
depletion (10) can be written as δn=n ≈ 0.77 g=ðξγÞ, where
ξ ¼ ℏ=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mgncð0Þ

p
is the healing length of the condensate

immediately after its creation. This shows that the particle
production is proportional to the blockade parameter
U=γ [19], where U ¼ g=ξ is the interaction energy of
two polaritons localized within the condensate healing
length. Typical attainable values of the healing length are
one micron, so that for an interaction strength g ¼
0.01 meV μm, a linewidth γ ¼ 0.05 meV is sufficient to
obtain more than 10% of quantum depletion. Figure 3
compares the analytical estimate (10) with the depletion
computed from the full numerical momentum distribution.
It is already accurate for moderate values of the parameter
gncð0Þ=γ ≥ 1. Although large values of this parameter
seem attainable with state of the art microcavities [27],
this regime can no longer be described by the Bogoliubov
approximation, and goes beyond the scope of the present
Letter.
Experimentally, the quantum depletion is directly acces-

sible through a measurement of the first-order spatial
coherence gð1Þðx − x0Þ ¼ hψ†ðx; tÞψðx0; tÞi=ncðtÞ. The
fluctuations that are created because of parametric scatter-
ing lead to a drop in the first-order coherence function equal
to the quantum depletion: gð1Þðx → 0Þ − gð1Þðx → ∞Þ ¼
δn=nc. We restrict the calculations again to a one-
dimensional wire, as we did for δn=nc.
The numerical results for the first-order coherence are

presented in Fig. 4. Since the gas is assumed to be created
by a perfectly coherent laser, no fluctuations are present
initially. The correlation length can be estimated from the
relation lcðtÞ ∝ 1=k�ðtÞ. The red circles in Fig. 4 show
this prediction to work well. From this relation, it is seen
that at short times the coherence length scales as

lcðtÞ ∝ 2t
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gncð0Þ=m

p
. This is indeed what one expects

for fluctuations that spread out at the speed of sound
c ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

gncð0Þ=m
p

. At long times, we obtain lcðt → ∞Þ ¼
4.3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gncð0Þ=m

p
ℏ=γ, where the constant 4.3 was determined

numerically. This means that the effective propagation time
of the fluctuations is the lifetime τ ¼ ℏγ−1; their average
speed is proportional to the initial sound velocity. Finally,
Fig. 4 depicts an interesting linear relation between the time
dependent depletion and the coherence length: lcðtÞ ∝
δnðtÞ=ncðtÞ. By combining Eqs. (8) and (10), this relation
is readily verified analytically. In experiments, fluctuations
during a laser pulse are likely to occur. However, these do
not result in any additional spatial decoherence, but result
in an averaging of the quantum depletion.
The dynamical Casimir generation of Bogoliubov exci-

tations that we have studied in this Letter is only the first
stage of the dynamics. For long polariton lifetimes, this
opens the prospect to explore the physics of the (pre)
thermalization of 1D quantum systems [28] in a new
setting.

The authors acknowledge financial support from the
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with I. Carusotto.
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full line is the analytical prediction. We have taken an interaction
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