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2University Grenoble Alpes, CNRS, LPMMC, 38000 Grenoble, France
3Center for Nonlinear Phenomena and Complex Systems, Université Libre de Bruxelles,
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The elementary excitations in weakly interacting quantum fluids have a nontrivial nature which is at the
basis of defining quantum phenomena such as superfluidity. These excitations and the physics they lead to
have been explored in closed quantum systems at thermal equilibrium both theoretically within the
celebrated Bogoliubov framework and experimentally in quantum fluids of ultracold atoms. Over the past
decade, the relevance of Bogoliubov excitations has become essential to understand quantum fluids of
interacting photons. Their driven-dissipative character leads to distinct properties with respect to their
equilibrium counterparts. For instance, the condensate coupling to the photonic vacuum environment leads
to a nonzero generation rate of elementary excitations with many striking implications. In this work,
considering that quantum fluids of light are often hosted in solid-state systems, we show within a joint
theory-experiment analysis that the vibrations of the crystal constitute another environment that the
condensate is fundamentally coupled to. This coupling leads to a unique heat transfer mechanism, resulting
in a large generation rate of elementary excitations in typical experimental conditions, and to a fundamental
nonzero contribution at vanishing temperatures. Our work provides a complete framework for solid-
embedded quantum fluids of light, which is invaluable in view of achieving a regime dominated by photon-
vacuum fluctuations.

DOI: 10.1103/PhysRevX.13.041058 Subject Areas: Condensed Matter Physics, Photonics,
Quantum Physics

I. INTRODUCTION

Interactions between the constituent particles of a quan-
tum fluid play a key role in their response to any space-time
perturbations, such as thermal fluctuations, or an obstacle
disrupting the quantum flow. They provide a many-body
nature to the quantum fluid elementary excitations that
results in spectacular macroscopic phenomena, such as
superconductivity [1] and superfluidity [2,3]. While cap-
turing in full generality many-body excitations represents a
daunting theoretical challenge, the celebrated Bogoliubov
theory provides a microscopic theoretical framework to

describe them in bosonic quantum fluids in the weakly
interacting regime, namely when the two-body scattering
length is much shorter than the average interparticle
distance. In this regime, the elementary excitations are
transformed from free particles (operator âq) to correlated
particle-hole quasiparticles β̂q ¼ uqâq þ v−qâ

†
−q, where

ðuq; vqÞ are the characteristic Bogoliubov amplitudes and
ℏq is the excitation momentum [4,5].
This nontrivial nature and its consequences on a quan-

tum fluid behavior is a strikingly rich research area that has
been blossoming, in the context of closed quantum system
at thermal equilibrium, for decades. In weakly interacting
ultracold atoms, superfluidity [6], and the underlying linear
dispersion relation of the elementary excitations [7], as well
as the Bogoliubov transformation it stems from [8], were
thus found experimentally in the early 2000s. Since then,
the role of Bogoliubov excitations has been investigated
and clarified in increasingly complex phenomena such as
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decoherence [9], thermalization [10,11], and revival [12],
or in quantum fluids lacking long-range order [13].
Over the past decade, the relevance of Bogoliubov

excitations in the description of quantum fluids of light
has become increasingly evident [14]. Their necessity
emerges from the weakly interacting character of the
photons within the fluid, from which a Bogoliubov theory
can be rigorously derived [15]. This strong similarity with
their closed equilibrium counterparts allows understanding
the emergence of superfluidity in quantum fluids of light
[16–18] as a result of the soundlike dispersion relation of
the elementary excitation [15,19–21]. Interestingly, the
driven-dissipative character of these quantum fluids also
leads to a wealth of unique properties. For instance, unlike
in closed systems, the system openness means that it is
coupled to the external world, and in particular to the
quantum fluctuations of the photonic vacuum. This cou-
pling leads to a fundamental background generation rate of
Bogoliubov excitations on top of the condensate, which is
characterized by pairwise quantum correlations [22], with a
wide range of applications in dynamical Casimir physics
[23], in Hawking radiation simulators [24–28], or for the
production of quantum states of light [22,29,30].
In this work, we highlight the fact that in many exper-

imental realizations, the photon vacuum is not the only
environment a quantum fluid of light is coupled to. Indeed,
for practical purpose, quantum fluids of light are often
formed within a solid-state environment such as a nonlinear
optical resonators [19,31], or a polaritonic semiconductor
microcavity [14,32], such that the effective two-body inter-
action is conveniently provided by dressing the photons with
amaterial electronic transition. In the latter case, photons and
bound electron-hole pairs (excitons) are fully hybridized into
excitonpolaritons (hereafter simply referred to as polaritons),
as considered in thiswork. In the presentwork,we study both
theoretically and experimentally the steady-state flux of
Bogoliubov excitations generated on top of a polariton
condensate as a result of its coupling to photon vacuum,
and to thermal lattice phonons (Fig. 1). We show that the
solid-state environment, which at first sight could seem
anecdotic for photonlike particles, has in fact a profound
influence on the condensate properties. Indeed, the crystal
lattice vibrations constitute a second full-fledged environ-
ment that the condensate is coupled to, and that provides its
own contribution of fundamental background excitations on
top of the condensate. We show that in our experimental
conditions, this contribution not only dominates over the one
of the photon-vacuum fluctuations, but that it also offers a
unique opportunity to probe the particle-hole nature of
the Bogoliubov excitations themselves. In addition, we
evidence that the corresponding nonequilibrium thermal
energy flowing between the thermal lattice phonons and
the condensate is significantly attenuated by the Bogoliubov
transformation. By theoretical extension of our model to
T ¼ 0 K, we demonstrate that the most fundamental state of
the condensate always involves a contribution of the lattice

phonon vacuum, alongside the photon-vacuum contribution.
Finally, we determine a crossover temperature below which
the generation of elementary excitations is dominated by the
photonic vacuum, which is a necessary condition for the
generation of quantum correlations within the condensate
excitation spectrum.
We organize this article as follows. In Sec. II, we develop a

Bogoliubov theory of a resonantly driven exciton-polariton
condensate, coupled both to lattice phonons and to free

FIG. 1. Sketch of the two intrinsic mechanisms creating
Bogoliubov excitations in a quantum fluid of light embedded
in a finite-temperature solid-state microresonator. Panel (a) de-
scribes the contribution resulting from the coupling to the extra
cavity photon vacuum (noted j0i in the sketch). Panel (b) de-
scribes the contribution resulting from the coupling to the bath of
lattice phonons at temperature T (symbolized as a fire). The
experimental configuration considered in this work consists in a
steady-state condensate (orange ellipse) involving hNci photon-
like particles (exciton polaritons) pumped at resonance by a laser
field of amplitude Fp, and subject to a loss rate γcav. The
correlated particle-hole nature of Bogoliubov excitations is
shown as bound red and white symbols. The radiative recombi-
nation of the latter is shown as escaping photons. The photons’
spectral functions IQ;Pðq;ωÞ are derived in Sec. II and given in
Eqs. (22) and (25), respectively. Panels (c) and (d) describe the
same mechanism as (a) and (b), using the dispersion relations in
the framework of Bogoliubov theory, which consists of a normal
(dark blue) and ghost (light blue) mode, both with a shape that
differs from the free polaritons dispersion relation (dashed line).
As discussed in the main text, the spontaneous emission rate of
Bogoliubov excitations is proportional to jucvcj2 when they result
from coupling to the photon-vacuum fluctuations (c), and to
jucðux − vxÞj2 [jvcðux − vxÞj2] for the normal [ghost] mode,
when they result from coupling to thermal lattice phonons (d),
where ðuc;x; vc;xÞ are the coefficients of the Bogoliubov trans-
formation. The subscript c (x) refers to the cavity photon
(exciton) component of a Bogoliubov excitation.
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space photons. The observables relevant to the experiment
are calculated, such as the spectral function of the elementary
excitation emission Iðq;ωÞ. We report in Sec. III our
measurement of Iðq;ωÞ in a microcavity between temper-
atures of 6.6 and 12 K. By quantitative comparison with
the theory, we extract the elementary excitation dispersion
relation (Sec. II C) and the Bogoliubov transformation
amplitudes ðuq; v−qÞ (Sec. III D). In the discussion Sec. IV,
we estimate the experimentally achieved Bogoliubov-
transformation-induced decoupling from the phonon bath
and derive a crossover temperature below which the photon-
vacuum fluctuations are expected to overcome the lattice
phonons fluctuations.Wediscuss how to tune themicrocavity
parameters to achieve a refined control over both phenomena.
Finally, Sec. V offers some concluding remarks.

II. THEORY

A. Microscopic model and observables

In this work, we investigate a quantum fluid of light
consisting of resonantly driven exciton polaritons [14,32]
(henceforth denoted as “polaritons”), namely, hybrid qua-
siparticles obtained when photons confined in a cavity are
in the strong coupling regime with an excitonic transition
(bound electron-hole pairs) provided by a semiconductor
planar quantum well. Their excitonic component provides
them with two-body interactions, as well as interactions
with the bath of acoustic solid-state lattice phonons, while
the photonic fraction mediates the coupling to the resonant
laser drive and to the extracavity free propagating photons
that constitute the measured observable. The Hamiltonian
describing all these interactions expressed in the exciton-
photon basis thus consists of the following contributions:

Ĥ ¼ Ĥð0Þ
pol þ V̂xx þ V̂sat þ Ĥð0Þ

ph þ V̂xp þ V̂out; ð1Þ
where

Ĥð0Þ
pol ¼ ℏ

X
q

�
ωx;qb̂

†
qb̂q þ ωc;qâ

†
qâq þ

Ω
2
ðâ†qb̂q þ H:c:Þ

�

þ ½fpðtÞ�âqp þ H:c:� ð2Þ
describes the interaction between cavity photons (operator
âq) and quantum well excitons (b̂q) of in-plane momentum
q, in which the strong coupling regime is described by the
third term in the sum, with ℏΩ being the Rabi splitting
[33,34] separating the upper and lower polariton modes

when Ĥð0Þ
pol is in its diagonal form [35]. The last term in Ĥð0Þ

pol

describes the coherent laser drive with fpðtÞ ¼ Fpeiωlast of
amplitude Fp with corresponding in-plane momentum ℏqp.
Concerning the interaction terms, we take

V̂xx ¼ ðℏgx=2Þ
X
k;k0;q

b̂†kþqb̂
†
k0−qb̂k0 b̂k: ð3Þ

This describes the Coulomb-mediated interaction between
excitons, of strength gx, that contributes to two-body
interactions between polaritons [36]. Furthermore,

V̂sat ¼ ð−ℏgs=2Þ
X
k;k0;q

ðâ†kþqb̂
†
k0−qb̂k0 b̂k þ H:c:Þ ð4Þ

describes an additional interaction mechanism between
excitons of strength gs and often referred to as saturation
nonlinearity. It results from the fact that excitons consist of
bound fermions, namely electrons and holes, so that the
creation of an exciton produces a nonzero fermionic phase-
space filling, that in turn reduces the photon-creation
probability of a second exciton [37]. The term

Ĥð0Þ
ph ¼ ℏ

X
q;kz

ωðphÞ
q;kz

ĉ†q;kz ĉq;kz ð5Þ

describes the three-dimensional continuum of harmonic
longitudinal lattice vibration modes or longitudinal acous-

tic (LA) phonons, with bosonic operators ĉq;kz . ω
ðphÞ
q;kz

¼
vs

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q2 þ k2z

p
is the phonon dispersion relation, with vs the

LA phonons’ sound velocity. Transverse acoustic phonons
have a much weaker coupling strength with excitons [38]
and are thus neglected thereafter. q ¼ ðqx; qyÞ is the two-
dimensional momentum in the plane of the microcavity
spacer and quantum well, and kz is in the orthogonal
direction. The interaction between excitons and LA pho-
nons is dominated by the elastic deformation potential and
reads [39,40]:

V̂xp ¼ iℏ
X
q;kz

gxpðq; kzÞðĉq;kz − ĉ†−q;kzÞ
X
q0

b̂†qþq0 b̂q0 ; ð6Þ

where gxpðq; kzÞ is the momentum-dependent interaction
strength. The detailed expression for gxpðq; kzÞ is given in
Appendix A 9. Finally, the term

V̂out ¼ ℏ
X
q;kz

fωðαÞ
q;kz

α̂†q;kz α̂q;kz þ κ½α̂†q;kz âq þ H:c:�g ð7Þ

describes the conversion of intracavity photons into extrac-
avity free propagating photons, described by the bosonic
operator α̂q;kz. Cavity photons can tunnel at a rate κ into this
continuum across the mirrors, and vice versa, as a result of
the finite reflectivity of the mirrors. κ is safely considered
constant within the momentum and frequency range of the
experiment. The first term in Eq. (7) describes the extrac-
avity free propagating photon energy, whose dispersion

relation in vacuum is ωðαÞ
q;kz

¼ c
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q2 þ k2z

p
with c the speed

of light. The second term describes the tunnel coupling
mechanism.
The experimental observable of focus in the current work

is the extracavity photon intensity Iðq;ωÞ resolved both in
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frequency and momentum. Using an input-output formal-
ism detailed in Appendix A 1 we derive a general relation
between the intracavity photon field and the extracavity
photon intensity that simplifies into

Iðq;ωÞ ¼ γcav
π

Z þ∞

−∞
dτe−iωτhâ†qðτÞâqð0Þi; ð8Þ

where we have used the fact that the extracavity photons are
in a vacuum state (an excellent approximation considering
that our photons are in the ∼1.5 eV energy range), and
considered that the system has reached a steady state as is
the case in the experiment. γcav ∝ κ2 is the cavity loss rate
(see Appendix A 1 for further details). We thus proceed to
derive the two-time correlator hâ†qðτÞâqð0Þi in the presence
of both photon-vacuum fluctuations and a thermal pop-
ulation of acoustic phonons.
In our experimental configuration, polariton-polariton

interactions are relatively weak, i.e., the associated scatter-
ing length is much smaller than the interparticle distance,
and the driving laser intensity is large enough to induce a
macroscopic population of the steady-state excitonic and
photonic modes [5]. This justifies a mean-field treatment
for the condensate and the Bogoliubov approximation for
the description of the excitations on top of it.

B. Bogoliubov theory

1. Mean-field equation for the condensate

We first need to determine the mean-field steady state of
the system. Writing the Heisenberg equations of motion for
the cavity photons and excitons at the laser wave vector qp,
and setting, as per the mean-field approximation, hb̂qpi ¼
ψx and hâqpi ¼ ψc, we find the steady-state equations:

ðωx − iγx=2þ gxjψxj2Þψx

þ ðΩ=2 − gsjψxj2Þψc − gsψ2
xψ

�
c ¼ 0 ð9Þ

and

ðωc− iγcav=2ÞψcþðΩ=2− gsjψxj2=2ÞψxþFp ¼ 0; ð10Þ

where nx;c ¼ jψx;cj2 are the excitonic and photonic den-
sities and from here on the excitonic and photonic frequen-
cies are shifted by the laser frequency ωlas. For details on
the full solution to Eqs. (9) and (10), see Appendix A 2.
Note that we have introduced a phenomenological

decoherence rate for the excitonic transition of the form
γxðqÞ ¼ γx;0 þ βq2 (β > 0) that describes in an effective

way the fact that polaritons of higher energy (and hence of
higher jqj) interact more strongly with the quantum well
imperfections (see, e.g., Refs. [41–43] for details). We do
not attempt to describe this effect in our model as it would
far exceed our scopewithout clear benefit for the purpose of
this work.

2. Bogoliubov approximation

We then use the Bogoliubov approximation to reduce the
interaction terms to a quadratic form. This approximation
amounts to (i) assume that both the cavity photon and the
exciton modes at the laser momentum qp are macroscop-
ically occupied and (ii) neglect in the Hamiltonian terms
involving more than two operators at q ≠ qp. We thus
derive the resulting quadratic exciton-exciton interaction
terms V̂xx and V̂sat that describe interactions occurring
within the condensate, and with final states outside
the condensate with momenta qp þ q and qp − q (see
Appendix A 3 for the detailed expression). The phonon-
exciton interaction becomes

V̂xp ¼ iℏ
ffiffiffiffiffi
nx

p X
q;kz

gxpðq; kzÞðĉq;kz − ĉ†−q;kzÞðb̂
†
qpþq þ b̂qp−qÞ

ð11Þ

and describes the scattering of a condensate exciton via
emission or absorption of a phonon into an excited state
with momentum qp þ q or qp þ q. This term represents a
key ingredient in this work, as it describes the condensate
interaction with the solid-state environment.
Under the Markov approximation for the damping kernel

associated to the bath of extracavity photons and the bath of
solid-state phonons, the excitations take the following final
form (see Appendixes A 4–A 7 for details):

Âqp;qðωÞ ¼ i½ω1 −Mq�−1F̂ qp;q; ð12Þ

where we have set for shorthand notation,

Âqp;qðωÞ ¼ ½âqpþqðωÞ; b̂qpþqðωÞ; â†qp−qðωÞ; b̂†qp−qðωÞ�T;
ð13Þ

and introduced the Langevin force vector:

F̂ qp;qðωÞ ¼ ½F̂qpþqðωÞ; f̂qðωÞ − f̂†−qðωÞ;
F̂†
qp−qðωÞ; f†−qðωÞ − f̂qðωÞ�T: ð14Þ
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The matrix Mq reads:

Mq ¼

0
BBBBB@

ωc;qpþq − iγcav −2μs þΩ=2 0 −μs
−2μs þ Ω=2 ωx;qpþq − iγx;qpþq þ 2ReðμsxÞ −μs μsx

0 μs −ωc;qp−q − iγcav 2μs −Ω=2

μs −μ�sx 2μs −Ω=2 −ωx;qp−q − iγx;qp−q − 2ReðμsxÞ

1
CCCCCA; ð15Þ

with μs ¼ gsnx=2 and μsx ¼ gxnx − gs
ffiffiffiffiffiffiffiffiffi
nxnc

p
e−iϕ.

The Langevin force for cavity photons, that results from
their coupling to the extracavity photons, reads:

F̂qðtÞ ¼ −i
X
kz

κq;kz α̂
ðinÞ
q;kz

e−iω
ðαÞ
q;kz

t; ð16Þ

where α̂ðinÞq;kz
≔ eiω

ðαÞ
q;kz

t0 α̂q;kzðt0Þ, with t0 → −∞ a reference
initial time. As discussed below, this force stems from the
photon-vacuum fluctuations. Similarly, the Langevin force
acting on excitons, as a result of their coupling to the
thermal phonons bath, is

f̂qðtÞ ¼
ffiffiffiffiffi
nx

p X
kz

gxpðq; kzÞĉðinÞq;kz
e−iω

ðphÞ
q;kz

t; ð17Þ

where ĉðinÞq;kz
≔ ĉq;kzðt0Þeiω

ðphÞ
q;kz

t0 . Similar equations of motion
have been derived in the literature [29,44], but to the best of
our knowledge, so far the interaction with lattice phonons
has not been included.

3. Bogoliubov eigenmodes

Equations (12)–(15) describe how the cavity photons and
excitons hybridize due to (i) the exciton-photon Rabi
coupling Ω and (ii) two-body interactions, as well as their
forcing by coupling to lattice phonons, decoherence via the
excitonic component, and dissipation into extracavity
photons. The Mq matrix is readily brought onto a diagonal
form by PqMqP−1

q . The Pq matrix, whose explicit defi-
nition is given in Appendix A 7, contains the u, v
coefficients of the Bogoliubov transformation. In particular,
the (bosonic) lower polariton operator reads:

β̂LPc;qpþq ¼ uLP;c;qpþqâqpþq þ uLP;x;qpþqb̂qpþq

þ vLP;c;qp−qâ
†
qp−q þ vLP;x;qp−qb̂

†
qp−q: ð18Þ

There are thus four Bogoliubov coefficients per mode in
our model instead of the usual two in the Bogoliubov
theory. This is because the bosonic quasiparticles that
constitute our condensate are exciton-photon hybrids, such
that uj;x, for instance, characterizes both the particle and the
excitonic contribution of the Bogoliubov state in mode j,
vj;c the hole and photonic contributions, and so on. In order
to ensure bosonic commutation relations of the new

quasiparticle field operators, the Bogoliubov coefficients
are normalized according to juc;qj2 þ jux;qj2 − jvc;−qj2 −
jvx;−qj2 ¼ 1 for all modes. For the sake of compactness,
we drop the qp dependence as well as the “LP” subscript
for the lower polariton coefficients, that we thus note
ðuc;q; ux;q; vc;−q; vx;−qÞ in the following sections.

C. Dispersion relations

The eigenvalues of Mq provide the four dispersion rela-
tions ωfLP;UP;N;GgðqÞ and damping rates γfLP;UP;N;GgðqÞ of
the Bogoliubov excitations, where labels LP and UP refer
to the lower and upper polariton modes, and labelsN andG
refer to the normal and ghost Bogoliubov excitation
branches that exist for each polariton mode, and corre-
spond, respectively, to the positive and negative excitation
bands with respect to the condensate energy. Note that LP
and UP are still good labels as long as we can neglect their
mixing with each other induced by the Bogoliubov trans-
formation, a condition which is well satisfied as long as
Ω ≫ ðμs; μxsÞ, as is the case in our experiment [44].
Examples of thus obtained lower polariton normal (dark

solid line) and ghost (light solid line) mode dispersion
relation are shown in Figs. 1(c) and 1(d) and compared with
the free polariton dispersion relation (μs ¼ μsx ¼ 0,
dashed line).

D. Emission intensity Iðq;ωÞ
In order to determine Iðq;ωÞ we need to evaluate the

intracavity photon correlator in Eq. (8). This is achieved
by using Eq. (12) and Fourier transforming back to time
domain âqðtÞ ¼

R∞
−∞ðdω=2πÞe−iωtâqðωÞ. The relevant

term in Eq. (8) is the equation of motion for the intracavity
photon operator:

âqpþqðωÞ ¼ G11F̂qpþqðωÞ þG13F̂
†
qp−qðωÞ

þ ðG12 −G14Þ½f̂qðωÞ − f̂†−qðωÞ�; ð19Þ

that involves both the quantum and lattice phonon fluctua-
tions, and where we have set Gðq;ωÞ ¼ i½ω1 −Mq�−1, and
the Langevin forces F̂ and f̂ are given respectively by the
Fourier transforms of Eqs. (16) and (17). We discuss
separately the two different fluctuation contributions.
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1. Photon-vacuum fluctuations contribution to Iðq;ωÞ
We first focus on the contribution from photon-vacuum

fluctuations and calculate hâ†qðτÞâqð0Þi. Note that this
contribution has been derived in a similar way in
Ref. [22]. Given that the initial state for the system is
the vacuum for the photon modes, only the F̂† term
contributes to the output signal and we find:

hâ†qpþqðτÞâqpþqð0ÞiQ ¼
X
kz

κeiτω
ðαÞ
qp−q;kz jG13ðq;ωðαÞ

qp−q;kzÞj2:

ð20Þ
From Eq. (8), we then find the corresponding output signal:

IQðqp þ q;ωÞ ¼ γ2cavjG13ðq;ωÞj2=π: ð21Þ
This expression agrees with that derived in Ref. [22]. The
characteristic scattering rate between the condensate pho-
tonic fraction and the external photonic vacuum is thus
fixed by γcav, estimated in our experiment to γcav ≃ 25 μeV.
G13ðq;ωÞ can be made explicit using the Bogoliubov
transformation Eq. (A50) which leads to

IQðqp þ q;ωÞ ¼ γ2cav

� juc;qvc;−qj2=π
ðω − ωqpþqÞ2 þ γ2qpþq

þ juc;−qvc;qj2=π
ðωþ ωqp−qÞ2 þ γ2qp−q

�
; ð22Þ

for the lower polariton resonance, where we have omitted
the LP label. In this expression we have assumed that the
normal (ω ¼ ωqpþq) and ghost (ω ¼ −ωqp−q) modes are
well split in frequency as compared to γqp�q. In agreement
with Ref. [22], we recover the fact that in this regime, the
normal branch at qp þ q and the ghost branch at qp − q
exhibit an equal emission brightness. This property is a
fundamental consequence of the fact that in this regime the
photons are produced in correlated pairs of qp � qmomenta
via Hamiltonian terms equivalent to âqp âqp â

†
qpþqâ

†
qp−q,

which destroy two condensate photons (at frequency ωlas)
to produce a pair of correlated photons in the normal and
ghost branches at frequencies ωlas � ω.

2. Phonons’ thermal and vacuum fluctuation
contribution to Iðq;ωÞ

We now focus on the contribution to the emission inten-
sity originating from coupling to thermal lattice phonons,
namely from f̂qðωÞ − f̂†−qðωÞ in Eq. (19). We follow a
similar derivation as in the photon-vacuum fluctuations
case, using the relation f̂†−qðωÞ ¼ ½f̂−qð−ωÞ�†. We also use
the fact that as vs, the acoustic speed of sound, is much
smaller than the speed of light, the phonons involved in the
interaction have a wave vector kz ≫ jqj, so that ω ¼ cjkzj
and we can replace the gxpðq; kzÞ by gxpðωÞ. The scattering

rate between the condensate excitonic fraction and the
phonon vacuum can be written as

nxγxpðωÞ ¼ πnx½gxpðωÞ�2ρ0q;ω; ð23Þ

with ρ0q;ω ¼Pkz
δðω−ωðphÞ

q;kz
Þ ¼ ðALzÞ=ð2πvsÞ the reduced

phonon density of states, where Lz is the quantum well
thickness and A a quantization area. An explicit expression
of nxγxpðωÞ as a function of the experimental parameters is
given in Appendix A 9. Its maximum value γMxp provides an
order of magnitude of the exciton-phonon interaction
strength, and amounts to ℏγMxp ≃ 5 × 10−3 μeV μm2 in
our experiment. Assuming a density nx ∼ 5 × 1010 cm−2,
it leads to an interaction rate between the condensate
excitonic fraction and the phonon vacuum of ℏγMxpnx ≃
2.5 μeV, which is at about 10 times smaller than ℏγcav that
determines the scattering rate between the condensate
photonic fraction and the photon vacuum. In the generic
case where the phonon bath assumes a nonzero tem-
perature, the scattering rate between the condensate exci-
tonic fraction and the phonon thermal bath is enhanced
by a thermal phonon population factor, and is given by
nxγxpðjωjÞjnTðωÞj, where nTðωÞ ¼ 1=½eℏω=ðkBTÞ − 1� is the
Bose-Einstein distribution.
We derive the spectral function of elementary fluctua-

tions generated by thermal phonons at any temperature as

IPðqp þ q;ωÞ ¼ γcavγxpðjωjÞnxjnTðωÞj
× jG12ðq;ωÞ − G14ðq;ωÞj2=π: ð24Þ

As before, we obtain an explicit expression for the matrix
elements G12ðq;ωÞ −G14ðq;ωÞ using the Bogoliubov
transformation [Eq. (A50)]. Within the same assumptions
as in the photon-vacuum fluctuations case, we thus obtain
for the lower polariton:

IPðqp þ q;ωÞ ¼ γcavγxpðjωjÞnxjnTðωÞjjux;q − vx;−qj2

×

� juc;qj2=π
ðω − ωqpþqÞ2 þ γ2qpþq

þ jvc;qj2=π
ðωþ ωqp−qÞ2 þ γ2qp−q

�
: ð25Þ

Note that due to the frequency-dependent factor γxpðjωjÞ as
well as to the thermal factor jnTðωÞj, this line shape is not
purely Lorentzian. This aspect turns out to be significant in
developing a careful analysis of the experimental data as
discussed below.
Equation (25) is an important outcome of our analysis.

For the normal mode (first Lorentzian), the output photons
are produced via the radiative relaxation of an elementary
excitation produced itself by the absorption of a thermal
phonon at (q, ω) by the condensate. These events occur at a
rate which is proportional to γxpðωÞnx, to the thermal
population of lattice phonons nTðωÞ, and to the density of
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states of the Bogoliubov excitation in the normal mode at
ωlas þ ω (juc;qj2 factor). For the ghost branch (second
Lorentzian), the output photons are produced by radiative
relaxation of an elementary excitation produced itself by
spontaneous and stimulated emission of a lattice phonon by
the condensate [jnTðω < 0Þj ¼ 1þ nTð−ωÞ term], where
the density of Bogoliubov excitation in the ghost branch is
given by the jvc;qj2 factor. Therefore, in this thermal phonons
regime, the two Bogoliubov excitation branches have differ-
ent intensities. In particular, at T ¼ 0 the intensity in the
ghost branch does not vanish due to the spontaneous
emission of lattice phonons in the phonon vacuum, while
the intensity vanishes in the normal branch. This is different
from the regime dominated by photon-vacuum fluctuations,
and it will turn out to be a key feature to identify in the
experiment the physical origin of Bogoliubov excitations.
As will also be discussed more extensively in Sec. IV B,

the overall emission rate is also modulated by a jux;q −
vx;−qj2 factor, which quantifies the density fluctuation
fraction of the excitonic part of a Bogoliubov excitation
(the other fraction consisting of phase fluctuation). It is the
vanishing of this term for vanishing momenta that leads to a
relative decoupling between the condensate and lattice
phonons at small jqj.

III. EXPERIMENT

To test these theoretical predictions experimentally, we
designed a GaAs-based microcavity in the strong coupling
regime containing a single quantum well. This configura-
tion suppresses the dark exciton states that arise in multi-
quantum-well structures [45–47], and that contribute an
unwanted electronic reservoir that strongly perturbs the
Bogoliubov transformation [48,49]. Another contribution
to this reservoir is suppressed by choosing a quantum well
thicker than usual (17 nm), which results in a narrower
excitonic inhomogeneous broadening, and hence to a lower
density of states of localized excitons close to resonance
with the lower polariton mode [50].
In the experiment, we excite the planar microcavity, with

continuous wave (cw) laser light quasiresonant with the
zero-momentum state of the lower polariton branch. The
upper polariton branch is blueshifted above the LP by a
Rabi splitting ℏΩ ¼ 3.28 meV. By taking advantage of the
intentional wedge in the cavity thickness, we choose to
address a lower polariton state that has an excitonic fraction
of jXj2 ¼ 0.53. This choice offers significant two-body
interactions while preserving a narrow spectral linewidth of
the LP states. The microcavity temperature (that of lattice
phonons) can be tuned between Tc ¼ 6.6 and 12 K in
the vacuum chamber of a helium flow cryostat. We set the
laser frequency at ωlas ¼ ωLPðqpÞ þ 0.20 meV=ℏ above
our target LP state, where ωLPðqÞ is the noninteracting LP
dispersion relation and ℏωlas ¼ 1449.0 meV, and tune its
angle close to normal incidence (measured to θp ¼ 0.1 deg),

which corresponds to a polariton condensate with in-plane
momentum jqpj ¼ 0.015 μm−1. For both emission and
absorption, the extracavity photon incidence angle is related
to the in-plane momentum of the corresponding polaritonic
state via jqj ¼ ωlas sinðθÞ=c. Using beam shaping, the laser
spot at the microcavity surface (and hence the polariton
condensate diameter) amounts to 30 μm, i.e., much larger
than the condensate healing length ξ¼ℏ=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2mΔint

p
≃1.5 μm,

where m ¼ 6.6 × 10−35 kg is the LP effective mass and
Δint ≃ 0.2 meV is the two-body interaction energy involved
in our experiments. A 20-μm-diameter circular spatial filter
selects the central part of the condensate, where the con-
densate density profile is practically constant.
The driven polariton state has a narrow spectral linewidth

ℏγLPðθ∼0Þ¼ℏγ0≃0.03meV in the noninteracting regime,
as measured after deconvolution of the instrument, such
that ωLP=γ0 >

ffiffiffi
3

p
=2. In this regime, the driven lower

polariton condensate intensity jψLPj2, and hence the trans-
mitted light intensity It ∝ jψLPj2, exhibits a hysteretic
response as a function of the laser intensity IL [51]. The
measured ItðILÞ is shown in the Supplemental Material
(SM), Sec. I [52]. In the high-density state of the bistable
region of ItðILÞ, the laser is resonant with the blueshifted
LP state and a regime of significant two-body interactions
is reached (Δint ≥ ℏγ0). In the low-density state of the
bistability, the laser impinges the low energy tail of the
essentially unshifted LP state and the two-body interaction
is measured to be 400 times smaller (see SM, Sec. I [52]).

A. Measured spectral function of
elementary excitation Iðθ;ωÞ
1. Noninteracting regime

In order to characterize at best the system parameters
which do not depend on interactions, we first tune the laser
in the regime of vanishing interactions. The emission of the
condensate and its elementary excitations, resolved both in
angle (θ) and frequency (ω=2π), is collected on the trans-
mission side of the microcavity. The condensate emission
intensity It, which is peaked at ω ¼ ωlas and k ¼ qp, is
several orders of magnitude brighter than the spontaneous
emission of Bogoliubov excitations Iðθ;ωÞ; we reject this
signal by exploiting the spectrally narrow character of It, in
using a custom-built image-preserving notch filter of
∼0.2 meV bandwidth. Filtering out the very bright con-
densate signal allows us to measure Iðθ;ωÞ for both
positive and negative frequency with respect to ωlas.
The result is shown in Fig. 2(a) in log (linear) scale for

the lower (upper) polariton branch. The emission-free stripe
situated between 1448.95 and 1449.2 meV is the result of
the above-mentioned filter rejection band. In this non-
interacting regime, the elementary excitations have a purely
particle (i.e., polaritonic) nature: they correspond to the
excitation of a polariton out of the condensate into any
other polariton state, including the UP. As expected, we do
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not observe any emission from the ghost mode [at
ω < ωLPðqpÞ]. Note that the emission of the UP is much
dimmer than that of the LP, as expected in an thermally
assisted excitation mechanism, as the creation of an
upper polariton requires the absorption of a phonon of
energy >3.05 meV, while at Tc ¼ 6 K the phonon thermal
distribution falls off exponentially with the decay con-
stant kBTc ¼ 0.56 meV. We further elaborate below on the
role of thermal phonons in the creation of elementary
excitations.

2. Interacting regime

We then increase the laser intensity in order to reach the
high-density state of the bistability, where the interactions
are significant. In this regime, the interaction energy
amounts to Δint ¼ 0.19 meV. The measured Iðθ;ωÞ is
shown in Fig. 2(c). As is immediately apparent, with
respect to the noninteracting case [Fig. 2(a)], the inter-
actions modify significantly the elementary excitations
dispersion relation. Two different branches can be identi-
fied: The one with a positive effective mass and frequency
range above ωlas is the Bogoliubov excitations normal (N)
branch ℏωNðθÞ. The dimmer one, characterized by a
negative effective mass, and frequency range below ωlas,
is the ghost (G) branch ℏωGðθÞ. The shape of ℏωN;GðθÞ is
also clearly modified (i.e., steeper) with respect to the free
particle dispersion relation ℏωLPðθÞ. These features fully
agree with the expected characteristics of the dispersion

relation for LP Bogoliubov excitations. Finally, the UP
dispersion relation is also clearly visible, and its shape is
left essentially unchanged with respect to the noninteract-
ing regime, as we will see more quantitatively later on, and
which is expected in the regime where Ω ≫ Δint (see
Appendix A 8).
The emission from a ghost branch has been reported

once under the intrinsic fluctuations of the system but
for a much lower interaction strength [53]. It has also
been observed in pump-probe experiments [20,21]. A ghost
branch of elementary excitations can also emerge in
situations in which the condensate coherence results not
from the laser coherence but from spontaneous symmetry
breaking [14]. Such condensates have specific fluctuations
[54], and their elementary excitations involve a different
Bogoliubov-like transformation, characterized by a diffu-
sive Goldstone mode at vanishing frequency [55,56], as
well as a ghost mode [57–59].

3. Data analysis

In order to extract the different relevant observables from
these measured Iðθ;ωÞ, such as, in particular, the disper-
sion relation of the different modes ωjðθÞ (j ¼ fLP;UPg in
the noninteracting regime and j ¼ fN;G; up�g in the
interacting regime, where UP� labels the normal branch
of the upper polariton), as well as the peak-integrated
intensity AjðθÞ of those modes, we first use the measure-
ment in the noninteracting regime carried out at different

FIG. 2. Measured (a),(c) and theoretical (b),(d),(e) spectral functions Iðθ;ωÞ of a resonantly driven polariton condensate in the regime
of vanishing interactions (a),(b) and in the interacting regime (c),(d),(e) characterized by ℏgsnx ¼ 0.19 meV. The lower polariton
spectral area (below the white dashed line) is plotted in log color scale, while the upper area is plotted in a linear color scale with the
indicated correction factors. The dashed black line is the theoretical dispersion relation of the Bogoliubov excitations in both situations.
The missing blue stripe (a),(c) and gray rectangles (b),(d),(e) show the area rejected from the detection by the spectral filter. In (d) the
condensate is assumed to be coupled only to the thermal solid-state phonons with temperature Tf ¼ 15 K, as determined from the
quantitative analysis of the experiment (see main text). On the contrary, in (e) the elementary excitations are calculated assuming photon-
vacuum fluctuations only.
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temperatures (between Tc ¼ 6.6 K and Tc ¼ 12 K). From
these data, we can precisely determine most experimental
parameters such as, e.g., the bare exciton and cavity
energies, the Rabi splitting, as well as the cavity photon
effective mass. Moving then to the interacting regime, we
fit the experimental Iðθ;ωÞ using Eq. (24), keeping fixed
these parameters that do not depend on interactions, and
introduce three additional θ-dependent fit parameters,
which allow us to freely capture both the energy and the
amplitude of each individual peak in the experiment. As
further discussed in the Supplemental Material [52], this
method provides us with the experimental values of ωjðθÞ
and AjðθÞ that can then be compared with the theory,
allowing us to estimate the remaining interaction-dependent
parameters of the model.

4. Theoretical spectral functions

In the noninteracting regime, jvcj2 ¼ 0; from Eq. (22) it
follows that the photon-vacuum fluctuations cannot create
any elementary excitation, while thermal phonons can.
The corresponding theoretical spectral function Iðθ;ωÞ is
shown in Fig. 2(b) and is in excellent agreement with the
measured spectral function [Fig. 2(a)]. In the next section,
we will proceed to a quantitative comparison between
theory and experiments. We next move to the interacting
regime and keep the same model parameters as in the
noninteracting case, except for a nonzero value of the
nonlinearity ℏgsnx ¼ 0.19 meV, and a higher temperature
T ¼ 15 K > Tc. This temperature higher than that of the
cryostat is likely the result of residual absorption of the high
intracavity field by the GaAs alloy, which produces a
heating power due to ensuing nonradiative recombination.
By repeating the same analysis as above, namely, assuming
only contribution from thermal lattice phonons, yields the
theoretical spectral function shown in Fig. 2(d). Also in
this case we find an extremely good agreement with the
experimental spectral function [Fig. 2(c)]. The assumption
of neglecting the photon-vacuum fluctuations will be
justified in detail in Sec. III C by the analysis of the
spectral intensities.

5. Thermal fluctuations versus
photon-vacuum fluctuations

As discussed in Sec. II, the generation of elementary
excitations by thermal phonons or by photon-vacuum
fluctuations results in a very different Iðθ;ωÞ pattern:
Figures 2(b) and 2(d) show the calculated spectral functions
including only excitations via thermal phonons, while
Fig. 2(e) shows the corresponding pattern calculated
assuming only quantum photon fluctuations. The reason
for this difference is that in the quantum regime, excitations
are only created in correlated pairs, implying that—for
qp ¼ 0—Iðθ;ωÞ and Ið−θ;−ωÞ have an equal brightness.
In the regime dominated by thermal lattice phonons, the

mechanism generating elementary excitations is not expec-
ted to produce as many pair correlations. We notice
however that a finite amount of correlations is still expected
in this regime, as the lattice phonon which is emitted for the
creation of an excitation at ð−ω;−θÞ has precisely the right
energy and momentum for the creation, via its absorption,
of a second excitation at ðω; θÞ. A quantitative account for
the correlation properties of the spontaneous emission
signal, both on the theory and experimental level, exceeds
the scope of the present study, but represents a very clear
future research direction. In the next sections, we proceed
to a quantitative analysis of the experimental data.

B. Dispersion relations ωjðθÞ
1. Comparison between experiment and theory

From the fitting procedure of the spectral function
Iðθ;ωÞ as described in the previous section, we extract
the experimental dispersion relations of the elementary
excitations. In the noninteracting regime, the result is
shown in Figs. 3(a) and 3(c) for both the upper [ωUPðθÞ]
and lower [ωLPðθÞ] polariton modes. In the interacting
regime, three different modes are extracted: ωGðθÞ, ωNðθÞ
[Fig. 3(d)] for, respectively, the ghost and normal modes of
the lower polariton and ωUP�ðθÞ [Fig. 3(b)] which corre-
sponds to the upper polariton branch that retains its free
particle character in the limit ℏΩ ≫ Δint [44]. The theo-
retical dispersion relations obtained from diagonalizing the
Mq matrix Eq. (15) are shown as the solid lines, using the
parameters of the “hotter” regime described above, and by
adjusting the two coefficients gs and gx that describe the
interactions in the polariton gas.

FIG. 3. Dispersion relations in the noninteracting (a),(c) and
interacting (b),(d) regime at Tc ¼ 6.6 K. The data points ex-
tracted from the analysis of the measured spectral functions
Iðθ;ωÞ are shown in black for the upper polariton branch, in dark
(light) blue for the normal (ghost) mode of the lower polariton,
with error bars determined from the fitting procedure and
corresponding to the 1σ confidence interval. The solid lines
show the theory.
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We obtain an excellent quantitative agreement between
theory and experiment. In particular, the fact that the theory
accurately reproduces both (i) the N and G branches
spectral blueshift and (ii) the slope of ωN;GðθÞ at low
momenta implies that no additional reservoir is perturbing
the Bogoliubov transformation. Indeed, we have shown
both experimentally and theoretically in previous works
[49,60] that a reservoir of particles much heavier than
polaritons (such as, e.g., electron-hole pairs or dark
excitons) coexisting with the condensate would induce
an additional blueshift Δres to the dispersion relation, but
would not modify the speed of sound cs, for which the
relation cs ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δint=m

p
remains valid. Since the experi-

mentally observed blueshift is Δo ¼ Δint þ Δres, in the
presence of a reservoir, one finds that cs <

ffiffiffiffiffiffiffiffiffiffiffiffi
Δo=m

p
. Note

that this analysis is also valid for nonsonic states, in which
the dispersion relation slope is also determined only byΔint,
and thus also leads to a similar inequality when Δo > Δint,
something that can be verified numerically. This analysis
thus shows that within the experimental uncertainty, the
measured elementary excitations involve no such reservoir.
We note that the best fitted dispersion relation shows a

flat segment around θ ¼ 0, which typically indicates the
proximity of a dynamical instability. This is consistent with
the experiment as, while we do not observe any signature of
instability, we indeed operate the system close to an
instability point, namely the switch down point of the
upper branch of the hysteresis curve (the working point is
labeled “3” in Fig. 1 of the Supplemental Material [52]).
This working point provides indeed the best compromise
between high interaction energy and low laser power. In
practice, the onset of instability is determined by the largest
eigenvalues’ imaginary part becoming positive ΓB;m [15].
Our fit yields ΓB;m ¼ þ50þ85

−65 μeV, which is compatible
with stable solutions within the experimental error bars.

2. Excitonic nonlinearity

The best fit obtained above for the dispersion relation in
the interacting case involves the ratio gxnx=gsnx of the
nonlinear contributions, where nx is the excitonic fraction
of the condensate density. The fact that all three dispersion
relation branches (G;N;UP�) are experimentally acces-
sible provides us with a unique mean to determine this ratio
unambiguously. Indeed, while both gx and gs result in a
blueshift of the lower polariton N and G modes, gx would
also blueshift the UP* branch with respect to its non-
interacting counterpart; on the other hand, gs leaves this
UP* branch spectrally unshifted, and leads to an effectively
reduced Rabi splitting. This qualitative difference allows
us to clearly separate both gs and gx contributions, and
yields the ratio gx=gs ≃ 0þ0.3

−0 , where 0 is the best fit, and
ℏgsnx ¼ 0.19 meV. This result is of significant interest,
and its microscopic interpretation deserves a detailed
analysis that exceed the scope of this work.

Let us mention that the fact that gs seems to dominate
over gx does not contradict previous works dealing with
polaritonic nonlinearities, since, as explained above, gs and
gx contribute to blueshifting the LP mode which is the only
focus of nearly all studies on exciton polaritons, while the
upper polariton mode is typically disregarded.

C. Emission intensity of elementary excitations

We then extract AjðθÞ from the measured spectral
function Iðθ;ωÞ, which is defined as the spectral integration
of the emission intensity over the peaks of each mode
j ¼ N, G, as labeled in Eq. (25). AjðθÞ is the right
observable to identify the origin of the fluctuations gen-
erating the elementary excitations (namely, thermal lattice
phonons or photon-vacuum fluctuations). Assuming nar-
row Lorentzian line shapes, Eq. (25) yields a simple
approximate expression for AjðθÞ in the regime dominated
by thermal lattice phonons that reads:

ANðθÞ ≃ γcavγxp½ωNðθÞ�nxnT ½ωNðθÞ�jucðθÞj2
× juxðθÞ − vxðθÞj2=γNðθÞ; ð26Þ

and, similarly,

AGðθÞ ≃ γcavγxp½−ωGðθÞ�nxf1þ nT ½−ωGðθÞ�gjvcðθÞj2
× juxðθÞ − vxðθÞj2=γGðθÞ; ð27Þ

where −ωGðθÞ > 0 and we assumed that qp ≈ 0. In the
regime dominated by photon-vacuum fluctuations, Eq. (22)
yields:

ANðθÞ ¼ AGðθÞ ≃ γ2cavjucðθÞvcðθÞj2=γNðθÞ: ð28Þ

In our dataset, the N mode is found much brighter than the
Gmode, which is in agreement with Eqs. (26) and (27), and
not with Eq. (28). This feature rules out a dominant con-
tribution of photon-vacuum fluctuations in this experiment.
The quantitative analysis of AjðθÞ is shown for a phonon

temperature Tc ¼ 6.6 K, both in the noninteracting case
[Fig. 4(a)] and in the interacting case [Fig. 4(b)]. In the
noninteracting case, we observe a decay of ALPðθÞ as a
function of θ which is in very good agreement with the
theoretical prediction. The latter also agrees quantitatively
with the theory in the interacting case assuming T ¼ 15 K
as explained above. Importantly, the relative intensity
between AGðθÞ and ANðθÞ is captured strikingly well in
this log-scaled plot, except at small angles where AGðθÞ is
found to deviate from the theory. Indeed at smaller angles,
the Bogoliubov excitation peaks become increasingly
harder to separate from an additional emission contribution
that we attribute to spatial inhomogeneities. This agreement
shows that the generation of elementary excitations is most
likely dominated by thermal phonon in our experimental
conditions.
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We confirm this important feature by analyzing the ratio
RLPðθÞ½Tc� ¼ ALPðθÞ½Tc�=ALPðθÞ½T0� in the noninteracting
case, where T0 is a reference temperature, and ALPðθÞ½Tc� is
the measured lower polariton intensity at another cryostat
temperature Tc. According to Eq. (26), RLPðθÞ is free from
any temperature-independent parameters such as the non-
trivial energy-dependent exciton-phonon interaction gxpðωÞ,
that involves the excitonic envelope wave function, and it
depends only on temperature as RLPðθÞ½Tc� ¼ nTc

ðωÞ=
nT0

ðωÞ, where nTc
ðωÞ is the Bose-Einstein distribution of

temperature Tc evaluated at ω ¼ ωLPðθÞ. In the experiment,
RLPðθÞ½Tc� is not as simple, as the excitonic transition
energy, and to a lesser extent the cavity mode, both redshift
for increasing temperature. This redshift modifies the LP
dispersion relation ωLPðθÞ and the excitonic fraction.
However, RLPðθÞ is still an observable that involves a lower
number of complex experimental parameters. We thus
perform this analysis varying the cryostat temperature in
the range Tc ¼ ½6.6; 7.6; 8.7; 10; 11; 12� K, and choose
Tc ¼ 12 K as the reference temperature T0. The result is

shown in Fig. 4(c) and compared with the theoretical pre-
diction for RLPðθÞ½Tc� including the temperature-dependent
parameters mentioned above. We analyzed the experimental
uncertainty [see the dashed lines in Fig. 4(c)] and found that
the temperature estimate is accurate within 5 K. Since this
accuracy is comparable with the investigated temperature
range, a fully quantitative comparison is not possible;
however, the observed trend is clearly consistent with a
regime dominated by thermal phonons. The two analyses
presented in this section thus demonstrate consistently that in
our experiment, the Bogoliubov excitations result domi-
nantly from the interaction of the condensate with thermal
lattice phonons.

D. Characterization of Bogoliubov amplitudes

1. Intensity ratio and Bogoliubov coefficients

In our experiment, the fact that the Bogoliubov excita-
tions are created dominantly by interaction with the thermal
bath of lattice phonons opens up a unique opportunity to
obtain a quantitative estimate of the Bogoliubov coeffi-
cients ½ucðθÞ; uxðθÞ; vcðθÞ; vxðθÞ�, by comparing the emis-
sion intensity of the ghost branch and of the normal branch.
Indeed, assuming that γGðθÞ ≃ γNðθÞ, and using the fact
that qp ≈ 0, the intensity ratio RGNðθÞ ¼ AGðθÞ=ANðθÞ
assumes the strikingly simple expression:

RGNðθÞ ¼
jvcðθÞj2
jucðθÞj2

eℏωNðθÞ=kBT: ð29Þ

Experimentally, AG and AN are measured in the exact same
experimental conditions, as they are obtained in a single
shot of the CCD camera, so that no extra θ-dependent factor
remains in the ratio RGN .
The comparison between the experiment carried out

at Tc ¼ 6.6 K and the corresponding theory is shown in
Fig. 5(a). Considering the experimental uncertainty quan-
tified by the error bars (note also that the full range of
the plot is only RGN ¼ ½0; 8�%), we obtain a fairly good
agreement, regarding both the value of the ratio itself and
its trend as a function of θ.
In order to illustrate the crucial role of temperature on the

brightness of the ghost branch with respect to the normal
branch, theoretical plots of RGNðθÞ are shown in Fig. 5(a)
for several other temperatures between 6.5 K and ∞
(dashed lines). When the temperature is much higher than
the highest frequency of the lower polariton mode [namely,
when kBT ≫ kBTGN ¼ ℏωNðθmaxÞ, which in our case
corresponds to TGN ≃ 15 K], we have RGN ≃ jvc=ucj2
[dashed line labeled as T ¼ ∞ in Fig. 5(a)]. Upon cooling
down below TGN, fewer thermal phonons are available to
create excitations into the normal branch (starting with the
highest energy states, namely largest angles or momenta),
so that the ghost branch, which is populated by both
spontaneous and stimulated emission of lattice phonons,
increases in intensity with respect to the normal branch.

FIG. 4. Analysis of integrated emission intensity AjðθÞ. Mea-
sured and theoretical AjðθÞ at Tc ¼ 6.6 K (a) in the noninteract-
ing regime (j ¼ LP) and (b) in the interacting regime, where the
normal (ghost) mode j ¼ N (j ¼ G) corresponds to the upper
(lower) curve of dark (light symbols). The theory is shown as
solid lines. The gray rectangle indicates the area of inaccessible
measurements due to the spectral filter rejection in the experi-
ment. (c) Measured integrated intensity ratio RLPðθÞ½Tc� ¼
ALPðθÞ½Tc�=ALPðθÞ½Tc ¼ 12 K� for Tc ¼ ½7.6; 8.7; 10; 11� K
(symbols) in the noninteracting regime. The theory assuming
the nominal phonon temperature T ¼ Tc is shown as a solid line,
as well as two more temperatures: a lower and a higher one with
5 K difference, which are shown as dotted lines. The error bars
represent the 1σ confidence interval of the plotted experimental
values. They are obtained directly (a),(b) or derived (c) from the
integrated intensity 1σ confidence interval provided by the fitting
procedure.
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Remarkably, one predicts that for low enough temper-
ature, and neglecting the photon-vacuum fluctuations to get
a simple estimate, the ghost branch emission intensity can
even overcome that of the normal branch. For a given θ, this
happens when RGNðθÞ ≥ 1, namely when kBT ≤ ℏωN=
logðjuc=vcj2Þ. For instance, using our experimental para-
meters and a typical angle θ ¼ 10 deg, we find that the
temperature for which equal brightness of the two branches
is achieved is TEB ≲ 5.2 K, which is about 3 times colder
than the actual phonon temperature estimated for this
experiment. This criterion provides a likely explanation
regarding the notoriously difficult observation of the ghost
mode spontaneous emission in exciton-polariton systems,
in addition to the requirement of eliminating any detri-
mental electronic reservoir.
Finally, it is straightforward to estimate the Bogoliubov

coefficient ratio jvc=ucj2 ¼ RGN exp½−EN=kBT� from
RGNðθÞ, using the temperature T ¼ 15 K. The result is
shown in Fig. 5(b) together with the theory (solid line). In

full agreement with the theory, we find that the photonic
fraction of the “hole” character of Bogoliubov excitations
(jvcj2) amounts to ∼1.5% at high angle, and up to ∼4% for
the lowest angles. While this correlation is modest, it is
clearly established in our experiment, and the detailed
understanding provided by our theoretical model is a guide
toward realizing more strongly correlated quantum fluids of
light, and, in particular, generating quantum-correlated
pairs of excitations by lowering the temperature to enter
a regime dominated by photon-vacuum fluctuations (see
Sec. IVA).

2. Extracting all Bogoliubov coefficients

The Bogoliubov transformation is defined by four
complex coefficients ðuc; ux; vc; vxÞ, that characterize
the exciton and photon particle fractions (first two) and
the exciton and photon hole fractions (last two), of a
Bogoliubov excitation [see Sec. II. B and Eq. (A50)]. In our
experimental conditions, these four amplitudes can be
determined to within a good approximation from the
knowledge of the ratio jvc=ucj2 determined above, and
from the knowledge of the excitonic X and photonic C
Hopfield coefficients of the (noninteracting) polariton
states [their q dependence has been dropped like for
ðu; vÞ]. Indeed, as mentioned earlier, the fact that the
Rabi splitting is much larger than the interaction energy
(namely, Ω ≫ Δint) implies that the lower and upper
polaritons do not hybridize under the Bogoliubov trans-
formation, and that the hole fraction of the upper polaritons
is vanishing [44]. One can thus define two lower-polariton-
only Bogoliubov coefficients ðu; vÞ that are related to
the four original coefficients via the relations ðux; vxÞ=
X ¼ ðuc; vcÞ=C ¼ ðu; vÞ, which leads also to jvc=ucj2 ¼
jv=uj2 (see Appendix A 8 for a detailed derivation). In this
regime, the Bogoliubov coefficients are approximately real,
and using the normalization condition juj2 − jvj2 ¼ 1, one
can thus derive both u and v from the knowledge of
jvc=ucj2, and hence all four coefficients ðuc; ux; vc; vxÞ. By
doing so, one obtains all the Bogoliubov coefficients
plotted in Fig. 5(d), together with their exact theoretical
prediction showing a remarkable agreement that further
supports the approximations discussed above.

IV. DISCUSSION

A. Crossover temperature into the regime
dominated by photon-vacuum fluctuations

Owing to the thermal population factor entering the
interaction between the condensate and the lattice phonons
[nTðωÞ in Eq. (25)], the relative contribution of photon-
vacuum fluctuations and of the lattice phonons can be tuned
to a large extent by changing the lattice temperature T.
Within the right parameters range, a nonzero crossover
temperature can thus be determined, below which the
Bogoliubov excitations emission results dominantly from

FIG. 5. Bogoliubov amplitudes analysis. (a) RGNðθÞ, (b) pho-
tonic Bogoliubov squared amplitude ratio jvcðθÞ=ucðθÞj2. The
four squared Bogoliubov amplitudes are plotted in (c) in semilog
scale with uc (vc) in dark (light) blue and uX (vX) in dark (light)
red. (d) Measured and theoretical Bogoliubov correction factor
FBðθÞ to the polariton-phonon interaction rate. The data points in
(a),(b),(d) are shown in green. In all panels, the solid lines show
the theory. The dashed line in (b) shows the theoretical RGNðθÞ
assuming the different phononic temperatures indicated, in
addition to the best fit T ¼ 15 K, which is shown as a solid
line. The gray rectangle indicates the area of inaccessible
measurements due to the spectral filter rejection in the experi-
ment. All the error bars correspond to the 1σ confidence interval
of the plotted experimental values and are derived from the 1σ
confidence interval of the integrated intensity obtained directly in
the fitting procedure.
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the interaction between the condensate and the photon-
vacuum fluctuations. In such a regime, the condensate
starts to effectively decouple from the lattice, which is most
likely a necessary condition for the elementary excitations
to generate quantum correlations [22–27,61]. A quantita-
tive derivation of their emergence would require calculating
two-photon correlations [22], which exceeds the scope of
this work.
As we shall see in this section, a single crossover

temperature cannot be defined for the whole condensate.
The highest crossover temperature occurs for low-momenta
excitations, and gets lower for higher momenta. Upon
cooling down, the condensate decoupling from the lattice
is thus a smooth process, in which an increasing range
of momenta (or equivalently of emission angle θ) of
Bogoliubov excitations becomes more coupled to the
photon-vacuum fluctuations than to the lattice.
The crossover temperature can be simply estimated for

the normal branch by equating Eqs. (26) and (28), yielding

TðcrÞ
N ðθÞ ¼ ℏωNðθÞ=kB

log
h
1þ γxpðθÞnx

γcav

juxðθÞ−vxðθÞj2
jvcðθÞj2

i : ð30Þ

Similarly, for the ghost mode we equate Eqs. (27) and (28)
to obtain

TðcrÞ
G ðθÞ ¼ −

ℏωNðθÞ=kB
log
h
1 − γxpðθÞnx

γcav

juxðθÞ−vxðθÞj2
jucðθÞj2

i : ð31Þ

One difficulty in deriving a quantitative estimate of

TðcrÞ
N;GðθÞ is that it requires knowing the excitonic density

nx involved in the condensate, which is not easy to

determine in the experiment. However, note that TðcrÞ
N;GðθÞ

depends only logarithmically (and hence weakly) on the
product γxpðθÞnx. Regarding nx, we use the fact that it is
necessarily lower than the excitonic Mott density nx;M, for
which the Rabi splitting, and hence the polaritonic state,
would be fully collapsed. nx;M depends only on the
excitonic Bohr radius as nx;M ∼ 1=ðπa2BÞ and is thus easy
to estimate; it amounts to ≃3.2 × 1011 cm−2 in our quan-
tum well. Concerning γxpðθÞ, a realistic estimate is derived
in Appendix A 9.
The resulting crossover temperature for the normal

branch TðcrÞ
N ðθÞ is thus plotted in Fig. 6(a), by considering

a range of excitonic densities between 5% (lightest gray
line) and 100% (red line) of nx;M. The parameters used in
the calculation are those derived for our experiment at
Tc ¼ 6.6 K, and the total blueshift ℏgsnx ¼ 0.19 meV is
kept constant (and hence theBogolibuov coefficients aswell)
to its measured value. This analysis shows that the normal
branch crossover temperature is situated realistically within
the interval [2.5, 4.5] K within a typical emission angular
aperture of 10 deg.

The ghost branch crossover temperature TðcrÞ
G ðθÞ is shown

inFig. 6(c). As an obvious differencewith the normal branch,
no crossover temperature can be determined above a critical
angle (jθcrj ∼ 10 deg in our simulation of this experiment),
because above jθcrj, the photon-vacuum fluctuations cannot
overcome the vacuum fluctuations of the lattice phonons that
are present at T ¼ 0 K, for the generation of Bogoliubov
excitations. This feature is particularly striking as it means
that in this realistic case the condensate can never be
considered decoupled from its solid-state lattice environment
for all possible elementary excitations momenta. Physically,
the generation of Bogoliubov excitations by the lattice at
T ¼ 0 K occurs into the ghost mode by spontaneous
emission of phonons into the phonon vacuum. The corre-
sponding T ¼ 0 K ghost branch emission intensity AG;0 can
be derived from Eq. (27) as

AG;0 ¼ AGðθ; T ¼ 0Þ ¼ γcavγxpðθÞnx
× jvcðθÞj2juxðθÞ − vxðθÞj2: ð32Þ

When AG;0 is larger than that the contribution generated by
photon-vacuum fluctuations [Eq. (28)], the latter can then
never become dominant for theghost branch. The parameters
involved inAG;0 show that jθcrj can be increased via different
parameters such as the total interaction energy, or the
excitonic jXj2 and photonic jCj2 fractions [embedded within
the Bogoliubov coefficients ðux; vx; uc; vcÞ] that allow
modulating to a large extent the relative coupling of

FIG. 6. Calculated angle-dependent thermal to quantum regime
crossover temperature Tcr;N for the normal (a) and Tcr;G for the
ghost (c) modes in semilog scale. The excitonic density is
increasing from nx ¼ 0.1nx;M to nx ¼ 0.9nx;M from the lightest
to the darkest gray lines. The thick red line shows the result
assuming nx ¼ nx;M, the Mott density, which constitutes a solid
upper bound of nx. The thick horizontal line shows a photon
temperature of Tc ¼ 15 K, and the dashed horizontal line shows
liquid helium temperature THe ¼ 4.2 K. Panels (a) and (c) are
calculated for the total blueshift achieved in this work
ℏgsnx ¼ 0.19 meV, while panels (b) and (d) are calculated for
a twice larger blueshift ℏgsnx ¼ 0.38 meV.
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polaritons to phonons, on one hand (∝ jXj2), and to free
space photons (∝ jCj2), on the other hand.
In Figs. 6(b)–6(d), we computed the crossover tem-

perature TðcrÞ
N ðθÞ and TðcrÞ

G ðθÞ for the same range of
excitonic densities but considering a twice larger total
blueshift ℏgsnx ¼ 0.38 meV. This change amounts to
increasing the laser intensity substantially and hence
changing the working point on the hysteresis curve
(Fig. 1 of the SM [52]) to the right, where the elementary
excitations exhibit a gaped dispersion relation. The benefit
of this increase of interaction energy is twofold: the jvx;cj2
coefficient magnitude increases, and the spectral gap in the
excitation dispersion relation is of comparable size as the
spectral filter in the experiment. As a result, the emission
even from the smallest angles, where jvx;cj2 is the largest,
becomes experimentally accessible. Note that in practice,
increasing the excitonic fraction jXj2 or the laser intensity
typically require specific optimization, as it results in
spectral broadening of the polariton state and/or in an
increased heating due to residual absorption.

B. Decoupling of low-momenta Bogoliubov
excitations from lattice phonons

One last striking property that we examine in this section
is the overall reduction of the coupling strength between
polaritons and the thermal bath of lattice phonons that
results from the Bogoliubov transformation. This reduction
can be seen already at the Hamiltonian level in which
rewriting the exciton-phonon interaction term [Eq. (11)] in
the Bogoliubov basis results in a correction of the inter-
action energy amplitude gxpðωÞ by a factor ðux;q − vx;−qÞ.
Assuming an LP-only condensate, which as discussed
both in Sec. III D and in Appendix A 8 is an excellent
approximation in our experiment, this correction factor
takes the simpler expression Xqðuq − v−qÞ with ðu; vÞ the
Bogoliubov amplitudes in the LP basis, and Xq is the usual
(noninteracting) LP excitonic Hopfield coefficient. As a
result, the phonon-condensate coupling rate which is
proportional to gxpðωÞ2 ends up corrected by the factor
FB ¼ juq − v−qj2 ≤ 1 by the Bogoliubov transformation of
the elementary excitations.
Physically, jux;q − vx;−qj2 actually quantifies the fraction

of excitonic density fluctuations in a Bogoliubov excitation,
through which polaritons indeed couple to lattice deforma-
tions. Remarkably, for small momenta jux;q − vx;−qj2 ≪ 1,
and therefore the corresponding Bogoliubov excitations
become effectively decoupled from the bath of thermal
lattice phonons. This phenomenon is somewhat reminiscent
of a superfluid behavior, in which, as a consequence of
interparticle interactions, the system effectively decouples
from slowly moving defects. In the context of reaching
the regime dominated by photon-vacuum fluctuations, this
decoupling favors its emergence in low-momenta states, and
thus increases the crossover temperature into the quantum

regime as already pointed our in the previous section
[cf. Eqs. (30) and (31)].
Interestingly, we can derive a measurement of FBðθÞ

from our experimental determination of jvðθÞ=uðθÞj2 pre-
sented in Sec. III D as F2

B ¼ ð1 − jv=ujÞ=ð1þ jv=ujÞ. The
result is plotted in Fig. 5(c) alongside the theoretical
FB ¼ jux;q − vx;−qj2=X2. A Bogoliubov correction factor
of FB ≃ 80% is found at large angle and decreases to about
70% at lower angles (for the data points which are the
closest to the spectral filter), a trend which is in fair
agreement with the theory, with deviations mostly coming
from the weaker measured emission intensity of the ghost
branch at low angles as compared to the theory.
The dataset presented in Fig. 5(d) suggests the onset of a

dipping behavior of FBðθÞ at low angle with respect to
higher angles. This dipping is an unambiguous signature of
the Bogoliubov-mediated thermal protection mechanism
from the phonon bath.

V. CONCLUSION

In this work we have shown that, in general, a quantum
fluid of polaritons embedded within a solid-state lattice has
strongly modified characteristics and unique properties as
compared to the same system considered in vacuum, or to a
closed equilibrium system like ultracold atoms. Indeed, the
open character of the system implies that the condensate
interacts with the fluctuations of its surrounding environ-
ment. The environment constituted by the photon vacuum
has been well investigated over the past decade and shown
to lead to striking properties that remain entirely relevant,
such as the fact that this coupling produces a steady-state
flux of Bogoliubov excitations, and that their subsequent
emission is characterized by pairwise quantum correlations.
This work shows that the vibrating lattice that the

condensate is embedded in constitutes a second environ-
ment that the condensate is coupled to. We show that it also
produces a steady-state flux of Bogoliubov excitations,
albeit with a very different spectral function, and a non-
trivial lattice-temperature dependence. Strikingly, we pre-
dict a nonzero flux of elementary excitations even for a
lattice temperature of T ¼ 0 K.
We achieve a quantitative understanding of this contri-

bution to the fundamental steady-state flux of elementary
excitations via a quantitative comparison between experi-
ment and theory. Our analysis shows in particular that in
typical experimental conditions and temperatures, this
fundamental steady-state flux is predominantly driven by
thermal phonon fluctuations rather than by photon-vacuum
fluctuations. This is an obstacle if one wants to explore
quantum correlations within the Bogoliubov excitation
spectrum, which emerge when the Bogoliubov excitations
are driven by photon-vacuum fluctuations. Using our
theoretical analysis, we propose realistic experimental
strategies to overcome this difficulty in future experiments.
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We also highlight a thermodynamical phenomenon by
which the Bogoliubov transformation taking place within
the quantum fluid reduces its coupling to the thermal bath
of lattice phonons, and hence the amount of thermal energy
that the condensate absorbs per unit of time in its steady
state. This thermal protection mechanism shows up in the
steady state in our system owing to its driven-dissipative
nature. In equilibrium systems such as ultracold atoms,
similar effects have been rather observed in the cooling or
heating dynamics, in particular when the role of the heat
bath is provided by impurities [62,63] or by another species
in the context of a two-components mixture [64–67], such
that the heat transfers are governed by an inelastic scatter-
ing mechanism similar to that of our exciton-phonon
interaction Eq. (6).

ACKNOWLEDGMENTS

The authors wish to thank Iacopo Carusotto for insight-
ful discussions. I. F. acknowledges support from the
European Union Horizon’s 2020 research and innovation
programme under the Marie Sklodowska Curie Grant
Agreement No. 101031549 (QuoMoDys). This work
was partly supported by the Paris Ile de France Région
in the framework of DIM SIRTEQ, by the RENATECH
network and the General Council of Essonne, by the
European Research Council under the European Union’s
Horizon H2020 research and innovation programme
(StG ARQADIA, Grant Agreement No. 949730), by the
European Union (ERC, AdG ANAPOLIS, Grant Agree-
ment No. 101054448), and by the Centre of Quantum
Technologies’s Exploratory Initiative programme. A. V.
acknowledges the European Union’s Horizon 2020
research and innovation programme under the Marie
Sklodowska-Curie Grant Agreement No. 754303, and
under the European Research Council (CoG LATIS,
Grant Agreement No. 101044957).

APPENDIX A: DETAILS ON THE
THEORETICAL MODEL

1. Input-output formalism

In the experiment, we measure the emission intensity
resolved in both frequency and wave vector, denoted as
Iðq;ωÞ, where q ¼ ðqx; qyÞ is the in-plane momentum.
In order to compute it from the microscopic model, we
adopt an input-output formalism. We work in the
Heisenberg picture and make the standard assumption that
the state is factorized at initial time t ¼ t0, namely,
ρ̂0 ¼ ρ̂p ⊗ j0photih0photj, with ρ̂p the intracavity polaritonic
density matrix and j0photi the vacuum for the extracavity
photon modes. The latter is an excellent approximation in
our experiment, as the typical frequencies involved
(ω ∼ 1.5 eV) in the problem correspond to a temperature
T > 104 K≫ Tc, with Tc ∼ 10 K the cryostat temperature,
so that the extracavity modes can be safely considered in a

vacuum state. We work in the Markovian approximation in
which the bath retains no memory of its interaction with the
system.
After a time interval Δt ¼ t − t0, the extacavity photon

mode at ðq; kzÞ contains a number of output photons
given by nðq; kz;ΔtÞ ¼ hα̂†q;kzðt0 þ ΔtÞα̂q;kzðt0 þ ΔtÞi,
where the average is taken over the initial state, namely,
h� � �i ¼ Tr½ρ̂0…�. As per the experimental condition, the
system is in its steady state, so that this quantity does not
depend on the initial time t0. Experimentally, we measure
the photon flux, per unit momentum and frequency,
tunneling outside of the microcavity during a time inter-
val Δt, which is macroscopic as compared to the system
microscopic timescales; namely,

Iðq;ωÞ ¼ ρðq;ωÞ lim
Δt→∞

�
n½q; kzðq;ωÞ;Δt�

Δt

�
; ðA1Þ

where ρðq;ωÞ ¼Pkz δðω − ωðαÞ
q;kz

Þ is the partial density of

states of extracavity photons, and kzðq;ωÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ω2=c2 −q2

p
.

Using Heisenberg equations of motion (EOM) for the
extracavity photons iℏ∂tα̂q;kz ¼ ½α̂q;kzðtÞ; V̂out�, where V̂out
is given in Eq. (7) in the main text, we can relate their
dynamics evolution to the dynamics of intracavity photons

α̂q;kzðtÞ ¼ e−iω
ðαÞ
q;kz

ðt−t0Þα̂q;kzðt0Þ

− iκq;kz

Z
t

t0

dt0e−iω
ðαÞ
q;kz

ðt−t0Þâqðt0Þ: ðA2Þ

Since the photonic input state is the vacuum, only the
second term in Eq. (A2) contributes to the output signal,
leading to

Iðq;ωÞ ¼ lim
Δt→∞

γcav
πΔt

Z
t0þΔt

t0

dt2

Z
t0þΔt

t0

dt1

× e−iωðt2−t1Þhâ†qðt2Þâqðt1Þi; ðA3Þ

with the cavity loss rate γcav ¼ πρðq;ωÞκ2q;kzðq;ωÞ.
Equation (A3) thus shows that the photon emission
intensity into the extracavity medium corresponds to
the Fourier transform of the two-times correlations
hâ†qðt2Þâqðt1Þi of the intracavity photons, and hence of
the polaritons. We further assume that Δt is much larger
than the inverse typical frequency range (namely, Δt ≫
10−11 s for frequencies in the meV range), allowing us to
send Δt → ∞. In the steady state, correlation functions
depend only on the time difference τ ¼ t2 − t1, and the
output signal simplifies to

Iðq;ωÞ ¼ γcav
π

Z þ∞

−∞
dτe−iωτhâ†qðτÞâqð0Þi; ðA4Þ
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namely, it is proportional to the spectral function of the
photonic component of the lower polaritons inside of the
cavity.

2. Solution of the mean-field steady-state equations

We provide here the details of the solution of Eqs. (9)
and (10). Without loss of generality, we can take ψx ¼ ffiffiffiffiffi

nx
p

and ψc ¼ ffiffiffiffiffi
nc

p
e−iϕ. Experimentally, we control the pump

intensity jFpj2, and nx; nc;ϕ spontaneously take their
steady-state values, but for the sake of deriving the
solutions of the mean-field equations, we take nx as a
parameter, and derive nc;ϕ; jFpj2 as a function of nx.
First, taking the real and imaginary parts of Eq. (9), we
derive the relations:

ð3gsnx=2 −Ω=2Þ ffiffiffiffiffi
nc

p
cosϕ ¼ ffiffiffiffiffi

nx
p ðωx þ gxnxÞ; ðA5Þ

ðgsnx=2 −Ω=2Þ ffiffiffiffiffi
nc

p
sinϕ ¼ −

ffiffiffiffiffi
nx

p
γx=2: ðA6Þ

Taking the square of these relations, and using
cos2 ϕþ sin2 ϕ ¼ 1, we obtain the ratio:

Qn ≔
nc
nx

¼ ðωxþ gxnxÞ2
ðΩ=2− 3gsnx=2Þ2

þ ðγx=2Þ2
ðΩ=2− gsnx=2Þ2

: ðA7Þ

This relation gives nc as a function of nx. Inserting Qn into
Eqs. (A5) and (A6), we then find the relative phase ϕ as
follows:

cosϕ ¼ ωx þ gxnxffiffiffiffiffiffi
Qn

p ð3gsnx=2 − Ω=2Þ ; ðA8Þ

sinϕ ¼ γx=2ffiffiffiffiffiffi
Qn

p ðΩ=2 − gsnx=2Þ
: ðA9Þ

In our experiment, Ω ¼ 3.28 meV is much larger than
gsnx ¼ 0.19 meV, such that cosϕ < 0 and sinϕ > 0.
Using also gxnx ¼ 0 yields tanϕ≃ γx=ωxð1=2− gsnx=ΩÞ,
where γx ∼ 0.15 meV and ωx ¼ 1.355 meV=ℏ (we remind
that the frequencies are expressed in the frame rotating at
the laser frequency). We see that as long as gsnx=Ω ≪ 1,
ϕ ≃ π, where ϕ ¼ π is the nominal phase difference in the
linear regime for lower polariton states. Once ϕ and nc are
obtained, we finally use Eq. (10) to find jFpj2:

jFpj2 ¼ jðωc − iγcav=2Þ
ffiffiffiffiffi
nc

p
e−iϕ þ ðΩ=2 − gsnx=2Þ

ffiffiffiffiffi
nx

p j2:
ðA10Þ

This provides the solution to the mean-field steady-state
equations of the condensate.

3. Polariton interactions in the
Bogoliubov approximation

Here, we give the detailed expression for the polariton
interaction terms in the Bogoliubov approximation. For the
exciton-exciton interaction, it results in

V̂xx ¼ ðℏgxnx=2Þ
X
q

½b̂†qpþqb̂
†
qp−q þ 4b̂†qpþqb̂qpþq

þ b̂qpþqb̂qp−q�; ðA11Þ

and for the saturation term:

V̂sat ¼ −ðℏgs=2Þ
X
q

�
nx½â†qpþqb̂

†
qp−q þ 2â†qpþqb̂qpþq

þ âqpþqb̂qp−q þ 2âqpþqb̂
†
qpþq�

þ ffiffiffiffiffiffiffiffiffi
ncnx

p ½e−iϕb̂†qpþqb̂
†
qp−q þ ð4 cosϕÞb̂†qpþqb̂qpþq

þ eiϕb̂qpþqb̂qp−q�
�
; ðA12Þ

where ϕ is the relative phase between the excitonic and
photonic condensate fields.

4. Equations of motion for cavity photons

The EOM for the cavity photons ∂tâqpþq ¼
ð−i=ℏÞ½âqpþqðtÞ; Ĥtot� is made of three terms. A first term
contains the free part and the interaction between cavity
photons and excitons [Eq. (2)],

−
i
ℏ
½âqpþq; Ĥ

ð0Þ
pol� ¼ −iωð0Þ

c;qpþqâqpþq − i
Ω
2
b̂qpþq; ðA13Þ

a second term comes from the excitonic saturation mecha-
nism [treated in the Bogoliubov approximation, as
explained in the main text, Eq. (A12)],

−
i
ℏ
½âqpþq; V̂sat� ¼ iðgsnx=2Þðb̂†qp−q þ 2b̂qpþqÞ; ðA14Þ

and a third term contains the coupling to extracavity
photons [Eq. (7)],

−
i
ℏ
½âq; V̂out� ¼ −i

X
kz

κq;kz α̂q;kz : ðA15Þ

5. Equations of motion for quantum well excitons

The EOM for the quantum well excitons ∂tb̂qpþq ¼
ð−i=ℏÞ½b̂qpþqðtÞ; Ĥtot� is made of three terms. A first
term contains the free part and Rabi coupling to cavity
photons,

−
i
ℏ
½b̂qpþq; Ĥ

ð0Þ
pol� ¼ −iωð0Þ

x;qpþqb̂qpþq − i
Ω
2
âqpþq; ðA16Þ
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a second term comes from the excitonic saturation and
Coulomb interactions [treated in the Bogoliubov approxi-
mation, Eqs. (A12) and (A11)],

−
i
ℏ
½b̂qpþq; V̂sat þ V̂xx� ¼ iðgsnx=2Þðâ†qp−q þ 2âqpþqÞ

þ igs
ffiffiffiffiffiffiffiffiffi
nxnx

p ½e−iϕb̂†qp−q þ ð2 cosϕÞb̂qpþq�
− igxnxðb̂†qp−q þ 2b̂qpþqÞ; ðA17Þ

and a third term comes from the coupling to lattice phonons
[in the Bogoliubov approximation, Eq. (11)],

−
i
ℏ
½b̂qpþq;V̂xp�¼ ffiffiffiffiffi

nx
p X

kz

gxpðq;kzÞðĉq;kz − ĉ†−q;kzÞ: ðA18Þ

6. General results about the coupling to a bath

Cavity photons are coupled to a 3D continuum of
extracavity photons, while excitons are coupled to a 3D
continuum of lattice phonons. The coupling is, respectively,
described by Eqs. (7) and (11). In both cases, it corresponds
to a linear coupling to a bath of harmonic oscillators,
namely a coupling which generically takes the form:

Ĥbath=ℏ ¼
X
q

h
â†q
X
kz

ðxq;kz α̂q;kz þ yq;kz α̂
†
−q;kzÞ þ H:c:

i

þ
X
q;kz

ωq;kz α̂
†
q;kz

α̂q;kz ; ðA19Þ

with âq either the cavity photon or cavity exciton, and α̂q;kz
either the output photons or the lattice phonons. We now
derive the contribution to the EOM of the âq operators
resulting from such a generic coupling. We first write the
EOM for the bath operators:

∂tα̂q;kz ¼ ð−i=ℏÞ½α̂q;kz ; Ĥbath�
¼ −i½y−q;kz â†−q þ x�q;kz âq þ ωq;kz α̂q;kz �: ðA20Þ

The formal solution reads:

αq;kzðtÞ ¼ e−iωq;kz ðt−t0Þ − i
Z

t

t0

dτe−iωq;kz ðt−τÞ

× ½x�q;kz âqðτÞ þ y−q;kz â
†
−qðτÞ�: ðA21Þ

On the other hand, the contribution to the EOM for the
system operators âq stemming from coupling to the bath
reads:

ð−i=ℏÞ½âqðtÞ; Ĥbath� ¼ −i
X
kz

½xq;kz α̂q;kz þ yq;kz α̂
†
−q;kz �:

ðA22Þ
Injecting the formal solution of Eq. (A21) for the bath
operators into Eq. (A21) yields a contribution to the EOM of
the form:

ð−i=ℏÞ½âqðtÞ; Ĥbath� ¼ F̂ðxÞ
q ðtÞ − ½F̂ðyÞ

−qðtÞ�†

−
Z

∞

−∞
dτfΓ1ðt − τÞâqðτÞ

þ Γ2ðt − τÞâ†−qðτÞg: ðA23Þ
We have introduced the so-called Langevin forces:

F̂ðxÞ
q ðtÞ ¼ −i

X
kz

xq;kz α̂q;kzðt0Þe−iωq;kz ðt−t0Þ ðA24Þ

and

F̂ðyÞ
q ðtÞ ¼ −i

X
kz

yq;kz α̂q;kzðt0Þe−iωq;kz ðt−t0Þ: ðA25Þ

We have also introduced the damping kernels:

Γ1ðtÞ ¼ ΘðtÞ
X
kz

ðjxq;kz j2e−iωq;kz t þ jyq;kz j2eiω−q;kz tÞ ðA26Þ

and

Γ2ðtÞ ¼ ΘðtÞ
X
kz

ðxq;kzy−q;kze−iωq;kz t þ x−q;kzyq;kze
iω−q;kz tÞ

ðA27Þ
(Θ is the Heaviside step function). Note that in the integral
over the damping kernels, we have sent the initial time t0 to
−∞, which amounts to assuming that the support of the
damping kernel (a few times the memory of the bath) is
much smaller than t − t0 (Markov approximation).
The Langevin forces contributions [F̂ terms in

Eq. (A23)] describe the forcing of the system by the
external bath. The integral with the Γ terms in
Eq. (A23) (Γ terms) describes the damping induced by
the coupling to the bath, giving rise to a finite linewidth to
Bogoliubov excitations.
Photonic bath. Specifying these results to our model, we

obtain for cavity photons [cf. Eq. (A15): xq;kz ¼ κq;kz]

−
i
ℏ
½âqðtÞ; V̂out� ¼ F̂qðtÞ−

Z
∞

−∞
dτγc;qðt− τÞâqðτÞ; ðA28Þ

with the Langevin force

F̂qðtÞ ¼ −i
X
kz

κq;kz α̂
ðinÞ
q;kz

e−iω
ðαÞ
q;kz

t; ðA29Þ

with the input modes defined according to α̂ðinÞq;kz
≔

α̂q;kzðt0Þeiω
ðαÞ
q;kz

t0 , and with the damping kernel

γc;qðtÞ ¼ ΘðtÞ
X
kz

jκq;kz j2e−iω
ðαÞ
q;kz

t: ðA30Þ

Phononic bath. For cavity excitons which are coupled to
the bath of thermal lattice solid-state phonons [cf. Eq. (A18):
xq;kz ¼ i

ffiffiffiffiffi
nx

p
gxpðq; kzÞ ¼ −yq;kz], we find the contribution

to EOM:
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−
i
ℏ
½b̂qpþqðtÞ; V̂xp� ¼ f̂qðtÞ − ½f̂−qðtÞ�† −

Z
∞

−∞
dτ½γx;qðt − τÞ − γ�x;−qðt − τÞ�½b̂qpþqðτÞ þ b̂†qp−qðτÞ�; ðA31Þ

where we have introduced the Langevin forces,

f̂qðtÞ ¼ ffiffiffiffiffi
nx

p X
kz

gxpðq; kzÞĉðinÞq;kz
e−iω

ðphÞ
q;kz

t; ðA32Þ

with the input modes defined according to ĉðinÞq;kz
≔

ĉq;kzðt0Þeiω
ðphÞ
q;kz

t0 , as well as the damping kernels,

γx;qðtÞ ¼ ΘðtÞ
X
kz

nxg2xpðq; kzÞe−iω
ðphÞ
q;kz

t: ðA33Þ

7. Complete equations of motion
in the frequency domain

We shall gather all terms of the EOM and write them in
the frequency domain.
Conventions for Fourier transforms. We first recall the

notations for the Fourier transform of the operators:

ÔðωÞ ¼
Z

∞

−∞
dteiωtÔðtÞ; ðA34Þ

ÔðtÞ ¼ 1

2π

Z
∞

−∞
dωe−iωtÔðωÞ: ðA35Þ

Note that this convention implies the relation:

Ô†ðωÞ ¼ ½Ôð−ωÞ�†: ðA36Þ

Photon Langevin forces. The photon Langevin force
Eq. (A29) reads in Fourier space:

F̂qðωÞ ¼ −i
X
kz

κq;kz α̂
ðinÞ
q;kz

Z
∞

−∞
dteiðω−ω

ðαÞ
q;kz

Þt

¼ −i
X
kz

κq;kz α̂
ðinÞ
q;kz

2πδðω − ωðαÞ
q;kz

Þ: ðA37Þ

Introducing the partial density of states ρq;ω ¼P
kz
δðω − ωðαÞ

q;kz
Þ, we rewrite the photon Langevin force as

F̂qðωÞ ¼ −iκq;kzðωÞ2πρq;ωα̂
ðinÞ
q;kzðωÞ; ðA38Þ

where kzðωÞ is such that ωðαÞ
q;kz

¼ ω. It will be convenient to
replace the label kzðωÞ by simply ω.
Phonon Langevin forces. The Langevin forces for the

phonons, Eq. (A32), have a similar expression:

f̂qðωÞ ¼ ffiffiffiffiffi
nx

p
gxpðq;ωÞ2πρ0q;ωĉðinÞq;ω; ðA39Þ

where the phonon partial density of states is ρ0q;ω ¼P
kz δðω − ωðphÞ

q;kz
Þ, and we defined ĉðinÞq;ω ≔ ĉðinÞq;k0z

, where k0z
is such that ω ¼ ω0

q;k0z
. We defined similarly gxpðq;ωÞ ≔

gxpðq; k0zÞ. Importantly, the density of states vanishes
for ω < 0, and therefore f̂†qðωÞ ¼ ½f̂qð−ωÞ�† vanishes
for ω > 0.
Polariton EOM in the frequency domain. We are now

ready to write down the complete EOM for the polaritons in
the frequency domain. Gathering all contributions to the
cavity photons’ and excitons’ EOM, we find

−iωâqpþqðωÞ ¼−iωð0Þ
c;qpþqâqpþqðωÞ− i

Ω
2
b̂qpþqðωÞþ iðgsnx=2Þ½b̂†qp−qðωÞþ 2b̂qpþqðωÞ�

þ F̂qpþqðωÞ− γc;qpþqðωÞâqpþqðωÞ ðA40Þ
and

−iωb̂qpþqðωÞ ¼ −iωð0Þ
x;qpþqb̂qpþqðωÞ − i

Ω
2
âqpþqðωÞ þ iðgsnx=2Þ½â†qp−qðωÞ þ 2âqpþqðωÞ�

− igxnx½b̂†qp−qðωÞ þ 2b̂qpþqðωÞ� þ igs
ffiffiffiffiffiffiffiffiffi
nxnc

p ½e−iϕb̂†qp−qðωÞ þ ð2 cosϕÞb̂qpþqðωÞ�
þ f̂qðωÞ − f̂†−qðωÞ − ½γx;qðωÞ − γ�x;−qðωÞ�½b̂qpþqðωÞ þ b̂†qp−qðωÞ�: ðA41Þ

Equivalently, we take the Hermitian conjugate of these last two equalities, use that ½ÔðωÞ�† ¼ Ô†ð−ωÞ, and change ðω; qÞ
into ð−ω;−qÞ. We obtain

−iωâ†qp−qðωÞ ¼ iωð0Þ
c;qp−qâ

†
qp−qðωÞ þ i

Ω
2
b̂†qp−qðωÞ − iðgsnx=2Þ½b̂qpþqðωÞ þ 2b̂†qp−qðωÞ�

þ F̂†
qp−qðωÞ − γ�c;qp−qðωÞâ†qp−qðωÞ ðA42Þ
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and

−iωb̂†qp−qðωÞ ¼ iωð0Þ
X;qp−qb̂

†
qp−qðωÞ þ i

Ω
2
â†qp−qðωÞ − iðgsnx=2Þ½âqpþqðωÞ þ 2â†qp−qðωÞ�

þ igxnx½b̂qpþqðωÞ þ 2b̂†qp−qðωÞ� − igs
ffiffiffiffiffiffiffiffiffi
nxnc

p ½eiϕb̂qpþqðωÞ þ ð2 cosϕÞb̂†qp−qðωÞ�
þ f̂†−qðωÞ − f̂qðωÞ − ½γ�x;−qðωÞ − γx;qðωÞ�½b̂qpþqðωÞ þ b̂†qp−qðωÞ�: ðA43Þ

We introduce the notations

γ̃x;qðωÞ ¼ γx;qðωÞ − γ�x;−qðωÞ: ðA44Þ

γcav ¼ γc;qðωÞ; ðA45Þ

μs ¼ gsnx=2; ðA46Þ

μsx ¼ gxnx − gs
ffiffiffiffiffiffiffiffiffi
nxnc

p
e−iϕ; ðA47Þ

where the photonic loss rate γcav is taken as a real number (namely, we ignore any Lamb shift on the resonance frequencies
that would stem from its imaginary part, and that is not observed in the experiment), and approximately frequency and
momentum independent. The equations of motion can be finally summarized as0

BBBBB@

âqpþqðωÞ
b̂qpþqðωÞ
â†qp−qðωÞ
b̂†qp−qðωÞ

1
CCCCCA ¼ i½ω1 − M̃q�−1

0
BBBBB@

F̂qpþqðωÞ
f̂qðωÞ − f̂†−qðωÞ

F̂†
qp−qðωÞ

f†−qðωÞ − f̂qðωÞ

1
CCCCCA; ðA48Þ

where we introduced the M̃q matrix:

M̃q ¼

0
BBBBBB@

ωð0Þ
c;qpþq − iγcav Ω=2 − 2μs 0 −μs

−2μs þΩ=2 ωð0Þ
x;qpþq þ 2ReðμsxÞ − iγ̃x −μs μsx − iγ̃x

0 μs −ωð0Þ
c;qp−q − iγcav −Ω=2þ 2μs

μs −μ�sx þ iγ̃x 2μs − Ω=2 −ωð0Þ
x;qp−q − 2ReðμsxÞ þ iγ̃x

1
CCCCCCA
: ðA49Þ

Phenomenological damping terms. We notice that the
exciton damping term γ̃x as predicted by the phononic bath
model does not quantitatively account for the linewidth as
measured experimentally. As a matter of fact, the finite
linewidth of the excitons γxðqÞ is caused by further
decoherence mechanisms independent of the coupling to
phonons, and we do not attempt to model it directly.
Therefore, to faithfully model the experiment we neglect
the γ̃x terms in the M̃q matrix of Eq. (A49) and add a
phenomenological term γxðqÞ, such that it results in a
complete polaritonic linewidth γq that agree with the experi-
ment. This leads to the expression of theMq matrix as given
by Eq. (15) of the main text.
Bogoliubov coefficients. As mentioned in the main text,

theMq matrix is brought onto a diagonal form byPqMqP−1
q ,

with Pq containing the Bogoliubov coefficients u, v:

Pq ¼

0
BBB@

uLP;c;q uLP;x;q vLP;c;−q vLP;x;−q
uUP;c;q uUP;x;q vUP;c;−q vUP;x;−q
v�LP;c;q v�LP;x;q u�LP;c;−q u�LP;x;−q
v�UP;c;q v�UP;x;q u�UP;c;−q u�UP;x;−q

1
CCCA; ðA50Þ

where the qp dependence has been dropped for the sake of
lighter notations.

8. Approximate decoupling between the
upper and lower polariton

In this section, we derive an approximate model assum-
ing that the lower polariton and upper polariton do not
hybridize under Bogoliubov transformation. This allows us
to obtain analytical expressions for the frequencies and
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Bogoliubov coefficients which are in excellent agreement
with the initial model. Using the further approximation that
the Bogoliubov coefficients are real, which we shall justify,
we show that all four Bogoliubov coefficients for the LP can
be reconstructed from the experimentally measured ratio of
ghost to normal branch signals. This allows us to reconstruct
from the experimental data the quantity jux;q − vx;−qj2,
characterizing the decoupling from lattice phonons, and
discussed in Sec. IV B. Our starting point is the matrix
Mq [Eq. (15) of the main text] expressed as

Mq ¼
�

Aq B

−B� −A−q

�
; ðA51Þ

with

Aq ¼ A�
q ¼ At

q ¼
� ωð0Þ

c;qpþq Ω=2 − 2μs

Ω=2 − 2μs ωð0Þ
x;qpþq þ 2ReðμsxÞ

�

ðA52Þ

and

B ¼ Bt ¼
�

0 −μs
−μs μsx

�
: ðA53Þ

For the sake of notation, we omit qp in the labels; in all
expressions, one shouldmake the substitution�q → qp � q.
We first perform a unitary transformation to the (noninteract-
ing) polariton basis.We introduce the2 × 2 unitarymatrixU0

that diagonalizes the noninteracting problem (μs ¼ μsx ¼ 0);
namely,

U0;q ¼
�
Cq −Xq

Xq Cq

�
; ðA54Þ

with

Ut
0;q

 
ωð0Þ
c;q Ω=2

Ω=2 ωð0Þ
x;q

!
U0;q ¼

 
ωð0Þ
LP;q 0

0 ωð0Þ
UP;q

!
; ðA55Þ

with the noninteracting resonance frequencies,

ωð0Þ
LP=UP;q ¼

ωð0Þ
c;q þωð0Þ

x;q

2
∓ 1

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½ωð0Þ

c;q −ωð0Þ
x;q�2 þΩ2

q
: ðA56Þ

The so-called Hopfield coefficients Xq and Cq are real and
define the lower and upper polariton operators via

âLP;q ¼ Cqâq þ Xqb̂q; ðA57Þ

âUP;q ¼ −Xqâq þ Cqb̂q: ðA58Þ

We then write the Mq matrix in this basis; namely,

M0
q ¼

�Ut
0;q 0

0 Ut
0;−q

�
Mq

�
U0;q 0

0 U0;−q

�

¼
�

A0
q B0

q

−ðB0
−qÞ� −A0

−q

�
: ðA59Þ

We have to evaluate the matrices A0
q ¼ Ut

0;qAqU0;q and
B0
q ¼ Ut

0;qBU0;−q. The final result is

A0
q ¼

 
ωð0Þ
LP;q þ 2ReðgnÞLL;q;q 2ReðgnÞLU;q;q
2ReðgnÞLU;q;q ωð0Þ

UP;q þ 2ReðgnÞUU;q;q

!
;

ðA60Þ

B0
q ¼

� ðgnÞLL;q;−q ðgnÞLU;q;−q
ðgnÞLU;q;−q ðgnÞUU;q;−q

�
; ðA61Þ

where we define the (q-dependent) effective interactions as

ðgnÞLL;q;q0 ¼ −ðCqXq0 þ XqCq0 Þμs þ XqXq0μsx;

ðgnÞUU;q;q0 ¼ ðCqXq0 þ XqCq0 Þμs þ CqCq0μsx;

ðgnÞLU;q;q0 ¼ ðXqXq0 − CqCq0 Þμs þ XqCq0μsx:

We now make the simplification that the upper and lower
polaritons do not hybridize; namely, we set ðgnÞLU ¼ 0.
The M0

q matrix then splits into two independent 2 × 2

matrices, describing independent Bogoliubov transforma-
tions for the upper and lower polaritons. We have verified
that, in the conditions of the experiment, the coefficients of
the (2 × 2) Bogoliubov transformations found in this
approximation are almost identical to the exact coefficients
obtained from M0

q. We then have two matrices to diago-
nalize:

M0
LP;q ¼

�
aq bq

−b�−q −a−q

�
; ðA62Þ

with

aq ≔ ωð0Þ
LP;q þ 2ReðgnÞLL;q;q; ðA63Þ

b−q ≔ ðgnÞLL;q;−q; ðA64Þ

for the LP, and similarly for the UP with aq ¼ ωð0Þ
UP;q þ

2ReðgnÞUU;q;q and bq ¼ ðgnÞUU;q;−q. The diagonalization
is of the form:

M0
LP;q ¼

�
u�q −vq

−v�−q u−q

��
ωLP;q 0

0 −ωLP;−q

��
uq v−q
v�q u�−q

�
;

ðA65Þ

where we introduce the u and v Bogoliubov coefficients
associated to the lower polariton. As we shall only be
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interested in the lower polariton u, v coefficients, we omit
their LP labels. ωLP;q gives the LP dispersion relation in the
presence of interactions. Similarly, for the UP the eigen-
values ofM0

UP;q, namely ωUP;q and −ωÄ
NrmU;−q

, give the UP

dispersion relation in the presence of interactions. Given

that ReðgnÞUU ≪ ωð0Þ
UP;q for all relevant q’s, the matrix

M0
UP;q is almost diagonal, and therefore the Bogoliubov

eigenmodes are almost identical to the noninteracting upper
polaritons (the Bogoliubov transformation diagonalizing
M0

UP;q is close to the identity, something which we verified
numerically).
We now explicitly proceed to the diagonalization of

the M0
LP;q matrix in Eq. (A62). Note that b−q ¼ bq. We

then write:

M0
LP;q ¼ aq − a−q

2
1þ

�
āq bq
−b�q −āq

�
; ðA66Þ

with āq ¼ ðaq þ a−qÞ=2. The eigenvalues of M0
LP;q are

then ωLP;q and −ωLP;−q, with

ωLP;q ¼ aq − a−q
2

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ā2q − jbqj2:

q
ðA67Þ

We introduce the notation ω̃q ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ā2q − jbqj2

q
. Note that we

focus on the regime where ā2q > jbqj2, which is always the
case in the regime accessible to our measurements.
Otherwise, the eigenvalues have an imaginary part, and
we find that juqj2 ¼ jvqj2, so that the eigenmodes do not
describe proper bosonic excitations. This latter case cor-
responds to the flat part in the excitation spectrum, which
shall not be discussed further in this paper. Solving the
eigenvalue equations using the conventions of Eq. (A65),
the convention that uq is real, and the normalization
condition juqj2 − jvqj2 ¼ 1, we find the coefficients

uq ¼ u−q ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
āq
2ω̃q

þ 1

2

s
; ðA68Þ

vq ¼ v−q ¼ bq
jbqj

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
āq
2ω̃q

−
1

2

s
: ðA69Þ

Note in particular that the vq coefficient is complex, with a
phase given by the phase of bq ¼ ðgnÞLL;q;−q. In practice,
though, this phase is negligible, and we take vq real.
The Bogoliubov eigenmode of the lower polariton is

described by the annihilation operator (recall that a nonzero
pump momentum qp should be reintroduced in these
expressions: �q → qp � q):

β̂LP;q ¼ uqâLP;q þ v−qâ
†
LP;−q ðA70Þ

¼ uqðCqâq þ Xqb̂qÞ þ v−qðC−qâ
†
−q þ X−qb̂

†
−qÞ:
ðA71Þ

We therefore have the identification:

uLP;c;q ¼ uqCq; uLP;x;q ¼ uqXq;

vLP;c;−q ¼ v−qC−q; vLP;x;−q ¼ v−qX−q: ðA72Þ
Therefore, the experimental measurement of vLP;c;−q=uLP;c;q
gives direct access to the ratio v−q=uq of the lower polariton
Bogoliubov transformation. Assuming that vq ¼ v−q is real
(an excellent approximation in the regime of the experiment),
and using the normalization u2q − v2q ¼ 1 valid in the nonflat
part of the dispersion relation, we then reconstruct both uq
and vq. Using the knowledge of the Hopfield coefficients
Xq; Cq of the noninteracting problem, we may then recon-
struct all four Bogoliubov coefficients uc;q; ux;q; vc;q; vx;q,
and in particular the thermal decoupling coefficient
jux;q − vx;−qj2, which is discussed in Sec. IV B. The quanti-
tative agreement further confirms both the validity of the
model as well as the approximate decoupling between LP
and UP as discussed in this section.

9. Estimating the exciton-phonon interaction nxγxpðωÞ
In this section, we provide further details and quantita-

tive estimates for the exciton-phonon interaction strength
γxpðωÞ introduced in Eq. (23) of the main text. In the limit
of strong confinement of excitons in the z direction of the
quantum well, the exciton-phonon coupling amplitude is
given by

ℏgxpðq; kzÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ℏ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q2 þ k2z

p
2ρVvs

s
ðVeI

p
e Ize − VhI

p
hI

z
hÞ; ðA73Þ

where ρ ¼ 5.3 × 103 kgm−3 is GaAs density, vs ¼ 4.7 ×
103 ms−1 is the longitudinal acoustic speed of sound in
GaAs, V is a quantization volume, Ve;h ¼ ð−7; 2.7Þ eV are
the deformation potentials in GaAs for band-edge electrons
and holes, respectively.

Ize ≃ Izh ≃ expð−k2z=q2z;cutÞ ðA74Þ
is a Gaussian approximation of the kz component of the
electron and hole envelope wave function which is assumed
to be mostly determined by the quantum well thickness Lz,
imposing the cutoff wave vector qz;cut ≈ 0.9 × 2π=Lz.

IpeðhÞ ¼ ½1þ ðmeðhÞ=ð2MÞqaBÞ2�−3=2 ðA75Þ

is the in-plane component of the electron-hole wave
function resulting from its bound state character of Bohr
radius aB ≃ 10 nm. me;h are the electron and hole effective
masses and M ¼ me þmh is the excitonic mass. Note
that gxpðq; kzÞ ¼ gxpðq;−kzÞ, which allows us to replace
unambiguously kz by ω using the dispersion relation
ω ¼ vs

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q2 þ k2z

p
. In the parameter regime of the experi-

ment, q ≪ kz, so that ω ≈ vsjkzj. Furthermore, ½meðhÞ=
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ð2MÞqaB�2 ≪ 1. Therefore, the coupling simplifies to

ℏgxpðωÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
ℏω

2ρVv2s

s
ðVe − VhÞ exp

�
−

ω2

v2sq2z;cut

�
: ðA76Þ

An explicit expression for γxpðωÞ in Eq. (23) can now be
determined. We define the excitonic density in the quantum
well as nx ¼ Nx=A, where A is the condensate area and
V ¼ ALz. The density of states ρ0q;ω counts the number of
phonons’ wave vectors kz matching the condition ω ¼
ωðphÞ
q;kz

¼ vs
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q2 þ k2z

p
; namely, it is such that

ρ0q;ωdω ¼ ðLz=2πÞdkz: ðA77Þ
Using the fact that in our experiment vsjqj ≪ ω, we get

ρ0q;ω ≈ ΘðωÞ Lz

2πvs
; ðA78Þ

which is approximately constant (Θ is the Heaviside step
function). We have further verified numerically the validity
of this approximation. So finally,

γxpðωÞnx ¼
nxLzA
2vs

ΘðωÞgxpðωÞ2; ðA79Þ

that can be more explicitly given as

γxpðωÞnx ¼
ωnx
4v3sρℏ

ðVe − VhÞ2 exp
�
−

2ω2

v2sq2z;cut

�
: ðA80Þ

In this expression, the argument in the exponential provides
a cutoff wave vector above which the exciton-phonons
coupling vanishes. This cutoff can be compared with the
experimental one when fitting ALPðθÞ½T�, the measured
spectrally-integrated LP emission intensity at phonons

temperature T, and in the noninteracting case, with its
theoretical expression. The latter is given by Eq. (26)
assuming the noninteracting limit for the involved
Bogoliubov coefficients. As this measurement is carried
out with a very low laser intensity, the phonons temperature
matches the sample mount temperature which is measured
independently. As a result, the only remaining free para-
meter fixing the shape of ALPðθÞ for every temperatures is
qz;cut. This analysis yields Lz ¼ 8.5 nm instead of the
nominal quantum well thickness Lz ¼ 17 nm. A good
reason for this mismatch is that the strong confinement
assumption aB > Lz, with ab ¼ 10 nm, is in fact not well
checked in our thick quantum well. In the weaker confine-
ment regime where aB < Lz, the contribution of the bound
electron-hole wave function contributes as the shortest
length scale and hence contributes more to q2z;cut than
Lz. The apparent Lz in the strong confinement description
is thus expected to decrease by a factor of the order of
∼Lz=aB. Another contribution to this reduced Lz is that the
expression qz;cut ∼ 0.9 × 2π=Lz is obtained by fitting the
exact wave function in a finite height quantum well with a
vertical transition edge between the barriers and the
quantum well, while in reality the transition edges are
typically much smoother than that due to indium diffusion
that can result in tighter confinement length along z for the
ground state (see, e.g., Ref. [68]).

APPENDIX B: MAIN EXPERIMENTAL
PARAMETERS AND PHYSICAL QUANTITIES

Table I provides a quantitative summary of the phy-
sical parameters entering the modeling of our experi-
ment and of the key physical quantities introduced in
the article.

TABLE I. Main system parameters and physical quantities.

Notation Description Value

ℏωcavðq ¼ 0Þ Cavity mode energy 1450.54 meV
ℏωx Excitonic transition energy 1450.36 meV
ℏωLPðq ¼ 0Þ Lower polariton ground state energy 1448.81 meV
ℏωlas Laser to polariton mode detuning ℏωLPðq ¼ 0Þ þ 0.19 meV
ℏΩ Rabi splitting 3.28 meV
ℏγx;0 Excitonic transition linewidth ≃0.12 meV
β Momentum dependence parameter of excitonic linewidth ≃0.045 meVμm2

ℏγcav Cavity mode linewidth ≃0.025 meV
ℏγMxp Max value (over q) of the exciton-phonon interaction strength ≃5 × 10−3 meVμm2

nx Excitonic density ½0.32; 3.2� × 1011 cm−2

ℏgsnx Interaction energy: saturation contribution 0.19 meV
ℏgxnx Interaction energy: Coulomb contribution 0ð−0;þ0.3Þ meV
Tc Temperature: cryostat [6, 11] K
T Temperature: thermal phonons bath [6, 15] K
TGN For T ≫ TGN, the normal-ghost brightness ratio is T independent ≃15 K
TEB Characteristic temperature: equal normal and ghost mode brightness ≃5.2 K

TðcrÞ
N;GðqÞ Crossover temperature: phonon bath to photon vacuum dominated emission ≳1 K
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