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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

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
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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 d,) to correlated
particle-hole quasiparticles ﬁq = uglq + v_q&iq, where
(ug,vq) are the characteristic Bogoliubov amplitudes and
hq 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
exciton polaritons (hereafter simply referred to as polaritons),
as considered in this work. In the present work, 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 = 0 K, we demonstrate that the most fundamental state of
the condensate always involves a contribution of the lattice
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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 |0) in the sketch). Panel (b) de-
scribes the contribution resulting from the coupling to the bath of
lattice phonons at temperature 7 (symbolized as a fire). The
experimental configuration considered in this work consists in a
steady-state condensate (orange ellipse) involving (N.) photon-
like particles (exciton polaritons) pumped at resonance by a laser
field of amplitude F,, and subject to a loss rate y,. 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 /4 p(q, @) are derived in Sec. II and given in
Egs. (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 |u,v.|> when they result
from coupling to the photon-vacuum fluctuations (c), and to
lue(uy — v,) > [|ve(uy —v,)[*] for the normal [ghost] mode,
when they result from coupling to thermal lattice phonons (d),
where (u, . v.,) are the coefficients of the Bogoliubov trans-
formation. The subscript ¢ (x) refers to the cavity photon
(exciton) component of a Bogoliubov excitation.

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
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space photons. The observables relevant to the experiment
are calculated, such as the spectral function of the elementary
excitation emission /(q,w). We report in Sec. III our
measurement of /(q, @) 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. IIC) and the Bogoliubov transformation
amplitudes (uq,v_q) (Sec. IIID). 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. We discuss how to tune the microcavity
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:

A A A A A O A A
o= Ho + Ve + Vi + ALY+ Vi + Vo (1)
where
pol_nz[ by + 0y + 5 (aby + He)
+[f,(1)"aq, +He] (2)

describes the interaction between cavity photons (operator
dq) and quantum well excitons (13q) of in-plane momentum
q, in which the strong coupling regime is described by the
third term in the sum, with 7€ being the Rabi splitting
[33,34] separating the upper and lower polariton modes

when 'H o1 18 in its diagonal form [35]. The last term in Hpol
descrlbes the coherent laser drive with f,(1) = F,e™s' of
amplitude F, with corresponding in-plane momentum #q,,.

Concerning the interaction terms, we take

hgx/2 Z bk—}—qA

k.k'q

_ybwbx. (3)

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

Dsat = (_hgs/z) z (a£+qbk' bk’bk + H.c. ) (4)

kk'.q

describes an additional interaction mechanism between
excitons of strength g, 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

ph = th k. qu Cquk. (5)

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

(ph) _
q’k«". a)q~kz -

vs\/q> + k? is the phonon dispersion relation, with v, the
LA phonons’ sound velocity. Transverse acoustic phonons
have a much weaker coupling strength with excitons [38]
and are thus neglected thereafter. q = (q,, qy) is the two-
dimensional momentum in the plane of the microcavity
spacer and quantum well, and k, is in the orthogonal
direction. The interaction between excitons and LA pho-
nons is dominated by the elastic deformation potential and
reads [39,40]:

= ihzgxp(q’ kz qu+q q>
q.k;

where g,,(q. k) is the momentum-dependent interaction
strength. The detailed expression for g,,(q. k,) is given in
Appendix A 9. Finally, the term

tic (LA) phonons, with bosonic operators ¢

qu —C

Vow = 1Y {0} &}, aqr. +xlaf, aq+Hel} (7)
q.k;

describes the conversion of intracavity photons into extrac-
avity free propagating photons, described by the bosonic
operator g ;_. Cavity photons can tunnel at a rate x into this
continuum across the mirrors, and vice versa, as a result of
the finite reflectivity of the mirrors. x 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 a);,){ = c\/q* + k? with ¢ 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 /(q, ®) 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

I(q, w) =7 /_ o deemo (3} (1)ag(0)),  (8)

T

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. y_,,  k? is the cavity loss rate

(see Appendix A 1 for further details). We thus proceed to

derive the two-time correlator (a§(7)d,(0)) 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 q ,,

and setting, as per the mean-field approximation, (bqp> =
w, and <€qu> =y,, we find the steady-state equations:

(wx - lyx/z + gx‘l//x|2)l//x
+ (/2 = gilw.P)w. — gowiyi =0 9)

and

(wc_iycav/z)l//c+(Q/z_gshllxlz/z)l//x_"Fp :07 (10)
where n, . = |y, .|* are the excitonic and photonic den-
sities and from here on the excitonic and photonic frequen-
cies are shifted by the laser frequency w,,. For details on
the full solution to Egs. (9) and (10), see Appendix A 2.

Note that we have introduced a phenomenological
decoherence rate for the excitonic transition of the form
7:(q) = 7c0 + Bg* (B > 0) that describes in an effective

way the fact that polaritons of higher energy (and hence of
higher |q|) 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 scope without 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 ¢, are macroscop-
ically occupied and (ii) neglect in the Hamiltonian terms
involving more than two operators at q # q,. We thus
derive the resulting quadratic exciton-exciton interaction
terms ]A/xx and lA}Sm that describe interactions occurring
within the condensate, and with final states outside
the condensate with momenta q, +q and q, —q (see
Appendix A 3 for the detailed expression). The phonon-
exciton interaction becomes

Vip = i/ 0ep(@. k) (Cqr, = €1 )by 1q + by, —q)
q.k;
(11)

and describes the scattering of a condensate exciton via
emission or absorption of a phonon into an excited state
with momentum q,, + q or q, + 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):

A

Ay, q(@) = i[ol - Mq]_lj:qp.q’ (12)

where we have set for shorthand notation,

VZlq[Vq ((1)) = [&qp""q (w)’ l;qp-Hl (w)’ &Ilp_q(w)’ l;j],,—q (a))]T7
(13)
and introduced the Langevin force vector:
-’%q,,.,q(w) = [Fq,,+q(w)’fq(a)) _j(T—q(w)’
Fi-a(@). f1q(@) = Fo(@)]". (14)
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The matrix Mg reads:

a)c,qp+q - iycav _2/43' + Q/Z
M . _2,“& + 9/2 a)x,qurq - i7x.q,,+q + 2Re<ﬂsx)
. 0 1y
Hs _,u;fx

with pg = gsnx/z and pg = geny, — s/ nxnce_i¢’
The Langevin force for cavity photons, that results from
their coupling to the extracavity photons, reads:

_ —lwkl
= 15 quaqke ak:’

( ) l(x)(zto/\
gk =€ "

initial time. As dlscussed 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

(16)

where & k. (to), with £y — —co a reference

(ph)

1) = \/Engp(q, kz)éilif]k)ze_iquzt’ (17)
kz

((l k) k. (to Ye'” izl . Similar equations of motion

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

where ¢

3. Bogoliubov eigenmodes

Equations (12)—(15) describe how the cavity photons and
excitons hybridize due to (i) the exciton-photon Rabi
coupling Q 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 My matrix is readily brought onto a diagonal
form by Pququ The P, matrix, whose explicit defi-
nition is given in Appendix A7, contains the u, v
coefficients of the Bogoliubov transformation. In particular,
the (bosonic) lower polariton operator reads:

ﬂLPc,q,,+q = ULPc.q,+q%,+q + ”LP,x,qp+qbq,,+q
(18)

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 u; ,., for instance, characterizes both the particle and the
excitonic contribution of the Bogoliubov state in mode j,
v; . the hole and photonic contributions, and so on. In order
to ensure bosonic commutation relations of the new

A7 21
+ ULp.cq,~qda,~q + ULPrq,~qPa,—q-

0 —Hs
—H H
s . SX ’ (15)
_wc,qp—q — Ycav - Q/2

- Q/2 _a)x,qp—q - i7x.q,,—q - 2Re(ﬂsx)

I
quasiparticle field operators, the Bogoliubov coefficients
; : 2 2 2
are normalized according to |u.q|” + |, g|* = |ve _¢|" —
|0, —q|* =1 for all modes. For the sake of compactness,
we drop the q,, dependence as well as the “LP” subscript
for the lower polariton coefficients, that we thus note

in the following sections.

(uc.q’ M)C,q’ vC,—q’ vx,—q)

C. Dispersion relations

The eigenvalues of M provide the four dispersion rela-
tions @y pup,v,6y(q) and damping rates yp up.y,}(q) of
the Bogoliubov excitations, where labels LP and UP refer
to the lower and upper polariton modes, and labels N and G
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
Q> (ug, pyy), 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 (u, = p,, =0,
dashed line).

D. Emission intensity /(q.»)

In order to determine /(q, ®) 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 a4(1) = [ (dw/2r)e " dq(w). The relevant
term in Eq. (8) is the equation of motion for the intracavity
photon operator:

+q(@) + G13F;;p—q(w)
= Gy)[fq(®) = Fly(o)].

aqp+q(w) =G F,

+ (G (19)
that involves both the quantum and lattice phonon fluctua-
tions, and where we have set G(q, @) = i[wl — M|, and
the Langevin forces £ and f are given respectively by the
Fourier transforms of Egs. (16) and (17). We discuss
separately the two different fluctuation contributions.
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1. Photon-vacuum fluctuations contribution to 1(q.w)

We first focus on the contribution from photon-vacuum
fluctuations and calculate (dq(7)a,(0)). 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 F' term
contributes to the output signal and we find:

] i@
(g +q(D)tg,1q(0))g = > _xe ™ |Gi3(q, 0, )P
kz

(20)
From Eq. (8), we then find the corresponding output signal:

IQ(qp +q’w) :ygav|G13(q’w)|2/ﬂ‘ (21)

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 y..y, €stimated in our experiment to y.,, =~ 25 peV.
Gi3(q, w) can be made explicit using the Bogoliubov
transformation Eq. (A50) which leads to

|teqVe—ql*/7
® = wq,14)" + 7ép+q

|uc.—qvc,q |2/”
(Cl) + w‘lp_q)z + Yap_q

IQ(qP + q? Cl)) = ygav (

, (22)

for the lower polariton resonance, where we have omitted
the LP label. In this expression we have assumed that the
normal (v = wqp+q) and ghost (v = —wqp_q) modes are
well split in frequency as compared to 7, 4. In agreement
with Ref. [22], we recover the fact that in this regime, the
normal branch at q, + q and the ghost branch at q, — 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 q,, + ¢ momenta

. o . A A At At
via Hamiltonian terms equivalent to aq,d4,44, 1 q0q,~q
which destroy two condensate photons (at frequency wy,)

to produce a pair of correlated photons in the normal and
ghost branches at frequencies wy,, + o.

2. Phonons’ thermal and vacuum fluctuation
contribution to 1(q,®)

We now focus on the contribution to the emission inten-
sity originating from coupling to thermal lattice phonons,
namely from fy(@) — 14 (w) in Eq. (19). We follow a
similar derivation as in the photon-vacuum fluctuations
case, using the relation ]A‘T_q () = []A‘_q(—a))]*. We also use
the fact that as v, the acoustic speed of sound, is much
smaller than the speed of light, the phonons involved in the
interaction have a wave vector k, > |q, so that @ = c|k.|
and we can replace the g,,(q. k) by g,,(®). The scattering

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

nxYxp (w) = Tny [gxp (a))]zpa‘w, (23)

with p, =", 8(w—wl}) = (AL,)/(2zv,) the reduced
phonon density of states, where L, is the quantum well
thickness and A a quantization area. An explicit expression
of n,y,,(®) as a function of the experimental parameters is
given in Appendix A 9. Its maximum value yY}, provides an
order of magnitude of the exciton-phonon interaction
strength, and amounts to 7y}, ~5x 107 peV pm? in
our experiment. Assuming a density n, ~5 x 10'© cm™2,
it leads to an interaction rate between the condensate
excitonic fraction and the phonon vacuum of fzy%,nx ~
2.5 peV, which is at about 10 times smaller than 7y, 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
n.7.p(|o|)|nr(@)|, where ny(w) = 1/[e"/*sT) — 1] is the
Bose-Einstein distribution.

We derive the spectral function of elementary fluctua-
tions generated by thermal phonons at any temperature as

IP(qp + qvw) = Vcavyxp(lenx'nT(w)'
X |Ga(q, 0) = Gu(q, )]* /. (24)

As before, we obtain an explicit expression for the matrix
elements G,(q, ) — G4(q,w) using the Bogoliubov
transformation [Eq. (A50)]. Within the same assumptions
as in the photon-vacuum fluctuations case, we thus obtain
for the lower polariton:

IP(qp + q7w) = YCavyxp(|w|)nx‘nT(w)||”x,q - Ux,—q|2
% |”c~q‘2/7[
(0 - wq,,+q)2 + 73,#11
v.o* /7

(@ + wqp—q)2 + 7’%,7—q '

Note that due to the frequency-dependent factor y,, (|@|) as
well as to the thermal factor |ny(w)|, 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, @) by the condensate. These events occur at a
rate which is proportional to y,,(@)n,, to the thermal
population of lattice phonons ny(w), and to the density of
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states of the Bogoliubov excitation in the normal mode at
wias + @ (Ju.q4]* 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 [|ny(w < 0)| =1 + ny(—w) term], where
the density of Bogoliubov excitation in the ghost branch is
given by the |v, 4|* factor. Therefore, in this thermal phonons
regime, the two Bogoliubov excitation branches have differ-
ent intensities. In particular, at 7 = 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. [V B,
the overall emission rate is also modulated by a |u, 4 —
v, _q|* 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 |q|.

II. 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 7Q = 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 |X|?> = 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 7. = 6.6 and 12 K in
the vacuum chamber of a helium flow cryostat. We set the
laser frequency at @, = wp(q,) + 0.20 meV/h above
our target LP state, where @ p(q) is the noninteracting LP
dispersion relation and Aw,, = 1449.0 meV, and tune its
angle close to normal incidence (measuredto ¢, = 0.1 deg),

which corresponds to a polariton condensate with in-plane
momentum |q,| = 0.015 pm™". For both emission and
absorption, the extracavity photon incidence angle is related
to the in-plane momentum of the corresponding polaritonic
state via |q| = w, sin(6)/c. Using beam shaping, the laser
spot at the microcavity surface (and hence the polariton
condensate diameter) amounts to 30 pm, i.e., much larger
than the condensate healing length E = //2m A, ~ 1.5 pm,
where m = 6.6 x 1073 kg is the LP effective mass and
A =~ 0.2 meV is the two-body interaction energy involved
in our experiments. A 20-pm-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
Ay p(6~0) =hyy~0.03 meV in the noninteracting regime,
as measured after deconvolution of the instrument, such
that w;p/yy > v/3/2. In this regime, the driven lower
polariton condensate intensity |y p|%, and hence the trans-
mitted light intensity 7, « [yyp|% exhibits a hysteretic
response as a function of the laser intensity I; [51]. The
measured /,(1;) is shown in the Supplemental Material
(SM), Sec. I [52]. In the high-density state of the bistable
region of I,(I;), the laser is resonant with the blueshifted
LP state and a regime of significant two-body interactions
is reached (A;, > fyy). 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 1(6,0)

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 (6) and frequency (w/2x), is collected on the trans-
mission side of the microcavity. The condensate emission
intensity /,, which is peaked at w = @, and k = q, is
several orders of magnitude brighter than the spontaneous
emission of Bogoliubov excitations (6, ); we reject this
signal by exploiting the spectrally narrow character of /,, 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 /(0,w) for both
positive and negative frequency with respect to @jy,.

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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FIG. 2. Measured (a),(c) and theoretical (b),(d),(e) spectral functions /(6, @) of a resonantly driven polariton condensate in the regime
of vanishing interactions (a),(b) and in the interacting regime (c),(d),(e) characterized by fg;n, = 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 7, = 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.

not observe any emission from the ghost mode [at
@ < wp(q,)]. 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 7. = 6 K the phonon thermal
distribution falls off exponentially with the decay con-
stant k3T, = 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 A;, = 0.19 meV. The measured (0, ®) 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 m), is the Bogoliubov excitations normal (N)
branch #wy(0). The dimmer one, characterized by a
negative effective mass, and frequency range below @,
is the ghost (G) branch fwg(0). The shape of hwy ;(0) is
also clearly modified (i.e., steeper) with respect to the free
particle dispersion relation aw;p(@). 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 Q> A;, (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 (6, ), such as, in particular, the disper-
sion relation of the different modes w;(6) (j = {LP, UP} in
the noninteracting regime and j = {N,G,up*} in the
interacting regime, where UP* labels the normal branch
of the upper polariton), as well as the peak-integrated
intensity A;(6) of those modes, we first use the measure-
ment in the noninteracting regime carried out at different
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temperatures (between 7. = 6.6 K and 7. = 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 1(6, w) using Eq. (24), keeping fixed
these parameters that do not depend on interactions, and
introduce three additional 6-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 ;(6)
and A;(0) 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, |v.|> = 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 7(0, ) 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 fg,n, = 0.19 meV, and a higher temperature
T =15 K > T,.. 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. IIIC 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 1(6,w) 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
q, = 0—I(6, ) and I(—6, —w) 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 (—w, —0) has precisely the right
energy and momentum for the creation, via its absorption,
of a second excitation at (w, #). 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 w;(0)
1. Comparison between experiment and theory

From the fitting procedure of the spectral function
1 (9, w) 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 [wyp(0)]
and lower [wyp(0)] polariton modes. In the interacting
regime, three different modes are extracted: wg(0), wy(6)
[Fig. 3(d)] for, respectively, the ghost and normal modes of
the lower polariton and wyp,(0) [Fig. 3(b)] which corre-
sponds to the upper polariton branch that retains its free
particle character in the limit 2Q > A, [44]. The theo-
retical dispersion relations obtained from diagonalizing the
My matrix Eq. (15) are shown as the solid lines, using the
parameters of the “hotter” regime described above, and by
adjusting the two coefficients g, and g, that describe the
interactions in the polariton gas.

lq| (um™?)
-1.5 1.5 -1.5 0 1.5

(a) (b)

lq| (um™1)
0

Energy (meV)

-2020 0 20
Angle 6 (deg)

-20 0
Angle 6 (deg)

FIG. 3. Dispersion relations in the noninteracting (a),(c) and
interacting (b),(d) regime at 7. = 6.6 K. The data points ex-
tracted from the analysis of the measured spectral functions
1(0, w) 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 lo 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 (i) the slope of wy(0) 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 A to the dispersion relation, but
would not modify the speed of sound c,, for which the

relation ¢, = /Ay, /m remains valid. Since the experi-
mentally observed blueshift is A, = A, + A, in the
presence of a reservoir, one finds that ¢, < y/A,/m. Note
that this analysis is also valid for nonsonic states, in which
the dispersion relation slope is also determined only by A;,;,
and thus also leads to a similar inequality when A, > A,
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 @ = 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 I'g, [15].
Our fit yields I'g,, = +5072 peV, 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 g,n,/gsn, of the
nonlinear contributions, where 7, is the excitonic fraction
of the condensate density. The fact that all three dispersion
relation branches (G, N, UPx) are experimentally acces-
sible provides us with a unique mean to determine this ratio
unambiguously. Indeed, while both g, and g, result in a
blueshift of the lower polariton N and G modes, g, would
also blueshift the UP* branch with respect to its non-
interacting counterpart; on the other hand, g, leaves this
UP* branch spectrally unshifted, and leads to an effectively
reduced Rabi splitting. This qualitative difference allows
us to clearly separate both g, and g, contributions, and
yields the ratio g,/g, ~ 0f8'3 , where 0 is the best fit, and
hgsn, = 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 g, seems to dominate
over g, does not contradict previous works dealing with
polaritonic nonlinearities, since, as explained above, g, and
g, 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 A;(@) from the measured spectral
function 7(0, w), which is defined as the spectral integration
of the emission intensity over the peaks of each mode
Jj=N, G, as labeled in Eq. (25). A;(@) 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 A;(6) in the regime dominated
by thermal lattice phonons that reads:

AN(G) =7Ycavlxp [(‘)N(e)]nan[wN(e)] | uC(G) |2
X |1 (0) = v (0) /7w (0), (26)

and, similarly,

Ac(0) = Yearip[=06(0)n {1 + nr[-wg(0)]}Hv.(0)
X |u (0) = v () /76(0), (27)

where —wg(0) > 0 and we assumed that q, ~ 0. In the
regime dominated by photon-vacuum fluctuations, Eq. (22)
yields:

An(0) = AG(0) = 1euluc(O)vc(O)/yn(0).  (28)

In our dataset, the N mode is found much brighter than the
G mode, which is in agreement with Egs. (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 A;(6) is shown for a phonon
temperature 7. = 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 A;p(6) as a
function of € which is in very good agreement with the
theoretical prediction. The latter also agrees quantitatively
with the theory in the interacting case assuming 7 = 15 K
as explained above. Importantly, the relative intensity
between A;(0) and Ay (0) is captured strikingly well in
this log-scaled plot, except at small angles where A;(0) 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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FIG. 4. Analysis of integrated emission intensity A;(#). Mea-
sured and theoretical A;(6) at T. = 6.6 K (a) in the noninteract-
ing regime (j = LP) and (b) in the interacting regime, where the
normal (ghost) mode j = N (j = 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 Ryp(0)[T.] =
Ap(0)[T.)/Ap(0)[T. = 12K] for T,.=17.6,87,10,11] K
(symbols) in the noninteracting regime. The theory assuming
the nominal phonon temperature 7 = T 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 1o confidence interval of the plotted experimental
values. They are obtained directly (a),(b) or derived (c) from the
integrated intensity 1o confidence interval provided by the fitting
procedure.

We confirm this important feature by analyzing the ratio
Rip(0)[T.] = Arp(0)[T.]/ALp(0)[Ty] in the noninteracting
case, where 7| is a reference temperature, and Ay p(6)[T ] is
the measured lower polariton intensity at another cryostat
temperature 7. According to Eq. (26), Ry p(6) is free from
any temperature-independent parameters such as the non-
trivial energy-dependent exciton-phonon interaction g, ,(®),
that involves the excitonic envelope wave function, and it
depends only on temperature as Ryp(6)[T.| = ny (@)/
ny, (@), where ny () is the Bose-Einstein distribution of
temperature 7. evaluated at ® = w; p(6). In the experiment,
Rip(0)[T.] 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 @;p(0) and the excitonic fraction.
However, Ry p(#) 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 T, = [6.6,7.6,8.7,10,11,12] K, and choose
T. =12 K as the reference temperature 7;. The result is

shown in Fig. 4(c) and compared with the theoretical pre-
diction for Ry p(0)[T.] 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 [u.(0), u,(0),v.(0),v,(0)], by comparing the emis-
sion intensity of the ghost branch and of the normal branch.
Indeed, assuming that y;(6) ~yy(0), and using the fact
that q, ~ 0, the intensity ratio Rgy(0) = Ag(0)/An(0)
assumes the strikingly simple expression:

v.(0)
-8

eha)N(B)/kBT. (29)
Experimentally, A; and Ay are measured in the exact same
experimental conditions, as they are obtained in a single
shot of the CCD camera, so that no extra 6-dependent factor
remains in the ratio Rgy.

The comparison between the experiment carried out
at T. = 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 Rgy = [0, 8]%), we obtain a fairly good
agreement, regarding both the value of the ratio itself and
its trend as a function of 6.

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 Ry (6) are shown in Fig. 5(a)
for several other temperatures between 6.5 K and o
(dashed lines). When the temperature is much higher than
the highest frequency of the lower polariton mode [namely,
when kgT > kpTony = hwy(Opa), Which in our case
corresponds to Ty ~ 15 K], we have Rgy =~ |v./u.|*
[dashed line labeled as 7 = oo in Fig. 5(a)]. Upon cooling
down below Ty, 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.
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FIG. 5. Bogoliubov amplitudes analysis. (a) Ry (6), (b) pho-
tonic Bogoliubov squared amplitude ratio |v..(0)/u.(6)|>. The
four squared Bogoliubov amplitudes are plotted in (c) in semilog
scale with u, (v,) in dark (light) blue and uy (vy) in dark (light)
red. (d) Measured and theoretical Bogoliubov correction factor
F(0) 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 Rgy (0)
assuming the different phononic temperatures indicated, in
addition to the best fit 7 = 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 1o confidence interval
of the plotted experimental values and are derived from the 1o
confidence interval of the integrated intensity obtained directly in
the fitting procedure.

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 6, this
happens when Rgy(0) > 1, namely when kzT < hwy/
log(|u./v.|?). For instance, using our experimental para-
meters and a typical angle € = 10 deg, we find that the
temperature for which equal brightness of the two branches
is achieved is Tgg < 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 |v./u.|* = Rgy exp[—Ey/kgT] from
Ry (0), using the temperature 7 = 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
(|v.|*) 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 (u.,u,,v.,v.), 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 |v./u.|> 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
(u,v)]. Indeed, as mentioned earlier, the fact that the
Rabi splitting is much larger than the interaction energy
(namely, Q> A, ) 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 (u, v) that are related to
the four original coefficients via the relations (u,,v,)/
X = (u.,v.)/C = (u,v), which leads also to |v./u.|*> =
|v/ul? (see Appendix A 8 for a detailed derivation). In this
regime, the Bogoliubov coefficients are approximately real,
and using the normalization condition |u|> — |v|* = 1, one
can thus derive both u and » from the knowledge of
|v./u.|?, and hence all four coefficients (u,, uy, v., vy). 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
[n7(w) 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 7.
Within the right parameters range, a nonzero crossover
temperature can thus be determined, below which the
Bogoliubov excitations emission results dominantly from
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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 €#) 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 Egs. (26) and (28), yielding

T (9) = hwy(0)/ks

- Vap(O)n, |ux<e)—vx<6)\2} '
log [H Yo 0P

(30)

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

th(e)/kB

a _ 1 (On [u (0)-v,(0)
log [1 Y 00

T (0) =

. (31
]

One difficulty in deriving a quantitative estimate of
T&f%(&) is that it requires knowing the excitonic density
n, involved in the condensate, which is not easy to

determine in the experiment. However, note that T&%(é’)
depends only logarithmically (and hence weakly) on the
product y,,(0)n,. Regarding n,, we use the fact that it is
necessarily lower than the excitonic Mott density n, y, for
which the Rabi splitting, and hence the polaritonic state,
would be fully collapsed. n,, depends only on the
excitonic Bohr radius as n,, ~ 1/(za%) and is thus easy
to estimate; it amounts to ~3.2 x 10'' cm™2 in our quan-
tum well. Concerning y,,(6), a realistic estimate is derived
in Appendix A 9.

The resulting crossover temperature for the normal
branch T;&r) (0) is thus plotted in Fig. 6(a), by considering
a range of excitonic densities between 5% (lightest gray
line) and 100% (red line) of n, ,,. The parameters used in
the calculation are those derived for our experiment at
T.= 6.6 K, and the total blueshift 7g,n, = 0.19 meV is
kept constant (and hence the Bogolibuov coefficients as well)
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.

n 100

(b)

40

10+ 1
4
- 100~ : ; :

AN
pllll -

-20 -10 0 10 20 -20 -10 0 10 20
Angle 6 (deg) Angle 6 (deg)

FIG. 6. Calculated angle-dependent thermal to quantum regime
crossover temperature 7', y for the normal (a) and T, ; for the
ghost (c¢) modes in semilog scale. The excitonic density is
increasing from n, = 0.1n, ), to n, = 0.9n, ), from the lightest
to the darkest gray lines. The thick red line shows the result
assuming n, = n, y, the Mott density, which constitutes a solid
upper bound of n,. The thick horizontal line shows a photon
temperature of 7, = 15 K, and the dashed horizontal line shows
liquid helium temperature Ty, = 4.2 K. Panels (a) and (c) are
calculated for the total blueshift achieved in this work
hgsn, = 0.19 meV, while panels (b) and (d) are calculated for
a twice larger blueshift ig;n, = 0.38 meV.

The ghost branch crossover temperature T(Gcr) (0) is shown

in Fig. 6(c). As an obvious difference with the normal branch,
no crossover temperature can be determined above a critical
angle (|0 ~ 10 deg in our simulation of this experiment),
because above |0,,|, the photon-vacuum fluctuations cannot
overcome the vacuum fluctuations of the lattice phonons that
are present at 7 = 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 =0 K occurs into the ghost mode by spontaneous
emission of phonons into the phonon vacuum. The corre-
sponding 7 = 0 K ghost branch emission intensity Ag  can
be derived from Eq. (27) as

AG,O = AG<6’ T = O) = Yeav¥xp (H)nx
X [v:(0)]? | (0) — v, ()] (32)

When Ag  is larger than that the contribution generated by
photon-vacuum fluctuations [Eq. (28)], the latter can then
never become dominant for the ghost branch. The parameters
involved in A o show that |0, | can be increased via different
parameters such as the total interaction energy, or the
excitonic | X|? and photonic |C|? fractions [embedded within
the Bogoliubov coefficients (u,, vy, u.,v.)] that allow
modulating to a large extent the relative coupling of
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polaritons to phonons, on one hand (x |X|?), and to free
space photons ( |C|?), on the other hand.

In Figs. 6(b)-6(d), we computed the crossover tem-
perature T\\”(0) and TSV(0) for the same range of
excitonic densities but considering a twice larger total
blueshift #g,n, = 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 |v, .|?
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 |1J“.|2 is the largest,
becomes experimentally accessible. Note that in practice,
increasing the excitonic fraction |X|? 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 g, ,(®) by a factor (u,q — v, _q).
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 X (uq — v_q) With (u, v) the
Bogoliubov amplitudes in the LP basis, and X is the usual
(noninteracting) LP excitonic Hopfield coefficient. As a
result, the phonon-condensate coupling rate which is
proportional to gxp(a))2 ends up corrected by the factor
Fp = |ug — v_g|* < 1 by the Bogoliubov transformation of
the elementary excitations.

Physically, |u, , — v, _q|* 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 |u,  — v, 4> < 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. Egs. (30) and (31)].

Interestingly, we can derive a measurement of F(0)
from our experimental determination of |v(6)/u(6)|* pre-
sented in Sec. III D as F% = (1 —|v/u|)/(1 + |v/ul). The
result is plotted in Fig. 5(c) alongside the theoretical
Fp = |uyq — vy —q*/X*. A Bogoliubov correction factor
of Fz ~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 Fz(0) 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 7 = 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).
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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
I(q. ), where q = (gy.q,) 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 ¢ = f;, namely,
Po = Pp ® Opnot) (Ophot|» With p,, the intracavity polaritonic
density matrix and |Oph) the vacuum for the extracavity
photon modes. The latter is an excellent approximation in
our experiment, as the typical frequencies involved
(w ~ 1.5 eV) in the problem correspond to a temperature
T >10* K> T,, with T, ~ 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 At = t — 1, the extacavity photon
mode at (q,k,) contains a number of output photons
given by n(q, k., Ar) = (@, (1o + An)ag (fo + Af)),
where the average is taken over the initial state, namely,
(-++) =Tr[pg...]. As per the experimental condition, the
system is in its steady state, so that this quantity does not
depend on the initial time #y,. Experimentally, we measure
the photon flux, per unit momentum and frequency,
tunneling outside of the microcavity during a time inter-
val At, which is macroscopic as compared to the system
microscopic timescales; namely,

nlq, k,(q, ®), At]
At

Ia.0) = pla.o) Jim | . @

At—oo

where p(q, w) = > d(w - a)fl“,)c) is the partial density of

states of extracavity photons, and k,(q,w) = v/@?/c* — q°.
Using Heisenberg equations of motion (EOM) for the

extracavity photons ih0,dq ;. = [Gq. (1), Voul» Where Vo,
is given in Eq. (7) in the main text, we can relate their
dynamics evolution to the dynamics of intracavity photons
(@)

_iwq'k: (I_IO)&q,kz (to)

t @
—qu’kﬂ/ df' e @ar. t)aq(t/).
s

&q.k:(t) =€
(A2)
Since the photonic input state is the vacuum, only the

second term in Eq. (A2) contributes to the output signal,
leading to

L Yeay [TotAr to+At
I(q.w) = lim / dt2/ dt,
)

% e—ia)(tz—fl) <&;;(l‘2)&q<tl ))’

(A3)

with the cavity loss rate 7y, = ﬂp(q,a))Kik_(q’w).
Equation (A3) thus shows that the photon emission
intensity into the extracavity medium corresponds to
the Fourier transform of the two-times correlations
<&3(l2)€zq(tl)> of the intracavity photons, and hence of
the polaritons. We further assume that A¢ is much larger
than the inverse typical frequency range (namely, Af >
10~'! s for frequencies in the meV range), allowing us to
send At — oo. In the steady state, correlation functions
depend only on the time difference 7 = t, — #;, and the
output signal simplifies to

Ycav Foo —iwt /AT A
I(q,0) = . / dre™"(aq(7)aq(0));
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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 y, = |/n,
and v, = \/n—ce‘i‘f’ . Experimentally, we control the pump
intensity |F,|%, and n,,n. ¢ spontaneously take their
steady-state values, but for the sake of deriving the
solutions of the mean-field equations, we take n, as a
o as a function of n,.
First, taking the real and imaginary parts of Eq. (9), we
derive the relations:

(395n:/2 = Q/2)\/nc cos p = \/n (@, + giny).  (AS5)
(gsnx/z - 9/2)\/Es1n¢ = _\/n—x}/x/z' (A6)
Taking the square of these relations, and using
cos” ¢ + sin® ¢ = 1, we obtain the ratio:
ne @, + gun)? r:e/2)
0t L ) (1:/2) A7)

ny B (Q/z - 3gsnx/2)2 (Q/Z _gsnx/z)z .
This relation gives n, as a function of n,. Inserting Q,, into
Egs. (A5) and (A6), we then find the relative phase ¢ as
follows:

o Wy + Gyl
S Voenn-ap MY
singp = re/2 (A9)

@(9/2 - gsnx/z) .

In our experiment, © = 3.28 meV is much larger than
gsne = 0.19 meV, such that cos¢p <0 and sing > 0.
Using also g.n, = 0 yields tangp~y,/w.(1/2 - gn,/Q),
where y, ~0.15 meV and w, = 1.355 meV /A (we remind
that the frequencies are expressed in the frame rotating at
the laser frequency). We see that as long as g,n,/Q < 1,
¢ ~ &, where ¢ = r is the nominal phase difference in the
linear regime for lower polariton states. Once ¢ and n,. are
obtained, we finally use Eq. (10) to find |F,|*:

F 12 = (@, = iyea/2)/ce™™ + (/2 = gen, /2)/n, .

(A10)

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

f}xx = (hg)cnx/z)Z[l;jip-‘rql;.r -q + 4b +qbq +q
q

+ by, gDy, -g)- (Al1)

and for the saturation term:

1,>sat = —(hg\/Z)Z( [fl; +ql;2; -q + 24,
q

+qbq,,+q
+ 8, +qbg,—q +28q,+4D4, +q]

+ /i, e b} +qu _q + (4cos p)b}
+e bq,,+qbqp—q])’

q,+q qp+q
(A12)

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

4. Equations of motion for cavity photons

The EOM for the cavity photons 0,dq, q =
(—i/h)]aq, 14(1), o] is made of three terms. A first term

contains the free part and the interaction between cavity
photons and excitons [Eq. (2)],

i A(o)}_ . (0) 4 Q2

_% [aq,,+qv Hpol - _la)c,qp+qaq,,+q - b ; (A13)

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

i

fl[ q,+q’ Vsat] - l(gs x/z)( q,—q =+ Zb +q> (A14)
and a third term contains the coupling to extracavity
photons [Eq. (7)],

i
_h out = lZqu Aq k. - (AIS)

5. Equations of motion for quantum well excitons

The EOM for the quantum well excitons o, b g =
(—i/ fl)[ +q(1), H,J is made of three terms. A first

term contams the free part and Rabi coupling to cavity
photons,

[on O — Zigl® b

- [bq,,Jrq’ Hpol = la)x’qﬁqbqﬁq — iz (A16)

Aq,+q>
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a second term comes from the excitonic saturation and
Coulomb interactions [treated in the Bogoliubov approxi-
mation, Egs. (A12) and (A11)],

i

- % [[;qP+Q’ i)sat + i)xx] = i(gsnx/z) (&;;p_q + 2aﬂ,;+q)
+ig\/n.n, [e""/’lszlp_q + (2cos ¢)13qp+q]
- igxnx(lgflp_q + 2qu+q); (A17)

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

\/_ngp qv Aiq,k)'

i~

——lby, - Vep (A18)

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:

Houn/ 1 = Z [&azk:(xq,kz&q»k: + yQ»k:&iq,kZ) + H-C'}

q

+ ) 0 g (A19)
q.k;

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

0t&q,kz = (~i/n) [&q,kz’ 7:fbarh]

—ily_qu dlq + X) 4 Aq + 0qs 8qs ). (A20)
The formal solution reads:
aqk (t) — e—iwq,kz(f—to) — l/t d‘L'e_iw‘l*z(t_T)
z tO
X [ 1,2q(7) + g, 854 ()] (A21)

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

(=i/h)aq

(t)7ﬂbath] = —iZ[Xq,k,_&q,k, + yq,k,&iq_kz]-

k;
(A22)
Injecting the formal solution of Eq. (A21) for the bath

operators into Eq. (A21) yields a contribution to the EOM of
the form:

(=i/1)lag(1), Hoan) = F3 (1) = [FEq(1))
- /_ : de{T (1 = 7)aty (7)
+ (1 —7)aly ()}, (A23)
We have introduced the so-called Langevin forces:
FO () = =i xgp g (fg)e@as 1710 (A24)
k.,
and
Fq (t = —lquk Gq . (to)e ek (1=1o) (A25)

We have also introduced the damping kernels:

(1) = (1)) (g™ ote" + [yg i [Pe ') (A26)
k;

F2(t) = ®(t)2(xq,k,y—q,k, e Paks! + x—q,kzyq,kzeiwiq'k:t)
k,

(A27)

(® is the Heaviside step function). Note that in the integral
over the damping kernels, we have sent the initial time #, to
—oo, which amounts to assuming that the support of the
damping kernel (a few times the memory of the bath) is
much smaller than ¢ — 7, (Markov approximation).

The Langevin forces contributions [£ terms in
Eq. (A23)] describe the forcing of the system by the
external bath. The integral with the [’ terms in
Eq. (A23) (I" 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): xq4. = Kqx.]

= Fry(r)- /_ Vdry. (1-7)ag(t).  (A28)

with the Langevin force
~(in)

with the input modes defined according to @y, :=

i ~

T [&q(t)7 voul]

(A29)

. (a)
g (1g)e" "+, and with the damping kernel

(a)

= 0(1) iy e 0

kZ

Yeq(?) (A30)

Phononic bath. For cavity excitons which are coupled to
the bath of thermal lattice solid-state phonons [cf. Eq. (A18):
Xqk, = in/TxGxp(Q. k) = —yq .1, we find the contribution
to EOM:
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where we have introduced the Langevin forces,

(ph) ,

\/_ngp q.k qk)e_’“’q.kz ,

with the input modes defined according to ¢

+ (ph)
8qu. (to)e 1" as well as the damping kernels,

o™
Veaqlt angx,, q.k.)e %

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:

O(w) = / = die (1), (A34)
. 1 B
o(t) = / dwe ™ O (w). (A35)
2n
Note that this convention implies the relation:
0'(w) = [0(-0)]". (A36)

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

. A . (0 A~ L . 2
_lwaqurq(w) = _lw§.3p+qaqp+q(w) - lzbq,,+q (@) +i(gsn,/2)[b

= a0 = [ delrag(t =) = gl = DB al0) + B0,

(A31)
|
i(w— m( ® )l

= —IZK'q k. aq k dt
= —ZZqu a 2716 (0 — a)((lalzz). (A37)
Introducing the partial density of states pg, =
>k 00— a,z ), we rewrite the photon Langevin force as
Fy(w) = —ikq . (@)270q wa((lk)( X (A38)

where k_(®) is such that a)((la,)c = . It will be convenient to

replace the label k() by simply .
Phonon Langevin forces. The Langevin forces for the
phonons, Eq. (A32), have a similar expression:

To(@) = /is00, (€, 0)270 040, (A39)

where the phonon partial density of states is pg, =

R qz)), and we defined 6((;,[2 1= 6((;[2 where &/,
is such that @ = a);,k,z. We defined similarly g,,(q. ) :=
9xp(q. k7). Importantly, the density of states vanishes
for @ <0, and therefore fi(w)=[f
for o > 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

q(—)]" vanishes

Ilp—q () + 2Bq,,+q (a’)]

+ ﬁq,ﬂrq (@) = Veq,+q(@)dq, 1q(@) (A40)
and
b, 1q(@) =~ b ca(0) = iy sa®) + i(501,/2)[a}, () + 2, 14(w)
— g, B} (@) + 2bg, cq(0)] + i, e B _y(@) + (2205 )by, g @)
+ 74(@) = FLa(0) = [real@) = 7ia@)][By, 0(@) + B -g(@)] (A41)

Equivalently, we take the Hermitian conjugate of these last two equalities, use that [O(w)]? = O'(—~w), and change (@, q)

into (—w, —q). We obtain

At

. A 0
i} () = 0%, 424, o(0) + 75

},Lq q( )aq —q(@)

+ Fap _q( )

( ) l(gsnx/Q’)[l;q +q

(@) +2b§,q()]
(Ad2)
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and

b () = 00 (B -a(@) + 15}, o(@) = (01,2 g, 1q(0) + 2}, o(0)]

+iguny[bq, q(@) +2b] _q(@)] = ige/mnc[e?hy o q(@) + (2cos $)b] _q(@)]

+ [Lg(@) = Fq(@) = [Fimq(@) = 7xq(@)][bg, +q(@) + DY _q(@)]. (A43)
We introduce the notations

7rq(@) =1xq(®) =77 —g(@). (A44)
Yeaw = Yeq(®), (A45)
My = gsni/2, (A46)
o = Gully = goy/niice™ (A47)

where the photonic loss rate y,, 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 as

&q,,+q(w) ﬁq,7+q(w)
q(@) _ Folw) — Fly(w
‘f’ 4 = il — M, f"u) /al®) : (A48)
dgq, q(w) Fq,,—q(“’>
q,, —q(®) [Lq(@) fq(@)
where we introduced the Mq matrix:
O =i Q/2-2 0 -
D¢ q,+q ~ Veav / Hs Hs
~ _2ﬂs + 9/2 w)((o()l +q + ZRC(/J”) - l}7x —Hs Hsx — l7x
My = g 0 . (A49)
0 Hs —We.q,—q — iYCav —Q/Z + 2/"5
N . 0 .
Hs —Hyx T 1Y« - 9/2 _wJ(C,()lp—q - 2Re<ﬂsx) + 17y
Phenomenological damping terms. We notice that the Upeq Uipxq ViPe—q ULPx—q
exciton damping term 7, as predicted by the phononic bath u u v .
model does not quantitatively account for the linewidth as Py = SP'C‘q Sp‘x’q SP’C‘_q SP’X’_q , (A50)
measured experimentally. As a matter of fact, the finite ULpcq VYLPxq ULPe—~q U“LPx—q
linewidth of the excitons y.(q) is caused by further Vipeq VoPag UoPe—q UPaq

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 7, terms in the Mq matrix of Eq. (A49) and add a
phenomenological term y,(q), such that it results in a
complete polaritonic linewidth y, that agree with the experi-
ment. This leads to the expression of the M, matrix as given

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

8. Approximate decoupling between the
upper and lower polariton

by Eq. (15) of the main text.

Bogoliubov coefficients. As mentioned in the main text,
the M, matrix is brought onto a diagonal form by P M, qPq‘ ,
with P containing the Bogoliubov coefficients u, v:

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 |u,q — v, _4|%
characterizing the decoupling from lattice phonons, and
discussed in Sec. IV B. Our starting point is the matrix
Mg [Eq. (15) of the main text] expressed as

Ay B
My = , (A51)
B —A_,
with
0
po=ti =y~ ( Case Q2= )
L N (0)
9/2 - 2”& wx,q,,-'rq + 2Re(ﬂsx)
(A52)
and
0 “Hs
B:B’:( ”). (A53)
—Hs Hsx

For the sake of notation, we omit » in the labels; in all
expressions, one should make the substitution +q — q,, & q.
We first perform a unitary transformation to the (noninteract-
ing) polariton basis. We introduce the 2 x 2 unitary matrix Uy

that diagonalizes the noninteracting problem (1, = u,, = 0);
namely,
C, —-X
Upy = ( ! q), (A54)
Xq Cq
with

(0) (0)

oY) w 0
[ /0 U= % | (455
Nan2 ol 0 o,

with the noninteracting resonance frequencies,

0
(0) wcq‘H" 4)1

1 0 _ (0
@rp/upq — \/ a)E w)(c()l +Q%. (A56)

The so-called Hopfield coefficients Xy and C, are real and
define the lower and upper polariton operators via
arpq = Cqllq + Xqbys (A57)

dupyq = —Xqdq + Cyby. (A58)

‘We then write the M, q matrix in this basis; namely,

(Vb 0
q 0 Ut‘

(%" o)
- N0 Uy

(aty i)
—(BLy)" —Aly)

We have to evaluate the matrices Aq = Uj ,AqUo,q and
By = Up(BUq

(A59)

- The final result is

0
Al — (w](JQq + 2’Re(gn)LL,q,q

2Re(gn)LU.q,q )
0 b
2Re(gn)LU~q,q o

wUP,q + 2Re(gn)UU,q,q
(A60)

(gn)LU,q.—q

(gn)UU,q,—q

(gn)LL,q,—q
n- (

B (gn>LU,q.—q

), (A1)

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

(gn)LL,q,q’ = _(Cqu’ + Xqu')ﬂs + Xqu’/"sx’
(9)uu.qq = (CoXgq + XqCqts + CqCobtsx:
(gn>LU,q,q’ = (Xqu/ - Cqu’)ﬂS + X‘lC‘l’””'

We now make the simplification that the upper and lower
polaritons do not hybridize; namely, we set (gn), = 0.
The M matrix then splits into two independent 2 x 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 x2) Bogoliubov transformations found in this
approximation are almost identical to the exact coefficients
obtained from M;. We then have two matrices to diago-

nalize:
a b
Migo= (0 ) e
q bty —a_q4
with
0
ag = a)(Lp)’q + 2Re(gn)LL7q_q, (A63)
b—q = (gn)LL,q.—q’ (A64)

for the LP, and similarly for the UP with a4 = a)g)l;q +
2Re(gn)yy qq and by = (gn)yy q.-q- The diagonalization
is of the form:

a —viy U_g 0  —wp_q/) \vy Uty
(A65)

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. oy p o gives the LP dispersion relation in the
presence of interactions. Similarly, for the UP the eigen-

values of Myp o, namely wyp q and —wj4 , give the UP
’ ' NrmU,—q

dispersion relation in the presence of interactions. Given
that Re(gn)yy < a)ﬁ)g‘q for all relevant q’s, the matrix
M{jp,q is almost diagonal, and therefore the Bogoliubov

eigenmodes are almost identical to the noninteracting upper
polaritons (the Bogoliubov transformation diagonalizing
M {jp,q is close to the identity, something which we verified

numerically).

We now explicitly proceed to the diagonalization of
the Mip, matrix in Eq. (A62). Note that b_q = by. We
then write:

dg — ad_
MLP,q:%l—'—(

with aq = (aq +a_q)/2. The eigenvalues of Mip, are
then C()Lp,q and —Wyp, with

a

a b A66
) (AG6)

*
bq a

—q>

aq—a
_Y%q~"44q [ 2
a)Lp.q = ) + Clq - |bq| .
We introduce the notation @, = 1/ ag — |bg|*. Note that we

focus on the regime where ag > |b,|*, which is always the
case in the regime accessible to our measurements.
Otherwise, the eigenvalues have an imaginary part, and
we find that [uy|* = |v,[?, 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 [uy|* — |vq|* = 1, we find the coefficients

(A67)

1
uq M_q 2&? +§, (A68)
q
b a, 1
=0 g=—, [ A69
Y= T 20, 2 (A69)

Note in particular that the vq coefficient is complex, with a
phase given by the phase of by = (gn)y 4 -4 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 q, should be reintroduced in these
expressions: +q — q, = q):

ﬁLP,q = uqQypg + U—q&IP,_q (A70)
= g (Cqlq + Xybq) + v_q(C_qdlq + X_b'y).
(A71)

We therefore have the identification:

Urpcq = UqCqs ULprq = UgXgs

Uipe—q = V-qCoq Vprq = V-qX—q. (AT2)

Therefore, the experimental measurement of v1p . _,/Uip c 4
gives direct access to the ratio v_q/u, of the lower polariton
Bogoliubov transformation. Assuming that v, = v_g is real
(an excellent approximation in the regime of the experiment),
and using the normalization u3 — v = 1 valid in the nonflat
part of the dispersion relation, we then reconstruct both u
and v,. Using the knowledge of the Hopfield coefficients
Xg, Cq of the noninteracting problem, we may then recon-
struct all four Bogoliubov coefficients u, g, ity ¢, U qs Vs g5
and in particular the thermal decoupling coefficient
|14, q — ¥y —q|*, 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 n,y,,(®)

In this section, we provide further details and quantita-
tive estimates for the exciton-phonon interaction strength
Yxp(@) 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

Qe+ K
VI 2Ry o - v, i),

hgxp(q’ kz) = 2oV, (A73)

where p = 5.3 x 10’ kgm™ is GaAs density, v, = 4.7 x
10° ms™! is the longitudinal acoustic speed of sound in
GaAs, V is a quantization volume, V,, = (=7,2.7) eV are
the deformation potentials in GaAs for band-edge electrons
and holes, respectively.

Ié = Ii = exp(_kg/qg.cut)

is a Gaussian approximation of the k, component of the
electron and hole envelope wave function which is assumed
to be mostly determined by the quantum well thickness L _,
imposing the cutoff wave vector g, ., 0.9 x 27/L,.

(A74)

Iy = [+ (e /@M)gag P52 (A75)
is the in-plane component of the electron-hole wave
function resulting from its bound state character of Bohr
radius ag ~ 10 nm. m,, are the electron and hole effective
masses and M = m, + m,, is the excitonic mass. Note
that g,,(q.k;) = g,,(q. —k,), which allows us to replace
unambiguously k, by @ using the dispersion relation
w = v,1/q® + k2. In the parameter regime of the experi-
ment, ¢ < k,, so that o~ v,|k;|. Furthermore, [m, )/
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(2M)qag)* < 1. Therefore, the coupling simplifies to

hw o’
Gxp (60) ZPVU%( ¢ h) exp < U%Q%cut) ( )

An explicit expression for y,,(®) in Eq. (23) can now be
determined. We define the excitonic density in the quantum
well as n, = N, /A, where A is the condensate area and
V = AL.. The density of states pj ,, counts the number of
phonons’ wave vectors k, matching the condition @ =

a)f]p,};) = v,\/q® + k%; namely, it is such that

Pawdw = (L. /2r)dk.

(A77)

Using the fact that in our experiment v,|q| < @, we get

LZ
: A7
2rv,’ (A78)

Pa.o = O(@)

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

_n LA

ro@n =" L 0@)g, (@2 (AT9)

that can be more explicitly given as

on 2w?
O e (2 (Aso
Vxp (w)nx 4l)§pfl( e h) eXp ( U?q%;:m) ( )

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 A;p(0)[7], the measured
spectrally-integrated LP emission intensity at phonons

temperature 7', 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 A;p(0) for every temperatures is
G- This analysis yields L, = 8.5 nm instead of the
nominal quantum well thickness L, =17 nm. A good
reason for this mismatch is that the strong confinement
assumption ag > L, with a;, = 10 nm, is in fact not well
checked in our thick quantum well. In the weaker confine-
ment regime where ag < L, the contribution of the bound
electron-hole wave function contributes as the shortest
length scale and hence contributes more to qicm than
L,. The apparent L, in the strong confinement description
is thus expected to decrease by a factor of the order of
~L,/ag. Another contribution to this reduced L, is that the
expression g, ., ~ 0.9 x 2z/L, 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
hwey(q =0) Cavity mode energy 1450.54 meV
hw, Excitonic transition energy 1450.36 meV
hwrp(q =0) Lower polariton ground state energy 1448.81 meV
Ny, Laser to polariton mode detuning hwp(q = 0) + 0.19 meV
[719) Rabi splitting 3.28 meV

ny.o Excitonic transition linewidth ~0.12 meV

p Momentum dependence parameter of excitonic linewidth ~0.045 meVpm?

Ay v Cavity mode linewidth ~0.025 meV
hy%, Max value (over q) of the exciton-phonon interaction strength ~5x 1073 meVum2
n, Excitonic density [0.32,3.2] x 10" cm™2
hgsn, Interaction energy: saturation contribution 0.19 meV
hg.n, Interaction energy: Coulomb contribution 0(=0;+0.3) meV
T, Temperature: cryostat [6, 11T K

T Temperature: thermal phonons bath [6, 15] K

Ten For T > Ty, the normal-ghost brightness ratio is 7 independent ~I5 K

Tgp Characteristic temperature: equal normal and ghost mode brightness ~52 K

Tz(\?r)c (q) Crossover temperature: phonon bath to photon vacuum dominated emission >1 K
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