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The elementary excitations in weakly interacting quantum fluids have a non-trivial 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 essen-
tial 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 non-zero 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 cou-
pled 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 non-zero con-
tribution 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.
I. INTRODUCTION

Interactions between the constituent particles of a
quantum 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 pro-
vide a many-body nature to the quantum fluid elemen-
tary excitations that results in spectacular macroscopic
phenomena, such as superconductivity [1], and superflu-
idity [2, 3]. While capturing in full generality many-body
excitations represents a daunting theoretical challenge,
the celebrated Bogoliubov theory provides a microscopic
theoretical framework to describe them in bosonic quan-
tum fluids in the weakly interacting regime, namely when
the two-body scattering length is much shorter than the
average inter-particle distance. In this regime, the ele-
mentary excitations are transformed from free particles
(operator aq) to correlated particle-hole quasi-particles

Bq = uqlq + v,q&tq, where (uq,vq) are the characteris-
tic Bogoliubov amplitudes, and hq is the excitation mo-
mentum [4, 5].

This non-trivial nature and its consequences on a quan-
tum fluid behaviour 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 un-
derlying linear dispersion relation of the elementary ex-

citations [7], as well as the Bogoliubov transformation it
stems from [8] have thus been found experimentally in
the early 2000s. Since then, the role of Bogoliubov exci-
tations has been investigated and clarified in increasingly
complex phenomena such as decoherence [9], thermaliza-
tion [10, 11] and revival [12], or in quantum fluids lacking
long range order [13].

Over the past decade, the relevance of Bogoliubov ex-
citations 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 sound-like 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, un-
like in closed system, 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
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FIG. 1. Sketch of the two intrinsic mechanisms creating Bo-
goliubov excitations in a quantum fluid of light embedded in a
finite-temperature solid-state micro-resonator. (a) describes
the contribution resulting from the coupling to the extra cav-
ity photon vacuum (noted |0) in the sketch). (b) describes the
contribution resulting from the coupling to the bath of lat-
tice 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) driven at resonance
by a laser field of amplitude F', and subject to a loss rate ~.
The correlated particle-hole nature of Bogoliubov excitations
is shown as a bound red and white symbols. The radiative re-
combination of the latter is shown as escaping photons. The
photons spectral functions I p(q,w) are derived in section
IT and given in eq.(22) and eq.(25) respectively . (c) and
(d) describe the same mechanism as (a) and (b), using the
dispersion relation in the framework of the Bogoliubov exci-
tation dispersion relation, 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 emis-
sion rate of Bogoliubov excitations is proportional to |ucve.|?
when they result from coupling to the photon vacuum fluctua-
tions (c), and to |uc(uz —vz)|* (Jue(uz —vz)|?) for the normal
(ghost) mode, when they result from coupling to thermal lat-
tice phonons (d), where (uc,z,ve,z) are the coefficients of the
Bogoliubov transformation. The subscript ¢ (z) refers to the
cavity photon (exciton) component of Bogoliubov excitations.

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. In-
deed, 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 effec-
tive two-body interactions is conveniently provided by
dressing the photons with a material electronic transi-

tion. In the latter case, photons and bound electron-
hole pairs (excitons) are fully hybridized into exciton-
polaritons (polaritons), as considered in this work. In
the present work, we study both theoretically and ex-
perimentally the steady-state flux of Bogoliubov excita-
tions generated on top of a polariton condensate as a
result of its coupling to photon vacuum, and to ther-
mal lattice phonons. We show that the solid-state en-
vironment, which at first sight could seem anecdotic for
photon-like particles, has in fact a profound influence on
the condensate properties. Indeed, the crystal lattice
vibrations constitute a second full-fledged environment
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 experi-
mental conditions, this contribution not only dominates
over that of the photon vacuum fluctuations, but that
it also offers a unique opportunity to probe the particle-
hole nature of the Bogoliubov excitations. In addition,
we evidence that the corresponding non-equilibrium ther-
mal energy flowing between the thermal lattice phonons
and the condensate is significantly attenuated by the Bo-
goliubov transformation. By theoretical extension of our
model to T" = 0K, we demonstrate that the most funda-
mental state of the condensate always involves a contri-
bution of the lattice phonon vacuum, alongside that from
the photon vacuum. 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 Section II, we de-
velop a Bogoliubov theory of a resonantly driven exciton-
polariton condensate, coupled both to lattice phonons
and to free space photons. The observables relevant to
the experiment are calculated, such as the spectral func-
tion of the elementary excitation emission I(q,w). We
report in Section 11T our measurement of I(q,w) in a mi-
crocavity between temperatures of 6.6 K and 12K. By
quantitative comparison with the theory, we extract the
elementary excitation dispersion relation (Section IIC)
and the Bogoliubov transformation amplitudes (uq, v_q)
(Section III D). In the discussion Section IV we estimate
the experimentally achieved Bogoliubov-transformation
induced decoupling from the phonon bath and derive
a crossover temperature below which the photon vac-
uum fluctuations are expected to overcome the lattice
phonons fluctuations. We discuss how to tune the micro-
cavity parameters to achieve a refined control over both
phenomena. Finally, section 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’), hybrid quasi-
particles obtained when photons confined in a cavity are
in the strong coupling regime with an excitonic transi-
tion (bound electron-hole pairs) provided by a semicon-
ductor planar quantum well. Their excitonic component
provides them with two-body interactions, as well as in-
teractions with the bath of acoustic solid-state lattice
phonons, while the photonic fraction mediates the cou-
pling to the resonant laser drive and to the extra-cavity
free propagating photons that constitute the measured
observable. The Hamiltonian describing all these interac-
tions expressed in the exciton-photon basis thus consists
of the following contributions:

H =AY+ Voo + Vear + HY + Vap + Vour, (1)

pol

where

Q.-
A, = hz [wz ablibq + we qalaq + 2(agbq+h.c.)}

(fp( )*agq, +h.c.) (2)

describes the interaction between cavity photons (opera-

tor dq) and quantum well excitons (Z)q ) of in-plane mo-
mentum q, in which the strong coupling regime is de-
scribed by the third term in the sum, with A€} being the
Rabi splitting [33, 34] separating the upper and lower

polariton modes when 7%;?))1 is in its diagonal form [35].
The last term in 7-2;%)1 describes the coherent laser drive
with f,(t) = F,e™=s? of amplitude F, with correspond-
ing in-plane momentum hq,. Concerning the interaction
terms, we take

= (hga/2) > bl obl_qbubi. (3)
k.k/ . q

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

f}sat = (—hgs/2) Z (dL+qEL’—q

kk’,q

b +hee)  (4)

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

ph_hzwp);kéq,k (5)

describes the three dimensional continuum of harmonic
longitudinal lattice vibration modes or longitudinal
acoustic (LA) phonons, with bosonic operators éq. -

w((lpk) = wvs1/q? + k2 is the phonon dispersion relation,
with v, the LA phOIlOIlb sound velocity. Transverse
acoustic (TA) phonons have a much weaker coupling
strength with excitons [38] and are thus neglected there-
after. q = (¢u,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 phonons is dominated by the
elastic deformation potential and reads [39, 40]:

Vap = thgxp Q, k) (Cq k. —q, qu+q a  (6)

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

Out_hZ{ qaka . Qq k. + Kl Tkaq—}—hc]} (7)

describes the conversion of intracavity photons into
extracavity free propagating photons, described by the
bosonic operator dq,,. Cavity photons can tunnel at
a rate k into this continuum across the mirrors, and
vice-versa, as a result of the finite reflectivity of the mir-
rors. k is safely considered constant within the momen-
tum and frequency range of the experiment. The first
term in Eq. (7) describes the extra-cavity free propagat-
ing photon energy, whose dispersion relation in vacuum is

w((lalz c\/q? + k2 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 I(q,w) resolved
both in frequency and momentum. Using an input-
output formalism detailed in Appendix A 1 we derive a
general relation between the intracavity photon field and

the extracavity photon intensity that simplifies into

+oo
Haw) =" [ dre @l (i) . (8)

— 00

where we have used the fact that the extracavity pho-
tons are in a vacuum state (an excellent approximation
considering that our photons are in the ~ 1.5eV energy
range), and considered that the system has reached a
steady-state as is the case in the experiment. Yea, o< K2
is the cavity loss rate (see Appendix A1 for further de-
tails). We thus proceed to derive the two-time correlator
(@l (T)aq(0)) in presence of both photon vacuum fluctu-
ations and a thermal population of acoustic phonons.
In our experimental configuration, polariton-polariton
interactions are relatively weak, i.e. the associated scat-
tering length is much smaller than the interparticle dis-
tance, and the driving laser intensity is large enough to
induce a macroscopic population of the steady-state exci-
tonic and photonic modes [5]. This justifies a mean-field



treatment for the condensate and the Bogoliubov approx-
imation for the description of the excitations on top of
it.

B. Bogoliubov theory

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 wavevector q,, and

setting, as per the mean-field approximation, (I;qp> =,

and (Gq,) = Y., we find the steady-state equations:

( We — Z'Vm/2 + gm|wz|2)wa¢ +

( Q/2 - gs|1/}a:|2)1/}c - gsdﬁdi = (9)
and:

( We — Z"}/cav/2)wc +

( Q/2— gs|vul?/2)9e + F, =0, (10)
where n; . = |1, .| are the excitonic and photonic densi-

ties and from here on the excitonic and photonic frequen-
cies are shifted by the laser frequency wi,s. For details
on the full solution to Egs. (9-10) see Appendix A 2.

Note that we have introduced a phenomenological
decoherence rate for the excitonic transition of the form
Y2 () = Va0 + B¢ (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. [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.

Bogoliubov approximation.— We then use the Bogoli-
ubov approximation to reduce the interaction terms to

J

We,qp+q — eav —2ps +Q/2
M. — —2ps + Q/2 Wz,qp+q — Z.'Yaqp-&—q + QRG(MSI)
4 0 s
Hs 7:“‘:3:

with ps = gsnac/2 and fisz = gaNg — gsy/ nznce_i¢-
The Langevin force for cavity photons, that results
from their coupling to the extracavity photons reads:

(@)
= _ZZ’% Aqk Jem st (16)

(@)
where 04(",;) = e™ar"G, 1 (tg). As discussed below,

this force stems from the photon vacuum ﬂuctuatlons

4

a quadratic form. This approximation amounts to: i) as-
sume that both the cavity photon and the exciton modes
at the laser momentum q, are macroscopically occupied;
and ii) neglect in the Hamiltonian terms involving more
than two operators at q # q,. We thus derive the re-
sulting quadratic exciton-exciton interaction terms Vew
and Vs, 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

]A/mp = Z‘h\/ Ny Z grp(qa k

a,k

(éq;kz - éiq’kz)(bgp—‘rq + bqp_q) .

(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 ker-
nel associated to the bath of extra-cavity photons and the
bath of solid-state phonons, the excitations take the fol-
lowing final form (see Appendix A4, A5, A6, A7 for
details):

qu,q<w) = i[wl — Mq]_l]}qp,q (12)

where we have set for short-hand notation

Ag,.a(@) = lag,+a(®), ba,+a(@), al, (@), 0], _q(@)]",
(13)
and introduced the Langevin force vector
ﬁqmq(w) = qp+q(W) fq( ) — fiq(w)ﬂ
F ), flq@) = fa@)]" (14)
The matrix My reads:
0 —Ms
—Us ) Hsx
—We,qp—q — ecav Hs - Q/2 ’
215 — Q)2 ~Wz,qp—q ~ VVz,qp—q 2Re(psz)
(15)

. Similarly, the Langevin force acting on excitons, as a
result of their coupling to the thermal phonons bath is

(ph

~(tn —iw )
=Ny Zgzp(cb k‘z)cg,}g)ze q’kzt ) (17)
k.

A(in) WP ¢,
where ¢y 1= Cqpk. (to)e™anzto,

motion have been derived in the literature [29, 44|,
but the interaction with lattice phonons has not been

Similar equations of



included so far to the best of our knowledge.

Bogoliubov eigenmodes.— Equations (12)-(15) describe
how the cavity photons and excitons hybridize due to: (i)
the exciton-photon Rabi coupling €; 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 Mg matrix is
readily brought onto a diagonal form by PqMqP;'. The
P4 matrix, whose explicit definition is given in Appendix
A 7, contains the u, v coefficients of the Bogoliubov trans-
formation. In particular, the (bosonic) lower-polariton
operator reads:

Bip,c,ap+a = Uip,cap+ada,+q T Up,z,a,+aba,+a +

Ulp,c,qpfqd:r;p—q + Ulp,:v,qpfqbl;pfq - (18)
There are thus four Bogoliubov coeflicients per mode
in our model instead of the usual two in the Bogoli-
ubov theory. This is because the bosonic quasi-particles
that constitute our condensate are exciton-photon hy-
brids, 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 contribu-
tions, and so on. In order to ensure bosonic commu-
tation relations of the new quasiparticle field operators
the Bogoliubov coefficients are normalized according to
[Ue.g|? + |te.qgl? = [ve,—q|* = [Vz,—q|> = 1 for all modes.
For the sake of compactness, we drop the q, dependence
as well as the ‘Ip’ subscript for the lower polariton coef-
ficients, that we thus note (uc,q, Uz,q; Ve,—q, Vz,—q) in the
following sections.

C. Dispersion relations

The eigenvalues of M provide the four dispersion re-
lations wyyp, up; .3 (4) and damping rates v upn,c1(Q)
of the Bogoliubov excitations, where labels 'Ip’ 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 exists for each polariton modes,
and correspond 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 the up/lp mixing induced by the Bogoliubov
transformation, a condition which is well satisfied as long
as Q> (us, hes), as is the case in our experiment [44].

Examples of thus obtained lower polariton normal
(dark solid line) and ghost (light solid line) mode dis-
persion relation are shown in Fig. 1(c,d), and compared
with the free polariton dispersion relation (ps = prsy = 0,
dashed line).

D. Emission intensity I(q,w)

In order to determine I(q,w) 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 aq(t) = [ (dw/2m)e”“!aq(w). The relevant
term in Eq. (8) is the equation of motion for the intra-
cavity photon operator:

dg,+q(w) = Gllﬁqp+q(w)+G13F§p_q(w)
+(Gr2 — Gra)[fq(w) = flqw)] . (19)

that involves both the quantum and lattice phonon fluc-
tuations, and where we have set G(q,w) = i[wl — Mq] ™,
and the Langevin forces F and f are given respectively by
the Fourier transforms of Eqgs. (16) and (17). We discuss
separately the two different fluctuation contributions.

1. Photon vacuum fluctuations contribution to I(q,w)

We first focus on the contribution from photon vacuum
fluctuations and calculate (a,(7)aq(0)). Note that this
contribution has been derived in a similar way in [22] .
Given that the initial state for the system is the vacuum
for the photon modes, only the F'T term contributes to
the output signal and we find:

(@, 1+ q(T)igy+q(0))q =
i‘rw(a) «@
S we ks |Grg(a, w1 (20)
kz
From Eq. (8), we then find the corresponding output sig-
nal:
Io(ap + q,w) = Vou,|Grs(q,w)* /7 . (21)

This expression agrees with that derived in [22]. The
characteristic scattering rate between the condensate
photonic fraction and the external photonic vacuum is
thus fixed by 7cav, estimated in our experiment to Yeay =~
25ueV. G13(q,w) can be made explicit using the Bogoli-
ubov transformation Eq. (A50) which leads to

IQ(qp + q,w) = /702av X
|te.qVe,—al® /7

(W — wq,+q)* + 'Yc21p+q

|“c,fﬂlvc,q|2/7T
(W+wq,—q)? + ’ygp_q

22)

for the lower polariton resonance, where we have omitted
the ‘Ip’ label. In this expression we have assumed that the
normal (W = Wq, +q) and ghost (w = —wq,_q) modes are
well split in frequency as compared to vq,+q. In agree-
ment with [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 (quantum-entangled) pairs

of q, = q momenta via Hamiltonian terms equivalent to

dququ:;p +qdzp7q, which destroy two condensate pho-

tons (at frequency wias) to produce a pair of correlated
photons in the normal and ghost branches at frequencies
Wlas £ W.



2. Phonons thermal and vacuum fluctuations contribution
to I(q,w)

We now focus on the contribution to the emission
intensity originating from coupling to thermal lattice
phonons, namely from fq(w)—fiq(w) in Eq. (19). We fol-
low a similar derivation as in the photon vacuum fluctua-
tions case, using the relation fiq(w) = [f_q(~w)]t. 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 wavector k, > |q|,
so that w = c|k,| and we can replace the g,,(q,k,) by
guzp(w). The scattering rate between the condensate ex-
citonic fraction and the phonon vacuum can be written
as

NxYap (w) = TNy [gacp (W)]Qp:q,w (23)

with ply, = 3. 0(w — w)) = (AL.)/(27v,) the re-
duced phonon density of states, where L, is the quan-
tum well thickness and A a quantization area. An ex-
plicit expression of n,7v;,(w) as a function of the ex-
perimental parameters is given in Appendix A9. Its
maximum value 'y% provides an order of magnitude of
the exciton-phonon interaction strength, and amounts to
h’y% ~ 5 x 1073 ueVum? in our experiment. Assuming
a density n, ~ 5 x 101%cm~2, it leads to an interaction
rate between the condensate excitonic fraction and the
phonon vacuum of h%%nI ~ 2.5ueV, which is at about 10
times smaller than A7,y that determines the scattering
rate between the condensate photonic fraction and the
photon vacuum. In the generic case where the phonon
bath assumes a non-zero temperature, the scattering
rate between the condensate excitonic fraction and the
phonon thermal bath is enhanced by a thermal phonon
population factor, and is given by nyyup(Jw|)|nr(w)],
where np(w) = 1/[e"/*5T) — 1] is the Bose-Einstein
distribution.

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

= YeavYap(|W])nz N1 (W) X
|G12(q,w) — Gra(q,w)* /7 (24)

Ip(qp +q,w)

As before, we obtain an explicit expression for the ma-
trix elements G12(q, w) — G14(q,w) using the Bogoliubov
transformation [Eq. (A50)]. Within the same assump-
tions as in the photon vacuum fluctuations case, we thus
obtain for the lower polariton:

Ip(ap + 4, w) = YeavVap(|w )Nz nr (W) [uz,q — ”:c,—q|2 X

|uc,q|2/77

(w— "“’qurq)2 + 'V<21p+q

(w+ qufq)2 + ’7(21p7q

Note that due to the frequency-dependent factor v, (|w|)
as well as to the thermal factor |ny(w)|, this lineshape is

‘UC701|2/7T ) (25)

not purely Lorentzian. This aspect turns out to be signif-
icant in developing a careful analysis of the experimental
data as discussed below.

Equation (25) is an important outcome of our anal-
ysis. For the normal mode (first Lorentzian), the out-
put photons are produced via the radiative relaxation of
an elementary excitation produced itself by the absorp-
tion of a thermal phonon at (q,w) by the condensate.
These events occur at a rate which is proportional to
Yap(W)ng, to the thermal population of lattice phonons
ny(w), and to the density of states of the Bogoliubov ex-
citation in the normal mode at wias + w (|uc,q|® factor).
For the ghost branch (second Lorentzian), the output
photons are produced by radiative relaxation of an ele-
mentary excitation produced itself by spontaneous and
stimulated emission of a lattice phonon by the conden-
sate (|nr(w < 0)| = 14+ np(—w) term), where the density
of Bogoliubov excitation in the ghost branch is given by
the |v.q|? factor. Therefore, in this thermal phonons
regime, the two Bogoliubov excitation branches have dif-
ferent intensities. In particular, at T' = 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 Bogoli-
ubov excitations.

As will also be discussed more extensively in section
IV B, the overall emission rate is also modulated by a
Uy q — V2, —q|? factor, which quantifies the density fluctu-
ation fraction of a Bogoliubov excitation (the other frac-
tion consisting of phase fluctuation). It is this vanishing
density fluctuation fraction in Bogoliubov excitations for
vanishing momenta that leads to decoupling between the
condensate and lattice phonons at small |q|.

III. EXPERIMENT

To test these theoretical predictions experimentally, we
designed a GaAs-based microcavity in the strong cou-
pling regime containing a single quantum well. This con-
figuration suppresses the dark exciton states that arise
in multi quantum well structures [45-47], and that con-
tribute an unwanted electronic reservoir that strongly
perturb the Bogoliubov transformation [48, 49]. Another
contribution to this reservoir is suppressed by choosing a
quantum well thicker than usual (17nm), 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 quasi-resonant
with the zero-momentum state of the lower polariton
(LP) branch. The upper polariton (UP) branch is blue-
shifted above the LP by a Rabi splitting A2 = 3.28 meV.
By taking advantage of the intentional wedge in the cav-
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FIG. 2. Measured (a and c) and theoretical (b,d,e) spectral functions I(6,w) of a resonantly-driven polariton condensate in

the regime of vanishing interactions (a-b) and in the interacting regime (c,d,e) characterized by figsn, = 0.19meV. 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 and c¢) and gray rectangles (b, d and e) shows 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 Ty = 15K, 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.

ity thickness, we choose to address a lower polariton (LP)
state that has an excitonic fraction of | X|? = 0.53. This
choice offers significant two-body interactions while pre-
serving a narrow spectral linewidth of the LP states. The
microcavity temperature (that of lattice phonons) can be
tuned between T, = 6.6 and 12 K in the vacuum chamber
of a Helium flow cryostat. We set the laser frequency at
Wias = wip(dp) + 0.20meV /R above our target LP state,
where wy,(q) is the non-interacting LP dispersion rela-
tion and Awi,s = 1449.0 meV, and tune its angle close to
normal incidence (measured to 6, = 0.1degree), which
corresponds to a polariton condensate with in-plane mo-
mentum |q,| = 0.015 um™'. For both emission and ab-
sorption, the extracavity photon incidence angle is re-
lated to the in-plane momentum of the corresponding po-
laritonic state via |q| = wias sin(f)/c. Using beam shap-
ing, 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
€ = h/v2mAyy ~ 1.5um, where m = 6.6 x 1073° kg
is the LP effective mass, and A ~ 0.2meV is the two-
body interaction energy involved in our experiments. A
20 um diameter circular spatial filter selects the central
part of the condensate, where the condensate density pro-
file is practically constant.

The driven polariton state has a narrow spectral
linewidth Ay;,(8 ~ 0) = Ay ~ 0.03meV in the non-
interacting regime, as measured after deconvolution of
the instrument, such that wy, /v > v/3/2. In this regime,

the driven lower polariton condensate intensity |t,]?,
and hence the transmitted light intensity I, oc [t,]?,
exhibits a hysteretic response as a function of the laser
intensity I, [51]. The measured I;(I1) is shown in the SI
section I [52]. In the high density state of the bistable re-
gion of I;(I1), the laser is resonant with the blue shifted
LP state and a regime of significant two-body interac-
tions is reached (A > hy). 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
interactions is measured to be 400 times smaller (see SI
section I [52]).

A. Measured spectral function of elementary
excitation I(0,w)

Non-interacting regime.— In order to characterize at best
the system parameters which do not depend on interac-
tions, we first tune the laser in the regime of vanishing
interactions. The emission of the condensate and its ele-
mentary excitations, resolved both in angle (8) and fre-
quency (w/2m), is collected on the transmission side of
the microcavity. The condensate emission intensity I,
which is peaked at w = wi,s and k = qp, is several orders
of magnitude brighter than the spontaneous emission of
Bogoliubov excitations I(#,w); we reject this signal by
exploiting the spectrally narrow character of Iy, in using
a custom-built image-preserving notch filter of ~ 0.2 meV
bandwidth. Filtering out the very bright condensate sig-



nal allows us to measure I(f,w) for both positive and
negative frequency with respect to wias.

The result is shown in Fig.2.a in log (linear) scale for
the lower (upper) polariton branch. The emission-free
stripe situated between 1448.95meV and 1449.2 meV is
the result of the above-mentioned filter rejection band.
In this non-interacting regime, the elementary excita-
tions 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 not observe any emission from
the ghost mode (at w < wias). Notice 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 > 3.05meV, while at T, = 6K
the phonon thermal distribution falls off exponentially
with the decay constant kT, = 0.56 meV. We further
elaborate below on the role of thermal phonons in the
creation of elementary excitations.

Interacting regime.— We then increase the laser intensity
in order to reach the high-density state of the bistabil-
ity, where the interactions are significant. In this regime,
the interaction energy amounts to Ay, = 0.19 meV. The
measured I(0,w) is shown in Fig.2.c. As is immediately
apparent, with respect to the non-interacting case (panel
a of the figure), the interactions modify significantly the
elementary excitations dispersion relation. Two different
branches can be identified, the one with a positive ef-
fective mass and frequency range above wy,s is the Bo-
goliubov excitations normal (N) branch Awpy(#). The
dimmer one, characterized by a negative effective mass,
and frequency range below wy,s is the ghost (G) branch
Twe (0). The shape of hwy,¢(0) is also clearly modified
(i.e. steeper) with respect to the free particle dispersion
relation hwy,(0). These features fully agree with the ex-
pected characteristics of the dispersion relation for LP
Bogoliubov excitations. Finally, the UP dispersion rela-
tion is also clearly visible, and its shape is left essentially
unchanged with respect to the non-interacting regime,
as we will see more quantitatively later on, and which is
expected in the regime where Q > A, (See Appendix
section 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 been
also 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 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 diffusive Goldstone mode at vanishing frequency
[55, 56], as well as a ghost mode [57-59].

Data analysis.— In order to extract the different relevant

observables from these measured I(f,w), such as in
particular the dispersion relation of the different modes
w;j(0), (7 = {lp,up} in the non-interacting 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;(#) of those modes,
we first use the measurement in the non-interacting
regime carried out at different temperatures (between
T. = 6.6K and T, = 12K). 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 I(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 Supplementary Information
[52], this method provides us with the experimental
values of w;(#), and A;(#) that can then be compared
with the theory, allowing us to estimate the remaining
interaction-dependent parameters of the model.

Theoretical spectral functions.— In the non-interacting
regime, [v.|? = 0; from Eq. (22) it follows that the
photon vacuum fluctuations cannot create any ele-
mentary excitation, while thermal phonons can . The
corresponding theoretical spectral function I(6,w) is
shown in Fig.2.b and is in excellent agreement with
the measured spectral function (panel a of the figure).
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 non-interacting case, except for a
nonzero value of the nonlinearity Agsn, = 0.19 meV, and
a higher temperature 7' = 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 alloys, which produces a heating power due to
ensuing non-radiative recombination. By repeating the
same analysis as above, namely assuming only contribu-
tion 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 (panel ¢ of the figure). The hypothesis
of neglecting the photon vacuum fluctuations will be
justified in detail in Sec. IIIC by the analysis of the
spectral intensities.

Thermal fluctuations versus photon vacuum fluctuations
.— As discussed in Sec. II, the generation of elemen-
tary excitations by thermal phonons or by photon vac-
uum fluctuations result in a very different I(0,w) pat-
tern: Fig. 2.(b,d) show the calculated spectral functions
including only excitations via thermal phonons, while
Fig.2.e shows the corresponding pattern calculated as-
suming only quantum photon fluctuations. The reason
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FIG. 3. Dispersion relations in the non-interacting (a,c) and
interacting (b,d) regime at T, = 6.6K. The data points ex-
tracted from the analysis of the measured spectral functions
I(0,w) are shown in black for the upper polariton branch, in
dark (light) blue for the normal (ghost) mode of the lower po-
lariton, with error bars determined from the fitting procedure
and corresponding to the 1o confidence interval. The solid
lines show the theory.

for this difference is that in the quantum regime, ex-
citations are only created in correlated pairs, implying
that — for q, =0 — I(#,w) and I(—6, —w) have an equal
brightness. In the regime dominated by thermal lattice
phonons, the mechanism generating elementary excita-
tions is not expected to produce as much pair correla-
tions. We notice however that a finite amount of cor-
relations is still expected in this regime, as the lattice
phonon which is emitted for the creation of an excita-
tion at (—w, —0) has precisely the right energy and mo-
mentum for the creation, via its absorption, of a second
excitation at (w, ). A quantitative account for the corre-
lation 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;(6)

Comparison between experiment and theory.— From the
fitting procedure of the spectral function I(6,w) as de-
scribed in the previous section, we extract the experimen-
tal dispersion relations of the elementary excitations. In
the non-interacting regime, the result is shown in Fig.3.a
and Fig.3.c for both the upper [wy,,(6)] and lower [wy,(6)]
polariton modes. In the interacting regime, three dif-
ferent modes are extracted: wg(0), wy(0) (Fig.3.d) for,
respectively, the ghost and normal modes of the lower
polariton and wy,«(#) (Fig.3.b) which corresponds to the
upper polariton branch that retains its free particle char-
acter in the limit A€ > Ay [44]. The theoretical disper-

sion relations obtained from diagonalizing the My matrix
Eq. (15) are shown as the solid lines, using the param-
eters of the ’hotter’ regime described above, and by ad-
justing the two coefficients g; and g, that describe the
interactions in the polariton gas.

We obtain an excellent quantitative agreement be-
tween theory and experiment, which allows us to draw
several important conclusions. Firstly, the fact that
the theory accurately reproduces both (i) the N and G
branches spectral blueshift, and (ii) the slope of wy,c(6)
at low momenta, implies that no additional reservoir is
perturbing the Bogoliubov transformation. Indeed, we
have shown both experimentally and theoretically in pre-
vious 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,.s to the dispersion re-
lation, but would not modify the speed of sound cs, for
which the relation ¢s = /Ajyt/m remains valid. Since
the experimentally observed blueshift is A, = Ajnt+Aves,
in presence of a reservoir, one finds that ¢; < \/A,/m.
Note that this analysis is also valid for non-sonic states,
in which the dispersion relation slope is also determined
only by Ajng, and thus also leads to a similar inequality
when A, > Aj,;, something that can be verified numer-
ically. This analysis thus shows that within the experi-
mental 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 sig-
nature 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 labelled ’3’ in Fig.1 of the supplemental mate-
rial). This working point provides indeed the best com-
promise between high interaction energy and low laser
power. In practice, the onset of instability is determined
by the positivity of the largest eigenvalues imaginary part
T5m [15]. Our fit yields 'z, = +50782 peV, which is
compatible with stable solutions within the experimental
errorbars.

FEzcitonic 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 n,
is the excitonic fraction of the condensate density. The
fact that all three dispersion relation branches (G,N,up*)
are experimentally accessible 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 coun-
terpart; 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¢,/gs ~ Ofg“3 where 0 is the best fit, and
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FIG. 4. Analysis of integrated emission intensity A;(6). Mea-
sured and theoretical A;(0) at 7. = 6.6K (a) in the non-
interacting 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 the-
ory is shown as solid lines. The gray rectangle indicates
the area of inaccessible measurements due to the spectral
filter rejection in the experiment. (c) Measured integrated
intensity ratio Ry,(0)[T.] = Ap(0)[Te]/Ap(0)[T. = 12K]
for T, = [7.6,8.7,10,11] K (symbols) in the non-interacting
regime. The theory assuming the nominal phonon temper-
ature T' = T, is shown as a solid line, as well as two more
temperatures: a lower and a higher with 5 K difference, which
are shown as dotted lines

hgsny = 0.19meV. This result is of significant inter-
est, 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, gs
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;(f) from the measured spectral
function I(f,w), which is defined as the spectral inte-
gration of the emission intensity over the peaks of each
mode j =N,G, as labelled in Eq. (25). A;(#) is the right
observable to identify the origin of the fluctuations gener-
ating the elementary excitations (namely, thermal lattice
phonons or photon vacuum fluctuations ). Assuming nar-
row Lorentzian lineshapes, Eq. (25) yields a simple ap-
proximate expressions for A;(¢) in the regime dominated
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by thermal lattice phonons, that reads:

AN (0) = chaVpr[wN(e)]nan [WN (0)] |U(\(9)|2
x Jug(6) = v (0)* /4w (6), (26)

and, similarly:

Ac(0) = YeavVop[~wa (0)na (1 + nr[~wa (0)])]vc(0)?
X ‘ux(e) - vz(9)|2/7G(6)7 (27)

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

AN(0) = Ac(0) = VarlucO)ve(®)* /7w (0).  (28)

In our dataset, the N mode is found much brighter than
the G mode, which is in agreement with Eqs. (26,27),
and not with Eq. (28). This feature rules out a domi-
nant contribution of photon vacuum fluctuations in this
experiment.

The quantitative analysis of A;(f) is shown for a
phonon temperature 7, = 6.6K, both in the non-
interacting case [Fig. 4.a] and in the interacting case
[Fig. 4.b]. In the non-interacting case, we observe a de-
cay of A;,(0) as a function of § which is in very good
agreement with the theoretical prediction. The latter
also agrees quantitatively with the theory in the interact-
ing case assuming 7' = 15K as explained above. Impor-
tantly, the relative intensity between Ag(#) and Apn(0)
is captured strikingly well in this log-scaled plot, except
at small angles where A () is found to deviate from the
theory. Indeed at smaller angles, the Bogoliubov excita-
tion 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 domi-
nated by thermal phonon in our experimental conditions.

We confirm this important feature by analyzing the
ratio Ry,(0)[T] = Ap(0)[T.]/Aip(0)[To] in the non-
interacting case, where T} is a reference temperature, and
Aip(0)[T,] is the measured lower polariton intensity at
another cryostat temperature 7.. According to Eq. (26),
Ry, (0) is free from any temperature-independent param-
eters such as the non-trivial energy-dependent exciton-
phonon interaction ggp(w), that involves the excitonic
envelope wavefunction, and it depends only on tempera-
ture as Ry,(0)[Tc] = nr, (w)/nr, (w) where ny, (w) is the
Bose-Einstein distribution of temperature T, evaluated
at w = wip(F). In the experiment, Ry, (0)[T,] is not as
simple, as the excitonic transition energy, and to a lesser
extent the cavity mode, both redshift for increasing tem-
perature. This redshift modifies the LP dispersion rela-
tion wi,(f) and the excitonic fraction. However Ry,(6)
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 as
the reference temperature Ty. The result is shown in
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FIG. 5. Bogoliubov amplitudes analysis. (a) Ran(6), (b)
photonic Bogoliubov squared amplitude ratio |ve(6)/ue(6)]?.
The four squared Bogoliubov amplitudes are plotted in (¢) in
semilog scale with u. (ve) in dark (light) blue, and ux (vx)
in dark (light) red. (d) Measured and theoretical Bogoliubov
correction factor Fp(f) 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)
show the theoretical Rgn (6) assuming the different phononic
temperatures indicated, in addition to the best fit T'= 15K
which is shown as a solid line. The gray rectangle indicates
the area of inaccessible measurements due to the spectral filter
rejection in the experiment.

Fig.4.c, and compared with the theoretical prediction for
Ry, (6)[T] including the temperature-dependent parame-
ters mentioned above. We analyzed the experimental un-
certainty (see the dashed lines in Fig.4.c) and found that
the temperature estimate is accurate within 5K. Since
this accuracy is comparable with the investigated tem-
perature range, a fully quantitative comparison is not
possible, however the observed trend is clearly consis-
tent with a regime dominated by thermal phonons. The
two analyses presented in this section thus demonstrates
consistently that in our experiment, the Bogoliubov ex-
citations result dominantly from the interaction of the
condensate with thermal lattice phonons.

D. Characterization of Bogoliubov amplitudes

Intensity ratio and Bogoliubov coefficients.— In our ex-
periment, the fact that the Bogoliubov excitations are
created dominantly by interaction with the thermal bath
of lattice phonons opens up a unique opportunity to ob-
tain a quantitative estimate of the Bogoliubov coeflicients
(ue(0), ug(0),ve(0),v,(0)), by comparing the emission in-
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tensity of the ghost branch and of the normal branch.
Indeed, assuming that v (6) ~ yn (), and using the fact
that q, ~ 0, the intensity ratio Ran () = Ag(0)/An(8)
assumes the strikingly simple expression

ve(0))? 5o
Ran(0) = ue))geh N(O0)/ 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. = 6.6K, and the corresponding theory, are shown in
Fig.5.a. Considering the experimental uncertainty quan-
tified by the error bars (notice 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 one, theoretical plots of Rgn(6) are shown
in Fig.5.a for several other temperatures between 6.5 K
and oo (dashed lines). When the temperature is much
higher than the highest frequency of the lower polari-
ton mode (namely when kT > kpTon = hwn (Omax),
which in our case corresponds to Tgy =~ 15K), we
have Rgy =~ |ve/uc|* (dashed line labelled as T = oo
in Fig.5.a). Upon cooling down below Tgy, less ther-
mal 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 in-
tensity with respect to the normal branch.

Remarkably, one predicts that for low enough temper-
ature, and neglecting the photon vacuum fluctuations to
get a simple estimate, the ghost branch emission inten-
sity can even overcome that of the normal branch. For
a given 6, this happens when Rgn(6) > 1, namely when
kpT < hwy/log(|uc/ve|?). For instance, using our ex-
perimental parameters and a typical angle # = 10 degree,
we find that the temperature for which equal brightness
of the two branches is achieved Tgp < 5.2K, which is
about three times colder than the actual phonon temper-
ature estimated for this experiment. This criterion pro-
vides a likely explanation regarding the notoriously diffi-
cult observation of the ghost mode spontaneous emission
in exciton-polariton systems, in addition to the require-
ment of eliminating any detrimental electronic reservoir.

Finally, it is straightforward to estimate the Bogoli-
ubov coefficient ratio |v./u.|* = Ron % exp[—En/kgT]
from Rgn(0), using the temperature T = 15K. 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/energy, 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 towards
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
Section IV.A).

Extracting all Bogoliubov coefficients.— The Bogoliubov
transformation is defined by 4 complex coefficients
(te, Uy, Ve, Vg ), that characterizes the exciton and photon
particle fractions (first two), and the exciton and photon
hole fractions (last two), of a Bogoliubov excitation (see
section II.B and Eq. (A50)). In our experimental condi-
tions, these four amplitudes can be determined to within
a good approximation from the knowledge of the ratio
|ve/uc|? determined above, and from the knowledge of the
excitonic X and photonic C' Hopfield coefficients of the
(non-interacting) polariton states, (their g-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 € > A, ), implies
that the lower and upper polaritons do not hybridize un-
der the Bogoliubov transformation, and that the hole
fraction of the upper polaritons is vanishing [44]. One
can thus define two lower-polariton-only Bogoliubov co-
efficients (u,v) that are related to the 4 original coeffi-
cient via the relations (ug,vy)/X = (ue,v.)/C = (u,v),
which leads also to |v./uc|?* = |v/u|? (see Appendix A 8
for a detailed derivation). In this regime, the Bogoliubov
coeflicients are approximately real, and using the normal-
ization condition |u|?> —|v|? = 1, one can thus derive both
wand v from the knowledge of |v./u.|?, and hence all four
coefficients (u¢, Uy, Ve, V). By doing so, one obtains all
the Bogoliubov coeflicients plotted on Fig.5.d, together
with their exact theoretical prediction showing a remark-
able 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 in-
teraction between the condensate and the lattice phonons
(nr(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 temper-
ature T. Within the right parameters range, a non-zero
crossover temperature can thus be determined, below
which the Bogoliubov excitations emission results domi-
nantly from the interaction between the condensate and
the photon vacuum fluctuations. In such a regime, the
condensate starts to effectively decouple from the lat-
tice, which is most likely a necessary condition for the
elementary excitations to generate quantum correlations
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FIG. 6. Calculated angle-dependent thermal to quantum
regime crossover temperature Te, n for the normal (a) and
T.r.c for the ghost modes (c) in semilog scale. The excitonic
density is increasing from n; = 0.1nz a to ne = 0.9n4, 3 from
the lightest to the darkest gray lines. The thick red line shows
the result assuming n, = nz ar, the Mott density, which con-
stitutes a solid upper bound of n, . The thick horizontal line
shows a photon temperature of 7. = 15K, and the dashed
horizontal shows liquid Helium temperature Th. = 4.2K.
panels (a and c) are calculated for the total bluesgift achieved
in this work hgsn, = 0.19meV, while panels (b and d) are
calculated for a twice larger blueshift Agsn, = 0.38 meV.

[22-27, 61]. A quantitative 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 conden-
sate. 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 6)
of Bogoliubov excitations become more coupled to the
photon vacuum fluctuations than to the lattice.

The crossover temperature can be simply estimated for
the normal branch by equating Eqs. (26,28), yielding:

. hwn (6)/k
6 = %p(gix)ézngww - B0
log [1 + =2 ERQIE ]

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

G 1 1 — Yep(0)ns |us(8)—vs(0)|2
Og Yeav ‘uc(0)|2

One difficulty in deriving a quantitative estimate of
TJ(VC, 2(0) is that it requires knowing the excitonic density
ng involved in the condensate, which is not easy to de-
termine in the experiment. However, note that TJ(VC) 2(9)

depends only logarithmically (and hence weakly) on the



product 7;,(0)n,. Regarding n,, we use the fact that
it it is necessarily lower than the excitonic Mott density
Nz M, for which the Rabi splitting, and hence the polari-
tonic state would be fully collapsed. n, »s depends only
on the excitonic Bohr radius as ng p ~ 1/(ra%) and is
thus easy to estimate; it amounts to ~ 3.2 x 10! cm™2
in our quantum well. Concerning ~,,(6), a realistic esti-
mate is derived in Appendix A 9.

The resulting crossover temperature for the normal
branch TI(VCT) (#) is thus plotted in Fig.6.a, by considering
a range of excitonic densities between 5% (lightest gray
line) and 100% (red line) of ny as. The parameters used
in the calculation are those derived for our experiment
at T, = 6.6 K, and the total blueshift Agsn, = 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 re-
alistically within the interval [2.5,4.5]K within a typical
emission angular aperture of 10 degrees.

The ghost branch crossover temperature T, C(;CT)(H) is
shown in Fig.6.c. As an obvious difference with the nor-
mal branch, no crossover temperature can be determined
above a critical angle (|0..| ~ 10degree in our simula-
tion of this experiment), because above |6..|, the pho-
ton vacuum fluctuations can not overcome the vacuum
fluctuations of the lattice phonons that are present at
T = 0K, 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'= 0K occurs into the ghost mode by spontaneous
emission of phonons into the phonon vacuum. The corre-
sponding 7" = 0K ghost branch emission intensity Ag o
can be derived from Eq. (27) as:

AG,O = Ag(e,T - 0) = '-Ycavr)/zp(e)nz
X 0e(0)[*us(8) — va (0) 2. (32)

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

In Fig.6.b-d, we computed the crossover temperature

TJ(\,CT)(F)) and Tc(fr)(ﬂ) for the same range of excitonic
densities but considering a twice larger total blueshift
hgsny = 0.38meV. This change amounts to increasing
the laser intensity substantially and hence changing the
working point on the hysteresis curve (Fig.1 of the SI)
to the right, where the elementary excitations exhibit a
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gaped dispersion relation.The benefit of this increase of
interaction energy is twofold. The |v, .|* coefficient mag-
nitude increase, 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 |v, .|? is the largest, be-
comes experimentally accessible. Note that in practice,
increasing the excitonic fraction |X|? or the laser inten-
sity 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 sec-
tion, is the overall reduction of the coupling strength be-
tween 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 interaction energy amplitude g,,(w) by a factor
(Uz,q — Vz,—q). Assuming a LP-only condensate, which
as discussed both in Section III D and in Appendix A 8 is
an excellent approximation in our experiment, this cor-
rection factor takes the simpler expression Xq(uq —v_q)
with (u,v) the Bogoliubov amplitudes in the LP basis,
and X is the usual (non-interacting) LP excitonic Hop-
field coefficient. As a result, the phonon-condensate cou-
pling rate which is proportional to g.,(w)? ends up cor-
rected by the factor Fg = |uq —v_g|* < 1 by the Bogoli-
ubov transformation of the elementary excitations.

Physically, [t q — Vs,—q|* actually quantifies the frac-
tion of excitonic density fluctuations in a Bogoliubov
excitation, through which polaritons indeed couple to
lattice deformations. Remarkably, for small momenta
Uz, q — V,—q|* < 1 and therefore the corresponding Bo-
goliubov 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 inter-particle interactions, the system
effectively decouples from slowly-moving defects. In the
context of reaching the regime dominated by photon vac-
uum fluctuations , this decoupling favours 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. (30,31)].

Interestingly, we can derive a measurement of Fg(6)
from our experimental determination of |v(6)/u(6)|? pre-
sented in Section IIID as as F3 = (1—|v/ul|)/(1+|v/ul).
The result is plotted in Fig.5.c alongside the theoretical
Fp = |uz.q — vz —q|?/X?. A Bogoliubov correction fac-
tor of Fg ~ 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 com-



ing 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 behaviour of F5(0) at low angle with respect to
higher angles. This dipping is an unambiguous signature
of the Bogoliubov-mediated thermal protection mecha-
nism from the phonon bath.

V. CONCLUSION

In this work we have shown that in general, a quan-
tum 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 environment. The environment constituted
by the photon vacuum has been well investigated over
the past decade, and shown to lead to striking proper-
ties 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 char-
acterized 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 excita-
tions, albeit with a very different spectral function, and
a non-trivial lattice-temperature dependence. Strikingly,
we predict a non-zero flux of elementary excitations even
for a lattice temperature of 7' = 0K.

We achieve a quantitative understanding of this contri-
bution to the fundamental steady-state flux of elementary
excitations via a quantitative comparison between exper-
iment 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 vac-
uum fluctuations. This is an obstacle if one wants to
explore quantum correlations within the Bogoliubov ex-
citation spectrum, which emerge when the Bogoliubov
excitations are driven by photon vacuum fluctuations.
Using our theoretical analysis, we propose realistic ex-
perimental strategies to overcome this difficulty in future
experiments.

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 like 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
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by another species in the context of a two-components
mixture [64-67], such that the heat transfers are governed
by an inelastic scattering 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 inten-
sity resolved in both frequency and wavevector, denoted
as I(q,w), where q = (gs,¢q,) is the in-plane momen-
tum. In order to compute it from the microscopic model,
we adopt an input-output formalism. We work in the
Heisenberg picture and make the standard assumption
that the state is factorized at initial time ¢t = ¢y, namely
po = Pp @ |Ophot) (Ophot|, with p, the intracavity polari-
tonic density matrix, and |Ophot) the vacuum for the
extra-cavity photon modes. The latter is an excellent
approximation in our experiment, as the typical frequen-
cies involved (w ~ 1.5e¢V) in the problem correspond to a
temperature 7' > 10*K > T, with T, ~ 10K 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—1g, the extacavity photon
mode at (q,k.) contains a number of output photons
given by n(q, k., At) = (6], (to + At)aqu. (to + At)),
where the average is taken over the initial state, namely
(...) = Tr[po...]. 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 interval At, which is macroscopic as compared to



the system microscopic timescales, namely:

nlq, k-(q,w), At
I(q,w) = p(q;w) lim [ (At » 29 (A1)
where p(q,w) = >, d(w — wc(llz ) is the partial den-

sity of states of extracavity photons, and k.(q,w) =
Vw?/c? —q?.

Using Heisenberg equations of motion (EOM) for the
extracavity photons ih0.éq k., = [Gq.k. (t),fiout] where
Vout 18 given in Eq. (7) in the main text, we can re-
late their dynamical evolution to the one of intracavity
photons as:

—uu

Gqr.(t) = e G )b k. (to)
(e

—mqykz/ dt' e~ et ( a4 (1) . (A2)

to

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

leading to:
,y to+At to+At
_ . cav / dtQ/ dtl
At—o0 ﬂAt to to

xe~ (=) (G (1) aq(t))

(A3)
with the cavity loss rate Yeav = 7p(q, w)“?;,kz(q,w)' Equa-
tion (A3) thus shows that the photon emission intensity
into the extracavity medium corresponds to the Fourier
transform of the two-times correlations <&L(t2)&q(t1)> of
the intracavity photons, and hence of the polaritons. We
further assume that At is much larger than the inverse
typical frequency range (namely, At > 10~ !s for fre-
quencies in the meV range), allowing us to send At — co.
In the steady-state, correlation functions depend only on
the time difference 7 = t5 — ¢1, and the output signal
simplifies to:

’YCaV Jroo L
[ dre Tl (r)ag(0)

— 00

I(q,w) = (A4)

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 Egs. (9)
and (10). Without loss of generality, we can take ¢, =
/Ne and ¥, = W@ﬂd{ 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
parameter, and derive n., ¢, |Fp|? as a function of n,.
First, taking the real and imaginary parts of Eq. (9), we
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derive the relations:

(39sna/2 — Q/2)y/nccos ¢ =
(gs”w/Q - Q/Z)\/TTcSin¢ =

\/Ec(wx + gacnm) (A5)
—/MzYz /2 (A6)

Taking the square of these relations, and using cos? ¢ +
sin? ¢ = 1, we obtain the ratio:

(72/2)?
- gsnm/2)2
(A7)

This relation gives n. as a function of n,. Inserting @,
into Egs. (A5) and (A6), we then find the relative phase
¢ as follows:

Q. = Ne (wac + gwnw)2
e Ny B (Q/2 - 39377490/2)2

(€2/2

0= JaGem2-ap Y
sing = Va2 (A9)

\/QT(Q/2 - gsnm/2)

In our experiment, 2 = 3.28 meV is much larger than
gsny = 0.19meV, such that cos¢ < 0 and sing > 0.
Using also g,;n, = 0 yields tan ¢ ~ v, /w,(1/2 — gsn, /Q)
where 7, ~ 0.15meV and w, = 1.355meV /i (we remind
that the frequencies are expressed in the frame rotating at
the laser frequency). We see that as long as gsn, /Q < 1,
¢ ~ 7w where ¢ = 7 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,|*:

[Fp? = [(we — iYcav/2)v/nce " + (/2 — gsna /2)v/na|* -
(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:

Vio = (hgona/2) S [0, ol -
4 (A11)

and for the saturation term:

Vi = ~(19/2) g (maldly +qbh, —q + 20k, +qba, rat
aq,+qba,—q + 2dqp+qbq +q] + V/nenale Zd)qup-i-qbgp

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

+4bgp+qbqp +atbaq,+abq,—

al

q
(4COS¢) p+a qp+q+e bqp+q ap— q}) - (A12)



4. Equations of motion for cavity photons

The EOM for the cavity photons Oiiq,+q =
(—i/h)[&qp+q(t),?31tot] is made of three terms. A first
term, contains the free part and the interaction between
cavity photons and excitons [Eq. (2)]:

i, ~(0) 0 . ,QA
_ﬁ[aqﬁq» Hpol] —iw, .ap+adapt+a — 2 5, +q (A13)
a second term comes from the excitonic saturation mech-

anism (treated in the Bogoliubov approximation, as ex-
plained in the main text, Eq. (A12)):

i
h[aquransat] = 'L(gsnm/Q)( ap—a qu +a), (Al4)

and a third term containing the coupling to extra-cavity
photons [Eq. (7)]:

i,
fﬁ[aq, out) Z/@%k Gq,k, (A15)

5. Equations of motion for quantum well excitons

The EOM for the quantum well excitons 8t13qp+q =
(—i/h) [Z;qp+q(t)77:ltot] is made of three terms. A first
term containing the free part and Rabi coupling to cavity
photons:

% 0 0 - Q.
_ﬁ[b%-&-q» H](:)O)l} ’L(.U( 7<)?1p+qb0hn+q i 2 qp+q > (Alﬁ)
a second term comes from the excitonic saturation and
Coulomb interactions (treated in the Bogoliubov approx-
imation, Egs. (A12) and (A11)):

7 o~

h[bqp+qa V%t + Vm] = Z(genar/Q)( Gg,—q 1 2aq, +a)

+igsy/Nangle Zd’bg _q t(2cos ¢)bqp+q}
_igzz:nz(bl;pfq + 26qp+q) . (ALT)

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

7 -

h[bqp+q7 - équ,kz) :

= /Ny Z ga:p qa Cq,
(A18)

6. General results about the coupling to a bath

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

rlqbath/h = Z[d:rq Z(Iq,k Qqk. T Ya k. O‘—q k) +hel
k-

A
+§ Wa,k: Vg 1, Ya k.
a,k

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

8tdq7kz = (_i/h)[dq,kzv,}:[bath]
= —i[y_q.k. CALJ[—q + x;kz lq + Wq k. Gq,kA20)

The formal solution reads:

(A19)

¢
Qg () = e "wak: (710 _i/ dre~aks:(=7)]

T a(T) +y_qr.alq(T)] (A21)
On the other hand, the contribution to the EOM for the
system operators aq stemming from coupling to the bath
reads:
(=i/M)laq(t), Hoan] = =i D _[wa k. Gak. + ar.6 qp.] -
k2

(A22)
Injecting the formal solution of Eq. (A21) for the bath op-
erators into Eq. (A21) yields a contribution to the EOM
of the form:

(—i/B)]aq(t), Hoan] = F§™ (1) -
[1(t — 7)aq(T) + Tt — 7)

W @]t - [, dr{
al ((r)}y.  (A23)

We have introduced the so-called Langevin forces:

F(I = —i Z Tq,k. Oq k. (to)e —iwq k. (t=to) (A24)
and:
F(y) N Z Yok Oéq k. tO) —iwg,k, (t—to) ) (A25)

We have also introduced the damping kernels:

Ti(t) = O(t) Y (|wqp. e “nb" + |yq . [Pe™ar:")
k.
(A26)

t) Z(xq,kzy—q,kzeiiwq'kzt+w—q,kz Ya k€T
k=

(A27)

(© is the Heaviside step function). Notice that in the

integral over the damping kernels, we have sent the ini-

tial time ty to —oo, which amounts to assume that the



support of the damping kernel (a few times the memory
of the bath) is much smaller than t — ¢, (Markov approx-
imation).

The Langevin forces contributions (F terms in
Eq. (A23)) describe the forcing of the system by the
external bath. The contribution on the second line of
Eq. (A23) (T terms) describe 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): 2q k. = Kq,k.|:

o0

ATe,q(t—T)ag(T) (A28)

4 laa(0) Vo] = Fot) - [

— 00

with the Langevin force:

_ A(ln —zw(u) t
——’LE liqk qke k2

oy a0 Verl = Fal0) = (a0 = [ drlruglt =) = qlt -

where we have introduced the Langevin forces:

\/nTcZgzp q,k

(Z’n,) —iw

(ph)
)eq € akst (A32)

with the 1nput modes defined according to c(m) =

éq.k. (to)e™ar="0 " as well as the damping kernels:

_ ;. (ph)
Y, q Zn:chp q7 qu’kzt . (A33)

7. Complete equations of motions 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) = [7_dte™O(t) (A34)
O(t) = =7 dwe™ O (w) . (A35)

Notice that this convention implies the relation:
OT(w) = [O(—w)]T . (A36)

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

- in o i(w—w')
Fo(w) = —i Z’%%kzdfx,kl / dte’ @ Wa k. )t
= i Z ks

alW ors(w —wl) ) (A37)
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with the input modes defined according to d(iz)z =

(@
G k. (to)e™ah=" and with the damping kernel:

(@)
=0(t) Y lrq. e k"

ke

Ye.alt) (A30)

Phononic bath.— For cavity excitons which are coupled
to the bath of thermal lattice solid-state phonons |[cf.
Eq. (A18): zgqk, = i/Nabsp(d, k) = —Yq,k.], we find
the contribution to EOM:

7)]Bay+a(r) + 04, —(7)] 4 (A31)

Introducing the partial density of states pq. =

Zk O(w c(l ,2 ), we rewrite the photon Langevin force
Fy(w) = —ikgr, ()27 Pq, wag k) @) (A38)

where k,(w) is such that w((la) = w. It will be convenient
to replace the label k,(w) by simply w.

Phonon Langevin forces.— The Langevin forces for the
phonons, Eq. (A32) have a similar expression:

fCI(w) =V naﬁgwl)(qv )27qu w (ML) (A39)
where the phonon partial density of states is
Paw = g, 0w — wép:)), and we defined égﬁ,) = éf;?,

where k/, is such that w = W/ ak - We defined sumlarl;f

9up (A W) = Gap(d, k). Importantly, the density of states

vanishes for w < 0, and therefore fq( w) = [fq(=w)]f
vanishes for w > 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:
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Q,

—iwiq, +q(w) = _iw¢(:fzp+qdqp+q(w) _Zgbqurq(W)
+i(gsnz/2)[i)gp—q(w) + 28q;;+q(w)]
+qu+q(w) - %,qp-&-q(w)dqp+q(w) (A40)
and
s . (0 - RO
g ra(@) =~} qbayta(®@) — i fa,ra(®)

+i(gsns /2)[al,_q(w) + 20, +q(w)]

—igans (D, (@) + 2bq,+q(w)]

Figey/iamale 9B, (@) + (208 @)bq, ()]

+faq(w) = f1q(@) = hra(@) = 75 —q@)]ba,+a(@) + b, —q(@)] (A41)
Equivalently, we take the Hermitian conjugate of these last two equalities, use that [O(w)]! = Of(—w), and change
(w,q) into (—w, —q). We obtain:

ot _ 0 25
—iwly _q(w) = iw g, —q(w) +isby _o(w)

qa c,qp—q~'qp— 2 ap—
_i(gsnw/Q)[lA)qp-ﬁ-q(W) + 28;})7(1(0\})}
HFL, (@) =7l q,—q(@)ad, () (A42)

and

_— . (0 - Q.
_Mpr (w) = zwgg)qp_qb:gp,q(w)—l-zg Ilpfq(w)

_i(gsnz/2)[&qp+q(w) + 2&Lp—q(w)]
+igona bg,+q(w) + 25 ()]
—igay/Mamelebg, 1q(w) + (2cos 9Bl o (w)]

+/1 (W) = falw) = 11 —q(@) = Vo.a(@)][bay+a(@) + B, _q(w)] (A43)
We introduce the notations:
Yea(w) = Yeq(w) =72 q(w) (Ad4)
Yeav = Ve,q(W) (A45)
s = gsnm/2 (A46)
fisz = Gala — gsy/NaTice " (A47)

where the photonic loss rate 4.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:

(g, +q(w) R qu_s_qA(w)
b w - _
A?p-&-q( ) _ i[wl _ Mq}_l fq("f}r ffq(w) (A48)
C}frlp*q(w) qu—q((‘i))
bqp—q(w) qu(w) — fq(w)
where we introduced the Mq matrix:
0 .
wg,(i}fl»q — cav Q/2 — 2 0 —Hs
"~ -2 s Q 2 (O) 2R sxr) Ww —Ms sT Ww
N, = s +Q2/2 wy g, 1q+ 2Re(pse) — 7 o Hs Mse =¥y (A49)
0 Hs ~We qp—q — Vcav —Q/2 + 2,
s —Hse T 172 2us — Q2/2 *Wa(c(,)c)lp—q — 2Re(sz) + 172

(

Phenomenological damping terms.— We notice that the exciton damping term 7, as predicted by the phononic



bath model does not quantitatively accounts for the
linewidth as measured experimentally. As a matter of
fact, the finite linewidth of the excitons, v,(q) is caused
by further decoherence mechanisms independent of the
coupling to phonons, and we do not attempt to model it
directly. Therefore, to faithfully model the experiment
we neglect the 4, terms in the My matrix of Eq. (A49),
and add a phenomenological term ~,(q), such that it
results in a complete polaritonic linewidth 4 that agree
with the experiment. This leads to the expression of the
Mg matrix as given by Eq. (15) of the main text.

Bogoliubov coefficients.— As mentioned in the main text,
the Mg matrix is brought onto a diagonal form by

PyM, Pq , with Py containing the Bogoliubov coeffi-
c1ents U, V:
Ulp,c,q Uip,x,q Vip,c,—q Vip,x,—q
Uup,c Uup,x Vup,c,—q Vup,z,—
Py = 4, U*n . u*n q u*p7 ~a | (A50)
lp7 cq ip,w,q ip,a—q ipm—q
Vup,e,a Vup,zia Yup,e,—a Uup,z,—q

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

8. Approximate decoupling between the upper and
lower polariton

In this section, we derive an approximate model as-
suming that the lower polariton (LP) and upper polari-
ton (UP) do not hybridize under Bogoliubov transfor-
mation. This allows us to obtain analytical expressions
for the frequencies and 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 nor-
mal branch signals. This allows us to reconstruct from
the experimental data the quantity |uy q — vz —q|?, char-
acterizing the decoupling from lattice phonons, and dis-
cussed in section IV B. Our starting point is the matrix
Mg [Eq. (15) of the main text| expressed as:

A B
M, = “q, A51
(2 (A51)
with:
0
A = A* = At — w(("’c)lp—"_q Q/2 o 2'us
4 4 4 Q/2 — 2u, wi‘?qu + 2Re(ptsx)
(A52)
and:
() e

For the sake of notation, we omit q, in the labels; in
all expressions, one should make the substitution +q —
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dp £q. We first perform a unitary transformation to the
(non-interacting) polariton basis. We introduce the 2 x 2
unitary matrix Uy that diagonalizes the non-interacting
problem (s = psy = 0), namely:

Cqy —X
U, — a Q>
0.q (Xq Cq
with:

9 Q/2 w(o) 0
" <w07q </0>> Ha ( 0" L (A55)
Q/2 0 Wupq

with the non-interacting resonance frequencies:

(0) _ qu "‘ Ww,q \/

“ip/up,a

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

(A54)

2402, (A56)

ipq = Cqlq +qu;q
Qupq = —Xqlq + Cqbq

(A57)
(A58)

We then write the My matrix in this basis, namely:

Uiy O U 0
(0 Ui _o) Ml 0" vo_q

Al B!
—q —q

We have to evaluate the matrices Ail = US’quonq and
By, = Uj BUo,—q. The final result is:

2Re(gn)LU,q.q )

!/
Mq

(A59)

. (wl(p)q + 2Re(9n)LL,q,q

4 2Re(gn)Lu,q.q Wv(lp)q + 2Re(gn)uu,q,q
(A60)
B — (9n)LL.q,—q (gn)LU,q,q) : A61
a ((gn)LU,q,q (9n)uv,q,—q (A61)

where we define the (g-dependent) effective interactions
as:

(gn)iLqq = —(CqXg + XqCq)its + XqXqg sz
(gn)UU,qu/ = (C X r+ X C )/Js + Cqu//lsm
(9n)Lv,aa = (Xq = CqCqr)pts + XqCoq sz

We now make the simplification that the upper-
and lower-polaritons do not hybridize, namely we set
(gn)Lu = 0. The M(’1 matrix then splits into two indepen-
dent 2 x 2 matrices, describing independent Bogoliubov
transformations for the upper- and lower-polaritons. We
have verified that, in the conditions of the experiment,
the coefficients of the (2 x 2) Bogoliubov transformations
found in this approximation are almost identical to the
exact (4 x 4) ones. We then have two matrices do diag-

onalize:
I aq bq
Mlpyq = (biq a_q) (A62)



with:

0
l(p,)q + 2Re (gn)LL#Lq

(Qn)LL,qrq

(A63)
(A64)

aq = w

b_q :

for the LP, and similarly for the UP with aq = w&%{q +
2Re(gn)uu,q,q and bq = (gn)uu,q—q- The diagonaliza-
tion is of the form:

— Uy —Vq\ [Wip,q 0 Ugq V—g
Mipq = (_U*q uq> ( 0 _wlp’q> (v:; U*Q>
(A65)

where we introduce the u and v Bogoliubov coefficients
associated to the lower polariton. As we shall only be in-
terested in the lower-polariton u,v coefficients, we omit
their Ip labels. wyy, q gives the LP dispersion relation in
the presence of interactions. Similarly, for the UP the
eigenvalues of M/ namely wypq and —wyp —q, give

up,q’
the UP dispersion relation in the presence of interac-

tions. Given that Re(gn)uy < w&%’,q for all relevant
q’s, the matrix M;p’q is almost diagonal, and therefore
the Bogoliubov eigenmodes are almost identical to the
non-interacting upper polaritons (the Bogoliubov trans-
formation diagonalizing M., q 1s close to the identity,
something which we verified numerically).

We now explicitly proceed to the diagonalization of the
Mj, , matrix in Eq. (A62). Notice that b_q = bq. We

then write:
ag — a_ a b
M, =—1—1 q1+<q* q)
lp,a 2 —by —aq

with aq = (aq + a_q)/2.. The eigenvalues of Mj,  are
then wip q and —wip, —q with:

(g — G— -
Wip,q = % +4/aq — bgl?

\/@3 — |bq|*. Notice

(A66)

(A67)

We introduce the notation wgq =

that we focus on the regime where a2 > |bq|?, which
is always the case in the regime accessible to our mea-
surements. Otherwise, the eigenvalues have an imaginary
part, and we find that |ug|? = |vg|?, so that the eigen-
modes do not describe proper bosonic excitations. This
latter case corresponds to the flat part in the excitation
spectrum, which shall not be discussed further in this
paper. Solving the eigenvalue equations using the con-
ventions of Eq. (A65), the convention that uq is real, and
the normalization condition |uq|? — |vg|? = 1, we find the
coefficients:

ie 1
Ug =U_gq = 262? +3 (A68)
q
by [aq 1
—p g = 24 % A69
Ya=b=a = o\ 25, 2 (AG9)

Notice in particular the the vq coefficient is complex, with
a phase given by the phase of bq = (¢9n)11,,q,—q- I prac-
tice, though, this phase is negligible, and we take v real.
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The Bogoliubov eigenmode of the lower polariton is
described by the annihilation operator (recall that a non-
zero pump momentum q, should be re-introduced in
these expressions: £q — qp, £ q):

Blp,q = Uqip,q + ’U_q&;p,fq (A70)
= uq(Cqliq + Xqi’q) + U—q(C—q&T—q + X—qET—qOA71)

We therefore have the identification:

Ulp,eq = UqCq

Ulpeq = UgXq

Vlp,e,—q = V-qC—q

Vipo,—q = V—qX—q (AT2)
Therefore, the  experimental measurement  of

Vip,c,—q/Wip,c,q gives direct access to the ratio v_q/uq of
the lower-polariton Bogoliubov transformation. Assum-
ing that vq = v_q is real (an excellent approximation
in the regime of the experiment), and using the nor-
malization u —v2 = 1 valid in the non-flat part of the
dispersion relation , we then reconstruct both uq and vg.
Using the knowledge of the Hopfield coeflicients X, Cq
of the non-interacting problem, we may then reconstruct
all four Bogoliubov coefficients ¢ g, Uz,qsVe,qs Vz,q;
and in particular the thermal decoupling coefficient
Uy q — Vz,—q|?, Which is discussed in section IV B. The
quantitative agreement further confirms both the valid-
ity of the model, as well as the approximate decoupling
between LP and UP as discussed in this section.

9. Estimating the exciton-phonon interaction
NaYap (W)

In this Appendix, we provide further details and
quantitative estimates for the exciton-phonon interaction
strength v,,(w) 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 cou-
pling amplitude is given by:

h 2 4 k2
WAy pers vtz

hgwp(qa kz) = 2va

(AT3)
where p = 5.3 x 103kg.m™2 is GaAs density, v, = 4.7 x
103m.s7! 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.

Iez ~ IZ ~ eXp(_kg/qicut)

is a Gaussian approximation of the k,-component of the
electron and hole envelope wavefunction which is as-
sumed to be mostly determined by the quantum well
thickness L., imposing the cutoff wavevector ¢, ..t ~
09 x27n/L,.

12y = 14 (mey/(2M)gap)?) >

(A74)

(A75)



is the in-plane component of the electron-hole wavefunc-
tion resulting from its bound state character of Bohr ra-
dius ap ~ 10nm. m.j are the electron and hole effec-
tive masses and M = m. + my, is the excitonic mass.
Notice that ¢,,(q, k) = gzp(d, —k-), which allows us to
replace unambiguously k, by w using the dispersion re-
lation w = vs4/q% + k2. In the parameter regime of the
experiment, ¢ < k, so that w & v,|k.|. Furthermore,
[meny/(2M)gap]* < 1. Therefore the coupling simpli-
fies to:

[ hw w?
hgzp(w) = m(ve - Vh) GXP(—m) .

An explicit expression for v,p(w) 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 p, , counts the
number of phonons wavevectors k., matching the condi-

tion w = wé‘?}clz) = v54/q2% + k2, namely it is such that:

(A76)

Pawdw = (L. /2m)dk.. (A7)

Using the fact that in our experiment vs|q| < w, we get:

L,
27,

P = Ow) (AT8)

which is approximately constant (© is the Heaviside step
function). We have further verified numerically the va-
lidity of this approximation. So finally,
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that can be more explicitly given as

wn 2w?
’Yxp(w)nx = W;h(ve - Vh)2 exp <_U§(]§’Cm> . (A80)

Using this expression to fit the decay of integrated inten-
sity versus angle for different temperatures in the van-
ishing interaction regime, and relying on the fact in this
regime of very low laser excitation, we have a tempera-
ture measurement in the cryostat that provides a reliable
measurement the phonon temperature in the microcav-
ity (the temperature probe is glued next to the micro-
cavity in the same way), we could determine that ¢, cut
is best fitted with L, = 8.5nm instead of the nominal
quantum well thickness L, = 17nm. A good reason for
this mismatch is that the strong confinement assumption
ag > L,, with a, = 10nm, is in fact not well checked
in our thick quantum well. In the weaker confinement
regime where ag < L., the contribution of the bound
electron-hole wavefunction contributes as the shortest
length scale and hence contributes more to qfﬁcut than
L,. The apparent L, in the strong confinement descrip-
tion is thus expected to decrease by a factor of the order
of ~ L,/ap. Another contribution to this reduced L,
is that the the expression q,cut ~ 0.9 x 27/L, is ob-
tained by fitting the exact wavefunction in a finite height
quantum well with a vertical transition edge between the
barriers and the quantum well, while in reality, the tran-
sition 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. [68]).

Appendix B: Main experimental parameters and
physical quantities

In this section, we provide a quantitative summary of
the physical parameters entering the modelling of our
experiment, and of the key physical quantities introduced
in the article.
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SUPPLEMENTARY INFORMATION
Spontaneous emission of Bogoliubov excitations by a quantum fluid of light coupled to
thermal solid-state phonons
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FIG. 7. Measured (black round symbol) transmitted intensity
I:(wp, kp)? at the frequency w, and momentum k, of the con-
densate, as a function of the laser intensity I;,. The dashed
lines highlight the edges of the bistable region. the open sym-
bols labeled ’1’ and ’3’ correspond to the two working points
where the spectral function shown in Fig.2.a and Fig.2.c of
the main text has been measured. The spectral functions at
the working points shown by the red filled symbols have also
been measured and are shown in Fig.9.

Appendix C: Hysteresis characterization at
T. =66 K

The measurement of the transmitted laser intensity I;
(I; < V, where V is the voltage at the output of an am-
plified photodiode) versus the laser impinging intensity
I;, (measured before the sample with a calibrated pow-
ermeter) at T, = 6.6K is shown in Fig.7. It exhibits
a hysteretic behaviour as expected in the regime where
the addressed polariton state frequency (expressed in the
frame rotating at the laser frequency wy) is negative and
—wip(kp)/yp =~ 5 > V/3/2. A large bistable region is
found for Iy, € [3.2,4] mW.

The state labelled ’1’ in Fig.7, corresponding to I, =
0.4mW, is the non-interacting regime measured in Fig.2.a
of the main text and analyzed in the main text. The
corresponding intracavity polariton condensate density
is proportional the transmitted intensity I; ; oc 1.36 mV.
Note that at this position in the hysteresis curve (1),
the detuning between the laser and the excited polariton
state (cf. —wip(kp)/vip) is significant such that the laser
is poorly coupled to the excited polariton state.

The so-called interacting regime analyzed in the main
text is the working point labelled ’3’ in Fig.7. It cor-
responds to I, = 3.21 mW, and is situated in the up-
per state of the bistable system, in which the nonlinear-

ity driven blueshift essentially cancels the detuning be-
tween the polariton state and the laser drive. The cou-
pling between the two is thus optimal and the conden-
sate density more than 2 orders of magnitude higher, with
I 3 < 577mV. The two-body interaction energy ratio be-
tween state 3’ and ’1’ can be derived quantitatively from
this measurement as (gsny,3)/(9sne,1) = It,3/1i1 = 425,
where gsn, 3 = 0.19meV is found in the main text anal-
ysis.

Working point ’3’ has been chosen for the interact-
ing regime at the expense of points at higher Iy, such as
point '4’and ’5’, as their corresponding interaction ener-
gies gsn, o I; exhibit only a very small increase with
respect to working point 3 that comes with some degree
of spectral broadening that typically increases the exper-
imental uncertainty of the observable we are interested
in in this work.

Appendix D: Data analysis methods

1. Extracting relevant observables from raw
measurement of I(6,w)

In order to extract a measurement of the dispersion
relation w;(#) and integrated intensity A;(#) embedded
our measured I(f,w), a typical approach would be to
fit the spectra I, (w) = I(0p,,w) for each measurement
angle 6,, with a sum of Lorentzian peaks, that would
provide the central frequency, linewidth and amplitude
of each mode resonances. But the theory (cf. Eq. (29)
of the main text) shows that the spectra have a more
complex, non-lorentzian shape, because of the steep fre-
quency dependence of the thermal phonon distribution
ny(w) and of the phonon-exciton interaction rate v, (w).
These factors result in asymmetric peaks, such that us-
ing Lorentzian peaks is not good enough to extract our
observables with error bars small enough to draw mean-
ingful conclusions. Moreover the complex shape of the
spectra often prevents the convergence of the fitting al-
gorithm.

We thus take a different approach based on Eq. (29)
in order to fit the spectra I,,(w) for each 6,,, as it is
found to provide the correct lineshape to a very good
approximation, and an excellent first guess to provide to
the fitting algorithm, using just the nominal experimental
parameters. Since the goal is to extract the experimental
observables independently of the theoretical predictions,
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FIG. 8. Spectra extracted from the spectral function at the selected angles mentioned in each panels for vanishing interaction
energy at (a) 7. = 6.6K, and (b) 7. = 12K (b), and for (¢) gsne = 0.19meV and 7' = 6.6 K, and for (d) gsn, = 0.22meV
and T, = 12 K. The measured and calculated spectra are plotted as thick and thin lines respectively. The dashed vertical line
highlights the laser energy, and the dotted one highlights the energy of the quasi-resonant extra peak discussed in section D 1

we must add degrees of freedom to E Eq. (29), such that
the resonances of each mode are free to occur at any
frequencies, linewidth and amplitude.

We thus add three degrees of freedom to Eq. (29):
dEc0(0)) which is added to the bare cavity dispersion rela-
tion in order to allow the cavity resonance to occur at any
frequency, Ao(f) which is a global multiplicative factor
that allow capturing the experimental peak amplitudes
exactly, and «(#) which is a multiplicative factor added
to the ghost resonance such that its amplitude is free to
take any value regardless of the theoretical one. Owing to
its weak amplitude as compared to the normal mode, the
ghost mode is also fitted separately from the normal one.
The spectra I,,(w) are then automatically fitted using a
Levenberg-Marquardt fitting algorithm, in which these
three variables are the fit outcome, plus a fourth one
B.(0) that quantifies the intensity of the quasi-resonant
extra peak.

The other parameters are determined before this fit-
ting session in a separate way: the k-dependent excitonic
linewidth 7, (0) = .0 + ak? (involving two fit param-
eters) affects only the spectral width of the resonances,
and is independent of the other fit parameters; it is thus
determined by hand using a sub selection of spectra. The

temperature T and the quantum well cutoff momentum
¢z,cut have a very similar influence on the intensity as a
function of # A;(#). But fortunately, at very low laser
drive, we can be confident that the phonon temperature
matches that of the cryostat. We thus fixed T = T, in
the simulation and determined a single g, cu¢ for all the
measured temperatures (T, = [6.6,7.6,8.7,10,11,12] K)
that provides the best fit in terms of their measured
A;(0)[T,], in the very low laser drive regime, as is shown
for T, = 6.6K and T, = 12K in Fig.8.(a,b).

The cavity parameters such as the Rabi splitting 2,
the bare exciton energy w, and the effective cavity mode
index nc,y are also determined independently from the
other parameters thanks to the contribution of the upper
polariton branch in the measured spectra and dispersion
relation. The UP resonance is also key in separating the
contribution of g, and g5 in the interacting regime as
explained in the main text.

Let us point out that an additional emission peak
is present in all the measured spectral functions at a
fixed energy, quasi-resonant with the laser, and whose
linewidth matches that of the polariton state at this en-
ergy (this extra peak is visible both in the experimental
and theoretical I(f,w) underneath the spectral filter in
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FIG. 9. Measured (a-e) and calculated (f-j) spectral functions (color scaled) for the 5 different States labeled ’1’ to ’5’ in
Fig.7. Both for the measurement and the theory, I, (involving only the phonon bath), we use a Log scale between 1447.1 meV
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is calculated dispersion relations for three Bogoliubov modes (lower normal and ghost polariton branch and upper polariton
branch). The fit parameters can be found in the SI text. The white multiplying factors have been applied to the emission

intensity of the upper polariton region for better color contrast.

Fig.2 of the main text). This peak is not accounted for by
the model, but its quasi-resonant character suggests that
it results from the remaining spatial inhomogeneities in
the system, such as weak in-plane disorder. The latter
can indeed modulate the condensate density, and hence
could create currents allowing low energy polariton to es-
cape the laser-driven condensate mode without requiring
the assistance of phonons.

In practice, this quasi-resonant extra peak is added
phenomenologically to Eq. (29) as a third lorentzian peak
with a #—independent energy and linewidth. It has a free
amplitude B, (), but a fixed width ~., and a fixed fre-
quency we very close to that of the laser. It contributes
to the measured spectra via its low and high energy tails.
Yet, as 7. and w, are only estimated from these spectral
tails, the automatic fitting procedure described above is

ran several times with slightly varying «. and w, (within
realistic ranges) and the resulting fits are analyzed quan-
titatively. The analysis provides the best fit to v, and
we, as well as their influence on the fitted variables. This
influence is quantified via the goodness-of-fit-weighted
standard deviation of the observables on w, and 7y, and
is added to the confidence intervals.

Note that €, ncav, @z.cut, Yeav, 88 well as the laser fre-
quency w;, are parameters independent from both tem-
perature and laser intensity (in the interacting regime):
they are thus fixed once and for all. On the other hand,
w; and to a lesser extent wc,y and the two parameters
involved in ,(0) depend on temperature and hence also
on laser intensity.



2. Comparison between theory and experiment

The analysis presented above allows us to determine
the best fit between the theoretical and experimental ob-
servables in the following way: in the theory, the added
parameter dgq must be constant, such that its average
value (00 (0)) provides a best fit of the bare cavity offset
Ecav,ﬁt,o = Ecav,ﬁt (6 = 0) = Ecav,guess,O + <5ECO>97 and its
standard deviation over the angles provides a good esti-
mate of the 1o confidence interval of E.,y f1,0. The same
argument is used to determine Ay ¢ and its confidence in-
terval. Finally, agy = 1 is enforced as it is not free to take
any other value in the theory. The other parameters are
kept as determined by the experimental observable anal-
ysis described above. Fig. 8 shows selected raw spectra
I, (w) in different conditions, as well as the theory best
fit obtained using the method above.

Fig. 8.(a,c) (Fig. 8.(b,d)) are measurements realized at
T. = 6.6K (T. = 12K). Fig. 8.(a,b) (Fig. 8.(c,d)) are
obtained in the non-interacting (interacting) case. In the
non-interacting case, the phonon temperature T is taken
in the theory as equal to that of the microcavity (T),
while it is higher in the interacting case due to residual
laser absorption: T'= 15K for T, = 6.6 K, and T' = 20K
for T, = 12K.
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3. Measured and calculated spectral functions at
T. = 6.6 K including intermediate laser powers

Fig.2.(a,c) in the main text show the spectral func-
tions for the two points labelled ’1’ and '3’ in Fig.7.
Fig.9 show all the measured states '1’ to ’5’. state 2’
is a high laser intensity but lower state of the bistable
regime, showing a small but measurable amount of in-
teractions energy gsn, = 0.03meV. Points '4’ and ’5’
are high interaction energy states situated beyond the
bistable window, and characterized by gsn, = 0.210 meV
and gsn, = 0.215meV respectively. States 1’ and '3’ are
discussed in the main text: they corresponds to interac-
tion energies of gsn, = 0.0meV and gsn, = 0.190 meV
respectively.

The corresponding calculated thermal-phonons spec-
tral functions I,(k,w) are shown in Fig.9.(f-j). The
phonon bath temperature is taken as T' = 6.6K in
states ’1” and ’2’ Fig.9.(f,g) and T'= 15K in Fig.9.(h-j).
The excitonic and cavity photon transitions are found
slightly redshifted by residual absorption induced tem-
perature increase, namely by 0E, = [0,0, 10, 30, 50] ueV
and 0E, = [0, 0,0, 30, 30] zeV.



