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Characterising elementary excitations in quantum fluids is essential to study collective effects
within. We present an original angle-resolved coherent probe spectroscopy technique to study the
dispersion of these excitation modes in a fluid of polaritons under resonant pumping. Thanks to
the unprecedented spectral and spatial resolution, we observe directly the low-energy phononic
behaviour and detect the negative-energy modes, i.e. the ghost branch, of the dispersion relation.
In addition, we reveal narrow spectral features precursory of dynamical instabilities due to the
intrinsic out-of-equilibrium nature of the system. This technique provides the missing tool for the
quantitative study of quantum hydrodynamics in polariton fluids.

PACS numbers:

The phenomenology of superfluids and Bose-Einstein
condensates is generally understood in terms of quantum
hydrodynamics. From liquid helium to ultra-cold atoms,
these hydrodynamic properties depend on the dispersion
of the collective excitation modes in the quantum fluid,
which, in the dilute regime, are described by the Bo-
goliubov theory [1–4]. The Bogoliubov dispersion has a
linear dependence on the wave-number (k) at low wave-
number, where excitations are phonons (long-wavelength
collective modes of the fluid), and a quadratic depen-
dence at high wave-number, where excitations behave like
free particles [3, 5–9]. Quantum fluids may also be made
of photons in nonlinear media, like exciton-polaritons
that result from the strong coupling between cavity pho-
tons and excitons (bound electron-hole pairs in a semi-
conductor layer). The direct detection of the Bogoliubov
dispersion in polariton quantum fluids has remained a
challenging goal ever since the observation of superflu-
idity [10–13] and Bose Einstein condensation [14, 15]
therein.

In this Letter, we present a high-resolution angle-
resolved coherent probe spectroscopy technique that al-
lows for the measurement of the Bogoliubov dispersion
in the linear and nonlinear regimes of interactions. In
contrast to previous work [16], we continuously pump
the polariton fluid near resonance to increase the spec-
tral resolution; and unlike in photoluminescence experi-
ments [17–19], we directly monitor the resonant response
of the fluid to a coherent probe, thus efficiently isolat-
ing the signal on top of background emission from the
fluid. We obtain a dramatic increase in the spectral res-
olution and resolve the dispersion at all wave-numbers
(down to k = 0) and reveal the sound-like behaviour at
low wave-number. Furthermore, we show that the coher-
ent probe may be used to generate Bogoliubov excita-
tions on the so-called ghost branch of the fluid, therefore
opening the way to a systematic study of the quantum
depletion in driven-dissipative quantum fluids. Finally,

we observe additional narrow spectral features, elusive
so far, that go beyond the standard Bogoliubov theory
of dilute gases [3, 20] and stem from the intrinsic non-
equilibrium nature of polaritons [21, 22].
Bogoliubov dispersion of collective excitations — At

the mean-field level, the dynamics of polaritons in planar
microcavities is governed by a Gross-Pitaevskii equation
modified to account for their driven-dissipative nature —
the polariton fluid is a non-equilibrium system where the
particle decay rate γ is compensated for by continuous
pumping with the laser field Ep of frequency ωp at nor-
mal incidence to the cavity plane (kp = 0). Here, we
focus on the lower polariton branch, well separated from
the upper one by a polariton Rabi splitting of 5.1 meV.
The polariton density n = |ψ|2 is related to the incident
intensity I = |Ep|2 by a nonlinear relation that depends
on the detuning δ = ωp − ωLP of the pumping laser to
the k = 0 polariton mode [23]: optical limiting is found
for δ < 0 and optical bistability for δ >

√
3γ/2.

The dispersion relation of Bogoliubov excitations in
the fluid expresses the k-dependence of their frequency
ωB as

ωB(k) = ±

√(
~k2
2m∗ − δ + 2gn

)2

− (gn)2 − iγ, (1)

where ~ is the reduced Planck constant, m∗ is the po-
lariton mass and g is the polariton-polariton interaction
constant [24]. The real part of Eq. (1), the dispersion
curve, has two branches ωB±(k) symmetrical around the
point k = 0. The Bogoliubov dispersion depends on the
fluid properties through the density n in Eq. (1), so that
the shape of the dispersion curve, as well as interaction
regime, changes dramatically with detuning δ. This, in
turn, will impact the propagation of collective excitations
in the fluid [25–28].
High resolution spectroscopy — The fluid is created

by a resonant circularly polarised continuous-wave laser,
and we use a second laser to stimulate the Bogoliubov
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Ti:Sa - fluid

PD: photodiode
PBS: polarized beam splitter
AOM: acousto-optic modulator

AFG: arbitrary function generator
SLM: spatial light modulator
DMD: digital micromirror device
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FIG. 1: Angle-resolved coherent probe spectroscopy. (a) Experimental setup: The polariton fluid is pumped at
normal incidence by a Ti:Sapph laser, whose spatial mode is controlled with a SLM. The fluid is probed by another Ti:Sapph
laser whose intensity is modulated by an AOM and whose angle of incidence is controlled by a second SLM. Light in the
reflection port is spatially filtered with a DMD and demodulated on an electronic spectrum analyzer. (b) Optical bistability
of the polariton fluid. Polariton density as function of the pumping intensity. Red arrows indicate the hysteresis cycle
direction. (c) Bogoliubov dispersion for a pump intensity I giving a fluid density n at working points A, B and C along the
bistability cycle. Dispersion curves are constructed by collating responses to scans of the probe frequency and wave-number.
Yellow dashed line, pump energy ~ωp. Insets: scan example and corresponding reflectivity spectrum; orange diamond: fluid
laser frequency.

elementary excitations. This coherent probe is also
continuous-wave and has the same polarisation as the
fluid. Its incidence angle kpr may be tuned at will and
its frequency ωpr can be scanned continuously over a wide
range while monitoring its reflectivity. The response of
the system is enhanced when the probe is resonant with a
collective excitation ωpr(kpr) = ωB(kpr), inducing a drop
(peak) in the cavity’s reflectivity (transmittivity). The
spectral position of the reflectivity dips as a function of
kpr directly gives the Bogoliubov dispersion. In terms
of many-body theory, the coherent probe beam couples
to the polariton field component at kpr and the system
response is read out on the polariton field, therefore this
method provides a direct measurement of the impulse re-
sponse (i.e. the Green’s function) of the polariton field.

Experimentally, at the output of the cavity, the signal
drops (peaks) are dwarfed by the intense bath of pho-
tons stemming from the fluid beam. To counter this, we
modulate the probe’s amplitude with an acousto-optic
modulator (AOM) operating at a frequency fmod signif-
icantly higher than the spectral width of the fluid laser.
Light coming out of the cavity is focused on a photo-
diode connected to an electronic spectrum analyser that
demodulates at fmod, thus separating the signal from the
background fluid. Meanwhile, the angular resolution of

the detection system is precisely controlled by means of
a digital micromirror device (DMD) positioned in the
Fourier plane of the cavity.

Experimental implementation — The setup is shown
in Fig. 1 (a). The sample is a semiconductor microcav-
ity made of two highly reflecting planar GaAs/AlGaAs
Bragg mirrors, within which three InGaAs quantum wells
separated by a substrate made of GaAs are placed at
the three antinodes of the field. The cavity finesse is
on the order of 3000. The polariton mass within is
m∗ = 6.0 × 10−35kg. The experiments are performed
in a open-flow helium cryostat (T = 4K). The polari-
ton fluid is pumped with a collimated, continuous-wave
Ti:Sapphire laser (linewidth less than 1 MHz) that illu-
minates the cavity at normal incidence, creating a spot
of diameter 100 µm. The transverse intensity profile of
the fluid beam is controlled with a spatial light modu-
lator (SLM), and operation is done with either a Gaus-
sian or a top-hat mode. The coherent probe is another
continuous-wave Ti:Sapphire laser whose Gaussian spot
has a 50 µm waist and whose amplitude is modulated by
an AOM at fmod = 5 MHz. The frequency of the probe
is continuously scanned over a range of 120 GHz (∼ 0.5
meV) around the fluid’s frequency ωp. The angle of inci-
dence of the probe field on the cavity is controlled with
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a second SLM.

Here we present reflectivity data. As shown in Fig. 1
(a), the reflected light is separated from incoming light
by a 50/50 beam splitter placed before the cryostat. In
the detection arm, the DMD is used as a k−tunable circu-
lar pinhole of controllable position and diameter. Placed
in the reciprocal space of the cavity plane, it selects the
reflected light at the wave-number k on which the dis-
played pinhole is centred. When the pinhole and the
probe are at the same k, four-wave mixing emission that
may appear at −k is cut off. As for the spectral reso-
lution of the measurements, our technique does not rely
on an optical spectrometer, and it is only limited by the
spectral width of the probe laser, here narrower than 250
kHz (< 1 neV), while the angular resolution is given by
the diameter of pinholes displayed on the DMD, here
δk = 0.0189± 0.0005 µm−1.

Shape of the dispersion curve — Since we create the
polariton fluid with near-resonant pumping, we are able
to study the shape of the dispersion curve as a function
of the detuning δ and the pump intensity I. In order to
operate in the bistable regime, one must have ωp > ωLP ,
such that δ >

√
3γ/2. We can reach the hysteresis region

of the bistable loop by increasing I above the bistability
threshold and then decreasing it back until the turning
point. This procedure must be repeated each time δ is
modified. Below, we first present the results for δ =
0.2 meV.

Fig. 1 (b) and (c) show the bistability curve of the
polariton fluid and typical dispersion curves ωB+(k) cor-
responding to working points A, B and C. The insets in
Fig. 1 (c) show a scan of the coherent probe frequency
ωpr at a given kpr and the response in the cavity’s re-
flectivity — when ωpr(kpr) = ωB(kpr), a dip centred at
the energy of the resonance is observed in the reflectivity.
The dispersion is reconstructed by collating these scans
(separated by δk = 0.019 µm−1) and tracking the minima
of the dips at each kpr, represented by the dots in Fig. 1
(c). Here the fluid is pumped with a Gaussian mode and
the solid lines in Fig. 1 (c) are the moving average over
5 experimental points, ωB+(k).

As expected from the theory [21], there is a gap be-
tween the pump energy (horizontal yellow line) and the
minimum of the ωB+(k) branch at k = 0. Even though
the size of the gap decreases when the pump intensity is
decreased from working point C to A, it is still present
at working point A near the turning point of the bista-
bility. Although the density distribution of the fluid is
steepened by the bistable behaviour of the system, cre-
ating the polariton fluid with a Gaussian spatial mode
does yield a non-uniform density [17], whence the dis-
persive properties of the fluid depend on space. In other
words, the dispersion curves shown in Fig. 1 (c) result
from a spatial average over the different dispersion rela-
tion across the probe spot. Even though, the shape of the
dispersion at low k, ω is not parabolic, which is a hint of

collective effects due to phononic interactions, the linear
behaviour at low energy is only partially recovered and
spatial resolution is required to probe the fluid with a
fixed local density.

In order to observe the closing of the gap between
ωB+(k) and ωp, the region of spatial integration has to
be reduced so as to measure the dispersion for a specific
value of the local density n. To this end, the probe in-
tensity profile is reshaped with the SLM into a narrow
ring. The radius of the ring is chosen to match the outer
edge of the fluid, where the local fluid density is as close
as possible to the turning point of the bistability cycle
(δ = gn). In Fig. 2 (a), we present the coherent probe
reflectivity spectra in this configuration. The small red
dots show the position of the dip minimum for each fre-
quency scan. We observe the closing of the energy gap
and we evidence directly, without any data processing,
that ωB+(k) is linear at low wave-number (white dashed
line) and parabolic at large wave-number. The agreement
with numerical simulations based on a driven-dissipative
version of the GPE [22] (bottom row of Fig. 2 (a)) is
excellent.

The speed of sound in the fluid is precisely obtained
from the linear slope at low energy: cs = 0.54 µm ps−1.
Interestingly, this value is reduced by a factor α with re-
spect to the theoretical prediction cths =

√
δ/mLP . This

can be explained in terms of an incoherent reservoir of
long-lived dark excitons providing an additional contri-
bution to the blue-shift and to the bistability curve but
not to the speed of sound [17, 19, 22]. In our experiment,
an estimate of the reservoir contribution to the blue-shift
grnr = 0.75 δ is obtained from the measured values of
α ' 0.49 and of the total blue-shift gn+ grnr = δ at the
turning point of the bistability.

Detection of the ghost branch — The discussion so
far has focused on ωB+(k), the positive frequency solu-
tion of the dispersion relation (1), i.e. resonant excita-
tions above the ground state. Since we excite the system
with a coherent probe coupled to the polariton field (and
not with a time-dependent external potential as in stan-
dard Bragg spectroscopy of ultracold atomic gases [29]),
our method also enables the observation of the negative-
energy solution ωB− that is often referred to as the ‘ghost
branch’. Unlike the ωB+ branch, the ghost branch does
not resonate with the cavity, and is spontaneously pop-
ulated by quantum depletion of the fluid. This renders
its direct observation in photo-luminescence difficult [17–
19]. Here, we stimulate the coherent conversion of the
fluid of polaritons toward the ghost branch via the co-
herent probe [30]: this configuration induces a four-wave
mixing (FWM) process (ωp, ωp) → (ω+, ω−), and the
probe at ω− < ωp directly seeds Bogoliubov excitations
on the ghost branch which manifest as an amplification
peak R > 1 above the baseline of the probe’s reflectivity
spectrum.

Within the Bogoliubov theory, this FWM process con-
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FIG. 2: Bogoliubov dispersion. Top row: spatial mode profile of the pump and coherent probe lasers. Middle row: collated
probe reflectivity scans separated by δk = 0.019 µm−1. Bottom row: corresponding numerical simulations. Vertical red-dotted
lines: k-slice corresponding to the energy scan shown on the left panel. Horizontal yellow dashed line: fluid pumping laser
energy ~ωp. (a) Sonic dispersion. Density at turning point A of the bistability loop, with δ = gn + grnr. White dotted
line: linear dispersion fit of the speed of sound. R is normalized to 1 for the off-resonance reflected probe intensity. (b) Ghost
branch. Density near the turning point A of the bistability loop. The ghost branch is coherently seeded by the probe and is
visible at ω < ωp. (c) Precursors of instabilities. Low density regime. k = ±0.74 µm−1 plateaus are visible at ω = ωp.
Insets: band-sticking Fano features. White dotted curve, position of the ghost branch.

sists in the mixing of creation and destruction opera-
tors of the polariton field. Due to the phase matching
condition, this mixing is only sizeable within a limited
wavevector region, so efficient angular selectivity is cru-
cial. In addition, by using a top-hat intensity profile
we create a fluid of homogeneous density. As a result,
the FWM process takes place in a reduced range of in-
teraction energies, thus optimising the population of the
ghost branch and its detection. In Fig. 2 (b), the fluid
is pumped with an intensity as close as possible to the
turning point of the bistability, where the FWM is most
efficient. Both branches of the dispersion relation at ωB±
are clearly visible, in good agreement with the numerical
simulations shown in the bottom row of Fig. 2 (b) and
the strength of the ghost branch decreases rapidly with
k, similarly to the behaviour observed in cold atoms [31–
33].

Fluid instabilities — Because of the driven-
dissipative nature of polaritons, the quantum fluid
is intrinsically out-of-equilibrium. This explains the gap
that opens between the dispersion curve and the pump

energy in the nonlinear regime of interactions (cf Fig.1
(c)), a marked departure from the standard Bogoliubov
theory of dilute gases.

Even more interestingly, out-of-equilibrium physics is
at the origin of dynamical instabilities of the fluid. When
operating in a regime of weak interactions (δ > 3gn) cor-
responding to working point D in Fig. 1 (b)), the ωB±
branches cross around k = ±0.74 µm−1 and ω = ωp, and
stick together for δ − 3gn < ~k2

/2m∗ < δ − gn [34, 35],
as in Fig. 2 (c). There, the sign inside the square root
in Eq. (1) becomes negative: the real parts Re(ωB) both
stay at ω = ωp, yielding plateaus in the dispersion curve,
while the imaginary parts Im(ωB) are split. The neg-
ative imaginary-part root begets absorption, leading to
the narrow Fano-like feature in the reflectivity (cf insets)
while the positive imaginary-part root yields gain, hence
the narrow peaks in the reflectivity. This is an impor-
tant marked departure from the physics of dilute gases.
Although, in our experiment in Fig. 2 (c) the pump in-
tensity is kept low enough for the fluid to remain dynami-
cally stable, our high-resolution spectroscopy method re-
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veals the observation of this out-of-equilibrium feature
for the first time. For slightly higher pump intensity,
these plateaus would lead to dynamical instabilities pre-
dicted in [21] so our method is well suited for the in-depth
analysis of this instability as well as other turbulent dy-
namics, such as snake-instabilities [36] or quantum tur-
bulence [37–41].

Conclusion — We have presented a angle-resolved co-
herent probe spectroscopy method to measure the dis-
persion of collective excitations in a quantum fluid of
exciton-polaritons within a semiconductor microcavity.
The high energy- and wave-number-resolution of our
spectroscopy method enables the accurate study of the
Bogoliubov dispersion in all regimes of interactions, from
the parabolic dispersion of high-energy single-particle
excitations to the sonic dispersion of long-wavelength
collective excitations, and to the negative-norm ghost
branch resulting from the stimulated quantum depletion
of the fluid. We have observed the influence of the po-
lariton fluid local density on the dispersion at low wave-
number and evidenced the presence of a dark excitonic
reservoir that modifies the effective speed of sound in the
fluid. The versatility of our method is further illustrated
by the resolution of narrow spectral features that specif-
ically stem from non-equilibrium effects such as the con-
trolled opening of an energy gap and the appearance of
horizontal plateaus precursory of dynamical instabilities.
Our method will be an essential tool in addressing the
non-equilibrium physics of Goldstone modes induced by
spontaneous phase symmetry-breaking [42] and for the
study of quantum amplification effects such as Hawking
radiation or rotational superradiance in analogue gravity
scenarios like (rotating) black holes [28, 43, 44].
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[13] V. Kohnle, Y. Léger, M. Wouters, M. Richard, M. T.
Portella-Oberli, and B. Deveaud-Plédran, Physical Re-
view Letters 106, 255302 (2011).

[14] J. Kasprzak, M. Richard, S. Kundermann, A. Baas,
P. Jeambrun, J. M. J. Keeling, F. M. Marchetti, M. H.
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M. Mancini, A. Aspect, I. Carusotto, and D. Clément,
Physical Review Letters 125, 165301 (2020).
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