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We report an experimental study of superfluid hydrodynamic effects in a one-dimensional polariton fluid
flowing along a laterally patterned semiconductor microcavity and hitting a micron-sized engineered
defect. At high excitation power, superfluid propagation effects are observed in the polariton dynamics; in
particular, a sharp acoustic horizon is formed at the defect position, separating regions of sub- and
supersonic flow. Our experimental findings are quantitatively reproduced by theoretical calculations based
on a generalized Gross-Pitaevskii equation. Promising perspectives to observe Hawking radiation via

photon correlation measurements are illustrated.
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Introduction.—Back in 1974, Hawking [1] predicted that
the zero-point fluctuations of the quantum vacuum may be
converted into correlated pairs of real particles at the event
horizon of an astrophysical black hole. The resulting
emission, called Hawking radiation, has a thermal character
with a Hawking temperature 7. Unfortunately, a direct
observation of this radiation in an astrophysical context is
made very difficult by the extremely low value of Ty, in the
micro-K range for a solar mass black hole, well below the
cosmic microwave background.

To overcome this severe limitation, a pioneering work by
Unruh [2] introduced the idea of condensed-matter analogs
of gravitational systems, and anticipated the occurrence of
an analog Hawking emission of sound waves whenever a
fluid shows an acoustic horizon separating regions of sub-
and supersonic flow. Since this early prediction, intense
theoretical activity was devoted to the study of different
condensed-matter and optical platforms where such analog
black holes could be created [3]. In the last few years,
experimental realizations of horizons were reported in
water channels [4], atomic Bose-Einstein condensates
[5], nonlinear optical fibers [6] and silica glass [7]
illuminated by strong laser pulses, and also in bulk non-
linear optical systems [8]. However, the only experimental
claims of stimulated and spontaneous Hawking emission
reported so far, in [4] and [7], respectively, are still being
actively debated by the community [9—12]. Recently, black-
hole lasing was reported in a cold atomic gas [13].

In the last decade, quantum fluids of light [14] have
emerged as a promising system to study quantum hydro-
dynamics effects, and in particular analog black holes and
Hawking radiation. Among the different optical platforms,
dressed photons in semiconductor microcavities in the
strong coupling regime—the so-called cavity polaritons
[15]—have led to the observation of superfluidity [16] and
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of the hydrodynamic nucleation of quantized vortices
[17,18] and solitons [19,20] in a novel optical context.
Building on these results, strategies to study acoustic
Hawking emission from analog black holes in photon or
polariton fluids have been recently proposed [21-25].

In this Letter, we report the experimental realization
of an acoustic black hole in the hydrodynamic flow of
microcavity polaritons. A stationary one-dimensional (1D)
flowing polariton fluid is generated by resonant cw
excitation of a microcavity device laterally patterned into
a photonic wire showing a localized defect potential. At
high excitation power the defect separates regions of high-
density subsonic flow from low-density supersonic flow,
setting up an acoustic horizon. Detailed in situ information
on the flow is obtained from real- and momentum-space
photoluminescence (PL) experiments, which show full
quantitative agreement with theoretical predictions based
on the generalized Gross-Pitaevskii equation of Ref. [26].

Experimental setup.—Our sample, grown by molecular
beam epitaxy, consists of a GaAs A microcavity sandwiched
between top or bottom Bragg reflectors, with 26 or 30 pairs
of Gay oAl As/GagysAlygsAs A/4 layers. A single 8-nm-
thick Ing¢5GaggsAs quantum well is inserted at the anti-
node of the confined electromagnetic field, i.e., at the
center of the microcavity layer. At 10 K, the temperature of
our experiments, the photon quality factor amounts to Q ~
33000 (i.e., Ay ~ 0.05 meV, y being the photon decay rate)
and the Rabi splitting is 7Qx ~ 3.5 meV. The microcavity
is laterally etched to form photonic wires of 400-ym length
and 3-uym width. An engineered defect is created at the
center of the wire by enlarging its width to 5.6 ym over a
length of 1 ym [Fig. 1(a)]: the reduced lateral confinement
results in a localized attractive potential for polaritons with
a depth of —0.85 meV. In the considered spatial region, the
detuning of the photonic wire mode from the exciton
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FIG. 1 (color online). (a) Sketch of the experimental configu-
ration. (b) Laser excitation conditions in the wave vector—energy
plane. (c),(f) Linear scale image of the spatially resolved PL
emission for excitation powers p =7 mW and p = 100 mW,
respectively. (d),(g) Semilogarithmic plot of the PL emission
integrated over the transverse direction. Inset of (g),(h): zoom of
the PL emission profile and confinement potential in the vicinity
of the defect. (e),(h) Generalized Gross-Pitaevskii numerical
simulation of the quantities in (d),(g).

energy is 0 = E,, — Ex ® =3 meV, corresponding to a
lower polariton effective mass 3 x 107> times smaller than
the free electron mass.

In our experiments, a cw single-mode Ti:sapphire
excitation laser is focused onto a 16-um-wide spot
30 ym away from the defect with an angle of incidence
corresponding to an in-plane wave vector k, = 0.3 ym™'
[27]. The laser energy Epypy, is blueshifted by 0.37 meV
with respect to the (approximately) parabolic lower polar-
iton dispersion, as shown in Fig. 1(b): as a result, polaritons
ballistically propagate out of the excitation spot towards
the defect [14], as schematically illustrated in Fig. 1(a).
Polariton emission, collected in transmission geometry
through the back of the sample, is imaged on a charge
coupled device (CCD) camera coupled to a spectrometer;
both real and momentum space images are acquired [27].

Low-power experiments.—The polariton flow across
the defect is first characterized at low excitation power
(p =7 mW). In this situation, polariton-polariton inter-
actions are negligible and the Bogoliubov dispersion of the
elementary excitations in the fluid [14,26] reduces to the
single-particle parabolic dispersion: backscattering from
the defect is thus possible, and interference between the
incoming and reflected polaritons is visible in the spatially
resolved PL emission of the fluid as a strong modulation of
the density pattern upstream of the defect [Fig. 1(c)]. The
corresponding momentum space distribution is shown in
Fig. 2(a) where the light emission from the upstream region
is isolated using a spatial filter [27]: the peak at k, > 0
corresponds to the incoming fluid, while the one at k, <0
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FIG. 2 (color online). Wave-vector-resolved PL intensity for

different excitation powers. (a)—(c) Upstream region, spatially

filtered from y = —25 ym to y = —5 um. (d)—(f) Downstream

region, filtered from y =5 ym to y = 50 um. Blue dots: exper-

imental points; red lines: Gaussian fits.

is due to reflected polaritons. An analog measurement on
the other side of the defect shows that the polaritons recover
a ballistic flow with a single momentum space peak at
ky, > 0 [Fig. 2(d)], while the spatial density exponentially
decreases because of radiative losses [Fig. 1(d)]: the
radiative lifetime estimated from the measured polariton
momentum and spatial decay rate amounts to 14 ps
(corresponding to iy = 47 ueV), in good agreement with
the nominal sample quality factor.

High-power experiments.—As reviewed in [3], the very
concept of analog models is based on the possibility of
describing the wavy propagation of excitations on the fluid
in terms of a curved space-time metric. In particular, this
requires that excitations have a linear, soniclike dispersion
on both sides of the horizon, the speed of sound then
playing the role of the speed of light. While the low-density
excitation spectrum has a single-particle parabolic shape, a
sonic dispersion is recovered at higher densities, with a

speed of sound given by ¢ = /hAgn/m in terms of the
polariton-polariton interaction energy, /g, and the polariton
density, n [26,28]. In a fluid moving at velocity v, density
excitations are dragged by the flow and propagate at v + c.
An acoustic black-hole horizon is defined as the point
where a spatially dependent flow changes from a subsonic
(v < ¢) character in the upstream region to a supersonic
(v > ¢) character in the downstream region: in such
configurations, sonic excitations are unable to propagate
back from the supersonic region to the horizon, analogous
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to what happens to light trying to escape from astrophysical
black holes.

In the experiment, acoustic black-hole horizons are
created by increasing the laser power, so to inject a higher
polariton density while keeping the same excitation geom-
etry and laser energy. Experimental results for a 100-mW
excitation power are shown in Fig. 1(f): in contrast to the
low-density case, the reflection on the defect is now totally
suppressed, as clearly evidenced by the absence of inter-
ference pattern in the upstream region. Correspondingly,
the k, < 0 peak disappears from the spatially selected
momentum space data for the upstream, as shown in
Fig. 2(c). As originally studied in [16,26], these features
are a clear signature of the superfluid nature of the polariton
fluid in the upstream region and of the subsonic character of
the flow.

As shown in Fig. 1(g), the density of the polariton flow
drops by a factor of ~7 over a distance d ~ 8 ym across the
defect region, with an even deeper minimum a few ym in
front of the defect. This complicated density profile is
quantitatively reproduced by numerical simulations of a
generalized Gross-Pitaevskii equation for the lower polar-
iton field including pumping and loss terms [14,26]
[Fig. 1(h)]. The parameters used in the simulations (poten-
tial profile, shape and energy of the pump, and losses) are
directly taken from the experiment [27]. The density drop
across the defect results in a corresponding decrease of the
speed of sound and simultaneous increase of the flow
speed, as evidenced by comparing the positions of the
momentum space peaks on the two sides of the defect
shown in Figs. 2(c)-2(f).

Experimental evidence of the acoustic horizon.—A
quantitative insight on the subsonic vs supersonic character
of the flow in the upstream or downstream region as a
function of excitation power can be obtained from the
momentum space pictures of Fig. 2 as follows. In our
nonequilibrium stationary state, the polariton oscillation
frequency is locked to the excitation laser frequency [26].
Away from the pump spot, in regions of slowly varying
flow where quantum pressure is negligible, the Gross-
Pitaevskii equation directly leads to a generalized Bernoulli
equation for driven-dissipative polariton fluids [14],

Epump

= Ey + k3 q/2m + Ejy, (1)
where E; is the single-particle polariton energy at k, = 0
[Fig. 1(b)], Aikpyq is the local momentum of the polariton
fluid, and E;,, = Agn is the interaction energy [29].

The physical meaning of this equation is visible in
the momentum space data displayed in Figs. 2(a)-2(c): for
the upstream region, the increase of the density with
excitation power corresponds to a decreased kinetic energy;
indeed, this is evidenced by the peak wave vector shifting
from kgyiq = 0.56 yum~! (noninteracting fluid) to kgyq =
0.21 um~! (high power). Using Eq. (1), it is then
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FIG. 3 (color online). (a) Interaction energy in the upstream
(blue circles) and downstream (orange squares) regions as a
function of excitation power. (b),(c) Flow speed and speed of
sound in the (b) upstream and (c) downstream regions. (d)—(f)

Results of a generalized Gross-Pitaevskii numerical simulation.

straightforward to extract from the peak wave vector,
kquia» the dependence of the interaction energy on the laser
excitation power. The speed of sound is directly obtained
from ¢ = \/E;,/m. The same analysis can be done for the
downstream region [Fig. 2(d)-2(f)]. The results are shown
in Fig. 3. We distinguish three regimes as follows.

(1) Linear regime (for an excitation power p < 10 mW).
In this case, E;, =0 in both upstream and downstream
regions. Correspondingly, the flow speed (v = hkgyiq/m),
fixed by the pump frequency, is quite large and almost
constant everywhere [14].

(2) Intermediate regime with supersonic-supersonic
interface (for 10 mW < p < 100 mW). In this case, the
polariton density is large enough to have a well-defined
speed of sound in both upstream and downstream regions.
After a fast increase at low p, the interaction energy
saturates above p =20 mW. This can be explained in
terms of an optical limiter behavior in the pump spot
region, which sets in as soon as the interaction energy here
exceeds the excitation laser detuning (0.37 meV). We note
that this value of the interaction energy is large enough
[Eine > 2(Epump — Eo)/3 = 0.31 meV [27]] to give a sub-
sonic superfluid flow under the laser spot. However,
outside the excitation spot but still in the upstream
region, the decrease in density caused by the radiative
decay turns the fluid back into the supersonic regime
with E;; < 0.31 meV [Figs. 3(a)-3(b)] in agreement
with the density modulation already seen in Figs. 1(c)-1(e).

(3) Subsonic-supersonic interface. At power p =
100 mW, the disappearance of the density modulation is
associated to an abrupt jump in the sound and flow
velocities in the upstream region [Fig. 3(b)]. Indeed, the
quantization of the modulation wave vector due to the
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spatial confinement between the high-density region at the
pump spot and the defect prevents a smooth transition.

At higher power beyond this jump (p > 100 mW), the
flow in the upstream region rearranges itself with a lower
flow speed and a high-enough interaction energy FE, =
0.35 + 0.02 meV so to have a subsonic superfluid flow up
to the defect position, in agreement with the unmodulated
spatial shape already seen in Fig. 1(g). On the other hand,
as a consequence of the density drop at the defect position,
the polariton density in the downstream region remains low
enough for the flow to be supersonic [Fig. 3(c)]. The
simultaneous presence of subsonic and supersonic regions
on either side of the engineered defect is clear evidence of
an acoustic black-hole horizon in the polariton fluid. From
the quite sharp spatial profiles of the flow and sound
velocities, we can anticipate a quite large analog Hawking
temperature, in the Kelvin range [27].

How to detect analog Hawking emission.—Finally, we
address the actual possibility of unequivocally detecting
spontaneous Hawking radiation. As originally predicted in
[30], the correlations between the Hawking partners can be
detected in the spatially resolved, second-order density
correlation function, i.e.,

g (v.y) = () )/ [nM) D] (2)

Such a signature of the analog Hawking radiation was
shown to extend to the driven-dissipative case of a polariton
fluid: as fluctuations of the in-cavity polariton density are
directly observable as intensity fluctuations of the emitted
light, the Hawking signal can be observed in the equal-time
correlations of the spatially resolved intensity noise of the
emission [24].

To estimate the feasibility of such a measurement, we
have performed a Wigner Monte Carlo simulation of the
polariton field dynamics along the same lines of Ref. [24]
with the nominal parameters of this experiment (see [27]
for details). We have used the value g = 0.3 peV um for
the 1D polariton-polariton interaction as extracted from
another experiment on the same sample [31]. The result of
an average over 2 x 10° Monte Carlo realizations is shown
in Fig. 4. Correlation and anticorrelation signals are clearly
visible between points belonging to different regions along
the wire axis. The dashed lines indicate the points at which
one would expect correlations to be strongest: compared to
[32], their curved shape stems from the spatial dependence
of the flow and sound velocities due to the finite polariton
lifetime [27]. For the same reason, all correlation signals
only extend for a finite distance from the horizon [24],
which could be increased by using a higher-quality factor
cavity. Finally, the additional fringes are a consequence of
the curvature of the Bogoliubov dispersion and of the
complex density and velocity profiles in proximity to the
horizon region [33].

4x10"
2x10°
i
—_ 1
£ T
2 0 3
.> é’
.5 U’
-2x10
-4x10°

FIG. 4 (color online). Normalized spatial correlation function
of photon density fluctuations, g'* (v, y’) — 1, as predicted by an
out-of-equilibrium Wigner Monte Carlo simulation [24] using the
experimental parameters. A Gaussian real-space smoothing with
4 = 1 pm has been used.

Even if the low value of the expected correlation signal
makes the experiment with the present sample quite
challenging, we estimate that an integration time over
~100 h under stable experimental conditions would allow
us to reach a Hawking correlation signal to noise ratio ~1
[27]. As the correlation signal scales linearly with the
polariton interaction constant, the stronger (almost by an
order of magnitude) interactions in wire samples with a
smaller width and lower exciton-photon detuning should
reduce the required integration time to ~20 min [27]; even
stronger interactions are anticipated in novel cavity designs
based on hybrid excitons [34] or trions [35]. In addition to
optimized sample design, further promising perspectives in
view of reinforcing the analog Hawking emission signal
are opened by the great flexibility in generating complex
polariton flows including, e.g., multihorizon configura-
tions [33].

Conclusions.—In this Letter we have reported an
experimental study of superfluid hydrodynamics of polar-
itons along a one-dimensional microstructure including
an engineered defect. We have demonstrated the formation
of an acoustic black-hole horizon. Theoretical Wigner
Monte Carlo calculations show that this configuration is
amenable to the detection of a Hawking radiation signal in
the spatially resolved correlation function of the intensity
noise of photoluminescence, a quantity directly accessible
by quantum optical techniques [24,30,32].

In contrast to other analog models [4,7,10-12], our
polariton fluid displays a pure acoustic black-hole horizon.
As the hypotheses of the gravitational analogy are well
satisfied, analog models based on polaritons offer prom-
ising perspectives as a quantum simulator for quantum
field theories on a curved space-time [3,36]. Moreover,
with respect to atomic systems, both the high value of Ty in
the few-K range and the possibility of long integration
times offered by the stationary nature of the polariton
flow are promising in view of an experimental observation
of the Hawking emission signal. Standard optical and
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nanotechnology tools can be used to engineer the spatial
shape of the horizon [37], thus reinforcing the Hawking
signal [33,38]. Given this remarkable flexibility, our results
suggest polariton fluids as a unique tool to study a variety
of analog gravity effects in novel and tunable experimental
conditions.
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