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Photon superfluidity through dissipation
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Superfluidity—frictionless flow—has been observed in various physical systems such as liquid helium, cold
atoms, and exciton polaritons. Superfluidity is usually realized by cooling and suppressing all dissipation. Here
we challenge this paradigm by demonstrating signatures of superfluidity, enabled by dissipation, in the flow
of light within a room-temperature oil-filled cavity. Dissipation in the oil mediates effective photon-photon
interactions which are noninstantaneous and nonlocal. Such interactions were expected to severely limit the
emergence of superfluidity in conservative photonic systems. Surprisingly, when launching a photon fluid with
sufficiently high density and low velocity against an obstacle in our driven-dissipative cavity, we observe a
record suppression of backscattering. Our experiments also reveal the reorganization dynamics of photons into a
nonscattering steady state and a qualitatively changing behavior of the optical phase as light propagates around
the obstacle. The phase is locked between the laser and the obstacle but evolves with the intensity in the wake
of the obstacle where the density of the photon fluid and its mean-field interaction energy decrease. Using
a generalized Gross–Pitaevskii equation for photons coupled to a thermal field, we model our experiments
and elucidate how the noninstantaneous and nonlocal character of interactions influences the suppression of
scattering associated with superfluidity. Beyond providing the first signatures of cavity photon superfluidity, and
of any superfluid both at room temperature and in steady state, our results pave the way for probing photon
hydrodynamics in arbitrary potential landscapes using structured mirrors.
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I. INTRODUCTION

When light encounters an obstacle (a change in
impedance), it scatters. This basic feature of optical systems
was called into question when Chiao and others predicted that
photons in a nonlinear cavity can behave like a superfluid
which cannot scatter [1,2]. Interestingly, the temperature of
the system seemed to be irrelevant for photon superfluidity
to emerge. This contrasts with helium [3,4] and atomic [5–7]
systems, where cooling below 2.2 K and ≈μK, respectively,
was needed to reach superfluidity.

Superfluidity requires particle-particle interactions [8].
Since photon-photon interactions are too weak in most
systems, photon superfluidity has eluded observation. Cir-
cumventing this problem, Carusotto and Ciuti proposed to
use exciton-polaritons, hybrid exciton-photon quasiparticles
interacting via their exciton part to realize superfluidity in
an optical system [9]. Their proposal inspired numerous ex-
periments evincing signatures of polariton superfluidity [10].
However, to date, steady-state room-temperature polariton su-
perfluidity has not been realized. Either cryogenic cooling

*s.rodriguez@amolf.nl

Published by the American Physical Society under the terms of the
Creative Commons Attribution 4.0 International license. Further
distribution of this work must maintain attribution to the author(s)
and the published article’s title, journal citation, and DOI.

[11–19], or excitation with amplified ultrashort laser pulses
[20,21], has been required to avoid material bleaching before
reaching polariton superfluidity.

Despite numerous claims, the existence of polariton super-
fluidity under coherent driving is still contested [22]. There
are two main reasons for this. First, in all experiments reported
to date, backscattering was reduced but not fully suppressed.
In particular, in the first and most cited claim of polariton
superfluidity, the ratio of scattered-to-transmitted polaritons
at an obstacle was only reduced by a factor of three [11].
This contrasts with the zero backscattering expected for su-
perfluidity. Second, in coherently driven systems the phase
of the system is fixed by the driving laser. This precludes
the spontaneous U(1) symmetry breaking associated with su-
perfluidity. Phase locking to a constant value only occurs
in systems homogeneously driven by a single plane wave.
For inhomogeneously driven systems, spatial variations in the
phase can arise. Indeed, experiments with inhomogeneously
and coherently driven polaritons have already shown the nu-
cleation of vortices in regions away from the driving laser,
where the phase can evolve [15,23].

Here we present signatures of cavity photon superfluid-
ity. We coherently and inhomogeneously drive an oil-filled
cavity and observe a record suppression of backscattering
when launching a photon fluid against an obstacle. While
we do not observe any backscattering above a critical photon
density, based on our measurement dynamic range we esti-
mate a backward-to-forward scattering ratio suppression of at
least 900-fold compared with the linear regime. In addition,
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through interferometric measurements we show qualitative
differences in the evolution of the optical phase in front of and
behind the obstacle. The phase is locked between the laser and
the obstacle, but it evolves in the wake of the obstacle as the
intensity increases due to the suppression of backscattering.

The physics of our system is qualitatively different from
that of conventional polariton systems. In our oil-filled cavity,
particle-particle interactions are mediated by heat dissipation.
Thus, paradoxically, we observe the first signatures of cav-
ity photon superfluidity by heating rather than cooling the
system. Furthermore, effective interactions in thermo-optical
systems, like ours, are noninstantaneous and nonlocal because
of thermal relaxation and diffusion [24–26]. Neglecting driv-
ing and dissipation, similar interactions were predicted to
severely reduce the critical velocity for photon superfluidity
[27] and thereby preclude its observation. However, for a
driven-dissipative thermo-optical cavity, the prospect of su-
perfluidity has not been addressed. This prospect poses a
conceptual challenge since superfluidity is generally associ-
ated with the absence of dissipation. However, the interactions
needed for superfluidity in a thermo-optical cavity are due to
absorption and the resultant heat dissipation.

Superfluid-like behavior induced through dissipation has
been demonstrated in systems where the propagation of light
along a spatial coordinate is mapped to the time evolution of a
photon fluid [28–39]. Those systems are generally described
by a conservative Gross–Pitaevskii type equation for an equi-
librium fluid. Time is replaced by the propagating spatial
coordinate, and dissipation does not enter the equation despite
being directly responsible for the effective photon-photon
interactions. Consequently, the emergence of superfluid-like
behavior in those systems is independent of their dissipative
dynamics. In contrast, cavity experiments involve photon or
polariton fluids propagating in space and time. The properties
of such optical fluids are fully determined by the balance
between driving and dissipation. Crucially, in the presence of
a thermo-optical nonlinearity as explored in this work, light
absorption and heat dissipation result not only in particle loss.
Thermal dynamics induce noninstantaneous effective photon-
photon interactions which, as we show, make the physics of
superfluidity different than in the propagating beam configu-
ration.

II. EXPERIMENTAL SETUP

Figure 1(a) illustrates our setup: a Fabry-Pérot cavity filled
with cinnamon oil. The oil partly absorbs the intracavity light.
This generates heat, which decreases the oil’s density and
refractive index. The resultant intensity-dependent refractive
index, a thermo-optical nonlinearity, effectively mediates re-
pulsive photon-photon interactions. The cavity is made by two
distributed Bragg reflectors (DBRs) with 99.9% reflectance at
532 nm, our laser wavelength. One of the mirrors is fixed. We
control the position and orientation of the other mirror using
a six degree of freedom piezoelectric actuator. This enables
us to align the mirrors parallel to each other and to precisely
control their separation.

For the measurements aimed at revealing the scattering
of a photon fluid off an obstacle, we illuminate the cavity
resonantly or quasiresonantly using a 532 nm single-mode
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FIG. 1. (a) An oil-filled cavity formed by two dielectric mirrors
is driven by a continuous-wave laser. The gray bump on the left mir-
ror represents an obstacle. Light scattering off this obstacle interferes
with the incident flow and forms fringes. (b) Dispersion relation for
intracavity photons obtained from white light transmission measure-
ments. The solid line is a parabolic fit.

continuous-wave laser. We control the laser amplitude using
an electro-optic modulator. About 4% of the modulated light
is directed to a photodetector for monitoring purposes. The
rest of the light is injected to and then collected from the cavity
using 20× microscope objectives with a numerical aperture
(NA) of 0.4. The beam diameter half fills the back aperture
of the objective. Hence, the distribution of light angles and
momenta sent into the cavity has a width given by roughly
half of the NA. We analyze the cavity transmission in po-
sition and momentum space simultaneously using a single
high-speed camera (Phantom VEO E-310L), as illustrated in
Appendix A. We used one instead of two cameras for position-
and momentum-space measurements to avoid synchronization
issues, which are more likely to occur at the high speed of our
measurements.

The obstacle used to probe the scattering properties of the
photon fluid was created in one of our mirrors via laser writing
[40]. That mirror contains an additional 30 nm silicon layer
between the glass substrate and the DBR. We created the
obstacle by illuminating the silicon layer with our laser from
the substrate side. The incident power was 50 mW, tightly
focused with the microscope objective. The absorbed laser
power causes the silicon to expand, which in turn permanently
deforms the adjacent DBR. The induced deformation locally
changes the cavity length and creates a repulsive obstacle,
i.e., a hill in the potential-energy landscape for photons. The
lateral dimensions of the obstacle probed in the experiments
are 2 and 4 µm along and perpendicular to the flow direction,
respectively. The obstacle is roughly 50 nm high, but the
exact height is irrelevant to our results as long as the photon
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fluid cannot go over the obstacle, which is the case in our
experiment.

Beyond providing a means to tailor the potential landscape
for photons, the silicon layer does not play a role in our
experiments. The power per unit area required to deform it
and the adjacent DBR is well above that needed to observe all
nonlinear effects reported in this paper. Indeed, in the absence
of oil, none of the nonlinear effects reported ahead arise.
Furthermore, in Appendix B we show that our measurements
are reproducible across the transition to the nonlinear regime
where scattering is suppressed. This means that the suppres-
sion of scattering does not involve irreversible changes to the
potential landscape. In contrast, the deformation of the silicon
layer and the adjacent DBR is an irreversible process.

For the measurements aimed at probing the phase evolu-
tion of the photon fluid, the cavity transmission is made to
interfere with a uniform reference beam. The reference beam
is created by placing a beam splitter at the output of the laser.
That beam is then expanded and directed to the camera. The
main beam was modulated at 20 kHz into a square wave with
Pmax = 180 mW, by a modulator after the beam splitter. The
reference beam was chopped at 2 kHz with a 50% duty cycle.
The chopping allowed us to alternate between recording a
series of images of only the cavity transmission and recording
its interference with the reference beam. This was necessary
because, at the high frame rate at which we operated the
camera (500 kHz), the number of usable pixels is strongly
reduced. Hence, to not further compromise spatial resolution,
we alternated between different types of image in time. The
relatively high chopping frequency was chosen to avoid the
effects of noise, which are important below ≈100 Hz.

Our setup also enables us to measure the dispersion relation
of photons in the cavity. To this end, the cavity is illuminated
with white light, and the transmission is directed to a spec-
trograph. To analyze the momentum of the transmitted light,
we imaged the back focal plane of the collection objective
on the slit of the spectrograph. In this way, a crosscut in the
two-dimensional momentum space is selected from the cavity
transmission, which is subsequently dispersed in energy by a
grating. The resulting energy-momentum relation is imaged
on the spectrograph camera. The measured cavity photon
dispersion is shown in Fig. 1(b). The observed parabolic dis-
persion corresponds to free photons with an effective mass m∗
on the order of 10−35 kg. The ground-state energy depends
on the cavity length, which we can tune using piezoelectric
actuators displacing one of the cavity mirrors.

III. RESULTS

A. Density-dependent photon scattering

The emergence of superfluidity is characterized by the
suppression of scattering above a critical density and below
a critical velocity. To test this in our system, we launched
photon fluids with different densities and velocities toward
the obstacle and measured the transmitted intensity in posi-
tion and momentum space. The density and direction of the
injected photons are determined by the incident laser power
and angle, respectively.

Figures 2(a)–2(h) show the density-dependent scattering
off the obstacle. These experiments were done with a constant
cavity length such that the laser frequency is blue-detuned
from the ground state. The laser amplitude was modulated si-
nusoidally at 150 Hz. Figure 2(a) shows optical hysteresis and
bistability of the total transmitted intensity, when scanning the
laser power up and down; this evinces effective photon-photon
interactions in our system.

Figures 2(b) and 2(c) show the spatially dependent trans-
mission at two points of the hysteresis cycle, indicated by the
colored symbols in Fig. 2(a). Incident powers are similar in
Figs. 2(b) and 2(c), but spatial patterns differ substantially.
At low density, Fig. 2(b) shows fringes due to interference
between the incident flow and scattering off the obstacle.
Figure 2(c) shows that these fringes disappear at high density,
indicating that scattering from the obstacle has been reduced.
Figure 2(d) shows cuts of Figs. 2(b) and 2(c) along the flow
axis, evincing the intensity-induced suppression of interfer-
ence fringes more clearly.

As backscattering from the obstacle is reduced at high
intensity, light begins to flow around the obstacle. One can
recognize this, for example, by noticing the greater intensity
in the top-right quadrant of Fig. 2(c) relative to Fig. 2(b).
Because of cavity losses, the photon fluid does not reach the
wake of the obstacle. The distance from the laser spot to the
wake of the obstacle is greater than the propagation length,
which is limited by the aforementioned losses. Nonethe-
less, for a reduced laser-obstacle distance as considered in
Sec. III F, light can indeed reach behind the obstacle.

Figures 2(e)–2(h) show momentum-space measurements
for the same driving conditions as in Figs. 2(a)–2(d). In
Fig. 2(e) we plot the ratio of backward scattering off the
obstacle to forward flow, IB/IF , versus the incident power.
Appendix C explains the procedure for calculating IB/IF

from momentum-space measurements. Figure 2(e) shows
that backscattering is reduced when crossing the bistability
in the forward scan, and remains low throughout the en-
tire high-density branch. A qualitatively similar suppression
of backscattering occurs for polaritons in the high-density
bistable state [9,10,41]. Figures 2(f) and 2(g) show momen-
tum distributions for two cases, corresponding to Figs. 2(b)
and 2(c). Figure 2(h) shows cuts along ky = 0. Overall, these
measurements demonstrate how the Rayleigh scattering ring
collapses and the backscattering peak (see orange and purple
arrows) diminishes at high density. A stronger suppression of
backscattering is shown in Sec. III C.

To gain further insight into the physics, we developed a
model of our system comprising a driven-dissipative Gross–
Pitaevskii equation for photons coupled to a thermal field (see
Appendix D). We first validated our model by (qualitatively)
reproducing our experimental observations. Numerical results
in Figs. 2(i)–2(p) demonstrate the bistability, Rayleigh ring
collapse, and backscattering reduction at high density, as ob-
served in Figs. 2(a)–2(h).

While our simulations qualitatively reproduce our exper-
imental observations, quantitative differences remain. First,
experiments show a larger suppression of backscattering than
simulations. We are unsure about the origin of this effect.
We believe that additional slow nonlinearities in the oil, not
accounted for in our model, may be playing a role. Our belief

023266-3



G. KEIJSERS et al. PHYSICAL REVIEW RESEARCH 6, 023266 (2024)

0.0 0.1 0.2
I  (meV / m )inc

2 2μ

0

500

1000

N
to

ta
l

0 100 200
P  (mW)in

0.0

0.4

0.8

I
I

B
F/

10−2 10−1 100

N ( m )μ −2
10−2 10−1 100

N ( m )μ −2

101 102 103

I (a.u.)
101 102 103

I (a.u.)

−1 0 1
k  ( m )x μ −1

0.0

0.5

1.0

N
/N

m
ax

−5 0 5 10
Position  ( m)x μ

0.0

0.5

1.0

N
/N

m
ax

−1 0 1
k  ( m )x μ −1

0.0

0.5

1.0

I/I
m

ax

0 5 10
Position  ( m)x μ

0.0

0.5

1.0

I/I
m

ax

0

5

10

I
 / 

I
to

ta
l

to
ta

l,
0

0.0 0.1 0.2
I  (meV / m )inc

2 2μ

0.0

0.1

0.2

0.3

N
N

B
F

/

−1 0 1
k  ( m )x μ −1

104 105 106

N ( m )μ −2

−1 0 1
k  ( m )x μ −1

−1

0

1

k
 (

m
)

y
μ

−
1

104 105 106

N ( m )μ −2

−1 0 1
k  ( m )x μ −1

−1

0

1

k
 (

m
)

y
μ

−
1

5 20 80
I (a.u.)

−1 0 1
k  ( m )x μ −1

5 50 500
I (a.u.)

(a) (b) (c) (d)

(e)
(f) (g)

(h)

obstacle
flow

(c)

(b)

(i) (j) (k) (l)

(m) (n) (o) (p)

obstacle
flow

5 μm 5 μm

5 μm5 μm

FIG. 2. Panels (a)–(h) are experimental measurements, and panels (i)–(p) are numerical simulations using the model described in
Appendix D. (a) Solid and open circles are the total transmitted intensity Itotal when ramping the incident laser power Pin up and down,
respectively. Itotal is divided by its value at the lowest laser power, Itotal,0. (b), (c) Spatially dependent transmitted intensity at the states indicated
in panel (a). (d) Solid and dashed curves are the intensity I along the flow axis passing through the center of the laser spot and of the obstacle
in panels (b) and (c), respectively, divided by its maximum value Imax. (e) Backward-to-forward intensity scattering ratio (see Appendix C
for details), IB/IF , when ramping the laser power up and down. Panels (f) and (g) are momentum-space images of the transmitted intensity
corresponding to panels (b) and (c), respectively. (h) Cuts along ky = 0 in panels (f) and (g). Arrows in panel (h) indicate backscattered
momenta. (i)–(p) Same as panels (a)–(h) but for the calculations. In (i) we plot the total number Ntotal of photons in the simulation area. In
panels (j), (k), (n), and (o) we plot the photon density N = |ψ |2. In panel (m) we plot the backward-to-forward photon-scattering ratio NB/NF .
In panels (l) and (p) we plot the photon density along the flow axis and ky = 0, respectively, both referenced to the maximum value. Green
circles in panels (b), (c), (j), and (k), and shaded areas in panels (d) and (l) indicate the obstacle location and size. The thin dashed gray curves
in panels (b) and (c) indicate the edge of a pinhole in the collection path. The pinhole was needed to avoid overlap between position- and
momentum-space measurements, which were recorded simultaneously using the same camera.
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FIG. 3. Backward-to-forward scattering ratio when slowly in-
creasing the fluid’s mean incident momentum. kc is the critical
momentum.

is based on the observation (reported in Appendix B) that the
intensity in the wake of the obstacle slightly decreases over
long timescales; such an effect is absent in our model and
points to the likely presence of additional slow nonlinearities.
Second, the experimental data exhibit a shift in the backscat-
tering wave vector that is not present in the simulations [see
arrows in Figs. 2(h) and 2(p)]. We believe that two features
of the experiment are responsible for this discrepancy. On one
hand, the momentum distribution in the linear regime has a
peak near kx = 0 which is not present in the simulations. That
peak likely originates from disorder in the sample, which is
not included in the model. On the other hand, the suppression
of scattering predicted by the model is greater than what we
can experimentally detect given our limited signal-to-noise
ratio. Thus, the (shifted) backscattered wave vectors we ob-
serve experimentally could be due to that disordered-induced
scattering, and not to the backscattering of the incident flow.
While all these effects and the additional nonlinearities dis-
cussed above warrant further study, the qualitative agreement
between experiments and simulations nonetheless encourages
the use of our model for elucidating the mechanisms underly-
ing the intensity-induced scattering suppression. In that spirit,
we also verified via numerical simulations that our results are
indeed insensitive to the height of a repulsive obstacle.

B. Observation of a critical velocity for superfluidity

Figure 3 shows IB/IF versus the mean incident momentum
kinc at constant power, evincing the existence of a critical
momentum below which backscattering is suppressed. For
these measurements, we fixed the laser power to Pin = 72
mW and slowly increased the cavity length. The change in
cavity length shifts in energy the parabolic dispersion relation
for photons. Consequently, since the incident light has con-
stant frequency and broad momentum distribution, different
wave vectors are injected as the cavity length changes. Ap-
pendix E explains how IB/IF and kinc were extracted from
momentum-space measurements. Since the in-plane momen-
tum k‖ determines the cavity photon velocity v = h̄k‖/m∗,
Fig. 3 demonstrates the existence of a critical velocity, as
expected for superfluidity [42].

The mechanisms determining the critical velocity of our
driven-dissipative system are different from those of con-
servative superfluids [5–7,27,32,42–44]. In particular, unlike
in conservative systems, in our system the suppression of

scattering is strongly influenced by driving, dissipation, and
heat diffusion corresponding to effective nonlocal interac-
tions. Comparisons of our system to other driven-dissipative
systems, like cavity polaritons, could be interesting. However,
measurements like those in Fig. 3 have never been reported for
polariton systems. Signatures of a critical velocity have indeed
been observed in polariton systems. Typically, these are found
in the form of two measurements, one above and one below
the critical value [11,20,21]. However, a quantification of the
scattering as a function of kinc, necessary for the identification
of a well-defined threshold for backscattering suppression, has
never been experimentally reported.

C. Record suppression of backscattering

The results presented in Figs. 2(a)–2(h) demonstrate how
scattering off an obstacle is reduced at high photon den-
sity. Since the reduction of scattering was evinced in the
suppression of interference fringes between the laser spot
and the obstacle, a large laser-obstacle separation combined
with a relatively large flow velocity was necessary to observe
multiple fringes and their suppression. However, the large
laser-obstacle separation combined with the losses of our sys-
tem prevents much of the intensity to reach the obstacle. These
conditions, combined with the high flow velocity, prevented
the backscattering from being further suppressed.

In an effort to fully suppress the backscattering, we per-
formed similar measurements as in Figs. 2(a)–2(h) but at
a smaller laser-obstacle distance and at a reduced velocity.
These conditions enable more intensity to reach the ob-
stacle, albeit the number of fringes at low density in real
space is reduced. The disappearance of fringes in real-space
images, indicating the suppression of backscattering, is there-
fore visually less striking for these measurements than in
Figs. 2(b)–2(d). However, as we show next, the suppression of
backscattering at high density is significantly enhanced by the
reduced velocity and closer proximity of the laser spot to the
obstacle. The results are shown in Fig. 4, with all intensities
plotted in a logarithmic scale.

Figures 4(a) and 4(b) show position- and momentum-space
measurements, respectively, along the flow axis. Measure-
ments in the full two-dimensional position and momentum
space, from which the cuts in Figs. 4(a) and 4(b) are extracted,
are presented in Appendix F. Solid and dashed curves in
Figs. 4(a) and 4(b) correspond to low- and high-density states,
respectively. The number of interference fringes at low density
is smaller in Fig. 4(a) than in Fig. 2(d) because of the reduced
photon momentum and the shorter laser-obstacle distance.
These driving conditions enable a stronger suppression of
scattering at high density. Indeed, the dashed curve in Fig. 4(a)
shows complete absence of scattering-induced interference
fringes across the dynamic range of our measurement, which
spans almost three orders of magnitude.

Figure 4(b) shows momentum-space measurements corre-
sponding to Fig. 4(a). At high photon density, the center of
the forward momentum peak shifts to a lower momentum.
The shift is due to the interaction-induced blueshift, which
at fixed frequency results in lower kinetic energy. The most
interesting effect, however, is the suppression of the backscat-
tering peak at high density. We are unsure if the backscattering
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FIG. 4. (a) Solid and dashed curves are measurements of the pho-
ton density along the flow axis at low and high density, respectively.
The flow velocity is lower than in Figs. 2(a)–2(h). (b) Momentum-
space measurements corresponding to panel (a), evincing a full
suppression of the backscattering peak initially at kx ≈ −0.5 µm−1.
(c) Solid and open circles are the backward-to-forward scattering ra-
tio when ramping the laser power up and down, respectively. Orange
and purple solid circles correspond to the two cases in panels (a)
and (b).

suppression is complete. The momentum-space measure-
ments possibly display a tiny shoulder on the tail of the
distribution of the forward flow, under the question mark
in Fig. 4(b). We are unsure if this tiny feature corresponds
to backscattering or to just noise. Assuming the former, we
claim a lower bound on the suppression of backscattering.
We estimate this lower bound based on the values of IB/IF

as a function of the incident power, shown in Fig. 4(c). Since
IB/IF ≈ 1.09 in the linear regime, and IB/IF ≈ 0.0012 in the
nonlinear regime, the reduction in IB/IF is at least a factor of
900. This backscattering reduction is at least two orders of
magnitude greater than what was reported in the first claim of
polariton superfluidity at cryogenic temperatures in 2009 [11],
and at room temperature (without steady state) in 2017 [20].

Interestingly, the laser power needed to achieve this effect
is only 40 mW. This power is comparable to, and in many
cases even smaller than, input powers needed for polariton
superfluidity [15,16,45]. This is remarkable considering that
our cavity quality factor is roughly one order of magnitude
smaller than in typical polariton experiments. In Appendix G
we present a calculation of the temperature rise �T in the
oil at 40 mW, in the upper branch of the bistability; we find
�T = 2 ◦C.

D. Dynamics of a photon fluid reorganizing
into a nonscattering steady state

Interactions in our system are noninstantaneous because of
the finite thermal relaxation time of the oil. Essentially, the

photon field is coupled to a slowly varying thermal field and
this makes the effective photon-photon interactions noninstan-
taneous. A similar coupling between fast and slowly varying
degrees of freedom has been considered in the context of co-
herently driven polaritons [16,46,47]. However, unlike in our
system, in those systems both instantaneous and noninstanta-
neous interactions are simultaneously present. The former are
due to polariton-polariton interactions, while the latter are due
to interactions between polaritons and excitons comprising
the so-called exciton reservoir. Because the relaxation time
of the exciton reservoir is not nearly as long as the thermal
relaxation time in our system, it turns out that the contribu-
tions to the blueshift from instantaneous and noninstantaneous
interactions are of similar magnitude in polariton systems.
In contrast, in our system only noninstantaneous interactions
contribute to the blueshift. Thus, our system operates in a
regime in which, as far as we know, superfluidity has not been
considered.

Figures 5(a)–5(d) and 5(e)–5(h) show measurements and
simulations, respectively, of light propagating toward the ob-
stacle when the laser power changes abruptly from well below
to well above the bistability. For the experiments, we modu-
lated the laser amplitude into a square wave with maximum
power Pmax = 130 mW, and used a camera acquisition rate of
500 kHz. The laser power rises within 3 µs, which is much
less than the thermal relaxation time τT . Such a step-like
power increase enables us to characterize the reaction time of
the system. Figures 5(b) and 5(a) show the spatially resolved
transmitted intensity 6 µs and 120 µs, respectively, after the
power step at t = 0. In Fig. 5(b) the nonlinearity has not
fully developed. Consequently, we observe two fringes due
to the interference of the incident flow and scattering off the
obstacle. Figure 5(a) shows that, at longer times, interference
fringes disappear.

To evince the disappearance of interference fringes at
long timescales more clearly, in Fig. 5(c) we present cuts of
Figs. 5(a) and 5(b) along the flow axis (y = 0). The cuts in
Fig. 5(c) show the presence of two fringes at short times,
and zero fringes at long times when the nonlinearity has
fully developed and scattering from the obstacle has been
suppressed. Figure 5(d) presents a more detailed characteri-
zation of the experimental time-resolved transmitted intensity
along the flow axis (y = 0). Notice how the photon fluid
reorganizes long after the laser power has increased and settles
into a steady state with no interference fringes consistent with
superfluidity.

Simulations in Figs. 5(e)–5(h) qualitatively reproduce our
experimental observations. Time in the simulated data is di-
vided by the thermal relaxation time τT in our model. With
this division we highlight that the results in Fig. 5(h) are
independent of the value of τT , provided γ −1 � τT with γ the
dissipation rate. Overall, Fig. 5 shows that thermal dynamics
only matter on timescales commensurate with τT . Afterwards,
a steady state without scattering sets in. The time to reach this
steady state in the simulations is t/τT ≈ 3. This is roughly in
agreement with experiments, where a steady state is reached
around 60 µs, corresponding to roughly three-to-four times the
thermal relaxation time of the oil [48].

While experimental and numerical data in Fig. 5 are
in qualitative agreement, the length scales over which the
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FIG. 5. Panels (a)–(d) are experimental measurements, and panels (e)–(h) are the corresponding numerical simulations. (a), (b) Spatially
dependent transmitted intensity at the times indicated by the dashed lines in panel (d). Around t = 0, the laser power is increased to
its maximum value within 3 µs, which is well below the thermal relaxation time. Panel (a) corresponds to the steady state, and panel
(b) corresponds to a transient regime shortly after the sudden increase in power. (c) Normalized transmitted intensity along the flow axis
(y = 0) in panels (a) and (b), indicated by dashed and solid lines, respectively. (d) Transmitted intensity along flow axis (y = 0) as a function
of time. (e)–(h) Same as in panels (a)–(d) but for the calculated photon density. Both measurements and simulations show the disappearance
of interference fringes as a steady state emerges.

observed phenomenology occurs are slightly different (by
about 20%). This difference might be due to experimental
limitations. In particular, the signal-to-noise ratio and spatial
resolution are limited by the high frame rate at which we im-
age our system. Other possible origins of the slightly different
length scales are the aforementioned additional slow nonlin-
earity in the oil, and disorder in the experimental sample.
Imperfections in the cavity mirrors (not included in the model)
can introduce losses that limit the propagation distance of the
photon fluid and result in smaller features in experiments than
in simulations.

E. Nonlocal interactions mediated by heat
diffusion suppress light scattering

Interactions in our system are nonlocal because of heat
diffusion in the oil. Essentially, the photon field generates a
thermal field that can have a different spatial profile because
of heat diffusion. This makes the effective photon-photon in-
teractions nonlocal in space [24–26]. Effects of such nonlocal
interactions on superfluidity have been studied in conservative
photonic systems [27], and in analog systems where the spa-
tial propagation of a light beam through a nonlinear medium
is mapped to the time evolution of a fluid [30,31,34–36,39]. In
both of those configurations, where coherent driving and dis-
sipation are irrelevant, nonlocal interactions severely reduced
the critical velocity for superfluidity. In contrast, we show next
that diffusion can actually reduce the scattering of a photon
fluid off an obstacle.

We investigate the effects of heat diffusion numerically,
since experiments have very limited tunability over the dif-
fusion constant. Figures 6(a) and 6(b) show the spatially

resolved photon density for two values of the diffusion con-
stant DT . The corresponding diffusion length is lD = 1 µm
in Fig. 6(a), and lD = 16 µm in Fig. 6(b). The profiles of
temperature change �T corresponding to Figs. 6(a) and 6(b)
are shown in Figs. 6(c) and 6(d), respectively. Temperature
and photon density profiles are similar for small lD but differ
for large lD. The latter evinces that the dissipation-induced
blueshift of the photon energy depends not only on the local
intensity, but also on the surrounding intensity—the defining
feature of nonlocality.

Figure 6(e) shows the number of intracavity photons versus
the incident power, similar to Fig. 2(i). Orange and purple
symbols correspond to lD = 1 µm and lD = 16 µm, respec-
tively. The simulations show that the bistability is wider, and
centered at a greater intensity, for larger lD. Figure 6(f) shows
the corresponding backward-to-forward density, NB/NF , sim-
ilar to IB/IF . Overall, we observe that stronger diffusion
changes the temperature across a larger area. Consequently,
more laser power is needed to generate the mean-field inter-
action energy needed for the suppression of scattering. The
bistability is therefore shifted to a larger intensity for larger
lD, as Fig. 6(e) shows. However, once the high-density state
of the bistability is reached, the reduction of backscattering is
more substantial for a larger diffusion constant [see Fig. 6(f)].

Our results illustrate how one type of dissipation (light
absorption resulting in heat) effectively reduces another type
of dissipation (scattering off the obstacle). The absorbed and
dissipated light enables the remaining light to flow without
scattering. Backscattering suppression is less pronounced in
simulations than in experiments. We are unsure about this
discrepancy. We tentatively attribute it to limitations of our
model, including the possible relevance of unaccounted slow
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nonlinearities in the oil as explained in Sec. III A. Experi-
ments were reproduced multiple times and for different flow
conditions.

F. Intensity-dependent spatial phase variations

In a superfluid, the phase can evolve freely. This en-
ables superfluidity to emerge with a random phase at a
U (1) symmetry-breaking transition, and to break down via
the generation of quantized vortices [49]. Despite many
similarities between conservative and driven-dissipative su-

perfluids, a crucial difference arises in the evolution of the
phase when coherent driving is involved. In coherently and
homogeneously driven systems, the phase of the system is
fixed everywhere by the driving laser. Phase dislocations can
therefore not emerge. Partly for this reason, it has been argued
that scattering reduction in coherently and homogeneously
driven polaritons should be associated with the emergence of
a rigid state rather than a superfluid [22]. Here, it is important
to stress that phase locking to a constant value everywhere
only occurs in systems driven homogeneously in space and
time. When driving inhomogeneously in time with pulses
[14,20,23,50], or inhomogeneously in space with a localized
laser spot [15,18,23,45,51–53], signatures of free phase evo-
lution, such as vortices, can emerge. In light of these results
and considerations, we proceed to investigate how the phase of
our coherently but inhomogeneously driven photonic system
evolves in time and space across the intensity-induced scatter-
ing suppression.

Figure 7 shows measurements for a photon fluid prop-
agating toward the obstacle. The laser power was abruptly
increased, as in Fig. 5. Each column corresponds to a time
elapsed, indicated on top, since the step-like power increase.
The top row shows the spatially dependent transmitted in-
tensity. Middle and bottom rows show mutually identical
interferometric measurements, obtained by interfering the
cavity transmission with an expanded laser beam providing a
uniform reference phase. We present the interferometric mea-
surements twice to include the dashed curves in the bottom
row, while providing an unobstructed view of the data in the
middle row. The dashed curves indicate fringe maxima. In
principle, the spatially dependent phase of the fluid can be
extracted from these interferometric measurements. However,
since the photon density in the wake of the obstacle is low,
the phase value is extremely sensitive to details of the phase-
extraction algorithm and it is prone to errors. Moreover, we
are not interested in the value of the phase itself. We are
simply interested in assessing whether the phase is locked to a
constant value everywhere, or spatial variations can arise with
changes in intensity.

The first column in Fig. 7 shows that, immediately after the
laser power rises, very little density flows beyond the obstacle;
notice the dark region along the flow axis and behind the
obstacle, enclosed by the dashed semicircle. Meanwhile, to
the left of the obstacle, we observe fringes due to interference
between the incident flow and scattering off the obstacle.
Interferometric measurements below show undisturbed phase
fronts, with low fringe contrast where the density is low. At
6 µs, light begins to flow around the obstacle; see, for example,
the curved green arrow. Since light has just started to flow
beyond the obstacle, fringes in the interferogram have only
slightly changed. At 10 µs, the top row shows that a significant
density has reached the region behind the obstacle. The con-
trast of the interference fringes resulting from backscattering
has also decreased. Meanwhile, interferometric measurements
below show some changes. However, the presence of phase
dislocations is still ambiguous due to the low fringe contrast.
Finally, by 54 µs the system is settled into a steady state.
The top row shows that fringes due to backscattering have
vanished, and the steady-state density behind the obstacle is
significant. The interferogram shows phase dislocations in the
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FIG. 7. Cavity transmission real-space images and interferograms. For these experiments, the input power was suddenly increased, as it
was done in Figs. 5(a)–5(d). Each column corresponds to a different time (indicated on top) after the power increase. (top row) Spatially
dependent transmitted intensity. The ellipse indicates the approximate location of the obstacle. The dashed semicircle roughly encloses the
region we refer to as “in the wake of the obstacle.” (middle row) Fringe patterns resulting from the interference between the transmitted
intensity and an expanded laser beam providing a uniform reference phase throughout the measurement space. (bottom row) Same data as in
the middle row, but with dashed green curves as guides to the eye indicating fringe maxima.

wake of the obstacle, where the density of the photon fluid and
its mean-field interaction energy decrease. The dislocations
are highlighted by the green dashed curves in the bottom row.
In Appendix H we show phase dislocations when light flows
onto the obstacle at another angle, thereby demonstrating the
generality of this phenomenon.

In Fig. 8 we illustrate how the interferogram features
evolve as light propagates around the obstacle. To that end,
we analyze the intensity in the real-space images and interfer-
ograms of Fig. 7, along the path indicated by the blue lines in
Figs. 8(a) and 8(c). The measurements in Figs. 8(a) and 8(c)
are exactly the same as those in the top and middle row of
the leftmost column in Fig. 7, but now with the path under
consideration indicated. We select four times for our analysis:
2, 6, 10, and 14 µs after the step-like power increase. Mea-
surements at these four times and along the aforementioned
path are presented in Figs. 8(b) and 8(d). The region behind
the obstacle is indicated by the shaded area in Figs. 8(b) and
8(d).

Figure 8(b) shows that the intensity behind the obstacle
increases by nearly two orders of magnitude between 2 and
14 µs. This demonstrates the ability of light to flow around and
past the obstacle as scattering is suppressed. Figure 8(d) then
shows how the interferogram evolves as the light intensity sur-
rounds the obstacle. Notice the interferogram peak behind the
obstacle (shaded region) shifts with time. This shift can only
be due to a change in the local phase, thereby demonstrating
absence of phase locking in that region.

We now present a more detailed analysis of the data in
Fig. 8(d), in order to demonstrate the qualitatively different
behavior of the phase in front and behind the obstacle. In

Fig. 8(e) we plot the difference in intensity between two
interferograms 4 µs apart. We evaluate this difference along
the same path indicated by the blue lines in Figs. 8(a) and 8(c).
If a local maximum in this intensity difference plot remains
unchanged, the phase therein is locked. In contrast, if a local
maximum shifts, the phase therein has evolved.

Figure 8(e) shows that, in front of the obstacle, fringe
maxima align with the blue rectangles. The phase in that re-
gion is locked; it does not evolve with the changing intensity.
In contrast, behind the obstacle, the peak in the interfero-
gram gradually shifts over time. For clarity, we indicated the
peak location with a vertical line of the same color as each
curve. The analysis thus shows that, unlike in homogeneously
and coherently driven systems, the phase behind the obstacle
is not locked. It evolves with the changing intensity. How-
ever, the phase is not entirely free either as in incoherently
driven systems such as lasers and polariton condensates. In
those systems, the phase is spontaneously selected at the
U(1) symmetry-breaking transition where a coherent-state
emerges. Our inhomogeneously and coherently driven photon
fluid is thus in an interesting intermediate regime that warrants
further experimental and theoretical studies.

IV. CONCLUSIONS AND PERSPECTIVES

In summary, we demonstrated signatures of photon super-
fluidity in the behavior of light as it encounters an obstacle.
Above a critical intensity and below a critical velocity,
backscattering from the obstacle is suppressed. Furthermore,
we showed that the optical phase is locked between the laser
and the obstacle but evolves with the rise in intensity in the
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FIG. 8. (a) Position-dependent cavity transmission, as in the top-
left panel of Fig. 7. (b) Cut along the path indicated by the blue line in
panel (a) for four different times after the step-like power increase.
(c) Interferogram due to interfering the cavity transmission with a
uniform-phase reference beam, as in the middle-left panel of Fig. 7.
(d) Cut along the path indicated by the blue line in panel (c) for four
different times after the step-like power increase. (e) Difference in in-
tensity between interferograms recorded 4 µs apart in time, evaluated
along the path indicated in panel (c). Green ellipses in panels (a) and
(c) indicate the position of the obstacle. Shaded regions in panels (b),
(d), and (e) indicate the region behind the obstacle. Notice how the
peaks in panel (e) align within the blue-shaded rectangles in front
of the obstacle, but not behind. Behind the obstacle, the main peak
shifts spatially over time as indicated by the vertical lines of the same
color as the data plots; this demonstrates an intensity-induced change
in the local phase of the photon fluid.

wake of the obstacle. Nonlocality of interactions in space
and time have remarkably different consequences. The non-
instantaneous nature of the interactions does not alter the
properties of the nonscattering steady state; only the duration
of the transient scattering regime changes. Spatial nonlocality,
in contrast, can surprisingly reduce backscattering when a
sufficiently intense fluid of light encounters an obstacle.

For polaritons, the suppression of scattering from a defect
was sufficient for the first claim of superfluidity in 2009 [11].
Then, in 2017, the first claim of room-temperature polariton
superfluidity was made based on two observations: (i) par-
tial suppression of scattering from an obstacle, and (ii) the
emergence of a vortex-antivortex pair in the wake of that
obstacle [20]. Further progress in cavity polariton experiments

at cryogenic temperatures enabled the first measurements of
the excitation spectrum in 2019 [16], and then in 2022 [19].
Those measurements evinced a linearized excitation spectrum
at small momenta, as expected for superfluidity. Our results
with photon fluids go beyond what was demonstrated in the
first claims of polariton superfluidity by demonstrating a full
suppression of scattering and the existence of a critical ve-
locity. However, our results do not include the smoking-gun
evidence of superfluidity in the excitation spectrum, which is
missing. We hope that our results will nonetheless stimulate
further studies of our system, and motivate measurements of
the excitation spectrum where a definitive evidence for super-
fluidity can be sought. Such measurements are not without
significant challenges though, given the nonlocal nature of
interactions in our system.

The slow rise of the nonlinearity of our system, evinced
in Fig. 5, opens up interesting possibilities for experimen-
tally probing the breakdown of Galilean invariance in fluids
of light. Indeed, for coherently driven polaritons it has been
predicted that a obstacle moving through a stationary fluid is
not equivalent to a fluid flowing onto a static obstacle [46].
This breakdown of Galilean invariance arises because the
coherently driven polariton field is coupled to a slowly varying
exciton reservoir. Consequently, the state of the system is
no longer fully determined by the relative velocity between
the obstacle and the polariton fluid. The motion of the fluid
relative to the reservoir also matters. In polariton systems, the
exciton reservoir has a lifetime of a few hundred picoseconds
[16]. To observe the breakdown of Galilean invariance in such
systems, one would therefore need to move the obstacle across
several microns within a few hundred picoseconds or less.
Moving an obstacle at such speeds is not impossible, but it is
extremely difficult to achieve in practice. In contrast, for our
system, probing the breakdown of Galilean invariance seems
technologically simpler due to the much slower dynamics of
the thermal nonlinearity compared with the exciton reservoir.
In our system, the breakdown of Galilean invariance could be
probed within a timescale of roughly ten microseconds.

Further perspectives of our results include studies of pho-
ton hydrodynamics in complex potential landscapes, and of
the interplay of memory and noise [54]. The potential land-
scape can be tailored using the same technique we used to
make the obstacle, or via focused-ion-beam milling [55]. To
study the interplay of memory and noise, i.e., non-Markovian
dynamics, noise can be added to the laser using modulators
[54].

Datasets generated during the current study are stored in
a replication package within the AMOLF server. The replica-
tion package is available from the corresponding author upon
reasonable request. In addition, data for all figures in this
paper will be uploaded to the Zenodo repository before publi-
cation. Codes for data analysis and numerical calculations are
part of the replication package mentioned above and will be
uploaded to the Zenodo repository before publication [56].
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APPENDIX A: EXPERIMENTAL SETUP

Figure 9 illustrates the experimental setup used for all our
measurements. We note that the optical components inside the
dashed rectangle in Fig. 9 were removed for the measurements
reported in Figs. 5(a)–5(d), 7, and 8; those components were
simply unnecessary for those measurements.

APPENDIX B: REPRODUCIBILITY
OF THE FIG. 8 RESULTS

Figure 8 shows how light flows around the obstacle, and
the phase evolves behind but not in front of the obstacle,
as scattering is suppressed. Here we present additional data
evincing the reproducibility of these effects. We consider the
same path indicated by the blue line in Fig. 8(a), and the
same four times after the step-like power increase: 2, 6, 10,
and 14 µs. Results for two different realizations of the same
experiment are shown in Fig. 10.

Figures 10(a) and 10(d) show the intensity of the photon
fluid, and Figs. 10(b) and 10(e) show the interferogram signal,
both along the aforementioned path and at the same times. In
correspondence to Fig. 8(e), we also present in Figs. 10(c)
and 10(f) an analysis of the intensity difference between in-
terferograms 4 µs apart. Overall, these measurements further
support the claims in Sec. III by demonstrating the repro-
ducibility of the effects on which those claims are based. In
particular, Fig. 10 demonstrates that the light intensity behind
the obstacle substantially grows as scattering is suppressed,

and the phase in that region evolves in time. Once again, the
latter effect contrasts with the behavior of the phase in front
of the obstacle, which is locked to a constant value.

The reproducibility of our results also demonstrates that
the onset of the suppression of scattering does not involve
permanent deformations in the silicon layer or the adjacent
DBR of the mirror containing the obstacle. Such deforma-
tions, due to the thermo-optical nonlinearity of silicon, would
cause an irreversible change to the potential landscape for
photons. Thus, the suppression of scattering is unrelated to
the thermo-optical nonlinearity of the silicon layer.

Finally, Fig. 10 shows indications of nonlinearities present
in the oil beyond those currently included in the model. Imme-
diately after the step-like power increase, the intensity behind
the obstacle increases over time as scattering is suppressed.
However, after ≈10 µs, the intensity slightly decreases. The
cause for this decrease in intensity is currently unclear to
us, and it is not captured by our model. This suggests that
there may be additional slow higher-order nonlinearities in our
system, which warrant further study. Thus, while our model
does not reproduce this feature and its predictions are not
in quantitative agreement with our experiments, the simula-
tions qualitatively reproduce the phenomenology presented in
Sec. III. This suggests that the dominant mechanisms have
been accounted for in our model.

APPENDIX C: CALCULATION OF SCATTERING RATIO

Here we describe the method used to calculate the back-
ward and forward scattering at the obstacle, IB and IF ,
respectively, based on momentum-space measurements. Since
the incident light flows into the positive x direction, one could
conceive ascribing all the intensity in the kx < 0 region to
IB and all the intensity in the kx > 0 region to IF . However,
in our case that would be inappropriate. We injected light
with a broad momentum distribution, and for small average
momentum the tail of the distribution significantly extended
into the kx < 0 region. Consequently, ascribing that incident
intensity with kx < 0 to backscattering would be a mistake. To
avoid this pitfall, we calculated IB and IF by fitting Gaussian
distributions to parts of the momentum-space measurements
as explained next.
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FIG. 10. (a), (d) Spatially dependent transmitted intensity along the trajectory indicated by the blue line in Fig. 8(a). (b), (e) Intensity of
interferogram along the trajectory indicated by the blue line in Fig. 8(c). (c), (f) Difference in intensity between interferograms recorded 4 µs
apart in time, evaluated along the same trajectory as in panels (b) and (e). Panels (a)–(c) and (d)–(f) correspond to different realizations of the
experiment, each distinct from the measurement in Fig. 8. Colored symbols and lines indicate different times after an abrupt increase in input
power. Gray-shaded area corresponds to the wake of the obstacle. Fringe maxima before the obstacle align to within the blue rectangles in
panels (c) and (f).

Starting from momentum-space measurements such as
those shown in Fig. 11(a), we vertically integrated the in-
tensity within −0.1 µm−1 < ky < 0.1 µm−1. We selected this
relatively narrow ky range to focus on the forward and back-
ward contributions to the scattering. Our approach avoids
smearing out peaks at very different momenta. Moreover, by
virtue of the integration, we minimized spurious effects of
detector noise.

We started by fitting the integrated intensity with the sum
of two Gaussian distributions,

f2(kx ) = AB exp

(
−(kx − kB)2

2σ 2
B

)
+ AF exp

(
−(kx − kF )2

2σ 2
F

)
.

AB,F , kB,F , and σ 2
B,F are the fitted amplitude, mean momen-

tum, and momentum variance of the distributions, respec-
tively. The Gaussians with kF > 0 and kB < 0 correspond to
the forward- and backward-scattering peaks, respectively. The
scattering ratio is then given by IB/IF = ABσB/AF σF , which
is the ratio of the areas under the two Gaussians. The error
bars in all our plots of IB/IF correspond to 95% confidence
intervals of the fitted values.

In some cases, the fitting function f2(kx ) failed to accu-
rately capture the measured lineshape. In those cases, we fitted
the lineshape with the sum of three Gaussians:

f3(kx ) = f2(kx ) + A3 exp

(
−(kx − k3)2

2σ 2
3

)
.

A3, k3, and σ 2
3 are the fitted amplitude, mean momentum, and

momentum variance of the third Gaussian. If the fit yielded

k3 > 0, the intensity under the third peak was added to IF .
Otherwise, it was added to the backscattering. We determined
whether the fitting function f3 (instead of just f2) was at all
necessary by calculating the mean squared residuals of the
f2 fit. Only if the mean squared residuals exceed a certain
threshold, the data were fitted with f3.

Figure 11 illustrates our method for calculating IB/IF in a
case where f3 was needed. Figure 11(a) shows the same data
as in Fig. 2(g), with the integration range for ky indicated by
the green horizontal lines. The integrated intensity within this
range is shown as a purple curve in Fig. 11(b). A fit of f3(kx )
to the integrated intensity is shown as a dashed green curve.
The three Gaussians contributing to the global fit are shown
as solid orange curves. The leftmost Gaussian is attributed to
backscattering, while the other two correspond to the incident
flow.

APPENDIX D: THEORETICAL MODEL

1. Numerical simulations

We model our oil-filled cavity using coupled equations for
the light field and the spatial temperature distribution. The
equation of motion for the photon field reads (in units of
h̄ = 1)

i
∂

∂t
ψ (x, t ) =

(
ε0 − i

2
γ − ∇2

2m∗ + VD(x) + α�T (x, t )

)
× ψ (x, t ) + FL(x)e−iωLt+ikL ·x. (D1)

Here, ε0 is the cavity resonance frequency at room tempera-
ture, m∗ is the effective photon mass, γ the cavity linewidth,
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FIG. 11. (a) Transmitted intensity as a function of momentum,
same as Fig. 2(g). Horizontal lines indicate the limits for integrating
the intensity, as explained in the text. (b) Integrated intensity obtained
from panel (a), along with a fit of the function f3 (sum of three
Gaussians) to the data in order to calculate the scattering ratio.
Purple curve corresponds to the data, green dashed curve indicates
the fit, and orange curves indicate the three Gaussian distributions
comprising the fit.

and VD is the obstacle potential due to the local deformation
of one of the mirrors. The deviation of the temperature from
room temperature, �T , leads to a change in the cavity fre-
quency through the thermo-optic coefficient α. The coherent
laser excitation has amplitude FL, frequency ωL, and wave
vector kL. The temperature dynamics satisfy

∂

∂t
�T (x, t ) = −γT �T (x, t ) + DT ∇2�T (x, t )+β|ψ (x, t )|2.

(D2)

γT is the relaxation rate of the temperature in the transverse
direction due to thermal conduction of heat through the mir-
rors. DT is the in-plane thermal diffusion constant. β describes
the heating due to photon absorption. The associated pho-

ton number decay is included in the photon loss rate γ . A
similar model has previously been developed for an inco-
herently driven thermo-optical photonic cavity [24]. Instead,
Eq. (D1) describes a coherently driven system in accordance
with the experiment. We numerically solved coupled equa-
tions Eqs. (D1) and (D2) using a split step method.

Numerical simulations were performed with γ =
0.066 meV, kP = 0.5 µm−1 and detuning between laser
frequency and cavity resonance � = ωL − ε0 = 1.2 meV.
The effective photon mass is m∗ = 0.3 µm−2 meV−1, which
corresponds to m∗ = 2.1 × 10−35 kg. The pump spot is
Gaussian shaped with standard deviation σPx = σPy = 4 µm.
A Gaussian-shaped obstacle was used, with obstacle potential
V0 = 3 meV and standard deviations σV x = 1 µm and
σV y = 2 µm along and perpendicular to the flow direction,
respectively. The obstacle was placed 10 µm from the center
of the pump spot. For the simulations shown in Figs. 2(i)–2(p)
we used DT = 0.016 µm2 meV, γT = 0.001 meV, and
αβ = 0.001 meV2 µm2. Simulations for Figs. 5(e)–5(h)
were performed with a 7 µm laser-obstacle distance
and kP = 0.2 µm−1, and using DT = 0.16 µm2 meV,
γT = 0.01 meV, and αβ = 0.01 meV2 µm2. In Fig. 6 the
diffusion length was varied by taking DT = 0.001 µm2 meV,
γT = 0.001 meV, and αβ = 0.001 meV2 µm2 for Figs. 6(a)
and 6(c), and DT = 25.6 µm2 meV, γT = 0.1 meV, and
αβ = 0.1 meV2 µm2 for Figs. 6(b) and 6(d). The total
simulation area was 200 × 200 µm2.

We note that, based on �T and the well-known tem-
perature dependence of the oil’s refractive index [57], the
intensity-dependent refractive index of oil can be quantified
[48]. The obtained values are consistent with a nonlinear
refractive index n2 = −5 × 10−8 cm2/W, estimated indepen-
dently via z-scan measurements [48].

2. Bogoliubov theory for uniformly pumped system

When investigating the superfluidity of a resonantly driven
photon fluid, the linear-response theory gives valuable infor-
mation on how a flowing photon fluid responds to the collision
with a weak obstacle. We expand the photon field in a homo-
geneous flow and small fluctuations on top of it:

ψ (x, t ) =eikL ·x−iωLt

[
√

n0 +
∑

k

(uk(t )eik·x + v∗
k(t )e−ik·x )

]
.

(D3)

The real temperature field is expanded as

T (x, t ) = T0 +
∑

k

(wkeik·x + w∗
ke−ik·x ). (D4)

The fluctuations obey the equations of motion

i
d

dt

⎛⎝uk
vk
wk

⎞⎠ =

⎛⎜⎜⎝
(kL+k)2

2m − i
2γ + αT0 0 α

√
n0

0 − (kL−k)2

2m − i
2γ − αT0 −α

√
n0

iβ
√

n0 iβ
√

n0 −i
(
γT + DT k2

)
⎞⎟⎟⎠

⎛⎝uk

vk

wk

⎞⎠ + V0
√

n0

⎛⎝ 1
−1
0

⎞⎠, (D5)

where V0 is the strength of the δ potential that acts on the
photons, i.e., we take VD = V0δ(x).

The steady state is obtained by setting the time derivative
equal to zero. It is instructive to eliminate the temperature
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from the steady-state relation through the last row of Eq. (D5),
giving

wk = β
√

n0
uk + vk

γT + DT k2
. (D6)

Plugging this expression in the equations for the photonic
fluctuations gives⎛⎝ (kL+k)2

2m − i
2γ + 2gn0 gn0

−gn0 − (kL−k)2

2m − i
2γ − 2gn0

⎞⎠(
uk

vk

)

+ V0
√

n0

(
1

−1

)
= 0, (D7)

with the momentum-dependent interaction strength

g(k) = αβ

γT

1

1 + k22
T

, (D8)

where the thermal length is given by

T =
√

DT /γT . (D9)

The k dependence is important only when the momentum is
large compared with the inverse of the thermal length or, in
other words, when the spatial features are small on the scale
of the thermal length. For long spatial scales, much larger
than the thermal length, the limit of a zero-range interaction is
recovered for what concerns the steady-state response of the
system to an obstacle potential.

For our experimental parameters [DT ≈ 8 × 10−8 m2/s
and γT = 1/(16 µs)], we estimate T ≈ 1.13 µm, which is
rather short on the scale of the observed scattering physics.

Equation (D5) without the external potential determines
the excitation spectrum of the system. Since the thermal non-
linearity is slow, it only affects the excitation spectrum very
close to k = 0, for frequencies within a window γT around
zero.

This brings us in a somewhat peculiar situation where
the steady-state scattering off an obstacle is suppressed in
complete analogy with a photonic system with instantaneous
Kerr nonlinearity, while the excitation spectrum is not dis-
tinguishable from the free particle excitation spectrum. The
reason for this difference is that the steady-state response to a
static obstacle is a zero-frequency property of the system and
is therefore not directly related to the dynamical response.

The excitation energies are derived from the real part of the
Bogoliubov matrix, where their imaginary part gives informa-
tion on the stability of the system. For kL = 0, instabilities
only occur when the photon decay rate and the thermal relax-
ation rate are of the same order. Since the thermal relaxation
time is of the order of µs and the photon lifetime rather of the
order of ps, this poses no problem. For kL 	= 0 on the other
hand, it turns out that instabilities do occur. Some numerical
results are presented below.

Figure 12 shows the intensity of scattered photons as a
function of the photon density and velocity. The white dotted
line indicates the velocity at which the scattering sets in. The
intensity of scattered photons can be computed both with the
full equations (D5) and with the reduced equations (D7). For
what concerns the dynamical stability however, one has to
stick to the full set of Eqs. (D5). The red full line gives the
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FIG. 12. The intensity of scattered photons (color scale) as a
function of the photon density and velocity for ωL = 1, α = 1, β =
γ = 6.25 × 10−8, and DT = 8 × 10−8, implying T = 1.13. The
white dotted line is the contour line at five. The red full line in-
dicates the border of dynamical stability (only stable below). The
blue dashed line gives the Landau critical velocity for a system with
gapped dispersion.

boundary for dynamical stability (stable for lower velocities
below, unstable for higher velocities) and is seen to follow
the onset of scattering. This means that the regime of reduced
scattering as computed with the effective interaction strength
(D8) is dynamically stable. For the regime where scattering
takes place however, the reduced model is no longer accurate
since it predicts dynamical stability where the full model is
actually dynamically unstable. The onset of scattering is well
captured by the Landau critical velocity vc = √

2m� for a
system with a gap in the excitation spectrum � = geffn − ωL.

APPENDIX E: CRITICAL VELOCITY MEASUREMENTS

Figure 3 shows the existence of a critical momentum kc,
and hence a critical velocity, below which backscattering is
suppressed. To obtain those results, we followed the fitting
approach described above. First we vertically integrated the
experimental data in momentum space within the aforemen-
tioned ky range. Then, we fitted the integrated intensity with
either the f2 or f3 function. From the fits we extracted the scat-
tering ratio IB/IF , and the mean incident momentum kF . The
fitted value of kF corresponds to the horizontal axis in Fig. 3.
The corresponding error bars are 95% confidence intervals on
those fits.

APPENDIX F: MEASUREMENTS EVINCING RECORD
SUPPRESSION OF BACKSCATTERING

Figure 4, corresponding to a small flow velocity, evinces
a record suppression of backscattering. In this section we
present the complete set of measurements from which those
results were extracted.

First we show, in Fig. 13(a), the bistability observed in
the total transmitted intensity when ramping the incident
power up and down. The laser amplitude was modulated si-
nusoidally at 200 Hz. Next, Figs. 13(b) and 13(c) show the
transmitted intensity as a function of position for two incident
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FIG. 13. Record suppression of backscattering above a critical
density. Measurements corresponding to the cuts in position and
momentum space presented in Figs. 4(a) and 4(b) and scattering ratio
calculation in Fig. 4(c). (a) Transmitted intensity when ramping the
laser power up and down. (b), (c) Position-space images of trans-
mitted intensity at the laser powers indicated in panel (a). Cuts of
panels (b) and (c) along the flow axis are shown in Fig. 4(a) as solid
and dashed curves, respectively. Panels (d) and (e) are momentum-
space images of the transmitted intensity corresponding to panels
(b) and (c), respectively. Cuts of panels (d) and (e) along ky = 0
are shown in Fig. 4(b) as solid and dashed curves, respectively.
Solid and open symbols in panel (a) correspond to increasing and
decreasing ramps in power, respectively. Ellipse in panels (b) and
(c) indicates the approximate location of the obstacle. Data in
panel (a) are normalized to the total intensity at the lowest incident
power.

powers. The selected powers are indicated in Fig. 13(a). Fig-
ure 13(b), corresponding to a low photon density, shows two
fringes resulting from the interference between the incident
flow and the scattering off the obstacle. These fringes vanish
at high photon density, as Fig. 13(c) shows. Figures 13(d)
and 13(e) show momentum-space images corresponding to
the measurements in Figs. 13(b) and 13(c). Comparison of
Figs. 13(d) and 13(e) reveals the collapse of the Rayleigh
scattering ring and the suppression of backscattering at high
density. The data in Figs. 4(a) and 4(b) were extracted from
the position- and momentum-space images in Figs. 13(b),
13(c) and 13(d), 13(e), respectively. The data in Fig. 4(c)
were extracted from momentum-space images, such as those

in Figs. 13(d) and 13(e), following the approach described in
Appendix C.

APPENDIX G: TEMPERATURE CHANGE IN THE OIL

Here we estimate the temperature rise in the oil at the
power needed to observe signatures of photon superfluidity
in our system. To that end, we consider how a temperature
change in the oil shifts the cavity resonance frequency. The
resonance frequency in a planar cavity is given by

ω0(k) = ω0(0) + h̄k2

2m∗ , (G1)

with k the in-plane wave vector and m∗ the effective photon
mass. The resonance frequency at normal incidence is

ω0(0) = πqc

nL
, (G2)

with q the longitudinal mode number, c the speed of light in
vacuum, n the refractive index of the intracavity medium, and
L the cavity length. Using m∗ = n2

c2 h̄ω0(0) and Eq. (G2), we
can write Eq. (G1) as

ω0(k) = πqc

nL
+ cL

2πqn
k2. (G3)

Absorption of photons in the oil leads to a change in tem-
perature �T in the oil, which modifies the refractive index
to ñ = n + δn, where the refractive index change due to the
thermo-optical nonlinearity of the oil is given by

δn = dn

dT
�T . (G4)

The refractive index change alters the resonance frequency to

ω̃0(k) =
(

πqc

L
+ cL

2πq
k2

)
1

n + δn
. (G5)

Based on Ref. [57], we can assume δn � n to approximate
1/(n + δn) ≈ 1

n (1 − δn/n). Then, Eq. (G5) reduces to

ω̃0(k) ≈ ω0(k) − ω0(k)
δn

n
. (G6)

Next, consider the detuning � between the laser frequency
and the cavity resonance frequency, � = ωL − ω0(k). The
detuning changes as the resonance frequency shifts upon a
temperature change: �̃ = ωL − ω̃0(k), which using Eq. (G6)
we can write

�̃ = � + ω0(k)
δn

n
. (G7)

We now focus on the sonic point, the lowest-intensity point
on the upper branch of the bistability, where the excitation
spectrum is expected to recover the Bogoliubov disper-
sion. Importantly, at the sonic point �̃ = 0 [9,10,41]. Using
Eqs. (G4) and (G7), this corresponds in our case to

� + ω0(k)
1

n

dn

dT
�T = 0. (G8)

To find the change in temperature at the sonic point, we
thus need to solve Eq. (G8) for �T . We estimate � ∼ �,
with � ≈ 0.4 meV being the cavity linewidth. We use the
laser wavelength λ = 532 nm to compute ωL. The refractive
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FIG. 14. Free phase evolution in the wake of an obstacle. (top row) Real-space images of transmitted intensity. (middle row) Fringe patterns
resulting from the interference between the transmitted intensity and the reference beam. (bottom row) Same as middle row, now with dashed
green curves as guides to the eye for fringe maxima. Each column corresponds to a particular time after the rapid increase in input power, as
indicated on top. Ellipse indicates approximate location of the obstacle. Arrows indicate the flow direction of the photon fluid.

index of cinnamon oil is n ≈ 1.59, and we estimate dn/dT ≈
−1 × 10−4 based on Ref. [57]. Inserting these parameters, we
find the temperature change at the sonic point is �T = 2 ◦C.
This value is consistent with previous works on oil-filled
cavities [48].

APPENDIX H: PHASE DISLOCATIONS
FOR DIFFERENT FLOW CONDITIONS

Figure 7 shows the emergence of phase dislocations in the
wake of an obstacle, where the density of the photon fluid
and its mean-field interaction energy decrease. To investigate
whether the appearance of phase dislocations is influenced
by the specific flow conditions used in Fig. 7, we repeated
the experiment for different conditions. Figure 14 shows an
example of such measurements. Here, the in-plane angle at
which the photon fluid impinges on the obstacle is different
from that in Fig. 7.

The top row of Fig. 14 shows the transmitted intensity as
a function of position. The middle row shows the interference

of transmitted intensity with a uniform-phase reference beam.
These interferometric images are repeated in the bottom row,
where dashed green lines have been included as guides to the
eye for interference fringe maxima. Each column corresponds
to a time elapsed since an abrupt increase in power, as indi-
cated on top.

At t = 2 µs, the fluid scatters off the obstacle, result-
ing in fringes upstream of the obstacle in the real-space
image. The interferometric measurements show undisturbed
phase fronts. At t = 6 µs, light starts to flow around the
obstacle, as indicated by the green arrow. The fringes in
the interferometric measurements shift, but no clear dislo-
cations are observed behind the obstacle. When the system
has reached the steady state, at t = 50 µs, the interfer-
ence fringe from backscattering in the transmitted intensity
has disappeared. In the interferometric measurement, phase
dislocations have emerged in the immediate wake of the
obstacle. Overall, these measurements confirm that the op-
tical phase is not locked in the wake of the obstacle, and
that the phase evolves with the intensity for distinct flow
conditions.
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