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Quantum Fluids

Photon Bubbles in atomic BEC

Photon BEC

Helium-4  (boson)

Helium-3 (fermion) 

Rubidium-87 (boson)

Lithium-6 (fermion)

Liquid Helium Ultracold atomic condensates

See e.g.,
A. J. Leggett, Quantum Liquids: Bose Condensation and Cooper Pairing in Condensed Matter Systems (2006)
S.Giorgini, L.Pitaevskii, and S.Stringari, Rev. Mod. Phys. (2008)

J.F. Allen (1971) NIST/JILA/CU-Boulder (1995)



What about Light?

Photon Bubbles in atomic BEC

Photon BEC

Light field/beam are composed by a large number of photons but in 
the vacuum photons do not interact

Optics is typically dominated by single particle behaviuor, 
however..

• Can we give photons a mass ? 

• Can photon-photon interactions make light behave as a fluid ?

•In photonic structures

•χχχχ(3) non linearities photon-photon interactions

•Spatial confinement effective photon mass

Collective behaviour of a photonic quantum fluid





Photon fluids in propagating geometry (Rb vapors, photorefractive 
crystals, thermo-optic liquids)

Cavity configuration

Cavity-less configuration

Photons fluids in  microcavity polaritonsPhotons fluids in  microcavity polaritons

Photon BEC in optical cavity with dye Photon BEC in optical cavity with dye 

moleculesmolecules

Two families of fluids of light





Polaritons
� Introduction 
� Superfluidity
� Vortices, solitons and more

Hot Rb Vapors
� The System
� Superfluid behaviour

Outlook
� Fluids of light for analogue physics?
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Microcavity Polaritons



For a motion in the plane of the cavity
the photons acquire an effective photon mass

Microcavity Polaritons

p λ/2 = LcResonance of cavity mode:

kz is fixed

c



Microcavity Polaritons



Strong coupling of excitons with photons: 
polaritons

C. Weisbuch, M. Nishioka, A. Ishikawa, Y. Arakawa, PRL 92 
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Normal modes: 
Cavity polaritons

Strong coupling regime
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Energies anticrossing

ΩR = 5.1 meV
γa, γb ≈ 0.1 meV ≈ 25 GHz
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2

b̂b̂(k) E   ââ(k) E  k
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Strong Coupling Regime: Cavity Polaritons

Ω >> γC, γex
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Polaritons Nonlinear Properties

When the exciton density rises (strong excitation), interactions 
between excitons are large.

Hamiltonian for the lower polariton branch:Hamiltonian for the lower polariton branch:

Polaritons four-wave
mixing

{kp , kp} → {kp+q , kp-q} 

Upper

Branch
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This yields an effective photon-photon interaction at the output of the cavity

C. Ciuti et al PRB 2000, G. Messin at al PRL 2001



Very small effective mass  m ~ 10-5 me
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Microcavity PolaritonsMicrocavity Polaritons

Polaritons are weakly interacting 
composite bosons

P+ = -C a + X b

P- =  X a + C b

Large coherence length λT ~ 1-2 µm at 5K

and 
mean distance between polaritons d ~ 0,1-0,2 µm 

This enables the building of many-body quantum 
coherent effects : condensation, superfluidity



Polariton BECPolariton BEC

Real space Momentum space

Carusotto&Ciuti, Rev. Mod. Phys.85, 299 (2013)

Kasprzak et al. Nature, 443, 409 (2006)



Boson quantum fluids: polaritonsBoson quantum fluids: polaritons

Coherent propagation

50 µm

t =7ps t =28ps t =48ps

Amo et al., Nature 457, 295 (2009)
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Wertz et al., Nature Phys. 6, 860 (2010)

Long-range order phases

Real space Momentum space

Lai et al., Nature 450, 529 (2007)

Vortex and half vortex

Lagoudakis et al., Nature Phys. 4, 706 (2008), and Science 326, 974 (2009)

Carusotto&Ciuti, Rev. Mod. Phys.85, 299 (2013)



Hydrodynamics of polariton quantum fluids

b-I
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Obstacle

1

Superfluidity and Cerenkov waves

(Nature Physics 2009)

Dark solitons and vortices

(Science 2011, Nature Photonics 2011)



Excitation & detection

EXCITATION DETECTION

• Resonant photon injection • Imaging of the leaking photons

Full optical experiment



Excitation & detection

21Full optical experiment

n [a.u.] phase [rad]

20µm 20µm

SLM phase pattern



Microcavity Polaritons: Mean field approach

kinetic energy external potential non-linear interaction
losses

and pumping

Generalized Gross-Pitaevskii equation

Driven dissipative system, out of equilibrium quantum fluids

Steady state solutions: Bistability



StudyStudy of superfluidityof superfluidity

WeakWeak excitations and  excitations and  BogoliubovBogoliubov dispersiondispersion

Bogoliubov operator

Weakly excited states : bosonic modes obtained by 
linearizing the Gross Pitaevskii equation around the 
steady state solutions
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BogoliubovBogoliubov dispersiondispersion

24

superfluid « normal »
fluid

nt =),(0 rψ



Measurements of the Bogoliubov dispersion

S. Utsunomiya et al. Nat. Phys. 4, 700 (2008) PL

V. Kohnle et al. PRB 86, 064508 (2012) FWM

P. Stepanov et al., Nat. Com. 10, 3869 (2019) PL

M. Pieczarka et al., Nat. Com. 11, 429 (2019) PL

D. Ballarini et al., Nat. Com. 11, 217 (2020)       FT of g1

P. Stepanov et al., Nat. Com. 10, 3869 (2019)

S. Utsunomiya et al. Nat. Phys. 4, 700 (2008)

D. Ballarini et al. Nat. Comm. 4, 700 (2020)



Coherent probe spectroscopy
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pump
probe

Pump
Polaritons injectionProbe

Perturbation

DBR

DBR

QWs



Spectroscopy setup
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• Pump: excitation of polaritons

– Phase and intensity profile 

reshaped with an SLM

• Sample:

– In cryostat (<4K)



Spectroscopy setup
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Bogoliubov Dispersion

29

Claude et al. , submitted

TP



Speed of sound 

30

Claude et al. arxiv 2112.09903 (2022), submitted

• Changing the fluid density (proportional to the detuning δ)

• The speed of sound cs is proportional to √n



Probing the superfluidity
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Control parameters

�Polariton density
(pump intensity)

�Fluid velocity
(excitation angle)

�Oscillation frequency
(laser frequency)

Probing the superfluidityProbing the superfluidity

We probe the behaviour of  the fluid through its interaction with 
defects



Point [A]
low momentum

vf < cs

Polariton flow around a defectPolariton flow around a defect

experiment
defect : 
4 µm diameter

Polariton density
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Transition to the Transition to the superfluidsuperfluid regimeregime

Amo et al., Nat. Phys.,5, 805 (2009) 



vf > csound supersonic regime
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ČČerenkoverenkov regimeregime
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high momentum

Landau  condition



v > vsound supersonic flight
Cerenkov effectCerenkov effect



Transition to the Transition to the ČČerenkoverenkov regimeregime

Amo et al., Nat. Phys.,5, 805 (2009) 



REAL SPACE vf > cs

40 µm F
L

O
W

θ

Measure of the 
sound speed

Existence of a well defined speed of sound
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The case of spatially extended defects; the size of the defect is larger 
than the healing length

Superfluidity breakdown: vortices and solitons Superfluidity breakdown: vortices and solitons 

formation?formation?

The currents formed in the fluid passing around a large 
obstacle can give rise to turbulence in its wake

,c sv c∞ <f
v v∞=

2
f

v v∞=

Quantized vortices

Dark Solitons

Acceleration of the fluid 
near the defect: the Landau 
criterion is locally violated Frisch et al., PRL 69, 1644 (1992) 





Resonant excitation

�Shaped pump: free evolution for the fluid phase

Resonant excitation: shaped pump 



Experimental setExperimental set--upup

Microcavity

Intermediate
mask

Focalisation
lens

Lens

Excitation
laser

Spot on
sample
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Key points

�CW laser (precise control of the fluid quantum state)

�Mask (free evolution for the superfluid phase)

� Possibility to generate topological excitations

Excitation 
geometry



Big defect (15Big defect (15µµm) >> m) >> 

healing lengthhealing length
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Superfluidity Turbulence Solitons

Constant phase Phase dislocations Phase jumps
Phase jumps

Polariton density

Amo et al., Science, 332, 1167 (2011) 

Vortices and SolitonsVortices and Solitons

Resonant excitation

�Problem: short propagation due to the dissipation





SolitonSoliton doublet and quadrupletdoublet and quadruplet
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Big defect (17µm) >> healing length

Low momentum; k= 0.2 µm-1 High momentum; k= 1.1 µm-1

Amo et al., Science, 332, 1167 (2011) 



Hydrodynamic Dark Solitons: theoryHydrodynamic Dark Solitons: theory

Hard to observe in atomic BEC; the dissipation in polariton 
fluids helps in stabilizing dark solitons



Dissipation

�Problem: the polariton density decreases rapidly; only
short propagation is achieved (about 30- 40 µm)

F
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20µm

Obstacle

1

Dissipation: short propagation



The idea: to exploit the bistability 

Low polariton density

Strong phase fixing

Bistability: high polariton density and no phase fixing

.A.  Baas et al., Phys. Rev. A 69, 23809 (2004)  

Proposal: S. Pigeon et al, NJP, 2018



Dark Soliton Enhanced Propagation

Up to 150µm 

propagation 

distance

New feature: solitons are parallel each other and to the direction 

of the flow

G.  Lerario et al., Phys. Rev. Research 2, 042041(R) (2020)



All-optical imprinting of solitons

High density regime: the phase of 

the pump is copied onto the fluid

Pump phase profile

In the bistable region the phase of the fluid is not 

fixed by the pump: solitons propagate through the 

bistable region for very long distances

A. Maitre. et al, Phys. Rev. X 10, 4 (2020)



Solitons arrays

Scalable technique to create in a controlled way soliton arrays



Colliding Solitons

Flexible technique to study in a controlled way the soliton interactions



Light engineering of the polariton landscape:Light engineering of the polariton landscape:

using polaritonusing polariton--polariton interactionspolariton interactions
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Engineered landscapeEngineered landscape
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20 µm

probe σ + control σ -

strong field:
renormalization of the 

polariton energy

probe σ + + control σ -

detection σ +
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Creation of optically controlled traps for 
polaritons



Polariton trapPolariton trap

A mask is put in the 
center of the beam and 
imaged on the 
microcavity

Outside the mask: high

polariton density

Inside the mask: low
polariton density



Small triangular trap

Experiment Theory

Polariton density

Phase

Lattice shape fixed by the trap geometry

VortexVortex--antivortexantivortex lattices in optical traps lattices in optical traps 



Increasing the size of the trap, a larger number 
of hexagonal unit cells is formed

VortexVortex--antivortexantivortex lattices in optical traps lattices in optical traps 



VortexVortex--antivortexantivortex lattices in optical traps lattices in optical traps 

Polariton density Phase

0 10 20 30 40 50

0

10

20

30

40

50

0 10 20 30 40 50

0

10

20

30

40

50

Effects of the interactions (Hivet et al, PRB 2014)

High density

Low density



Polaritons

� Superfluidity

� Quantized Vortices

� Dark Solitons

� All-optical generation of steady-state topological 
excitations with macroscopic propagation

� All optical manipulation: polariton landscape, polariton 
traps



Paraxial fluids of light in hot atomic vapors



kinetic energy external potential non-linear interaction

Paraxial approximation of wave propagation in a Kerr medium:

Quantum fluids of light in propagating geometry

SNAPSHOTSinput state

final state

non linear medium

2D system

Propagation through a nonlinear medium:

• 2D fluid in the transverse plane

• Effective mass in the paraxial
approximation

• Interactions from the        
non-linearity

• Direction of propagation = time

• CONSERVATIVE DYNAMICS.



Experimental Implementations

69

Thermo-Optic liquid

(methanol)

Photorefractive crystal

Atomic vapor

M. Bellec & C. Michel, InPhyNi, Nice
J. W. Fleischer, Princeton

D.Faccio - Glasgow

arXiv:1710.03081

R. Kaiser, InPhyNi, Nice
Q. Glorieux, A. Bramati, LKB, Paris



Rb atomic vapor

We work with Rb D2 atomic line (780 nm)

Detuning >> Doppler broadening

We can neglect the fine structure and model the Rb atoms as a two-

level system:

By properly choosing the detuning and the atomic density (via 

the cell temperature) we can have at the same time

High enough repulsive non linearities

Low absorption (less than 30%)

Atomic density detuning



Probing the superfluid behaviour 

� An intense Pump beam creates the 

photon fluid

� A weak  localized probe beam 

creates the perturbation 

� We measure the displacement of 

the perturbation as a function of  

the probe wave-vector



Probing the superfluid behaviour 

Q. Fontaine et al, Phys. Rev. Lett. 121, 183604 (2018)



Probing the superfluid behaviour 

Q. Fontaine, et al. PRL, 121, 183604 (2018)
C. Piekarski, et al. PRL, 127, 023401 (2021)

Group velocity:



Speed of sound



Scattering on an optical defect

75

Near field
Fluid Density distribution

LOW POWER

HIGH POWER

Q. Fontaine, H. Hu, S. Pigeon, T. Bienaime, E Wu, Giacobino E., A. Bramati, Q. Glorieux – Opt. Express (2019) 

Far field images
Momentum distribution



Scattering on an optical defect
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Turbulence with two counter streaming flows

77

Simulations

t = 0

t > 0

Energy cascade, inverse energy cascade, Kelvin-Helmotz instabilities

INPUT OUTPUT



� Quantum fluid of light in a hot Rb vapor

� Observation of the Bogoliubov dispersion; strong 
indication of supefluid like behavior in these 
systems

� Scattering suppression and turbulence
measurements

Conclusions



Outlook: quantum fluids of light for 
analogue gravity experiments

See the Kevin Falque’s poster

Analogue quantum simulation of field theories on curved spacetimes

Black 
holes
CosmologyParametric amplification effects:

Hawking radiation
Zeldovich superradiance

Penrose effect
Preheating and reheating of early 

universe

Laboratory 
experiments
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