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Quantum Fluids
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Photon Bubbles in atomic BEC

Helium-4  (boson)
Helium-3 (fermion) 

Rubidium-87 (boson)
Lithium-6 (fermion)

Liquid Helium Ultracold atomic condensates

J.F. Allen (1971)

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)



What about Light
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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 attribute a mass to the photons? 

• Can photon-photon interactions make light behave as a 

fluid?

•In photonic structures

•c(3) non linearities photon-photon interactions

•Spatial confinement effective photon mass

Collective behaviour of a photonic quantum fluid



Collective excitations of a polariton fluid

➢ Introduction 

➢ Bogoliubov dispersion

Goldstone mode in a parametrically driven polariton fluid

➢ Spontaneous symmetry breaking

➢ Phase fixing: Goldstone mode destruction

Outline



Semiconductor microcavity
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• Polaritons: quasi-particles resulting from the strong coupling of cavity photons with quantum wells excitons

C. Weisbuch et al. PRL 69, 3314 (1992)

• Description of the system

– Photons in a microcavity: effective mass from confinement

– Quantum-well excitons: interactions

• Strong coupling regime:  Ω𝑅 ≫ 𝛾𝑐 , 𝛾𝑋
- Photons/Excitons energies anticrossing

• New eigenstates: upper & lower polaritons

- Half-matter, half-light particules

photons

excitons

UP

LP

Ω𝑅

k

ℏ
𝜔

Polaritons are weakly interacting composite bosons



Polariton BEC

Real space Momentum space

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

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



Hydrodynamics of polariton quantum fluids
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Obstacle
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Superfluidity and Cerenkov waves

(Nature Physics 2009)

Dark solitons and vortices

(Science 2011, Nature Photonics 2011)



Dynamics of the polariton fluid
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Driven-dissipative Gross-Pitaevskii equation: Out-of-equilibrium system

Steady state solutions: Bistability

k

ℏ
𝜔

pump

𝛿
LP

•Bistability if 𝛿 >
3

2
𝛾

kinetic energy external potential non-linear interaction
losses 

and pumping



Bogoliubov modes
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•Collective excitations = perturbations on top of polaritons

•Driven-Dissipative nature: dependence with the driving field

•Bogoliubov theory

1) GPE linearization around 
its steady state solution

2) Equation of motion
of the weak perturbations
- ℒ𝐵𝑜𝑔 Bogoliubov operator

3) Dispersion relation
- quasi-resonant excitation
- positive/negative solutions

𝜓 𝑟, 𝑡 = 𝜓0 𝑟, 𝑡 + 𝛿𝜓 𝑟, 𝑡

𝑖ℏ
𝜕

𝜕𝑡

𝛿𝜓 𝑟, 𝑡

𝛿𝜓∗ 𝑟, 𝑡
= ℒ𝐵𝑜𝑔

𝛿𝜓 𝑟, 𝑡

𝛿𝜓∗ 𝑟, 𝑡

ℏ𝜔𝐵𝑜𝑔(𝑘) = ±
ℏ2𝑘2

2𝑚
− 𝛿 + 2𝑔𝑛

2

− 𝑔𝑛 2 − 𝑖𝛾



Bogoliubov modes 
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Sonic Point

- Turning point 𝛿 = 𝑔𝑛

- For low k ℏ𝜔𝐵𝑜𝑔 𝑘 = 𝑐𝑠𝑘

- Speed of sound: 𝑐𝑠 = 𝑔𝑛/𝑚

ℏ𝜔𝐵𝑜𝑔(𝑘) = ±
ℏ2𝑘2

2𝑚
− 𝛿 + 2𝑔𝑛

2

− 𝑔𝑛 2 − 𝑖𝛾

superfluid
« normal »

fluid



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

• Detection: (𝑘, 𝜔) of the probe transmission peaks

• The probe is modulated at 5MHz

• Detection at 5MHz via a spectrum analyser to filter out the pump

– 𝛿𝐸 resolution fixed by the laser linewidth

– 𝛿𝑘 resolution fixed by the k-space filtering/transmission (DMD)



Sonic dispersion
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•Reflectivity map of the probe vs (k, ℏ𝜔) = Bogoliubov dispersion relation

•Sonic dispersion

- 𝑘𝜉 ≫ 1 parabolic dispersion 

- 𝑘𝜉 ≪ 1 sonic dispersion: 
fit of the speed of sound 𝑐𝑠

Superfluidity

+ gros points

ℏ𝜔𝑝𝑢𝑚𝑝

F. Claude et al., Phys. Rev. Lett. 129, 103601 (2022)

F. Claude et al., Phys. Rev. B, 107, 174507 (2023); Viewpoint in Physics



14

Study of a driven dissipative phase transition: 
Observation of a diffusive Goldstone Mode



Goldstone Theorem
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•Spontaneous breaking of a continuous symmetry is 
accompanied by the appearance  of a Goldstone mode

The case of equilibrium Atomic BEC

The spontaneous symmetry breaking of the U(1) 
phase symmetry at the BEC threshold triggers 
the appearance of a Goldstone mode which is the 
Sound Mode

Propagative Goldstone Mode: the collective 
excitations propagate at the speed of sound in 
the fluid

Nambu et al Phys Rev 122 345 (1961)

Goldstone Il Nuovo Cimento 19 154 (1961)

Goldstone et al Phys Rev 127 965 (1962)

Steinhauer et al PRL 88 120407 (2002)



Polariton Optical Parametric Oscillation (OPO) regime
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•OPO: conversion of pump (P) polaritons into signal (S) and idler (I) polaritons

•Phase matching condition:

– 𝑘𝑖 = 2𝑘𝑝 − 𝑘𝑠

– 𝜔𝑖 = 2𝜔𝑝 − 𝜔𝑠

•Hamiltonian invariant under simultaneous and opposite phase rotation of S & I:

1- The sum of the S & I phases is fixed, the phase difference is free
2- Above threshold of parametric oscillation: phase difference randomly selected by 
spontaneous breaking of the phase rotation symmetry
3- Appearence of a Goldstone modes in S & I

M. Wouters et I. Carusotto, PRA, 76, 043807 (2007)

k

ℏ
𝜔



Goldstone Mode
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•Bogoliubov dispersion of the Signal condensate 

M. Wouters et I. Carusotto, PRA, 76, 043807 (2007)

•Spectral signatures at low-k:

– 𝐼𝑚 𝜔𝑒𝑥𝑐(𝑘 = 0) = 0 Narrowing of the linewidth

– 𝑅𝑒 𝜔𝑒𝑥𝑐(𝑘 = 0) = 0 Plateau for a finite range of k

•Specific feature of driven-dissipative systems:

Goldstone mode is DIFFUSIVE



Goldstone mode
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Measurement of the Bogoliubov dispersion of the signal condensate

High-k 𝑹𝒆(𝝎) : parabolic dispersion

𝑰𝒎(𝝎) = 𝜸

Low-k 𝑹𝒆(𝝎) : plateau (diffusive mode)

𝑰𝒎(𝝎) : narrow peak << 𝜸 (long lifetime excitation)

Have we observed spontaneous symmetry breaking?



Destruction of Goldstone mode
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•Addition of a 3rd laser beam

–At 𝑘𝑖 and 𝜔𝑖

–Phase fixation of the I mode

•The phase symmetry breaking is 
forced by the 3rd laser

–No more spontaneous symmetry
breaking

–Goldstone destruction

3rd laser 



Destruction of Goldstone mode
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• Addition of a 3rd laser beam on the Idler

– Scan of the S condensate with the probe @ 𝑘 = 0 µ𝑚−1

– Tuning of the third laser energy

• ℏ𝜔𝑙𝑎𝑠 = ℏ𝜔𝐼:

–Broadening of the 
linewidth & decrease 
of the transmission 
peak

–Destruction of the 
Goldstone mode

D = wlas-wI [µeV]

Linewidth [µeV]

d = wpr-wS [µeV]

g [µeV]

Claude F et al., Nat. Phys. (2025). 
https://doi.org/10.1038/s41567-025-02902-z
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ℏ𝜔𝐵𝑜𝑔(𝑘) = ±
ℏ2𝑘2

2𝑚
− 𝛿 + 2𝑔𝑛

2

− 𝑔𝑛 2 − 𝑖𝛾

ℏ𝜔𝐵𝑜𝑔 𝑘 = 𝑐𝑠𝑘

Bogoliubov dispersion: resonant vs parametric excitation

Low k regime

+ gros 

points

ℏ𝜔𝑝𝑢𝑚𝑝

Resonant case Parametric  case

Superfluid like 

behaviour, propagative 

Goldstone mode

Diffusive Goldstone 

mode due to 

dissipation



CONCLUSION & OUTLOOKS

• High resolution spectroscopy experiment in a polariton fluid

• QFT simulator in curved space time: towards the observation
of Hawking radiation, superradiance in rotating geometry

• Observation of a diffusive Goldstone mode: towards 
the observation of supersolidity

K. Falque et al.  PRL 135, 023401 (2025)
A. Delhom et al. PRD 109, 105024 (2024)

Claude F et al., PRL 129 103601 (2022)
Claude F et al., PRB 107 174507 (2023) Viewpoint in Physics

Claude F et al., Nat. Phys. (2025) https://doi.org/10.1038/s41567-
025-02902-z
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