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e Stochastic classical field models for polariton and photon condensation
e Excitation spectrum and Goldstone mode
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» Scaling properties of the phase fluctuations

 Experimental observation of KPZ scaling
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Polariton and photon condensation
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Thermalization (photon condensates)
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Reservoir dynamics
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Steady state (with sp. em.)
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In terms of amplitude
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spontaneous emission is a quantum effect

Quantum fluctuations can be introduced in a first approximation
through stochastic term in the amplitude equation.



Henry phasor model

add unit phasor at rate of spont. em. (R)

~ Wiener noise when avg. over times > 1/R
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Wigner formulation

Wigner quasi-probability distribution Py (y, ™) PO

Gives symmetrised quantum expectation values, e.qg.
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Phase diffusion (Shawlow-Townes)
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Density fluctuations
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Svistunov, Babaev, Prokof’ev, Superfluid states of matter



density fluctuations in phot. BEC
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Spatlally extended systems
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Simulations vs experiment
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Bogoliubov excitation spectrum
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Bogoliubov excitation spectrum
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Goldstone mode in polariton OPO
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Destroying the Goldstone mode
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Lecture 2
» Scaling properties of the phase fluctuations

 Experimental observation of KPZ scaling

|. Carusotto and C. Ciuti RMP 2013,
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Bogoliubov excitation spectrum
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Stochastic phase dynamics
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dO(x,t) = aV?0(x, 1) dt + A dW,(x) noisy diffusion equation
\/ nAx




Stochastic phase dynamics

| R
di(x,1) = aV?0(x, 1) dt + oA dWy(x) noisy diffusion equation
nAx

(compact) Edwards-Wilkinson (EW) model for stochastic interface growth

roughening by stochastic growth
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Phase correlations in EW (Bog.) approx.

The Langevin equation

R
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reaches in the steady state the equilibrium distribution of
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= The same correlation functions as in equilibrium systems

Hohenberg and Halperin, RMP 1977



1D Phase correlator in Bogoliubov (EW) approx.
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Spatiotemporal scaling

a: roughening exponent 2 —d with F(y — 0) — ¢’
z: dynamical exponent EW:a = T F(y - o) ~ | y]
f = a/z: growth exponent 2 —d

= T4 Cy ~ Ax**



Long times: Schawlow-Townes diffusion
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Kardar-Parisi-Zhang

EW vertical interface growth

KPZ growth normal to surface

R
d0 = [aV>0+A(VO)’] dt + 4 / dW,
2nAx

kb nonequilibrium, increases fluctuations

M. Kardar et al.



KPZ examples

Paper combustion Liquid crystal interface

(c) flat interface

10 sec 30 sec 50 sec

K. A. Takeuchi, M. Sano, J. Stat. Phys. 147 (2012) 853
M. Myllys et al. PRE 64,

036101 (2001)

Cancer cells Ultracold atoms

t=6841 min

Spin chain
B (ATATATATATATATATATALVIATATATVIALVIATALY IVIVIATATAIVIVIAIVIVIVIVIAIVIVIVIAIVIAIVIVIAIVIVIVIVIVIVIVIA

Measured |4> occupation
0000000000 :-000:0:-00::-000: -0--:-0: 00 -0+ o

Image of |4) atoms

EEaE

M.A.C.Huergo et al., Phys. Rev. E 85 (2012) 011918. D. Wei et al. Science Vol 376, pp. 716-720 (2022).



Phase nonlinearity in noneq. quantum fluids

Josephson: nonlinear contribution to phase dynamics from kinetic energy:

dO(x, 1) = [a V-0(x, t)—i( V)] dt + 4 / 2nRAx dW,(x)

Spatiotemporal coherence at long distances/times
(i (x, D (x, 1)) = ne~ 210NN

has KPZ scaling properties



1D KPZ
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a+ 7z = 2 from Galilean invariance

M. Prahofer and H. Spohn, J. Stat. Phys. 154, 1191-1227 (2014).



experiment KPZ 1D polaritons
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KPZ scaling

oM(Ax, Af) ~ o~ 7[00 + Ax, 1+ Ar) = O(x, DT?)
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KPZ scaling
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Some more details...



Modulational instabil

Instability mechanism from interactions with reservoir

polariton condensate polariton condensate

exciton reservoir exciton reservoir

Avoided with negative mass states
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F. Baboux et al. Optica 5, 1163 (2018)



Modulational instability

Instability mechanism from interactions with reservoir

polariton condensate polariton condensate

exciton reservoir
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Avoided with negative mass states (568
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K-dependent linewidth
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cf. photon condensation model
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phase slips (phase-time vortices)

At (ps)
1865 187.5, Phase statistics
-t 0 f o
| {f b
50 ‘ oo | | | |
Py N ‘ N\E/ At =50ps —a—
= | " = 11‘] a
3 O | —4
= R" .'.q' v
4 4
50 L 4 |
S ' ]
: 4 b —— Raw data («JJ -0. : : 2.5
] Vortex filtering AG (27)
3 2
1 A Mt ; (b)
= 0
4 7 ] E - .
At (PS) ------------ I()
i _ Iy x» > =
0 1 AN 1 2 X 3 4

L. He et al. PRL 118 085301 (2017)



More complicated phase dynamics
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2D Phase correlator in EW (Bog.) approx.

equal time

((O(x) — 6(0))*) ~ In|x|

= (pF(x, Dp(0,0) & ne = 0ED=000F) | x| =
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equal space
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2D KPZ

Correlations from power law (equilibrium)
to stretched exponential
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2D KPZ In polaritons
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2D KPZ In polaritons

(@]
Q

100 | - | Ar (Um) A (M)
— 10 20 10 20
Im Tn\
= 2500
Q. +
o L, 10° < e
é 10 :- :- ‘: : ’-l-:J T | | | ' ' T |
~ i V‘Vi'ﬁ < __ -
= 45 R P 0.6 _ _
S 55— -
\ g wn % |
102 TPTTY T B 1 o2F . T
101 104 10° 1.06 1.08 1.10 1.12 1.14
Pr
At (ps) Ar - At=PX (um - ps—P/X)

S. Widmann et al. arxiv:2506.15521



Summary

 Condensates of light are well described by stochastic dissipative classical
field models

* (Weak) phase fluctuations are in the KPZ universality class, but of of
compact variable

* Topics not covered here: nonhermitian physics, topology, superfluidity,
analog Hawking, blockade physics

|. Carusotto and C. Ciuti RMP 2013,
|. Carusotto, J. Bloch and MW. Nat. Phys. Rev. 2022



