Emerging non-equilibrium phenomena
in crystals of matter and light

From synchronization of quasi-particle excitations
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Quantum many-body systems
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Correlated Fluctuations
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QMBS with interactions
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QMBS with interactions
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Driven-dissipative systems
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Driven-dissipative QMBS
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- Modified Criticality * Emergent dynamics o

PNAS 110, 11763-11767 (2013) * Stationarity vs non-stationarity

Nature Comm 6, 7046 (2015) * Synchronization

* Limit cycles / Emergent pumping

* Irreversible Entropy Production Nature 608, 494 (2022)

PRL 121, 160604 (2018) PRA 113, 043307 (2026) / PRL 136, 140401 (2026)
* Dissipation stabilized phases  Fate of Pair Correlations

PRL120, 183603 (2018)

PRL 132, 093402 (2024
PRX 11, 041046 (2021) 32,093402 (2024)

...plus preliminary data...



Many-body cavity QED:
A guantum gas coupled to an optical cavity

—

D/SSIPAT IoNJ

A/VV)

= [
B

cavity-induced long-range interactions
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Experiments: Review article:

QG Bosons: Stamper-Kurn, Reichel, Lev, Hemmerich, Zimmermann Advances in Physics 70 (2021)
QG Fermions: Brantut, Wu

Thermal atoms: Schleier-Smith, Thompson, Vuletic, Barrett, ...

Theory: Morigi, Ritsch, Mathey, Piazza, Keeling, Domokos, Carmichael,

Gopalakrishnan, Strack, Mekhov, Lin, Kollath, Zilberberg, Zhang, Chitra, ...
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Cavity-mediated long-range interactions
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Long-range interaction:

é;rcéz;,éoéo + h.c. Creation of correlated pairs!

V(r,r’") =V cos(kx) cos(kz) cos(kx') cos(kz')

- Interaction favors checkerboard density modulation.




High-finesse cavity

Optical Fabry-Perot cavity

L= 178 um

F =340.000

(90, K,7y) = 2w x (10,1,3)MHz

Bose-Einstein condensate
e 10° atoms (3’Rb)
* T<100 nK




Superradiant phase transition:
potential vs kinetic energy

Single-particle Hamiltonian:
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Structural Phase Transition
kinetic vs potential energy
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Light field measures order parameter (density modulation):
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Mean photon number
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Measured mode softening:

Mottl et al. Science 336, 1570 (2012)

Measured fluctuations:

Brennecke et al. PNAS 110, 11763 (2013)

Landig et al. Nature Communications 6, 7046 (2015).



Light-induced many-body phases

Lattice supersolid Supersolid
Breaking Z(2) symmetry breaking U(1) symmetry
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Extended Bose-Hubbard model

Landig et al.
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Synchronization —an emergent phenomenon
in open many-body systems
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Coherent coupling
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Dissipative synchronization
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Unbalanced blue driving — two self-ordered crystals
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Transverse pump V,(E;)



Mean-field phase diagram

(from band structure analysis — without dissipation)
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Cavity-enhanced Bragg spectroscopy
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Probing and distinguishing the excitations
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Measuring the mode softening
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Mean-field phase diagram
(from band structure analysis — with dissipation)
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Instability to a limit cycle

Mode synchronization
— Wwithin the self-
organized phase?!
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Dissipation-induced instability:
chiral dynamics, limit cycle, time crystal, ...?

cavity field quadratures
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Dissipation-induced geometrical atom pump

Cloud position in situ:

displacement (A)
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Adiabatic pumps

In general: a DC current follows a AC perturbation

/— Classical example ﬂ
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& Observation of correlated momentum pairs

New regime

* Running wave pump

e Short pulses (us)

* Far detuned from cavity
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Analogy: spontaneous parametric down conversion

Quantum optics
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Process seeded by vacuum fluctuations:
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Spin-momentum: Finger et al. PRL 132, 093402 (2024) See also: D. Stamper-Kurn, M. Schleier-Smith, J. Thompson, A.-M. Rey,..
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Role of cavity occupation / cavity dissipation
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Cavity dissipation / finite cavity population destroy correlations in momentum modes
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Active atom interferometer SU(1,1)
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Painted interactions in cavity QED
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Painted interactions in cavity QED




Painted interactions in cavity QED
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