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On-chip measurements of cavity-confined fields

Aleksei Gaier?!, Jiawen Liu!, Xuhui Cao?, Yazan Lampert?, and
Cristina Benea-Chelmus?

1Hybrid Photonics Laboratory, EPFL, Switzerland
2 Quantum Science Center, EPFL, Switzerland

Cavity confined electromagnetic fields have long been a useful tool to establish
correlations between otherwise uncorrelated two-level systems through their coupling
to the vacuum cavity field. Since in-situ observation of the electromagnetic field and its
correlation has long been very challenging, the effect has been rather quantified by
read-out of the state of the matter part. The terahertz range is particularly interesting
for studying light-matter coupling since it hosts a variety of matter excitations such as
Landau level transitions, interband transitions in various single-layer and bulk
semiconductors, or roto-vibrational modes of extended molecules. In this context, long-
range correlations are predicted theoretically to play an important role in electron
transport, optical decay rates, and even in the nature of the ground state of a system.
Only recently, integrated photonic circuits have enabled for the first time sampling of
electromagnetic waves on at-will controlled sub-cycle spatio-temporal scales in the
terahertz frequency range by means routing of optical probes along well-defined
waveguides (with well-defined linear and non-linear properties) into highly confining
terahertz elements [1-3].

In this presentation, | will highlight recent advances in the field of terahertz metrology
using integrated photonic circuits realized on thin film lithium niobate.
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Resonantly enhanced polariton-mediated
superconductivity in a monolayer semiconductor

K. Choo', O. Bleu?, J. Levinsen', M. M. Parish’

7 School of Physics and Astronomy, Monash University, Victoria 3800, Australia
2 Institute fiir Theoretische Physik, Universitéat Heidelberg, 69120 Heidelberyg,
Germany

In this presentation, | plan to discuss a recent work in which we propose a scheme
for controlling the superconducting transition in a doped monolayer semiconductor
embedded in an optical microcavity.

Specifically, we consider the scenario of polariton-induced superconductivity.
Microcavity exciton-polaritons are neutral quasiparticles, hybrid between matter and
light, that arise from the strong coupling between semiconductor excitons and cavity
photons. Their ability to form coherent condensates is now firmly established
experimentally.

It was proposed in 2010 that a polariton condensate could mediate attractive
electron-electron interactions and give rise to superconductivity [2]. While the
emergence of two-dimensional semiconductors hosting tightly bound excitons [3] has
led to a resurgence of theoretical works exploring scenarios to realize exciton or
polariton-mediated superconductivity [4-8], there is no experimental evidence to date
of this phenomenon.

In our work, we present a way to tune the strength of polariton-electron scattering by
controlling the exciton-photon detuning and exploiting Feshbach resonances. We
demonstrate that this has a direct impact on the electron-electron effective attraction
and can significantly enhance the superconducting transition temperature --- offering
a possible pathway toward the experimental realization of polariton-induced
superconductivity.
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Fermi gases with cavity-mediated interactions
J.P. Brantut

EPFL, Lausanne, Switzerland

In this talk, 1 will describe experiments where an ultracold Fermi gas is strongly coupled
to light in optical resonators. In such a system, virtual photon exchanges between
atoms yield a long-range, all-to-all interaction leading to a number of emergent
phenomena. | will describe how it induces charge-density wave ordering, and the
observation of this transition in real time and with high spatial resolution. | will also
discuss extensions of this physics to photon-pair interactions in a superfluid, and show
first evidences for pair-density wave ordering in this case.



Controlling Matter Phases beyond Markov

B. Debecker, L. Pausch, J. Louvet, T. Bastin, J. Martin and E. Damanet
Institut de Physique Nucléaire, Atomique et de Spectroscopie, CESAM,

Université de Liege, 4000 Liege, Belgium

Controlling phase transitions in quantum systems via coupling to reservoirs has been
mostly studied for idealized memory-less environments under the so-called Markov
approximation. Yet, most quantum materials and experiments in the solid state, atomic,
molecular and optical physics are coupled to reservoirs with finite memory times. Here,
by using the spectral theory of non-Markovian dissipative phase transitions [1], we show
that memory effects can be leveraged to reshape matter phase boundaries, but also
revealthe existence of dissipative phase transitions genuinely triggered by non-Markovian
effects [2]. In a Lipkin-Meshkov-Glick model [3], we demonstrate that non-Markovian
dissipation can be leveraged to engineer tricriticality via the fusion of 2" order and 1
order critical points. Also, we identify phases that arise from different ways of breaking
the single weak symmetry of our model, which led us to introduce the concept of
directional spontaneous symmetry breaking} (DSSB) as a general framework to
understand this phenomenon. We show that signatures of DSSB can be seen in the
emergence of spin squeezing along different directions, and that the latter is controllable
via non-Markovian effects, opening up possibilities for applications in quantum
metrology. Finally, we propose an experimental implementation of our non-Markovian
model in cavity QED. Our work features non-Markovianity as a resource for controlling
phase transitions in general systems, and highlights shortcomings of the Markovian limit
in this context.
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Probing fermion parity switching points in the Kitaev
chain with cavity embedding

Olesia Dmytruk!'

'"CPHT, CNRS, Ecole polytechnique, Institut Polytechnique de Paris, 91120
Palaiseau, France

Embedding quantum materials into photonic cavities provides a platform for the
investigation of new phenomena induced by light-matter coupling. Topological
superconductors in one dimension, characterized by a superconducting gap in the
bulk and localized Majorana bound states at the edges, might also benefit from the
coupling to light. Models such as the Kitaev chain and other one-dimensional models
of topological superconductors have been coupled to cavity photons to reveal
Majorana polaritons, control of topological phases with quantum light and the
implementation of Majorana parity-based qubits [1,2]. Moreover, experiments have
realized two and three-sites Kitaev chain Hamiltonian in the platforms based on
quantum dots connected to superconductors making it a promising setup for studying
Majorana bound states.

In [3], we study a finite-length Kitaev chain coupled to a single mode photonic cavity.
Topological phase of the finite-length Kitaev chain is characterized by the presence
of the fermion parity switching points that correspond to the degeneracy between
even and odd parity ground states. Using exact diagonalization, we compute the
many-body energy spectrum of the electron-photon Hamiltonian and we find that the
ground state in the topological phase of the Kitaev chain is only weakly affected by
the cavity coupling. This is in contrast with higher excited states showing strong
dependence on the cavity coupling. We find that the photon number and the photonic
field quadratures peak at values of the chemical potential corresponding to parity
switching points revealing a property of the finite-length Kitaev chain in the
topological phase. This later finding suggests that quantum optics experiments could
be used to detect topological features of the Kitaev chain embedded into a photonic
cavity.
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PT Symmetry Breaking in an LMG Dimer

S. Kothe, C. Oliver and P. Kirton
University of Strathclyde, Glasgow, UK

The open Lipkin-Meshkov-Glick (LMG) model [1] provides a prototype of a dissipative
phase transition which can be realized in cavity QED experiments. By combining the
physics of this model with those of a quantum analogue of a parity-time reversal
symmetry breaking transition [2] we analyze the steady states phase diagram of a pair
of coupled LMG models. The interplay of these two distinct physical effects leads to a
complex phase diagram with multiple different types of steady state including fixed
points, limit cycles and chaotic regimes [3]. We show that the effects predicted from
mean-field theory survive in the full quantum model.
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Dynamics of interacting atoms in an optical cavity

C. Kollath
1Physikalisches Institut, Uni Bonn, Bonn, Germany

Quantum gases in optical cavities have shown many exciting phenomena as the self-
organization into superradiant phases. Additionally many complex phases have been
predicted to be realizable in these systems reaching from topologically interesting
phases to glass like phases. The theoretical treatment of these systems is very
difficult due to the presence of the long range coupling of the cavity to the atoms and
fluctuations need to be critically taken into account. We investigate bosonic and
fermionic atoms on a lattice and coupled to an optical cavity using many-body
adiabatic elimination techniqgue and exact matrix product state methods to capture
the global coupling to the cavity mode and the open nature of the cavity. We simulate
the spreading of correlations and discover a new type of bistabilities which are
caused by the excited states in the system.
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Cavity control in multimode nanophotonic resonators

Frieder Lindel'?

YInstitute for Theoretical Physics, ETH Zurich, 8093 Zirich, Switzerland
2Quantum Center, ETH Zurich, 8093 Ziirich, Switzerland

Controlling correlated electronic phases by strongly coupling them to tailored vacuum
field fluctuations of cavities is a novel approach to the optical control of emergent
phenomena. Most theoretical approaches are based on simplified quantum optics
models that are applicable to low-loss, single-mode cavities. However, nanophotonic
platforms such as plasmonic resonators and metasurfaces offer richer design

possibilities through their geometry and material properties.

In this talk, we will discuss new perspectives for cavity quantum materials that fully
embrace the multimode and dissipative nature of nanophotonic resonators. Topics
will include the possibility of Casimir-mediated control of electronic nematic order [1],
especially quantum Hall stripes [2], limitations of simplified quantum optics models
[3], and a general framework for constructing coupled few-mode descriptions of

strong light-matter coupling in nanophotonic environments [4,5].
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Cavity electrodynamics of quantum materials in terahertz Fabry-Pérot resonators

A. Montanaro', N. Khatiwada', G. Jarc’, S.Y. Mathengattil>3, E.M. Rigoni’, F.
Fassioli', M. Eckstein* and D. Fausti'?3

1. Department of Physics, University of Erlangen-Nirnberg, Erlangen, Germany
2. Department of Physics, Universita degli Studi di Trieste, Trieste, Italy
3. Elettra Sincrotrone Trieste, Trieste, Italy
4. Institute of Theoretical Physics, University of Hamburg, Hamburg, Germany

Cavity electrodynamics is emerging as a powerful route to control macroscopic
properties of quantum materials, in both weak and strong coupling regimes. A
number of theoretical works have shown that embedding solids in tailored
electromagnetic environments can induce long-range interactions and modify
dissipation, effectively adding a new control parameter to their phase diagrams [1].

In the first part of the talk, | will discuss our pioneering demonstration that the metal—
insulator transition in the charge-density-wave compound 1T-TaS, can be controlled
inside a terahertz Fabry—Pérot resonator [2-5]. Using terahertz time-domain
spectroscopy, we showed that the response of 1T-TaS, can be reversibly tuned
between insulating and metallic by adjusting the cavity length and mirror alignment.
The associated shift of the transition temperature demonstrates that a correlated
phase transition can be manipulated reversibly via cavity electrodynamics.

| will then present our ongoing work on cavity control of the superconducting
transition in cuprate superconductors. Preliminary data suggest that the cavity
provides a feedback mechanism that can affect and eventually support
superconducting pairing, hinting at a route to stabilize or enhance superconducting
fluctuations by engineering the electromagnetic environment.
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Single atoms in a cavity:

A platform for graph states generation

P. Thomas, L. Ruscio, O. Morinand G. Rempe
Max-Planck-Institut fur Quantenoptik, Garching, Germany

Graph states constitute a particular class of multipartite entangled states. Since the
seminal proposal by Briegel and Raussendorf [1], they have been used in a plethora
of protocol proposals for quantum information. The most prominent examples are
measurement-based quantum computing and the one-way quantum repeater. Over
the last two decades, significant experimental efforts have focused on generating
graph states, particularly with photons. Most realizations were based on spontaneous
parametric down-conversion. However, this approach is inherently probabilistic and
therefore not scalable.

An obvious alternative is the use of deterministic photon sources. In this endeavor,
single atoms coupled to an optical cavity offer a promising route. Indeed, we have
shown the efficient generation of large GHZ and linear cluster states [2]. More
recently we have shown the implementation of cavity-assisted fusion, a feature that
enables the generation of more complex topologies such as tree and ring states [3].
These milestones bring the field closer to leveraging the full potential of graph states
for practical quantum information processing.
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Cavity-Driven Attractive Interactions in Two-Dimensional Quantum Materials
F. Helmrich', H. S. Adlong'?, I. Khanonkin', M. Kroner', G. Scalari’, J. Faist’, A. Imamoglu’

and T. F. Nova®
1 Institute for Quantum Electronics, ETH Zirich, Auguste-Piccard-Hof 1, 8093 Zurich, Switzerland
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3 Department of Quantum Matter Physics, University of Geneva, 24 Quai Ernest-Ansermet, 1211 Geneva, Switzerland

Controlling many-body interactions in quantum materials via cavity-mediated vacuum
fluctuations is a frontier in condensed matter physics, offering opportunities to engineer
novel hybrid phases. Here, we show that terahertz cavity photons can induce attractive
electron-hole interactions in gate-tunable van der Waals heterostructures, transforming a
broad interband continuum into a discrete exciton-like state. To realize this, we developed
a broadband, sub-wavelength terahertz time-domain microscope that integrates
exfoliated, dual-gated bilayer graphene (BLG) into a metallic bow-tie cavity. Our platform
enables the first direct measurement of BLG's field-tunable bandgap at terahertz
frequencies, while achieving ultrastrong light-matter coupling with a vacuum Rabi splitting
exceeding Qgq.pi/@ = 40%. Crucially, we identify a novel cavity-induced resonance that
resembles a Coulomb-bound exciton and remains stable across a broad temperature
range. These results pave the way for cavity-engineered correlated phases in gate-
tunable two-dimensional quantum materials.
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Exploring Strong Light—Matter Coupling and
Polariton Condensation in Quasi-2D Perovskites at
Room Temperature

H. Pashaei Adl}, C. Bennenheil, M. Struve!, P. Peksa?, M. Dyksik?, M.

Baranowski?, K. W. Song?, M. Gittinger?, C. Lienau?, J. K. Konig?#, J.

M. Fitzgerald*, N. P. Jasti®, F. Eilenberger®, P. Plochocka’, E. Malic?,
O. Kyriienko®, M. Esmann?, C. Schneider?

LInstitut fir Physik, Fakultat V, Carl von Ossietzky Universitat Oldenburg, Germany.
2 Department of Experimental Physics, Faculty of Fundamental Problems of
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3 Department of Physics, Xiamen University Malaysia, 49300 Sepang, Malaysia.

4 Fachbereich Physik, Philipps-Universitat, Marburg, 35032, Germany.

5 Chemistry and Physics of Materials Unit, INCASR, Bangalore, 560064, India.

6 Fraunhofer-Institute for Applied Optics and Precision Engineering IOF, Jena,
Germany.

’ Laboratoire National des Champs Magnetiques Intenses, EMFL, CNRS UPR 3228,
Universite Grenoble Alpes, Universite Toulouse, Grenoble and Toulouse, France.
8 School of Mathematical and Physical Sciences, University of Sheffield, UK.

Layered halide perovskites are organic and inorganic 2D or quasi-2D layers [1], which
self-assemble in solution realizations of quantum well stacks with giant exciton
oscillator strengths, tunable emission spectra and very large exciton binding energies.
In this contribution, we discuss widely tunable room-temperature cavity exciton
polaritons at the cross-over from the strong coupling to the very strong coupling regime
[2,3], utilizing mechanically exfoliated quasi-2D Ruddlesden-Popper iodide perovskite
(BA)2(MA)2Pbslio integrated into an open microcavity [4]. The observed Rabi splitting
exhibits a systematic reduction with increasing cavity length; however, the scaling
behavior deviates from the square root dependence typically observed in the strong
coupling regime. Moreover, under strong non-resonant optical excitation, polariton
condensation can be observed, and interferometric measurements reveal the
emergence of spatial coherence throughout the condensate. Our findings provide a
foundation for future on-chip applications involving tunable polaritonic and nonlinear
optical devices based on strongly coupled perovskite systems.
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Non-equilibrium as a resource: Non-thermal steady-
states of cavity-quantum-materials

F. Piazza
University of Augsburg, Germany

Coupling a system to two different baths can lead to novel phenomena escaping the
constraints of thermal equilibrium. In quantum materials inside optical cavities, this
feature can be exploited as electrons and cavity-photons are easily pulled away from
their mutual equilibrium, even in the steady state. This offers new routes for a non-
invasive control of material properties and functionalities. Motivated by recent
experimental puzzles arising with transition-metal-dichalcogenides inside Fabry-Perot
cavities, we show how the absence of thermal equilibrium between electrons and
photons leads to qualitative modifications of the material's properties in two different
ways: 1) the electron distribution shows enhanced fluctuations near the Fermi surface
due to the breaking of detailed balance; 2) the scattering between electrons in the
steady state acquires a genuinely non-thermal component which can for instance
enhance the tendency to pair and become superconducting.
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A continuous-wave cavity microscope

O. Lueghamer!?3, S. Nimmrichter*, T. Juffmann?3, and M. Prufer!

LAtominstitut, TU Wien, Vienna, Austria
2 Faculty of Physics, VCQ, University of Vienna, Vienna, Austria
3 Max Perutz Laboratories, Department of Structural and Computational Biology,
University of Vienna, Vienna, Austria
4 Naturwissenschaftlich-Technische Fakultat, Universitat Siegen, Siegen, Germany

Atoms coupled to optical cavities provide a powerful platform for quantum simulation.
Until now, most experiments have relied on single-mode cavities. We introduce a self-
imaging 4f cavity setup [1] that supports multimode operation, enabling local control of
the cavity field. This opens new possibilities for manipulating atomic samples and
performing in-cavity microscopy for high-resolution readout. Using our proof-of-
concept cavity, we have demonstrated cavity-enhanced microscopy, and | will outline
future directions for exploring atom—cavity interactions in the multimode regime.
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Exploring Multiband Topology in Exciton-Polariton Lattices

Sylvain Ravets*”

aUniversité Paris-Saclay, CNRS, Centre de Nanosciences et de Nanotechnologies (C2N), 91120 Palaiseau,
France

* Corresponding author: sylvain.ravets@c2n.upsaclay.fr

Exciton-polaritons, hybrid quasiparticles arising from the strong coupling between guantum
well excitons and cavity photons, offer a versatile platform to study topological physics [1,2].
Their unique light-matter nature allows for engineering topological bands, topological lasers,
topological solitons... [3-7] In this presentation, I will report on recent progress in the
experimental investigation of multiband topology in exciton-polariton lattices.

Building upon earlier studies of two-band systems, we have developed and implemented a
generalized tomography technique that reconstructs the full Bloch eigenstate structure across
the Brillouin zone for lattices with an arbitrary number of bands. This method relies on k-space
interferometric measurements combined with controlled phase modulations between sub-
orbitals, enabling us to extract the full Stokes vector for each Bloch mode. Applied to polariton
honeycomb lattices incorporating multiple orbitals and/or polarization-dependent effects, our
approach allows the measurement of the Berry curvature and quantum geometric tensor of each
band. We demonstrate this technique on a honeycomb lattices featuring up to six bands, and
reveal clear signatures of topology beyond the two-band paradigm.

Our work highlights the potential of exciton-polariton lattices as a testbed for exploring
multiband topological effects in a highly tunable photonic platform, and paves the way for
accessing more exotic phenomena, such as non-Abelian topology in driven photonic
systems [8].
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New frontiers in quantum simulation and sensing via
cavity mediated interactions

A. M. Rey?!
L JILA, NIST and Department of Physics, University of Colorado, Boulder, USA

Atoms and photons are the fundamental building blocks of our universe. Their
interactions rule the behavior of our physical world but at the same time can be
extremely complex, especially in the context of many-body quantum systems.
Understanding and harnessing them is one of the major challenges of modern
guantum science. In recent years, ultracold atomic systems have emerged as a pristine
platform for the exploration of atom-light interactions. In this talk, | will discuss the
potential of atomic systems loaded in optical cavities as a resource to enhance the
energy scales needed to observe complex many-body behaviors by harnessing infinity
range interactions mediated by photons that can couple a large set of internal levels. |
will show how cavity systems can help us not only to shed light on behaviors of iconic
Hamiltonians describing real materials but also to engineer broader classes of
Hamiltonians with multi-body interactions too complex to emerge naturally.
Furthermore, | will explain how they can facilitate the generation of quantum
entanglement and overcome physical constraints currently limiting the performance of
state-of-the-art atomic clocks and interferometers.
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Molecular optomechanics: cavity control of molecular vibrations

Mikolaj K. Schmidt
School of Mathematical and Physical Sciences, Macquarie University, Sydney,
Australia

Molecular optomechanics provides a unifying framework that recasts Raman
scattering on molecular vibrations as an optomechanical interaction—one that controls
optical rather than acoustic phonons [1,2]. This mapping enables direct analogies to
canonical cavity-optomechanical effects such as dynamical backaction, optical spring
shifts, and parametric instabilities [2—4], while operating in an extreme regime of
ultrafast optical dissipation (tens of THz) and single-phonon coupling arising from
deeply subwavelength field confinement (~100 GHz) [5,6]. The framework also
captures phenomena unique to molecular systems, including collective vibrational
responses [7] and strong intrinsic anharmonicities [8].

Despite its potential, demonstrations of quantum advantage in Raman microscopy
remain scarce and mostly limited to shot noise suppression using nonclassical light [9].
In our work, we extend this perspective by employing concepts from quantum
information theory to quantify the ultimate sensitivity of different Raman measurement
protocols [10]. This framework allows us to identify where genuine quantum resources,
such as squeezing of molecular vibrations or correlated Stokes—anti-Stokes photon
pairs, can enhance estimation precision beyond classical limits.
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Quantum correlations of exciton polaritons
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Cavity exciton-polaritons are quasiparticles that form when quantum well excitons
hybridize with a cavity mode (Fig.1a) [1]. In our experiment we carry out photon
correlation measurements under continuous wave resonant laser excitation to
demonstrate quantum correlations between cavity—polaritons (Fig.1b). Our
experiments reveal an unexpectedly strong dependence of polariton interactions on
cavity-exciton detuning (Fig.1c). When the polaritons are predominantly exciton-like,
we observe a transition from photon antibunching to bunching as the laser is tuned
across the polariton resonance, in agreement with a simple Kerr-nonlinearity model [2].
When the lower-branch polariton energy is tuned to resonance with the biexciton mode,
the degree of polariton antibunching becomes independent of the laser detuning: we
explain our finding by invoking a dissipative blockade mechanism arising from large
biexciton broadening. Our experiments demonstrate that the strong polariton blockade
regime could be achieved by reducing the polariton decay rate by a factor of 10.

Polariton energy (eV)
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Fig 1 a Cavity transmission spectrum showing the normal mode splitting characteristic of the hybridized light-matter states.

b Second order correlation function of a polariton with an excitonic content of 72% measured with negative laser detuning
reveals the non-classical nature. ¢ g2(0) as function of the exciton content for three different laser detunings, shows an
unexpectedly strong dependence on the exciton content.
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Towards cavity control of superconductivity
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In recent years, light-driven quantum materials science has undergone a fundamental transformation.
What was once a theoretical vision—the ability to control and manipulate emergent properties of
materials on ultrafast timescales—has now become a reality [1]. This progress has been enabled by
rapid advancements in shaping laser pulses, probing nonequilibrium dynamics with femtosecond
resolution, and developing sophisticated theoretical approaches to describe light-driven many-body
systems [2]. As a result, we are now entering an era in which quantum materials can be actively
“designed” and controlled using tailored light fields.

A cornerstone of this approach is Floguet engineering, which exploits periodic driving to coherently
modify electronic states and induce novel phases of matter. | will briefly review key developments in
realizing Floguet states in quantum materials and discuss their implications for controlling competing
orders. However, despite its promise, Floquet engineering also faces intrinsic limitations, particularly
due to heating effects and decoherence, which can constrain its applicability as a general tuning
mechanism.

Moving beyond conventional Floquet approaches, a new frontier is emerging: cavity quantum
materials [3]. By embedding materials in tailored quantum-electrodynamical environments, such as
optical cavities, it is possible to enhance light-matter interactions and create hybrid light-matter states
with fundamentally new properties. Unlike classical laser-driven schemes, cavity-mediated
interactions can modify quantum fluctuations and collective excitations even in thermal equilibrium,
offering a novel route to control material properties without direct external driving. | will highlight recent
advances in this field, both from theoretical [4] and experimental [5,6] perspectives, and specifically
discuss how strong correlations in cavity quantum materials provide new opportunities for engineering
competing electronic orders through light-matter hybridization. Importantly, this relies on a
generalization of the “cavity paradigm” beyond optical resonators into the realm of “polaritonic
guantum matter” in order to structure fluctuations in cavity quantum materials [7]. This may open
pathways toward controlling superconductivity, charge density waves, and other ordered phases in a
fundamentally new way.

References

[1] A. de la Torre et al., Nonthermal pathways towards ultrafast control in quantum materials, Rev.
Mod. Phys. 93, 041002 (2021).

[2] F. Caruso, MAS, et al., The 2025 Roadmap to Ultrafast Dynamics: Frontiers of Theoretical and
Computational Modeling, JPhys Materials (2025), arXiv:2501.06752.

[3] F. Schlawin, D. M. Kennes, MAS, Cavity quantum materials, Applied Physics Reviews 9, 011312
(2022).

[4] MAS et al., Quantum to classical crossover of Floquet engineering in correlated quantum systems,
Phys. Rev. Research 2, 033033 (2020).

[5] G. Kipp, H. Bretscher, et al., Cavity electrodynamics of van der Waals heterostructures, Nature
Physics (2025).

https://www.nature.com/articles/s41567-025-03064-8

[6] I. Keren, T. Webb, et al., Cavity-altered superconductivity, arXiv:2505.17378.

[7] H. M. Bretscher et al., Structuring fluctuations in cavity quantum materials, forthcoming review
article.




Fluctuation-Induced Bistability of Fermionic Atoms
Coupled to a Dissipative Cavity!
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We investigate the steady state phase diagram of fermionic atoms subjected to an
optical lattice and coupled to a high finesse optical cavity with photon losses. The
coupling between the atoms and the cavity field is induced by a transverse pump
beam. Taking fluctuations around the mean-field solutions into account, we find that a
transition to a self-organized phase takes place at a critical value of the pump
strength. In the self-organized phase the cavity field takes a finite expectation value
and the atoms show a modulation in the density. Surprisingly, at even larger pump
strengths two self-organized stable solutions of the cavity field and the atoms occur,
signaling the presence of a bistability. We show that the bistable behavior is induced
by the atom-cavity fluctuations and is not captured by the mean-field approach.
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Quantum Science in Cavity Arrays

Jonathan Simon
Stanford University, Stanford, CA

In this talk I will discuss ongoing efforts in the Simon-Schuster collaboration at Stanford
that leverage arrays of optical and microwave resonators for quantum science. On the
microwave side, | will describe our Bose-Hubbard circuit platform and share
experimental work assembling and studying liquids and solids of photons, culminating
in our demonstration of many-body Ramsey spectroscopy as a probe of chemical
potential and pressure in photon fluids. On the optical side, | will introduce our recently
developed cavity array microscope as a tool for rapidly reading out atom arrays, and
discuss prospects for networking, computing and many-body physics.



Universal relaxation speedup in open quantum systems through transient
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P. Solanki', I. Lesanovsky'?, and G. Perfetto

Institut fiir Theoretische Physik and Center for Integrated Quantum Science and Technology, Universitit Tiibingen, Auf der
Morgenstelle 14, 72076 Tiibingen, Germany
2School of Physics and Astronomy and Centre for the Mathematics and Theoretical Physics of Quantum Non-Equilibrium
Systems, University of Nottingham, Nottingham NG7 2RD, United Kingdom
3Institut fiir Theoretische Physik, ETH Ziirich, Wolfgang-Pauli-Str. 27, 8093 Ziirich, Switzerland

Abstract: Speeding up the relaxation dynamics of many-body quantum systems is important in a variety of
contexts, including quantum computation and state preparation. In this study, we demonstrate that such
acceleration can be universally achieved via transient stochastic resetting. This means that during an initial time
interval of finite duration, the dynamics is interrupted by resets that take the system to a designated state at
randomly selected times. We illustrate this idea for few-body open systems and also for the extreme case of
many-body open systems, which exhibit first-order phase transitions, associated with a divergence of relaxation
time. In all scenarios, a significant and sometimes even exponential acceleration in reaching the stationary state
is observed, similar to the Mpemba effect. The universal nature of this speedup lies in the fact that the design of
the reset protocol only requires knowledge of a few macroscopic properties of the target state, such as the order
parameter of the phase transition, while it does not necessitate any fine-tuned manipulation of the initial state.
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consecutive reset projections, sketched with R boxes, are random. Stochastic resets take place up to an
initial transient time t,.: 0 < t < t,.. After this time, t > t,., the system relaxes to the steady state pg¢ of
Ly. We consider two resetting protocols: (b) unconditional, where the system resets to a fixed state
|,) regardless of the instantaneous state p(t), and (c) conditional, where a state-specific operation (a
rotation Rj gate in the qubit case) is applied based on measurement outcomes (measurement symbol).
(d) Both protocols lead to universal acceleration of relaxation to the stationary state. This is quantified
by the faster decay in time of the distance measure F(p(t), pss) to zero.



Electro-Optic Cavities for THz Cavity Electrodynamics
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Cavity control over material excitations and order parameters represents a major
driving force for the rising field of THz cavity electrodynamics. A significant limitation in
the work so far is an over-reliance on conventional techniques of measuring light-
matter interactions — i.e. measurement of transmitted or reflected fields (i.e. ex-situ)
rather than in-situ measurement of cavity fields themselves. This shortcoming is readily
addressed by performing electro-optic sampling inside of the electromagnetic cavity,
here using alpha quartz, thereby creating what we call an electro-optic cavity (EOC),

which allows measurement of cavity electromagnetic fields.

As a first example of local light-matter interaction measured in the electro-optic cavities,
we demonstrate strong coupling of a cavity photon to a phonon within the EOC. This
discovery of bulk electro-optic phonon polaritons serves as a promising example of the
novel opportunities for fundamental research in light-matter interactions in the THz
range. More specifically, the identification of strong light-matter interactions in these
electro-optic cavities opens an important new testing ground for measurement of
potential light-matter entanglement, created due to the strong interaction.
Furthermore, our choice of quartz is an ideal electro-optic medium for measuring
tailored and textured light fields, thus setting the stage for measurement of tailored light

pulses within engineered electro-optic cavities.



Cavity control and measurement of mesoscopic atomic systems
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We have recently gained the ability to prepare precisely ordered arrays of single neutral
atoms, suspended in vacuum using optical tweezer traps. Integrating such atom arrays
into high finesse optical cavities and the physics of cavity quantum electrodynamics
presents new opportunities ranging from controlling the quantum-optical response of
atomic metamaterials, to studying many-body quantum phenomena with digital control
over their constituent atom numbers, to quantum information processors coupled strongly
to light. I'will present experimental results touching on all three of these points.



A quantum dot in an open microcavity
Richard J. Warburton
Department of Physics, University of Basel, Switzerland

A semiconductor quantum dot can mimic a real atom, in particular a coherent two-level
system. Coherence is by no means guaranteed in a complex solid-state host. For a quantum
dot in GaAs, a weakly polar material, phonon scattering of the upper level (the “exciton”) is
relatively weak. Furthermore, in state-of-the-art devices, fluctuations in the emitter frequency
(spectral wandering) are almost entirely suppressed. The consequence is that in the best case
(high-quality material, best-practice heterostructure design, resonant excitation at low
temperature), the optical linewidths are very close to the transform limit. To mimic a lambda
system, an electron or hole can be added to the quantum dot and a magnetic field applied.
The spin’s coherence is degraded by the magnetic noise created by the host nuclei. This noise
can be suppressed by laser-cooling the nuclear spins in which case the spin coherence time
(specifically, T>") takes on values several hundred times the radiative lifetime [1]. Furthermore,
a fast Raman process can be used to rotate the spin.

These developments in creating a coherent few-level “atom” inside a semiconductor point to
the interest in pursuing cavity-QED with this platform. The cavity can be created in a number
of ways, for instance with a micropillar [2], a photonic crystal [3], or an open microcavity [4].
Here, progress with the open microcavity platform is reported. The “bottom” cavity mirror is
part of the semiconductor heterostructure. The “top” mirror is a micro-fabricated curved
mirror positioned just above the semiconductor chip.

With a high-reflectivity top mirror, the quantum dot-cavity system enters the regime of strong
coupling [5]. A cooperativity of 300 is achieved. With a lower-reflectivity top mirror, the system
operates as a single-photon source with high end-to-end efficiency (57%) and good coherence
metrics (two-photon interference visibility >95%) [6]. Moreover, the system mimics the
canonical one-dimensional atom: the transmission on resonance drops to just 0.8%, close to
the ideal (0%) limit [7]. Recent work adds the spin degree of freedom. Single-shot spin readout
is achieved within 3 ns with an optical pulse: one spin state results in the detection of a single
photon, the other spin state does not [8]. Furthermore, full spin control has recently been
developed inside the cavity [9].
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