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Meissner e↵ect for an artificial gauge field in multimode cavity QED
K. E. Ballantine,1 B. L. Lev,2 and J. Keeling1
1

University of St Andrews
2
Stanford University

In most realisations of artificial magnetic fields for neutral atoms, the applied field is static
with a fixed spatial structure determined by external experimental parameters. Realisations of
artificial gauge fields using single mode cavities allow some dynamics, but no freedom of the
spatial profile [1, 2]. By using the light field in a multimode cavity we propose a scheme to
realise a dynamic, spatially varying, artificial magnetic field acting on a trapped Bose-Einstein
condensate. This is possible because in a nearly confocal optical cavity atoms couple to multiple
cavity modes [3] resulting in coupled dynamics between the density of the condensate and the
local intensity of the light, and hence the magnitude of the e↵ective magnetic field. We simulate
the full atomic and cavity light field dynamics, describing two internal states of a neutral atom
and including pumping and loss. We show that the e↵ective field leads to a diamagnetic response
in the condensate, which in turn changes the distribution of the cavity light field and hence the
e↵ective magnetic field. In particular, this multimode cavity QED system allows sufficient
freedom to demonstrate the Meissner e↵ect, where the BEC expels the applied artificial gauge
field [4].

[1] W. Zheng and N. R. Cooper, arXiv:1604.06630
[2] A. Sheikhan, F. Brennecke, and C. Kollath, Phys. Rev. A. 93, 043609 (2016)
[3] A. J. Kollár, A. T. Papageorge, K. Baumann, M. A. Armen, and B. L. Lev, New J. Phys. 17, 043012
(2015)
[4] K. E. Ballantine, B. L. Lev and J. Keeling, ”Meissner-like e↵ect for synthetic gauge field in multimode
cavity QED”, arXiv:1608.07246
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Colour plot of the e↵ective magnetic field
B/B0 around an atomic condensate. The
applied field is ±B0 on either side of the
axis y = 0. The magnetic field is expelled from the condensate, and increased
directly outside it, in agreement with the
Meissner e↵ect.

Mechanical on-chip frequency converting circulator
Shabir Barzanjeh1 , Matilda Peruzzo1 , Matthias Wulf1 ,
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Nonreciprocal devices, such as circulators and isolators, are of crucial importance in the realization of noiseless and lossless quantum networks [1, 2]. In these devices, the transmission of
information is not symmetric. For example, quantum states at the input of one mode can be transmitted to the output of another mode, but not vice versa. Very recent theoretical and experimental
studies have shown that nonreciprocal behavior can also be achieved in optomechanical systems [3].
Here, we demonstrate an efficient, frequency converting microwave isolator and circulator based
on the electromechanical interactions between electromagnetic fields and a dieletric nanostring
mechanical resonator. The microwave nonreciprocal behavior is induced by the phase di↵erence
between the optomechanical coupling rates, which breaks the time-reversal symmetry of the optomechanical system. First, we experimentally realize the bidirectional wavelength conversion
between two microwave cavities by coupling both cavities to the fundamental mode of the mechanical resonator. Then, by employing second mechanical mode we perform a high efficiency (low
insertion loss) and low output noise on-chip frequency converting isolator and circulator between
three microwave cavities.

[1] K. M. Sliwa, M. Hatridge, A. Narla, S. Shankar, L. Frunzio, R. J. Schoelkopf, and M. H. Devoret Phys.
Rev. X, 5(4), (2015).
[2] M. S. Kang, A. Butsch, and P. St. J. Russell, Nat. Photonics, 5(9):549553, (2011)
[3] A. Metelmann and A. A. Clerk, Phys. Rev. X, 5(2), (2015)
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How is possible to measure the Bogoliubov dispersion
in a third order nonlinear Silicon waveguide?
S. Biasi1 , F. Turri,1 P-E. Larré,2 F. Ramiro Manzano,1 I.
Carusotto,3 Mher Ghulinyan, Georg Pucker,4 and L. Pavesi1
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The quantum fluid of light has been an extensively studied phenomenon in cavity systems.
A lot of experiments have been performed in planar microcavity geometries where the presence
of strong light-matter coupling allowed the observation of its main features (Bose-Einstein Condensation (BEC) [1], superfluid flow [2], quantized vortices [3]). An alternative optical platform
consists in bulk cavityless nonlinenar media [4]-[6]. Here, it is well known that the complex
amplitude of the optical field is a slowly varying function of space and time which satisfies a
nonlinear Schrödinger equation. This latter relation, exchanging the roles played by time parameter and by the propagation coordinate, is mathematically identical (neglecting the losses)
to the Gross-Pitaevskii equation of dilute atomic BEC. Exploiting such analogy the well known
nonlinear optical phenomenon of Degenerate Four Wave Mixing (DFWM) can be reformulated
in the language of the Bogoliubov theory of Bose matter superfluids [7]. As a result, the phase
of the signal beam propagating in the nonlinear Kerr medium plays the role of the Bogoliubov
dispersion relation of small excitations traveling on top of a weakly interacting BEC. Here,
we present an experimental approach to measure Bogoliubov dispersion relations in an optical
Kerr medium. This dispersion is manifested in the Pump power and detuning dependence of
the phase of the signal beam in a DFWM. The used platform is an integrated single mode Silicon (Si) or Silicon Nitride (Si3 N4 ) waveguide. Indeed, the fabrication process allows designing
specific waveguide geometries showing di↵erent values of the group velocity dispersion (GVD),
which in analogy with the Gross-Pitaevskii equation [4], represents the photon e↵ective mass.
Di↵erent signs of the GVD can be achieved inside the same structure by exploiting the di↵erent
polarization of the propagating Pump beam. As a result, stable and unstable regime of the
luminous fluid can be investigated within the same device. As a side e↵ect, the integration in
an optical chip allows achieving a small e↵ective mode area and increasing the accumulated
phase by lengthening the waveguide. In order to perform stable and accurate phase measurements, a specific set-up has been implemented. The set-up is based on a fully-automatized
free-space Mach-Zhender interferometer, which allows to conduct degenerate Pump and Probe
experiments. Slightly detuned Pump and Probe signals can be distinguished without any optical filter thanks to a lock-in amplifier. In this paper, the DFWM measurements on cm-long
Si waveguide in the dedicated set-up will reported and the interpretation of the acquired data
within the Bogoliubov theory discussed.

[1]
[2]
[3]
[4]
[5]
[6]
[7]

J. Kasprzak, M. Richard, et al., Nature (London) 443, 409 (2006).
A. Amo, J. Lefrre, et al., Nat. Phys. 5, 805 (2009).
G. Nardin, G. Grosso, et al., Nat. Phys. 7, 635 (2011).
P.-É. Larré and I. Carusotto, Phys. Rev. A 91, 053809 (2015)
P.-É. Larré and I. Carusotto, Eur. Phys. J. D 70, 45(2016).
D. Vocke, K. E. Wilson, et al, Phys. Rev. A 94, 013849 (2016).
Pierre-É. Larré, S. Biasi, et al., Bogoliubov dispersion relation in a channel optical waveguide, to be
published.

Photonic Versus Electronic Quantum Anomalous Hall E↵ect
O. Bleu, D. D. Solnyshkov, G. Malpuech1
1

Institut Pascal, PHOTON-N2, Université Clermont Auvergne, Aubière, France

The research field of topological insulators has grown significantly in the recent years. Initially discovered with the quantum Hall e↵ect for electrons, the concept has expanded to cover
a large variety of systems, including photonic ones [1]. However, the link between these two
kinds of systems has never been really studied.
We derive the diagram of the
topological phases accessible within a
generic Hamiltonian describing quantum anomalous Hall e↵ect for photons
and electrons in honeycomb lattices in
presence of a Zeeman field and SpinOrbit Coupling (SOC) [2, 3]. The two
cases di↵er crucially by the winding
number of their SOC, which is 1 for
the Rashba SOC of electrons, and 2
for the photon SOC induced by the
energy splitting between the TE and
TM modes. As a consequence, the two
models exhibit opposite Chern numbers
2 at low field. Moreover, the photonic
system shows a topological transition
absent in the electronic case.

Phase diagrams (a) for the photonic ( p )
SOC and (b) for the electronic ( e ) SOC
versus an applied Zeeman field . Each
phase is marked by the Chern numbers of
the bands.

If the photonic states are mixed with excitonic resonances to form interacting excitonpolaritons, an e↵ective Zeeman field can be induced and controlled by a circularly polarized
pump due to their spin-anisotropic interactions. This new feature implies interaction induced
topological transitions without any applied magnetic field. The change of the driven macrooccupied state population allows to browse the phase diagram toward an all-optical control of
the topological phase transitions [4].

[1]
[2]
[3]
[4]

L. Lu, J. D. Joannopoulos and M. Soljačić, Nature Photonics 8, 821 (2014)
A. Nalitov, D. D. Solnyshkov and G. Malpuech, Phys. Rev. Lett. 114, 116 (2015).
Z. Qiao et al, Phys. Rev. B 82, 161414 (R) (2010)
O. Bleu, D. D. Solnyshkov and G. Malpuech, arXiv:1606.07410 (2016)

Interactive optomechanical coupling with nonlinear polaritonic systems
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We study the systems of exciton-polaritons and dipolaritons inside the optomechanical cavity.
The presence of the mechanical mode and the resonance frequency of the cavity results in a
new type of optomechanical coupling, namely interactive coupling, which generate the eﬀective
optical nonlinear high order terms. This type of coupling significantly diﬀers from the previously
studied dispersive and dissipative couplings in optomechanical systems. We show that this
eﬀective optical nonlinearity can exceed in magnitude the strength of Kerr nonlinear terms.
Additionally, we show numerically that the higher order terms influence the generation of the
localized bright flat-top solitons in polariton condensates, see Fig. 1.
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FIG. 1. Stable flat-top solitons, emerging from an initial random noise.

[1] N. Bobrovska, M. Matuszewski, T. C. H. Liew, and O. Kyriienko arXiv:1611.03238

Non-equilibrium e↵ective field theory for absorbing state phase transitions in driven
open quantum spin systems
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Phase transitions to absorbing states are among the simplest examples of critical phenomena
out of equilibrium. The characteristic feature of these models is the presence of a fluctuationless
configuration which the dynamics cannot leave, which has proved a rather stringent requirement
in experiments. Recently, a proposal to seek such transitions in highly tuneable systems of cold
atomic gases o↵ers to probe this physics and, at the same time, to investigate the robustness of
these transitions to quantum coherent e↵ects. Here we specifically focus on the interplay between
classical and quantum fluctuations in a simple driven open quantum model which, in the classical
limit, reproduces a contact process, which is known to undergo a continuous transition in the
“directed percolation” universality class. We derive an e↵ective long-wavelength field theory for the
present class of open spin systems and show that, due to quantum fluctuations, the nature of the
transition changes from second to first order, passing through a bicritical point which appears to
belong instead to the “tricritical directed percolation” class.

Distribution and conservation of second order correlation function
G. Buonaiuto, E. Cancellieri, D. M. Whittaker1
1

University of Sheffield, Sheffield, United Kingdom

Single-photon sources are fundamental devices for quantum information processing that are
characterized by distinct statistical properties, captured by their correlation functions like photon antibunching and sub-Poissonian statistics [1]. This makes of extreme relevance to study
how these correlations and statistics emerge. Furthermore, understanding this phenomena is
helpful for investigating correlations in condensed matter systems and in complex quantum
networks, like the quantum internet [2], where specific statistical properties are required to perform a variety of quantum computing protocols [3]. While the emergence of correlations, which
depends on the dynamical properties of a system, have been extensively studied in literature
[4], the link between the presence of underlying symmetries and the conservation of quantum
correlation functions has never been explored in details, in particular in a dissipative scenario,
where the coupling to an external environment leads to the degradation of quantum correlations
[5], ultimately reducing the system to a classical description. We investigate the dynamics of
the second order quantum correlation function of general closed and driven-dissipative quantum
systems. We show that, for specific dissipative scenarios, the commutation between the systems’
Hamiltonian and the number of excitations is a necessary and sufficient condition for the conservation of the quantum correlations. Moreover, we show that for generalized Lindblad the
above commutation is not sufficient anymore, and derive the constrains on the structure of the
dissipation to have stationary statistics. Finally, we show that the interaction among di↵erent
sub-systems is the main source of the change of the statistical properties in each partition, both
in the case of interacting nodes on a quantum network, and when we consider an external pump
driving the system.

[1] L. Davidovich, Sub-poissonian processes in quantum optics, Rev. Mod. Phys., vol. 68.
[2] H. J. Kimble, The quantum internet,” Nature, no. 453,pp. 1023-1030, 2008.
[3] P. Kok, W. J. Munro, K. Nemoto, T. C. Ralph, J. P.Dowling, and G. J. Milburn, Linear optical
quantum computing with photonic qubits,” Rev. Mod. Phys., vol. 79, pp. 135-174, Jan 2007.
[4] C. Kollath, A. M. Lauchli, and E. Altman, Quench dynamics and nonequilibrium phase diagram of
the bose-hubbard model,” Phys. Rev. Lett., vol. 98, p. 180601, Apr 2007.
[5] F. P. Heinz-Peter Breuer, The Theory of Open Quantum Systemsl,” OUP Oxford, 2007.

Tunneling induced parametric instability
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Two coupled optical resonators in presence of a Kerr-type nonlinearity are the simplest prototype of a dissipative Bose-Hubbard model. This system shows a rich phenomenology including Josephson oscillations, self trapping, spontaneous symmetry breaking and an interactioninduced hopping phase [1–3]. The lossy coupling of the resonators with the enviroment on one
hand provides a weak probe of the system observables, on the other, it allows the system to
be arbitrarily driven. In the linear regime the groundstate of the two bare resonators hybridize
forming the so-called bonding and anti-bonding modes, separated in energy by two times the
coupling constant. Once the pump power is increased these modes experience a blueshift due
to the on-site interactions. For a pump detuning close to the anti-bonding energy, the interplay
of the blueshift of the nonlinear modes and the hopping term results in a parametric instability
[4]. Any fluctuation in the driving field leads to a robust self-pulsing steady state. In this contribution we measured the steady-state occupation of two coupled semiconductor microcavities
operating in the exciton-photon strong coupling regime. We gather direct evidence of the parametric instability by analyzing the space and energy resolved emission of the coupled cavities
as a function of the pump power. Our experiment can be easily scaled, thus paving the way to
the investigation of collective dynamical steady-states in lattices of coupled photonic cavities.
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Thermalization and Bose-Einstein condensation of quantum light in bulk
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We study the thermalization and the Bose-Einstein condensation of a paraxial, spectrally
narrow beam of quantum light propagating in a lossless bulk Kerr medium. The spatiotemporal evolution of the quantum optical field is ruled by a Heisenberg equation analogous to
the quantum nonlinear Schrödinger equation of dilute atomic Bose gases. Correspondingly,
in the weak-nonlinearity regime, the phase-space density evolves according to the Boltzmann
equation. Expressions for the thermalization time and for the temperature and the chemical
potential of the eventual BoseEinstein distribution are found. After discussing experimental
issues, we introduce an optical setup allowing the evaporative cooling of a guided beam of light
towards BoseEinstein condensation. This might serve as a novel source of coherent light.

[1] A. Chiocchetta, P.-É. Larré, and I. Carusotto, Eurphys. Lett. 115, 24002 (2016).
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Two dimensional quantum driven-dissipative systems, such a exciton-polariton in microcavities, display rich universal critical phenomena, due to their collective behaviour in the long
range limit induced by the Bose-degeneracy.
Since these critical properties have been
described at the level of the steady-state, the
question about the dynamical critical properties of the system remains open. In this
work, we address this question by studying
the phase-ordering phenomenon in pumped 2dimensional microcavity-polaritons, after an
infinitely rapid quench across the critical
point. We show that the systems exhibit
a scaling (self-similar) pattern for the twopoint correlator at late-time dynamics of the
phase ordering, fulfilling the dynamic scalEvolution of the length scale L(t) (orange ing hypothesis [1]. As their non-dissipative
curve) and the density of vortices (blue) dur- (equilibrium) counterpart, the polariton sysing the phase ordering. We observe that at late- tem shows a dynamical critical exponent z ⇡
times the dynamics the systems show the char- 2 and the density of the topological defects
acteristic di↵usive behaviour with a logarithmic nv (t) plays a fundamental role in the dynamcorrection due to the presence of the vortices, ics since they introduce a logarithmic term in
with a non-equilibrium dynamical critical expo- the characteristic length scale L(t) of the system [2] (see Figure). Our work shine a new
nent z ⇡ 2.
light on the ongoing debate about the critical
properties of strongly-driven dissipative systems.

[1] A. J. Bray, Theory of phase-ordering kinetics, Advances in Physics, 51(2):481-587 (2002).
[2] B. Yurke, A. N. Pargellis, T. Kovacs and D. A. Huse, Coarsening dynamics of the xy model, Phys.
Rev. E, 47(3):1525, 1993

Two-body physics in the Su-Schrieﬀer-Heeger model
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We consider two bosons in a dimerized Su-Schrieﬀer-Heeger (SSH) lattice with on-site and
nearest-neighbor interactions. We identify a rich variety of two-body states. In particular,
for open boundary conditions and moderate interactions, edge bound states (EBS) are present
even for the dimerization that does not sustain single-particle edge states. Moreover, for large
values of the interactions, we find a breaking of the standard bulk-boundary correspondence.
Based on the mapping of two interacting particles in one dimension onto a single particle in
two dimensions, we propose an experimentally realistic coupled optical fibers setup as quantum
simulator of the two-body SSH model. This setup is able to highlight the localization properties
of the states as well as the presence of a resonant scattering mechanism provided by a bound
state that crosses the scattering continuum, revealing the closed-channel population in real time
and real space.

[1] M. Di Liberto, A. Recati, I. Carusotto and C. Menotti, Phys. Rev. A 94, 062704 (2016)
[2] M. Di Liberto, A. Recati, I. Carusotto and C. Menotti, arXiv:1612.02601

Searching for the KPZ phase in microcavity polaritons
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Quantum fluids of light, such as microcavity-polaritons in
two
dimensional quantum wells, are paradigmatical examples of
10
out of equilibrium systems due to their driven-dissipative nature
1
10
[1]. They can therefore exhibit collective quantum behaviour
which di↵ers from their equilibrium counterparts. Particularly,
0
10
recent studies [2] based on a RG-flow analysis have shown that
g
they can fall into the Kardar-Parisi-Zhang (KPZ) universality
−1
10
class, which is characterized by a stretched exponential decay of
−2
the first order spacial correlation function. Unfortunately, not
10
0.2 0.4 0.6 0.8 1
only are the length scales at which the signatures of this phase
2
Fnp
should become visible usually much larger than the typical sysNon-linear parameter g as a
tem sizes of current experiments, but further analysis also refunction of the external drive
veals that it should be preempted by a vortex-dominated phase
strength (normalised to the
characterized by repelling vortices, making the KPZ phase unvalue at the upper threshold)
observable [3]. However, within the optical parametric oscillator
for stable three mode OPO
(OPO) regime, an interesting region has been found for intersolution with zero detuning.
mediate pump powers where the non-linear parameter g, which
The intermediate region of
is calculated from the coefficients of the KPZ equation, becomes
pump powers shows a crossing
larger than 1 (see figure), suggesting that for these pump powers
regime between a non-linear
the KPZ phase could become observable at all length scales [4].
(g > 1) and a linear (g < 1)
In order to now determine what physics occurs within this indominant phases. (taken from
teresting subsection of the OPO region, we study the dynamics
[4])
of the lower polariton system in the OPO regime by considering
a truncated Wigner representation of the polariton field, where
the resulting stochastic di↵erential equation is integrated numerically. We determine whether
the characteristic stretched exponential decay of first order spacial correlations in the KPZ phase
can be observed, or if other e↵ects, such as spacial pattern formation, that could not be taken
into account by the previous analytical studies preempt the KPZ order.
2

[1] I. Carusotto and C. Ciuti, Quantum fluids of light, Rev. Mod. Phys. 85, 299-366 (2013).
[2] E. Altman, L. M. Sieberer, L. Chen, S. Diehl and J. Toner, Two-dimensional superfluidity of exciton
polaritons requires strong anisotropy, Phys. Rev. X 5, 011017 (2015).
[3] G. Wachtel, L. M. Sieberer, S. Diehl, and E. Altman, Electrodynamic duality and vortex unbinding
in driven-dissipative condensates, Phys. Rev. B 94 104520 (2016)
[4] A. Zamora, L. M. Sieberer, K. Dunnett, S. Diehl, and M. H. Szymaska, Tuning across Universalities
with a Driven Open Condensate (in preparation)

Room-temperature superfluidity with organic polaritons
Antonio Fieramosca,1, 2 Giovanni Lerario,1 Fábio Barachati,3 Dario Ballarini,1
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Superfluidity—the suppression of scattering in a quantum fluid at velocities below a critical
value—is one of the most striking manifestations of the collective behaviour of interacting particles. This phenomenon, akin to superconductivity in metals, has until now only been observed
at prohibitively low cryogenic temperatures. Here we demonstrate a transition from normal to
superfluid flow in an organic microcavity at room temperature.
For atoms, the low critical temperature (⇠50 nK) is imposed by the small
a
b
thermal de Broglie wavelength, which is
inversely related to the particle mass.
Even in the case of ultralight quasiparticles such as exciton-polaritons in
semiconductor microcavities, superfluidity has only been demonstrated at liquid helium temperatures (⇠5 K). In this
case, the limit is not imposed by the
mass, but instead by the small exciton
binding energy of Wannier-Mott excic
d
tons, which places the upper temperature limit. Here we show that organic
microcavities supporting stable Frenkel
exciton-polaritons at room temperature
sustain the lossless flow typical of superfluids, extending the domain of experiments on quantum hydrodynamics and
possibly enhancing the performance of
future devices. In the figure, the supReal space map for low (a) and high
pression of scattering is show in real
(b) polariton densities. Momentum space
and momentum space comparing the
map, with the elastic scattering ring at low
low density (left column) and high dendensity (c), suppressed at high density (d).
sity (right column) fluids, directed upwards at the same velocity.

[1] G. Lerario, A. Fieramosca, F. Barachati, D. Ballarini, K. S. Daskalakis, L. Dominici, M. De Giorgi,
S.A. Maier, G. Gigli, S. Kna-Cohen, D. Sanvitto, arXiv:1609.03153 (2016)

A very quantum normal-superradiant phase transition
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The Dicke model predicts a zero temperature phase transition separating a normal and a
superradiant phase. However, quantum fluctuations are negligible in the thermodynamic limit,
and the properties of the transition is fully captured by mean-field methods. Indeed, the Dicke
model is ’fully connected’ and thereby lacks any length scales. In these respects, the Dicke phase
transition is qualitatively di↵erent from paradigm examples of quantum phase transitions, for
example transverse Ising, Bose-Hubbard, or Heisenberg magnets.
We consider a light-matter system comprised of alternating resonators and ’atoms’ to build
a cavity array. Contrary to the Jaynes-Cummings-Hubbard (Rabi-Hubbard) model, here the
’atoms’ both mediate the boson tunneling and the e↵ective photon non-linearity. Beyond a
critical light-matter coupling the system enters a superradiant phase with every resonator populated. For two-level ’atoms, i.e. qubits, the system falls in the same universality class as the
transverse Ising model [1] (which cannot be described by mean-field methods) and much of the
known results from that model can be translated to our system.
As a modification we also consider three-level Lambda atoms. In such a system, the physics
in the vicinity of the critical point cannot be mapped to an Ising model since the low energy
e↵ective theory maps to a chain with alternating spin-1/2 and SU(3) pseudo-spins. Here we
expect novel results that go beyond the universal properties of spin-1/2 chains.

[1] A. Kurcz, A. Bermudez, J.J. Garcı́a-Ripoll, Phys. Rev. Lett. 112, 180405 (2014)
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In this work we experimentally observe for the first time an exciton polariton X-wave [1],
a traveling state that belongs to a peculiar class of non spreading wave called localized wavepackets, that unlike solitons [2, 3], do not need nonlinear interaction to preserve their shape.
Exploiting the peculiar two-dimensional polariton dispersion at the flex point of the lower
branch (LPB), we are able to generate via a pulse excitation a wavepacket that maintain its
shape and trajectory for as long as some polariton is still present inside the microcavity.
This e↵ect is obtained due to the nonparabolic nature of the LPB mode, that presents
saddle features at the inflection point. Upon excitation of polaritons around this point, it is
possible to obtain, for a certain range of in-plane momenta k, e↵ective masses of opposite sign
(negative and positive), for polaritons moving along or transverse to the propagation direction
respectively. This saddle point confers to the Gross-Piteevskii Equations, at the basis of the
polariton dynamics, an hyperbolic character that sustains the polariton wavepackets.
Moreover, despite the nonlinearity have absolutely no role in the propagation of the signal,
they are needed even in the weak nonlinear regime, to trigger the initial reshaping of an impinging Gaussian wavepacket into the X-wave state. However after the X-wave is generated the
shape is preserved regardless of interactions.
Polariton X-waves prove to be the perfect candidates for long distance signal propagation
with huge potential for application in polariton based optoelectronics.

[1] O. Voronych, A. Buraczewski, M. Matuszewski, M. Stobińska Phys. Rev. B, 93-24-245310 (2016)
[2] M. Sich, D. N. Krizhanovskii, M. S. Skolnick, A. V. Gorbach, R. Hartley, D. V. Skryabin, E. A.
Cerda-Mendez., K. Biermann , R. Hey, P. V. Santos, Nature Photonics 6, 5055 (2012)
[3] L. Dominici, M. Petrov, M. Matuszewski, D. Ballarini, M. De Giorgi, D. Colas, E. Cancellieri, B.
Silva Fernndez, A. Bramati, G. Gigli, A. Kavokin, F. Laussy, D. Sanvitto, Nature Communications
6 8993 (2015)
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Phase-Controlled Bistability and Optical Manipulation of Dark Soliton Trains
in a Polariton Fluid
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Dark solitons are among the fundamental nonlinear collective excitations of one-dimensional
(1D) quantum degenerate fluids with positive mass and repulsive interactions. Recently, excitonpolaritons have appeared as an excellent platform to study the nonlinear dynamics of such fluids, in
particular thanks to their driven-dissipative nature [1]. In addition to the possibility of in-situ and
time-resolved imaging of the fluid dynamics, a remarkable feature of driven-dissipative systems is
that a resonant drive allows setting the local phase of the wavefunction. Here we take advantage of
this technique to explore the dynamics of counter-propagating polariton fluids in a 1D channel [2].
Our sample is a -GaAs based microcavity containing a single In0.95 Ga0.05 As quantum well.
It is laterally etched into the shape of a photonic wire. Two quasi-resonant pumping beams in
continuous wave are used to generate stationary counter-propagating polariton fluids (Fig. 1.(a)).
In the linear regime, a standard interference pattern formed by the two fluids is observed. At
high excitation power, when the polariton-polariton interaction energy becomes comparable to the
kinetic energy, a self-organization of the fluid causes the transformation of linear interference fringes
into a train of dark solitons (Fig. 1.(b),(c)). Interestingly, varying the phase di↵erence ' between
the two pumping beams, we are able to impose a phase twist across the fluid which controls not
only the position of the soliton train, but also the parity of their number, via an abrupt expulsion
or generation of a soliton (Fig. 1.(d)). A novel type of bistable behavior appears when scanning
the phase twist up and down, at constant power.
Furthermore, we demonstrate the possibility to optically manipulate the soliton train by using
an additional non-resonant laser, which creates a local repulsive potential. Consequently, our
experimental configuration o↵ers a new perspective to explore the physics of dark soliton trains,
in particular to investigate their excitation spectrum, or soliton-soliton interactions.
(a)

Resonant pumping
QW

(d)

(b)

(c)

FIG. 1. (a) Sketch of the experimental configuration. (b) Spatially resolved emission measured along the wire
in the nonlinear regime. White dotted circles indicate the two pumping beams positions. (c) Intensity profile
integrated over the transverse direction, with fits of each soliton profile (black lines) (d) Measured intensity
profiles for increasing phase di↵erence between the spots. The number of solitons is indicated in white.

[1] I. Carusotto and C. Ciuti, Rev. Mod. Phys. 85, 299 (2013)
[2] V. Goblot et al., Phys. Rev. Lett. 117, 217401 (2016)

Photon density distribution of a Bose-Einstein condensate of light
in a dye-filled microcavity
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In 2015 we became the third group in the world to achieve Bose-Einstein condensation of
photons using a dye-filled microcavity. In this system a thermalized photon gas is created
through multiple absorption and emission cycles of photons by the dye molecules (R6G). We
achieve Bose-Einstein condensation of photons by increasing the photon density in our system
above the threshold density. When further increasing the photon density inside our system we
observe an increase in the radius of our condensate, indicating that there are e↵ective photonphoton interactions. The group of Martin Weitz attribute these to thermal e↵ects[1]; local
heating of the dye solvent leads to a local change in the refractive index, which in turn leads
to a change in the trapping potential experienced by the photon gas. However, the source of
the heating as well as the timescale of the resulting interactions are largely not understood. We
will discuss our experimental results and their relation to the interaction mechanism.
Low photon density
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FIG. 1. Bose-Einstein condensate of photons for a low- (left) and high (right) photon density.

[1] J. Klaers, J. Schmitt, T. Damm, F. Vewinger, M. Weitz. Bose-Einstein condensation of paraxial light,
Appl. Phys. B 105, 17-33 (2015).

Cluster mean-field approach to the steady-state phase diagram
of dissipative spin systems
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Département de Physique, Ecole Normale Supérieure / PSL Research University,
CNRS, 24 rue Lhomond, F-75005 Paris, France
6
SUPA, School of Physics and Astronomy,
University of St Andrews, St Andrews KY16 9SS UK
7
ICTP, Strada Costiera 11, 34151 Trieste, Italy
2

A phase transition is a transformation between two di↵erent states of matter that often
involves a symmetry-breaking process. It may occur in not only equilibrium systems but also
out-of-equilibrium context. Famous examples of nonquilibrium phase transitions include systems
of moving cars into traffic jams or individual flying birds exhibiting collective flocking. All of
these situations are related to each other by the fact that the appearance of di↵erent steadystate ordering is of intimate dynamical origin and cannot be reduced to the equilibrium results.
Here, we study a quantum dynamical phase transition [1].
We focus on a model of spin-1/2 on a lattice interacting through an XYZ Hamiltonian,
each of them coupled to an independent environment that induces incoherent spin flips. We
show that short-range correlations have a dramatic impact on the steady-state phase diagram
of quantum driven-dissipative systems. This e↵ect, never observed in equilibrium, follows from
the fact that ordering in the steady state is of dynamical origin, and is established only at
very long times, whereas in thermodynamic equilibrium it arises from the properties of the
(free) energy. To this end, by combining the cluster methods extensively used in equilibrium
phase transitions to quantum trajectories and tensor-network techniques, we extend them to
nonequilibrium phase transitions in dissipative many-body systems. In the steady-state phase
diagram derived from our cluster approach, the location of the phase boundaries and even its
topology radically change, introducing reentrance of the paramagnetic phase as compared to
the single-site mean field where correlations are neglected [2]. Furthermore, a stability analysis
of the cluster mean field indicates a susceptibility towards a possible incommensurate ordering,
not present if short-range correlations are ignored.

[1] Jiasen Jin, Alberto Biella, Oscar Viyuela, Leonardo Mazza, Jonathan Keeling, Rosario Fazio, and
Davide Rossini, Phys. Rev. X 6, 031011 (2016)
[2] T. E. Lee, S. Gopalakrishnan, and M. D. Lukin, Phys. Rev. Lett. 110, 257204 (2013).

Is a coherently driven microcavity-polariton system a superfluid?
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Experimental studies of coherently driven microcavity-polaritons have reported phenomena
which could be associated with superfluidity, such as reduced scattering [1]. However, while the
pump-only state of a coherently driven system is characterised by a gapped spectrum, the existence of a finite superfluid fraction, as defined by the di↵erence in transverse and longitudinal
responses [2], relies on the spectrum being gapless [3]. Using Keldysh Green’s function techniques, we calculate the longitudinal and transverse responses of a coherently pumped polariton
system and find that the superfluid response is zero. Moreover, we discover that the pump
state is largely unresponsive to both longitudinal and transverse perturbations. The existence
of such a rigid state could be important in interpreting the experimental observations of reduced
scattering, which should not be associated with superfluidity.

[1] A. Amo et al., Nature Phys., 5, 2009.
[2] A. Griffin, Excitations in a Bose-Condensed Liquid, Cambridge University Press, 1994.
[3] J. Keeling, Phys. Rev. Lett., 107, 2011.

Ultra-strong coupling of THz metasurfaces to spin-split cyclotron resonances
in strained Ge quantum wells
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Ultra-strong light-matter coupling has attracted tremendous interest in the recent years
[1–3]. One possible realization is to couple strongly subwavelength complementary split ring
resonators (cSRR) to the Landau level transition of a two dimensional hole gas. Strained Ge
quantum wells (sGe QW) [4, 5] exhibit a non-parabolicity which leads to a spin-splitted heavyhole cyclotron resonance. Thus this system o↵ers an excellent platform to study ultra-strong
light-matter interaction in a multiple oscillator system interaction with one cavity resonance.
In Figure 1 the transmission spectra of a sGe QW
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FIG. 1. a) Transmission spectra of a sGe of a cSRR into resonance with the splitted states, a
QW coupled to cSRRs as a function of
total of four polariton branches can be observed and
magnetic field B at a temperature of 3 K,
the Hamiltonian can be further adapted to describe
normalized to sGe QW at B = 0 T. b)
Transmission of cSRRs. c) Magnification all observed branches. Furthermore, the visibility of
of the LC-resonance of a). Fitted polariton an additional transition with much lighter mass is
strongly enhanced due to the coupling to the LCbranches are overlaid as white line.
resonance with a normalized strong coupling ratio of
4.7%. Future perspectives include controlling spin-flip transitions in USC and studying the
impact of non-parabolicity on the ultra-strong coupling physics and the A2 -term.
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Metastability in the driven-dissipative Rabi model
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In cavity and circuit quantum electrodynamics, experimental progress in tailoring the lightmatter interaction has made it possible to achieve a coupling strength that is comparable or even
larger than the cavity frequency !c . From a theoretical perspective, the possibility of exploring
this so-called ultrastrong coupling regime has stimulated numerous studies on the quantum Rabi
model that takes into account the counter-rotating terms in the atom-cavity interaction [1–
3]. Since dissipation also plays a crucial role in most quantum optical setups, a meaningful
description in this context involves a driven-dissipative scenario [4, 5], in which the interplay
between cavity losses and the external field drives the system into a steady state. In such a
driven-dissipative setting of the Rabi model, it has been shown recently that the steady state
exhibits a rich quantum optical phenomenology: as the coupling strength increases from 0.1!c
to 3!c , a series of transitions occurs in the output photon statistics, leading to a breakdown and
revival of the so-called photon blockade e↵ect and to a reversion to non-interacting photons [6].
Going beyond the steady-states properties, we explore here the long-time dynamics of Rabi
model in this driven-dissipative setting and show that, as the atom-cavity coupling strength
becomes larger than the cavity frequency, a new time scale emerges [7]. This time scale, much
larger that the natural relaxation time of the atom and the cavity, leads to long-lived metastable
states susceptible to being observed experimentally. By applying a Floquet-Liouville approach to
the time-dependent master equation, we systematically investigate the set of possible metastable
states. We find that the properties of the metastable states can di↵er drastically from those of
the steady state and relate these properties to the energy spectrum of the Rabi Hamiltonian.
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E↵ective thermalization of driven dissipative non-Markovian quantum
systems[1, 2]
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An important issue of non-equilibrium physics is the question of thermalization and equilibration. Given some system coupled to an external environment, knowing wether its static and dynamic properties can be e↵ectively mapped or not on equilibrium ones [3, 4], as well as determining the underlying mechanisms for e↵ective thermalization, is a crucial and challenging question.
Driven-dissipative interacting quantum systems (like VCSEL, polariton-exciton experiments [5],
or cold atoms coupled to an optical cavity mode [6]) usually reach a steady-state presenting
strong non-equilibrium signatures [7].
In our work [1, 2], we demonstrate
the emergence of e↵ective low-energy
thermalization for interacting drivendissipative quantum systems undergoing non-Markovian (i.e., frequencydependent) loss and pump processes.
Schematic experimental setup implementing
The e↵ective temperature we derive
non-Markovian e↵ects in an interacting phois determined by the shape of the
tonic system : array of driven-dissipative cavpump and loss power spectra and is
ities coupled by tunnelling, with embedded twophysically unrelated to the true temlevel frequency-dependent emitters pumped in
perature of some external setup apthe excited state. Photons present on-site inparatus.
We show that the lowteraction induced by the nonlinear properties of
energy static correlations map onto
the medium in each cavity, and also have a finite
the ones of a Grand canonical distrilifetime because of losses by transparency.
bution, and demonstrate the validity
of the Fluctuation-Dissipation Theorem
(FDT) at low frequencies. Our approach is based on a quantum non-Markovian Langevin formalism, which keeps tracks of the bath dynamics, and is physically very transparent. We reach
the conclusion that non-Markovian driven-dissipative quantum systems are a special class of
non-equilibrium system sharing common properties with thermal ones. Finally, in order to observe this e↵ect we propose an implementation of non-Markovianity in a photonic cavity array
(see the figure).
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Quantum mechanics o↵ers a revolutionary approach to how information is processed, with
unprecedented levels of security through quantum encryption and exponential speed up with
quantum computing. A key challenge to exploiting these benefits is the development of the
next-generation hardware required for creating networks exploiting light at the single photon
level. Hybrid quantum computation overcomes this challenge by combining the unique strengths
of disparate quantum technologies, enabling realization of a scalable quantum devices.
We present a new project seeking to use cold atoms trapped above superconducting microwave
resonators to enable generation, storage and entanglement of optical photons on-chip. Strong
Rydberg atom dipole-dipole interactions provide a mechanism for efficient single photon coupling to atomic ensembles [1], whilst entanglement is mediated via an o↵-resonant interaction
with the superconducting microwave cavity to provide long distance (⇠mm scale) interaction
lengths [2]. As well as providing an exciting test bed to explore fundamental ideas of quantum
optics, this represents the first steps to the creation of a quantum analog of a router, an essential
building block for quantum networking. Long term this can be integrated with superconducting
qubits technologies to exploit fast on-chip processing power [3].
This work was supported by the EPSRC.
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We experimentally demonstrate how the hydrodynamic nucleation and long-distance propagation of vortices can be easily controlled on-demand through the use of a support driving
optical beam in exciton-polariton systems. Microcavity exciton-polaritons have proved to be
an extremely powerful platform for the investigation of hydrodynamic generation of topological
defects in superfluids, such as vortex pairs and solitons [1, 2], thanks to the easy control of
the sound speed and group velocity. In particular, the first is defined by the polariton density together with the particle interaction constant, while the particle group velocity can be
easily tuned through the resonant injection of particles into the system. However, using this
configuration the laser imprints its phase on the polariton fluid, inhibiting the formation of
turbulences. Because of this restriction, the hydrodynamic nucleation of vortices was observed
in out-of-steady-state condition using a pulsed excitation at the breakdown the superfluidity [1].
However, this solution prevent the possibility to manipulate the motion these topological structures for long-distances. Here we engineered the spatial distribution of the polariton density
across a defect in the structure using two continuous wave laser beams, both resonantly injected
into the microcavity system at the same frequency and with the same group velocity. Both the
polariton fluxes hit the defect, the high intensity one is generated far from the defect and creates
a reservoir of polaritons, while the weak one is span on an extended area in order to have a
homogeneous density around the defect. This second beam is used as a support field to explore
the transition between the linear and the superfluid regime leaving the phase free to evolve.
Opportunely tuning the spatial density, a proliferation of vortices is visible in the wake of the
defect and their propagation is sustained for long distances by the support beam. Increasing
the particle density, the turbulences formation is inhibited until their complete disappearance.
Our finding demonstrates the possibility to easily control and manipulate the hydrodynamic
generation and propagation of topological defects forming in the wake of a structural defect in
microcavity exciton-polariton systems.
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Schrödinger Cats in Driven-Dissipative Systems and their Quantum Trajectories
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We consider a nonlinear driven-dissipative resonator subject to one-photon losses and to
engineered two-photon processes, a system in which photonic Schrödinger cat states have
been observed in the transient dynamics [1]. The exact analytic solution of the system master
equation [2, 3] shows that the unique steady state can be seen as a statistical mixture of two
cat-like states with opposite parity (cf. Fig. 1) or of two coherent states with opposite phases
[4]. This bimodality of the steady state reflects in the behavior of quantum trajectories that
we use for a deeper insight into the system properties. We also investigate the transient
dynamics to the steady-state, showing its dramatic dependence on the initial condition and
the emergence of metastable regimes. Finally, we propose a feedback protocol based on
nondestructive continuous parity measurement which is able to stabilise a cat-like steadystate (cf. Fig. 1).
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FIG. 1: Dynamics of averaged quantities versus single quantum trajectories. Panel (a) dynamics of the photon
population. Panel (b) time evolution of parity expectation value. Panel (c) snapshots of the Wigner functions at
di↵erent times.
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We show that recent observations witness the existence of inherent instabilities of excitonpolariton condensate in the case of nonresonant pumping. Despite the remarkable developments,
the understanding of the fundamental properties of polariton quantum fluids is still incomplete.
We fill one of the gaps still remaining: we report the first observation of the long-sought reservoirinduced instability [1]. This instability is an inherent property of the open-dissipative Gross
Pitaevskii model, widely used for simulating the dynamics of polariton condensates. Since to
date there was no experimental evidence of this instability, its physical relevance was unclear.
In our work we exploit the unique property of organic condensates, which are characterized by
strong photon emission and allow for direct single-shot imaging of polariton density patterns.
We show that the instability is a real phenomenon by direct experimental observations and
comparing them with simulations in the unstable regime of parameters. Excellent agreement
allows us to dismiss the competing theoretical model based on a single complex Ginzburg-Landau
equation [2].
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Experimental (top) and numerical (bottom) polariton field density in single-shot measurements. The size of the pump spot decreases from (a), (f ) to (e), (j). The instability leads to the creation of domains of condensed polaritons.
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Simultaneous bistability of qubit and resonator in circuit quantum
electrodynamics
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We investigate the behaviour of a quantum system comprising a qubit coupled to a coherently
driven resonant cavity mode in the presence of dissipation, comparing the predictions of various
theoretical models to experimental results. The dispersive regime under consideration attracts a
lot of interest in circuit electrodynamics (circuit QED) [1] as well as in quantum thermodynamics
in the context of dissipative phase transitions [2].
We discuss the most complete description provided by the generalized
Jaynes-Cummings (GJC) model for a
transmon, and subsequently address
various related approximations: the
JC oscillator (with a two-level system), the associated Duffing oscillator
reduction and the adiabatic elimination of the cavity, reviving the relevance of a Fokker-Planck equation for
the assessment of quantum fluctuations.
We present an extension of the photon blockade breakdown at resonance
[2], and reveal the fundamental rôle
played by quantum-activated switching between metastable states across all
Cavity transmission. Theoretical results
models under investigation.
(solid black lines) from the GJC on top
We measure the cavity lineshape and
of experimental measurements (patterned
the developing nonlinear features as the
lines) for increasing drive amplitude.
drive power is increased, and show that
neither a Duffing nor a JC approximation are sufficient to account for the cavity nonlinearity. A GJC model, taking into account
the first few levels of the transmon, does however capture the observed features remarkably
well, including a clear partial coherent cancellation of cavity transmission just below the cavity
resonance. The qubit and cavity in the JC model exhibit simultaneous steady-state bistability,
studied by employing the Maxwell-Bloch equation solutions, the exact numerical solution of the
Master Equation and the associated unravelling into single quantum trajectories.
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Controllable Wigner-function multimodality and dissipative phase transitions
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We consider a nonlinear Kerr resonator in the presence of both coherent (one-photon) and
parametric (two-photon) driving and dissipation (as sketched in Fig. 1). We analytically
derive the exact steady-state solution via the formalism of the complex P -representation
[1, 2], showing multimodality in the steady-state Wigner function. We use the analytic
solution to explore the interplay between one- and two-photon pump in the determination
of such a steady state (Fig. 2 left). Then, in the thermodynamic limit of a large photon
density, we reveal and characterize the emergence of dissipative phase transitions, both of
first and second order (Fig. 2 right). This kind of phenomena emerges from the competition
between Hamiltonian evolution and dissipation [3, 4].
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FIG. 1: A sketch of the considered class of systems: a nonlinear resonator subject to oneand two-photon drive and dissipation.

(a)

Re(z)

6

(b)

(c)

3

W(z)

0

�
(d)

(e)

χ = 〈�†�〉/ �

Re(z)

6

(f)

3
0
-3
-6

Im(F)

6

(g)

(h)

(i)

3

�

0
-3

�

�

0

3

Im(z)

6

-6 -3

0

3

Im(z)

6

-6 -3

0

3

Im(z)

6

�
�

�

���

�
�
��
��
���
���

∂χ
∂τ

�
-���

-�

-���

�

�

�

-6
-6 -3

���
���
����
����

�

�

�

�

�

-3
-6

Re(z)

�=�

�

�

Re(F)

-�

-�

�

�

τ = ���[Δ] |�|/ �

FIG. 2: Wigner function of the steady state (left) and rescaled photon density for the
two-photon driving (right) .
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Observable signatures of Floquet-Majorana modes in a periodically
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We study the kicked XY Heisenberg spin- 12 chain in a field coupled with two dissipative
reservoirs at the ends. Analogously to its non-driven counterpart, the periodically modulated
Hamiltonian is known to give rise to some topological features, but in the form of zero-energy
modes in the eigenvalue spectrum of the Floquet basis (Floquet- Majorana fermions, FMFs)[1].
By diagonalizing the Floquet evolution operator we discover that the number of stationary
Lifshitz points of its eigenvalues corresponds to the number of dynamically generated zeroenergy modes. We also investigate how dissipation a↵ects the signatures of the FMFs and
propose thermodynamical observables which detect the topological phase transitions. Through
the analysis of the dynamics of the covariance matrix in third quantization[2], we show that the
derivative of the heat current and the normalized power spectrum of the spin density profile are
robust quantities for the measurement of the presence of FMF’s.

[1] M. Thakurathi, A. A. Patel, D. Sen, A. Dutta, Phys. Rev. B 88, 155133 (2013).
[2] T. Prosen, E. Ilievski, Phys. Rev. Lett. 107, 060403 (2011).
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Many-body open quantum systems have attracted increasing attention in recent years. From
a theoretical point of view, these systems call for new e↵ective methods for the simulation of
the dynamics and of the nonequilibrium steady state (NESS).
In this contribution, we will discuss our recent progress in the development of a projector
Monte Carlo approach to stochastically sample the time evolution of the density matrix as
dictated by the Liouville-von-Neumann equation towards the NESS.
For closed, Hamiltonian systems, various quantum Monte Carlo approaches have been the
election tool to stochas- tically sample system properties, both at zero and finite temperature.
Modeling the ground state properties at zero temperature in particular, is made possible by
stochastically sampling the time evolution of the imaginary-time Schrdinger equation, with
a class of methods generally known as projector Monte Carlo [1]. The Liouvillian dynamics
towards the steady state shares with the imaginary-time Schrdinger equation the fact that, in
the long-time limit, the eigenstate with the smallest-real-part-eigenvalue will dominate. In the
Liouvillian case, this corresponds to the NESS. It is therefore natural to attempt an extension
of projector Monte Carlo techniques to the simulation of the NESS properties. However, the
complex-valued density matrix follows an oscillatory dynamics which may easily result in the
well known sign problem a↵ecting most Monte Carlo algorithms. Recently, a new projector
Monte Carlo approach called Full Configuration Interaction Quantum Monte Carlo (FCIQMC)
has been developed for quantum chemistry simulations, and was found to alleviate significantly
the sign problem [2]. We present a proof of principle of the possibility to apply FCIQMC to
the real-time evolution of the Liouville-von-Neumann equation towards the NESS. We study in
particular the properties of the NESS of simple nonlinear arrays, where the FCIQMC results
can be compared with exact numerical results obtained using quantum trajectories, and assess
the accuracy and extent of the method. FCIQMC holds promise as a computationally e↵ective
tool to address open quantum system independently of their dimensionality.

[1] C. J. Umrigar, J. CHem. Phys. 143, 164105 (2015).
[2] G. H. Booth, et al., J. Chem. Phys. 131, 054106 (2009); F. R. Petruzielo, et al., Phys. Rev. Lett.
109, 230201 (2012); J. S. Spencer, et al., J. Chem. Phys. 136, 054110 (2012).
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Photon Bose-Einstein condensates: near-equilibrium photon fluids
Robert Nyman⇤
Quantum Optics and Laser Science group, Physics Department,
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Bose-Einstein condensation (BEC) is a universal phenomenon which occurs when a system of identical bosons at
thermal equilibrium occupy the ground state in enormous numbers. By optically pumping a 1.5-micron long, dye-filled
resonator, we can reach thermal equilibrium of photons and a define a ground state. Thus, a quantum gas of light
can be achieved at the room temperature.
Thermal equilibrium is broken by the dissipation in the system, through both pumping and decay of excitations. I
will present observations of two circumstances in the crossover from equilibrium to non-equilibrium. First, inhomogeneous pumping, where failure to reach equilibrium shows up in the spatial distribution of light [1]. Secondly, increasing
the number of excitations creates an unusual multimode condensate, as witnessed by the first-order spatio-temporal
correlation function, g (1) (t t0 , r, r0 ), measured by interferometry [2]. I will also describe a microscopic quantumoptic model of the thermalisation and condensation process that produces photon BEC [3]. The model explains the
multimode condensation, and predicts a very rich non-equilibrium phase diagram.
I will also present momentum-resolved spectra, which demonstrate that both the photon-photon and photonmolecule interactions are very weak, i.e. the particles undergoing thermalisation and condensation are photons and
not polaritons [4].

FIG. 1. Top: experimental setup for demonstrating Bose-Einstein condensation of photons. The mirrors are separated by about
1.5 µm. Lower left: the intracavity spectrum, which is compatible with a Bose-Einstein distribution at room temperature,
showing macroscopic occupation of the ground state for sufficient pump power. Lower right: a real-colour image.
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Gate tunable Magneto-Plasmon ultrastrongly coupled to LC cavity:
Towards Quantum Hall Transport in the ultra strong coupling regime
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Subwavelength cavity photon resonators on two dimensional electron gases (2DEGs) have
been shown to be a highly flexible platform to study ultra-strong light-matter interaction physics
in the THz.[1] In this work, we introduce a confinement of the 2DEG in one direction. This
results in a (magneto-)plasmon excitation that also couples to the cavity. Its dispersion [2]
2
2
2
2
2
⇤
is described by !M
P = !p + !c where !p = (ns e )/(2m ✏0 ✏)⇡/W and has been measured in
transmission with THz-TDS shown in Figure 1a). The 2DEG stripe is placed into the nearfield of the
p resonator (see Figure 1b), which produces large vacuum electric field fluctuations
Evac = (h̄!c )/(2✏Vcav ) ⇡ 50V /m polarized across the width of the 2DEG stripe. A 2 nm
chromium gate allows to tune the electron density and hence !p (data not shown).
This system shows three very different regimes. Figure 1c) shows the
regime !p ⇡ !cav , where the collective plasmon resonance ultra-strongly
couples with the subwavelength cavity.
Note, the magneto-plasmon polaritons
exist already at zero magnetic field and
show a splitting of approximately 150
GHz, which corresponds to a light matter coupling ratio of ⌦/!cav = 15%.
Furthermore, both polaritons have a
non-zero frequency at zero magnetic
field, which is not the case for cyclotron
polaritons [3].
a) Measured magneto-plasmon dispersion
The second interesting regime is
in a THz-TDS. b) Sketch of etched GaAs
!
p > !cav , shown in the measurement
2DEG stripe cross section in a subin Figure 1c. Here, the cavity couples
wavelength cavity producing strong vacagain to the single-particle cyclotron
uum fluctuations. c) Magneto-Plasmontransition, but seems to have strongly
Polarition dispersion with !p ⇡ !cav
reduced oscillator strength, so that the
d) Cavity coupled to cyclotron transition,
strong coupling regime is not reached
with !p > !cav
here. This is clearly di↵erent to the
third and well known regime !cav <<
!p where normalized light-matter coupling ratios ⌦/!cav of nearly 100% have been observed for
cyclotron-polaritons [4].
Outlook: The new geometry of the sample allows to place a Hall bar entirely into the cavity.
In this case, electrons at the Fermi energy contributing to Quantum Hall transport are at the
same time ultra strongly coupled to the cavity.

[1] G. Scalari, C. Maissen, D. Turcinkova, D. Hagenmller, S. De Liberato, C. Ciuti, C. Reichl, D. Schuh,
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Non-equilibrium condensation of exciton-polaritons with giant Zeeman
splitting in semiconductor microcavities
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Despite the many interesting phenomena predicted theoretically [1] like resonant Faraday rotation, Meissner e↵ect or spin superfluidity, the experimental investigations of the
magneto-optical properties of cavity polaritons were so far limited to the studies on GaAsbased microcavities where the Zeeman splitting of exciton-polariton is of the order of polariton
linewidth. Semimagnetic semiconductors o↵er the opportunity to enhance magneto-optical
e↵ects via the exchange interaction between the d-shell electrons of a magnetic ion and the
s-shell electrons and p-shell holes of the bands of the host material. This s, p d exchange
interaction leads to enhanced magneto-optical e↵ects like giant Faraday rotation and giant
Zeeman splitting [2,3]. Our approach to semimagnetic cavity polaritons is based on redesigned
structures where magnetic ions are inserted only in the quantum wells, while cavity and distributed Bragg reflectors are made of non-magnetic materials [4] (Fig. 1a). We show that
the giant Zeeman e↵ect of polaritons results only from the strong coupling of cavity photons with semimagnetic excitons confined in CdTe quantum wells containing manganese ions.
These results pave the way to
the study of polariton spinor condensates with enhanced magnetic
properties. Under strong excitation we observe a non-linear transition to a non-equilibrium polariton condensate (Fig. 1b). We
demonstrate that the condensation threshold strongly depends
FIG. 1. a) Concept of semimagnetic cavity polaritons
on magnetic field. Moreover, the
and the structure of the sample. b) Set of angle resolved
onset of the condensation can be
photoluminescence maps for increasing excitation power
changed by the external magnetic
demonstrating non-equilibrium exciton-polariton condensafield with increasing magnetic
tion with increasing polariton density.
field the emission from the condensate can be switched on and o↵. Magnetic field introduces the imbalance between spin-up
and spin-down polariton densities by tending to align the spins. Therefore, it is an important parameter that allows tuning the interactions between polaritons and influences critical conditions
for polariton condensation. This is particularly revealed by the polarization properties of the
condensate, which are also strongly a↵ected by magnetic field. At zero magnetic field we observe
linearly polarized condensate. As magnetic field increase the condensate becomes elliptically
polarized and its energy is close to the dominant + circular polarization. Our results open
now a wide possibility to experimentally study the magnetic interactions in exciton-polariton
non-equilibrium condensates.

[1] A. V. Kavokin in Exciton Polaritons in Microcavities edited by D. Sanvitto and V. Timofeev,
Springer Series in Solid-State Sciences (2012) [2] J. A. Gaj, R. Planel, G. Fishman, Solid State
Commun. 29, 435 (1979). [3] R. Mirek et al., arXiv:1609.00405 (2016). [4] J.-G. Rousset et al., Appl.
Phys. Lett. 107, 201109 (2015).
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Exciton-polaritons, microcavity half-matter half-light quasi-particles, when resonantly driven
exhibit a superfluid regime. Accordingly, topological excitations similar to those predicted in
equilibrium superfluids may spontaneously appear [1–4]. However, the non-equilibrium nature
of polaritons requires the system to be continuously pumped in order to compensate for losses.
This driving plays a key role in the formation and dynamics of such topological excitations.
Excited through a resonant pumping, the coherent field driving the system imposes a phase on
the polariton fluid which inhibits the formation of vortices or solitons [1]. This unique feature
of coherently driven polariton superfluids has been used to trap vortices. To that purpose
an engineered pumping profile, alternating between spatial driven and non driven regions was
proposed and successfully implemented [1, 2].
Based on this same idea of spatially engineered pumping profils, many works done lately
focused spontaneous formation of vortices in polariton superfluids. For practical experimental
reasons, such as high speeds, small propagation length and a short lifetimes, the hydrodynamics
of these vortices propagating were largely ignored.
I will present a recent investigation of an optical method allowing us to overcome these
difficulties, together with giving the unique opportunity to directly control and manipulate the
properties of the vortices. The general idea is to sustain the superfluid polariton flow, something
which generally does not last long outside the excitation region, with a secondary supporting
excitation of low intensity. This way the flow may propagate over a much longer distance. The
vortices formed in the superfluid are still permitted due to the weakness of the support pump.
This allows their propagation along large distances and the observation of their hydrodynamic
behaviour. However, the secondary coherent driving acting as a support, allows for some other
rich and unique features. At the same time as increasing the propagation length, the same
support driving gives direct control over the vortex-antivortex pair properties, o↵ering a unique
opportunity to manipulate vortex locally and accurately.
The new approach proposed allows for the observation of hydrodynamic behaviour of superfluid vortices, and initiates a new step regarding the control of such fundamental entities, thus
paving the way toward their practical use.

[1] S. Pigeon, I. Carusotto and C. Ciuti, “Hydrodynamic nucleation of vortices and solitons in a resonantly excited polariton superfluid,” Phys. Rev. B, Vol. 83, No. 14, 1–6, 2010.
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Houdré, E. Giacobino, C. Ciuti and A. Bramati, “Polariton superfluids reveal quantum hydrodynamic
solitons,” Science Vol. 332, No. 6034, 1167–1170, 2011.
[3] G. Nardin, G. Grosso, Y. Léger, B. Piȩtka, F. Morier-Genoud and B. Deveaud-Pldran, Benot “Hydrodynamic nucleation of quantized vortex pairs in a polariton quantum fluid,” Nat. Phys. Vol. 7,
No. 8, 635–641, 2011.
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Optical studies of a two-dimensional electron system in a cavity
Quantum Hall polaritons
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Light-matter interaction has played a central role in understanding and engineering new
states of matter. Reversible coupling of excitons and photons enabled groundbreaking results in
condensation and superfluidity of nonequilibrium quasiparticles with a photonic component. In
this work, we combine the physics of correlated many-body states in a two-dimensional electron
system with the methods of cavity quantum electrodynamics. By coupling the cavity photon
of an AlGaAs based DBR micro-cavity structure to optical inter-band excitations of a 20 nm
GaAs quantum well we observe the emergence of novel many-body polariton modes [1]. In
the presence of a magnetic field, polaritons show distinct signatures of integer and fractional
quantum Hall ground states. We use the strong coupling of the cavity mode to bound trion
states of inter-Landau level transitions to perform the spectroscopy of many-body correlated
states in the quantum Hall regime. These quantum Hall polaritons provide a direct way to
study the spin-polarization of quantum Hall states by measuring the polarization dependent
normal-mode splitting. Our technique is also well suited to study the compressibility of the
electron system and constitutes a powerful method to complement transport spectroscopy with
the advantages of a minimally invasive local probe.

[1] S. Smolka, W. Wuester, F. Haupt, S. Faelt, W. Wegscheider, A. Imamoglu, Science 346, 332 (2014).

Termination-dependent helical edge states in strained photonic graphene
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We investigate the helically propagating edge states associated to pseudo-Landau levels in
strained photonic artificial graphene. A spatial inhomogeneous strain in a honeycomb lattice
can be described as a synthetic valley-dependent psuedo-magnetic field and the low energy
modes are relativistic pseudo-Landau levels [1, 2]. In two-dimensional systems with a real
magnetic field, the edge states are chirally propagating around the system, regardless of the
particular type of edge termination [3]. On the contrary, the strained honeycomb system have
helically propagating edge states, whose existence strongly depends on the type of termination.
A pioneering work by Ghaemi et al. [4], has shown that there is no propagating edge state in
the armchair termination of strained graphene, revealing the importance of the edge shape in
understanding the existence of propagating edge states.
We show that the existence of the helical edge states in strained honeycomb lattices strongly
depends on the type of strain as well as on the type of edge termination. We derive a general
criterion for the existence of propagating edge states and we verify our criterion by using numerical simulations on both linearly and trigonally strained honeycomb lattices. Our numerical
results, obtained from the steady-state solution of an intrinsically driven-dissipative photonic
system, show that the propagation of the helical edge states can be controlled by engineering the
shape of the edge. This e↵ect can be used to built a valley-filter for artificial photonic, optomechanical or phononic graphene. Our results have a significant implication in phonon-tronics and
valley-tronics, opening an avenue towards the precise control of edge current.

FIG. 1. Spatial amplitudes in the steady-state regime showing the propagation of the edge state in the
trigonally-strained hexagonally shaped lattice. Edge are labelled by Z and B to indicate if they are respectively zigzag or bearded terminations. The pumped site is indicated by the arrow. In panel (a), all edges
support helically propagating edge states. In panel (b), the bottom right edge is changed form a zigzag to
bearded and the propagation of the edge state is clearly blocked on that end.
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Bose-Einstein condensates of massive particles constitute powerful samples for fundamental
studies with potential applications in quantum technologies. At lower dimensions, qualitative
di↵erent phenomena can be at work, with the celebrated Berenzinksy-Kosterlitz-Thouless transition for the appearance of long range phase coherence. The non linear Schrödinger equation
used to describe many aspects of the dynamics of quantum fluids in two dimensions is known
to be valid not only for massive particles, but also for the propagation of light in a nonlinear
medium. This equivalence is at the origin of the expected condensation of classical waves [1].
Here we present an experiment oba
b
c
serving the evolution of a initially thermal momentum distribution (a speckle
field) propagating through atomic vapor, where we exploit atomic resod
e
f
nances for obtaining an efficient nonlinear medium. Counterintuitively, it is
thermodynamically favorable for such a
wave to form a quasi-planar wave, with
I/I
I/I
I/I
most of the energy in the zero transNear
Field
Speckle
images:
(a)-(c)
near
field
verse momentum and with high moimages for interaction distances of 0, 2 and 9
mentum tails to secure energy conserva⇡; (d)-(f): corresponding intensity histograms,
tion. Our analysis on near field statisshowing the emergence of a non zero value for
tics (see figure) reveals a ‘precondenthe maximum of P (I) and the corresponding fits
sate’ fraction of up to 80%, even though
allowing to extract the precondenstion fraction
full thermalization would require more
n0 : (d) n0 = 0, (e) n0 = 0.5, (f) n0 = 0.7.
interaction time than available in our
experiment. In contrast to [2] for nonlinear propagation distances available in our experiment the far field signal is only a↵ected
marginally.
We note that our experiment is an analogue of studies performed in Bose-Einstein condensates after a sudden quench below the critical temperature (in 3D) or crossing the BKT
transition in 2D, and as such facilitates exploration of the Kibble-Zurek mechanism and other
novel regimes of two dimensional nonlinear wave equations.
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Several theoretical works [1-2] suggest that polariton-polariton interactions can be a source
of non-classical photon correlations, producing photon pairs that are entangled in either the
energy, the polarization, or the momentum degree of freedom. One appeal of such a system is that many parameters such as the polariton-polariton interaction strength are tunable
[3] and multipartite entangled states can be created in a single device [4]. However, due to
the lack of high-quality samples, experimental realisations of these schemes are still missing.

Correlations

In this contribution, we will dis1.9
cuss some of our experimental work on
1.8
polariton-polariton parametric scatter1.7
ing, where polaritons can scatter via
1.6
a four-wave mixing process into signal
1.5
and idler states lying on an 8-shaped
1.4
curve in k-space, where phase-matching
1.3
is fulfilled. We make use of a sample
1.2
with ultra low photonic and excitonic
1.1
disorder, which allows for the genera1
tion and detection of correlated light.
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We present our measurements of the
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second order correlation functions using
Second-order auto- and cross-correlation
time-correlated photon counting and
functions for di↵erent excitation powers
utilising the flexible excitation scheme
including the matched model.
developed in our group. We discuss in
detail, how polariton quantum correlations depend on a number of experimental parameters, such as phase space location and excitation density and discuss the results in the framework of a Bogoliubov theory for polaritons [5].
We find bunching below the parametric threshold and a slow buildup of coherence above the
threshold similar to the quantum statistics of a non-degenerate optical parametric oscillator,
which is well known for its nonclassical properties [6].
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We have recently achieved Bose-Einstein Condensation of photons. As with all current BoseEinstein Condensates of light[1], we use a dye-filled microcavity. Such dye-filled microcavities are
attractive for their technical simplicity and because they produce condensates of bare photons.
In the semiconductor community, the chosen road towards BEC makes use of exciton-polaritons.
The use of semiconductor materials o↵er these condensates control over the e↵ective interaction
strength as well as a means of ultrafast control. To get the best of both worlds we work towards
obtaining BEC of bare photons in a semiconductor. Using semiconductors also has the benefit
that since the absorption coefficients of the medium are higher, requirements on the reflectivity
of the mirrors are less stringent, making future applications more feasible. We therefore grow
a thin layer of semiconductor material on one of the cavity mirrors. We will present the results
of this growth procedure as well as the optical properties of the system.
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We present a diagrammatic method to systematically derive the multi-photon scattering from
independent as well as from arrays of correlated quantum emitters[1]. The system is assumed
to be coupled locally to input and output photonic waveguides and is probed by sending in
multipartite-Fock states (fig. 1). Within the Green’s function approach of the S-matrix[2], we
develop a diagrammatic method to aid in calculating the scattering amplitudes analytically
while at the same time visualising all the possible processes (fig. 2). Our method helps to
reduce the significant e↵ort in finding in general the nonlinear response of a many-body bosonic
system. We demonstrate our proposal through physical relevant examples involving multi-Fock
state scattering from single two-level emitters, two collocated emitters and a array of coupled
Kerr nonlinear resonators in the Bose-Hubbard regime (fig. 2).

FIG. 1. Two photonic waveguides coupled to a local region with a many-body Hamiltonian, Hsys ,
described by the operators a1 , . . . , aN . The left and right waveguides coupled via a1 and aN respectively.

FIG. 2. Diagrams visualising the relevant terms of a) 2-point Green’s function of a single-photon scattering event and b) 4-point Green’s function for a two-photon scattering event. For the second case, the
analytical expression for the Green’s function is also shown for illustration. On the right is the resonances
of the 4-point Green’s function for a 1D array of correlated nonlinear scatterers in the Bose-Hubbard
regime. We assume 10 resonators and a nonlinearity U = 10.

[1] T. F. See, C. Noh and D. G. Angelakis, (2016), [Work in progress.]
[2] S. Xu and S. Fan, Phys. Rev. A 91, 043845 (2015).
[3] C. Noh and D. G. Angelakis, (2016), arXiv:1604.04433 [quant-ph].

Superfluorescence in presence of strong dephasing in solid state systems
N. Shammah1, 2 and S. De Liberato1
1

School of Physics and Astronomy, University of Southampton,
Southampton SO17 1BJ, United Kingdom
2
CEMS, RIKEN, Wako-shi, Saitama 351-0198, Japan

We study superfluorescence – the cooperative light emission from a collection of initially
inverted N two-level systems (TLSs) [1] – in presence of strong dephasing, a detrimental yet
unavoidable experimental condition in solid-state implementations [2]. By finding a closed set
of only three coupled equations for the generalized superradiant master equation we are able to
study the dynamics of the open quantum system beyond the usual semiclassical approximation
for N
2. In relation to solid-state systems – such as intersubband transitions [3] in quantum
wells or superconducting flux qubits [4]– our results show that superfluorescent bursts could be
observed within current technological limitations [5].
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Top: emission scheme for N = 2 TLSs;
the singlet-triplet states Dicke states |j, mi
are connected with spontaneous emission
rate , dephasing D , and non-radiative
emission nr . Bottom: In the phase space
of N = 103 TLSs given by the cooperativity j and energy m, the color plot shows
the intensity of photonic emission sr .

Exciton-polaritons in a strong terahertz field - doubly dressed bosons
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The research on light-matter interaction in the strong coupling regime, when quantum light emitter
and photons can coherently exchange energy, before the coherence is lost, is one of the fundamental
problems in cavity quantum electrodynamics (QED). This problem was widely adopted in an atomcavity system, described within renowned Jaynes-Cummings model and even beyond this limit, in the
ultra-strong coupling regime. But the ultra-strong coupling limit is diﬃcult to explore as it requires the
condition where the atom - cavity coupling rate reaches a significant fraction of the cavity transition
frequency, which is diﬃcult to realize experimentally. In our work we demonstrate a new system, based
on exciton-polaritons, quasiparticles born from the strong coupling of excitons in a semiconductor to
the light field in the cavity. These quantum light emitters do not show a fermion-like statistics, but are
truly designed bosons that can exhibit non-equilibrium Bose-Einstein phase transition. We study the
phenomenon of double dressing: an exciton coupled to two photonic fields from distinct energy ranges:
near-infrared (NIR) and THz, which bears no direct analogy in atomic physics. The coupling to NIR field
is a cavity coupling described by vacuum Rabi oscillations. Coupling to THz field is a coupling to a strong
coherent free field and the coupling strength is approaching the ultra-strong coupling regime. Such a
double dressed bosonic quasiparticle is a new phenomenon, where the open dissipative system competes
with strong coherence. This allows for the explorations of novel coherent phenomena in cavity-QED
based on solid-state systems.

Transmission spectra (at normal incidence) of semiconductor microcavity revealing dressed polaritons
and approaching to ultra-strong coupling regime. At weak perturbation (large time delays) the
transmission spectra reveals unperturbed LP and UP states. As THz intensity increases (towards zero
time delay), a red-shift of the LP and a blue-shift of the UP are observed and the additional MP line
is visible. The THz induced opacity of the sample is revealed by the loss of the overall intensity of the
transmitted signal due to the exciton ionisation eﬀects. a) experimental results, b) theoretical model.

The THz photon couples 1s and 2p exciton states and contributes to the additional mixing of polariton
modes. Upon intense THz field, resonant with 1s-2p excitonic transitions, we observe the appearance of
a third dressed polariton mode (middle polariton (MP) Fig. 1). The energy of the third mode strongly
depends on the detuning of the THz photon from the 1s-2p resonance and the detuning between the
1s exciton and the cavity photon. The appearance of the third dressed mode is accompanied with the
energy shift of the upper (UP) and lower (LP) initial states in opposite directions (red shift for LP
and blue shift for UP). The shift is modified by the dynamical Franz-Keldysh eﬀect. Upon extremely
strong THz field we observe exciton ionization eﬀects. Our observations are confirmed by a detailed
theoretical analysis treating quantum mechanically all three bosonic fields. Our theory demonstrates
the unique nature of coupling in this system and reveals the structure of the quantum states. The
doubly dressed quasiparticles retain the bosonic nature of their constituents, but their internal quantum
structure strongly depends on the intensity of the applied terahertz field.
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The Bogoliubov method provides an approximate solution to a quantum system with sufficiently small interactions
and large density. It consists of assuming a strongly occupied condensate mode plus a small depletion of noninteracting
quantum fluctuations with Gaussian statistics. In a closed system the guarantee of a thermal equilibrium motivates
one to put forward a Boltzmann-Gibbs distribution for the quasiparticles, regardless of the exact underlying kinetics.
However, for an open system there is no such postulate and the actual distribution can be much more sensitive to the
specific dynamics of the quantum fluctuations.
We will show that various third-order scattering processes, which are neglected in the Bogoliubov approximation,
cannot simply be omitted from the dynamics of an open system. An excitation can scatter with a condensate particle
to leave two other excitations or two excitations can scatter into a condensate particle and a new excitation. At
equilibrium these processes go under the name of Beliaev and Landau scattering respectively, but here they can only
take place in a system with 2 or more spatial dimensions. We will show that, in a driven-dissipative context, energy
and momentum conserving Beliaev-Landau channels are also possible in 1D, thanks to the presence of a spectral gap
when the drive is below resonance.
First of all we will outline how the truncated Wigner approach, when naively applied, dramatically overestimates
the e↵ects of Beliaev-Landau scattering. Instead, we will present a consistent method, based on the construction of a
hierarchy of correlations, to provide a viable way for evaluating the expected corrections beyond Bogoliubov. Furthermore we will propose some clear experimental signatures of Beliaev-Landau physics in state-of-the-art coupled-cavity
and microcavity exciton-polariton experiments. Most notably, the occupation numbers of the quantum fluctuations, as
they are found in the Bogoliubov approximation, will be redistributed as a consequence of spontaneous Beliaev-Landau
scattering, even for relatively weak nonlinearities.
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The two-dimensional Lieb lattice is at the forefront of research owing to its rich ferromagnetic
and topological properties, and it is found in nature in the CuO2 planes of high-Tc superconductors. Famously, it features a flat dispersionless band, which is a signature of geometrically
frustrated Hamiltonians and leads to localized eigenstates. The absence of kinetic energy increases the role played by interactions and disorder, which can lead to exotic localization e↵ects.
One platform which has recently emerged as an attractive candidate for engineering Bose
Hubbard Hamiltonians is that of polariton gases confined in lattice potentials. Strong nonlinearity from the exciton and a small e↵ective mass from the photon allows nonequilibrium
Bose-Einstein condensation at elevated temperatures, and the spatial, spectral and pseudospin
properties of the Bloch wave functions are directly accessible due to the finite cavity lifetime.
The ability to direct and control the flow of polariton gases using periodic potentials and the
large nonlinearity o↵ers exciting possibilities for integrated optoelectronic applications.
We study a 2D Lieb lattice of coupled micropillars (of 3 µm diameter) fabricated through
electron beam lithography and plasma dry etching of a GaAs-based microcavity with 3 InGaAs
quantum wells. We excite the system quasi-resonantly to load polaritons into the periodic
potential, observing condensation in three separate modes of the lattice flat bands formed
from S and P photonic orbitals and the maxima of the S orbital anti-bonding (AB) band.
Above threshold the localized eigenstates of the flat bands are renormalized due to disorder and
interactions leading to enhanced spectral variations, not seen in the AB band. An increase in
the degree of polarization reveals spin textures. At higher powers a transition to conventional
photon lasing is observed in the AB and S flat band modes.

FIG. 1: Top row: SEM image of Lieb lattice (left), single-particle spectrum (middle) and
multi-mode condensation (right). Bottom row: Real space images of S flat band (left), AB
band (middle) and P flat band (right) condensates.

Collective phases of strongly interacting cavity photons
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We study a coupled array of coherently driven photonic cavities, which maps onto a drivendissipative XY spin- 12 model with ferromagnetic couplings in the limit of strong optical nonlinearities. Using a site-decoupled mean-field approximation, we identify steady state phases with
canted antiferromagnetic order, in addition to limit cycle phases, where oscillatory dynamics
persist indefinitely. We also identify collective bistable phases, where the system supports two
steady states among spatially uniform, antiferromagnetic, and limit cycle phases. We compare
these mean-field results to exact quantum trajectories simulations for finite one-dimensional
arrays. The exact results exhibit short-range antiferromagnetic order for parameters that have
significant overlap with the mean-field phase diagram. In the mean-field bistable regime, the
exact quantum dynamics exhibits real-time collective switching between macroscopically distinguishable states. We present a clear physical picture for this dynamics, and establish a simple
relationship between the switching times and properties of the quantum Liouvillian [1].
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Driven-dissipative systems in two dimensions can di↵er substantially from their equilibrium
counterparts. In particular, a dramatic loss of the o↵-diagonal algebraic order and superfluidity
has been predicted to occur due to the interplay between coherent dynamics and external drive
and dissipation in the thermodynamic limit [1].
We show here that the order which can be
adopted
is, remarkably, not an intrinsic propDisordered
Anisotropic
erty of the system alone but it can in fact
Phase
be decided by the parameters of the driving
process, easily tuned in an experiment. By
considering the long-wavelength phase dynamics of a polariton quantum fluid in the opDisordered
tical parametric oscillator regime, we demonIsotropic
Phase
strate that simply tuning the strength of the
pumping mechanism in appropriate parameter
regimes can substantially change the level of
e↵ective spatial anisotropy, and drive the system into distinct scaling regimes. These inAlgebraic
clude: (i) the classic algebraically ordered superOrder
fluid below the Berezinskii-Kosterlitz-Thouless
(BKT) transition, as in equilibrium; (ii) the nonequilibrium, long-wave-length fluctuation domCrossover between non-equilibrium ( 0 >
inated Kardar-Parisi-Zhang (KPZ) phase; and
0) and equilibrium-like ( 0 < 0) univerthe two associated topological defects dominated
sality classes for stable three-mode ansatz
disorder phases caused by proliferation of (iii)
for coherently pumped polaritons with difentropic BKT vortex-antivortex pairs or (iv) referent detunings ( CX ) in the 0
0
pelling vortices in the KPZ phase (see Figure).
space, where 0 and 0 are the rescaled
Further, by analysing the RG flow in a finite
anisotropy and noise respectively. The arsystem, we examine the length scales associated
rows indicate the direction of increasing
with these phases, and assess their observability
the external drive strength.
in current experimental conditions. Thus, our
findings highlight the importance of the details
of the driving mechanism in establishing the relevant order, applicable to a wide range of collective light-matter systems, and shine a new light on the ongoing debate about the nature of
the polariton ordered phase in semiconductor microcavities.
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