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Dipolar dark solitons
Krzysztof Pawªowski1 and Kazimierz Rz¡»ewski1∗
Center for Theoreti al Physi s, Polish A ademy of S ien es, al. Lotników 32/46, 02-668 Warsaw, Poland

We numeri ally generate, and then study the basi properties of dark soliton-like ex itations in a dipolar gas
onned in a quasi one dimensional trap. These ex itations, although very similar to dark solitons in a gas with
onta t intera tion, intera t with ea h other and an form bound states. During ollisions these dipolar solitons
emit phonons, loosing energy, but a elerating. Even after thousands of subsequent ollisions they survive as grey
solitons and nally rea h dynami al equilibrium with ba kground quasiparti les. Finally, in the frame of lassi al eld
approximation, we veried, that these solitons appear spontaneously in thermal samples, analogously to the type II
ex itations in a gas of atoms with onta t intera tion.
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Engineered dissipation in interacting systems of cold atoms
Andrew Daley1
1

Department of Physics and Scottish Universities Physics Alliance University of Strathclyde, Glasgow G4 0NG, Scotland, UK

Developments in experiments with ultracold atoms have opened new opportunities for exploring open quantum
systems in a way that draws strong connections between many-body physics and concepts from quantum optics. In
these systems, dissipation arises naturally in the form of light scattering and particle losses, but can also be directly
engineered, e.g., by adding additional species to the experiment which act as a reservoir. This makes it possible both
to explore novel phenomena, and also to ﬁnd new ways of preparing interesting many-particle states. I will discuss
some of our recent theoretical work in this direction, including (i) how engineered dissipation or particle losses can be
combined with Pauli statistics to drive a system into entangled spin states, and (ii) how cascaded quantum networks
can be realised by using spin-orbit coupling in a reservoir gas.
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Cascade of Solitonic Excitations in a Superfluid Fermi Gas
Tarik Yefsah1
1

MIT-Harvard Center for Ultracold Atoms, Research Laboratory of Electronics,
and Department of Physics, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA

We study strongly-interacting Fermi superﬂuids of Lithium 6 atoms out of thermodynamic equilibrium in the
presence of solitonic excitations [1]. In these experiments, the system is prepared in an excited state where the phase
of the superﬂuid order parameter is strongly, but locally, disturbed. We observe a cascade of solitonic excitations,
where an initially created planar dark soliton is observed to decay into a ring defect, which in turn converts into a
single quantized vortex line. In this work, we were able to trace in real time the complex dynamics of the initially
created planar soliton, from the snaking of its nodal plane, to its puncturing and its ﬁnal conversion into a quantized
vortex line. Our measurements represent the dynamics that occurs at the length scale of the inter-particle spacing,
where the hydrodynamic theory does not hold anymore. These measurements set a novel experimental input for
microscopic theories of strongly correlated Fermions.

[1] M. Ku, B. Mukherjee, T. Yefsah and M. Zwierlein From Planar Solitons to Vortex Rings and Lines: Cascade of Solitonic
Excitations in a Superfluid Fermi Gas, arXiv 1507.01047

ORAL SESSIONS

Finite-Temperature Non-Equilibrium
September 14-18, 2015, Sopot, Poland
Superfluid Systems

Topological relics of symmetry breaking: Winding numbers and scaling tilts from
random vortex-antivortex pairs
Wojciech H. Zurek1
1

Theory Division, Los Alamos National Laboratory, Los Alamos, NM, 87545, USA

I show [1] that random distributions of vortex-antivortex pairs (rather than of individual vortices) lead to scaling
of typical winding numbers W trapped inside a loop of circumference C with the square root of C when the expected
winding numbers are large. Such scaling is consistent with the Kibble-Zurek mechanism (KZM). By contrast, distribution of individual vortices with randomly assigned topological charges would result in the dispersion of W scaling
with the square root of the area inside C. Scaling of the dispersion of W and of the probability of detection of non-zero
W with C can be also studied for loops so small that non-zero windings are rare. In this case I show a doubling of the
scaling of dispersion with C when compared to the scaling of dispersion in the large W regime. Moreover, probability
of trapping of a non-zero W becomes, in this case, proportional to the area subtended by C (hence, to the square of
circumference). This quadruples, as compared with large winding numbers regime, the exponent in the power law
dependence of the frequency of trapping of W=+1 or W=-1 on C. Such change of the power law exponent is of key
importance for experimental tests of KZM [2].

[1] W. H. Zurek, J. Phys.: Cond. Matter 25, 404209 (2013), arXiv:1305.4695
[2] Shi-Zeng Lin et al., Nature Physics 10 (12) Pages: 970-977 (2014), arXiv:1506.05021
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Quantum Kibble-Zurek mechanism
Jacek Dziarmaga1
1

Marian Smoluchowski Institute of Physics, Jagiellonian University,
prof. S. Lojasiewicza 11, PL-30348 Krakw, Poland

The K-Z mechanism predicts characteristic time- and a length-scales that depend on the quench time. In the
adiabatic limit both scales diverge becoming the only relevant scales in the long-wavelength and low-frequency limit.
This motivates a scaling hypothesis analogous to the one familiar from static critical phenomena. We support the
hypothesis by an exact solution of the quantum Ising chain and brute force DMRG simulations of the 1D Bose-Hubbard
model.
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Nonequilibrium quantum dynamics of ultracold bosonic ensembles via MCTDHB and
ML-MCTDHB: Correlation Transfer in Collisionally Coupled Bosonic Systems and
Many-Body Processes in Dark Solitons
Peter Schmelcher1 ,∗ Sven Krönke1, and Johannes Knörzer1
1

Zentrum für Optische Quantentechnologien
Universität Hamburg
Luruper Chaussee 149
22761 Hamburg, Germany

We explore the correlated nonequilibrium quantum dynamics of ultracold bosonic ensembles using the recently
developed Multi-Layer Multi-Conﬁguration Time-Dependent Hartree Method for Bosons [1, 2]. Two major example
cases are investigated.
Firstly we investigate the correlated quantum dynamics of a single atom, regarded as an open system, with a spatiotemporally localized coupling to a ﬁnite bosonic environment. The single atom, initially prepared in a coherent state of
low energy, oscillates in a one-dimensional harmonic trap and thereby periodically penetrates an interacting ensemble
of bosons. We show that the inter-species energy transfer accelerates with increasing particle number and becomes
less complete at the same time. System-environment correlations prove to be signiﬁcant except for times when the
excess energy distribution among the subsystems is highly imbalanced. These correlations result in incoherent energy
transfer processes, which accelerate the early energy donation of the single atom and stochastically favour certain
energy transfer channels depending on the instantaneous direction of transfer. Concerning the subsystem states, the
energy transfer is mediated by non-coherent states of the single atom and manifests itself in singlet and doublet
excitations in the ﬁnite bosonic environment.
Secondly we perform a comparative beyond mean-ﬁeld study of black and grey solitonic excitations in a ﬁnite
ensemble of ultracold bosons conﬁned to a one-dimensional box. An optimized density-engineering potential is developed and employed together with phase-imprinting to cleanly initialize grey solitons. We demonstrate that quantum
ﬂuctuations limit the lifetime of the soliton contrast, which increases with increasing soliton velocity. A natural orbital
analysis reveals a two-stage process underlying the decay of the soliton contrast. The broken parity symmetry of grey
solitons results in a local asymmetry of the orbital mainly responsible for the decay, which leads to a characteristic
asymmetry of remarkably localized two-body correlations. The emergence and decay of these correlations as well as
their displacement from the instantaneous soliton position are analysed in detail. Finally, the role of phase-imprinting
for the many-body dynamics is illuminated and additional non-local correlations in pairs of counter-propagating grey
solitons are observed.

∗

[1]
[2]
[3]
[4]
[5]

pschmelc@physnet.uni-hamburg.de
L. Cao, S. Krönke, O. Vendrell and P. Schmelcher, New Journal of Physics 15, 063018 (2013)
L. Cao, S. Krönke, O. Vendrell and P. Schmelcher, Journal of Chemical Physics 139, 134103 (2013)
R. Schmitz, S. Krönke, L. Cao and P. Schmelcher, Physical Review A 88, 043601 (2013)
S. Krönke, J. Knörzer and P. Schmelcher, New Journal of Physics 17, 053001 (2015)
S. Krönke and P. Schmelcher, acc. f. publ. Physical Review A
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Exciting a Bose-Condensate: Generation of turbulence and its characteristics
V.S. Bagnato1
1

IFSC University of S. Paulo São Carlos

SP - Brazil

In this work we demonstrate nucleation of vortices in a BEC ant the evolution to turbulence during excitation
composed of extras oscillating ﬁelds added to the trap potential. As a function of the amplitude of oscillation
we observe several diﬀerent behaviors of the condensate cloud allowing the construction of a diagram for stable
structures, including turbulence and granulation. Variations of behavior during free expansion of the cloud seem to
associate a self similar expansion with the occurrence of turbulence. The energy spectrum is measured using expansion
and identiﬁcation of power like behavior is evident. Diﬀerent characterization of the sample, including correlations
measurements and others are presented. Similarities with speckle ﬁelds are discussed. Theoretical models for the
observations have been done and many of the physical insights identiﬁed. The concept of spontaneous generation of
Quantum Turbulence in BEC will be discussed.
This work has the collaboration of: E. Henn, J. A. Seman, K. Magalhaes, G. Roati ( Italy), V. Yukalov (Russia),
A. Novikov, R. Shiozaki, G. Telles, S.R. Muniz, , P.E. Tavares, A. Cedrin, A. Fritshe, M. Caracanhas, M. Tsubota,
E. Santos, R. Polisseli, C. Barenghi ( England), A. Fetter ( USA). Financial support from FAPESP and CNPq.
List of paper related to this presentation can be found at http://cepof.ifsc.usp.br publications in atomic physics.
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Periodically modulated interactions and density-dependent synthetic magnetism
Luis Santos1
1

Institut für Theoretische Physik, Leibniz Universität Hannover, 30167 Hannover, Germany

In this talk I will ﬁrst discuss some of the physics resulting from periodically modulated interactions, including
defect-free Mott insulators, holon- and doublon-superﬂuids, and under proper conditions also density-dependent
gauge ﬁelds. In the second part of the talk I will go on with the idea of density-dependent gauge ﬁelds, but using
Raman-assisted hopping. After brieﬂy discussing a possible way to do it, I will comment on the properties of 1D
systems with density-dependent gauge ﬁelds, which realized the so-called 1D anyon-Hubbard model. In the last part
of the talk I will extend the discussion to 2D lattices, commenting on the generation of density-dependent synthetic
magnetism, and its consequences for both the ground-state properties and the dynamics of atoms in optical lattices.
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Far-from-equilibrium quantum vortex dynamics
T. P. Billam∗
Joint Quantum Centre Durham–Newcastle, Physics Department,
Durham University, South Road, Durham DH1 3LE, UK

M. T. Reeves and A. S. Bradley
Jack Dodd Centre for Quantum Technology, Department of Physics,
University of Otago, Dunedin 9016, New Zealand

B. P. Anderson
College of Optical Sciences, University of Arizona, Tucson, Arizona 85721, USA

Atomic Bose-Einstein condensates provide a highly controllable system with which to realize quantum vortices
in quasi-two-dimensional (2D) geometries, and the study of superﬂuid turbulence in this reduced dimensionality —
so-called 2D quantum turbulence — is now an experimental reality. While 2D quantum vortex dynamics is closely
related to the motion of classical point vortices, vortex-phonon interactions and the ﬁnite size of vortex cores can play
a crucial role in many regimes. In this talk I will discuss two key phenomena in turbulent quantum vortex dynamics:
the emergence of negative temperature states [1], and the emergence of classical turbulent cascades [2].

∗
thomas.billam@durham.ac.uk
[1] T. P. Billam, M. T. Reeves, B. P. Anderson, and A. S. Bradley, Phys. Rev. Lett. 112, 145301 (2014).
[2] T. P. Billam, M. T. Reeves, and A. S. Bradley, Phys. Rev. A 91, 023615 (2015).
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Unconventional dynamics and the self-organization of a chiral current in dissipative
ultracold gases
C. Kollath1
1

University of Bonn, Bonn, Germany

Atomic gases cooled to Nanokelvin temperatures are a new exciting tool to study a broad range of quantum
phenomena. The outstanding tunability of cold gases allows to rapidly change the system parameters and to observe
the subsequent quantum evolution.
Also the coupling of quantum gases to environments can be engineered. I will report on recent progress on the
dynamics of quantum gases under the inﬂuence of controlled dissipative coupling. One focus will be the occurence
of critical dynamics and aging behaviour in bosonic gases coupled to light ﬁelds. Another focus will be the selforganization of a chiral current of a fermionic gas coupled to an optical cavity mode.
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Universal dynamics and non-thermal fixed points in ultracold gases
T. Gasenzer1∗
1

Kirchhoﬀ Institute for Physics Im Neuenheimer Feld 227, 69120 Heidelberg, Germany

Ultracold quantum gases provide various means to probe universal many-body dynamics far from equilibrium. Here,
I will focus on the non-linear dynamical evolution induced in an ultra cold Bose gas by a sudden initial parameter
quench. Considering one- or multi-component (spin) systems, various types of spatial and wavenumber-space patterns
emerge, being characterized by universal scaling functions associated with non-thermal ﬁxed points. Such ﬁxed points
can be observed in existing experiments and are closely related to quantum turbulence usually discussed in systems
of more than one spatial dimension. While these situations are associated with quenches to a symmetry-broken state,
quenches within the symmetric phase oﬀer a way to probe the properties of universal dynamics similar to those
near a quantum critical point in equilibrium. Scaling properties have been found which indicate the importance of
pre-thermalisation temperatures long before dephasing has occurred in the nearly gapless system. I will discuss the
theoretical results in the light of and illustrated by recent experimental measurements.

∗
t.gasenzer@uni-heidelberg.de
[1] E. Nicklas, M. Karl, M. Hfer, A. Johnson, W. Muessel, H. Strobel, J. Tomkovic, T. Gasenzer, and M. K. Oberthaler,
Observation of universality in the dynamics of a strongly quenched quantum gas, submitted.
[2] S. Mathey, T. Gasenzer, and J.M. Pawlowski, Anomalous scaling at non-thermal fixed points of Burgers and Gross-Pitaevskii
turbulence, Phys. Rev. A 92, 023635 (2015).
[3] Nonequilibrium dynamics of an ultracold spin-1 Bose gas, S. Heupts, Masters thesis, Univ. Heidelberg (2014).
[4] M. Karl, B. Nowak, and T. Gasenzer, Universal scaling at non-thermal fixed points of a two-component Bose gas, Physical
Review A 88, 063615 (2013)
[5] M. Karl, B. Nowak, and T. Gasenzer, Tuning universality far from equilibrium, Scientific Reports 3, 2394 (2013).
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Quantum dynamics with spatiotemporal control of interactions in a quantum gas
Cheng Chin1
1

James Franck Institute, Enrico Fermi Institute and Department of Physics, University of Chicago

Optical control of atomic interactions in a quantum gas is a long-sought goal of cold atom research. Previous
experiments have been hindered by short lifetimes and parasitic deformation of the trap potential. Here, we report
generic scheme for optical control of Feshbach resonance in quantum gases, which yields long condensate lifetimes of
suﬃcient to study equilibrium and non-equilibrium physics with negligible parasitic dipole force. We show that fast
and local control of interactions leads to intriguing quantum dynamics in new regimes, highlighted by the formation
of van der Waals molecules and partial collapse of a Bose condensate.
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Relaxation of Bose gases at finite temperature
Matthew Davis1
1

The University of Queensland, School of Mathematics and Physics, Brisbane, Queensland 4072, Australia

The classical ﬁelds approach enables the numerical study of the dynamics of Bose gases at ﬁnite temperatures. Here
we present results for three diﬀerent scenarios.
Firstly, recent experiments at the Joint Quantum Institute have measured the superﬂuid critical velocity and observed hysteresis loops in a ring-shaped BEC stirred by a rotating weak link. They found that the experimental results
quantitatively disagreed with Gross-Pitaevskii calculations. We ﬁnd that ﬁnite temperature reduces the superﬂuid
critical velocity compared to the Gross-Pitaevskii prediction, and study the microscopic dynamics of the phase slips.
Secondly, we investigate the relaxation of a quasi-two-dimensional Bose gas imprinted with a random arrangement
of vortices. We ﬁnd the system relaxes to a Onsager vortex state where vortices of like sign are clustered together.
This state can be attributed a negative temperature, which is achieved dynamically through the evaporative heating
of the vortex gas.
Finally, many years ago Boltzmann showed that the monopole mode of a gas in a spherical harmonic trap is
undamped. Recent experiments at JILA have demonstrated this for a Bose gas above the Bose-Einstein condensate
temperature, but have found signiﬁcant damping below Tc. We present our results modelling these experiments.
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Construction of a quantum vortex microscope: in situ measurements of
two-dimensional vortex distributions and dynamics in Bose-Einstein condensates.
Kali Wilson1 , Joseph Lowney2 , Brian P. Anderson2
2

1
Heriot-Watt University, Edinburgh, UK
College of Optical Sciences, University of Arizona, Tucson, AZ, 85721

Bose-Einstein condensates (BECs), with their superﬂuid behavior, quantized vortices, and high-level of control
over trap geometry and other system parameters provide a compelling environment for studies of quantum ﬂuid
dynamics. Recently there has been an inﬂux of theoretical and numerical progress in understanding the superﬂuid
dynamics associated with two-dimensional quantum turbulence, with expectations that complementary experiments
will soon be realized. Experimentally observing the nondeterministic dynamics of quantum turbulence and other farfrom-equilibrium superﬂuid phenomena requires the development of new imaging techniques that allow one to obtain
information about vortex dynamics from a single BEC. To this end, the ﬁrst vortex microscope constructed in the
University of Arizona BEC lab enabled the ﬁrst in situ images of quantized vortices in a single-component dilute-gas
BEC, obtained without ballistic expansion of the BEC. We have further developed and characterized a second vortex
microscope, which has enabled the acquisition of multiple in situ images of a lattice of vortex cores, as well as the
acquisition of single in situ images of vortex cores in a BEC conﬁned in an oblate harmonic trap. In this talk, I will
discuss the state-of-the-art imaging of vortices and other superﬂuid phenomena in the University of Arizona BEC lab,
and discuss prospects for extending these imaging methods to enable measurements of superﬂuid dynamics.
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Non-equilibrium many-body physics with quantum fluids of light
Iacopo Carusotto1
1

INO-CNR BEC Center and Dipartimento di Fisica, Università di Trento, I-38123 Povo, Italy

After a short update of the main recent results on driven-dissipative quantum ﬂuids of light conﬁned in traditional
microcavity devices, I will introduce a new concept of ﬂuid of light in a propagating, cavity-less geometry. A quantum
formalism to describe light propagation in a bulk nonlinear crystal in terms of a conservative Hamiltonian evolution
will be illustrated. A few most remarkable applications to superﬂuidity, quantum quenches, and strongly interacting
ﬂuids will be discussed and ﬁrst experimental results reviewed.
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Non-equilibrium Phase Transition in a Two-Dimensional Dissipative-Driven Quantum
Fluid
Marzena Szymańska1
1

Department of Physics and Astronomy, University College London,
Grower Street, London WC1E6BT, United Kingdom

The Berezinskii-Kosterlitz-Thouless mechanism, in which a phase transition is mediated by the proliferation of
topological defects, governs the critical behaviour of a wide range of equilibrium two-dimensional systems with a
continuous symmetry, ranging from spin systems to superconducting thin ﬁlms and two-dimensional Bose ﬂuids, such
as liquid helium and ultracold atoms. We show here that this phenomenon is not restricted to thermal equilibrium,
rather it survives more generally in a dissipative highly non-equilibrium system driven into a steady-state. By
considering quantum ﬂuid of polaritons, in the so-called optical parametric oscillator regime, we demonstrate that it
indeed undergoes a phase transition associated with a vortex binding-unbinding mechanism. Yet, the exponent of the
power-law decay of the ﬁrst order correlation function in the (algebraically) ordered phase can exceed the equilibrium
upper limit: this shows that the ordered phase of driven-dissipative systems can sustain a higher level of collective
excitations before the order is destroyed by topological defects. Our work suggests that the macroscopic coherence
phenomena, observed recently in interacting two-dimensional light-matter systems, results from a non-equilibrium
phase transition of the Berezinskii-Kosterlitz-Thouless rather than the Bose- Einstein condensation type.

ORAL SESSIONS

Finite-Temperature Non-Equilibrium
September 14-18, 2015, Sopot, Poland
Superfluid Systems

Dynamical Casimir effect in polariton condensates
Michiel Wouters1 ,∗ Selma Koghee1 , and Mathias Van Regemortel1
1

Theory Of Quantum and Complex Systems, Universiteit Antwerpen,
Universiteitsplein 1, B-2610 Antwerpen, Belgium

Polariton quantum ﬂuids are characterised by their intrinsic nonequilibrium character. I will discuss the eﬀect of
this feature on their coherence properties. I will consider a pulsed resonant excitation of a polariton condensate. A
dynamical Casimir eﬀect leads to the build-up of quantum depletion. The analogy with condensate splitting and
interaction tuning experiments in cold atom experiments will be elaborated, as well as the possible connection with
quantum ﬂuctuations in cosmology.
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Superfluids of Light
David Snoke1), Gangqiang Liu1), Andrew Daley2), Loren Pfeiffer3), Ken West3), Keith Nelson4),
Yongbao Sun4)
1)

University of Pittsburgh, Pittsburgh PA 15260, USA. 2)University of Strathclyde, Glasgow, Scotland G1 1XQ,
UK. 3)Princeton University, Princeton, NJ 08544, USA. 4)Massachusetts Insitute of Technology, Cambridge, MA
02139, USA

We have designed and fabricated GaAs-based microcavity polariton structures which have
cavity lifetime of 135 ps [1], allowing polariton lifetimes of 200-300 ps. The long lifetime
allows the polaritons to form a fully thermalized Bose-Einstein condensate of polaritons,
which has severl dramatic effects, including dissipationless and coherent flow over hundreds
of microns, and most recently, a ring condensate in a Mexican-hat potential which we can
control. Interference measurements show that the condensate is coherent and single-valued all
the way around the ring (see Figure 1).
Even more interesting, analysis of the interference pattern of the ring condensate shows that
there is vorticity, i.e. persistent circulation around the ring. The circulation flips randomly
from right-handed to left-handed circulation on times scales of 1 ms under steady-state
pumping of the polariton population. The vorticity in most cases corresponds to a π phase
shift, not a 2π phase shift. This is allowed in a polariton condensate because it is a spinor
condensate with two components, so that the polarization of the condensate can also rotate by
π to give a total of 2π shift of the wave function around the ring. This is known as a “half
vortex” [2]. This interpretation is confirmed by optical measurements of the polarization of
the light coming from the ring: the linear polarization component rotates by 180 degrees
around the ring.
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We have also measured the strength of
interactions between the polaritons, and
find that it is two orders of magnitude
higher than theoretically predicted. This
allows us to tune the interactions all the
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saturation of the interaction strength of the
polaritons when they undergo Bose
condensation. This indicates the importance
of many-body effects.
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This work has been supported by the Fig. 1 The interference pattern of the image of a
National Science Foundation under grants polariton ring condensate and the same image flipped
x → -x. From Ref. 3.
DMR-1104383 and PHY-1205762.
References:
1. M. Steger et al., Physical Review B 88, 235314 (2013).
2. M.G. Rubo, Phys. Rev. Lett. 99, 106401 (2007).
3. G. Liu, Proc. Nat. Acad. Sci. (USA) 112, 2676 (2015).
4. Y. Sun et al., “Direct measurement of the polariton-polariton interaction strength,” in press
(arXiv:1508:06698).
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Universality in condensation of exciton-polaritons
Michal Matuszewski1 ,∗ Emilia Witkowska1 , T. C. H. Liew2 , O.
A. Egorov3 , O. Kyriienko4,5 , X. Ma3 , and E. A. Ostrovskaya6
1
2

4

Instytut Fizyki Polskiej Akademii Nauk, Aleja Lotników 32/46, PL-02-668 Warsaw, Poland
Division of Physics and Applied Physics, Nanyang Technological University 637371, Singapore
3
Institute of Condensed Matter Theory and Solid State Optics, Abbe Center of Photonics,
Friedrich-Schiller-Universität Jena, Max-Wien-Platz 1, 07743 Jena, Germany
Division of Physics and Applied Physics, Nanyang Technological University 637371, Singapore
5
QUANTOP, Danish Quantum Optics Center, Niels Bohr Institute,
University of Copenhagen, Blegdamsvej 17, DK-2100 Copenhagen, Denmark
6
Nonlinear Physics Centre, Research School of Physics and Engineering,
The Australian National University, Canberra ACT 2601, Australia

Second-order phase transitions taking place on a ﬁnite timescale exhibit a crossover from adiabaticity to nonadiabaticity. Such phase transitions can lead to random formation of topological defects if symmetry is broken at the
same time, as shown in numerous models ranging from the dynamics of the early Universe, superﬂuids, to liquid crystals [1]. This process is called the Kibble-Zurek mechanism, which provides power-law scalings due to the underlying
universality. We consider the condensation of exciton-polaritons [2], which is an example of a phase transtion which
takes an intrinsically nonequlilbrium system to a quasi-equilibrium state [3]. We show that this process can lead to
the formation of pahse or density defects, and demonstrate scaling laws that give an accurate estimate for the number
of created defects.
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FIG. 1. (Top) Formation of exciton-polarition domains during condensation in the 1D system. (Bottom) Scaling of the number
of defects with pumping power for various disorder strengths, together with the analytical prediction.

∗
mmatu@ifpan.edu.pl
[1] T. W. B. Kibble, J. Phys. A 9, 1387 (1976); W. H. Zurek, Nature (London) 317, 505 (1985).
[2] J. Kasprzak et al., Nature 443, 409 (2006).
[3] M. Matuszewski and E. Witkowska, Phys. Rev. B 89, 155318 (2014); T. C. H. Liew, O. A. Egorov, M. Matuszewski, O.
Kyriienko, X. Ma, E. A. Ostrovskaya, Phys. Rev. B 91, 085413 (2015).
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J.-G. Rousset, B. Piętka,∗ R. Mirek, M. Król, K. Lekenta, J. Borysiuk, J. Szczytko,
–
J. Suffczyński, T. Kazimierczuk, M. Goryca, P. Kossacki, M. Nawrocki, and W. Pacuski
Institute of Experimental Physics, Faculty of Physics,
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In the past ﬁfteen years, investigations on cavity polaritons led to the observation of several fundamental physical
phenomena like Bose - Einstein condensation of polaritons or polariton lasing and superﬂuidity. In this multidirectional
ﬁeld of research a particular interest has arisen from polaritons spin related eﬀects theoretically discussed in [1].
Investigations provided on GaAs based microcavities lead to the observation of the vanishing and sign change of the
Zeeman splitting [2] that could be interpreted as a spin Meissner eﬀect [3]. The exciton-polaritons in GaAs-based
cavities exhibit the Zeeman splitting below 100 µeV at 5 T , therefore the observed eﬀects were smaller than the
linewidth [3, 5, 6].
In this work, we study the inﬂuence of the magnetic ﬁeld on Zeeman splitting and lasing in the strong coupling
regime in a new microcavity structure specially designed for the study of semimagnetic cavity polaritons [4]. In such
a structure, the s, p − d exchange interaction between magnetic ions and the carriers in the quantum wells results in
an enhancement of the magneto-optical eﬀects such as the–giant Zeeman splitting.
In our structure, the cavity polaritons resulting from the strong exciton - photon coupling deserve then the denom–
ination of semimagnetic cavity polaritons. We demonstrate that the semimagnetic polaritons exhibit giant Zeeman
eﬀect. The energy splitting is of 3 meV at 5.0 T and the two Zeeman split branches are well resolved (Fig. 1).
PL measurement shown in Fig. 2 evidence the possibility of switching from linear regime to polariton lasing by use
of magnetic ﬁeld under constant excitation power. In magnetic ﬁeld, we observe a change of the excitation power for
lasing threshold by one order of magnitude.

Lasing at k≈0

Lasing at k≈0

B = 6.0 T

B = 8.6 T
0
Kk//II (arb.
unit)
(arb. unit)

kII (arb. unit)

kII (arb. unit)

FIG. 1. Polariton dispersion in magnetic field (T = 5 K).
The giant Zeeman effect is visible in the energy splitting
of lower polariton branch at 5.0 T.

FIG. 2. Polariton dispersion under the same excitation
conditions in two different magnetic field: B = 6.0 T – B = 8.6 T - above lasing threshold
below lasing threshold,

–

–

–
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In opposite to previous telluride based microcavity structures [5], the Mn free DBRs are made of (Cd,Zn,Mg)Te layers
lattice matched to MgTe [7] embedding lattice matched dilute magnetic semiconductor (Cd,Zn,Mn)Te QWs.
[5] H. Ulmer-Tuffigo et al., Superlattices and Microstructures 22, 383 (1997).
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From fidelity approach to quantum phase transitions to dynamics of quantum systems
Bogdan Damski1
1

Instytut Fizyki imienia Mariana Smoluchowskiego,
Uniwersytet Jagielloński, ulica Lojasiewicza 11, 30-348 Kraków, Poland

Fidelity approach to quantum phase transitions is based on the studies of the overlap between ground states of
the same quantum system obtained for diﬀerent values of the parameters of its Hamiltonian. Both the location of
the critical point and one of the critical exponents can be extracted out of this overlap. Besides characterizing some
equilibrium properties of the system, this overlap and the techniques employed to compute it can be used to get
analytical insights into the dynamics of quantum systems. I will illustrate this statement by considering three types of
quantum quenches in the one dimensional quantum Ising chain: smooth crossing of the critical point, counterdiabatic
dynamics across the critical point, and an instantaneous quench towards the critical point.
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Dynamics of superfluid 6 Li gases through a thin barrier
Giacomo Roati1,2 ,∗ Giacomo Valtolina1,3 , Alessia Burchianti1,2 , Andrea
Trombettoni4 , Augusto Smerzi1 , Matteo Zaccanti1,2 , and Massimo Inguscio2,5
2

1
INO-CNR, via Nello Carrara 1, 50019 Sesto Fiorentino, Italy
LENS and Università di Firenze, Via Nello Carrara 1, 50019 Sesto Fiorentino, Italy
3
Scuola Normale Superiore, Piazza dei Cavalieri, 7, 56126 Pisa, Italy
4
SISSA, via Bonomea 265, I34136, Trieste, Italy
5
INRIM, Strada delle Cacce 91, 10135 Torino, Italy

Quantum gases oﬀer a unique toolbox for simulating complicated condensed matter problems. In particular, thanks
to the ﬁne control of the interaction strengths and of the trapping potentials, they provide unique opportunities to
explore superﬂuidity phenomena. In our setup, we produce 6 Li quantum gases across the BEC-BCS crossover [1]. We
superimpose on the fermionic superﬂuids a thin barrier, creating an analogue of a Josephson junction [2]. Here, we will
report on our results on the study of the coherent dynamics in the diﬀerent interactions regimes. We observe coherent
oscillations throughout the entire BEC-BCS crossover. The Josephson frequency, as a function of the interactions,
exhibits a maximum near the crossover region, where the fermionic character of the superﬂuid becomes relevant [3].
For critical values of the chemical potential diﬀerence, we observe the onset of dissipation, via phase slippage processes
and the nucleation of topological defects [4].
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Quenching a ferromagnetic spin-1 condensate
Blair Blakie1
1

Dodd-Walls Centre for Photonic and Quantum Technologies,
Department of Physics, University of Otago, Dunedin, New Zealand

An area of interest in many-body systems involves the dynamics induced by a quench across a phase transition
to a symmetry-broken phase. Following the quench domains form, with each making an independent choice for
the symmetry-breaking order parameter. An important aspect involves how these domains coarsen over time as
the diﬀerent broken-symmetry phases compete to select the equilibrium state. Often at late times the coarsening
is universal: correlation functions of the order parameter collapse to a universal scaling function when scaled by a
characteristic length L(t), where t is the time after the quench.
In this talk I will examine the dynamics of a quasi-two-dimensional spin-1 condensate quenched to a ferromagnetic
phase. I will discuss our recent results in which we demonstrate that the quenched system undergoes universal
coarsening in its late time dynamics. The quench we consider can be implemented by a sudden change in the applied
magnetic ﬁeld (as has been demonstrated in experiments) and, depending on the ﬁnal value, the ferromagnetic phase
has easy-axis (Ising) or easy-plane (XY) symmetry, with diﬀerent dynamical critical exponents. Our results for the
easy-plane phase reveal a fractal domain structure and the crucial role of polar-core spin vortices in the coarsening
dynamics.
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Quenched Quantum Gas Dynamics: Atomic & Polariton Condensates
Nisck Proukakis

1

1

Joint Quantum Centre (JQC) Durham-Newcastle,
School of Mathematics and Statistics, Newcastle University, UK

Quenches through the BEC phase transition present interesting and challenging dynamics, which are currently
being probed experimentally in numerous settings and dimensionalities. We present our ﬁndings, based on detailed
numerical analysis, in the context of diﬀerent relevant scenarios for atomic and polariton condensates:
Focussing ﬁrst on elongated weakly-interacting atomic gases, we discuss defect formation dynamics in the context
of the ongoing Trento experiments [1], where the prevailing defects at long times emerge as a solitonic vortices,
with their own non-equilibrium dynamics. Related studies in the context of an immiscible two-component atomic gas
demonstrates the importance of ﬂuctuations in the early stages of condensate formation, where the order of condensate
formation and the stochastic emergence of a potentially long-lived dark-bright solitonic feature are shown to be crucial
for the experimentally-relevant long-term metastable system evolution [2], allowing for the identiﬁcation of distinct
evolution phases.
In the context of driven-dissipative quantum gases of exciton-polaritons, manifesting in two-dimensional settings, we
study the extent to which universal features and Kibble-Zurek dynamics emerge in such systems [? ], when quenching
the power of the driving laser (pump) to above threshold, to allow for the dynamical evolution through a BKT-type
phase transition [4].
This is collaborative work between the Joint Quantum Centre (JQC) Durham-Newcastle (UK), the National
Changhua University of Education (Taiwan), and the INO-CNR BEC Center , Trento (Italy). Funding from EPSRC
(UK), NSC (Taiwan) and Provinza Autonoma di Trento is acknowledged. We also acknowledge related discussions
the groups of Peter Littlewood, Marzena Szymanska, Michal Matuszewski and Piort Deuar.
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Pressure-induced vortex rings multiplication as a source of vorticity in superfluids
Ivan A. Pshenichnyuk1∗ and Natalia G. Berloﬀ1,2
1

Skolkovo Institute of Science and Technology, Russia
2
University of Cambridge, United Kingdom

In our work we apply the generalized nonlinear Schrodinger equation (NLSE) based framework [1] to model the
interaction of sound waves with heavy particles, propagating in a quantum ﬂuid. This approach allows to incorporate
diﬀerent types of modiﬁcations which makes it quite ﬂexible for the description of various properties of liquids. The
speciﬁc equation of state of the ﬂuid can be built-in into NLSE to study pressure variation eﬀects. The cubic NLSE
(also known as the Gross-Pitaevskii equation) gives good qualitative results for quantum ﬂuids with weak interaction
between particles. At the same time, it was shown that NLSE is mathematically analogous to the Landau two-ﬂuid
model and, in this sense, can be used as a phenomenological model of strongly correlated superﬂuid helium (giving,
in addition, an adequate self-consistent description of quantum vortices). An arbitrary nonlocal interatomic potential
can be taken into account explicitly in this approach, which allows, for example, to introduce the roton minimum in
the dispersion curve for helium. NLSE is also applicable for the modeling of ﬁnite temperature eﬀects [2].
We consider the process, where the particle, moving with an initial velocity, creates a vortex ring excitation in
the ﬂuid. A subsequent change of pressure, which appears because of the interaction of the particle with a sound
wave, initiates the vortex multiplication. As a result of the following vortex interplay, the moving particle becomes
surrounded by a decaying turbulent cloud with high degree of vorticity. It is demonstrated how at certain stage of
evolution of the cloud, the kinetic energy of the ﬂuid circulation around the particle increases in a resonant manner.
In accordance with the hydrodynamic Bernoulli principle, an increase of the speed of the ﬂuid (kinetic energy) results
in a decrease of pressure (potential energy) around the particle. Such mechanism may help to understand the details
of experiments with exploding electron bubbles in liquid helium, as a result of interaction with sound waves [3].
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Self-trapping of entangled states by classical fixed points
Dariusz Kajtoch, Emilia Witkowska
Institute of Physics PAS, Aleja Lotników 32/46, 02-668 Warszawa, Poland∗

Krzysztof Pawlowski
Center for Theoretical Physics PAS, Aleja Lotników 32/46, 02-668 Warszawa, Poland

We present our recent work concerning a scheme for the self-trapping of an entangled state by classical stable ﬁxed
points in the two-axis counter-twisting model. A characteristic feature of the two-axis counter-twisting Hamiltonian
is the existence of the four center stable and two saddle unstable ﬁxed points. The entangled state is generated
dynamically from an initial spin coherent state located around an unstable ﬁxed point in a spin-1/2 ensemble. At an
optimal moment of time the state is shifted to a position around a stable ﬁxed point by a single rotation (π/4 pulse),
where its dynamics and properties are approximately frozen. In this way one can store the entangled state of high
value of the quantum Fisher information for further purposes. The eﬀect of noise on the scheme is also discussed.
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Uniform Bose gases Out of Equilibrium: from Collective Modes to Turbulence
Nir Navon,∗ Alex Gaunt, Rob Smith, and Zoran Hadzibabic
Cavendish Laboratory, University of Cambridge, J.J Thomson Avenue, Cambridge CB2 0HE, United Kingdom

The recent production of box-trapped Bose gases [1] has oﬀered new exciting possibilities to study out-of-equilibrium
phenomena in nearly textbook systems, such as the Kibble-Zurek mechanism for the BEC transition in a uniform
system [2]. We explore the response of a homogeneous BEC to shaking by a time-oscillating constant-gradient
potential. By tuning the amplitude and frequency of the modulation, as well as the atom number, we study the
response of the BEC, from the weak-amplitude limit of collective modes to the turbulent regime. Both experiments
and numerical simulations provide evidence for a turbulent cascade.
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Dynamics and interaction of vortex lines in an elongated Bose-Einstein condensate
Simone Seraﬁni1 , Matteo Barbiero1 , Michele Debortoli1 , Simone Donadello1,2 ,
Fabrizio Larcher1 , Franco Dalfovo1,2 , Giacomo Lamporesi1,2 , and Gabriele Ferrari1,2∗
1
2

INO-CNR BEC Center and Dipartimento di Fisica, Università di Trento, 38123 Povo, Italy
Trento Institute for Fundamental Physics and Applications, INFN, 38123 Povo, Trento, Italy

We study the real-time dynamics of vortex lines in a large elongated Bose-Einstein condensate (BEC) of sodium
atoms using a weakly destructive stroboscopic technique. Vortex lines are produced via the Kibble-Zurek mechanism
in a rapid quench across the BEC transition [1–4] and they slowly precess keeping their orientation perpendicular to
the long axis of the trap as expected for solitonic vortices in a highly anisotropic condensate [5, 6]. Good agremeent
with theoretical predictions is found for the precession period as a function of the orbit amplitude and the number
of condensed atoms. In conﬁgurations with two, three or more vortex lines, we ﬁnd signatures of interaction among
them in the form of perturbation on the orbital motion or annihilation. We also show that the simultaneous presence
of more than two vortices triggers an anomalous decay mechanism, much faster than the thermal decay observed for
one or two vortices. We interpret these observation in terms of the physics of vortex reconnections in superﬂuids with
boundaries.
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Dark soliton like excitations in a disk shaped Bose-Einstein Condensate
Nadine Meyer,∗ Harry Proud, Marisa Pera-Ortiz, Charlotte O’Neale, and Kai Bongs
School of Physcis and Astronomy, University of Birmingham, Edgbaston, Birmingham, B15 2TT, UK

Nonlinear systems out of equilibrium give rise to vortex and soliton solutions that play an important role in high
speed optical communication[1], energy transport mechanisms in molecular biology [2] and astrophysics[3]. Collective
excitations play a paramount role in transport of energy and information and are of special interest. In order to gain
a deeper insight in these phenomena well controlled and ﬂexible many body quantum systems at ﬁnite temperatures
can be used for the simulation of these fundamental collective excitations of the nonlinear Gross-Pitaevski equation
(GPE) and their dynamics. The ﬁnite temperature regime thereby models systems closer to realistic, everyday life
systems in physics and biology.
Here we present the experimental observation of quasi 2D soliton like excitations in a disk shaped Bose-Einstein
condensate of 87 Rb. The evolution, dynamics and their premature decay conﬁned in an ultracold atomic system will
be discussed.
By using a spatial light modulator (SLM) for optical imprinting, the quantum phase of the Bose-Einstein condensate
can be arbitrarily engineered. This versatile method gives rise to a nonlinear particle like matterwave pulses where
the dispersion of the soliton like excitation is balanced by the repulsive interatomic interaction. The ﬂexibility of
the SLM gives the opportunity for the creation of more stable lump structures by varying imprint shapes. Longer
lifetimes are crucial for directed and eﬃcient transport on surfaces.
In contrast to formerly performed experiments in elongated BEC traps [4] the soliton like excitation created in the disk
shaped Bose-Einstein condensate is dynamically unstable along one degree of freedom leading to the so-called snaking
instability. However the collective excitation decays rapidly within a few ms which stands in contrast to numerical
simulations of the GPE and prevents the onset of the expected decay into vortices. Investigating the lifetime of soliton
like structures in the ﬁnite temperature regime shows a prolonged lifetime at lower temperatures. The results are
compared to a modiﬁed model developed for quasi-1D BECs based on the scattering of thermal excitations [5, 6] and
shows reasonable agreement.
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On the superfluid depletion of disordered Bose gases
Cord A. Müller1,2∗
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Fachbereich Physik, Universität Konstanz, Germany
Institut Non Linéaire de Nice, CNRS and Université Nice–Côte d’Azur, 06560 Valbonne, France

A classic formula by Landau relates the ﬁnite-temperature superﬂuid depletion, or normal density ρn , to the Bose
occupation number νε of quasiparticles with excitation energy εp :
Z
1
dp
ρn =
(1)
p2 (−∂εp νεp ).
d
(2π~)d
Since quenched disorder aﬀects the quasiparticle dispersion, it should also modify Landau’s formula. However, the
standard disorder corrections for the dilute Bose gas [1] are independent of temperature and unrelated to Landau’s
formula. Here, we present a microscopic, analytical, quantum-kinetic theory for the superﬂuid depletion of dilute Bose
gases based on inhomogeneous Bogoliubov theory [2] that (i) provides the missing disorder corrections to Landau’s
formula at ﬁnite temperature, (ii) completes the heuristic selection of terms in Ref. [3], and (iii) is compatible with
the Josephson relation for disordered superﬂuids [4].
×

(a)

(b)

×

×

(c)

×

×

(d)

×

FIG. 1. (a) The transverse-current correlator of the clean system yields Landau’s formula. Quenched disorder produces two
types of impurity corrections: (b) Self-energy insertions to the free propagators. Up to order V 2 , only the normal propagator
is corrected in this way, since the anomalous clean propagator vanishes. Finally, vertex corrections connect normal (c) and
anomalous (d) propagators.
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Spreading of quantum correlations in short- long-range interacting systems
Laurent Sanchez-Palencia1 ,∗ Lorenzo Cevolani1 , and Giuseppe Carleo2
1
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2 avenue Augustin Fresnel, F-91127 Palaiseau cedex, France

The study of out-of-equilibrium dynamics of correlated quantum systems is attracting considerable attention sparked
by the emergence of new quantum systems that combine long coherence times, slow dynamics, and precise control of
parameters. They include a variety of systems including ultracold atoms, artiﬁcial ion crystals, electronic circuits, spin
chains in organic conductors, and quantum photonic systems. One of the most fundamental features of the dynamics
of quantum systems is the existence of so-called Lieb-Robinson bounds to the propagation of correlations. Here, we
study the dynamics of quantum correlations in various lattice systems using a combination of numerical and analytical
many-body approaches. The numerical calculations are based on time-dependent quantum Monte Carlo calculations,
which make possible the simulation of the real-time dynamics of correlated systems. In particular, this approach
proves very stable on propagation times of hundreds of coupling times and is applicable in any spatial dimension.
We ﬁrst consider standard short-range models and review the properties of the spreading of correlations in one and
two spatial dimensions [1]. We show that the space-time dynamics of the correlations is governed by not only one but
two characteristic velocities, which we are able to relate to the microscopic properties of the many-body excitations.
In two dimensions, we show that the correlation pattern results from interesting interference eﬀects and that the wave
front is characterized by a ballistic spreading within the Manhattan rather than Euclidian metrics, hence producing
a square rather than circulat correlation front.
We then study the spreading of correlations in quantum systems with long-range interactions [2]. Two diﬀerent
models describing, respectively, lattice bosons and spins are considered. Surprizingly, while the two models share
the same universal Lieb-Robinson bounds, they show radically diﬀerent dynamical behaviors. For suﬃciently fast
decaying long-range potentials, we ﬁnd that the quantum speed limit set by the long-range Lieb-Robinson bounds is
never attained and a purely ballistic behavior is found. For slowly decaying potentials, a radically diﬀerent scenario
is observed. In the bosonic case, a remarkable local spreading of correlations is still observed, despite the existence
of inﬁnitely fast traveling excitations in the system. This is in marked contrast with the spin case, where locality
is broken. We show that the radically diﬀerent behaviors of the two models is due to the diﬀerent natures of their
many-body excitations.
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Competing Quantum Phases in Bosonic Optical Lattice Systems at Near-Resonant
Rydberg Dressing
Walter Hofstetter1
1
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Recent experiments have shown that (quasi-)crystalline phases of Rydberg-dressed quantum many body systems in
optical lattices (OL) are within reach. While conventional neutral atomic OL gases lack strong long-range interactions,
they arise naturally in Rydberg systems, due to the large polarisability of Rydberg atoms. In combination with the
bosonic character of the systems considered in our work, a wide range of quantum phases have been predicted. Among
them are a devils staircase of lattice-incommensurate density wave states as well as the more exotic supersolid lattice
order. High experimental tunability opens up a wide range of parameters to be studied. Based on our previous
analysis of the frozen gas case, we have studied the ground state phase diagram at ﬁnite hopping amplitudes and in
the vicinity of resonant Rydberg driving. Since diﬀerent types of lattice-incommensurate order are to be expected, we
have applied a real-space extension of bosonic dynamical mean-ﬁeld theory (RB-DMFT). This method allows a nonperturbative treatment of local quantum correlations and also takes lowest-order nearest-neighbour correlations into
account. It therefore improves upon basic mean ﬁeld theories such as the Gutzwiller approximation (GA), yielding a
rich phase diagram which illustrates the competition between interaction and condensation.
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Bistability in a driven-dissipative superfluid
Ralf Labouvie, Bodhaditya Santra, and Herwig Ott∗
Department of Physics and Research Center OPTIMAS,
Technische Universität Kaiserslautern 67663 Kaiserslautern, Germany

We investigate the steady-states of a driven-dissipative Josephson junction array. The system is realized with a
weakly interacting Bose Einstein condensate residing in a one-dimensional optical lattice. With help of an implemented
scanning electron microscope [1–3], we introduce losses on one site as a local dissipative process, while tunneling from
the neighboring sites acts as a driving force. We analyze the stationary states and the dynamical evolution of this open
quantum system. With increasing dissipation strength γ the system crosses from a superﬂuid state, characterized by
a coherent Josephson current into the lossy site to a resistive state, characterized by an incoherent hopping transport.
For intermediate values of γ, the system exhibits bistability, where a superﬂuid and a resistive branch coexist. The
bistability is due to an intrinsic nonlinearity, which makes the coherent tunneling coupling atom dependent [4]. We
also study the relaxation dynamics to the steady-state, where we ﬁnd a critical slowing down. Our results manifest
the high potential of open system control in ultracold quantum gases.
J

J

J‘(N) J‘(N)

J

J
F

γ

E

FIG. 1. Schematics of the experiment. One site of an array of superfluids is subject to an incoherent loss process with rate γ.
The coherent tunneling coupling between the reservoir sites is given by J. The coupling to the lossy site is given by J ′ (N ) and
depends on the particle number N .
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Geometry Induced Phase Transitions of Turbulent Vortex States
in Two-Dimensional Bose-Einstein Condensates
Hayder Salman∗ and Davide Maestrini
School of Mathematics, University of East Anglia,
Norwich Research Park, Norwich, NR4 7TJ, UK

We study the relaxation of a 2D ultracold Bose-gas from a nonequilibrium initial state consisting of vortices and
antivortices in experimentally realizable square and rectangular traps that have been reported in [1]. In this work,
we focus on how quantized vortices can form clusters of like signed vortices. Such clustering can be understood in
terms of negative temperature states of a vortex gas. We show that due to the long-range nature of the Coulomb-like
interactions in point vortex ﬂows, these negative temperature states strongly depend on the shape of the geometry.
We analyse the problem of clustering of quantized vortices in a number of diﬀerent regions. Using a mean ﬁeld
approximation for the vortex gas, we show that, within the negative temperature regime, an order parameter emerges
that is related to the formation of long range correlations between vortices. It turns out that the order parameter
corresponds to the streamfunction of the 2D ﬂow ﬁeld that is governed by a Boltzmann-Poisson equation. It is,
therefore, associated with the emergence of a mean irrotational hydrodynamic ﬂow with a nonzero coarse-grained
vorticity ﬁeld. Solutions of the Boltzmann-Poisson equation in a square domain reveal that maximum entropy states
of the vortex gas correspond to a large scale monopole ﬂow ﬁeld. A striking feature of this mean ﬂow, is the
spontaneous acquisition of angular momentum by a superﬂuid ﬂow with a neutral vortex charge. These mean-ﬁeld
predictions are veriﬁed through direct simulations of a point vortex gas and 2D simulations of the Gross-Pitaevskii
equation. By modifying the domain to a rectangular region, we identify a geometry induced phase transition of the
most probable mean ﬂow ﬁeld. The resulting maximum entropy state in a rectangular region exceeding a critical
aspect ratio then corresponds to a large scale mean dipole ﬂow ﬁeld with zero net angular momentum which our
numerical simulations reproduce. As a further extension of these results, we analyse the spectra of the ﬂow in the
vortex clustered regime in terms of the theory of non-thermal ﬁxed points. We show that the obtained spectra
coincides with one of the non-thermal ﬁxed points predicted in [2]. Moreover, it turns out that the observed spectra
is consistent with a hydrodynamic inverse energy cascade thus providing strong evidence of the connection between
the emergence of large scale mean ﬂows in our simulations and the theory of Kraichnan for inverse energy cascades
in 2D hydrodynamic turbulence.
8

10

Nume r ic al
k −2
k −4
k −5
6

(a)

(c)

n

k

10

4

10

2

10

0

10

−1

0

10

10
k

(b)

(d)

(e)

FIG. 1. Time averaged streamlines of numerical simulations at late times for (a) Square domain showing monopole mean flow
structure and (b) Rectangular domain showing dipole mean flow structure; Angular momentum for (c) Square domain showing
spontaneous acquisition of angular momentum and (d) Rectangular domain showing zero angular momentum at long times;
Occupation number spectrum showing good agreement with theory of non-thermal fixed points.
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Thermal blurring of a coherent Fermi gas
Alice Sinatra,∗ Hadrien Kurkjian, and Yvan Castin
Laboratoire Kastler Brossel, Ecole Normale Supérieure, Paris

We calculate the intrinsic coherence time of a condensate of paired fermionic atoms in thermal equilibrium. The
fundamental question of the coherence time of an isolated macroscopic quantum system, has as well a practical interest
for all the applications aiming to exploit the macroscopic coherence of the system, as in interferometry or quantum
information. We link the coherence time to the condensate phase dynamics, and we show with a microscopic theory
that the time derivative of the condensate phase operator θ̂0 [1] is proportional to a chemical potential operator that
we construct including both the pair-breaking and pair-motion excitation branches. We propose a method to measure
the coherence time with ultracold atoms, which we predict to be tens of milliseconds for the canonical ensemble
unitary Fermi gas [2].
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Mean-Field and Beyond-Mean-Field Dynamics in Single- and Multi-Component
Condensates
S.A. Gardiner1 ,∗ T.P. Billam1 , P. Mason2 , and F. Maucher1
2

1
Joint Quantum Centre (JQC) Durham–Newcastle,
Department of Physics, Durham University, Durham DH1 3LE, UK
Department of Physics, Loughborough University, Loughborough LE11 3TU, UK

The mean-ﬁeld description provided by the Gross–Pitaevskii equation is remarkably eﬀective in giving a qualitative
picture of atomic Bose–Einstein condensate properties and dynamics, even when outside the zero-temperature regime
for which it can be strictly valid. Going beyond a mean-ﬁeld description in a consistent way is a considerably
more challenging theoretical problem, and a variety of approaches have been developed, with diﬀering strengths and
weaknesses [1]. One which has the advantage of a fairly detailed detailed microscopic justiﬁcation is the so-called
number-conserving approach [2–4], where the commonly-used symmetry-breaking approach is consciously avoided
and a ﬁxed total number of particles is assumed. This can be extended to multi-component condensates [5], and
we have implemented a fully time-dependent example situation of a second-order, number-conserving description of
ﬁnite-temperature BEC dynamics for a single-component conﬁguration [6, 7]. I will address the dynamical situations
we have considered, and consider questions of what diﬃculties remain and possible future directions.
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Solving a quantum many-body problem by experiment
Thomas Schweigler1 ,∗ Valentin Kasper2 , Sebastian Erne1,2 , Bernhard Rauer1 ,
Tim Langen1 , Thomas Gasenzer3 , Jürgen Berges2 , and Jörg Schmiedmayer1
2

1
Vienna Center for Quantum Science and Technology,
Atominstitut, TU Wien, Stadionallee 2, 1020 Vienna, Austria
Institut für Theoretische Physik, Universität Heidelberg, Philosophenweg 16, 69120 Heidelberg, Germany
3
Kirchhoﬀ-Institut für Physik, Universität Heidelberg,
Im Neuenheimer Feld 227, 69120 Heidelberg, Germany

We experimentally study a pair of tunnel-coupled one-dimensional atomic superﬂuids, which realize the quantum
sine-Gordon/massive Thirring models relevant for a wide variety of disciplines from particle to condensed-matter
physics. From measured interference patterns we extract phase correlation functions and analyze if, and under
which conditions, the higher-order correlation functions factorize into lower ones. This allows us to characterize the
essential features of the model solely from our experimental measurements, detecting the relevant quasiparticles, their
interactions and the topologically distinct vacua. Our method provides comprehensive insights into a non-trivial
quantum ﬁeld theory and establishes a general method to analyze quantum many-body systems through experiments.
The method is also used to investigate the non-equilibrium dynamics following a quench in the tunnel-coupling between
the superﬂuids.
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SU(N)-symmetric two-orbital quantum gases with ultracold Ytterbium
Christian Hofrichter1,2 , Moritz Höfer1,2 , Francesco Scazza1,2 , Luis Riegger1,2 ,
Diogo Rio Fernandes1,2 , Immanuel Bloch1,2 , and Simon Fölling1,2∗
2

1
LMU München, Fakultät für Physik, Schellingstr. 4, 80799 München
Max Planck-Institut für Quantenoptik, Hans-Kopfermann-Str. 1, 85748 Garching

Modern experiments with ultracold atoms demonstrate an ever increasing control over the dynamics and interactions
between particles, allowing for a very clean implementation of quantum many body systems with both external and
increasingly with internal degrees of freedom. Degenerate ensembles of more complex atoms with Alkaline-earth-like
electronic structure, such as Ytterbium, allow for novel many-body systems to be modeled and probed due to their
extended SU(N) symmetry and the existence of a metastable internal “clock” state. In our experiment, the clock
transition is used as an internal degree of freedom which can be coupled to the external degrees via state-dependent
potentials. One motivation to use these states is to implement Kondo lattice-type physics with two orbitals. For
the Ytterbium system, we discuss the existence of a large SU(N)-symmetric spin exchange coupling between the two
orbital states[1]. We implement a two-orbital system using a state dependent lattice and observe the dynamics of the
gas driven by the coupling of the orbitals.
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Dipolar spin transport with Rydberg dressed atoms
Shannon Whitlock1
1

Physikalisches Institut, Universität Heidelberg, Im Neuenheimerfeld 226, 69120 Heidelberg, Germany

The transport of energy, charge, or spin is of fundamental importance in diverse settings, ranging from nanoelectronic
devices, to excitons in organic semiconductors and in photosynthesis. In these systems diﬀerent elementary excitations
and basic transport mechanisms can give rise to very diﬀerent behaviour which depends on disorder, dissipation
through the coupling to reservoirs, and the nature of the interactions between particles.
Ultracold Rydberg atoms exhibit strong and long-range state-changing interactions, and by optically coupling them
to low-lying electronic states it is possible to create synthetic systems to investigate energy transfer dynamics and
transport including controllable interactions and dissipation. We experimentally and theoretically study the dipolemediated transport of Rydberg impurities through a surrounding gas of atoms coupled via an electromagnetically
induced transparency (EIT) resonance. Interaction induced changes of the probe light absorption in the vicinity
of each impurity allows us to monitor the spatial distribution of Rydberg excitations with high time and spatial
resolution, and provides a controllable reservoir coupling. We present an eﬀective spin-1/2 model for the impurity
and dressed-atom system in which the ratio of the exchange interaction strength to the reservoir coupling strength
determines the type of transport, including coherent exciton motion, incoherent hopping, and a regime in which an
emergent length scale leads to a preferred hopping distance far beyond nearest neighbours. For multiple impurities,
the dissipation gives rise to strong nearest-neighbor correlations and entanglement, highlighting the importance of
non-trivial dissipation, correlations and many-body eﬀects in the dipole-mediated transport of Rydberg excitations.
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Stability and spatial coherence of nonresonantly pumped exciton-polariton
condensates and adiabatic approximation
Nataliya Bobrovska1 ,∗ Elena A. Ostrovskaya2, and Michal Matuszewski1
1

Institute of Physics, Polish Academy of Sciences, Aleja Lotników 32/46, 02-668 Warsaw, Poland
2
Nonlinear Physics Centre, Research School of Physical Sciences and Engineering,
The Australian National University, Canberra ACT 0200, Australia

Exciton-polaritons are promising candidates to investigate one of the fundamental physical phenomenon a BoseEinstein condensation, observed in inorganic and organic semiconductor microcavities at the room-temperature. In
contrast to atomic condensates, polariton superﬂuids are non-equilibrium systems, which required continuous pumping
to maintain the condensate population. Such systems can be described by a number of phenomenological models,
in particular, based on diﬀerent variations of Gross-Pitaevskii or Ginzburg-Landau equations. We investigate the
stability and coherence properties of 1D exciton-polariton condensates under nonresonant pumping within the opendissipative Gross-Pitaevskii (ODGP) model including a separate equation for the reservoir [1]. In the case of spatially
homogeneous pumping, we ﬁnd that the instability of the steady state leads to signiﬁcant reduction of the coherence
length. This instability is predicted to occur in the physically relevant case when the loss rate of the exciton reservoir
is lower than the loss rate of the exciton polaritons. We consider two eﬀects that can lead to the stabilization of the
steady state, i.e., the polariton energy relaxation and the inﬂuence of an inhomogeneous pumping proﬁle, see Fig. (1).
Additionally, we study the relation between the complex Ginzburg-Landau model descirbed by a single equation
and the ODGP model. We focus on the validity of the adiabatic approximation, that allows to reduce the coupled
condensate-reservoir dynamics to a single partial diﬀerential equation [2].
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FIG. 1. Stability regions for inhomogeneous (Gaussian) pumping profiles. The lines mark out the coherent regions for narrower
pumping (dash-dotted lines) and for wider pumping (dashed lines). Black solid line corresponds to the analytical stability
condition of a homogeneous condensate [3].
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Soliton train in a Bose-Einstein condensate-impurity mixture at finite temperature
Abdelâali Boudjemâa
Department of Physics, Faculty of Sciences, Hassiba Benbouali
University of Chlef P.O. Box 151, 02000, Ouled Fares, Chlef, Algeria.∗
We study the formation of bright solitons in Bose-Einstein condensate (BEC)-impurity mixture by
using our time-dependent Hartree-Fock-Bogoliubov theory. While we assume the boson-boson and
impurity-boson interactions to be effectively repulsive, their character can be changed spontaneously
from repulsive to attractive in the presence of strong anomalous correlations. In such a regime
the impurity component becomes a system of effectively attractive atoms leading automatically
to the generation of bright solitons. We find that this soliton decays at higher temperatures due
to the dissipation induced by the impurity-host and host-host interactions. We show that after a
sudden increase of the impurity-boson strength a train of bright solitons is produced and this can
be interpreted in terms of the modulational instability (MI) of the time-dependent impurity wave
function.
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Many-body localization in a two dimensional Bose gases
Jae-yoon Choi1 ,∗ Sebastian Hild1 , Jahannes Zeiher1 , Peter Schauß1 , Christian Gross1 , and Immanuel Bloch1,2
1

Max-Planck-Institut für Quantenoptik, 85748 Garching, Germany
2
Ludwig-Maximilians-Universität, 80799 München, Germany

Recent experiment [1] demonstrates the many-body localized phase in Fermionic atoms in a one-dimensional superlattice by investigating relaxation dynamics of density modulated initial state. In this presentation, we will introduce
our recent results about the new many-body phases in a two dimensional Bose system. The unity ﬁlling Mott insulator
is prepared in an optical lattice and cut in half by high-resolution imaging setup. After one hundred of tunnelling
time, the density distributions form a steady state and follow exponential curve. The characteristic length of the
decaying curve depends on disorder strength. We also compare the result with Anderson localization length in a two
dimensional lattice system.
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Dynamical Mean-Field Theory of the Two-Band Hubbard Model Magnetic orderings
and Hunds coupling
Agnieszka Cichy1 ,∗ Andrii Sotnikov2 , and Walter Hofstetter1
1

Institut für Theoretische Physik, Goethe-Universität Frankfurt am Main, Germany
2
Kharkiv Institute of Physics and Technology, Kharkiv, Ukraine

The impressive development of experimental techniques in ultracold quantum degenerate gases of alkaline-earth-like
atoms [1–6] in the last years has allowed investigation of strongly correlated systems [7, 8]. Long-lived metastable
states in combination with a decoupled nuclear spin [3] give the opportunity to study the Hamiltonians beyond the
possibilities of current alkali-based experiments such as: two-band Hubbard models, the Kondo lattice model [9] as
well as the SU(N)-symmetric magnetic systems [10, 11]. From the point of view of experimental contribution, the
ytterbium is very appropriate due to its large number of bosonic and fermionic (e.g. 173 Yb) isotopes with a wide
range of interaction strengths. One interesting aspect of this system is the possibility of magnetic ordering of nuclear
spins. We study ﬁnite-temperature properties of the two-band Hubbard model on a simple cubic lattice. Our main
goal is to investigate the role of Hunds coupling (exchange interaction) in ﬁnite temperature magnetic phases, for
the whole range of ﬁllings. We determine which parameter regimes are most favourable for ferromagnetic phases, so
they can be observed experimentally in ultracold atomic gases on the lattice. We use Dynamical Mean-Field Theory
(DMFT) approach and its extensions: real-space DMFT (R-DMFT) with continuous-time quantum Monte-Carlo
(CT-QMC) impurity solver with variant CT-HYB as an alternative to exact diagonalization.
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Controlling polarization of two-dimensional quantum turbulence in atomic
condensates
Andre Cidrim∗
Instituto de Fı́sica de São Carlos, Universidade de São Paulo,
Caixa Postal 369, 13560-970 São Carlos, São Paulo, Brazil and
School of Mathematics and Statistics, Newcastle University,
Newcastle upon Tyne, NE1 7RU, United Kingdom

V. S. Bagnato
Instituto de Fı́sica de São Carlos, Universidade de São Paulo,
Caixa Postal 369, 13560-970 São Carlos, São Paulo, Brazil

C. F. Barenghi
School of Mathematics and Statistics, Newcastle University,
Newcastle upon Tyne, NE1 7RU, United Kingdom

We propose a new system for generating turbulence in atomic condensates, with the novelty of allowing control over
vortex polarization. We perform numerical simulations of an initial state composed of a giant vortex in a Bose-Einstein
condensate trapped in a harmonic trap potential. In a hydrodynamic picture, this can be viewed as a strongly polarized
circular ﬂow. The highly energetic system is unstable against the splitting into several singly-quantized vortices which
will mostly present the same circulation. We then introduce two thin Gaussian potentials that counter-rotate against
the major ﬂow, producing several vortices of opposite circulation. Depending on the velocity of the stirring potentials
and rate of vortex-pair annihilation processes, the resulting turbulent ﬂow can be either strongly polarized up to
exhibiting equal number of vortices and anti-vortices. This system can be then used to shed light on relaxation of
anisotropic quantum turbulence and explore its properties.
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Non-Equilibrium BKT and Quenched Exciton-Polariton Dynamics
1

2

Paolo Comaron1 ,∗ Iacopo Carusotto2 , and Nick Proukakis1

Joint Quantum Centre (JQC) Durham-Newcastle, School of Mathematics Statistics,
Newcastle University, Newcastle upon Tyne NE1 7RU, UK
INO-CNR BEC Center and Dipartimento di Fisica, Universita di Trento, 38123 Povo, Italy

We numerically characterise the intricate dynamics of incoherently-pumped exciton-polariton condensates for realistic experimental parameters, focussing on selected questions of direct experimental relevance. Such driven-dissipative
condensates are believed to feature a non-equilibrium Berezinskii-Kosterlitz-Thouless (BKT) phase transition [1, 2],
with an algebraic decay exponent possibly exceeding the “equilibrium” value of 1/4, whereas the robustness of algebraic order on ultralong length scales was challenged in [3]. Our study focusses on the emergence and nature of
algebraic order of the correlation function on realistic length scales and the dynamics and steady-state properties of
free vs. bound vortices across diﬀerent regimes. Systems quenched across the phase transition are known to exhibit
spontaneously-formed defects, whose density follows universal scaling according to the “Kibble–Zurek” law [4, 5], and
we discuss the spontaneous emergence and scaling of quench-induced defects under experimentally-relevant geometries. Our analysis is based on a semi-phenomenological stochastic driven-dissipative Langevin equation [6] (complex
Ginzbug-Landau equation with noise).
We acknowledge funding from EPSRC, ERC and the Provincia Autonoma di Trento and helpful discussions with
P.B. Littlewood, M. Matuszewski, M. Szymanska and M. Wouters.
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The Wigner Stochastic Gross-Pitaevskii Equation: a c-field theory that includes both
thermal and quantum fluctuations
1

Piotr Deuar1 ,∗ Nikolaos Proukakis2 , and Tomasz Świslocki1
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2
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Complex ﬁeld descriptions of the nonzero temperature dynamics and thermal ensembles of the ultracold Bose gas,
have been very successful in treating varied problems. However, a visible failing of such methods has been that
quantum ﬂuctuations are ignored completely and the predictions are mostly insensitive to particle number, depending
rather only on the product of density and interaction strength, gn.
We have revisited the derivation of the SGPE (stochastic Gross-Pitaevskii) equations in a truncated Wigner framework [1], but without discarding the quantum ﬂuctuation contributions. One ﬁnds an SGPE-like equation but with
an energy-dependent thermal noise. In contrast to a plain truncated Wigner evolution with GP equations, here they
retain the Wigner vacuum ﬂuctuations for indeﬁnite time, and in high-energy modes. The equation is closely related
to a more general pre-SGPE form that was found previously but never simulated [2]. We have been able to propagate
the equations numerically for a trapped 1D quasicondensate and ﬁnd the following:
1. The eﬀect of quantum ﬂuctuations can be seen in thermal equilibrium density ﬂuctuations (including antibunching) and phase ﬂuctuations (greater depletion than seen with only thermal noise).
2. Nonlinear defects, such as solitons, continue to appear in single realizations.
3. The results become sensitive to the actual particle number, and g independently.
4. They approach the SGPE behaviour when gn is held constant and n grows.
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Exploring non-Hermitian physics of open quantum systems with exciton–polariton
condensates
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Exciton–polaritons are composite quasiparticles of strongly coupled photons and excitons in semiconductor microcavities. Non-equilibrium Bose–Einstein condensation of exciton–polaritons in a solid-state system can be achieved at
relatively high temperatures due to a very small eﬀective mass of the composite bosons. Demonstration of exciton–
polariton condensation has lead to further extensive studies ranging from fundamental quantum physics to prototype
optoelectronic devices [1, 2]. An important aspect of exciton–polaritons is its open–dissipative nature. With its inherent short lifetime, exciton–polariton condensate requires constant pumping to balance the loss in the form of coherent
radiation, and therefore represents a rich area to explore non-Hermitian quantum physics. In this work, we experimentally demonstrate the non-Hermitian eﬀects on the spatial and spectral structure of eigenstates in two-dimensional
quantum polaritonic billiards. Polaritonic billiard is a conﬁning potential with a closed reﬂective boundary, which
is created in the plane of a quantum well embedded in the microcavity and traps exciton–polaritons on the spatial
scales comparable to their wavelength. We demonstrate that polaritonic billiards of arbitrary conﬁgurations can be
created by a structured optical pump, and demonstrate eﬃcient and reconﬁgurable conﬁnement of exciton–polariton
condensate in multiple energy eigenstates, with the ability to manipulate both real and imaginary part of the eigenvalues. Furthermore, for an ergodic Sinai billiard—a rectangle with a circular scatterer—we are able to observe multiple
exceptional points—non-Hermitian degeneracies in the eigenspectrum [3]. Exceptional points are an exclusive feature of non-Hermitian systems, and are associated with a nontrivial topology of eigenstates and peculiar transport
properties (e.g., in PT-symmetric systems). In our experiment, by designing a loop in the parameter space encircling
an exceptional point, we observe the mode switching and the topological Berry phase associated with the spectral
degeneracies. To date, experiments on non-Hermitian physics have only been done using classical microwaves and
optical systems and therefore rely on analogies between the classical wave and quantum physics. Our studies show
that exciton–polariton condensates in semiconductor microcavities oﬀer a robust and truly quantum platform for
experimental and theoretical studies of non-Hermitian physics.

∗
eliezer.estrecho@anu.edu.au
[1] T. Byrnes et al. Nature Phys. 10, 803 (2014).
[2] I. Carusotto and C. Ciuti, Rev. Mod. Phys. 85, 299 (2013).
[3] T. Gao et al., Observation of non-Hermitian degeneracies in a chaotic exciton-polariton billiard, arXiv:1504.00978 (2015)
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Static structure factor for an elongated Bose-Einstein condensate
Krzysztof Gawryluk1∗ and Miroslaw Brewczyk1
1

Faculty of Physics, University of Bialystok, Poland

We investigate phonon population in an elongated Bose-Einstein condensate. It was shown in a recent experiment
[1] that in fully 3D condensate the thermal phonons distribution obeys expected Planck law. This is not true in
a quasi-1D condensate, because of deep dark solitons which are present in the system. Thermal solitons do occur
spontaneously in the 1D-system and aﬀect the density ﬂuctuation, thus changing the phonon distribution. We proof
that by calculating the static structure factor in a way suggested in Ref. [1].
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[1] R. Schley, A. Berkovitz, S. Rinott, I. Shammass, A. Blumkin, and J. Steinhauer, Phys. Rev. Lett. 111, 055301 (2013)
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Onsager vortex formation in anharmonically trapped Bose-Einstein condensates
A. Groszek,∗ T. Simula, D. Paganin, and K. Helmerson
School of Physics and Astronomy, Monash University, VIC 3800 Australia

We study computationally the decay of quantum turbulence in two-dimensional Bose-Einstein condensates (BECs)
using a Gross-Pitaevskii model. Turbulence is initiated in the BEC by imprinting a random distribution of vortices
and anti-vortices. During Hamiltonian evolution of the condensate wavefunction, the vortices undergo annihilations
as the system relaxes towards equilibrium. We have considered power-law trapping potentials of varying steepness.
For harmonic potentials vortex clustering does not occur, in agreement with recent experimental observations [1] and
numerical simulations [2]. However, in steep-walled potentials we do observe the emergence of Onsager vortex clusters
as in [3]. A comparison between these two trapping regimes is shown in Figure 1. We attribute this diﬀerence in
the macroscopic behaviour to a change in the microscopic vortex annihilation behaviour. In particular, as the trap
steepness is increased the vortex evaporative heating becomes more eﬃcient, allowing the system to transition to the
clustered Onsager vortex state [3].

FIG. 1. Comparison of Onsager vortex formation in a harmonic trap (a–c) and a steep-walled trap (d–f). Vortices are
highlighted with green triangles, anti-vortices with blue inverted triangles. The red line is the effective dipole moment of the
vortex distribution. Time is given in non-dimensionalised units.

∗
andrew.groszek@monash.edu
[1] W. J. Kwon, G. Moon, J. Choi, S. W. Seo, and Y. Shin, Phys. Rev. A 90, 063627 (2014).
[2] G. W. Stagg, A. J. Allen, N. G. Parker, and C. F. Barenghi, Phys. Rev. A 91, 013612 (2015).
[3] T. Simula, M. J. Davis, and K. Helmerson, Phys. Rev. Lett. 113, 165302 (2014).
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Quantum enhancement of energy transport in photosynthetic bacteria
1

David Hutchinson1∗ and Sue Ann Oh1

Dodd-Walls Centre for Photonic and Quantum Technologies,
Department of Physics, University of Otago, Dunedin, New Zealand

Ultrafast, time-resolved spectroscopy of protein complexes found in certain photosynthetic bacteria has recently
been used to demonstrate quantum coherence in the exciton energy transport in these systems. The implication is
that these bacteria are using quantum mechanics to obtain very high eﬃciencies in the transfer of energy from the
antenna to reaction centre in the process of photosynthesis. The eﬀects of coupling to the thermal environment have
also been shown to be essential for these high eﬃciencies. We apply stochastic techniques drawn from our studies
in cold atoms and quantum optics to investigate these systems. In particular we look for hidden symmetries in the
underlying Hamiltonian in an attempt to gain an insight in to how these bacteria can do quantum mechanics in the
hot wet environment of the cell when we struggle at liquid nitrogen temperatures in the lab.
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Quantum dynamics generated by the two-axis counter-twisting Hamiltonian
Dariusz Kajtoch, Emilia Witkowska
Institute of Physics PAS, Aleja Lotników 32/46, 02-668 Warszawa, Poland

Kitagawa and Ueda in their pioneering work have proposed the one-axis twisting (OAT) and two-axis countertwisting (TACT) Hamiltonians for dynamical generation of spin-squeezed states. Several experiments have reported
the creation of spin-squeezed states by the OAT in Bose-Einstein condensates. In contrary, the two-axis countertwisting Hamitonian cannot be simply realized with inter-atomic interactions and have not been implemented in this
system up to now. Nevertheless, there is growing interest in quantum states generated by the TACT Hamiltonian
since they support Heisenberg-like sensitivity for high-precision measurements and much higher level of squeezing that
is unachievable by OAT interactions.
We present our recent work [1] concerning quantum dynamics generated by the two-axis counter-twisting Hamiltonian from initial spin coherent state in a spin-1/2 ensemble. A characteristic feature of the two-axis counter-twisting
Hamiltonian is the existence of the four neutrally stable and two saddle unstable ﬁxed points. The presence of the last
one is responsible for high level of squeezing. The squeezing is accompanied by the presence of several quantum states
of interest in quantum metrology with Heisenberg-limited sensitivity, and we will show ﬁdelity functions for some of
them. We will present exact results for the quantum Fisher information and the squeezing parameter. Although, the
overall time evolution of both changes strongly with the number of particles, we ﬁnd that they have regular dynamics
for short times. We will explain scaling with the system size by using the Gaussian approach. In addition, we will show
Wigner functions that visualize various states on the Bloch sphere and also visualize the substantial multi-particle
entanglement having fringes of negative values.

[1] D. Kajtoch, E. Witkowska, arXiv:1505.04002
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Losses and oscillations of the Bose-Einstein condensate induced by Rydberg atoms
Tomasz Karpiuk1 ,∗ Mirosław Brewczyk1,2 , Kazimierz Rzążewski2,3 , Anita Gaj3 , Jonathan B. Balewski3 ,
Alexander T. Krupp3 , Michael Schlagmüller3 , Robert Löw3 , Sebastian Hoﬀerberth3 , and Tilman Pfau3
1

3

Wydział Fizyki, Uniwersytet w Białymstoku, ul. Ciołkowskiego 1L, 15-245 Białystok, Poland
2
Center for Theoretical Physics PAN, Al. Lotników 32/46, 02-668 Warsaw, Poland
5. Physikalisches Institut and Center for Integrated Quantum Science and Technology IQST,
Universität Stuttgart, Pfaffenwaldring 57, 70569 Stuttgart, Germany

In the recent experiment [1] a series of Rydberg atoms in s-state was excited in the Bose-Einstein condensate.
Interaction between Rydberg atoms and ground level atoms caused that some amount of ground level atoms was
promoted to the thermal cloud. Secondly also a mechanical eﬀect was present showing itself in the form of shape
oscillations of the condensate. In the present work we compare experimental results not only for s-states but also for
d-states with the theoretical approach introduced in [2].
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[1] J. B. Balewski, A. T. Krupp, A. Gaj, D. Peter, H. P. Buchler, R. Low, S. Hoﬀerberth, and T. Pfau, Nature 502, 664 (2013).
[2] T. Karpiuk, M. Brewczyk, K. Rzążewski, A. Gaj, J. B. Balewski, A. T. Krupp, M. Schlagmüller, R. Löw, S. Hoﬀerberth,
T. Pfau, arXiv:1402.6875
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Bright sink-type localized states in exciton-polariton condensates
Michal Kulczykowski1 ,∗ Natalia Bobrovska1 , and Michal Matuszewski1
1

Institute of Physics Polish Academy of Sciences, Al. Lotnikw 32/46, 02-668 Warsaw,Poland

The family of one-dimensional localized solutions to dissipative nonlinear equations includes a variety of objects
such as sources, sinks, shocks (kinks), and pulses. These states are in general accompanied by nontrivial density
currents, which are not necessarily related to the movement of the object itself. We investigate the existence and
physical properties of sink-type solutions in non-resonantly pumped exciton-polariton condensates modeled by an
open-dissipative Gross-Pitaevskii equation. While sinks possess density proﬁles similar to bright solitons, they are
qualitatively diﬀerent objects as they exist in the case of repulsive interactions and represent a heteroclinic solution.
We show that sinks can be created in realistic systems with appropriately designed pumping proﬁles. We also conclude
that in twodimensional conﬁgurations, due to the proliferation of vortices, sinks do not appear.[1]

FIG. 1. Sink created with asymmetric pumping profile. Sink moves towards the weaker source, where it is stopped but not
destroyed.

∗
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[1] M. Kulczykowski, N. Bobrovska, and M. Matuszewski. Bright sink-type localized states in exciton-polariton condensates.
arXiv:1501.07791.
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Kinetics of two-component trapped condensates at finite temperature
Kean Loon Lee,∗ Matthew Edmonds, and Nick Proukakis
Joint Quantum Centre (JQC) Durham-Newcastle,
School of Mathematics and Statistics, Newcastle University

A binary mixture of Bose-Einstein condensates can exhibit interesting phenomena, such as phase separation and
nonlinear excitations. An important consideration is the collisional dynamics, which can be crucial in, e.g. damping
of collective modes [1, 2] or growth of condensates [3, 4]. We have recently formulated [5] an extended self-consistent
kinetic model to study the non-equilibrium coupled dynamics of two interacting atomic Bose-Einstein condensates
at ﬁnite temperature, where both components are partially-condensed. The condensates are described by dissipative
Gross-Pitaevskii equations, coupled to quantum Boltzmann equations for the thermal atoms in a fully self-consistent
manner through both the mean-ﬁeld interactions as well as all possible collisional processes between the condensates
and the thermal atoms.
Collision rates calculated based on equilibrium binary mixture in realistic experimental situations demonstrate
the potential dominance of an energy-conserving exchange collision involving one condensate atom and one thermal
atom from diﬀerent components. This collisional exchange process could therefore be relevant when both components
acquire condensate fractions, e.g. at the second-stage of sympathetic cooling, although the actual dynamics depends
on such process in a more complicated manner. Our numerical analysis is based on realistic experimental mixtures of
trapped 87 Rb-41 K and 87 Rb-85 Rb atoms near equilibrium, both in the miscible and immiscible regimes. By considering
the collision rates near equilibrium, we discuss the extent to which the hydrodynamicity of the diﬀerent mixtures can
be controlled by the variations of temperature, trap frequencies and trap geometries. We also present early dynamical
simulations on rethermalisation of binary mixtures and damping of collective oscillations.
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B. Jackson and E. Zaremba, PRL 87 100404 (2001)
A. J. Allen, E. Zaremba, C. F. Barenghi, and N. P. Proukakis, PRA 87, 013630 (2013)
M. J. Bijlsma, E. Zaremba, and H. T. C. Stoof, PRA 62, 063609 (2000)
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(2014)
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Quenched Solitonic Vortex Generation in Elongated Trapped Bose Gases
I.-K. Liu1,2 ,∗ G. Lamporesi3 , S. Donadello3 , F. Dalfovo3 , G. Ferrari3 , S.-C. Gou1 , and N.P. Proukakis2

3

1
Department of Physics and Graduate Institute of Photonics,
National Changhua University of Education, Changhua 50058 Taiwan
2
Joint Quantum Centre (JQC) Durham-Newcastle,
School of Mathematics and Statistics, Newcastle University,
Newcastle upon Tyne, NE1 7RU, United Kingdom
INO-CNR BEC Center and Dipartimento di Fisica, Università di Trento, 38123 Povo, Italy

We present detailed simulations of the spontaneous formation of defects during a gradual quench of a thermal
atomic gas conﬁned in an elongated harmonic trap to below the transition temperature. Our analysis is speciﬁcally
undertaken for the experimental set-up of Ref. [1], which revealed the appearance of a few long-lived defects in the
form of solitonic vortices, as measured some time after the end of the quench. Our simulations are able to access both
the initial “quench-driven turbulent regime” where a large number of randomly-distributed defects emerge during the
condensation process, and the subsequent relaxation of such defects during and after the end of the quench towards a
few long-lived solitonic vortices, similar to those observed experimentally, which are the lowest-energy defect in such
a system.
We analyse our ﬁndings in the context of the Kibble-Zurek scaling law [2], describing the defect number as a function
of quench duration, highlighting various subtle issues associated with this dynamical process. Our simulations are
performed with a fully three-dimensional stochastic projected Gross-Pitaevskii equation (see e.g. Ref. [3]), subjected
to a gradual (linear) temperature and chemical potential quench.

FIG. 1. Indicative numerical results at different evolution times (a) during the quench (t = 30 ms), (b) at the end of the quench
(t = 42 ms), and post-quench relaxation dynamics ((c)-(d) t = 72 ms, t = 158 ms, consistent with evolution taking place in
experiments prior to imaging.)

We acknowledge funding from the NSC Taiwan, the UK EPSRC and the Provincia Autonoma di Trento.
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[2] T. W. B. Kibble, J. Phys. A 9, 1387 (1976), and W. H. Zurek, Nature 317, 505 (1985).
[3] I.-K. Liu, R. W. Pattinson, T. P. Billam, S. A. Gardiner, S. L. Cornish, T.-M. Huang, W.-W. Lin, S.-C. Gou, N. G. Parker
and N. P. Proukakis, arXiv:1408.0891
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Angular momentum in interacting many-body systems hides in phantom vortices
arXiv:1409.7670 [cond-mat.quant-gas]

Storm E. Weiner1 , Marios C. Tsatsos2 , Lorenz S. Cederbaum3 , and Axel U. J. Lode4∗

1
Department of Chemistry, University of California at Berkeley, CA, USA
Instituto de Fı́sica de São Carlos, Universidade de São Paulo, São Carlos, São Paulo, Brazil
3
Theoretische Chemie, Physikalisch–Chemisches Institut, Universität Heidelberg,
Im Neuenheimer Feld 229, D-69120 Heidelberg, Germany
4
Department of Physics, University of Basel, Klingelbergstrasse 82, CH-4056 Basel, Switzerland
2

Vortices are essential to angular momentum in quantum systems such as superﬂuid Helium, ultracold atomic gases,
and type-II superconductors. The existence of quantized vorticity in bosonic systems stimulated the development
of the Gross-Pitaevskii mean-ﬁeld approximation. However, the true dynamics of angular momentum in interacting
many-body systems is enriched by the emergence of quantum correlations whose description demands more elaborate
methods. In this talk, we theoretically investigate the full many-body dynamics of the acquisition of angular momentum by a gas of ultracold bosons in two dimensions using a standard rotation procedure. We demonstrate the
existence of a novel mode of quantized vorticity, which we term the phantom vortex that, contrary to the conventional
vortex, can be detected as a topological defect of spatial coherence, but not of the density (Fig. 2, and Videos [1]).
We describe previously unknown many-body mechanisms of vortex nucleation and show that angular momentum is
hidden in phantom vortex modes. We suggest to detect phantom vortices with the one-body correlation function
(Fig. 2 and Videos [1]).

FIG. 1. Phantom vortices in the orbitals of a fragmented two-dimensional Bose-Einstein condensate. (a) The density ρ(r) =
P (N O)
(t)|φi (r)|2 shows a density minimum at the origin which is 75% the maximum density. (b)-(e) The natural orbital
i ρi
densities, |φi (r)|2 (i = 1, 2, 3, 4), are plotted. The depicted phantom vortex configuration is stable for more than 100 trap
periods. The phantom vortices in φ1 (b) and φ4 (e) nucleated along preexisting topological defects through node mutation
whereas the pair of phantom vortices in φ3 (d) was nucleated by slow orbital-orbital vortex transfer as ghost vortices which
then moved to the center.

FIG. 2. Unveiling phantom vortices with the correlation function g (1) . To visualize the four-dimensional single-particle correlation function, g (1) (r|r′ ) at t = 219.4, we fix a reference point at r′ = (0, 0) (a) and r′ = (1.25, 0) (b). The function is complex,
so we plot its magnitude. In all panels, we mark the reference point, r′ , with a white circle. In panel (a) [(b)], the reference
point r′ in a phantom vortex core of φ2 [φ1 ]. In both cases, phantom vortex cores in all orbitals appear as spots of almost
complete incoherence, |g (1) | ≈ 0, while the core colocated with the reference point has a |g (1) | ≈ 1 (full coherence).
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[1] Time evolution of the density, natural orbitals, and phase, http://youtu.be/ezbdLWvSbBI ;
Scan of reference point in correlation function at time t = 115, http://youtu.be/whRL8haF4RA ;
Scan of reference point in correlation function at time t = 450, http://youtu.be/gG7dprvRWGg .
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Dark solitons in imbalanced Fermi superfluids
Giovanni Lombardi∗
TQC, Universiteit Antwerpen, Universiteitsplein 1, B-2610 Antwerpen, Belgium

In this presentation the properties of dark solitons in superﬂuid Fermi gases with spin-imbalance are studied by
means of a recently developed eﬀective ﬁeld theory [1] suitable to describe the BEC-BCS crossover in ultracold gases
for all temperatures in the range from T = 0 to the critical temperature Tc . The spatial proﬁles for the total density
and for the density of the excess-spin component, and the changes of their properties across the BEC-BCS crossover
are examined in diﬀerent conditions of temperature and imbalance. The presence of population imbalance is shown to
strongly aﬀect the structure of the soliton excitation by ﬁlling its core with unpaired atoms [2]. This in turn inﬂuences
the dynamical properties of the soliton since the additional particles in the core have to be dragged along thus altering
the eﬀective mass.
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Temperature quench of a Bose gas on a ring
Damian Makiela∗ and Maciej M. Maśka
Department of Theoretical Physics, University of Silesia, 40-007 Katowice, Poland

Nonequilibrium dynamics of noninteracting bosons on a one-dimensional and ﬁnite width ring-shaped lattices
following a rapid temperature quench is studied by means of the Kinetic Monte Carlo method. The system is
approximated by the classical XY model (the kinetic term is neglected) and the Monte Carlo simulations are performed
for the planar classical spins.
In the quenching process the system has a disordered initial high-temperature conﬁguration and then the temperature drops to zero. We study the time evolution of the correlation function during the quench. For suﬃciently fast
quench nonzero winding numbers are generated in the ﬁnal state, what corresponds to a superﬂuid circulation in the
ring.
The most obvious candidates for experimental realization of the system under consideration are cold atom systems
with noninteracting or weakly interacting bosonic atoms in a ring-shaped optical lattice or arrays of Josephson
junctions.
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Controlled formation and reflection of bright solitary matter-waves
Anna L. Marchant,1, ∗ Manfred M. H. Yu,1 Ana Rakonjac,1 Thomas P. Billam,1
John L. Helm,1 Juan Polo,2 Christoph Weiss,1 Simon A. Gardiner,1 and Simon L. Cornish1
1

Joint Quantum Centre (JQC), Durham - Newcastle, Department of Physics,
Durham University, Durham DH1 3LE, United Kingdom
2
Departament de Fı́sica, Universitat Autònoma de Barcelona, E-08193 Bellaterra, Spain

Bright solitons are non-dispersive wave solutions, arising in a diverse range of nonlinear, one-dimensional systems,
including atomic Bose–Einstein condensates with attractive interactions. In reality, cold-atom experiments can only
approach the idealized one-dimensional limit necessary for the realization of true solitons. Nevertheless, it remains
possible to create bright solitary waves, the three-dimensional analogue of solitons, which maintain many of the key
properties of their one-dimensional counterparts. Such solitary waves oﬀer many potential applications and provide
a rich testing ground for theoretical treatments of many-body quantum systems.
We controllably form a bright solitary matter-wave [1] from a Bose–Einstein condensate of 85 Rb [2], which is
observed to propagate over a distance of ∼ 1.1 mm in 150 ms with no observable dispersion. We demonstrate the
reﬂection of the solitary wave from a repulsive Gaussian barrier and contrast this to the case of a repulsive condensate,
in both cases ﬁnding excellent agreement with theoretical simulations using the three-dimensional Gross–Pitaevskii
equation. Using a tightly focussed red-detuned light sheet, we create a narrow attractive Gaussian well, comparable
in the narrow direction to the size of the soliton. Using a low incident velocity, we observe a splitting of the atomic
wavepacket when it reaches the well, resulting in quantum reﬂection of ∼ 25% of the atoms. In addition, a smaller
fraction of atoms (∼ 10%) become trapped at the well with the remaining atoms being transmitted.
These results pave the way for new experimental studies of bright matter-wave soliton dynamics to elucidate the
wealth of existing theoretical work and to explore an array of potential applications including novel interferometric
devices, the realisation of Schrödinger cat states [3] and the study of short-range atom-surface potentials [4]. We
outline plans for rotational sensing with solitons [5] and present preliminary observations of vortex formation in an
87
Rb Bose–Einstein condensate and the realisation of a ring trap.

FIG. 1. Left: The attractive interactions present in a bright solitary matter-wave hold the atomic wavepacket together as it
propagates, maintaining its shape with time. Right: Observation of quantum reflection from a narrow attractive potential
well. In the presence of the well the solitary wave splits with atoms being both transmitted (red circles) and reflected (black
squares) from the attractive potential. Inset: False colour images taken at (a) 375 ms and (b) 475 ms with the narrow attractive
potential present (right) and absent (left).
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Finite-temperature effects on damping of the Nambu-Goldstone and Higgs
modes of superfluid Bose gases in optical lattices
Kazuma Nagao∗ and Ippei Danshita
Yukawa Institute for Theoretical Physics,
Kyoto University, Kyoto 606-8502, Japan

We study damping of collective modes of superﬂuid Bose gases in optical lattices at ﬁnitetemperature. We assume that the system is in the vicinity of the quantum phase transition to the
Mott insulator at a commensurate ﬁlling, where the Higgs amplitude mode emerges in addition to
the Nambu-Goldstone (NG) phase mode[1][2][3]. Applying the ﬁnite-temperature Green s function
to the eﬀective spin-1 model[4], we calculate the self-energy of the two collective modes up to 1loop order. We obtain simple analytic expressions of the damping rates within a long-wavelength
approximation. We show that as the onsite interaction increases towards the Mott transition point
at a given temperature, the damping rate of the NG mode abruptly rises above a certain threshold
value of the interaction. We also obtain a ﬁnite-temperature correction to the zero-temperature
damping rate of the Higgs mode, which was obtained by E. Altman and A. Auerbach in 2002.

∗

Electronic address: kazuma.nagao@yukawa.kyoto-u.ac.jp

[1] M. Endres et al., Nature 487, 454 (2012).
[2] U. Bissbort et al., Phys. Rev. Lett. 106, 205303 (2011).
[3] D. Pekker and C. M. Varma, Annu. Rev. Condens. Matter. Phys. 6, 269 (2015).
[4] E. Altman and A. Auerbach, Phys. Rev. Lett. 89, 250404 (2002).

POSTER SESSION

Finite-Temperature Non-Equilibrium
September 14-18, 2015, Sopot, Poland
Superfluid Systems

Emergent Phases in spin-orbit coupled spin-1 superfluids
Stefan S. Natu1∗
University of Maryland and the Joint Quantum Institute

Motivated by recent experiments on spin orbit coupled, spin-1 ultra-cold Bose gases [1, 2], we theoretically explore
the interplay between single-particle degeneracies introduced by spin-orbit coupling, spin and interactions on the
superﬂuid properties of the spin-1 Bose gas, ﬁnding a rich phase diagram. In the continuum, we ﬁnd ferromagnetic or
ferronematic phases which also break translational symmetry for attractive spin-dependent interactions, whereas for
repulsive spin-dependent interactions, we ﬁnd a transition from an XY spin spiral phase with uniaxial nematic order,
to a biaxial ferronematic, where the total density, spin vector and nematic director oscillate in real space. Extending
this to the lattice, we explore how these diﬀerent orders are destroyed near the Mott transition, ﬁnding that the spin
density wave order is destroyed before the Mott transition is approached, as interactions force condensation to occur
at one minimum rather than multiple minima. Our results can be readily explored in ongoing experiments, and we
discuss possible experimental signatures.
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The occurrence and visibility of spontaneous “wild” solitons in ultracold gases
Igor Nowicki1 , Tomasz Swislocki1 , Joanna Pietraszewicz1 , Emilia Witkowska1 , Ray Ng2 , and Piotr Deuar1
1
2

Institute of Physics, Polish Academy of Sciences, Al.Lotników 32/46, 02-668 Warszawa, Poland
McMaster University, 1280 Main Street West, L8S 4M1, Hamilton Ontario, Canada

It has become known that not only are solitons easily created by disturbances of ultracold Bose gases, but that in a
range of temperatures a ﬂuctuating equilibrium between the inherently collective soliton excitations and quasiparticle
excitations is reached. Thus, solitons could be present spontaneously in situ in many existing experiments. However,
their position is a priori unknown, and they are then invisible or unrecognisable to standard experimental techniques
such as ensemble averaged images, spectral measurements, or two-particle correlation functions. As such, they pose
a serious and tantalising challenge for both experimental detection and theoretical simulation. Their observation and
analysis demand consideration of the behaviour of single realisations. We will describe our recent work on the physical
parameters under which such “wild” solitons appear, the matter of how trustworthy c-ﬁeld simulations are in this
regard, and on the prospects of their detection in single experimental realisations.

FIG. 1. Birth and death of solitons in a trapped 1D Bose gas in the decoherent quantum regime (time advances to the right).
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Single particle dynamics in ultracold environments
1

Paula Ostmann1∗
TU Dresden, Germany

We investigate the quantum dynamics of a single ion which is immersed into a Bose-Einstein condensate. The
ultracold environment acts as a refrigerator, and thus, the inﬂuence on the motion of the ion is dissipative. For a
theoretical description, simple phenomenological master equation approaches are widely used to describe the ensuing
damped quantum dynamics. Instead of calculating the particle dynamics itself, our focus lies on a more detailed
description of the environment and the particle-environment interaction. We aim to describe the eﬀective dynamics
of the damped particle dynamics using the full bath correlation function instead of a simple damping rate. In this
way we gain a more thorough theoretical understanding of properties of quantum matter, such as superﬂuidity, when
acting as an environment. Although the entire calculation is three dimensional we are able to model lower dimensional
cases by squeezing the trap of the bec and thus replicating the actual experimental situation.
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The accuaracy and applicability of classical fields to quantum systems
1

Joanna Pietraszewicz1 , Piotr Deuar1∗
Institute of Physics of the Polish Academy of Sciences, Al.Lotników 32/46, 02-668 Warszawa, Poland

We quantitatively determine the accuracy and range of validity of the widespread classical ﬁeld description for
quantum Bose gases on the basis of the 1d, 2d, and 3d ideal gas. The best high energy cutoﬀ to choose is shown to
depend strongly on the observable in question (e.g. energy, density ﬂuctuations, phase coherence length, condensate
fraction). This allows us to place the varying past results in a common context. Above a crossover region near the
degeneracy temperature, estimates for diﬀerent quantities (especially the trio of density ﬂuctuations, energy, and
mean density) can no longer be reconciled, explicitly showing the way that the classical ﬁeld description breaks down.
A consistent classical ﬁeld representation with errors in all typical observables below 10% is possible for temperatures
below 0.007 degeneracy temperature in 1d, and 0.49 critical temperature in 3d. Surprisingly, this is not possible for
the 2d gas even at zero temperature.
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Justification of the canonical quantization of the Josephson effect
Krzysztof Pomorski1∗ and Adam Bednorz1
1

University of Warsaw, Faculty of Physics

Quantum devices based on Josephson eﬀect in superconductors are usually described by a Hamiltonian obtained by
commonly used canonical quantization. However, this recipe has not been yet rigorously justiﬁed. We show that this
approach is indeed correct in certain range of parameters. We ﬁnd the condition of the validity of such quantization
and the lowest corrections to the Josephson energy [1].
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Critical dynamics of spontaneous symmetry breaking in a homogeneous Bose gas
Robert P. Smith,∗ Nir Navon, Alex Gaunt, and Zoran Hadzibabic
Cavendish Laboratory, University of Cambridge, UK

Kibble-Zurek theory models the dynamics of spontaneous symmetry breaking, which plays an important role in
a wide variety of physical contexts, ranging from cosmology to superconductors. We explored these dynamics in a
homogeneous system by thermally quenching an atomic gas with short-range interactions through the Bose-Einstein
phase transition [1]. Using homodyne matter-wave interferometry to measure ﬁrst-order correlation functions, we
veriﬁed the central quantitative prediction of the Kibble-Zurek theory, namely the homogeneous-system power-law
scaling of the coherence length with the quench rate. Moreover, we directly conﬁrmed its underlying hypothesis, the
freezing of the correlation length near the transition. Our measurements agree with a beyond-mean-ﬁeld theory and
support the expectation that the dynamical critical exponent for this universality class is z=3/2.
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Quasicondensate dynamics with both classical field and quantum fluctuations included
1

Tomasz Świslocki1∗ and Piotr Deuar1
Instytut Fizyki PAN, Aleja Lotnikw 32/46, 02-668 Warsaw, Poland

We obtain a description of the dynamics of ultracold Bose gases that includes both classical and quantum ﬂuctuations
and is applicable at temperatures too high for a Bogoliubov description, e.g. quasicondensates. Such calculations have
been elusive in the past because existing methods for higher temperature gases such as the Stochastic Gross-Pitaevskii
(SGPE) method omit quantum ﬁeld eﬀects like pairing and quantum depletion. To overcome this, we developed a
hybrid description that combines the thermal ﬂuctuations of the SGPE with the quantum eﬀects of the positive-P
representation. As a demonstration, we track the appearance and stabilization of quantum ﬂuctuation eﬀects after
turning on the hybrid description in trapped quasicondensates with pre-existing thermal excitations. We observe
counter-propagating atom pairs, additional loss of the coherence like in a quantum quench, antibunching, as well as
density correlation waves.
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Bose-Einstein Condensation of Magnons in Atomic Hydrogen Gas

1

O. Vainio1 ,∗ J. Järvinen1 , J. Ahokas1 , L. Lehtonen1 , S.
Sheludyakov1 , D. Zvezdov1,2, K.-A. Suominen1 , and S. Vasiliev1
Wihuri Physical Laboratory, Department of Physics and Astronomy, University of Turku, 20014 Turku, Finland
2
Kazan Federal University, 420008, 18 Kremlyovskaya St., Kazan, Russia

We present an experimental observation of BEC of magnons in spin-polarized atomic hydrogen gas [1]. In our
experiments the gas of atomic hydrogen is compressed to high densities of 5 · 1018 cm−3 at temperatures 0.2 K – 0.6 K
in a magnetic ﬁeld of 4.6 T. The same 129 GHz mm-wave ﬁeld used for both detection and excitation of the magnons.
The magnons are quantized spin waves manifesting as travelling ﬂuctuations of the macroscopic magnetization. In
our system they arise due to the identical spin rotation (ISR), which is a pure particle indistinguishability eﬀect.
We can trap and control the magnons with an inhomogeneous magnetic ﬁeld. We show that at high hydrogen gas
densities the magnons accumulate in their ground state and exhibit long-term coherence, profoundly changing the
electron spin resonance spectra of the atomic hydrogen gas (ﬁg. 1a). In the decomposition of the free induction decay
signal we see the spontaneous emergence of a coherent component (ﬁg. 1b). The full details of magnon interactions
and thermalization remain an open question.
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Simulating matter-wave interferometers with ray tracing
Reinhold Walser∗ and Mathias Schneider
Institute for Applied Physics, TU Darmstadt, Germany

The development of quantum limited acceleration and rotation devices is a key research direction. In the context of
ultra-cold atoms, whether thermal clouds or Bose-Einstein condensates, this is usually realized by atomic matter-wave
interferometers [1].
The numerical solution of the associated three-dimensional wave equations of motion, e.g. Schrödinger-, GrossPitaevskii, or even density matrices like the Liouville equation is demanding. However, designing and simulating
matter-wave interferometers is, in many ways, analog to the design of high precision optical devices. In case of the
latter, one does not rely on Maxwells equations but rather on eﬃcient semi-classical ray tracing methods. In the same
spirit, we approximate the dynamics of thermal clouds or Bose-Einstein condensates with a ray tracing formalism.
To this end, we employ the eﬀective single-particle Wigner function as a phase space representation of the atom
cloud, which is well suited for describing partially coherent matter-waves used for interferometry. When classical
transport theory is valid, the Wigner function ﬂows along the classical phase space trajectories. On the other hand,
when the ensemble interacts with a coherence creating device, like a beam splitter or double slit, one has to use an
appropriate map. We demonstrate the use of 3D matter-wave interferometry in gravity for a thermal ensemble.

FIG. 1. Ray tracing results of position density after passing an asymmetric MZI. Various temperatures of the initial state
are considered. These are T = 100nK (1st row, a, b, c), T = 500nK (2nd row, d, e, f ), and T = 1000nK (3rd row, g, h,
i). The left column (parts a, d, g) shows 2D slices in the x2 -x3 -plane with x1 =0 of the 3D density. The middle column
(parts b, e, h) displays the densities along the x3 axis with x1 = x2 = 0. The right column (parts c, f ,i) shows the absolute
values of Fourier transforms of densities along the x3 axis, depicted in the middle columns. Initial state parameters are
(ω1 , ω2 , ω3 ) = 2π(127.3, 127.3, 31.8)Hz, M = 87amu, N = 105 . MZI parameters are t01 = 20ms, t12 = 10ms, t23 = 9.9ms,
t34 = 10ms, G = (0, 0, 31.42)µm−1 .
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Prethermalization in the decoupling of two coupled Bose-Einstein condensates in the
thermal-noise-dominating regime
S.-W. Su,1, ∗ I.-K. Liu,1, 2 N. Proukakis,2 and S.-C. Gou1
1
Department of Physics and Graduate Institute of Photonics,
National Changhua University of Education, Changhua 50058 Taiwan
2
School of Mathematics and Statistics, Newcastle University,
Newcastle upon Tyne, NE1 7RU, United Kingdom

We study the dephasing dynamics of two linearly coupled quasi-one-dimensional Bose-Einstein condensates subjected to a quench of coupling strength in the thermal-noise-dominating regime. The full probability distribution
function (FDF), which gives statistical description for the interference contrast between two condensates in the presence of ﬂuctuations, is obtained by classical-ﬁeld method. By generating FDFs at various widths of integration window,
the crossover from phase-diﬀusion to contrast-decay regime is shown and the length scale characterizing the crossover
is identiﬁed. For short time dynamics, a long-lived quasi-steady prethermalized state emerges, while for the long time
dynamics, the system evolves towards the ﬁnal thermal equilibrium state. We show that the prethermalized state in
the thermal-noise-dominating regime share qualitatively similar features with that in the quantum-noise-dominating
regime, with the diﬀerence that the length and time scales characterizing the emergence of prethermalization depend
on temperature in our model.

´ L/2
FIG. 1. The phase decoherence dynamics revealed by full distribution functions C (L) = −L/2 ψ1∗ (z) ψ2 (z) dz for initial
temperatures Tini = 50 nK and τQ = 17 ms after the two Bose gases are completely decoupled as plotted in panel (a). In
panel (b), the histogram for the distributions of |C (L) |2 / |C (L) |2 are shown. At the beginning, the two Bose gases remain
coherent as can be clear seen from the high probability density and the small phase spreading. At later time, the prethermalized
state emerges in which the phase-diffusion regime and contrast-decay regime appear at different length scales.
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Kibble-Zurek mechanism in driven dissipative systems
1

2

G. Dagvadorj1 , A. Zamora2 ,∗ and M. H. Szymanska2

Department of Physics, University of Warwick, Coventry, CV4 7AL, UK
Department of Physics and Astronomy, University College London, Gower Street, London, WC1E 6BT, UK

One of the most interesting phenomenon which reveals universal aspects of critical many body systems is the
so called Kibble-Zurek mechanism [1, 2], where the topological defects appearing when the system crosses a phase
transition play an important role in the subsequent evolution.
Recently, there has been a lot of interest in understanding phase transitions in far from equilibrium driven dissipative
systems. One of the examples is that of normal to superﬂuid transition of exciton-polaritons in semiconductor
microcavities in two dimensions, which has been extensively experimentally studied in recent years. Despite their
driven and dissipative nature, recent numerical and analytical works suggest that the transition between ordered and
disordered phases is of a Berezinskii-Kosterlitz-Thouless type for experimentally relevant system sizes [3, 4].
In this work we address an open question whether Kibble-Zurek mechanism holds in the case of driven-dissipative
systems such as that of polaritons by studying the dynamics of the topological defects, i.e. the vortices, when the
external drive is swept through the critical point from the disorder to the ordered phase. We link this with the
static behaviour of the correlation length as the system approaches phase transition in order to examine the universal
aspects of this system at criticality.
For the numerical part we use the so called truncated Wigner representation [5, 6]. This phase space method
permits a beyond mean ﬁeld study by mapping the equations of evolution to a set of stochastic diﬀerential equations.
Moreover, we develop an eﬀective ﬁeld theory for the phase degree of freedom and characterize the static properties
of the system at criticality by considering the relevant terms of the Hamiltonian from a Renormalization Group point
of view.
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