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Introduction

The Wilhelm und Else Heraeus-Stiftung is a private foundation which supports
research and education in science, especially in physics. A major activity is the
organization of seminars. By German physicists the foundation is recognized as the
most important private funding institution in their fields. Some activities of the
foundation are carried out in cooperation with the German Physical Society
(Deutsche Physikalische Gesellschaft).

Aims and scope of the 669. WE-Heraeus-Seminar:

This conference brings together a broad community of senior and junior scientists to
address the most recent developments in the emerging cross-disciplinary research
field involing ultracold atoms, quantum many-body physics, quantum simulation and
quantum information.

The main themes of this edition will be:

- Non-equilibrium physics and dynamics

- Artificial gauge fields

- Topological phases

- Strongly correlated systems

- Ultracold atoms and quantum technologies
- From few to many-body physics
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Sunday, April 15, 2018

Welcome words

Microscopic studies of many-body
localization in two dimensions

Time-dependent generalized Gibbs
ensembles in open quantum systems

Propagation of correlations in
dissipative systems: ballistic, diffusive,
rare event and aging dynamics

Dynamics and interactions of quantum
vortices in Bose-Einstein condensates

Sound propagation in a superfluid two-
dimensional Bose gas

11:00-21:00 Registration
12:30-14:00 LUNCH
14:30 - 14:40  Scientific organizers
Session I: Non-equilibrium & dynamics
14:40 - 15:40  Christian Gross
15:40 - 16:10 Zala Lenar¢ic¢
16:10 - 16:40 COFFEE BREAK
16:40-17:10 Jean-Sébastien
Bernier
17:10-17:40 Russell Bisset
17:40-18:10 Jean-Loup Ville
18:10 - 18:20

19:00

Conference Photo (in the front of the lecture hall)

DINNER




Monday, April 16, 2018

08:00 BREAKFAST

Session Il: From few to many-body physics

09:00 - 10:00 Frank Pollmann Efficient simulation of quantum
thermalization dynamics

10:00 - 10:30  Nicola Wurz Coherent manipulation of spin
correlations in the 2D Fermi Hubbard
model

10:30-11:00 COFFEE BREAK

11:00-11:30 Tommaso Comparin  Itinerant ferromagnetism for two-
dimensional dipolar fermions

11:30-12:00 Francesco Scazza Time-resolved probing of repulsive
many-body states in ultracold Fermi
gases

12:00-12:30 Markus Heyl Dynamical quantum phase transitions

12:30 LUNCH



Monday, April 16, 2018

Session ll: Gauge fields & topology

14:30-15:30 Klaus Sengstock Topology in floquet engineered optical
lattices

15:30-16:00 Samuel Lellouch Parametric instabilities in shaken atomic
gases

16:00 - 16:30 COFFEE BREAK

16:30-17:00 Alexandre Dauphin Topological characterization of chiral
models through their long time
dynamics

17:00-17:30 Leonardo Mazza Laughlin-like physics in bosonic and
fermionic atomic synthetic ladders

17:30-18:00 Giacomo Cappellini Engineering synthetic gauge fields with
ultracold two-electron atoms

19:00 DINNER

20:30-21:30 Cristiane de Morais-  Colloquium:
Smith There is plenty of room at the bottom...
but even more in a fractal



Tuesday, April 17, 2018

08:00 BREAKFAST
Session IV: Strongly correlated systems
09:00 - 10:00 Leticia Tarruell Quantum liquid droplets in a mixture of
Bose-Einstein condensates
10:00-10:30 Andrea Detection of entanglement in a Fermi-
Bergschneider Hubbard dimer

10:30-11:00 COFFEE BREAK

11:00-11:30 Cecile Repellin Creating a bosonic fractional quantum
Hall state by pairing fermions

11:30-12:00 Jean Decamp Correlations and symmetries in
one-dimensional quantum gases

12:00-12:30 Guillame Salomon Direct observation of incommensurate
spin correlations in Hubbard chains

12:30 LUNCH
14:30-18:00 Poster session with 2-minute presentations off the posters and

16:00 COFFEE BREAK

19:00 HERAEUS DINNER
(social event with cold & warm buffet with complimentary drinks)



Wednesday, April 18, 2018

08:00 BREAKFAST

Session V: Quantum technologies & cold atoms

09:00-10:00 Giovanna Morigi Collective dynamics of atomic
ensembles confined within high-finesse
optical cavities

10:00-10:30 Benoit Vermersch Measuring entanglement and

scrambling via random unitaries

10:30-11:00 COFFEE BREAK

11:00-11:30 Philipp Hauke Many-body entanglement witnessed
through the quantum Fisher information

11:30- 12:00  Irénée Frérot Probing quantum superpositions in
equilibrium many-body systems close to
quantum and thermal critical points

12:00-12:30 Daniel Barredo Quantum simulation of spin models
with individual Rydberg atoms in
arbitrary geometries

12:30-12:45 Scientific organizers  Closing words

12:45 LUNCH

End of the seminar and departure

NO DINNER for participants leaving on Thursday morning
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Adriano Angelone

Lisa Arndt

Cosetta Baroni

Gianluca Bertaina

Guillaume Berthet

Thomas Bland

Anton Buyskikh

Josep Cabedo Bru

Cecile Carcy

Agnieszka Cichy

Ricardo Costa de Almeida

Superglass phase of interaction-blockaded gases on a
triangular lattice

Dual Shapiro steps of a phase-slip junction in the
presence of a parasitic capacitance

Interactions in a tunable Bose-Fermi mixture of
41K and °Li: phase separation and spin transport

Quantum critical behavior of one-dimensional soft
bosons in the continuum

Non linear scattering of atomic bright solitons in
disorder

Quantum ferrofluid turbulence

Spin model for 2-site resonant tunneling dynamics of
bosons in a tilted optical superlattice

A three-mode treatment of spin-1 Bose-Einstein
condensates with spin-orbit coupling

Single-atom-resolved probing of lattice gases in
momentum space

Reentrant Fulde-Ferrell-Larkin-Ovchinnikov
superfluidity in the honeycomb lattice

Measurement of multipartite entanglement in many-
body systems using temporal fluctuations



Marco Di Liberto

Arturo Farolfi

Serena Fazzini

Wojciech Gérecki

Piotr Grochowski

Michael Hagemann

Catalin-Mihai Halati

Yi-Ping Huang

Dariusz Kajtoch

Andreas Kerkmann

Antonia Klein

Thomas Kohlert

Particle-hole character of Higgs and Goldstone modes
in strongly interacting lattice bosons

Towards the study of many-body effects in resonantly
coupled spinor BECs

Non-local orders and SPT phases in Hubbard-
Heisenberg models

Roton in a many-body dipolar system

Ferromagnetic instability in a dynamical system of a
repulsive two-component Fermi gas

Production of a molecular Lithium BEC in a single-
chamber setup

Cavity-induced artificial gauge field in a Bose-Hubbard
ladder

Dynamical quantum phase transitions in the particle-
antiparticle production of a lattice gauge theory

Spin-squeezed atomic crystals

Gray molasses laser cooling of fermionic Lithium

Towards quantum state assembly

Exploring the single-particle mobility edge and many-
body localized phase in a 1D quasiperiodic optical
lattice with ultracold atoms



Johannes Kombe Observation of the Higgs mode in the superfluid
BEC-BCS crossover in Fermi gases

Arkadiusz Kosior Dynamical quantum phase transitions in discrete time
crystals

Avinash Kumar Producing superfluid circulation states using phase
imprinting

Alessio Lerose Chaotic dynamical phase induced by non-equilibrium

quantum fluctuations

Elia Macaluso Observing anyonic statistics via time-of-flight
measurements
Alfonso Maiellaro Topological phases of a two-leg Kitaev ladder

Giovanni |. Martone  Quantum depletion and coherence of an ultracold boson
vapor after a quench

Leonardo Masi Self-bound quantum droplets in atomic mixtures

Paolo P. Mazza Non equilibrium dynamics and transport in non-integrable
systems

Raphal Menu Quench spectroscopy of unconventional excitations in

Rydberg quantum simulators

Silvia Musolino Dynamics of few-body correlations in a quenched unitarity
Bose gas

Aurélien Perrin Magnetic transport of cold atoms in a quadrupole trap



Michele Pini

Lukas Rammelmiiller

Arko Roy

Angelo Russomanno

Grazia Salerno

Peter Schauss

Thomas Secker

Jasper Smits

Andrzej Syrwid

Konrad Szymarniski

Jéréme Thibaut

Roberto Verdel Aranda

Nicolas Victorin

Comparative study of many-body t-matrix theories for
a Fermi gas through the BCS-BEC crossover

Spin and mass imbalance in strongly interacting Fermi
gases

Design and characterization of a quantum heat pump in
a driven quantum gas

Dynamical localization and delocalization in a system of
coupled kicked rotors

Topological two-body bound states in the interacting
Haldane model

Quantum gas microscopy of many-body dynamics in
Fermi-Hubbard and Ising systems

Efimov physics for narrow Feshbach resonances

Faraday waves in Bose-Einstein condensates

Time crystal behavior of excited eigenstate

Spin self-rephasing in the system of several atoms

Entanglement properties of lattice bosons from a
variational wave function

Quantum dynamics with artificial neural networks

Bosonic double lattice ring under a gauge field



Botao Wang Floquet engineering of optical solenoids and
quantized charge pumping along tailored paths in
two-dimensional Chern insulators

Yibo Wang Q-Walker: a fully-programmable quantum dynamics
simulator with Rydberg-dressed atoms

Zhi-Yuan Wei Directly measuring the degree of quantum coherence
using interference fringes

Stefan Wolff Dissipative dynamics of spin-1/2 chains by tensor
network algorithms

Hepeng Yao Full scaling function of the Tan contact for trapped
Lieb-Liniger gases at finite temperature

Henrik Zahn 3D image reconstruction using symmetries applied to
cold Rydberg gases

Klaudia Zaremba-Kopczyk Magnetically tunable Feshbach resonances in an
ultracold gas of europium atoms and a mixture of
europium and alkali-metal atoms



Abstracts of Talks

(in chronological order)



Microscopic Studies of Many-Body Localization in
Two Dimensions

C.Gross'

"Max-Planck-Institut fiir Quantenoptik, Garching, Germany
E-mail: christian.gross@mpq.mpg.de

The breakdown of the thermalization of a generic isolated quantum system is one
consequence of many-body localization. This aspect can be probed experimentally in
systems of ultracold lattice atoms by the measurement of the long-time remaining
traces of an initially prepared far from equilibrium distribution of the atomic density.
We summarize our experiments performed in this spirit and report on recent progress
on the characterization of the system in the seemingly localized phase, including the
study of the stability of the localization when coupling to a well controlled atomic bath.



Time-dependent generalized Gibbs ensembles in
open quantum systems

Z. Lenarci¢, F. Lange, and A. Rosch

Institute for theoretical physics, University of Cologne, Cologne, Germany
E-mail: zala@thp.uni-koeln.de

Generalized Gibbs ensembles have been used as powerful tools to describe the
steady state of integrable many-particle quantum systems after a sudden change of
the Hamiltonian. Our work shows that their time-dependent version can be used for a
much broader class of problems. | will consider integrable systems in the presence of
integrability breaking driving terms due to coupling to a non-equilibrium environment,
using the one-dimensional Heisenberg model with perturbations described by
Lindblad operators or Floquet unitary driving as an example. | will show that the
dynamics is fundamentally different from that with static perturbations. As
demonstrated in quantum quench protocols, static integrability breaking terms always
lead to simple thermalization. Our numerical results show that driving reactivates
conserved quantities of the underlying integrable model, promoting features inherited
from the integrability to be much more robust and experimentally observable. We
show that dynamics is accurately captured by a time-dependent generalized Gibbs
ensemble with steady state Lagrange parameters determined by the perturbations.
This result significantly extends the application of the concept of generalized Gibbs
ensembles.

References
[1] F.Lange, Z. Lenar¢i¢, and A. Rosch, Nat. Comm. 8, 15767 (2017)

[2] Z. Lenargi¢, F. Lange, and A. Rosch, Phys. Rev. B 97, 024302 (2018)
[3] F.Lange, Z. Lenargi¢, and A. Rosch, arXiv:1801.07646 (2018)



Propagation of correlations in dissipative systems:
ballistic, diffusive, rare event and aging dynamics

Jean-Sébastien Bernier

HISKP University of Bonn, Bonn, Germany
E-mail: jpemier@uni-bonn.de

In recent years, considerable experimental efforts have been devoted to dynamically
generate complex states and monitor their evolution. Despite remarkable advances,
the theoretical principles behind the non-equilibrium dynamics of strongly correlated
quantum matter are still far from being fully understood. In particular, very few studies
have sought to clarify the influence of environmental couplings on the propagation of
correlations. We attempt here to fill this gap. As a first step, we consider an
interaction quench in the Bose-Hubbard model under the effect of dephasing, and
observe that dissipation effectively speeds up the propagation of single-particle
correlations while reducing their coherence. In contrast, for two-point density
correlations, the initial ballistic propagation regime gives way to diffusion at
intermediate times. As a second step, we consider the evolution of two-time
correlations in the XXZ spin-1/2 model in contact with a similar environment. We find
this system to display rare event and aging dynamics. The latter dynamical regime is
characterized by a breakdown of time-translation invariance, a slow non-exponential
relaxation of two-time correlations and the presence of dynamical scaling.



Dynamics and interactions of quantum vortices in
Bose-Einstein condensates

R. N. Bisset, S. Serafini, L. Galantucci, E. Iseni, T Bienaimé, M.
Barbiero, C. F. Barenghi, G.,.Lamporesi, G. Ferrari, F. Dalfovo

INO-CNR BEC Center and Dipartimento di Fisica, Universita di Trento, Italy
E-mail: rbisset@gmail.com

Boundaries strongly affect the behavior of quantized vortices in Bose-Einstein
condensates, a phenomenon particularly evident in elongated cigar-shaped traps
where vortices tend to orient along a short direction to minimize energy. Remarkably,
contributions to the angular momentum of such vortices are tightly confined to the
region surrounding the core, in stark contrast to untrapped condensates where every
atom would contribute hbar. We theoretically and experimentally (using real-time
imaging) explore the intriguing consequences. On the one hand, we demonstrate that
such localized vortices precess in a manner analogous to a classical spinning top [1].
On the other hand, the elongated nature of the condensate allows us to channel two
vortices towards one another. The local character of the vortices means that the
ensuing collisions occur within a well-defined interaction region [2].

References

[1] R.N. Bisset, S. Serafini, E. Iseni, M. Barbiero, T. Bienaimé, G. Lamporesi, G.
Ferrari, and F. Dalfovo, Phys. Rev. A 96, 053605 (2017)

[2] S. Serafini, L. Galantucci, E. Iseni, T. Bienaimé, R. N. Bisset, C. F. Barenghi,
F. Dalfovo, G. Lamporesi, and G. Ferrari Phys. Rev. X 7, 021031 (2017)



Sound propagation in a superfluid two-dimensional
Bose gas

J.-L. Ville!, R. Saint-Jalm', E. Le-Cerf', M. Aidelsburger’, S.
Nacimbéne', J. Dalibard' and J. Beugnon'
'Laboratoire Kastler Brossel, College de France, CNRS, ENS-PSL University,

Sorbonne Université, 11 Place Marcelin Berthelot, 75005 Paris, France
E-mail: jean-loup.ville@lkb.ens.fr

In superfluid systems different sound modes can be excited, like first and second
sound in liquid helium. We investigated the propagation of sound in a two-
dimensional weakly interacting Bose gas. The gas is confined in a box-like potential
and both propagating and standing waves can be excited and observed. We
characterized the variation of the speed of sound and the damping rate of these
excitations with temperature from the Bogoliubov regime to above the critical point.
We find good agreement between our data and a two-fluid hydrodynamic model
applied to two-dimensional Bose gases [1].

References

[11 T.Ozawa and S. Stringari, PRL 112, 025302 (2014)



Efficient Simulation of Quantum
Thermalization Dynamics

Frank Pollmann

Department of Physics, Technical University of Munich

E-mail frank.pollmann@tum.de

The past decade has seen a great interest in the question about whether and how
quantum many-body system locally thermalize. It has been driven by theoretical
findings involving the long sought demonstration that many-body localization (MBL)
exists as well as the derivation of exact bounds on chaos. In my talk, | will introduce
matrix-product state (MPS) based methods that allow for an efficient numerical
simulation of the quantum thermalization dynamics. Firstly, | will show that, contrary
to the common belief that the rapid growth of entanglement restricts simulations to
short times, the long time limit of local observables can be well captured using the
MPS based time-dependent variational principle [1]. Secondly, I will discuss how
mixed states can be represented using dynamically disentangled purified states.
These novel methods allow to extract transport coefficients efficiently [2].

References

[1] E. Leviatan, F. Pollmann, J. H. Bardarson, D. A. Huse, E. Altman,
arXiv:1702.08894

[2] J. Hauschild, E. Leviatan, J. H. Bardarson, E. Altman, M. P. Zaletel, F.
Pollmann, arXiv:1711.01288



Coherent Manipulation of Spin Correlations in the
2D Fermi Hubbard Model

N. Wurz', C. F. Chan', M. Gall', J. H. Drewes', E. Cocchi'?,
L. A. Miller"?, D. Pertot', F. Brennecke' and M. Kéhl'
'Physikalisches Institut, University of Bonn, Germany
2 Cavendish Laboratory, University of Cambridge, United Kingdom
E-mail: nicola.wurz@uni-bonn.de

Quantum gases of interacting fermionic atoms in optical lattices promise to shed light
on the low-temperature phases of Hubbard-type models, such as the anti-
ferromagnet. We study the physics of the two-dimensional Hubbard model by loading
a quantum degenerate two-component Fermi gas of 40K atoms into a three-
dimensional optical lattice geometry with strongly suppressed tunneling along the
vertical direction. Using high-resolution absorption imaging combined with radio-
frequency spectroscopy we spin-selectively record the in-trap density distribution of
singly occupied lattice sites in a single horizontal plane [1].

We coherently manipulate spin correlations within a plane using spatially and time-
resolved Ramsey spectroscopy [2]. This novel technique allows us not only to imprint
spin patterns but also to probe the static magnetic structure factor at arbitrary wave
vector, in particular the staggered structure factor. From a measurement along the
diagonal of the 1* Brillouin zone of the optical lattice, we determine the magnetic
correlation length and the individual spatial spin correlators. At half filling, the
staggered magnetic structure factor serves as a sensitive thermometer for the spin
temperature, which we employ to study the thermalization of spin and density
degrees of freedom during a slow quench of the lattice depth.

References

[1] J.H. Drewes et al., PRL 118, 170401 (2017)
[2] N. Wurz et al., arXiv:1709.08231 (2017)



Itinerant ferromagnetism for two-dimensional dipolar
fermions
T. Comparin’, R. Bombin?, M. Holzmann34,

F. Mazzanti?, J. Boronat?, and S. Giorgini'

'INO-CNR BEC Center and Dipartimento di Fisica, Universita di Trento, Povo, Italy
2Departament de Fisica, Universitat Politécnica de Catalunya, Barcelona, Spain
SLPMMC, UMR 5493 of CNRS, Université Grenoble Alpes, Grenoble, France
“Institut Laue-Langevin, Grenoble, France

E-mail: tommaso.comparin@unitn.it

Itinerant ferromagnetism appears when a system of spins which are free to move in
space - rather than being localized on a lattice - have a tendency to align, leading to
a state with non-zero polarization. Identifying this phenomenon for the ground state
of an electron gas has been a long-standing challenge, which required significant
advances in quantum many-body techniques.

The same phenomenon was later searched for in the context of ultracold atoms with
short-range interactions, with two hyperfine representing the different spin states.
This corresponds to the textbook case of the Stoner ferromagnetic instability.

In this work, we consider a mixture of two fermionic species in two dimensions, with a
repulsive interaction potential proportional to the inverse cube distance between
particles. This model represents the experimentally relevant case of dipolar atoms or
molecules, with dipole moments aligned in the direction perpendicular to the plane.
We compute the zero-temperature phase diagram of this system by means of the
Diffusion Monte Carlo technique, by comparing the energy of states at different
polarizations. For increasing interaction strength, we identify a transition from an
unpolarized to a polarized ground state, while for even stronger interactions the
system enters the Wigner-crystal phase. To verify the stability of this polarized phase,
we set up an additional calculation for the polaron problem, where a single impurity is
immersed in a polarized bath.

The interaction-strength regime which is relevant for the polarized phase may
become accessible in near-future experiments with ultracold molecules, where this
instability could be identified through the observation of magnetic domains.



Time-resolved probing of repulsive
many-body states in ultracold Fermi gases

F. Scazza'?, A. Amico'?, M. Inguscio’? G. Roati"?, and M. Zaccanti'?

! stituto Nazionale di Ottica del Consiglio Nazionale delle Ricerche (INO-CNR),
50019 Sesto Fiorentino, Italy
2 LENS and Dipartimento di Fisica e Astronomia, Universita di Firenze,
50019 Sesto Fiorentino, Italy
E-mail: scazza@lens.unifi.it

Strong repulsive interactions lie at the heart of a variety of electron correlation
phenomena in condensed matter. In particular, strong repulsion between itinerant
fermions fosters the emergence of ferromagnetism. | will report on our experimental
investigations of repulsive many-body states in the minimal framework offered
by ultracold Fermi gases with tunable short-range interactions and tunable spin
polarization. | will first present our study of repulsive Fermi polarons in a strongly
imbalanced resonant spin mixture [1]. The Fermi polaron impurity problem and the
associated repulsive quasiparticle are centrally important for the description and the
stability of ferromagnetic phases and spin domain walls. Through fast radio-
frequency (RF) spectroscopy probing, we observe well-defined repulsive
quasiparticles up to very strong repulsion and we characterise them by extracting all
key elastic and inelastic quasiparticle properties: the energy E+, the effective
mass m*, the residue Zand the decay rate . Importantly, we find the polaron
energy to exceed the Fermi energy of the bath at a critical coupling strength, while
the effective mass diverges and even turns negative, revealing an energetic and
thermodynamic instability of the repulsive Fermi liquid. | will also present our recent
study of balanced spin mixtures quenched to strong repulsion, employing time-
resolved pump-probe RF spectroscopy and local noise correlation measurements [2].
We monitor the evolution of the spectral response and of the spin-resolved density
correlations of the system after a sudden RF transfer to the strongly repulsive regime,
which is performed on a time scale much faster than the fermion pairing one. We
reveal how the competing pairing and ferromagnetic instabilities lead to the rapid
emergence of a long-lived inhomogeneous phase where pairing and magnetic
correlations coexist, resembling a micro-scale emulsion of atoms and molecules.

References

[1] F. Scazza, G. Valtolina, P. Massignan, A. Recati, A. Amico, A. Burchianti, C.
Fort, M. Inguscio, M. Zaccanti, and G. Roati, Phys. Rev. Lett. 118, 083602
(2017)

[2] A. Amico, F. Scazza, G. Valtolina, P. E. S. Tavares, W. Ketterle, M. Inguscio,
G. Roati, and M. Zaccanti, in preparation (2018)



Dynamical quantum phase transitions

Markus Heyl'

"Max-Planck-Institut fiir Physik komplexer Systeme, 01187 Dresden, Germany
E-mail: heyl@pks.mpg.de

Quantum theory provides an extensive framework for the description of the
equilibrium properties of quantum matter. Yet experiments in quantum simulators
have now opened up a route towards generating quantum states beyond this
equilibrium paradigm. While these states promise to show properties not constrained
by equilibrium principles such as the equal a priori probability of the microcanonical
ensemble, identifying general properties of nonequilibrium quantum dynamics
remains a major challenge especially in view of the lack of conventional concepts
such as free energies. The theory of dynamical quantum phase transitions [1,2]
attempts to identify such general principles by lifting the concept of phase transitions
to coherent quantum real-time evolution. In this talk | will give a pedagogical
introduction to this field. Starting from the general setting of nonequilibrium dynamics
in closed quantum many-body systerhs, first the general definition of dynamical
quantum phase transitions as phase transitions in time will be given and recent
experimental observations [3,4] will be outlined. And secondly, | will explain how few-
particle experimental systems such as in trapped ions [3] or for photonic quantum
walks can be used to extract dynamical quantum phase transitions from finite system
sizes although these transitions become infinitely sharp only in the thermodynamic
limit as is the case for equilibrium phase transitions.

References

[11 M. Heyl, A. Polkovnikov, and S. Kehrein, Phys. Rev. Lett. 110, 135704 (2013)
[2] M. Heyl, arXiv:1709.07461 (2017)

[3] P. Jurcevic et al., Phys. Rev. Lett. 119, 080501 (2017)

[4] N. Flaschner et al., Nature Physics AOP (2017)



Topology in Floquet Engineered Optical Lattices

Klaus Sengstock
Universitat Hamburg, Germany

Topological properties lie at the heart of many fascinating phenomena in solid-state
systems such as quantum Hall systems or Chern insulators. The topology of the
bands can be captured by the distribution of Berry curvature, which describes the
geometry of the eigenstates across the Brillouin zone. Using fermionic ultracold
atoms in a hexagonal optical lattice, we engineered the Berry curvature of the Bloch
bands using resonant driving and show a full momentum-resolved state tomography
from which we obtain the Berry curvature and Chern number (Science 352, 1091
(2016)).

Furthermore, we study the time-evolution of the many-body wavefunction after a
sudden quench of the lattce parameters and observe the appearance, movement,
and annihilation of vortices in reciprocal space. We identify their number as a
dynamical topological order parameter, which suddenly changes its value at critical
times. Our measurements constitute the first observation of a so called ,dynamical
topological phase transition’, which we show to be a fruitful concept for the
understanding of quantum dynamics far from equilibrium (arXiv 1608.05616).

The talk will discuss general concepts of topology and dynamics of ultracold quantum
gases in optical lattices.



Parametric instabilities in shaken atomic gases
S. Lellouch! and N. Goldman?

1Université de Lille 1- PhLAM, Lille, France
2Université Libre de Bruxelles, Physics Department, Belgium
E-mail: samuel.lellouch@univ-lille1.fr

Ultracold gases subjected to a time-dependent modulation are attracting a
growing attention. One main reason is that such “driven” systems have proven
efficient tools to design artificial gauge fields and topological phases for neutral
atoms [1,2]. More generally, they open numerous perspectives in the general
program of quantum simulation with ultracold atoms. However, most of the theory for
driven systems still relies on a singleparticle description, and recent experiments in
interacting regimes [3,4] have reported significant heating, losses, and instabilities in
modulated Bose-Einstein condensates. A precise understanding of the physics at
stake would therefore be highly welcome to guide experiments to stable regimes,
opening new perspectives in quantum simulation, among which the realization of
novel topological phases that have never been observed with ultracold atoms.

We report here [5] on a theoretical study of the instabilities that can arise in
weakly-interacting Bose gases subjected to a time-dependent modulation. We first
present a generic numerical method able to determine ab initio the stability regimes
of a wide class of modulated systems, and to extract the associated instability rates.
In a second step, we develop an analytical approach which allows to trace the
observed instabilites back to the phenomenon of parametric resonances, and
provides quantitative analytical estimates of the heating rates. We identify in the
dynamics different instability regimes associated with different timescales, as well as
clear signatures of those instabilities that could be directly probed in experiments.
Extensions to other types of modulated systems [6] are discussed.

References

[1] N. Goldman and J. Dalibard, Physical Review X 4, 031027 (2014)

[2] N. Goldman, G. Juzeliinas, P. Ohberg, and |. B. Spielman, Rep. Prog. Phys. 77
126401 (2014)

[3] M. Aidelsburger, M. Atala, M. Ldhse, J. Barreiro, B. Paredes and |. Bloch,
Physical Review Letters 111 185301 (2013)

[4] H. Miyake, G. Siviloglou, C. Kennedy, W. Burton and W. Ketterle, Physical
Review Letters 111 185302 (2013)

[5] S. Lellouch, M. Bukov, E. Demler, N. Goldman, Physical Review X 7, 021015
2017).

EG] S. )Lellouch and N. Goldman, arxiv:1711.08832 (2017).



Topological characterization of chiral models through their
long time dynamics

A. Dauphin’

% IcFo, Barcelona, Spain
E-mail: alexandre.dauphin@icfo.eu

Initially discovered in condensed matter, topological phases have so far been simulated in a
variety of synthetic systems (ultracold atoms in optical lattices, photonic bandgap materials,
mechanical systems, ...). Current theoretical research is showing that periodically-driven
systems generate much richer and more complex topological properties than their static
counterparts. Therefore, the accurate detection of these topological properties is a key
challenge.

In this talk, we derive and design a flexible and efficient theoretical method which allows to
measure the winding number of one dimensional systems with chiral symmetry by direct
imaging of single particle dynamics in their bulk [1,2]. We then observe experimentally our
theoretical findings by measuring the winding number in a chiral quantum walk realized by
twisted photons, i.e., in a photonic platform exploiting the spin and orbital angular momenta
of light [1]. We also discuss the recent observation of disorder driven topological phases and
in particular the topological Anderson insulator in a static one-dimensional chiral symmetric
wires with controllable disorder via spectroscopic Hamiltonian engineering, based on the
laser-driven coupling of discrete momentum states of ultracold atoms [3].
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The exception transport properties of fractional quantum Hall liquids are determined by their
topologically-protected edge modes. In this talk I will discuss how the exotic properties of the
boundary modes of Laughlin states can be realized in cold-atom gases realizing ladders with
one synthetic dimension. We named the states supporting these boundary properties
“Laughlin-like states” and theoretically diagnose them by focusing on the chiral current
flowing in the ladder, on the central charge of the low-energy theory, and on the properties of
the entanglement entropy. Our results employ extensive simulations based on matrix-product
states. The possibility of characterizing the transport properties of these states in cold-atom
setups is discussed and a realistic proposal for a fractional Laughlin pump is presented.
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Alkaline-earth(-like) two-electron atoms represent a very powerful platform for the
implementation of novel quantum simulation schemes, due to the native SU(N)
symmetry of inter-atomic interactions as well as to the existence of a metastable
electronic state accessible with optical clock technology which can be exploited in
experiments as an additional stable state.

In this talk | will describe how internal degrees of freedom of Ytterbium atoms,
coherently coupled through laser light, can be exploited to realize a “synthetic
dimension” that, used in combination with real-space optical lattices, allows for the
engineering of strong magnetic field fluxes through a synthetic Hall ribbon. In
particular, in a first experiment [1] we use nuclear spin states coupled by Raman
transitions to realize the extra dimension and observe for the first time the onset of
chiral edge states in a system of neutral fermions by probing the deformation of the
spin-resolved momentum distribution, as well as the edge-truncated cyclotron
dynamics of the atoms. In a second experiment [2], the synthetic dimension is
implemented exploiting the ground and metastable electronic states coupled through
clock laser light and we study the behavior of the chiral edge currents as a function of
the synthetic magnetic field flux. This second systems appears particularly interesting
due to the existence of a recently discovered Orbital Feshbach Resonance [3,4]
between atoms in ground and excited electronic states that could be exploited in
future studies to investigate the role of interaction in synthetic Hall-like systems.
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There is plenty of room at the bottom...
but even more in a fractal
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Feynman's original idea of using one quantum system that can be controlled and
manipulated at will to simulate the behaviour of another more complex one has
flourished during the last decades in the field of cold atoms. More recently, this
concept started to be developed in nano photonics and in condensed matter. In this
talk, | will review some of the achievements with ultracold atoms and discuss a few
recent experiments, in which 2D electron lattices were engineered on the nanoscale.
The first is the Lieb lattice [1], and the second is a Sierpinski gasket [2]. The
realisation of fractal lattices opens up the path to electronics in fractional dimensions.
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Self-bound states appear in contexts as diverse as solitary waves in channels, optical
solitons in non-linear media and liquid droplets. Their binding results from a balance
between attractive forces, which tend to make the system collapse, and repulsive
ones, which stabilize it to a finite size. This talk will present our recent experiments
on dilute quantum liquid droplets: macroscopic clusters of ultra-cold atoms that are
eight orders of magnitude more dilute than liquid Helium, but have similar liquid-like
properties. In particular, they remain self-trapped in the absence of external
confinement due to the compensation of attractive mean-field forces and an effective
repulsion stemming from quantum fluctuations [1].

We observe these self-bound droplets in a mixture of two Bose-Einstein condensates
with attractive inter-state and repulsive intra-state interactions. Exploiting in situ
imaging, we directly measure their ultra-low densities and micro-meter scaled sizes,
and demonstrate the many-body origin of their stabilization mechanism. Furthermore,
we observe that for small atom numbers quantum pressure is sufficient to dissociate
the droplets and drive a liquid-to-gas transition, which we map out as a function of
atom number and interaction strength [2].

In a second series of experiments, we study the difference existing between these
liquid droplets and more conventional bright solitons. In analogy to non-linear optics,
the former can be seen as one-dimensional matter-wave solitons stabilized by
dispersion, whereas the latter correspond to high-dimensional solitons stabilized by a
higher order non-linearity due to quantum fluctuations. We find that depending on the
system parameters, solitons and droplets can be smoothly connected or remain
distinct states coexisting only in a bi-stable region, and we determine experimentally
its boundary [3].
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Correlations and entanglement are defining features of quantum many-body states
and can be used to characterize quantum phases. In itinerant systems, where they
emerge naturally through coherent particle motion and interactions, it is notoriously
challenging to detect experimentally.

We probe correlations and the presence of entanglement in the fundamental unit cell
of the Fermi-Hubbard model. Using fermionic Lithium 6 in optical microtraps, we
deterministically realize quantum states in a tunable double-well potential [1]. A new
imaging technique allows us to characterize the states with spin- and particle
resolution in position and in momentum space.

We observe strong correlations in both degrees of freedom, indicating the high
coherence of the two-particle system. We establish witness criteria that are based on
the correlation functions to certify the presence of entanglement in the Fermi-
Hubbard dimer and separately observe the emergence of entanglement between
modes and between particles.
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We numerically study the behavior of spin--1/2 fermions on a two-dimensional square
lattice subject to a uniform magnetic field, where opposite spins interact via an on-
site attractive interaction. The single-particle Hamiltonian is the Harper-Hofstadter
model which was recently realized in several cold atomic gas experiments using
artificial gauge fields. In this context, a Feschbach resonance can be used to
implement a highly tunable on-site interaction. Starting from the non-interacting case
where each spin population is prepared in a quantum Hall state with unity filling, we
follow the evolution of the system as the interaction strength is increased. Above a
critical value and for sufficiently low flux density, we observe the emergence of a
twofold quasidegeneracy accompanied by the opening of an energy gap to the third
level. Analysis of the entanglement spectra shows that the gapped ground state is
the bosonic 1/2 Laughlin state. Our work therefore provides compelling evidence of a
topological phase transition from the fermionic integer quantum Hall state to the
bosonic Laughlin state at a critical attraction strength. | will present the numerical
signatures of these two phases, and analyze the equilibrium properties of the phase
transition. Finally, | will discuss some preliminary results concerning the dynamics of
the phase transition.
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We consider multi-component quantum mixtures (fermionic [1], bosonic or mixed [2])
with strongly repulsive delta interactions, in the experimentally relevant case of a
one-dimensional harmonic trap. In the limit of infinitely strong repulsion and zero
temperature, using the class-sum method, we study the symmetries of the spatial
wave function of the mixture. We find that the ground state of the system has the
most symmetric spatial wave function allowed by the type of mixture, which can be
seen as a generalized Lieb—-Mattis theorem. Moreover, we study the density profiles
and momentum distribution of such mixtures. In particular, we show that the
symmetry properties of the mixture are embedded in the large-momentum tails of the
momentum distribution, namely the Tan’s contacts. Furthermore, we derive scaling
laws for these quantities as a function of the temperature and interaction strength [1].
The influence of the transverse confinement on Tan's contact is also studied in the
simpler case of a one-component dilute Bose gas [3].
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The interplay between magnetism and doping is at the origin of exotic strongly
correlated electronic phases appearing in high-T¢ superconductors. One effect is the
emergence of incommensurate spin-density waves where the wave vector doesn'’t
belong to the reciprocal lattice. In the one-dimensional Hubbard model Luttinger
liquid theory predicts incommensurate spin correlations to arise both from doping or
from an external magnetic field imbalancing the spin populations. Here, we report on
the direct observation of such incommensurate spin correlations in doped and spin-
imbalanced Hubbard chains using spin-resolved quantum gas microscopy [1].
Doping is found to induce a linear change of the spin-density wave vector with
density in excellent agreement with Luttinger theory predictions. For non-zero
polarization we observe a decrease of the wave vector with magnetization as
expected from the Heisenberg model in a magnetic field. We trace the microscopic
origin of these incommensurate correjations to holes, doublons and excess spins
which act as domain walls for the antiferromagnetic order [2]. Finally, by inducing
interchain coupling we report on the evolution of the antiferromagnetic ordering
around holes and doublons revealing a qualitative change in the crossover from one
to two-dimensions.

References

[1] M. Boll, T. Hilker, G. Salomon et al., Science 353, 1257-1260 (2016)
[2] T. Hilker et al., Science 357, 484-487 (2017)
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In this talk we will present recent theoretical work on cooling and spontaneous spatio-
temporal pattern formation of atomic and molecular ensembles in optical resonators,
where the key ingredient of the dynamics are the coherent and dissipative long-range
optomechanical forces mediated by multiple scattering of the cavity photons. These
dynamics reveal the existence of prethermalized states which are expected to be
stable over the experimental time scales even in the bad cavity limit.
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Entanglement plays a central role in our understanding of quantum many body
physics, and is fundamental in characterizing quantum phases and quantum phase
transitions. In this talk, | will first show how to measure Renyi entropies [1,2] in
many-body quantum systems. Our approach consists in implementing an ensemble
of random unitary evolution operators, applying them on the measured many-body
state and extracting the desired functions from ensemble averaged observables [3]. ]
will present applications in one and two-dimensional Fermi (Bose-) Hubbard models
and spin models, and discuss on-going experiments with trapped ions (R. Blatt and
C. Roos group).

In the second part of my talk, | will extend these ideas by showing that random
measurements provide us with protocols to measure any nonlinear function of a
density matrix, or of a unitary time-evolution operator. | will illustrate this approach by
showing that out of time order correlations (OTOCs) can be simply expressed as
local response to local random perturbations, and are thus measurable directly in
current AMO setups.
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The experimental detection of large-scale entanglement in quantum many-body
systems is extremely challenging. Here, we discuss scenarios where it becomes
accessible via the quantum Fisher information (QFI), a known witness for genuinely
multipartite entanglement, which quantifies the potential for quantum-enhanced
metrology [1]. First, we introduce a direct relation of the QFI in thermal states with
linear response functions, which makes the QFI measurable with standard
experimental methods [2]. Using this relationship, we show that close to continuous
quantum phase transitions the QFI, and thus multipartite entanglement, can be
strongly divergent. Moreover, we discuss relations of the quantum Fisher information
to many-body localization [3] as well as to measures for many-body coherence [4].
As these results demonstrate, the quantum Fisher information represents a useful
and efficiently measurable witness for many-body entanglement.
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Uncertainty of physical quantities may have two origins : the (incoherent) noise
resulting from the coupling to the environment and the intrinsic (coherent) quantum
noise stemming from Heisenberg principle. We show how these two contributions to
the variance of an arbitrary observable can be isolated for quantum systems at
thermal equilibrium via basic statistical mechanics considerations. The thereby
defined quantum variance turns out to be closely related to the quantum Fisher
information (central for quantum metrology considerations), to which it provides both
a lower and an upper bound, and is also a multipartite entanglement witness.
Importantly, the quantum variance is measurable and computable for generic (namely
non-integrable) many-body systems. In a second part, we investigate the structure of
coherent vs incoherent fluctuations in the vicinity of the Ising critical point, in arbitrary
spatial dimensions. We show that the coherent fluctuations are critica<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>