WILHELM UND ELSE HERAEUS-STIFTUNG

553. WE-Heraeus-Seminar

Discrete and Analogue
Quantum Simulators

February 10" - 12", 2014
at the Physikzentrum Bad Honnef (Germany)



Subject to alterations!



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, To 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 553. WE-Heraeus Seminar:

We intend to bring together leading scientists working in the field of quantum
simulation, who make use of either analogue or discrete simulation methods.
Analogue simulators find natural applications in the investigation of quantum systems
ruled by continuous time Hamiltonians. On the other hand, it was theoretically shown
that quantum simulators based on discrete time operations can also provide an
excellent approximation for continuous time systems. In recent years, both analogue
and discrete simulation methods have been receiving significant attention from
theory to develop new strategies and algorithms, while experimental advances with
atoms, ions, and photons allow for the investigation of nontrivial problems, which are
otherwise intractable using classical computers.
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Dr. Andrea Alberti Universitat Bonn
53115 Bonn, Germany
Phone: +49 (0) 228 — 73-3471
e-mail: alberti@iap.uni-bonn.de
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53115 Bonn, Germany
Phone: +49 (0) 228 — 73-3477
e-mail: meschede@uni-bonn.de

Prof. Dr. Reinhard Werner Universitat Hannover
30167 Hannover, Germany
Phone: +49 (0) 511 — 762-17501
e-mail: reinhard.werner@itp.uni-hannover.de
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‘Sunday, February 9, 2014 ‘

17:00 - 21:00 Registration
from 18:00 BUFFET DINNER / Informal get together

Monday, February 10, 2014 ‘

07:30 BREAKFAST

08:40 — 08:45 Dieter Meschede Welcome and opening
Andrea Alberti
Reinhard Werner

08:45 - 09:00 Ernst Dreisigacker ~ About the Wilhelm and Else Heraeus
Foundation

09:00 — 09:45 Martin Zwierlein Strongly Interacting fermi gases in and out
of equilibrium

09:45 - 10:30 Jens Eisert Dynamical analogue quantum simulators

10:30 - 11:00 COFFEE BREAK

11:00 - 11:45 Fabio Sciarrino 3D-quantum integrated optical simulation
11:45 - 12:30 Philipp Preiss Quantum walks of strongly interacting
bosons

12:30 — 12:40 Conference Photo (in front of the Physikzentrum)

12:40 LUNCH



Monday, February 10, 2014

14:00 — 14:45 Fernando Brandao  Preparing Gibbs states on quantum
computers

14:45 — 15:30 Christina Kraus Quantum simulation at finite temperature in
an optical lattice clock

15:30 — 16:00 COFFEE BREAK

16:00 — 16:45 Stefan Kuhr Towards single-site-resolved detection of
fermions in an optical lattice

16:45 —17:30 Carlo Sias A one-dimensional liquid of fermions with
tunable spin

18:00 — 19:00 Rudolf Gross Superconducting hybrid quantum circuits

(evening talk)

19:00 DINNER



Tuesday, February 11, 2014

08:00

09:00 - 09:45
09:45 - 10:30
10:30 - 11:00
11:00 - 11:45

11:45 - 12:30
12:30
14:00 — 14:30

14:30 - 15:00

15:00 - 15:30

15:30 - 16:00

16:00 — 16:45

16:45 — 18:00
18:00 — 19:00
19:00

BREAKFAST

Rainer Blatt Quantum simulations with trapped ions

Klaus Sengstock Quantum gas simulators

COFFEE BREAK

Barbara Terhal Space-Time Circuit-to-Hamiltonian
construction and its applications

Andrew White Photonic quantum simulation

LUNCH

Marco Koschorreck  Universal spin dynamics in two-

() dimensional Fermi gases

Gheorghe Simulation of motional averaging with a

Sorin Paraocanu (a)  superconducting circuit

Thomas Quantum simulation via applied systems

Schulte-Herbriiggen theory

(@)

BREAK

Tobias Osborne Quantum Yang-Mills theory on the lattice

and tensor network states
Poster flash talks ()
Poster session

HERAEUS DINNER
(cold & warm buffet, free beverages)
& poster awards




Wednesday, February 12, 2014 ‘

08:00 BREAKFAST

09:00 - 09:45 Mark Rudner Topological bands in periodically-driven
systems

09:45 - 10:30 Alexander Szameit  Photonic floquet topological insulators
10:30 - 11:00 COFFEE BREAK
11:00 — 11:45 Pablo Arrighi Quantum walks for relativistic particles

11:45-12:30 Yoav Lahini Quantum walks of interacting particles

12:30 - 12:45 Dieter Meschede Final remarks
Andrea Alberti
Reinhard Werner

12:45 LUNCH

End of the seminar and FAREWELL COFFEE / Lab tours (y)

(a) Contributed talk session.

(8) Young researchers have the opportunity to present their own results with a flash
presentation of about 2/3 minutes.

{v) We offer lab tours of University of Bonn's laboratories. You are kindly invited to contact us
if you are interested.






Posters




Sascha Agne

Andrea Alberti
Murtaza Ali Khan

Alexander Baust

Marco Bentivegna

Stefan Brakhane
Christopher Cedzich
Myung-Hoon Chung
Simon Cornish
Guanxiang Du

Terry Farrelly
Mathis Friesdorf
Holger Frydrych
Maximilian Genske
Bahareh

Ghannad Dezfouli
Markus Grafe

Christopher Grossert

Anna Hambitzer

René Heilmann

Kotbi Lakhdar

Signal-to-noise ratio for single atom detection with
microcavities

Electric quantum walks with individual atoms
Nanometric surface probing with ultra-cold atoms

Superconducting resonator systems for quantum
simulations

Experimental boson sampling with integrated photonic
circuits

2D discrete quantum simulator

Quantum walks in electric fields

Tensor network states for fermion lattice models
Towards quantum simulation with ultracold molecules
Imaging of microwave fields with quantum atomic vapors

Quantum computing and particle physics in discrete
spacetime

Emergence of coherence and the dynamics of quantum
phase transitions

Constructing Pauli pulse schemes for quantum
simulation

Doublons and Holons in perodically driven Mott
insulators

Adiabatic tracking of many-body dynamics

High-Order Single-Photon W-states for random number
generation

Simulation of relativistic wave equation predictions with
ultracold atoms in an optical lattice

Quantum Simulations with circuit QED

Realization of Hadamard and Pauli-X gate for polarization
encoded qubits on chip

The quantum hall effect within the notion of Peer Cooper



Karla Loida Ultracold bosons in optical lattices subjected to a
periodic perturbation

Anna Marchant Towards the creation of ground-state ultracold RbCs
molecules for quantum simulation

Michael Marthaler Fundamental quantum physics with superconducting
qubits

Oliver Marty Quantifying entanglement with simple measurements

Maria Exotic quantum magnetism with spin F=1 ultracold gases

Moreno Cardoner in optical lattices

Armando Perez-Leija Reconstruction of Wigner functions using Glauber-Fock
photonic lattices

Tim Richardt Nonlinear PT-symmetric photonic graphene

Carsten Robens Rigorous violations of the Leggett Garg inequality using
quantum walks of single atoms

Tomas Rybar Memory requirements for general reversible qubit stream
processors

Hamed Saberi Quantum simulation with kagome photon lattices

Malte Schlosser Experimental demonstration of more than 100

individually addressable qubits for quantum simulation
and quantum computation

Ameneh Sheikhan Relaxation dynamics of a Fermi gas in an optical
superlattice

Simon Stitzer Optical supersymmetry: A fundamental approach to a
new kind of mode converters

Nikodem Szpak Quantum simulation of relativistic fields interacting with
artificial gravity in 2D bichromatic optical lattices

Bernard van Heck Thermal conductance as a probe of topological order in a
hybrid semiconductor-superconductor system emulating
the Higgs model

Martin Weides Towards scalable superconducting quantum bits for
analog quantum simulation



Contributed Talks

Marco Koschorreck  Universal spin dynamics in two-dimensional Fermi gases

Gheorghe Sorin Simulation of motional averaging with a superconducting
Paraoanu circuit
Thomas Quantum simulation via applied systems theory

Schulte-Herbriiggen



Abstracts of Lectures

(in chronological order)




Strongly Interacting Fermi Gases in and out of
Equilibrium
M. W. Zwierlein'

"Center for Ultracold Atoms, Research Laboratory of Electronics, and Department of
Physics, Massachusetts Institute of Technology, Cambridge, MA 02139, USA
E-mail: zwierlein@mit.edu

Ultracold atomic Fermi gases near Feshbach resonances have emerged as a unique
platform to study the many-body physics of strongly interacting fermions in and out of
equilibrium. Precise experimental data allow the validation of theoretical models for
other strongly interacting fermionic systems, such as high-temperature
superconductors, neutron stars or the quark-gluon plasma of the early universe.
Concerning equilibrium properties, we obtained the equation of state of the Unitary
Fermi gas with high precision [1]. Our method does not rely on any theoretical input,
a fitting procedure or an external thermometer. It allowed us to directly observe the
superfluid lambda transition of the gas in its thermodynamic properties such as the
specific heat. The superfluid transition temperature is 17% of the Fermi temperature,
the record for known fermionic superfluids.

In regards to non-equilibrium properties, we were recently able to directly imprint
long-lived solitary waves into the fermionic superfluid [2]. As the interactions are
tuned from the regime of Bose-Einstein condensation of tightly bound molecules
towards the Bardeen—Cooper—Schrieffer limit of long-range Cooper pairs, the waves'
effective mass increases dramatically, to more than 200 times their bare mass. This
mass enhancement is more than 50 times larger than the theoretically predicted
value for planar solitons. Our most recent experiments reveal the microscopic nature
of the observed solitary waves. Our work provides a benchmark for theories of non-
equilibrium dynamics of strongly interacting fermions.

References

[1] Mark J. H. Ku, Ariel T. Sommer, Lawrence W. Cheuk, Martin W. Zwierlein,
Science 335, 563 (2012)

[2] Tarik Yefsah, Ariel T. Sommer, Mark J.H. Ku, Lawrence W. Cheuk, Wenjie Ji,
Waseem S. Bakr, Martin W. Zwierlein, Nature 499, 426-430 (2013)



Dynamical analogue quantum simulators

Jens Eisert!
'FU Berlin
Arnimallee 14, 14165 Berlin, Germany
ematl: jense@physik, fu-terlin. de

Complex quantum systems out of equilibrium are at the basis of a number
of long-standing questions in physics. This talk will be concerned on the
one hand with recent progress on understanding how quantum many-body
systems out of equilibrium eventually come to rest, thermalise and cross phase
transitions, on the other hand with dynamical analogue quantum simulations
using cold atoms |[1-4]. If time allows, T will in an outlook discuss the question
of certification of quantum simulators, and will how this problem also arises
in other related settings, such as in Boson samplers [5. 6].

[1] 8. Braun, M. Friesdorf, S. S. Hodgman, M. Schreiber, J. P. Ronzheimer, A,
Riera. M. del Rey, 1. Bloch, J. Eisert, U. Schneider, in preparation (2014).

[2] M. Kliesch. M. Kastoryano, C. Gogolin, A. Riera, J. Eisert, arXiv:1309:0816.

[3] S. Trotzky, Y.-A. Chen, A. Flesch, 1. P. McCulloch, U. Schollwoeck, J. Eisert, 1.
Bloch, Nature Physics 8, 325 (2012).

[4] A. Riera, C. Gogolin, M. Kliesch, J. Eisert. n preparation (2014).

|5] C. Gogolin, M. Kliesch, L. Aolita, J. Eisert, in preparation (2014) and
arXiv:1306.3995.

|6] S. Aaronson. A. Arkhipov, arXiv:1309.7460.



3D-Quantum Integrated Optical Simulation

F. Sciarrino’

'Dipartimento di Fisica, Sapienza Universita di Roma
Piazzale Aldo Moro 2, 00185 Roma, ltalia
www. 3dquest.eu
E-mail: fabio.sciarrino@uniromar.it

Integrated photonic circuits have a strong potential to perform guantum
information processing. Indeed, the ability to manipulate quantum states of light
by integrated devices may open new perspectives both for fundamental tests
of quantum mechanics and for novel technological applications. Within this
framework we have developed a directional coupler, fabricated by femtosecond laser
waveguide writing, acting as an integrated beam splitter able to support polarization-
encoded qubits [1]. As following step we addressed the implementation of quantum
walk. For the first time, we investigated how the particle statistics, either bosonic or
fermionic, influences a two-particle discrete quantum walk [2]. As following step we
have exploited this technology to simulate the evolution for disordered quantum
systems observing how the particle statistics influences Anderson localization [3].
Finally we will discuss the perspectives of optical quantum simulation: the
implementation of the boson sampling to demonstrate the computational capability of
quantum systems and the development of integrated architecture with three-
dimensional geometries [4]. We report the experimental observation of three-photon
interference in an integrated three-port directional coupler realized by ultrafast laser
writing. By exploiting the capability of this technique to produce three-dimensional
structures, we realized and tested in the gquantum regime a three-port beam splitter,
namely a tritter, which allowed us to observe bosonic coalescence of three photons
[5]. These results open new important perspectives in many areas of quantum
information, such as fundamental tests of quantum mechanics with increasing
number of photons, quantum state engineering and quantum simulation.
References

[1] L. Sansoni, F. Sciarrino, G. Vallone, P. Mataloni, A. Crespi, R. Ramponi, R.

Osellame, Phys. Rev. Lett. 105, 200503 (2010).

[2] L. Sansoni, F. Sciarrino, G. Vallone, P. Mataloni, A. Crespi, R. Ramponi, R.
Osellame, , Phys. Rev. Lett. 108, 010502 (2012).

[3] A. Crespi, R. Osellame, R. Ramponi, V. Giovannetti, R. Fazio, L. Sansoni, F.
De Nicola, F. Sciarrino, and P. Mataloni, Nature Photonics 7, 322 (2013)

[4] A. Crespi, R. Osellame, R. Ramponi, D. J. Brod, E. F. Galvao, N. Spagnolo, C.
Vitelli, E. Maiorino, P. Mataloni, and F. Sciarrino, Nature Photonics 7, 545
(2013)

[5] N. Spagnolo, C. Vitelli L. Aparo, P. Mataloni, F. Sciarrino, A. Crespi, R.
Ramponi, and R. Osellame, Nature Comm. 4, 1606 (2013)



Quantum Walks of Strongly Interacting Bosons

Philipp Preiss. R. Ma, E. Tai, A. Lukin, M. Rispoli, R. Islam, and M. Greiner
- Department of Physics
Harvard Universily
17 Caford Sireel,
Cambridge MA (2138, USA
cmail:  preiss@physics. harvard. edu,
greiner@physics. harvard. edu

Microscopy techniques for ultracold quantum gases offer the opportunity
to characterize complex bosonic many- body states on a single-particle level.
With a novel single-site addressing scheme, we are now able to study the most
elemental building blocks of such strongly correlated systems. We initialize
Fock states of few bosons in an optical lattice with high fidelity and follow
their dynamics in one dimension. Focussing on free quantum walks of two
atoms. we directly observe the crossover from bunching to anti-bunching as
the bosons fermionize in the presence of strong repulsive interactions. Our
work gives access to interaction effects in the simplest possible setting and
allows the assembly of many-body states one particle at a time.



Preparing Gibbs States on Quantum Computers

Fernando Brandao
University College London, Department of Computer Science, London, UK
E-mail: feslbrandao@gmail.com

In this talk I will discuss a new quantum algorithm for preparing Gibbs states on a quantum
computer. The algorithm is fundamentally different from the quantum Metropolis algorithm,
being closely related to the well-known Davies generators from open quantum systems
theory. I will then discuss the efficiency of the algorithm and argue that it runs quickly
whenever the Gibbs state is clustering (has decaying correlations). The talk is based on joint
work with Michael Kastoryano.



Quantum simulation at finite temperature in an optical
lattice clock

Christina Kraus
Institute for Guantum Cptics and Quantum Infermaticn of the
Austrian Academy of Sciences and Institute fer Theoretical Physics,
Universily of Innsbruck, A-60620 Innsbruck, Ausiria

This project is in collaboration with the Strontium team (X.
Zhang, M. Bishof, S. Bromley, A. M. Rey and Jun Ye) at JILA.

Quantum simulation of fermionic many-body systems is complicated by the
lack of efficient cooling schemes that would allow to reach the temperature
regime where many interesting quantum mechanical effects arise. One impor-
tant class of such systems are SU(N) spin models that are expected to describe
transition metal oxides, heavy fermion materials or spin liquid phases. In
search to overcome the notorious cooling problem we propose the possibility
to use an optical lattice clock based on Alkaline Earth atoms operated at pK
temperature as a finite temperature quantum simulator of two-orbital SU(N)
physics. and explain how the SU(N) physics can be probed in a Ramsey-type
experiment.



Towards single-site-resolved detection of
fermions in an optical lattice

Stefan Kuhr

University of Strathclyde, Glasgow, United Kingdom

Ultracold atoms in optical lattices have become a tool to simulate and test fundamental
concepts of condensed matter physics, in particular to simulate electrons in solid
crystals. Recent experiments with single-site resolution of single atoms at individual
lattice sites have resulted in the direct observation of quantum phase transitions, such
as the superfluid to Mott insulator transition for bosonic particles [1], and, e.g. single-site
addressing [2] and the quantum dynamics of spin-impurities [3].

However, an experimental proof of single-site-resolved detection of correlated phases of
ultracold fermions in a lattice is still missing. | will report on our current progress to
realise single-site resolved, in-situ imaging and manipulation of strongly correlated
fermionic “°K in an optical lattice. Such a system would be an ideal environment to
simulate the Fermi-Hubbard Hamiltonian, allowing for the direct observation and
characterisation of, e.g., temperature, spin-structure, or entropy distribution of quantum
phases such as fermionic Mott insulators, Band insulators or Néel antiferromagnets.

[1] J. F. Sherson, C. Weitenberg, M. Endres, M. Cheneau, |. Bloch, S. Kuhr, Single-atom-resolved
fluorescence imaging of an atomic Mott insulator, Nature 467, 68 (2010).

[2] C. Weitenberg, M. Endres, J. F. Sherson, M. Cheneau, P. SchauB, T. Fukuhara, |.Bloch, S. Kuhr,
Single-spin addressing in an atomic Mott insulator, Nature 471, 319 (2011).

[3] T. Fukuhara, A. Kantian, M. Endres, M. Cheneau, P. Schauf}, S. Hild, D. Bellem, U. Schollwéck, T.
Giamarchi, C. Gross, |. Bloch, S. Kuhr, Quantum dynamics of a single, mobile spin impurity, Nature
Physics 9, 235 (2013)



A one-dimensional liquid of Fermions with tunable
spin
C. Sias'?, G. Pagano'#, M. Mancini"?, G. Cappellini', P. Lombardi'?,
F. Schifer!, J. Catani'?, M. Inguscio’??, L. Fallani'??
'LENS European Laboratory for Nonlinear Spectroscopy, Sesto Fiorentino, Italy
? Istituto Nazionale di Ottica-CNR, Sesto Fiorentino, Italy
I Dipartimento di Fisica, Universita di Firenze, Italy

4 Scuola Normale Superiore, Pisa, Italy
E-mail: carlo.sias@ino.it

Correlations in physical systems with spin degree of freedom are at the heart of
several fundamental phenomena, ranging from magnetism to superconductivity. In
general, the effects of correlations depend strongly on the dimensionality of the
system. A striking example are fermions confined in one dimension, whose small-
energy excitations have a collective nature - a phenomenon that cannot be described
by a quasiparticle treatment and has counterintuitive effects such as the separation
of spin and charge excitations.

We report on the realization of multi-component one-dimensional liquids of ultracold
173yp fermions. These two-electron atoms are characterized by a large nuclear spin
and highly-symmetric atom-atom interactions, which result in the possibility of
performing quantum simulations of systems with intrinsic SU(N) symmetry. In one
dimension, repulsive interactions between atoms in different nuclear spin states
cause static and dynamic properties of the system to significantly depart from those
of an ideal Fermi gas, in accordance with the Luttinger theory for a 1D liquid of spin-
1/2 interacting fermions. Much stronger deviations are measured when the fermionic
liquid is prepared in more than 2 internal states. This work provides the first
experimental study of Luttinger physics with repulsive spinful atoms and the first
realization of multi-component Luttinger liquids with tunable SU(N) symmetry.

References

[1] G. Pagano et al., Nature Physics, in press.



Superconducting Hybrid Quantum Circuits*
Rudolf Gross'?

"Walther-MeiRRner-Institut, Bayer. Akad. der Wissenschaften, Garching, Germany
2 Physik-Department, Technische Universitét Miinchen, Garching, Germany
E-mail: Rudolf. Gross@wmi.badw.de

The combination of superconducting microwave cavities with superconducting, me-
chanical or magnetic nanosystems leads to the fascinating field of superconducting
hybrid quantum systems, allowing the study of a rich variety of interesting phenome-
na. In circuit-QED systems, the strong and ultra-strong coupling regime, where the
coupling rate between superconducting qubits and the cavity reaches a considerable
fraction of the cavity transition frequency [1], can be achieved, allowing for the study
of physics beyond the Jaynes-Cummings model. Superconducting circuit-QED sys-
tems are also promising for the realization of analog quantum simulators. A particular
example is the simulation of Bose-Hubbard-type dynamics in chains of coupled non-
linear superconducting resonators [2]. The implementation of flexible simulators re-
quires tunable resonator nonlinearities and inter-resonator coupling strengths. To this
end, switchable and tunable coupling between transmission line resonators mediated
by superconducting qubits [3] or RF-SQUIDs [4] is promising.

In eircuit nano-electromechanics, the parametric coupling of electromagnetic and
mechanical degrees of freedom gives rise to a host of phenomena such as quantum-
limited displacement measurements, sideband cooling or amplification of mechanical
motion. Likewise, this interaction provides mechanically mediated functionality for the
processing of electromagnetic signals. By coupling a superconducting coplanar-
waveguide (CPW) resonator to a silicon nitride based nanomechanical oscillator [5,6],
we demonstrate both electromagnetically induced transparency (EMIT) and absorp-
tion (EMIA). Using EMIT, we realize all-microwave field-controlled tunable slowing
and advancing of microwave signals, with millisecond distortion-free delay and negli-
gible losses [5].

Superconducting-magnetic circuit QED systems have been realized by coupling
the ferrimagnetic insulator YsFesO42 (YIG) to a superconducting CPW microwave
resonator. The strong coupling regime between YIG and the microwave cavity has
been reached [7], allowing for the coherent exchange of the quantized excitations
(magnons and photons) in such hybrid quantum systems.

*This work is supported by the German Research Foundation via SFB 631, the Excellence Initiative
via the Nanosystems Initiative Munich (NIM), and the EU projects CCQED and PROMISCE.

References
[1] T. Niemczyk et al., Nature Physics 6, 772 (2010).
[2] M. Leib et al., New J. Phys.14 , 075024 (2012).
[3] M. Mariantoni et al., Phys. Rev. B 78, 104508 (2008).
[4] B. Peropadre et al., Phys. Rev. B 87, 134504 (2013).
[5] Xiaoging Zhou et al., Nature Physics 9, 179-184 (2013).
[6] Fredrik Hocke et al., New J. Phys. 14, 123037 (2012).
[7] H.Huebl et al, Phys. Rev. Lett. 111, 127003 (2013).



Quantum Simulations with Trapped Ions

Rainer Blatt!?
! Institute for Ezperimental Physics
University of Innsbruck, Technikerstrasse 25, A-6020 Innsbruck, Austria
Rainer. Blatt@uibk.ac.at, www.quantumoptics.at
2 Institute for Quantum Optics and Quantum Information,
Austrian Academy of Sciences, Otto-Hitlmair-Platz 1, A-6020 Innsbruck, Austria
Rainer. Blatt@oeaw. ac.at, www.igogi.at

In this talk, the basic tool box of the Innsbruck quantum computer based
on a string of trapped Ca™ ions will be reviewed. The quantum toolbox is
applied to carry out both analog and digital quantum simulations. In this
talk the basic simulation procedure will be presented and its application will
be discussed for a variety of spin Hamiltonians. Including a carefully con-
trolled dissipation mechanism, the toolbox allows for the quantum simulation
of systems, especially for Ising-type spin models and for open quantum sys-
tems. A string of ions is used to implement a string of spins that interact
by means of quantum gate operations and the dynamical evolution of a spin
system can be simulated. With an additional ancilla ion which is coupled
to the environment, open system behavior is simulated in a well-controlled
way. Thus, entangled states, such as Bell and GHZ states can be generated
by dissipative processes and can be used as part of the quantum simulator.
Recent experimental results on the simulation of propagating spin waves and
of competing coherent and dissipative processes will be discussed.



Quantum gas simulators

Klaus Sengstock
Universitat Hamburg, Institut fur Laserphysik, Hamburg, Germany

E-Mail: sengstock@physik.uni-hamburg.de




Space-Time Circuit-to-Hamiltonian Construction and Its
Applications

B.M. Terhal' and N. Breuckmann?
"1GI, RWTH Aachen
Sommerfeldstrasse 26, Aachen, Germany
email:  bterhal@gmail com
21GI, RWIH Aachen
Semmerfeldstrasse 26, Aachen, Germany
email:  breuckmann@physik rwth-aachen. de

The circuit-to-Hamiltonian construction translates dynamics (a quantum
circuit and its output) into statics (the groundstate of a cirenit Hamilto-
nian) by explicitly defining a quantum register for a clock. The standard
Feynman- Kitaev construction uses one global clock for all qubits while we
consider a different construction in which a clock is assigned to each inter-
acting qubit. This makes it possible to capture the spatio-temporal structure
of the original quantum circuit into features of the circuit Hamiltonian. The
construction is inspired by the original two-dimensional interacting fermionic
model in [1]. We prove that for one-dimensional quantum circuits the gap of
the circuit Hamiltonian is appropriately lower-bounded. partially using results
on mixing times of Markov chains. so that the applications of this construc-
tion for QMA (and partially for quantum adiabatic computation) go through.
For one-dimensional quantum circuits, the dynamics generated by the circuit
Hamiltonian corresponds to diffusion of a string around the torus. Our results
can be found in [2].

[1] A. Mizel. D. Lidar, M. Mitchell. Simple proof of equivalence between adiabatic
quanium computation and the circuit model, Phys. Rev. Lett. 99, 070502 (2007).

[2] N. Breuckmann and B.M. Terhal, Space-lime circuil-lo- Hamiltonian construction
and its applicaticns, arxiv.org: 1311.6101.



Photonic Quantum Simulation

Andrew White!:?2

' Centre for Engineered Quantum Systems
2Centre for Quantum Computer and Communication Technology
School of Mathematics and Physics,
University of Queensland, 4072 Brisbane, QLD, Australia

In principle, quantum mechanics can exactly describe any system of quan-
tum particlesfrom single electrons to unwieldy proteinsbut in practice this is
impossible for even moderately interesting systems as the number of equations
grows exponentially with the number of particles,

A well known example is the fundamental problem faced in quantum chem-
istry, calculating molecular properties such as total energy of the molecule.
In principle this is done by by solving the Schrdinger equation; in practice
the computational resources required increase exponentially with the num-
ber of atoms involved and so approximations become necessary. Recognising
this, in 1982 Richard Feynman suggested using quantum components for such
calculations. It wasn’t until the 1990’s than a quantum algorithm was pro-
posed where the computational resources increased only polynomially in the
problem size, and experimental implementations are even more recent, e.g. a
photonic quantum computer was used in 2010 to obtaining the energiesat up
to 47 bits of precisionof the hydrogen molecule, Ha [1].

Here we examine the state of play in photonic quantum simulation, high-
lighting the difference between wave-mechanics simulations, which can be done
with single photons or classical light, and quantum-mechanics simulations,
which require multiple photons. Along the way we look at phenomena and
problems from biology, chemistry, computer science, and physics, including
zitterbewegung, enhanced quantum transport, quantum chemistry, and topo-
logical phases. We discuss the latest advances in photon technology, notably
sources [2], detectors, and nonlinear interactions, and the implications for
large-scale implementations in the near to medium term, e.g. in the Boson-
Sampling problem [3].

[1] B. P. Lanyon, J. D. Whitfield, G. G. Gillet, M. E. Goggin, M. P. Almeida, I.
Kassal, J. D. Biamonte, M. Mohseni, B. J. Powell, M. Barbieri, A. Aspuru-Guzik
and A. G. White, Nature Chemistry 2, 106 (2010).

[2] O. Gazzano, M. P. Almeida, A. K. Nowak, S. L. Portalupi, A. Lematre, I. Sagnes,
A. G. White, and P. Senellart, Physical Review Letters 110, 250501 (2013).

[3] M. A. Broome, A. Fedrizzi, S. Rahimi-Keshari, J. Dove, S. Aaronson, T. C.
Ralph, and A. G. White, Science 339 (2013)



Quantum Yang-Mills theory on the lattice and tensor
network states

Ashley Milsted’ and Tobias J. Osborne!

Tinstitut fiir theoretische Physik, Appelstr. 2, 30167 Hannover
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In this talk we pursue a description of the ground-state of lattice gauge theory in
terms of a tensor network state. We work with pure gauge theory in the hamiltonian
formalism on the lattice and study the locally gauge invariant sector of Hilbert space.
We develop a toolkit to describe states in this sector, exploiting parallel transport
operations and block-spin averaging operations to construct hierarchical tensor
networks for pure gauge theory on the lattice. The continuum limit of our ground-state
ansatz is also be discussed, and is connected to the removal of the lattice regulator.
Connections to discrete quantum simulation will be emphasised. This talk is intended
as a high-level overview of an ongoing programme.

References
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Topological Bands in Periodically-Driven Systems
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Recent work on topological materials has revealed a wide variety of intrigu-
ing phenomena that may arise when particles move in “non-trivial” bands.
Advances in experimental capabilities for controlling electronic, atomic, and
optical systems raise the possibility that analogous phenomena may be gen-
crated dynamically in driven systems. In this talk T will discuss how sys-
tems with discrete time translation symmetry offer an exciting platform for
studying topological phenomena analogous to those familiar from non-driven
systems. For example. analogues of the complete periodic table of topological
classes for non-interacting systems can be realized in driven systems|1]. Going
beyond this paradigm. I will also show that the differences between discrete
and continuous time systems reveal entirely new robust phenomena. which
can only occur in driven systems. In particular. a two dimensional driven
system in which all “Floguet bands” have Chern number zero may still host
robust chiral edge modes|2|. I will explain how this occurs. and what it means,
and give some outlook on recent and proposed experiments on these so-called
Floquet topological insulators|3).

1] T. Kitagawa, E. Berg. M. S. Rudner, and E. A. Demler, Topological Charac-
terization of Periodically Driven Quantum Systems, Phys. Rev. B 82, 235114
(2010).

[2] M. S. Rudner. N. M. Lindner. E. Berg, and M. Levin. Anomalous Edge States
and the Bulk-Edge Correspondence for Periodically Driven Two-Dimensional
Systems, Phys. Rev. X 3. 031005 (2013).

[3] N. H. Lindner, G. Refael, and V. Galitski, Floquet Topological Insulator in
Semiconductor Quantum Wells, Nat. Phys. 7. 490 (2011).



Photonic Floquet Topological Insulators
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We present the experimental demonstration of topological insulators (Tls) [1] where
the propagating field is electromagnetic (in this case, visible light), rather than
electronic. In solid-state Tls, topological protection is achieved by virtue of the
Kramers degeneracy, which does not apply to photons (since they are
bosons). Therefore, another mechanism is required. Theoretical proposals for
achieving photonic Tls have included: aperiodic coupled resonator arrays; coupled
optical cavities; birefringent metamaterials; and temporally modulated photonic
crystal slabs. Our system, which is quite distinct from the previously proposed
structures, is composed of an array of evanescently-coupled helical waveguides
arranged in a honeycomb lattice. In this system, light diffracts according to the
Schrédinger equation, where the time coordinate is replaced by the distance of
propagation, and the waveguides act as potential wells. The helicity of the
waveguides induces a fictitious, time-varying electric field, and the structure thus
becomes equivalent to a Floquet Tl [2]. The resulting 2+1-dimensional “photonic
lattice” exhibits topologically protected edge states, and we demonstrate their
presence and probe their properties experimentally.

We will showa number of consequences of topological protection, such total
absence of backscattering at sharp corners, and scatter-free propagation around
edge defects. Our setting can potentially allow for the study of mean-field interactions
(through optical nonlinearity), and the effects of highly tunable disorder in
Tls. Photonic Tls have been suggested for a number of applications, including highly
robust optical delay lines, on-chip optical diodes, and spin-cloaked photon sources.

References

[1] M. Z. Hasan and C. L. Kane, Rev. Mod. Phys. 82, 3045 (2010).
[2] N. H. Lindner, et al., Nature Phys. 7, 490 (2011); Z. Gu, et al., Phys. Rev. Lett.
107, 216601 (2011).




Quantum Walks for Relativistic particles
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Quantum Walks are providing a new language for modelling quantum physical
phenomena, whether for the sake of quantum simulation, or as toy models. For
instance, the Diracequation can be modelled as a quantum walk, with the quantum
walk being: discrete in time and space (i.e. a unitary evolution of the wave-function of
a particle on a lattice); homogeneous (i.e. translationinvariant and time-independent),
and causal (i.e. information propagates at a bounded speed, in a strict sense). This
quantum walk model was proposed independently by Succi and Benzi, Bialynicki-
Birula and Meyer: we rederive it in a simple way in all dimensions and for the
Bargmann-Wigner equations in general. We then prove that for any time t, the model
converges to the continuous solution of the Dirac equation at time t, i.e. the
probability of observing a discrepancy between the model and the solution is an
O(epsilon*2), with epsilon the discretization step. Finally, we present a general
approach to decoupling of Quantum Walks, i.e. a procedure to obtain an evolution
law for each scalar component of the QW, in such a way that it does not depend on
the other components. In particular, the method is applied fo show the relation
between the Dirac (or Weyl) Quantum Walk in three space dimensions with (or
without) mass term, and the Klein-Gordon (or wave) equation.



Quantum Walks of Interacting Particles
Yoav Lahini
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| will discuss implementations of quantum walks of ultra-cold atoms on optical lattices
and of photons on photonic lattices, and their potential for quantum simulations and
quantum information processing.
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Universal spin dynamics in two-dimensional Fermi gases
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Studying transport in low-dimensional nanostructures has o long and rich history because of its non-trivial features
and its relevance for electronic devices. The most common case. charge transport, has great, technological implications
and determines the currentvoltage characteristics of a device. With the development of the field of spintro however.
spin transport has also moved into the focus of the research interest. Spin transport has unique properties, setting it
aside from charge transport: first, the transport of spin polarization is not protected by momentum conservation and is
greatly affected by seattering. Therefore, the question arises: what is the limiting case of the spin transport coefficients
when interactions reach the maximum value allowed by quantum mechanics? Second, unlike charge eurrents (which
lead to charge separation and the buildup of an cleetrical field, counteracting the current), spin aceumulation docs
not induce a counteracting foree.

Fermionic quantum gases allow the study of spin transport from first principles because interactions can be precisely
tailored and the dynamics is on directly observable timescales. In particular, at unitarity, spin transport is dictated by
diffusion and the spin diffusivity is expected to reach a universal, quantum-limited value on the order of the reduced
Planck constant divided by the particle mass. Here, we study a two-dimensional Fermi gas alter a quench into a
metastable, transversely polarized state [1]. Using the spin-echo technique. for strong interactions, we measure the
lowest transverse spin diffusion constant of 0,006 h/m so far. For weak interactions, we observe a collective transverse
spin-wave mode that exhibits mode softening when approaching the strongly interacting regime.

[1] Koschorreck, M., Pertot. D, Vogt E. and Kohl, M. Universal spin dy ics i fwe-di jonal Fermi guses. Nature Physics
9, 405-409 (2013).



Simulation of motional averaging with a superconducting
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Superconducting circuits offer a very attractive platform for the realization of
quantum simulations, due to the availability of strong coupling between circuit
clements, tunability, and scalability. T will give a brief review of a number of
recent proposals and experimental achievements, then I will discuss our own re-
alization of the so-called motional averaging/narrowing effect |1] using a circuit
QED experimental setup.

Qur circuit consisting of a capacitively-shunted charge qubit (a transmon) em-
bedded in a superconducting waveguide resonator. Two microwave fields are
applied to the system: one, at the frequency of the resonator, is used for mea-
surement, while the other, around the Larmor frequency of the qubit, is used
to drive the qubit. In addition, the qubit frequency is modulated by a random
telegraph noise with externally-controlled amplitude and characteristic jumping
frequency. Surprisingly. by adding noise in this way a new, “motional averaged”
spectral line is formed with a linewidth smaller than the amplitude of the random
modulation. We have also succeeded in driving Rabi oscillations on the motional
averaged line, demonstrating the formation of hybrid states of the transmon and
modulation field, with transitions that can be coherently driven.

When modulating the system sinusoidally, we observe a rich spectral structure.
resembling a Landau-Zener interference pattern. However, direct Landau-Zener
transitions are prohibited in our system by the fact that the frequency of the
modulation is much smaller than the energy level separation. We show that in
this case the transitions occur through the absorption of photons from the driving
field: we call this process photon-assisted Landau-Zener effect.

For the values of the fields used in our experiment we show that. in a rotating
frame, the system reaches the ultrastrong coupling regime. Our setup can also be
seen as the simulation of the effect of coupling an externally-controlled fluctuation
to a qubit. We anticipate that the experimental demonstration of motional aver-
aging presented in this work will provide a novel route to improving the dephasing
times of existing superconducting qubits.

[1] J. Li. M. P. Silveri. K. S. Kumar, J.-M. Pirkkalainen, A. Vepslinen, W. C. Chien,
J. Tuorila, M. A. Sillanp, P. J. Hakonen, E. V. Thuneberg, and G. S. Paracanu,
Meational averaging in a superconducling qubil, Nat. Commun. Vol. 4, 1420 (2013)



Quantum Simulation via Applied Systems Theory
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Quantum simulation with coherent and incoherent degrees of control is analysed in the unified picture of quantum
systems theory:

First, we answer the question which quantum system can simulate another system in terms of the repective dynamie
system Lic algebras. We give a plethora of illustrative conerete examples ranging from finite spin chains |1], fermionic
systems [2] to recent developments on infinite-dimensional systems such as n two-level systems (n spins) interacting
with one mode of the electromagnetic field in a cavity. The latter includes a time-dependent version of the Jaynes-
Cummings model 3]

Then, with the system algebras at hand, it is casy to derive reachable sets for closed systems and open Markovian
ones from the geometry of Lie groups |1, 2] and Lie semigroups [4].

Finally, we give a further outlook on quantum simulation in open systems. We show how adding simplest bang-bang
switchable » on a single qubit to unitary control suffices to make an n-qubit system so powerful that any n-qubit
target state can be reached from any n-qubit initial state [5]. This may serve as an easy-to-come-by alternative to the
more complicated set-ups of quantum simulators employing measurement-based feed-back schemes with resettable
ancillas [6, 7). - Likewise, time-dependent noise modulation is shown to improve noise-assisted exciton transfer in
realistic models of the light-harvesting FMO complex in photobiochemistry.

1] R Zeier and T. ‘-xdmll.oHt.rhrumn Symmetry Principles in Quantum Systems Theory, J. Math. Phys. 52. 113510 (2001}

|2] 7. Zimboras, R. Zeier, M. Keyl, and T, Schulie-Herbriggen, A Dynamic Systems Approach to Fermions and their Relation
to Spins, e-print: arXiv:1211.2226 (2012).

|3 M. Keyl, R. Zeier, and T. Schulte-Herbriyggen, Controlling Atoms in a Cavity, in preparation.

[4] €. O"'Meara, G. Dirr, and T. Schulte-Terbriyggen, llustrating the Geometry of Coherently Controlled Unital Open Quantum
Systems, [ Trans. Autom. Control, 57, 2050 (2012).

|5] V. Bergholm and T Schulte-Herbriyggen, How to Transfer between Arbitrary n-Qubit Quantum States by Coherent Control
and Simplest Switchable Noise on a Single Qubit, e-print: arXiv:1206.4945 (2012),

|6] J. Barreiro, M. Miiller, I*. Schindler, D. Nigg, T. Monz, M. Chwalla, M. Hennrich, C. Roos, I, Zoller and R. Blatt, An
Open-System Quantum Simulator with Trapped lons, Nature 4T0 486 (2011).

|7] I. Schindler, M. Miller, D. Nigg, J. T. Barreiro, E. A. Martinez, M. Hennrich, T. Monz. D. Dichl. P. Zoller and R. Blatt,
Quantum Simulation of Open-System Dynamical Maps with Trapped lons, Nature Physics 9, 361 (2013).
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Signal-to-Noise Ratio for Single Atom Detection with Microcavities
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'Schoal af Physics and Astronemy, University of Leeds
Leeds LS2 9J1, United Kingdom
email: sagnefiuni-bonn.de and B Varcoefileeds ac uk

The poster summarises my master thesis. which is turned into a Phys Rev A paper at the moment.

The realisation of a real-time microwave-cavity single atom detector is an important prerequisite for a proposed cluster
state quantum computer architecture [1]. which can be used as a simulator. A proof of principle experiment for optical
cavities was conducted in the 90's in Kimble's group |2] and the eritical signal-to-noise ratio (SNR) in those setups
was oplimised in 2008 [3]. The microwave regime, on the other hand, is interesting in many ways but also introduces
difficulties. The comparison of the SNR in optical and microwave setups sheds new light on the steady state and
real-time operation of such nondestructive single atom detectors, which is a big step forward for the control of single
quanta. The theoretical method (rate equations) employed to solve the governing master equation is useful for a wide
variety of related cavity quantum clectrodynamics problems.

[1] Blythe P J and Varcoe B T H 2006 °A cavity-QED scheme for cluster-state quantum computing using crossed atomic beams’
New. S Phys. 8 231

12] Mabuchi T, Turchette @ A, Chapman M S and Kimble 1 J 1996 "Real-time detection of individual atoms falling through
a high-finesse optical cavity’ Cpt. Lett. 21 1393

|3] Poldy R, Buchler B C and Close J 1) 2008 "Single-atom detection with optical cavities' Phys. Rev. A 78 013640



Electric Quantum Walks with Individual Atoms
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We have experimentally realized electric quantum walks, which mimic the ef-
fect of an electric field on a charged particle in a lattice. We use individual neu-
tral atoms in a 1D optical lattice, which can be accelerated with radiofrequency
precision to simulate a homogeneous external force. Starting from a textbook
implementation of discrete time quantum walks, we introduce an extra operation
(acceleration for a finite time) in each step to implement the effect of the field. The
recorded dynamics of such a quantum particle exhibits features closely related to
Bloch oscillations and interband tunneling. In particular, we explore the regime of
strong fields, demonstrating contrasting quantum behaviors: quantum resonances
vs. dynamical localization depending on whether the accumulated Bloch phase is
a rational or irrational fraction of 2.

[1] M. Genske, W. Alt, A. Steffen, A. H. Werner, R. F. Werner, D. Meschede, A. Alberti,
FElectric Quantum Walks with Individual Atoms, Phys. Rev. Lett. 110, 190601 (2013)
[2] C. Cedzich, T. Rybr, A. H. Werner, A. Alberti, M. Genske and R. F. Werner, Prop-
agation of Quantum Walks in Electric Fields, Phys. Rev. Lett. 111, 160601, (2013)



Nanometric surface probing with ultra-cold atoms
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We intend explore the possibilities offered by Ultra-cold atoms as nano metric surface probes.
The interaction between a neutral atom and the surface of a dielectric or a conductor is a
subject of research around which are concentrated many experimental and theoretical efforts
in recent years. The reasons are varied. On the one hand it is a fundamental problem of QED,
which has open conceptual and experimental aspects, such as e.g. the role of thermal
fluctuations of the electromagnetic field produced by the surface. On the other hand, the
interest is also motivated by the possibility of technological applications for advanced sensors.
Finally, the systematic study of these forces is a crucial step for the derivation of new limits on
hypothetical forces in non-Newtonian short distance.

The experimental project at LENS is concerned with the realization of an apparatus for laser
cooling of atoms and their manipulation at sub-micrometric distances from a nano-structured
surface that allows for rapid replacement of the test surfaces.



Superconducting resonator systems for quantum
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During the last decade, tremendous progress has been made towards quan-

tum computation with superconducting circuits. Nevertheless, the require-
ments for a scalable universal quantum information processor are still beyond
state-of-the-art technology. In contrast, recent proposals for analog quantum
simulations are based on present-day-performance of superconducting circuits.
A particular example is the simulation of a Bose-Hubbard-type dynamics in
chains of coupled nonlinear superconducting resonators. In order to make
such a simulator as flexible as possible. the resonator nonlinearities and the
coupling strengths between two adjacent resonators should be tunable. Here,
we present important experimental progress on the toolbox required for this
purpose. In particular, we discuss switchable and tunable coupling between
two transmission line resonators mediated by a superconducting flux qubit |1]
or RF-SQUID [2]. Our results allow one to analyze this coupling in frequency
and time domain.
This work is supported by the German Research Foundation through SFB 631,
the German Excellence Initiative through NIM, Spanish MINECO FIS2009-
12773. FIS2011-25167. FI1S2012-36673-C03-02: UPV/EHU UFI 11/55; Basque
Government, [T472-10 and EU projects CCQED. PROMISCE and SCALE-
QIT.

[1] M. Mariantoni el al., Two-resonator circuit quantum electrodynamics: A super-
conducting quantum switch, Phys. Rev. B 78, 104508 (2008).

[2] B. Peropadre et al., Tunable coupling between superconducting resonators: From
sidebands to effective gauge [iclds. Phys. Rev. B 87. 134504 (2013).



Experimental boson sampling with integrated photonic circuits
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The evolution of non-interacting bosons through a linear transformation acting on their Fock state is strongly
believed to be hard to compute [1]. This is commonly known as the Boson Sampling problem, and has recently
got a lot of attention as the first possible way to demonstrate the superior computational power of quantum devices
over classical ones [2-5). However, this very complexity makes the certification of the correct functioning of Boson
Sampling devices a non-trivial problem, at least in the hard-computational regime [6]. We report the experimental
implementation of a three-photon Boson Sampling experiment [2], which make use of femtosecond laser-written
waveguides integrated on a glass chip. We also experimentally address the problem of validating the results in a
computationally efficient way [7].

[1] S. Aaronson and A. Arkhipov, The computation complexity of linear optics. In Proceedings of the 43rd annual ACM
symposium on Theory of computing, San Jose, 2011 (ACM press, New York, 2011), pages 333342, 2011,

[2] A. Crespi, R. Osellame, R. Ramponi, D. J. Brod, E. F. Galvao, N. Spagnolo, C. Vitelli, E. Maiorino, P. Mataloni, and F.
Sciarrino, Nature Photonics, doi:10.1038 /nphoton.2013.112 (2013).

[3] Tillmann, M. et al. Experimental boson sampling. Nature Photonics 7, 540 {2013).

[4] Broome, M. A. et al. Photonic boson sampling in a tunable circuit. Science 339, T94-T98 (2013).

(5] Spring, J. B. et al. Boson sampling on a photonic chip. Science 339, T98-801 (2013).

[6] C. Gogolin, M. Kliesch, L. Aolita, and J. Eisert. Boson-Sampling in the light of sample complexity. arXiv:1306.3895, 2013,

[7] S. Aaronson and S. Arkhipov, Bosonsampling is far from uniform. ArXiv:1309.7460 (2013).



2D Discrete Quantum Simulator
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Recent advances in the detection and coherent manipulation of neutral atoms in
single sites of optical lattices pave the way to simulate complex physical phenomena
where information is can be extracted from the position of the atoms in the lattice [1].

Spin-dependent transport via precise polarization control of laser beams in a one-
dimensional lattice has been used to show discrete quantum walks [2]. Generalizing
this scheme to two dimensions will allow us to, for instance, simulate artificial
magnetic fields and Dirac cones using discrete time and space operations.

Our planned apparatus features a square 2D state-dependent optical lattice with a
novel polarization synthesis allowing us to independent transport along the two
orthogonal directions. An in-house designed state-of-the-art diffraction-limited high-
numerical-aperture imaging system (NA = 0.92) will enable us to detect and address
atom up to the level of single lattice-sites by means of highly-focused steering laser
beams.

We present the current status of the experiment including the assembly of a high-
optical-access dodecagonal glass cell with minimal bifrefringence and the objective.

References

[1] 1. Bloch, J. Dalibard and S. Nascimbene, Nature Physics 8, 267-276 (2012).
[2] M. Karski, L. Forster, J.M. Choi, A. Steffen, D. Meschede and A. Widera,
Science 325, 174 (2009).



Quantum Walks in Electric Fields

C. Cedzich,! T. Rybar.! A. H. Werner,! A.
Alberti.? M. Genske.? and R. F. Werner!
"Institut fiur Thecretische Physik, Leibniz Universitat Hannover,
Appelstr. 2, 50167 Hannover, Germany
2 Institut fir Angewandle Physik, Universilal Bonn,
Wegelerstr. 8, 55115 Bonn, Germany

We study one-dimensional quantum walks in a homogenous electric field,
which correspond to discrete time standard walks where after each step a
phase depending linearly on position is applied. We show that the propagation
properties of the system depend sensitively on the value of the electric field
®. (1) When ®/(27) = n/m is an irreducible fraction, there is a revival
after m or 2m steps. which is exponentially sharp in m. This is followed by
a ballistic expansion. (2) When @© has very good rational approximations,
as provided by continued fractions. there is a hierarchy of time scales, cach
coming with a sharper revival and an arbitrarily large ballistic excursion.
(3) In the very irrational case we find Anderson localization, i.e.. a complete
system of discrete, exponentially decaying eigenfunetions. We conjecture that
this holds with probability one for random ficlds.



Tensor Network States for Fermion Lattice Models
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When a fermion lattice model is written as a sum of local Hamiltonians and furthermore it has a translational
symmetry, the infinite time-evolving bleck decimation [1] is a powerful method for finding correlation functions. It is
important to choose a tensor network state for the model in the infinite time-evolving block decimation. In the spirit
of the infinite time-evolving block decimation, we propose a method for obtaiving the ground-state energy and the
wave funetion for two-dimensional quantum many-fermion systems, especially the Hubbard model.

In fact, we report a ground state solution for the two-dimensional fermionic Hubbard model, which is obtained by
a numerical variational method. T'wo ingredients in this approach are tensor network states of Fig. 1 and the infinite
time-evolving block decimation. While we easily handle the horizontal hopping in the Hamiltonian, we proceed further
to see the fermion exchange effects by the vertical hopping. By requiring no blowing-up and no shrinking-down for the
ground state [2], we successively determine the ground state energy per site as a function of the chemical potential and
the horizontal lattice length., We find the dimensional crossover from one-dimension to two-dimension by observing
the behavior of the ground state energy along with the horizontal lattice length |3].

Fras

FIG. 1. A diagrammatic representation of a coefficient in front of an orthonormal basis of loq - o jon - oan1). The
closed circles represent eight tensors: A, B, €, D, E, I", (7, and [{; these tensors are among the 2L six-index tensors. The
open diamonds repre the Schmidt coefficients A assigned to each bond. We neglect to draw any spin bonds except the four
lines between the spin-up and the spin-down layers. Nevertheless. it should be understood that there are spin bonds between
all spin-up and spin-down tensors.

[1] G. Vidal. Classical Simulation of Infinite-Size Quantum Lattice Systems in One Spatial Dimension. Phys, Rev. Lett, 98,
070201 (2007).

[2] M.-H. Chung, Matrix Product States for Quantum Many-Fermion Systems, arXiv: 1305.7018 (2013).

(3] M.-H. Chung, A Solution of the Hubbard Model, arXiv1311.5300 (2013).




Towards quantum simulation with ultracold molecules
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Ultracold and quantum degenerate mixtures of two or more atomic species open up many new research avenues.
including the formation of uliracold heteronuclear ground-state molecules possessing a permanent electric dipole
moment |1} The anisotropic, long range dipole-dipole interactions between such molecules offer many potential
applications, including novel schemes for quantum simulation. We report our progress on two experiments to create
ultracold moleenles for quantum simulation. The first uses ultracold mixtures of Rb and Cs |2], where weakly bound
ItbCs molecules are created using magneto-association on a Feshbach resonance. We are currently exploring routes to
transfer these molecules to the rovibronie ground state. The second experiment aims to produce ground state CsYh
molecules. Here the extra valence electron in ytterbium means that CsYD will have both an electrie dipole moment
and a magnetic moment in the ground state. This additional degree of freedom makes it possible to explore interesting
phenomena such as spin dependent interactions in lattices (3. We report our recent observation of a dual-species
Cs-Yh magneto-optical trap and our plans to produce molecules,

|1] L. D. Carr, D. DeMille, R. V. Krems and J. Ye, Cold and ultracold molecules: science, technology and applications, New
J. Phys. 11 (5), 055049 {2009).

[2] D. J. McCarron, H. W, Cho, D. L. Jenkin, M. P. Koppinger and S. L. Cornish, Dual-species Bose-Einstein condensate of
*TRb and "Cs, Phys. Rev. A 84 011603 (2011).

18] A. Micheli, G. K. Brennen and P. Zoller, A toolbox for lattice-spin models with polar molecules, Nat. Phys. 2, 341 (2006).

* http://www. jge.orguk/



Imaging of microwave fields with quantum atomic
vapors

G.-X. Du, A. Horsley, T. Bandi, M. Pellaton, C. Affolderbach, G. Mileti, and P. Treutlein

Imaging of the microwave (mw) spatial distribution of monolithic microwave
integrated circuits (MMIC) are an essential step to diagnose the circuit design, defect
inspection. We demonstrated that ultracold atoms can be used to image the near fields
from mw waveguides on an atom chip [1], where mw field drives Rabi oscillations on
atomic hyperfine transitions that can be detected via state-selective absorption
imaging. From a practical point of view, simple atomic vapors instead would be more
attractive, at room temperature or moderately heated. Recently, we have applied this
technique to characterize the mw field distribution of a microfabricated vapor cell
seated in a mw cavity, a central part of an atomic clock [2]. We also imaged the
population lifetime T, of the ground states and coherence time T, using Ramsey
interferometry. This technique is frequency tunable, non-invasive and calibrated by
nature, which offers sub-wavelength resolution (100 micrometer in atomic vapor),
high precision (mw B-field of 107 Tesla).

[1] Pascal Béhi et. al., Imaging of microwave fields using ultracold atoms, Appl. Phys.
Lett. 101, 181107 (2012).

[2] Andrew Horsley et. al., Imaging of Relaxation Times and Microwave Field
Strength in a Microfabricated Vapor Cell, Phy. Rev. A (in print), arXiv:1306.1387.
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We look at quantum systems in discrete spacetime that evolve in a caunsal
fashion, meaning that over every timestep information can only travel a finite
distance. This is a diserete spacetime analogue of a finite speed of light.

First, we discuss the result of |1] for a massless single particle with a two
dimensional extra degree of freedom: in the continuum limit it obeys the Weyl
equation, provided that we perform a simple relabeling of the coordinate axes
or demand rotational symmetry in the continuum limit. It is surprising that
this occurs regardless of the specific details of the evolution: it would be
natural to assume that discrete evolutions giving rise to relativistic dynamics
in the continuum limit would be very special cases.

Second. we discuss the results of |2] for fermionic systems. We see that any
causal (possibly interacting) evolution of fermions in discrete spacetime can
also be viewed as the causal evolution of a lattice of qubits, meaning these
systems can be viewed as quantum cellular automata. A consequence of this
is that the dynamics of causal fermions in discrete spacetime can be very
efficiently simulated on a quantum computer in a natural way.

[1] T. C. Farrelly and A. J. Short. Discrete Spacetime and Relativistic Quantum
Particles, arXiv:1312.2852 (2013).

[2] T. C. Farrelly and A. J. Short. Causal fermions in discrete spacetime,
arXiv:1303.4652, (2013).



Emergence of coherence and the dynamics of quantum phase transitions

We investigate the dynamical emergence ol coherence when Lru-s.\lng the Mot to supcrl'luld quantum phase
transition in the precisely controllable setup of uliracold atoms, exper Iy add gl ling ques-
tions on the dynamics of quantum phase transitions. For one-dimensional systems, we find ptrful agreement
between experimental observations and numerical simulations of homogeneous systems, thus performing a
certified analogue quantum simulation. For intermediate quench velocitics, we observe a power-law behaviour
of the coh ¢ length, ini 1 of the Kibble-Zurck mechanism. Contrary 1o what the latter suggests,
we find a complex behaviour, yielding exponents that strongly depend on the final interaction strength in the
superfluid. By using the full power of the quantum simulation, we also explore the emergence of coherence
in higher dimensions as well as for negative temperatures, We connect our findings with insights into the

propagation of quasiparticles and close-to-adiabatic g evolutions.

M Friesdorf presenting joint work with 8. Braun, S, S, Hod, M. Schreiber, J. P. Ronzhei A
“Riera, M. del Rey, I. Bloch, J. Eisert, and U. Schneider



Constructing Pauli pulse schemes for quantum
simulation
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Dynamical decoupling is a powerful technique to suppress errors in quantum
systems originating from environmental couplings or from unwanted inter-
particle interactions |[1]. However, it can also be used to selectively decouple
or weaken specific couplings in a quantum system |2], making it suitable for
purposes of approximate quantum simulation. We present a simple and easy-
to-use general method to construct such selective decoupling schemes on qubit
and qudit networks by means of (generalized) Pauli operations. Some exam-
ples are presented, demonstrating the use of our method and the resulting
pulse schemes.

[1] L. Viola, E. Knill. and 8. Lloyd, Dynamical Decoupling of Open Quantum Sys-
tems, Phys. Rev. Lett. 82, 2417 (1999).

[2] P. Wocjan, M. Rotteler, D. Janzing. and T. Beth, Universal Simulation of Hamil-
tonians Using a Finite Set of Control Operations, Quant. Inf. & Comp. 2, 133
(2002).
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Periodically driven systems can lead to a directed motion of particles. We
investigate this ratchet effect for a bosonic Mott insulator where both a stag-
gered hopping and a staggered local potential vary periodically in time. If
driving frequencies are smaller than the interaction strength and the density
of excitations is small, one obtains effectively a one-particle quantum ratchet
describing the motion of doubly occupied sites (doublons) and empty sites
(holons). Such a simple quantum machine can be used to manipulate the ex-
citations of the Mott insulator. For suitably chosen parameters, for example,
holons and doublons move in opposite direction. To investigate whether the
periodic driving can be used to move particles ‘uphill”, i.e., against an exter-
nal force. we study the influence of a linear potential —Fa. For long fimes,
transport is only possible when the driving frequency w and the external force
F are commensurate, nF’ = mw, with n.m € Z.



Adiabatic tracking of many-body dynamics
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Quantum simulators employ well-controlled quantum systems for simulating complex quantum matter. Nonadi-
abatic transitions to unwanted states are a major source of error in controlling quantum dynamics of many-bady
systems. For few-particle systems, supplementing the system with an additional Berry Hamiltonian that perfectly
restores the adibaticity seems an experimentally feasible scenario since the Berry interactions can be emulated casily.
However, this ceases to be the case for large-scale many-body systems where the Berry Hamiltonian can neither be
easily inferred in an explicit form nor be implemented in an experiment. Based on the recent proposal by Opatruy and
Moelmer |1] we propose a simple approach for suppression on demand of the nonadiabatic transitions in large-scale
many-body systems. We illustrate the applicability of onr method in the context of one-dimensional spin chain models
and their possible engineering for realization of well-controlled quantum simulators,

[1] Tomas Opatrny and Klaus Moelmer, New Journal of Physics (in press).

* baharch.desfouli0l Supol.ce



High-Order Single-Photon W-states for Random Number Generation
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In our work, we experimentally realize high order W-states by forcing single photons to exist in a uni-
form coherent superposition of N spatial optical modes within a multi-port integrated system, that is,
Wy = (1/VN) E;’LI e'¥ @l |0). Here, @l denotes the bosonic creation operator in mode n, and @, repre-
sents an arbitrary relative phase. Interestingly, in the generated W-states, a single photon will emerge from any
of the N output ports of a multi-port optical system with exactly the same probability. Based on that fact we
have additionally developed a scheme for the generation of genuine random bits, which is of great importance
nowadays [I-1]. The authenticity of the random numbers is validated by applying the fifteen statistical tests
suggested by National Institute of Standard Technology (NIST) [5].

We present two different approaches, based on eva tly
coupled waveguides [6], which lead to single-photon W-
states having an arbitrary high, even and odd, number of
entangled modes (see Fig. 1 (a) & (b)). The waveguide
structures are fabricated by the femto-second laser writ-
ing technique [6-9]. Single-photon states were produced by
coupling one of the twin-photons, emerging from a BiB3Og
crystal in a spontaneous parametric down-conversion con-
figuration [10], into the waveguide structures.

In order to guarantee that only one photon was involved at
every measurement, the absence of photon coincidences at
the output of all waveguides was verified during the pro-
cess. Since single-photon W-states are a coherent super-
position of multiple single-photon states their coherent na-
ture (i. e. a fixed phase relation between the single-photon
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states) can be examined by means of optical multi-port in- Figure 1. (a) Integrated waveguide structure to generate the
terferometers. This was experimentally confirmed for both |[Ws}. (b) Cascade of integrated beam splitters to generate
waveguide systems (straight array & integrated beamsplit- |Wz.4,5) by choosing the input 1, 2, 3, respectively. To share a
ters - see Fig. 1 (a) & (b)). single photon among 16 guides, a similar structure was used.
As a direct application, we exploit the intrinsic uncertainty (c) Experimentally obtained output probabilities for the gen-
of the produced W-states |Wy) for the generation of gen- erated W-states,

uine random mumbers. In that vein, by utilizing N = 8

output channels and performing M measurements, the maximal presentable number is N = 8%, To evaluate
the statistical randomness of the bit sequences we applied the standard statistical test suite for random number
generators provided by NIST [5] to an arbitrarily chosen bit sequence. The sequence passes all tests which clearly
verifies the true randomness.

[1] A. Uchida et al., Nat. Photonics 2, 728-T32 (2008).

|2] I. Kanter, Y. Aviad, I. Reidler, E. Cohen, and M. Rosenbluh, Nat. Photonics 4, 58-61 (2010).

[3] T. Jennewein, U. Achleitner, G. Weihs, H. Weinfurter, and A. Zeilinger, Rev. Sci. Instrum. T1, 1675 (2000).

[4] 8. Pironio et al., Nature 464, 1021-1024 (2010).

[5] A. Rukhin et al., Natl. Inst. Stand. Technol. (U. S.) Spec. Publ. 800-22rev] (2008) http://csrc.nist.gov/groups/ST/

toolkit/rng/docunentation_software.html,

[6] A. Szameit, F. Dreisow, T. Pertsch, 5. Nolte, and A. Tunnermann, Opt. Express 15, 1579 (2007).

[7] K. Itoh, W. Watanabe, S. Nolte, and C. B. Schaffer, MRS Bulletin 31, 620 (2006).

[8] G. D. Marshall et al., Opt. Express 17, 12547 (2009).

[9] L. Sansoni et al., Phys. Rev. Lett. 108, 010502 (2012).
[10] A. F. Abouraddy, M. B. Nasr, B. E. A. Saleh, A. V. Sergienko, and M. C. Teich, Phys. Rev. A 63, 063803 (2001).
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In the area of solid state physics. it has been demonstrated that electrons
in graphene can behave as relativistic particles, although the electron velocity
is orders of magnitude below the speed of light [1]. Here we report a proof-
of-principle quantum simulation of relativistic wave equation predictions with
an atomic ®"Rb Bose-Einstein condensate in an optical lattice. We observe
the analog of Klein-Tunneling [2] and describe an experiment demonstrating
both negative refraction and Veselago lensing with an atomic Bose-Einstein
condensate in a variable optical lattice. Our experiment is based on rubid-
ium atoms in a Fourier-synthesized lattice potential consisting of an optical
standing wave with spatial periodicity A/2, where X denotes the laser wave-
length. and a higher spatial harmonic with lambda A/4 spatial periodicity. In
theoretical work it has recently been shown that the dynamics of atoms in
the bichromatic lattice near the crossing between the first two excited bands
can be formally described using a one-dimensional Dirac-like wave equation
|3]. For the future, we expect that ultracold atoms in variably shaped optical
lattices allow quantum simulations of a wide range of effects of both linear
and nonlinear Dirac-dynamics.

[1] M.I. Katsnelson et al.. Chiral tunnelling and the Klein paradox in graphene.
Nature Phys. 2, 620 (2006).

[2] T. Salger et al., Klein-Tunneling of a quasirelativistic Bose-Einstein condensate
in an optical lattice, Phys. Rev. Lett. 107, 240401 (2011).

[3] D. Witthaut et al., Effective Dirac dynamics of ultracold atoms in bichromatic
optical lattices, Phys. Rev. A 84, 033601 (2011).



Quantum Simulations with circuit QED
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To simulate an interesting but not well understood quantum system by us-
ing a controllable quantum system in a lab has been fascinating physicists for
a while. More recently, experimental work has been done toward simulations
of complex quantum dynamics mostly with cold atoms and trapped ions.

On our poster, we will explore the potential of the newest player on the
field: circuit quantum electrodynamics. Superconducting quanfum circuits
are well suited for quantum simulations due to their flexibility, scalability.
and controllability. We will briefly present our current efforts to implement
quantum simulations, in particular dynamics in Bose-Hubbard models in su-
perconducting quantum circuits.



Realization of Hadamard and Pauli-X gate for polarization encoded qubits on chip
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The implementation of quantum operations in photonic devices plays a central role towards quantum computing, as
light is a logical choice when low decoherence and stability is of interest [1], 1t turned out that three-dimensional waveg-
nide architectures fabricated using the femtosecond laser-writing approach [2] are particularly useful for polarization-
encoded on-chip quantum optics [4]. However, the problem of modulating polarization states in laser-written structures
remained so far unsolved.

In our work, we demonstrate an arbitrary waveplate operation on chip including Hadamard and Pauli-X gate
operation for polarization encoded qubits. To this end, we employing particular line defeets close to the waveguide
|4]. which enables a direct tuning of the birefringence in laser-written waveguides.

When such a waveguide is prone to a defect’s stress field (see Fig.1(a)), an artificial birefringenee is induced in
this guide, which results in a reorientation of the optical axis as a function of the relative position of the two guides.
As the relative position (in distance and angle) can be tuned with high precision, strong tilting of the birefringent
axis can be implemented at will. This allows arbitrary desired wave plate operations on the light that propagates
in the waveguide exposed to the stress field which was characterized utilizing elassical laser light in the first step
(see Fig.1(b)). By adjusting the length of the defect along the waveguide, the retardation between ordinary and
extraordinary field components is precisely tunable including half wave plate and quarter wave plate operations (see

Fig.1(¢)).
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FIG. 1. (a) Sketch of the writing setting and eross section of the waveguide arrangement where an additional stress field induces
a reorientation o of the waveguide's optical axis. Experimental data from classical caracterization for (b) a depending on the
defect's orientation and ((,) for the pl.rpvndu,ulnr Lrans ‘mun (H or V polarization) as a function of the interaction length
k defect and guide for o = 457 (black dots) or 22.5% (red triangles).

Using our novel approach, we implemented Hadamard and Panli-X operations in the single photon regime. Using
single photon pairs generated by a standard type I SPDC source one photon heralds its sibling passing the photonic
gate. The resulting state is measured by collecting the outputs of a polarizing beam splitter for different bases
determined by adapted half-wave and quarter-wave plates, The resulting gate fidelities }-"::fd VI = 0.999(5) and
_Flj;}' Vi o 0.992(7) underline the precise performance of a Hadamard and a Pauli-X operation. which constitutes a
benchmark for a full manipulation of polarization-encoded qubits on-chip.

[1] J. L. O’Brien, A. Furusawa, and .J. Vukovic, Nature Photon. 3, 687 (2009).

[2] K. ltoh, W. Watanabe, S. Nolte, and C. B, Schaffer, MRS Bulletin 31, 620 (2006).

|3] L. Sansoni et al., Phys. Rev. Lett, 105. 200503 (2010).

[4] L. A Fernandes. J. R. Grenier, P. R. Herman, J. 5. Aitchison, and P. V. S, Marques, Opt. Express 20, 24103 (2012).
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Abstract :

In this paper,we are interested in the study of the two-dimensional
quantum mechanics of electrons in a magnetic field using the polar coordinate
system(particles in a uniform magnetic field),Results were obtained concerning
the definition of the orbital angular momentum of two-dimensional particle and
its projection and statistics related to these particles.

On the other hand, we look for the fractional quantum Hall effect from the
concept of electron pairs using the notion of Peer Cooper. We determine the
wave functions for the exact fundamental theory :the wave functions of two pair
of electron is not other than the ‘Laughlin'wave function but with two electrons
in a near multiplicative hypergeometric function.

The merit of this work is not only to calculate the wave function, but in
showing that the energy and the correlation function of this state are
proportional to the distance between the electrons , Moreover ,we show the
wave function that we find by the notion of peer cooper can be exactely
expressed in terms of correlation functions of local vortex operator in the
Conformal Field Theory.



Cold atom simulator of exotic spin models
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Quantum magnetisi has long formed a major branch of condensed matter
theory. Despite intense research in this field during the last decades. many
questions remain open. Cold atoms in optical lattices constitute an alterna-
tive approach in order to explore phenomena related to quantum magnetism.
Anti-ferromagnetic spin chains have already been realized in these systems
where the spin is mapped onto the atomic site occupation [1]. Most theoreti-
cal proposals to date relay. however. on decoding the spin degree of freedom
in internal atomic electronic states |2]. In terms of quantum simulators, due
to the properties of the involved scattering lengths, such schemes have their
limitations since they normally support continuous symmetries and thereby
typically result in integrable models, We propose a new system in which a
plethora of different non-integrable spin models can be realized. More pre-
cisely. motivated by recent experiments |3] on preparing bosonic atoms on the
first excited bands of an optical lattice, we demonstrate how effective spin
models emerge when the spin is described by the orbital degree of freedom
present on excited bands. Contrary to using spinor atoms, here the effective
spin models are non-integrable and by considering bosonic atoms the system
surprisingly favours anti-ferromagnetic order. While the method is very versa-
tile. we here focus on the realization of the spin-1/2 anti-ferromagnetic XYZ
Heisenberg chain in an external field [4]. We map out the phase diagram and
also discuss how to address the spin degrees of freedom using techniques from
trapped ion physics.

[1] J. Simon ¢l al., Quantum simulation of antiferromagnetic spin chains in an op-
tical lattice, Nature 472, 307 (2011).

[2] L.-M. Duan, E. Demler, and M. D. Lukin, Controlling spin exchange interactions
of ultracold atoms in optical lattices, Phys. Rev. Lett. 91, 090402 (2003).

[3] T. Miiller el al., State preparation and dynamics of ultracold atoms in higher
lattice orbitals, Phys. Rev. Lett. 99, 200405 (2007): G. Wirth ¢t al.. Evidence for
orbital superfluidity in the P-band of a bipartite optical square lattice, Nature
Phys. 7, 147 (2010).

|4] F. Pinheiro. G. M. Bruun, J.-P. Martikainen, and J. Larson, XYZ quantum
Heisenberg models with p-orbital bosons, Phys. Rev. Lett. 111, 205302 (2013).



Ultracold bosons in optical lattices subjected to a
periodic perturbation

Karla Loida' and Corinna Kollath!
"HISKP, University cf Bonn
Nussallee 14-16, D-53115 Bonn, Germany
email:  kloida@uni-bonn. de

In recent years ultracold atomic gases in optical lattices have developed
into a powerful tool to mimick condensed matter phenomena. The unique
control and tunability of parameters has enabled the engineering of sophis-
ticated quantum systems. In particular with the experimental realization of
effectively strong and tunable interactions between atoms the area of strongly
correlated systems has entered the focus of interest. In these systems. the
emergent phenomena are governed by the interplay of a macroscopic num-
ber of atomns. Theoretically, atomic gases in optical lattices are described by
various kinds of Hubbard models. These models are widely employed for the
description of solids, where they are only rough approximations. However,
Hubbard models may be cleanly realized in cold atom systems. Fven more
exciting are these atomic gases as one finally gains access to the dynamics
of many-body theory. These dynamics are of fundamental interest but so far
little understood. One example is the time evolution of the propagation of
correlation.

We study non-equilibrium situations in the one dimensional Bose-Hubbard
model which are governed by the interplay of local interaction and kinetic
processes. The Bose-Hubbard model exhibits a phase transition between a
Mott insulating and a superfluid phase. We probe the Mott insulating phase
in one dimension by applying a periodic perturbation. This periodic driving
can experimentally easily be implemented by adding an additional laser wave
incommensurate with the underlying optical lattice. We study how the system
responds using an approximative approach based on fermionic quasiparticles.
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Ultracold and guantum degenerate mixtures of two or more atomic species open
up many new research avenues, including the formation of ultracold heteronuclear
ground-state molecules possessing a permanent electric dipole moment [1]. The
anisotropic, long range dipole-dipole interactions between such molecules offer
many potential applications, including novel schemes for quantum information
processing [2] and simulation [3]. Our goal is to create ultracold ground-state
RbCs molecules using magneto-association on a Feshbach resonance followed by
optical transfer to the rovibronic ground state [4-6]. Here we present our recent
results on the formation of both ultracold Cs; Feshbach molecules from a Cs
Bose-Einstein condensate and ultracold ®"RbCs Feshbach molecules from a Rb-
Cs atomic mixture. For *”RbCs we discuss the magneto-association scheme, which
is complicated by the large background interspecies scattering length, and outline
our progress towards the optical transfer to the ground state using stimulated
Raman adiabatic passage (STIRAP).

[1] Cold and ultracold molecules: science, technology and applications, L.D. Carr, D. De-
Mille, R.V. Krems, J. Ye, New J. Phys 11(5), 055049 (2009).

[2] Quantum Computation with Trapped Polar Molecules, D. DeMille, Phys. Rev. Lett.
8, 067901 (2002).

[3] A toolbox for lattice-spin models with polar molecules, A. Micheli, G.K. Brenner,
P. Zoller, Nature Physics 2, 341 (2006).

[4] A High Phase-Space-Density Gas of Polar Molecules, K-K. Ni, S. Ospelkaus,
M.H.G. de Miranda, A. Pe'er, J.J. Zirbel, S. Kotochigova, P.S. Julienne, D.S. Jin,
J. Ye, Science 322, 5899 (2008).

(5] Quantum Gas of Deeply Bound Ground State Molecules, J.G. Danzl, E. Haller,
M. Gustavsson, M.J. Mark, R. Hart, N. Bouloufa, O. Dulieu, H. Ritsch, H.-C. Nigerl,
Science 321, 1062 (2008).

[6] An ultracold high-density sample of rovibronic ground-state molecules in an optical
lattice, J.G. Danzl, M.J. Mark, E. Haller, M. Gustavsson, R. Hart, J. Aldegunde,
J.M. Hutson, H.-C. Niger], Nature Physics 6, 265 (2010).
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In recent years the coherence time of superconducting qubits has improved significantly. But not only the single
qubit properties have improved, it is also possible to couple many qubits with minimal additional noise by indirect
interaction via a superconducting Lransmission-line resonator. Tuning in and out of resonance allows controlling the
couplings between the qubits. Sinee the coupling of supercondueting qubit to a resonator is much stronger than that
of an atom to an optical cavity, these systems give us access Lo new parameter regimes of interaction between effective
two-level systems and the radiation field. "This can already now be used to study fundamental physics in systems with
single or few qubits. With a single superconducting charge qubit it is possible to ereate an effective single atom laser.
Using the specific properties of this device we showed that it is possible to create highly squeezed photon distributions
[1]. Using the possibility to couple qubit and resonator in a highly nonlincar fashion. via a SQUID, we showed that
multi-stabilities similar to an optical micro-maser can be ereated [2]. With a more simple structure. a superconducting
resonator shunted by a voltage biased Josephson junction, we showed that it is possible to generate pairs of photons
|4]. While there is strong coupling between qubit and electromagnetic resonator mode, a solid state qubit is in general
also less coberent than a natural atom. We showed that qubits with poor coherence properties can be used to create
an inversionless laser |3]. Beyond single qubit experiments, it is now crucial to scale up to larger systems. In a recent
work we demonstrated the resonant coupling of up to eight superconducting qubits to a superconducting resonator
15] (see fig. 1).

FIG. 1. Twenty superconducting flux qubits, pled to a sup Tucting t jssion-line
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Entanglement is a resource for gquantum informational tasks and a benchmark for the classical simulability of
many-body systems (by DMRG or similar methods), which is typically hard at quantum phase transitions and
in non-equilibrium situations such as, e.g., sudden quenches. Quantum simulators may address these and other
facets of entanglement experimentally in a well controlled manner. Thus, arguably, it will be of interest to quantify
entanglement based on accessible measurements [1-5]. Ideally, such measurements are simple and cheap, e.g., less
time-consuming and with a better scaling with the system size than full state tomography, and robust against noise,
like spontaneous emission, dephasing and non-adiabaticity, temperature and statistical errors. We report on how the
bipartite entanglement (as quantified by the logarithmic negativity) can be lower hounded based on a few already
available observables. The bounds do not depend on any assumptions on the system but only on the measured data.
We demonstrate the feasibility by numerical simulations of a chain of trapped ions simulating a system which is
approximately given by a transverse field Ising model with algebraically decaying couplings [6]. We report on results
for ground states across quantum phase transitions and sudden quenches under this Hamiltonian. The necessary
optimization may be formulated as a semidefinite program [2]. We further discuss how the optimization may be
completely avoided at the hand of two examples: Lower bounds for the ground state of the Ising model may be
directly obtained from a sequence of Bell measurements and numerical calculations suggest that such measurements
are optimal. Secondly, we show how other entanglement measures like, e.g., the best separable approximation may
be bound from below directly using scattering experiments from samples consisting of large numbers of qubits (4, 5].
Again, the required data, here the measurement of the structure factor, is simple to obtain and the bounds do not
rely on any assumptions on the system.
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The high degree of tunability and experimental control achieved in cold
gases convert them into promising candidates for simulating and understand-
ing quantum many-body phenomena. Particularly appealing is the study of
quantum magnetism by using cold atoms loaded into optical lattices. For a
very deep lattice, where tunneling is strongly suppressed and particles become
localized at each lattice site, these systems can effectively realize spin models.

On the other hand. the quest for realistic models that can support a topo-
logical spin liquid (or other forms of exotic magnetism) is at the frontier of
current research, due to its connection with high-Te superconductivity and
the fractional quantum Hall effect. The spin S=1 Heisenberg model in a tri-
angular lattice in presence of a uniaxial magnetic field has been suggested
as one of the simple models that could support a spin liquid ground state in
some region of its phase diagram. However. the available theoretical methods
to describe its phases are scarce and rely mostly on numerical or variational
approaches.

We present here our studies on this model by using the Cluster Mean-Field
approach |1] and compare the results with other methods as the Gutzwiller
mean-field ansatz or the exact diagonalization of a small plaquette. The CMF
is a combined method that divides the lattice into finite size clusters which
are treated in a full quantum way by exact diagonalization and which are
coupled by a mean-field approach. It represents a step forward compared to
the Gutzwiller ansatz. since it includes quantum correlations at the cluster
level. By using this method, we obtain the complete phase diagram and search
for a signature of local disorder in the lattice. necessary for a spin liquid state.

[1] D. Yamamoto, et al., Phys. Rev. B 79. 144427 (2009).
|2] M. Moreno-Cardoner, G. De Chiara, S. Paganelli and A. Sanpera, A case study
of Spin S=1 Heisenberg model in a triangular lattice. in preparation.
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Photonic lattices can serve as an ideal environment where one can directly generate and observe a wide range of
physical processes. In this regard, Glauber-Fock photonic lattices have been used in the past to classically emulate
coherent and displaced Fock states using classical light. The classical realization of these displaced oscillator eigenstates
was performed by establishing a correspondence between the number state |n) and classical light launched into the n-
th waveguide of an array where the coupling coeffcients obey a square root law distribution between nearest neighbors,
that is, Ci p+1 = vn + 1, [1]. In this contribution we endow such glauber-Fock photonic lattices with an alternating
positive and negative coupling coefficients , Cp g1 = (—1)""'w/n+1 [2]. It is shown that specific wave-packets
traveling through these optical arrangements give rise to superposition of Wigner functions [3] and characteristics
functions corresponding to coherent and displaced number states. Then, by monitoring light propagation along
z, in two different waveguide lattices, one can isolate Wigner functions corresponding to such states. In general,
the propagation of the modal optical fields in these semi-infnite Glauber-Fock oscillator lattices is governed by the
following set of coupled equations:

i@ —AE; =0
. 4 (1)
i cazﬂ +M=1)* (VnF 1Eu41 + viEn-) =0
In this case one can show that the evolution operator is given by:
1
U(z)=3 (D(Az2) + D'(Az) —i [D(Az) - DY(A2)] (-D)") (2)

where D(\z) = exp (iz (a+a)) is the Glauber displacement operator [4], and (—1)" is also an operator. From
this equation we can identify the Wigner operator W(z) = D(z)(—1)". Therefore, the field distribution at waveguide
n for any input excitation [¢(0)) will be described by

En(2) = (n U(2) [(0)), @
Consider, for instance, the initial field profile corresponding to a coherent state, |¢(0)) = |a}, ie, E. (0] =
exp(—a2/2)a"/v/n!, where a represents a complex constant. In this case, the input field distribution will evolve
to a superposition
1 .
E.(z)= E((n Atz)+nfri=z)—ifn|z=A) +i{n|—z—-A) (4)

Hence, if we launch the same initial field distribution into another array having a negative A parameter yields to

E.(z)= % (fni=A+z)+n|-A=—z)—in|—z=A) +iln]z = X)) (5)

Finally, by interfering these two fields we obtain W(Az) = (n |z = A), i.e., we can generate the Wigner function
corresponding to a coherent state. Following this same procedure we can emulate any Wigner funcion for oscillator
eigenstates,

[1] A. Perez-Leija, H. Moya-Cessa, A, Szameit, and D.N. Christodoulides, Opt. Lett. 35, 2409 (2010).
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[3] E. P. Wigner, Phys. Rev. 40, 516 (1932).
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In the framework of non-dissipative quantum systems, Hermiticity is usually a requirement to the Hamiltonian.
since it ensures a real spectrum and hence the conservation of energy. However, Bender et al. |1, 2] have shown
that the postulation of only local parity-time (PT) symmetry extends the class of Hamiltonians that obey the law of
energy conservation. Although P7-symmetric quantum theory violates the no-communication theorem and therefore
may be ruled out as a fundamental theory |5], it contains very interesting structures (e.g. excitations with tachyon
dynamics |3], sharp transitions between transport regimes) and. most importantly, it is accessible through simulations
by photonic lattices. In our work, we analyze a particular PT-symmetric system: nonlincar photonic graphene, a
lattice of coupled waveguides in honeycomb geometry [4]. The dynamies in this highly complex system is described
by a set of nonlinear tight-binding Schridinger equations

[%(2{) = (h« +a ia(z) ?) Yalz) + Z cabPulz),  Cab, 7,70 € R

9 bC Ny

Here 1, (z) is the field amplitude of lattice site a at propagation distance z. N, is the index set of neighbours
of site a and cq are the coupling constants to the neighboring sites. The quantitics 4, and o describe the on-site
gain/loss amplitude and the acting Kerr nonlinearity. respectively. We analyze various questions in this highly non-
trivial system: Do solitary solutions exist and, if yes, which properties they possess? Do such solitons interact? Does
modulational instability exist in this system?

In Fig. 1 we give a short overview on our results. Fig. la shows the band structure of PT-symmetric pholonic
graphene . Clearly, the typical Dirac cones of graphene (that show an approximately linear dispersion) are replaced
by hyperbalic bands at which the dispersion is hyperbolic. Interestingly, at £ = 0 the slope of the dispersion diverges
on a contour shown in Fig. 1h. giving rise to tachyonic behavior. We find solitary solutions in such a system for bath,
focusing and defocusing nonlinearity. An example of such an entity (with focusing nonlinearity) is shown in the inset
of Fig. 1a. where the intensity envelope os plotted over the honeycomb lattice.

()
L]

FIG. 1. {a) The band structure of linear PT-symmetric graphene. The inset image shows the field amplitude of a solitary
solution for focusing nonlinearity. (b) Contours of the bands at £ = 0. Excitations that are localized in momentum space

around the drawn regions show tachyonic behavior.
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Given the assumptions of Macroscepic Realism (MR) and Noninvasive Mea-
surability (NIM), Leggett and Garg derived an inequality in their original
work [1] which is capable of ruling out macroscopic realism by falsability. The
Leggett Garg inequality can furthermore be used to determine the ‘quan-
tumness” of a system. given one accepts quantum mechanics as the only
alternative theory to macroscopic realism.

We report on our recent results testing the Leggett Garg inequality for quan-
tum walks with single atoms. Our implementation to measure a violation of
the Leggett Garg inequality follows closely the original proposed measurement
scheme, by making use of an ideal negative measurement. This measurement
is employed by owr state dependent optical lattice. The strongest recorded
violation of the Leggett Garg inequality violates the inequality by 21 o. Fur-
thermore we studied how an initially decoherence free quantum system that
violates the Leggett Garg inequality gradually transitions into a classical sys-
tem that fulfills the LG inequality by increasing the decoherence in a controlled
fashion.

[1] A. J. Leggett and Anupam Garg, Quantum Mechanics versus macroscopic re-
alism: is the flux there when nobody looks?, Phys. Rev. Lett. 54, 857 (1985).
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We show that the index of a one dimensional reversible quantum cellular automaton, which is in addition also
causal, equals to the minimal memory overhead needed to construct this automaton as a strictly forgetful memory
hannel[1]. Furthermore we develop bounds on the neighborhood scheme of a translational invariant automaton,
ziven its index and prove that these bounds are optimal. We also derive bounds on the neighborhood of the inverse
sransformation, up to trivial shifts of the chain. We connect the structure of "forgetting” of the memory channel to
Brattelli diagrams of inclusions of algebras. So far it is not clear whether every such diagram represents a strictly
‘orgetful memory channel.

Consider a device processing quantum information in the following sense: presented with a stream of input qubit
systems it will output a stream of output qubits. We call this a causal process if, for any step number ¢, the probability
of any outcome which can be determined on the outputs up to t is independent of the later inputs. That is, if no
lifference between two given input streams can be detected by measurements on inputs up to ¢, the same will be
rue for the outputs. There are two basic ways of describing such a system: one is in terms of its input-output
ransformation alone. That is, we consider the system completely specified if we can determine the probability for
wy outcome of an arbitrary measurement on the outputs, given the joint state of all the inputs. The second way of
lescribing such a system is in terms of its inner workings. Typically the processing is done by a system with, say,
inite quantum memory, and reading in an additional input, or sending a qubit to the output are operations explicitly
lescribed by unitary operations. These two points of view are complementary to each other, and while it is usually
rasy to pass from the description of the internal eircuitry to the input-output transformation, the “inverse problem”,
ometimes called the “system identification problem” ean in general be very hard.

We describe a complete solution of the inverse problem for the special case of reversible processes. That is, we
‘equire the existence of a second causal process, so that the concatenation with the given process is equal to a time
‘hift. It turns out that this reversibility forces the process to be a locality preserving automorphism of the quasi-local
Ugebra, in other words a quantum cellular automaton [2]. A key result of our theory is that the minimal Hilbert space
limension required for the memory of a circuit implementation of the process is equal to the inder of the automaton,
15 introduced in [3].
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The energy spectra and photon transfer dynamics of kagome arrays is ex-
plored by virtue of a projected-entangled pair state (PEPS) ansatz to the
many-photon wavefunction. Photons from a microwave source are injected
into one of the twelve cavities of the unit kagome and are able to hop into
other cavities with a hopping strength that can be tuned experimentally. The
competition between the field energy and the hopping rate decides the phase
diagram of the model. We demonstrate how the latter two-dimensional version
of the powerful tensor network formalism provides a flexible numerical bench-
mark for addressing such a challenging two-dimensional model. We present
results for the energy spectra as well as two-point correlation functions of
such a cavity lattice and compare them to those from the brute force exact
diagonalization of the model. The correlation functions associated with the
propagation of single-photon and two-photonic excitations reveal intriguing
interference patterns which might be understood from the symmetry features
of the kagome topology. Possible avenues of utilizing such arrays for quantum
simulation of correlated matter are being discussed |1].

(1] Amin Hosscinkhani, Baharch Ghannad Dezfouli, Fatemeh Ghasemipour. Ali 'T.
Rezakhani. and Hamed Saberi, Quantum Optical Interferometry on a Kagome
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Efficient quantum simulation and quantum information processing requires scalable
architectures that guarantee the allocation of large-scale qubit resources. Optical
dipole potentials such as arrays of focused laser beams provide flexible geometries
for the synchronous investigation of multiple atomic quantum systems with a high
degree of decoupling from the environment. In our work, we focus on the
implementation of multi-site geometries based on microfabricated optical elements.
This approach allows us to develop flexible, integrable and scalable configurations of
multi-site focused beam traps for the storage and manipulation of single-atom qubits
and their interactions [1].

We give an overview on the investigation of **Rb atoms in two-dimensional arrays of
well over 100 individually addressabie dipole traps featuring trap sizes and a tunable
site-separation in the single micrometer regime. Advanced schemes for atom number
resolved detection with high efficiency and reliability allow us to probe single atoms
stored in the microtrap array. For single atom preparation we utilize light assisted
collisions to improve loading efficiencies thus eliminating multi-atom events. We
experimentally demonstrate single-atom quantum registers with more than 100
occupied sites, single-site resolved addressing of single atom quantum states in a
reconfigurable fashion and discuss progress in introducing Rydberg based
interactions in our setup.

References
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The question of how a closed quantum system out of equilibrium evolves
and relaxes. is still not well understood. A specific setting of coherent quan-
tum dynamics can be provided by quenches when one starts from the ground
state of an initial Hamiltonian and suddenly changes the Hamiltonian's pa-
rameter. After this change the system is highly excited with respect to the
new Hamiltonian and evolves in time.

Ultracold quantum gases in optical lattice are good candidate to study such
non-equilibrium situations since these gases are approximately isolated from
their environment.

Here we study a three dimensional Fermi gas initially loaded into a peri-
odic double well potential along one dimension. The superlattice enables us
to prepare the initial state with fermions only occupying even wells. After-
wards the superlattice potential is suddeenly removed the time evolution of
the local density imbalance between two neighboring wells is probed. The ex-
perimental results are compared to the numerical studies based on the exact
diagonalization of the Hamiltonian in the continuum.
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Abstract: In our work we transfer the concept of supersymmetry (SUSY) to optics and systematically
design a new class of optical structures. Key features arising from supersymmetry are used to control the
flow of light for mode division multiplexing applications.

Encoding information on a given chanel is one of the central problems of high capacity optical tr ission systems, In
addition to wavelength division, polarization, and angular momentum multiplexing as well as multilevel modulation,
and coherent detection, mode-division multiplexing (MDM) provides a promising platform for increasing the capacity
of optical links. While using the individual modes in waveguides one of the outstanding challenges in MDM structures
is a robust procedure for selectively populating and extracting specific modes in such integrated networks.

In the optical domain, supersymmetric partners with different dielectric shapes (see Fig.1 (a,c)) share identical proper-
ties. With the exception of the fundamental mode, each guided mode of the original multimode lattice has a counterpart
in the partner lattice with exactely the same energy or effective index (see Fig.1 (b)). The light propagation is discretized
and the corresponding state vector A is govern by the following evolution equation along the longitudinal coordinate
LA A n

dz

Here, A = (ay,...,ax )", where a; describes the complex modal field amplitude in the k'™ channel, N is the number
of lattice sites involved, and the N = N matrix # is the Hamiltonian of the system whose elements are given by
Huwn = (81,0 + i 1,0 )00 + i Fa. In the latter expression, &, denotes the propagation constant of channel n,
and C,, represents the coupling strength between adjacent lattice sites. The eigenvalue problem HA = AA associated
with Eq. (1) can in turn be used to construct a superpartner lattice [1].
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Fig. I. Supersymmetry in photonic lattices. (a) Continuous refractive index profile (upper row) and discrete
representation (lower row) of an array arrangement of evenly spaced, identical waveguides and (c) its super-
partner structure, (b} Bound modes of these two systems. Their vertical position indicates the corresponding
eigenvalues.

In our work, we demonstrate how supersymmetric partners can be utilized for multiplexing/demultiplexing different

modes of highly multimoded systems. To that end, we use direct-written multicore photonic lattices with appropriate

index profiles in fused silica (see Fig.1 (b)). While exploiting the unique advantage to directly observe the evolution

ggnamicsdby means of fMluorescence microscopy [2] our results are general and other fabrication approaches can also
pursued.
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We present our latest results on the possibilities of quantum simulation of relativistic
fields in 2-dimensional optical lattices. Geometry and relative strength of the laser
beams define the properties of the effective quantum field and set the mass-gap of its
ground-state excitations (particles and antiparticles). Local static or time-dependent
amplitude and/or phase modulations can then introduce effective curved geometry
and gravitational potential. The last can be used for simulation of gravitational lensing
or interaction with strong gravitational waves — beyond the range of any current direct
experiments.
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FIG. 1. Optical lattices with dislocations (a), disclinations (b-c) and dynamical small perturbations (d).
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The order parameter in a conventional superconductor can be subject to
quantum fluctuations in the form of 217 phase slips. We consider the effect
that these quantum phase slips have on a helical quantum wire proximity
coupled to the superconductor. At low energies the system is effectively
described by a Majorana chain minimally coupled to a dynamical Z,
gauge field, an example of a matter-coupled lattice gauge theory. Quantum
phase slips lift the ground state degeneracy associated with unpaired
Majorana edge modes, without breaking fermionic parity. In terms of
the lattice gauge theory, the change in ground state degeneracy can be
understood as a Higgs transition from a confined to a deconfined phase.
We identify the quantization of thermal conductance at the phase
transition as a robust experimental feature of the system, which survives the
presence of a dynamical gauge field. Our calculation indicates that thermal
transport due to the matter degrees of freedom can serve as an
experimental probe for quantum phase transitions in matter-coupled gauge
theories.
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The experimental implementation of analog quantum simulation of manybody Hamiltonians requires scalable and
well-controllable qubits as building blocks. Superconducting guantum devices are a leading candidate for quantum
information processing and analog quantum simulations. These artificially made superconducting loops composed of
planar thin films forming Josephson tunnel junctions, inductors and capacitors behave as quantum few-level systems.
In contrast to the case of natural atoms or molecules, such systems allow for very large couplings between the
electromagnetic field and the effective dipole moment of a few-level artificial atom that even remains frequency-
tunable during operation. A wide range of quantum experiments, such as violation of Bell's inequality [1], few-qubit
algorithms (2, 3], or implementation of a quantum metamaterial 4] have been demonstrated using these circuits.

However, the materials used for their linear and non-linear circuit elements set a limit on the best achievable
coherence times and are increasingly researched. For the linear elements such as capacitors and inductors, resonators
showing single photon quality factors up to 1 million depending on aspect ratio and surface treatment [5]. Mixed-
material, lumped element resonators allow to systematically locate and extract residual losses [6]. Combining high
quality resonators with ultra-small tunnel junction superconducting qubits of increased coherence can be obtained
[7]. Josephson junctions, acting as non-linear elements and providing the qubit’s anharmonicity, are known to suffer
from detrimental interaction with two-level-systems in the amorphous tunnel oxide. These residual states can absorb
energy and interfere with the qubit state, resulting in shorter coherence times. Epitaxial tunnel barriers -having fewer
defect states than conventional amorphous barriers -were developed and implemented in qubits [8].

At Karlsruhe, the fabrication of superconducting circuits for analog quantum simulation was started recently.
Frequency tunable qubits of the transmon-type have been realize in a microstrip geometry using aluminum sputter
technology. We will present data for the first generation of qubits, and discuss improvement strategies towards
scalable, tunable, long-lived qubits for superconducting analog quantum simulators.
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