
WILHEL 11 U D ELSE H ERAEUS-STIFTU G 

553. WE-Heraeus-Seminar 

Discrete and Analogue 
Quantum Simulators 

February 1o•h - 121h, 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 
Physlkal ische 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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Program

l sunday, February 9, 2014 

17:00 - 21 :00 Registration 

from 18:00 BUFFET DINNER / Informal get together 

I Monday, February 10, 2014 

07:30 BREAKFAST 

08:40 - 08:45 Dieter Meschede 
Andrea Alberti 
Reinhard Werner 

08:45 - 09:00 Ernst Dreisigacker 

09:00 - 09:45 Martin Zwierlein 

09:45 - 10:30 Jens Eisert 

10:30 - 11 :00 COFFEE BREAK 

11:00-11:45 Fabio Sciarrino 

11 :45 - 12:30 Philipp Preiss 

Welcome and opening 

About the Wilhelm and Else Heraeus 
Foundation 

Strongly Interacting fermi gases in and out 
of equilibrium 

Dynamical analogue quantum simulators 

30-quantum integrated optical simulation 

Quantum walks of strongly interacting 
bosons 

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

12:40 LUNCH 



Program

I 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 

16:45 - 17:30 Carlo Sias 

18:00 - 19:00 Rudolf Gross 
(evening talk) 

19:00 DINNER 

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

A one-dimensional liquid of fermions with 
tunable spin 

Superconducting hybrid quantum circuits 



Program

!Tuesday, February 11, 2014 

08:00 BREAKFAST 

09:00 - 09:45 Rainer Blatt Quantum simulations with trapped ions 

09:45 - 10:30 Klaus Sengstock Quantum gas simulators 

10:30-11 :00 COFFEE BREAK 

11 :00 - 11 :45 Barbara Terhal Space-Time Circuit-to-Hamiltonian 
construction and its applications 

11 :45 - 12:30 Andrew White Photonic quantum simulation 

12:30 LUNCH 

14:00 - 14:30 Marco Koschorreck Universal spin dynamics in two-
(a) dimensional Fermi gases 

14:30- 15:00 Gheorghe Simulation of motional averaging with a 
Sorin Paraoanu (a) superconducting circuit 

15:00 - 15:30 Thomas Quantum simulation via applied systems 
Schulte-HerbrOggen theory 
(a) 

15:30-16:00 BREAK 

16:00 - 16:45 Tobias Osborne Quantum Yang-Mills theory on the lattice 
and tensor network states 

16:45 - 18:00 Poster flash talks (13) 

18:00- 19:00 Poster session 

19:00 HERAEUS DINNER 
(cold & warm buffet, free beverages) 
& poster awards 



Program

!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 

11:45-12:30 Yoavlahini 

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

12:45 LUNCH 

Quantum walks for relativistic particles 

Quantum walks of interacting particles 

Final remarks 

End of the seminar and FAREWELL COFFEE I Lab tours (v) 

(a) Contributed tolk session. 

(8) Young researchers have the opportunity to present their own results with a flash 
presentation of about 213 minutes. 

fv) We offer lob tours of University of Bonn's laboratories. You are kindly invited to contact us 
if you are interested. 
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Posters

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

Andrea Alberti Electric quantum walks with individual atoms 

Murtaza Ali Khan Nanometric surface probing with ultra-cold atoms 

Alexander Baus! Superconducting resonator systems for quantum 
simulations 

Marco Bentivegna Experimental boson sampling with integrated photonic 
c ircuits 

Stefan Brakhane 20 discrete quantum simulator 

Christopher Cedzich Quantum walks in elect ric fields 

Myung-Hoon Chung Tensor network states for fermion lattice models 

Simon Cornish Towards quantum simulation with ultracold molecules 

Guanxiang Du Imaging of microwave fields w ith quantum atomic vapors 

Terry Farrelly Quantum computing and particle physics in discrete 
spacet ime 

Mathis Friesdorf Emergence of coherence and the dynamics of quantum 
phase transitions 

Holger Frydrych Constructing Pauli pulse schemes for quantum 
simulation 

Maximilian Genske Doublons and Holons in perodically driven Mott 
insulators 

Bahareh Adiabatic tracking of many-body dynamics 
Ghannad Dezfouli 

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

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

Anna Hambitzer 

Rene Heilmann 

Kotbi Lakhdar 

Quantum Simulat ions 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 



Posters

Karla Loida 

Anna Marchant 

Michael Marthaler 

Oliver Marty 

Maria 
Moreno Cardoner 

Ultracold bosons in optical lattices subjected to a 
periodic perturbation 

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

Fundamental quantum physics with superconducting 
qubits 

Quantifying entanglement with simple measurements 

Exotic quantum magnetism with spin F=1 ultracold gases 
in optical lattices 

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

Tim Richardt 

Carsten Robens 

Tomas Rybar 

Hamed Saberi 

Malle Schlosser 

Ameneh Sheikhan 

Simon StOtzer 

Nikodem Szpak 

Bernard van Heck 

Martin Weides 

Nonlinear PT-symmetric photonic graphene 

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

Memory requirements for general revers ible qubit stream 
processors 

Quantum simulation with kagome photon lattices 

Experimental demonstration of more than 100 
individually addressable qubits for quantum simulation 
and quantum computation 

Relaxation dynamics of a Fermi gas in an optical 
superlattice 

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

Quantum simulation of relativistic fields interacting with 
artificial gravity in 20 bichromatic optical lattices 

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

Towards scalable superconducting quantum bits for 
analog quantum simulation 



Contributed Talks

Marco Koschorreck 

Gheorghe Sorin 
Paraoanu 

Thomas 
Schulte-Herbruggen 

Universal spin dynamics in two-dimensional Fermi gases 

Simulation of motional averaging with a superconducting 
circuit 

Quantum simulation via applied systems theory 



Abstracts of Lectures 

(in chronological order) 



Strongly Interacting Fermi Gases in and out of 
Equilibrium 

M. W. Zwierlein 1 

1 Center for Ultracold Atoms, Research Laboratory of Electronics, and Department of 
Physics, Massachusetts Institute of Technology, Cambridge, MA 02139, USA 

E-mail: zwiertein@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 fi tting 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 

(I) 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 a nalog ue quantum simulators 

Jens Eisert 1 
1 Fu BC:rlm 

Ami111allu "'· Lt l!°J5 Berlin, Glmumy 
<mail. jrnse.tlphysik.ft1-te.rlir1. de 

Complex (Juant um systems out of C(J11ilihrium arc at the ha.sis of n n11n1ber 
of long-st:Lnding (J1tei>tions in physics. This talk will h<' roncrrnNl 011 tlw 
our ha11d wi th rC'rent progrrss on u11dcrst.anding how q11anL11111 many-hody 
syst.cms out of C'()Uilihrium rvrnt.unlly romr to rest. thcrmalisc and rross phn.<;<' 
t.rn11sit ions. on th<' other hand wi t h <lynamiral analogue (JIH\ntum 
11si 11g role! ato1rn; 11-4]. Tf t,imc allows. J will in an outlook d iscuss thr quC'stion 
of <.:<'rtifirntion of quantum simulators. and will how this problC'm also 11risP:-. 
in ot ht•r rdat<•d settings. such as in 13oson samplers 15. 6]. 

IJJ S. Brn1111. M. l·'rirsdorf. S. S. Hodgma11, M. Sd1r<•ihC'r. J . P 1lomd1eirncr, A. 
Riera. M. clel rky, !. 131och. J. Eisert, U. Schneider. i11 preparation (20 14). 

12] M. I<licsch. 1\1. l(astoryano. C. Gogolin. A. Riera . .I. Eisert, arXiv:1:!09:0816. 
13] S. 'T'roLllky, Y.-A. Clwn. A. Flesch, I. P. McCulloch. U Schollworck. J . Eisert. I. 

l31och, Nature Physics 8. 325 (20 12). 
14] A. Riera. C. Cogolin, 1\1. l< lirsch, .I. Eisert. n preparation (20 14). 
15] C. Cogolin. l<lirsch. L. Aolita. J. Eiser t. in prcparnt.io11 (2014) and 

arXiv: 1306.3995. 
IG] S. Aaronson. /\. . J\rkhipov, nrXiv:J;l09.7460. 



JD-Quantum Integrated Optical Simulation 
F. Sciarrino1 

'Dipartimento di Fisica, Sapienza Universita di Roma 
Piazzale Aldo Moro 2, 00185 Roma, Italia 

www. 3dquest.eu 
E-mail: fabio.sciarrino@uniroma1 .it 

Integrated photonic circuits have a strong potential to perform quantum 
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 quantum 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 

(I) 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 (201 2). 

(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) 



Quant um Walks of Strongly Interacting Bosons 

Philipp Prriss. ll. Ma. E Tai A. Lukin. M. Rispoli. IL Islam. and J\l. Greiner 
Department of Physics 

l/an;ard University 
17 C:r.fonl Slntl, 

Gamlnc(gc MA 02138, USA 
email. p10;,;, ([J)Jliy.5·1cs.harvard Edu, 

.f)T n1111 hart1ard fdu 

l\'licroscopy technique::; for ultrneold quantum gases offer the opportunity 
to charnctt•rizl' complex bosonic many- body states on a single-particle lcvt'I 
\i\Tith a novel single-site addressing sch<'mc. wc arc now able to study the most 
r l<'nl<'nt al building blocks of such strongly corre lated systems. We initialize• 
Foek state's of frw bosons in an optical lat,t i('(• wi th high fidelity ancl follow 
their dynamics in onr dimension. Focussing on fre<' quantum walks of two 
atoms. W<' <l ircc-tly obsrrve the crossover from hunching to anti-b11nd1ing as 
the bosons f<•rn1ioniz<' in the presence of strong rrpulsive interactions. Our 
work gives acr<'.'iS to int<'rart ion effects in t lw simpl<'St possible set.Ling 1tnd 
allows t. hc <1ss<'rnhly of many-body st.atC's on<' part id<' at a tim<'. 



Preparing Gibbs States on Quantum Computers 

Fernando Brandao 
University College London, Department of Computer Science, London, UK 

E-mail: fgslbra11d<1o@g111ail.com 

In 1his 1alk J wi ll discuss a new quamum algorithm for preparing Gibbs states on a quan1um 
computer. The algorithm is fundamentally different from 1he quantum Metropolis algorithm, 
being closely re lated 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 join1 
work with Michael Kas1oryano. 



Quantum simulation at finite temp erature in an optical 
lattice clock 

Christ i11a ({rans 
/11s/1lult for c;uantum 1111<1 Cua11lurn lnfc1malnn of llu 

A 11.,11 wn Acad(rny of St H nu .1 1111<1 fc1 7 hwu lical Physu 
Un1tl1".>ily of A-6fJ!J(j Jnn.>lrn<k, Amtriri 

This project is i11 collaboratio n with the Strontium t eam (X. 
Zhang. l\ I. Bishof, S. Bromley, A. l\I. Rey a n d Jun Ye) at JILA. 

Quanlum simulation of ft•rmionic many-bocty systrms is rnmplicated by the 
lack of rITiciPnt cooling i-clll'mP:-. l hat would allow to n•1wh t lw lt•m1wrature 
rrgimr whcr<' many intrr<•st ing quantum mechanical eff<'<'h ari»<'. On<' i111por-
tant dass of such sy:-.l<'lll» an• SU( N) spin models that ar<' <'Xl><'<'t l'd to 11<-scribe 
I rnnsi t ion inctal oxidPs. IH'avy f<•rn1 io11 materials or spin liquid phnsC's. In 
st•nrd1 to overcome the notol'io11s cooling problem we propos1• t ill' possibility 
to 11sl' an optical lattice rlol'k hniwd on Alk:tline Earlh atoms 01><•rn11•d at 1d< 
l<'lll(><'ral 11re a.s a finil<' t <'lllJH'rnl 11 r<' q11ant um simulator oft wo orhil al Sl ' ( :'\) 
physi('.-.. and explain how t lit' SU(N) can be prohrd in 11 Tlm11'-<'.\'-typt 
('XJ>l'l'inll'nl 



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. I will report on our current progress to 
realise single-site resolved, In-situ imaging and manipulation of strongly correlated 
fermionic 4°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 d1stnbut1on of quantum 
phases such as fermionic Mott insulators, Band insulators or Neel anllferromagnets. 

(1) J F Sherson. C We1tenberg. M Endres M Cheneau. I. Bloch. S Kuhr. Single-atom-resolved 
nuoffJscence imaging of an atomic Mott insulator, Nature 467, 68 (2010) 

(2) C Weltenberg, M. Endres J F Sherson, M. Cheneau, P SchauB. T Fukuhara. I.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. SchauB, S Hild, 0. Bellem, U. SchollwOck, T 
Giamarchi, C Gross, I Bloch, S. Kuhr, Quantum dynamics of a single, mobile spin 1mpunty. Nature 
Physics 9 235 (2013) 



A one-dimensional liquid of Fermions with tunable 
spin 

C. Sias1•2, G. Pagano1•4, M. Mancini1•3, G. Cappellini1, P. Lombardi1•3, 

F. Schafer1, J. Catani1•2, M. lnguscio1•2•3, L. Fallani1•2•3 

1LENS European Laboratory for Nonlinear Spectroscopy, Sesto Fiorentino, Italy 
21st1tuto Nazionale di Ottica-CNR, Sesto Florentino. Italy 

3 Dlpartimento di Fisica, Universlta di Firenze, Italy 
4 Scuola Normale Super/ore, Pisa, Italy 

E-mail: carto.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 
173Yb 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 1 D 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 

( t) G. Pagano et al., Nature Physics, in press. 



Superconducting Hybrid Quantum Circuits* 
Rudolf Gross 1'

2 

1Walther-Meir!,ner-lnstitut, Bayer. Akad. der Wissenschaften, Garching, Germany 
2 Physik-Department, Technische Universitat MiJnchen, 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 circuit 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 cool ing or ampli fication 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 Y3Fe50 12 (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 
(I ) 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] Xiaoqing 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 'Ii:apped Ions 

Rainer Blatt 1• 2 

1 i nstitute for Experimental Physics 
Unw1:rs1ty of Innsbruck, Techmkerstrasse 25, A-6020 fnnsbruck, Austria 

Rainer. BlattrJ u1bk. ac. at, www.quantumopt'ics.at 
2 Institute for Quantum Optics and Quantum Information. 

Austrian Academy of Sciences, Otto-lliltmair-Platz 1, A-6020 lm1sbruck, Austria 
Rainer. Blatt@oeaw.ac.at, www.iqoqi.at 

In this talk. the basic tool box of the Innsbruck quantum computer based 
Oil 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 
Lalk the basic simula tion 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 sy:.-
tems. A string of ions is used to implement a string of spins that interact 
by means of quantum gate operations a nd 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 iu 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 cohenmt and dissipative processes will be discussed. 



Quantum gas simulators 
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Space-Time Circuit-to-Hamiltonian Construct ion a nd Its 
Applications 
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The circuit-t.o-Jlamihonian construction t rnnsla tes dynamics (1\ q11ant 11111 
rirc11it and its output) into statics (the gro11ndsl ale of a cirr11it llamilto-
nian) by explicitly defining a quantum rcgist<•r for a clock. The standard 
Feynman- Kitaev construction uses one g lobal dock for all q11hit s while we 
ronsidPr n different cons! rnclion in which a dock is ass igned lo earh inter-
acting q11bit. This makes il possible to capt.me the spatio-temporal strnrl 11re 
of tlw orig inal quantum circuit into features or I he r irc11i t Hamiltonian. T lw 
constrnr tion is inspired by the original two-dimrnsionnl i11 tNacting ferm ionir 
modrl in I 1 J. Wr pro\'<' that for onr-dinwnsional quant11m rirruils I.he gap of 
the circuit flnllli llonian is appropriately lower-bounded. partially 11s i11g results 
011 mixing l.i l ll('S or .'.\farkov cha i11s. SO that the applications or t his C'OllStruc-
tion for Ql\IJ\ (a11d partially for q11n11i 11111 adiabatic comp11t atio11) go through. 
For one-di111('11sio11al quant11m circuits. dynamics gcncmt<'d l1y th<· circuil 
Ha mil tonian c·o1T<'spo11cls to diffusion of a stri11g around lhe torus Our r<'su lts 
cm1 be found i11 12] . 

Pl A. l\'lizcl. D. Lidar. f\I. Mitclidl. Simplf proof of «11m1al<n(.(: btlwfen adrnlalu 
1jt1ar1lum ccmputatwn and tlH drcmt modd. P hys. fu•v Lett. 99. 07050:2 (2007). 

121 N. IJrruckmann and 13.M. Tcrlrnl, Sp<w-lim.(; r.irrn1t-lr.-Homillonian can"lnir/11;11 
(111</ its av111trnt1cr1s. arxiv.org: 1311 610 1. 



Photonic Quantu m Simula tion 

Andrew \Vhitc 1• 2 
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In principle, quantum mechanics can exactly describe any system of quan-
tum particlesfrom single electrons to unwieldy protcinsbut in practice this is 
impossible for e\'cn moderately interesting systems as the number of equations 
grows exponentially with the number of particles. 

A well known example is t he 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 arc even more recent, e.g. a 
photonit qua11t um computer was used in 2010 to obtaining the energicsat up 
to 47 bits of precisionof the hydrogen molecule, II2 [l]. 

Herc we examine the state of play in photonic quantum simulation, high-
lighting the diffcrcnC'e between wave-mechanics simulations, which can be done 
with single photon;, or classical light, and quantum-mccha11ics 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 d iscuss 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 I3oson-
Sampling problem [3] . 

[l) B. P. Lanyon, J. D. Whitfield , G . G. Gillet, E. Goggin, M. P. Almeida, I. 
Kassa!. J. D. Biamonte, M. Mohseni, B. J. Barbieri, A. Aspuru-Gu<'.ik 
and A. G. \\'hite, Nature Chemistry 2 , 106 (2010). 

12] 0. Gazzano, t-.1. P. Almeida, A. I<. Xowak, S. L. Portalupi, A. Lematrc, I. Sagnes, 
A. G. \\"hite, a11d P. Senellart, Physical Review Letters 110, 250501 (2013). 

13] A. Broome, A. Fedrizzi, S. Rahimi-Keshari, J . Dove, S. Aaronson. T . C. 
Ralph, and A. G. White, Science 339 {2013) 
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In th is 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 

1. J . Kogut and L. Susskind, Phys. Rev. D 11 , 395 (1975) 
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R<'r<'nl work on t opologiral materials has r<'vC'alC'd n widr variety o r int rigu-
ing phC'nonwna that may arise when particles move' in ·non-trivial" bnnds 
Advanrrs in <'x1wrinwnlal capabi li t ies for controlling rlrctron ic. atomic. and 
optical syst.rms rais<' the possibility I. hat. analogous phC'nomenn mny h<' gen-
erated dynamically in driven systems. In this talk I will discuss how sys-
tems with disCT<'lc time lranslat.ion symmetry offer an exciting platform ror 
st.udying topologiml plH'llOlll<)IH\ a11alogous to those f'1\111ili11r from non-driven 
systC'ms. For <'xa111plc. a11iilogucs of the complete p<'riodi<' tubl<' or topological 
dm;scs for non-iutC'rn<: l ing syst<'111s can be rcali:wd in driven systems! IJ Going 
beyond this paradigm. I will also show that the <l ilfcrc11ces bctwt('ll discrete 
u11CI co11ti11uous ti111e systc111s rt'vcul en tirely new robust phe110111c1m. whid1 
tan cnly occur in driven systems. In particula r . a two dimcn:,ional driven 
sy:.tc111 in which all · Floquct ba11ds" have Chern number zero 111ay s lil l host 
robust chintl edge modesl2j. 1 will <•xplain how this occurs. and what it. 11 1e1111s. 
and giw outlook on recent a11cl proposed experiments on these so-<·nllc·d 
Floq m·t topological insuJators!aj. 

Pl T . Kiwgaw;1. E 13crg. M. S. Rudner. and E. A. Dc11tlcr. Topological Chan1c-
(('riz11t ion of P1•riodi('ally Driven Quantum Sysl<'lllS. Phys. Rev. B 82. 23511<1 
(2010). 

121 1\1. S. lludner. N. 11 . Lindner E. Ocrg. and 1\1. Levin. Anomalous Edge States 
and lhc Uulk-Edg<' Correspondence for Periodically Oriv<'n Two-Dimensional 
Systems. Phys. llc•v. X 3 031005 (2013). 

131 N. II. Lindnt'1" G. Tlc-f1wl and V. Galilski, F'loquel Topological f11sulator in 
Semi<"ond uclor Quant um \\'C'lls. Nat. Phys. 7. 490 (20 11) 



Photonic Floquet Topological Insulators 
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We present the experimental demonstration of topological insulators (Tis) (1) where 
the propagating field is electromagnetic (in this case, visible light), rather than 
electronic. In solid-state Tis, 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 Tis 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 
Schrodinger 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 show a 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 
Tis. Photonic Tis 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 (201 1). 
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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(epsilonA2), 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 to 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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I 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 dynaulics in two-dimensional Fermi gases 
1 Onnicl l'rrtot, 1 Enrit'O Vogt. 1 and Michael lfohl 1 

1 Umvcrs1tal lJonn. /n.ytdut 
Wr9dtr.d1 b, IJonn. Gtmumy 
cmo1/. de 

Stmlyiug trum.porl iu m\JIOblfU('lUf'(":o, ho. .. .; u loug n11d rkh hi.slory IX--C.':\lL"iC or ib 11011 trivinl 'l'1'1 lln'S 
a nd ii$ n•lt·v•UH"(' ror t•lt."t'I ro11k clr.vi<:<!S. Tht"' UIO:Sl C'Ol1111K)Jl ,.,L"' dlJ\rJ(\' l has J!,n•at Wchnologic.al iiupl kat.iuus 
and th<' <'t1rn111tvol1agc• du1rarl.<"rbtio. of I\ 'l<'vi<'<'. \Vit.11 tlw •lc•vc1lop111c•111 of th<' fi<>ld of !iipiutroui"s. howt•vf'r 
spin lrnnsporl ha."' 1uovt'<I into llu.• focw; of th<.' intl'r<-:-.1. Spin has m1ique 1>ro1wrtiC":'. S<'l I i11g it 
1L"iidc from dtJlfgt• trnnz.:prn·I : til":oll. t hr lrnn."iporl o( spin poln.rbrnLiou is nut proU'f1.('(f hy momf'ntum rorl."iNvnt ion mul ls 
greatly atrectccl hy M'nl tc·rlng ' l'ltrrt•for<'. th<' question arises: wlu\I is thr limiting""'"' or th<' spin lrnn.,porl. rodfiri<'llls 
when intcraclion!'-1 n'nrh 1 lw rnaxiuiuau vnluc allowed by qmmt.1un &x'Oud, unlike dmrgc curr<.•uts (which 
lead to charge nud Lh<• buildup or tut e lectrical Held, couutcrocting the currcut) 1 hpi11 nccunmlation 
not. induc.-c a <..'Ou11tcrncti11K fon."t.'. 

Fcrmioui<.: quumu111 allow Liu: or lra11.sport from tinit priudple, bl'C.'HlL"k' i11ll'rn<.:tio11.s <.:WI l>c pl"('('C,C.ly 
hulor<..xl and the dyuamiC"i on clirt..'<:lly t i111cscal<.;:5. In particular, at. unilurity. truu:,port dictated by 
clitrusiou aucl Lhe bpiu clHTu:,h·itl b t•xpt'('h"<I to n •ad1 ii universal \'11hw 011 tlw orcln or t.he reduet."() 
Plant·k <·on:stant di\Tidl'<I hy tht· m11..,-,. lh.·rl\ we a l\\v--diml'U!'liOnnl H)r111i nflt•r u qm.'1Kl1 imo a 
m<•ln."'llflhl<'. Lr1Ul.S\'('J'!;;(')y polfttizMI IJJ thr spin-ttho t('('"JllliflllC' for s lro11g ir1h•r;lf1iont,, Wt"' Ul(\t\."illrf> th<' 

LJ"IUlS\l('J"S(' :oi.pin diffm;ion ronstf\01 or O.OOH 11/w .. :-0 far. For \\'e:\k WC\ ol>M•rvC' R roll<"C'tin• tralL'•Ve™' 
mod<' tluu C'xhihits modc- sortc•ning wlu•u the strongly intrrncting r<'giuw 

I 11 Koel4:1tc>rn'<Jc, M. Pcrtot. D.1 Vogt. E. anc.1 KUM, \I . (m•t'f '""'"1-'P"' cl11nam10J m hvc;-dmu:n..)tQnal F°t'nm q<t.'tf ·' Nut.urc Plly,..ics 
9, 105- ICl'J 



Sim ula tio n of mot iona l averaging with a supercond ucting 
cir cuit 

Sorin Pftraoam11 
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Supcn.;011ducti11g circuits offer a very attractive platfor111 fo r t he realization of 
quantum simulatio11s. due to t he availability of strong coup ling bctwc,'Cn circuit 
c lements. tunability. mtd scalability. T will give a l>ricf review of a number of 
rece11t proposal!> and experi111e11tal achievements. then T will discuss our own re-
alization of the so-called 111olio11al averaging/narrowing cffc'C't I 1] using a circuit 
QED experimental setup. 

Our circuit consisting o!' a capacitively-shunted charge qubit (a trnmnno11) em-
bedck'<I in a superco11<l11cti11g waveguide resonator. Two microwave' fields arc 
applied to the system: one. at tlw fn'quency of the resonator. is used for 111ea-
s11n•mcnt. while the other. around tlw Larmor frequency of the> qubil, is usc>d 
to drive' tlw q n hit. l n addition. th<' qnbit. fr<>q nPnry is modulatNl by <t rnndom 
te>le>grnph 11o ise with externally-cont rollccl amplitude and clrnrartr.rist.ic jumping 
frequrnry. Surprisingly. by adding noise• in this way a new. •mot iona l averng<'<f' 
spert rnl liiw is formed with a linewidth smaller than lhe ampli t ude of the> random 
modulat.ion. \\'e have also succeeded in driving Rabi osri lla t.ions on the> motional 
iwcrage>d line>. dc•monslrating t he formation of hybrid stat<>s of the trnnsmon and 
modulation fidcl. with t rnnsi tions that ran ll<' coherently d ri vrn. 

\.Yhen modulating t lw system sinusoidally. W<' obsNv<' a r irh sp<>ctral strurt ure>. 
resembling a Lancla11-Zc11c r interference pattern. However. direct Landau-Zc11er 
transitio11s arc prohibited ill our system by lhe fact that the frequency or tll<' 
modulation is 11111ch s ma lln than the energy level se>panti ion. \V<' show that in 
this case the tr11nsi t,io11s occur through the absorption of photons fro1n the d riving 
field : we call t liis p roc·c'ss photon-a.';:;isted Landau-Zener dfC'cl 

For t he values of the fidds used in our cxpcrime11t we show that. in a rotating 
frmnc. the systcrn rt•aches the ultrnstro11g coupling regime. Our setu p ca11 also be 
st'Cll as the sirnulatio11 of the effect of coupling an cxtcrnally-controllcd fiuctuatio11 
lo a qu bit. \ ·Ve a11ticipatc.• that the cxpcri mental c.lc111onstrntion or 1notioual avcr-
agi 11g prescnlcd in this work wil l provid(' a novel route to improving the c.lt'phasing 
ti1nc•s of ('Xisting superconductin!!, qubils. 

IJ J J Li. 1\1. P. Si lveri. r<. S. Kumar. J.-.M. Pirkkalaiucn. A. Vepslinen. \V. C. Chil•111 

.J. 'l\1oriln. l\ l. A. Sillanp. P . .J. Ilakoncn. E. V. 'l'huncbcrg, and C. S. Paraoanu. 
Mcli01wl 111111 Uf/i'll!J i11 11 s11pc-rconducling q11l,1t, Nat. Co1111n11n. Vol. 4, 1420 (2013) 



QuantlUU Simulation via Applied Systems Theory 

Tho1111•< Robert Zcicr.1 Mid11u:I Keyl, 1 Zol11111 Zirnbor.IS,1 and Ville 13crghohn' 
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QuanlUlll 51:imulal iou Willi cohrN'lll Ancl inmlH'r«•nl d<-grres of f.OrUrOI b ani\lysc'fl in tlw 1111Hit'<I pic'LurC' or quantu111 
theory: 

First, we answer the qucs1ion whid1 quantum systrm rnn simulate another syswm in of the• rc'p<'<'l.ivr dynamic 
•Y•lern Lie algcbm,. We give a plethora or illnMmlivc coucrclc example:, ranging from liuill' xpiu doaius ii). krrnionic 
•yokrnx [2) to rt'Ccnl development<> on inli11it<'-di111('11sio1ml systems such as n "''()-Jcvcl syst<•111s (ll spius) iDle,.cting 
with om.· mode of the electromagnetic field iu a cnvity. The latter includes a timt"'-<lepc..'rnleut VC''r:-;;ion of chc JJyuc:r 
Cu111111i 111;>! 111odel [3]. 

Tltc11 1 with the syst<'m al,gclm_L"':i tU lmnd , it ili CH.KY Lo derive l'\'.t&ehnblc for closud syhkrus mul 01x·11 \lmkovian 
fro111 Liu.• t(C'Vlll('lry of J.ie groups IJ 1 2j n11cJ J,i(• M'111igrOUJllS 141. 

Fi1111lly wt• gi\'(' a furthPr outlook 0 11 <11111111 u111 si 11u1la1io11 i11 op('fl lmw <\(Mi11Jt hang IMUK 
swil('hablt• noi."'4.• on a !'>inglf' <1uhit to 1111it a ry rout.ml to milk<' nu n -f)t1hir.. system w J)()"<'rfol I hat .my u.quhil 
I A1'gf'l sl all• c·un IK' l'f'iM"hNI from any n -<1uhil. i11innl 151. TliiN tnfiy :,(lrvr ns nn ca.'\y-u., n.ft(•ruali\i• tH llh• 
IOOff' ('Olll)>liC'J\t('(j M'l ·H(l:'I ()( ( 1111\0l.ll lll Ri fH11lat<JJ'S <'llll>lnyinJt rf'e<l-hack with rl'N'ttllhh• 
nnrilln." (6, 7) tilll<';..{l<'p<'nrlcnl noi!'IC' mo<lulnlion Nhow11 co i1 uprO\'e rxciton t r1U1srN iu 
r<-a.Jisl i<' moclf'I'.'\ of tit(• light-lmrv<-st ing oomplc-x in photohiorh<'tnis t ry. 

I•) R Z4.!ic-r u1ul 'I' .Sclu1lu_ .. I ltrhrUAA\·11 Symmetry Princiµlt..'l:) in Quuntu111 Tlw.'Ory, J Malit Phy,.,, 52 11:1510 (1011) 
(2) 7.. 7.uohor:'-", R f,ci(·r, M f\<·yl, 01KI T Schullt'-llNbruy.gcn, /\ r>y11a1111t• S)',.l('ml'> \ptm,.w·h lo and lh<'ir Rdul 1011 

to Spins, <'-J>rinv nrX1v,1i 1 I U'JIJ (2011) 
13] Keyl, R 7.('i(•t, mid T Sd111Jt( ... 1ft·rhruggt•11, Conlroll ing Auml!!! in R Cm-1l). in 1u\·IMtut1011. 

1) c (:, Dirr. nnct T Sdmltf'-ll<'rbrugg<'n, I llu:-.t..rnting I he- ( :rornM ry or <"olwn•ully ( 'ontrolk·cl l1 nitnl 0(X"n Quantum 
IHeR 7nm ... Autt.m Cc.11/ml, 57, 2Gr.10 (2012). 

l!>J v. ruld T . Sd111ltt .. llnhri1iu;c•11 I low to ' l'rflJ\,o;\fCr betv.'(...oen 1\rbitrftry n Quhil Q 111u11.11111 8lnl..C'loo hy ('ohrttm c·omrul 
and Simplc:-;t Swiu-habk- on a SinAI•• Quhil, o·prin1 rt.rXi\':1206.-19-tfJ (2012). 

IHJ .I. Uarr.:·iro. 1• Sr-hindh·r, I). Nigg, T . M. C"bv.--alla. ll<"nnric'h, (', U.ooK. 11 i'..olk•r and ll Blan. An 
Opt•11-Sy!-tL<.'U1 Quantum S1mufator whh ' l'ruppcJ Nature 470 486 (2011 ). 

17) I'. 0 .. '-:igg, .J. T. Barrdru, E. A .\tartincz. Hcuurkh, 't'. U. l)idtl P. 'l.<>lk-r and 1-l Ulau, 
Qmu1tum Simulation or Opt.•11 Sybl..l' IO l)y1uu111c.·ul .\1a1,t,: Wllh Trapped Ion . .,, N11hHT' t>Jiy.'IU 0, (2C.H:S). 
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Sig11al-to-Nobc Ratio for S i11gle Atom Detection with l\ l icrocavit ies 
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tnuul, ... m1m·l1m11 t(.lrm dt and lJ m .uk 

Tiu.• 1>ostcr my um.skr whic:h lUrlk.XI i11to u Phys ll.cv A 1.nt,)l'r ul thl' 11to111<:11t 
Tiu: or u n._'-Ul·timc micrOWUVl'-c.·avity l'lingl\• ulom <lckc.:Lor is Ull iu11>ol't.a11t prerc."qubih· for ti 
MlHlt• qunutum ('OlflJJllll'r <1rd1itc«Lu rt• I I I. whida «ml ht• HS" si111uhLt.or. A proof of prind1>lt• l'XJX'fitll('llL ror VIJtiC'a.I 
t·1avil1t':'l wn., C."C)ll<hl('l«'(I in Llw 90's in group 121 and LIU' ('rilic..'al ratio (SNll) i11 t l u:k'!4.' M'tup."i 

in 2008 (JJ Th<' 111ic-rowa\'<" regiuw, ou llH• ollwr hflnd1 is int<'rcsting in mAny hut 11lsc> 
dHrkuhiP.\ Tht• f'ompnriso11 or LhC" $:'\ll in OJ)(.irHI nrul 111krownvc: up.\\ !-lh("(fs nrw light on tlw 1'>1(•ncl\' s1ni<' mul 
r<'nl-limt- 01wrntio11 of s11C'h 11oude:str11c1ive ttlOlll ' lrt('("tOrs. whir-h L"i A hig :-.lf'p forv."8.r<l for tl1C' <·ou1 rnl of 
quanta Tlw I hrorrc ienl met horl (rate equations) cmployt'fl 10 :.iolvt• lh<' )tO\'C'rning equation is uS<•ful for n wift<" 
\1\ri<'ly of N'lnlc.'<1 rrwity f1Hi1ntum problrm:;. 

flJ Olyllu.: r Ju.ml \'a((,""'' n r II 2'00G A c.:avily-QED scl1c·11lO for dU!>l4,:t-.. lllll' t1uuulum \:Vll l lJULinJ( CrUSSt.--...1 atonut- IA'ituU.0 

Ntw J P/ly, Zll 
12] II, 1\1rclwlh' Q 1\ ('h.u1mm11 S 'ln1I Kimble 11 J 1996 •lc•tc't'lio11 of in tl1vidu;.\I atoms falling 

a high-fioet....r opttml C";.Wity' (,pl /,l'ft . 2 1 l393 
13) Poldy fl_ llut'.hk-r BC luKI C'luM' J I) 2()()g '8ioglc--n.tom dcooction with optirnl (•1wi1.i1!f'l1 l'/,y.\ llt r A 7K 013t>-10 



Elect ric Quantum Walks with Individual At oms 

M. Genske,1 W. Alt,1 A. Steffen,1 A. H. Werner,2 

R. F. Werner,2 D. Meschede,1 and A. Alberti1 

1 lnstitut fiir Angewandte Physik, Universitiit Bonn, 
Wegelerstrafte 8, D-53115 Bonn, Germany 

2 lnstitut fur Theoretische Physik, Leibniz Universitiit Hannover, 
Appelstrafte 2, 30167 Hannover, Germany 

email: alberti@iap.uni-bonn.de 
http:// quantum-technologies. iap. uni-bonn. de/ 

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 lD 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 211'. 

[l] Genske, W. Alt, A. Steffen, A. H. Werner, R. F. Werner, 0. Meschede, A. Alberti, 
Electric 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 

Murtaza Ali Khan(a,b), Florian Schaef erCa>, Wolfram H.P. Pernice(b) 
Francesco S. Cataliotti(a) 

!•!European Laboratory for Non-Linear Spectroscopy (LENS), via Nello 
Carra ra 1, 50019 Sesto F.no (Firenze) - Italy 

(blKarlsruhe School of Optics (KSOP), Schlossplatz 19, 76131 
Karlsruhe - Germany 

Email: alikha n@lens.unifi.it 

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 wi th 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 resona tor systems for quant um 
simulations 

A. lfa11s1.. 1 · 2 P. E<lrr, 1• 2 J .Coctz. 1•2 2 E . Hoffmann. 1•2 

Schwarz. 1 · 2 F. \ \'11lschner. 1 · 2 E. Xie. 1 • 2 L. Zhong. 1 · 2 

I<. Fcdorov, 1. 2 E.P. :\lc11zcl. 1• 2 F. Deppc. 1• 2 /\.. Marx. 1. 2 

fl Gross.1. 2 E. Solano.3•4 0. Zucco.5 and J .J. Ga rcia-Ripoll6 

1 Baycrisch< A k11d1 mt< 
d<•r Wissrnschaflrn, 85?48 Gan:hmg, Germany 

email: alo:and<r lausttlwmi. tadw. d< 
2 Physik-Df.parl.mrnl, '/ « Unii.er.;i/01 t 

Murnchrn, 85?4/s Garchmg, Gfrmony 
3 U11i111:.tdod dd Pois Va.mi Uf''V/£111.J, 48086 Bilbao, Spain 

Fcttndotiort for SettrL<t, 4661 I Bilbo<., S7K1111 
5 GSIC- U11wo stdod de Zoragcza, 5()0 J 2 Zaragcza, Spain 

G 011iv1 Cam71lulensc, 28640 Madrid, Spain 

During t.hc last. dctad<>. trc•111c11dous progress has 1><'<•11 made towards quan-
1.tnn <·01ttput.at.ion with su1wrc·o11cluct.ing circuits. N<'vcrthclcss, the requir<'-
mcnts for a sealal>lc univcn;11l quantum i11fonnatiou pro<.:('Sl:iOr arc sti ll l>t•yoml 
state-of-th(•-art technolO!,,'Y· Tu contnll:it. recent proposals for a na log quantum 
simulatio11s arc bused on prcscnt-day-perfornmncc of supcrco11d ucti11g circuits. 
/\ parl.itulur t'xamplc is the simulation of a l3os<-'-IIubbard-lype dymunics in 
cha ins of coupled uonlincar supcrconcl 11<·ting resonators. 111 order to make 
such a simulator as fkxible as possible. the resonator n<>nlinearities and the 
toupling strengths !wt.ween two adjacent resonators should b(' t1111able. Herc. 
we present importaut t>xpcrirnen tal progress on the toolbox required for this 
purpose. In particular. we d iscuss switchable and tunable coupling between 
two transmission line rrsonat,ors medial('d by a superconducting rl ux qubit 11 J 
or HF-SQU!D 12). Our rrsnl ts allow one to analyze this coupling in frequency 
a11d tim<' domain. 
This work is support.eel by I.hr German Fo11ndat.ion t.hro11gh SFB 631. 
thr CNman Bxccllencf' lnitiativr through NI'.\l. Spnuish l\llNECO FIS2009-
12773. FIS201 1-25167. PIS2012-36G73-C03-02: urv /Ell u UFI 11 / 55: Basqll<' 
Governnwnt IT472-IO and EU projrrts CCQED. and SCALE-
QIT. 

IJ] M. t.Iariantoni IL n/., Two-resonator circuit. qwu1t.um clect.rodynnmics· A s11p<'r-
rn11ducting q11a11 Lun1 swild1, Phys. Rev. 13 78. 101508 (2008). 

12] 0 . Pcropadre fl al . Tuuuble coupling bet.ween superconducting resonators Prom 
sidt•hands to cff<'ctivr gauge fie lds. Phys. Rev 13 8 7. Ja4504 (2013). 



Experimental boson sampling wi t h integrated p hotonic circui ts 

:-.'icolo Spagnolo, 1 Bentivegna.' Chiarn Vitelli.1 Fuh·io Flrnni ni. 1 Sandro 
Cia<'Omini.1 Giorgio Daniel J. Bro<l.2 Erne•to f. Galvao,2 Andrra Crespi.3, 1 

Roh<•rto Oscllame.3 · ' Robl'rtu Ramponi,3• 1 Paolo and Fabio Srnurino1 

1 Dip<!rtimenlo dt Furttl. Sapunza l lnir'tr.,1td di Romll 
Pia:zal• Moro 5, l -0011J$ Roma. Italy 

emarl: marco.bentivegnallromal.wjn.tt 
2 lnshtuto dt> Fi.Hr.a. Umtlf'rsidadt Fc.dtn.il Plurmnenst 

Au. Cal. Mtiton Tal'urt" de Souza •/•>. S1tero1, HJ, 24210-340, Braztl 
3 /stituto dr F'utoruca < .Vanot<cnolOf)tf, Con,1glio Nanonalo dtllt R1e<r(hc {IFN-C.\'R) 

l'tazw le<>nardo da \ '111rr. 32, 1-20133 Milano, Italy 
_. 0.partnnento dr Ft!J•ca. Politecnico dt .\ltlano 

/>1a::a Leonardo da 32. 1-20133 ,\filarw, Italy 

T he C\'Olution or non-interacting bosons through a linenr tran.,forma tion acting on their Fock state b 
believed to be hard to compute [I]. T his is <'Ommonly known &.' the Boson Sampling problem, and lu"' rcc<•111lv 
got a lot of a ttention '"'the firs t WU)' to demonstrat e thr oupcl'ior computatioirnl power of quantum dt•vitc> 
O\'Cr cla. .... ,ica l onrs 12 5, llowc,'er, t hb wry complexity makes t he c1·rtilkation of the co1·rc·c1 functioning or Bo,on 
S11mpling dc\'i(.'('s a nori-tri'·iul problem. at 1<•11.>t in t he hard-computntional regime [6j. \\'e report the cxperinw11111I 
implementation of a Boson Sampling experiment 12], which make use of femtos<'<'o11cl laser-written 
wnV<'guides integrated on 11 gJ...,,,, chip. \\'c also <'xperimentally addrc"' the problem of \'alid11ti11g tl1<· results in !I 
computat ionally efficient way 'i,. 

ii) 5. and A Arkhipov, The t"UtOJmtntion compl<.·xily or linet.r In of the 13rd AC:\t 
sympooiu111 011 Th<'<>n· of cornput ing, Snn Ju,c, 2011 pn·,<, New Yo rk, 2011) . P"ll''" :133:112. 201 !. 

_2j A. Crespi, R. R. Ramponi. 0. J . Llro<.I. £. F. Gah"M, X. S1mgnolo. C. \'itelli, F:. P. •11<1 F. 
Sciorrino. :-<arm'<' Photouir., (2013). 

[31 Ti llrnann, et al F:xpcrimental boson .am1>ling. Nature Phoiouie> i , :'>10 (201 3). 
I ii Llroome. A et ul. Photonic boson sam1>li11g in a tunable c ircuit. xienn• J39, 794-i98 (2013) . 
[51 Spring. J.B. et al. B°'"" •ampling on a phoronic dup. Science 339, 79S-1!01 (2013) . 
[GI C Gogolin. l< lic>ch, L. ,\olito, a nd J. Ei""n ti...on-Sampling in the light of .ample complexity. orXi" IJOG.3995, 20 ia. 
[71 S. Aaronson and S. Arklnpuv, Bosonsampling i> for from uni form. Ar Xiv: 1309.7160 (2013). 



20 Discrete Quantum Simulator 
S. Brakhane, S. Shestovy, F. KleiBler, W. Alt D. Meschede and A. 

Alberti 
Institute of Applied Physics, Wegelerstr. 8, D-53115 Bonn, Germany 

E-mail: brakhane@iap.uni-bonn.de 

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 

(I) I. 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. Ccd;1,ich. 1 T. llybnr.1 A. H. W0rner.1 A. 
A llw r t,i.2 .\1. C<'nske.2 and Il. F. \Verner' 

1 lnst1t1il fitr '1 hccntischc Phystk, Leibniz Umvcrsita l Hannover, 
Appclslr' 2, 3016? /Jamwvff, Gcrma11y 

2 f'i1r A rtf/twarultc P!t11->ik, Untvtrsiliit l101m, 
Wcgcl(rstr 8, Donn, Germany 

\Ve study 01H'-dimensional CJ ll<\lllum walks in a homogcnous <'l<'<·tric field. 
which corr0spond to disrrcl<' t.iinr standard walks where 11ft<'r <'nch st.cp a 
phas0 d0p0nrling li110arly on posit ion is a ppli0d. \\'0 show that tlw propagation 
pl'Of><'rtics o f' llw sy:-.t0111 depe11d s1'11s it ively on the v11!110 of the clc<· t ri<- fi(')d 
<fl . ( 1) Whe 11 <fl/(2rr) = n/m is au ir r<.'cluciblc fraetion. th0re is a n•vival 
afl<'r m or 2m steps. which is exponeutinlly sharp in 111 Th is is followed by 
a ballis tic expansion. (2) When <T> has very good ratio11al approxi111nt io11s. 
as provicl<•d by conli1111c'<I fractions. thcr« is n h ierarchy or lilll<' scales. eaC'lt 
coming with a i;harper revival and an arbitrarily large ballbtic excursion 
(3) In the w ry irrational case we find Andc rso11 local ization. i c .. a complctt-
systcrn of discn•tc. cxponc11lially decaying cigcnfunctioni;. \\'c conjecture that 
this holdi; with probability 011e for rn11dom fields. 



Tensor Network States for Fermion Lattice Models 

Chunp, 1 

1 Collrgt cf Ht1fllff' and '/ttfmnlr,gy, l fo11gak ()m1"r.uty 
StJ•ng, ,,.19 WI. Kcrrn 

cmasL mhchunql1ho11.11rA·.m J.-r 

\Vhcn n fermion lnt.l ic.:c 111od(.'I is written as n sum or locul Hmuilto 11iutL'f nnd furth<.•rmorc it has u tnublutioual 
symmetry, iuliuilc.• t i11w· l'\'olviug block c.lc.'l.;mation ll) is u powl'rful method for fimliug corn.•lat.iou fu uc::t iou:,. It i:t 
im1>0rtant LO d 100.•,e n lll't.work !\lult' for the model in the i11 fi11i1(• li111(\-(•\·olvi11.c IJlock d t'<'i111ntio11 In t h<> spirit 
of lh<' infi11ih' thnP hlo1: k cl<"C:i11mtio11, Wt.-" tt. 111N hod for obl1ti11i11g Liit' Hround·s tu.tc• t·11erftV a1KI tlw 
Wl\\P f1m<'tion for two- cli111{"u:-..iu11"I qu1t11t11111 many-fcnnion f':'.p<'<'iall)· l11r llu hhard modr l. 

In fart. W(' rrporl "ground ··olution ror Lii(' two-.t·lifll<'HSiorull frr111ionie ll uhhnrd inod1•I, wliich is ohtainrd by 
I\ lllllltf'rknl V1'ri1'lio11n.I fllt·lhod Two ingn•dic•t1hi in l h is R1>proru-h ft((> l('IL···Or IH'lwork or Fig. 1 <Uld lhc- infinil(' 
tim<"-cvolving block dcdrnnti<>ll. \\' hil<' wt• <'IL'\ily hancllr I h<" hori1..ontal hopping in Liu• \\"(" pr<X"('('(I furtht"r 
to scc thr rrl'mion C":<dumg<' (·lf<-c:·t" hy tlu• v<•rLknl hc,pping . By requiring no blowing· up and no l"lhrinking·down for thr 
gronucl :istnt<• f:lJ. we dC"tcnninr Ill{' ground t'>late energy per as a funttiou of t h<' du:micaJ potcutial iu1d 
the lauitc kngih. \Ve find the• climcusiotml From onc--dirncnsion to two-diuu .. 'tL"iiou by oh:K•rving 
t h\• bt.•lmvior of tltt' ground State Clll'fh.')' With l lll' horit'..Olllal latt ice length ja) . 

.. 
,. ,. 
,. 
,. 

FIG. I. A diagrnmmali<' n:·pr(':'o(·nt•,hou of h COt""flicirnL in fronl of nn orthonorrnnl ht\.._-tll'I of nn · · "'' '"' · n1s 1) T ht' 
dOM'ft <·irdr.s n :prcM>nt. <'isthl tt"nM)f' 1\ , IJ, ( '1 o. /··. G. and //; these tenl'IOrs nr1• at1i0USt th(• 2D 1'.IX-mdex tensor,,. T lw 
OJ>Cll 1l inmond!'.I n:-pre-.i·nl tht• SdunitlL ro(•fll c·il'lllK ,.\ ll."-"'ig,nt'C'I to (:ach bond. \\'(• rwgl(-c·t. w cl rnw nny 'Pin hond-. t•xn·pL lhf' four 
Imes hctw1.:cn the spin-up thl' spm <lowu hwcrs . it b-bould lx• 111ukrstood that tht-re aw bpln bonds bt'tw1..'C'1t 
nll i;pin -up uud u:n."'°n, 

111 c: \'id1d C'IA"hU:al S im ulnticm or lnfirlil<. .. Stz.e Quantum l.atlicc Syslc111K iu One SJ)Htia.I OimcnMOll PhyK. lh'v. IA·U 98. 
UiO'lOI (:lOUi) 

111 ClnmJ(. 1-'roduct St.dtc:i: for Qua.111.0111 Syt:i-h.'IHl), ta.rXi,·· l305 7010 ('1013). 
131 M 11 Chu11K, A Solut iuu of oh" llubbanl Mu.Id arXiv 13115:1<K> (Wl:I). 



TowArcb quantum simulation with ultracold molecules 

;LJ..._Corni<h 1 

1 J(;mt <;ucmtum Ctntn (Jl;C) l)u.rham/Ntwc"·'LI', 
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Sautli /loud, Durl14m DHI 3LE, UK 
t men/: " I '"""·J'-'fdurlr.um .. ac. uk' 

UhrA<"old nnct qunnt1110 clrgrnrrA.lt' of two ur fll0111ir sp('('iCS OJ}("n up many tlf''"' rt...,<'Jtrd1 
iududing th(• rorrualiou of ultrru-ol<I h<'lC'm11uc·IN\.t gro1md·stnlf' r110 IC<'11l<'S 1\ JH•rnUrnf"lll f•lc•c•trk dipol<1 

momrnt : II Tht• nnL..;ot.ropiC". long rang<' clipolt ... clipnlP inl<•rn<'tions hctwcea such molt<"ulNi offrr many 1>otr111 ial 
applic·.\llOn!i. indudin.g 1Hw<'I for qunntmn :-.i1011lntio11. \Vp report our on two f'XJWrit11C•n1 s to C"r<'atc• 
ultrnrolcl molc-.:111<" for <1uantuu1 simulation. '!'he first""'"' ul1 r11cold mixtures of Rb and C• l2j, wl1<'r<' ' "'11kly bound 
Rb(', m·c t rcattd magncto.nssocintion on n 17<'l-lhhaC"h rCM>1umcc. \Ve arc currently ('Xl)lorinst tu 
tmnsfcr t li{-:,t• 111olc'<:11l(•s to tht• rovibruuic ground st.iLlO. Tt.c• fK'('Oml l'XJX:ritn<"nl aims LO prodn<.x• gn.mucJ stntt· 
molt't·uk":i. lll•rt• LIU' l'Xlrn valt'lll't' clttlron in yt.tc:rhitHll llll'Hllli tl1nt c!'\ Yb will have both an cll·ctrit· dipolr 1110111('11\ 
uud u tllUllll'lll i11 lht• grut111d l'tlatc. This addiliu1ml th.•J{rt'(' or fn't"tlo111 make:; it w l'Xplor<" i111t•n.-:-.ti11,g 
plu:-110111('fla :-t11d1 llJoi ,pin cl,•JH"rtcl<•ut i11tt•nu.·tio11l'> iu h\tticx-s 13). \\·,. n..·1>orl OUI' oh:o;crvatiou of a duit.l·,IM"<'it"" 
Cs.Yh 111ug111..•to optknl trap tmcl our µhms lo produce• molt'<-·ul<"' 

111 l.1. D. Carr, U R \I nnd .J , Ye, C".okl and ultrRCOld moleculf'!t: M·ii·m-<•, and application.,., Nt•w 
.J . l'h)'l>. 11 (5). ().';'>1}19 

121 JJ. J . II. \V Cho IJ. L . .ll'ukin, P and S. L. Cornil'4h, J>unl o( 
• 7 Rb and ""'C•, Pio)">. Ht·• i\ 84 lJ 11 m:i ('.II.II I) 

IJJ A. Micllcli. C. K. Bn.:nncu nml P 'l..ulh:r, A toolbox for lauicc.,-13pi11 modcli; will1 1x.>h1r . .Nal l'h.)'b 2, :MI (2006). 



Imag ing of microwave fields with quantum atomic 
vapors 

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

Imaging of 1he microwave (mw) spa1ial distribution of' monoli1hic microwave 
in1egra1ed circuits (MM IC) are an essen1ial s1ep to diagnose the circui1 design, defect 
inspection. We demonstrated that uhracold atoms can be used to image the near fie lds 
from mw waveguides on an atom chip [ l ), where mw field drives Rabi oscillations on 
atomic hyperfine transitions that can be detected via state-selective absorpt ion 
imaging. From a practical point of view, simple atomic vapors instead would be more 
attractive, al room temperature or moderately heated. Recently, we have applied this 
technique 10 characterize the mw field dist ribution of a microfabricated vapor cell 
seated in a mw cavi1y, a central part of an atomic clock (2). We also imaged the 
population lifetime T1 of the ground states and coherence time Ti using Ramsey 
interferometry. This technique is frequency tunable, non-invasive and calibrated by 
nature, \\hich offers sub-wavelength resolution ( 100 micrometer in atomic vapor), 
high precision (mw B-field of I o·S Tesla). 

[I] Pascal Bohi ct. al. , Imaging of microwave fields using uhracold atoms, Appl. Phys. 
Len. IOI , 181107 (20 12). 
(2) Andrew Horsley et. al., Imaging of Relaxation Times and Microwave Field 
Strength in a Microfabricatcd Vapor Cell, Phy. Rev. A (in print), arXiv: 1306. 1387. 



Quantum Computing and P article Physics in Discrete 
Spacetime 

Tt>rry Fa rrc•lly 1 and Anthony Shott 2 

1 DA M1 P, ( cnlH /vr Ma//i ( matiwl Sctt11us1 ( l.Jnit1<1'Mly of Gaml11dgc) 
Read, ( ambridgc, Cll.5 ()WA, lJ11il«l f(mgdom 

rnw1/. l</24flrnm fl< 111.. 
II l'hy.m' l.alomtory, <-/ nn.•fol, 

'Jy11dal/ At•tnttt , Drr.,lcl. DSb 11 L, lm1tcd Kmgdom 
1111111/. 11,1111 ,/1<, 1 a< 1J.. 

\\'c look at quantum systc·111s in discrete spacctirnc that <'n>lvc• i11 a c·nuNll 
foshion. meaning that owr C\'l'I')' ti 111c•stcp information can only tmvd a finite 
clist1111ce. This is a discrete spac·c•t inw a nalogue of a finite SJW<'cl of li14hl. 

Firsl, we discuss the r<'sult of I J] for a massless single parliC'l<' with 11 two 
dim<•11sional extra degree of f'r<'Cclom: in the continuum limit. il obt•ys tlll' \\'eyl 
<•q1mt ion. provided that we perfor111 a simple relabeling of tht' <·oorclirmtc• nxt•s 
or clc•mancl rotational symmrt ry in t hr rontinuum limit. It is surprising thal 
this oc·c·111'1; rrgardless of l he s1wcific ch•tails of the cvolut ion it would hr 
n11t11rnl to a.">."illlllC that discrrtc evolutiom, giving risr to relativist iC' dynamics 
in tlw cont in1111m limit would be very spcrial cases. 

S<"<'ond w<' disruss the rC'Sult:. of l2J for fcrmionir systems \\'cs<'<' that any 
raw;al (pos."ihly intcrarting) C'\'Olulion of fC'rmions in di,rrele spart>lime ran 
al:-o he• \•iew<'<l 11."i th<' musal e,·olulion of a lalt ire of qnhils. 111C'ani11g lhC'S<' 
systems can hC' ''i<'W<'<l 1\."i q11nnl11111 rcll ular automata A rons<'qlll'll<'<' of I his 
is I hat the dynamics of C'a11s11l frr m ions in disrret e space•! irnc• can lw very 
C'rtit:ic•11t ly sirnulatC<l on a q11a11t.m11 co111putcr in a natural way. 

Il l T C Farrelly and A. ,). Shorl. l)isnc•l<> SpacelimC? and ll<•lativi,til' Q1m11t11111 
I' art i<'J<.,, ar Xiv: 1312. 2852 (20 I :J) 

l:t I (' Farrelly and A. .I Shon C'nusal fermions in di'><·rt·t<• sp1w<'li11w. 
arXi' 1:m3 4652. (2013) 



Emergence of coherence and the dynamics of quantum phase transitions 

We i11vc,1iir:1tc the dynamical emergence of c:ohcrcncc \\hen the Mott to supcrfl uid quantum ph .. l'C 
1r:111!'li1ion in the pn .. cont.rQllabJc sclup of ultr:tcolc.I utottl). C\pcrimentally addressing long.,1anding quc, .. 
liOll\ On thl.! or quantum phase tr::11l\itiOO\. h:>r syMcrns. we find perfect :agn:cmcrH 
lxtwccn C.\pi.:nmcntal and numerical ) 1mulat1orn. of homot;cn'-'OUS systems. thus pcrfornung ;' 
cc11ilicd analogue qunnium simulotion. For in1cnncdia1c quench vcloci1ics. we observe• P<l"Cr-law behaviour 
of 1hc coherence lcng1h, re111iniscc111 of the Kibble-Zurek mechanism. ('onirary 10 "hal the lancr suggc'"· 
we find a complc\ behaviour. yielding cxponcms that depend on the final interaction strength in the 
supcrfluid. B) u'mg the ru11 power of the quantum \1mulruion, we a lso 1hc emergence of coherence 
in higher duncrhion' ,l'I for neg.alive tcmpcm1urc". \Ve connect our finchng\; with into 1hc 
propaga1mn of qua ... ip:trt1clc' und c lo...c·lo·adiab:uic quantum cvolu1i01h. 

M. Fne-.dorf pre,cn1ing juinl "°"" w11h S. OrJun, S. S. llodgm:rn, M. Schreiber, J. P. Rontheimet. A. 
R1ern. M. <lei Rey, I. Bloch. J. E1..:n. and U. Schneider 



Constructing P a uli pulse schem es for qua nt um 
simulation 

HolgC'r F'rycl rych 1 and Gernot Alber1 

1 lnstitul fur Angcwaridte Physik, 
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HcchB</mlslml 4a, 6428G Oonnstodt, C£rma11y 
rniail: hcl9er.fryd1-ychtl vhysik. tu-darmsladt de 

Dynamical d<'toupling is a powerfu l tedmiq11c to suppress errors in quant 11111 
sysLf'ms originating from environmental couplings or from unwanted inter-
parlirlr intrrnctions IJj. However , il can also be us<'d lo sclcctivE>ly <lecoupl<> 
or wrnken spedfiC' ro11pl ings in a quantum system l2j. making it s uitable for 
pmposes of approxi 1mtle q11ant,11m simulation. \Ve presenL a simple and casy-
to-11s<" g<'nPral mrt hod lo ronstrncl surh sPIP<'tivr drro11pling schemes on q11bit 
and q11<lit nrtworks by 111cnns o f (ger1<'ralized) Pa11li opNations. SomP exam-
ples a re prrsC'nt r d . de1nonst rating the use of our met.hod and lhe mo;;11lting 
pu ls<' schemes. 

IJ j L. Viola. E. l<nill. and S. Lloyd. Dynamic-al Decoupling of Op011 Q 111111l.11rn Sys-
t<•111s. Phys. llev. Lett. 82 . 21! 17 ( 1999). 

12] r . Wocjan. Rottclcr. 0 . .fanzing. and T 13cth. Universal Simulation of llamil-
l.011ia11s Usi11g a Finite Set of Control Quant. ! 11f. & Comp. 2, 133 
(W02). 



Doublons and H o lons in pcrodically driven l\Iott 
ins ulators 

:-1aximilin11 CPnskP1 amt Ac-him Rosrh 1 

I lnstilt1l fur 1 h< on Im'" Phys1k, univffsilal zu K c;/n 
Zi1/pirh11 Slrnflt ??, LJ.,5'J.'J.'I? Colog11c1 Gtn11011y 

<11 ml.1 "11171 dt 

Pt•riodimlly clri\'cn systl'ms <·an lt•ml lo a dire<·tcd motion of pnrtid('s. \\'t> 
inn>sl igal<' this ratd11'l effPCL for a hosonic ;\Iott insulator wher<' both a stag-
gPr!'CI hopping and a staggPrPd lornl potential \'ary p('rio<lkally in time If 
driving fr<'<111<•ndl'S are small<•r than tbc interac·tion strength and the density 
of rxcitation . .., is small onr obtains cff('('ti\·ely a one--partidP q11ant1un ratchet 
dC's<Tihing th<' motion of' douhly orrupied sitrs (do11hlons) 1111<1 <'mpty sitrs 
(holons). Such 11. simplP q11an111111 machin<' can hr 11sr<I lo mnnip11lalC' the C'X· 
ril al ions of th<' l\ lot.t irnrnlal or. For suitably d1osC'n p;11·a111PI Prs. for <'xamplc. 
holons and doublons move• in opposite' dirrc-Lion. To invC'sl igau• wlwthrr I he 
p<•riodir driving ran lH' t1s<'d lo 111m'C' particles' uphill". i C'. agninsl au l'Xl<'r· 
nal fon·t·. we study 1 l1c• i11lli11•111·c• of a li11ear potential - FJ· Fm lorij!, I i111l's. 
transport is only pos.-.ihh• wlw11 1111' driving frequency...: and t II<' c•xl('ru11l forC'e 
F an• c·o111111('11suratc•. 11 F - 111;.J . with 11. Ill E Z. 



Adiabatic t rack ing of many-body dy namics 

Oalrnrch Ghnm111d 00'1.fmlli,1• ' limned Snbcri. 1 uud T'ornM Opatruy1 

1 Ucpa1tmtnt of Cphcs, Fac1Jlty Sc1u1u , J>otocl.11 Umu:rStly 
11. l1slcpadu J!, 11146 OlomGU(, r:ull Jl<pul.ltc.. 

Quw1Lu111 :.;i11111laLon; t•1111,loy wc•ll c·ontrolled quantum syst('lllS for siinulnti11)( eomplc.•x <1ua111.u111 rnattcr. Nomuli 
abatie to 11 0\\'IUlh'<I Mntf'l( aff n mnjor sot1rC(\ of <'rror in 001u rolling qunntum dynamics of rnauy·l)()(ly 
syslf'ms. Fbr fc>w-parl irlc• :;upplf'm<"nling the with nn rKlc'lilional B(\rry llnmiltonifLn Ll1nl p<'rr('r('tly 
rf':\torcs thC' nclihAtic•ily 1'(\(•1n:-t 1u1 c·x1)4:rinwntnlly ft>a..,ihlc :--:;cc•nario th<' Uf'rry inl('rfW.·tiou.:; C":\11 h•' (•rnulal«I ca.-.ily 
llowC\'tri this w l}(i 1hr C'.fL"'A.' for systcm.-c wh<'r<' th<' 13<-rry I huniltoninn c.an nC'ithcr IX' 
en.o;ily inferred in a n cxplirit form nor IK' implf'mrnLNI in a n experiment. 0;\....c<I on lhf" rN:'(•nt proposal hy Opatrny and 
Modnwr Jll WC propo.-.C U. simpl<• npprom·h for SHf>J)rCS."iiOn OU demand O( th<' nouadinhntic tnmsitions in 
1mmy-body systems. \\'c th<-' npplicnhility of our in the context of 01u'-cli11w11hio11nl chain model°' 
aud thl•ir poe-;..-;ible c11giut.'(_•riug for n·uli1:Htiou uf wdl ·coutrollc<l quaulum :,imuluton;, 

111 Trn11n.-.; Op.1Um)' nnd Kln1L'> t\IO<'l111rr, l\'('W .lournn1 or Phy.11tU'>o (in 



High-Order Single-Photon W-s tates for Random Number G eneration 

Cri1fc'. Rene llcilma nn 1, Armando Pcrez-Lcijn1, Robert l<ei1 1, Felix Drei,;ow1, 
lkinrich2 • Stefon Nolte 1, Dcmctrios X. Christodoulicks2 , and Alexander Szamcit' 

lr1.>tilult of Applied Physics, Abbe Center of Photonirs, f\iedrirh-Schiller-/.Jnit'tt'Sirot 
Max- Wien-Platz l, 07743 Jt11a, Crmrany 

markus.grutfeflu11i-je1w.de 
1 CREOl. '111" College of Optics 8 Photonic8, U11ivtr.>ity of Ctnlrol Florida 
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In our work, we cxpcrinwmally m1liz<> high order W-statcs by forcing singl1• photons to exist in a uni-
form rohcrcnt supcrposit icm of S '(>!Ilia! oplical mode;; within a nmhi-pun inlcgnltt"CI system, that ;,,, 
\\'s) = ( l/..f'\') L;=l c'"" .o; lit-re, ci!, denotes the bosonic crea1ion opcriuor in mod(' n, and On repre-

-.elll> an arbitrary rclath·e phiL'><'· flll('rt.,,lingly, in the generated \\'-s1a1c:.. a singk• photon will emerge from any 
of lhc .V output ports of a mul1i-1>0rt optical •Y>tcm with exactly lhc same probability. on that fact we 
have add it ioua lly de,·eloped a scheme for the gcncrnlion of genuine random bit>, whi<'h b of gl'cal importance 
nowadays [I iJ. The au1bemici1y of tht> rnnclom numben. is valida1ed by applying t hr 'laliMical lests 
suggc>tcd by National Jn;tilute of Standard Tcdrnulogy (:\!ST) r•J. 
\\'c prcht'lll two diffcrem approaches, based on cvuncot-clllly 
coupl<'<I wn\'('guidt.,, [h). which lead to singlc-pholon \\'-
states having l\11 arbi1r11ry high, even and odd, number of 
cutanglcd 111odt.,, (><.'<' Fig. I (a) .I.; (b)). The \\'l\\'t'gllid<• 
structurt.,. an• fabricat<.'d by the fernto-seoond (QS('r \\Tit· 
ing technique [•• •1J. Single-photon states were produced by 
coupling one of llw twin-photons. emerging from a BiB106 
cry:stal in a spontnn<·ous pnrnmetric dO\\·n-con,·ersion con· 
figuration (lo}, into the \\'Hvc.·guidt.• !Structures. 
In order to guan1111ct• t hut 011 ly ouc pho1011 was i1\\'oh'cd at 
every measur<-•mcut, ttl(' nbM.'Ul'(' of photon coincidence::> at 
the output of all wawguid<» w11.' wrificd during the pro-
cess. Since singlc-pho1011 \\' "llll<" an• a rohcrt•nt super-
po>ition of multiple singh•-pho1011 'l.Ut':> their coherent 1111-

ll1re (i. c. a fixed pha."' r<'lalion belW<'<'ll llu· si ngle-photon 
slate:>) can be examined by llK'IUL' of opticol multi-port in-
h'rfero111eters. This "'B.' <'XJ*rinwmally ('()nflrmcd for bolh 
waveguide system' {s1raigh1 army & inwgrnkd beamsplit-
tcr. - sec Fig. I (a) & (b)" 

l" 

E 
J: 

•I''*• .. ' °""""'_ ..... _. 

1. (a) lntt•Krntt'tl w1wcguidc.• Mructurc to th(' 
\\'s (b) CA.)(;ndc.• ur lnLcgrat<'<l beam $plittcrs lo g<'nl'ral(.' 
\\'2 . .c.i) by th<· input I , 2, ;J, respe('ti\'ely. To shart- n 

photon nrnong 16 guldl·"· a Nfllilar ... tructure "7Li U$Cd. 
(c) E.xpcrunenrnlty obrnhwd uutµul probab1ht10 for the- gen· 
erated 

As n direct application. Wl' exploit t lw intrinsit untc.·1tainty 
of t lw produced \\'-states \\'•) for l lw gc11cru1ion of gcn-
ui11c rnndom In that vein. by utilizing X = O 
output ch11nneb and performing ,\/ mra.-tircm<'lll', the maximal presentable number is ,\"11 - b "- To cwduate 
the ,1n1btical randomnc..s of the bit S('(jllCllC<'» w1• t1p1>lk'Cl the standard statistical tcsl still<' for rnudom number 
genermor» 1>rovidcd by I\JST [;J 10 an arbi1rnrily ch.,.,cn bit St'(1ucnce. The .equencc pa .... ,<'> 1111 l<''t' whid1 clcal'ly 
vcrifi<":> the lrue n1ndo1nncss. 

1lj A. Uchida ct 111., Nat l'hotoniC> 2. 72l>-732 {2008). 
'.21 I. l<nmer, Y. 1\viad. I Hddler. E. Cohen. and Ra..enbluh, J\ut. PhotoniCl> 4 . 61 (2QIO). 
[31 T. Jcnnl'wl'in, U. A<hl«llner C \\'eih:.. H. \\'cinfunc1', nnd J\ Z<ilingcr. llev. Sci. lnstrum. 71. 1675 (2000). 

S. Pironio t'I al .. i\111ur<' 464 1021 1021 (2010). 
[51 A. Hukhin fl al .. Natl /rut Stand. Technol. (U.S.) Spt·c. Pub/. (2008) http://tsrc o>St .gov/gro.ps/ST/ 

toolk1t/rng/d1 ... vn· .s• .. n_.uft..-are.html. 
[61 A. Szomcit, f' Dn·1"'"· I PcrtKh. S. :>:oltc. and A. Tunncrmann. Opt f-.xprl'-s 15, 1579 (2007). 
(71 I< . hoh, \\'. \\a1a11.1l" S \oil<', nml C. 13. Schaffer, Bulk-tin 3 1, 620 ('lOOG). 
(81 C . D. <I al .. Opt Expn·"" 17. 125-17 (2009). 
(91 L. Sansoni et al., Phy' Hn. L<'ll. 108. 010502 (2012). 

[101 A. F. Aboun«ldy, 0 \usi, ll. E. i\. Snlch, A.\'. Sergienko, and C. '1\•ich, l'hy' Rn A 63 063..,'03 (:lQOI). 



Simulation of relativistic wave equation predictions with 
ultracold atom s in an optical lattice 
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111111il: grosscrttJiap 1mi-Lcnn !11 

Iu the area of solid state physies. it has been dcrnom;trntt•d lh11t dcctrons 
in graph('lle can behave a:.; rel11tivislic particles. although th(• cl<•dron ,·clocity 
is orders of magnitude b('low the l-ipccd of light Il l. llerc we report a proof-
of-priutiple quantum simulation of relativistic wave equation predictions wilh 
an atomic 87Hb Bose-Einstein condcrnmte i11 an optical lattice W<• obs(•rve 
the analog of Klein-T\mueling 121 and clcstribe an experiment dcmoustrnting 
both twgative refract ion and VC'Sdago lensing wilh an atomic Bosc-8i11st<' in 
C'onde11satc in a variable optical laWcc. Our experiment is based on mhid-
ium ato1ns in a Fourier-synthesized laLt. ir<' potential consisting of an optical 
:.;tanding wave wilh spatial periodicity >../2. whPre >. denotes the las<'r wavC'-
lc'ngth. and a higher spatial harmonic wilh lambda >../4 spatial periodicity. In 
th<'Or<'t ical work it has recent ly been shown lhat tlw dy11amics of aloms in 
the birhromalic latt ire n<'ar the crossing bet ween lhc first two excited band!> 
can br formally d<'srribcd using a onc-dinwnsional Dime-like wave equation 
13). For th<' fttlttr<'. we rxpC'Cl that 11Itracokl atoms in variably shaped opt ical 
lalticcs allow quanl 11 111 simulations of a wide' rangr of <'ff<'rls of both linear 
aml nonlinear Dirnc-dy1111111ics. 

IJJ l<atsnclson cl al.. Chiral t111111rlli11g ;uid the Klein paradox in graphmr. 
Nal.ure Phy;;. 2. 620 (2006). 

I:.!] T. Salgcr ct al.. Klein-'l'unncling or a quasi.relativistic Dose-Einstein condensate 
i11 an opli<'al lattice. Phys. llcv. Lct.L 107. 240401 (2011). 

1:3] D. Will lmut et al.. Effet:Livc Dime dynamics of ult.rncold at.oms iu bid1ronmlk 
optical laUiccs. Phys. Rev. /\ 84, 0:!3(i01 (2011). 



Quantum Simulations with circuit QED 
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11111111: hambilza tlhz <It 

To si11mlatc an interesting but not well understood quantum i:;ystcm by us-
ing a rant rollahle quantum systrm in a lab has been fasrinat ing physicists for 
a while . .l\ lorr recenlly, experimental work has been done toward simulations 
of complex quantum dynamic_-; mostly with cold atoms and t.rnppcd ions. 

On our postc't'. we• will explore t he potential of the 11ewpst player on the 
fielrl : circuit quantum f'lectrodynamics. Superconducting quantum circuits 
are well suit ed for quantum simulnt.ions dur t.o their OC'xihility. scalabiliLy. 
and controllability \\le will briefly pres<'llt om current efforts to implC'menl 
quantum simulations. in particular dynamics in Bose- Hubbard rnodC'ls in »u-
percond uciing quant 11111 circuit s. 



n enlizalion or Hadamard and Pa uli-X gate for polarization encoded qubils 0 11 chip 
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tutaJ; t't'm lullm01m,•1m1·Jf11a.,/c_ 

The iru1>lc-11u•11latio11 of quar1tu111 O(X'rt\lions iu pltolonk plnys n t.·<·11trnl rule Lowat(b q uH11tu111 co1111n1ting, ""' 
light is a logi<'nl dtok<' "'lu•11 low tlc'C·ullf'n'ttN' arnl is c>f iult'r(':'<.L 11) It lurm'C'I out I hat wttvc'jt 
11idr arrhil('('l fnhrirnl<'<I llw IA.Wr·writing fiJ)JlMiW"h f2J nrc• p.utk11lnrl.v 11st"(u l for f>OlariJAtiun 
('flC'O<INI on-d 1if) (llHUllUlll OJ>liC°!'\ l lowc_\vc_•r. t lw prol>IC'm or m0<lulating l)Olnri1atio11 Slflt('S i11 ln.wr-wri1t('n .... 
rcrnninrd so far uusul\"('(f 

I n our work, we• ct<•mon:-.tmu- nn 1trh11 rmy on rhip irwludiug 1 ladnmnrrl aud Pauli-X 
opcrnt.iou for polnriz..'lti<>n C"nc.·o<l<'(I ciubitH 110 Ll1b; cud. we employing particulnr liiw defects to th<" wa\'cguidc 
J4), whicb enables a direct tunrng of the birt>friugrn<.."<' in la."iC:r-writtcn 

\Vhcu a ¥.'l\\"l'gUidl' is prorn.· to a <kfL'f."t. :-; stn.'S) field (SC.'C Fig. l (u)), un u1 tific:inl hin.•friugl'nc.'t.' i.'5 iu<lucc...-<l in 
th is gui<ll'. wliich in U l'('()ri{'lllUtiOll or the.• UJ)lic.al axi,:.. as a function o r t he r(.')ati\'t: or the tWQ guides. 
As tl1(• reloti\'C (iu cllsUUICl.' n11d c.·nu l>c lllllC.."<l with high prccisiou. :i:lroug tiltiug or the birefringent. 
tlxi:; c:an be. .. implemeutti.c.I ut will. Tl1is urbitrnry d(._":Sircd wave plate Oj)('ruliorn. c.m tlw ligt1l lhat propagutes 
in llw w.wc-gui<lc cxpooe<_I 10 l,h(• st n-ss ht,•lcl whith WtL':i c-h;uactcrizcd u tiliziug c.:l.L""ic.:itl 111."'4.•r light iu tht.• lirst Hl('P 
(M'<' Fig I (h)). lly acljustiug the length or lhr clef"'( nlo11g lhc' wAvrgnidf•, the rc'lM<lAtoOll J>('[W('('ll orclinHl'y •nd 
C'\lranrdi11nr\• liC'ld <"Olll J)OOP11ts i.s prN'i:'o.f"ly tuno\hh• inc-l11cli 11g hnlr wAvc plat.c and quru1.f·r pl,\lt' 01>r1·a1 iolis (SN' 
Fig J(c·)). 

I·• "T 1111 "' .. , 
/ll/ -ti•Gn-

: i'O "' 
Tiw 

._,. 
•• \1 .. ., :::1 . _..,. "' 
1'1 \ , .. .... ... Ill ill 'ii , IU ,. ... ;'iJ .... . ., 

.J,r,'ill t<1111 ,,.,.,,"II 

FIC. 1 (a) Skclch of du: writin)t Sl'H111$1. nod of Lhe wn.vt'guidc nrrnns;,•11u•11t wblTt.' t\11 addiLional :ttrc:\.., fit·ld irulun-s 
8 n..'OricnUt.t)Qn Our Liu,• \\ llVl'l(Uiftc'I'> Oplkul HX1.!t. f:xpt..·rimcuUJ c.l&La fro111 t·dfM.'\(•rt1..attc.m for (lJ) 0 dqx:nd ing 011 th<.• 
tlt.•ft.."C.:llll OriCntntiOll (c•) for d1e,1 pe,·r1)(•11tlK.Ul1Lr (J--l Or V J)Ul1t.til'..;Ht0ll) '"" U rmMllOU or lhc: i11Lt•mc_:t io11 lcngll1 
11(1.w(''l'll c.kfocL and wavl'g11 i<l1· for o (bli•c:k or '12.5° (r\.'C.l 

l .!<>ing our novrl nppr0Af'h1 wc- implC"m<"ntrd lladrunnrci tind Pa111i-X OJ)('rntion:-. m lhC" photon 1·rgimr l:s:ing 
'.'<tlllglt• photon pain- g(•11<·rated hy R type- I SPDC oourcc one photon hemld.s il4"' pu .. -;.-,i11g the• pbotonic 
gntt.• Tht.• st.ate.· &:-. tuen.,uml hy c·ullC'<·ti11g t.l1c oulputs or a polarizing twnm HpliHc.·r for clifft•felll 

dckr111i11l'\I by lu.lupt.<..xl half-wa\'e nml qtuu·tt•r·wuvc The re;ulling gate fidclitit-:1 V) 0 9'J9(5) and 
V) - 0.992(7) uuderline tl1t· pn'(·i">l' f)('l'for1111Ul('t' or H llac:lamarc.J Hild n Pauli-X OJ>t'l'l\I ion whkh (_"()ft."'lt.illllt'S a 

h<'11f'l11nark for a full manipnla.lion of 1ml,\ri1.H.Li<m f'nc•odc'<I quhils on--rliip. 

I l l .f I.. ()Urwu, 1\ l•\aru. ... awa and .I. Vukovic, Nntun.• Photon 3 (;.K7 (200CJ) 
Iii K hoh. \\ """""''"" S uud C. 13. Schaffer, ,\lllS U11ll1•"11 31. GW (21XM;), 
1:11 I. S.uc...,111 ti al l'h,)" U1·v. l,1'1l. 105. 21Xl.'JO:I (:11110) 
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In this paper, we are interested in the study of the /ll'o-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 
1vave functions for the exact fimdamenta/ theory :the wave fimctions of two pair 
of electron is not other than the 'Laughlin 'wave function bw with two electrons 
in a near multiplicatii'e hypergeometricfunction. 

The merit of this work is not to calculate the wave function, bw 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. 
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Quantum mag11et is111 has long formed a major bra11ch of COIJ(lensed matter 
theory. Ot-::.pite i11 tc11st• r1.o:;carch i11 this ticltl tluri11g the la.-;t <k><:adcs. m a11y 
questio11s n·111a i11 open. Cold atoms in optical lattices cons! itute a n al terna-
t ive approad1 i11 order to explore phenornc11a rt'lated to quantum magnetism 

spin cha i11s have a lready bce11 realized i11 these systems 
where the spi11 is mapped onto the atomic site occupation IJ J. Mm;t theoret i-
cal proposals to date relay. howewr. 011 decoding t lw spin degree of frl't•dom 
in internal atomic electronic states 12]. ln terms of quantum simulators. due 
to t h<· properties of the involved scattering lengths. such schemes have t heir 
limit.at ions since they 11ormally support cont inuous sy111n1l'tries and thPn•by 
t.ypkally resu lt in int<>grnhll' models. Wf' propose a 1ww systPm in which a 
plethora of rlifferent 11011-integrablc s pin models can be realized. 1\1ore prr-
cisely. mot ivatNl by recent experime nts 13] on prepa ring boson ic atoms on the 
first excitrd bands of an optical la ttice. we dC'rnonstrate how E'fff'cth·e spin 
modf'ls f'm<>rg<' wlwn the spin is described by t.h<' orhitRI degr<'<' of frPPdom 
p rf'sf'nt on exril.C'd hands. Cont rnry to using spinor at.oms, here thr rITcctive 
spin mod<'ls 1\l'C' 11011-int<'grablr ancl by cons idf'ring hosonic atoms Liu' system 
surprisingly favours nnt i-ferromagn<'tk order. While t.h<' mC'thod is vrry vl'rsn-
tilc. wr hcrf' focus 011 t.lw reali:a1tio11 of t hr spin-1 /2 anti-ferromagnet ir X YZ 
Heisr11i>c:rg chain in an extrrnal field 14]. Wr map out th<' phase diagram a nd 
also d is('US.'> how to addr<'S.'i the spin dcgrCl.'S o f freedom usi ng t<•chniqucs fro111 
Lrapped io11 physics. 

I! I ,J. Simon cl al . Q 11nnt11m simulation of antifcrrornngn<'li<' spin chains in au op-
t.in1l lattice. Nat.me 472. 307 (201 1 ). 

121 Duan. E. Deml<.'r. and M. D. Lukin. Controlling spin C'Xchangc intcrnC'tioni. 
of ultrarnld atoms in optical lattices. Phys. llcv. Lett. 91. 090402 (2003). 

131 T r-H1ll!'r ct al.. Stal<' preparation a11d dynamics of ul t.ral:old atom:; in higlwr 
lattic1• o rbi tals. Phy:;. Lett. 99, 200405 (2007): G. Wirth It al. Evidcnc<.' for 
orbital s11pl'rfluidity in t.hr P-hand of a biparlit!' optical squan• Jal.lice. Nalllr<' 
Phys. 7 , J Ii (20 10). 

I.JI F. Pinh<'iro. G. M. Druun .. J. -P. J\lartikaincn, and J . Larson. XYZ quantum 
I lt•isC'11h<'rg 111od<>ls with p-mhi!.al bo.-;o11s. Phys. ll<'v. Ll'lt .. 111. 205302 (2013). 
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In recent yc>ars ult nwold atomic gases in optical latLic<'s have devC'lope<l 
into a. powerful tool to mimirk rondense<l matter phenomc>na. 'l'llf' unique 
control and tunability of parnnwters has enabled the engineerinp, of sophis-
tirated quantum systt>ms. ln pmlirnlar with the experimrntal n•ali'l.ation of 
c>ffl'ctivC'ly strong and tunablc i11t<•rnclions between atoms the area of strongly 
co1Tl'lat <'cl systems has cnLcrcd l he for11s of interest. T n Llrnse syst rms. t lw 
rmNgrnt phrnomc>na arc govcrnrd by t hr interplay of a macroscopic- 1111m-
brr of atoms. Theoretically. a.tomir gnsrs in opl ical lat t,ices arr desrrihrd by 
vnrio11s kinds of Hubbard models Thesc modrls arc widrly employed for thr 
drsrription of solids, where they arr only rough npproximations. Howrvrr. 
Hubbard models may be cleanly rcnfor.ed in cold atom systems. Even n1orr• 
exciting nn• these atomic gases as one rirmlly gai ns a.cce:-;s to the dynami<'s 
of many-body theory These dynamics arc of f11nclanwnt al interest but so far 
little understood. 011(' c•xample is the Lime evolutio11 of the prop<tgation of 
correlation. 

We study 11011-equilibriu111 situatious in the ouc di111c11sio11a l l3osc-Hubbar<l 
1110<.lcl which arc governed by the interplay of local i11tcmcLio11 a11d ki11ctic 

The If ubbard 111odcl exhibits a pha.sc tra11si tio11 bctwc.-c11 a 
Mott i11sulati11g a11d a superflui<l phase. \Ve probe the MoLL i11sulating phai;c 
i11 one di111cnsio11 by applyi 11g a periodic perturbatiou. This periodic drh·ing 
can experimentally easily be implemented by addiug an additionnl lnst>r waYC 
incommensurate with the underlying opticaJ lattice. We study how the system 
n•sponcls using a n approximatiw npproarh based on formionic quasipartidcs. 
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UILracold and quantum degenerate mixtures of two or more atomic species open 
up many new research avenues, including the formation of ult racold hetcronudear 
ground-state molecules possessing a permanent electric dipole moment [l ). The 
anisotropic, Jong 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 I\ Fcshbach resonance followed by 
oplical transfer to the rovibronic ground state [4-6). Here we present our recent 
results on the formation of both ultracold Cs2 Feshbach molecules from a Cs 
Bose-Einstein condensate and ultracolcl 87RbCs Feshbach molecules from a Rb-
Cs atomic mixture. For 87RbCs 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 {ST TRAP). 

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

(2] Quantum Computation with Trapped Polar Molecules, D. Dc:Mille, Phys. Rev. Lett. 
8 , 067901 (2002). 

[3] A toolbox for lattice-spin models tuith po/01· molecules, A. l\ lichcli, G.K. Brc11n<.'r, 
P. Zoller, Nature Physics 2, 341 (2006). 

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

(5) Quantum Ga;; of Deeply Bound Ground State Molecules, J.G. Danz!, 8. Haller. 
l\I. Gustavsson, i\l.J. i\ lark, R. Hart,. 1• Bouloufa, 0. Dulicu, H. Ritsch, I L-C. Nager!. 
Science 321 , 1062 (2008). 

(6) An ultracold high-density sample of rovibronic ground-state molecules in an optical 
lattice, J.G. Danz!, i\l.J. !\lark, E. 11allcr, Gustavsson, R. IIart, J. Aldcguncle, 
J.l\I. ll ulson. H.-C. Niigerl, :-\ature Physics 6 , 265 (2010). 



F1111damental quantum physics with s uperco11d11ct i11g qubits 

hli.\;IJadJ\ larthal<•r1 Julm l,<•ppalcaug,.,• .. Jmcd Colc3, Pw.cal YMuhiro UtHrnui6. Gregor Ocbnc.'f1, 
.Jau-:0.Hchacl fil'im•r1 Sl<'phm1 Audre'. C oran .1ohansson2 '.\I. F'ogcbtr&111'. Dmitri Goh1b<:v7. \;we l!iibucr 1, 

llan.YGl'org E\'gf.•ni V. J\k•xm1d<•r Sl111ir111n11 10. and Gcrd Schim11 
1 Jn ... trtul fur 'lhtt.""·'"" Ff. 17Jhys1k, KarlsnJit lruldul(' 1,,/ I) 1fil:!b KarisriJ1t, Ccnmmy 

z Al1C'RJi<clmol"911 cmd Nuoo.Y<H,,<"•, MC2, Chalmt:r& Umvu.sdy c.f 1u/l,1Qlut111. Sf:·,/ 12 !J6 Glct.cng. SWN.d<.,l 
3Clum1<al and Quontu,,l f'liy,,,, Stlux.l <J/ Applu:d Son1cr.-., RM/7 (Jnwt n1ly, Mc lbt,11n1r :SfJOI, l\u.•lmlw 

<4 ftMlllUlt of f •/u,fotnt 7o/m(J"1w, p 0 noz 100Jt:J9, n-0110/t Ju.a , i•( ntltmJI 
r,Phy.nkt1IMdu,, ln'll1tfll, fnsltlult of /J -?b/211 KtHlM·u111, (.;1nnunv 
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7 /n.'fttlttl ftn Nnnolrf liru.11.gu , l<orltndlt' '1L4hltd< tJ/ 'I 1!dtnt.lt>gy, 16621 K (,, nnnny 

Llmvtr,f1Jy of .')'<If nu• nnd 'Jtrhnulog11 M/818, Lcniruky prosp ,/, Ma,r<;11:, J 1964!1. ll1t:t.tta 
11 /iu ..... rnm CJ11m1tum f'tn ttr, 1(.0 Noraya Sl., M o.,u;111 JYY&On, 14.'102.S, U1J.•.'fW 

10/ruhtut /Ur 'lht>nnt> t/1r Kc.nden.on1tn Mol1n1, l<arLmJan· /ILttilul fer 1uhn.ctogu. D-?6J!A J<arli'r'fihf, Crrnwny 

111 rt.'t"('lll ,)'l'ars the cohc•ren<'C time or :-1upcrco11ducLi11g qubits has impro\'cd siguifi<::uut ly. But. 11ut ouly Lill' :siuglc 
qubit 1>ro11crtit"8 have improved. it h> abo to t.-uuplc mnny qubils with minimal a.dditio11ul 11ul1'4.• by hK.lin..'Cl 
i11WrH('Lio11 viu 0 :supcrto11<lutting Jiu(• 'l\111i111t ill an<l out. o( allows l'Olllrulling th(• 
('0Up li11S()< l>t'1W('l'll 1 lw quhib. SirtN' LliC' coupli11g or quhit to a rcsousttor is 111ud1 "-lrcmHt"r tlMl 
o r 1\11 HI Olll lo llH OJ>lkaJ C".a\:ily. LheM" givr llS to IH'W l>f\U\lll<'lf'r N'girncs of illtC'rru-t iOfl h4"1W'("t·O f'fft'<'liVt' 
1 wo !t•\•t•I S)'l'\tt•1ns 1tnd thr n\cliatioo field. 'l'his <"an Alrrruly HOV! ht• lo f11nda1nr11tal i11 :,y:-.h·tu!-i with 

or ft•w quhih. \\'1th I\ l'\inglr l'\11prr«ond11cti11g d1arl-(P ,, .. 1,it il L' ,,._...._.,ihlt' 10 r 1't\.Al<" an rff<'<'Lh·"' :.inglt• atom la.-...•1 
Using t hr l'\J)('('ifi<- 1>rop<•rtil'S or thb we :-.howNl llrnl il to rrrnlf' highly sque<"'.J.Cd photon cli.,Lrih11t1011.s 
I 11. llsing l"""''hih1y to quhit an<I resonator inn highly nonli m·M r:"hion. via a SQUID. ''"r ''""'wl thnt 

to ru1 optirnl micr°"mu.'iCr cwi Ix.• t•n•al<"<l J:lJ. \Vith n rnorc !'limplc l'\ln1cturc. a St1(><'roo11cl11<·t 
rcsoontor :shunted hy a voltage• hilL'il'<I .JOM:plisou junction. wt• :thowt•d tluu. ii possihll• to generate pairs of phow11:-1 
14) . \\'hilt• there i!1 bcLW'(X'll qubit and cloctn.>rn.11g11clic rcso11ut-0r mo<lc. a wli<l qubil. i;s . .:rul 
also lcs.-, coherent tha11 a 11alunLI uto111. \Ve :-,,howcd that qubits wit.Ii poor coh<.•rt:11cc pruJX---rtic::. can be used lo rrt•ntt• 
au IJJ. Ht•yond sing.le qubit cxpcrimcut.s. it i.s uow rrucilll to M.:ttk• up lo larger S)"Stcm::;. In a n.iccut 
work we dcmon:-.tratt'(I 1 lu• l'(':'oo<>Ul\lll l'OUJ)ling or lll> to eight. Sllpf•rco11dm.:ti11g to a :,upcrco11d11cti11g 
ISi (S<'<.' fig. I) 

nc I ......... ·nt.v s 11pt'rro11cl11cting flux qubits ("(Mlf)IM ln n SllJ>t'f('011rt11rting line 

(1) Mn.rthatrr. Ct•nl Sd1<m, 1\l1•·omclr-r Shninnan, Ph)'h 101 , 117001 (200-"'i) 
.21 .J. l-<·1•1>i•k>111w1o. J II Cuk:, l'byl;. ltw. IJ 83, (WI I) 
131 M. Morthlll<'r, Y. ll1M1111i I) S. Golub.:v, A. Shuirman, Gere! Schon, J'h}.,. lkv IA:lt. 107, O!J:l!JCJI (WI I) 
141 .J. c:orau JoluuL-.MJCl FOj4C'L'iLr0m, Phyw Ht"V Ll_.u J 10. 2'.i7001 (20 13) 
151 Pu.-.cul M1u.:hu, C:rt·.cvr °'--·L,tM..·r Hcim.:r, Mid1ucl St(.'µhou j\ u<lrc. Ccrd SchOu. Uwc Hucbrx·r, lluu . .,.. 

Guorg ML·ycr, Evg,·11i ll 1c·ht.·\, Ak·Xl''t' V U:ioti11ov. 130'J.52(.;g 
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Entanglement is a l'C:>OUrC(' ro1· quantum informational tnsks and a benchmark for lh<· cla.-..,ical simulability of 
many-body systems (by O:\lllC or similar methods}. wh ich is typically hard at quan1u111 transitions and 
in no1H'<)uilibrium situations such 11», e.g .. >uclden quenches. Quantum simulators may addrt"s tlw;,e and 01her 
foccts of c·ntanglement in 11 well controlled 11111nm·r Thu,,, arguably. it will bc of int<•rt•:,t to quantify 
entnnglcm<'nl lxl.>Cd on accessibk• m<•a,urements !J-5J. Ideally, ,uch are simpl<> and cheap, e.g., le,,, 
timc-ronsuming and with a lwtlcr >ealing with the system size than full srntt• tomography. and robust 11g11i11»t noise. 
like s1>0ntnnrous emission. depha.,ing and non-acliabaticity. temperuturc and "tatil.tical error>. \\'c 1·1•pon on how the 

1·mangl1·nwnt (a,, quamifiNI by tlu· log11rithmic negativity) <'811 b<• lower bounded basNl on 11 ft•w alrPady 
a\1lilable 01>-'><'1 vnl>l<·s. The bounds do not cll•rwnd on any assumptions on th<• 'Jstcm but only on the mea.,un"l data. 
\Ye demonstraw Ow Cet.L"ibility by m1111('ric:nl of a chain of trnppt.'{I ions simulating a which is 
approximntcly gin•11 a tran>vcrsc field bing model with algebraically d{'(,1ying couplings 16]. \\'c rc1>0rt on rc>ulls 
for ground sl!ltcs aero,-.., quantum phase trnn.,itiorL' and sudden quenches under this Hamiltonian. Tlw n<'<'<'"'"·'' 
optimization may Ix• formulated a:; a semidefinit<' program 12]. We further d"russ how 1he optimization may bi· 
completely avoid(.'() at th<• hand of two examplcs: lower bounds for the ground stntc of the Ising model may bt• 
directly obtained from 11 scqut•ncc of Bell me11»un•mcnts and numerical calculmions suggest that such mcusurcml'nh 
arc optimal. Secondly, w<• show how other entanglement lllClll>urcs like, e.g., the be.t "'·parable approximation nuw 
be bound from below dirccl ly '"ing scauering experiments from samples consisting of large 11umbc1·s of qubits 1.i. 5!. 
Again. the required data, ht·n· tlw mca.suremcm of the structure factor. is simple to obtain and the bounds do not 
rrly on any assumptions on lhe 

fl) F.G.S.L. BrnndOO. Quantifying <.'Hliu1gk•111tm with witness opcrntors, l>hy, Rev A 721 110502 (2005). 
('2' H. Audenaen and Plt•11io1 \\'ll<'n art> correlations quantum"' \·.:-rificution and qu:unific1ltion of c.-nttmglement by 

simph,• :Xew Journnl of 8. 266 (2006). 
[31 0. Giihn<·. ;II lkuupcll and R.F'. \\'<'rn<r. bt1mat1ng Entangknwm :II••"""" in Ex1>criments. Ph)'l> lln l.<•<I. 08. 110;()2 

(2007). 
['IJ :\1. Crtlm<"r. Plenio and I I. \\"undt·rlkh Entanglement in Con(knM'll .\ latter Phy:o. Rrv 106. 

020101 (2011) 
[5] 0. :llany. M hpping, II. Kampcrmann, D Dru8. ;I I U. l'lenio and ;II. Crain<·r. Qunntif)'ing •ntanglemenL with" 111 .. 

experiment>, nrxiv: l:JI0.0929 (2013). 
j6] R. blam, E.E. F:<lwnrcls. I<. Kim. S. Korenblit, C. Noh. JI Carmich:wl, G.- D. Lin, f. .. ;IJ . Duau, C.-C. Joseph \\'ang. J.K Frt• 

and C. On..,·t of a quantum tnu1.ioit1on with a trapped ion quantmo '1111tdalor1 Nature CommuntC'l\tiun\ 
2 , 377 (2011 ). 
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The high degrc•c o f tunability and t>xperimenta l control achiev<'d in cold 
gas('S convert them inlo promising rn11didates for simulating and underst1111d-
i11g (]mmtum many-body phenomena. Particularly appealing is the study of 
qua11tm11 111ag11ctis111 by using cold atollls loaded into opt i<.:111 lattices. For 11 

very de<'P lattice. where• t11 1111ding is strongly suppressed and particle:; beconw 
localized at. raC'h lattirr sil<'. these systems ran effectively reali;,,r spin models 

On I hr ot hrr hand. the 1111rsl for realist ir models thal ran s11pport a lopo-
logica.I spin liquid (or olhrr forms or exotic inag11clis111) is al. I hr of 
rurrcnl. r('Srard1. dur to its ro11nrrtion wiLh high-Tr superconducliviLy and 
t he fraclio11nl q111111t.11111 Hall e ffect. The spin S= l Ilciscubcrg mocl<•l in a lri-
a11gular lattice i11 pn·sc11cc of a uniaxi1tl magnetic field has been sugg<'slrd 
a.-; on<' of the sirnpl<' 111oclcls that could support a spin liquid ground slate• in 
sou1<' rC'gio11 of its phas<· diagram. TTowrvrr. the availablr tll<'orct,ical met hods 
lo descr ibe its phases ar<' scarce and rely mostly on numerical or variational 
approacl1c•s 

We prrscnt here our studies on thi:; model by using the Clustc•r .\lean-Field 
approach IJ J and compare th<' n•sults with otlwr methods as tlw Gutzwiller 
mean-field a11s11lz or cite exact cliago11alization of a small plaquettc. The 
is a combined nwthod that divides t lw lattice into finite size clusters which 
are trPa.Led in a fnll quantum way hy exact dia.go1rnlization and whid1 arP 
roupkd by a mN1.11-firld approach. l t represents a slrp forward compar<'cl to 
thr Gutzwiller ansat.'l.. sinre it inrludPs quantum correlat ions at the rlusl<'I' 
levrl. By using this met hod. we obtain Lhr C'omplete phase diagram and srard1 
for a signal Ill'<' of local disorder in the la.Lt ire. neressary for a spin liquid stat<' 

II I D. Yruna1n0Lo. et al.. Phy:;. llov. 13 79. 144427 (2009). 
12] 1\1 l\loreno-Cctrdo1wr. C. De Chiaru. S. Paganelli a11d A. Sanpera. A C'as<J sludy 

or Spin S=l Heisenberg model in a Lrin11gular lattice. in vrtparattan 
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Pholonk la11ice.. can .crve 111> an ideal rn"ironmt·nl where one can directly general<• and olJ<>l'r\'l' a wide range of 
phy,ical pr<><:C"><.'». In 1hb regard. Clnuber-Fock pho1onic laltices have been tL"-od in 1hc pa"l to classically emulate 
cohcn·nt and dbplacccl F'ock states using cla."ical light. The classical realization of th<"C dbpllln·d osdllmo1· dgcn>1ates 
wn. performed by cslablishing a t'Orr<'>pondcncc bt•twct•n the number state In , and cltbsiC'tll light lnunchcd into then-
th wa\'eguide of an array where the cou1>1ing obey a square root law dbtribution bl'l\\'('('11 nr;u·,.,,t neighbor» 
that i>, Ck.k+I Jii'+}, [l!. In thio contribution we endow such glauber-F<><:k pbotonic latlil'('> with llll alu:rnating 
positi\'e and 1lf'gl1ti\'l' coupling coeflkient•. Ck,k+t - ( l )"+1Jii'+} (2]. It is show11 lha1 spt•dfir w1l\·e-park!'ls 
traveling through these optical arrangeme111s give rise to supcrpo.,ition of W igner functions 13, 1111d charac1cristiQ. 
functio11s corrl'sponding to coherent and displaced number 'late:.. Then. by monitoring light propagation along 
:, in two diffl•l'l'l•t wa"eguide la11ices, one can isolatl' Wign<·r funuion> corresponding ro such >tall'» . 111 ge11erul, 
the propagation of 1h1• modal optical fields in t hr;e semi-infnitc Clauber-Fock oscillator lanices b govcml'tl hy the 
followi ng set of <'Quations: 

idf:.'o - >.Ei 0 
dZ 

+ >.(-1)" vnE,. 1) - 0 

In this ca:se one can show lhHl tlw c,·ohnion operator is gi,·cn by: 

U(Z) (D(>.:) + ot(>.z) - i [D(>.z) - ot(>.:J) (-1)"), 

(1) 

(2) 

where D(>.z) = exp{i:(a+a')) i' the Claubcr displacement .. and ( I)" is ulso an operator. From 
1l11s <'Qtu1tion we can identify the \\'ig1wr opt•rator IV(:)= D(z)(-1)". Therefore. the fi<'ld distribution at wa,·eguidc 
11 for any inpul excitation L·(O) will bl' by 

!>.,(:) (nl U (:) l'(O)) . (3) 

Con,iclrr, for in,tan('('. the initial field profile com•,pond1ng to a coherent stme, = ,n ). i.1· .. E,.(O) = 
ext)( o 2 /2)o" /.;;;!, where o represents a complex constant . In thio case, the input field dbtribu11<111 will evolve 
to a supcq>o,i1io11 

I £,,(:)=2({11 1.H:) + (n :>. :) i(n f: >.)+i(n '-:->.') ( 1) 

Hence, if we h11111ch the same init ial field di>tribu1ion into nnothcr ar ray ha,•ing a ncgati\'e >. paramcwr yil'l<b to 

Finally. by int<•rf<•ring t " '"'' two fie)d, we obtain W(>.z) = (n I: - >.), i c .. we c1111 generate the Wigner function 
corresponding to a l'Olll'rt'nt 'tote. Following this same procedure wt• <·an cmulntc a11y \\'igner funcion for O>Cillator 
eigen>1a1cs. 

fl ) A. Pcre,·L<.'iJa, Ii. .. \ Sznmcit, 1111d OS C'hri;iodoulidcs. Opt. Leu. 35, 2109 (2010) 
12) N. I\. Efrcmidis. P. Zhang. Z Chen, l) .N. Chrblodoulidl':>. CE. Ruter. and D. l<ip, l'hy' He" \ 81 o:;J'>li (2010). 
(:1) l, , P. Wigner. Phys. Rev. 40, ;',16 (1932). 
l·I) n J . Clnulx-r. Rev. 131, 2766 ( 1963). 



:'\oulinear 'Pi-symmetric photonic graphene 

Tim Richnrdt, 1• • Oriiigolti,1 and Alexander Sznmcit1 

1 Jn1hlut.t of Ap71l1td l'h11s1u, Attc Cenltr of Jlhctomca, 
fhcdn1.h-Srhill<r Urm1crs1tat ./t.na, Max J, 01143 Jc.na, Ct"ntmy 

lu tlw fru111cwnrk of uou-<lissipaLivc qua11Lu111 t1ybl<'11ls1 llcrmit icit.y usunlly a rcquir(\111C11t to tho 
foli 11r.C" it. (' 11s111·rs fl rc11.I Sf)("Ct rum An<I hfln<'<• th(i of enf':rgy. Jl owovf'r, ISrn<IN c·I nl. IL 2) bavP shown 
thnt the po..tulat ion o f only local pllrity-t i1110 ('PT) sy11111wtry e.xlends the o f I lnmiltcmi1111s thnl ohey 1 lw law of 
C'll('rg.v Although PT·syrnmrlrir qunntu111 thoory violates t hC' no-<"0111m11nirAli<m ru1d ll1<1"refore 
m11y I><' ruled out 11s 11 1hoory lr1) . it ronWn.• vcry strucluroR (e.g 1•xdtnlion.• with tad1yon 
dynnmi<>' l:J). sb11rp trrut<itions bctv.wn trnn.•port r<'jtimcs) nnd moot importantly it L• through simubtio1L• 
hy photoni<" lalliC'C'S In our \\'Ork \\"C ann)y-1..(" n. particular PT ··symmetric &)'Htcm: nt..nlrn1or photomc grophtnt, a 
lnuicc of oouplro wavcguidcs io honeycomb 11oome1ry 141 Tbc dynamics in tbb highly rompl<'x •)'btcm i< dc.cribcd 
by o M!°l uf uonliucur tighl-hinding: SchrOc.liugcr l."\IUUlivu.-. 

i) I, 
i ;:• (z) = (i'Y• + o (•.(:) ,) \'•0 (z) + L c .. v.(z), c. •. o, "f• E: R 

IJ<N. 

llcrc v• .. (z) is the field umplitudr of lalli<:C Nile u UL propugalion tfotarwc : . N. is the index t;CL of ncighb-01.irs 
of liilc tJ nml ''cib urc the coupliug COH!'ltnnl:-, tho ucigliboriug silc:;. The qunntiti<ii "r" nud o d t..";Cribc the on-site 
gnin/I<"'-• 11111plituclc and the acting l<crr nonli11cl\l'ity. m1pcctivcly. We annlyzc vnrious '111"<tion:; lu this ldghly non-
triviul 1:1ysl c111: Do oolitury soluLions exist n11d 1 if which propcrtiC's t hey Do :mda iuteract'! Docs: 
111o<lulnLio11ul instubility cXii>ot. in this syMt.cm"( 

111 Fig. 1 we giv(• a short overvit>w ou our l a shows tl1e hand struclurt.• of PT :sy111111l'1.ric photonic 
11ruphC11(' . C lciirly, the typical l>inie cooc:. or l(ruphcn<· (tl111l sl1ow an approxiinalely lii l<'M db11croio11) nrc r<•pl"""' 
hy hy1wrbolk l1a11ds ftl which I hr dis1)ersio11 i• hyperbolic. lutrrestingly, a< /.; - 0 I hr slope• of thr di•11rrsion rlhergos 
on n C'fullour in Fig. 1 h. giving to lMhyonir \Vt> fiucl solitary sol111 ion!\ in :mr.h ft .l<iysh•m for l><>th. 

n.nd <k-foc11..,ing nonliu<"AriL)'. An of !\urh All en1ily (with focusing nonlint"llrily) i.' in th(' 
of Fi11. In wlwrc th<' inie.nsity envelop<'°" plourd °'"'the honeycomb lauicc. 

,., 

0 0 
0 0 

0 0 

FIG. I (a) T'hc b.'\Jld structHrf' of lin<".:\r PT l'>YtllOl<'tric graphcnc. The inset image:' !\hu-A"N th<> fK'kt Amplitude or a solitary 
,,.,lutton for oonliocarity. (b) Contount of tht.1 b1.tocb: at J:: 0 J:::xcit.ations that an.• 1n moml'll.lum l'l-P8('C 

around t.adt.)'UDi<· behavior. 

111 (.! M 11<-ncler nnd S fl.oc-ttrhc-r, lknt SJ)('C't.rn in Non .. llcrrnit.inn ll:imittonians Tfnving P'T Syrnmrtry. Rev. l.r-tt.. 80. 
r.2•16 ( l!l!JR) 

121 C. M . Ucndt•r and S. El<ieltclwr. l'T Symmctrlr Q1111nt11m Ml'chanics. ./. Math. l'hy•. 40, 21101-2229 (1999). 
1:11 Alcxonder StAmeiL, !vii.kn.el C. U.echttmmn, Oinri IJl\hl\t..'J'ttic1c:l1 MordechitU PT-symnwtry in luurnycomb photonic 

lnltiroi, l'hyH. lb:v. A 84 , 02JM6 (2011) 
l-11 MikHcl C . .JuliM M. heuner, Andre& 'J'Unn(!rmann, St.dun Nolte, Mordechai Scgcv, Aloxander SZJUnciL, Strain-

iudut.-.,d J)M.•udomagnetic field and µhutouk l .. 1:uuhm lovdii in dielec..1.ric st..ruoturtlti, Ntuure J'hotonioc 7 1 (20 13) 
J5) Yi-Chon Leo, R!>ich, Sl<."VVJJ T . l.A.Jc, LocaJ PT vtvlal-Ob llK' prir.iciplc, 
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Rigorous violations of the Leggett Garg inequa lity using 
quantum walks of s ingle atoms 

Carsl<'H Hobens. 1 · • Hkardo Wolfgang Alt.1 

Oi<'l<•r Clive Emary.:.i a ud Andrea Albcrti 1 
1 hi1>tit·ul Jiu· An_qtwandtt Phy:;1k1 Umvt1'sitat Bonn, 

Wigel<rstr 8, D-53115 fJonn, (.1rmany 
2 D17101'1mrnl 1,f Pliy.stcs and Malh1:mal.1cs1 U11i1 r,f Hull, 

/(m_qslo11-upcn- lhill, 11(;6 ?RX, United I<mgdom 
(Dated· .Ja nua ry 28. 2014) 

Giv<'11 the assumptio11s of Mrnroscc7nc Realism and Nonwvabit< Al<o-
.mrnl1ltly (l\P..I) . L<'ggct.t 1111<1 Garg d<'rived an inequality i11 lhC'ir origi11al 
work 11 ) which is capable of' rn li11g oul 111arroscopic real ism by fahmbilily Tia• 
LC'ggl'll Garg incqualit.y ca11 furthcr111orc be used to dct crn1in<' tlw '<111a11-
t u11111t•:,.-;" of' a system. give11 011e Ut't'Cpts qua11turn mechanks as l11t• 011ly 
alterrmliw theory to 11wcroscopic realis111 

\\'t• rq>0rl 0 11 our rccc11t results tcsti11g the Leggett Garg inequality for qu11 11-
tu111 walks with s i11gle atoms. Our i111plt•11w11tatio11 to a violat ion of 
the Leggett Garg i11cquality follows closely t lw origi11al proposed mca.surc111t•11l 
scheme. by making use of an ideal negative mt•11.-;11n•me11t. This measure111<•n1 
is employ<'cl by om state dependent optical lattitt'. The strongest record<'d 
violation of the Ll'ggdt Garg inequality violat<'S the inequality by 21 a. F'ur-
thern1on' we· st uclicd how a 11 initially decolwrrnce fn•e quantum system that 
violates tlw Legg<'li Garg inequali ty gm.dually transitio ns into a d11ssiral sys-
tem thai fulfills the LC: inrqualit.y by incr easing the drcohrrenc·r in a controlled 
fa.'ihion. 

IJ J A. J. LeggelL and An11pam Garg. Quantum Mechanics ver.;11s macroscopic re-
alism i8 the flux Lh<'r<' wh<'n nobody looks?, Phys. Rev. Leu 54. 857 ( I 085). 

• uui-boun.<h: 



Memory r equirements for general r eversible qubit stream processors 

Johanne:; Giitschow.1 TomM Rybi\r, 1 And Rt•inhard F. \\"erner1 

l Jnstttut ft'it Tlworth ... 'icJ,c l'laysrk, Leibniz Unmersttat llannot•er, 2. 30167 lla11nove1·, Cennany 

\\'e show thnt the i11dl'x of a one dimensional reversible quantum cellular automaton , which is in addition abo 
:ausal, equals to the minimal overhead needed to construct thb automaton >IS a strictly forgetful memory 
:hanne!IJ!. F\irthermorc we devl'iop bounds on the neighborhood scheme of a trnnslalional irwariant automaton. 

its index and prove that tlwse bounds u1·c optimal. \\"e also derive bounds on tht• neighborhood of the inverse 
:rnnsfotmation. up to trivial shift- of the r hain. \\'e connect the structure of "forgrLti 11g" of the memory channel to 
1Jr11Uclli diagrams of inclusions of nlgl'i>rns. So far it is not clear whether every such diai,'Tam rcpn-scnts a strictly 
orgctful memory chan11el. 

Consider a de,·ire processing qu111l1 um information in the following sense: prcscntt>d with a Mrcam of input qubit 
1y>1cms it will output a stream of output qubits. \\'c call this arousal process if, for any step n11111lx-r I, t he probability 
>f any outcome which can be clctcrmint>d on th<' outputs up to t is independent of the later inputs. Thi•t is. if no 
liffcrcn<'C between two gh·en input strcam> can be d<'lcctccl by rnea.5urement> on input> up to t. the same will be 
rue for the outputs. There are two basic of <k"'l'ribing s uch a system: onc i, in wrms of its in1>ut-output 
ransformation a lone. T hat is . we ro1i.-ider th<' sy.icm completely sp<'Cifit'd if we can drtrrmi1w t lw probability for 
my outcome of an arbitrnry measurement on th<' outputs, g iven the joim state of all the inpllls. Th<• S('<'Oml way of 
ll-.cribing sud1 I\ system is in terms of its inner workings. Typically the processing ;,, <lone by n systt•111 with, 
initt• q11<1ntum n11·111ory. and reading in au additional input, or >•mding a qubit to the output arc Op!'rutions <>xplicnly 
l<>scribe<I hy 11 nit111·y opt•rati011>. These two points of view nr1• compk•mentary to each other, nncl whil<' it is tl>tmlly 
•a:,y to pn.'-'\ fro111 llu• of the internal ci rcuitry to tht• input·output transformat ion 1 the "ill\'\'N' 1>robkm'', 
:omNimes callNI tlw .. ,,y,tcm identification problem" can in gc1l!'ral be •·en· hard. 

\\'c dcscrilw 11 cor111>1Nc :.olution of the inverse problem for the 'Pl'Cial case of reversible procCSS<'S. That '" "''' 
·cquirc the exbtcnrt• of a .... >cont! caU>al process, so that th<' conc11tcnation with t he gh·en proce.s i:. equal to 11 tinll' 
;hift. It turns out that thi- n·wrsibility forces the process to be a locality prt'l>crving automorphism of the qwL,i·lo«al 
1lgebra . in other word' a qua11turn cellular automaton [2]. A key rt.,,ult of our theory is that the minimal Hilbl.'rt s1>11t•t• 
limens ion requir<'<l for thl.' memory of a circuit implementation of procc:;s is e<1ual to the index of the automaton, 
.s introduced in !3:. 

l) D Kre1;chmann and R. I·'. ll'<·nwr, Quantum channel> with memory, Phys. Rev. A 72, 062323 (2()0;;). 
2) B. Schumacher and H. \\'t•111C'r. )l(•\'C'f"ibl<" quantum cellular aut.omata, quarlt·J>h 10 10:,17 l 
J: 0. \'. E-1. \'og1.: .. and R F \\'crntr. hldcx theory of one dim('rhiOnRI qmunum walk!! and automata, 

Cornrnun. Phys. 310, 4 19-1:;1 (2012). 



Quantum simulation with kagome photon lattices 

II a mrd Snhrri 1 
1 affiliatu,11. D1 7x11lmrnl of C71lirs, 

P<1rnll11 <,f Soo1C<, Pal0<k1J l.111i'lltrMly 
17. 12, ??J,f6 Clc,11u.11t, Czech llcvublu 

c moil. .ml< oplir.9. 11110/ < z 

Th<' r1wrgy sp<'<·t ra 1111<1 photo11 t ra11sfcr dymunic""' of l<J1go11H' arrays is ex-
plored by vi rt uc of a projt'<.'lt'<.l-c11tungk.'CI pair slate (PEPS) urnmtz lo the 
111u11y-photon wawfunct ion Photons from a microwave ::.ounT urc iujcctt'CI 
i11to out• of the twdvc ciwitit•:-; of tlw u11it kagomc and an• ablt• lo hop into 
otlwr with a hoppi11g 1>ln•11gth thut can be tu11cd cxpt•rinwntully The 
rn1 111wlitio11 between the fit•ld u11d the hopping rntt' dt•t·idt'li tl1t• phase 
diagrnm of the model. W<• dl'lllOll:->lrnte how the latter two-dinH'1t1>io1111I \'Crsion 
of' I ht• pO\wrful tensor 11ctwork for11111lis111 a flexible 1111111t•rit'11l lw11d1-
111nrk for addressing such a cl111ll<•11ging two-dimcnsiomd 111odd. \\'<• pn•:wnt 
n·1>uhs for the energy s1wctrn 11s wt•ll as two-poi11t correlation fu11t'lio11s o f 
s11ch 11 <·m·ity lattice and com pan• tht•111 to lhosP from th<' brut<• for<·t• t•xaC'l 
diap.011alizatio11 of lll<' model rlw <'orrplal ion functions as.'iOdal<'<I with t lw 
propagnt ion of single-photon and t wo-photonic excitations ren•al int rig11ing 
intt•rf<•n•nn• pall<'rns which might lw 11ndc•rstood from th<' symm<'l ry fl'at tm'S 

oft 11<' kagonw topology Pos. .... ihle avc•n11<'s of 111 ilizing such arrays for qnant 11m 
si11111l11Lio11 of c·orrrla1<'Cl matl<'r arc' !wing disc11s.-.<'<l IJ J. 

IJ J Amin llo;.;;cinkhani, Unhnn•h Ch11111111d Dczfouli. Falc111rh GhaM•mipour. Ali T. 
B(•zakhani. a11d Ha111<'cl Sn1H'ri. Qunnlum Optical l11t<•rf('1'(111wlry 011 a l\agolll<' 
Cl'll. arXiv: I 309.'I07.'i. 



Experimental demonstration of more than 100 
individually addressable qubits for quantum 

simulation and quantum computation 
M. Schlosser1, S. Tichelmann 1 and G. Birk11 

1 lnstitut filr Angewandte Physik, Technische Universitat Darmstadt, 
Schlossgartenstraf5e 7, 64289 Darmstadt, Germany 

E-mail: gerhard. birkl@physik. tu-darmstadt. de 

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 85Rb atoms in two-dimensional arrays of 
well over 100 individually addressable 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 

(I ] For an overview see: M. Schlosser, S. Tichelmann, J. Kruse, and G. Birk!, 
Quant. Inf. Proc. 10, 907 (2011 ). 



Relaxation dynamics of a Fermi gas in an optical 
superlattice 

Ameneh Sheikhan. 1 Corinna Ko llath. 1 J. Bohn.2 D. P rr lot.2 

.111. Koschorrcck.2 E. Cocc:h i. L. l\Iiller.2 and l<oc>hl2 

1 1/!S l<P, Umvrr:;ity cf Benn 
Nussallcc 14-16, Bonn, Germany 

2 Cavr:n<Jish /,obc,rn/(,fy, of Carnlridge 
JJ 1hornscn Atitmte , CamLndg< C08(; ffB, United Kingdom 

Tlw q11<•slion o f' how a closed quant um sys\.c>m out of t>quilibrium rvolws 
and rPlax<>s. is st.ill not. well understood. A s rwcifir sPlt ing of coherrnt quan-
tum dynamics can lw provided by quenclws whrn one slarls from the ground 
state of a.11 initial llamiltonian a nd suddenly changr:-. thr Hamiltonian's pa-
rameter. A ftrr this change the system is highly cxdtrd wit h rrspecl to t hr 
new Hamiltonian and rvolvrs in time. 

Ult.rncold quanl um ga.'ies in opt,ical lat.I iC'e are good candidat e to study such 
non-cquilihrium sit nations s inr.c these ga.<>P-'> arc approximatr.ly isolatf'<l from 
their cuviromncnt 

Herc we study a thr<'<' dimensional Penni gas initially load<•d into a peri-
odic double well potential a long one dimension. T he s11pc1fatti<"c enables us 
to prepare the initial with fcr111io11s only occupyi11g cvc11 wells. After-
wards the superlat.t. icc potential is suddecnly removed the li111c evolut ion of 
the local dem;ity imbalance betw<:c11 two 11c ighbori11g wells is prob<KI. The cx-
p<•ri111cntal results arc co1111nir<.-<l to the 11u111erical :;tudics 011 t he exact 
diugo11alizut io 11 of the Tfa111iltonia11 i 11 t he continuum. 



Optical supersymmetry: 
A fundamental approach to a new kind of mode converters 
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Abstract : In our work we transfer the concept of supc!'l>ymmetry (SUSY) to optics and systematically 
dc>ign a new class of optical structure>. Key features ari;ing from supersymmetry are used lo control the 
now of light for mode division multiplexing applications. 

Encoding information on a gi\-en chanel is one of the ccntrJI problem; of high capacity optical transmission \)\tem\. In 
addition to wa\elength di' ision. polarization, and angular momentum multiplexing as well as multilevel modu lation. 
and coherent detection. mode-division multiplexing (MDM) pro\ldes a promising platform for increasing the cap:1c11y 
of optical linb. While u'ing the individual modes in wa,cguides one of the outstanding challenges in MOM Mructures 
is a robust procedure for selectively populating and extracting specific modes in such integrated networks. 
In the optical domain. supcrsymmctric panners with different dielectric >hapcs (see Fig. I (a,c)) share identical proper· 
ties. \\C,th the exception of the fundamental mode. each guided mode of the original multimodc lattice has a counterpan 
in the panner lattice with cxactcly the same energy or effective index (<ee Fig. I (b)). The light propagation is discretized 
and the corresponding Mate vector A is govern by the following evolution equation along the longitudinal coordinate 

= '/iA 
dz 

(I) 

Here. A = (a1 ..... «N )1'. where lit dc.cnbcs the complex modal field amplitude in the k1h channel, N is the number 
of lattice sites involved. and the .\ x ,\ matrix 'Ii is the Hamiltonian of the \y<tem whose clements are gh·en by 
'Ii ...... = (6 ... -1 ... + 6 ... , •.• )C. + o ..... d ... In the l:tUer expression. P. denotes the propagmion con•tant of channel n. 
and C .. represents the coupling strength between adjacent lattice sites. The eigcn\'aluc problem fl.A - >.A as.sociated 
with Eq. ( I ) can in tum be used to construct a supcrpanner Janice (I). 

(a) Fundamental lattice (c) SUSY Pbrl11<'t 

Fig. I. Supcrsymmctry in photomc lattices. (a) Conlinuous rcfracll\'C 1n<k:t profile (Upj:>er row) and discrete 
re1>rescnta1ion (lov.cr "™) o( an array arrangement of C\·enly \.J)aCcJ. tdcnucal nnd (c) il.S Super· 
partner Mruclurc. (b) Bound modes of these two systems. Their \Crtical p<)\1t1on indicate' the corresponding 

In our work. we demon\lratc how ;upc!'l>ymmetric panners can be utilized for mul1iplcxing/demultiplexing different 
modes of highly multimodcd >y,tem,. To that end. we use direct-written multicorc photonic lattices with appropriate 
index profiles in fused silica (>cc Fig. I (h)). While exploiting the unique advantage to directly ob.ervc the evolution 
dynamics by means of nuorcsccncc microscopy (2) our results are general and other fabrieauon approaches can also 
be pursued. 
Rcrcren= 

I \t ·A Min ct al.. Phys. Leu. I IO, 233902 (2012) 
2 " Sum<>I (I al .. Appl. Phys. Leu. 90. 241 113120071 



Quantum simulation of relativistic fields interacting 
with artificial gravity in 20 optical lattices 

N. Szpak 
Faculty of Physics, University Duisburg-Essen, Germany 

E-mail: nikodem.szpak@uni-due.de 

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 fie ld 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. 

Jl l• :• l•i 1•. iT.-•• • • 111 • Ii • ijj• ,, . •• . ,. ,. . •• " . ... •• l•: . l• •• •• , •• 
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FIG. 1. Optical lattices with dislocations (a), disclinations (b-c) and dynamical small perturbations {d). 



Thermal conductance as a probe of topological order in a hybrid 
semiconductor-superconductor system emulating the Higgs model 
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The order parameter in a conventional superconductor can be subject to 
quantum fluctuations in the form of 2" 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 Z2 

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 panty 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 or freedom can serve as an 
experimental probe for quantum phase transitions in matter-coupled gauge 
theories 



Towards scalable superconducting q uantum bits for analog quantum simulation 
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T ht• (•xpcrimental implememation of 1111nlog quantwn •imulation of manyhody I lnmiltonian' n'<1uim< scalable and 
W(•ll-coutrollable qubit:s a;, building block.. S111wrcon<lucting quantum d evices arc 11 kading cm1didatc for quantum 
in formation proc('>..'ing and analog qualllurn ,imulatiorL,. The><' artificially made 'uprrrnnclutti11g loop" composed of 
pln11111 thin films forming Josephson tunnel junttiun,. indut·tor.. and capacitors behaw ru. qm1ntu111 s)'Mcm,. 
In contrlL't to the ca..e of natural i11on1' or mol<"Cult.-.. ouch systems allow for ,·cry larg<' couplings hNwe<!n the 
ck"Ctronmi;netic hdd und the effccti\'C dipole moment of a few-level artificial atom that cvcu l'<'lllll iuo fn·quenty· 
tunablt• during operation. A wide range of quamum ex1x•rimt•11ts, such as violation of Bell's irH'quality [IJ. fcw-quhit 
algorithms '2. :r. or implementation of a quantum mctnmntl'rinl l·IJ haw been demonstrated ll'ing tlH's<' l'irruih. 

However, tlw mat<'riab used for their linear and non-linQur circuit elements set a limit on the l>«'t arhk\'ablc 
rohC'rcncc..• time:; und t'1'<.' inrrea.-.;ingly researched. For th<.• li11<•nr dt'mC'lll!-. 8..1'> capacitors and 
showing >inglt• 1>hoto11 quality factor.. up to l million dt•pt•nding on l\S(X't't ratio and surface trt•atrncm :'. \lix._1. 
material. lum1>••d elcrnent n"'<lnator-> allow LO oystematically lol'ntc and extract rcsidm1I losses {<r. Combininl( high 
quality resonator> with ultra-small tunnel junction s uperconductin11 qubits of increased coherence <·an bl' 
l7J. J o.,ephson j untt ion-. attillK a;, non-linear elements and providing the qubit» anhnrmonicity. arc known to "'ff"r 
from detrimcnrnl int<"rllt"tion with in the amorphOu!S tu111wl oxide. These residual Ci:lll nhsorb 
energy a nd intPrfor<• with till' qubit Mnte, tesutting in shorter coherence time>. Epitaxial tunnel barriers -ha"ing f('W<'r 
defect states thun conn·ntional amorphous barriers -were dcvelor«I and in qubits ; ;. 

At Karlsruhe, the fobrication of superconducting circuits for analog qunnt um simulation was started recently. 
Frequency tunable qubib of the lrausmon-type ha,·e been realize in a microstrip gt'Ometry tL>ing aluminurn sputter 
technology. \\'e will prt';s<'nt d11tH fo1· the finst generation of qubits, and diS<"u" improvement toward> 
scalable, tunable. long-lived qubits for •upe1·t'Onducting analog quantum simulntor-,,. 
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