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Update

This web version of the Book of Abstracts differs slightly from the printed
version distributed to the attendees of CEWQO 2013. The reason is that we
have here included last-minute changes made to the program.



Foreword

I am very happy to welcome you all to the 20th Central European Workshop
on Quantum Optics. For the uninitiated reader or visitor, let me immediately
point out the this name is really a misnomer. Since this event was started as
a small workshop in Bratislava in 1993, the meeting has developed both in
numbers and geographically to become a full-fledged international conference
attracting 200+ participants from five continents.

When we peer-reviewed all submitted abstracts it also became clear that
the scientific level of the conference is at the top level. We will hear about
some of the latest advances in quantum optics and quantum information from
some of the best people in the field. This is particularly pleasing since the
event attracts a fair number of international students.

The meeting could not have been arranged if we had not received many
different kinds of support. If we start with the moral support, then Prof.
Ninni Messina and Prof. Margarita Man’ko must be mentioned. They were
early and very enthusiastic supporters of the Stockholm location. We have
also had good help by the CEWQO 2013 International Advisory Board in
selecting invited speakers.

The workshop has also received substantial economic support. In eco-
nomic terms, the Swedish Research Council (Vetenskapsr̊adet) is the main
sponsor, followed by the Royal Institute of Technology (KTH) (where I would
especially like to thank Cecilia Ljunglöf at KTH’s Public relations office),
the Linnæus Center for Advanced Optics and Photonics (ADOPT), and the
Nordic Institute of Theoretical Physics (NORDITA). The Stockholm City
Council is both hosting and sponsoring the conference reception to be held
in Stockholm’s flagship building, the Stockholm City Hall.

Several learned societies have also sponsored the workshop. The Euro-
pean Physical Society through its publication Europhysics Letters has en-
abled five student stipends. The American Institute of Physics Publishing
and Physica Scripta has also generously donated money. The local company
DB Doktorn has donated know-how and manpower to set up our registration
and abstract-handling data base.

If you like the way this Book of Abstracts is designed and edited then
your gratitude should go to Dr. Jonas Söderholm who took on this quite
formidable job.

Finally I would like to thank my colleagues in the local organizing com-
mittee and a number of graduate students for the hard work they have done
to prepare this event. I am sure you will appreciate their efforts.

Gunnar Björk
CEWQO2013 Chairman
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Registration: Saturday 16:30 - 20:00
Program OverviewSunday   08:00 - 09:00

Sunday, June 16 Monday, June 17

Session Squeezing Electrons, Atoms, and Molecules Session

Chairperson Sokolov Hiesmayr Chairperson

09:00 - 09:30 WELCOME Haslinger 09:00 - 09:30

09:30 - 10:00 Chekhova Splettstoesser 09:30 - 10:00

10:00 - 10:30 Genovese Garraway 10:00 - 10:30

10:30 - 11:00 Coffee Coffee 10:30 - 11:00

Session Quantum Optics Quantum Memory and QKD Session

Chairperson Takeuchi Edamatsu Chairperson

11:00 - 11:30 Zavatta Buchler 11:00 - 11:30

11:30 - 12:00 Hiesmayr Kröll 11:30 - 12:00

12:00 - 12:30 12:00 - 12:30

12:30 - 14:00 Lunch Lunch 12:30 - 14:00

Session Session

Chairperson Marian P Genovese Bourennane Dodonov Kilin Chairperson

14:00 - 14:20 Ferrini Zoubi Beduini Ádám Mari 14:00 - 14:20

14:20 - 14:40 Pinheiro Stefanov Zwierz Montenegro 14:20 - 14:40

14:40 - 15:00 Isar Ra Trifanov Zhou L 14:40 - 15:00

15:00 - 15:20 Karpov Enaki Belmonte Chen 15:00 - 15:20

15:20 - 15:40 Tikhonova --- Tajima --- 15:20 - 15:40

15:40 - 16:10 Coffee Coffee 15:40 - 16:10

Session Session

Chairperson Chekhova Heydari Karpov Marian T Chairperson

16:10 - 16:30 Lim König D'Ambrosio Czirják 16:10 - 16:30

16:30 - 16:50 Bellomo Morgan Yamamoto Földi 16:30 - 16:50

16:50 - 17:10 Johansson Gorelik Lapeyre Malinovsky 16:50 - 17:10

17:10 - 17:30 Bartkiewicz Pravdin Gavenda Malinovskaya 17:10 - 17:30

17:30 - 17:50 Vänskä --- Wang --- 17:30 - 17:50

Conference Reception 18:30 - 22:00

Hosted and sponsored by Stockholm City Council

Stobińska Bruß

Gaussian States
and Circuit QED

Atoms and
Optical Lattices

Experimental
Quantum Optics

Quantum
Measurements

Optomechanics
and Quantum

Computing

Mišta

Sowiński

Peřinová

Navarrete-
Benlloch

Entanglement and
Quantum Rings

Solitons,
Quasiparticles,

and Metamaterials

Quantum
Communication

Strong Fields and
Time-Dependent

Schrödinger Equations
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CEWQO 2013 Lecture Halls: D1 D2 D3

Tuesday, June 18 Wednesday, June 19 Thursday, June 20

Quantum Computing and Nonclassical States Theoretical Quantum Optics Session

Kröll Weigert Man'ko M Chairperson

Eisert Fan --- 09:00 - 09:30

Macchiavello Leuchs Dodonov 09:30 - 10:00

Drummond Filip Kilin 10:00 - 10:30

Coffee Coffee Coffee 10:30 - 11:00

Open Systems Session

Fan Paris Chairperson

Piilo Takeuchi Weigert 11:00 - 11:30

Cerf Paris Edamatsu 11:30 - 12:00

Marian P Klimov Cabello 12:00 - 12:30

Lunch Lunch Lunch 12:30 - 14:00

Session

Garraway Isar Eisert Filip Leuchs Cabello Bengtsson Chairperson

Larson Kim J Sansoni Man'ko V Han Tura Fel'dman 14:00 - 14:20

Hessmo Álvarez-Estrada Antonosyan Man'ko M Kis Wu Y-C Çakmak 14:20 - 14:40

Pons Fiurášek Peřina Sych Bazgan Terra Cunha de la Hoz 14:40 - 15:00

Mihalcea Genoni Svozilík Ng Altintas Niestegge Hardal 15:00 - 15:20

Słowik Usenko Marek Gainutdinov Tanimura Karakaya 15:20 - 15:40

Coffee Coffee Coffee 15:40 - 16:10

Phase Transitions Non-Markovianity Session

Macchiavello Drummond Piilo Buchler Chairperson

Arruda Vukics Fanchini Sokolov 16:10 - 16:30

Lemr Dombi Burenkov 16:30 - 16:50

Sawerwain Ciccarello Nicolas 16:50 - 17:10

Sjöqvist Hirsch Barz 17:10 - 17:30

--- Nahmad-Achar 17:30 - 17:50

Poster Session 18:00 - 20:00 Conference Dinner 18:00 - 24:00

Sing-Sing building, ground floor at Tekniska Museet

Quantum Discrimination
and Indistinguishability

Quantum State Estimation
and Characterization 1

Foundations of
Quantum Mechanics 1

Bruß 

Atom Traps
and BEC

Nonclassical
States and

QKD

Random Walk,
Waveguides, and
Nonlinear Optics

Quantum State
Estimation and

Characterization 2

Atom-Field
Interaction

Foundations
of Quantum
Mechanics 2

Quantum
Correlations

Kowalewska-
Kudłaszyk

Quantum Gates
and Circuits

Quantum Memory
and Computing

Chruściński

Stasińska
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  Hall D1, 3rd floor

  Halls D2 & D3

  Parking

  Registration

Campus location map, blowup

  Poster session

Conference reception, poster session, and dinner

The conference reception is hosted and sponsored by the Stockholm City Council and 
will be held at the Stockholm City hall (Stockholms Stadshus) on Monday, June 17, 
19:00-21:00. Buses to the City hall will leave from Lindstedtsvägen 5 at 18:30. Buses 
back to Lindstedtsvägen 5, with appropriate stops along the way, will depart from the 
City hall at 21:30.

The poster session will be held at Lindstedtsvägen 30 (Sing-Sing) on Tuesday, June 18, 
18:00-20:00. Snacks will be served. Posters can be mounted starting at 17:30. After the 
session we ask that all posters be removed. Remaining posters can be claimed at the 
conference registration.

The conference dinner will be held at Tekniska Museet, Museivägen 7, on Wednesday, 
June 19, 18:30-24:00. Buses to the museum will leave from Lindstedtsvägen 5 at 18:00. 
The event will start by a welcome drink and a short guided tour of selected parts of the 
museum. The dinner will start at 19:30. Buses back to Lindstedtsvägen 5 will leave the 
museum at 22:30, 23:15, and 24:00. The buses will make appropriate stops along the 
way.
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Internet access

For those with an Eduroam account, wireless internet services will be automatically pro-
vided. For those without such an account, wireless internet is provided through WiFi.
The conference wireless network name is KTH-Conference, and the password, valid only
for the duration of the conference, is kpjAyMt3. A few stationary internet connected
computers will also be available close to the coffee-break area for internet services.

Web publication

The Book of Abstracts will be publicly available as a pdf-document a few weeks af-
ter the conference has finished at KTH’s publication data-base Diva. Diva’s URL is
http://kth.diva-portal.org. Diva is searchable by all internet search engines which
ensures visibility.

Proceedings

All workshop contributions will be eligible for submission to the conference topical issue
of Physica Scripta which constitutes the official proceedings of the workshop. Submit
manuscripts by email to Prof. Margarita A. Man’ko at mmanko(at)sci.lebedev.ru or
to info(at)cewqo2013.se. Contributions may not exceed 6 pages when typeset using the
IOP preprint template, which is available at the Institute of Physics (IoP) website. All
submissions will undergo normal peer reviewing, so a submission does in no way guarantee
acceptance. Manuscripts will be accepted beginning at the conference start. The deadline
for submission is not yet set, but will be announced at, or shortly after, the workshop and
will also be posted on the workshop www-page http://cewqo2013.se/Pages/Proceedings.
Typically the deadline will fall 6-8 weeks after the end of the workshop. The deadline is
to be strictly respected.

Stockholm in June

Stockholm is located at the latitude 59.20◦ north, comparable to Anchorage, Alaska (at
61.19◦ north). However, due to the Gulf stream, bringing enormous amounts of heat from
the Gulf of Mexico, the climate is much milder in Sweden than in Alaska. In June, the
daytime average temperature is 20 - 23 ◦C and the night time average is 11 - 13 ◦C.

During the conference the sun will rise at 03:30 and set at 22:07 in Stockholm. However,
since the sun is never far under the horizon at night, it never gets totally dark, but we
can enjoy “white nights”. Walking through Stockholm (preferably along the water) in the
night time is an experience visitors tend to remember.
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Program CEWQO 2013

Sunday, June 16, 2013

09:00-09:30 D1 Welcome to CEWQO 2013

09:30-10:30 D1 Invited Session: Squeezing
Chairperson: Ivan Sokolov

09:30-10:00 I-1 Twin-beam bright squeezed vacuum
Maria Chekhova

10:00-10:30 I-2 Going beyond classical limits through quantum correlations
Marco Genovese

10:30-11:00 Coffee

11:00-12:30 D1 Invited Session: Quantum Optics
Chairperson: Shigeki Takeuchi

11:00-11:30 I-3 Manipulation and analysis of quantum states of light in the
frequency-time domain
Alessandro Zavatta, C. Polycarpou, S. Grandi, L. Costanzo, and M. Bellini

11:30-12:00 I-4 Complementarity reveals bound entanglement of two twisted photons
Beatrix C. Hiesmayr and W. Löffler

12:00-12:30 I-5 Exploring macroscopic entanglement with a single photon and coherent states
P. Sekatski, N. Sangouard, Magdalena Stobińska, F. Bussières, M. Afzelius,
and N. Gisin

12:30-14:00 Lunch
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14:00-15:40 D1 Contributed Session: Gaussian States and Circuit QED
Chairperson: Paulina Marian

14:00-14:20 C-1 Cluster states and Gaussian quantum computation from
multipixel homodyne detection
G. Ferrini, J. Roslund, R. Medeiros de Araujo, Y. Cai, J.-P. Gazeau,
T. Coudreau, C. Fabre, and N. Treps

14:20-14:40 C-2 Sharing entanglement with separable states
L. Mǐsta, Jr.

14:40-15:00 C-3 Quantum entanglement of two bosonic modes in two-reservoir model
A. Isar

15:00-15:20 C-4 Common approach to classical capacity of Gaussian quantum channels
E. Karpov, J. Schäfer, R. Garćıa-Patrón, O. Pilyavets, and N. J. Cerf

15:20-15:40 C-5 Nonclassical lasing in circuit quantum electrodynamics
C. Navarrete-Benlloch, J. J. Garćıa-Ripoll, and D. Porras

14:00-15:40 D2 Contributed Session: Atoms and Optical Lattices
Chairperson: Marco Genovese

14:00-14:20 C-6 Collective electronic excitations of ultracold atoms in optical lattices
H. Zoubi and H. Ritsch

14:20-14:40 C-7 XYZ quantum Heisenberg models with p-orbital bosons
F. Pinheiro, G. M. Bruun, J.-P. Martikainen, and J. Larson

14:40-15:00 C-8 One-dimensional extended Bose-Hubbard models with local
three-body interactions
T. Sowiński

15:00-15:20 C-9 Non-linear cooperative decay process of three-level systems stimulated by
thermal field and generation of entangled photon pairs
N. A. Enaki and T. Rosca

15:20-15:40 C-10 Manipulation of an atomic q-bit system by alternate classical and quantum
few-photon fields
P. R. Sharapova and O. V. Tikhonova

15:40-16:10 Coffee
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16:10-17:50 D1 Contributed Session: Entanglement and Quantum Rings
Chairperson: Maria Chekhova

16:10-16:30 C-11 Experimental realization of an approximate partial transpose for
two-qubit systems and its application to entanglement detection
H.-T. Lim, Y.-S. Kim, Y.-S. Ra, J. Bae, and Y.-H. Kim

16:30-16:50 C-12 Steady entanglement out of thermal equilibrium
B. Bellomo and M. Antezza

16:50-17:10 C-13 Topological phases and multipartite entanglement
M. Ericsson, M. Johansson, A. Z. Khoury, A. Osterloh, K. Singh, E. Sjöqvist,
and M. S. Williamson

17:10-17:30 C-14 Two-qubit mixed states more entangled than pure states:
Comparison of the relative entropy of entanglement for a given nonlocality
B. Horst, K. Bartkiewicz, and A. Miranowicz

17:30-17:50 C-15 Photoluminescence from a semiconductor quantum ring
O. Vänskä, J. Nieminen, M. Kira, S. W. Koch, and I. Tittonen

16:10-17:30 D2 Contributed Session: Solitons, Quasiparticles, and Metamaterials
Chairperson: Hoshang Heydari

16:10-16:30 C-16 Negative frequency light emission from solitons in fibers
J. McLenaghan and F. König

16:30-16:50 C-17 Stability and dynamics of crossed solitons
T. Morgan and T. Busch

16:50-17:10 C-19 Unitary polaritons and paraphotons in homogenous media and in
photonic crystals
V. S. Gorelik

17:10-17:30 C-20 Model of point perturbation for metamaterials
K. V. Pravdin and I. Yu. Popov
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Monday, June 17, 2013

09:00-10:30 D1 Invited Session: Electrons, Atoms, and Molecules
Chairperson: Beatrix C. Hiesmayr

09:00-09:30 I-6 Matter-wave interferometry with clusters and biomolecules
Philipp Haslinger, N. Dörre, J. Rodewald, P. Geyer, S. Nimmrichter,
K. Hornberger, and M. Arndt

09:30-10:00 I-7 Single-electron interference and two-electron collisions
Janine Splettstoesser

10:00-10:30 I-29 Multi-mode quantum photonic logic
M. M. G. Alqahtani, M. S. Everitt, and B. M. Garraway

10:30-11:00 Coffee

11:00-12:30 D1 Invited Session: Quantum Memory and QKD
Chairperson: Keiichi Edamatsu

11:00-11:30 I-9 Programmable quantum memory in atomic ensembles
Ben Buchler, M. Hosseini, B. Sparkes, J. Geng, J. Bernu, G. Campbell,
Q. Glorieux, O. Pinel, N. Robins, and P. K. Lam

11:30-12:00 I-10 Quantum state engineering of naturally trapped ions for quantum information
and quantum optics
M. Sabooni, Q. Li, L. Rippe, A. Walther, and Stefan Kröll

12:00-12:30 I-11 Quantum repeaters and quantum key distribution:
The impact of entanglement distillation on the secret key rate
S. Bratzik, S. Abruzzo, H. Kampermann, and Dagmar Bruß

12:30-14:00 Lunch

12



14:00-15:20 D1 Contributed Session: Experimental Quantum Optics
Chairperson: Mohamed Bourennane

14:00-14:20 C-21 Optical spin squeezing: Bright beams as high-flux entangled photon sources
F. A. Beduini, J. A. Zielińska, V. G. Lucivero, Y. A. De Icaza Astiz,
and M. W. Mitchell

14:20-14:40 C-22 Characterization and manipulation of energy entangled qudits
A. Stefanov, C. Bernhard, B. Bessire, and T. Feurer

14:40-15:00 C-23 Nonmonotonic quantum-to-classical transition in multiparticle interference
Y.-S. Ra, M. C. Tichy, H.-T. Lim, O. Kwon, F. Mintert, A. Buchleitner,
and Y.-H. Kim

15:00-15:20 C-24 Study of fast quantum optical random number generators
C. Belmonte, T. Durt, L.-P. Lamoureux, K. Panajotov, and H. Thienpont

14:00-15:40 D2 Contributed Session: Quantum Measurements
Chairperson: Viktor Dodonov

14:00-14:20 C-26 Quantum measurement of qubits yielding maximum information

Á. Varga, P. Ádám, and J. A. Bergou

14:20-14:40 C-27 Nonlinear quantum metrology with noise
M. Zwierz and H. M. Wiseman

14:40-15:00 C-28 Indirect measurement process parameterized by nonunitary
system-pointer interaction
A. I. Trifanov and G. P. Miroshnichenko

15:00-15:20 C-29 Nondemolition measurement of boson number in a driven
damped harmonic oscillator
V. Peřinová and A. Lukš

15:20-15:40 C-30 A new second law of the information thermodynamics with
using entanglement transfer
H. Tajima

13



14:00-15:20 D3 Contributed Session: Optomechanics and Quantum Computing
Chairperson: Sergei Ya. Kilin

14:00-14:20 C-31 Measures of quantum synchronization in continuous variable systems
A. Mari, A. Farace, N. Didier, V. Giovannetti, and R. Fazio

14:20-14:40 C-32 Entanglement stability induced by a nonlinear nanomechanical oscillator in a
qubit-cavity system
V. Montenegro, A. Ferraro, and S. Bose

14:40-15:00 C-33 The role of atomic medium on enhancement the nonlinearity of
optomechanical system
L. Zhou, J. Cheng, and Y. Han

15:00-15:20 C-35 Boson Sampling with distinguishable photons
P.-X. Chen, Q.-H. Duan, and W. Wu

15:40-16:10 Coffee

16:10-17:50 D1 Contributed Session: Quantum Communication
Chairperson: Evgueni Karpov

16:10-16:30 C-36 Complete experimental toolbox for alignment-free quantum communication
V. D’Ambrosio, E. Nagali, S. P. Walborn, L. Aolita, S. Slussarenko,
L. Marrucci, and F. Sciarrino

16:30-16:50 C-37 A photonic quantum interface for an optical fiber based quantum communication
T. Yamamoto, R. Ikuta, T. Kobayashi, H. Kato, S. Miki, T. Yamashita,
H. Terai, M. Fujiwara, M. Koashi, M. Sasaki, Z. Wang, and N. Imoto

16:50-17:10 C-38 Entanglement distribution on complex networks
J. Lapeyre, S. Perseguers, M. Lewenstein, and A. Aćın

17:10-17:30 C-39 Quantum noise eater for a single qubit
M. Gavenda, L. Celechovska, M. Dusek, and R. Filip

17:30-17:50 C-40 An improved scheme on the measurement-device-independent quantum key
distribution with triggered and nontriggered heralded single-photon sources
Q. Wang and X.-B. Wang
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16:10-17:30 D2 Contributed Session: Strong Fields and Time-Dependent
Schrödinger Equations

Chairperson: Tudor A. Marian

16:10-16:30 C-41 Phase space study of tunnel ionization in a strong laser pulse
A. Czirják, S. Majorosi, and M. G. Benedict

16:30-16:50 C-43 Quantum mechanical scattering on oscillating potentials
L. Zs. Szabó, V. Szaszkó-Bogár, A. Czirják, M. G. Benedict, and P. Földi

16:50-17:10 C-44 Geometric quantum gates for electron spin qubit in a quantum dot
V. S. Malinovsky and S. Rudin

17:10-17:30 C-45 Two-photon adiabatic passage for excitation of Rydberg states
S. Malinovskaya, C. Tian, and E. Kuznetsova

18:30-22:00 Conference Reception hosted and sponsored by Stockholm City Council

Tuesday, June 18, 2013

09:00-10:30 D1 Invited Session: Quantum Computing and Nonclassical States
Chairperson: Stefan Kröll

09:00-09:30 I-12 The ironic situation of linear optical boson sampling
C. Gogolin, M. Kliesch, L. Aolita, and Jens Eisert

09:30-10:00 I-13 Quantum hypergraph states
Chiara Macchiavello, M. Rossi, M. Huber, and D. Bruß

10:00-10:30 I-14 Planar quantum squeezing and phase measurement
Peter D. Drummond, Q. Y. He, and M. D. Reid

10:30-11:00 Coffee
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11:00-12:30 D1 Invited Session: Open Systems
Chairperson: Dagmar Bruß

11:00-11:30 I-15 Applications of non-Markovianity and information flow in
open quantum systems
Jyrki Piilo

11:30-12:00 I-16 Heralded noiseless amplification and attenuation in
quantum optical communication
Nicolas J. Cerf, J. Fiurášek, C. N. Gagatsos, and E. Karpov

12:00-12:30 I-17 Quantum-to-classical transition of damped two-mode Gaussian states
Paulina Marian and T. A. Marian

12:30-14:00 Lunch

14:00-15:40 D1 Contributed Session: Atom Traps and BEC
Chairperson: Barry M. Garraway

14:00-14:20 C-46 Atom chaos and quantum thermalization
J. Larson

14:20-14:40 C-47 Towards an experimental test of the Born-Oppenheimer approximation
N. Gurkan, B. Grémaud, E. Sjöqvist, and B. Hessmo

14:40-15:00 C-48 Anomalous Zeno effect for sharply localized atomic states
M. Pons and D. Sokolovski

15:00-15:20 C-49 Nonlinear behaviour of ions confined in anharmonic Paul traps
B. M. Mihalcea, M. Ganciu-Petcu, and A. Isar

15:20-15:40 C-50 A full quantum description of hybrid nanosystems:
Coupling of atoms and metallic nanoantennas
K. S lowik, R. Filter, J. Straubel, C. Rockstuhl, and F. Lederer
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14:00-15:40 D2 Contributed Session: Nonclassical States and QKD
Chairperson: Aurelian Isar

14:00-14:20 C-51 Qudit communication network
J. Kim

14:20-14:40 C-52 Complementarity, quartic polynomials and one-photon-added coherent and
squeezed states

R. F. Álvarez-Estrada

14:40-15:00 C-53 Witnessing negativity of Wigner function by estimating fidelities of
cat-like states from homodyne measurements
J. Fiurášek and M. Ježek

15:00-15:20 C-54 Detecting quantum non-Gaussianity via the Wigner function
M. G. Genoni, M. L. Palma, T. Tufarelli, S. Olivares, M. S. Kim,
and M. G. A. Paris

15:20-15:40 C-55 Continuous-variable quantum key distribution over fading channels
V. C. Usenko and R. Filip

14:00-15:40 D3 Contributed Session: Random Walk, Waveguides, and
Nonlinear Optics

Chairperson: Jens Eisert

14:00-14:20 C-56 Anderson localization of entangled photons in an integrated quantum walk
L. Sansoni, F. De Nicola, F. Sciarrino, P. Mataloni, V. Giovannetti, R. Fazio,
A. Crespi, R. Ramponi, and R. Osellame

14:20-14:40 C-57 Effects of losses and pump depletion on quantum walks in
nonlinear waveguide arrays
D. A. Antonosyan, A. S. Solntsev, A. A. Sukhorukov, and Y. S. Kivshar

14:40-15:00 C-58 Pulsed squeezed-light generation in a waveguide with second-subharmonic
generation and periodic corrugation
J. Peřina, Jr.

15:00-15:20 C-59 Towards high spatial entanglement via chirped quasi-phase-matched
optical parametric down-conversion
J. Svoziĺık, J. Peřina, Jr., and J. P. Torres

15:20-15:40 C-60 Parametric process based NQS and entanglement evolution
A. Kowalewska-Kud laszyk and W. Leoński
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15:40-16:10 Coffee

16:10-17:30 D1 Contributed Session: Quantum Gates and Circuits
Chairperson: Chiara Macchiavello

16:10-16:30 C-64 Exact dynamics of single qubit gate fidelities under the measurement-based
quantum computation scheme
L. G. E. Arruda, F. F. Fanchini, R. d. J. Napolitano, J. E. M. Hornos,
and A. O. Caldeira

16:30-16:50 C-62 Tunable linear-optical controlled-phase gate and its applications

K. Lemr, K. Bartkiewicz, A. Černoch, M. Dušek, and J. Soubusta

16:50-17:10 C-65 Quantum circuits with qutrits for solving systems of linear equations
M. Sawerwain and W. Leoński

17:10-17:30 C-61 Non-adiabatic holonomic quantum computation in decoherence-free subspaces
E. Sjöqvist, G. F. Xu, J. Zhang, D. M. Tong, and L. C. Kwek

16:10-17:50 D2 Contributed Session: Phase Transitions
Chairperson: Peter D. Drummond

16:10-16:30 C-66 Adequacy of the Dicke model in cavity QED: A counter-“no-go” statement
A. Vukics and P. Domokos

16:30-16:50 C-67 Quantum-semiclassical transition of optical bistability
A. Dombi, A. Vukics, and P. Domokos

16:50-17:10 C-68 Emergence of distant multipartite entanglement close to a first order transition
J. Stasińska, B. Rogers, G. de Chiara, M. Paternostro, and A. Sanpera

17:10-17:30 C-69 Excited states phase transitions in the Dicke model
J. G. Hirsch and M. A. Bastarrachea-Magnani

17:30-17:50 C-70 Phase transitions in three-level systems in a cavity
E. Nahmad-Achar, S. Cordero, O. Castaños, and R. López-Peña
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18:00-20:00 Poster Session in Sing-Sing Building

P-1 Experimental device-independent tests of classical and quantum dimensions
J. Ahrens, P. Badzia̧g, A. Cabello, and M. Bourennane

P-2 Geometry of quantum dynamics, evolution time, and optimal control
O. Andersson and H. Heydari

P-3 Preparation of tensor product representation for qubits
P. Adam, J. Janszky, V. A. Andreev, M. A. Man’ko, and V. I. Man’ko

P-4 Efficient basis for the Dicke model
M. A. Bastarrachea-Magnani and J. G. Hirsch

P-5 Experimental investigation of the fidelity in microwave networks simulating quantum graphs
M.  Lawniczak, S. Bauch, O. Hul, and L. Sirko

P-6 Orbits of mutually unbiased bases
K. Blanchfield and I. Bengtsson

P-7 Environmental effects on finite-time quantum measurements
C. A. Brasil, L. A. d. Castro, and R. d. J. Napolitano

P-8 Entanglement–assisted scheme for nondemolition detection of the presence of a single photon

M. Bula, K. Bartkiewicz, A. Černoch, and K. Lemr

P-9 Linear-optical quantum router

A. Černoch, K. Lemr, K. Bartkiewitz, and J. Soubusta

P-10 Propagation and distribution of quantum correlations in cavity QED
R. Coto and M. Orszag

P-11 Gaussian quantum discord as a physical resource
C. Croal, L. Mǐsta, Jr., and N. Korolkova

P-12 Loss of non-Gaussianity in a thermal reservoir
I. Ghiu, P. Marian, and T. A. Marian

P-13 Analysis of light propagation in anomalously dispersive atomic medium
P. Grochowska and S. Zielińska-Kaniasty

P-14 Geometric quantum evolution for mixed quantum states
O. Andersson and H. Heydari

P-15 Heralded single photon sources - an eavesdropper’s delight?
M. Sadiq and H. Hübel
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P-16 Enhanced multipartite quantum correlation by photon operations
H.-J. Kim, J. Kim, and H. Nha

P-17 Phase effects in pulse propagation in atomic media in the triangular configuration
J. Korociński

P-18 The elastic enhancement factor as an experimental measure of quantum chaos
M.  Lawniczak, A. Nicolau-Kuklińska, S. Bauch, O. Hul, and L. Sirko

P-19 Twin-beam parametric generators based on nonlinear photonic crystals
M. Levenius, V. Pasiskevicius, G. Björk, and K. Gallo

P-20 Preparation of a three-photon state in a semiconductor microcavity
J. C. López-Carreño and H. Vinck-Posada

P-21 Introducing tunability to a quantum plasmonic metamaterial
K. R. McEnery, M. S. Tame, S. A. Maier, and M. S. Kim

P-22 Interaction-free evolving states of a quantum bipartite system
A. Messina, A. Napoli, and D. Chruściński

P-23 Efficient experimental characterization of linear optical quantum Toffoli gate
M. Mičuda, M. Sedlák, I. Straka, M. Miková, M. Dušek, M. Ježek, and J. Fiurášek

P-24 Hybrid quantum receiver for quadrature phase-shift keyed coherent states
C. R. Müller, M. A. Usuga, C. Wittmann, M. Takeoka, C. Marquardt, U. L. Andersen,
and G. Leuchs

P-25 Multi-photon blockades in a pumped cavity with a qubit
M. Paprzycka, A. Miranowicz, Y. Liu, J. Bajer, and F. Nori

P-26 Casimir-Polder interaction energy between two atoms in uniformly accelerated motion
A. Noto and R. Passante

P-27 The pseudoharmonic oscillator in terms of the information-theoretical entropy
D. Popov, N. Pop, and V. Sajfert

P-28 Quantumness of Gaussian discord: Experimental evidence and role of dissipation
N. Quinn, C. Peuntinger, V. Chille, L. Mǐsta, N. Korolkova, C. Marquardt, and G. Leuchs

P-29 The role of mutual information in quantum illumination
S. Ragy and G. Adesso

P-30 Dynamical atom-wall Casimir-Polder forces
R. Passante, L. Rizzuto, and S. Spagnolo

P-31 Greenberger-Horne-Zeilinger theorem for N -partite qudits

J. Ryu, C. Lee, M. Żukowski, and J. Lee

20



P-32 Bell inequalities for the simplest exclusivity graph
M. Sadiq, P. Badzia̧g, M. Bourennane, and A. Cabello

P-33 Synthesis of arbitrary interference patterns using coincident detection
S. Shabbir, M. Swillo, and G. Björk

P-34 The influence of waveguide parameters on the second-harmonic generation in PP-KTP
J. Soubusta, R. Machulka, J. Svoziĺık, J. Peřina, Jr., and O. Haderka

P-35 Contextuality and probability representation of qutrit
A. A. Strakhov and V. I. Man’ko

P-36 Multipartite coupled parametric processes and uncertainty relations
T. V. Tlyachev

P-37 PPT entanglement in symmetric states of N qubits
J. Tura, R. Augusiak, P. Hyllus, M. Kuś, J. Samsonowicz, and M. Lewenstein

P-38 Open system dynamics in harmonic quantum lattices
R. Vasile, F. Galve, and R. Zambrini

P-39 Spatiotemporal modes approach to squeezing and entanglement in parallel cavity based
quantum memory
A. Vetlugin and I. Sokolov

P-40 Effective absorbers in numerical solutions of the time-dependent Schrödinger equation
N. V. Vvedenskii and A. A. Silaev

P-41 Minimal multipartite entanglement detection
M. Wieśniak, K. Maruyama, C. Schwemmer, L. Knips, and H. Weinfurter

P-42 Long-range Heisenberg model in molecular dipolar crystal
W. Wu, Y.-L. Zhou, and P.-X. Chen

P-43 Quantum simulating tunable and frustrated Heisenberg model with trapped ions
Y. L. Zhou, Q. H. Duan, W. Wu, and P. X. Chen

P-44 The adiabatic quantum computation with the help of classical computation
Q.-H. Duan, S. Zhang, W. Wu, and P.-X. Chen
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Wednesday, June 19, 2013

09:00-10:30 D1 Invited Session: Quantum Discrimination and Indistinguishability
Chairperson: Stefan Weigert

09:00-09:30 I-18 Discrimination of nonorthogonal coherent states
Jingyun Fan, F. E. Becerra, and A. Migdall

09:30-10:00 I-19 Quantum state discrimination in the continuous variable regime
Gerd Leuchs, C. R. Müller, J. Bergou, U. L. Andersen, and C. Marquardt

10:00-10:30 I-20 Operational approach to quantum indistinguishability

Radim Filip, M. Gavenda, M. Miková, L. Čelechovská, H. Fikerová, I. Straka,
M. Mičuda, M. Ježek, J. Soubusta, and M. Dušek

10:30-11:00 Coffee

11:00-12:30 D1 Invited Session: Quantum State Estimation and Characterization 1
Chairperson: Jingyun Fan

11:00-11:30 I-21 Experimental demonstration of adaptive quantum state estimation
Shigeki Takeuchi, R. Okamoto, M. Iefuji, S. Oyama, K. Yamagata, H. Imai,
and A. Fujiwara

11:30-12:00 I-22 Quantumness of bosonic bipartite systems
Matteo G. A. Paris

12:00-12:30 I-23 Macroscopic image of quantum fluctuations and quantum interference in
qubit systems
Andrei B. Klimov and C. Muñoz

12:30-14:00 Lunch
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14:00-15:40 D1 Contributed Session: Quantum State Estimation and
Characterization 2

Chairperson: Radim Filip

14:00-14:20 C-71 Qudit state tomograms as conditional probability distributions and their
quantum evolution
V. I. Man’ko

14:20-14:40 C-72 Information and entropic inequalities for tomographic probability distributions
M. A. Man’ko

14:40-15:00 C-73 Informational completeness of continuous-variable measurements

D. Sych, J. Řeháček, Z. Hradil, G. Leuchs, and L. L. Sánchez-Soto

15:00-15:20 C-74 Optimal error regions for quantum state estimation
H. K. Ng, Shang J., A. Sehrawat, Li X., and B.-G. Englert

15:20-15:40 C-75 Revealing weak nonlinearity of experimentally prepared cubic state
P. Marek, M. Yukawa, K. Miyata, R. Filip, and A. Furusawa

14:00-15:40 D2 Contributed Session: Atom-Field Interaction
Chairperson: Gerd Leuchs

14:00-14:20 C-76 Raman transitions without adiabatic elimination:
A simple and accurate treatment
R. Han, H. K. Ng, and B.-G. Englert

14:20-14:40 C-77 Resonant pulse propagation in multilevel systems
Z. Kis, G. Demeter, U. Hohenester, and J. Janszky

14:40-15:00 C-78 Collective excitations of atoms and field modes in coupled cavities
N. A. Enaki and S. Bazgan

15:00-15:20 C-79 Dissipative dynamics of atom-field entanglement in the
ultrastrong-coupling regime
F. Altintas

15:20-15:40 C-80 Quantum interference effect in interaction of resonant laser field with matter
R. Kh. Gainutdinov and A. A. Mutygullina

15:40-16:10 Coffee
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16:10-17:10 D1 Contributed Session: Non-Markovianity
Chairperson: Jyrki Piilo

16:10-16:30 C-81 Non-Markovianity as a function of system size
F. F. Fanchini, G. Karpat, L. K. Castelano, and D. Z. Rossatto

16:30-16:50 C-82 Non-Markovian random unitary qubit dynamics
D. Chruściński

16:50-17:10 C-83 Mirror-induced quantum non-Markovianity in atomic emission
F. Ciccarello, T. Tufarelli, and M. S. Kim

16:10-17:30 D2 Contributed Session: Quantum Memory and Computing
Chairperson: Ben Buchler

16:10-16:30 C-84 Spatially–multimode entanglement in addressable cavity based quantum memory
I. Sokolov and A. Vetlugin

16:30-16:50 C-85 Phase sensitive interaction of a model atomic system with few-photon
non-classical light
I. A. Burenkov and O. V. Tikhonova

16:50-17:10 C-86 A quantum memory for qubits encoded in twisted photons
A. Nicolas, L. Veissier, D. Maxein, L. Giner, E. Giacobino, and J. Laurat

17:10-17:30 C-25 Experimental demonstration of blind quantum computing
S. Barz, E. Kashefi, A. Broadbent, J. F. Fitzsimons, A. Zeilinger,
and P. Walther

18:00-24:00 Conference Dinner at Tekniska Museet
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Thursday, June 20, 2013

09:30-10:30 D1 Invited Session: Theoretical Quantum Optics
Chairperson: Margarita A. Man’ko

09:30-10:00 I-24 Current trends in studies of the dynamical Casimir effect in cavities
Viktor Dodonov

10:00-10:30 I-25 Nonlinearity and nonclassicality in single-qubit laser operation
Sergei Ya. Kilin and A. B. Mikhalychev

10:30-11:00 Coffee

11:00-12:30 D1 Invited Session: Foundations of Quantum Mechanics 1
Chairperson: Matteo G. A. Paris

11:00-11:30 I-26 Triples of canonical observables
Stefan Weigert

11:30-12:00 I-27 Experimental test of error-disturbance uncertainty relations in
photon polarization
Keiichi Edamatsu, S.-Y. Baek, F. Kaneda, and M. Ozawa

12:00-12:30 I-28 Proposed experiment to exclude higher-than-quantum violations of the
Bell inequality
Adán Cabello

12:30-14:00 Lunch
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14:00-15:40 D1 Contributed Session: Foundations of Quantum Mechanics 2
Chairperson: Adán Cabello

14:00-14:20 C-87 Detecting nonlocality with symmetric 2-body correlators
J. Tura, A. B. Sainz, R. Augusiak, A. Aćın, and M. Lewenstein

14:20-14:40 C-88 Compact Bell inequalities for multipartite experiments

Y.-C. Wu, M. Żukowski, J.-L. Chen, and G.-C. Guo

14:40-15:00 C-89 Noncontextuality inequalities for the n-cycle scenario: Theory and experiment
M. Terra Cunha

15:00-15:20 C-90 Super quantum probabilities and three-slit experiments: Wright’s pentagon state
and the Popescu-Rohrlich box require third-order interference
G. Niestegge

15:20-15:40 C-91 Photon position operators and complementarity between electric detector and
magnetic detector
S. Tanimura

14:00-15:40 D2 Contributed Session: Quantum Correlations
Chairperson: Ingemar Bengtsson

14:00-14:20 C-92 Quantum discord in many-qubit systems
A. Y. Chernyavskiy, S. I. Doronin, and E. B. Fel’dman

14:20-14:40 C-93 Quantum discord of SU(2) invariant states
B. Çakmak and Z. Gedik

14:40-15:00 C-94 Assessing higher-order quantum polarization correlations from
multipole moments
P. de la Hoz, A. B. Klimov, G. Björk, G. Leuchs, and L. L. Sánchez-Soto

15:00-15:20 C-95 Quantum coherence and correlations in Bose-Hubbard dimers with
two-photon exchange

A. Ü. C. Hardal and Ö. E. Müstecaplıog̃lu

15:20-15:40 C-18 Quantum dynamics of a weakly coupled nonlinear dielectric waveguide:
Surface-plasmon model

E. Karakaya and Ö. E. Müstecaplıog̃lu

15:40-16:10 Coffee
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Abstracts

Invited talks (I-1 – I-29) pp. 29 – 57

Contributed talks (C-1 – C-96) pp. 58 – 151

Poster presentations (P-1 – P-44) pp. 152 – 195

Author index pp. 196 – 200
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Twin-Beam Bright Squeezed Vacuum

Maria Chekhova1, ∗

1Max-Planck Institute for the Science of Light, G.-Scharowsky Str. 1/Bldg 24, Erlangen, Germany

Twin-beam bright squeezed vacuum (TBSV) is a state
of light with strongly correlated photon numbers in two
beams that are distinguishable via direction, color, or
polarization. In the simplest case of a single mode in
each beam (labeled 1, 2), the state is

|Ψ⟩ =
∑
n

cn|n⟩1|n⟩2, cn = tanhnG/ cosh2G, (1)

with the parametric gain G defining the mean photon
number N = sinh2G. If the beams are multimode, the
state is a product of such states in all mode pairs.

TBSV is at the focus of interest due to its applica-
tions, mainly in metrology (super-resolution [1], absolute
calibration of photodetectors [2]) but also in imaging [3]
and fundamental studies such as gravitational-wave de-
tection [4]. In this talk I will give a review of our recent
experiments on TBSV.
Characterization of photon-number correlations. As it

follows from (1), the photon number uncertainty in each
of the beams 1, 2 is combined with the strict correlation
between their photon numbers N1, N2. This feature can
be understood as entanglement in the photon number,
which can be characterized by measuring conditional and
unconditional photon-number probability distributions.
Hong-Ou-Mandel interference. If a photon pair enters

a balanced beamsplitter (BS) from two different input
ports, the whole state is never split symmetrically but
goes into a single output port. For a bright state given
by (1) with N >> 1 and many modes present, this
effect is not pronounced if observed via the standard
technique of g(2) correlation function measurement (the
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FIG. 1. Variance of the photon-number difference after a BS
with the TBSV at the input, versus the delay τ introduced
between the two input beams. The narrow peak width is
determined by the coherence time and the broad one, by the
pulse duration. Inset: a similar dependence for g(2) shows
much poorer visibility.

FIG. 2. The U-shape observed for the normalized photon-
number difference at the output of a balanced BS.

inset in Fig. 1) due to the high level of accidental coinci-
dences. Here we measure, instead of g(2), the variance of
the photon-number difference in the output ports. The
measurement reveals a very pronounced peak (Fig. 1)
with a structure that allows one to determine both the
coherence time and the pulse duration of TBSV [5].

U-shaped probability distribution. Even more interest-
ing results are obtained by going beyond the variance
measurement and looking into the photon-number distri-
bution in the output ports. Provided that a fixed total
photon number at the output is postselected and there
is only a single mode in each beam, the distribution will
have a U-shape like the one for a Fock state at the input.
The only difference between this distribution and the one
for a Fock state is the absence of ‘dips’ at even photon
numbers. The same U-shape is obtained if, instead of
postselecting a fixed sum photon number, the probability
distribution of the normalized photon-number difference
(N1 −N2)/(N1 +N2) is plotted (Fig. 2).

Conditional preparation of low-noise twin beams. Fi-
nally, in a recent experiment we have increased the
amount of photon-number correlation and simultane-
ously reduced the noise in each beam by applying to
TBSV the feedforward technique.

∗ drquantum@hotmail.com;
http://www.mpl.mpg.de/en/leuchs/research/quarad/
staff/detailview/institute/leuchs/ma/chekhova-2.html

[1] P.M. Anisimov et al., Phys. Rev. Lett. 104, 103602 (2010).
[2] I. N. Agafonov et al., Optics Lett. 36, 1329 (2011).
[3] G. Brida, M. Genovese, and I. Ruo-Berchera, Nature Pho-

tonics 4, 227 (2010).
[4] J. Abadie et al., Nature Physics 7, 962 (2011).
[5] T. Iskhakov et al., arXiv:1210.4575 [quant-ph] (2012).

Sunday 09:30-10:00 D1I-1 I-1
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Going beyond classical limits through quantum correlations

Marco Genovese1, ∗

1INRIM, strada delle Cacce 91, Turin, Italy

We will present recent developments on exploiting
Quantum Optical Correlations (QOC) as a tool for over-
coming classical limits on measurement. After a general
introduction to the argument we will consider in detail
specific emblematic protocols as [1–3]; two of them amaz-
ingly robust against noise and losses.

One is the experimental realization [2] of a quantum
enhanced schemes for target detection in a noisy environ-
ment [3], that has been realised exploiting only photon
number correlations in twin beams. Thus, for its simplic-
ity it can find widespread use. Even more important by
challenging the common believe that real application of
quantum technologies is limited by their fragility to noise
and losses, it paves the way to their real application.

Then we describe as the same kind of correlations can
find application in a completely different area of physics,
i.e. in testing quantum gravity. The dream of building a
theory unifying general relativity and quantum mechan-
ics, the so called quantum gravity (QG), has been a key
element in theoretical physics research for the last 60
years. However, for many years no testable prediction
emerged from these studies. In the last few years this
common wisdom was challenged: a first series of testable
proposals concerned photons propagating on cosmologi-
cal distances, with the problem of extracting QG effects
from a limited (uncontrollable) observational sample af-
fected by various propagation effects. More recently, ef-
fects in interferometers connected to non-commutativity
of position variables in different directions were consid-

FIG. 1: Signal to Noise Ratio versus number of background
photons normalized by the square root of number of realiza-
tions. The red (black) markers refer to 1300 (57) modes, solid
(dashed) theoretical curve corresponds to quantum (classical)
case.

FIG. 2: Ratio of uncertainty in measured correlations for the
holometer signal for classical light (CL), squeezed light (SQ)
and twin beams (TWB), including (dashed) or not (solid)
radiation pressure in function of detection efficiency η.

ered both for cavities with microresonators and two cou-
pled interferometers [4], the so called “holometer”. In
particular this last idea led to the planning of a dou-
ble 40 m interferometer at Fermilab. Here we demon-
strate [5] that the use of quantum correlated light beams
in coupled interferometers could lead to significant im-
provements allowing an actual simplification of the exper-
imental apparatuses to probe the non-commutativity of
position variables. On the one hand, our results demon-
strate that the use of quantum correlated light can lead
to substantial advantages in interferometric schemes also
in the presence of non-unit quantum efficiency (up to a
noise-free scenario for the ideal lossless case) paving the
way to future applications, as metrological ones. On the
other hand, they prompt the possibility of testing QG
in experimental configurations affordable in a traditional
quantum optics laboratory with current technology.

∗ Electronic address: m.genovese@inrim.it; URL: http:

//www.inrim.it/~genovese/marco.html

[1] G. Brida, M. Genovese, and I. Ruo Berchera, Nature Pho-
tonics 4, 227 (2010).

[2] E. Lopaeva, I. Ruo Berchera, I. Degiovanni, S. Olivares,
G. Brida, and M. Genovese, Phys. Rev. Lett. 110, 153603
(2013).

[3] S. Lloyd, Science 321, 1463 (2008).
[4] G. Hogan, Phys. Rev. D 85, 064007 (2012).
[5] I. Ruo Berchera, I. Degiovanni, S. Olivares, and M. Gen-

ovese, in press.

Sunday 10:00-10:30 D1I-2 I-2
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Manipulation and analysis of quantum states of light in the frequency-time domain

A. Zavatta,1, 2, 3, ∗ C. Polycarpou,1 S. Grandi,4 L. Costanzo,2 and M. Bellini1, 2, 3

1Istituto Nazionale di Ottica (INO-CNR), Largo E. Fermi 6, I-50125 Firenze, Italy
2Dipartimento di Fisica, Università di Firenze, Via G. Sansone 1, I-50019, Sesto Fiorentino, Italy

3European Laboratory for Non-Linear Spectroscopy (LENS),
Via Nello Carrara 1, I-50019 Sesto Fiorentino, Italy

4Dipartimento di Fisica, Università di Milano, Via Celoria 16, I-20133 Milano, Italy

The accurate determination and analysis of the time-
frequency mode occupied by a quantum state is manda-
tory for its manipulation and detection. We will present
recent results on the full experimental reconstruction of
the unknown spectral/temporal shape of ultrashort sin-
gle photons, of high interest also for novel data encod-
ing architectures in quantum information processing and
communication [1].

Moreover, the ability to manipulate pulsed quantum
states of light gives the opportunity to generate entan-
gled states harnessing the multimode nature of time-bin
modes [2]. This possibility, connected to the recently
demonstrated techniques of addition and subtraction of
single photons to/from arbitrary light fields [3, 4] and
their coherent superpositions [5, 6], will open the way to
new types of spectral/temporal entangled states.

∗ Electronic address: alessandro.zavatta@ino.it;
URL: http://www.ino.it/~QOG

[1] C. Polycarpou, K. N. Cassemiro, G. Venturi, A. Zavatta,
and M. Bellini, Phys. Rev. Lett. 109, 053602 (2012).

[2] A. Zavatta, M. D’Angelo, V. Parigi, and M. Bellini, Phys.
Rev. Lett. 96, 020502 (2006).

[3] A. Zavatta, S. Viciani, and M. Bellini, Science 306, 660
(2004).
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Complementarity Reveals Bound Entanglement of Two Twisted Photons

Beatrix C. Hiesmayr1, ∗ and Wolfgang Löffler2

1University of Vienna, Faculty of Physics, Boltzmanngasse 5, 1090 Vienna, Austria.
2Leiden University, Quantum Optics & Quantum Information, PO Box 9500, 2300 RA Leiden, Netherlands

We witness for the first time the generation of bound
entanglement of two photon qutrits [2], whose existence
has been predicted by the Horodecki family in 1998. We
show that the detection of these heavily mixed entangled
states, from which no pure entanglement can be distilled,
is surprisingly simply possible using a key concept of Na-
ture: complementarity. This captures one of the most
counterintuitive differences between a classical and quan-
tum world, for instance, the well-known wave-particle du-
ality is just an example of complementary observables.
The presented protocol uses maximum complementarity
between observables: the knowledge about the result of
one of them precludes any knowledge about the result of
the other. It enables ample detection of entanglement in
arbitrary high-dimensional systems, including the most
challenging case, the detection of bound entanglement.
For this we manipulate “twisted” twin photons in their
orbital angular momentum degrees of freedom. Our ex-
perimentally demonstrated “maximum complementarity
protocol” using mutually unbiased bases (MUBs) is very
general and applies to all dimensions and arbitrary num-
ber of particles, thus paves the way towards revealing this
mysterious entanglement feature experimentally. How-
ever, also from the theoretical side it is worth to note that
it allows to study the typicality of bound entanglement
in dependence of the dimension and it provides an alter-
native proof that the maximum number of a complete set
of mutually unbiased bases (MUBs) cannot exceed d+ 1,
where d is the dimension of the quantum system [2].
The Maximum Complementarity Protocol

(MCP): Consider the following scenario of a source
producing two-qudit states ρ ∈ Cd×d, namely quantum
states with d degrees of freedom per qudit. Both exper-
imenters, Alice and Bob, can choose among k different
observables. What is the best strategy for Alice and Bob
to detect the inseparability? The most striking differ-
ence between entanglement and separability are revealed
by correlations in different basis choices and, in partic-
ular, we showed that if Alice and Bob choose among m
different mutually unbiased bases, then the correlation
functions C are bounded for all separable states by [2]

Im :=
m∑
k=1

CAk,Bk

∀separable states

≤ 1 + (m− 1)
1

d

m=d+1
= 2 ,

(1)
where k denotes a MUB and A/B the corresponding ob-
servables of Alice/Bob and C is the correlation function,
i.e. the sum over all joint probabilities when both obtain
the same measurement result:

∑d−1
i=0 PAk,Bk

(ik, ik). It is

FIG. 1: Experimental (left) and theoretical (right) 2D slice
where each point qi parameterize the states. All colored
points correspond to states having positive semidefinite eigen-
values, therefore representing physical states. The blue area
(curved region) covers the range of states with a positive par-
tial transpose (PPT). The red triangular area indicates where
the maximum complementarity protocol applied to the exper-
imentally generated states (right) or theoretical states (left)
is greater than 2, thus detecting entanglement. States where
all three conditions are fulfilled are bound entangled.

not only an experimenter-friendly and powerful expres-
sion to test for entanglement in bipartite and multipar-
tite systems, however, surprisingly it detects also bound
entanglement.

Experiment: For the experimental test, we have cho-
sen to use orbital-angular-momentum (OAM) entangled
photons that are scalable to higher dimensions.

Correlation function Theory Experiment

CA1,B1

2
3 0.664 ± 0.01

CA2,B2 0.496 0.491 ± 0.01

CA3,B3
0.496 0.495 ± 0.01

CA4,B4 0.496 0.495 ± 0.01

I4 =
∑4
k=1 CAk,Bk

∀separable states

≤ 2 2.15 2.10 ± 0.04

Via state tomography we have have proven that the de-
tected states for certain qi are indeed positive under par-
tial transposition (PPT), see Fig. 1 and since PPT is
necessary (but not sufficient) for distillability to fail, we
showed bipartite bound entanglement for the two pho-
tons entangled in their orbital angular momentum.

∗ Electronic address: Beatrix.Hiesmayr@univie.ac.at;
URL: http://www.quantumparticlegroup.at
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Exploring Macroscopic Entanglement with a Single Photon and Coherent States

Pavel Sekatski,1 Nicolas Sangouard,1 Magdalena Stobińska,2, 3, ∗ Félix Bussières,1 Mikael Afzelius,1 and Nicolas Gisin1

1Group of Applied Physics, University of Geneva, CH-1211 Geneva 4, Switzerland
2Institute of Theoretical Physics and Astrophysics,

University of Gdańsk, ul. Wita Stwosza 57, 80-952 Gdańsk, Poland
3Institute of Physics, Polish Academy of Sciences, Al. Lotników 32/46, 02-668 Warsaw, Poland

Entanglement between macroscopically populated
states can easily be created by combining a single photon
and a bright coherent state on a beam-splitter. Moti-
vated by the simplicity of this technique, we report on a
method using displacement operations in the phase space
and basic photon detections to reveal such an entangle-
ment. We demonstrate through preliminary experimen-
tal results, that this eminently feasible approach provides
an attractive way for exploring entanglement at various
scales, ranging from one to a thousand photons. This
offers an instructive viewpoint to gain insight into the
reasons that make it hard to observe quantum features
in our macroscopic world.

∗ Electronic address: magdalena.stobinska@ug.edu.pl;
URL: http://www.stobinska-group.ug.edu.pl/
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M. Afzelius, and N. Gisin, Phys. Rev. A 86, 060301(R)
(2012).
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Matter-wave interferometry with clusters and biomolecules

Philipp Haslinger,1, ∗ Nadine Dörre,1 Jonas Rodewald,1 Philipp Geyer,1

Stefan Nimmrichter,1, 2 Klaus Hornberger,2 and Markus Arndt1, †

1University of Vienna, VCQ
2University Duisburg

Nearly 90 years ago Louis de Broglie claimed the
existence of matter-waves [1]. Nowadays matter wave
optics of complex particles has become an important and
growing field of research [2]. Recent experimental ad-
vances have allowed us to devise new molecular sources,
interferometer arrangements and detection methods that
open the path to testing quantum mechanics for massive
macroscopic particles with highest sensitivity. Both far-
field [3] and near-field [4] interferometers have already
proven their potential to demonstrate the delocalization
of massive particles. The recent demonstration of the
all optical time-domain ionizing matter-wave (OTIMA)
interferometer [5] showed the merits of time-domain in-
terferometry [6] for complex particles, when three pulsed

FIG. 1: Layout of the OTIMA interferometer. The setup con-
sists of a source which emits cold pulses of neutral clusters.
The cluster beam is delimited in height (H) and width (W)
and passes under a 2-inch mirror. This mirror sets the bound-
ary condition of the ionizing standing light waves which are
applied to the neutral particles at t1=0, t2=T and t3=2T.
The remaining particles are afterwards ionized (L) and mass
selective detected in a time of flight mass-spectrometer (TOF-
MS). The appearing interference is imprinted in a spatial pat-
tern which can be resolved with the third laser pulse as well
as in the mass depending transmission of the three gratings.

standing light waves are applied with a precise timing on
the passing neutral particles [7] (see Fig. 1). The ultravi-
olet laser fields ionize the particles in their antinodes and
form transmission gratings which are used to prepare a
sufficiently wide spatial coherence (1st grating) to diffract
the matter-waves (2nd grating) and resolve the appearing
interference pattern (3rd grating). Quantum interference
is imprinted both in the spatial molecular density pattern
and in the mass dependent transmission through the in-
terferometer, which also depends on the temporal delay
between the laser gratings. Optical ionization gratings
at λ = 157nm are largely independent of the specific
internal level structure and therefore universally applica-
ble. This wavelength is short enough to achieve single-
photon ionization for different kinds of particles, ranging
from atoms to clusters, molecules and nanospheres. The
concept of time-domain interferometry with pulsed op-
tical gratings permits particles to interfere without the
dispersive influence of particles velocities. On the ap-
plied side this velocity independent interferometer can
be used as a nanoruler for high-precision measurements
of internal particle properties [8, 9].

∗ Electronic address: philipp.haslinger@univie.ac.at;
URL: http://www.quantumnano.at

† Permanent address: Faculty of Physics, University of Vi-
enna, Boltzmanngasse 5, A-1090 Wien, Austria
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Single-electron interference and two-electron collisions

Janine Splettstoesser1, ∗

1Institut für Theorie der Statistischen Physik, RWTH Aachen University, Physikzentrum,

D- 52074 Aachen, Germany, and JARA – Future Information Technologies

The analogue of a single-photon source in optics is in
electronics a source of single electrons. Such a single-
electron source (SES) is in strong contrast to the usual
metallic, biased current sources in electronic devices. It
can, e.g., be realized in two-dimensional electron gases in
the quantum Hall regime [1, 2], where – coupled to chi-
ral edge states (the electronic analogue of a wave guide)
and quantum point contacts (the electronic analogue of
a beam splitter) – it allows for the realization of quantum
optics in electronics [3]. We will discuss various effects,
due to single-electron or even two-electron interference as
well as due to collisions of electrons, which - given their
fermionic nature - interact via the Pauli principle.

The SES is realized as depicted in Fig. 1 and it can

be described by a scattering matrix S(t) = t−t
(±)+iσ

t−t(±)+iσ
,

containing as characteristic quantities the emission times
of electrons, t(−), and holes, t(+), (or equivalently the
reabsorbtion time of electrons) and the width of the as-
sociated current pulse, σ. All of these parameters depend
on the details of the SES and the driving potential. The
width of the emitted current pulses, σ, is found to be
the relevant quantity for the coherence properties of sin-
gle particles [4]. We show that it can be extracted from
the visibility of the single-particle interference in a cur-
rent measurement, when a single source A emits particles
into a Mach-Zehnder interferometer (MZI), see Fig. 2.
Moreover, the possibility of combining several, indepen-
dently driven SESs in an electronic setup, allows for the
investigation of controlled two-particle effects, when two
electrons are brough to collide at a quantum point con-
tact. The electronic analogue of the Hong-Ou-Mandel ef-
fect [5] has recently been experimentally realized [6] and
opens up prospects for the creation of controlled orbital

U(t)

U(t)

Single-electron source

emitted 
wave packet

Gate potential

FIG. 1: (a) Sketch of a quantum dot realized by a circular
edge state to which electrons propagating along a chiral edge
can tunnel through a point contact and exit after some rev-
olutions. (b) Due to a periodically time-dependent potential,
U(t), applied via an external gate, electrons are emitted in
well-defined current pulses from a discrete energy spectrum.

U(t)

V(t)

SES 

A

SES

 B

Detector

FIG. 2: Single-electron sources A and B emit particles into a
Mach-Zehnder interferometer at different positions. A parti-
cle detector is installed at the upper arm.

time-bin entanglement, when the setup is complemented
by MZIs serving as polarizers [7]. When injecting single
particles into an MZI from two SESs in different posi-
tions, see Fig. 2, the appearance of single-particle inter-
ference and controlled collisions of particles at the same
time leads to puzzling effects, which we will present here:
A coherent interference suppression can be obtained in
the average detected charge while the time-resolved cur-
rent continues to show an interference pattern, influenced
by a time-dependent phase originating from SES B [8].
To shed light on this counterintuitive effect we show re-
sults for the charge current, the current noise and also
the energy current [9] at the interferometer outputs [10].
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Büttiker, Phys. Rev. B 103, 076804 (2011).
[5] S. Olkhovskaya, J. Splettstoesser, M. Moskalets, and M.
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Long coherence times with trapped atoms

Nir Davidson1, ∗

1Dept. of Physics of Complex Systems, Weizmann Institute of Science, Rehovot 76100, Israel

Atomic ensembles have many potential applications in
quantum information science. Owing to collective en-
hancement, working with ensembles at high densities in-
creases the overall efficiency of quantum operations, but
at the same time also increases the collision rate and
markedly changes the time dynamics of a stored coher-
ence. We study theoretically and experimentally the co-
herent dynamics of cold atoms under these conditions. A
closed form expression for the spectral line shape is de-
rived for discrete fluctuations in terms of the bare spec-
trum and the Poisson rate constant of collisions, which
deviates from the canonical stochastic theory of Kubo [1].
We measure a prolongation of the coherence times of op-
tically trapped rubidium atoms as their density increases,
a phenomenon we call collisional narrowing in analog to
the well known motional narrowing effect in NMR [2].
We explain under what circumstances collisional narrow-
ing can be transformed into collisional broadening [3].

On account of collisions, conventional echo techniques
fail to suppress this dephasing, and multi-pulse dynami-
cal decoupling sequences are required. We present exper-
iments demonstrating a 20-fold increase of the coherence
time when a sequence with more than 200 pi pulses is ap-
plied [4]. We perform quantum process tomography and
demonstrate that using the decoupling scheme a dense

ensemble with an optical depth of >200 can be used as
an atomic memory with coherence times exceeding 3 sec.
Further optimization requires utilizing specific features of
the collisional bath [5] and our control noise [6], which we
measure directly. Finally, the spectral system we study
can be mapped only real space anomalous diffusion prob-
lem that we also investigate [7].

∗ Electronic address: nir.davidson@weizmann.ac.il;
URL: http://www.weizmann.ac.il/~fedavid
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Programmable quantum memory in atomic ensembles

Ben Buchler,1, ∗ Mahdi Hosseini,1 Ben Sparkes,1 Jiao Geng,1 Julien Bernu,1

Geoff Campbell,1 Quentin Glorieux,1, 2 Olivier Pinel,1 Nick Robins,3 and Ping Koy Lam1

1Centre for Quantum Computation and Communication Technology (CQC2T),
Department of Quantum Science, The Australian National University, Canberra, ACT 0200, Australia

2Joint Quantum Institute, University of Maryland, College Park, Maryland 20742, USA
3Department of Quantum Science, The Australian National University, Canberra, ACT 0200, Australia

Optical quantum information systems profit from the
high speed and low cost of photonic technology. A major
downside, however, is the difficulty of buffering optical
quantum states in a memory. This ability is key to many
proposed technologies such as quantum repeaters [1] for
quantum key distribution (QKD) and optical quantum
computing [2]. To solve this problem there has been much
work aiming to controllably store and release photons on
demand. Ideally such a quantum memory will be highly
efficient, long lived and will not add any noise to the
quantum state being stored [3].

The approach we have taken is to use a photon echo
scheme that we call the Gradient Echo Memory (GEM).
This is a form of controlled reversible inhomogeneous
broadening (CRIB). In particular, we use a Λ-GEM
scheme that works using three-level ‘Λ’ structured atomic
media. It was initially implemented in a warm Rb vapor
cell in 2008 [4]. This scheme has been used as a random
access memory for light pulses, [5], has a demonstrated
efficiency as high as 87% [6], provides noiseless storage
of quantum states [7] and shows some promise as a plat-
form for nonlinear optical operations [8]. The memory
can also be used to store higher order transverse spatial
modes [9]. All this work was done using warm atomic
vapour in a 20cm long glass cell.

At the core of the technique is the preparation of an
ensemble of atoms that is inhomogeneously broadened
so that the atoms will absorb a pulse of light. In our
experiment we use Raman absorption, as shown in
Fig. 1a. The probe light, which is to be stored, will
be mapped onto the coherence between two ground
states of the atoms. The broadening is provided by
applying a magnetic field gradient along the direction
of optical propagation, inducing a spatial gradient in
the Raman absorption frequencies, as shown in Fig. 1b.
The different frequency components of the stored pulse
are thus mapped to different spatial locations linearly
along the length of the atomic ensemble. In other
words, the spatial profile of the atomic spin wave that
is generated by the absorption of the input pulse is
proportional to the Fourier transform of the temporal
profile of the input pulse. By spatially reversing the
field gradient, the evolution of the coherence of the
atomic ensemble can be time-reversed. This allows
for the retrieval of the pulse of light. The frequency
gradient also enables some interesting spectral processing
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FIG. 1: a) The level scheme within the 87Rb D1 line used in
the memory. The probe light is Raman absorbed to create a
coherence between the F=1 and F=2 ground-states. b) The
magnetic field gradient gives spatially dependent detuning of
the ground-states along the length of the cell. Reversing the
gradient and turning the control beam on gives recall of the
stored probe light. c) GEM Storage with 80% efficiency using
laser cooled atoms released from a high density magneto-optic
trap.

capabilities allowing, for example, the splitting and re-
combination of different frequency components, enabling
memory-based frequency multiplexing [10].

In addition to our work on warm atomic ensembles,
we have recently developed laser cooled atomic ensembles
that allow both very high optical depth (up to 1000) and
longer storage times [11]. We have implemented GEM
in our cold gas and shown storage efficiency up to 80%
(Fig. 1(c)) with storage lifetimes up to 200µs, which is a
factor of 10 improvement on the warm atomic ensemble.

∗ Electronic address: ben.buchler@anu.edu.au;
URL: http://photonics.anu.edu.au
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Quantum state engineering of naturally trapped ions
for quantum information and quantum optics

Mahmood Sabooni,1 Qian Li,1 Lars Rippe,1 Andreas Walther,1 and Stefan Kröll1, ∗

1Dept of Physics, Lund University, Box 118, S-221 00, Lund, Sweden

Rare earth ions in inorganic crystals have free-atom
like properties. Optical transitions can be sub-kHz and
hyperfine state lifetimes may be days. Using optical-
pumping techniques these remarkable properties enable
accurate tailoring of the ion absorption profiles. In this
way artificial spectral structures are created for targeted
purposes [1].

In a rare earth ion doped crystal it is straight-forward
to use such quantum-state engineering techniques to cre-
ate absorption structures that slow down the light prop-
agation [2]. By inserting the crystal in an optical cavity
and carrying out such spectral absorption profile tailor-
ing, light propagation is readily slowed down by a few
orders of magnitude. The cavity free spectral width and
cavity line-width is then changed by equally many or-
ders of magnitude [3]! Using these engineered materials,
highly efficient (> 50%) quantum memories [4] as well as
narrow-band optical filters acting as temporal delay lines
for medical and other applications [5] are created.

The talk will describe key properties of rare-earth-ion-
doped inorganic crystals. Demonstrate how their ab-
sorption is modified through irradiation of suitable laser
pulses. Give examples of new opportunities (slow light,
simultaneous spectral and temporal filtering, high effi-
ciency quantum memories) that may open up using such

quantum-state-engineering-based spectral-tailoring tech-
niques.
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Experimental demonstration of efficient and selective pop-
ulation transfer and qubit distillation in a rare-earth-
metal-ion-doped crystal, Phys. Rev. A71, 062328 (2005).

[2] A. Walther, A. Amari, S. Kröll, and A. Kalachev, Exper-
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Quantum repeaters and quantum key distribution:
The impact of entanglement distillation on the secret key rate

S. Bratzik,1 S. Abruzzo,1 H. Kampermann,1 and D. Bruß1

1Institute for Theoretical Physics III, University of Düsseldorf, Germany

We investigate quantum repeaters in the context of
quantum key distribution. We optimize the secret key
rate per memory per second with respect to different dis-
tillation protocols and distillation strategies. For this
purpose, we also derive an analytical expression for the
average number of entangled pairs created by the quan-
tum repeater, including classical communication times
for entanglement swapping and entanglement distillation.
We investigate the impact of this classical communica-

tion time on the secret key rate. We finally study the
effect of the detector efficiency on the secret key rate.
See preprint [1].

[1] S. Bratzik, S. Abruzzo, H. Kampermann, and D. Bruß,
arXiv:1303.3456.

Monday 12:00-12:30 D1I-11 I-11

39



The ironic situation of linear optical boson sampling

C. Gogolin,1 M. Kliesch,1 L. Aolita,1 and J. Eisert1, ∗

1Dahlem Center for Complex Quantum Systems,
Freie Universität Berlin, 14195 Berlin, Germany

The boson sampling problem is a task that can at
least in principle be efficiently realised with linear
optical quantum circuits, but which is presumably
a computationally hard problem classically. Such
quantum circuits are hence candidates for devices that
outperform classical computers. Recently, a rush of
experimental activity has led to the development of a
number of linear optical experiments that implement
such devices. In this work, we show that much care has
to be taken when interpreting these experiments. We
shown that the distribution over the outputs of such an
experiment, viewed as a black box outputting samples,
is, with high probability, essentially indistinguishable
from the uniform distribution. Technically, we show
that the boson sampling distribution is, with extremely
high probability, very flat, in the sense that the prob-
abilities for each outcome are exponentially small in
the number of bosons. We then prove a lower bound
for the sample complexity of the task to distinguish
such distributions from the uniform distribution and
conclude that no algorithm that distinguishes the boson
sampling distribution from the uniform distribution
with high probability from less than exponentially many
samples, and without using side information can exist.

FIG. 1. The boson sampling problem: In the idealized situ-
ation, the input reflects the preparation of exactly one single
photon in each of the first n modes and the vacuum in the
remaining m− n modes. The modes are then subjected to a
fixed unitary ϕ(U) chosen once in the beginning at random
from U(m). By repeating the experiment, one samples from
the photon number distribution at the outputs.

Furthermore, we argue that due to the very fact that bo-
son sampling is hard it is highly unlikely that the avail-
able side information about the optical network in the bo-
son computer, which is available principle, can be used in
an efficient manner to improve upon this. We also com-
ment on instances of quantum optical experiments that
are classically efficiently simulatable even up to small er-
rors in 1-norm. These findings give rise to a challenge
that needs to be overcome when delineating the bound-
ary between classically efficiently simulatable tasks and
those efficiently accessible by quantum devices only.
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Quantum Hypergraph States
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We introduce a class of multiqubit quantum states [1]
which generalizes graph states. We show that these states
correspond to an underlying mathematical hypergraph,
i.e. a graph where edges connecting more than two ver-
tices are considered. We derive a generalised stabilizer
formalism to describe this class of states. We show that
the property of k-uniformity of hypergraphs gives rise to
classes of states that are inequivalent under the action
of the local Pauli group. We discuss physical means to
create these states and show that, while ordinary graph
states can be created in a many-body system using only
two-body interactions of σz type, this is not true for all
hypergraph states. Actually, we show that two-body in-
teractions of σz type are not sufficient but up to n-body

interactions need to be involved. Finally we disclose
a one-to-one correspondence with real equally weighted
states [2], a family of states that plays a central role in
several quantum algorithms, such as Deutsch-Jozsa’s and
Grover’s.
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Planar quantum squeezing and phase measurement
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Entanglement criteria are widely used to identify non-
classical resources for potential applications in quantum
technology. Here, we derive a phase-entanglement crite-
rion for two bosonic modes which is immune to number
fluctuations. Our criterion is related to the operational
definition of relative phase-measurement. We show that
this novel entanglement measure is directly proportional
to enhanced phase-measurement sensitivity [1] .

We apply this to an analysis of interferometry using
planar quantum squeezed or PQS [2] states, which allow
noise reduction over all phase-angles simultaneously in
the plane of measured phases (see Figure 1). By con-
trast, conventional spin squeezing reduces noise close to
one phase angle, introducing the paradox that the mea-
sured phase must be known prior to measuring it, thus
requiring repeated measurements.

We illustrate preparation of PQS states by analysis
of dynamical and static techniques for state preparation
in BEC interferometry. We find that efficient prepa-
ration of almost the entire BEC in a planar quantum
squeezed entangled state is feasible, including both finite-
temperature effects and number fluctuations. No sepa-
rate local oscillator is needed, as this introduces addi-
tional phase-noise and reduces efficiency.

As an example, we calculate the phase-entanglement
of the ground state of a two-well, coupled Bose-Einstein
condensate, similar to experiments [1]. We show that
ideal, optimized planar quantum squeezing [2] can be
found, in which there is simultaneous noise reduction in
two orthogonal spin directions simultaneously. This is
possible due to the fact that the SU(2) group that de-
scribes spin symmetry lives in a three-dimensional space,
of higher dimension than the group for photonic quadra-
tures used to describe conventional squeezing.

Our entanglement measure is a normalized form of the
recently introduced Hillery-Zubairy (HZ) non-hermitian
operator product criterion. We prove that this normal-
ized form is a phase-entanglement signature for two Bose
fields, and has the advantage of being almost immune
to total number fluctuations [3], which are typically at
least Poissonian. We show how this criterion has a di-
rect physical interpretation as the enhancement of phase
measurement sensitivity in an interferometer [4]. This
type of squeezing is generically found in two-mode BEC
interferometers.

PQS is a fundamental property of the underlying spin
Hamiltonian. It is therefore possible to find this type of
entanglement in nuclear and condensed matter systems,
in addition to interferometers.
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FIG. 1. Spin uncertainties in planar quantum squeezing
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Applications of non-Markovianity and information flow in open quantum systems

Jyrki Piilo∗
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The question of defining and quantifying non-
Markovianity has raised a very active recent debate
within the open system and quantum dynamics commu-
nities. One way to characterize and quantify the mem-
ory effects is by using the concept of information flow
between the system and its environment [1]. We start
by discussing some fundamental properties of this trace
distance based measure and show, e.g., that quantum
memory effects are maximal for states which are initially
distinguishable with certainty, having a maximal infor-
mation content [2]. On the other hand, a simple scaling
relationship for the trace distance allows to demonstrate
that the degree of non-Markovianity can also be obtained
by using initial states at arbitrary locations in the state
space. In addition of the fundamental interest, a recently
discovered novel source of non-Markovianity, nonlocal
memory effects [3], allows to develop non-Markovianity
based applications for quantum dynamics and to exploit
memory effects in quantum control and information. In
particular, it is possible to achieve high-fidelity teleporta-
tion with mixed states [4]. We also demonstrate the con-
cept of a non-Markovian quantum probe [5], which allows

to quantify, e.g., frequency correlations between two pho-
tons by monitoring their polarization state dynamics. We
conclude by showing how to protect entanglement when
distributing a pair of polarization entangled photons via
optical fibers, i.e., memory assisted entanglement distri-
bution.
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Heralded noiseless amplification and attenuation in quantum optical communication
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Noiseless amplification and noiseless attenuation are
two heralded filtering operations that enable amplifying
or de-amplifying a quantum state of light with no added
noise, at the cost of a tiny success probability. I will re-
view recent results on these peculiar Gaussian probabilis-
tic operations, in particular their application to quantum
optical communication. A lossy channel can, in princi-
ple, be converted into the identity channel by noiselessly
attenuating the input state prior to transmission in the
channel, followed by a noiseless amplification of the out-
put state [1]. Roughly speaking, the events that are fil-
tered out are those where almost no photons have actu-
ally been transmitted in the channel (hence, no photons
can be lost), although the channel’s environment does
not need to be accessed in the heralding process.

A straightforward application of this concept of
probabilistic loss suppression arises in the context of
continuous-variable quantum key distribution, where it
can be shown to enhance the secure range and tolera-
ble excess noise while keeping the benefits of Gaussian
security proofs [2]. Interestingly, these noiseless opera-
tions do not need to be physically implemented but can
be simulated in the classical data postprocessing stage,
leading to the principle of Gaussian postselection.

Finally, the action of these noiseless operations on var-
ious Gaussian and non-Gaussian states is worth being

considered. The P- and Q-functions can easily be prop-
agated through these Gaussian probabilistic operations,
leading to simple expressions of the state transformation
in phase-space representation. Notably, the noiseless am-
plifier acts as a phase-insensitive optical squeezer, con-
serving the signal-to-noise ratio just as a phase-sensitive
amplifier but for all quadratures at the same time [3].
While such an ability to squeeze a quantum state inde-
pendently of its phase seemingly opens a way to instan-
taneous signaling by violating the quantum no-cloning
theorem with a small (but nonzero) success probabil-
ity, the resulting heralding process in conjunction with
Bayes rule for conditional probabilities forbids this para-
dox, even on a probabilistic basis.
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Quantum-to-classical transition of damped two-mode Gaussian states
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States of a two-party quantum system are known to
be fragile against any interaction with an environment.
When such states need to be transmitted through a noisy
channel a substantial degradation of their non-classical
properties and an increasing of their mixedness are ex-
pected to occur. Therefore, dynamics of entanglement
in a noisy environment is an important topic for its the-
oretical and practical applications in various quantum
communication protocols. Transmission of optical beams
through an attenuating channel such as an optical fiber
is most conveniently modeled by a weak interaction of
the field with a thermal reservoir. The only parameters
of the dissipative coupling are a unique damping rate γ
and the mean photon occupancy n̄R of a characteristic
mode representing the heat bath. To get a simple and in-
sightful picture of the entanglement dynamics supported
by analytical tools, we here focus on a system whose en-
tanglement is well established by a separability criterion.
We thus consider a two-mode Gaussian state of a field
coupled to two identical local thermal baths. The Gaus-
sian character is preserved during the above-mentioned
evolution and the covariance matrix (CM) of the damped
state is found to be simply

V(t) = e−γtV(0) +
( n̄R

2
+ 1
) (

1 − e−γt
)
I4. (1)

Recall the general structure of the CM of a two-mode
state:

V =

(
V1 C
CT V2

)
, (2)

Here the matrices V1 and V2 are the CMs of the reduced
states and C is the cross-correlation matrix. Equation (1)
tells us that an input state with no local squeezing does
not change its character during damping, namely a sym-
metric state remains symmetric and a squeezed thermal
state (STS) evolves into another STS. According to the
separability criterion for two-mode Gaussian states [1],
an input inseparable state loses its entanglement under
decoherence when the following negative invariant [2],

D̃ := detV − 1

4
[detV1 + detV2 + 2|detC|] +

1

16
, (3)

vanishes. In the present work we use Eq. (1) and examine
the loss of entanglement for an input STS. We find a
simple expression for the time of reaching the separability

threshold:

ts =
1

γ
ln

(
n̄R + 1

2 − κ̃−

n̄R

)
. (4)

Here we denote by κ̃− and κ̃+ the symplectic eigenval-
ues of the CM of the partially transposed density matrix.
We see that in the special case of zero-temperature baths
the entanglement disappears only asymptotically. In all
other cases the quantum-classical transition occurs at fi-
nite times (entanglement sudden death [3]).

Another important feature of quantum-classical tran-
sition is the mixedness of the state measured by an easily
evaluated marker, the linear entropy production:

Sl(t) = 1 − Tr([ρ̂(t)]2) = 1 − 1

4
√

detV(t)
. (5)

For an input STS we found that, under a pair of condi-
tions specified below, the evolution of Sl(t) is not mono-
tonic, but it displays a single maximum at the time

tm =
1

γ
ln

( (
n̄R + 1

2 − κ̃−
) (
n̄R + 1

2 − κ̃+
)

(n̄R + 1
2 )[n̄R + 1

2 − 1
2 (κ̃+ + κ̃−)]

)
. (6)

There are two conditions for having a maximum of Sl(t)
expressed as the following inequalities:

κ̃− − 1

2
< n̄R <

⟨N⟩
2
. (7)

Here ⟨N⟩ is the total mean photon number of the input
STS. Otherwise, the evolution of linear entropy is mono-
tonic between two imposed limits: its input value,

Sl(0) = 1 − 1

4κ̃+κ̃−
,

and the asymptotic one,

lim
t→∞

Sl(t) = 1 − 1

(2n̄R + 1)2
.

Note finally that the same behaviour is obtained numer-
ically for the von Neumann entropy.
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Discrimination of Nonorthogonal Coherent States
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Quantum mechanics sets fundamental limits on
the attainable measurement uncertainty of mutually
nonorthogonal states. Nonorthogonal coherent states
cannot be distinguished with total certainty due to their
intrinsic overlap[1]. Efficient measurement and discrimi-
nation strategies for nonorthogonal coherent states are
essential in quantum and classical communications [2–5]
and many quantum information applications [6–10]. The
performance of quantum information and communica-
tion protocols using coherent states can be maximized
with optimized strategies for the detection and discrim-
ination of these states. There are two complementary
approaches for nonorthogonal state discrimination. The
first of these, minimum error discrimination (MED),
seeks measurements that minimize the probability of er-
roneously identifying the state [1]. The second approach,

FIG. 1: Experimental error probability of discrimi-
nating 4-nonorthogonal states in the QPSK format
with adaptive measurement. The experimental error
probability (blue dots) for the discrimination of 4 nonorthog-
onal states in the QPSK format together with the SQL (red
line), SQL adjusted for the 72% detection efficiency of our re-
ceiver (dashed line), error probability limit for the optimized
strategy with 10 adaptive measurements (blue line), and the
Helstrom bound (black line). The experimental quantum re-
ceiver discriminates these states with lower error probabilities
than the SQL for a range of mean-photon numbers from 2 to
15. Monte Carlo simulations (black crosses) of the strategy
with DETot=72% and V = 99.7% show good agreement with
the experimental observations. The inset (i) shows the exper-
imental error probabilities (Pe) surpassing the SQL (PSQL) by
6 dB from 6 to 11 mean photon numbers. This corresponds
to achieving an error rate 4 times lower than the SQL.

unambiguous state discrimination (USD), introduces in-
conclusive results to achieve perfect state discrimination
[11–13], and aims to maximize the probability of con-
clusive results. However, imperfections in realistic im-
plementations make ideal (error-free) USD impossible.
Thus, real-world USD becomes an intermediate measure-
ment strategy between MED and ideal USD, which re-
tains the conclusive results of ideal USD, but contains
some errors in those conclusive results.

In the first part of this talk, we present an experi-
mental demonstration of unconditionally discriminating
among four nonorthogonal coherent states in a quadra-
ture phase-shift keying (QPSK) format based on photon
counting and adaptive measurement, with error probabil-
ities as low as one fourth of the standard quantum limit
for a wide range of powers for the input state (Figure 1)
[14]. Then we present a realization of generalized quan-
tum measurements for USD of four nonorthogonal coher-
ent states using coherent displacement and photon count-
ing [15], which outperforms the ideal conventional stan-
dard quantum limited measurement at low mean photon
numbers.
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Quantum state discrimination in the continuous variable regime
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When encoding quantum information into Fock states
of light, there are detectors at hand described by mea-
surement operators for which the Fock states are eigen-
states. This allows for deterministic and unambiguous
state discrimination. A particularly robust quantum
state is the coherent state of light, which remains pure
even under attenuation. In this case, it is not known
how to construct a measurement operator, whose eigen-
states are the coherent states - the only exception is the
zero amplitude coherent state, i.e. the vacuum state.
A homodyne detector does not fulfil this criterion - it
is measuring quadratures and its eigenstates are the in-
finitely squeezed states. Optimal detection leads to the
Helstrom bound. For certain sets of states it was shown
that the Helstrom bound can be approached by detec-
tion schemes involving instant feedback and Bayesian in-
ference [1, 2]. The Kennedy receiver is one attempt to
come close to the optimized detection bound for an al-

phabet consisting of two coherent states. This detector
makes use of the coincidence between the zero amplitude
coherent state and the zero photon Fock state, but it
can be further improved [3]. Increasing the alphabet to
having four elements posed a challenge. So far the best
detection strategy for extremely weak signals (|α| < 1) is
a hybrid system involving both discrete and continuous
variable detection [4].
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Operational approach to quantum indistinguishability
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The quantum indistinguishability of particles is an ir-
reducible resource for quantum optics and quantum in-
formation. We will present a concept of operational ap-
proach to the quantum indistinguishability as the re-
source and demonstrate its importance in two important
examples of two-photon interference experiments.

A directly measurable parameter quantifying effective
indistinguishability of particles as a resource for quantum
information transfer and processing will be presented. In
contrast to commonly used overlap of quantum states
of particles, defined only for a factorable states, this
measure can be generally applied to any joint state of
the particles. The relevance of this generalized measure
for photons produced in parametric down-conversion has
been experimentally verified. The simplest linear optical
quantum-state-transfer protocol, for which this measure
directly determines fidelity of the transferred state, was
experimentally tested. It has been found that even if
some degrees of freedom of two particles are entangled,
the particles can still serve as good carriers of qubits.

On the other hand, a distinguishable particle noise par-
ticle degrades interference of the signal particle. The
degradation of the signal photon interference depending
on the degree of indistinguishability between the signal
and noise photons. When the photons are completely

distinguishable in principle but technically indistinguish-
able, the visibility drops to the value 1√

2
. However, if the

photons are principally indistinguishable, an error caused
by a presence of noise particle can be eliminated by a
subtracting a particle randomly. We will describe these
effects theoretically and also test experimentally using a
setup with a fiber-optics two-photon Mach-Zehnder in-
terferometer. Using these opposite cases, we will demon-
strate a difference between the particle noise consisting
of the distinguishable and indistinguishable particles.

We will also present possible extensions of the opera-
tional approach to other conceptual experiments in quan-
tum optics and quantum information.
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Satoshi Oyama,1, 2 Koichi Yamagata,3 Hiroshi Imai,4 and Akio Fujiwara3

1Research Institute for Electronic Science, Hokkaido University, Sapporo, Hokkaido, Japan
2The Institute for Industrial and Scientific Research, Osaka University, Ibaraki, Osaka, Japan

3Department of Mathematics, Osaka University, Toyonaka, Osaka, Japan
4Dipartimento di Fisica A. University of Pavia, Pavia, Italy

The first experimental demonstration of an adaptive
quantum state estimation (AQSE) is reported [1]. The
strong consistency and asymptotic efficiency of AQSE has
been mathematically proven [2]. In this Letter, the an-
gle of linear polarization of single photons, or the phase
parameter between the right and the left circularly polar-
ization, is estimated using AQSE, and the strong consis-
tency and asymptotic efficiency are experimentally veri-
fied. AQSE will provide a general useful method in both
quantum information processing and metrology.

Quantum theory is inherently statistical. This en-
tails repetition of experiments over a number of iden-
tically prepared quantum objects, for example, quantum
states. Such an estimation procedure is important for
quantum information, and is also indispensable to quan-
tum metrology. In applications, one needs to design the
estimation procedure in such a way that the estimated
value of the parameter should be close to the true value
(consistency), and that the uncertainty of the estimated
value should be as small as possible (efficiency) for a given
limited number of samples. In order to realize these re-
quirements, Nagaoka [3] advocated an adaptive quantum
state estimation (AQSE) procedure, and recently Fuji-
wara proved the strong consistency and asymptotic effi-
ciency for AQSE [2].

In this talk, we report the first experimental demon-
stration of AQSE using photons. The angle of a half
wave plate (HWP) that initializes the linear polarization
of input photons is estimated using AQSE. A sequence

FIG. 1: A scheme of adaptive quantum state estimation for
single photon inputs

FIG. 2: (a) Experimental setup. (b)(c) Examples of a log-
likehood functions.

of AQSE is carried out with 300 input photons, and the
sequence is repeated 500 times for four different settings
of HWP. The statistical analysis verifies the strong con-
sistency and asymptotic efficiency of AQSE. We will also
review our recent activities on quantum optics and quan-
tum information.

This work was supported in part by Quantum Cy-
bernetics project, Grant-in-Aid from JSPS, JST-CREST
project, FIRST Program of JSPS, Special Coordination
Funds for Promoting Science and Technology, the GCOE
programs, and the Research Foundation for Opto-Science
and Technology.

∗ Electronic address: takeuchi@es.hokudai.ac.jp;
URL: http://www.sanken.osaka-u.ac.jp/labs/qip/

index_e.html
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Quantumness of bosonic bipartite systems

Matteo G. A. Paris1, ∗

1Dipartimento di Fisica dell’Università degli Studi di Milano, I-20133 Milano, Italia.

We address non-classicality of bipartite bosonic quan-
tum systems and analyze in details the (different) def-
initions of quantumness arising from information theo-
retic concepts and from physical constraints on the quan-
tum phase-space. Two sets of allegedly classical states
are singled out: i) the set C composed of the so called
classical-classical (CC) states—separable states that are
locally distinguishable and do not possess quantum dis-
cord; ii) the set P of states endowed with a positive P-
representation (P-classical states)—mixture of Glauber
coherent states that, e.g., fail to show negativity of their
Wigner function. By showing that C and P are almost
disjoint, we prove that the two defining criteria are max-
imally inequivalent. Thus, the notions of classicality
that they put forward are radically different. In par-
ticular, generic CC states show quantumness in their
P-representation and, viceversa, almost all P-classical

states have positive quantum discord, hence are not CC.
This inequivalence is further elucidated considering dif-
ferent applications of P-classical and CC states. Our re-
sults suggest that there are other quantum correlations
in nature than those revealed by entanglement and quan-
tum discord.

∗ Electronic address: matteo.paris@fisica.unimi.it;
URL: http://users.unimi.it/aqm

[1] Alessandro Ferraro and Matteo G. A. Paris, Non-
classicality criteria from phase-space representations and
information-theoretical constraints are maximally inequiv-
alent, Phys. Rev. Lett. 108, 260403 (2012).
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Macroscopic image of quantum fluctuations
and quantum interference in qubit systems

A. B. Klimov1, ∗ and C. Muñoz1

1Departamento de Fisica, Universidad de Guadalajara, Guadalajara, Mexico

The s-ordered quasidistribution functions W s(α, β) in
the discrete phase-space can be used for non-redundant
representation of N qubit states [1, 2]. The discrete
phase-space is a two-dimensional 2n × 2n grid where the
points (α, β) are labeled by two N -dimensional strings,
with elements of each string are taken from Z2.

The Q and P quasidistribution functions can be conve-
niently defined by choosing the set of discrete symmetric
coherent states {|α, β⟩} [4] as

Q(α, β) = ⟨α, β|ρ|α, β⟩, ρ =
∑
α,β

P (α, β)|α, β⟩⟨α, β|,

while the freedom in the Wigner function W (α, β) defi-
nition is fixed according to [3].

Unfortunately, the representation of states in the dis-
crete phase space is not very intuitive, since there is no
natural order in the space of two-dimensional Z2 strings.
In the case of large number of qubits one can usually ac-
cess only to measurement of symmetric with respect to
particle permutation observables. Since the W s

f symbol

of any symmetric operator f̂ depends only on the lengths
(the length 0 ≤ h (κ) ≤ N counts the number of nonzero
coefficients kj ∈ Z2 in the string κ = (k1, k2, ..., kN )) of
the strings α, β and α+β, the average value of symmetric
observable is computed as

⟨f̂⟩ =
∑
α,β

W−s
f (α, β)W s(α, β)

=
∑
m,n,k

W̃−s
f (m,n, k)W s (m,n, k) ,

where m = h (α) , n = h (β) , k = h(α+ β) and

W s (m,n, k) =
∑
α,β

W s (α, β) δm,h(α)δn,h(β)δk,h(α+β),

is the quasidistribution function projected into the 3 dim
space of symmetric measurements. This representation is
useful for studying qubit states in the macroscopic limit.

We analyze the structure of discrete Wigner and Q-
functions of N qubit system projected into the space of
symmetric measurements. Macroscopic features of quan-
tum fluctuations are discussed in the asymptotic limit of
large number of qubits. In particular, we show that the
localized states (coherent states, several types of graph
states, etc.) can be well described in the space of sym-
metric measurements by Gaussian Q-functions

Q (x, y, z) ∼ exp
(
−N(−→x −−→x0)⊤T−1(−→x −−→x0)

)
,
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FIG. 1: Wigner function for the GHZ state in the space of
symmetric measurements (color on-line

where −→x = (m,n, k)/N , −→x0 ∼ ⟨S⃗⟩, Sj = ⊕
∑N
i=1 σ

(i)
j , j =

x, y, z, are the collective operators and the dispersion
matrix T is related to the correlation matrix Γij =

⟨{Si, Sj}⟩ − ⟨Si⟩⟨Sj⟩ and ⟨S⃗⟩. A criteria for a state to
be non-localized can be obtained from analysis of the
matrix T in the asymptotic limit N → ∞.

The Wigner function in the space of symmetric mea-
surements allows to visualize the macroscopic features
of the quantum interference and thus provide more de-
tailed analysis of non-localized and partially localized
states (GHZ, W states, etc.). On Figs. 1 we plot the
Wigner function for the GHZ state projected into the
space of symmetric measurements. Two principal max-
ima are located on the edges (orange and brown balls)
of the three-dimensional measurement space while the
quantum interference is represented by positive (brown
ball) and negative regions in the center of the space (blue
balls).

∗ Electronic address: klimov.andrei@gmail.com
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Current Trends in Studies of the Dynamical Casimir Effect in Cavities

Viktor Dodonov1, ∗

1Instituto de F́ısica, Universidade de Braśılia, PO Box 04455, 70910-900, Braśılia, DF, Brazil

The aim of this talk is to give a brief review of current
trends in studies of the so called Dynamical Casimir Ef-
fect (DCE). This term is used nowadays for the plethora
of phenomena connected with the photon generation
from vacuum due to fast changes of the geometry (in par-
ticular, positions of some boundaries) or material prop-
erties of electrically neutral macroscopic or mesoscopic
objects. It was predicted some time ago that the obser-
vation of this effect can be possible in electromagnetic
cavities, provided some parameters of the cavities can
be varied at the frequency close to the double eigenfre-
quency of a selected field mode. Concrete schemes pro-
posed by different groups are based on the idea to imi-
tate the motion of the cavity walls by creating effective
time-dependent ”plasma mirrors” or making a fast opti-
cal modulation of the cavity length with the aid of laser

pulses illuminating nonlinear materials inside the cav-
ity. I shall discuss also different models of detectors of
the ”Casimir photons”, based on coupling the resonance
field mode with few-level ”atoms” or with antennas mod-
eled by harmonic oscillators. Interesting squeezing and
entanglement effects can be observed in such systems,
and highly nonclassical states with the hyper-Poissonian
statistics can be created.

∗ Electronic address: vdodonov@fis.unb.br;
URL: http://www.fis.unb.br/index.php?option=

com_myjspace&view=see&pagename=vdodonov&lang=pt
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Nonlinearity and nonclassicality in single-qubit laser operation

Sergei Ya. Kilin1, ∗ and Alexander B. Mikhalychev1

1B. I. Stepanov Institute of Physics NASB, Minsk, Belarus

Nonclassical states of field modes represent an impor-
tant prerequisite for different tasks of quantum informa-
tion processing, such as quantum cryptography, quantum
computing, quantum voting, etc. From this point of view,
nonclassical states represent an important resource for
information processing. On the other hand, such states
themselves require some kind of physical resources for
their generation: nonlinear interactions, measurements
designed in a special way, or preparation of some kind of
initial nonclassical states [1, 2].

One of the important classes of physical processes, ef-
fectively leading to nonlinear transformation of optical
field states, is the interaction of modes with single quan-
tum objects, such as atoms, quantum dots, ions, super-
conducting qubits. The concept of a single mode inter-
acting with a single quantum object is captured by the
model of a single-mode single-atom (single-qubit) laser
[3]. This system is known to be a source of nonclassical
light [4–6], contrary to conventional lasers, generating or-
dinary coherent states. In the strong-coupling regime the
stationary state of a single-qubit laser is a Mittag-Leffler
nonlinear coherent state [7].

We show, that in the general case of arbitrary val-
ues of coupling strength and other system parameters,
the stationary state of an incoherently pumped single-
qubit laser is a nonlinear coherent state, being the phase-
averaged eigenstate of deformed annihilation operator of
a specific form [8]. The found solution provides general
uniformly applicable description of single qubit laser and
agrees with previously found approximate solutions for
the strong coupling regime [7, 9, 10].

The manifestation of the inherent nonlinearity of the
system is found in the form of the stationary state non-
classicality, present for any values of the system pa-
rameters. The nonclassicality follows both from the
asymptotic dependance of the stationary density ma-
trix elements ρnn on the photon number n, decreas-
ing faster than for any coherent state: ρnn ∼ 1/(n!)2,
and from characteristic properties of phase space quasi-
distributions. The latter can be described by nonclassi-
cality depth [11, 12], varying from 1 for classical states to
−1 for extremely nonclassical states (e.g. number states).
This parameter turns out to be less than 1 in all the
regimes of single-qubit laser operation (Fig. 1), including
the ”classical” ones according to the consideration on the
basis of strong coupling approximation [7, 9, 10].

Another important implication of inherent system non-
linearity and nonclassicality is the impossibility of de-
scribing the lasing effect be means of field-independent
spontaneous and induced transition probabilities as in
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FIG. 1: Stationary state nonclassicality order s0(ρf ) (black

lines) and correlation function g(2) (gray lines). Parameters
[7, 8]: ν0 = 1 (solid line), 0 (dashed line), −0.5 (dot-dashed
line); µ0 = a20 + ν0, η = 50. Regions of sigle-qubit laser oper-
ation: (a) — linear, (b) — quantum nonlinear, (c) — lasing,
(d) — self-quenching, (e) — thermal. Inequality s0 < 1 (state
nonclassicality criterion) holds for all the regimes, including

the ones with g(2) > 1.

the case of a conventional laser. Introduction of effective
intensity-dependant nonlinear transition probabilities is
necessary for correct description. The effect has been
mentioned for strong-coupling regime in Ref. [7]. We
show that this property is general and is preserved also
beyond strong-coupling regime.

∗ Electronic address: kilin@presidium.bas-net.by
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Triples of Canonical Observables

Stefan Weigert1, ∗

1University of York, Department of Mathematics
YO10 5DD York, United Kingdom

Consider a quantum system with one pair of continu-
ous variables such as a particle on a line. Its momentum
and position are described by a pair of Hermitean op-
erators (p̂, q̂) which satisfy the canonical commutation
relation

[p̂, q̂] =
h̄

i
, (1)

thus generating the Heisenberg algebra. A third observ-
able r̂ is known to exist [1] satisfying canonical commu-
tation relations with both position and momentum,

[p̂, q̂] = [q̂, r̂] = [r̂, p̂] =
h̄

i
. (2)

It can be shown that this equi-commutant set of observ-
ables (p̂, q̂, r̂) is not only unique (up to unitary equiva-
lences) but also maximal in the sense that the Heisenberg
algebra supports at most three equi-commutant observ-
ables. Being invariant under a cyclic permutation of p̂, q̂
and r̂, the canonical triple endows the Heisenberg algebra
with an additional generic structure which has remained
largely unexplored to date.

The existence of a canonical triple (p̂, q̂, r̂) has far-
reaching consequences for a theory of mutually unbiased
bases of both continuous and discrete variables [2]. Fur-
thermore, the canonical commutation relations (2) sug-

gest a Heisenberg-type uncertainty relation [3]

∆p∆q∆r ≥ const. , (3)

which puts a lower bound on the product of three stan-
dard deviations. We derive a tight bound for the inequal-
ity and determine all states which achieve the minimum.
Up to rigid translations in phase space there is, effec-
tively, only one state minimizing the product ∆p∆q∆r.
The resulting triple uncertainty relation is found to be in-
dependent of Heisenberg’s uncertainty relation for pairs
of canonical observables defined by Eq. (1). To con-
clude, we propose quantum optical experiments which
implement a confirmation of the new inequality.

∗ Electronic address: stefan.weigert@york.ac.uk;
URL: http://www-users.york.ac.uk/~slow500/

[1] S. Weigert and M. Wilkinson, Phys. Rev. A 78, 020303(R)
(2008).

[2] S. Weigert: Triples of Canonical Observables (in prepara-
tion).

[3] S. Kechrimparis and S. Weigert: Heisenberg’s Uncertainty
Relation for Three Canonical Observables (in prepara-
tion).

Thursday 11:00-11:30 D1I-26 I-26

54



Experimental Test of Error-Disturbance Uncertainty Relations in Photon Polarization

Keiichi Edamatsu,1, ∗ So-Young Baek,1 Fumihiro Kaneda,1 and Masanao Ozawa2

1Research Institute of Electrical Communication, Tohoku University, Sendai 980-8577, Japan
2Graduate School of Information Science, Nagoya University, Nagoya 464-8601, Japan

The Heisenberg uncertainty principle, originally for-
mulated in 1927 [1], describes the trade-off relation be-
tween the error of a measurement of one observable ε(A)
and the disturbance caused on another complementary
observable η(B). The generalized form of the Heisenberg
relation

ε(A)η(B) ≥ 1
2
|〈[A,B]〉| (1)

has been taken as a fundamental limitation on our ability
to make physical observations. However, Ozawa showed a
model of position measurement that breaks Heisenberg’s
relation [2] and revealed an alternative universally valid
relation for error and disturbance [3]: any measurement
of an observable A in a state ψ with the error ε(A) causes
the disturbance η(B) on another observable B satisfying

ε(A)η(B) + ε(A)σ(B) + σ(A)η(B) ≥ 1
2
|〈[A,B]〉| , (2)

where σ(A) and σ(B) stand for the standard deviations
in the state ψ. Ozawa’s relation has two additional corre-
lation terms, which allow the error-disturbance product
ε(A)η(B) to be much below the lower bound of Eq. (1).

An experimental demonstration of Ozawa’s relation
has recently been reported by Erhart et al. in neutron
spin measurements [4], using the “three-state method”
[5]. Ozawa’s relation has also been confirmed by Rozema
et al. in photon polarization measurments [6], exploit-
ing the “weak-measurement method” [7]. In this paper,
we report an experimental test of Ozawa’s relation using
both the “three-state” and “weak-measurement” meth-
ods for a single-photon polarization qubit. The test is
carried out by linear optical devices [8] that realize vari-
able measurement strength from a weak measurement to
a projection measurement.

We define X, Y , and Z be the Pauli matrices and
take the signal observable to be measured as A = Z and
consider the disturbance in the signal observable B = X.
To examine the error-disturbance relations, we choose the
input signal state ψ as an eigenstate of Y since it gives
the maximum value of |〈[Z,X]〉| /2 = 1, and is thus the
most stringent test for these relations.

Figure 1 shows the results in which we evalu-
ate Ozawa’s quantity (solid circles) and Heisenberg’s
quantity (solid squares) taken from the experimentally
measured error and disturbance using the three-state
method. The upper and lower solid lines are the cor-
responding theoretical plots after the non-ideal polariza-
tion beamsplitter (PBS) extinction ratio of the measure-
ment setup is taken into account. The dashed and dotted
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FIG. 1: Experimentally measured quantities H ≡ ε(Z)η(X)
(solid squares) and O ≡ ε(Z)η(X) + ε(Z)σ(X) + σ(Z)η(X)
(solid circles) appearing in Eq.(1) and Eq.(2), respectively.

lines are theoretical plots for an ideal PBS. As shown in
Eq. (1) and Eq. (2), both uncertainty relations have the
same lower bound |〈[Z,X]〉| /2 = 1 (middle solid line).
The data clearly demonstrate that Ozawa’s relation is
always valid, whereas Heisenberg’s relation is false for all
measurement strengths. The same conclusion was con-
sistently obtained from the results taken using the weak-
measurement method. A correct understanding and ex-
perimental confirmation of the error-disturbance relation
will not only foster insight into fundamental limitations
of measurements but also advance the precision measure-
ment technology in quantum information processing.

This work is supported by MIC SCOPE (121806010).
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Proposed Experiment to Exclude Higher-Than-Quantum Violations
of the Bell Inequality

Adán Cabello1, ∗

1Departamento de F́ısica Aplicada II, Universidad de Sevilla, E-41012 Sevilla, Spain

For years, one of the most important problems in quan-
tum mechanics has been finding the answer to the ques-
tion of what fundamental principle prevents higher-than-
quantum violations of the Clauser-Horne-Shimony-Holt
(CHSH) Bell inequality [1–4]. Here we show that a fun-
damental principle, namely that that the sum of proba-
bilities of pairwise exclusive propositions cannot exceed 1
[5, 6], leads to a method to experimentally test whether a
higher-than-quantum violation of the CHSH inequality is
possible. The test requires reaching the maximum quan-
tum violation of a completely independent noncontextu-
ality inequality involving sequences of three compatible
measurements on a five-dimensional quantum system.

∗ Electronic address: adan@ue.es; URL: http://www.

adancabello.com

[1] S. Popescu and D. Rohrlich, Found. Phys. 24, 379 (1994).
[2] M. Paw lowski, T. Paterek, D. Kaszlikowski, V. Scarani,
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Multi-mode quantum photonic logic

M.M.G. Alqahtani,1 M.S. Everitt,1 and B.M. Garraway1, ∗

1Department of Physics and Astronomy University of Sussex Falmer, Brighton, BN1 9QH, UK

We have developed theory for multi-photon atom-
cavity interactions based on off-resonant interactions
with multiple single photons. The locations of sharp res-
onances are predicted from the use of effective two-level,
three-level, and even more complex Hamiltonians and an
evaluation is made for configurations which are least sen-
sitive to external parameters and decoherence. Possible
applications to photonic QIP are presented.

An example energy level scheme is shown in Fig. 1
(left). In this example we consider a different cavity mode
interacting with each of the atomic transitions shown. If
the modes are numbered 1–4 for the a-b, b-c, c-d, and
d-a transitions, respectively, we can set up initial cavity-
atom states with single photons such as |a1010〉. In this
case it is possible for the system to follow a path from a
back to a via b, c, d. In this configuration, although we
have the same atomic state at the start and end of the
atom-cavity interaction, the field states change so that
we have |a0101〉 after an interaction cycle. In effect this
is a redistribution of the photons in the modes which is
periodic if allowed to continue.

This is an extremely slow process when all the atom-
field transitions are off resonant although it can be
speeded up very effectively by an appropriate selection
of just one or two resonances. For example, in Fig. 2 we
show the time evolution when b and d are nearly resonant
and c is off-resonant. However, generally speaking we
find that as we include resonant transitions we increase
vulnerability to decoherence processes and a compromise
should be sought when decoherence is a practical issue.

FIG. 1: [LEFT] Energy level scheme in the case of four atomic
states a − d and four modes (not shown) which are resonant
with each transition. [RIGHT] Slow population swapping
when the detunings ∆1, ∆2, ∆3 are all finite and set to 25g
where g is the atom-field coupling constant for each transition.
Level shifts mean that a small adjustment to the detuning is
required for resonant behaviour.

FIG. 2: Faster population swapping when ∆2 = 25g and
∆1 = ∆3 ∼ g2/δ2 where g is taken, in this simple example,
as the atom-cavity coupling for all the modes.

The theory is developed by starting from a multi-mode,
multi-level Jaynes-Cummings model and using the effec-
tive Hamiltonian procedure of Shore [1] to eliminate the
off-resonant levels. This gives good estimates for the
detunings and couplings required for multi-photon res-
onances.

Quantum information is processed using a dual-rail en-
coded qubit where cavity pairs are represented by logical
qubits. For example, in the case of Fig. 1, the state
|a1010〉 can represent the qubit state |10〉. In this case
the population swapping seen is part of the logic table
of an iSWAP gate. Using a six level system we can ex-
tend the approach to a Fredkin gate where there are rich
possibilities for the choice of different combinations of
resonant levels. As quantum gates these systems are ex-
tremely sensitive and we have made studies of the effects
of decoherence and accuracy of the effective models.

∗ Electronic address: b.m.garraway@sussex.ac.uk;
URL: http://www.sussex.ac.uk/physics/garraway

[1] B.W. Shore, Phys. Rev. A 24, 1413 (1981).

Monday 10:00-10:30 D1I-29 I-29

57



Cluster states and Gaussian Quantum Computation
from multipixel homodyne detection
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3Laboratoire Matériaux et Phénomènes Quantiques, Université Paris Diderot,
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Optical systems in the continuous variable regime are
promising candidates for the implementation of quantum
computation protocols [1]. First implementations of
gaussian operations in a measurement based quantum
computation setting have been recently reported [2].
These are based on the generation of several squeezed
modes of the electromagnetic field in a cavity, which are
then mixed by linear optic networks to produce cluster
states [2] - a resource for measurement-based quantum
computation [1]. However, the complexity of the net-
work to use grows rapidly with the number of modes,

LO :

Gains GainsFeed-
forward

u0

u1

u2

FIG. 1: Scheme for measurement based cluster states gener-
ation and quantum computations. The entangled frequency
comb is mixed with a Local Oscillator and then frequency
bands are measured with diode arrays. Homodyne detection
data is then sent to a computer to reveal cluster states and
perform feed-forward to obtain the computation result.

rendering this method poorly scalable. We propose a
much more efficient method for cluster state generation
and gaussian measurement based quantum computation,
which can naturally address a large number of modes.
This method is based on a multi-pixel homodyne detec-
tion (MPHD) system and classical post-processing [3, 4],
which allows to incorporate the linear optic network in
the stage of the measurement (the latter including the
classical post-processing of the data obtained) [4]. First,
we address the mathematical characterization of the op-
erations which can be obtained by this method. Then, we
provide simple examples of cluster state generation and
gaussian quantum computation [5]. Our proposal can be
implemented with current technology [4] and we demon-
strate its potentiality using experimental data from the
entangled frequency combs produced in our lab, which
could reveal high dimensional cluster states using this
measurement method.
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Sharing entanglement with separable states

Ladislav Mǐsta Jr.1, ∗
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Entanglement sharing [1] is a protocol in which one
part of a maximally entangled state is split into several
splits such that maximal entanglement with the other
part can be recovered from certain subsets of the splits
whereas it cannot be recovered from the other subsets.

We show that a similar protocol can be accomplished
with separable states (see Fig. 1). At the outset, two
parties, Alice and Bob, share a specific two-mode sep-
arable Gaussian state of modes A and B. Next, Alice
splits on a beam splitter her mode into two separable
modes A and A′. The resulting state contains no two-
mode entanglement and therefore Bob’s mode B shares
no entanglement with both Alice’s mode A and mode A′.
The state, however, contains entanglement with respect
to A − (A′B) and A′ − (AB) splitting. Therefore, one
can get entanglement between one of Alice’s modes A or
A′ and Bob’s mode B if the other Alice’s mode A′ or A
is transmitted to Bob. Indeed, if Alice sends mode A′

(separable from A) to Bob and he superimposes it with
his mode B on a beam splitter, he creates entanglement
between his mode B and mode A held by Alice. If, on
the other hand, mode A (separable from A′) is trans-
mitted to Bob and he superimposes it with his mode
B one a beams splitter, entanglement is established be-
tween his mode B and Alice’s mode A′. The proposed
sharing scheme is thus initiated by splitting of one mode
of a separable state and there is no entanglement between
any two modes. The other mode of the separable state
has to be joined with one of the split modes to create
entanglement with the other split mode.

The present protocol can also be viewed as a weaker
variant of the protocol for distribution of entanglement
between modes A and B by transmission of a separa-
ble mode A′ [2] recently demonstrated experimentally in
[3]. While in the latter protocol the transmitted mode A′

is separable from the subsystem (AB), in the proposed
sharing protocol the transmitted mode A′ (A) is separa-
ble only from mode A (A′) but remains entangled with
the subsystem (AB) [(A′B)]. However, in the present
protocol we can use either of the modes A or A′ for
establishment of entanglement between Alice and Bob,
whereas in the entanglement distribution protocol only
mode A′ can be used for this purpose. Finally, in the en-
tanglement distribution protocol the transmitted mode
remains separable after the final stage of the protocol,
whereas it gets entangled in the present protocol and the
final state of the protocol is thus fully inseparable.

In summary, we have shown the utility of often ne-
glected mixed multipartite partially separable states for
realization of a specific entanglement sharing protocol.

FIG. 1: Scheme of the entanglement sharing protocol. Alice’s
mode A in a position squeezed state and Bob’s vacuum mode
B are correlatively displaced in position quadratures (solid
arrows). Alice’s beam splitter BSAA′ creates a state with
no two-mode entanglement which has entanglement across
A − (A′B) and A′ − (AB) splittings. If Bob applies a beam
splitter BSA′B and the dashed beam splitter BSAB is absent
he creates entanglement between modes A and B (solid lines
with arrows). If Bob applies a beam splitter BSAB and the
beam splitter BSA′B is removed entanglement is established
between modes A′ and B (dashed lines with arrows).

Further analysis reveals that for certain choice of the pa-
rameters of the initial separable state it is impossible to
localize entanglement between modes A and A′ by any
Gaussian measurement on mode B. Consequently, for
one copy of the state after the first beam splitter entan-
glement cannot be distilled between any two modes with
the help of the third party if Bob is restricted to Gaussian
measurements. This is a nontrivial necessary prerequisite
for the presence of the bound entanglement in the one-
mode biseparable state which is a type of state for which
examples of bound entanglement are not known. We
believe that our results contribute to the better under-
standing and utilization of a complex interplay of entan-
glement and separable correlations in multipartite mixed
quantum states.
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Quantum Entanglement of Two Bosonic Modes in Two-Reservoir Model

Aurelian Isar1, ∗

1National Institute of Physics and Nuclear Engineering, Bucharest-Magurele, Romania

In the framework of the theory of open quantum sys-
tems based on completely positive quantum dynamical
semigroups, we give a description of the continuous vari-
able Markovian dynamics of the quantum entanglement
for a system consisting of two non-interacting bosonic
modes embedded in two independent thermal environ-
ments. By using the Peres-Simon necessary and sufficient
criterion for separability of two-mode Gaussian states,
we describe the evolution of entanglement in terms of
the covariance matrix for Gaussian input states. For all
temperatures of the thermal reservoirs, an initial sepa-
rable Gaussian state remains separable for all times. In
the case of an entangled initial squeezed vacuum state,
entanglement suppression (entanglement sudden death)
takes place, for all temperatures of the thermal baths.
For definite values of temperatures and dissipation con-
stants, one can observe temporary revivals of the entan-

glement, but the system evolves asymptotically to an
equilibrium state which is always separable [1, 2]. We
calculate the asymptotic logarithmic negativity, which
characterizes the degree of entanglement of the quantum
state. It depends only on temperatures, it does not de-
pend on the initial Gaussian state and takes negative
values, confirming the fact that the asymptotic state is
always separable [3].
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Common approach to classical capacity of Gaussian quantum channels
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The ability of a communication channel to transmit
information is characterized by the maximal achievable
rate of the information transmission called capacity of
the channel. The theory of information is considered to
be highly successful because it allows one to determine
the capacity of real life communication channels. Further
miniaturization of electronic and optical components of
communication systems and recent development of quan-
tum technologies may eventually require more detailed
consideration of information transmission when quantum
nature of information carriers has to be taken into ac-
count. In quantum description, a communication chan-
nel is represented by a completely positive map Φ acting
on density operators ρ describing input signals. When
quantum channel is used to transmit classical informa-
tion (bits), the information must be encoded into quan-
tum states from a chosen finite or infinite set {ρα}. The
messages to be transmitted correspond to an ensemble
of these letter states taken with probabilities (or prob-
ability density) pα. The ensemble pα, ρα forms the av-
erage (modulated) input state ρin =

∫
dαpαρα which is

sent to a quantum channel which generally modifies the
input letter states into the output letter states. The re-
ceiver measures the output states and tries to extract the
encoded information. The maximal amount of classical
information transmitted on average per channel’s use is
called classical capacity of quantum channel Φ. It may
be found using a maximization over all possible input en-
sembles of the Holevo-Schumacher-Westmoreland bound,
which gives an achievable upper bound of classical infor-
mation that can be extracted form the given quantum
enesmble.

In the case of continuous alphabet, we have to take into
account the fact that the input state must have a finite
energy, therefore, the maximum has to taken under the
energy constraint. For bosonic channels this constraint is
equivalent to the requirement of a finite average number
of photons.

We consider quantum bosonic Gaussian channels,
which provide a good model for communications via op-
tical fibers or free space. These channels correspond to
the maps which are closed on the set of Gaussian states.
The Gaussian state are completely determined by the
first and second moments of quadratures of the electro-
magnetic field and the action of arbitrary Gaussian chan-
nel on a Gaussian state is given by the transformation of
the displacement vector and the covariance matrix of the
state.

According to the Gaussian conjecture the classical ca-
pacity of Gaussian channels is achieved on a Gaussian
input ensemble. The conjecture was shown to be true
for lossy channels with the environment being in a vac-
uum or squeezed vacuum state. If the conjecture holds in
full generality then we can restrict the search for optimal
input on the Gaussian input ensembles, wich allows cal-
culations using Lagrange optimization. Even if for some
of the channels the conjecture would not hold we would
obtain in this way a lower bound on the classical capac-
ity. The Gaussian capacity was recently studied in detail
for lossy [2] and additive noise [3] channels.

Arbitrary Gaussian (one-mode) channel can be repre-
sented as one of seven canonical channels preceded and
followed by some unitary transformations. As unitary
transformations do not change the entropy of quantum
states, one could expect that such representation would
reduce the problem of finding classical capacity of ar-
bitrary Gaussian channel to the canonical ones. How-
ever, it cannot be done in general, because for some
channels the unitary transformation which acts before
the canonical channel may include squeezing transforma-
tion. Squeezing changes the energy of the input state and
therefore the whole optimization problem. We propose to
overcome this difficulty by introducing an alternative de-
composition based on newly defined fiducial channel [1].
In the new decomposition the preceding unitary trans-
formation only includes the rotations in the phase space,
which do not change the energy of the input state. Then
the capacity of arbitrary Gaussian channel may be found
(or at least bounded below) by the Gaussian capacity of
the corresponding fiducial channel.

Moreover, our representation allows generalization of
recently obtained upper bound on the capacity to a larger
set of Gaussian channels. This bound shows that when
it is applicable, the capacity differs from the Gaussian
capacity no more than 1/ ln 2.
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Nonclassical lasing in circuit quantum electrodynamics
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Superconducting qubits coupled to microwave fields
(circuit QED) hold the promise of bringing quantum
optics to regimes unimaginable with atoms and optical
fields. And yet, these systems also have their limita-
tions: it has been argued that they may not be capable
of generating nonclassical fields via stimulated emission
[1]. In this communication we propose a new technique
with which it should be possible to obtain such nonclas-
sical lasing in circuit QED.

Our starting point is the Rabi Hamiltonian Ĥ =
h̄ωâ†â + h̄εσ̂z/2 + h̄g(â + â†)(σ̂ + σ̂†), which describes
the interaction between a microwave cavity mode â with
characteristic frequency ω, and a superconducting qubit
σ̂ with frequency gap ε. We work well bellow the ultra-
strong coupling regime (ω, ε � g) and assume off res-
onance operation (|ω − ε| � g), a regime which, per
se, leads to absolutely trivial dynamics. The idea now
consists in making a biperiodic driving of the qubit gap
Ĥd(t) =

∑2
j=1 h̄Ωjηj cos(Ωjt)σ̂z, with Ωj and ηj real

and positive, such that by choosing the driving frequency
Ω1 = ε−ω we provide the system with the energy needed
for the qubit to absorb a photon, while choosing Ω2 =
ε + ω the qubit can also get excited, but now with the
simultaneous emission of a photon, see Fig. 1(a). These
two processes add coherently to generate the effective
interaction Hamiltonian Ĥeff = h̄ḡ

[
uâ+ vâ†

]
σ̂† + H.c.,

where ḡ is a renormalized coupling while the real and pos-
itive parameters {u, v} depend on the driving amplitudes
{η1, η2} and satisfy the Bogoliubov relation |u2−v2| = 1.
We exploit this coupling to dissipatively drive the cavity
field into a squeezed state, or an entangled state if more
than one cavity mode is considered.

In [2] it was analyzed the u > v case, in which {u, v}
can be rewritten as {cosh r, sinh r}. The qubit interacts
now with a squeezed version of the original cavity mode:
Ĥeff = h̄ḡÂσ̂†+ H.c., where Â = â cosh r+ â† sinh r. The
idea to obtain steady-state squeezing from this Hamilto-
nian consists in coupling the qubit to a microwave waveg-
uide which acts as an environment to which it can radi-
ate. Provided that γ � ḡ, every time the Hamiltonian
transfers an excitation from the cavity to the qubit, it
is rapidly radiated to the environment, and this way the
cavity field is cooled down to the vacuum of mode Â, that
is, to a squeezed vacuum of the original cavity mode â.

In the present work we focus on the u < v regime,
where the qubit-field interaction takes the form Ĥeff =
h̄ḡÂ†σ̂†+ H.c.; the roles of the ground and excited states
of the qubit have been interchanged, and every time the

FIG. 1: (a) Sketch of the system and the level scheme. (b)
Ideal Wigner function of a laser above threshold (arbitrary
units in both axis). (c) Wigner function of our system in the

phase space of mode Â in the amplification regime; we chose
90% of squeezing (r ≈ 1.15).

qubit is excited, a photon is emitted in the Â mode. The
qubit dissipation can be seen now as an incoherent pump
similar to the one used in the laser to achieve popula-
tion inversion, and hence, from the point of view of the
original cavity mode, the system acts as a single-atom
nonclassical laser, generating a bright squeezed state
via stimulated emission. Indeed, we have proved that
the mean-field equations of the system are exactly the
Maxwell-Bloch equations characteristic of the laser. The
quantum state differs a little bit from the ideal laser state
though, Figure 1(b,c), because the cavity leaks through
the â mode, while the qubit is coupled to the Â mode;
however, we have proved that these states are quite close
(90% of fidelity for typical parameters), and in any case
the differences can be corrected by introducing a second
qubit properly driven as to induce cooling on the Â mode.

The same technique can be applied to generate entan-
gled states of many cavity modes via cooling or lasing,
or even general Gaussian states of the microwave field.
In addition, we show how the lasing technique proposed
in this work may serve to study in detail open questions
about the phase-coherence of laser emission, and the re-
lated spontaneous symmetry breaking mechanism.
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Collective Electronic Excitations of Ultracold Atoms in Optical Lattices

Hashem Zoubi1, ∗ and Helmut Ritsch2

1Max-Planck Institute for the Physics of Complex Systems, Noethnitzer Str. 38, 01187 Dresden, Germany
2Institute for Theoretical Physics, Innsbruck University, Technikerstr. 25, A-6020 Innsbruck, Austria

Trapping and manipulating ultracold atoms in an ar-
ray of potentials created a turning point in experimental
and theoretical quantum physics. Neutral cold atoms
can be trapped by laser fields that allow one to switch
a Bose gas from a weakly interacting gas, where atoms
form a superfluid, to a strongly correlated regime, where
atoms avoid each other and localize into individual sites
forming a so called Mott insulator phase [1, 2]. Ultracold
atoms uniformly filling an optical lattice can be treated
like an artificial crystal. An implementation including
the atomic occupation of a single excited atomic state can
be represented by a two-component Bose-Hubbard model
[3]. The wide controllability of the different system pa-
rameters gives the present system many advantages over
conventional solid crystals.

The dynamics of electronic excitations governed by
electrostatic dipole-dipole interactions in the ordered
regime can be well described by wave-like collective exci-
tations called excitons. We introduce an extensive study
of such excitons for a wide range of optical lattice geome-
tries and of different dimensionality including boundary
effects in finite lattices [4, 5]. These excitonic entangled
states show significant deviation from that of indepen-
dent excited atoms, and manifest various unique phe-
nomena of big importance for fundamental physics and
applications. As they are coupled to the free space radi-
ation field, their decay depends on the lattice geometry,
polarization and lattice constant [6, 7]. Their lifetimes
can vary over many orders of magnitude from metastable
propagation to superradiant decay [8, 9]. Particularly
strong effects occur in one dimensional atomic chains cou-
pled to tapered optical fibers where free space emission
can be completely suppressed and only a superradiant in-
teraction with the fiber modes takes place [10]. We show
that coherent transfer of excitons among spatially sepa-
rated optical lattices can be controlled and represents a
promising candidate for quantum information transfer.

On the other hand, a cavity QED studies the inter-
action of light and matter inside optical resonators. We
suggested new frontiers of cavity QED involving new type
of matter contain optical lattice ultracold atoms that
open a new direction of research [4, 11]. For an optical
lattice within a cavity the excitons are coupled to cavity
photons and the resulting collective cavity QED model
can be efficiently formulated in terms of polaritons as
elementary excitations [5]. Their properties are explic-
itly calculated for different lattices and they constitute
a non-destructive monitoring tool for important system
properties as e.g. the atomic quantum statistics. Our
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FIG. 1: An optical lattice localized along the waist of the
Gaussian mode of a cavity with spherical mirrors.

models can be applied to simulate and understand cor-
responding collective phenomena in solid crystals, where
many effects are often masked by noise and disorder.
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XYZ quantum Heisenberg models with p-orbital bosons
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The possibility of experimentally accessing many-
body quantum phenomena in the strongly correlated
regime offers an excited platform for understanding
quantum magnetism. As suggested long ago, it is
now possible to engineer different systems in the lab
that mimic the physics of theoretically challenging
spin models, thereby performing “quantum simu-
lations”. Along these lines different setups which
employ systems of trapped ions and cold atoms in
optical lattices have been proposed. In this work we
demonstrate that cold atoms in excited bands of a
two-dimensional optical lattice provide an alternative
route for quantum simulation with systems of cold
atoms. In particular, we demonstrate how the spin-1/2
XYZ quantum Heisenberg model can be realized with

bosonic atoms loaded in the p-band of an optical lattice
in the Mott regime. The sign and relative strength of the
couplings characterizing the model are demonstrated to
be experimentally tuneable. We discuss the phase dia-
gram in the one dimensional case, and show that finite
size effects relevant for trapped systems lead to devil’s
staircase structure. Finally, we discuss experimental is-
sues related to preparation, manipulation and detection.
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One-dimensional extended Bose-Hubbard models
with local three-body interactions
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Experimental progress on trapping and manipulating
ultracold atoms confined in optical lattices has opened
new perspectives for controlling many-body states of dif-
ferent quantum systems. In the simplest case such sys-
tems are described in the context of the Bose-Hubbard
(BH). In my talk I will consider the class of extended
BH models with additional three-body on-site interac-
tions. In particular, I will restrict to the one-dimensional
lattice wherein the system of L sites is described by the
Hubbard-like Hamiltonian of the form:

H = −J
L∑
i=1

(â†i âi+1 + h.c.) +
U

2

L∑
i=1

n̂i(n̂i − 1)

+
W

6

L∑
i=1

n̂i(n̂i − 1)(n̂i − 2). (1)

The âi is the annihilation operator of single boson on site
i and n̂i = â†i âi is the local density operator. After short
introduction I will divide the talk into two parts:

• Standard BH with additional three-body
term (U > 0 and W ̸= 0) [1]: I show that the
shape of the second insulating lobe (for two bosons
per lattice site on average), in contrast to the first
one, depends crucially on the three-body interac-
tions and in the case of attractive three-body term
may lead to vanishing of the second insulating lobe
(FIG. 1).

• Attractive BH model with soft-core three-
body repulsive interactions (U < 0 and W > 0)
[2]: I show that the critical behavior of the system
undergoing a phase transition from pair-superfluid
to superfluid at integer filling depends on the value
of the three-body repulsion. In particular, a criti-
cal exponent and the central charge governing the
quantum phase transitions are shown to have re-
pulsion dependent features. In consequence, the
model extends the list of known systems violating
the universality hypothesis (FIG. 2).
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FIG. 1: Properties of the system for different values of the
three-body interaction strengths: W = 0 (top), W/U = 0.5
(middle), and W/U = 1 (bottom). On the left I present the
energy gap ∆ of the first (ρ = 1) and the second (ρ = 2)
MI lobe as a function of hopping amplitude J . On the right
the phase diagrams of systems considered are presented. For
ρ = 1, the insulating phase does not change significantly, but
for ρ = 2 the size of the MI phase crucially depends on the
three-body interaction parameter [1].
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FIG. 2: Central charge c of the attractive BH model near the
critical point for different values of three-body interactions
W . For W → ∞ we obtain a value very close to c = 3/2 as
expected from previous results for the hard constraint model
described by a U(1) × Z2 CFT. On moving away towards
moderate values of the repulsion W , one observes a growing
dependence of the central charge on W again providing evi-
dence towards non-universal behavior in this model [2].
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Non-linear cooperative decay process of three-level systems
stimulated by thermal field and generation of entangled photon pairs

Nicolae A. Enaki1, ∗ and Tudor Rosca1

1Institute of Applied Physics of Academy of Sciences of Moldova,
Academiei Str. 5, Chisinau MD 2028, Republic of Moldova

The two-photon and scattering resonances between the
spontaneous decays of the two- and single- photon tran-
sitions of the three-level inverted radiators in Ξ, Λ , V
configurations and the system of two-level radiators D,
inverted relatively the dipole forbidden transition are re-
vised (see Fig. 1). This approach opens the new possibil-
ities in the manipulation of the decay process and gener-
ation of the entangled photon pairs. The correlation be-
tween the D and dipole active Ξ, Λ and V three-level sub-
systems on the two-photon transitions of dipole forbidden
radiators is studied, taking into consideration the cooper-
ative scattering and two photon resonances through the
thermal field. One of them corresponds to the situation
when the total energy of emitted photons by three level
dipole-active radiator in the cascade configuration enters
into the two-photon resonance with the dipole-forbidden
transitions of second atom(Fig. 1 A). Another effect cor-
responds to the scattering situation, when the difference
of the excited energies of the two dipole-active transitions
of V (or Λ) three level radiator are in the resonance with
the dipole-forbidden transitions of the second one (see
Fig. 1 B and C). These effects are accompanied with the
interferences between single- and two-quantum collective
transitions of the inverted radiators from the ensemble.
The two particle collective decay rate is defined in the
description of the atomic correlation functions.

The Ξ three level subsystem in cascade configura-
tion, prepared in excited state |2ξ⟩, can pass into the
Dicke super-radiance regime [1] relatively the dipole ac-
tive transitions 2ξ → ιξ → 1ξ at frequencies ωs and ωa
(Fig. 1 A). According to the Fig. 1 A, the excited D atom

FIG. 1: The resonances between the two-photon transitions of
D atomic subsystem and the three-level dipole active systems
in Ξ (Fig. A), Λ and V (Fig. B) configurations. The three
level atoms are situated at relative distances rdξ, rdλ and rrv.

relatively the dipole forbidden transition 2d → 1d passes
in the ground-state |1d⟩ simultaneously generating two
quanta under the influences of first two atomic subsys-
tems through the vacuum or thermal fluctuations of elec-
tromagnetic field. This transition takes place through the
virtual levels, which we replaced by the state |3d⟩ with
opposite symmetry relative the ground |1d⟩ and excited
|2d⟩ states. An example of two-photon spontaneous de-
cay may be the transition relative the states with the
same parity |(n+ 1)S⟩ → |nS⟩ through the virtual state
|(n+ 1)P ⟩ (see Refs. [2, 3]). The new possibilities of co-
operative emissions can be observed in the two-quantum
resonance interactions between the three-level radiator
in cascade Ξ and V (or Λ) configurations and dipole
forbidden D radiator subsystem in two situations, in
which the linear and nonlinear polarizations enter in the
two-quantum resonances: ⟨Ξ+

1ι⟨Ξ
+
ι2D

−⟩ and ⟨V +
1ι V

−
2ιD

−⟩.
Here the transition operators have the similar significant
as the transition operators in the three particle coopera-
tive effects proposed in Ref. [4]. Case A. corresponds to
the situation, when the emission frequencies of the dipole
active Ξ radiators and D dipole forbidden radiators sat-
isfy the resonance condition ω1 + ω1 = 2ω0. Here ωs,
ωs are the transition frequencies of the Ξ dipole-active
radiators in Ξ and h̄ωd = 2h̄ω0 is the energy distance be-
tween the ground |nS⟩ and excited |(n+1)S⟩ states of the
dipole forbidden transition of D radiator (see Fig. 1 A).
In the Case B. we consider that the dipole active radiator
in V (or Λ) configuration satisfy the scattering condition
ωa − ωs = ωd in the interaction with D subsystem. If
a single V three level atom is excited in the superpo-
sition of the upper states |1⟩ and |2⟩ , we can observe
that this atomic superposition drastically accelerates the
dipole forbidden transitions of the D-atom. This effect
is attractive and opens the new correlation possibilities
between two atoms represented in Figs 1 in comparison
with the three particle cooperation proposed in Ref. [4].

∗ Electronic address: enakinicolae@yahoo.com; URL: www.
qol.asm.md
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Manipulation of an atomic q-bit system
by alternate classical and quantum few-photon fields

Polina R. Sharapova1, 2 and Olga V. Tikhonova1, 2, ∗

1Institute of Nuclear Physics, Moscow State University, 119234 Moscow, Russia
2Department of Physics, Moscow State University, 119991 Moscow, Russia

One of the most interesting and important problems of
modern quantum optics and laser physics is the coherent
control of atomic and molecular systems by an electro-
magnetic field. Different atomic systems can be used as
simple q-bits or more complicated q-dits for quantum in-
formation and quantum computing purposes [1, 2]. In
this case to store the quantum information and to pro-
duce the needed quantum state on demand becomes of
great importance. However, even in a most simple case
of interaction between a two-level system and a laser
field the Rabi oscillations between two atomic levels are
known to take place. It is rather difficult to transport all
the population to one ore another state and strong re-
quirements on the pulse parameters should be fulfilled to
achieve this. To control and manipulate the dynamics of
atomic q-bits by a non-classical light seems to be a very
attractive but even more difficult problem since in this
case the coherence between atomic states can hardly be
conserved. Such partial loss of the coherence is the main
feature of any bi-partite system for which each of com-
posing subsystems is characterized by the density matrix
rather than by the individual wave-function.

In this work we suggest a scheme in which firstly clas-
sical and then quantum few-photon field is applied to a
studied atomic system. The classical light prepares the
atom in a required quantum superposition of states. The
few-photon quantum field provides further dynamics of
atomic system. By varying the parameters of the quan-
tum light we can manipulate the atomic dynamics and
provide different final state of the system. The prob-
lem is studied analytically beyond any limitations on the
field strength. We consider a rather realistic atomic sys-
tem which includes several discrete levels and continuum
and allows the investigation of both the field-induced ion-
ization and excitation of the atom including the resonant
coupling between the highly-excited and low-lying bound
atomic states. The atomic continuum plays an important

role for our coherent control purposes. The ionization
channel leads to stabilization of the atom and trapping
of the certain part of population in a stable quasienergy
state while the other part of population is transferred to
the continuum. The final state of the bound atom cor-
responds to the only stable quasienergy state and any
oscillations of population between different atomic states
are suppressed. Such behaviour is based on the well-
known and interesting phenomenon observed in the case
of interaction between an atom and strong classical field
which is referred to as the stabilization against ionization
[3]. As a result it is possible to populate a certain state
without any oscillations of its population.

When the quantum field is applied to the atom the
amplitudes and phases of different Fock states compos-
ing the initial field state are found to influence dramati-
cally on the structure of the stable quasienergy state and
provide the possibility to change the final state of the
system by changing the parameters of the initial state
of the non-classical light. Thus the possibility to control
the ionization suppression and the population of differ-
ent atomic states is demonstrated. The evolution of the
field state during the interaction is examined. The en-
tanglement between the atomic and field subsystems is
analyzed. The possibility to use the atomic-field q-quarts
for quantum information purposes is discussed.

∗ Electronic address: ovtikhonova@mail.ru
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Experimental Realization of an Approximate Partial Transpose
for Two-Qubit Systems and Its Application to Entanglement Detection

Hyang-Tag Lim,1, ∗ Yong-Su Kim,1 Young-Sik Ra,1 Joonwoo Bae,2 and Yoon-Ho Kim1

1Department of Physics, Pohang University of Science and Technology (POSTECH), Pohang, 790-784, Korea
2Center for Quantum Technologies, National University of Singapore, 3 Science Drive 2, Singapore 117543

Entanglement is a key resource in quantum informa-
tion science. Given composite quantum systems, it is
then required to determine if they are entangled rather
than to identify their quantum states. This naturally
defines the direct detection of entanglement. As first
pointed out by Peres [1], entanglement of quantum states
can be detected by performing the partial transpose (PT)
on the composite quantum system. However, PT is a
non-physical operation as it does not preserve physical
symmetries, so it can not be realized in a laboratory.

Direct detection of entanglement using PT started to
attract interest when Horodecki and Ekert proposed a
method called structural physical approximation (SPA)
by which non-physical operations can be approximated
by physical operations [2]. However, this original scheme
required quantum memory. Recently, it was reported
that SPA to positive map can be implemented by mea-
surement and preparation of quantum states without
quantum memory [3], and SPA transpose was realized
in photonic qubit system using this method [4]. Here, we
investigate approximating PT of two-qubit systems using
SPA to positive maps. We also report its experimental
implementation in linear optics. In addition, we directly
detect the entanglement of the quantum states using PT.

The SPA of the partial transpose 1 ⊗ T for two qubit
systems, works by admixing the complete contraction
D⊗D where D[σ] = tr[σ]I/2 (I is 2-dimensional identity,
σ is the single qubit state),

1 ⊗ T −→ ˜1 ⊗ T = (1 − p)1 ⊗ T + pD ⊗D, (1)

such that the resulting map ˜1 ⊗ T is completely positive.
Then, the SPA-PT for a two qubit state ρAB is given by,

( ˜1 ⊗ T )[ρAB ] =
1

3
(1 ⊗ T̃ )[ρAB ] +

2

3
(Θ̃ ⊗D)[ρAB ], (2)

where T̃ and Θ̃ denote SPAs to the transpose and the
inversion, respectively, where the inversion Θ[ρ] = −ρ. It

is known that T̃ can be implemented by the measurement
and preparation of the quantum state [4], and Θ̃ is the

composition of T̃ and σy: Θ̃ [σ] = σyT̃ [σ]σy.
In experiment, the two-photon polarization state is

prepared by the spontaneous parametric down conver-
sion. T̃ , Θ̃, and D can be realized using waveplates and
polarizer. The detailed information is in Ref. [5].

To confirm the performance of the realized SPA-PT, we
initially prepared 4 Bell states |ϕ±⟩ = (|00⟩ ± |11⟩)/

√
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FIG. 1: Reconstructed density matrix (a) Input state |ϕ+⟩ (b)
The state after ideal PT (c) The state after applying SPA-PT.
Note that only real parts of density matrices are shown.

|ψ±⟩ = (|01⟩ ± |10⟩)/
√

2, and applied the implemented
SPA-PT to these states. Experimental results for input
state |ϕ+⟩ are shown in Fig. 1. To quantify the per-
formance, we compute state the fidelity F between two

states, one from the experimental realization ˜(1⊗T)exp

and the other from the ideal one ˜(1⊗T). For |ϕ±⟩,
|ψ−⟩, our experiment shows F = 0.999, and for |ψ+⟩,
F = 0.998. These results show that the realized SPA-PT
works faithfully without a dependence on local basis.

For the two qubit systems, the quantum state is entan-
gled if and only if the state after PT has negative eigen-
values [1]. However, for SPA-PT case, the threshold value
is changed to 2/9 due to the effect of white noise. Hence,
the quantum state is entangled if and only if the state
after SPA-PT has an eigenvalue which is less than 2/9.
Here, we also report the proof-of-principle demonstration
for direct experimental entanglement detection using this
SPA-PT. We test this method with quantum states which
have various degrees of entanglement and linear entropy.
The detailed information about this method is in Ref. [5].
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Steady entanglement out of thermal equilibrium

Bruno Bellomo1, 2, ∗ and Mauro Antezza1, 2
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2CNRS, Laboratoire Charles Coulomb UMR 5221 - F-34095, Montpellier, France

We introduce a new direct procedure to protect en-
tanglement realized by bringing the environment of a
two-qubit system out of thermal equilibrium [1]. New
possibilities emerging in realistic systems out of thermal
equilibrium have been recently pointed out in different
contexts including the dynamics of a single atom [2, 3].

We study a system made by two qubits interacting with
a complex environment consisting in a stationary out of
thermal equilibrium electromagnetic field. This is the
result of the field emitted by a body of arbitrary geometry
and dielectric permittivity, held at the temperature TM,
and of the field emitted by far surrounding walls held at
temperature TW, eventually reflected and transmitted by
the body (see Fig. 1 when the body is a slab).

While at thermal equilibrium the two-qubit dynamics
is characterized by not entangled steady thermal states,
we show that this particular environmental noise has two
remarkable effects: it contrasts the usual decoherence
between the qubits, and it generates steady entangled
states. This production and protection of entanglement
is obtained without any further external actions on the

FIG. 1: Two qubits close to a slab at temperature TM different
from the temperature of the surrounding walls, TW.

two qubits, such as the use of lasers or complex proce-
dures involving measurements on the qubits or on the en-
vironment, and without the need of initializing the total
system in a given configuration. Remarkably, this entan-
glement emerges from the two-qubit dissipative dynamic
itself, and thus this new protocol to produce and protect
entanglement is intrinsically robust to environmental ef-
fects. In particular, we predict the occurrence of steady
entangled states not depending on the initial two-qubit
state, consisting then in a creation and/or protection of
entanglement according to the nature of the initial con-
figuration.

For a relevant class of parameters we derive an ana-
lytical expression for concurrence, and explain the en-
tanglement production in terms of rate equations driven
by two different effective temperatures associated to the
two decay channels governing the passage from the two-
qubit excited state to the ground state. We numerically
study the case when the body close to the qubits is a slab,
finding concurrence up to ≈ 1/4 for conservative parame-
ters’s values. While at thermal equilibrium the entangle-
ment decays to zero faster if the temperature is increased,
this new strategy to create and/or protect entanglement
can be realized, quite counterintuitively, starting from
a thermal equilibrium configuration and increasing only
one of the two temperatures in the system.

∗ Electronic address: bruno.bellomo@univ-montp2.fr;
URL: https://sites.google.com/site/brunobellomo/
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Topological phases and multipartite entanglement
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Topological phases of quantum systems that evolve in
topologically nontrivial spaces, appears in different phys-
ical contexts. A well-known example of such a topologi-
cal quantity is the Aharonov-Bohm phase acquired by a
charged particle that encircles a shielded magnetic flux
line [1]. This phase depends only on the winding num-
ber of the particle’s path around the impenetrable region
of magnetic flux, but it is insensitive to continuous de-
formations of the path. Such insensitivity to continuous
parameter changes of the evolution is the defining prop-
erty of a topological phase.

Another kind of topological phase has been discovered
for entangled systems undergoing cyclic local unitary evo-
lution. First found for two entangled qubits [2, 3] and
later shown to exist also for pairs of d-level systems [4]
as well as for multiple entangled qubits [5]. To see how
topology is relevant to this case we observe that a sys-
tem undergoing local unitary evolution is confined to the
subset of state space which it can reach through such
evolution. This part of state space, the orbit of the local
unitary operations, can have a non-trivial topology. In
that case there are cyclic evolutions of the state of the sys-
tem whose paths can not be continuously deformed into
each other, in other words evolutions that are homotopi-
cally inequivalent. If the acquired phase of the system in
a cyclic local SU evolution depends only on which class
of homotopically equivalent paths the evolution belongs
to this phase is topological.

In particular, for two entangled qubits it was found
that the global phase acquired by the system undergo-
ing cyclic local SU(2) evolution is either trivial or π [2].
This is directly related to the double connectedness of
the local SU(2) orbit of a pair of entangled qubits, i.e.
the existence of two homotopy classes of cyclic evolu-
tions [2, 3]. For product states on the other hand there
is only one homotopy class and the phase depends on the
deformations of the path of evolution.

As shown in [5] topological phases is a generic feature
of entangled multi-qubit systems and depend on the par-
ticular type of entanglement. Only a small subset (of
Haar measure zero) of entangled states does not exhibit
this discretization of phases [5, 6]. Moreover, the values
of the topological phases always belong to some set of
fractions of 2π. Most entangled multi-qubit states fea-
ture only the trivial and π phase shifts, however special

classes of states exist that exhibit additional topologi-
cal phases. Which fractional values of π these additional
phases take depend on the type of entanglement.

Entanglement types of a multi-qubit system are dis-
tinguished by a finite number of polynomial local SU(2)
invariants. The bi-degree [8] of these polynomials is re-
lated to the value of the topological phases. If a state
exhibits a fractional phase π/n it has a non-generic type
of entanglement in the sense that only polynomials for
which the bi-degree (a, b) is such that a− b is a multiple
of 2n take nonzero values. A concrete example of this is
an entangled three-qubit system where a π/2 phase is re-
lated to the three-tangle being a polynomial of bi-degree
(4, 0) [5–7]. Moreover, there is a stratification of the GHZ
SLOCC-class of three qubits into states that exhibit the
phase π/2 and those that exhibit only the phase π. Simi-
larly, there is a stratification of the W SLOCC-class into
a subset including the W state itself that does not ex-
hibit topological phases, and the states that exhibit the
phase π. These stratifications are directly related to the
three-tangle and a second polynomial of bi-degree (3, 1)
and where these take nonzero values [6].

The number of different types of entanglement, as dis-
tinguished by polynomial invariants, as well as the num-
ber of different topological phases increases rapidly with
the number of qubits [5].
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Two-qubit mixed states more entangled than pure states:
Comparison of the relative entropy of entanglement for a given nonlocality
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Amplitude and phase damping is a natural decoher-
ence mechanism as it changes entangled pure states into
usually less-entangled mixed states.

We show [1], however, that even local amplitude damp-
ing of one or two qubits can result in mixed states more
entangled than pure states if one compares the relative
entropy of entanglement (REE) for a given degree of
the Bell-CHSH inequality violation (referred to as nonlo-
cality). By applying Monte-Carlo simulations, we find
the maximally-entangled mixed states and show that
they are likely to be optimal by checking the Karush-
Kuhn-Tucker conditions, which generalize the method
of Lagrange multipliers for this nonlinear optimization
problem. We show that the REE for mixed states can
exceed that of pure states if the nonlocality is in the
range (0,0.82) and the maximal difference between these
REEs is 0.4. A former comparison [2] of the REE for a
given negativity showed analogous property but the cor-
responding maximal difference in the REEs is one-order
smaller (i.e., 0.039) and the negativity range is (0,0.53)
only. For appropriate comparison, we normalized the
nonlocality measure to be equal to the standard entan-
glement measures, including the negativity, for arbitrary
two-qubit pure states.

We also analyze the influence of the phase-damping
channels on the entanglement of the initially pure states.
We show that the minimum of the REE for a given non-
locality can be achieved by these two channels.

We demonstrate (see Figure 1) that for a large range
of the nonlocality, mixed states can be more entangled
that pure states, and, surprisingly, these mixed states
can by obtained by the ordinary amplitude damping of
pure states. We believe that these results can stimulate a
further quest for practical protocols of quantum informa-
tion processing for which mixed states are more effective
than pure states.
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FIG. 1: Top: REE for a given nonlocality for the two-
qubit mixed states generated from pure states by the ampli-
tude damping channel (ADC) and the phase damping chan-
nel PDC). Bottom: Monte Carlo simulations of about 106

two-qubit states, red points are mixed states more entangled
than pure states in terms of REE. Key: P – pure states,
D – the Bell-diagonal states, A – the optimized amplitude-
damped states, H – the Horodecki states ρ = p|ψ+⟩⟨ψ+| +
(1 − p)|00⟩⟨00|.
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Photoluminescence from a Semiconductor Quantum Ring
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The optical and electronic properties of semiconductor
systems with reduced dimensions have been extensively
studied since 1970s. After the first experimental realiza-
tions, the improvement of the fabrication methods has
enabled the production of 1-D quantum wires and quasi-
zero-dimensional quantum dot (QD) structures. Even
in effectively 0-D systems, the light-matter coupling de-
pends on the exact geometry of the nanostructure.

The comparison between the two effectively 0-D struc-
tures with different geometries, a quantum ring (QR)
with a toroidal topology and a QD with a simply con-
nected topology, shows only the QR displaying distinct
indirect interband transitions [1]. These indirect tran-
sitions occur between electronic states with unequal or-
bital angular momentum (OAM). The effects accompa-
nying the indirect transitions are of prime importance
since they are related to the different OAM modes of
light [2] that are directly involved in quantum informa-
tion technology [3, 4].

In this work, we study theory of photoluminescence
(PL) for a QR. A full quantum-mechanical model for
the spontaneous light emission from the interacting elec-
trons and holes in the QR system is developed. By us-
ing a cluster-expansion approach [5, 6], the luminescence
equations are obtained from a closed set of equations of
motion for singlets and two-particle correlations.

When the light is quantized in terms of plane waves,
we found a strong dependence of PL spectra on the mag-
nitude of the projection of wave vectors to the QR plane,
as a consequence of the indirect transitions. The de-
pendence of PL intensity on the propagation direction of
plane-wave modes indicates a rich spatial form of emitted
field. With a suitable photodetector, this can be seen e.g.
from the angle-of-emission (θ) dependent luminescence
spectrum shown in Fig. 1.

The resonances in Fig. 1 are associated with different
OAM exitonic eigenstates. Their spatially varying inten-
sities are due to the OAM modes of light. This connection
is clarified if the quantization of the field is done with
OAM modes. The resonances appearing when θ 6= 0◦

are related to the non-zero OAM modes. In spite of the
quasi-zero-dimensional size of QR, these resonances have
relatively high intensity. This unique property of semi-
conductor quantum rings is highly important for applica-
tions involving orbital-angular-momentum properties of
light.
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FIG. 1: (a) Angle-of-emission (θ) dependent photolumines-
cence spectrum of a quantum ring. (b) Near the strongest
resonance, angle related effects can be seen with high fre-
quency resolution. (c) Quasi-continuum region shows mul-
tiple resonances with strongly θ dependent intensities. This
spatially varying PL spectrum can be connected to orbital-
angular-momentum modes of light.
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Negative frequency light emission from solitons in fibers

J. McLenaghan and F. König1, ∗

1School of Physics and Astronomy, SUPA, University of St. Andrews, North Haugh, St. Andrews, KY16 9SS, UK

All light waves oscillate with both positive and nega-
tive frequencies as a consequence of Fourier analysis: the
field A is related to its frequency spectrum Ã by Fourier
transformation,

A =

∫ +∞

−∞
Ã(ω) e−iωt dω , (1)

where the integral extends from negative to positive fre-
quencies. However, because the electric field A of light
is real, A∗ equals A and hence Ã(−ω) = Ã∗(ω) . Accord-
ingly, the negative part of the spectrum is entirely de-
pendent on the positive part. Negative frequencies seem
redundant for waves. However, we present an experi-
ment where the positive frequency part couples to the
negative part, displaying the full complex nature of the
electromagnetic field.

In quantum mechanics, particles oscillate with posi-
tive frequencies only. The positive frequency part of a
quantum field is the amplitude of the annihilation op-
erator and the negative part the amplitude of the cre-
ation operator. In a process where positive frequencies
are coupled to negative frequencies (and vice versa), the
positive-frequency part will change, and the number of
particles is no longer conserved. This leads to the spon-
taneous creation of particles from the vacuum.

In our experiment we propagate a temporal soliton
along an optical fiber. The fundamental soliton pulse
becomes unstable in the presence of higher order fiber
dispersion. In this case, the soliton can couple to dis-
persive waves with the same momentum as the soliton.
This effect is known as resonant radiation (or Cherenkov
radiation). The generated wave is normally of positive
frequency, but the momentum conservation also allows
for a negative frequency solution.

The momentum conservation can be expressed in terms
of the Doppler shifted frequency in the moving frame
of the soliton, ω′ = ω − uk, where u is the velocity of
the soliton and k = nω/c. The resulting condition is
ω′ = ω′IN , where ω′ (ω′IN ) is the frequency of the gen-
erated light (input soliton). Momentum conservation in
the lab. frame corresponds to energy (frequency) conser-
vation in the moving frame. The dispersion relation of
light in the comoving frame is displayed in Fig. 1. The
figure shows that there are two further lab. frequencies ω
that share the same ω′IN with the input soliton. One is of
positive frequency (positive resonant radiation (RR)) and
the other is of distinctly negative frequency (NRR). We
note that there is no positive solution at minus the neg-
ative frequency, except for the complex conjugate fields,
enforcing that the field is real-valued.

FIG. 1. Disperison relation in the moving frame.

FIG. 2. RR signals compared to the fiber dispersion curver.
λ+/λ− indicate the positive/ negative modes.

For the experiment, we coupled a 7-fs pulse into a few
mm-long photonic crystal fiber. We used a nJ - energy
pump pulse to create a compressing pulse with a very
wide spectrum to excite both the RR and the NRR modes
as can be seen in Fig. 2. A clear signal is observed at
the expected wavelength [1]. We also investigated the
generation for a few fibers and its dependence on the
pulse compression, demonstrating that the excitation of
the NRR mode critically depends on the spectral support
in the ultraviolet.

The existence of the negative frequency solution re-
quires the dispersion curve to pass through ω′ = 0, the
condition for a phase velocity horizon. Thus the gener-
ation of negative frequency light is a first step towards
astrophysical particle creation in optical analogues [2].
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Stability and Dynamics of Crossed Solitons

Tadhg Morgan1, 2, ∗ and Thomas Busch1, 2

1OIST Graduate University, 1919-1 Tancha, Onna-son, Okinawa 904-0495, Japan
2University College Cork, Cork, Ireland

Solitary matter-waves in two dimensions have in re-
cent years been subject to extensive theoretical and ex-
perimental investigation. It is well known that multi-
dimensional solitons are unstable and a single dark line-
soliton in two dimensions will eventually decay into a
number of quantized vortices through what is call the
snake instability. This instability causes the line to bend
(or snake) until the curvature is large enough to lead to a
break up into vortex-antivortex pairs. In inhomogeneous
systems, however, the snake instability can be suppressed
by reducing the size of the trap until the lowest mode of
the snake instability is no longer allowed [1].

Here we identify a new instability for solitons that ap-
pears in systems of two crossed, dark line solitons. The
density and phase of such a system trapped in a har-
monic potential is shown in Fig. 1, where all parameters
are chosen such that the snake instability for a single dark
soliton is suppressed. For this configuration the density
splits up into four lobes and the phase between neigh-
bouring lobes differs by the required factor of π.

FIG. 1. (a) Density and (b) phase of the cross soliton scaled
to the condensate healing length ζ.

FIG. 2. (a) Density and (b) phase once the instability has set
in. Again we scale to the condensate healing length ζ.

To examine the stability and dynamics, we numeri-
cally integrate the Schrödinger equation and after an ini-
tial oscillation along the diagonal, the system displays a
higher order instability in which opposite lobes connect
and disconnect, see Fig. 2. Due to the finite size of the
system, this process happens periodically. Calculating
the Bogoliubov spectrum reveals the existence of a com-
plex eigenvalue, which can be connected to the observed
dynamical instability.

Finally, we show that this dynamics exists for situa-
tions of higher symmetry (i.e. more crossed solitons) as
well.
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Quantum dynamics of a weakly coupled nonlinear dielectric waveguide:
Surface-plasmon model

Evren Karakaya1, ∗ and Özgür E. Müstecaplıog̃lu1, †

1Koç University

Quantum plasmonics is a rapidly progressing field that
offers significant enhancement of weak single-photon
processes and interactions by diffraction limit breaking
plasmonic systems. Typically strong coupling of atomic
systems with the photons can be achieved by cavity
QED and circuit QED like localized systems. It is
expected that surface plasmons can contribute for
quantum information processing applications without
any cavity. Recently we examined a system of optical
fiber soliton coupled to a surface-plasmon and revealed
that the metal-dielectric system is equivalent to an
intrinsically driven generalized Josephson junction.
Our classical nonlinear dynamical analysis exhibit rich
and tunable soliton - plasmon population transfer as
well as localization properties. Besides, the dynamics
of a dissipative photonic Josephson junction is also
investigated based on the classical theoretical model
with a coupling function that depends on the soliton
amplitude. Present work aims to investigate the quan-
tum dynamics of a weakly-coupled nonlinear dielectric
waveguide-surface-plasmon system which has been
formulated as a new type of Josephson junction. We
developed a detailed quantum mechanical model of
surface-plasmon - photon mode population dynamics
by generalizing the metal-dielectric Josephson junction
to the quantum regime. We first develop a resonant
plasmon-soliton interaction Hamiltonian taking into
account the coupling parameter being dependent on the
soliton amplitude. It is also considered that the quantum
effects in a nonlinear dielectric result in an additional
Kerr interaction effect due to the nonlinear polarization
of the medium. This allows for the investigation of the

system with intensity dependent fully bosonic Jaynes-
Cummings model type coupling. We find that Heisenberg
equations of motion lead to an infinite hierarchy which is
decoupled and turned into a closed system in the mean-
field limit. Depending on the presence of dissipation, we
also discuss the quantum treatment of the classical theo-
retical model in the limit of low soliton and surface plas-
mon amplitudes by employing the Born-Markov approx-
imation. In particular, it is also investigated the stochas-
tic dynamics via master equation methods assesses the
validity of mean field treatment. Initially, this equation
of the system is solved for single photon case and for the
vacuum state of plasmon. For single photon case, we take
into account either fock state or coherent state as our
quantum state. Starting from the initial conditions, we
determine the presence of quantum state transfer, quan-
tum squeezing effect, quantum coherence transfer and the
quantum entanglement between soliton and surface plas-
mon. In addition, we present numerical solutions of these
mean-field equations and underline the quantum correc-
tions to the classical treatment. Our results could pave
the path towards a full quantum mechanical treatment
that should highlight quantum plasmonics beyond local
enhancement of quantum coupling and bring it closer for
quantum communication applications as well.
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Unitary Polaritons and Paraphotons in Homogenous Media and in Photonic Crystals

V.S. Gorelik1, ∗

1P.N. Lebedev Physical Institute of the Russian Academy of Sciences, Leninsky prosp. 53, 119991, Moscow, Russia

The condition of realizing of unitary polaritons in me-
dia is:

ϵ(ω)µ(ω) = n2 =
c20k

2

ω2(k)
(1)

Here ω(k)-dispersion law of polaritons in homogeneous
media or in photonic crystal; ϵ(ω), µ(ω) correspond-
ing dispersion dependencies of dielectric permittivity and
magnetic permeability; c0 liqht velocity in vacuum.

In one dimensional photonic crystal dispersion law
ω(k) of polariton waves may be calculated from the rela-
tion:

k(ω) =
1
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Here a1, a2 are thicknesses of two layers of photonic crys-
tals and ϵ1, ϵ2 corresponding dielectric permittivities.
Unitary polaritons frequencies u value may be calculated
from the equation:

1
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= ±ω0

c0
(3)

For now there are predictions [1, 2] of scalar boson (para-
photon) existence in vacuum as elemental particle of dark
matter. Rest mass of paraphotons is waited at the range:
10−6–10−3 eV. With energy increase paraphotons be-
comes relativistic particles and have velocity of propaga-
tion, close to c0 (vacuum photons velocity). Paraphotons
are weakly interacted with media (dielectrics and metals)
and are particles of sub-eV energy range, named also as
”WISP”. Its have reflectance index in vacuum and in
media close to unity as unitary polaritons have. The-
ory [1, 2] has predicted two photon paraphoton conver-
sion process in vacuum due to the presence of interaction
between electromagnetic and scalar fields. According to
[1, 2] there is the following Lagrangian, in which the inter-
action between electromagnetic and scalar bosons fields
is taken into account:

L =
1

2
(ϵE2 −B2) +

1

2
(∂µΨ∂µΨ −m2) − fΨE2 (4)

The first two terms in (4) correspond to spare fields, the
third to the interactions between electromagnetic and

scalar fields. So last term in (4) corresponds to three-
particles processes, resulting the conversion of two vac-
uum photons into scalar boson and opposite one: conver-
sion of scalar boson into two vacuum photons. For these
elemental processes energy and momentum conservation
laws should take place.

Selection rules permit such nonlinear type processes
for all center symmetric media, including vacuum. Such
effect has been studied with powerful laser using as the
source of light for two photon-scalar boson conversion. In
these experiments ”Light Shining Trough Wall” scheme
[2] has been used, in which detection of photon after re-
conversion process was waited. However so far obtained
results on photons detection after reconversion process
are at the range of the noise.

In media should be also permitted two polariton para-
photon conversion process and vice versa. Conversion
and reconversion probabilities in media should essentially
increase in dielectric media with comparison to vacuum
due to larger photonic density of states and coefficient f
in media and in photonic crystals. It is important, that
conservation laws for conversion-reconversion processes
are satisfied for unitary polaritons for collinear geometry
because of unity value of refractive index. So we pro-
pose experiments for realizing of conversionreconversion
processes in dielectric media instead of vacuum. The
frequency of exciting laser emission should be close to
unitary polariton emission. As such media may be used
the homogeneous crystals, having exciton or rare earth
imperfections or globular photonic crystals having uni-
tary polaritons with frequency, coinciding with exciting
laser frequency. So the properties of unitary polaritons
quasiparticles, corresponding to electromagnetic waves,
propagating in homogeneous media or photonic crystals
with refractive index, satisfying to relation: |n| = 1, are
described. The increase of probability for two unitary po-
lariton paraphotons conversion processes in media with
comparison to two-photon paraphoton conversion in vac-
uum have been predicted.
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Model of point perturbation for metamaterials

K.V. Pravdin1, ∗ and I.Yu. Popov1
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197101, Kronverksky avenue 49, Saint Petersburg, Russia

Metamaterials are artificial materials engineered to
have properties that may not be found in nature. In par-
ticular, they may have negative refractive index. Such
materials are called negative index materials (NIMs). In
general, a NIM system is defined by the property that for
certain frequencies ω the electric permeability ε (ω) or the
magnetic permeability µ(ω) becomes negative. The NIM
situation is the case where both at the same frequency ω̂
become negative and are equal -1. In recent year NIMs
have become of increasing interest (see [1, 2]).

Starting point is the set of phenomenological Maxwell’s
equations

∂tD(x, t) = ∂x ×H(x, t),

∂tB(x, t) = −∂x ×E(x, t),

∂x ·D(x, t) = 0, ∂x ·B(x, t) = 0,

with the constitutive equations

D(x, t) = E(x, t) + P(x, t),

P(x, t) =

∫ t

t0

dsχe(x, t− s) ·E(x, t),

H(x, t) = B(x, t) −M(x, t),

M(x, t) =

∫ t

t0

dsχm(x, t− s) ·H(x, t),

where χe(x, t) and χm(x, t) are the electric and magnetic
susceptibility tensors. We are dealing with a single dis-

persive Lorentz contribution ε(ω) = µ(ω) = 1 − Ω2

ω2−ω2
0
.

Then ω̂ =
√
ω2
0 + Ω2

2 is the NIM frequency as ε(±ω̂) =

µ(±ω̂) = −1. We assume that the system is disper-
sive, nonabsorptive, isotropic and layered. Layers are
parallel and there is the translation invariance in direc-
tions parallel layer-plane. We only consider the electric
Green’s function and introduce the Fourier-transformed
Maxwell’s equations and the tensor Green’s function. We
express then Green’s function into a set of two scalar ones
for s and p polarization that satisfy the differential equa-
tions. In [3] two half spaces filled with NIM and vacuum

is considered and the expression for Green’s function is
found.

We consider single NIM layer in vacuum and find ex-
plicit expressions for Green’s function the same way. Also
we find Green’s function for multilayer system in general
form, obtain recurrence relation for coefficients and con-
sider infinite periodic NIM system of layers.

Model of point perturbation of metamaterial is based
on the theory of self-adjoint extensions of symmetric op-
erators. Models of this type are well known in quan-
tum mechanics for the Schrodinger operator. As for the
Maxwell operator, there are only few works [4, 5]. The
additional difficulty is that it is necessary to extend the
initial Hilbert space to construct the model. The pro-
cedure scheme is as follows. The starting point is the
self-adjoint operator in the extended space. We restrict
it on the set of functions vanishing at the chosen point
(position of the point perturbation). The obtained op-
erator is only symmetric. The deficiency elements are
the Green‘s functions of the initial operator. Self-adjoint
extension of this operator gives us the model in ques-
tion. The technique is based on the Krein’s and the von
Neumann’s formulas [6, 7]. The model is constructed for
multi-layered NIM system.
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Optical spin squeezing: bright beams as high-flux entangled photon sources

Federica A. Beduini,1, ∗ Joanna A. Zielińska,1 Vito G. Lucivero,1
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1ICFO-Institut de Ciencies Fotoniques, Mediterranean Technology Park, 08860 Castelldefels (Barcelona), Spain
2ICREA-Institució Catalana de Recerca i Estudis Avançats, 08015 Barcelona, Spain

It is well known that spin squeezing implies entangle-
ment among the particles in the whole atomic ensem-
ble [1] thanks to spin-squeezing inequalities, but a direct
experimental demonstration is not available yet due to
technical difficulties. Taking advantage from the similar-
ities between spin-1/2 atoms and optical polarization, we
have derived the first spin-squeezing-like inequalities for
photons to our knowledge [2]. The advantage given by
light is that the technology for both generating squeezing
and detecting microscopic entanglement is already avail-
able, differently from the atomic case.

We will describe an experiment in progress that allows
to study via quantum state tomography the polarization
entanglement properties of photon pairs extracted from a
polarization squeezed state (PSS), generated as a product
state of an OPO-generated squeezed vacuum (SV) state
and an orthogonally polarized coherent state (LO) [3]. In
particular, we want to show that polarization squeezing
implies pairwise polarization entanglement among any
two photons in the state.

The polarization squeezed state is analyzed in a dis-
crete quantum state tomography setup [4] to recover the
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FIG. 1. Experimental setup. QWP (HWP): quarter (half)
waveplate. BD: balanced detector. GM: galvo mirror. PBS:
polarizing beam splitter.

two-photon density matrix: we compute its concurrence
(C) in order to demonstrate its entanglement. Our cal-
culations show that it is possible to reach up to C = 0.65
with feasible experimental parameters. We consider only
the narrowband (8 MHz) degenerate output of the OPO:
in order to avoid that the single photon detectors (SPD)
in the tomography setup detect also the nondegenerate
wideband (150 GHz) OPO output, we use a Faraday
rotation-based atomic filter (FADOF) [5].

Due to polarization squeezing, the noise of one of the
Stokes parameters is reduced (or amplified) depending on
the phase between the two beams: we stabilize it with a
quantum noise lock system which applies active feedback
on a piezo actuator (PZT) on one of the paths.

This experiment not only connects microscopic entan-
glement to macroscopic nonclassical polarization corre-
lations, but it also creates a narrowband (8 MHz) and
ultra-bright (1.2e5/(s MHz)) source of entangled pho-
ton pairs. In spectral efficiency (pairs/s/mW/MHz), the
source will be brighter than existing sources by about
an order of magnitude. The generated state is very in-
tense in its narrow bandwidth, Rubidium resonant and
robust against losses, which makes it a very interesting
candidate for applications (such as quantum memories
or gates) where a quantum state of light is required to
interact with an atom.
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Characterization and Manipulation of Energy Entangled Qudits
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Entanglement is a fundamental resource for the quan-
tum processing of information and to study the intrinsic
nature of quantum correlations. Entangling higher di-
mensional bipartite systems (qudits) has been shown to
give more insight on the nature of entanglement com-
pared to the simplest entanglement system composed of
two two level systems (two qubits) [1, 2]. For quantum
key distribution, increasing the dimension of the alpha-
bet by using qudits increases the effective bit rate of the
protocol, still being secure [3]. Experimentally, higher di-
mensional entanglement in photonic systems have been
demonstrated for various degrees of freedom of light, in-
cluding time-bins [4, 5], transverse momentum [6, 7] or
orbital angular momentum modes [8].

We demonstrate here [9] a new way to encode qudits in
the energy spectrum of the entangled photons by defin-
ing frequency bins within their spectra. Broadband en-
tangled photons are generated by continuous wave spon-
taneous down-conversion and detected in coincidence by
sum frequency generation. By means of experimental
methods used for shaping fs-laser pulses, frequency bins
can be addressed in the photons spectra. Furthermore,
controlling each frequency component individually allows
to manipulate and characterize the quantum states. Be-
cause the entanglement content of the state is very large,
the dimension of the generated states can in theory reach
several millions. In practice it is limited by the optical
resolution of the setup.

We generate entangled qudits with dimension up to

FIG. 1: Left: Real and imaginary part (inset) of the to-
mographically reconstructed density matrix of two entangled
qudits (d = 4). Right: Measured Bell parameter Id as a
function of the entanglement parameter γ for d = 2, 3. The
theoretical curves are scaled with a mixing parameter which
represents the noise.

four and characterize them by tomographic quantum
state reconstruction. We measure the Bell parameters Id
for both maximally and non-maximally entangled qubit
and qutrit states of the form |Ψ2〉 = 1/

√
2(|00〉 + γ |11〉)

and |Ψ3〉 = 1/
√

3(|00〉 + γ |11〉 + |22〉) respectively and
vary the entanglement parameter γ. As expected we ob-
serve a smaller sensitivity of Id to γ for qutrit as com-
pared to qubits.
Finally we show that the method is not limited to dis-
cretizing the spectra into frequency-bins only but can be
extended to any discretization scheme. In particular we
show results for time-bins and for decomposition on the
Schmidt basis.
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A quintessential ingredient of quantum physics is the
superposition principle. Interaction with the environ-
ment, however, introduces which-path information of the
quantum system, leading to decoherence. This process
induces the quantum-to-classical transition: probabilities
instead of amplitudes need to be summed to obtain event
probabilities.

The quantum-to-classical transition has been observed
to induce monotonic change of observed values. For ex-
ample, visibility of single-particle interference decreases
monotonically [1], two-photon Hong-Ou-Mandel (HOM)
interference fades away monotonically [2], and a bosonic
bunching effect diminishes in a monotonic way [2]. In
contrast to the hitherto observations, we experimentally
demonstrate nonmonotonic dependence of genuine many-
particle interference by the quantum-to-classical transi-
tion [4]. Such nonmonotonicity is a generic feature of the
quantum-to-classical transition in many-particle interfer-
ence of more than two particles.

Let us first describe the experimental setup described
in Fig. 1(a). At each input modes a and b, two-photon
Fock states, which are produced via spontaneous para-
metric down conversion (SPDC) process, are injected
and proceed to a beam-splitter (BS). Path delay x medi-
ates the quantum-to-classical transition by varying dis-
tinguishability between photons at the different input
modes: when x is zero, the photons arriving at the BS
is indistinguishable and exhibits interference, but as x
increases, the distinguishability between the photons be-
comes stronger and in the end, at x ≫ lc (lc: coherence
length of a photon), photons at different input modes be-
come fully distinguishable, and hence, interference does
not occur. After the photons pass through the BS, proba-
bility that two photons come out from each output mode
((2, 2) event) is measured.

(2,2) detection probability as changing x is shown in
Fig. 1(b). In the quantum-to-classical transition, it ex-
hibits nonmonotonic transition, while hitherto observed
signals have been monotonic [1–3]. In the following anal-
ysis, we will show how this nonmonotonicity arises.

The four-photon state at the input of the BS can be
decomposed as

α2|2, 2⟩ab +
√

2α
√

1 − α2|2, 11̃⟩ab + (1−α2)|2, 2̃⟩ab , (1)
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FIG. 1: (a) Experimental scheme. (b) (2, 2) detection proba-
bility by quantum-to-classical transition

where |1̃⟩ denotes an orthogonal state to |1⟩, and α2(=
α2(x)) is distinguishability between single-photons at
mode a and b. Note that three orthogonal states (de-
noted as distinguishability types) are in the four-photon
state and have distinct weights (which is a square of the
coefficient at each distinguishability type). Then, overall
probability by (2,2) joint detection becomes

P (2,2)(x) =
∑
type

p
(2,2)
type W

(4)
type(x) , (2)

where W
(4)
type(x) and p

(2,2)
type are weight and detection prob-

ability of each distinguishability type, respectively. As
the overall probability is related with more than two
distinguishability types, the (2,2) detection probability
in the quantum-to-classical transition exhibits the non-
monotonic interference signal as shown in Fig. 1(b).

When N -photon Fock states are injected into each in-
put mode of the BS, N + 1 distinguishability types exist.
In multi-photon interference, therefore, the nonmono-
tonic quantum-to-classical transition becomes a generic
feature.
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Study of Fast Quantum Optical Random Number Generators
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Marseille Cedex 20, France
3QuIC, Ecole Polytechnique de Bruxelles, Universit Libre de Bruxelles, 1050 Brussels, Belgium

4Institute of Solid State Physics, 72 Tzarigradsko Chaussee blvd., 1784 Sofia, Bulgaria

Random numbers play an important role in many ap-
plications. For example, Monte Carlo methods rely on
random inputs and are important methods in several
branches of science. In cryptography, randomness is very
often used for the generation of a secret key. On top of
that, random numbers have important applications in a
variety of different sectors such as for example banks, fi-
nancial institutions, casino’s or gambling halls and video
games.

The aim of our talk is to present different types
of Quantum Optical Random Number Generators
(QORNG) and also to explain different strategies that
we addressed in order to characterize the quality of the
random series obtained from them. The first of them
has been conceived and developed (by one of the co-
authors, L-P L. and co-workers) at the Université Libre
de Bruxelles (ULB), and is based on statistical fluctu-
ations of the intensity of a laser field, i.e. it requires
an optical detector that works in the continuous regime.
The two other ones require optical detectors in the “dis-
crete” regimes, i.e. single photon detectors. The second
one was conceived already in 1994 [1], and is based on
the idea that a photon that enters a symmetric (50-50)
beam-splitter has probability one halve to be transmit-
ted and one halve to get reflected; we will call it hereafter
”split” method. It is thus a direct realization of an un-
biased “tossing coin” (or Bernoulli) process. We based
our study on data collected from an implementation that
was realized at the Vrije Universiteit Brussel (VUB), us-
ing as photon source a strongly attenuated laser source,
and a particular care was brought to the study of the cor-
relations induced by the dead time of the single photon
detectors that were used for collecting the data. A third,
new, type of QORNG was also conceived and realized at
the VUB [2], in which the random nature of the detec-
tion time of a photon emitted by a strongly attenuated
laser source was exploited in order to generate random bit
series that maximize the bit production rate-being given
the finite dead time of a single photon detector. This new
method, denoted the Parity Method, opens the way to
efficient competitive QRNG’s. In our case we can reach
a bit generation rate of the order of 1/D ≈ 2 · 107Hz.
In a version with two detectors, we would reach more or
less 4 · 107Hz. At the other side, the ultra-fast SeQuR
QORNG that works in the continuous regime makes it
possible to reach, after application of the unbiasing pro-

FIG. 1: Statistics of time arrival between photons. The his-
togram shows a strong correlation due to the dead-time of the
photon-detector (short time between incoming photons).

FIG. 2: Statistics of time arrival between photons. The his-
togram shows a Poisson distribution and now without bumps
due to the dead time, and the strong correlation disappears
(long time between incoming photons).

cedures a rate of the order of 1GHz/4 = 2.5 · 108Hz.
Compared to the commercially available QORNG pro-
duced by ID quantique [3] that operates at a rate of the
order of 4 · 106 Hz, these prototypes offer thus promising
perspectives.
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Quantum physics has revolutionized our understand-
ing of information processing and enables quantum com-
puters to achieve computational speed-ups that are
unattainable using classical computers by harnessing
quantum phenomena such as superposition and quantum
entanglement. Theoretical and experimental efforts are
focused on different experimental approaches for the re-
alization of quantum computers. At present it seems that
the intrinsic technical complexity may result in only a few
powerful quantum computers that are operated only at
specialized facilities. The challenge in using such central
quantum computers to ensure the privacy of the client’s
data as well as the privacy of the computation.

Quantum physics provides a solution to this challenge
and enables a new level of security in data processing [1]:
The privacy of the data and the computation can be pre-
served while being computed at a remote servers, mani-
fested in the blind quantum computing protocol. Com-
bining the notions of quantum cryptography and quan-
tum computation, the blind quantum computing proto-
col achieves the delegation of a quantum computation
from a client with no quantum-computational power to
an quantum server, such that the client’s data remains
perfectly private.

Remarkably, the preparation and sending of single
qubits is the only quantum power that is required
from the client. The protocol uses the concept of the
measurement-based quantum computation which pro-
vides a conceptional framework, where the quantum and
classical resources are clearly separated [2]. The user
prepares blind qubits in a state |θj⟩ = 1/

√
2(|0⟩ +

eθj |1⟩) where the phase, θj , is chosen from the set
{0, π/4, . . . , 7π/4}) and known only to himself (|0⟩ and
|1⟩ are the computational basis of the physical qubits).
These blind qubits are then send to to the quantum com-
puter that entangles the qubits via controlled phase gates
and creates blind cluster states. The actual computation
is measurement-based: The user tailors measurement in-

structions to the particular state of each qubit and sends
them to the quantum server. Without knowing the state
of the blind qubits, these instructions appear random
and do not reveal any information about the computa-
tion. The server performs measurements according to
these instructions and finally, the results of the compu-
tation are sent back to the user who can interpret and
utilize the results of the computation.

Here we present the first such experimental blind quan-
tum computation using a family of photonic blind clus-
ter states, where the client’s input, computation, and
output remain secret [3]. We demonstrate the imple-
mentation of a universal of set of single-qubit and non-
trivial two-qubit quantum logic gates, as well as exam-
ples of Deutsch-Jozsa’s and Grover’s algorithm, where
the quantum-computing server cannot distinguish which
kind of operation is performed. We show that the quan-
tum server is blind and that it gains no information about
the computation. Further, we discuss a test for whether
the server indeed possesses any quantum technology or
it is completely a classical device.

Our experiment is a step towards unconditionally se-
cure quantum computing in a client-server environment,
where the client’s computation remains hidden —a func-
tionality not known to be achievable in the classical world
alone [4, 5].
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Quantum measurement of qubits yielding maximum information
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Extracting information from a quantum system is a
crucial problem in quantum information theory. The
quantum state of the system is not an observable, it is
not possible to determine the state in a single-shot mea-
surement, except for the case when the state is one from
a known set of mutually orthogonal states.

Therefore, the frequently occurring final task of the
receiver in a quantum communication scheme, discrim-
ination among states from a known set, generally non-
orthogonal, each occurring with given prior probabilities,
is a highly known-trivial problem. As perfect discrimina-
tion is not possible, we have to choose a figure of merit to
characterize a particular discrimination strategy, and find
a measurement which optimizes it. Accordingly, several
strategies have been developed corresponding to various
choices for the figure of merit [1]. The most important
strategies are unambiguous discrimination, minimum er-
ror (ME) discrimination, and maximum confidence mea-
surements [2].

In quantum communication, one can look for a mea-
surement strategy maximizing the mutual information
between the communicating parties. In this problem, we
have a quantum channel—which is a sequence of indi-
vidual quantum systems, each taken from a given set of
states E—and the receiver measures them one by one by
the measurement Π. Our task is to maximize the Shan-
non mutual information [3–5]

I [E|Π] =
∑
j

ξj
∑
m

p(m|j) ln
p(m|j)
p(m)

(1)

between the measurement outcomes m and the input
states j, where ξj is the a priori probability of the state j,
and the p(m|j)’s are the conditional probabilities of get-
ting the result m, given that the state j was prepared.
If we fix the ensemble of states and their a priori prob-
abilities, the problem reduces to finding a measurement,
which maximizes the information gain from the system,
and this maximum is called the accessible information.
The problem is in general unsolved, except for some spe-
cial cases [6–9].

Even the number of POVM elements needed to max-
imize the information gain is in general unknown. It is
known [10] that for any ensemble in d dimensions there
is an optimal strategy with at most N elements, where
d ≤ N ≤ d2. Sasaki et al. [7] showed that for the case of
real states the upper bound is d(d+ 1)/2.

In this communication, we present a novel method
based on the concepts of confidences. It makes possible
to treat the maximum information (MI) problem analyti-
cally for a qubit prepared in one of two previously known
pure or mixed states occurring with given prior probabil-
ities. First, we consider the case of a mixture of two pure
states with equal a priori probabilities, and show that the
POVM which maximizes the information gain from the
system coincides with the ME POVM.

Next, we consider the mixture of a pure and a given
mixed state. In this case, if the two states are far from
each other in the Bloch sphere, the POVM which yields
the maximum information from the system is practically
equal to the ME POVM. However, if the two states
are very close to each other in the Bloch sphere, the
MI measurement differs from the ME one and provides
much more information than the ME measurement in
this regime. We calculate the MI POVM elements for
this situation, and show that the MI POVM maximally
differs from the ME POVM. If we consider two mixed
states, the same effect will appear, but the difference be-
tween the MI and ME strategies and the information they
provide will be smaller.

We also consider different a priori probabilities, and
we show that the MI and ME strategies approach the
problem completely different ways. The amount of infor-
mation provided by the MI measurement can be consider-
ably higher than that of any other measurement strategy.
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Nonlinear quantum metrology with noise
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Introduction.—Quantum metrology is an important
branch of science that promises many advances in pre-
cision measurements [1]. A typical measurement scheme
involves a probe system S prepared in an initial state
ρS(0) undergoing a unitary transformation to the state
ρS(ϕ) = e−iϕGρS(0)eiϕG, where G is some Hermitian op-
erator generating translations in the parameter ϕ we wish
to estimate. Most of the measurement schemes employ
linear operators to generate parameter shifts, e.g., in op-
tics we usually have G = n̂, where n̂ is the photon num-
ber operator. More generally, the parameter shift ϕ can
be generated by an optical nonlinearity in which case
G = n̂q, where q denotes the order of nonlinearity [2].

The performance of many quantum measurement
schemes can be quantified with the quantum Cramér-
Rao bound given by ∆ϕ ≥ 1/

√
FQ[ρS(ϕ)], where ∆ϕ is

the square root of the mean-square error and FQ[ρS(ϕ)]
is the quantum Fisher information. For linear estimation
schemes, ∆ϕ scales at best with the Heisenberg-limited
sensitivity as 1/N , where N denotes the average num-
ber of photons present in the probe. This scaling repre-
sents a significant

√
N improvement with respect to the

classical shot-noise limit. However, this improvement is
usually only present in noiseless measurement schemes.
Since all precision measurements suffer from some form of
noise it is of the utmost importance to find the ultimate
precision bounds that hold in realistic noisy conditions.

So far the analysis of noisy measurement schemes was
limited only to the linear schemes leading to some very
pessimistic results [3–6]. In our study, we derive the ulti-
mate precision bounds for noisy nonlinear measurement
schemes and determine whether a noisy nonlinear scheme
can offer any improvement with respect to its noisy lin-
ear counterpart. In particular, we investigate the perfor-
mance of a second-order nonlinear estimation scheme in
the presence of photon loss and phase diffusion.
Photon loss.—It has been repeatedly shown that in

the presence of photon loss the precision scaling offered
by linear estimation schemes deteriorates to the classical
limit. Specifically, in the asymptotic limit of large N , the
presence of loss unavoidably leads to the shot-noise-like
scaling c/

√
N , where the improvement over the classical

measurement is limited to a constant factor c indepen-
dent of N [3]. We derive the lower bound on the error of
the second-order estimation scheme affected by photon
loss valid for any input state

∆ϕPL ≥
√

1

4 (∆n̂2)
2
|ψ⟩S

+
1 − η

4η⟨n̂3⟩|ψ⟩S
(1)

that in the asymptotic limit of large N can be written

(up to the leading order) as

∆ϕN→∞
PL ≥

√
1 − η

η

1√
60N3/2

. (2)

We conclude that in the presence of photon loss the pre-
cision scaling is reduced to a classical shot-noise-like limit
1/N3/2 of the second-order estimation scheme. This re-
sult is reminiscent of analogous results found in lossy
linear estimation. We also conjecture a lower bound that
should hold for any nonlinear estimation scheme.

Phase diffusion.—In Ref. [6] it was shown that the ulti-
mate bound on the precision of linear estimation schemes
affected by phase diffusion contains a constant term inde-
pendent of the average photon number N . Hence, it was
concluded that the influence of phase diffusion is even
more detrimental to the performance of linear estima-
tion schemes than the presence of photon loss. Can the
second-order estimation scheme offer any improvement?
We derive the lower bound on the error of the second-
order estimation scheme in the presence of linear phase
diffusion valid for any input state

∆ϕLPD ≥
√

1

4 (∆n̂2)
2
|ψ⟩S

+
2β2∆2

4⟨n̂2⟩|ψ⟩S
(3)

that in the asymptotic limit of large N can be written
(up to the leading order) as

∆ϕN→∞
LPD ≥ β∆√

6N
. (4)

Our bound retains its dependence on the average photon
number N . This proves that in the presence of linear
phase diffusion the second-order estimation scheme is su-
perior to its linear counterpart.
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Nature Commun. 3, 1063 (2012).
[6] B. M. Escher, L. Davidovich, N. Zagury, and R. L. de

Matos Filho, Phys. Rev. Lett. 109, 190404 (2012).

Monday 14:20-14:40 D2C-27 C-27

84



Indirect measurement process parameterized by nonunitary system-pointer interaction
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Quantum state evolution of monitored system is un-
der investigation. For the process of indirect cavity mode
photodetection we construct and study effects and opera-
tions [1], which correspond to this type of quantum mea-
surement. We consider the following process. Two level
atom, prepared in its ground state |g⟩ passes through
the cavity and interacts with excited mode of electro-
magnetic (EM) field. Just after the interaction atomic
state is detected. Measurement result is used for cavity
field state estimation [2], [3], realizing thereby indirect
measurement [4].

Formally this procedure may be described as param-
eterization of quantum EM field state projective mea-
surement. Indirect detection scheme implies a triplet
(ρP , Uτ , {Πx}) of parameters. Here ρP is a initial pointer
state, Uτ is unitary operator describing the common
unitary evolution of system and pointer, τ is interac-
tion time, and {Πx} is a set of projectors correspond-
ing to sharp measurement of pointer (atomic) state. In
this case the detection process resulting with outcome
x ∈ B = {g, e} yields the following state transformation:

ρF → ρ′F =
ΛxρF

Tr (ΛxρF )
. (1)

Here Λx is an operation, which may be represent in the
following form (Kraus representation theorem [1]):

ΛxρF =
∑
y∈B

KxyρFK
†
xy, Kxy =

√
py ⟨y|Uτ |x⟩ , (2)

where

ρ′P =
∑
y∈B

py |y⟩ ⟨y| (3)

is spectral decomposition of reduced atomic density op-
erator. The set of bounded operators Kxy describes the
information characteristics of measurement process: en-
tropy change, measurement fidelity and reversibility [5].

We study a nonunitary intracavity atom-field quan-
tum state evolution, which parameterizes the indirect
photodetection process. Due to the interaction between
atom and external modes corresponding relaxation rates
are nonzero. Evolution of this kind may be described by
the master equation:

iρ̇c = Lρc, (4)

with generator L obtained from Born-Markov approxi-
mation. In this case the triplet (ρP ,Uτ , {Πx}) of pa-
rameters is used. Here Uτ = exp (−iLτ) is an evolution

FIG. 1: Entropy reduction (information gain) as a function
of interaction time (in units Γt, where Γ is atomic coherence
relaxation rate) for different dimensions n of Fock subspaces

superoperator. Using atomic density operator decompo-
sition as in (3) corresponding operations may be written
like in (1), but in this case

Λx =
∑
y∈B

Mxy, Mxy = py ⟨⟨y| Uτ |x⟩⟩ ,

where |x⟩⟩ = |x⟩ ⟨x| and each superoperator Mxy allows
the following Kraus representation with functions Fxyα
of SU (1, 1) generators:

Mxyρ =
∑
α

FxyαρF
†
xyα. (5)

To show the simple application of this formalism we
calculate the entropy reduction resulting from measure-
ment process for different dimensions d of field state
space (see Fig. 1). For atom prepared in its ground
state |g⟩ and detected in the same state we evaluate
the information gain Igg = −∆H = H0 − Hgg, where
H0 = log d is initial maximal entropy of field state and
Hgg = −Tr (ρ′F log ρ′F ) is state entropy just after pho-
todetection.
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Nondemolition measurement of boson number in a driven damped harmonic oscillator

Vlasta Peřinová1, ∗ and Antońın Lukš1

1Joint Laboratory of Optics, Palacký University, RCPTM,
17. listopadu 12, 77146 Olomouc, Czech Republic

A harmonic oscillator or a mode of frequency ωm is
studied. The annihilation operator of a photon of this
mode is denoted by ĉ. On introducing the slowly varying
operator â = ĉeiωmt, the description of driven damped
harmonic oscillator in the Heisenberg picture is given by
the relation

dâ

dt
= −γ

2
â+ ife−i∆t + L̂, (1)

where γ is the rate of damping, f is the magnitude of
a coherent driving force, ∆ = ωd − ωm, is the detuning,
with the frequency of the driving force ωd, and L̂ is the
Langevin force. We assume the zero temperature limit,
where ⟨L̂†(t)L̂(t′)⟩ = 0, ⟨L̂(t)L̂†(t′)⟩ = γδ(t− t′).

In quantum optics, one usually works in the Schrödin-
ger picture. There the statistical operator is denoted by
ρ̂. The operator ρ̂ obeys the master equation

dρ̂

dt
= − i

h̄
[Ĥ, ρ̂] +

γ

2

(
2âρ̂â† − â†âρ̂− ρ̂â†â

)

+
R

2

(
2Ôρ̂Ô† − Ô†Ôρ̂− ρ̂Ô†Ô

)
, (2)

where Ĥ = −h̄fe−i∆tâ† −h̄fei∆tâ, R is the detection
rate, Ô = â, â†â. For simplicity, we put ∆ = 0. The
steady state of a coherently driven damped harmonic os-

cillator (R = 0) is the coherent state
∣∣∣i2fγ ⟩ [1].

On including a destructive photon-number measure-
ment, the description is given in the form (2), where

R = γdet, Ô = â. The coherent state changes,
∣∣∣i 2fγ′

⟩
,

γ′ = γ+γdet. The continuous measurement is character-
ized by the superoperators of the evolution conditioned

by the number M of photocounts,
ˆ̂
N[0,T )(M). The mea-

surement lasts from 0 to T ,

ˆ̂
N[0,T )(M) =

∫ T

0

∫ τM

0

. . .

∫ τ2

0

× ˆ̂
N[0,T )(M, τ1, . . . , τM−1, τM ) dτ1 . . . dτM−1dτM , (3)

where
ˆ̂
N[0,T )(M, τ1, . . . , τM−1, τM ) is the superoperator

of the evolution conditioned by M photocounts in the
times τ1, . . ., τM−1, τM . The probability of M photo-
counts in [0, T ) is [2]

p(M, 0, T ) = Tr
{

ˆ̂
N[0,T )(M)ρ̂(t)

}
=

1

M !
e−IT (IT )M , I = γdet

(
2f

γ′

)2

. (4)

On including a nondemolition photon-number mea-
surement, the description is given in the form (2), where
Ô = â†â. A new steady state is

ρ̂ =
1

2πI0
(
γ
R

) ∫ 2π

0

e
γ
R sinφ

∣∣∣∣2fγ eiφ
⟩⟨

2f

γ
eiφ
∣∣∣∣ dφ, (5)

where I0(x) is the modified Bessel function. The phase φ
has a von Mises distribution [3]. The values of this con-
tinuous measurement approximately correspond to the
real amplitude of the coherent states,

p(M, 0, T ) =
(RT )M

M !

∞∑
n=0

pne
−RTn2

n2M , (6)

where pn is the Poisson photon statistics,

pn =
1

n!
e−( 2f

γ )
2
(

2f

γ

)2n

. (7)
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A new second law of the information thermodynamics
with using entanglement transfer

Hiroyasu Tajima1, ∗

1Department of Physics, University of Tokyo, Komaba 4-6-1, Meguro, Tokyo 153-8505, Japan

The second law of thermodynamics appears to be vio-
lated in thermodynamic processes that include measure-
ments and feedbacks. This well-known fact has been the
center of attention and numerous studies have long been
conducted on such processes [1–6]. The second law of
information thermodynamics [6] is a monumental land-
mark of such studies; in the case of an isothermal process,
it is expressed as

Wext ≤ −∆F + kBTIQC, (1)

where IQC is the QC-mutual information content [6].
This inequality gives a new upper bound for the work
extracted from a thermodynamic system when measure-
ment and feedback are permitted on the system.

When the measurement is classical (

[
ρ,
√
M†
kMk

]
= 0,

where {Mk} is the measurement and ρ is the density ma-
trix of the system with the baths), the QC-mutual infor-
mation reduces to the classical mutual information con-
tent. In other words, in the classical world, the work
that we can extract from information thermodynamic
processes is larger than the upper bound of the tradi-
tional thermodynamics by the information which we ob-
tain from the measurement.

On the other hand, when the measurement is not clas-
sical, the physical meaning of the QC-mutual informa-
tion is unclear. The usual expression for the QC-mutual
information is that the mutual information between the
classical observer and the quantum system. However, the
QC-mutual information is not correlation between the
system and probe; There is indeed an example such that
the QC-mutual information is not zero although there
is no correlation between the system and the results of
the measurement. Moreover, when we use finite systems
as the heat baths, the upper bound of (1) is not always
achievable.

Based on the above, we define a quantity of entangle-
ment transfer as a new information content and present

a new information thermodynamic inequality [7]:

Wext ≤ −∆F + kBTIE. (2)

The new quantity IE is defined as the difference of the
entanglement of formation:

IE ≡ −∆ESB-R
F

= ESB-R
F |before USP − ESB-R

F |after USP , (3)

where ESB-R
F is the entanglement of formation [8] be-

tween the system with the bath SB and the reference
system R, while the unitary USP is the unitary interac-
tion between the system S and the probe P in the gen-
eral measurement on S. That is, the quantity IE is the
amount of entanglement transfer from the system S to
the probe P through the unitary USP . In the above, the
quantity IE has a clear physical meaning, which IQC does
not have. Moreover, the condition for the achievement
of the upper bound of the new inequality (2) is looser
than that of the inequality (1). These results lead to the
following conclusion: from a thermodynamical point of
view, we can interpret the information transfer as the
entanglement transfer.
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Measures of quantum synchronization in continuous variable systems

Andrea Mari,1, ∗ Alessandro Farace,1 Nicolas Didier,2 Vittorio Giovannetti,1 and Rosario Fazio1

1NEST, Scuola Normale Superiore and Istituto Nanoscienze-CNR, I-56127 Pisa, Italy
2Département de Physique, Université de Sherbrooke, Sherbrooke, Québec, J1K 2R1 Canada

C. Huygens noticed (in the 17th century) that the os-
cillations of two pendulum clocks with a common support
tend to synchronize. After this observation similar phe-
nomena have been observed in many different contexts
even outside the scientific range of physics, as in: neu-
ron networks, chemical reactions, heart cells, fireflies, etc.
[2]. The emergence of synchronization in so many differ-
ent systems encouraged its theoretical investigation and
description within the field of classical non-linear dynam-
ical systems. Given the time evolution of two classical
degrees of freedom undergoing limit cycles or chaotic evo-
lution, like two pendula of positions q1(t), q2(t) and mo-
menta p1(t), p2(t), standard definitions exist to determine
whether their motion is synchronized: complete synchro-
nization occurs when the two orbits in phase space are
identical, i.e. q1(t) = q2(t) and p1(t) = p2(t); while phase
synchronization occurs when the orbits have a fixed phase
shift, i.e. φ1(t) = arctan(p1(t)/q1(t)) = φ2(t) + φ0.

The same approach cannot be straightforwardly ex-
tended to quantum systems. Quantum states are de-
fined by wave functions (or density operators) and their
time evolution cannot be described with classical phase
space trajectories. The aim of this work [1] is to develop
a consistent and quantitative theory of synchronization
for continuous variables systems evolving in the quantum
regime. This should be considered in the global picture
of the current research in this direction [3–8].

Ω1 Ω2 Ωn

D1 D2 Dn

mechanical
modes

optical
modes

laser
driving

Μ

FIG. 1: Coupled optomechanical systems driven into self-
sustained oscillations. The limit cycles tend to synchro-
nize because of a weak mechanical coupling between the res-
onators.

We introduce quantitative measures of complete and
phase synchronization and study how classical and quan-
tum noise affects the precision of such effects. We show
that quantum mechanics imposes fundamental limits to
these phenomena: perfect complete synchronization is
impossible while high levels of phase synchronization im-
ply that the quantum state of the system is non-classical
(squeezed). We also clarify the difference between quan-
tum synchronization and entanglement. We finally ana-
lyze, via numerical simulations, the emergence of quan-
tum synchronization in the specific experimental setting
of coupled optomechanical systems [9, 10] driven in the
multi-stable regime (see Fig. 1).

Optomechanical systems look like macroscopic classi-
cal systems (e.g. springs, pendula, etc.) but at the same
time they can be controlled by laser driving and brought
in dynamical regimes where quantum effects are relevant
[9, 10]. Such systems have all the properties (non-linear
dynamics, limit cycles, etc.) which are necessary for the
emergence of synchronization [3, 11]. Since our task is ex-
tending the classical concept of synchronization to quan-
tum mechanics, arrays of two or more coupled optome-
chanical systems [3–8] are perfect candidates where the
previous theoretical investigation can be directly applied.
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Entanglement stability induced by a nonlinear nanomechanical oscillator
in a qubit-cavity system

Vı́ctor Montenegro,1, ∗ Alessandro Ferraro,2, † and Sougato Bose1, ‡

1Department of Physics and Astronomy, University College London,
Gower Street, London WC1E 6BT, United Kingdom

2Department of Physics and Astronomy, University of Sussex, Falmer, Brighton, BN1 9QH, United Kingdom

A two-level atom (qubit) interacting with a nonlinear
nanomechanical oscillator (NMO) is studied. In general,
we shall refer the NMO as a microcavity, in which one
of the mirrors is fixed and the other moves in a non-
linear potential -where the motion of this moving mir-
ror is due to the radiation pressure. However, we can
also consider analogous physical systems, for instance:
superconducting qubits coupled to superconducting res-
onators [1], Cooper-pair boxes coupled to nanomechnical
resonators [2], etc.

In this proposal, we study the dynamics of the system
in presence of nonlinearities, as well as the possibility of
generate non-classical states. We can show that, even for
a “small” nonlinear perturbation in the mirror potential,
we can enhance and stabilize the quantum entanglement.
Moreover, we have solved the Markovian Master Equa-
tion, and even in this open case the system preserves
the previous features and remains robust, besides shows
less susceptible to decoherence. Finally, in order to give
a experimental feasibility of our proposal, we can give
some experimental parameters of the squeezed state of
the mirror.

The relevant Hamiltonian in the interaction picture
corresponds to

Ĥ = â†â+ δ(â† + â)4 − kσ̂z(â
† + â), (1)

where k = g/ωm, δ = δ̃/ωm ; ωm is the mirror fre-
quency, g is the qubit-cavity coupling strength, and δ̃
is the nonlinear quartic strength, finally the usual an-
nihilation and creation operators are â and â†, respec-
tively. The last term in Eq. (1) is the radiation pressure
coupling [3]. In general we consider the following initial
state 1/

√
2(|e⟩ + |g⟩) ⊗ |α⟩, where |α⟩ is a coherent state

for the mirror, and |g⟩(|e⟩) is the ground (excited) state
for the qubit. First, we consider the simplest case, i.e.,
δ = 0. Here, the Schrödinger equation can be solved ex-
actly, exhibiting a periodic evolution in ωmt (See Fig. 1).
Besides, for ωmt = 2lπ, l = {0, 1, 2, . . .} the state is a sep-
arable one, while for all other times the state is entangled
reaching its maximum at ωmt = (2l + 1)π.

For δ ̸= 0 the situation becomes more complex, in Fig.
1 we show the Negativity for δ = −1/500, k = 0.5 and
α = 2. With this parameters we have achieved a high
entanglement in the Negativity, and also an interesting
stabilization from the very beginning is generated. In
Fig. 2, we can see the complexity of the evolution in the
Phase Space, this figure shows the Wigner function for
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FIG. 1: Negativity as a function of ωmt in absence of any
damping; k = 0.5, α = 2. (Dashed line) Without nonlinearity
(δ = 0) the entanglement shows a periodic behavior. (Solid
line) For a small nonlinearity (δ = −1/500) the entanglement
lost its periodicity, however remains stable.
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FIG. 2: (Left) The plot shows the Wigner function for the
mirror state when δ = −1/500 at ωmt = 0. (Right) The same
as before at ωmt = 2π. In presence of nonlinearity a more
complex situation is described, we took k = 0.5 and α = 2.)

the mirror state in two times ωmt = 0 and ωmt = 2π, as
we can see the state never returns to its initial coherent
state, because the evolution is in part induced for the
Kerr-like nonlinear term present in the system.
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The role of atomic medium on enhancement the nonlinearity of optomechanical system

Ling Zhou,1, ∗ Jiong Cheng,1 and Yan Han1

1School of Physics and Optoelectronic Technology,
Dalian University of Technology, Dalian 116024, P.R.China

Optomechanical system by coupling mechanical res-
onators to the light of optical cavities provide us avail-
able device to observe quantum mechanical behavior of
macroscopic system. Recently, there has been consider-
able interest in studying quantum property of the meso-
scopic even macroscopic systems. Based on our early
works, entangling two macroscopic mirrors via micro-
scopic atomic coherence [1] and the atomic medium assis-
tant enhancing electromagnetically induced transparency
in the optomechanical system [2–4], we aim to enhance
the nonlinear photon-photon and photon-phonon cou-
plings. We show that with the assistant of atomic coher-
ence, the cross-Kerr nonlinearity can be increased with
the increasing of atomic number. The photon-photon and
photon-phonon correlation also have been investigated.

We consider atomic medium trapped in a doubly reso-
nant cavity with one partially transmitting fixed mirror
and one movable mirror (see Fig. 1). The two cavity
modes with frequencies ω1 and ω2 couple to atomic tran-
sition |a⟩ ↔ |c⟩ and |a⟩ ↔ |b⟩ with the detunings δ, and
the classical laser fields with Rabi frequencies Ω inter-
act with the atom between the transition |b⟩ ↔ |c⟩ with
detunings ∆. Our system differ with [5] just in the in-
troducing the atomic medium, but they are interested in
cooling the mirrors while we aim to obtain cross- Kerr
nonlinearity and show how to enhance the nonlinearity.
The Hamiltonian of the hybrid system is given by

H = Haf +Hfo +Hdr,

Hfo = ωmb̂
†b̂+G(â1 + â2)†(â1 + â2)(b̂+ b̂†),

Haf =
∑
j=1,2

ωj â
†
j âj +

N∑
k=1

[
∑

i=a,b,c

Eiσ̂
(k)
ii

+(g1â1σ̂
(k)
ca + g2â2σ̂

(k)
ba + Ωe−iωΩtσ̂

(k)
cb + h.c.)],

Hdr =
∑
j=1,2

εj(â
†
je

−iωLjt + âje
iωLjt).

Under the larger detuning condition, the atomic degree
can be adiabatically eliminated. We define c1 = â1 cos θ+

Atomic 
medium

|b>

|a>

|c> 1gΩ 2g∆

1a2a δ

FIG. 1: The configuration of our scheme.

â2 sin θ and c2 = â1 sin θ− â2 cos θ, finally, we obtain the
effective Hamiltonian as

Heff =(v + u2 − u1)ĉ†1ĉ1ĉ
†
2ĉ2 + (u2 − u1)(ĉ†1ĉ1 − ĉ†2ĉ2)b̂†b̂

+ s[(ĉ†1ĉ1)2 + (ĉ†2ĉ2)2] + u1ĉ
†
1ĉ1 + u2ĉ

†
2ĉ2.

We investigate how to improve the cross-Kerr nonlin-
earity of photon-photon and photon-phonon. Our results
show that by adjust the number of atoms and detunings,
we can achieve strong coupling regime, i.e., satisfied the
condition G2 > κωm. We numerically solve the master
equation of the system and study second-order correla-
tion photon-photon and photon-phonon.
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Boson Sampling with distinguishable photons

Ping-Xing Chen,1, 2, ∗ Qian-Heng Duan,1 and Wei Wu1, 2

1Department of Physics, National University of Defense Technology, 410073, Changsha, China
2State Key Laboratory of High Performance Computing, 410073, Changsha, China

Universal quantum computation, which requires many
precise logical operations, is far from feasible in all the
proposed physical implementation. Recently, an interest-
ing intermediate model of quantum computation, pho-
tonic boson sampling, has been proposed [1]. Photonic
boson sampling provides a dramatic computation speed-
up for particular tasks, for example, calculating the per-
manent of matrices with only passive optical elements
(such as beam splitters and phase shifters) without adap-
tive measurement. Calculating the permanent of matri-
ces is a NP-complete problem, and exponentially different
for classical computer.

Several experiments of photonic boson sampling were
carried out, such as [2, 3]. But all the experiments need
n identical photons. Preparation of n identical photons is
different as the number of photon increases, which limits
the ability to calculate the permanent of large matrices.
In this work, we will show that if the input photons are

not identical, but distinguishable, we can still calculate
the permanent of particular matrices with the matrix el-
ements being positive and real. Although the permanent
of the particular matrices could be calculated by classical
computer, the large number of distinguishable photons
is easy to be realized experimentally, and the sampling
experiments with large number of photons are feasible.
Thus one can carry out speed-up calculating of the per-
manent of large matrices.
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Complete experimental toolbox for alignment-free quantum communication

Vincenzo D’Ambrosio,1, ∗ Eleonora Nagali,1 Stephen P. Walborn,2

Leandro Aolita,3 Sergei Slussarenko,4 Lorenzo Marrucci,4 and Fabio Sciarrino1

1Dipartimento di Fisica, Sapienza Universitá di Roma
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3ICFO-Institut de Ciències Fotòniques, Barcelona
4Dipartimento di Scienze Fisiche, Università di Napoli “Federico II”

Current implementations of quantum communication
use photons as the carriers of qubits, the basic units of
quantum information. This is mainly due to the fact
that photons are easy to transport from one location to
another. Usually a qubit is encoded in the photon po-
larization state since this degree of freedom is easy to
manipulate, however, it is also possible to encode infor-
mation by exploiting other degrees of freedom of single
photons like path or orbital angular momentum which
allow to extend the dimensions of the Hilbert space from
two to in principle an arbitrary dimension ”d” (qudits).
When two or more degrees of freedom are exploited at
the same time we refer to it as hybrid encoding.

Photonic free-space quantum communication has been
demonstrated for distance of hundreds of kilometers how-
ever, in order to successfully communicate, the users need
to share a common reference frame. For instance, in the
case of a bipartite scenario when the two users (Alice and
Bob) encode information using polarization, this shared
reference frame is given by the relative angle of rotation
along the propagation axis . Indeed this information is
critical to correctly discriminate the polarization state of
a photon and when unknown, it introduces decoherence
in the communication channel which results in a difficult
or impossible quantum communication. This problem
is particularly pronounced if the two users are very far
apart or in motion one respect to the other as could be in
a Earth to satellite communication scenario for instance.

A possible solution to this problem is to encode logical
qubits into rotationally invariant states of multiple physi-
cal qubits which can be in principle realized with multiple
photons. However, the efficient production and detection
of multi-photon states is a technological challenge, they
are more susceptible to losses, and the requirement that
multiple photons are subject to exactly the same rotation
is very seldom perfectly satisfied. A more efficient way
to circumvent misalignments is to find a decoherence-free
subspace exploiting single photon qudits. In particular,
the polarization and orbital angular momentum stand
out for this purpose constituting an ideal pair to carry
rotationally invariant hybrid qubits.

We developed of a robust and compact toolbox
for the efficient encoding and decoding of quantum
information into single-photon states that are invariant
under arbitrary rotations around the optical axis. Such

FIG. 1: A faithful free-space quantum communication be-
tween two users (Alice and Bob here depicted as satellites)
needs in general a shared reference frame. When the infor-
mation is encoded into polarization of single photons, such
reference frame is represented by the relative orientation be-
tween horizontal (H) and vertical (V ) axes of the two users.
Alice and Bob need to carefully control their mutual orien-
tation in order to avoid decoherence in the communication
channel is induced by misalignment.

states belong to a decoherence-free subspace of a hy-
brid four dimensional Hilbert space based on polariza-
tion and orbital angular momentum. In order to prove
the feasibility of rotational invariant quantum commu-
nication we performed a cryptographic key distribution
protocol, distribution of entanglement and the violation
of a Bell inequality, all in alignment-free settings. Our
rotational invariant qubits turns out to be also robust
against misalignments around other directions than prop-
agation axis, atmospheric turbulences and partial ob-
structions. This is due to a filtering mechanism intrin-
sic to our encoding-decoding mechanism, which maps
errors originating from beam perturbations, into signal
losses instead of infidelity. These features make the
misalignment-free scheme a possible resource for long dis-
tance satellite quantum communication.
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A photonic quantum interface for an optical fiber based quantum communication
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Quantum networks composed of various physical sys-
tems, such as atoms, ions, and solid-state systems, have
been actively studied in the field of quantum informa-
tion processing [1]. The quantum state transmissions
among the nodes are considered to be done by the pho-
tons. However the wavelengths of the photons used for
manipulation, storage and retrieval of the quantum in-
formation embedded among such physical systems are
very selective. Therefore wavelength conversions with
the preservation of the quantum states [2] are important
tasks for building quantum networks. Especially, visible
wavelengths are frequently used for such tasks. On the
other hand, when we look at long-distance quantum com-
munication, a near-infrared wavelength within telecom-
munication bands is vital for efficient optical fiber com-
munications. A pioneer work of such a quantum interface
has been done by using a second-order non-linearity in a
periodically-poled LiNbO3 (PPLN) crystal [3], in which
a photon at a telecommunication wavelength was up-
converted to a visible one. Furthermore, the application
with the solid-state single photon emitter has been ac-
tively studied [4]. On the other hand, quantum interfaces
for frequency down-conversion from visible to telecom-
munication bands have recently been studied by using a
third-order non-linearity of a dense atomic cloud [5] and
a second-order non-linearity in the PPLN crystals [6–10].

We report our recent progresses on difference frequency
generation (DFG) based frequency down-conversion of
visible photons to telecommunication wavelengths by a
nonlinear optical crystal. In our experiment, DFG is
performed by pumping the PPLN waveguide with an
amplified 1600-nm laser with a linewidth of 150 kHz.
We first performed the frequency down-conversion of a
strong light to estimate the conversion efficiency of the
DFG. We used a mode-locked Ti:sapphire (Ti:S) laser
(center wavelength: 780 nm, pulse width: 1.2 ps, repe-
tition rate: 82 MHz) as a signal light source. When the
bandwidth of the signal beam was narrowed down to 0.2
nm, the maximum conversion efficiency to the converted
light at 1522 nm was observed to be ≈ 0.62. We also
prepared a heralded single photon by generating a pho-
ton pair at 780 nm from spontaneous parametric down-

conversion (SPDC) at a β-barium borate (BBO) crystal
and detecting a photon in one of the modes. The mea-
sured g

(2)
0 of the converted light was 0.17 ± 0.04, which

clearly indicates sub-Poissonian photon statistics. Fur-
thermore, we prepared a polarization-entangled photon
pair A and B by SPDC and converted the wavelength of
photon B to 1522 nm. After the conversion, we performed
quantum state tomography between the photon in mode
A and the converted photon. The fidelity estimated from
the reconstructed density operator are 0.75±0.06, which
indicates the entanglement of the photon pair and the
preservation of the quantum information over the wave-
length conversion [8]. In recent studies, we used super-
conducting single-photon detectors [11, 12] to eliminate
the optical noise and achieved a high fidelity of 0.93±0.04
[13]. We will also present the recent results of the inter-
ference of two down-converted photons [14].

This work was supported by the Funding Program for
World-Leading Innovative R & D on Science and Tech-
nology (FIRST), MEXT Grant-in-Aid for Scientific Re-
search on Innovative Areas 21102008, the MEXT Global
COE Program, MEXT Grant-in-Aid for Young Scientists
(A) 23684035, JSPS Grant-in-Aid for Scientific Research
(A) 25247068 and (B) 25286077.
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Entanglement Distribution on Complex Networks
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We study quantum entanglement distribution on com-
plex networks with full-rank bi-partite mixed states link-
ing qubits on nodes. In particular, we use entanglement
swapping and purification to partially entangle widely
separated nodes. This work contributes to the larger
goal of exploiting the statistical properties of large com-
plex networks to find efficient entanglement distribution
protocols.

The most naive method consists of performing en-
tanglement swappings along the shortest chain of links
connecting the two nodes. However, we show that this
method may be improved upon by choosing a protocol
with a specific ordering of swappings and purifications
involving multiple paths, that has the effect of concen-
trating the entanglement from neighboring paths onto
a direct path. These protocols are analyzed for generic
networks, both simple and complex. But, we apply the
concentration/purification protocol to the Erdös–Rényi
(ER) network, which is the prototypical and most ana-
lytically tractable complex network. We obtain results
in both the high and low density limits, as well as an
exact calculation of the average entanglement gained at
the critical point of the ER network.

Our model is a graph whose nodes are a collection of
qubits, and whose edges represent bipartite entanglement
between qubits on different nodes. The initial entangled
states identical copies of from a class of full-rank mixed
states (here of two qubits) called Werner states. These
states are parameterized by a single number x, which is
equal to 1 when the state is maximally entangled, and is
<= 1/3 for separable states. As a measure of entangle-
ment, we take the concurrence, which is the unique linear
measure of entanglement on two-qubit Werner states over
the non-separable range.

Details of several protocols and applications to other
networks are found in [1]. But, here we only mention re-
sults on the Erdös–Rényi network. The ER network has
two parameters: the number of nodes N , and the edge
probability p. That is, each of the N(N − 1)/2 possible
edges is present with probability p. We call ∆C̄ the in-
crease in long-range entanglement (measured by concur-
rence) achieved by optimal entanglement concentration
from neighboring loops as compared to naive swapping
along a single path. Fig. 1 shows Monte Carlo computa-
tion of this quantity on the ER network as a function of
Werner parameter x and link probability p.

Our most interesting result makes the connection to
critical properties of complex networks in the thermody-
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FIG. 1: Gain in concurrence ∆C̄ compared to swapping along
a direct path with no entanglement concentration. a function
of both p and x on the ER network. Monte Carlo results
for N = 200, considering all single loop concentrations with
lengths L < 8.

namic limit. The interesting problems in the ER model
arise when choosing p to depend on N as N becomes
large. In particular, the model exhibits critical behav-
ior for N → ∞ with the appearance of single cluster of
positive density if we choose p = c/N . In particular, the
density vanishes as c → 1, from above. Exactly at the
critical point, single loops are rare and dominate multi-
ple loops. Although we have computed optimal protocols
for multiple loops, in this regime, only single-loop proto-
cols are relevant. We are able to count all entanglement
concentration possibilities arising from these loops at the
critical point and sum their contributions to the concur-
rence with the result

∆C̄ ∼ A

N2(1 − x)4
. (1)

Of course, this expression diverges for maximally entan-
gled links, x→ 1. But, it is only valid for N larger than
a limit that grows with 1 − x.
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Quantum noise eater for a single qubit
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We propose quantum noise eater for a single qubit and
experimentally verify its performance for recovery of a
superposition carried by a dual-rail photonic qubit. A
coherent but randomly arriving photon penetrating into
single rail of this system causes a change of its state,
which results in an error in subsequent quantum infor-
mation processing. We theoretically prove and experi-
mentally demonstrate a conditional full recovery of the
superposition by the quantum noise eater.

During an elementary noise impact, the dual-rail pho-
tonic qubit is influenced by a single photon from coherent
noise in only one rail (see FIG. 1). Similarly to the noise
eater technique for laser light, a partial detection of
number of photons in optical beam is exploited, however
with single photon resolution. Moreover, differently to
that technique, measured information is used to condi-
tionally herald only the cases when at most one photon is
present. The photon is subtracted using a linear optical
device that with nonzero probability spatially separates
an incoming two-photon state into two single photon
states followed by a detection of one of the photons. If
a photon is subtracted then only one photon remains in
the dual-rail qubit. When the signal and noise photons
are fully coherent, this linear-optical version of the noise
eater technique can optimally reach the perfect recovery

FIG. 1: Set-up for proof-of-principle test of coherent quantum
noise eater for dual-rail qubit. D1, D2, DR are detectors. T ,
TR are beam-splitters. φ is a phase shifter.
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FIG. 2: Dependence of visibility on transmissivity T . Sym-
bols denote experimental results; circles correspond to the
visibility at MZ interferometer outputs without noise eater in
action. Squares correspond to the visibility with noise eater
in action. Solid lines are fits to measured data.

of qubit superposition, irrespective of the probability of
the noise impact.

The experimental setup was built using fiber optics
that allow us to simply control transmissivities of the
beam splitters via variable-ratio couplers. The main part
of the setup is a balanced Mach-Zehnder (MZ) inter-
ferometer. Signal and noise photons were created by
type-I degenerate spontaneous parametric downconver-
sion in a nonlinear crystal pumped by a continuous laser
(413 nm). All used detectors were Perkin-Elmer single-
photon counting modules.

In the FIG. 2 you can see measured visibilities without
the action of noise eater (circles) and with the action of
noise eater (squares). Without the action of noise eater
the visibility linearly increases with T (increasing ratio of
signal) whereas with the action of noise eater the visibil-
ity increases to unity (theory) and is independent of T .
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An improved scheme on the measurement-device-independent quantum key
distribution with triggered and nontriggered heralded single-photon sources
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There have been a long story between the attacks
and the anti-attacks in the development of quantum key
distributions (QKD) since the idea of BB84 (Bennett-
Brassard 1984 [1]) protocol was put forward, this is
mainly due to the ”in-principle” unconditional security
of QKD always conflicts with realistic implementations.

So far, there have been many different approaches
to solve the conflictions, such as the decoy-state
method [2], the device-independent quantum key distri-
bution (DI-QKD) [3] and the recent measurement-device-
independent quantum key distribution (MDI-QKD) [4].
Among them, the MDI-QKD seems to be the most
promising candidate due to its excellent performance
which can not only remove all side-channel attacks, but
also transmit much longer secure distance.

Here we give an new proposal on the MDI-QKD, in
which we use both the triggered and nontriggered events
of heralded single-photon source (HSPSs) to precisely es-
timate the lower bound of the two-single-photon contri-
bution (Y11) and the upper bound of the quantum bit-
error rate (QBER) of two-single-photon pulses (e11).

As a result, we get an much longer transmission dis-
tance and a much higher key generation rate compared
with existing decoy-state MDI-QKD methods [5, 6], and
come close to the asymptotic case [4], see Fig. 1. For fairy
comparison, we use the same parameters as in [4, 6], ex-
cept that Alice (Bob) uses an extra detector for heralding
signals with a detection efficiency of 0.9.

In summary, we present an efficient proposal on us-
ing both the triggered and nontriggered events of her-
alded single-photon sources for the measurement-device-
independent quantum key distribution. We compare our
new scheme with the existing methods using either weak
coherent sources or heralded single photon sources, and
get the conclusion that our new scheme can give much
better performances than all of them. Besides, we also
show the different behavior of our scheme when using
different heralded single-photon sources, i.e., in poisson
or thermal distribution. We demonstrate that the for-
mer can generate a relatively higher secure key rate than
the latter, and can thus work more efficiently in practical
quantum key distributions.
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FIG. 1: (Color online) (a). Comparison of the final key gen-
eration rates between our new MDI-QKD scheme with Lo [4]
and Wang ’s schemes [5]. The solid line W0 is Lo’s asymp-
totic case with infinite decoy states in WCS, the dashed line
W1 represents Wang’s three decoy-states method with WCSs,
the solid line H0 shows the asymptotic case with infinite de-
coy states with HSPSs, and the dotted line H1 represents
the result of our new scheme with triggered and nontriggered
HSPSs. (b). Corresponding optimal values of the intensity of
signal pulses (µ′) for all the lines in (a). Noted: the WCSs
and the HSPSs used here are all in poisson distribution.
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Phase space study of tunnel ionization in a strong laser pulse
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Tunneling lies at the heart of quantum mechanics. It
has a fundamental role also in attosecond physics [1]:
tunneling of an electron from its atomic bound state
into the continuum, due to a strong low frequency laser
pulse, is the first step of the very successful three-step
model [2, 3] supporting our understanding of high har-
monic generation [4]. Recent progress in experimental
techniques opened the possibility of measuring quantum
processes with attosecond time resolution [5–8]. This new
quantum metrology demands more theoretical knowledge
about fundamental features of tunneling [9, 10], e.g. tun-
neling time and exit momentum. In this contribution,
we address the above problem with phase space meth-
ods. An earlier work [11] and some recent results [12–14]
prove that Wigner functions [15, 16] can provide new in-
sight into the physics of strong field processes.

We work in the framework of a simple theoretical
model with dipole approximation for the interaction of
a single active atomic electron with the classical electro-
magnetic field in the length gauge. We consider a linearly
polarized laser pulse and we keep the numerical solution
of the time-dependent Schrödinger equation in one spa-
tial dimension. We approximate the interaction of the
electron and the ion-core by usual model potentials.

In Fig. 1.c, we show a snapshot of the Wigner function
of the electron, bound by zero range Dirac delta potential
(Fig. 1.b), tunneling out at the peak electric field of a
3-cycle near-infrared laser pulse (Fig. 1.a). The tunnel
is marked by the black lines at x = 0 and x = 2.5.

This research has been granted by the Hungar-
ian Scientific Research Fund OTKA under Contract
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0010” projects, supported by the EU and the European
Regional Development Fund.
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Nuclear Quantum Optics: Strong-Field Stark Effect and Multiphoton Resonances

Alexander V. Glushkov1, ∗
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We apply new quantum approach [1, 2] for studying
interaction of the finite Fermi systems (atoms, nuclei)
with an super intense external fields (DC electric and
laser fields). New approach is the combined relativistic
operator perturbation theory (OPT) and advanced en-
ergy approach. It allows uniform, consistent treating the
strong field and quasistationary and collisional problems.
The operator perturbation theory formalism includes a
new quantization procedures of the Dirac (Schrödinger)
equation states of the finite Fermi-systems in a strong
field. The essence of the operator PT is the inclusion of
the well-known method of ”distorted waves approxima-
tion” in the frame of the formally exact PT. The zeroth
order Hamiltonian of this PT possesses only stationary
bound and scattering states. To overcome formal diffi-
culties, the zeroth order Hamiltonian was defined by the
set of the orthogonal eigen functions and eigen energies
without specifying the explicit form of the corresponding
zeroth order potential. The OPT smallness parameter is
of the order of G/E, where G and E are the field width
and particle bound energy. It is good one even in the
vicinity of the ”new continuum” boundary. An interac-
tion of an quantum system with a laser pulse is described
by the potential:

V (r, t) = V (r) ∫ ωf(ω − ω0)
∞∑

n=−∞
cos[ω0t + ω0nτ ], (1)

where n is the whole number. The potential V represents
the infinite duration of laser pulses with known frequency
τ . The single pulse effects are further studied. The rep-
resentation V (rt) as the infinite sequence of pulses is a
formal moment connected with the application of the sta-
tionary PT formalism. The function f(ω) is a Fourier
component of the laser (Gaussian, Lorentz or soliton-like
shapes) pulse. The further program results in the calcu-
lating an imaginary part of energy shift Im Eα(ω0) for
any energy level as the function of the laser pulse central
frequency. An according function has the shape of the
resonant curve. Each resonance is connected with the
transition α− p,in which the definite number of photons
are absorbed or radiated. Let us consider following situa-
tion: α−p transition with the absorption of k photons(α,
p-discrete levels). For this resonance we calculate the fol-
lowing values:

δω(pα|k) = ∫ ′ωImEα(ω)(ω − ωpα/k)/N, (2)

µm = ∫ ′ωImEα(ω)(ω − ωpα/k)m/N, (3)

where ∫ ′dω Im Eα is the normalizing multiplier; ωpα

is position of the non-shifted line for the transition α −
p, δω(pa|k) is the line shift under k-photon absorption
and ωpα = ωpα +k×δω(pα|k). The first moments µ1, µ2

and µ3determine the line center shift, its dispersion and
coefficient of the asymmetry. To calculate µm, we need
to get an expansion of Eα to PT series: Eα =

∑
E

(2k)
α

(ω0). To get this expansion, we use the Gell-Mann and
Low adiabatic formula for δEα [1, 2].

Further new data on the DC, AC strong field Stark res-
onances, multi-photon resonances, broadening autoion-
ization resonances, ionization profiles for several few-
body atomic (H, Li etc) and heavy atomic (Eu, Tm, Gd,
U) systems are presented and compared with some other
known theories [1, 2]. It has been discovered a signifi-
cant broadening effect of the autoionization resonances
in a sufficiently weak electric (laser ) field for uranium
atom. It is supposed that this effect is universal for the
heavy lanthanides and actinides atoms.

The direct interaction of super intense laser fields in the
optical frequency domain with nuclei is studied within
the operator PT and the relativistic mean-field (plus
Dirac-Woods-Saxon) model. We present the results of
AC Stark shifts of single proton states in the nuclei 16O,
168Er and compared these data with known results by
Keitel et al [3]. New strong-field Stark effect data are
listed for the 57Fe,171Y b nuclei. Shifts of several keV
are reached at intensities of roughly 1034W/cm2 for 16O,
57Fe and 1032W/cm2 for heavier nuclei. The first data on
the multiphoton resonances for nuclei are also presented.
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Quantum mechanical scattering on oscillating potentials

Lóránt Zs. Szabó,1 Viktor Szaszkó-Bogár,1 Attila Czirják,1 Mihály G. Benedict,1 and Péter Földi1, ∗
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Time-dependent scattering problems appear e.g. in
atomic, molecular and solid state physics when light-
matter interactions are considered, but they have of high
relevance also in nanoscale electronic devices driven by
alternating bias. The mathematical models describing
the relevant phenomena are similar, in spite of the differ-
ence between the physical systems that are considered.

Scattering phenomena in the presence of an alternating
field can be strongly inelastic, like in the case of photon-
assisted tunneling [1]. Floquet’s theory [2] was proven
to be an efficient tool for the investigation of these prob-
lems. In the following we use this method to present
time-resolved results.

We focus on periodic, i.e., oscillating Hamiltonians
that act on finite, one dimensional domains. Quantum
mechanical particles propagate freely outside these do-
mains. In this case the Floquet spectrum of the particles
can be determined analytically. The considered geome-
tries in which particle waves can propagate are not nec-
essarily straight lines, see Fig. 1.

We present two specific examples, the Dirac equation
with an oscillating potential barrier [corresponding to
Fig. 1a)] and spin-dependent scattering in the loop ge-
ometries seen in Fig. 1b) and c), where the strength of
the spin-orbit interaction oscillates.

Inside the region indicated by the gray line segment in
Fig. 1a), the potential is assumed to oscillate, and the
Dirac equation reads

ih̄
∂

∂t
ψ(z, t) = H(t)ψ(z, t), (1)

with

H(t) = H0 +V1(t) = cα3

(
−ih̄ ∂

∂z

)
+βmc2 +V0 +V1(t),

(2)
where the standard α3 and β matrices appear, and
V (t) = V0 + V1(t) = V0 + h̄Ω cos νt.

The Floquet quasienergies related to the time-
dependent potential above appear both in transmission
and reflection as sidebands around the incoming elec-
tron’s energy. When even the minimum of the potential
barrier is higher than the energy of the incoming elec-
tron, the transmission probability – which is practically
zero in the static case – is observably increased due to the
oscillation of the potential [3]. Additionally, we observe
Fano-like resonances [4, 5], when the oscillating V1(t) pro-
vides additional energy for exciting a bound state of the
static part of the potential.

FIG. 1: The geometries we consider. Grey lines correspond to
one dimensional ”quantum wires” with oscillating potentials.

Quantum mechanical scattering – or transport –
through regions where the spin-orbit interaction (SOI) is
nonzero can be relevant for nanoscale electronic devices.
Since the strength of the SOI – that determines the spin
sensitive behavior of the devices – can be controlled by
external gate voltages [6, 7], the question what happens
if these voltages are time dependent [8] arise naturally.

As an extension of our previous results [9–11], we show
that oscillating SOI can lead to spin-polarized wave pack-
ets that appear even for completely unpolarized input
[12]. The SOI that oscillates in a finite domain generates
density and spin polarization fluctuations that leave this
region as propagating waves.
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Geometric Quantum Gates for Electron Spin Qubit in a Quantum Dot
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During last decade several control schemes to perform
single gate operations on a single quantum dot spin have
been reported [1–4]. Here we propose a scheme that al-
lows performing ultrafast arbitrary unitary operations on
a single qubit. We demonstrate how to use the geomet-
ric phase, which the Bloch vector gains along the cyclic
path, to prepare an arbitrary state of a single qubit. As
we show below, the geometrical phase is fully controllable
by the relative phase between the external fields.

We consider the coherent Raman excitation in the
three-level Λ-type system consisting of the two lowest
states of the electron spin |0⟩ ≡ |−X⟩ and |1⟩ ≡ |X⟩ cou-
pled through an intermediate trion state |T ⟩ consisting of
two electrons and a heavy hole (see Fig.1a). We assume
that the trion state is far off-resonance with the exter-
nal fields to ensure that decoherence on the trion-qubit
transitions can be neglected. The total wave function
of the system |Ψ(t)⟩ is governed by the time-dependent
Schrödinger equation. Here we address the case of lin-
early chirped pulses. Using the rotating wave approxima-
tion (RWA) and assuming large detunings of the pump
and Stokes field frequencies from the transition frequen-
cies to the trion state, we utilize the adiabatic elimina-
tion of the ancillary state, |T ⟩, and obtain the simplified
form of the Hamiltonian which controls the dynamics of
the resonant qubit. Here we consider the adiabatic ex-
citation of the qubit. In this case, the solution of the
Schrödinger equation has the form

|Ψ(t)⟩ = ei
∆ϕ
2 σze−iθ(t)σyei

Λ(t)
2 σzeiθ(0)σye−i

∆ϕ
2 σz |Ψ(0)⟩ .

(1)

where Λ(t) =
∫ t
0
dt′λ(t′), λ(t) =

√
δ2(t) + Ω2

e(t), and
tan[2θ(t)] = Ωe(t)/δ(t), δ(t) and Ωe(t) are the effective
two-photon detuning and Rabi frequency, ∆ϕ is the rel-
ative phase between pump and Stokes fields (Fig. 1a).

In the case of completely overlapped pulses with iden-
tical chirp rates for the resonant qubit, δ(t) = δ = 0,
the unitary evolution operator for the wave function of
the resonant qubit takes the form U(t) = eiS(t)n·σ/2,

where n = (cos ∆ϕ,− sin ∆ϕ, 0), and S(t) =
∫ t
0
dt′Ωe(t

′)
is the effective pulse area. Note, that this solution of
the Schrödinger equation in the adiabatic approximation
is the exact solution, since the nonadiabatic coupling is
exactly zero for the resonant qubit.

In this work we demonstrate arbitrary geometric
operations on a single qubit in the Bloch vector repre-
sentation. To justify the procedure of the adiabatic elim-
ination of the trion state we numerically solve the time-
dependent Schrödinger equation with the exact Hamilto-
nian. That is, we compare our analytic solution with the

T

1 X

( ),
P P
t ω

( ),
S S
t ω

0 X

(a)

FIG. 1. (a) Energy structure of the three-level system com-
prised of the two electron spin states and the trion state. (b)
The population dynamics of the resonant qubit states with
(dotted lines) and without (solid lines) adiabatic elimination
of the trion state.

exact solution of the Schrödinger equation without the
adiabatic elimination approximation. An example of the
comparison is shown in Fig. 1b. The presented compar-
ison demonstrates a reasonable agreement between the
proposed control schemes and exact numerical solution.
Note that the total time for the qubit operation in Fig. 1b
is of order 25 ps, which is much shorter then the typical
life time of the trion state as well as the time scale of
other forms of decoherence, such as that induced by the
electron-phonon interaction.

We presented the analytic expression of the evolu-
tion operator and clear geometrical interpretation of the
qubit dynamics. Using parameters of the dipole moments
µ0T,T1 ≈ 200 D available in InGAN/GaN, GaN/AlN
quantum dots, and detuning ∆ = 5 meV, we estimate the
time scale of the qubit rotations as a few tens of picosec-
onds using pulses with a peak amplitude on the order of
106 − 107 V/m. Note, that the demonstrated adiabatic
manipulation of a qubit using only the geometric phase
has some advantages, since it reduces the requirements
of perfect tuning of the control field parameters and is
significantly more robust against noise [5].

∗ vsmalinovsky@gmail.com
[1] D. Press, T. D. Ladd, B. Zhang, and Y. Yamomoto, Na-

ture 456, 218–221 (2008).
[2] R.-B. Liu, W. Yao, and L. J. Sham, Adv. Phys. 59, 703–

802 (2010).
[3] P. Chen et al., Phys. Rev. A 69, 075320 (2004).
[4] S. E. Economou and T. L. Reinecke, Phys. Rev. Lett. 99,

217401 (2007).
[5] G. De Chiara and G. M. Palma, Phys. Rev. Lett. 91,

090404 (2003).

Monday 16:50-17:10 D2C-44 C-44

100



Two-photon adiabatic passage for excitation of Rydberg states
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Strong dipole-dipole and van der Waals interaction be-
tween atoms in Rydberg states is promising for quantum
computation with neutral atoms [1], for realization of gi-
ant collective nonlinearities exceeding those of EIT-media
[2], and for novel many-body effects such as realization of
Rydberg crystals [3]. Many of these applications involve
dipole blockade [4] (which is excitation of only a single
atom to a Rydberg state within a blockade volume), or
excitation of two atoms to Rydberg states in the presence
of the interaction. In the blockaded case only one atom
has to be excited to the Rydberg state. Rydberg states
are states with large principal quantum numbers n ≥30.
For alkali atoms, typically used in Rydberg experiments,
the direct transition from the ground S1/2 to the Ry-
dberg state lies in the ultraviolet range, where powerful
lasers are not readily available. Because of this limitation
a two-photon excitation via intermediate P1/2,3/2 is typi-
cally used. In this case the first transition is the D1 or D2
transition with a wavelength in the range 600-1000 nm,
while the second is in the 400-500 nm range, and there are
high power laser in both ranges. An atom can be trans-
ferred to the Rydberg state with a two-photon π-pulse,
which requires precise adjustment of the pulse Rabi fre-
quency and pulse duration. A more robust approach is
to excite the atom using a chirped pulse via rapid adi-
abatic passage. We describe a technique to realize adi-
abatic passage in a cascade three level system using a
single and a pair of linearly chirped pulses, Fig.1. Via in-
troducing two-photon detuning parameter and applying
the rotating wave approximation, we derived the system
Hamiltonian in the field interaction representation ro-
bust in numerical analysis. Modeled with the Rubidium

FIG. 1: A cascade three-level system that is used to model
population dynamics in atomic rubidium, (left). The time-
dependent Schrodinger equation with the interaction Hamil-
tonian solved numerically for the population dynamics anal-
ysis and revealing field parameters that result in the full pop-
ulation transfer to the Rydberg state, state |3 >, (right).

FIG. 2: Population of the initial state |1 > (black) and the
Rydberg state |3 > (red) as a function of the ratio of the
pump and Stokes Rabi frequencies applied on the transitions
|1 >→ |2 > and |2 >→ |3 > respectively.

atom, the pulse carrier frequency starts from the reso-
nance with the frequency difference between state 1 and
2, and then is chirped to achieve zero detuning between
state 2 and the Rydberg state. By applying the pump
and Stokes Rabi frequencies at variable ratio, the com-
plete population transfer to the excited Rydberg state
may be achieved, Fig.2. We first demonstrate that by
slightly changing such ratio, the adiabatic passage can
be dynamically switched on and off, corresponding to
full population transfer or no transfer at the end of pulse.
Then we scanned this ratio over a considerable range and
obtained the limiting values of parameters giving the effi-
cient transfer and an interesting low frequency oscillatory
behavior as a function of the ratio. Since modulation of
beam intensity is much easier and faster comparing to
modification of chirp and pulse delay, this method opens
a door to gain a simpler and better control over system
response.
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Atom chaos and quantum thermalization

Jonas Larson1, ∗

1Stockholm University, Roslagsgatan 21, Se-106 91 Stockholm, Sweden

Classical integrability in Hamilton systems is defined
in terms of number of degrees of freedom vs number of
conserved variables. The classical definition is not appli-
cable for quantum Hamilton systems for many reasons,
and today there is no accepted definition for quantum in-
tegrability [1]. Despite this, integrability is often taken as
a prerequisite of quantum thermalization. Another prop-
erty, directly related to integrability, chaos has also been
linked to quantum thermalization. In a strict sense, fol-
lowing definitions from classical systems, quantum chaos
should not exist. However, quantum chaos can be defined
using alternative approaches. There seem appearently to
be a careless use of these terms when discussing quantum
thermalization.

In this talk I discuss quantum thermalization in a par-
ticular system with no direct classical analog. More pre-

cisely, I consider a spin-orbit coupled atomic conden-
sate [2]. By fine tuning system parameters I can explore
both regular and chaotic regimes and analyze how local
observables evolve, i.e. whether the system thermalizes
or not. It turns out that this very simple model contains
very rich dynamics, including for example thermalization
and quantum scars.

∗ Electronic address: jolarson@fysik.su.se

[1] J. Larson, arXiv:1304.3585.
[2] J. Larson, B. Anderson, and A. Altland, Phys. Rev. A 87,

013624 (2013).

Tuesday 14:00-14:20 D1C-46 C-46

102



Towards an Experimental Test of the Born-Oppenheimer Approximation

Nilhan Gurkan,1 Benôıt Grémaud,1 Erik Sjöqvist,2 and Björn Hessmo1, ∗
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Here an experimental proposal to test the Born-
Oppenheimer approximation is presented. In standard
magnetic traps the magnetic moment of atoms adiabat-
ically follows the magnetic field as the atom moves in
the trap. When the spin dynamics cannot be decou-
pled from the dynamics in the trap, this picture has
to be complemented by Mead-Berry potentials that de-
scribe non-adiabatic corrections to the dynamics. These
Mead-Berry potentials generate an artificial gauge field
that modifies the trapping potential and induces losses.

The consequences of the non-adiabatic dynamics is ana-
lyzed from an experimental perspective, and signatures
of a failing Born-Oppenheimer approximation will be de-
scribed together with an experimental scheme that inves-
tigate this boundary.
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Anomalous Zeno effect for sharply localized atomic states
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The Zeno effect [1] is one of the much studied basic
phenomena predicted by the quantum theory. Its first ex-
perimental verification was reported in [2] where frequent
observations were demonstrated to cause deviations from
exponential decay law for sodium atoms trapped in an
optical ’washboard’ potential. Recent progress in laser
technology has led to the creation of various types of
atomic traps, among them a quasi-one-dimensional ’box’
potential, in which atoms are confined between two laser-
induced walls (endcaps) [3]. For high laser intensities,
the atomic wavefunctions are sharply localised inside the
box, with only small exponential tails penetrating into
the endcap laser beams. As was demonstrated in [2],
ever more frequent interruption of the decay followed by
a measurement of atomic population in the trap would
affect the overall escape rate, which, as the Zeno effect
sets in, will be completely suppressed.

We are interested in the short time limit of the evo-
lution of few atom states when one of the two endcap
lasers is weakened or removed so he system is released
to free evolution. Long- and medium-time evolution was
studied in Refs. [4, 5]. We analyze a non-quadratic in
time Zeno effect that arises in this situation. We identify
the Zeno time, analyse the energy distributions of those
atoms which have escaped and remained inside the trap,
and obtain a simple relation between the survival and
non-escape probabilities. The relevant time scales are
such that the effect would be observable for the atomic
species used in current laser experiments.

One recalls that in a conventional Zeno effect, the
probability to survive in the initial state |ψ0⟩ decreases
quadratically in time in the short time limit,

S(t) = 1 − t2/t2Z +O(t2),

where the Zeno time tZ is determined by the energy
spread of the initial state, (h̄ = 1)

tZ ≡ [⟨ψ0|Ĥ|ψ0⟩2 − ⟨ψ0|Ĥ2|ψ0⟩]−1/2.

We show that this result does not apply to atoms
trapped in a hard wall potential, where the probability
for the atoms to escape from the region of initial local-
ization grows as t3/2 [6]. We investigate the anomalous
(nonquadratic) Zeno effect associated with this behavior,
and suggest conditions for its experimental observations
by showing also results for realistic potentials of a finite
height. These potentials which allow penetration of a
small tail of the initial wave function into sub-barrier re-
gions.

We start by considering a single atom initially trapped
between two nearly impenetrable laser-induced barriers
of negligible width, placed at x = 0 and x = a. The laser
at x = a is switched off and then restored again after
a short time t, and we evaluate the survival probability
S(t) to find the atom in its initial state in the trap.

The short time evolution of a sharply localised wave-
function contains non-integer powers of t. This pre-
vents one from defining the Zeno time in the usual way
and leads to a non-quadratic Zeno effect and to an un-
usual behaviour of the energy distributions of the escaped
and excited atoms. What we find is that, unlike in the
conventional Zeno effect, the survival probability is not
quadratic in time,

S(t) = 1 − t3/2/t
3/2
Z +O(t2),

so the population of an open trap subjected to frequent
checks would decay faster than for a system exhibiting a
conventional Zeno effect.

Although conveniently formulated for infinitely high
and narrow barriers, our analysis remains valid for real-
istic potentials of a finite height, which allow penetration
of a small tail of the initial wavefunction into sub-barrier
region. We will show the results obtained by numeri-
cally solving the time-dependent Schroedinger equation,
for an atom initially in the ground state trapped between
an infinite wall at x = 0 and a potential step V (x) = 0
for x < a and V (x) = V0 for x > a. We will also eval-
uate short-time survival and non-escape probabilities for
N fermionised atoms [7] occupying the lowest levels in
the trap.
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Nonlinear behaviour of ions confined in anharmonic Paul traps
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The Duffing oscillator has proven to be a classical
paradigm for illustrating the jump phenomenon and
other nonlinear behaviour [1]. The basic Duffing oscil-
lator represents a building block for more complex dy-
namical systems ranging from macroscales down to mi-
croscales [2]. The advent of ion traps made possible fun-
damental tests on quantum mechanics and Einsteinian
gravity as well as studies of chaos and integrability for dy-
namical systems [3]. Study of such systems, either meso-
scopic or not, is expected to yield new evidence on in-
vestigating the routes to chaos for both low-dimensional
and multi-dimensional systems. A single ion confined in
a Paul trap may be used to test a variety of important
physical models. The Hill equation which describes mo-
tion of laser cooled particles in the nonlinear Paul trap
can be easily expressed as the damped, forced Duffing
oscillator equation.

In a quest to further miniaturize ion trap dimensions
for quantum information processing (QIP), asymmetri-
cal, planar versions of the classical Paul trap have been
investigated lately. The equations of motion in these par-
ticular traps are usually coupled, as a consequence of a
nonzero relative angle between the main axes of the D.C.
and radiofrequency (RF) fields [4]. Hence, the classical
theory of stability analysis for symmetrical Paul traps is
no longer valid. We examine the case of an ion confined
in a nonlinear Paul trap (we approach both asymmet-
rical and symmetrical case). The system of equations
which describes radial motion on x and y directions in
an asymmetrical trap, for a particle of electrical charge
Q and mass M , which undergoes interaction with a laser
field in a quartic potential, in presence of damping and
external excitation [4, 5], can be expressed as
ẍ+ γẋ+ ax+ 2q (cx+ dy) cos 2τ − ζx3 + α sinx

= F cosω0t

ÿ + γẏ + ay + 2q (dx− cy) cos 2τ − ζy3 = F cosω0t

(1)
where τ = Ωt/2, α = 2k2Ω0 cos θ/MΩ2, c = cos 2φ,
d = sin 2φ. Then γ and ζ represent the damping and

the anharmonicity coefficient respectively, while the adi-
mensional parameters are expressed as a = 8QU0/MΩ2r20
and q = 4QV0/MΩ2r20. r0 is the radial distance from the
trap axis to the quadrupole electrodes, while Ω stands
for the micromotion frequency, U0 and V0 are the D.C.
and radiofrequency (RF) trapping voltages, φ is the an-
gle between them, k is the wave vector, Ω0 is the Rabi
frequency for the ion-laser interaction and cos θ is the ex-
pectation value of the x projection spin operator for the
two level system with respect to a Bloch coherent state.
The expression F cosω0t is harmonic driving force. We
have considered laser cooling along the x direction. To
study the case of symmetrical traps where φ = 0, we set
c = 1 and d = 0.

This paper presents numerical investigations on the
complex motion of particles confined in nonlinear Paul
traps. We discuss the possibility of observing chaos in
such a nonlinear system. Phase portraits, Poincarè sec-
tions, power spectra and bifurcation diagrams illustrate
chaotic and regular motion, the occurrence of strange at-
tractors and fractal basin boundaries.
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A full quantum description of hybrid nanosystems:
Coupling of atoms and metallic nanoantennas
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Metallic nanoantennas have shown to provide unprece-
dented opportunities to tailor light fields at will. With an
appropriate shape and material of the nanoantenna and
potentially a suitable arrangement of multiple elements,
their optical properties can be engineered to a large ex-
tent. In particular, nanoantennas can be employed to
tremendously enhance and spatially confine light at the
nanoscale. This allows for a localization of light from
an external source into nanometric regions where atomic
systems might be located (see FIG.1). With such func-
tionality, optical nanoantennas can dramatically increase
the coupling of light to atoms and molecules.

To describe the dynamics of an atom in such unique en-
vironment, a semiclassical approach is often considered,
with the atom usually modelled as a two-level system [1].
In such approach the field of the nanoantenna is described
as a classical harmonic oscillator driven externally by a
laser excitation. At low driving field intensities, the back-
action of atomic systems on the field must be taken into
account. In the semiclassical approach this is accom-
plished in terms of induced dipole moments that act as
additional light sources. We contrast such semiclassical
description with a fully-quantum one, where nanoanten-
nas and adjacent atomic systems form a hybrid quantum
system, described in terms of cavity QED.

We show here that at single-quantum level of excita-
tion, the quantum nature of the nanoantenna must be
necessarily taken into account to properly describe the
interplay between nanoantenna and the atomic system.
This is required if the probabilities of excitation for the
atomic systems become non-negligible. A strict criterion
that allows to decide whether the semiclassical approx-
imation suffices can be developed [2] by an analysis of
the steady-state solution of the atomic master equation.
This decision can be made on the base of experimental
quantities. We also show that effects associated with the
quantum nature of the field are especially profound in
the strong coupling regime. There, an excitation oscil-
lates several times between the atomic and nanoantenna
subsystems before it is eventually dissipated. To reach
the strong coupling regime a balance has to be found
with respect to the field enhancement and efficiency in
the design of nanoantennas that is performed here us-
ing rigorous electromagnetic simulations [3]. Whereas
the first property is directly responsible for the coupling
strength, the latter is a measure for the hybrid system to

FIG. 1: A general scheme for atoms modelled as two-level
systems interacting with a nanoantenna.

act as a radiation source.
Having this in mind, on the base of an extensive analy-

sis we propose a nanoantenna with which the strong cou-
pling regime can be reached. We investigate how such
unusual regime affects experimentally accessible quan-
tities, e.g., via significant Rabi splittings in extinction
spectra of the hybrid systems. The response turns out to
be highly sensitive to the number and position of atoms
that interact with the nanoantenna.

The study of multiple atomic systems coupled to
metallic nanoantennas is especially interesting, since the
latter can be understood as mediators that significantly
enhance the dipole-dipole interaction between the atoms.
We explore the entangling power of nanoantennas and
their potential to open new opportunities for quantum
state processing that may lead to applications previously
hardly accessible, e.g. deterministic multi-qubit quantum
logical gates.

∗ Electronic address: karolina.slowik@uni-jena.de

[1] In principle, two-level systems under investigation can
model structures more complex than atoms. Nevertheless,
for simplicity we still refer to them as atoms.

[2] K. S lowik, R. Filter, J. Straubel, C. Rockstuhl, F. Lederer,
Strong coupling of nanoantennas and atomic systems, to
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[3] The simulations were performed with COMSOL MULTI-
PHYSICS simulation platform, with the dispersive per-
mittivity provided by: E. Palik, vol. 1 of Handbook of
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Tuesday 15:20-15:40 D1C-50 C-50

106



Qudit Communication Network
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An optical coherent state |α⟩ can be interpreted as a
qudit that is evenly superposed in a computational basis
with d basis ket vectors when |α| ≫ d

2π and this condition
is assumed throughout this paper.

|α⟩ = e−
|α|2
2

∞∑
n=0

αn√
n!

|n⟩ =
1√
d

d−1∑
k=0

∣∣∣∣k˜
⟩

(1)

with orthonormalized computational basis kets∣∣∣∣k˜
⟩

=
√
d e−

|α|2
2

∞∑
m=0

αk+md |k +md⟩√
(k +md)!

for k = 0, ... , d− 1

(2)
that we call pseudo-number states since each ket is made
of photon number states with definite modulo-d number
of photons.

By applying a generalized Hadamard transformation

Ĥ =
1√
d

d−1∑
k=0

d−1∑
l=0

ωkl
∣∣∣∣k˜
⟩⟨

l˜
∣∣∣∣ (3)

on computational basis ket

∣∣∣∣k˜
⟩

’s, we can get conjugated

basis kets, which are nothing but the coherent states and
can be called pseudo-phase states.

∣∣∣l̃⟩ = Ĥ

∣∣∣∣l˜
⟩

=
1√
d

d−1∑
k=0

ωlk
∣∣∣∣k˜
⟩

=
∣∣ωlα⟩ (4)

where ω = e
2πi
d and l = 0, ... , d − 1. A generalized Ẑ

operator for qudits is defined as

Ẑ =
d−1∑
k=0

ωk
∣∣∣∣k˜
⟩⟨

k˜
∣∣∣∣ = ωn̂

with a photon number operator n̂ and a generalized
Controlled-Z operator, Ẑct, is defined as

Ẑct =

d−1∑
l=0

∣∣∣∣l˜
⟩

c c

⟨
l˜
∣∣∣∣⊗ Ẑlt = ωn̂cn̂t

with c and t for control and target qudits respectively.
A generalized Ẑ operator can be easily implemented by

a phase shifter e
2πi
d n̂ with photon number operator n, and

a generalized Controlled-Z operator, Ẑct, can be realized
by cross-Kerr medium. If the cross-Kerr interaction with
Hamiltonian H = −h̄χn̂1n̂2 is applied to two-coherent-

state input |α⟩1 |α⟩2 for time t = 2π
dχ , we can get

e
2πi
d n̂1n̂2 |α⟩1 |α⟩2 =

1

d

d−1∑
k=0

d−1∑
l=0

ωkl
∣∣∣∣k˜
⟩

1

∣∣∣∣l˜
⟩

2

=
1√
d

d−1∑
k=0

∣∣∣∣k˜
⟩

1

∣∣∣k̃⟩
2

or
1√
d

d−1∑
k=0

∣∣∣k̃⟩
1

∣∣∣∣k˜
⟩

2

(5)

which is a maximally entangled state of two qudits,
that is, we can generate a maximal entanglement of
pseudo-phase and pseudo-number states by simply ap-
plying cross-Kerr interation on two coherent beams. The
larger d, the easier the implementation of Ẑct of qudits
is since it can be achieved with smaller χt = 2π

d .

One-step teleportation: If qudit state |ϕ⟩1 =∑d−1
l=0 al

∣∣∣∣l˜
⟩

1

is entangled with a coherent state |α⟩2 by

Ẑ12 and the first qudit is measured in pseudo-phase ba-

sis into
∣∣∣k̃⟩

1
, then the second qudit becomes ĤẐ−k|ϕ⟩ as

can be seen in the following.

Ẑ12|ϕ⟩1|α⟩2 =
∑
l,m

alω
n̂1n̂2

∣∣∣∣l˜
⟩

1

∣∣∣∣m˜
⟩

2√
d

=
∑
l

al

∣∣∣∣l˜
⟩

1

∣∣∣l̃⟩
2

measured into |k̃⟩
1−−−−−−−−−−−−→
∑
l

alω
−lk
∣∣∣l̃⟩

2
= ĤẐ−k|ϕ⟩2. (6)

Qudit teleportation: A qudit teleportation is a repe-
tition of one-step teleportations. Alice’s projective mea-
surement of qudits in pseudo-phase basis, which is the
essential part of the above qudit teleportation, can be
done by a double-arm homodyne detection. The qudit
whose pseudo-phase is to be measured is split by a 50/50
beamsplitter and quadrature X1 is measured in one arm
and X2 in the other by controling local oscillators for
each arm. X1 and X2 will fix the pseudo-phase of the
measured qudit.

∗ Electronic address: jaewan@kias.re.kr; URL: http://

www.kias.re.kr

[1] Jaewan Kim et al., arXiv:1012.5872 (2010). This is an
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Complementarity, quartic polynomials and
one-photon-added coherent and squeezed states
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Complementarity (expressed through the x-p commu-
tation relation) yields, by using suitable non-negative
polynomials, quantum inequalities. The latter become
strict equalities only for restricted sets of quantum states.
In turn, the latter states display, under certain condi-
tions, genuine quantum features which may be specially
relevant. All those key facts are exemplified through the
standard non-negative quadratic polynomial f2 and x-p
uncertainty inequality (following from the discriminant
of f2 = 0): that uncertainty inequality becomes a strict
equality for the minimum uncertainty states. As a gen-
eralization of the f2 case within the general scheme out-
lined above, certain non-negative quartic polynomial f4
has been shown to lead to a new quantum inequality,
expressed through the discriminant (D′

r) of the equation
f4 = 0: D′

r ≤ 0 [1]. Recently [2], it was shown that : i) an
interesting class of non-Gaussian quantum states |ψ4,n⟩
(generated out of the minimum uncertainty states) made
the discriminant of f4 = 0 vanish (D′

r = 0), ii) in Quan-
tum Optics, a subset of those |ψ4,n⟩’s, generated out of
the coherent states, were the displaced one-photon states,
proposed by other authors through different motivations
and already generated experimentally. The following ex-
tension of our previous researches outlined above will be
reported in this communication. We shall characterize
the general class of normalized quantum states |ψ4,g,n⟩

such that the discriminant of f4 = 0 vanishes. The
Wigner function for the |ψ4,g,n⟩’s is obtained and is neg-
ative in some domain. The class of the |ψ4,g,n⟩’s is larger
than and includes that of the |ψ4,n⟩’s. In Quantum Op-
tics, a subclass of the |ψ4,g,n⟩’s is formed by the single-
photon-added coherent states, already generated exper-
imentally. Other subclass of the |ψ4,g,n⟩’s is formed by
single-photon-added squeezed states and single-photon-
added squeezed coherent states. Mandel’s parameter and
its negativity are studied for the single-photon-added
squeezed states (and in other related cases). The pos-
sibility of generating the single-photon-added squeezed
states experimentally is discussed briefly, in comparison
with related work by other authors. In Quantum Optics
f4 = 0 yields a characterization of certain non-Gaussian
quantum states with non-classical features, which could
provide alternative efficient implementations for quan-
tum communications.

∗ Electronic address: rfa@fis.ucm.es

[1] R. F. Álvarez-Estrada, Eur. J. Phys. 31, 407 (2010).
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Witnessing negativity of Wigner function
by estimating fidelities of cat-like states from homodyne measurements
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1Department of Optics, Palacký University, 17. listopadu 12, 77146 Olomouc, Czech Republic

We shall present sampling functions for estimation of
the fidelity of a quantum state with Schrödinger cat-like
state, which is defined as superposition of two coherent
states with opposite amplitudes. We also provide sam-
pling functions for fidelity with squeezed Fock states that
can approximate the cat-like states and can be gener-
ated from Gaussian squeezed states by conditional pho-
ton subtraction. The fidelities can be determined by av-
eraging the sampling functions over quadrature statistics
measured by homodyne detection. The sampling func-
tions are designed such that they can compensate for
losses and inefficient homodyning provided that the over-
all efficiency exceeds certain threshold.

The fidelity with an odd coherent state and the fidelity

with a squeezed odd Fock state provide convenient wit-
nesses of negativity of Wigner function of the measured
state. The negativity of Wigner function at the origin of
phase space is certified if any of these fidelities exceeds
0.5. Finally, we discuss the possibility of reducing the sta-
tistical uncertainty of the fidelity estimates by a suitable
choice of the dependence of the number of quadrature
samples on the relative phase shift between local oscilla-
tor and signal beam.

∗ Electronic address: fiurasek@optics.upol.cz
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Detecting quantum non-Gaussianity via the Wigner function
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We introduce a family of criteria to detect quantum
non-Gaussian states of a harmonic oscillator, that is,
quantum states that can not be expressed as a convex
mixture of Gaussian states (see Fig. 1 for a pictorial
representation of quantum states with positive Wigner
function). In particular we prove that, for convex mix-
tures of Gaussian states, the value of the Wigner function
at the origin of phase space is bounded from below by a
non-zero positive quantity, which is a function only of the
average number of excitations (photons) of the state. As
a consequence, if this bound is violated then the quantum
state must be quantum non-Gaussian and it has been
generated by means of a highly non-linear process. We
show that this criterion can be further generalized by
considering additional Gaussian operations on the state
under examination. We then apply these criteria to var-
ious non-Gaussian states evolving in a noisy Gaussian
channel, proving that the bounds are violated for high
values of losses, and thus also for states characterized by
a positive Wigner function.

∗ Electronic address: m.genoni@imperial.ac.uk

[1] M. G. Genoni, M. L. Palma, T. Tufarelli, S. Olivares, M.
S. Kim, and M. G. A. Paris, arXiv:1304.3340 [quant-ph]
(2013).

FIG. 1: Hudson’s theorem establishes that, if we restrict to
pure states, the border between Gaussian and non-Gaussian
states coincides exactly with the one between states with pos-
itive and negative Wigner functions. If we move to mixed
states, the situation gets more involved. In this framework,
by focusing on states with positive Wigner function, one can
define an additional border between states in the Gaussian
convex hull and those in the complementary set of quantum
non-Gaussian states, that is, states that can not be expressed
as mixtures of Gaussian states. In this figure we provide a
Venn diagram description of such situation.
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Continuous-variable quantum key distribution over fading channels
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Quantum key distribution (QKD) [1] is well known to
have it’s goal in the development of methods (protocols)
allowing two legitimate users to share a secure key, which
could be lately used for confidential communication using
methods of classical cryptography (such as one-time pad
cryptosystem). After being first proposed and realized
on the basis of single qubits (represented by photons or
weak coherent pulses) or entangled qubit pairs, QKD was
lately extended to the realm of continuous-variable (CV)
states defined on the infinite-dimensional Hilbert spaces
and realized by multiphoton quantum states or entangled
two-mode states of light.

Two main families of CV QKD protocols were pro-
posed and realized based on squeezed [2] or coherent [3]
states and Gaussian modulation so that security against
optimal Gaussian collective attacks is accessible due to
extremality of Gaussian states [4]. The protocols were
well studied in the fiber-type fixed channels and security
regions in terms of tolerable attenuation and excess noise
were derived.

In the current work we report the study of the Gaussian
CV QKD protocols and Gaussian entanglement over the
fluctuating fading channels. Fluctuations of transmit-
tance is typical in the free-space atmospheric channels,
where it occurs due to the atmospheric turbulence. Thus,
such study is important from the point of view of possible
implementation of CV QKD over free-space links, which
is crucial in the absence of fiber-optical infrastructure, or
in case of truly long-distance extra-terrestrial quantum
communication through a satellite.

First we study the effect of fading on the Gaussian en-
tanglement and derive the bounds for the entanglement-
breaking fluctuating channel. Then we consider security
against individual and collective Gaussian attacks and
show that fading channels can break the security of the
Gaussian CV QKD already in case of individual attacks
due to the modulation-dependent excess noise, resulting
from transmission fluctuations. We compare the stabil-
ity of the different protocols against fading and show
that squeezed-states CV QKD appears to be more ro-
bust against the transmittance fluctuations. We also as-
sume the particular type of fluctuations caused by beam-
wandering, which is the typical effect of turbulence in the
mid-range free-space channels [5], and perform the secu-
rity analysis in this particular case.

Further, we introduce the method of sub-channels
post-selection and show the possibility to restore or im-
prove the entanglement resource degraded by the chan-
nel fading as well as restore the security of the Gaussian
CV QKD in case it was lost due to fading. We apply
our method to the analysis in the case of a particular
experimentally characterized 1.5 km free-space link at
Max Planck Institute for the Science of Light in Erlan-
gen and confirm the usefulness of post-selection in this
case. In particular, we show that by optimal combination
of Gaussian modulation and post-selection in the given
conditions the coherent-state protocol is able to tolerate
twice higher amount of the excess noise in the channel
[6].

Finally, we address the finite-size effects in the CV
QKD protocols, possibly caused by the data ensemble
size reduction due to post-selection and show the sta-
bility of our result upon the achievable sampling rates.
We also discuss the effect of imperfect channel estimation
on security of the CV QKD protocols in case of fading
channels and post-selection.
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Anderson localization of entangled photons in an integrated quantum walk

Linda Sansoni,1, ∗ Francesco De Nicola,1 Fabio Sciarrino,1, 2 Paolo Mataloni,1, 2

Vittorio Giovannetti,3 Rosario Fazio,3, 4 Andrea Crespi,5 Roberta Ramponi,5 and Roberto Osellame5
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In 1958 P.W. Anderson predicted that the wave-
function of a quantum particle can be localized in the
presence of a static disordered potential [1]. This phe-
nomenon arises from the destructive interference of waves
propagating in static disordered media. As a conse-
quence, in these conditions, particle and energy transport
through a disordered medium are expected to be strongly
suppressed and an initially localized wave packet does not
spread out with time.

In this work we experimentally study the localiza-
tion properties of a pair of non-interacting particles
obeying bosonic/fermionic statistics by simulating a
one-dimensional quantum walk (QW) of a two-photon
polarization-entangled state in a disordered medium.
Quantum walk is the quantum counterpart of classical
random walk: a walker jumping between different sites
of a lattice with a given probability. In the quantum case
the walker is a quantum system, whose quantum prop-
erties affect the transport. When multi-particle walkers
travel within the QW their bosonic or fermionic nature
strongly affects the transport. Here we implement differ-
ent quantum statistics by exploiting the entanglement of
polarization-entangled bi-photon input states. The QW
circuit has been experimentally realized by femtosecond
laser writing which provides a perfect phase stability [2].
In particular, we realized an 8-step quantum walk cir-
cuit composed by an array of polarization independent
beam splitters arranged in a cascade configuration of
Mach-Zehnder (MZ) interferometers (Fig. 1a). Position
dependent disorder was implemented by suitably insert-
ing phase shifters within the QW network [3]. This task
has been achieved by nanometrically lengthening one arm
of each MZ interferometer: thus, by setting the pattern
of phase shifts to be implemented, an ordered quantum
walk circuit and a QW with static disorder were real-
ized. Polarization entangled photon pairs were injected
into the QW circuit and two-photon probability distribu-
tions corresponding to pairs sharing symmetric and anti-
symmetric entanglement were measured (Fig. 1b-e). By
comparing panels b,c with d,e of Fig. 1, we can observe
that the two-photon wavefunction spreads over the lat-
tice in the case of an ordered transport, while in presence
of position-dependent disorder it localizes around the ini-
tial position (the center of the lattice in our case). As a
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FIG. 1: Anderson localization on a QW. (a) 8-step integrated
quantum walk circuit realized with femtosecond laser writing
technique, colored boxes representing phase shifters. (b,c)
bosonic (b) and fermionic (c) two-particle probability distri-
bution for an ordered QW. (d,e) bosonic (d) and fermionic
(e) two-particle probability distribution for a QW in presence
of static disorder.

further evidence, the behaviour of bosonic and fermionic
wavefunctions is different, opening to new possibilities in
simulating the effect of particle statistics in a disordered
lattice.
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Effects of losses and pump depletion on
quantum walks in nonlinear waveguide arrays

Diana A. Antonosyan,∗ Alexander S. Solntsev, Andrey A. Sukhorukov, and Yuri S. Kivshar
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Integrated optical quantum circuits are increasingly
gaining attention as a possible solution for scalable quan-
tum technologies with important applications to quan-
tum simulations. A key mechanism for quantum simula-
tions can be provided by the process of quantum walks in
an optical waveguide arrays [1]. Furthermore, it was re-
cently suggested [2] that a nonlinear waveguide arrays
can be used for both photon-pair generation through
spontaneous parametric down-conversion (SPDC) and
quantum walks of the generated biphotons, as illustrated
in Fig. 1. Importantly, the integrated scheme avoids in-
put losses from the state generation to the waveguides.
In this work, we address an important question of the
tolerance of the biphoton generation to possible losses
in the waveguides. We also study the regime of pump
depletion, considering the limit of a single-photon pump.

FIG. 1: Schematic of a quadratic waveguide array: The pump
beam generates photon pairs that couple to the neighboring
waveguides.

First we describe theoretically the SPDC processes
in a quadratic nonlinear waveguide array, considering a
high-amplitude classical pump beam. To analyze the ef-
fect of loss on spatial biphoton correlations, we use the
Fock space representation. We derive a set of discrete
Schrodinger-type equations for (i) biphoton wave func-
tion, and (ii) wave functions of one photon when the
other photon is lost. This constitutes an exact solution
when the loss is linear and uncorrelated (with Markovian
statistics), and the pump amplitude is sufficiently weak
to avoid multiple photon pairs generation.

We find that in the absence of loss [Fig. 2(a)], the
correlation function has a cross shape, corresponding to
the simultaneous bunching and anti-bunching of bipho-
tons. Importantly, these nonclassical correlation features
are preserved even in the presence of moderate losses
[Fig. 2(b)]. Only when loss is very strong, such that
photons are lost before they couple to a neighbouring
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FIG. 2: Effect of losses on the generated bipho-
tons. (a,b,c) Photon pair correlations in real space, and
(d,e,f) Schmidt decomposition of the biphoton function. The
pump beam is localized in the central waveguide. We consider
phase-matching for an individual waveguide, the dimension-
less loss coefficient is normalized to the waveguide coupling
coefficient: (a) γ = 0 (no loss); (b) γ = 0.2 (moderate loss)
and (c) γ = 0.6 (strong loss).

waveguide, statistics becomes almost classical [Fig. 2(c)].
In Figs. 2(d,e,f) we also present the Schmidt decomposi-
tion, which shows tolerance of the degree of entanglement
to losses. This demonstrates the robustness of integrated
biphoton generation in nonlinear waveguide arrays.

Next, we study the photon pair correlations in the
SPDC process with a single-photon pump. In this case,
the pump photon can be converted to the signal and idler
photons and such a pump depletion can effect the result-
ing photon-pair correlations compared to the regime of a
strong classical pump.

Our results demonstrate that the nonlinear waveguide
arrays can serve as a robust integrated platform for gen-
erating entangled photon states with non-classical spatial
correlations, with the operation of such quantum circuit
being tolerant to losses and different pump regimes.
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Pulsed squeezed-light generation in a waveguide with second-subharmonic generation
and periodic corrugation
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A quantum model of pulsed second-subharmonic gen-
eration in a nonlinear waveguide with a periodic lin-
ear corrugation [1] has been developed [2]. Assuming
a strong fundamental field, the model has been solved
for lower second-subharmonic field intensities using per-
turbation approach generalized to back-scattered fields.
More intense second-subharmonic fields with negligible
inter-mode dispersion have been treated by the Fourier-
transform approach that allows to find partly analytical
solutions. Numerical approach has been applied in the
general case. Using the Bloch–Messiah reduction spectral
eigenmodes suitable for squeezed-light generation [3, 4]
have been revealed. Scattering by the corrugation has
been found more efficient in the fundamental field than
in the second-subharmonic one. Although scattering by
the corrugation makes the second-subharmonic spectra
narrower, it broadens the spectral eigenmodes. It also
leads to a larger number of populated eigenmodes. Phase
relations in the nonlinear interaction imposed by the
corrugation also cause splitting of the temporal second-
subharmonic pulse. In a sufficiently long waveguide, the
corrugation dramatically increases the number of gen-
erated photons and, hand in hand, suppresses quantum
amplitude fluctuations. A periodic corrugation thus rep-
resents a very important and efficient tool for tailoring
properties of nonclassical light generated in modern non-
linear photonic structures.
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(a)

(b)

FIG. 1: (a) Principal squeeze variances λs,n and (b) num-
bers Ns,n of generated photons as they depend on incident
fundamental-field power PpF . The quantities are shown for
the waveguide 1-cm long with fundamental-field scattering
(solid curves) as well as without scattering (dashed curves).
Plane curves are for the best squeezed mode (n = 1) whereas
the curves with ∗ are for the 23-th (with scattering) and 14-th
(without scattering) mode which number equals the average
number of effectively populated modes; the logarithmic y axis
is used in (b).
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Towards high spatial entanglement via
chirped quasi-phase-matched optical parametric down-conversion
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The nonlinear process of parametric down-conversion
allows to generate two-photon entanglement in a multi-
dimensional Hilbert space [1]. This raises a question how
much entanglement can be generated in this way. In prin-
ciple, the infinite-dimensional nature of spatial degrees of
freedom renders unbounded the amount of entanglement
available. However, in practice, the specific configuration
used, namely its geometry, length of the nonlinear crystal
and size of the pump beam, can severely limit the achiev-
able amount of two-photon entanglement. Here we show
that the use of chirped quasi-phase-matching engineering
allows to increase the amount of entanglement generated,
reaching values of tens of ebits of entropy of entanglement
under different conditions [2] as it is presented in Fig. 1.

Our work thus opens a way to fulfill the promise of
generating massive spatial entanglement under a diverse
variety of circumstances, some more favorable for its ex-
perimental implementation.
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FIG. 1: Dependence of the entropy of spatial entanglement on
the chirp parameter α of quasi-phase-matching for the Gaus-
sian pump beam waist 100 µm (solid black line), 200 µm
(dashed blue line) and 300 µm (dotted-and-dashed red line).

Tuesday 15:00-15:20 D3C-59 C-59

115



Parametric process based NQS and entanglement evolution
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2Quantum Optics and Engineering Division, Institute of Physics, University of Zielona Góra,
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The models concerning quantum nonlinear systems
characterized by the Kerr nonlinearities are the subject
of interest not only in the optics domain but may also
be found for example in some of the condensed matter
applications [1] or at it was shown [2, 3] nano-resonators
with moving mirrors can also be treated as nonlinear os-
cillators

We consider one of the representatives belonging to
Nonlinear Quantum Scissors group. Under some as-
sumptions the evolution of such systems can be substan-
tially restricted to several two-mode number states only.
They can be also possible sources of maximally entangled
states.

Some of the models (with various types of interactions)
have already been discussed [4, 5] for the cases when
initial state of the system was a number state. Here we
show that the coupler in which two Kerr-like quantum
oscillators interacting by a two-mode parametric process
can efficiently lead to truncation of the Hilbert space
when the system is initially in incoherent combination
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FIG. 1: Negativity in one of the system’s subspaces vs. time
for initial Werner-like state (mixture of separable maximally
mixed state and: |Ψ1〉 = 1
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2
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1
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2
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of a completely mixed state and a maximally entangled
pure state (Werner or Werner-like state). The maximally
entangled 2-qubit or 2-qutrit pure states can effectively
be obtained with probabilities depending on the interplay
between the states which are combined in an incoherent
superposition.

When considering the interactions with external envi-
ronment one can distinguish the effects of entanglement
death in two-qubit subsystems and, in a wide range of pa-
rameters, its revival after a significant time period. Such
revivals do not occur in all of the considered subspaces,
but if present they can be observed for all considered here
initial states. As an example in Fig. 1 there is negativ-
ity evolution within one of the two-qubit subspaces for
two Werner-like initial states. The time of no entangle-
ment depend apart from parametric process strength and
damping parameters also on the specific form of max-
imally entangled pure state used in initial state. The
conditions for occuring the entanglement death and re-
vival will be given. In some of the two-qubit subspaces
the entanglement remains unchanged in the long time
limit even though an interaction with the external envi-
ronment is present.
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Non-adiabatic holonomic quantum computation in decoherence-free subspaces
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We have recently demonstrated a setup for holonomic
quantum computation (which is the idea to use non-
Abelian geometric phases to implement quantum gates)
that combines speed and universality [1]. Our scheme
is based on non-adiabatic evolution in a three-level Λ
configuration, see fig. 1, which is a considerably simpler
system than the tripod configuration used in standard
adiabatic holonomic quantum computation [2].

FIG. 1: Setup for non-adiabatic single-qubit holonomic gate
in a Λ configuration. ωje is the energy spacing of the |j⟩ and
|e⟩ level, and the driving laser fields are ωj(t) = Ω(t)ωje

iνjt

for j = 0, 1. The requirement for ideal gate implementation
is νj = ωje (zero-detuned transitions). The qubit is encoded
in the |0⟩ and |1⟩ states. The holonomic gate U(C), C being
the path traversed by the computational subspace, acts on
the qubit after a single Rabi oscillation.

Our approach has been implemented recently for a su-
perconducting qubit [3] and in a nuclear magnetic res-
onance setup [4]. These experiments are the first real-
izations of the necessary requirement in universal holo-
nomic quantum computation of non-commuting high-
fidelity gates.

Here, we demonstrate how a universal set of non-
adiabatic holonomic one- and two-qubit gates can im-
plement high-speed transformations on quantum bits en-
coded in decoherence free subspaces [5]. Our scheme [6]
combines the coherence stabilization virtues of decoher-
ence free subspaces and the noise resilience of holonomic
control and may be useful in the realization of a quantum
computer.
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Quantum computing and communications have at-
tracted significant attention over the past several
decades. Theoretical and experimental research in this
field has revealed that quantum physics based informa-
tion processing can outperform its classical counterpart
in many aspects. The core of quantum computation
circuits and communication networks are the quantum
gates among which one of the most prominent is the
controlled-phase gate (or alternatively its close relative
the controlled-NOT gate). The controlled-phase gate (c-
phase gate) conditionally shifts phase of input two-qubit
quantum state if both the input qubits are in logical state
|1〉. In 2011, we have presented a novel experimental im-
plementation of this gate adding possibility to tune the
phase shift imposed by the gate in the range [0;π] (see
equation in Fig. 1) [1]. Since then, we aim our research
on making use of this tunability in various quantum in-
formation tasks.

First, we discuss an interesting relation between the
optimal success probability of the gate and the tuned
phase shift. By analysing multi-photon interference tak-
ing place in the gate, we show the causes for the suc-
cess probability function to be, quite surprisingly, non-
monotonous [2]. We reveal the trade-off responsible for
minimum of the success probability not being in π.

Subsequently, we present our concept of entangling ef-
ficiency as a new measure of performance of probabilis-
tic quantum gates in entanglement generation [3]. We
demonstrate this concept on a generalized version of the
tunable c-phase gate and compare it to previously used
measures, like for instance the entangling power. We ar-
gue that the newly established entangling efficiency is a
more objective measure of entanglement generation per-
formance. Not only it does quantify the entanglement of
output states, but also the generation rate of these states.

To demonstrate the usefulness of tunable c-phase gate,
we present an algorithm for engineering of the Knill-
Laflamme-Milburn (KLM) states [4]. We compare this
algorithm to the previously known algorithm devised for
fixed-phase c-phase gate and show that significant im-
provement can be reached in the algorithm efficiency by
allowing the tunable phase shift. We also show how the
non-demolition detection of single photons can be used
for construction of multi-photon KLM states [5].

Finally, we present a scheme for a quantum router that
employs the tunable controlled-phase gate to direct the
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FIG. 1: Schematic depiction of various aspects and appli-
cations of the tunable linear-optical controlled-phase gate as
described in the text.

signal qubit according the state of control qubit [6]. Anal-
ysis of success probability as a function of required rout-
ing parameters is discussed together with alternative pro-
posal for all-linear-optical quantum router [7].
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Exact dynamics of single qubit gate fidelities
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Measurement-based quantum computation [1–3] is an
efficient model to perform universal computation. In this
model, a single qubit gate can be accomplished applying
four local projective measurements (Π1, Π2, Π3 and Π4

applied on qubits 1, 2, 3 and 4, respectively) in a chain
of five qubits entangled in a state known as the cluster
state:

|ΦC⟩ =
1

2
|ψin⟩1 |0⟩2|−⟩3|0⟩4|−⟩5

− 1

2
|ψin⟩1 |0⟩2|+⟩3|1⟩4|+⟩5

− 1

2
|ψ∗

in⟩1 |1⟩2|+⟩3|0⟩4|−⟩5

+
1

2
|ψ∗

in⟩1 |1⟩2|−⟩3|1⟩4|+⟩5, (1)

where |ψin⟩1 is the input state which we want to rotate,

|ψ∗
in⟩1 = σ

(1)
z |ψin⟩1, |0⟩ and |1⟩ are the σz eigenstates,

and |+⟩ and |−⟩ are the σx eigenstates. The four projec-
tive measurements Πj (with j = 1, . . . , 4) are dependent
on the specific choice of the single qubit gate we want
to implement and to achieve the desired rotation these
measurements have to be applied sequentially obeying
an specific order. At the same time that these mea-
surements disentangle completely the cluster state (1),
they also implement the single qubit gate, “printing” the
outcome on qubit 5. Nevertheless, theoretical questions
have been raised mainly with respect to realistic noise
conditions, since an hypothetical quantum computer is
always in contact with the rest of the universe. In order
to shed some light on this issue, we evaluate the exact
dynamics of some single qubit gate fidelities using the
measurement-based quantum computation scheme when
the qubits which are used as resource interact with a
common dephasing environment [4]. The exact dissipa-
tive dynamics of an N -qubit system interacting with a
common dephasing environment is given by [5]:

ρQ{in,jn} (t) = exp

−Γ (t, T )

[
N∑
n=1

(in − jn)

]2
× exp

iΘ (t)

( N∑
n=1

in

)2

−

(
N∑
n=1

jn

)2
 ρQ{in,jn} (0) .

(2)

Analyzing the Eq. (2) we could report in [4] a neces-
sary condition for the fidelity dynamics of a general pure
N -qubit state, interacting with this type of error chan-
nel, to present an oscillatory behavior. With this nec-
essary condition in hands we show that the fidelity for
the cluster state (1), F (t) = Tr

{
ρQ (0) ρQ (t)

}
, oscillates

as a function of time in a specific regime of time scale.
This state fidelity oscillatory behavior brings significant
variations to the values of the computational results of
a generic gate acting on that state depending on the in-
stants we choose to apply our set of projective measure-
ments. Here, considering some specific gates that are fre-
quently found in the literature, we will show that neither
fast application of the set of projective measurements
necessarily implies high gate fidelity, nor slow application
thereof necessarily implies low gate fidelity. Our condi-
tion for the occurrence of the fidelity oscillatory behavior
shows that the oscillation presented by the cluster state is
due exclusively to its initial geometry. Since other states
used as resources for measurement-based quantum com-
putation can present the same initial geometrical condi-
tion, it is important for the present scheme to know when
the fidelity of a particular resource state will oscillate in
time, because we can find the best times to perform the
measurements to get the best gate fidelity.
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System of linear equations (SLE), described by the
main matrix A, vector of solutions X and vector B, can
be expressed by the relation A|X〉 = |B〉, where |X〉 and
|B〉 are normalized quantum states. It is assumed that
main matrix A is N × N Hermitian matrix, where N
denotes the total number of variables appearing in the
system, whereas {|uj〉} forms a base of A. Additionally,
it is assumed that eigenvalues {λj} fulfil the condition
0 < λj < 1. The base of the matrix A is also used to
express the state |B〉, and searched vector of solution |X〉
as follows:

|B〉 =
N−1∑

i=0

βj |uj〉, |X〉 =
A−1|B〉
||A−1|B〉|| , (1)

where A−1 represents the inverse of matrix A. .
In the recent papers [1–4] the system of linear equa-

tions is described by qubits, which implies some difficulty
with the construction of circuits for linear equations sys-
tems of odd dimensions. In consequence, it is not possible
to construct a circuit for matrix A of 3× 3 dimension.

In this communication the quantum circuit, based on
qutrits, for solution of system 3× 3 will be presented,

|ψ〉 =
2∑

i=0

αi|i〉, αi ∈ C, (2)

where |0〉, |1〉, |2〉 define a standard computational base
for qutrit system.

Irrespective of the fact whether the qubit or qutrit (qu-
dit in general case) system is considered, the solution of
SLE can be written as:

|X〉 =
N∑

j=1

βj
1

λj
|uj〉 (3)

The quantum operations of phase estimation and that
of additional rotation in suitable subspace allows to find
normalized solution of SLE. The system depicted at
Fig. (1) will be used as an example. The quantum circuit
corresponding to the solution of SLE from Fig. (1) is:

U

H H

R1
y(θ1)

U †

H H

M

|x〉

|0〉

|2〉|0〉

|0〉

|B〉

R2
y(θ2)

1 2

.

A =




0.44033 + 0.00000i 0.05719− 0.02612i 0.02565 + 0.05151i
0.05719 + 0.02612i 0.40686 + 0.00000i 0.05915 + 0.00073i
0.02565− 0.05151i 0.05915− 0.00073i 0.48614 + 0.00000i




B =




0.56751
0.79592
0.21084


 , λ0 = 0.33, λ1 = 0.44, λ2 = 0.55 X =




0.508890 + 0.045054i
0.853352− 0.047654i
0.071299 + 0.058623i


 ,
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FIG. 1: Exemplary SLE and plots of the norms of individ-
ual elements of density matrices corresponding to obtained
solutions for various values of eigenvalues. Left – the proper
solution, right – density matrix with randomly selected eigen-
values.

To obtain the solution the following two rotations and
inverse of phase estimation should be applied. These
operations give the following state:

1

Nc

N∑

j=1

βj |uj〉
(

3

√
2− C3

λ3j
|0〉+

√
1− C2

λ2j
|1〉+ C

λj
|2〉
)
,

(4)
that will be finally measured. The parameter 1

Nc
is a

normalisation coefficient.
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P.O. Box 49, H-1525 Budapest, Hungary

The long-standing debate whether the phase transi-
tion in the Dicke model [1] can be realized with dipoles
in electromagnetic fields is yet an unsettled one [2, 3]. A
short summary of the problem is that from the Hamil-
tonian of quantum electrodynamics in the A · p gauge
(Coulomb or minimal-coupling gauge), the model is ob-
tained by a series of non-trivial approximations, which
just in the vicinity of the phase-transition point do not
appear valid. In particular, the well-known statement of-
ten referred to as the “no-go theorem”, asserts that the
so-called A2 term, missing from the Dicke model, is rel-
evant and prevents the system from undergoing a phase
transition.

At variance with this common belief, in this paper [4]
we show that the Dicke model does give a proper de-
scription of the interaction of light field with the internal
excitation of atoms, however, not in the A ·p but the D ·r
gauge (electric-dipole gauge) of quantum electrodynam-
ics [3]. The phase transition and the spontaneous forma-
tion of a transverse electric mean field cannot be excluded
by principle. We point out that the proper treatment of
the single-mode approximation is crucial, wherefore we
present a systematic derivation of the dipole gauge in-
side a perfect Fabry-Pérot cavity from first principles (cf.
Figure).

The basic observation is that complementing the
Dicke model only with terms stemming from the A2

term is still not consistent because a further term
of equal importance must be considered: the instan-
taneous Coulomb interaction between the charges
belonging to different atoms – where the full series
of image charges must also be taken into account
(cf. Figure). With this electrostatic term included
in the model Hamiltonian (which hence has the form
of a complemented Dicke model), the criticality is
restored. We show that upon transforming the model
Hamiltonian into the electric-dipole gauge, one exactly
recovers the original Dicke model, with the modified
interpretation that in this gauge, the boson mode a
corresponds not to a single mode of the transverse electric

FIG. 1: The geometry of our Fabry-Pérot resonator contain-
ing a single electric dipole. Mirror dipoles are depicted in
bleached colors.

field, but that of the displacement field. It is the dis-
placement field that undergoes spontaneous symmetry
breaking. Then, it is easy to show that this must result
in a spontaneous mean field in the gauge-independent
transverse electric field, too.

∗ Electronic address: vukics.andras@wigner.mta.hu;
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Quantum-semiclassical transition of optical bistability

András Dombi,1, ∗ András Vukics,1 and Peter Domokos1
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Optical bistability is an experimentally accessible
and controllable example for a non-equilibrium phase
transition in a damped-driven open system [1]. The
development of microscopic cavity QED systems with
strong coupling between atomic dipole and radiation field
led to the observation of bistability in the input-output
signal for a low number of atoms (N < 100) [2]. Because
of the stochastic distribution of the atoms within the
cavity mode volume, most of the quantum features were
suppressed and the semiclassical theory [3, 4] applies sat-
isfactorily well to describe the observations even for such
a small medium size. In the strong coupling regime of
cavity QED, the interplay of quantum fluctuations with
nonlinear coupling at low intracavity photon number
is expected to inherently modify the optical bistability
effect [5]. Remarkably, the remnants of the semiclassical
bistability have been recorded by means of a single atom
coupled to the single mode of a high-finesse microres-
onator [6]. Today, cavity QED allows for the controlled
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FIG. 1: Semiclassical calculation of the intracavity steady
state field magnitude (white) on top of the color coded his-
togram over the mean amplitude of the fluctuating quantum
state of the system, both as a function of the driving field
amplitude η (where N is the atom number, C is the coopera-
tivity parameter, κ is the cavity mode linewidth, and γ is the
atomic spontaneous emission rate)

variation of the size of the atomic medium by single atom
resolution. It is thus a suitable platform to explore the
quantum corrections in a finite-size system to the semi-
classical mean-field results in the vicinity of a critical
point. We aim at exploring the transition between the
quantum and the semiclassical regimes of optical bista-
bility in this paper.

We solve for the corresponding exact quantum model
in the few atom regime . We study how the semiclassi-
cal bifurcation gradually develops by increasing the atom
number in the range of N = 2 . . . 8 and show that such
a low atom number is sufficient to resolve the two semi-
classical attractors in steady-state. We give a detailed
description of quantum fluctuations in the steady-state
of the nonlinear dynamics via quantum correlation func-
tions. This theoretical analysis supports that the exper-
imentally achievable few atom cavity QED systems can
be suitable devices for ultra-low intensity quantum signal
processing, e.g., for optical switches.
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Emergence of distant multipartite entanglement close to a first order transition

Julia Stasińska,1, ∗ Benjamin Rogers,2 Gabriele de Chiara,2 Mauro Paternostro,2 and Anna Sanpera3, 4

1ICFO-The Institute of Photonic Sciences, 08860 Castelldefels (Barcelona), Spain
2Centre for Theoretical Atomic, Molecular and Optical Physics,
Queen’s University Belfast, Belfast BT7 1NN, United Kingdom
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The characterization of quantum correlations in multi-
particle systems is crucial for understanding the struc-
ture of many-body quantum states. Typical methods
used so far to study many-body systems include the lin-
ear response to an external perturbation, the behaviour
of order parameters and the analysis of the excitation
spectrum. Recently, new tools based on the entangle-
ment contents of strongly correlated many-body systems
have provided useful insight into their structure [1].

The role of entanglement becomes particularly clear in
the study of quantum phase transitions (QPT), where
correlations play a crucial role. For instance, nearest-
neighbour pairwise entanglement points out the critical
point in the 1D quantum Ising model [2]. Other stud-
ies of bipartite entanglement concentrate on area law [3]
or localizable entanglement [4] and indicate that global
entanglement plays an important role in critical systems.

Multipartite entanglement is much less explored, how-
ever some important results were already obtained in
this direction. The presence of genuine multipartite en-
tanglement (GME) has been shown in ground states of
certain spin models and its role in QPT has been long
discussed [5].

Here we demonstrate that there exist QPTs which are
only revealed by the presence of distant GME and not by
the bipartite entanglement. This is the case, for instance,
in the transition towards the ferromagnetic phase in the
XXZ spin-1/2 chain described by the following Hamilto-
nian

HXXZ = J
∑
i

(σx
i σ

x
i+1 + σy

i σ
y
i+1 + λσz

i σ
z
i+1). (1)

This critical point (λ = −1), in which conformal invari-
ance is lost, is not well captured by bipartite entangle-
ment, as it was shown that the concurrence between any
two spins becomes independent of their distance while
tending to zero in the thermodynamic limit [6]. We anal-
yse the emergence of tripartite entanglement along the
whole phase diagram be selecting three spins close to the
centre of the chain of length L = 96. We observe that
genuine tripartite entanglement emerges between non ad-
jacent spins as λ→ −1+. In particular we detect entan-
glement between spins (i, i+1, i+r), (i, i+2, i+5), (i, i+
2, i+ 7), (i, i+ 3, i+ 6), (i, i+ 3, i+ 7), where 2 ≤ r ≤ 7.

Our analysis of multipartite entanglement is based on
rotationally invariant states of three qubits, whose en-
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FIG. 1. The mean value of a rotationally-invariant entan-
glement witness detecting genuine tripartite entanglement for
reduced states of three non-adjacent spins. Genuine tripartite
entanglement emerges in each case as λ→ −1+ (r = 2, . . . , 7
from the bottom to the top).

tanglement have been fully characterized in [7]. By pro-
jecting a state on the rotationally invariant subspace,
we study the emergence of distant GME also in non-
rotationally invariant systems.
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Excited states phase transitions in the Dicke model

Jorge G. Hirsch1, ∗ and Miguel A. Bastarrachea-Magnani1
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We report the study of a large fraction of the ex-
cited states in the Dicke model, made possible by the
use of the extended bosonic coherent basis proposed by
Chen et al [1, 2]. The analysis of the fraction of excited
atoms as function of the energy per atom, for different
coupling strengths, confirms the presence of the excited
phase transition at E/j = −1 in the superradiant region
reported by Pérez-Fernández et al [3]. Evidence of the
existence of a second excited state phase transition at
E/j = 1 is found, which is observed for any value of the
interaction.

The Dicke Hamlitonian describes a system of N two-
level atoms interacting with a single monochromatic elec-
tromagnetic radiation mode within a cavity [4]. It can
also describe a set of quantum dots, BEC or QED cir-
cuits [5], interacting through a bosonic field. It is written
as (with h̄ = 1):

HD = ωa†a+ ω0Jz +
γ√
N
(
a+ a†

)
(J+ + J−) . (1)

The finite N Hamiltonian is not exactly solvable, ex-
cept for asymptotic analytic solutions in the thermody-
namical limit, away from the phase transition [6]. Thus,
the interest in numerical solutions. The k-th wave func-
tion in the coherent basis representation is [2]

|Ψ(k)(Nmax)〉 =

Nmax∑
N=0

j∑
m=−j

C
(k)
N,m|N ; j,m〉. (2)

An upper limit to its precision can be obtained by [2]

∆Pk =

j∑
m=−j

∣∣∣C(k)
Nmax,m

(Nmax)
∣∣∣2 . (3)

At the right hand side of Fig. 1 we present the log-
arithm of ∆P , in base 10, plotted against E/j. The
horizontal light (green) line signals the precision 10−3,
for three values of the coupling strength γ = 0.0001, 0.5
and 1.0, and for 20 atoms. It can be seen that most of
the energy spectra is calculated with a precision better
than this limit. The left hand side displays the expec-
tation value of the fraction of excited atoms 〈Jz〉/j as
a function of E/j. A clear peak, signaling the presence
of the excited state phase transition, can be seen in the
three cases at E/j = 1. The emergence of the peak at
E/j = −1 is visible for γ = 1.0. They can have signifi-
cant effects in the decoherence of qubits coupled to this
system [7].
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FIG. 1: (Left) 〈Jz〉/j vs E/j and (Right) ∆P vs E/j .
With ω0 = ω = 1, j = 10, Nmax = 70. For γ = 0.0001 in
(a), (b); for γ = 0.5 in (c),(d); and for γ = 1.0 in (e), (f).
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Phase Transitions in Three-Level Systems in a Cavity
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Apdo. Postal 70-543, 04510 México D.F., Mexico

A system of 3-level atoms interacting with a one-mode
electromagnetic field is studied. The phase transition loci
in parameter space from an individual to a collective be-
haviour is determined for the ground state via coherent
and projected variational states, and compared with the
exact quantum results obtained from the Hamiltonian
diagonalisation. We show that there are both first- and
second-order transitions for the Ξ and Λ configurations,
and only second-order phase transitions for the V con-
figuration. We also show that the projected states offer
an excellent approximation to the quantum solution of

the ground state, and in some cases an analytic form is
available. The energy, the expectation value of the total
number of excitations, that of the number of photons,
and their fluctuations, are given.
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Qudit State Tomograms
as Conditional Probability Distributions

and Their Quantum Evolution

Vladimir I. Man’ko1, ∗

1P.N. Lebedev Physical Institute
Leninskii Prospect 53

Moscow 119991, Russia

The spin and unitary tomographic probability distri-
butions as objects identified with qudit states as an al-
ternatives of spinors and density matrices are discussed.
The relation with Bayesian formula for conditional prob-
ability distributions is considered. The evolution of
probability vectors in classical and quantum domains by
means of channel maps in the form of stochastic ma-
trices and their generalizations containing the negative

matrix elements is studied. An example of two qubits
is given. Relations to the other descriptions of states in
finite Hilbert space are elucidated.
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Information and Entropic Inequalities
for Tomographic Probability Distributions

Margarita A. Man’ko1, ∗
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The Rényi, Tsallis, and Shannon entropies are evalu-
ated for tomographic conditional and joint probability
distributions of qudit systems and quantum states in
finite-dimensional Hilbert spaces. New inequalities re-
lated to special semigroups of stochastic matrices and
subsets unitary matrices are obtained.

∗ Electronic address: mmanko@sci.lebedev.ru

Wednesday 14:20-14:40 D1C-72 C-72

127



Informational completeness of continuous-variable measurements
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Measurement lies at the very heart of quantum infor-
mation. A set of measurements whose outcome prob-
abilities are sufficient to determine an arbitrary quan-
tum state is called informationally complete (IC), while
the process of reconstructing the state itself is broadly
called quantum tomography. In our work, we consider
continuous-variable measurements and prove that homo-
dyne tomography turns out to be informationally com-
plete when the number of independent quadrature mea-
surements is equal to dimensionality of a density matrix
in the Fock representation. Using this as our thread,
we examine the completeness of other schemes, when
the continuous-variable observations are truncated to dis-
crete finite-dimensional subspaces. Finally, we consider
the case of sparse density matrices and investigate com-
pressive sampling of continuous-variable measurements.

To get the backbone of our proposal [1], we start
with states that can be written as a finite sum in the
Fock basis. We wish to characterize a d-dimensional
subspace 1̂1d =

∑d−1
n=0 |n⟩⟨n| from projections onto the

quadrature eigenstates |xθ⟩, which can be expressed as

⟨n|xθ⟩ ∝ Hn(x)e−x
2/2einθ. Our task is find out how

many different phase settings θ are needed to make the
scheme complete.

This topic can be fully analyzed in a closed form. The
probability distribution of the homodyne detection can
be written, up to a normalization factor, as

p(x, θ) ∝
d−1∑
k,ℓ=0

ϱkℓHk(x)Hℓ(x)e−x
2

ei(k−ℓ)θ, (1)

where x is the measured amplitude. Let us take all ma-
trix elements ϱkℓ non-zero and calculate the number N of
linearly independent combinations of the density matrix
elements (1) that can be generated from different choices
of x and θ. For a single quadrature θ1, the number N1

is determined by the term Hd−1Hd−1 with highest poly-
nomial power and is equal to N1 = 2d − 1. Since (1)
contains all the polynomial powers from 0 up to 2d − 2,
there are no more linearly independent elements. The
second value θ2 gives us additionally N2 = 2d − 3 lin-
early independent combinations of ρkl, the third value θ3
gives N3 = 2d − 5, and so on. The procedure can be
repeated until the number of cuts m equals d, when N
reaches its maximum value of d2.

In consequence, m different phase settings induce

TABLE I. The number of linearly independent POVM ele-
ments induced by m different quadrature measurements in a
d-dimensional Fock subspace. Bold font indicates IC POVMs.

d m = 1 m = 2 m = 3 m = 4 m = 5 m = 6

2 3 4 4 4 4 4

3 5 8 9 9 9 9

4 7 12 15 16 16 16

5 9 16 21 24 25 25

6 11 20 27 32 35 36

7 13 24 33 40 45 48

8 15 28 39 48 55 60

N =
∑m
k=1Nk linearly independent POVM elements;

that is,

N =


m(2d−m), m < d ,

d2, m ≥ d ,

(2)

which can be conveniently summarized as in Table I.
This relation is the main achievement of this paper, as it
provides a full description of the IC for the problem at
hand.

As we can see, to fully characterize a d-dimensional
Fock subspace one needs d different quadratures. For a
fixed m, the number N scales quadratically with d until
d = m, due to the completeness of the generated POVMs.
For d > m the size of POVM growth only linearly, hence
in the asymptotic case of sufficiently large dimensionality
the measurement becomes more and more incomplete.

We wish to highlight that our results do not rely on a
particular reconstruction scheme, but rather they emerge
from the properties of the measurement itself and per-
vade all the continuous-variable detection schemes.

Finally, we note that the obtained results can be sim-
plified in some cases where prior information is available.
For instance, we consider the case of sparse density ma-
trices and show that we one reach the complete POVM
with less measurement settings [1].
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Wednesday 14:40-15:00 D1C-73 C-73

128



Optimal error regions for quantum state estimation
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Quantum state estimation [1] is central to many tasks
that process quantum information. The characterization
of a quantum source, the verification of the properties of
a quantum channel, and the monitoring of a transmission
line for quantum key distribution are but the most famil-
iar examples. In state estimation, one performs a mea-
surement on many copies of the state to be estimated,
and uses the acquired data to determine a point estima-
tor—a state that represents our best guess of the actual
state. Since the data have statistical noise, the point es-
timator has to be supplemented with error bars, or more
generally, error regions, for higher-dimensional problems.
Standard techniques for constructing error regions are of-
ten ad-hoc in nature, and work well only in the limit of a
large amount of data, or involve resampling of the data.
By contrast, we present a simple, yet systematic, proce-
dure for determining optimal error regions from only the
data that we did observe.

We examine two types of error regions. The first fol-
lows the popular maximum-likelihood philosophy, where
we introduce the notion of a maximum-likelihood region
(MLR) as the region of a pre-chosen size for which the
observed data are more likely than any other region of
the same size. The second type of regions are credible
regions, following terminology from Bayesian statistics.
The credibility of a region is its posterior probability,
i.e., the probability that the actual state lies in the re-
gion, conditioned on the data. In particular, we look for
the smallest credible region (SCR) among all regions with
fixed credibility. Here, we quantify the size of a region
by its prior (i.e., before any data are at hand) proba-
bility that the actual state lies in the region—a natural
measure in the present context.

It turns out that the problems of finding the MLR and
the SCR are duals of each other. In both cases, the opti-
mal regions can be described in a simple way: The MLR
or the SCR contains all states for which the likelihood
of the data exceeds a threshold value τ . That the gen-
eral definitions of the MLR and the SCR, which set no
restrictions on the shape of the regions, permit such a
simple characterization is surprising. While τ depends,
in part, on the choice of prior, the set of regions that can
enter the competition—namely those bounded by con-
tours of the likelihood function for the given data—is
independent of the prior choice. Also reassuring is the
fact that the often-used maximum-likelihood point esti-
mator is contained in every MLR or SCR, and it emerges
naturally as the limit when size or credibility tends to

!! """"
""""
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red lines: Expt. 1
blue lines: Expt. 2
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50% credibility
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size

τ

FIG. 1. SCRs for two simulated experiments, each with 24
copies of a qubit state. The measurement has four outcomes,
built from the basis states of two Pauli operators. The part of
the qubit state one can reconstruct from such a measurement
can be represented on a unit disk; the crosshairs in the disk
indicate the direction of the basis states measured. SCRs are
shown for the popular choice of the Jeffreys prior; the inset
contains plots for the size and credibility for experiment 1.

zero. Our SCRs and MLRs can also serve as starting
points for recent work on related notions of confidence
regions for quantum state estimation [2].

That the MLR or the SCR is characterized by the
threshold τ allows concise communication of the error
region even in high-dimensional situations: For the ob-
served data and given prior choice, one simply reports
the size and credibility as a function of τ . The end users
interested in the MLR with a size of his liking, or the
SCR of her desired credibility can determine the required
value of τ . Any state for which the likelihood for the data
exceeds τ—a matter that is easy to check—then belongs
to the optimal region. An example of SCRs is illustrated
in Fig. 1. For more details, please see Ref. [3].
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Revealing weak nonlinearity of experimentally prepared cubic state

Petr Marek,1, ∗ M. Yukawa,2 K. Miyata,2 R. Filip,1 and A. Furusawa2

1Department of Optics, Palacký University, 17. listopadu 12, 771 46 Olomouc, Czech Republic
2Department of Applied Physics, School of Engineering,

The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-8656, Japan

Unitary non-Gaussian nonlinearity is one of the key
components required for quantum computation and other
developing applications of quantum information process-
ing. In principle, the ability to realize an arbitrary opera-
tion is required, but in practice it would suffice to be able
to perform nonlinearity of the third order. Operation of
this kind is still not available, but its weak version can
be approximatively implemented using a specifically en-
gineered resource state constructed from individual pho-
tons and Gaussian operations.

With help of the experimental scheme depicted in
Fig. 1, we have managed to to experimentally generate
such the state, which is a specific superposition of zero,
one, and three photons:

|ψ⟩ = (1 + iχX3)|0⟩

= |0⟩ + i
χ
√

3

2
√

10
(
√

3|1⟩ +
√

2|3⟩). (1)

The analysis of the state introduced us to some interest-
ing difficulties, though. The main issue is that the gen-
erated nonlinearity is very weak and, consequently, the
state is very similar to vacuum, as can be seen in Fig. 2.
Traditional approaches to quantification of the quality of
the state based mainly on fidelity are therefore of lim-
ited usefulness, as they mainly depend on the dominant
vacuum term. However, the nonlinearity which actually
interests us is contained elsewhere.

Our analysis, which is the main topic of the contri-
bution, was focused on revealing the presence of higher
photon numbers and their non-trivial superpositions. We
have also explicitly looked for behavior corresponding
specifically to cubic nonlinearity.

∗ marek@optics.upol.cz;
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FIG. 1. Experimental setup used for generation of the
state. NOPO, non-degenerate optical parametric oscillator;
SC, split cavity; FC, filter cavity; HD, homodyne detector;
APD, avalanche photo diode; HBS, half beamsplitter; HWP,
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FIG. 2. Wigner function and density matrix of the experi-
mentally generated state.
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Raman transitions without adiabatic elimination:
A simple and accurate treatment

Rui HAN,1, ∗ Hui Khoon NG,1, 2 and Berthold-Georg ENGLERT1, 3

1Centre for Quantum Technologies, National University of Singapore, Singapore 117543, Singapore
2DSO National Laboratories, 20 Science Park Drive, Singapore 118230, Singapore

3Department of Physics, National University of Singapore, Singapore 117542, Singapore

A Raman transition is a two-photon process that gives
an effective coupling between two states |0〉 and |1〉 via a
far-detuned auxiliary state |e〉; see Fig. 1. As mentioned
above, Raman transitions are often used when the tran-
sition between levels |0〉 and |1〉 is dipole forbidden or
has an inconvenient frequency. The Λ-type configuration
of Fig. 1 applies to transitions between different ground
states via an excited state; the cascade-type configuration
can be used to achieve the transition between a ground
state and a highly excited state, such as a Rydberg state.

FIG. 1: Level scheme of a typical Raman transition in a Λ-
configuration. Ω0 and Ω1 denote the Rabi frequencies of the
individual two-level transitions, ∆ denotes the detuning of the
laser from the transition frequency of the excited state and δ
is the detuning of the two-photon transition.

The standard textbook approach to the Raman-
transition problem makes use of adiabatic elimination
with setting the excited state population ∂

∂tce(t) = 0,
so that we can now express ce(t) as a linear combination
of c0(t) and c1(t), and eliminate ce(t) from the equations
of motion. This helps in reducing the dimensionality of
the problem and arrives at a simple expression for the

effective Rabi frequency ΩR = |Ω0||Ω1|
2|∆| .

While the adiabatic-elimination approximation is reli-
able when the detuning of the intermediate state is quite
large, it cannot be trusted in other situations, and it does
not allow one to estimate the population in the elimi-
nated state. We introduce an alternative method that
keeps all states in the description, without increasing the
complexity by much. An integro-differential equation of
Lippmann-Schwinger type generates a hierarchy of ap-
proximations, but very accurate results are already ob-
tained in the lowest order.

We found that a particular zeroth-order solution of a
Lippmann-Schwinger equation for the evolution opera-
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FIG. 2: Population curves of states |0〉, |1〉 and |e〉 for
|Ω0| = ∆/2, |Ω1| = 3∆/10. The black curves with wiggles
and the green curves with wiggles give the exact numerical so-
lution and the zeroth-order approximation of the Lippmann-
Schwinger equation, respectively (but they are almost indis-
tinguishable in this plot); the smooth blue dashed curves are
for the adiabatic-elimination approximation; and the smooth
red curves are from taking the Heff obtained from our new
method as the effective Hamiltonian.

tor approximates the evolution of states very well [1].
To obtain this solution, one only needs to solve a 2×2
matrix and it works much better than the adiabatic
elimination. This new method also suggests an effec-
tive two-level Hamiltonian for states |0〉 and |1〉 given by
Heff = − h̄

2

√
(∆ + δσ3)2 + ΩΩ†, where Ω† = (Ω∗0 Ω∗1).

Figure 2 shows that the zeroth-order solution of the
Lippmann-Schwinger equation we found not only approx-
imates the evolution of states very well but it also gives
a very close approximation of the population in the ex-
cited state |e〉. The new two-level effective Hamiltonian
works much better than the solution from adiabatic elim-
ination. This method can be further extended to solving
multi-level and multi-photon Raman transitions. More-
over, it can also be used to find effective Hamiltonians of
systems with time-dependent laser pulses where the inter-
mediate states are barely populated and weakly coupled
(STIRAP, for example).

∗ Electronic address: han.rui@quantumlah.org;
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Resonant pulse propagation in multilevel systems

Zsolt Kis,1, ∗ Gabor Demeter,1 Ulrich Hohenester,2 and Josef Janszky1

1HAS Wigner Research Center for Physics, 1121 Budapest, Konkoly Thege Miklós út 29-33
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Coherent optical phenomena, such as self-induced
transparency [1, 2], photon echo [3, 4], electromagneti-
cally induced transparency, slow light [5, 6] and numerous
other effects, have received considerable interest in recent
years. This is because they can be exploited for vari-
ous applications, including efficient nonlinear field con-
version, few-photon light switching, as well as quantum
communication and quantum computing.

In this talk we present optical pulse propagation ef-
fects in two types of multilevel systems. In the first
one, the medium consists of inhomogeneously broadened
molecule-like systems, designed to model dopant ions and
their immediate surroundings within a crystal lattice. We
employ a generic but simple model consisting of systems
with two electronic states and a center of mass motion,
which is assumed to take place within a pair of harmonic
potentials, one for the ground and another one for the
excited state. The two potentials, which we consider for
simplicity as one-dimensional, are displaced with respect
to each other and can have different level spacings. We
consider optical coupling to a set of laser pulses resonant
with the different electro-vibrational transitions in the
resolved sideband regime. We compute the propagation
of the pulses in an optically thick medium. Throughout
we assume the crystal to be at low temperatures, and
take the initial state of the ions as the lowest vibrational
level of the electronic ground state. Both intraband and
interband relaxation processes are neglected.

For single pulses which are nearly resonant and not too
strong, we find that the propagation is identical to that
inside a medium of inhomogeneously broadened two-level
systems. For the simultaneous propagation of two pulses,
resonant with different electro-vibrational transitions of
the ions, we find that a large number of quantum states
are connected in a chainwise manner, leading to a rich
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FIG. 1: Coupling scheme of the degenerate EIT-like configu-
ration.

variety of nonlinear interactions between the two pulses.
Among them are the generation of fields on various Ra-
man sidebands of the incident radiation, the absorption
of one pulse together with the amplification of the other
one, as well as the generation of Raman sidebands at a
tunable location along the propagation direction. Our
results also demonstrate a controlled population trans-
fer between electro-vibrational states of the ions at spe-
cific spatial locations through coupling to the propagat-
ing pulses.

In the second scheme we study the propagation of co-
herent light pulses in a medium of three-level atoms with
degenerate ground and excited state sublevels in an elec-
tromagnetically induced transparency-type (EIT) config-
uration, see Figure 1. Both the strong control field and
the weak probe pulse have elliptical polarization, which
gives rise to concurrent multipath couplings between the
ground state sublevels and the auxiliary stable state. We
derive the probe field susceptibility and show that in gen-
eral, the probe field propagates in two separate polar-
ization modes, one of which is attenuated, the other of
which displays EIT. This generic result is valid provided
the atomic medium is prepared to be in a pure quantum
state over the ground state sublevels initially. We also in-
vestigate the case when the initial state of the medium is
described by an incoherent mixture of ground state sub-
levels and show how EIT-like pulse propagation degrades.
The possibility of controlling the probe susceptibility ma-
trix with control field polarization provides a convenient
tool for probing the quantum state of the medium on the
degenerate ground state sublevels.
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Collective excitations of atoms and field modes in coupled cavities

Nicolae A. Enaki1, ∗ and Sergiu Bazgan1
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Academiei Str. 5, Chisinau MD 2028, Republic of Moldova

The exact solution of the system consisted from two or
three q-bits doped in coupled cavities is discussed. The
problem of indistinguishable between the excited radia-
tors and photons is analyzed using the intrinsic symmetry
of the system. It is demonstrated that the solution of in-
teraction system of radiators with coupled cavities field
is drastically simplified when the radiators and photons
are considered as a new collective excitations of the inter-
action of atoms and quantified cavity field. The exact so-
lution of Schrodinger equation is obtained for single and
two excitations in each cavity taking into consideration
the indistinguishable principle. The solution describes
the new single and two excitations of coupled systems of
radiators and photons (see Fig.1).

In recent years the cooperative interaction of N two
level radiators with cavity electromagnetic field was in at-
tention of many experimental and theoretical researches
[1]. According to the principle of indistinguishable be-
tween the radiators [2], 2N states of N two-level atoms
can be reduced to N+1 states in the processes of coherent
excitation.

It is attractive from physical points of view to apply
this principle to the atoms placed in coupled cavities.
Combination of atom-cavity physics and photon systems
offers new opportunities in this field for a better device
functionality and for probing of emulators of condensed-
matter systems. In Ref. [3] a single-polariton excitation
was proposed for the study of periodical photonic
systems. Within this approximation the authors of
this paper have applied Bloch states to the uniformly
tuned Jaynes-Cummings-Hubbard model to analytically
determine the energy-band structure. As follows from the

FIG. 1: Collective excitations of cavity modes and atoms.

distinctive description of doped cavities [4], the analyt-
ical descriptions of the quantum systems becomes com-
plicated due to the increasing number of excitations of
such systems. In this case the number of degrees of free-
doms is connected with the numbers of coupled quantum
oscillators: atoms and cavity-modes. Considering that
the excitations of atoms and cavity modes become indis-
tinguishable, we can use the symmetry transformation of
such system considering the invariance of the states after
the actions of the operation of the corresponded symme-
try group. For example, the wave function of the single
excitation of the radiator or mode inside of one of the
three coupled cavities must remain in the same quantum
state after the rotation around the axis of symmetry with
angle 2π/3 and 4π/3. As it is observed, the number of
degrees of freedom of the system formed from three cou-
pled cavities is reduced as in the Dicke problem for three
radiators situated in the volume with the dimension less
than the radiation wavelength.

In the fig 1 it represents the exact solution of the ex-
cited energies of collective excitations in two cavities.
Here h̄ω is the energy of excitation mode and atoms,
λ11 =

√
χ2 + g2, χ and g are the coupling constants be-

tween the cavities and atom with the cavity mode respec-
tively. Considering that the coupled energies between
the radiators and photons is larger than the coupled of
the system this external vacuum field, we have found
the master equation for the dumping of collective ex-
citations of the system of coupled radiators through the
cavity fields. The time-dependence of population for new
dressed quasi-levels of energy is obtained solving exactly
the master equation. The entropy of collective excitation
and quantum fluctuations of photon number and atomic
inversion during the collective absorption and radiation
are analyzed. This approach gives the simple description
of the behavior of collective excitation in comparison with
the traditional distinctive situation (see for example [4])
due to the decreasing of the number of degrees of free-
doms in the system.
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Dissipative dynamics of atom-field entanglement in the ultrastrong-coupling regime

Ferdi Altintas1, ∗

1Department of Physics, Abant Izzet Baysal University, Bolu, 14280, Turkey

The quantum Rabi model describes the interaction of
a qubit (a two-level atom) with a quantized single mode
cavity field (a harmonic oscillator) [1]. The Rabi Hamil-
tonian can be written as (h̄ = 1):

H =
ω0

2
σz + ωa†a+ g(σ+ + σ−)(a+ a†), (1)

where ω and ω0 are the field and atomic transition
frequencies, respectively, g is the atom-field coupling
constant, a (a†) is the annihilation (creation) op-
erator of the bosonic field and σz, σ+ and σ− are
the pseudo-spin operators. It was recently used to
describe many physical phenomena in cavity and cir-
cuit QED systems, such as superconducting artificial
qubit interacting with a nanomechanical resonator,
a transmission line resonator or an LC circuit, etc.
Due to the excitation non-conserving nature of the
Hamiltonian (1), it is hard to obtain an elegant formula
for the eigen-spectrum of the Rabi Hamiltonian [2].
On the other hand, the spectrum of the Rabi Hamilto-
nian can be obtained analytically when the excitation
non-conserving terms, the so-called counter-rotating
terms (σ+a

†, σ−a) are ignored. This approximation
is known as the rotating wave approximation (RWA)
and has been widely used in quantum optical settings.
The RWA is valid only in the weak atom-field coupling
regime, g << ω0, ω, and the nearly resonant condition,
|∆| = |ω0−ω| << ω0, ω. On the other hand, with the re-
cent advances in the circuit and cavity QED systems, it is
now possible to engineer the strong atom-field couplings
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FIG. 1: Steady state EOF between one of the atom and the
cavity mode versus g/ω obtained from the monogamic rela-
tion (circles) and from the lower bound (rectangular) for the
resonance case ω0 = ω.

which makes crucial to consider the effects of counter-
rotating terms on the dynamics of atom-field systems.

In the present study, we have investigated the role
of counter-rotating terms on the dynamics of atom-field
entanglement of a model of two noninteracting qubits
strongly coupled to a single-mode leaky cavity field [3].
The dynamics of the atom-field system under cavity
losses in the strong-coupling regime have been investi-
gated by using the recently derived Lindblad type quan-
tum optical master equation [4] which is adapted to the
strong-coupling regime under Born and Markov approx-
imations. We have shown that under RWA conditions,
even the entanglement between the atoms can reach a
non-zero high value in the long-time limit for certain
initial states, the cavity mode always becomes separa-
ble from the atoms in the steady states. On the other
hand, this description does not always hold in the strong-
coupling regime where RWA is not valid. By using
monogamic relation for entanglement of formation (EOF)
given by Koashi and Winter [5] as well as the lower
bound of EOF for bipartite mixed states in higher di-
mensions proposed recently by Chen et al. [6], we have
investigated the dissipative dynamics of entanglement
between one of the atom and the cavity mode in the
ultrastrong-coupling regime. In Fig. 1, we have displayed
the steady state EOF between one of the atom and the
cavity mode versus g/ω for the resonance case ω0 = ω
obtained from the monogamic relation (circles) and from
the lower bound (rectangular). Contrary to the RWA
case where g/ω << 1, the atom-field system becomes
entangled in the strong-coupling regime and EOF grows
with the coupling up to g/ω ≈ 0.5.
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Quantum interference effect in interaction of resonant laser field with matter
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1Institute of Physics, Kazan Federal University, 18 Kremlevskaya St, Kazan 420008, Russia

The interaction of matter (atoms, molecules, quantum
dots, etc) with a resonant laser field is of cardinal interest
both from theoretical point of view as well as for appli-
cations. However, the recent experimental observations
of the resonance fluorescence from the artificial atom and
quantum dots [1, 2] showed an essential discrepancy with
the predictions of quantum optics for two-level atomic
systems. The observations of the resonance fluorescence
from self-assembled quantum dots, being atom-like two-
level emitters, showed [2] not only the asymmetry which
for some detuning becomes very significant but also sur-
prising sideband linewidths: there is a linear-linear zoom-
in on Mollow sidebands at some laser powers. We show
that such anomaly linewidths may be a result of quantum
interference between laser-dressed atomic states. The
dressed states are the eigenstates of the Hamiltonian
HRWA |±, n⟩ = a± |e, n⟩ + b± |g, n⟩, a+ = b− = cos θn,
b+ = a− = sin θn, where |e, n⟩ (|g, n⟩) denotes the state
containing the atom in the bare state |e⟩ (|g⟩) and n pho-
tons in the laser mode and θn is the mixing angle defined
by tan(2θn) = −Ωn/∆ with Ωn and ∆ being the Rabi fre-
quency Ωn = 2gL

√
n+ 1 and detuning respectively (gL

is the coupling constant in HRWA). The energies of these

states are E±,n = (n + 1/2)ωL + (ωe − ωg)/2 ± Ω
(n)
R /2

with Ω
(n)
R being the generalized Rabi frequency Ω

(n)
R =√

Ω2
n + ∆2. The quantum interference caused by nonra-

diative transitions between the dressed states gives rise to
the fact that the interaction of the emitters with the vac-
uum modes becomes effectively strong [3]. In this case we
face a problem of the nonperturbative description of the
interaction of a quantum system with its own radiation
field. For solving the problem we use the generalized dy-
namical equation (GDE) [4] that provides a new insight
into the many problems in quantum field theory [5]. We
find that at some intensities of the resonant laser field
not only the laser modes but also the vacuum ones are
involved into the strong atom-laser interaction. In this
case the interaction of the dressed atom with the vacuum
has a significant effect on the spectrum of resonance flu-
orescence. Master equations that allow one to take into

account this effect are derived. It is shown that the quan-
tum interference effects may be especially significant in
the case when there is a scale in the interaction of an
emitter with its own radiation field comparable with the
Rabi frequency. Such a situation, for example, can take
place in the case of quantum dots. We show that the
above discrepancy between the experiment and the the-
ory could originate from the fact that the ordinary theory
of the resonance fluorescence does not take into account
the fact that the effect of the vacuum modes on the spec-
trum of resonance fluorescence can be very strong. The
fact that the quantum electrodynamical (QED) effects
can be unexpectedly strong in nanomaterials has been
recently demonstrated in [6]. The strong modification
of the interaction of a charged particle in photonic crys-
tals (PC) being periodic or quasi-periodic nanostructures
has been shown [6] to result in the fact that in the PC
medium the electron mass changes its value. The effect,
in particular, gives rise to corrections to the atomic en-
ergy levels that can be comparable with the free-space
atomic transition frequencies. We show that this modi-
fication of the interaction of an atomic electron with its
own radiation field in the PC can have a significant effect
on the resonance fluorescence from atoms replaced in the
PC medium.
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Non-Markovianity as a function of system size
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We study the non-Markovianity of the dynamics of
open quantum systems as a function of system size for
several quantum processes. Focusing on the cases of in-
dependent and common environmental interactions sep-
arately, we investigate the degree of non-Markovianity
quantified by two distinct measures proposed by Luo,
Fu and Song (LFS) [1] and Breuer, Laine and Pillo
(BLP) [2].

When dealing with the interaction between a quan-
tum system and its environment, there are two impor-
tant physical processes that must be considered: relax-
ation and decoherence (here called dephasing). While
relaxation is associated to a process involving loss of en-
ergy, dephasing is associated to the loss of purity with-
out any exchange of energy between the system and its
surroundings. In this work, we explore both processes
considering the amplitude damping channel to describe
dissipative processes, and taking into account two dif-
ferent kinds of interactions to describe phase damping
processes, namely a superohmic dephasing channel and
the phase damping case employed to describe impurity
atoms coupled to a Bose-Einstein condensate. For all
different scenarios, we analyze the effect of both inde-
pendent and common environmental interactions on the
behavior of non-Markovianity by investigating two dis-
tinct quantifiers of the degree of non-Markovianity given

by the LFS and the BLP measures.

For zero temperature environment, we link the LFS
measure to the rate of change of the system entropy
S(ρs(t)) and the environment entropy S(ρe(t)). We show
that, for the LFS measure, a quantum process is non-
Markovian if the time derivative of S(ρs(t)) is greater
than the time derivative of S(ρe(t)). We present a de-
tailed analysis of the evaluation of the LFS measure for
a single qubit, and discuss the behavior of the optimal
initial states as a function of the parameters of the envi-
ronments. Moreover, we demonstrate that the degree of
non-Markovianity, for both proposed measures, increases
as a function of the number of qubits in the system for the
case of independent environments. On the other hand,
for global environments, we show that the amount of non-
Markovianity depends on the quantum process and the
proposed measure.
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The dynamics of open quantum systems [1] attracts
nowadays considerable attention. It is relevant not only
for a better understanding of quantum theory but it
is fundamental in various modern applications of quan-
tum mechanics. The traditional approach to the dy-
namics of such systems consists in applying a suitable
Born-Markov approximation leading to the celebrated
quantum Markov semigroup which neglects all mem-
ory effects. Recent theoretical activity and technological
progress show the importance of more refined approach
based on non-Markovian evolution. Non-Markovian
quantum dynamics becomes in recent years very active
field of both theoretical and experimental research.

Basically, there are two different approaches to Marko-
vian evolution: one based on the concept of divisible
maps [2] and the other one based on distinguishability
of quantum states [3]. The former concept is fully char-
acterized in terms of local generator Lt which governs
quantum evolution according to

Λ̇t = LtΛt , (1)

where Λt denotes a family of dynamical maps (completely
positive and trace-preserving). A dynamical map is di-
visible if

Λt = Vt,sΛs , (2)

and Vt,s is completely positive and trace-preserving for
all t ≥ s. According to a second concept [3] a dynamical
map represents markovian evolution if

d

dt
||Λt(ρ1 − ρ2)||1 ≤ 0 , (3)

for all pairs of states ρ1, ρ2 and t ≥ 0 (||A||1 denotes a
trace norm of A). In general, the above monotonicity
property is not characterized by the properties of Lt.

We compare two approaches to non-Markovian quan-
tum evolution using a simple model of random unitary
qubit dynamics

Λtρ =
3∑

α=0

pα(t)σαρ σα , (4)

where σ0 = I, and σ1, σ2, σ3 are Pauli matrices, and pα(t)
is time-dependent probability distribution. It is shown
that in this simple dynamical model the formula (3) can
be reformulated in terms of the corresponding local gen-
erator. Moreover, it is shown that conditions (2) and (3)
are not equivalent. Interestingly, both conditions can be
formulated in terms of local decoherence rates [4].

Possible generalizations are discussed as well.
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Quantum non-Markovianity (QNM) is currently the
focus of several investigations [1]. Fundamental questions
such as what are the most typical traits of QNM and
what the crucial factors responsible for them are under
intense debate. Microscopic atom-field models embody a
convenient and popular theoretical tool for shedding light
onto such issues. An atom coupled to an electromagnetic
bath featuring a flat spectral density is known to undergo
Markovian spontaneous emission (SE). More structured
spectral densities, instead, can lead to QNM effects, such
as in the case of an atom in a lossy cavity [2].

An atom in vacuum cannot exhibit any QNM effect.
As the emitted radiation indefinitely departs from it, no
back-flow of quantum information (i.e., from the field to
the atom) is indeed possible (a phenomenon widely re-
garded as a major manifestation of QNM). A natural,
arguably the simplest, way to introduce QNM is adding
a single mirror. In some respects, compared to a cav-
ity, this setup allows to capture in a more fundamental
way the birth of QNM. Notwithstanding, the correspond-
ing dynamics is very rich and highly non-trivial as first
highlighted by Cook and Milonni [3]. More recently, this
QED model has received renewed interest [4, 5] also due
to the possibility to implement it in a number of settings
such as single trapped super-cooled ions (through high-
numerical-aperture lenses focussed on them) [6]. Inter-
estingly, the mirror’s presence can be seen as a feedback
mechanism, which is witnessed by the delay differential
equation ruling the reduced atomic dynamics [3–5].

We study [7] the behavior of QNM indicators as a func-

tion of the time delay τ , namely the time taken by light
to travel twice the atom-mirror distance, and the cor-
responding phase shift ϕ acquired by the photon. We
find that τ must exceed a finite threshold in order for
QNM to arise [7]. In other words, if the mirror is not far
enough from the atom QNM does not take place. This
provides a further relevant instance of open dynamics
where QNM occurs only above a finite threshold. Inter-
estingly, the threshold value is a function of ϕ which is a
manifestation of interference phenomena taking place in
the atom-mirror interspace.
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Quantum memories for light are an essential part of
quantum information protocols, such as quantum re-
peaters, distributed quantum computation, and quantum
networks. A number of approaches based on storage in
atomic ensembles and inhomogeneously broadened solid–
state systems were developed recently [1–3]. Quantum
repeaters exploit quantum entanglement between spa-
tially separated nodes (memory cells). One could achieve
this by first entangling light and matter in every node,
and then performing an entangling Bell-type measure-
ment at a remote station. Of particular interest are
multimode schemes in time, frequency or space domains,
promising a significant speed–up of quantum repeaters.

In memories with essential level degeneracy it is
possible to achieve mutual evolution in the memory and
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FIG. 1: Entanglement channel of parallel quantum memory.

the entanglement channels [4]. We consider here light–
matter entanglement in parallel spatially multimode cav-
ity based memory. An ensemble of motionless atoms with
Jg = 1/2 – Je = 1/2 level scheme is placed inside a cavity
with degenerate transverse modes. The cavity perform
mode selection, weakens a need for large optical depth
[5], and can be tunable, thus allowing to switch between
channels. The signal and the control fields are taken as
non–collinear, similar to quantum volume hologram of
[6, 7], thus making it possible an addressable read-out of
matter coherence.

We examine the properties of spatially multimode
squeezing and entanglement between the long–lived col-
lective spin coherence and pulsed emitted light in de-
pendence on the light–matter coupling, the emission du-
ration and the cavity finesse (not applying bad cavity
limit). The effect of diffraction is considered and the
number of effectively entangled modes is evaluated. We
also discuss addressability and effect of the cavity param-
eters control.
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Two- or three-level systems are the basis of the the-
oretical description for many problems [1] of quantum
optics. There are different ways to create such a sys-
tem with rather isolated several levels. One of the well
known application of these systems is the creation of the
dark state (DS) and further investigations of the elec-
tromagnetically induced transparency (EIT) [2]. This
phenomenon is numerously studied in classical fields and
is used as an optical quantum memory storage for the
single photons [3]. The fundamental principle used to
create such a state is the interference of the quantum am-
plitudes of transitions to the upper level in the so called
Λ scheme. In the case of phase shift equal to π between
initially populated atomic states the interference results
in compensation of these amplitudes by each other and
zero population of the third state. One of the interesting
generalizations of this phenomenon is the production of
such dark states using the non-classical light.

Full quantum description of both the field and atomic
subsystems interacting with each other seems to be
rather difficult problem since in this case one can not
separately introduce a wave function of the atom or of
the field and has to operate with the density matrix for
each subsystem. To achieve the coherence or interference
between some transitions different channels are needed to
result either to the same atomic or field state. From this
point of view the problem appears to be more complex in
comparison to the case of interaction with classical field.
However, from the other side, the atomic and field sub-
systems are strongly entangled (correlated) and due to
these correlations the field state strongly influences the
atomic dynamics and vice versa.

In this work we investigate the behaviour of a model
atomic system in a presence of the non-classical electro-
magnetic field. We suggest the scheme of interaction be-
tween a model atom and quantum field in which a dark
state can be created and both the atomic dynamics and
the dark state production can be controlled by the rela-
tive quantum phases of different Fock states composing
the initial field state. In other words the system can be
introduced as the phase sensitive quantum memory or as
the phase sensitive quantum gate.

We consider the scheme of three atomic levels pre-
sented on FIG. 1. In this case a superposition of at least
two Fock field states α|k〉+β|k+ 2〉 is assumed to be ini-
tially populated, where α and β are the complex ampli-
tudes and include phases. The atom is initially prepared

Ω-D

Ω+D

Φ1

Φ0 HDSL

Φ2

FIG. 1: Schematic representation of the three level system
with frequencies linking these levels

in the state ∼ φ1 ± φ2. If the proper phases are chosen
both for the field and atomic states then the transitions
to the middle atomic level and corresponding |k+1〉 field
state are suppressed due to the interference. And vice
versa: for another choice of the relative phase the sys-
tem can be transferred to the atomic state φ0 and field
state |k + 1〉 that can be easily detected and indicates
the change of the atomic state. Thus the investigated
system can be referred to as the phase sensitive quantum
memory. The problem of the retrieval of the used initial
coherent atomic state φ1 + φ2 using the same quantum
field is also discussed.

In addition, we would like to notice that in the case
of the interaction with non-classical field the atomic dy-
namics differs strongly from the case of the classical field.
In a quantum field each atomic state is linked to the cor-
responding field state. The individual subsystem of the
bipartite atom+field system is now described only by the
density matrix which can not be purified even by the end
of the interaction. This means the efficient entanglement
between the subsystems which can be used to create the
quantum network.
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In the search of new ways to encode quantum informa-
tion, light’s orbital angular momentum (OAM) come as
a handy tool. The natural basis for OAM quantization,
consisting of the Laguerre Gaussian modes, directly offers
an easy-to-manipulate infinite dimensional space for any
Qudit implementation [1, 2]. A reliable quantum mem-
ory is the key ingredient towards long distance quantum
communications [3]. Previous experimental interfacing
of OAM photonic states with matter memory devices in-
cluded storage of bright beams of light [4, 5] and heralded
light-matter entanglement [6].

In this experiment we produce a Qubit encoded in an
arbitrary superposition of two OAM eigenstates, and re-
versibly map this Qubit into an atomic ensemble using
the dynamic electromagnetically induced transparency
(EIT) effect. The qubit then remains stored in the atomic
ensemble for a user chosen time, after which it is recalled
and fully characterized by quantum tomography. Thus
we derive the conditional fidelity of the recalled state
relative to an ideal state or relative to the real input.
We demonstrate a device operation beyond the classical
threshold.

The qubits are approximated by weak coherent pulses,
temporally shaped by accousto-optical modulators,
where the average photon number was varied over
more than two orders of magnitude between 0.2 and
40. Their OAM structure is generated by reflection
on a phase-only spatial light modulator. They are
characterized after after readout by a pair of mode
discriminators. The mode discriminators are made of
computed generated holograms and singlemode fibers, in
a design where each discriminator retains only one OAM
component of the light field. The light is then detected
by avalanche photodiodes (APD). With this setup we
measure the diagonal elements of the density matrix of
the readout state and demonstrate that the EIT memory
preserves the OAM state of the stored photons [7]. In
the second step, we measure the coherences between
different OAM components of a superposition state
and reconstruct the full density matrix. To that end,
we recombine the outputs of our mode discriminators
thus realising an interference experiment. By changing
the relative phase, we can measure the state along
any direction on the equatorial plane of the Bloch
sphere. The phase calibration was done by sending
a counterpropagating phase reference beam into the
interferometer during the dark periods, and recording
the output pattern on a CCD camera. Fig. 1 shows

FIG. 1: This plot shows the photon fluxes extracted from the
APD data at each end of the interferometer versus the phase,
in an experiment at 13 photon per pulse. A few example
pictures taken for this calibration are shown as insets at the
corresponding phases.

the photon flux on the APD’s versus the phase of the
interferometer. The phase calibration images are also
shown.

These measurements enable to reconstruct the full den-
sity matrices of the retrieved qubit states. The achieved
fidelity (92.5% ± 2% without noise subtraction) is well
above the classical threshold for all modes and for a pho-
ton flux down to 0.4 photon per pulse. This result demon-
strate for the first time the capability of storing a qubit
encoded in twisted photons.

So we have demonstrated the quantum storage of a
qubit encoded in light’s extrinsic angular momentum.
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It is already a well established fact that entanglement and
nonlocal correlations [1] are fundamental resources lying at
the heart of quantum information theory. Much effort has
therefore been devoted to designing various methods allow-
ing to detect them in physical systems. Particularly interesting
are those that can be realized experimentally with the “least
effort”, like the ones involving only one and two-body corre-
lators. Although several steps were taken towards proposing
such methods for detection of entanglement [2], the question
as to whether one is able to detect nonlocality in multipar-
tite systems using only one and two-body correlators remains
open [3, 4].

Here we answer this question by proposing a class of Bell
inequalities involving only two-body correlators that allows to
detect nonlocality in multipartite states. Furthermore, they are
strong enough to certify the presence of nonlocality in ground
states of some Hamiltonians with two-body interactions.

In particular, we focus on the scenario where n parties have
2 dichotomic observables each, and in order to simplify the
analysis, we impose the condition that our Bell inequality are
symmetric with respect to exchange of any two parties. De-
noting then byM(k)

i the i-th observable of party k, the general
form of such Bell inequalities is

αS0 + βS1 + γS00/2 + δS01 + εS11/2 + βc ≥ 0 (1)

where Si =
∑

k〈M
(k)
i 〉 and Sij =

∑
k 6=j〈M

(k)
i ⊗M(l)

j 〉,
α, β, γ, δ, ε are real parameters and βc is the classical bound.

In this scenario, we provide an inequality of the form (1)
that detects nonlocality of the multipartite Dicke states. These
states arise as ground states of the isotropic Lipkin-Meshkov-
Glick Hamiltonian [6] in the absence of magnetic field

HLMG = −λ
n

∑
1≤i<j≤n

(
σ(i)
x σ(j)

x + σ(i)
y σ(j)

y

)
,

which describes N spins interacting through the ferromag-
netic coupling. As usual, by σx, σy we denote the Pauli matri-
ces. It should also be emphasized that the six-qubit half-filled
Dicke states has recently been produced experimentally [7].

We also thoroughly characterize the local polytope for sym-
metric correlators, allowing us to numerically solve it up to
n = 40 parties, whereas for n = 4 the problem is already in-
tractable in the general case. The structure we learn enables us
to derive a 3-parameter class of Bell Inequalities of the form
(1) which have quantum violation for any n. Such family is
constrained to

δ2 = γε, α =
δ

ε
(β − δ + ε)

FIG. 1: Quantum violation of (1) depending on θ for α = −2,
β = 0, γ = ε = −δ = 1. βc = 2n. Plotted curves are for
n = 200, 400, 600, 800, 1000 parties.

and in this case we find the corresponding classical bound,
which grows as O(n):

βc =
(β + δ)2 + n(δ − ε)2

2ε
− 1

2

Looking for maximal violation among qubits and real,
traceless observables (M0 = σz,M1 = cos θσz + sin θσx)
shows that the class of Bell Inequalities presented is very ro-
bust to measurement misalignments (Fig. 1) and doesn’t van-
ish as n grows. Numerically, we are able to explore systems
with up to n ≈ 104 qubits.
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Quantum mechanics is incompatible with local real-
ism [1]. Bell inequalities are used to reveal such kind of
incompatibility. The more Bell inequalities we know, the
more we know about the boundaries between Einstein’s
classically local realism and the genuinely non-classical
areas of quantum physics, which are potentially useful
in quantum information applications. For instances, Bell
inequalities have gained a utilitarian power in different
quantum information tasks, such as quantum key distri-
bution, communication complexity and recently random
number generation.

For N observers, each choosing between two local di-
chotomic observables, the complete set of the tight Bell
inequalities has been obtained [2, 3]. Such inequalities
have been pointed out to possess a common structure
[4]. However, in the case of more complicated situations
(i.e., with more local settings, more parties, or more mea-
surement outcomes), it is still an open task to obtain the
complete set of tight Bell inequalities.

There existed a very important method, which bases
on the fact that the set of local realistic models forms
a polytope [5], usually called the correlation polytope,
whose vertices are the deterministic events. The facets
of correlation polytope define tight Bell inequalities. De-
spite the fact that all vertices of such a correlation poly-
tope are known, it is still difficult to determine all its
facets [6]. In the simpler case of three qubits, due to
numerical computations one may obtain all facets of cor-
relation polypte.

Nevertheless, observations of violations of local real-
ism in the case of multipartite correlations are a chal-
lenging task. On one hand, generation of multipartite
entangled states is a challenge itself. Usually, polariza-
tion entangled states are generated [7]. The two-photon
polarization entangled state (Bell states) can be gener-
ated using the technique announced in [8]. Using meth-
ods put forward in [9], the three-photon Greenberger-
Horne-Zeilinger (GHZ) state can be generated [10]. Pan’s
group has generated five-photon [11] and six-photon [12]
GHZ states. And very recently, an eight-photon GHZ
entanglement has been generated [13, 14]. On the other
hand, finding handy Bell inequalities for experimentally
friendly testing of multipartite entanglement is also a

challenge.

We present an elegant structure for the multipar-
tite CHSH-type Bell inequalities with local binary ob-
servables by the geometrical properties of correlation-
polytope. Its merits are two-fold: firstly, with the ele-
gantly structural feature one can in principle derive all
kinds of arbitrary N -partite CHSH-type Bell inequalities
by increasing step by step the number of observers. To
see this point more clearly, we shall present some concrete
examples to show how it can perfectly recover the known
Bell inequalities. Secondly, based on the elegant struc-
ture, compact multipartite Bell inequalities with only
four correlation functions are derived, which is handy for
the recent eight-photon and multiparticle experiments.
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Noncontextuality Inequalities for the n–Cycle Scenario: Theory and Experiment

Marcelo Terra Cunha1, ∗

1Departamento de Matemática, Universidade Federal de Minas Gerais,
Caixa Postal 702, Belo Horizonte, MG, 30123-970, Brazil

In the search for the principles which rule out quantum
mechanics, it is instructive to consider classical models
and to understand where they fail. Contextuality sce-
narios are important tools for this objective, and their
complete characterization is a very rare event. A con-
textuality scenario is defined by a set of measurements
and compatibility relations, which define the contexts.
Quantum mechanics brought the notion of incompatible
measurements, like position and momentum, or different
components of spin. Kochen and Specker introduced the
idea of noncontextuality [1]: For any theory capable of
“completing” quantum mechanics, in EPR sense [2], the
assignalation of a value to some physical quantity should
not depend on which other compatible quantities were to
be jointly measured with it. That is, those assignalations
should be noncontextual.

To be more precise, a contextuality scenario is given
by a set of measurements M = {Xi}, together with a
set of contexts C = {ck}, where ck ⊂ M. A contex-
tuality scenario can be represented by a compatibility
graph, with vertices Xi and edges connecting two ver-
tices whenever they belong to some context ck. The sim-
plest compatibility graphs to show distinct behaviour for
probabilities arising from noncontextual assignments and
quantum mechanics are the n–cycles, Cn, see Fig. 1.

If ref. [3], the complete characterization of the proba-
bilities arising from noncontextual models for the n–cycle
scenario with dichotomic measurements was obtained,
using a set of necessary and sufficient inequalities to be
obeyed. In the same reference, the maximal quantum
violation of these inequalities were proven, for all n ≥ 4
(for n ≤ 3 there is no quantum violation). In ref. [4],
a quantum optical experiment was performed exhibiting
such violations for all even n, from n = 4 up to n = 14,
see Figs. 2 and 3.
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Super quantum probabilities and three-slit experiments - Wright’s pentagon state and
the Popescu-Rohrlich box require third-order interference

Gerd Niestegge1, ∗

1Fraunhofer ESK, Hansastrasse 32, 80686 Muenchen, Germany

Quantum probabilities differ from classical ones in
many ways, e.g., by violating the well-known Bell and
CHSH inequalities or another simple inequality due to R.
Wright [11]. The latter one has recently regained atten-
tion because of its equivalence to a novel noncontextual
inequality by Klyachko et al. [1, 2, 4, 5, 7]. On the other
hand, quantum probabilities still obey many limitations
which need not hold any more in more general probabilis-
tic theories (super quantum probabilities). Wright [11] as
well as Popescu and Rohrlich [9] identified states which
are included in such theories, but impossible in quan-
tum mechanics, and they showed this using its Hilbert
space formalism. Recently, Fritz et al. [6] and Cabello
[5] detected that the impossibility of these states can be
derived from very general principles (local orthogonality
and global exclusive disjunction, respectively) without
using Hilbert space techniques. In the contribution, an
alternative derivation from rather different physical prin-
ciples will be presented. These are a reasonable calculus
of conditional probability (i.e., a model for the quan-
tum measurement process [8]) and the absence of third-
order interference. The concept of third-order interfer-
ence was introduced by Sorkin who also recognized that
third-order interference is ruled out by quantum mechan-
ics [10]. His concept was adapted to conditional proba-
bilities by Barnum et al. [3].
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Photon Position Operators and
Complementarity between Electric Detector and Magnetic Detector

Shogo Tanimura1, ∗
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The photon localization problem is a long-standing is-
sue in physics [1, 2]. The problem is that there is no
self-adjoint operator to describe position of a photon nor
there is no wave function for a photon in the configu-
ration space. Although many theoretical attempts have
been made for defining photon position or photon num-
ber density using notions of quantum field theory, the
situation seems still controversial.

Here we define a probability-operator valued measure
(POVM) which describes probability for detecting pho-
tons in the space, using quantum electrodynamics [3] and
quantum measurement theory [4]. Our definition of pho-
ton position POVM respects the gauge invariance of elec-
trodynamics. The photon position POVMs respect also
the relativistic causality; two POVMs for detection of
photons at spatially separated two regions commute each
other.

In our scheme, different detectors are accompanied
with different POVMs and therefore they can detect dif-
ferent photon position distributions even for a same pho-
ton state. As an application of our scheme, we formulate
the complementarity between which-way experiment and
interference experiment. A which-way experiment means
observation for distinguishing a path of each photon in
an interferometer. If we have atoms which exhibit either
electric dipole transition or magnetic dipole transition,
we can perform either a which-way experiment or an in-
terference experiment using them. However, as a result
of noncommutativity of an electric field and a magnetic
field, it is proved that simultaneous observations of the
photon path and the interference fringe are impossible.
In this talk we propose a new scheme for a possible test
of the complementarity.

Let us describe our scheme briefly. We have a Hilbert
space H for the electromagnetic field and a Hilbert space
K for the detector, which may contain electrons or other
matter. The interaction of photons and the detector is
described by the unitary time-evolution operator

Û = exp
[
i

∫
Âµ(x)Ĵµ(x)d4x

]
, (1)

which contains the minimal coupling of the gauge field
operator Âµ(x) with the electric current operator Ĵµ(x)

of the detector. The operator Û acts on the tensor prod-
uct Hilbert space H ⊗K . The field operators are defined
in the interaction picture. The input (initial) state of the
detector is |in⟩ and the output (final) state of the detector

is characterized by a projection operator

P̂ = |out⟩⟨out|. (2)

Then the photon detection POVM is defined as

Π̂ = ⟨in|Û†P̂ Û |in⟩, (3)

which is an operator on the photon Hilbert space H .
Single photon detection is characterized by

i

∫
Âµ(x)⟨out|Ĵµ(x)|in⟩ d4x, (4)

which is the first-order term in the expansion of (1).
If the support of the matrix element ⟨out|Ĵµ(x)|in⟩ is
contained in a space-time domain D, the corresponding
POVM is denoted as Π(D). It is proved that if two do-
mains D1 and D2 are spatially separated, they commute
as Π(D1)Π(D2) = Π(D2)Π(D1). For an electric dipole
transition the operator (4) becomes

ie

∫
Ê · ⟨out|x̂|in⟩ dt, (5)

while for a magnetic dipole transition (4) becomes

ie

m

∫
B̂ · ⟨out|L̂|in⟩ dt. (6)

We can set a which-way experiment using a detector
that absorbs photons via electric dipole transitions while
we can set an interference experiment using a detec-
tor that absorbs photons via magnetic dipole transi-
tions. However, since the fields are noncommutative as
[Ei(x), Bj(y)] = iεijk∂k δ

3(x − y), the two types of ex-
periments are not simultaneously realizable.

More detail will be discussed in the talk.
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Quantum discord in many-qubit systems

A.Y. Chernyavskiy,1 S.I. Doronin,2 and E.B. Fel’dman2, ∗

1Institute of Physics and Technology of the Russian Academy of Sciences
2Institute of Problems of Chemical Physics of the Russian Academy of Sciences

The discord [1] is a measure of quantum correlations
which are responsible for the effective work of quantum
devices and give them significant advantages over their
classical counterparts [2]. The calculation of the discord
is very laborious due to an optimization problem. As a
result, the discord problem has been solved for two-qubit
systems only [3, 4]. The simplest multipartite systems
were also considered [5]. In the present work we study
the quantum discord in two-partite many-qubit systems.

Our model for the investigation of quantum correla-
tions is following (Fig. 1). We consider a spin chain in a
strong external magnetic field which is directed perpen-
dicular to the plane of Fig. 1 (axis z). The model system
includes a chain of spins coupled by the dipole-dipole in-
teractions with the Hamiltonian Hdz (subsystem A).

The chain spins interact with the impurity spin (sub-
system B) through the Hamiltonian Hzz. The initial
state ρ0 of the system is

ρ0 =
1

Z
e−β(ωAIx+ωBSx),

where β is proportional to the inverse temperature of the
system; Ix, Sx are the x-projections of spin momenta;
ωA, ωB are the Larmour frequencies; Z is the partition
function.

We study quantum correlations (discord) between sub-
systems A and B when the number N of spins in sub-
system A is 2, 4, 6. The projective measurements are
performed over subsystem B. The Hamiltonians Hdz and
Hzz commute at N = 2. This leads to a possibility to
obtain an analytical expression for the quantum discord
Q:

Q =− 1

2
[(1 + tanh

βωB

2
cos2

gt

2
) log2 (1 + tanh

βωB

2
cos2

gt

2
)

+ (1− tanh
βωB

2
cos2

gt

2
) log2 (1− tanh

βωB

2
cos2

gt

2
)]

− log2(cosh
βωB

2
) +

βωB

2 ln 2
tanh

βωB

2
,

where g is the coupling constant of the zz-interaction and
t is an evolution time.

FIG. 1: The spin model for an investigation of the quantum
correlations.

The optimization procedure for N = 4, 6 was ac-
complished using an algorithm with random mutations,
which is a kind of a genetic algorithm [6]. In all cases
we have found that the mimimal value of the conditional
entropy [3, 4] does not depend on time. We showed ana-
lytically that the minimal value of that entropy does not
depend on time at N = 2.

We investigated the quantum discord at different tem-
peratures and distances between the chain and the im-
purity spin.

The work was supported by the Russian Foundation
for Basic Research (Grants No. 13-03-00017 and No. 12-
01-31274).
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Quantum discord of SU(2) invariant states

B. Çakmak1, ∗ and Z. Gedik1

1Faculty of Engineering and Natural Sciences, Sabanci University, Tuzla, Istanbul 34956, Turkey

Multipartite quantum states contain different kinds of
correlations which can or cannot be of classical origin.
Entanglement has been recognized as the first indica-
tor of non-classical correlations and lies at the heart of
quantum information science [1]. It has been considered
as the resource of almost all protocols in quantum com-
puting. However, recent research on quantum correla-
tions has shown that entanglement is not the only kind
of useful quantum correlation. Quantum discord (QD),
which is defined as the discrepancy between two classi-
cally equal descriptions of quantum mutual information,
has also proven to be utilizable in quantum computing
protocols [2–4]. Moreover, QD is more general than en-
tanglement in the sense that it can be present in sepa-
rable mixed quantum states as well. Nevertheless, since
evaluation of QD requires a very complex optimization
procedure, the significant part of the development in the
field is numeric and analytical results are present only for
some very restricted set of states.

Bipartite SU(2) invariant states are defined to be in-
variant under rotation of both spins. In this work, we
have analytically calculated the QD of SU(2) invariant
(2j + 1) ⊗ 2 dimensional system. In real physical sys-
tems, these states arise when, for example, considering
reduced state of two spins described by a SU(2) invariant

Hamiltonian or multi-photon states generated by para-
metric down-conversion and then undergo photon losses.
In this work, we have analytically calculated the QD of
SU(2) invariant (2j + 1) ⊗ 2 dimensional system. We
have compared our results with the entanglement prop-
erties of these states and other analytical calculations of
quantum discord in related systems having similar sym-
metries. We have observed that while entanglement con-
tent decreases as j increases, the amount of QD remains
significantly larger with its maximum value following a
decreasing trend.

∗ Electronic address: cakmakb@sabanciuniv.edu; URL:
http://students.sabanciuniv.edu/˜cakmakb

[1] R. Horodecki, P. Horodecki, M. Horodecki, and K.
Horodecki, Rev. Mod. Phys. 81, 865 (2009).

[2] L. Henderson and V. Vedral, J. Phys. A: Math. Gen. 34,
6899 (2001).

[3] H. Ollivier and W. H. Zurek, Phys. Rev. Lett. 88, 017901
(2002).

[4] K. Modi, A. Brodutch, H. Cable, T. Paterek, and V. Ve-
dral, Rev. Mod. Phys. 84, 1655 (2012).

Thursday 14:20-14:40 D2C-93 C-93

148



Assessing higher-order quantum polarization correlations from multipole moments
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Polarization is a fundamental property of light that
has received a lot of attention over the years [1]. In clas-
sical optics, polarization is elegantly visualized using the
Poincaré sphere and is determined by the Stokes param-
eters. These are measurable quantities that allow for a
classification of the states according to a degree of po-
larization. Furthermore, the formalism can be extended
to the quantum domain, where the Stokes parameters
become the mean values of the Stokes operators [2].

The classical degree of polarization is just the length of
the Stokes vector. This provides a very intuitive picture,
but for intricate fields it has serious drawbacks. Indeed,
this classical quantity does not distinguish between states
having remarkably different polarization properties [3].
In particular, it can be zero for light that cannot be re-
garded as unpolarized, giving rise to the so-called hidden
polarization [4]. All these flaws have prompted some al-
ternative measures [5].

We adhere to the viewpoint that the Stokes measure-
ments ought to be the basic building blocks for any prac-
tical approach to polarization. Actually, the aforesaid
problems with the classical degree are due to its definition
in terms exclusively of first-order moments of the Stokes
variables. This may be sufficient for most classical situ-
ations, but for quantum fields higher-order correlations
might be crucial.

For a density matrix ρ̂(S) representing the polarization
of a quantum field, we wish to extend the previous Stokes-
based formalism to higher order moments. We capitalize
on the inherent su(2) symmetry and use an expansion in
terms of multipoles [6]

ρ̂(S) =
2S∑
K=0

K∑
q=−K

ρ
(S)
Kq T̂

(S)
Kq ,

where S stands for the spin of the representation, which
in our case is just the number of photons in the field.
Consequently, the state multipole

ρ
(S)
Kq = Tr[ρ̂ T̂

(S)
Kq ]

convey complete information about the state. Indeed,
the weights

W(S)
K =

K∑
q=−K

∣∣∣ρ(S)Kq

∣∣∣2 =
K∑

q=−K

(−1)qρ
(S)
Kq ρ

(S)
K−q
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FIG. 1. Weight distributions for some important states:
SU(2) coherent states, NOON states, twin states, and quadra-
ture coherent states.

provide the whole information that can be extracted from
polarization measurements of Kth order: they tell us
about the strength of a given multipole [7]. Furthermore,

for pure states W
(S)
K is the density distribution of the po-

larization over the multipoles satisfying
∑2S
K=0 W

(S)
K = 1,

so it gives the correct weight of the polarization distri-
bution over a given multipole. Figure 1 displays the be-
havior of this distribution for some relevant states.

In this talk, we shall characterize some candidates to
represent Kth degrees of polarization in terms of the
weights WK. Likewise, the notion of unpolarized states
and hidden polarization to a given order have a clear
interpretation in this scenario.
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Quantum coherence and correlations in Bose-Hubbard dimers
with two-photon exchange

Ali Ü. C. Hardal∗ and Özgür E. Müstecaplıog̃lu†

Department of Physics, Koç University, İstanbul, 34450, Turkey

Nonlinear optical processes [1, 2], realized in cavity
and circuit quantum electrodynamics (QED) systems,
provide efficient and otherwise non-accessible models for
modern applications such as quantum communication
and computation and quantum switching as well as quan-
tum phase transitions.

Here, we consider two nonlinear optical cavities cou-
pled either single or two photon exchange interactions.
We solve quantum optical master equation of the driven-
dissipative system in steady state to examine coher-
ence, spin squeezing and entanglement. To distinguish
the types of quantum correlations, we calculate different
measures associated with either mode or particle entan-
glement, an optimal spin squeezing inequality [3] and the
zero time delay second order correlation function [4] for
the coherence. We identify regimes of distinct quantum
statistical character depending on the relative strength of
hopping and nonlinearity. Finally, we examine the effects

of weak and strong drives on these regimes.

The results presented clarifies the allusive relations
between coherence, quantum correlations and locality.
Therefore, they can be used for the synthesis of multi-
partite quantum entangled states in coupled cavity QED
architectures.
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Geometry and correlations
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We investigate the relation between geometric phases
and correlations in a two-particle interferometer [1]. We
find a generalization of the parallel transport condition,
originally described by Pancharatnam in 1956 [2], to a
two-qudit state. When considering a two-qubit state,
the parallel transport is reduced to the Lévay parallel
transport condition for quarternions [3].

An entangled state is characterized by different invari-
ants under local unitary transformations. We will discuss
a geometric approach, inspired by lattice gauge theory, to
construct multi-partite local SU(2)-invariants [4]. Each
invariant is associated with a path in the lattice space.
This is different from the previous results where correla-

tions where related to geometry in the state space [1, 3].

∗ Electronic address: marie.ericsson@kemi.uu.se
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Experimental Device-independent Tests of Classical and Quantum Dimensions

Johan Ahrens,1, ∗ Piotr Badzia̧g,1 Adán Cabello,1, 2 and Mohamed Bourennane1

1Department of Physics, Stockholm University, S-10691 Stockholm, Sweden
2Departamento de F́ısica Aplicada II, Universidad de Sevilla, E-41012 Sevilla, Spain

A fundamental resource in any communication and
computation task is the amount of information that can
be transmitted and processed. The classical information
encoded in a set of states is limited by the number of
distinguishable states or classical dimension dc of the set.
The sets used in quantum communication and informa-
tion processing contain states which are neither identical
nor distinguishable, and the quantum dimension dq of
the set is the dimension of the Hilbert space spanned
by these states. A important challenge is to assess the
(classical or quantum) dimension of a set of states in a
device-independent way, that is, without referring to the

internal working of the device generating the states. Here
we experimentally test dimension witnesses designed to
efficiently determine the minimum dimension of sets of
(three or four) photonic states from the correlations orig-
inated from measurements on them, and distinguish be-
tween classical and quantum sets of states.

∗ Electronic address: johan.ahrens@fysik.su.se
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Geometry of quantum dynamics, evolution time, and optimal control

Ole Andersson1, ∗ and Hoshang Heydari1, †

1Department of Physics, Stockholm University, 10691 Stockholm, Sweden

Abstract. The classic time-energy uncertainty rela-
tion by Mandelstam and Tamm implies that the evo-
lution time between two distinguishable mixed states is
bounded from below by a factor which is inversely pro-
portional to the average energy uncertainty. We show
that there is a fundamental relation between the length
of evolution curves of mixed states, as measured by a
specific Riemannian metric, and the energy dispersions
of the Hamiltonians that generate the evolution curves.
Our work thus indicates that the evolution time estimate
derived from the Mandelstam-Tamm relation has a geo-
metric origin. In fact, we provide a geometric deriva-
tion of the same estimate. Moreover, we show how to
equip the Hamiltonians acting on systems whose states
are represented by invertible density operators with con-

trol parameters, and we formulate conditions for these
that, when met, makes the Hamiltonians transport den-
sity operators along geodesics.

∗ Electronic address: olehandersson@gmail.com
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Preparation of tensor product representation for qubits

Peter Adam,1 Jozsef Janszky,1 Vladimir A. Andreev,2, ∗ Margarita A. Man’ko,2 and Vladimir I. Man’ko2

1Institute for Solid State Physics and Optics, Wigner Research Centre for Physics,
Hungarian Academy of Sciences, Budapest, Hungary

2P.N. Lebedev Physical Institute, Leninskii Prospect 53, Moscow 119991, Russia

Pure states of qubits used in quantum information pro-
cessing are usually unstable and become mixed under
various external influences. The off-diagonal elements
of their density matrices decrease and can even become
zero. This process of decoherence results in destruction
of the process originally planned. For this reason, using
completely decohered quantum states for some informa-
tion processing has been recommended recently [1–3]. A
system of such states described with the tensor product
of three density operators diagonal in the computational
basis is called the tensor product representation of the
qubit. We note that there exists a multitude of such
representations [1]. The main advantage of using this
representation consists in the fact that the lifetime of
such a system can be much larger compared to the origi-
nal quantum system, and the system can be easily stabi-
lized against further amplitude damping. Preparation of
mixed states is physically realizable, for example in [4] a
robust method for preparing an arbitary two-dimensional
diagonal state has been developed. It was shown that for
some basic unitary operators acting in the space of the
original qubit the corresponding unitary transformation
acting on the representing three-qubit system can be de-
termined [3]. A procedure has also been developed for
finding an approximate representation of any unitary op-
erators using a tensor-product representation of higher
dimension [1].

Now we consider the problem of preparing a tensor
product representation by physical processes. Suppose
that the original one-qubit pure state is

ρin =

(
a

√
abeiφ√

abe−iφ b

)
, (1)

which is to be represented by three separate qubits in the
state ρtp = ρ1 ⊗ ρ2 ⊗ ρ3, with

ρ1 =

(
a o
0 b

)
, (2)

ρ2 =
1

2

(
1 + 2

√
ab cosφ 0

0 1 − 2
√
ab cosφ

)
, (3)

ρ3 =
1

2

(
1 + 2

√
ab sinφ 0

0 1 − 2
√
ab sinφ

)
. (4)

We develop a method capable to produce the represen-
tation ρtp using three copies of the original qubit. The
procedure can be divided into two steps: The first is
to construct some density matrices with diagonal ele-
ments similar to the diagonal elements of the matrices
(2)–(4). We determine the three unitary transformations
U1, U2, U3 that accomplish this task. The second step
is to remove the off-diagonal elements of these density
matrices with the help of decoherence processes. We re-
mark that the representing system contains all informa-
tion about the original qubit. According to our previous
results, some operations corresponding to operations in
the original system can be realized in this system [3].

We also analyze the inverse problem, i.e., the prob-
lem of reconstructing the original state ρin from the ten-
sor product representation ρtp. We recommend a pos-
sible physical transformation yielding a quantum state
that is a mixture of the original quantum state and the
completely mixed state. This physical transformation
involves ancillary systems and unitary transformations.
The purification of the resulted mixed states is considered
in another communication.

∗ Electronic address: andrvlad@mail.ru
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Efficient basis for the Dicke Model

Miguel A. Bastarrachea-Magnani1, ∗ and Jorge G. Hirsch1

1Instituto de Ciencias Nucleares, Universidad Nacional Autónoma de México,
Apdo. Postal 70-543, México D. F., C.P. 04510

We compared the advantages between two different ba-
sis which provide numerically exact solutions of the finite-
size Dicke model. We show that, against the photon
number basis (Fock basis), the extended bosonic coherent
basis proposed by Chen et al [1] has advantages that are
exhibited to be valid for a large region of the Hamiltonian
parameter space, not only to obtain converged values of
the ground state energy and wave function, but also for
a significative part of the energy spectra. This coherent
basis is promising for studying the spectra, in the deep
superradiant phase, and excited states quantum phase
transitions (ESQPT).

The Dicke Hamlitonian describes a system of N two-
level atoms interacting with a single monochromatic elec-
tromagnetic radiation mode within a cavity [2]. It can
also describe a set of N qubits from quantum dots,
Bose-Einstein condensates or QED circuits [3], interact-
ing through a bosonic field. It is written as (with h̄ = 1):

HD = ωa†a+ ω0J
′
z +

γ√
N

(
a+ a†

) (
J ′+ + J ′−

)
. (1)

The Hamiltonian is very simple but not exactly solv-
able, and continues to drive research into its properties.
The interest on solving the Dicke Hamiltonian for a finite
N comes not only from the fact that it provides a good
description for the systems manipulated in the labora-
tory, but for the close connection found between entangle-
ment, quantum phase transitions (QPT), and quantum
chaos [6–8] due to its superradiant QPT in the thermo-
dynamic limit [4–6].

Due to the presence of the number operator, it is nec-
essary to truncate the Hilbert space in order to solve the
Hamiltonian numerically. The well-known Fock basis is
the exact solution in the integrable limit of zero coupling
(γ → 0):

|Ψ(1)〉 = |n; j,m′〉 with |n〉 =
(a†)n√
n!

|0〉 (2)

On the other hand, the coherent basis is the exact ana-
lytic solution in the integrable limit of zero atomic energy
separation (ω → 0). Defining A = a+ 2γ

ω
√
N
J ′x, Jz = J ′x,

the basis states are the tensor product between angular
momentum states and the A† number states.

|Ψ(2)〉 = |N ; j,m〉 with |N〉 =
(A†)N√
N !

|N = 0; j,m〉

(3)
We compare the minimal value of the truncation, to

obtain the numerical solution between each basis, nmax
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FIG. 1: . nmax (upper, red line) and Nmax (lower, blue line)
as functions of j with ω0 = ω = 1 and γ = 1.0.

(Fock basis) and Nmax (coherent basis) for a given pre-
cision in the wave function. As the Fock basis becomes
impracticable when N increases or we go deep in the
superradiant phase [9], the coherent basis needs smaller
values of the truncation and let us solving numerically
the Hamiltonian for many excited states using a single
value of the truncation. The comparison between both
basis is shown representatively in figure 1.

Then, the coherent basis is adequate to find many
eigenstates of the Dicke Hamiltonian, allowing the study
of ESQPT, and quantum chaos.
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Experimental investigation of the fidelity
in microwave networks simulating quantum graphs

Micha l  Lawniczak,1 Szymon Bauch,1, ∗ Oleh Hul,1 and Leszek Sirko1

1Institute of Physics, Polish Academy of Sciences,
Aleja Lotników 32/46, 02-668 Warszawa, Poland

We present results of the measurements of the fidelity
in microwave networks. The networks simulate quantum
graphs, which are excellent paradigms of quantum chaos
[1]. The fidelity F (t) ≡ |f(t)|2 is modulus squared of the
overlap integral between the same initial wave function,
which propagates in time by the Hamiltonian H0 and a
slightly perturbed Hamiltonian H = H0+V , respectively
[2]:

f(t) = ⟨Ψ|e i
h̄Hte−

i
h̄H0t|Ψ⟩ (1)

In the theoretical studies of chaotic systems the Hamil-
tonians are taken from the Gaussian Random Matrix en-
semble [3].

In the experiment we measured the one port scattering
matrix for the five vertices network whereas for the six
vertices networks we performed one port and two ports
experiments, respectively. Therefore, the experiment al-

lows us to compare the fidelity of the systems with dif-
ferent degrees of chaos - five versus six vertices networks
as well as the fidelity of the systems with different losses
- six vertices networks with one and two leads.

This work was partially supported by the Ministry of
Science and Higher Education grant No. N N202 130239.
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Orbits of mutually unbiased bases

Kate Blanchfield1, ∗ and Ingemar Bengtsson1

1Stockholms Universitet, Sweden

Mutually unbiased bases are interesting for both the-
oretical and experimental reasons in quantum informa-
tion and quantum optics. On the theoretical side, MUBs
emerge naturally from Bohr’s principle of complementar-
ity [1, 2] and form a wide-reaching topic in the geometry
of quantum mechanics. On the experimental side, MUBs
are useful for various quantum optics schemes, such as
quantum state determination [3] and quantum key dis-
tribution [4].

Despite this, MUBs can’t always be found. They are
known to exist in dimensions that are either prime or
powers of a prime [5], but searches for MUBs in composite
dimensions have been unsuccessful [6, 7].

The Weyl-Heisenberg (WH) group, which can be
thought of as a generalisation of the Pauli spin opera-
tors in dimension 2, also features prominently in quan-
tum mechanics. It is relevant here as a way to generate
MUBs in prime (and prime power) dimensions.

The usual way of constructing MUBs in prime dimen-
sions is to divide the WH group into maximally abelian
subgroups and take the joint eigenbases of each sub-
group. In dimension N this provides N + 1 mutually
unbiased bases—the maximum number possible—and is
often called a ‘complete set of mutually unbiased bases’
or simply a ‘MUB’. An example for dimension 2 is given
in Figure 1, where each axis of the Bloch sphere is a basis
and the three axes together form a MUB.

There is another way of generating MUBs in prime di-
mensions, due to Alltop [8] for use in signal processing
schemes. It involves acting with the WH group on a given
fiducial vector. The resulting orbit collects into N mutu-
ally unbiased bases, which, together with the computa-
tional basis, forms a MUB. An orbit MUB in dimension
2 is shown in Figure 2.

We show that there are in fact many such orbit MUBs:
N2 − 1 of them in prime dimension N . This fuller pic-
ture uses the Clifford group—the group of all unitary
automorphisms of the WH group—to unify the standard
and orbit MUBs. Each basis in an Alltop orbit is an
eigenbasis of a particular element in the Clifford group,
which we identify.

We analyse this collection of MUBs by setting them
in a higher dimensional Grassmannian space, where each
point corresponds to a basis in the original Hilbert space.
The bases from different MUBs lie at repeating distances
from one another, forming a regular pattern in the Grass-
mannian. We prove that the standard and orbit MUBs
will always form a simple pattern in this space when the
Hilbert space has a prime dimension.

FIG. 1: Each axis of the Bloch sphere is a basis and they are
mutually unbiased to one another. The standard MUB forms
a regular octahedron in dimension 2.

FIG. 2: The Alltop MUB (red) is just a rotation of the stan-
dard MUB (black). Note that the two octahedra use the
z-axis; this is because both MUBs contain the computational
basis.

∗ Electronic address: kate@fysik.su.se; URL: http://

www.fysik.su.se/~kate

[1] N. Bohr, Nature 121, 580 (1928).
[2] J. Schwinger, Proc. Matl. Acad. Sci. U.S.A. 46, 570

(1960).
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Environmental effects on finite-time quantum measurements

Carlos Alexandre Brasil,1, ∗ Leonardo Andreta de Castro,2 and Reginaldo de Jesus Napolitano2

1Instituto de F́ısica ”Gleb Wataghin”’ (IFGW) / Universidade Estadual de Campinas (UNICAMP)
2Instituto de F́ısica de São Carlos (IFSC) / Universidade de São Paulo (USP)

We explore a model for finite-time measurement based
on the Lindblad equation, with analysis of a system con-
sisting of a 2-level system coupled to a thermal reservoir.
We assume a Markovian measuring device and, therefore,
use a Lindbladian description [1, 2] for the measurement
dynamics. For studying the case of noise produced
by a non-Markovian environment, whose definition
does not include the measuring apparatus, we use the
Redfield approach to the interaction between system and
environment. In the present hybrid theory [3], to trace
out the environmental degrees of freedom, we introduce
an analytic method based on superoperator algebra and
Nakajima-Zwanzig superoperators [4, 5]. Initially, with a
phase-noisy environment (with some particularizations),
we verified that [6], when the measurement does not
commute with the system-environment interaction, (i)
the more intense the system-environment interaction,
the more marked is the populations decrease - i.e., the
larger is the measurement error - and (ii) the more
intense the system-measurement apparatus interaction,
the less marked is the populations decrease. With (ii),
we concluded that the coupling between the system and
the measurement apparatus protects the state of the
system, when the measurement does not commute with

the interaction between the system and the environment.
Next [7], analyzing the behavior of the coherences, which
decrease with time, we established a criterion for the
measurement duration. Recently, we remove the particu-
larizations and treat the interaction between the system
and the environment as of the amplitude-damping type,
aiming at verifying, in a more general form, the influ-
ence of the thermal bath over the final reduced density
operator.
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Entanglement–assisted scheme for nondemolition detection
of the presence of a single photon

Marek Bula,1, ∗ Karol Bartkiewicz,1 Antońın Černoch,2 and Karel Lemr1

1RCPTM, Joint Laboratory of Optics of Palacky University and
Institute of Physics of Academy of Sciences of the Czech Republic,

17. listopadu 12, 772 07 Olomouc, Czech Republic
2Institute of Physics of Academy of Sciences of the Czech Republic,

Joint Laboratory of Optics of UP and IP AS CR,
17. listopadu 50A, 779 07 Olomouc, Czech Republic

Linear-optical quantum computing is burdened by two
significant drawbacks related to its probabilistic nature
[1–3]: firstly, the success probability decreases exponen-
tially with the number of quantum gates and secondly,
in a large number of cases there is need for postselection.
We focused on the second problem, which can be circum-
vented using nondemolition measurement [4]. The goal of
our scheme is to decide if the photon is present in signal
mode while keeping its quantum state undisturbed [5].

We propose a linear-optical scheme (see Fig. 1) for
quantum nondemolition measurement which provides

sIN

a2

D1

a1

sOUTD2

PBS PBS

PBSPBS HWP

HWP

HWP

HWP

FIG. 1: Proposed setup for linear-optical quantum non-
demolition measurement of single photon; PBS–polarizing
beam splitter, HWP–half wave plate (all rotated by 45 deg.
with respect to horizontal polarization direction), s–signal
photon mode, a1, a2–ancillary photon modes, D1 and D2

stand for standard polarization analysis (for reference see [6]).

measurement described by unitary transformation

Û = |0〉〈0| ⊗ 112 + |1〉〈1| ⊗ V̂ (1)

where |0〉〈0| corresponds to the vacuum state of the in-
vestigated input and |1〉〈1| to the single photon that we
would like to detect without disturbing it. The second
subsystem is the ancillary system which is unchanged if
there is a vacuum state in the signal mode, but under-
goes transformation V̂ if there is a signal photon. The
transformation V̂ is selected so that the change on the
ancillary subsystem can be deterministically observed.

Apart from signal qubit the device makes use of na
ancillary pair of entangled photons. Subsequent coinci-
dence click on detection blocks D1 and D2 witnesses the
presence of the signal photon. This occurs with success
probability of 1

2 . Moreover by setting suitable detection
basis we can tune the measurement from completely sig-
nal state non–disturbing to perfect QND coupling.
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Linear-optical quantum router

Antońın Černoch,1, ∗ Karel Lemr,1 Karol Bartkiewitz,1 and Jan Soubusta1

1RCPTM, Faculty of Science, Palacký University,
17. listopadu 12, 77146 Olomouc, Czech Republic

Routing is an important feature of both classical and
quantum information networks. Quantum routing can
be achieved for instance by matter-light interaction [1–
4]. Alternatively an all-optical quantum router was pre-
sented in Ref. [5], but with only classical information to
control the routing. Recently X.-Y. Chang et al. pro-
posed linear-optical quantum routing based on the en-
tanglement between signal and control qubit [6]. How-
ever, the information stored in the signal qubit collapses
depending on the measurement performed on the control
qubit.

Our proposal is an all-linear-optical router, where sig-
nal qubit is encoded into polarization state of a single
photon. This qubit is routed into two spatial modes ac-
cording to the quantum state of control qubit(s). Mean-
while the information stored in its polarization does not
change under the routing procedure.

Signal qubit may be in a general state

|Ψs〉 = α|H〉+ β|V 〉, |α|2 + |β|2 = 1,

where |H〉 and |V 〉 denote horizontal resp. vertical linear
polarization states. The real routing operation (real su-
perposition of signal state into two spatial modes, Fig. 1)
is handled by two identical control qubits:

|Φc1〉 = |Φc2〉 =
1√
2

(
|H〉+ eiφ1 |V 〉

)
.

The router performs the following transformation on the
signal state

|Ψs〉1 →
√
T |Ψs〉1 +

√
Re−i

π
2 |Ψs〉2,

where T = 1
2 (1 + cosφ1) , R = 1 − T = 1

2 (1− cosφ1)
and lower indexes denote the spatial mode. Probability of
success is determined by using two Programmable Phase
Gates (PPG) [7], each with probability of success 1/2 [8].

To gain full quantum superposition (including phase
shift between output spatial modes), the second stage
driven by another two control qubits must be added to
one output mode. So the overall probability of success of
routing is 1/16.

In our contribution we discuss also another implemen-
tation using a tunable Controlled-NOT gate (see Fig. 2)
[9]. In this implementation one needs only one control
qubit. The price to pay is more complex scheme includ-
ing quantum non-demolition measurement.

Acknowledgment: The authors gratefully ac-
knowledge the support by the Operational Pro-
gram – Education for Competitiveness (project No.
CZ.1.07/2.3.00/20.0058).
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FIG. 1: The first stage – real routing, PBS – polarizing beam
splitter, PPG – programmable phase gate [8].
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FIG. 2: Alternative scheme of quantum routing, PBS – po-
larizing beam splitter, PDBS – polarization dependent beam
splitter, PPG – programmable phase gate, C-NOT – General-
ized Controlled-NOT gate, QND – quantum non-demolition
measurement [10].
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Propagation and Distribution of Quantum Correlations in Cavity QED

Raul Coto1, ∗ and Miguel Orszag1
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We study the propagation and distribution of quantum
correlations through two chains of atoms inside cavities
joined by optical fibers. We consider an effective Hamil-
tonian for the system and cavity losses, in the dressed
atom picture, using the Generalized Master Equation.

We have two identical chains of three cavities joined
by optical fibers as shown in Fig. 1, where each cavity
interacts with a single atom and it’s own reservoir.

The Hamiltonian of an N -atom-cavity system in the
rotating wave approximation is given by

H = H free + H int (1)

H free =
N∑
i=1

ωai |e >i< e| +
N∑
i=1

ωci a
†
iai +

N−1∑
i=1

ωfi b
†
i bi (2)

H int =
N∑
i=1

νi(a
†
i |g >i< e| + ai|e >i< g|)

+
N−1∑
i=1

Ji[(a
†
i + a†i+1)bi + (ai + ai+1)b†i ] (3)

where |g >i and |e >i are the ground and excited states
of the two-level atom with transition frequency ωa, and
a†i (ai) and b†i (bi) are de creation(annihilation) operators
of the cavity and fiber mode, respectively. The first, sec-
ond and third term in H free are the free Hamiltonian of
the atom, cavity field and fiber field, respectively. In ad-
dition, the first term in the H int describes the interaction
between the cavity mode and the atom inside the cavity
with the coupling strength νi,and the second term is the
interaction between the cavity and the fiber modes with
the coupling strength Ji.

In the case of a three atom-cavity system, we use
perturbation theory to find an effective Hamiltonian,
supposing that the total detuning δ = (ω− ν)−ωf ≫ J .
Furthermore, we trace over the fibers, so we end up with

Atom 2’ Atom 3’

Cavity 1’ Cavity 2’ Cavity 3’

Atom 1 Atom 2 Atom 3

Cavity 1 Cavity 2 Cavity 3

Atom 1’

Optical Fiber Optical Fiber

Optical Fiber Optical Fiber

FIG. 1: Array of two rows of three Cavity-Atom Systems.
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FIG. 2: Initial condition |Ψ >b; Upper Bound (UB) (solid);
Lower Bound (LB) (red-dotted); θ = π/4; γ = 0.01.

a reduced Hamiltonians given by:

Hs = λ(|E1 >< E1| + 2|E2 >< E2| + |E3 >< E3|)
+λ(L†

1L
−
2 + L−

1 L
†
2 + L†

2L
−
3 + L−

2 L
†
3 ) (4)

where λ = J2

2δ .
An approach to model the above mentioned losses, in

the presence of single mode quantized cavity fields, is
using the microscopic master equation, which goes back
to the ideas of Davies on how to describe the system-
reservoir interactions in a Markovian master equation.

ρ̇(t) = − i [Hs , ρ(t)] +

3∑
n=1

∞∑
ω=−∞

γn(ω)
(
An(ω)ρ(t)A†

n(ω)

− 1

2

{
A†

n(ω)An(ω), ρ(t)
})

(5)

where An correspond to the Davies’s operators. The sum
on n is over all the dissipation channels and the decay rate
γn(ω) is the Fourier transform of the correlation functions
of the environment [1, 2].

Finally, we studied the propagation of quantum cor-
relations and multipartite entanglement or tangle [3]. In
the case of multipartite entanglement with losses, we cal-
culated the bounds [4, 5] of this tangle, as shown in Fig. 2.
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Gaussian Quantum Discord as a Physical Resource

Callum Croal,1, ∗ Ladislav Mǐsta Jr,2 and Natalia Korolkova1
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Quantum discord is an attempt to describe all quan-
tum correlations in mixed states including separable
states. Much work has been done to determine how well
discord represents a physical resource that can be used
to improve upon classical performance. In this work we
discuss a three mode state that can be used to either
distribute entanglement by a separable ancilla or carry
out generalised dense coding with separable states. The
presence of discord in this state is a necessity for the per-
formance of the quantum protocols. Thus we can say
that the discord has been used as a physical resource to
carry out the quantum protocols.

It has recently been shown that if information is en-
coded onto a discordant state, a global measurement will
give more knowledge of this information than only lo-
cal measurements [1], thus showing that discord can be
used to improve the transfer of information between two
parties. In our work we analyze this finding in the con-
text of the protocol for entanglement distribution by a
separable ancilla mode [2] (see Fig. 1(a)). After super-
imposing modes A and C on the first beamsplitter (BS),
there is a three mode state with discord present between
all pairs of modes. Alice possesses modes A and C and
Bob possesses mode B. Alice then sends mode C to Bob
who mixes it with mode B on another balanced BS. The
result is that entanglement is distributed between modes
A and B despite the fact that mode C is separable at all
points during the protocol. As it has been shown [3][4],
discord has to be present after the first BS in order to
distribute entanglement.

If instead of mode C, Alice sends mode A to Bob then
the scheme can no longer be used to distribute entan-
glement due to the separability of mode C. However if
Alice encodes information onto mode A before sending,
it can be used for a generalised dense coding protocol (see
Fig.1(b)). Bob is tasked with gaining as much informa-
tion about x0 and p0 as is possible. It can be shown that
he can gain more information by performing a global op-
eration on modes A and B before measurement than he
can using only local measurements on each mode. The
advantage that he gains using a global measurement is
limited by the reduction of discord during Alice’s encod-
ing [1]. This shows that the discord present before en-
coding can be used to improve the transfer of information
from Alice to Bob. Targeted tailoring of correlations can
yield further improvement to information advantage.

In summary, we have examined different ways that
Gaussian quantum discord can be used as a physical re-
source in a three mode setting. In particular we show

FIG. 1: Two ways in which discord can be used as a physical
resource. Ellipses/circles: phase-space contours of squeezed
and vacuum states. DA,B,C : correlated phase-space displace-
ments. (a) Entanglement distribution scheme where discord
is used to distribute entanglement using an ancilla mode C
that is separable from AB at all stages of the protocol. (b)
An alternative scheme where Alice encodes information onto
A before sending it to Bob. In this way discord is used to
improve communication of information from Alice to Bob.

how it can be used to gain information advantage and
how the scheme can be tuned to provide best use of this
resource depending on the task set.
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Loss of non-Gaussianity in a thermal reservoir
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We investigate the loss of non-Gaussianity of a single-
mode state of the radiation field in contact with a ther-
mal reservoir. It is known that evolution under the quan-
tum optical master equation leads to an asymptotic ther-
mal state. We thus deal with a Gaussification process,
namely, the non-Gaussianity and non-classicality prop-
erties of any input state are finally destroyed. Non-
Gaussianity was recently described by three distance-
type measures employing Hilbert-Schmidt metric, rela-
tive entropy and Bures metric. In the present work, we
are most interested in checking the consistency of these
measures, that is, their quality to induce the same order-
ing of non-Gaussianity when considering a specific set of
states. To do this we use the set of damped states in the
workable case of Fock-diagonal input states. The damped
density operator is evaluated using its Weyl expansion.

In the case of a Fock-diagonal non-Gaussian state,

ρ̂ =

∞∑
l=0

pl |l⟩⟨l| with

∞∑
l=0

pl = 1,

the Gaussian reference state is a thermal one with the
same mean occupancy ⟨N̂⟩ =

∑
l l pl:

ρ̂G =

∞∑
l=0

sl|l⟩⟨l| with sl =
⟨N̂⟩l

(⟨N̂⟩ + 1)l+1
.

The Hilbert-Schmidt and entropic degrees of non-
Gaussianity were written in Refs.[1, 2] as:

δHS [ρ̂] =
1

2

[
1 +

1∑
l p

2
l

(
1

2⟨N̂⟩ + 1
− 2

∑
l

plsl

)]
,

δRE [ρ̂] =
∑
l

pl ln pl + (⟨N̂⟩+ 1) ln(⟨N̂⟩+ 1)−⟨N̂⟩ ln⟨N̂⟩.

We have recently introduced the Bures distance to the
Gaussian state ρ̂G as a measure of non-Gaussianity of
an arbitrary one-mode state ρ̂ Ref.[3]. In the case of a
Fock-diagonal state we get

δF [ρ̂] = 1 −
∞∑
l=0

√
pl sl.

Recall that addition of photons to a classical Gaussian
state, such as a coherent or a thermal one, generates
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F
FIG. 1: Time evolution of the Bures degree of non-
Gaussianity for input M -photon added thermal states with
M = 1, 3, 5, 10 (from bottom to top) and n̄ = 1 in contact
with a heat bath having n̄R = 0.1.

a non-classical output which is no longer Gaussian. In
particular, an M -photon added thermal state,

ρ̂(M) =
1

M ! (n̄+ 1)M
(â†)M ρ̂th â

M ,

is Fock-diagonal and preserves this property during its
evolution under the quantum optical master equation.
This allows us to use the formalism described above to
evaluate and compare the non-Gaussianity degrees [4].
We find a good consistency of these measures on the set
of damped states. In Fig. 1 we give an example of mono-
tonic evolution of the Bures degree of non-Gaussianity
under damping. Even with some alterations of ordering,
the fidelity-based degree, the Hilbert-Schmidt one and
the entropic measure are found to evolve monotonically,
as expected for any good measure of non-Gaussianity.
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Analysis of light propagation in anomalously dispersive atomic medium
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We analyze the propagation of a probe laser pulse
though an atomic medium which optical properties are
controlled by changing the parameters (e.g. amplitude
or detuning) of a strong control laser field or by modify-
ing the strength of an incoherent optical pump coupling
two levels of an atomic system. Depending on the field’s
parameters the dispersion of the medium may change al-
ternatively from normal into abnormal one with absorp-
tion varying from positive to negative (gain) values. The
incoherent optical pump was found to be the switcher
between the sub- and the superluminal regime. A probe
laser filed propagating through such an optical system
can experience alternatively negative or positive group
velocity, which is a function of an electric susceptibility
and is given by the formula:

vg =
c

1 + ω0

2
dχ(ω)
dω |ω=ω0

,

where ω0 is a resonant frequency between levels coupled
by the probe field. A comparison of propagation in few
optical systems will be shown.

FIG. 1: Energy level for one of the studied systems. Ωp,
Ωc, ∆p, ∆c are the Rabi frequencies and the detunings of
the probe and control field, respectively. r1, r2, r3 are the
incoherent optical pumps. The distance between two closely
spaced upper levels |2 > and |3 > is 2∆.

FIG. 2: The electric susceptibility for atomic system shown
in Fig. 1 in the subluminal (left) and superluminal regime.

The dynamics of propagation in the case of negative
group velocities is specially investigated. It is well known
[1–5] that in such a regime the peak of the outgoing pulse
exits the medium before the peak of the incoming one
reaches the sample. In the end of the sample a pulse
emerges, increases and splits into two parts one propa-
gates behind the sample with the c velocity and second
propagates backward with reduced negative group veloc-
ity. The second pulse always cancels with the incoming
one at the entrance of the sample.

The main field of our interest is to examine the propa-
gation of a laser pulse through an anomalously dispersive
medium for the presence of the first (Sommerfeld) and
the second (Brillouin) precursors.
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Geometric quantum evolution for mixed quantum states
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1Department of Physics, Stockholm University, 10691 Stockholm, Sweden

The geometric formulation of quantum mechanics is a
very interesting field of research which also has many ap-
plications in the emerging field of quantum computation
and quantum information, such as a scheme for optimal
quantum computers. In this work we present a geomet-
ric formulation of mixed quantum states represented by
density operators [1]. Our formulation is based on princi-
pal fiber bundles and purifications of quantum states. In
our construction, the metric on the total space is given
by the real part of the Hilbert-Schmidt Hermitian inner
product, and we define a mechanical connection in terms
of locked inertia tensor and moment map for a horizon-
tal lift of the density operator. We also discuss some

applications of our geometric framework[2, 3].
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Heralded single photon sources - an eavesdropper’s delight?

M. Sadiq1, ∗ and H. Hübel1
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Single photons are are a much needed resource for
many quantum information experiments, ranging from
experiments probing the foundations of quantum me-
chanics to commercial applications like quantum key dis-
tribution (QKD). Although the theoretical descriptions
call for use of single photons, most practical demonstra-
tions are using photon states which are not single. The
reason behind this is the fact that is is experimentally
very challenging to produce a truly single photon source
with a high rate, good spectral and spatial character-
istics. On the other hand it is very easy to produce
a pseudo single photon source by simply attenuating a
pulsed laser with a mean photon number per pulse of
well below one. Such a single photon source is known
as a weak coherent pulse source (WCP). In recent years
another type of “single” photon source emerged, based
on parametric down-conversion (SPDC).

SPDC sources were vital for the realisations of most
quantum information experiments in the last decades
due to the fact that they produce strongly correlated
photon pairs from a pump laser. To make a SPDC
source into a single photon source, one photon of
the produced pair is split of and fed to a detector.
A click in this detector is then used to herald the
presence of the second photon of the pair. Such sources
are therefore called heralded single photon sources
(HSPS). Although technologically more difficult to built,

FIG. 1: Schematic of QKD setup. Alice prepares photons in
one of four polarisation states using her waveplate (black bar).
The photons are transmitted to Bob where he measures the
polarisation (PBS) in one of two bases. Eve, placing a beam
splitter into the path will receive information whenever there
are more than 1 one photon per pulse. All detection events at
Alice, Eve and Bob are registered using a time-tagging unit
and subsequently analysed.

HSPS sources are popular, since it is widely accepted that
such sources have a lower multi-pair emission than WCP
sources [1–3] and therefore are closer to real single photon
sources [4]. This claim is corroborated by measurements
of g(2) correlation functions, which show indeed a value
lower than one [5]. However we believe that the definition
used for the heralded g(2) correlation function is flawed
and leads to a wrong conclusion.

We therefore designed an experiment in which we do
not measure g(2) is not measured directly but where the
effect of multi-pairs can be quantified by other means. By
comparing a HSPS with a WCP source one can see di-
rectly if the claim of lower multi-pairs in case of the HSPS
holds true. We have chosen a quantum key distribution
(QKD) protocol including an eavesdropper (Eve) for this
purpose, as depicted in Fig. 1. If multi-photon pairs are
emitted by the source an eavesdropper can employ the so
called “beam-splitter attack” by splitting off one of the
multi-photons and analysing it. Since Eve can wait with
the measurements after Alice and Bob have compared
their bases, she can gain full information from this pho-
ton. In our experiment we calculate the mutual informa-
tion between Eve and Bob to establish quantitatively the
amount of multi-photon pairs. By comparing the mutual
information obtained from QKD systems pumped either
with a WCP source or a HSPS we can conclude on the
relative multi-photon emissions. Preliminary data shows
that in a heralded single-photon source the multi-photon
events are not suppressed, unlike hitherto claimed. For
experiments relying on true single photons, the multi-
photon emission still needs to be addressed even when us-
ing a HSPS. As there is no advantage in using a HSPS in
terms of multi-photon emission, many experiments could
use the WCP source which is much easier to implement.
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Enhanced multipartite quantum correlation by photon operations
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Quantum correlations are the bedrock of quantum in-
formation processing, which also show nonlocal charac-
teristics of quantum theory. There have been lots of
researches towards quantum correlations in continuous
variable systems, especially in the Gaussian regime [1].
We investigate effects of non-Gaussian operations on mul-
tipartite quantum correlations in continuous variable sys-
tems by examining both Mermin-Klyshko (MK) inequal-
ity for quantum nonlocality and fidelity of the teleporta-
tion network protocol for quantum communication.

A n-partite continuous variable GHZ state [2] is a gen-
uine multipartite entangled Gaussian states, which is an
analogue of the GHZ states for qudits. It is generated by
sending a p-squeezed vacuum mode with squeezing pa-
rameter r1 through a series of beam splitters, interacting
with n− 1 x-squeezed vacuum modes with squeezing pa-
rameter r2, respectively. Its mean values of the quadra-
tures are zero µ = 0 and its covariance matrix is given
by

V (N) =



a 0 c 0 c 0 · · ·
0 b 0 d 0 d · · ·
c 0 a 0 c 0 · · ·
0 d 0 b 0 d · · ·
c 0 c 0 a 0 · · ·
0 d 0 d 0 b · · ·
...

...
...

...
...

...
...


where

a = 1
2N e

2r1 + N−1
2N e−2r2 , b = 1

2N e
−2r1 + N−1

2N e2r2 ,
c = 1

2N (e2r1 − e−2r2) d = 1
2N (e−2r1 − e2r2).

Continuous variable GHZ states have shown quantum
nonlocality, and have been implemented for the telepor-
tation network. Non-Gaussian operations at our disposal
are photon subtraction and photon addition. Photon
subtraction can be conditionally implemented by using
an almost transparent beam splitter with an on-off detec-
tor; photon addition can be conditionally implemented
using a nondegenerate parametric oscillator with an on-
off detector. By applying these non-Gaussian operations
on three-mode continuous variable GHZ states, we exam-
ine both quantum nonlocality and teleportation network
fidelity, of the resulting non-Gaussian states.

Mermin-Klyshko inequality for an n-partite system can
be used to test quantum nonlocality of continuous vari-
able systems by using the displaced parity operators as
dichotomic variables, and it gives classical bound 2 while
quantum mechanics allows up to 2(n+1)/2 [3–5]. We show

that the violation of MK inequality is enhanced by pho-
ton subtraction in weak squeezing regime; when photon
subtraction is applied on all the three modes, the viola-
tion is largest and it is larger than the maximum violation
of the original GHZ state. Photon addition also enabled
larger violation than that of the original GHZ state and
the maximum violation is proportional to the number of
modes photon addition is applied on.

Teleportation network is a multipartite generalization
of the Braunstein-Kimble teleportation protocol for two-
mode case, which uses the correlations among quadra-
tures of a multipartite state [2]. For example, when three
parties share one mode of a three mode entangled state, a
sender mixes his state with an unknown input state by a
beam splitter and performs homodyne measurements on
the modes; she sends the outcomes to a receiver. A helper
just performs a homodyne measurement of his mode and
sends the outcome to the receiver. The receiver displaces
his mode according to those outcomes and obtains to
the transferred state. We find that when teleportation
network protocol is examined with input coherent state
and GHZ states with photon operations, photon subtrac-
tion could enhance the fidelity of teleportation network
for weak squeezing regime; photon subtraction applied
on the modes of sender and receiver gives the largest
enhancement for the fidelity and photon subtraction ap-
plied on the modes of sender and helper (or on the modes
of helper and receiver) enhances the fidelity. Other cases
turn out to be unable to enhance the fidelity over the
case of the original GHZ states. As for photon addition,
it was shown that photon addition can’t enhance the fi-
delity of teleportation network protocol; among them,
photon addition applied on the mode of helper shows the
best fidelity, though.
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Phase effects in pulse propagation in atomic media in the triangular configuration

Jakub Korociński1, ∗

1Institute of Physics, Faculty of Physics, Astronomy and Informatics,
Nicolaus Copernicus University, ul. Grudzia̧dzka 5, 87-100 Toruń, Poland

In recent years there have been a number of papers on
optical properties of various atomic systems where the
applied fields form a closed loop configuration. One of
the most important characteristics of such system is that
a steady-state behaviour can only be obtained while the
net detuning of the applied fields is zero. In such condi-
tions the excitation and optical properties of a medium
strongly depend on the relative phase of the coupling
fields [1].

Li et al. [2] investigated light absorption in a three-
level medium irradiated with a strong control field and
a weak microwave field coupling two lower states of the
triangular (∆) configuration. An interference of the prop-
agating probe field with light generated by the sample
was examined both theoretically and experimentally. An

FIG. 1: Level and coupling scheme in the ∆ configuration.

investigation of a phase-dependent optical frequency con-
version in a closed-loop triangular (∆) configuration was
performed by Kosachiov et al. in [3].

The subject of this work is a propagation of a weak
probe pulse in a three-level closed loop configuration (see
FIG. 1) cf. Ref. [4]. An atomic system is irradiated
with strong control field 2 coupling the states a and c
and a strong microwave field 3 coupling the two lower
metastable states b and c. A weak probe field 1 couples
the states a and b. Two channels for the probe field are
activated: 1) absorption of a probe photon and 2) emis-
sion of a probe photon with a simultaneous absorption of
two control and two microwave photons. The propaga-
tion equations in the first order with respect to the probe
field form a system of two coupled equations. We can con-
sider a probe pulse as a superposition of two parts, both
propagating under different effective susceptibilities. We
analyze in detail the pulse spectrum and its time-space
evolution. In particular we study interference effects due
to the relative phase of applied fields, taking into account
the generation of light by the atomic sample. In contrast
to other papers we do not make the assumption of the
net (three photon) resonance.

∗ Electronic address: j.koro@fizyka.umk.pl
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The Elastic Enhancement Factor as an Experimental Measure of Quantum Chaos

Micha l  Lawniczak,1, ∗ Agata Nicolau-Kuklińska,1 Szymon Bauch,1 Oleh Hul,1 and Leszek Sirko1

1Institute of Physics, Polish Academy of Sciences,
Aleja Lotników 32/46, 02-668 Warszawa, Poland

We present the results of the experimental study of the
two-port scattering matrix S elastic enhancement factor
W(S,β) for microwave irregular networks and microwave
billiards. The microwave networks simulate quantum
graphs with preserved (β = 1) and broken (β = 2)
time reversal symmetry in the presence of moderate and
strong absorption. In the experiment quantum graphs
with preserved time reversal symmetry were simulated
by microwave networks which were built of coaxial ca-
bles and attenuators connected by joints. In order to
simulate quantum graphs with broken time reversal sym-
metry we used the microwave networks with microwave
circulators. The elastic enhancement factor W(S,β) was
also measured for the rough and rectangular microwave
billiards in the case of preserved time reversal symmetry
(β = 1). The rough and rectangular microwave billiards
simulate, respectively, quantum chaotic and integrable
billiards. The analogy between quantum billiards and
the microwave ones is based upon the equivalency of the

Schroedinger equation describing the quantum systems
and the Helmholtz equation describing the microwave
ones. We show that the experimental results indicate
that the elastic enhancement factor W(S,β) can be used
as an experimental measure of quantum chaos.

This work was partially supported by the Ministry
of Science and Higher Education grant No. N N202
130239 and the European Union within European Re-
gional Development Fund, through the grant Innovative
Economy POIG.01.01.02.00-008/08. Keywords: Quan-
tum and classical chaos, Microwave and quantum bil-
liards, Microwave networks and quantum graphs, Open
systems.
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Twin-beam parametric generators based on nonlinear photonic crystals

Martin Levenius,1, ∗ Valdas Pasiskevicius,1 Gunnar Björk,1 and Katia Gallo1

1KTH - Royal Institute of Technology, Department of Applied Physics,
Roslagstullsbacken 21, SE-106 91 Stockholm, Sweden

Purely nonlinear photonic crystals (NPCs) that pos-
sess a 2D spatial modulation of their quadratic nonlinear-
ity, engineered through 2D periodic poling of ferroelec-
tric materials [1], have displayed extraordinary flexibility
in spectral and angular qualities of nonlinear optical de-
vices. Enhanced functionalities have been demonstrated
in frequency up-conversion [2], but it is only most re-
cently that novel degrees of freedom in down-conversion
have started to be investigated [3]. We have demon-
strated optical parametric generation (OPG) exploiting a
coherent coupling of two resonances of an hexagonal non-
linear lattice in MgO:LiTaO3 (hexMgSLT), to produce
twin-beams of the same spectral content [4]. The coher-
ent coupling is made by degenerate idler beams, suggest-
ing that the device could find use as a novel source of
engineered photon triplets for quantum optical experi-
ments.

A hexMgSLT crystal (10x4 mm2) of period Λ =
22.8 µm offers two first order reciprocal lattice vectors
(RLVs) which, for pump wavelengths around 800 nm,
grant efficient quasi-phase matching (QPM) of two si-
multaneous OPG processes. In the special case of co-
propagating idlers of degenerate wavelength, as shown in
Fig. 1a, idler photons of the two OPG processes become
indistinguishable. This imposes a coherent locking of the
OPG signals causing them to carry the same spectral
information despite different propagation angles.

Experimental results recorded with 805 nm, 1.7 ps
pump pulses at θp = 0.7◦, with 0.8 mm horizontal and
0.1 mm vertical radii, are shown in Fig. 1b. The plot
displays all generated signal wavelengths as a function of
their propagation angles, as detected by a fibre-coupled
optical spectrum analyser translated along a horizontal
line in the Fourier plane of the OPG signal output of the
NPC device.

Numerical calculations based on the phase matching
geometry with the copropagating idler constraint (cf.
Fig. 1a) predict 1300 nm signals at θs = −1.2◦ and 2.4◦,
in addition to a second pair at 1020 nm due to retracing
of the QPM curves. The agreement between theoretical
predictions and the observed nonlinear response (Fig. 1b)
and the fact that the two twin-beam signals exhibit the
same spectral content (despite the breaking of symmetry
in the off-axis pumping), are all signatures of a coher-
ent exchange between the two OPG processes, achieved
through a shared idler.

We have demonstrated a device producing twin-beam
OPG signals, carrying the same polarisation and spec-
tral information. The coherent coupling is mediated by

FIG. 1: (a) Twin-beam OPG cartoon and phase matching
diagram, where two RLVs (G1 and G2) of the hexMgSLT
lattice yield two signal beams (ks,1 and ks,2) coherently cou-
pled through a shared idler (cf. Ref. [4]). θp = pump inci-
dence angle with respect to hexMgSLT symmetry axis (Σ).
(b) Spectral-angular mapping of OPG signals in logarithmic
scale and spectra recorded at the twin-beam lobes. (The
shorter wavelength twin-beams suffer attenuation due to spec-
tral proximity to the filter rejecting the pump.)

spectrally and spatially degenerate idlers, which holds
promise for engineering new sources of entangled pho-
tons. Furthermore, the results exemplify increased flexi-
bility and spectral control offered by NPCs also in clas-
sical frequency down-conversion applications.
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Preparation of a three-photon state in a semiconductor microcavity

Juan Camilo López-Carreño1, ∗ and Herbert Vinck-Posada1

1Grupo de Óptica e Información Cuántica, Departamento de F́ısica,
Universidad Nacional de Colombia, Bogotá, Colombia

We study the properties of a three-photon state prepared

inside a semiconductor microcavity, due to the interaction be-

tween a quantum dot and an electromagnetic field, and two

consecutive spontaneous parametric downconversion (SPDC)

processes. Thus, we consider a scheme involving three modes

of the electromagnetic field, whose frequencies are given by

the SPDC processes: ω0 → ω1 + ω2, and ω2 → ω1 + ω1.

Furthermore, we study the low excitation regime, in which a

three-photon state is accessible within the system’s dynam-

ics.

The electronic levels of the quantum dot are reduced
to two, e.g. an excited and a base state. Thus, it may
be described as a qubit, and its interaction with the ω0

mode in a microcavity is described by the usual Jaynes-
Cummings model, under the rotating wave approxima-
tion

Hjc = h̄

(
ωqdσ

†σ +
2∑

i=0

ωia
†
iai

)
+ h̄g

(
a0σ
† + a†0σ

)
,

where ai(a
†
i ) is the usual annihilation (creation) opera-

tor associated to the electromagnetic mode correspond-
ing to ωi; σ and σ† are the ladder operator associated to
the quantum dot, g is the coupling constant between the
quantum dot and the ω0 mode and h̄ωqd is the energy
gap between the excited and ground state of the qubit.

Moreover, the SPDC processes are described, in a ef-
fective way [1], by the following equations,

Hnl = h̄ζ
(
a0a
†
1a
†
2 + a†0a1a2

)
+ h̄ξ

(
a†21 a2 + a21a

†
2

)
,

where ζ and ξ, are the rates at which the processes occur.
The physical system is depicted in the Fig. (1).

Thus, the Hamiltonian of the system is given by the
following expression,

H = Hjc +Hnl. (1)

The dynamical behavior is described by the Master
equation, which in the Lindblad notation is written as,

ρ̇ =
i

h̄
[ρ,H] +

P

2

(
2σ†ρσ − {σσ†, ρ}

)
+
κ

2

(
2a0ρa

†
0 − {a

†
0a0, ρ}

)
, (2)

where H is the Hamiltonian given in eq. (1), and P and
κ are the excitation pumping rate and photon leakage
rate, associated to the ω0 mode, respectively.

We solved the master equation given in (2) numerically,
taking into account the parameter range established in

FIG. 1: Diagram of the physical system. The nonlinear crys-
tals (N.L.C) yield to the SPDC processes.
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FIG. 2: Photon number distribution (first row), Wigner func-
tions (second row) and its contour plots (third row) for the
ω1 mode for three different time intervals. The used param-
eters are g/κ = 500, ζ/κ = 300, ξ/κ = 100, κ/P = 1000,
h̄ω0 = h̄ωqd = 500 meV and h̄g = 5 meV.

[1]. We consider the qubit in its excited state and the
electromagnetic field to be in a vacuum state in all of its
modes, as the system’s initial condition. With this set up,
we observe that the state of the ω1 electromagnetic mode
reaches a so-called star-state, which is a superposition of
3n-photons Fock states, within the system’s dynamics.
This results are shown in the Fig. (2).

In this way, we have obtained results similar to those
presented in [1], considering explicitly the interaction be-
tween a quantum dot in a semiconductor microcavity and
an electromagnetic field.
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Introducing tunability to a quantum plasmonic metamaterial

K. R. McEnery,1, ∗ M. S. Tame,2 S. A. Maier,2 and M. S. Kim1

1Quantum Optics and Laser Science Group, Department of Physics,
Imperial College London, Prince Consort Road, SW7 2BW, United Kingdom

2Experimental Solid State Group, Department of Physics,
Imperial College London, Prince Consort Road, SW7 2BW, United Kingdom

Since realising the negative index material the field of
metamaterials has developed into one of nanophotonic’s
most promising research areas[1]. Currently the main fo-
cus is on technological feasibility and it is here that the
first main obstacle has been encountered. Researchers
have turned to using nobel metals, such as silver and gold,
in order to push metamaterials into the visible regime.
These metals are characterised by their plasmonic reso-
nances . However it is common knowledge in plasmon-
ics that the large field confinement possible in plasmonic
metals is counter balanced by equally large dissipation.
This inherited problem now threatens the practicality of
optical metamaterials. Fortunately integrating gain ma-
terial, such as colloidal quantum dots or dye molecules,
has shown promising results in overcoming these losses.

This resolution has raised questions as to whether
integrating quantum systems into metamaterials can
stimulate further progress. The last two decades has seen
vast improvements in our ability to control and engineer
individual quantum systems, which has transformed the
prospect of a quantum metamaterial into a real possi-
bility. Such a material would exploit quantum control

FIG. 1: Schematic of the nanoring metamaterial. This in-
cludes a detailed sketch of the MNP-QD molecule, with the
QD interacting with the MNP’s near field.

to provide optical responses unavailable to traditional
metamaterials. Already members of the quantum op-
tics community have begun to investigate the possibility
of engineering the optical properties of mature quantum
systems such as cavity-atom arrays [2] and superconduct-
ing Josephson qubit lines [3].

Introducing tunability into metamaterials via quan-
tum dynamics is the most natural starting point for this
promising field [2]. We continue this research by investi-
gating the introduction of two level quantum dots (QD)
into an existing design of a negative permeability meta-
material.

The design we use is that of an effective media com-
posed of plasmonic nanorings [4]. Each nanoring is a
coplanar group of metal nanoparticles (MNP) supporting
localised surface plasmon modes. The nanoring acts an
effective magnetic dipole. Our model replaces the MNP
at each site of the ring with a meta-molecule consisting
of a two-level quantum dot (QD) interacting with a MNP
via the near field [5]. We show that the interference ef-
fects between the QDs and the plasmonic modes grants
tunability of the metamaterial’s effective permeability
(µeff ). We also demonstrate that saturating the QDs
with intense light removes all interference effects includ-
ing the induced negative response, providing a method
of modulating the metamaterials response.
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Interaction-free evolving states of a quantum bipartite system

A. Messina,1 A. Napoli,1 and Dariusz Chruściński2

1Dipartimento di Fisica e Chimica, Università di Palermo, Italy
2Institute of Physics, Nicolaus Copernicus University, Torun, Poland

Given two arbitrary interacting quantum parties living
in the Hilbert space H, we determine the characteristic
equation of all the pure or mixed states of the bipartite
system evolving in time under the free Hamiltonian only

as if the interaction term were absent. The inhomoge-
neous spin star system is investigated under this point
of view and all his pure interaction-free evolving (IFE)
states are determined.
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Efficient experimental characterization of linear optical quantum Toffoli gate

M. Mičuda,1, ∗ M. Sedlák,1 I. Straka,1 M. Miková,1 M. Dušek,1 M. Ježek,1 and J. Fiurášek1

1Department of Optics, Palacký University, 17. listopadu 1192/12, CZ-771 46 Olomouc, Czech Republic

We report experimental realization of the linear optical
Toffoli gate which is based on the combination of single-
and two-photon interference in a passive linear optical
network, see Fig. 1. We utilize time-correlated photon
pairs generated in the process of spontaneous paramet-
ric down-conversion. In our scheme, the first qubit is
encoded into spatial degree of freedom of the signal pho-
ton while the second and third qubits are encoded into
polarization of the signal and idler photons, respectively.

We have experimentally characterized the gate by mea-
suring three average state fidelities which were used to de-
termine lower bound of the gate fidelity. Average state
fidelities were measured for three product bases where
all qubits were prepared in the computational basis states
except for one qubit which was prepared in the Hadamard
basis states. This can be also equivalently interpreted
as measurement of the truth tables of the Toffoli gates
where the target qubit is the first, the second, and the
third qubit, respectively.

We were also investigated the entangling capability of
the gate by preparing GHZ type three-qubit entangled
states from input product three-qubit states. We char-
acterized the generated entangled states by full quantum
state tomography.

∗ Electronic address: micuda@optics.upol.cz; URL: http:
//quantum.opticsolomouc.org/

FIG. 1: Experimental setup. Correlated signal and idler pho-
tons with wavelength of 810 nm are generated in the process of
spontaneous parametric downconversion in a nonlinear crys-
tal pumped by a laser diode (not shown) and injected into
a linear optical setup consisting of polarizing beam splitters
(PBS), half-wave plates (HWP), quarter-wave plate (QWP),
calcite beam displacers (BD), and a partially polarizing beam
splitter (PPBS). Photons are detected with four single-photon
detectors Dj.
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Hybrid quantum receiver for quadrature phase-shift keyed coherent states
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Masahiro Takeoka,4, 5 Christoph Marquardt,1, 2 Ulrik L. Andersen,3, 1 and Gerd Leuchs1, 2

1Max Planck Institute for the Science of Light, Erlangen
2Department of Physics, University of Erlangen-Nuremberg
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5Raytheon BBN Technologies, Cambridge, MA

It is one of the innermost consequences of the laws of
quantum mechanics that non-orthogonal states can not
be discriminated with certainty [1]. Devising optimized
receiver schemes that achieve the minimal error proba-
bility for a given set of input states is not only of funda-
mental interest, but has also practical relevance in appli-
cations like quantum key distribution (QKD). Nowadays,
the four-partite quadrature phase-shift keyed (QPSK) al-
phabet is already widely used in mobile phones and satel-
lite communication, but it has also been considered for
QKD protocols [2]. The standard receiver for the detec-
tion of these signals is the heterodyne receiver.

In this work, we present a hybrid quantum receiver
scheme for the discrimination of the states from the
QPSK alphabet. We demonstrate experimentally that
the error probabilities provided by this receiver are be-
low those of the heterodyne receiver for any signal power.
Moreover, we investigate the extracted classical informa-
tion for the two receivers in dependence of the interpre-
tation of the receiver outputs.

Our receiver scheme [3] is composed of two stages.
A homodyne detector, that is conveniently described in
the continuous variable formalism and a click detector
adressing the discrete nature of the photon number dis-
tribution. The task is to discriminate the four states
of the QPSK alphabet with small average error proba-
bility. In contrast to the heterodyne detection scheme,
where two quadrature observables are measured simul-
taneously, the detection in our receiver is performed in
two subsequent steps as illustrated in Fig.1. At first, the
input state is split on a beam splitter and the parts are
guided to a homodyne detector (HD) and a click detec-
tor (APD), respectively. Subsequently, the HD performs

FIG. 1: Hybrid receiver scheme.

FIG. 2: Comparison of the error probabilities for different
receiver schemes normalized to the heterodyne receiver.

a single quadrature measurement that allows to discri-
minate pairs of states. Thereby, the HD reduces the set
of hypotheses from four to two. The outcome of the HD
is forwarded to the remaining part of the state and de-
termines a displacement that corresponds either to an
implementation of the Kennedy receiver [4] or the op-
timized displacement receiver [5]. This optimally tunes
the state for the subsequent discrimination via the click
detector.

The experimental results for the error probabilities rel-
ative to the performance of the heterodyne receiver p̃err
are shown in Fig.2. The hybrid receiver composed of a
HD stage and a Kennedy receiver stage (HD-Kennedy)
cannot provide a smaller error probability in the ob-
served range of signal powers, however the hybrid receiver
incorporating the optimized displacement receiver (HD-
opt.displ.) outperforms the heterodyne receiver for any
signal power.
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Multi-photon blockades in a pumped cavity with a qubit

MaÃlgorzata Paprzycka,1, ∗ Adam Miranowicz,1, 2 Yu-xi Liu,3, 4, 2 Jǐŕı Bajer,5 and Franco Nori2, 6
1Faculty of Physics, Adam Mickiewicz University, PL-61-614 Poznań, Poland

2Advanced Science Institute, RIKEN, Wako-shi, Saitama 351-0198, Japan
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Photon blockade is a phenomenon when a single pho-
ton in a nonlinear cavity blocks the transmission of a
second photon [1]. This effect can occur in Kerr-type
systems driven by a laser due to strong nonlinear photon-
photon interactions. The PB has been predicted in var-
ious setups in cavity quantum electrodynamics (QED),
and recently also in circuit QED. The PB was first
demonstrated experimentally with a single atom trapped
in an optical cavity.

Photon-blockade effects can be observed in a cavity
with a nonlinear medium coherently driven by a laser
field as described by the following effective Hamilto-
nian [1, 2]:

Ĥ = h̄ω0â
†â + h̄χ(â†)2â2 + h̄ε(âeiωdt + â†e−iωdt), (1)

where â (â†) denotes the annihilation (creation) operator,
ω0 is the resonance frequency of the cavity, ωd is the driv-
ing laser frequency, χ > 0 is the Kerr nonlinearity and
ε > 0 is the driving strength (the Rabi frequency of the
laser). Eq. (1) presents an effective Hamiltonian, which
can be obtained from various microscopic Hamiltonians
describing a variety of systems (see, e.g., [3]). Here, we
analyze a qubit off-resonantly coupled to a driven cav-
ity and we can describe our system in the rotating-wave
approximation by the following Hamiltonian:

Ĥ =
1
2
h̄ωσ̂z + h̄ω′0â

†â + h̄g(σ̂+â + â†σ̂−) (2)

+h̄ε(âeiωdt + â†e−iωdt),

where the first three terms correspond to the standard
Jaynes-Cummings Hamiltonian and the last term, as in
Eq. (1), describes the interaction between the quantum
cavity mode and the classical driving field with strength
ε. Moreover, σz = |e〉〈e| − |g〉〈g| denotes the Pauli oper-
ator, σ+ = |e〉〈g| (σ− = |g〉〈e|) is the qubit raising (low-
ering) operator, |g〉 (|e〉) is the ground (excited) state of
the qubit, ω is the qubit transition frequency, and ω′0 is
the resonance frequency of the cavity in Eq. (2).

We predict the occurrence of higher-order photon
blockades where the transmission of more than two pho-
tons is effectively blocked by single- and two-photon
states [4]. This photon blockade can be achieved by tun-
ing the frequency of the laser driving field to be equal
to the sum of the Kerr nonlinearity and the cavity res-
onance frequency as shown in Fig. 1. We refer to this

FIG. 1: Schematic energy-level diagram explaining the occur-
rence of the k-photon blockade in terms of the k-photon transi-
tions induced by the driving field satisfying the resonance condi-
tion ∆k = 0, which corresponds to the driving-field frequency ωd =

ω
(k)
d = ω0+χ(k−1). Due to the Kerr-type nonlinearity (induced by,

e.g., a qubit), the cavity-mode levels E
(0)
n = nh̄ω0 (shown on the

left) become non-equidistant as ∆En+1,n = En+1 − En 6= const,
where En ≈ n[h̄ω0 + (n− 1)χ] (for n = 0, 1, ...) are the eigenvalues

of the Hamiltonian Ĥ, given by Eq. (1), assuming ε ¿ χ.

phenomenon as two-photon blockade or two-photon state
truncation via nonlinear scissors, and can also be inter-
preted as photon-induced tunnelling. We also show that,
for a driving-field frequency fulfilling another resonance
condition and for higher strengths of the driving field,
even a three-photon blockade can occur but less clearly
than in the case of single- and two-photon blockades. We
demonstrate how various photon blockades can be identi-
fied by analyzing photon-number correlations, coherence
and entropic properties, Wigner functions, and spectra
of squeezing.

We show that two- and three-photon blockades can,
in principle, be observed in various cavity and circuit
quantum electrodynamical systems for which the stan-
dard single-photon blockade was observed without the
need of using two-photon driving fields or Kerr media
exhibiting higher-order nonlinear susceptibility.
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Casimir-Polder interaction energy between two atoms in uniformly accelerated motion

Antonio Noto1 and Roberto Passante1, ∗
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We consider two ground-state atoms moving in the vac-
uum space with the same uniform acceleration in a di-
rection orthogonal to their distance. We investigate how
their interatomic Casimir-Polder interaction energy is af-
fected by the accelerated motion, and discuss the relation
of our results with the Unruh effect.

We use a model of the Casimir-Polder interaction en-
ergy based on the interaction between the instantaneous
dipole moments of the two atoms, which are induced
and correlated by the zero-point field fluctuations. This
model has been already used in the literature for the
calculation of two- and three-body Casimir-Polder forces
between atoms at rest in the laboratory system.

We evaluate the Casimir-Polder energy in the co-
moving frame of the atoms, where they are instanta-
neously at rest, and the result is expressed in terms of
quantities, such as transition dipole moments and polar-
izability, expressed in the laboratory system. We find
that the uniform acceleration of the atoms has two main
effects on their Casimir-Polder energy: a change of the
dependence of the interaction with the distance and an
explicit time-dependence. Physical origin of these new
effects is also discussed.

Our results, in particular, show that in the near zone
(interatomic distance smaller than a main transition

wavelength of the atoms) a new term proportional to R−5

adds to the usual R−6 behavior; in the far zone (distance
larger than a main transition wavelength), a term propor-
tional to R−6 adds to the usual R−7 behavior. Thus the
acceleration makes the interaction of a longer range. We
also find that the interaction energy is time-dependent.
Specifically, we find acceleration-dependent corrections
to the energy both in the near and in the far zone: the
R−6 and R−7 terms, respectively in the near and in the
far zone, have a correction proportional to a2t2/c2. This
result suggests that significant changes to the Casimir-
Polder interaction between the atoms could be obtained
considering sufficiently long times, compatible with the
approximations used. Our results also suggest that in-
teratomic Casimir-Polder forces could be a good candi-
date for the detection of quantum-electrodynamical ef-
fects related to an accelerated motion, without necessity
of the extremely high accelerations required to detect
other manifestations of the Unruh effect recently pro-
posed in the literature.
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The pseudoharmonic oscillator in terms of the information-theoretical entropy

Dusan Popov,1 Nicolina Pop,1, ∗ and Vjekoslav Sajfert2

1Politehnica University of Timisoara, Department of Physical Foundation of Engineering,
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In informational theory, the entropy represents the av-
erage information that specify the outcome of a series of
experiments for which the outcome is a random variable.
Particularly, the Wehrl entropy [1] or the ”classical” en-
tropy associated with a quantum system is the entropy
corresponding to the Husimi Q-function in terms of co-
herent states. In terms of a general coherent states (CSs):

|z;λ⟩ =
1√

N(| z |2;λ)

∞∑
n=0

zn√
ρ(n;λ)

|n;λ⟩ (1)

where λ is a parameter (e.g. the rotational number J , or
the Bargmann index k and so on), |n;λ⟩ is the Fock-basis
vectors and ρ(n;λ) is the structure constants of the CSs.
The entropy SW [1] can be written as

SW = −
∫
dµ(z, λ)Q

(
| z |2, λ

)
lnQ

(
| z |2, λ

)
(2)

expressed through the Husimi’s function Q
(
| z |2, λ

)
,

where dµ(z, λ) is the positive defined integration measure
in the complex space of variable z =| z | exp (iφ). The
range of the complex variable is limited to the following
condition for the normalization function:

N(| z |2;λ) ≡
∞∑
n=0

(| z |2)n√
ρ(n;λ)

<∞ (3)

which plays an important role in the CSs formalism. For
the pure CSs the Husimi’s function is:

Q(pure)
n

(
| z |2, λ

)
=| ⟨n, λ|z;λ⟩ |2 (4)

For a mixed state, the diagonal elements of the density
operator in the CSs representation are in fact Q-function:

Q
(
| σ |2, λ

)
=

∫
dµ(z, λ) | ⟨σ, λ|z;λ⟩ |2 P

(
| z |2, λ

)
(5)

where σ is a complex variable.
In the paper we have deduced and examined the ex-

pressions of the informational-theoretical entropy SW for
the pure and the mixed(thermal) states of the pseudohar-
monic oscillator (PHO).
The quantum group associated with the PHO potential
is SU(1,1) [2]. So, it can be built three kind of (CSs):

• The CSs of the Klauder-Perelomov kind |z; k⟩KP
• The CSs of the Barut-Girardello kind |z; k⟩BG [3];

• The CSs of the Gazeau-Klauder kind |J ; γ⟩GK [4].

As we see, the information-theoretical entropy, can be
calculated if we know the normalized P -quasi distribu-
tion function. For all these three kind of coherent states,
we have deduced earlier the expressons of P . In order
to calculate the information-theoretical entropy for each
kind of CSs, we have used some appropriate approxima-
tions because some integrals involving (2) are impossi-
ble to be solved in a closed form. Only for the case of
Klauder-Perelomov CSs we have obtained exact analyti-
cal formula for the information-theoretical entropy. For
example, for pure states this entropy is:

S
KP(pure)

W = ln
n!Γ(2k + n)

Γ(2k + n)
+ 2kψ(2k − 1) + (6)

+ nψ(n+ 1) − (2k + n)ψ(2k + n)

where k is Bargmann index and ψ(n + 1) is Euler’s
digamma function. In the case of mixed (thermal) state
for KP-CSs of PHO we have obtained:

S
KP(mixed)

W = 1 + ln(n̄+ 1) +
1

2k − 1
(7)

where n̄ is the mean number of photons (bosons) or
Bose - Einstein distribution function, i.e. the mean pho-
ton number of thermal (blackbody) radiation at thermal
equilibrium at temperature T .

For calculate the value of the information-theoretical
entropy for another two kinds of CSs it is need to use
either some approximations of special functions or the
computational methods.

From the final expressions of the entropy we observe
that for the pure states in the representation of coher-
ent states, they strongly depend on the energy quantum
number n through the term lnn! . On the other hand,
all expressions of informational-theoretic entropy for the
thermal states contain the term ln(n̄ + 1) which shows
the strong dependence on the equilibrium temperature.
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Quantumness of Gaussian discord: Experimental evidence and role of dissipation
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Quantum correlations in separable mixed quantum
states as quantified, for example, by quantum discord
[1, 2], are fundamentally related to the uncertainty rela-
tion and non-commutativity of observables, whereas en-
tanglement can be seen as a consequence of the quantum
superposition principle. These correlations are currently
attracting increasing attention and may have the poten-
tial to change our understanding of what the ultimate
Quantum Information Processing (QIP) resources are.

We focus on infinitely-dimensional systems and ad-
dress quantum correlations in bi-partite mixed Gaus-
sian states, readily available in experiments. These
Gaussian mixed states are produced by a Gaussian dis-
tributed modulation of the pure coherent and squeezed
states, which are then shared between two parties us-
ing a beamsplitter transformation (see FIG.1). We show
that the quantum nature of such bi-partite mixed states
is correctly quantified by non-zero Gaussian discord and
this quantumness can be revealed using local operations
and/or classical communication (LOCC). From a quan-
tum optics perspective, the bi-partite state of FIG.1 con-
tains only classical correlations and yet yields a state
presenting non-zero quantum discord. Apparent discrep-
ancy is discussed in [3]: the non-classicality criteria can
differ in the quantum-optical realm and in information
theory. Therefore states classified as quantum in an in-
formation theoretical context, can appear classical when
quantum optical criteria are applied and vice versa.

First we discuss, the counterintuitive effect of discord
increase under the action of local noise, where local noise
is modelled as a variable attenuation applied to system
B (see FIG.1). This is a phenomenon recently demon-
strated for the first time in [4]. We also extend the anal-
ysis in our own experiment [5]. A better insight into the
nature of this effect is gained by introducing the envi-
ronment into consideration, by way of purification of the
system. Purification in this case is achieved by the inclu-
sion of an environmental mode, thus obtaining a global
tri-partite pure system. On this basis, we discuss the
role of dissipation with the aid of the Koashi-Winter re-
lation, which rises from the monogamy of entanglement.
We argue that the increase of discord is merely due to
the flow of correlations between system and environment
and remarkably, dissipation plays the key role in this phe-
nomenon [5].

Further, we consider the possibility of entanglement re-
covery for Gaussian modulated squeezed states involving
a ‘de-modulation’ of the state. The initial modulation

FIG. 1: Proposed scheme: Gaussian discord increases under lo-
cal operations (LO) and classical communication (CC). Mixed
squeezed Gaussian state ρ̂in prepared by Gaussian distributed
modulation (a) of pure coherent state or (b) of pure squeezed state
is split up on a beamsplitter and quantum discord between result-
ing modes A and B is evaluated before and after the LO on mode
B. (a, b): The mode B undergoes the action of variable local noise
modelled by variable attenuation. Discord can grow under this LO;
(b): removal of modulation of the initial squeezed state is achieved
by modelling LO as ‘de-modulation’. This is based on CC and per-
formed on mode B, thus leading to the emergence of entanglement
between A and B (and growth of discord).

prevents entanglement creation between systems A and
B due to the beamsplitter transformation. The removal
of modulation of the initial squeezed state is achieved by
performing a LO of the form of ‘de-modulation’, based
on CC, on mode B (see FIG.1), thus leading to the emer-
gence of entanglement between the states after the beam-
splitter transformation [5]. This is a remarkable result,
as according to usual classification, modes A and B are
completely classical states and thus LOCC cannot lead to
emergence of entanglement. Successful entanglement re-
covery thus clearly demonstrates that non-zero Gaussian
discord represents a true quantum resource here.
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rolkova, C. Marquardt, and G. Leuchs, In preparation.

P-28 Tuesday 18:00-20:00 Sing-Sing P-28

179



The Role of Mutual Information in Quantum Illumination

Sammy Ragy1, ∗ and Gerardo Adesso1

1University of Nottingham

Quantum Illumination, as proposed by Lloyd [1] can,
to an extent, be pictured as an entanglement-enhanced
radar system. For a set-up as in Fig. 1, the goal is to
enhance the probability of detection of the object using a
source of entangled light. The difficulty is that the object
lies in a very noisy background which compromises the
entanglement.

Despite the inevitable entanglement-killing noise, it
can be shown that entangled light sources can provide a
significant improvement over any possible unentangled,
‘classical’ light sources. It was suggested in passing by
Tan et al. [2], that this is a result of the larger than clas-
sical cross-correlations of the entangled light conferring
an advantage even though entanglement is subsequently
destroyed. Analysing the scheme elaborated by Lopaeva
et al. [3], we attempt to put this statement on a quantita-
tive basis by comparing the mutual information – which
varies depending on the cross-correlation – to the signal-
to-noise ratio, our chosen figure of merit. We find that
the mutual information provides a tight upper bound on
the signal-to-noise ratio.
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FIG. 1: A conceptual diagram of a quantum illumination
scheme. For our purposes we take the object under considera-
tion to be a beam-splitter. A portion of the light produced by
the correlated source will be reflected from the beam-splitter
and the challenge is to detect this beneath the dominant ther-
mal noise, thereby discriminating the presence of the object.
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Dynamical atom-wall Casimir-Polder forces
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We investigate the time-dependent Casimir-Polder
force between a neutral atom and a perfectly conducting
plate, starting from an initially partially dressed state
of the system. Such a state is obtained by an instanta-
neous change of the parameters of the system, due for
example to an external action on the system. In par-
ticular, we consider two different possible situations: a
sudden change of the plate position, which causes a non-
adiabatic change of the atom-wall distance, and/or a sud-
den change of the atomic transition frequency, for exam-
ple by switching on an external electric field acting on
the atom.

After solving the Heisenberg equations of motion for
both the atomic and field operators, we obtain an analyt-

ical expression of the dynamical Casimir-Polder force as a
function of time and atom-wall distance. We discuss the
physical features of the time-dependent force and show
that it exhibits oscillations in time. Also, we find that
in the long-time limit it settles to the well-known value
of the stationary case. We also discuss the experimen-
tal feasibility of our model of partially dressed atom as
well as the observability of the dynamical Casimir-Polder
effect.
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Greenberger-Horne-Zeilinger theorem for N-partite quDits
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Bell’s theorem says there exists quantum correlations
between separated observers which cannot be simulated
by local realistic theories [1–3]. Using a statistical in-
equality, Bell showed that any local realistic theories are
incompatible with quantitative predictions of quantum
mechanics for a singlet state of two spin-1/2 particles [1].
Even though Bell’s theorem was studied mostly in terms
of statistical inequalities, different version of it without
inequalities, was also shown for a multiqubit systems by
Greenberger, Horne, and Zeilinger (GHZ) [4]. They de-
rived an all-versus-nothing contradiction based on per-
fect correlations of the so-called GHZ states. This leads
to a direct refutation of EPR ideas on relation between
locality and elements of reality with quantum mechanics.

Extending Bell’s theorem is important not only for
a deeper understanding of foundations of quantum me-
chanics. It allows developing new applications, such as
quantum cryptography, secret sharing, quantum telepor-
tation, communication complexity, quantum key distri-
bution and random numbers generation [5, 6]. Therefore,
search for extensions of Bell’s theorem to multipartite
and/or high-dimensional systems is an important task in
quantum information science [3].

An all-versus-nothing test, that we call GHZ theo-
rem, has been generalized to higher dimensional sys-
tems. For the sake of convenience, we shall use the tuple
(N,M,D): N parties, M measurements for each party
and D outcomes for each measurement. GHZ theorem
was derived for (D+1, 2, D) [7]. A probabilistic but con-
clusive GHZ-like test was shown for (D, 2, D) [8]. The
(odd N > D, 2, even D) problem was studied by Cerf et
al. [9]. Lee et al. employed incompatible composite ob-
servables for arbitrary (odd N, 2, even D) problems [10].
The conventional approaches are based on compatible
observables. Recently, Tang et al. showed GHZ theorem
for (N ≥ 4, 2, even D) with the help of GHZ graphs [11].

We generalize the GHZ theorem to 3 or more D-
dimensional systems. To this end, we employ concurrent
composite observables which are mutually incompatible
but still have a common eigenstate, here a generalized
GHZ state. They can be realized by multiport beam
splitters and phase shifters, as it is shown in Refs. [7].
We illustrate our principal idea with four 3d-dimensional
systems, and provide a systematic method to extend it
to three or more D-dimensional systems. As non-unit di-
visors of D play a crucial role, one can show a GHZ-type
contradiction as long as N is not divided by all non-unit

divisors of D, smaller than N . We prove that our gener-
alization is genuinely N -partite and D-dimensional, and
also show that our approach can reproduce the previous
results [4, 7, 9, 10]. It can lead to a general GHZ theorem
for N quDits. Finally, we will discuss multisetting GHZ
theorem.
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Bell inequalities for the simplest exclusivity graph
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Contextual and non-local correlations are valuable re-
sources for information processing and by utilizing them
one can accomplish classically unachievable task. How-
ever, identifying experimental scenarios producing these
correlations is hard. To circumvent some of the diffi-
culties, non-contextual inequalities (NC) has been linked
and successfully described by graph theory [1]. After the
recent observation of Adán et al [2], that every Bell in-
equality is a NC inequality (but the opposite is not true),
Bell type inequalities can also be linked to graphs. Thus,
an interesting if not a fundamental question is, to what
extent Bell inequalities can be described by graphs with
equal success as NC inequalities.

In this article we find that, even for Bell inequalities-
like NC inequalities- the pentagon represents the simplest
logical structure for which there is a classical-quantum
gap. Subsequently, we show that there are three non-
equivalent bipartite Bell inequalities represented by the
exclusivity structure of C5. To reach the pentagon in-
equalities, in a bipartite Bell scenario, one may consider
two distant parties, Alice and Bob, performing measure-
ments on different parts of a composite system. We de-
note by P (ab|xy) the probability of the proposition “Al-
ice measures x and obtains a, and Bob measures y and
obtains b,”. Each proposition ab|xy is associated with a
vertex of a pentagon C5, whose edges link two vertices
ab|xy and a′b′|x′y′ if and only if the corresponding propo-
sitions are exclusive. Then, by inspection, we found that
there are following three non-equivalent Bell inequalities
associated to a pentagon,

P (00|00) + P (11|01) + P (10|11) + P (00|10)

+ P (11|00)
LHV

≤ 2
QM

≤ 2.178,
(1)

P (00|00) + P (11|01) + P (10|11) + P (00|10)

+ P ( 1| 0)
LHV

≤ 2
QM

≤
3 +

√

2

2
≈ 2.207,

(2)

P (00|00) + P (11|01) + P (10|11) + P (00|10)

+ P (11|20)
LHV

≤ 2
QM

≤
3 +

√

2

2
.

(3)

Where first and second bound are correspond to lo-
cal hidden variable theories and quantum mechanics re-
spectively. Events, from which these inequalities can be
extracted, are shown in following figure,

11|01 00|10

_1|_000|00

10|11

11|01 00|10

11|2000|00

10|11

11|01 00|10

11|0000|00

10|11

(a) (b) (c)

FIG. 1: Events corresponding to the first (a), second (b), and
third (c) pentagonal Bell inequality.

We, also link these (pentagonal) inequalities to well-
known Bell inequalities, Clauser-Horne-Shimony-Holt
(CHSH) inequality [3], and I3322 [4], and to the KCBS
inequality. We test the inequalities experimentally. Via
the link to the KCBS inequality, our experiments provide
the first experimental proofs of the violation of pentag-
onal NC inequalities free of compatibility loophole [5].
Moreover, due to recent theoretical results [6], our link
between pentagonal Bell inequalities and the CHSH in-
equality provides a particularly simple logical evidence
for the impossibility of the Popescu-Rohrlich (PR) non-
local boxes [7].
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Synthesis of arbitrary interference patterns using coincident detection

Saroosh Shabbir,∗ Marcin Swillo, and Gunnar Björk
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The probabilistic synthesis of arbitrary (non-
sinosoidal) interference curves using linear optics
and coincident detection is presented. We demonstrate
[1] that such interference curves can be synthesised with
arbitrarily high visibilities and therefore, neither the
visibility nor the shape of an interference curve can be
considered as a distinguishing quantum feature. Exam-
ples include saw and rectangular interference patterns
and phase super-resolution with period shortening of
up to 60 times compared with ordinary interference.
We conclude that the quantumness is reflected in the
success probability, i.e. phase sensitivity, rather than
the aforementioned features.

The method is a generalization of Hoffman’s scheme
of post-selection projection [2], which is based on the
mathematical observation that any polynomial can be
completely factored over the field of complex numbers.
Thus, any two mode, N -photon state can be written as
a product of N two-mode, single-photon states. Each
factor can then be experimentally implemented using
beam-splitters and phase-shifters with coincident detec-
tion in N paths. For example, the N=4 NOON state,
|4, 0〉 − |0, 4〉 can be factorised as,

1√
3

(â† + b̂†)√
2

(â† − b̂†)√
2

(â† + ıb̂†)√
2

(â† − ıb̂†)√
2

|0, 0〉.

Generalizing the above, the overlap of a two-
mode N -photon state |ψ〉 =

∑N
n=0 cn|n,N − n〉 =∑N

n=0 bn(â†)n(b̂†)N−n|0, 0〉, with a phase-shifted input
coherent state is:

P (φ) ∝ |〈α, α|Û†(φ)|ψ〉|2

= α2N exp(−2α2)

∣∣∣∣∣
N∑

n=0

bn exp(iφn)

∣∣∣∣∣
2

. (1)

The sum in the absolute sign can be identified as a
truncated Fourier series. Hence, the expansion of any
function can be substituted in (1). Moreover, one can
split the coherent state into N temporal instead of spa-
tial modes and implement each factor sequentially, record
the projection probabilities P (φ) for each and multiply
the results in the end [3]. This is possible since the pho-
tons in a coherent state do not have any correlation with
each other in either space or time. Splitting the coherent
state temporally leads to a significant simplification of
the experimental setup, albeit at the cost of longer data
acquisition time.

The result for N = 30 expansion of rectangular func-
tion is shown in Fig. 1, and Fig. 2 shows the projection
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FIG. 1. Rectangular interference pattern. The solid (black)
line shows raw data and the dashed (red) line shows the the-
oretically expected curve with the amplitude chosen for best
fit. At selected data points, error bars show the ±σ statistical
uncertainty.
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FIG. 2. N = 60 NOON-state coincidence pattern. The
solid (black) lines represent raw data points without back-
ground subtraction. The dashed (red) curve is the expected
A sin2 (Nφ/2) with A chosen for best fit. Error bars show ±σ
statistical uncertainty.

probability of N = 60 NOON state with maximum and
minimum visibilities of 86.2% and 57.5% respectively.

∗ e-mail: saroosh@kth.se
[1] S. Shabbir, M. Swillo, and G. Björk, Phys. Rev. A 87,

053821 (2013).
[2] H. Hofmann, Phys. Rev. A 70, 023812 (2004).
[3] C. Kothe, G. Björk, and M. Bourennane Phys. Rev. A 81,

063836 (2010).

P-33 Tuesday 18:00-20:00 Sing-Sing P-33

184



The influence of waveguide parameters on the second-harmonic generation in PP-KTP
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We report on spatial and spectral properties of the
second-harmonic generation in a periodically-poled KTP
waveguide pumped by a femtosecond laser. Experimental
results are interpreted using a model based on the finite
elements method. Correlations between spatial and spec-
tral properties of the fundamental and second-harmonic
fields are revealed. Three types of the nonlinear processes
(type 0, I, II) have been observed simultaneously utiliz-
ing the first, second and third harmonics of the spatial
nonlinear modulation. Individual nonlinear processes can
be tuned experimentally combining spatial and spectral
filtering.

The periodically-poled nonlinear waveguides have be-
come widely used in the last years [1–5], especially due to
its higher conversion efficiency compared with bulk crys-
tals. These structures offers also other advantages over
bulk crystals which can be used to tailor parameters of
the second-harmonic generation or other nonlinear pro-
cesses.

We address the influence of waveguide parameters to
the second-harmonic spectra. In the periodically-poled
KTP crystal the second order nonlinearity can be ap-
proximated by a dichotomic function that has significant
coefficients at its first- as well as higher-order harmon-
ics. This results in possibility of generating different
nonlinear processes in a single waveguide. Since waveg-
uides support the propagation of the fundamental as well

as several higher-order modes, differing in wave vectors,
the phase-matching conditions can be reached simultane-
ously for several combinations of these modes. This can
also be useful in tuning a specific nonlinear process.

Finally, due to the imperfections during the fabrica-
tion process, fluctuations in the waveguide’s parameters
inevitably occur. These fluctuations may than consider-
ably affect the generated fields, especially the amount of
spectral broadening of individual processes [6].
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Contextuality and probability representation of qutrit

A.A. Strakhov1 and V.I. Man’ko2
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Leninskii Prospect 53, Moscow 119991, Russia

We are discussing the contextuality properties of qutrit
- three-dimensional quantum system. First of all, we re-
view basic concepts of contextuality [1, 2] and then we
will consider entropic inequality [3] - one of the family
of inequalities, which were derived out the assumption of
noncontextual character of the system. Entropic inequal-
ity is based on Shannon entropy and reads:

H(A1|An) ≤ H(A1|A2)+H(A2|A3)+ . . .+H(An−1|An),
(1)

where H(A) = −
∑
a
P (A = a) log2 P (A = a) - Shannon

entropy and Ai - random variables. In (1) we used con-
ditional entropies, that can be calculated as follow:

H(A|B) = H(AB) −H(B). (2)

It was investigated [3], that for specially taken qutrit
state and a set of 5 projectors entropies from (1), cal-
culated using Born rule, violates the inequality (1). This
means that this quantum system is contextual.

The aim of our work is to consider entropy inequal-
ity in terms of tomographic representation of quantum

mechanics, that was suggested in [4]. We use spin to-
mograms [5, 6] in three-dimensional Hilbert space to cal-
culate probabilities and entropies to test the system on
contextuality.
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Multipartite coupled parametric processes and uncertainty relations

T.V. Tlyachev1, ∗

1Faculty of Physics and International Laser Center,
M. V. Lomonosov Moscow State University, Moscow 119991, Russia

The quadratic systems describe different areas of
physics from superconductivity to processes in black
holes. In quantum optics such systems describe para-
metric up- and down- conversions, generation of squeez-
ing. The properties of mean values, variances, minimum-
uncertainty relation of quadratures are the interest of
present work. The approach used in this work is devel-
oped in [1, 2] and based on time-dependent canonical
transformations.

The general form of quadratic boson system is

H =
i

2
(a†)TAa† + (a†)TBa− i

2
aTA∗a, (1)

where a† = (a†1, . . . , a
†
n)T , a = (a1, . . . , an)T are the

column vectors consisting of creation and annihilation
operators respectively, A is the symmetric matrix, B is
the hermitian matrix, ∗ denotes complex conjugation, †
means hermitian conjugation.

The unitary evolution operator of the system (1) gen-
erates the following time-dependent canonical transfor-
mations

(
a(t)
a†(t)

)
= U†

(
a
a†

)
U = S

(
a
a†

)
,

where

S =

(
Φ Ψ
Ψ∗ Φ∗

)
.

Matrices Φ,Ψ are defined through A,B (see [2]).

Covariance matrices of the quadratures X = a(t)+a†(t)
2

and Y = a(t)−a†(t)
2i for initial coherent state |α > have

the following expressions in terms of time-dependent
canonical transformations

< (△X)2 >=<XXT > − <X ><XT >

=
1

4
(Ψ∗ + Φ)(ΨT + Φ†),

< (△Y )2 >=< Y Y T > − < Y >< Y T >

=
1

4
(Ψ∗ −Φ)(ΨT −Φ†).

(2)

The uncertainty relation is obtained as a product of
corresponding diagonal elements of (2).

As an example the following three coupled parametric
processes are considered [3]

ωp = ω1 + ω2,

ω1 + ωp = ω3,

ω2 + ωp = ω4.

This processes include a nondegenerate parametric down-
conversion followed by two parametric up-conversions
with the same pumping ωp in aperiodic nonlinear pho-
tonic crystals. This system is described by the following
interaction Hamiltonian

Hint = ıh̄[β(a†1a
†
2 − a1a2) + γ1(a†3a1 − a†1a3)

+γ2(a†4a2 − a†2a4)].

The mean values and variance of quadratures are con-
structed for initial coherent states and Fock states in
terms of canonical transformations matrices as in (2).
The result is strongly depends on relations between the
nonlinear coupling-wave coefficients β, γ1 and γ2. If
β2 > (γ21 ± γ22) the uncertainty relation has the exponen-
tial growth in time, it oscillates else. The entanglement
properties of this system is studied by using covariance
matrix approach suggested in [4].
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INTRODUCTION

Entanglement has become an important notion in modern
physics [1]. On the one hand, it fundamentally distinguishes
quantum from classical physics. On the other hand, it is a
key resource for many practical applications (see [1]). It
is then clear that the problem of characterization of entan-
glement properties of composite quantum systems lies at a
heart of quantum information theory. Particularly important
is a simple question as to whether a given ρ representing a
composite quantum system is separable, i.e., if it takes the
following form [2]:

ρ =
∑
i

piρ
i
A1
⊗ . . .⊗ ρiAN

, pi ≥ 0,
∑
i

pi = 1,

(1)
where ρiAj

are density matrices representing respective sub-
systems.

Particularly hard to analyze are states having all partial
transpositions positive. This is because in this case the popu-
lar and strong entanglement criterion based on partial trans-
position [5] does not work and one has to restore to other
methods (see [3, 8]) which frequently are more involved,
yet not sufficient in the general case.

With this work we follow this line of research and aim
at the characterization of entanglement properties of an im-
portant class of PPT states - the so-called symmetric states
[4]. The latter are states obeying Vσρ = ρVσ′ = ρ for all
permutations σ and σ′ of an N -element set, where Vσ de-
notes a unitary operation such that Vσ|ψ1〉 ⊗ . . . ⊗ |ψN 〉 =
|ψσ−1(1)〉 ⊗ . . .⊗ |ψσ−1(N)〉 for any vectors |ψi〉 ∈ C2. On
the level of mixed symmetric states this means that a given
PPT state ρ is either fully separable, or it contains genuine
multipartite entanglement.

Our primary aim was to solve the open question of the
existence of four-qubit PPT entangled symmetric states; in
other words, if Peres criterion is still sufficient for N = 4.
It is known [4] that such states of N = 2, 3 are all sepa-
rable, that is, of the form (1), and entangled examples for
N = 5, 6 were found [6]. The secondary aim is to charac-
terize entanglement properties of N -qubit symmetric states,
and classify them depending on the ranks of the state and its
partial transpositions.

RESULTS

PPT symmetric states from qubit-qudit PPT entangled
states. We propose a hybrid method (both analytical and nu-
merical) that allows for a construction of multipartite PPT
entangled symmetric states (PPTESS) from a class of 2⊗ d
PPT entangled states [11].

Extremal PPT entangled symmetric states. An alternative
method allowing to obtain PPT entangled states is to search
for extremal PPT entangled states. In this direction we have
adapted the algorithm proposed in [9] to the multipartite sce-
nario [11]. By starting from a fully PPT symmetric state ρ
(e.g. PN ) we find a Hermitian matrix h such that for every
partial transposition, R(hTS ) ⊆ R(ρTS ), where S is any
subset of the set of N parties. By finding such h we can
move in the direction ρ′ = (1 + xTrh)ρ − xh, x ∈ R, and
find the maximum |x| for which ρ′ remains PPT. The sum
of ranks of ρ′ will be strictly less than the sum for ρ, prov-
ing that in a finite number of steps the algorithm finds an
extremal state. If it is not pure product, then it is entangled.

In particular, we show that for 4 parties, extremal PPTESS
have generically ranks r(ρ) = 5, r(ρT1) = 7, r(ρT2) =
8, i.e., that there is a vector in the kernel of ρ when it is
transposed with respect to 1 or 2 parties.

General entanglement propeties. We explore the case
of N parties generically [12], with the aim of character-
izing which are the possible ranks that extremal and edge
states can have by extending the approach given in [10]
and we look for examples of them. In particular, we prove
that if ρ is entangled, then r(ρTS ) > N − |S| + 1 for
any bipartition of S|S of N parties. We also prove that if
r(ρTS ) ≤ (|S| + 1)(N − |S|), then generic ρ is separable.
We observe a different behavior depending on the parity of
N : if ρ has maximal rank on all partial transpositions except
for one |S| ≤ dN/2e − 1 in which it has a single vector in
ker ρTS , then ρ is not edge. We also extend our results by
discarding the tuples that cannot correspond to edge states.
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Open system dynamics in harmonic quantum lattices
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The interaction of a physical system with its surround-
ings is an unavoidable process present in all realistic sit-
uations both in quantum and classical scenarios [1]. Pro-
tecting systems from environmental influence has been
subject of long investigation in the past decades and
led to a deeper understanding of the role of the envi-
ronmental interaction in the dynamics of the system of
interest, such as decoherence of quantum states [2]. In
the most of the examples in the literature, the environ-
ment is consider to be a collection of independent entities
whose frequencies and coupling to the systems are preas-
signed according to specific laws (e.g. Ohmic structure).
This apparent simplification is the result of appropriate
canonical variable transformations performed in interact-
ing system-environment scenarios. In realistic situations,
physical systems may show deviation from the ideal mod-
eling, e.g. the presence of defects in the case of crystal
lattices, and how these deviation may affect the system
environment dynamics is not yet well understood.

In this work [4] we concentrate on a specific class of
many degrees of freedom quantum systems, i.e. regular

networks of interacting harmonic oscillators like linear
chains of masses, chains with basis and more compli-
cated topological structures possessing some degree of
translational symmetry [3]. We elevate them to the role
of environments for a given system of interest and exam-
ine, analytically and numerically, how their properties,
e.g. connectivity or dimensionality, influence the open
system dynamics. We also provide some preliminary in-
sights on the issue of dynamics deviations in the presence
of small defects in the lattice structures.
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Spatiotemporal modes approach to squeezing and entanglement
in parallel cavity based quantum memory
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We apply the spatiotemporal modes approach for in-
vestigation of spatially multimode quantum entangle-
ment and squeezing in cavity based parallel quantum
memory. The scheme proposed can be used as a node
of a quantum repeater or a quantum network [1], where
quantum entanglement of remote nodes is achieved by
a remote Bell–type measurement performed between the
nodes. Use of the multimode scheme promises a speed–
up of quantum repeater proportional to the number of
modes [2].

For the intracavity memory cell we use the scheme
of a quantum volume hologram of [3], where a general
non-collinear geometry of the signal and the pump wave
is used to provide the light–matter interaction address-
ability. The storage medium is a spatially distributed
ensemble of motionless atoms in magnetic field placed
into a high–quality single–port ring cavity with degener-
ate transverse cavity modes. The level scheme of atoms
with spin 1/2 in the ground and the excited states allows
one to generate in the Raman processes both quantum
entanglement between the long-lived spin and radiated
light waves, and the addressable (in the required direc-
tion) on–demand retrieval of the stored collective spin
coherence.

The following equations describe the generation of
light-matter entanglement in the Fourier domain (ad-
dressability parameters omitted for brevity):

α̇(q⃗, τ) = −(1/2 + i∆(q⃗))α(q⃗, τ) + α(in)(0, q⃗, τ) +

κ(τ)β†(−q⃗, τ), (1)

β̇(q⃗, τ) = κ(τ)α†(−q⃗, τ), (2)

α(out)(0, q⃗, τ) = −α(in)(0, q⃗, τ) + α(q⃗, τ). (3)

The dimensionless variables are used, where the time
scale is given by the cavity decay time C−1. Here
α(in)†α(in)(0, q⃗, τ) is the number of photons coming to
the input port (z = 0) per unit time with transverse wave
vector q⃗; α†(q⃗, τ)α(q⃗, τ) and β†(q⃗, τ)β(q⃗, τ) – the number
of photons and excited spins of the mode q⃗ in the cavity;
∆(q⃗) = (ωc − ωs)/C + (q/qc)

2, where ωc, ωs – the cavity
and the signal frequencies; qc – the diffraction dependent
transverse frequency scale; κ(τ) – the coupling parameter
which is proportional to the amplitude of the pump wave
and gives the rate of the ”cavity field-collective spin” os-
cillations.

We develop the spatiotemporal eigenmodes approach
which exploits the evolution unitarity, and find the
matched temporal shapes of the input and the output

z

0

amplitude

A
(in)

FIG. 1: The shape of the input signal, which is transformed
to the entangled output signal.

z0

a
m
p
lit
u
d
e

A
(out)

FIG. 2: The shape of the output signal entangled with the
collective spin wave.

fields, which generate most efficient squeezing and en-
tanglement. The shown in Fig. 1 temporal mode of the
input signal (q⃗ = 0) is transformed to the output signal
with the time-reversed shape, see Fig. 2, and the latter
one is entangled with the spin wave.

We estimate the number of effectively entangled modes
and the achievable degree of quantum entanglement be-
tween the collective spin waves and the light signal waves
emitted from the cavity. Since of real interest is commu-
nication between the nodes with the signals of the finite
duration, we do not apply the “bad cavity ” limit and
consider the effect of finite signal duration on the entan-
glement.
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One of the main approaches to studying the strong-
field phenomena caused by ultrashort laser pulses
is based on solving numerically the time-dependent
Schrdinger equation (TDSE) for the electron wave func-
tion. The mathematical statement of the problem as-
sumes that the domain is open and boundaries are lo-
cated at infinity. However, due to the finite size of
the computational grid, the electronic wave function can
reach the grid boundary and, depending on the method
of numerical solution of the TDSE, reflect on it or move
on to the opposite edge of the grid. Usually, in order to
avoid reflection and transmission of the wave function,
the absorbing layers are introduced on the grid bound-
aries [1, 2]. The different methods of absorption are
considered, among which the simplest and most popular
method uses imaginary potentials [1, 3–6]. An important
issue is to determine the optimal shape and height of ab-
sorbing potential in order to provide effective absorption
of the wave function near the boundary when solving a
particular problem [3–8].

In this work we calculate the expressions for the coef-
ficients of transmission and reflection of the wave func-
tion on the symmetric imaginary potential with single
hump for arbitrary parameters of the potential and the
de Broglie wavelength. The relationships between the
width and the height of the potential and the de Broglie
wavelength corresponding to the maximum of absorption
are determined. Using the calculated optimal parame-
ters of single-hump potential we develop the multi-hump

potential method, which uses the imaginary potential
containing several humps of different width and height,
and develop the recently proposed method of wavelength-
dependent absorption [8]. The solution of TDSE using
the developed methods shows that they can provide very
high efficiency in the very wide range of the de Broglie
wavelengths.

This work was supported by the Russian Foundation
for Basic Research and the Ministry of Education and
Science of the Russian Federation.
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A possible representation of a multiqubit state is by
the correlation tensor, a tensor of averages of products of
Pauli matrices. We recognize a linear structure of squares
of these average values. All bounds on their sums due to
positivity of the state, as well as a separability class, are
quadratic, it is hence easy to bound a similar quadratic
function for various classes of separability. We hence pro-
pose a method to derive multipatite entanglement crite-
ria. The bounds in these criteria are found not by opti-
mization over separable states, but simply from the anal-
ysis of (cut-)commutativity graphs. It is then possible,
for example, to detect five-partite entanglement without

ever referring to five-partite correlations. Also we present
an experiment in progress aiming to demonstrate genuine
four-partite entanglement with only two measurements.
In the experiment, two qubits are emulated by paths of
a pair of photons, two others–by their polarization
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Long-range Heisenberg model in molecular dipolar crystal
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Spin-spin interaction is of great practical interest since
it is a paradigm for study of many-body effects, and plays
an important role in quantum information processing
(QIP). In quantum information, interacting spins can be
employed to prepare highly entangled or squeezed states,
which are of central importance in QIP. Poetically, quan-
tum spin chains with long-range interactions have been
extensively studied for its diverse applications ranging
from quantum computation to quantum state transfer.
For these reasons, several approaches have been proposed
to implement spin-Hamiltonian in different systems, such
as trapped ions [1–4], cavity arrays [5], light lattices [6]
and polar molecules [7–9].

Currently, cold polar molecules have drown a lot of at-
tention from people with diverse background, mainly in
quantum physics and physical chemistry. In particular,
polar molecules are suggested as an excellent candidate
for quantum information and quantum simulation since
they provide several key features. First of all, it has
long coherence time for qubits stored in long-lived rota-
tional or electron and nuclear spin states in the electronic
and vibrational ground state manifold [10, 11]. Second,
molecules offer intriguing properties that are not avail-
able with atoms such as body-fixed electric dipole mo-
ments, which create strong interactions between differ-
ent molecules. These two features above show that polar
molecules embody advantages of both neutral atoms and
trapped ions [12]. Besides, interactions of cold molecules
can be tuned freely by external electromagnetic fields and
allowed for realization of many interesting Hamiltonian
in condensed matter physics [12, 13].

In close analogy to trapped ions, polar molecule crys-
tal can create collective motion modes through repulsive
dipole-dipole interactions. Combining external motion
states and internal state, one can simulate effective in-
ternal state couplings indirectly. In a recent work [14],
a general Ising model with nontrivial spin-spin interac-
tions has been designed in the system of polar molecules
prepared in a self-assembled dipolar crystal under one or
two-dimensional trapping conditions. We used a time-
dependent modulation of the induced dipole moments
to address collective phonon modes in the crystal and
then got tunable frustrated Ising model. In this paper,
we extend this analysis and investigate potential appli-
cations of this technique for simulation of more general

spin model, i.e., Heisenberg model.

We show that polar molecules in the dipolar crystal can
be used to simulate Heisenberg model with tunable long-
range and frustrated spin-spin interactions. The spin
states are encoded in two long-lived rotational states of
the polar molecules and coupled via dipole-dipole interac-
tions directly and indirectly (mediated by spin-dependent
dipole-dipole forces) at the same time. The competition
between the direct interactions and the phonon-mediated
ones allows us to design the properties of spin-spin inter-
actions, such as magnitude, sign, and anisotropy. Master
equation is used to describe the dynamics of the system
and discuss the dissipation of the model, which turns
out that we can efficiently engineer quantum simula-
tor of spin systems and create long-range and frustrated
Heisenberg model.
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[8] H. P. Büchler, A. Micheli, and P. Zoller, Nat. Phys. 3,
726 (2007).

[9] A. Micheli, G. K. Brennen, and P. Zoller, Nat. Phys. 2,
341 (2006).

[10] R. M. Rajapakse et al., Phys. Rev. A 80, 013810 (2009).
[11] P. Rabl and P. Zoller, Phys. Rev. A 76, 042308 (2007).
[12] J. Doyle, B. Friedrich, R. V. Krems, and F. Masnou-

Seeuws, Eur. Phys. J. D 31, 149 (2004).
[13] L. D. Carr, D. DeMille, R. V. Krems, and J. Ye, New J.

Phys. 11, 055049 (2009).
[14] Y. L. Zhou, M. Ortner, and P. Rabl, Phys. Rev. A 84,

052332 (2011).

P-42 Tuesday 18:00-20:00 Sing-Sing P-42

193



Quantum simulating tunable and frustrated Heisenberg model with trapped ions
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Quantum spin models show the intriguing phenomena,
the phase transition, which is usually accompanied by a
qualitative change in the nature of the correlations in the
ground state of the tunable spin Hamiltonian. Here we
presented a scheme of quantum simulation of Heisenberg
model with trapped ions immersed in a large linear crys-
tal via exchange of virtual phonons, where the motion
from both longitudinal and transverse direction is con-
sidered. By tuning the detunings of Raman lasers, long-
range and locally tunable interactions between different
spins are easily obtained. We also show that the com-
peting interactions mediated by all motion modes lead
to more complex frustrated ground-state configurations
and richer phase transitions than the conventional ap-
proaches based on the longitudinal or transverse phonon
modes lonely.

Recently, D. Porras and J. I. Cirac have simulated
Heisenberg model with trapped ions, but the coupling
between random spins can not be tuned freely [1]. M.
J. Hartmann et al. have simulated an tunable Heisen-
berg spin model just with nearest-neighbor interactions
with the atoms trapped in microcavities [2]. By use of
laser forces on multiple transverse collective modes of
trapped ions [3], K. Kim et al. have demonstrated tun-
able Ising interactions between trapped atomic ions [4].
Based on this model, some work about frustrated network
and sharp phase transition of Ising interaction mediated
by transverse modes have been researched [5]. However,
in their model the interesting phase transition just hap-
pens in the case of an odd number of ion spins [5].

Different with those schemes, here we emulate an quan-
tum system of spin-1/2 particles with long-range and tun-
able Heisenberg interactions in ionic crystalline arrays via
the exchange of virtual phonons, where the motion from
all 3N modes for N trapped ions is considered. Three
off-resonant laser beams are used to induce Raman tran-
sitions between two long-lived states of the ions. We
choose the detuning from the motional sideband so large
that these transitions can only create virtual phonons
in the ionic crystal, which will mediate long-range and
competing interactions between the ions. By changing
the trap frequencies in different direction and the de-
tuning of Raman lasers, one can tailor and even cut off
the spin-spin interaction between different ions locally
(Fig.1). For the collective motion in longitudinal direc-
tion and transverse direction is totally different, the spin
interactions mediated by them compete with each other
and behavior more complex frustrated ground-state con-
figurations and richer variety of quantum phase transi-
tion(shown in Fig.1(b)). More than that, we find the pa-

rameter of detuning always exists the specific point (the
d point shown in Fig. 1(b)), where interactions between
any spins mediated by longitudinal modes and transverse
modes cancel with each other. At this specific point valu-
able phase transition will always happen, whatever the
number of ions is even or odd.
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FIG. 1: (Color online)(a) Spin-spin coupling for N = 4 ions as
a function of the detuning ∆ (in the unit of the trap frequency
ν in longitudinal direction). The normal modes indicated
by the solid dots(red:longitudinal modes, green:transverse
modes) in the x-axis. (b) Phase diagram showing the overlap
of the ground state with the two ferromagnetic spin configura-
tions of the Ising model with a transverse field, characterized
by P↑↑↑↑ + P↓↓↓↓, as a function of the final value of Bz/J

x
rms

and the laser detuning, where Grms =
√∑

i<j G
2
ij/N . The

ratio of the trap frequencies in longitudinal and transversal
direction is 4.
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The adiabatic quantum computation with the help of classical computation
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The adiabatic quantum computation (AQC) has been
proved to be equivalent with the standard circuit model
[1]. Conventionally, the AQC works by applying a time-
dependent Hamiltonian Ĥ (t) that interpolates smoothly
from an initial Hamiltonian

ĤI =
∑
i

∆iσ
x
i (1)

whose ground state is an equal superposition of the
computational basis, to a final Hamiltonian ĤP , whose
ground state encodes the solution to the computation
problem. If the Hamiltonian Ĥ (t) varies sufficiently
slowly, then the quantum adiabatic theorem guarantees
that the final state of the quantum computer will be very
close to the ground state of the final Hamiltonian. A
measurement on the final state will yield a solution of
the problem with high probability.

As Hogg has shown that in circuit model it is possible
to enhance the performance of quantum search with the
help of classical computation [2, 3]. In AQC, we won-
der whether it is possible to enhance the performance
of AQC with the help of classical computation. In 2011
A. Perdomo et al. proposed a method [4] with a guess
state to be the initial state of AQC and showed that the
method is useful for AQC.

However, in some cases, with the help of classical com-
putation we can only get an relative possibility of the
possible solutions to be the correct answer of the compu-
tation problem rather than an guess state. With this in
mind, we proposed an alternative approach to construct
the initial Hamiltonian

ĤAI =
∑
i

(aiσ
x
i + biσ

z
i ) (2)

where a2i + b2i = ∆2
i , and the relative relations between

ai and bi can be computed by classical computation.

TABLE I: The five groups of parameters chose for the initial
Hamiltonian.
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FIG. 1: (a) The energy gap between the ground state and
the second excited state for five different initial Hamiltonians
with path 1. (b) The energy gap with path 2. The inset shows
the sum probability of the correct solutions in the five initial
Hamiltonians correspondingly.

With the algorithm for factoring 143 as an example
[5], we get five groups data of the relative possibility of
the possible solutions to be the factor of 143 by classi-
cal computation. We use the following criterion as an
estimate of the adiabatic evolution time [6]

T ≥ Θ
(
g−2
min

)
(3)

where gmin is the minimum gap in the evolution of the
Hamiltonian Ĥ (t).

Our numerical result shows that for the algorithm fac-
toring 143 with two different evolution paths, the bigger
the probability of the correct answers in the initial ground
state, the larger the minimum energy gap in the evolu-
tion. Thus, with the help of classical computation, the
performance of AQC cay be enhanced.
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Korociński, J. – P-17
Korolkova, N. – P-11, P-28
Kowalewska-Kud laszyk, A. – C-60
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Kuś, M. – P-37
Kuznetsova, E. – C-45
Kwek, L. C. – C-61
Kwon, O. – C-23
Lam, P. K. – I-9
Lamoureux, L.-P. – C-24
Lapeyre, J. – C-38
Larson, J. – C-7, C-46
Laurat, J. – C-86
 Lawniczak, M. – P-5, P-18
Lederer, F. – C-50
Lee, C. – P-31
Lee, J. – P-31
Lemr, K. – C-62, P-8, P-9
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Mičuda, M. – I-20, P-23
Migdall, A. – I-18
Mihalcea, B. M. – C-49
Mikhalychev, A. B. – I-25
Miki, S. – C-37
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