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Dear colleagues,
Welcome to the “Workshop of �antum Simulation and �antum Walks,” which is the
6th edition of the series. We are glad to have the opportunity to bring together the people
working in this exciting field.

You may find the following information useful during the workshop:

• Internet at the Faculty is accessible either through eduroam or the local wireless
network wififjfi.

• The venue is a public building, make sure you never leave your belongings una�ended.

• For lunch you can choose from the many restaurants around, we have listed some
options on a separate map. Payments are expected in Czech crowns (1€ ≈ 27Kč).
While in the center most shops and restaurants accept Euros, they do it at a poor
exchange rate, therefore we advise to exchange money1 or use a payment card.

• The conference dinner will be on Saturday evening. If you plan to take along ac-
companying persons, make sure during the registration that they are duly signed
up.

• Prague has an extensive and reliable public transport, the closest stop by metro is
Staroměstská and by tram also Právnická fakulta. Tickets are sold in advance, and
valid for a given duration essentially on all means of public transport. While walking
around, please observe that trams have priority even at pedestrian crossings.

• Venue address: Břehová 7, Prague – Old Town/Staré Město
Contact numbers to local organizers: +420 728950043 (A), +420 777067571 (M)

We wish you a nice time in Prague during the meeting.

Igor Jex (Prague)
Yutaka Shikano (Okazaki)
Aurél Gábris (Prague)
Martin Štefaňák (Prague)
Craig Hamilton (Prague)
Jaroslav Novotný (Prague)
Tamás Kiss (Budapest)

The organizers of WQSQW 2016

1When exchanging cash at booths, ask in advance which rate will apply to your transaction!
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Thursday, 17 November Room No103

9:00–9:40 Registration
9:40–9:50 Opening

Chair: Y. Shikano
9:50–10:40 Luis Velázquez: From quantum recurrence to topological

phases in quantum walks (invited)

10:40–11:10 Co�ee break – Registration
Chair: E. Segawa

11:10–12:00 Paolo Perino�i: Symmetries of quantum walks on Cayley
graphs and the Lorentz group (invited)

12:00–12:25 Armando Pérez: Simulation of neutrino oscillations in
vacuum and ma�er with quantum walks (contributed)

12:25–15:00 Lunch – Registration
Chair: M. Hillery

15:00–15:25 Stefano Facchini: �antum walking in curved spacetime
(contributed)

15:25–15:50 Pablo Arnault: �antum walks and gauge fields (con-
tributed)

15:50–16:15 Radim Filip: Conditional simulation of quantum nonlin-
ear dynamics (contributed)

16:15–16:45 Co�ee break
Chair: J. B. Wang

16:45–17:35 Vedran Dunjko: �antum projective simulation, quan-
tum walks and quantum machine learning (invited)

17:35–18:00 Saleh Rahimi-Keshari: E�icient classical simulation of
quantum-optics experiments (contributed)

18:00–18:25 Juan-Diego Urbina: The mesoscopic Hong–Ou–Mandel
e�ect and bosonic birthday paradox (contributed)

WQSQW 2016 4



Friday, 18 November Room No103

Chair: P. Mataloni
9:00–9:50 Andrea Alberti: �antum walks with neutral atoms in

polarization-synthesized optical la�ices (invited)
9:50–10:15 Hideaki Obuse: PT symmetric non-unitary quantum

walks (contributed)

10:15–10:45 Co�ee break
Chair: A. Alberti

10:45–11:35 Paolo Mataloni: Integrated waveguide photonics circuits
for quantum simulation and beyond (invited)

11:35–12:00 Xiaogang Qiang: E�icient quantum walk on a quantum
processor (contributed)

12:00–12:25 Jingbo Wang: E�icient quantum circuits for quantum
walks (contributed)

12:25–12:40 Photo session
12:40–15:00 Lunch break

Chair: R. Werner
15:00–15:50 Mark Hillery: Some quantum walks search problems (in-

vited)
15:50–16:15 Daniel Reitzner: Decoherence in quantum walk searches

(contributed)
16:15–16:40 Linda Sansoni: Driven quantum dynamics (contributed)

16:40–19:00 Poster session (stand numbers refer to page numbers)
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Saturday, 19 November Room No103

Chair: A. Ishizaki
9:10–10:00 Tomáš Mančal: �antum excitation energy transport in

photosynthetic antennae (invited)
10:00–10:25 Sima Baghbanzadeh: The role of quantum coherence

and geometry in the light-harvesting e�iciency of purple
bacteria (contributed)

10:25–11:00 Co�ee break
Chair: T. Mančal

11:00–11:50 Akihito Ishizaki: Interplays between quantum e�ects and
dynamic fluctuations in photosynthetic light harvesting
(invited)

11:50–12:15 Francesco Petruccione: Open quantum walks (con-
tributed)

12:15–12:40 Carlo Di Franco: �antum mechanics and the e�iciency
of simulating classical complex systems (contributed)

12:40–15:00 Lunch break
Chair: I. Walmsley

15:00–15:50 Christine Silberhorn: �antum walks in time (invited)
15:50–16:15 Peng Xue: Experimental implementation of quantum walk

on a circle with single photons (contributed)

16:15–16:45 Co�ee break
Chair: V. Kendon

16:45–17:35 Ian Walmsley: Photonic quantum networks (invited)
17:35–18:00 Sergey Polyakov: Full characterization measurement of

single-photon states in a primitive boson sampler (con-
tributed)

18:00–18:25 Yasser Omar: Spatial search by quantum walk is optimal
for almost all graphs (contributed)

19:30–22:30 Conference dinner
Departures at 1840 and 1900 from main entrance
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Sunday, 20 November Room No103

Chair: L. Velázquez
9:00–9:50 Reinhard Werner: Topological classification of 1D quan-

tum walks with symmetries (invited)
9:50–10:15 Christopher Cedzich: Bulk-Edge — how about finite sys-

tems? (contributed)
10:15–10:40 Filippo Cardano: Exploring topological phases in quan-

tum walks of twisted light (contributed)

10:40–11:10 Co�ee break
Chair: Ch. Silberhorn

11:10–12:00 Etsuo Segawa: Sensitivity of a quantum walk to boundary
(invited)

12:00–12:25 János Asbóth: The Hofstadter bu�erfly takes flight in
quantum walks (contributed)

12:25–12:50 Viv Kendon: �antum walks in potential wells (con-
tributed)

12:50–13:00 Closing

WQSQW 2016 7



Conference dinner on Saturday, 19 November
The dinner will take place in the restaurant and brewery “U Medvídků.” It is about 10–20
minutes walk across the historic center of Prague. Groups will be departing from the main
entrace at 18:40 and 19:00. Alternatively, it is three stops by tram nos. 2 or 18 from stop
Staroměstská to stop Národní třída.

Address: Na Perštýně 7, 100 01 Prague 1
Starting time: 19:30
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You can read more about “U Medvídků” in the info booklet The Beer Guide to Prague.
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Quantum walks with neutral atoms in
polarization-synthesized optical lattices

Andrea Alberti1

1Institut für Angewandte Physik,
Wegelerstr. 8, 53115 Bonn, Germany∗

I will report on quantum walk experiments employing ultracold
cesium atoms trapped in polarisation-synthetized optical lattices [1].
Polarisation-synthetized optical lattices are a novel realization of spin-
dependent optical lattices, which enable a wide range of quantum walk
experiments. Atoms in spin-up and spin-down states are trapped in
two distinct optical standing waves, whose position and depth can be
individually controlled in time. This allows us to perform arbitrary
shift operations of atoms in a fully independent manner for spin-up
and spin-down components, on the timescale of microseconds and with
a spatial precision of about 1Å.

Exploiting polarization-synthesized optical lattices, we recently
demonstrated a scheme [2] for non-destructive spin-state measure-
mentsthe most gentle way to acquire information about the state of
the atom. With an adaptation of this measurement scheme, we also
show that a single spin component can be removed from the lattice,
leaving the other spin component unaffected (ideal negative measure-
ments). We intend to use spin-selective removal of atoms to realize
a lossy discrete-time quantum walks, which we have predicted [3] to
give access to the Floquet topological invariants of the corresponding
lossless quantum-walk protocol.

The next frontier for our ultracold-atom experiments is the realiza-
tion of 2D discrete-time quantum walks. The implementation of a novel
scheme for spin-dependent transport in the x-y plane with polarization-
synthesized optical lattices is currently underway [4]. I will therefore
conclude presenting our most recent advances about the construction
of the 2D experimental setup [5].

∗ Electronic address: alberti@iap.uni-bonn.de
[1] C. Robens, et al., arXiv:1608.02410 [quant-ph] (2016)
[2] C. Robens, et al., arXiv:1609.06218 [quant-ph] (2016)
[3] J. Asbth, T. Rakovszky, A. Alberti (in preparation)
[4] T. Groh, et al., Phys. Rev. A 94, 013620 (2016).
[5] C. Robens, et al., arXiv:1611.02159 (2016)

Invited talks Alberti
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Quantum projective simulation, quantum walks and
quantum machine learning

Vedran Dunjko1

1Institute for Theoretical Physics, University of Innsbruck,
Technikerstraße 21a, A-6020 Innsbruck, Austria∗

In recent times, we have witnessed an ever increasing interest in
the interplay between the fields of artificial intelligence, in particular
machine learning, and quantum information. One line of such research
considers the potential of quantum improvements in so-called reinforce-
ment learning where a learning agent (or: learning algorithm) learns
via an interaction with an external environment. In this scenario, quan-
tum improvements have been reported in the context of the physics-
motivated Projective Simulation model for artificial intelligence [1, 2],
but also in the context of quantized environments [3, 4]. In both cases,
the source of quantum improvements can be traced back to a benefi-
cial quantization of a random walk, or, more specifically, a quantized
Markov chain. In this talk I will present these recent results, highlight-
ing the function of quantum walks in quantum reinforcement learning
models. Furthermore, I will discuss the perspectives of quantum ma-
chine learning, and the directions in which progress in quantum walk
theory can lead to progress in the nascent field of quantum learning
agents.

∗ Electronic address: vedran.dunjko@uibk.ac.at

[1] Briegel, H. J. and De las Cuevas, G. Projective simulation for artificial
intelligence. Sci. Rep. 2 (2012).

[2] Paparo, G. D., Dunjko, V., Makmal, A., Martin-Delgado, M. A. and
Briegel, H. J. Quantum speedup for active learning agents. Phys. Rev. X
4, 031002 (2014).

[3] Dunjko, V., Taylor, J. M. & Briegel, H. J. Framework for learning agents
in quantum environments. arXiv:1507.08482 (2015).

[4] Dunjko, V., Taylor, J. M. & Briegel, H. J. Quantum-enhanced machine
learning. Phys. Rev. Lett. 117 130501 (2016).

Invited talks Dunjko
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Some quantum walk search problems

Mark Hillery1

1Department of Physics, Hunter College of CUNY∗

One of the main uses of quantum walks is to do searches on graphs.
Typically the search is for a distinguished vertex against a uniform
background. The background consists of all of the vertices except for
the distinguished one, and all of these vertices behave in the same way.
We want to look at more general searches. We first look at a situation in
which the background is not uniform, that is in which the background
vertices can behave in several different ways. We find that in this case
the search still works with a quantum speedup, but the probability of
success is lower than in the uniform background case. Next we look at
the case in which the object to be found is not a distinguished vertex
but some kind of a special structure, e.g. an extra edge or a clique. We
find some general conditions on when searches of this kind will succeed
with a quantum speedup.

∗ Electronic address: mhillery@hunter.cuny.edu

[1] Finding structural anomalies in graphs by means of quantum walks by
Edgar Feldman, Mark Hillery, Hai-Woong Lee, Daniel Reitzner, Hongjun
Zheng, and Vladimir Bužek, Phys. Rev. A 82, 040301R (2010).

[2] Searches on star graphs and equivalent oracle problems by J. Lee, Hai-
Woong Lee and Mark Hillery, Phys. Rev. A 83, 022318 (2011).

[3] Finding structural anomalies in star graphs using quantum walks by Seth
Cottrell and Mark Hillery, Phys. Rev. Lett. 112, 030501 (2014).

Invited talks Hillery
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Interplays between Quantum Effects
and Dynamic Fluctuations in Photosynthetic

Light Harvesting

Akihito Ishizaki

Institute for Molecular Science,
National Institutes of Natural Sciences and School of Physical Sciences,

Graduate University for Advanced Studies, Okazaki 444-8585, Japan

Quantum dynamic phenomena are ubiquitous in molecular processes,
and yet remain a challenge for experimental and theoretical investiga-
tions. On the experimental side, it has become possible to explore
molecular processes on a timescale down to a few femtoseconds by
means of ultrashort laser pulses. This progress in ultrafast laser spec-
troscopy has opened up real-time observation of dynamic processes in
complex chemical and biological systems, and has provided a strong
impetus to theoretical studies of condensed phase quantum dynamics
or real-time quantum dissipative dynamics.

Investigation on the primary steps of photosynthesis is an example of
such efforts. With minor possible exceptions near hydrothermal vents,
this process provides the energy source for essentially all living things
on Earth. Photosynthetic conversion of the energy of sunlight into its
chemical form suitable for cellular processes involves a variety of physic-
ochemical mechanisms. The conversion starts with the absorption of
a photon of sunlight by one of the light-harvesting pigments, followed
by transfer of electronic excitation energy to the reaction center. At
low light intensities, the quantum efficiency of the conversion is near
unity; that is, each of the absorbed photons almost certainly reaches the
reaction center and drives the electron transfer reactions. A longstand-
ing question in photosynthetic research has been the following: How
do light-harvesting systems deliver such high efficiency in the presence
of disordered and fluctuating dissipative environments? The precise
molecular mechanisms are not yet fully elucidated from the standpoint
of physical sciences.

In this presentation, we provide an overview of recent experimental
and theoretical investigations of photosynthetic energy/charge transfer,
specifically addressing interplays between quantum mechanical effects
and dynamic fluctuations of pigments electronic states induced by their
surrounding proteins.

Invited talks Ishizaki
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Quantum Excitation Energy Transport in
Photosynthetic Antennae

Tomaš Mančal1

1Faculty of Mathematics and Physics,
Charles University, Ke Karlovu 5,
121 16 Prague 2, Czech Republic∗

Photosynthetic antennae are natural energy transferring molecular
systems exhibiting high quantum efficiency of exciton energy transport
in space and across spectral domains. Due to their biophysical impor-
tance they are studied in great detail by spectroscopic methods with
high temporal and spectral resolutions [1]. Decades worth of accumu-
lated experimental literature and the accompanying theoretical frame-
work describing details of the energy transfer processes have been rela-
tively recently put into question by innovative experimental techniques
[2]. In this contribution I want to review briefly the general properties
of photosynthetic energy transfer together with the basic theoretical
techniques to describe it. I will discuss to what extent and if at all a
paradigm change in the theoretical description of photosynthetic sys-
tems is needed. The question of quantum nature of photosynthetic
energy transfer will be addressed by comparison to classical models of
the same phenomenon [3].

∗ Electronic address: mancal@karlov.mff.cuni.cz

[1] H. van Amerongen, L. Valkunas and R. van Grondelle, Photosynthetic
excitons, World Scientific, Singapore, 2000

[2] G. S. Engel et al., Nature, 446, 782 (2007)
[3] T. Mančal, J. Phys. Chem. B, 117, 11282 (2013)

Invited talks Mančal
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Integrated waveguide photonics circuits
for quantum simulation and beyond

Paolo Mataloni

Physics Department
Sapienza University of Rome

Quantum simulators are getting to the level of real devices, consti-
tuted by a quantum system which can be controlled in its preparation,
evolution and measurement and whose dynamics can implement that
of the target quantum system we want to simulate. In this context,
photonics quantum technologies are expected to play an instrumental
role in the realization of controlled quantum systems capable, in their
evolution, to simulate a given complex system.

I will present some of the main results obtained in this field by using
integrated waveguide optical circuits, that represent the hardware of a
quantum simulator. These systems are constituted by interferometer
arrays of beam splitters and phase shifters fabricated on single inte-
grated platforms and have the potential of speeding- up the evolution
from lab systems to the next generation of quantum optical devices for
real-world applications. Using the mobility of photons we are able to
create arbitrary interconnections within these systems and to mimic
the main features of quantum phenomena of increasing complexity.
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Symmetries of quantum walks on Cayley graphs
and the Lorentz group

Paolo Perinotti

Università degli Studi di Pavia,
Dipartimento di Fisica, QUIT Group,

and INFN Gruppo IV, Sezione di Pavia,
via Bassi 6, 27100 Pavia, Italy

We describe the emergence of different geometries from the struc-
ture of local, homogeneous and isotropic quantum walks on an ab-
stract Hilbert space. We show how homogeneity gives rise to a trans-
lation group structure through the construction of a Cayley graph. In
the case where the translation group is the 3-dimensional free Abelian
group, one can prove that the simplest quantum walk satisfying all
the symmetry constraints can be described by Weyl’s equations. After
reformulating the relativity principle in terms of the walk dynamics
we show that the symmetry group of the walk contains a non-linear
representation of the Lorentz group, that in a suitable approximation
corresponds to the usual linear representation.
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Sensitivity of a quantum walk to boundary

Etsuo Segawa1 and Hideaki Obuse2, ∗

1Graduate School of Information Sciences, Tohoku University
2Faculty of Engineering, Applied Physics, Hokkaido University

We treat the quantum walk model on the two dimensional lattice
with the cutting edge along the x = 0 line introduced by Asboth and
Edge [1]. We provide more detailed analytical result of this model; in
particular, we investigate in the contribution of the edge state to the
stochastic behavior of the quantum walk.

Due to the translation invariant with respect to the vertical direction
of this model, the time evolution Γ on ℓ2(Z+ × Z) is decomposed into

{Γ̂k}k∈[0,2π). First we show Γ̂k is isomorphic to the CMV matrix whose
Verblunsky parameter is (η(k), 0, η(k), 0, . . . ) with some complex value
η(k). Secondly, using the previous studies on the spectral analysis
on the CMV matrix related to quantum walks, CGMV method [2,
3], we obtain the dispersion relation explicitly. Finally, we examine
how the quantum walk feels the boundary. To this end, we focus on
the edge state through the limit distribution of the quantum walk.
We show that up to the parameter determining this quantum walk
model, the response to the boundary is classified into (i) localization,
(ii) (continuously) linear spreading, (iii) ballistic spreading. The limit
measure is not a probability distribution since its integration over its
domain is strictly smaller than 1. The “missing value” derives from the
contribution of the bulk state.

Each situation of the dispersion relation for cases (i) (ii) (iii) is that
the quasi-energy of the edge state is constant, non-zero second deriva-
tive, and linear, respectively. In particular, in case (ii), the limit mea-
sure is provided by a parametric expression using the quasi-energy of
the edge-state which gives a deformed Konno’s distribution.

∗ Electronic address: e-segawa@m.tohoku.ac.jp

[1] Janos K. Asboth and Jonathan M. Edge, Phys. Rev. A 91, (2015) 022324.
[2] M. J. Cantero, F. A. Grünbaum, L. Moral and L. Velázquez, Communi-

cations on Pure and Applied Mathematics 63 (2010) 464-507.
[3] N. Konno and E. Segawa, Quantum Inf. Comput. 11 (2011) 485–495.
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Quantum Walks in Time

Christine Silberhorn1

1Integrated Quantum Optics, Department of Physics,
University of Paderborn, Warburger Str. 100,

D-33098 Paderborn, Germany∗

Photonic quantum walk systems provide an attractive platform for
the implementation of quantum simulations of various types of phe-
nomena. However their experimental realization requires setups with
high complexity, in particular in terms of scalability, this means the
number of modes, and sufficient control of all system parameters.

We employ time multiplexing with pulsed light in specific fibre loop
geometries to demonstrate different types photonic quantum walks. By
using the polarisation as internal degree of freedom we can implement
arbitrary coin states, while the realization of the step operator in the
temporal domain provides superior coherence properties for the scala-
bility and the homogenity of the walk. By introducing optical modu-
lators we can precisely control the dynamics of the photonic walks.We
demonstrate a fully coherent photonic quantum walks over many steps
on different graph structures[1].

Among the targets for simulations are transport phenomena in disor-
dered systems. To demonstrate the capabilities of our apparatus in this
context we have realized six steps of a percolation quantum walk on
a three-site graph and have investigated non-Markowian open system
dynamics [3].

Concepts such as topological insulators have sparked interest in the
investigation of topological material properties. Here, we present the
direct measurement of topological invariants in a discrete-time quantum
walk experiment[2].

∗ Electronic address: christine.silberhorn@upb.de
[1] T. Nitsche, F. Elster, J. Novotny, A. Gabris, I. Jex, S. Barkhofen, C.

Silberhorn New J. Phys., 18, 063017 (2016)
[2] S. Barkhofen, T. Nitsche, F. Elster, L. Lorz, A. Gabris, I. Jex, C. Silber-

horn arXive:1606.00299, (2016)
[3] F. Elster, S. Barkhofen, T. Nitsche, J. Novotny, A. Gabris, I. Jex, C.

Silberhorn Scientific Reports, 5, 13495 (2015)
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From Quantum Recurrence to Topological Phases
in Quantum Walks

J. Bourgain,1 C. Cedzich,2 T. Geib,2 F. A. Grünbaum,3 C. Stahl,2

L. Velázquez,4, ∗ A. H. Werner,5 R. F. Werner,2 and J. Wilkening3

1School of Mathematics, Institute for
Advanced Study, Princeton, NJ 08540, USA

2Institut für Theoretische Physik,
Leibniz Universität Hannover, Germany

3Department of Mathematics,
University of California, Berkeley, CA 94720, USA
4Departamento de Matemática Aplicada & IUMA,

Universidad de Zaragoza, Maŕıa de Luna 3, 50018 Zaragoza, Spain
5Department of Mathematical Sciences,

University of Copenhagen, Denmark

Two approaches to recurrence in quantum walks have been recently
proposed, which differ in the presence or absence of monitoring at each
step. In the monitoring case, a key role is played by the first return
generating function, which turns out to be a so-called Schur function.
This links this topic to a large body of mathematical literature and
is the origin of a rich interplay which allowed for a spectral charac-
terization of quantum recurrence, but also provided new insights into
unsolved mathematical problems.

A more recent discovery connects the first return generating functions
to the study of symmetry protected topological phases in quantum
walks. Such generating functions codify the relevant information of
the evolution operator for identifying topological indices. This reduces
the calculation of such indices to finite-dimensional problems, allowing
for a complete classification of topological phases for arbitrary non-
translation invariant coined walks and generalizations.

This talk will be a review of the above results, including the geometric
and topological meaning (Berry phases, winding numbers) that the
first return generating functions give to certain recurrence properties,
and the striking behaviour of such generating functions under certain
splittings of quantum walks.

∗ Electronic address: velazque@unizar.es
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Photonic Quantum Networks

Ian A. Walmsley

University of Oxford, Department of Physics, UK

Building complex quantum systems has the potential to reveal new
phenomena that cannot be studied using classical simulation. Photon-
ics has proven to be an effective means to engineer quantum systems of
this kind, and for the investigation of such effects. The challenge is to
build a quantum state of sufficient complexity, both in the number of
photons and the number of modes. Hybrid light-matter quantum net-
works [1], in which the channels use light as a communication medium
and the nodes use matter for processing operations, have emerged as a
particularly important class of architectures for constructing and uti-
lizing such states. A quantum network, consisting of simple nodes with
some quantum dynamics, interconnected by coherent channels, inher-
its the features of robustness and scalability from its classical network
counterparts, but it also exhibits functionality that goes beyond what
is possible with conventional technologies [2].

Here I will describe experiments exploiting the quantum interference
of three single photons on a reconfigurable integrated photonic chip.
We develop multiple on-chip, low-loss sources of single photons and
introduce a low-loss silica-on-silicon waveguide architecture that
enables us to show the first genuine quantum interference of three
single photons on an integrated platform [3]. We make use of this
three-photon interference for the first proof-of-principle demonstration
of a new intermediate model of quantum computation called boson
sampling, and we perform an on-chip demonstration of the quantum
teleportation protocol where all key parts – entanglement preparation,
Bell-state analysis and quantum state tomography – are performed on
a reconfigurable photonic chip [4–6].

[1] H. J. Kimble, Nature 453.7198 1023-1030 (2008)
[2] I. A. Walmsley, Science, 348, 525 (2015)
[3] J. B. Spring et al, arXiv:1603.06984
[4] B. J. Metcalf et al., Nat. Phot. 8 (2014)
[5] W. Clements et al, arXiv:1603.08788
[6] P. C. Humphreys et al., New J. Phys, 17, 103044 (2015)
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Topological classification of 1D quantum walks with
symmetries

C. Cedzich,1 T. Geib,1 F. A. Grünbaum,2 C. Stahl,1

L. Velázquez,3 A. H. Werner,4 and R. F. Werner1

1Institut für Theoretische Physik,
Leibniz Universität Hannover, Germany

2Department of Mathematics,
University of California, Berkeley CA 94720

3Departamento de Matemática Aplicada & IUMA,
Universidad de Zaragoza, Maŕıa de Luna 3, 50018 Zaragoza, Spain

4Dahlem Center for Complex Quantum Systems,
Freie Universität Berlin, 14195 Berlin, Germany

There is a large heuristic literature on topological insulators, that
is, on the classification of Hamiltonian quantum lattice systems, which
obey certain discrete symmetries. Some of these ideas have been trans-
ferred to the setting of quantum walks, and it has been observed that
additional invariants may appear in this case [1], leading to a richer
classification. In this talk we will give a rigorous and complete classifi-
cation in the one-dimensional case [2]. That is, we assign to every walk
three indices. The basic statement is then that these index triples coin-
cide for two walks if and only if one can be deformed into the other by a
norm-continuous path of walks, each of which satisfies the symmetries,
a gap condition and a locality condition.

The basic idea of the classification and the determination of the in-
dex groups for each symmetry type are elementary and do not require
advanced tools like K-theory. Non-gentle local perturbations, i.e., ones
that cannot be continuously contracted to the identity, are identified
as the essential new feature of the walk case. The talk will focus on the
setting and a sketch of the main steps, leaving some further details to
the presentations of other coauthors.

[1] Bulk-boundary correspondence for chiral symmetric quantum walks. J. K.
Asbóth and H. Obuse. Phys. Rev. B 88: 121406, 2013.

[2] A topological classification of one-dimensional symmetric quantum walks.
C. Cedzich, T. Geib, F. A. Grünbaum, C. Stahl, L. Velázquez, A. H.
Werner and R. F. Werner. In preparation.
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The Hofstadter Butterfly takes flight in Quantum
Walks

Janos K. Asboth1 and Andrea Alberti2

1Wigner Research Centre for Physics, Budapest
2Institut für Angewandte Physik, Universität Bonn

When we apply a magnetic field to a quantum walk on a lattice [1],
the spectrum of quasienergies develops a fractal structure of minigaps:
the quantum walk version of the Hofstadter butterfly [2]. We find that
in many quantum walks, the Hofstadter butterfly winds in quasienergy
(Fig. 1), i.e., “takes flight” – a feat impossible for time-independent
Hamiltonians. We show when and why this occurs, and how this can
be used to calculate the Rudner invariant of quantum walks [3].

FIG. 1: The Hofstadter butterfly, i.e., spectrum as a function of magnetic
field, of the two-dimensional split-step quantum walk.

[1] I. Yalcinkaya and Z. Gedik, Phys. Rev. A, 92, 042324 (2015)
[2] D. R. Hofstadter, Phys. Rev. B, 14, 2239 (1976)
[3] J. K. Asboth and J. M. Edge, Phys. Rev. A, 91, 022324 (2015)
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The role of quantum coherence and geometry in the
light-harvesting efficiency of purple bacteria

Sima Baghbanzadeh1 and Ivan Kassal2

1School of Physics, Institute for Research in
Fundamental Sciences (IPM), Tehran, Iran∗
2Centre for Engineered Quantum Systems,

Centre for Quantum Computation and Communication Technology,
and School of Mathematics and Physics,

The University of Queensland,
Brisbane QLD 4072, Australia

Photosynthetic organisms harvest light using antenna complexes con-
taining many (bacterio)chlorophyll molecules. Despite the wide di-
versity of the light-harvesting complexes and very noisy environments
around them, the energy collected by these complexes is transmitted
with generally high efficiency, through the excitonic energy transfer
(EET), to the reaction centre where it starts the first chemical reac-
tions of photosynthesis. Accordingly, understanding EET mechanisms
and the design principle of these antennae can help to make more effi-
cient artificial light-harvesting complexes.

Here, by taking into account the coherent excitonic delocalization
within the light-harvesting complexes of purple bacteria, we investi-
gate the role of rotational symmetry of these complexes on the effi-
ciency of EET, by modelling hypothetical antennae whose symmetry
is broken [1]. Our results demonstrate that breaking the symmetry of
these complexes will attenuate the performance of energy transfer, due
to the destruction of the coherent process of supertransfer. Specifi-
cally, in natural light conditions as the LH1 pigments orientations are
randomly changed, the performance of the natural geometry is 5.5 stan-
dard deviations better than the mean of thousands of reorientations.
The magnitude of this improvement is one of the largest photosynthetic
efficiency enhancement we are aware of that has been attributed to a
coherent effect.

∗ Electronic address: sima.baghbanzadeh@gmail.com
[1] S. Baghbanzadeh and I. Kassal, “Geometry, supertransfer, and optimality

in the light harvesting of purple bacteria”, arXiv:1604.05482 (2016).
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Exploring topological phases in quantum walks of
twisted light

Filippo Cardano,1, ∗ Alessio D’Errico,1 Alexandre Dauphin,2

Maria Maffei,1, 2 Bruno Piccirillo,1 Corrado de Lisio,1, 3 Giulio

De Filippis,1, 3 Vittorio Cataudella,1, 3 Enrico Santamato,1

Pietro Massignan,2 Maciej Lewenstein,2 and Lorenzo Marrucci1

1Dipartimento di Fisica, Università di Napoli Federico II,
Complesso Universitario di Monte Sant’Angelo, Napoli, Italy

2ICFO-Institut de Ciencies Fotoniques,
08860 Castelldefels (Barcelona), Spain

3CNR-SPIN, Complesso Universitario di Monte Sant’Angelo, Napoli, Italy

We present the realization of a photonic quantum walk based on the
Orbital Angular Momentum of light [1], showing topological phases
that characterize periodically modulated 1D systems (Floquet topolog-
ical insulators). We found that information about the system topology
can be extracted from the statistical moments associated with photons
OAM spectrum; while varying a control parameter that determines the
value of the invariants, these show marked differences in distinct phases
and exhibit abrupt variations at the transition points [2]. Moreover
specific combinations of such moments are quantized as the topological
invariants [3], hence can be used to detect topological phases. We con-
firm experimentally these results in our photonic platform, and report
the measurement of complete topological invariants characterizing this
class of systems [3, 4]. Importantly, we demonstrate that the method
we propose is widely applicable in a variety of 1D topological systems.

∗ Electronic address: filippocardano@gmail.com
[1] Cardano F. et al. Sci. Adv., 1:e1500087 (2015).
[2] Cardano F. et al. Nat. Comm., 7:1–8 (2016).
[3] Cardano F. et al. in preparation.
[4] Asboth J. K. and Obuse H. Phys. Rev. B, 88:121406(R) (2013).
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Bulk-Edge - how about finite systems?

C. Cedzich,1 T. Geib,1 F. A. Grünbaum,2 C. Stahl,1

L. Velázquez,3 A. H. Werner,4 and R. F. Werner1

1Institut für Theoretische Physik,
Leibniz Universität Hannover, Germany

2Department of Mathematics,
University of California, Berkeley, USA

3Departamento de Matemática Aplicada & IUMA,
Universidad de Zaragoza, Spain

4Dahlem Center for Complex Quantum Systems,
Freie Universität Berlin, Germany

In this talk we study symmetry protected topological phases for one-
dimensional quantum walks on finite lattices [1]. In particular, we
investigate the implications of the infinite theory [2] for finite subsys-
tems. The subsystems are obtained by cutting out a finite number of
sites from an infinite lattice and considering arbitrary unitary restric-
tions of the infinite quantum walk which belong to the same symmetry
type. We obtain a variant of bulk-boundary correspondence where due
to the finiteness of the system the symmetry protected eigenvalues lie
not on the symmetry invariant points of the spectrum anymore. How-
ever, they can be found in an exponentially small neighbourhood of the
symmetry invariant points. The relevant exponent can be determined
from the decay of the formal solutions of the eigenvalue equation via
transfer matrices in the bulk phases.

[1] A topological classification of one-dimensional symmetric quantum walks.
C. Cedzich, T. Geib, F. A. Grünbaum, C. Stahl, L. Velázquez, A. H.
Werner and R. F. Werner. In preparation.

[2] Bulk-Edge Correspondence of one-dimensional Quantum Walks.
C. Cedzich, F. A. Grünbaum, C. Stahl, L. Velázquez, A. H. Werner
and R. F. Werner. Journal of Physics A: Mathematical and Theoretical
49(21): 21LT01, 2016. arXiv:1502.02592.
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Quantum walks and gauge fields

Fabrice Debbasch

LERMA, Observatoire de Paris,
PSL Research University, CNRS,

Sorbonne Universités, UPMC Univ. Paris 6,
UMR 8112, F-75014, Paris, France

Discrete Time Quantum Walks (DTQWs) were originally considered
by Feynmann as possible discretizations of the Dirac dynamics in (1 +
1) dimensions. It has been realized during the past five years that
DTQWs can actually describe Dirac fermions in higher dimensions and
coupled to arbitrary gauge fields, including gravity. I will review all
results connecting DTQWs to gauge fields and focus the last part of
the presentation on the recent construction of discrete curvature (field-
strength) tensors, which paves the way to full-fledged gauge theories
based on DTQWs.
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Quantum walking in curved spacetime

Pablo Arrighi,1 Stefano Facchini,2, ∗ and Marcelo Forets3

1Aix-Marseille Univ., CNRS, LIF,
Marseille and IXXI, Lyon, France

2Aix-Marseille Univ., CNRS, LIF, Marseille, France
3Univ. Grenoble Alpes, Grenoble, France

Some Quantum Walks admit a continuum limit, leading to familiar
PDEs (e.g. the Dirac equation). We show how prior grouping and
encoding allows for more general continuum limit equations. In par-
ticular, we show that Grouped QWs lead to an entire class of PDEs
encompassing the massive Dirac equation in (3+1) curved spacetime.
This means that the metric field can be represented by a field of local
unitaries over a lattice.

∗ Electronic address: stefano.facchini@univ-amu.fr
[1] P. Arrighi, S. Facchini, M. Forets, Quantum Information Processing,

15(8), 3467-3486
[2] P. Arrighi, S. Facchini, arXiv:1609.00305
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Quantum mechanics and the efficiency of simulating
classical complex systems

Carlo Di Franco1, 2 and Mile Gu1, 2, 3

1School of Physical and Mathematical Sciences,
Nanyang Technological University, 639673, Singapore

2Complexity Institute, Nanyang Technological University, 639673, Singapore
3Centre for Quantum Technologies,

National University of Singapore, 117543, Singapore

The development of tools allowing us to infer models from observed
data, and thus to simulate possible future outputs, has a central role in
several fields. Many fundamental questions in nature and society can
be addressed only by isolating indicators of future behavior in highly
complex systems. However, even the most efficient constructions often
require information about the past that is uncorrelated with future
predictions. In terms of energetic costs, this brings a waste of resources
in the computer simulations based on such models. Even if the systems
to simulate are completely classical, it has been proved that quantum
information can reduce this waste beyond classical limits [1].

During the talk I will sketch this scenario, that could lead to inter-
esting questions also for the scientific community working on quantum
walks, and present some of the aforementioned results. In particu-
lar, I will describe a possible implementation of a quantum model that
breaks this classical bound. Such experiment can be realized by exploit-
ing tools and schemes already used for the implementation of quantum
walks in linear-optics setups [2].

[1] M. Gu, K. Wiesner, E. Rieper, and V. Vedral, Nat. Commun. 3, 762
(2012).

[2] C. Di Franco and M. Gu, in preparation.
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Conditional simulation of quantum nonlinear
dynamics

Kimin Park,1 Petr Marek,1 and Radim Filip1

1Department of Optics, Faculty of Science,
Palacky University, Olomouc, Czech Republic∗

We propose and analyse feasible methods for conditional simulation
of quantum nonlinear dynamics. The methods use either linear optics,
homodyne detection and single quanta states of the oscillator or nonlin-
ear interaction of the oscillator with fully controlled two level systems.
Both applicability and stability of proposed methods will be discussed
on specific examples of cubic nonlinear interaction and optomechanical
interaction. We finally suggest the most experimentally feasible ar-
rangement with trapped ions suitable for stable conditional simulation.
It can be used to study in detail short-time unitary quantum dynamics
of many experimentally unexplored nonlinear processes.

∗ Electronic address: filip@optics.upol.cz
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Quantum walks in potential wells

Caitlin O’Halloran,1 Ruth Gregory,2, 3 and Viv Kendon1, ∗

1Department of Physics, Durham University, and
2Centre for Particle Theory, Durham University,

South Road, Durham, DH1 3LE, UK
3Perimeter Institute, 31 Caroline Street North,

Waterloo, ON, N2L 2Y5, Canada

Inspired by the use of classical random walks to model the be-
haviour of the scalar matter field during the inflationary period of the
early universe, we study discrete-time, coined quantum walks in one-
dimensional potential wells. We parameterised a quadratic potential
V (x) = m2x2/2 with a tuneable mass parameter m, using a position-
dependent biased coin operator H with bias determined by θ

H =

(
sin θ cos θ
cos θ − sin θ

)
where θ =

1

2
arctan

(
m2

x

)

is determined by the derivative (slope) of the potential at x. Choosing
different functions for V (x) allows us to treat cubic, quartic, exponen-
tial and anything in between, see figure 1.
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FIG. 1: quantum walks in potentials for various scalings

∗ Electronic address: viv.kendon@durham.ac.uk
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PT symmetric non-unitary quantum walks

Hideaki Obuse1

1Department of Applied Physics, Hokkaido University, Japan∗

Recently, a non-unitary one-dimensional quantum walk associated
with gain and loss is implemented in the fiber loops experiment[1].
The experiment shows that the quasienergy of the non-unitary time-
evolution operator in the homogeneous system is kept to be real. This
provides convincing evidence that the non-unitary quantum walk pos-
sesses a special symmetry, so called PT symmetry (combined parity
and time-reversal symmetry). However, the definition of PT symme-
try for the time-evolution operator has not yet been fully understood,
and this prevents further developments of non-unitary quantum walks.

We explain how to identify the PT symmetry operator and then ver-
ify PT symmetry of the time-evolution operator of the one-dimensional
non-unitary quantum walk even when parameters depend on the
position[2]. Taking this result into account, we study Floquet topolog-
ical phases of the PT symmetric non-unitary quantum walk in the one
dimension[3]. We numerically observe that, by introducing position de-
pendent coin operators into the system by keeping PT symmetry of the
time-evolution operator, localized states with zero and π quasienergies
appear near the interface where the topological number varies from a
value to the other one, as expected from the bulk-edge correspondence.
This provides a way to observe highly intense probabilities of localized
states originating to Floquet topological phases in actual experimen-
tal setups. Furthermore, we show that the quasienergy of non-unitary
quantum walks becomes real even when the coin operator randomly
varies over the position, which apparently breaks PT symmetry[4].
This provides evidence that phenomena peculiar to PT symmetry can
be observed in a broader class of non-unitary quantum walks.

∗ Electronic address: hideaki.obuse@eng.hokudai.ac.jp

[1] A. Regensburger, C. Bersch, M-A. Miri, G. Onishchukov, D. N.
Christodoulides and U. Peschel, Nature 488 167 (2012).

[2] K. Mochizuki, D. Kim, and H. Obuse, Phys. Rev. A 93, 062116 (2016).
[3] D. Kim, K. Mochizuki, N. Kawakami, and H. Obuse, (in preparation).
[4] K. Mochizuki and H. Obuse, arXiv:1608.00719.
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Spatial search by quantum walk is optimal for
almost all graphs

S. Chakraborty,1, 2 L. Novo,1, 2 A. Ambainis,3 and Y. Omar1, 2

1Instituto de Telecomunicações,
Physics of Information and Quantum Technologies Group, Portugal

2Instituto Superior Técnico, Universidade de Lisboa, Portugal
3Faculty of Computing, University of Latvia

The problem of finding a marked node in a graph can be solved by
the spatial search algorithm based on continuous-time quantum walks
(CTQW). However, this algorithm is known to run in optimal time only
for a handful of graphs. In this work, we prove that for Erdös-Rényi
random graphs, i.e. graphs of n vertices where each edge exists with
probability p, search by CTQW is almost surely optimal as long as

p ≥ log3/2(n)/n. Consequently, we show that quantum spatial search
is in fact optimal for almost all graphs, meaning that the fraction of
graphs of n vertices for which this optimality holds tends to one in
the asymptotic limit. We obtain this result by proving that search is
optimal on graphs where the ratio between the second largest and the
largest eigenvalue is bounded by a constant smaller than 1. Finally,
we show that we can extend our results on search to establish high
fidelity quantum communication between two arbitrary nodes of a ran-
dom network of interacting qubits, namely to perform quantum state
transfer, as well as entanglement generation. Our work shows that
quantum information tasks typically designed for structured systems
retain performance in very disordered structures.
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Simulation of neutrino oscillations in vacuum and
matter with quantum walks

A. Pérez1 and G. Di Molfetta2

1Departamento de F́ısica Teórica and IFIC,
Universidad de Valencia-CSIC, Spain∗

2Aix-Marseille Université, CNRS, LIF, Marseille, France†

We analyze the simulation of Dirac neutrino oscillations using
quantum walks, both in vacuum and in matter [1]. We show that
this simulation, in the continuum limit, reproduces a set of coupled
Dirac equations that describe neutrino flavor oscillations, and we
make use of this to establish a connection with neutrino phenomenol-
ogy, thus allowing one to fix the parameters of the simulation for a
given neutrino experiment. We also analyze how matter effects for
neutrino propagation can be simulated in the quantum walk. In this
way, important features, such as the MSW effect, can be incorpo-
rated. Thus, the simulation of neutrino oscillations with the help of
quantum walks might be useful to illustrate these effects in extreme
conditions, such as the solar interior or supernovae.

∗ Electronic address: Armando.Perez@uv.es
† Electronic address: giuseppe.dimolfetta@lif.univ-mrs.fr

[1] Giuseppe Di Molfetta and Armando Pérez. Quantum Walks as simula-
tors of neutrino oscillations in vacuum and matter. arXiv:1607.00529,
in press in New J. Phys.
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Open Quantum Walks

Francesco Petruccione1, 2, ∗ and Ilya Sinayskiy1, 2, †

1Quantum Research Group, School of Chemistry and Physics,
University of KwaZulu-Natal, Westville Campus, Durban, South Africa

2National Institute for Theoretical Physics
(NITheP), KwaZulu-Natal, South Africa

Open quantum walks were introduced as quantum walks exclusively
driven by the interaction with the external environment and defined as
discrete completely positive maps on graphs [? ]. Over the last few
years, dynamical properties and limit distributions of Open Quantum
Walks (OQWs) have been intensely studied. However, only recently
the connection between the rich dynamical behavior of OQWs and the
corresponding microscopic system-environment models has been estab-
lished. The microscopic derivation of an OQW as a reduced system
dynamics on arbitrary graphs allow explaining the dependence of the
dynamical behavior of the OQW on the temperature and coupling to
the environment.

OQWs provide a natural formalism for the description of the dy-
namics of weakly coupled modular systems. One of the typical exam-
ples of such situation is a transport of excitations between large light-
harvesting macromolecular complexes weakly coupled to each other.
Starting from the microscopic model (systems plus bath) here we will
present the application of the OQWs for the description of the excita-
tion transport in an LH2 inspired system.

∗ Electronic address: petruccione@ukzn.ac.za
† Electronic address: sinayskiy@ukzn.ac.za

[1] S. Attal, F. Petruccione, C. Sabot and I. Sinayskiy, J. Stat. Phys., 147,
832 (2012)

[2] I. Sinayskiy, F. Petruccione, Phys. Rev., A 92, 032105 (2015)
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Full Characterization Measurement of
Single-Photon States in a Primitive Boson Sampler

Sergey V. Polyakov,1, ∗ Tim Thomay,2 Elizabeth Goldschmidt,2

Olivier Gazzano,2 Vivien Loo,2 and Glenn Solomon2

1National Institute of Standards and Technology
2Joint Quantum Institute

Single-photon sources are characterized by the normalized second-
order correlation function and indistinguishability. The second-order
auto-correlation function characterizes the photon statistics and is re-
lated to measurements by Hanbury Brown and Twiss (HBT), denoted

g
(2)
HBT. The second-order interference of the two input fields can be

measured via a similar correlation function, referred to as Hong, Ou,
and Mandel (HOM) interferometry. The significance of this measure-
ment is that it determines indistinguishability C of the interfering non-
entangled input states. Typically, any realistic measurement of C re-

quires at least one supplemental measurement to determine g
(2)
HBT.

Here, by using random quantum walks, we show a method to simul-
taneously access the single photon purity and indistinguishably. The
two replicas of the state under measurement are sent to a first beam-
splitter. Each of the outputs of the first beamsplitter is subsequently
sent onto their own beamsplitter. The statistics of light that exits

this photonic circuit is defined by both g
(2)
HBT and C. In characterizing

Fisher information, we prove that our method provides more knowl-
edge about the input state than a conventional method using the same
quantum resource. To demonstrate the new method, we characterized
light from a single quantum dot. We compare this new approach with a
traditional HBT measurement. We also compare the HOM visibilities,
one calculated from the data obtained with our method and the other
directly obtained through a traditional experiment. The measurements
compare well.

To conclude, we theoretically introduce and experimentally demon-
strate a new measurement method to simultaneously characterize a
state of light by taking advantage of boson sampling.

∗ Electronic address: spoly@nist.gov
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Efficient Quantum Walk on a Quantum Processor

Xiaogang Qiang,1, ∗ Thomas Loke,2 Ashley Montanaro,3

Kanin Aungskunsiri,1 Xiaoqi Zhou,1, 4 Jeremy L.

O’Brien,1 Jingbo Wang,2 and Jonathan C. F. Matthews1

1Centre for Quantum Photonics,
H. H. Wills Physics Laboratory and Department

of Electrical and Electronic Engineering,
University of Bristol, Bristol BS8 1UB, UK.

2School of Physics, The University of Western Australia, WA6009, Australia.
3School of Mathematics, University of Bristol, Bristol BS8 1TW, UK.

4State Key Laboratory of Optoelectronic Materials and
Technologies and School of Physics and Engineering,
Sun Yat-sen University, Guangzhou 510275, China.

The random walk formalism is used across a wide range of appli-
cations, from modelling share prices to predicting population genet-
ics. Likewise quantum walks have shown much potential as a frame-
work for developing new quantum algorithms. Here we present explicit
efficient quantum circuits for implementing continuous-time quantum
walks (CTQWs) on the circulant class of graphs. These quantum cir-
cuits provide the time-evolution states of CTQWs on circulant graphs
exponentially faster than best previously known methods. These cir-
cuits also allow us to sample from the output probability distributions
of CTQWs on circulant graphs efficiently. We provide evidence from
computational complexity theory that solving the same sampling prob-
lem for arbitrary circulant quantum circuits is intractable for a classi-
cal computer, assuming a highly plausible conjecture that the infinite
tower of complexity classes known as the polynomial hierarchy does not
collapse. This builds a new link between CTQWs and computational
complexity theory and it indicates a family of tasks which could ulti-
mately demonstrate quantum supremacy over classical computers. As
a proof of principle we experimentally implemented the proposed quan-
tum circuit on an example four-vertex circulant graph using a two-qubit
photonics quantum processor to sample the probability distributions
and perform state tomography on the output states of CTQWs.

∗ Electronic address: xiaogang.qiang@bristol.ac.uk
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Efficient classical simulation of quantum-optics
experiments

Saleh Rahimi-Keshari,1, ∗ Timothy C. Ralph,2 and Carlton M. Caves3

1School of Physics, IPM, P.O.Box 19395-5531, Tehran, Iran
2CQC2T, School of Mathematics and Physics,

University of Queensland, St Lucia, Queensland 4072, Australia
3CQuIC, University of New Mexico, MSC07-4220,

Albuquerque, New Mexico 87131-0001, USA

It is generally believed that quantum computers can perform certain
tasks faster than their classical counterparts. Identifying the resource
that potentially enables this speedup is of particular interest in quan-
tum information science. Attempts to identify the elusive quantum
feature are generally back-door attacks, studying not what is essen-
tial for speedup, but rather what is lacking in quantum circuits that
can be efficiently simulated classically. In this talk, by using the well-
developed theory of phase-space quasiprobability distributions (PQDs),
we introduce two sufficient conditions for efficient classical simulation
of generic quantum-optics experiments: M bosonic modes prepared in
an arbitrary state undergo an M -mode quantum process; one generates
samples by making a measurement on the M output modes [1]. In par-
ticular, the question is whether sampling from the output probability
distribution can be efficiently simulated on a classical computer. Our
conditions show that negativity in PQDs is an essential resource for a
generic quantum-optics experiment not to be efficiently simulatable.

These conditions provide useful practical tools for investigating the
effects of imperfections in implementations of boson sampling [2]. Con-
sidering simple models for various sources of errors, we find necessary
and sufficient conditions for the relevant PQDs to be nonnegative, and
thus for such experiments to be efficiently simulated classically using
our methods. Our analysis suggests that mode mismatching is the chief
challenge for implementations of boson sampling of interesting size.

∗ Electronic address: s.rahimik@gmail.com
[1] S. Rahimi-Keshari, T. C. Ralph, and C. M. Caves, Phys. Rev X 6, 021039

(2016).
[2] S. Aaronson and A. Arkhipov, Theory of Computing 9, 143 (2013).
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Decoherence in Quantum Walk Searches

Daniel Reitzner1 and Mark Hillery2

1Institute of Physics, Slovak Academy of Sciences,
Dúbravská cesta 9, Bratislava 84511, Slovakia

2Department of Physics, Hunter College of the City University of New York,
695 Park Avenue, New York, NY 10065 USA

Decoherence in quantum(-walk) searches and in their predecessor,
Grover search in particular has been studied in several different settings
[1–4]. The noise models used, were, however non-localized, affecting
either the oracle, or whole state space. In this paper we study Grover
search under the influence of localized partially dephasing noise. For
example in quantum walk searches on physical graphs, part of a graph
can be affected by the noise.

In these settings we find, that in the case when the size of the affected
subspace is rather small, the quadratic speedup can be retained, while
for uncorrelated noise on large subspaces, the algorithm in its actual
form does not help any more. We present here first order approxima-
tions obtained by a technique of invariant subspaces adapted to mixed
states.

[1] N. Shenvi, K.R. Brown, K.B. Whaley, Effects of a random noisy oracle
on search algorithm complexity, Phys. Rev. A 68, 052313 (2003).

[2] O. Regev, L. Schiff, Impossibility of a quantum speed-up with a faulty
oracle, Proc. of the XXXV Int. colloquium on Automata, Languages and
Programming 1, 773 (2008).

[3] K. Temme, A note on the runtime of a faulty Hamiltonian oracle,
Phys. Rev. A 90, 022310 (2014).

[4] P. Vrana, D. Reeb, D. Reitzner, M.M. Wolf, Fault-ignorant quantum
search, New Journal of Physics 16, 073033 (2014).
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Driven quantum dynamics

Sonja Barkhofen,1 Linda Sansoni,1, ∗ Craig Hamilton,2 Regina

Kruse,1 Tim J. Bartley,1 Igor Jex,2 and Christine Silberhorn1

1Integrated Quantum Optics, Universität Paderborn,
Warburger Strasse 100, 33098 Paderborn, Germany

2FNSPE, Czech Technical University in Prague,
Brêhová 7, 119 15, Praha 1, Czech Republic

Quantum dynamics of many-particle systems is attracting more and
more attention. In this regard the main issue, from the experimental
point of view, is the generation of many walkers. For example photonic
implementations suffers from losses and low signals, which make it a
hard task. A way to tackle this challenge is to generate particles di-
rectly inside the network instead of preparing the input state outside.
This is what we call a driven system.
Here we present driven dynamics based on the generation of particles
within the network. This approach can be explored in the framework
of quantum walks [1] and search algorithms [2]. The introduction of
the generation inside the network strongly affects the evolution of the
walkers giving rise to new effective linear evolutions that depend on
the generation parameters. A driven dynamics can also be exploited
for boson sampling protocols [3]. When using heralded single-photon
sources based on parametric down-conversion, this approach offers en-
hancement in the input state generation rate over scattershot boson
sampling [4], reaching the scaling limit for such sources [5]. More sig-
nificantly, this approach offers a dramatic increase in the signal-to-noise
ratio with respect to higher-order photon generation from such proba-
bilistic sources, which removes the need for photon number resolution
during the heralding process as the size of the system increases.

∗ Electronic address: linda.sansoni@uni-paderborn.de
[1] C. S. Hamiltonet al., Physical Review Letters 113, 083602 (2014).
[2] C. S. Hamiltonet al., New Journal of Physics 18, 073008 (2016).
[3] S. Aaronson and A. Arkhipov, Theory of Computing 9, 143 (2013).
[4] A. Lund et al., Physical Review Letters 113, 100502 (2014).
[5] S. Barkhofen et al., Arxiv:1605.08570 (2016).
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The mesoscopic birthday paradox

Juan-Diego Urbina,1, ∗ Jack Kuipers,1 Qurin

Hummel,1 Klaus Richter,1 and Sho Matsumoto2

1University of Regensburg, Germany
2Kagoshima University, Japan.

Two fundamental phenomena due to quantum indistinguishability in
the many-body scattering of identical particles, the Hong-Ou-Mandel
(HOM) effect and the Bosonic Birthady Paradox (BBP), are here lifted
into the mesoscopic regime where the influence of irregular confinement
during the scattering process results on the universality of interference
effects appearing on top of the classical background.

10 5 0 5 10

0.8

0.9

1.

FIG. 1: Suppression of the averaged quantum probability 〈P (+)〉 with respect
to the classical one to see a process where n bosons injected in channels a
leave in different channels b of a cavity. Left: due to chaotic scattering, the
usual HOM profile disappears if the delay time τ of the incoming wavepackets
of width τs gets comparable with the cavity’s dweel time τd. Right: for two
macroscopically occupied incoming wavepackets n → ∞ this suppresion is
the BBP, and undergoes a quantum-classical transition as shown in [1].

∗ Electronic address: juan-diego.urbina@physik.uni-regensburg.de

[1] J. D. Urbina, J. Kuipers, S. Matsumoto, Q. Hummel, K. Richter Phys.
Rev. Lett., 116, 100401 (2016)
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Efficient quantum circuits for quantum walks

T. Loke,1 J. A. Izzac,1 S. S. Zhou,2 A.

Mahasinghe,3 K. Manouchehri,1 and J. B. Wang1, ∗

1School of Physics, The University of Western Australia, Australia
2Kuang Yaming Honors School, Nanjing University, China
3Dept of Mathematics, University of Colombo, Sri Lanka

Quantum walks have shown much potential as a general framework
for developing a new generation of quantum algorithms. These al-
gorithms depend on interference between the multiple paths that are
simultaneously traversed by a quantum walker, as well as internal inter-
actions and intrinsic entanglements if more than one quantum walkers
are involved. As such, quantum walk has become a subject of intense
theoretical and experimental studies. An increasingly pressing challenge
is to demonstrate quantum supremacy of such algorithms over classical
computation, which requires an efficient physical implementation of the
prescribed quantum walks.

In this presentation, we will describe the construction of efficient cir-
cuits for implementing quantum walks in both discrete and continuous
time on a wide range of undirected and directed graphs. This includes
coin-based quantum walks, Szegedy quantum walks, PT-symmetric
quantum walks, chiral quantum walks, as well as quantum walks via
an open system. We will discuss the design principles for the develop-
ment of efficient quantum circuits for quantum walks of different types,
providing some intuition to how such implementations are derived.

∗ Electronic address: jingbo.wang@uwa.edu.au
[1] Qiang, Loke, Montanaro, Aungskunsiri, Zhou, OBrien, Wang and

Matthews, Nature Communications 7, 11511 (2016)
[2] Manouchehri and Wang, Physical Implementation of Quantum Walks,

(Springer-Verlag, Berlin 2014)
[3] Mahasinghe and Wang, Journal of Physics A 49, 275301 (2016)
[4] Loke, Wang and Chen, Comput. Phys. Commun. 185, 3307 (2014)
[5] Izaac, Wang, Abbott and Ma, arXiv:1607.02673
[6] Zhou, Loke, Izaac and Wang, arXiv:1511.04818
[7] Falloon, Rodriguez and Wang, arXiv:1606.04974
[8] Loke and Wang, Phys. Rev. A 86, 042338 (2012)
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Experimental implementation of quantum walk on
a circle with single photons

Zhihao Bian,1 Jian Li,1 Hao Qin,1 Xiang

Zhan,1 Jason Twamley,2 and Peng Xue1, ∗

1Department of Physics, Southeast University, Nanjing 211189, China
2ARC Centre for Engineered Quantum Systems,

Department of Physics and Astronomy,
Macquarie University, North Ryde NSW 2109, Australia

We experimentally implement a quantum walk on a circle in posi-
tion space. Using a novel arrangement of linear optical elements our
experiment realizes clockwise- and counter-clockwise cycling walks for
the first time. We show examples of quantum walk on a circle with 3,
4, and 5 nodes respectively. A periodic evolution in a quantum walk on
a 3-node circle or 4-node circle is observed and the walker+coin state
revives every 8 steps. Whereas for a quantum walk on a 5-node circle,
a periodical revival is observed for every 24 steps. Coherent informa-
tion encoded in the coin state shows the periodic collapse and revival
due to the interaction between the coin and walker. The technology to
realize clockwise- and counter-clockwise-cycling walks can be expanded
to simulate a quantum walk on a circle with arbitrary number nodes.

∗ Electronic address: gnep.eux@gmail.com
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Suitable bases for quantum walks with Wigner coins

Iva Bezděková,1, ∗ Martin Štefanák,1 and Igor Jex1

1Department of Physics, Faculty of
Nuclear Sciences and Physical Engineering,

Czech Technical University in Prague, Břehová 7,
115 19 Praha 1 - Staré Město, Czech Republic

There is an increasing interest in studying quantum walks recently.
It is given by the potential application of quantum walks models in
many fields regarding physics, information technology and chemistry.
Quantum walks started as a theoretical concept describing processes
in nature. Subsequently the experimental realizations using trapped
atoms and later cold ions and photons were conducted.

We investigate a limit distribution, it is approximative probability
distribution for large number of steps, for certain quantum walks. The
work is motivated by paper by Miyazaki et al.[1], where authors intro-
duced quantum walk models on a line where the coin is Wigner rotation
matrix. Wigner walks are very interesting, since they exhibit trapping
feature around the origin for odd dimensions of the coin space.

In [1], the authors derived general formulas for calculation of the limit
distribution and showed the exact results for several dimensions with
respect to the standard coin space basis. We showed [2] that the total
limit distribution can be greatly simplified by a different choice of the
basis, which we call optimal. Moreover, the optimal basis also reveals
some interesting features that are otherwise hidden. We calculate also
the trapping probability at the vicinity of the origin and provide an
insight into the construction of the optimal basis for other types of
quantum walks.

∗ Electronic address: iva.bezdekova@fjfi.cvut.cz

[1] T. Miyazaki, M. Katori and N. Konno, Phys. Rev. A, 76, 012332 (2007)
[2] I. Bezděková, M. Štefaňák, I. Jex, Phys. Rev. A, 92, 022347 (2015).
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Joint measurements and hidden variables models
for entangled mixed states

Thomas Brougham1

1University of Glasgow∗

Entanglement is essential to demonstrate a violation of local realism.
One could thus believe that all bipartite entangled states should violate
some Bell inequality, for suitable measurements. While this is true for
bipartite pure states, it is false for mixed states. This was shown by
Werner, who found a class of mixed state that are entangled and yet
can still be described using a local hidden variable model [1].

One way of generating a mixed state is to pass a pure state through
a quantum channel. One could also regard the hypothetical quantum
channel as part of any subsequent measurement procedure. For any
measurement we wanted to make, placing a quantum channel in front
of the detector defines a new noisy version of this measurement. Hence
measurements on a mixed state are equivalent to making different noisy
measurements on some pure state. Essentially, one can find an equiv-
alent setup involving a pure state by transferring the noise within the
mixed state onto the measurement process.

Using this approach, we prove that a local hidden variable model
exists for qubit Werner states if one is able to jointly measure certain
noisy measurements. Conversely, we prove that when a suitable hidden
variable model exists for qubit Werner states, this implies that the
corresponding noisy measurements can be jointly measured. Finally,
we extend the results to show that when Alice and Bob make general
measurements on any entangled mixed state, a local hidden variable
model can be constructed if one can jointly measure a different set of
generalized measurements.

The results thus complement existing work that shows that a corre-
spondence between quantum steering an joint measurability [2].

∗ Electronic address: thomas.brougham@glasgow.ac.uk

[1] R. F. Werner Phys. Rev. A, 40, 4277 (1989).
[2] M. T. Quintino, T. Vertesi and N. Brunner Phys. Rev. Lett., 113, 160402

(2014); R. Uola, C. Budroni, O. Gühne and J. P. Pellonpää, Phys. Rev.
Lett. 115, 230402 (2015).
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Decision / function problems based on boson
sampling

Georgios M. Nikolopoulos1 and Thomas Brougham2, ∗

1Institute of Electronic Structure & Lasers, FORTH
2University of Glasgow

The problem of boson sampling amounts to determining the proba-
bility distribution for the output of a linear optical network where each
input port has either vacuum or a single photon input. Somewhat sur-
prisingly, this problem is difficult, in the sense that there is no known
algorithm that scales efficiently with the size of network and number
of input modes. In fact, the problem has been shown to be equivalent
to that of evaluating the permanent of a matrix.

While it is difficult to classically simulate boson sampling, one could,
in principle, determine the answer by performing a quantum optics ex-
periment. An experimental realization of boson sampling in a large
network is thus a demonstration that quantum systems can efficiently
simulate systems that would be classically intractable. Boson sampling
could thus provide strong evidence is support of a so called quantum
advantage. We argue, however, that boson sampling might also be use-
ful for decision problems, which occur within cryptography [1]. Central
to our work is a method of ‘binning’ the results, which we claim does
not significantly reduce the complexity of classically simulating such
boson sampling problems. This claim is based on numerical evidence.

∗ Electronic address: thomas.brougham@glasgow.ac.uk

[1] G. M. Nikolopoulos, T. Brougham Phys. Rev. A, 94, 012315 (2016).

Posters Brougham

WQSQW 2016

P
o

s
t

e
r

s

45



Exploring topological phases in a quantum walk
exploiting Orbital Angular Momentum of light

F.Cardano,1 A. D’Errico,1, ∗ P. Massignan,2 A. Dauphin,2 M.

Maffei,2, 1 V. Cataudella,1, 3 G. De Filippis,1, 3 B.Piccirillo,1

C. de Lisio,1 M. Lewenstein,2, 4 and L.Marrucci5, 1

1Dipartimento di Fisica, Universita’ di Napoli Federico II,
Complesso Universitario di Monte Sant’Angelo,

via Cintia, Napoli 80126, Italy
2ICFO-Institut de Ciencies Fotoniques,

The Barcelona Institute of Science and Technology,
08860 Castelldefels (Barcelona), Spain

3CNR-SPIN, Complesso Universitario di Monte Sant’Angelo,
Via Cintia, Napoli 80126, Ital

4ICREA-Institucio’ Catalana de Recerca i
Estudis Avansats, E-08010 Barcelona, Spain

5CNR-ISASI, Via Campi Flegrei 34, Pozzuoli (NA) 80078, Italy

Topological phases of matter have recieved widespread interest from
fields like quantum computing, spintronics and metrology [5]. These
phases are characterized by global topological order which manifests
in phenomena like robust edge states. Quantum walks have proven to
be ideal platforms to investigate the fundamental features of topologi-
cal phases [4]. Here we present a photonic quantum walk which shows
general features of one dimensional periodically driven systems with
chiral symmetry [3]. In this platform the space of light’s Orbital An-
gular Momentum implements a one dimensional lattice [1][2]. By using
spin-orbit coupling effects the position of the photon on this lattice is
changed in a way which depends on its polarization. We analize, theo-
retically and experimentally, the topological feathures of this quantum
walk.

∗ Electronic address: email.derrico@fisica.unina.it
[1] F. Cardano et al. Science Advances.Vol 1, No. 2, (2015)
[2] F. Cardano et al. Nature Communications, 7:1-8, (2016).
[3] F. Nathan and M. S Rudner, New Journal of Physics, 17(12):125014,

(2015)
[4] T. Kitagawa, Quantum Information Processing 11,pp 11071148. (2012)
[5] M.Z. Hasan, C.L. Kane, Reviews of Modern Physics, (2010)
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Spread and Entanglement in a One-Dimensional
Self-Avoiding Quantum Walk

Burçin Danacı1, ∗ and A. Levent Subaşı1

1 Department of Physics, Faculty of Science and Letters,
Istanbul Technical University,

34469 Maslak, Istanbul, Turkey

Self-avoiding quantum walks aim to avoid stepping back onto previ-
ously visited sites, therefore has the potential of spreading faster than
ordinary quantum walks. They are applied to problems such as pro-
tein folding and percolation. Tuneable self-avoidance is possible by
recording the memory of the walker’s previous locations and applying
a coin operator as a function of memory [1]. This results in an accel-
erated growth of the spanned Hilbert space. We apply matrix product
states formalism [2–4]. to investigate the spread or the walk and the
entanglement properties between memory, position and coin spaces.

∗ Electronic address: danacib@itu.edu.tr
[1] E. Camilleri, P. P. Rohde, and J. Twamley, Sci Rep., 4 (2014)
[2] M. A. Martin-Delgado, G. Sierra, and R. M. Noack, Journal of Physics

A: Mathematical and General, 32, 33 (1999)
[3] R. Orus, Annals of Physics, 349 (2014)
[4] U. Schollwöck, Annals of Physics, 326, 1 (2011)
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Measuring topological invariants in disordered
discrete time quantum walks

Sonja Barkhofen,1 Thomas Nitsche,1 Fabian Elster,1 Lennart
Lorz,1 Aurél Gábris,2, 3 Igor Jex,2 and Christine Silberhorn1

1Applied Physics, University of Paderborn, Germany
2Department of Physics, FNSPE,

Czech Technical University in Prague, Czech Republic
3Department of Theoretical Physics,

University of Szeged, Hungary

Experimental determination of the invariants associated to the topo-
logical phases of materials is a crucial ingredient for applications. In
our recent experiment we have demonstrated the measurement of the
topological invariants of discrete time quantum walks in one dimension.
The setup is the implementation of a proposal [1] based on a scattering
arrangement.

We have determined topological invariants for uniform split step
quantum walks of various parameters. We have also applied the scheme
to disordered quantum walks, indicating in one case the stability and
in the other case the occurrence of a phase transition depending on the
nature and strength of the applied disorder [2].

The implementation was carried out on the optical time-multiplexing
feedback loop with a dynamical control of the quantum coin operator.
This feature served as the essential ingredient to perform the required
accurate spatial and temporal control of the discrete time quantum
walk dynamics [3].

[1] B. Tarasinski, J. K. Asbóth, and J. P. Dahlhaus, Phys. Rev. A 89, 042327
(2014).

[2] S. Barkhofen, T. Nitsche, F. Elster, L. Lorz, et al., arXiv p. 1606.00299
(2016).

[3] T. Nitsche, F. Elster, J. Novotný, A. Gábris, et al., New Journal of Physics
18, 063017 (2016).
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Topological classification of symmetric walks: steps
into the second dimension

C. Cedzich,1 T. Geib,1 C. Stahl,1 and R. F. Werner1

1Institut für Theoretische Physik,
Leibniz Universität Hannover, Germany

The successful classification of symmetric quantum walks in one lat-
tice dimension [1, 2] naturally calls for generalizations to higher dimen-
sions. The simplest case is given by quantum walks which are trans-
lationally invariant in directions parallel to a possible phase boundary.
Indeed, this can be treated as a one-dimensional system depending on
a parameter, the quasi-momentum in the lateral direction(s). I will
describe the results that can be obtained in this way from the classifi-
cation [2].

[1] Bulk-Edge Correspondence of one-dimensional Quantum Walks.
C. Cedzich, F. A. Grünbaum, C. Stahl, L. Velázquez, A. H. Werner
and R. F. Werner. Journal of Physics A: Mathematical and Theoretical
49(21): 21LT01, 2016. arXiv:1502.02592.

[2] A topological classification of one-dimensional symmetric quantum walks.
C. Cedzich, T. Geib, F. A. Grünbaum, C. Stahl, L. Velázquez, A. H.
Werner and R. F. Werner. In preparation.
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Selective dynamical decoupling for quantum state
transfer

Antońın Hoskovec,1 Holger Frydrych,2 Igor Jex,1 and Gernot Alber2

1Department of Physics, FNSPE,
Czech Technical University in Prague, Břehová 7,

115 19 Praha 1, Staré Město, Czech Republic∗
2Institut für Angewandte Physik,

Technische Universität Darmstadt,
D-64289 Darmstadt, Germany

Faithful placement of a quantum state at a prescribed time to a given
position on a discrete quantum network is one of the elementary tasks
of quantum information processing [1, 2]. Several schemes for perfect
state transfer are known. Vast majority of physical systems suffer from
imperfections, discrete quantum networks being no exception.

Recently the method of dynamical decoupling has been proposed for
suppression of decoherence in two-state quantum systems by Viola and
Lloyd. We propose to use this method for imperfect quantum networks
known as bent linear qubit chains.

We found several analytic solutions to the basic equation of the se-
lective dynamical decoupling. The equation itself is a result of pertur-
bation theory. We examined the properties of different solutions, their
advantages and disadvantages over each other.

The decoupling schemes scale the time necessary for state transfer to
take place. Compared to unperturbed network, the systems with the
correction algorithm applied take longer to facilitate state transfer.

Based on our numerical simulations of several realistic scenarios,
these schemes are able to suppress the unwanted interactions and sta-
bilize the state transfer protocols efficiently.

∗ Electronic address: antonin.hoskovec@fjfi.cvut.cz
[1] H. Frydrych, A. Hoskovec, I. Jex, G. Alber: Selective dynamical decou-

pling for quantum state transfer, J. Phys. B 48 025501 (2015).
[2] G. M. Nikolopoulos, D. Petrosyan, P. Lambropoulos: Coherent electron

wavepacket propagation and entanglement in array of coupled quantum
dots, EPL 65 297 (2004).
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Measurement-induced chaos in an iterated
Tavis-Cummings scheme

J. M. Torres, J. Z. Bernád, and G. Alber
Institut für Angewandte Physik,

Technische Universität Darmstadt, D-64289, Germany

O. Kálmán∗ and Tamás Kiss
Institute for Solid State Physics and Optics,

Wigner Research Centre, Hungarian Academy of Sciences,
P.O. Box 49, H-1525 Budapest, Hungary

We propose a cavity QED scheme based on the Tavis-Cummings
model to realize a conditional, nonlinear dynamics exhibiting complex
chaos in an ensemble of two-level atoms. The atoms interact pairwise
with the coherent cavity field, which is subjected to homodyne mea-
surement after the interaction. One member of the pair of atoms is then
measured and if it is found in its ground state the other member of the
pair is kept, otherwise discarded. The quantum state of the resulting
ensemble of atoms is related to the state of the original ensemble via a
nonlinear transformation. By iterating this process with the help of an
optical conveyor belt, for example, one arrives at complex deterministic
chaos, where the evolution of pure quantum states is sensitive to the
initial conditions [1].
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FIG. 1: (left) Sketch of a single step of the scheme. (middle) After iterating
the nonlinear map points converge to two fixed points. (right) Number of
iterations needed for initially close states to become orthogonal.

∗ Electronic address: kalman.orsolya@wigner.mta.hu

[1] J. M. Torres, J. Z. Bernád, G. Alber, O. Kálmán, and T. Kiss,
arXiv:1609.09775, (2016)
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Quantum walks in a magnetic field

C. Cedzich,1 T. Geib,1 O. Kranz,1 C. Stahl,1 and R. F. Werner1

1Institut für Theoretische Physik,
Leibniz Universität Hannover, Germany

Inspired by the results of the “electric” quantum walks [1], such as
revivals, ballistic expansion and Anderson localization, depending on
the rationality of the electric field, it is an obvious question whether
these conclusions have analogues for magnetic quantum walks [2, 3].

I will present a simulation package for quantum walks in a magnetic
field on a 2D lattice, including tools to analyze propagation and spectral
properties. Typical results for homogeneous as well as inhomogeneous
fields will be discussed.

FIG. 1: Logarithmic plot of the spatial probability distribution of a magnetic
walk after t = 400 time steps. Here, the magnetic field is Φ/2π = 1/101 and
the initial state is randomly distributed on an sphere centered at the origin
with radius 7.

[1] Propagation of Quantum Walks in Electric Fields. C. Cedzich, T. Rybár,
A. H. Werner, A. Alberti, M. Genske and R. F. Werner. Physical Review
Letters 111(16): 160601, October 2013. arXiv: 1302.2081.

[2] C. Stahl. Quantum Walks in Magnetic Fields. Master’s thesis, Leibniz
Universität Hannover, 2013.

[3] How to place a Quantum Walk into a Magnetic Field. C. Cedzich, T. Geib,
C. Stahl and R. F. Werner. In preparation.
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Gaussian BosonSampling with arbitrary photon
numbers

Craig S. Hamilton,1 Regina Kruse,2, ∗ Linda Sansoni,2

Sonja Barkhofen,2 Christine Silberhorn,2 and Igor Jex1

1Faculty of Nuclear Sciences and Physical Engineering,
Czech Technical University, Břehová 7,

115 19 Praha, Czech Republic
2Applied Physics, University of Paderborn,

Warburger Straße 100, 33098 Paderborn, Germany

In recent times, the BosonSampling problem [1] has emerged for scien-
tists as a test bed to explore the computational properties of quantum
particles without the need for a universal quantum computer. While
the proof-of-principle experiments with few photons have been success-
fully implemented [2–7], the challenge is to improve the scalability in
the realisation. Developing new protocols (i.e. [8, 9]) that retain the
complexity of BosonSampling but reduce the experimental effort is a
key area of research. To this aim, we present a Gaussian BosonSam-
pling problem with arbitrary photon numbers that relates the sampling
probability of a general Gaussian state to the Hafnian of a linear net-
work. We construct a generalised sampling problem analogously to [1]
and show an improvement of measurement statistics for the experimen-
tal implementation.

∗ Electronic address: regina.kruse@upb.de
[1] S. Aaronson & A. Arkhipov, Theory of Computing, 9, 1 (2013)
[2] M.A. Broome et al., Science, 339, 794 (2013)
[3] A. Crespi et al., Nat. Phot., 7, 545 (2013)
[4] J.B. Spring et al., Science, 339, 798 (2013)
[5] M. Tillmann et al., Nat. Phot., 7, 540 (2013)
[6] J. Carolan et al., Nat. Phot., 8, 621 (2013)
[7] M. Bentivegna et al., Science Advances, 1, 3 (2015)
[8] A.P. Lund et al., PRL, 113, 10 (2014)
[9] S. Barkhofen et al., arXiv:1605.08570 [quant-ph] (2016)
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Global Behavior of Finite Quantum Walks

Parker Kuklinski1 and Mark Kon1

1Department of Mathematics, Boston University

One dimensional quantum walks in the presence of absorbing boundaries have

been studied along a number of directions. In particular, it has been shown in [1]

and more thoroughly proved in [2] that absorbing boundaries also reflect quantum

information. Such results are limited in scope in that they are only concerned with

local absorption probabilities. In this presentation we will prove that the global

conditional probability distribution of the one-dimensional finite quantum walk with

absorbing boundaries approaches a simple unique limit in the form of a standard

trigonometric function. For one-dimensional quantum walks on the circle with no

absorbing boundaries, all eigenvectors of the finite quantum walk operator have

eigenvalues with modulus 1, so that no stable probability distribution is reached. On

smaller timescales, the conditional probability distributions of finite quantum walks

phase between modal distributions. Extensions of these results to two-dimensional

finite quantum walks with absorbing boundaries are studied computationally using

QWSIM software [3].

FIG. 1: Two-dimensional finite quantum walks.

[1] Andris Ambainis, Eric Bach, Ashwin Nayak, Ashvin Vishwanath, and John
Watrous. One dimensional Quantum Walks. In Proceedngs of the thirty-third
annual ACM symposium on Theory of computing, pages 37049, 6 2001.

[2] Eric Bach and Lev Borisov. Absorption probabilities for the two-barrier quantum
walk. arXiv preprint arXiv:0901.4349, 1 2009.

[3] http://math.bu.edu/people/pkuklins/quantumwalk
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Quantum non-Gaussianity from a large ensemble of
single photon emitters

Lukáš Lachman1 and Radim Filip1

1Department of Optics, Faculty of Science, Palacký University,
17. listopadu 1192/12, 771 46 Olomouc,

Czech Republic∗

Quantum attributes of light has been so far related to in-compability
with mixtures of coherent states [1]. The progress in quantum optics
indicates that this feature do not suffice to witness exotic behavior of
light anymore. On the other hand quantum non-Gaussianity is start-
ing to appear as a promising property reflecting interesting states of
light suitable for quantum protocols [2]. We introduce hierarchy of cri-
teria of quantum non-Gaussianity and predicts this attribute can be
observed even on states of light with high mean number of photons,
which undergo realistic imperfections [3]. This contrasts negativity of
Wigner function, that is unreachable in experimental platforms with
losses below fifty percent.

FIG. 1: Set-up for testing quantum non-Gaussianity of light radiated from
an ensemble of single photon emitters.

∗ Electronic address: lachman@optics.upol.cz
[1] R. J. Glauber Phys. Rev. 131, 2766 (1963)
[2] Lasota, M., Filip, R. Usenko, V. C. arXiv:1603.06620
[3] to be published
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The Computational Complexity of Multiboson
Correlation Interference

Simon Laibacher1, ∗ and Vincenzo Tamma1, 2

1Institut für Quantenphysik and Center for
Integrated Quantum Science and Technology (IQST),

Universität Ulm, D-89069 Ulm, Germany
2Faculty of Science, SEES, University of
Portsmouth, Portsmouth PO1 3QL, UK

We demonstrate that a computational power beyond any classical
capabilities can be achieved in bosonic linear interferometers even with
nonidentical photons [1]. This approach overcomes the challenge of
generating identical bosons, which so far have been essential in quan-
tum information processing, including the well-known problem of boson
sampling [2].

In contrast to the original formulation of boson sampling, we investi-
gate MultiBoson Correlation Sampling, where time-resolved sampling
measurements at the interferometer output are performed [3, 4]. Inter-
estingly, even with photons of completely different colors this problem
is at least as computationally hard as the original boson sampling prob-
lem with identical photons [1].

These results demonstrate the quantum computational supremacy
inherent in the fundamental nature of quantum interference [3].

∗ Electronic address: simon.laibacher@uni-ulm.de
[1] Laibacher and Tamma, Phys. Rev. Lett. 115, 243605 (2015).
[2] Aaronson and Arkhipov, in Proceedings of the 43rd annual ACM sympo-

sium on Theory of computing (ACM, 2011) pp. 333–342.
[3] Tamma and Laibacher, Phys. Rev. Lett. 114, 243601 (2015).
[4] Tamma and Laibacher, Quantum Inf. Process (2016) 15:1241.
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Quantum walks that interact with graphs

Joshua Lockhart1, ∗ and Mauro Paternostro2

1SEECS, Queen’s University, Belfast, BT7 1NN, UK
2Centre for Theoretical Atomic,
Molecular and Optical Physics,

Queen’s University, Belfast, BT7 1NN, UK

Using quantum walks as a tool to generate entangled quantum states
is not a new idea. However, the literature mostly focuses on entangling
the degrees of freedom intrinsic to the quantum walk system, for ex-
ample, entangling the walker’s position degree of freedom and the coin
[1], or two motional states of a given walker [2]. In the work on which
this talk is based [3], we consider using a quantum walk as a tool for
generating entanglement in an external lattice of qubits, by allowing
for an interaction between the walker and the qubits on the lattice at
each time step.

More explicitly, we consider a discrete time quantum walk which
evolves on a graph with a qubit on each of its vertices. At each time
step, a controlled-Z operation is performed, with the walker’s coin state
as control, and the qubit on the walker’s current position vertex as the
target. By extensive computer simulation, we show that this interact-
ing quantum walk is effective in generating multipartite entanglement
between the vertex qubits, as well as between the vertex qubits and the
walker. We also show that for certain graph structures, the interaction
with the quantum walk causes the vertex qubits to be in a cluster state
after a short number of time steps. Such states are known to be a
resource for measurement based quantum computation [4], suggesting
a new application for quantum walks in this context.

∗ Electronic address: joshua.lockhart.14@ucl.ac.uk
[1] S. E. Venegas-Andraca and S. Bose, arXiv:0901.3946 (2009); S. K. Goya

and C. M. Chandrashekar, J. Phys. A 43, 235303 (2010); E. Roldan, et
al., Phys. Rev. A 87, 022336 (2013).

[2] C. Di Franco, M. McGettrick, T. Machida, and Th. Busch, J. Comput.
Theor. Nanosci. 10, 1613 (2013).

[3] J. Lockhart and M. Paternostro, arXiv:1509.05816, (2015).
[4] R. Raussendorf and H. J. Briegel, Phys. Rev. Lett. 86 5188 (2001).
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Robust quantum state engineering through
coherent localization in biased-coin quantum walks

H. Majury,1, 2 J. Boutari,3 E. O’Sullivan,1

A. Ferraro,2 and M. Paternostro2

1Centre for Secure Information Technologies (CSIT),
Queens University, Belfast BT7 1NN, United Kingdom

2Centre for Theoretical Atomic,
Molecular and Optical Physics,

School of Mathematics and Physics,
Queen’s University, Belfast BT7 1NN, United Kingdom

3Clarendon Laboratory, University of Oxford,
Parks Road, Oxford OX1 3PU, UK

We address the performance of a coin-biased quantum walk as a
generator for non-classical position states of the walker. We exploit a
phenomenon of coherent localisation in the position space — resulting
from the choice of small values of the coin parameter and assisted by
post-selection — to engineer large-size coherent superpositions of dis-
tinguishable position states of the walker. The protocol that we design
appears to be remarkably robust against both the actual value taken by
the coin parameter and strong dephasing-like noise acting on the spatial
degree of freedom. We finally illustrate a possible linear-optics imple-
mentation of our proposal, suitable for both bulk and integrated-optics
platforms.
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Analysis of Chaotic Behaviour
in Entanglement Purification

Martin Malachov,1, ∗ Lászlo Kecskés,2 Tamás Kiss,2 and Igor Jex1

1Faculty of Nuclear Sciences and Physical Engineering,
Czech Technical University in Prague, Czech Republic

2Wigner Research Centre for Physics,
Hungarian Academy of Sciences, Budapest, Hungary

Quantum entanglement is an essential resource for quantum infor-
mation, computation, and cryptography. The entanglement is fragile
and dissipates when the state is transmitted through the environment
whence some repairing mechanisms are needed. These processes -
purification protocols - use measurement to modify the state in order
to restore or improve the entanglement.

One of the recently studied protocols [1, 2] shows exponential sen-
sitiveness to input states, i.e. chaotic behaviour emerges in quantum
world in an interesting way. We present an analysis of this particular
protocol behaviour considering action of the protocol on special sets of
two-qubit states. Special attention is paid to sets of mixed states con-
taining Bell state as an attractor. Theory of iterated complex functions
is employed together with numerical analysis to obtain insight into the
dynamics of the purification. Besides finding attractors, the structure
of the studied sets and their relevance to global dynamics is discussed.

∗ Electronic address: martin.malachov@fjfi.cvut.cz

[1] T. Kiss, I. Jex, G. Alber, and S. Vymětal, Phys. Rev. A, 74, 040301(R)
(2006)

[2] T. Kiss, S. Vymětal, L.D. Tóth, A. Gábris, I. Jex, and G. Alber,
Phys. Rev. Lett., 107, 100501 (2011)
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Unifying framework for coined quantum walks with
different shift operators

Jan Mareš∗

Faculty of Nuclear Sciences and Physical Engineering,
Czech Technical University in Prague, Czech Republic

The definition of a quantum walk consists of two main parts: the
Hilbert space describing an actual state of a quantum walker and a
generator specifying the time evolution. In order to define quantum
walk for any graph with various rules of walker’s shifting, we modify
both of these.
The discrete time evolution of a quantum walker typically consists of
two unitary operators: the coin operator C mixing walker’s internal
states and the shift operator S which performs walker’s shift among
vertices. For simple graphs, like line graphs or square lattices, the
choice of S is quite natural and thus only variations of the coin oper-
ator are usually investigated. Nevertheless, there are always multiple
alternatives for the shift operator S and this ambiguity is much more
visible and important in more complex graphs. For example, there are
multiple choices of the shift operator for a honeycomb lattice leading
to dramatically different time evolutions. For systematic analysis of
resulting walker’s evolution a unifying framework naturally incorporat-
ing various shift operators is desired.
The power of this method can be demonstrated on analysis of quantum
walks with dynamical bond percolation. It is an open system dynamics
with nontrivial and typically rich asymptotic behaviour [1]. We in-
vestigate percolated quantum walks on finite honeycomb lattices and
show that the choice of the shift operator has a major influence on the
asymptotic regime. For example, it determines presence or absence of
trapped states.

∗ Electronic address: maresj23@fjfi.cvut.cz
[1] B. Kollar, T. Kiss, J. Novotny and I. Jex,

Phys. Rev. A, 108, 230505 (2012)
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Gibbs-like asymptotic states of quantum markov
chains

Jiří Maryška

Department of Physics, FNSPE,
Czech Technical University in Prague, Czech Republic

Quantum markov chains, i.e. iterated sequences of quantum oper-
ations, represent a convenient way of time-evolution description of a
general open quantum system. Nowadays, quantum markov chains
show a great potential in many areas of quantum theory reaching from
its very fundamentals to practical applications, i.e. random quantum
walks.

Recently, the asymptotic dynamics of a wide class of quantum
markov chains on finite dimensional Hilbert space was studied. For
this class, it was shown that the asymptotic dynamics is governed by
so-called attractor space, which can be derived by solving a set of al-
gebraic equations called attractor equations.

Here we give the relations between the elements of the attractor space
(i.e. attractors) and the integrals of motion corresponding to such a
quantum markov chain. Next, we show that the asymptotic states of
such quantum markov chain can be rewritten in a form, which resembles
a well known concept of a generalized Gibbs state. This so-called Gibbs-
like states follow a principle, which can be regarded as a generalization
of maximal entropy principle.
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Quantum walks using superconducting circuit
via coherent controlization

Nicolai Friis,1 Alexey A. Melnikov,1, ∗

Gerhard Kirchmair,2, 3 and Hans J. Briegel1

1Institute for Theoretical Physics, University of Innsbruck
2Institute for Quantum Optics and Quantum Information, Austria

3Institute for Experimental Physics, University of Innsbruck

Coherent controlization is a process by which priori unspecified op-
eration on subsystems is coherently conditioned on the state of a con-
trol qubit. This process forms an essential part of the constriction of
the probability unitaries, which are the building blocks of a flexible
quantum walk operator with priori unspecified terms. The practical
realization of coherent controlization requires an auxiliary system in
addition to the control and target qubits. However, the details of the
implementation depend on the nature of the ancilla system and the
type of qubit used. Here we show a method that allows coherent con-
trolization in a register of superconducting transmon qubits coupled
to an auxiliary microwave cavity [1]. The proposed method is based
on the conditioning of the one-qubit rotations on the vacuum state of
the cavity, as shown in Fig. 1 for two qubits, and is scalable to larger
number of qubits via a nested construction.

FIG. 1: Two-qubit probability unitary implementation with priory unspeci-
fied rotations based on manipulations with the cavity state.

∗ Electronic address: alexey.melnikov@uibk.ac.at

[1] N. Friis, A. A. Melnikov, G. Kirchmair, and H. J. Briegel Sci. Rep., 5,
18036 (2015)
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Controlling and tracking quantum mobile agents

Adam Glos,1 Jaros law Miszczak,1 and Przemys law Sadowski1

1Institute of Theoretical and Applied Informatics,
Polish Academy of Sciences, Ba ltycka 5, 44-100 Gliwice, Poland

We aim at utilizing combinatorial game theory for creating methods
of controlling and analysing the behaviour of quantum agents in net-
works. To achieve this we develop and analyse quantum models for two
combinatorial games – Magnus-Derek game and Cop-Robbers game.

Using Magnus-Derek game [1, 2] we develop a quantum walk model
for exploring a quantum network with a distracted sense of direction.
The model enables us to study the optimization strategies and counter-
strategies in the situation when one aims at exploring the network.
We analyse the behaviour of quantum mobile agents operating with
non-adaptive and adaptive strategies which can be employed in this
scenario. We introduce the notion of node visiting suitable for analysing
quantum superpositions of states by distinguishing between visiting and
attaining a position.

On the other hand using Cop-Robbers game [3] we study the sce-
nario of network exploration with the dynamic information about the
target location. We focus on one-cop version of the game. We con-
sider the simulation of the classical model in the quantum scenario and
we introduce winning conditions appropriate for handling the quantum
strategies.

[1] Z. Nedev and S. Muthukrishnan, Theor. Comput. Sci., 393, 1-3, (2008).
[2] J.A. Miszczak, P. Sadowski, Quantum Inform. Comput., 14, 13-14 (2014).
[3] R. Nowakowski and P. Winkler, Discrete Math., 43, 2-3 (1983).
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Fighting dispersion
in continuous time quantum walks on graphs

Daniel Nagaj1 and Jozef Melicher2

1Institute of Physics, Slovak Academy of Sciences Bratislava, Slovakia ∗
2Teach for Slovakia, Bratislava, Slovakia

Continuous-time quantum walks (CTQW) on graphs are a basic tool
for quantum algorithms [1]. Childs et al. have shown that they are
also universal for quantum computing, in a space efficient with mul-
tiple wavepackets in a dual-rail encoding with a nonlinear interaction
[2]. There, one needs to be careful about the tradeoff between the
packet width (momentum precision) and the required computational
time/space. The first reason is that individual small subgraphs that
the packets scatter on only approximate the desired perfect reflec-
tion/transmission, when the momentum is not exactly the desired p0.
Second, moving the packets on long lines between components of the
graph introduces dispersion errors.

We introduce a new method for fighting dispersion, resulting in
shorter required packets/longer coherence times. The tool is a small
anti-dispersion gadget graph, canceling the effects of dispersion on a
line to a few orders in δ = p − p0. The effects of the gadget on Gaus-
sian and rectangular wavepackets for momentum π/4 are illustrated
in the Figure. The packets have width L ≈ 500. We compare the
dispersed evolution for time L2 on a plain cycle of length 5L, and the
repaired evolution on a cycle that includes our antidispersion gadgets.

∗ Electronic address: daniel.nagaj@savba.sk

[1] D. Reitzner, D. Nagaj, V. Bužek, Quantum walks, Acta Physica Slovaca
61, No.6, 603-725 (2011)

[2] A. M. Childs, D. Gosset, Z. Webb, Universal computation by multi-
particle quantum walk, Science 339, 791-794 (2013), arXiv:1205.3782
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Adjacent vertices can be hard to find
by quantum walks

Nikolajs Nahimovs1 and Raqueline A. M. Santos1

1Faculty of Computing, University of Latvia,
Raina bulv. 19, Riga, LV-1586, Latvia

Quantum walks are quantum counterparts of classical random walks.
They have been useful for designing quantum algorithms that outper-
form their classical versions for a variety of search problems. Most of
the papers, however, consider a search space containing a single marked
element only.

We show that if the search space contains more than one marked
element, their placement may drastically affect the performance of the
search. More specifically, we study search by quantum walks on general
graphs and show a wide class of configurations of marked vertices, for
which search by quantum walk needs Ω(N) steps, that is, it has no
speed-up over the classical exhaustive search. We refer such configura-
tions of marked vertices as exceptional configurations.

We show that any pair of adjacent marked vertices having the same
degree d forms an exceptional configuration, for which the probability
of finding a marked vertex is limited by const · d/N . This covers any
pair of adjacent vertices in regular graphs — d-dimensional lattices,
hypercube, etc. — as well as some pairs of adjacent vertices for non-
regular graphs.

Next, we analyze three near-by marked vertex case, i.e. marked tri-
angle, and prove that any three mutually connected marked vertices
form an exceptional configuration. After that, we extend the analysis
and show that any k-clique of marked vertices forms an exceptional
configuration. Additionally, we formulate general conditions for a con-
figuration of marked vertices to be exceptional.

Our results greatly extend the class of known exceptional configura-
tions; until now the only known such configuration was the “diagonal
construction” by [AR08].

[AR08] A. Ambainis, A. Rivosh. Quantum walks with multiple or moving
marked locations. Proceedings of SOFSEM’08, 485-496, 2008.
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Experimentally probing measurement-induced
transition between two regimes of recurrence

Thomas Nitsche,1, ∗ Regina Kruse,1 Linda Sansoni,1 Martin

Štefaňák,2 Igor Jex,2 Sonja Barkhofen,1 and Christine Silberhorn1

1Applied Physics, University of Paderborn,
Warburger Str. 100, 33098 Paderborn, Germany

2Department of Physics, Faculty of
Nuclear Sciences and Physical Engineering,

Czech Technical University in Prague, Břehová 7,
115 19 Praha 1–Staré Město, Czech Republic

The measurement process plays a crucial role in quantum mechan-
ics as it interrupts the unitary evolution of a state. The consequences
are apparent when investigating the return probability (Polya-number)
of a particle in a Hadamard walk on the line [1–4]: Depending on
whether the evolution is restarted or continued after the measurement,
two different regimes of recurrence can be observed. We investigate
both cases experimentally for the first time by introducing sinks in a
time-multiplexed quantum walk setup using a fast-switching electro-
optic modulator (EOM). Monitoring the evolution of the walker over
twenty steps reveals the fundamental differences of the two cases as
predicted by theory: In case the experiment is restarted after a mea-
surement, the Polya-number will gradually approach unity. In contrast,
continuing the experiment after a measurement yields an asymptotic
value of the Polya-number of 2/π, which will be reached in good ap-
proximation after only four steps and then remain almost constant for
the following steps.

∗ Electronic address: tnitsche@mail.upb.de

[1] M. Štefaňák, I. Jex, and T. Kiss, PhysRevLett 100, 020501 (2008).
[2] T. Kiss, L. Kecskés, M. Štefaňák, and I. Jex, Phys. Scripta T135, 014055

(2009).
[3] F. A. Grünbaum, L. Velázquez, A. H. Werner, and R. F. Werner, Com-

mun. Math. Phys. 320, 543 (2013).
[4] A. Ambainis, E. Bach, A. Nayak, A. Vishwanath, and J. Watrous, Pro-

ceedings of the 33th STOC, ACM New York, p.60 (2001).
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Quantum walks in synthetic gauge fields with 3D
integrated photonics

Octavi Boada,1 Leonardo Novo,1, 2

Fabio Sciarrino,3 and Yasser Omar1, 2

1Physics of Information and Quantum Technologies Group,
Instituto de Telecomunicações, Lisbon, Portugal

2Instituto Superior Técnico, Universidade de Lisboa, Portugal
3Dipartimento di Fisica, Sapienza Universita di Roma, Roma, Italy

There is great interest in designing photonic devices capable of
disorder-resistant transport and information processing. In this work
we propose to exploit 3D integrated photonic circuits in order to realize
2D discrete-time quantum walks in a background synthetic gauge field.
The gauge fields are generated by introducing the appropriate phase
shifts between waveguides. Polarization-independent phase shifts lead
to an Abelian or magnetic field, a case we describe in detail. We find
that, in the disordered case, the magnetic field enhances transport due
to the presence of topologically protected chiral edge states which do
not localize. Polarization-dependent phase shifts lead to effective non-
Abelian gauge fields, which could be adopted to realize Rashba-like
quantum walks with spin-orbit coupling. Our work introduces a flexi-
ble platform for the experimental study of multi-particle quantum walks
in the presence of synthetic gauge fields, which paves the way towards
topologically robust transport of many-body states of photons.

[1] O. Boada, L. Novo, F.Sciarrino, Y. Omar, arXiv:1503.07172, (2015)
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Atom-light interaction for quantum simulation of a
nonlinear potential

Kimin Park,1, ∗ Petr Marek,1 and Radim Filip1

1Palacky University

We propose a way of implementing a class of nonlinear operations by
sequential application of conditional gates based on atom-light interac-
tions such as Jaynes-Cummings and Rabi interactions and projective
measurements. We demonstrate performance of the approach on the
example of the cubic nonlinearity by several different ways in which
the full nonlinear operation can be decomposed into sequences of the
individual gates and we compare their performance. It is shown that
an high strength nonlinear gate such as cubic gate can be built asymp-
totically at optimal success probability. This scheme brings many ad-
vantages over the previously proposed all-optical methods and can be
applied in several available experimental platforms, such as cavity quan-
tum electrodynamics, trapped ions, and others.

Preparation 

Readout 

|𝝍 ⇒ 𝑭(𝑿 )|𝝍  
 

FIG. 1: A cartoon scheme for achieving a unit optical operator.

∗ Electronic address: park@optics.upol.cz
[1] Kimin Park, Petr Marek, and Radim Filip, PHYS. REV. A, 94, 012332

(2016).
[2] Kimin Park, Petr Marek, and Radim Filip, submitted to PHYS. REV.
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Validating multiphoton interference on
three-dimensional laser-written quantum circuits

Fulvio Flamini,1, ∗ Andrea Crespi,2, 3 Roberto Osellame,2, 3

Roberta Ramponi,2, 3 Marco Bentivegna,1 Nicolò Spagnolo,1 Niko

Viggianiello,1 Luca Innocenti,4 Paolo Mataloni,1 and Fabio Sciarrino1

1Dipartimento di Fisica, Sapienza Università di Roma, Italy
2Istituto di Fotonica e Nanotecnologie, Consiglio

Nazionale delle Ricerche (IFN-CNR), Milano, Italy
3Dipartimento di Fisica, Politecnico di Milano, Italy

4Centre for Theoretical Atomic, Molecular and
Optical Physics, School of Mathematics and Physics,

Queens University, Belfast BT7 1NN, United Kingdom

Photonic quantum walks represent a promising platform for both
fundamental research and more practical tasks in quantum simulation
and quantum information, thanks to the inherent advantages of using
photons as information carriers and to the high-level fabrication tech-
nologies. At the core of the advantages of this quantum framework
lies the plethora of phenomena arising from multiphoton interference
in linear optical interferometers. It is thus indispensable to be able to
efficiently and reliably assess this genuine interference, in order to vali-
date the operation of these new quantum devices. Distinctive quantum
features have been predicted indeed for photonic states injected into
Sylvester and Fourier interferometers, where specific measurable quan-
tities allow to estimate the goodness of a single-photon source. More-
over, such quantities can be efficiently measured on interferometers of
larger dimensions, as required in regimes where classical simulations
can no longer validate the operation of a quantum device in a reason-
able time. Here we develop a scalable approach for the implementation
of Sylvester and quantum Fourier transformations on integrated pho-
tonic circuits, exploiting three-dimensional architectures enabled by the
femtosecond laser writing fabrication technique. The experimental re-
sults demonstrate genuine multiphoton interference along the quantum
walks, offering a powerful and general tool for the diagnostic of any
single-photon source.

∗ Electronic address: fulvio.flamini@gmail.com
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Topological invariants and quantized displacement
in quantum walks with decay

János Asbóth,1 Andrea Alberti,2 and Tibor Rakovszky3, ∗

1Institute for Solid State Physics and Optics,
Wigner Research Centre for Physics,

Hungarian Academy of Sciences,
H-1525 Budapest P.O. Box 49, Hungary

2Institut für Angewandte Physik, Universität Bonn,
Wegelerstr. 8, D-53115 Bonn, Germany

3Max-Planck-Institut für Physik komplexer Systeme,
Nöthnitzer Str. 38, 01187 Dresden, Germany

In this talk we discuss a family of discrete time quantum walks in
one dimension where the walker can exit the system at the end of each
step. We find that if the quantum walk operator possesses chiral sym-
metry the expectation value of the displacement of the walker before it
leaves the system is quantized to integer values given by a topological
invariant of the walk - independent of, e.g., the exit probability. This is
analogous to the behaviour of continuous time lattice systems with de-
caying sites studied by Rudner and Levitov.[1] We show analytic proof
and numerical evidence of this topological quantization for a number
of different quantum walk protocols and discuss its robustness against
decoherence and disorder.

∗ Electronic address: rakovszk@pks.mpg.de
[1] M. S. Rudner, L. S. Levitov, Phys. Rev. Lett., 102, (2009)
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On possible algorithmic applications of exceptional
configurations in quantum walks

Alexander Rivosh,1, ∗ Nikolajs

Nahimovs,1, † and Dmitry Kravchenko1, ‡

1University of Latvia, Faculty of Computing

We recently discovered several exceptional configurations of marked
locations in quantum walks that resulted in a significally different be-
haviour of quantum walk compared with what is expected in typical
case (e.g. [NRQ15] and [NRE15]).

In this poster we present an ongoing research on possible algorithmic
applications of these effects. In most cases, we do not obtain a better
algorithmic complexity that beats best known results, but we demon-
strate a different approach for constructing quantum algorithms with
the use of quantum walks

∗ Electronic address: alexander.rivosh@lu.lv
† Electronic address: nikolajs.nahimovs@lu.lv
‡ Electronic address: dmitrijs.kravcenko@lu.lv
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Dirac emulation of a particle-antiparticle polarizer
on a tight binding chain

Antonio Rosado González,1 Carlos Pineda

Zorrilla,1 and Emerson Sadurńı Hernández2

1Instituto de F́ısica, Universidad Nacional
Autónoma de México, 01000 México D.F., México

2Instituto de F́ısica, Benemérita Universidad Autónoma de Puebla,
Apartado Postal J-48, 72570 Puebla, México∗

Working with a tight-binding periodic chain of potentials we emu-
late a 1 + 1 dimensional Dirac-like equation. In it we design a polarizer
interaction which separates positive and negative energy components
without the use of external fields. The effect is engineered using hop-
ping amplitudes and on-site potentials. A description of the polarizer
potential relying on a generalized Foldy-Wouthuysen transformation
beyond Dirac points is given. Our results are verified numerically by
means of wave-packet evolution, including an analysis of Zitterbewe-
gung on the chain. We analyze the robustness of the potential by
reducing its size and number of couplings with the intention of finding
a compact-support version which can be made experimentally feasible.

FIG. 1: Evolution of a wave packet going through the polarizer. The dynam-
ics are presented in three steps; the first image corresponds to times before
the collision. The second image shows the interference caused by the collision
and finally, the third image shows how both components have been spatially
separated and now travel in opposite directions.

∗ Electronic address: antoniorosado@fisica.unam.mx

[1] E. Sadurńı, T. H. Seligman, and F. Mortessagne, New J. Phys., 12,
053014 (2010)
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Simulation of channels and dynamical maps

Mário Ziman,1, 2 David Davalos,3 and Tomáš Rybár1, ∗

1Slovak Academy of Sciences, Bratislava, Slovakia
2Masaryk University, Brno, Czech Republic

3National Autonomous University of Mexico, Mexico City

The evolution of an open quantum system[1] can be described by a
dynamical map Φ(t), where for all times Φ(t) is a quantum channel.
Such a dynamical map is usually described in terms of a master equa-
tion. Alternatively we can stroboscopically simulate these dynamical
maps via collision models. There the system under consideration, ρ,
repeatedly collides via unitary interaction with its environment ε. Un-
der stroboscopic simulation[2] of dynamical map Φ(t) we understand
that Φ(n∆)[ρ] = Φn[ρ], where Φn is a channel produced by the col-
lision model after n collisions. We analyze strengths and weaknesses

FIG. 1: Three different collision models

of three different collision models (see fig. 1), depending on the type
of environment. Collision model for coherent evolution: System al-
ways interacts with the same environment, initially in state εC , see fig
1 a). This model naturaly stroboscopically simulates dynamical maps
Φ(t)[ρ] = Trenv[eiHt(εc ⊗ ρ)e−iHt]. Collision model for Markovian
evolution: System always interacts with a fresh copy of environmental
state εL, see fig. 1 b). This model naturaly stroboscopically simulates
Markovian dynamical maps Φt[ρ] = eLt. Combined collision model:
This model combines the features of both models above.

∗ Electronic address: fyzitory@savba.sk

[1] H.-P. Breuer and F. Petruccione, OUP Oxford (2007)
[2] T. Rybár et al., J. Phys. B: At. Mol. Opt. Phys. 45 (2012)
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Hyper quantum walks

Przemys law Sadowski1 and  Lukasz Pawela1

1Institute of Theoretical and Applied Informatics,
PAS, Ba ltycka 5, Gliwice, Poland∗

The quantum walk model can be described as a composition of two
operators that take block operator form with respect to two different
decompositions of the computational basis into sets of basis states. The
main restriction in the model is that the decomposition corresponding
to the edges of the graph always consists of sets with two basis states.
We aim at loosening this restriction in order to develop a generalized
quantum walk model suitable for hypergraphs.

Definition 1 A hypergraph H is a pair (V,E), where V is a set of
vertices and E is a set of edges. In this case we have E ⊆ 2V .

Definition 2 We define a quantum walk on a hyper-graph (V,E) as
a composition of two unitary operators: UV and UE on a space X =
span({|v, e〉 : e ∈ E ∧ v ∈ e}) where

UV =
∑

v∈V

Cv, U
E =

∑

e∈E

Se, (1)

where Cv ∈ L(span({|v, e〉}v∈e)) and Ce ∈ L(span({|v, e〉}v∈e)).

Using above definitions we show that standard quantum walks mod-
els are special cases of the hyper quantum walk. In particular,

Fact 1 Staggered quantum walks [1] are hyper quantum walks.

Also the fact that both operators UV , UE are defined exactly the
same way allows us to harness the symmetry

Fact 2 In hyper quantum walks framework one can successfully search
on a 2/3−dimensional grid using the same coin and edge operators.

Additionally, generalized edges can model walks on directed graphs.

Fact 3 In hyper quantum walks framework one can define unitary walks
on directed graphs (with directed closed loops).

∗ Electronic address: psadowski@iitis.pl
[1] Portugal, R., et al. ”The staggered quantum walk model.” Quantum

Information Processing 15.1 (2016): 85-101.
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Neighborhood Dependent Quantum Walks

Asif Shakeel∗

University of California, San Diego, La Jolla, California, USA

Discrete time Quantum Walks (QW) with particle and site history
dependence show promise in lattice search. We generalize a simple site
history model [1], with a memory qubit at each site steering particle
direction, to allow dependence on history of the neighborhing qubits.
This provides an avenue to richer walk strategies. Many previous his-
tory dependent QW, including the model in [1], were shown in [2] to
be single-particle sectors of Quantum Lattice Gas Automata (QLGA).
Neighborhood dependent QW, however, can only be realized as sin-
gleparticle sectors of more general Quantum Cellular Automata (QCA).
These, therefore, have a range of dynamically more complex behaviors.
We demonstrate some of their interesting walk regimes through simu-
lations.

∗ Electronic address: asif.shakeel@gmail.com
[1] C. Camilleri, P. P. Rohde, and J. Twamley, Scientific Reports, 4, 4791

(2014)
[2] A. Shakeel, D. A. Meyer and P. J. Love, J. Math. Phys., 55, 12 (2014)
[3] A. Shakeel, arXiv:1611.07495
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Dynamical and thermodynamical control of open
quantum Brownian motion

Ilya Sinayskiy1, 2, ∗ and Francesco Petruccione1, 2, †

1Quantum research Group, School of Chemistry and Physics,
University of KwaZulu-Natal, Westville Campus, Durban, South Africa

2National Institute for Theoretical Physics
(NITheP), KwaZulu-Natal, South Africa

Open quantum Brownian motion was introduced as a new type of
quantum Brownian motion for Brownian particles with internal quan-
tum degrees of freedom. Recently, an example of the microscopic
derivation of open quantum Brownian motion has been presented [1].
The microscopic derivation allows relating the dynamical properties of
open Quantum Brownian motion and the thermodynamical properties
of the environment. In the present work, we study the possibility of
control of the external degrees of freedom of the “walker” (position) by
manipulating the internal one, e.g. spin, polarization, occupation num-
bers. To this end we consider a free quantum Brownian walker with
N -dimensional internal degrees of freedom interacting with a decoher-
ent environment. In this case, the connection between dynamics of the
“walker” and thermodynamical parameters of the system is established.

∗ Electronic address: sinayskiy@ukzn.ac.za
† Electronic address: petruccione@ukzn.ac.za

[1] I. Sinayskiy and F. Petruccione, Phys. Scr., T165, 014017 (2015)
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Perfect state transfer by means of discrete-time
quantum walk search algorithms on highly

symmetric graphs

Martin Štefaňák1 and Stanislav Skoupý1, ∗

1Department of Physics, Faculty of
Nuclear Sciences and Physical Engineering,

Czech Technical University in Prague, Břehová 7,
115 19 Praha 1, Staré Město, Czech Republic

Perfect state transfer between two marked vertices of a graph
by means of a discrete-time quantum walk is analyzed. We consider
the quantum walk search algorithm with two marked vertices, sender
and receiver. It is shown by explicit calculation that, for the coined
quantum walks on a star graph and a complete graph with self-loops,
perfect state transfer between the sender and receiver vertex is achie-
ved for an arbitrary number of vertices N in O(

√
N) steps of the walk.

Finally, we show that Szegedy’s walk with queries on a complete graph
allows for state transfer with unit fidelity in the limit of large N .

∗ Electronic address: skoupsta@fjfi.cvut.cz
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Translation-invariant quantum walks with
symmetries

C. Cedzich,1 T. Geib,1 F. A. Grünbaum,2 C. Stahl,1

L. Velázquez,3 A. H. Werner,4 and R. F. Werner1

1Institut für Theoretische Physik,
Leibniz Universität Hannover, Germany

2Department of Mathematics,
University of California, Berkeley, USA

3Departamento de Matemática Aplicada & IUMA,
Universidad de Zaragoza, Spain

4Department of Mathematical Sciences,
University of Copenhagen, Denmark

The classification of quantum walks with discrete symmetries [1, 2]
leads to the prediction of perturbatively stable eigenstates localized at
the boundary of two different bulk-systems. Usually the bulk systems
are taken to be translationally invariant, so it is necessary to develop
efficient ways for evaluating the indices [1] for translationally invariant
walks.

I will describe the index formulas for all symmetry types of the “ten-
fold way”, which are given in terms of the band structure of the walk
over the Brillouin zone. The band structure is not required to be differ-
entiable, merely continuous. However, in the differentiable case there
are formulas equal to or reminiscent of Berry phases.

It is also shown that these invariants are complete, i.e., that two
walks with the same index can be deformed into each other in the class
of translationally invariant symmetric walks.

[1] Bulk-Edge Correspondence of one-dimensional Quantum Walks.
C. Cedzich, F. A. Grünbaum, C. Stahl, L. Velázquez, A. H. Werner
and R. F. Werner. Journal of Physics A: Mathematical and Theoretical
49(21): 21LT01, 2016. arXiv:1502.02592.

[2] A topological classification of one-dimensional symmetric quantum walks.
C. Cedzich, T. Geib, F. A. Grünbaum, C. Stahl, L. Velázquez, A. H.
Werner and R. F. Werner. In preparation.
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Optimal discrimination of pure states in the
single-qubit regime

Graeme Weir,1, ∗ Stephen M. Barnett,1 and Sarah Croke1

1School of Physics and Astronomy, University of Glasgow,
Glasgow G12 8QQ, United Kingdom

Quantum state discrimination between single qubits is a central and
fundamental problem in the field of quantum information; it has rele-
vance in quantum key distribution and quantum metrology [1], and it
also provides insights into problems in the multiple-qubit regime [2].

We consider the problem of minimum-error quantum state discrimi-
nation for single-qubit pure states. We find a way to use the Helstrom
conditions constructively, thereby solving the problem analytically for
any number of arbitrary signal states with arbitrary prior probabili-
ties. This method also reveals that when the number of signal states is
smaller than five, the solution given - and hence the optimal measure-
ment strategy - is unique, with a caveat.

∗ Electronic address: g.weir.2@research.gla.ac.uk
[1] J. Bae, L. Kwek, Journal of Physics A, 48, 8 (2015)
[2] S. Croke, S. M. Barnett, G. Weir In Preparation, (2016)
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Coherent transport over an explosive
percolation lattice

İ. Yalçınkaya1 and Z. Gedik1

1Faculty of Engineering and Natural Sciences,
Sabancı University, Tuzla 34956, İstanbul, Turkey∗

We investigate coherent transport over a finite square lattice in which
the growth of bond percolation clusters are subjected to an Achlioptas
type selection process [1, 2], i.e., whether a bond will be placed or not
depends on the sizes of clusters it may potentially connect. Different
than the standard percolation where the growth of discrete clusters are
completely random, clusters in this case grow in correlation with one
another. We utilize continuous-time quantum walks and continuous-
time random walks for modeling coherent and incoherent transport
processes, respectively, in case of absorptions [3, 4]. We show that
certain values of correlation strength, if chosen in a way to suppress
the growth of the largest cluster which actually results in an explosive
growth later on, may lead to more efficient transports than in the case
of standard percolation, satisfied that certain fraction of total possi-
ble bonds are present in the lattice [5]. In this case transport efficiency
obeys a power law in the vicinity of bond fraction where effective trans-
port begins. It turns out that the higher correlation strengths may also
reduce the efficiency as well. We also compare our results with those
of the incoherent transport and examine the spreading of eigenstates
of corresponding structures. We demonstrate that structural differ-
ences of discrete clusters due to different correlations result in different
localization properties.

∗ Electronic address: iyalcinkaya@sabanciuniv.edu

[1] D. Achlioptas, R. M. D’Souza, J. Spencer, Science, 323, 5920, pp. 1453-
1455 (2009).

[2] J. S. Andrade, H. J. Herrmann, A. A. Moreira and C. L. N. Oliveira,
Phys. Rev. E., 83, 031133 (2011).

[3] O. Mülken, A. Blumen, Phys. Rep., 502, pp. 37-87 (2011).
[4] A. Anishchenko, A. Blumen, and O. Mülken Phys. Rev. E, 88, 062126

(2013).

[5] İ. Yalçınkaya, Z. Gedik, arXiv:1608.03936 (2016).
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Chiral Quantum Walks

Zoltán Zimborás1, ∗

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

Chiral quantum walks are models of continuous-time quantum walks
which explicitly break time-reversal symmetry. In this poster, we show
how breaking time-reversal symmetry of the unitary dynamics of such
walks can enable directional control, enhancement, and suppression of
quantum transport [1]. Examples ranging from exciton transport to
complex networks are presented. We also report on an experimental
implementation of a simple chiral quantum walk [2].

FIG. 1: Transport enhancement of the chiral quantum walk with respect to
its non-chiral counterpart in randomly generated Watts-Strogatz networks:
in (a) we depict the transport probability for rewiring probability p = 0.2,
(b) shows the enhancement of half arrival time for different values of p.

∗ Electronic address: zimboras@gmail.com

[1] Z. Zimborás, M. Faccin, Z. Kádár, J. D. Whitfield, B. P. Lanyon, J. Bia-
monte,Scientific Reports 3, 2361 (2013).

[2] D. Lu, J. D. Biamonte, J. Li, H. Li, T. H. Johnson, V. Bergholm, M. Fac-
cin, Z. Zimborás, R. Laflamme, J. Baugh, S. Lloyd, Phys. Rev. A, 93,
042302 (2016).
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