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A 2D Quantum Walk Simulation of
Two-Particle Dynamics
Andreas Schreiber,1,2* Aurél Gábris,3,4 Peter P. Rohde,1,5 Kaisa Laiho,1,2 Martin Štefaňák,3
Václav Potocekˇ ,3 Craig Hamilton,3 Igor Jex,3 Christine Silberhorn1,2

Multidimensional quantum walks can exhibit highly nontrivial topological structure, providing a
powerful tool for simulating quantum information and transport systems. We present a flexible
implementation of a two-dimensional (2D) optical quantum walk on a lattice, demonstrating a
scalable quantum walk on a nontrivial graph structure. We realized a coherent quantum walk
over 12 steps and 169 positions by using an optical fiber network. With our broad spectrum of
quantum coins, we were able to simulate the creation of entanglement in bipartite systems with
conditioned interactions. Introducing dynamic control allowed for the investigation of effects
such as strong nonlinearities or two-particle scattering. Our results illustrate the potential of
quantum walks as a route for simulating and understanding complex quantum systems.

Quantum simulation constitutes a para-
digm for developing our understanding
of quantum mechanical systems. A cur-
rent challenge is to find schemes that

can be readily implemented in the laboratory to
provide insights into complex quantum phenome-
na. Quantum walks (1, 2) serve as an ideal test
bed for studying the dynamics of such systems.
Examples include understanding the role of en-
tanglement and interactions between quantum par-
ticles, the occurrence of localization effects (3),
topological phases (4), energy transport in photo-
synthesis (5, 6), and the mimicking of the for-
mation ofmolecule states (7). Although theoretical
investigations already take advantage of complex
graph structures in higher dimensions, experi-
mental implementations are still limited by the
required physical resources.

All demonstrated quantum walks have so
far been restricted to evolution in one dimension.
They have been realized in a variety of archi-
tectures, including photonic (8–11) and atomic

(12–14) systems. Achieving increased dimen-
sionality in a quantum walk (15) is of practical
interest because many physical phenomena
cannot be simulated with a single walker in a one-
dimensional (1D) quantum walk, such as multi-
particle entanglement and nonlinear interactions.
Furthermore, in quantum computation based on
quantum walks (16, 17), search algorithms ex-
hibit a speed-up only in higher dimensional
graphs (18–20). The first optical approaches to
increasing the complexity of a linear quantum
walk (21, 22) showed that the dimensionality of
the system is effectively expanded by using two
walkers, keeping the graph one-dimensional.
Although adding additional walkers to the sys-
tem is promising, introducing conditioned inter-
actions and, in particular, controlled nonlinear
interactions at the single-photon level is tech-
nologically very challenging. Interactions be-
tween walkers typically result in the appearance
of entanglement and have been shown to im-
prove certain applications, such as the graph iso-
morphism problem (23). In the absence of such
interactions, the two walkers remain effectively
independent, which severely limits observable
quantum features.

We present a highly scalable implementation
of an optical quantum walk on two spatial di-
mensions for quantum simulation, using frugal
physical resources. One major advance of a 2D
system is the possibility to simulate a discrete evo-
lution of two particles, including controlled inter-
actions. In particular, one walker, in our case a
coherent light pulse, on a 2D lattice is topolog-

ically equivalent to two walkers acting on a 1D
graph. Thus, despite using an entirely classical light
source, our experiment is able to demonstrate sev-
eral archetypal two-particle quantum features. For
our simulations, we exploited the similarity be-
tween coherent processes in quantum mechanics
and classical optics (24, 25), as it was used, for
example, to demonstrate Grover’s quantum search
algorithm (26).

A quantum walk consists of a walker, such as
a photon or an atom, which coherently propa-
gates between discrete vertices on a graph. A
walker is defined as a bipartite system consisting
of a position (x) and a quantum coin (c). The po-
sition value indicates at which vertex in the graph
the walker resides, whereas the coin is an an-
cillary quantum state determining the direction of
the walker at the next step. In a 2D quantum
walk, the basis states of a walker are of the form
|x1, x2, c1, c2〉 describing its position x1,2 in
spatial dimensions one and two and the corre-
sponding two-sided coin parameters with c1,2 = T1.
The evolution takes place in discrete steps, each
of which has two stages, defined by coin (Ĉ) and
step (Ŝ) operators. The coin operator coherently
manipulates the coin parameter, leaving the po-
sition unchanged, whereas the step operator up-
dates the position according to the new coin
value. Explicitly, with a so-called Hadamard (H)
coin ĈH =Ĥ1⊗Ĥ2, a single step in the evolution
is defined by the operators,

H% ijxi,þ−1〉 → ðjxi,1〉 þ− jxi,−1〉Þ=
ffiffiffi
2

p
,∀i ¼ 1,2

S%jx1, x2, c1, c2〉 → jx1 þ c1, x2 þ c2, c1, c2〉 ð1Þ
The evolution of the system proceeds by repeat-
edly applying coin and step operators on the ini-
tial state |yin〉, resulting in |yn〉 = (ŜĈ)n|yin〉 after
n steps. The step operator Ŝ hereby translates
superpositions and entanglement between the
coin parameters directly to the spatial domain,
imprinting signatures of quantum effects in the
final probability distribution.

We performed 2D quantum walks with pho-
tons obtained from attenuated laser pulses. The
two internal coin states are represented by two
polarization modes (horizontal and vertical) in
two different spatial modes (27), similar to the
proposal in (28). Incident photons follow, de-
pending on their polarization, four different paths
in a fiber network (Fig. 1A). The four paths cor-
respond to the four different directions a walker
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Education

PhD in Quantum Computing Brisbane, Australia
UNIVERSITY OF QUEENSLAND 2004-2007
• University of Queensland Postgraduate Research Scholarship
• Thesis: Towards linear optics quantum computing
• Supervisor: Prof. Timothy Ralph
• Academic visits: Max-Planck Institute for the Science of Light, Germany (Prof. Christine Silberhorn);
Ultrafast Group at the University of Oxford, UK (Prof. Ian Walmsley);
National Institute of Informatics, Japan (Prof. Kae Nemoto); Hewlett-Packard Labs, UK (Dr. William Munro)

Bachelor of Computer Systems Engineering (Hons I) Brisbane, Australia
UNIVERSITY OF QUEENSLAND 2000-2003
• First Class Honours
• Grade Point Average: 6.6/7 (7 = High Distinction, 6 = Distinction)
• Dean’s Commendations for High Achievement (semesters I-IV,VI-VIII)
• Thesis: Non-idealised models for linear optics quantum computing
• Supervisor: Prof. Timothy Ralph
• Specialisations: digital system design, computer architecture, signal & image processing, embedded systems,
VLSI device physics & technology, semiconductor devices, operating systems, computer networks, electronics,
modern physics & mathematics

Work History
2023-2024 Senior Quantum Researcher, BTQ Sydney, Australia
2017-2020 ARC Future Fellow, Centre for Quantum Software & Information (QSI), University of Technology Sydney Sydney, Australia
2016-2023 Senior Lecturer, Centre for Quantum Software & Information (QSI), University of Technology Sydney Sydney, Australia

2016 Lecturer, Centre for Quantum Software & Information (QSI), University of Technology Sydney Sydney, Australia

2015
Postdoctoral Research Fellow, Centre for Quantum Software & Information (QSI), University of Technology
Sydney

Sydney, Australia

2011-2014
Postdoctoral Research Fellow, Centre of Excellence for Engineered Quantum Systems (EQuS), Macquarie
University

Sydney, Australia

2011-2012 Postdoctoral Research Fellow, University of Paderborn Paderborn,
Germany

2010-2011
Postdoctoral Research Fellow, Centre for Quantum Computation & Communication Technology (CQC2T),
University of Queensland

Brisbane, Australia

2010-2010 Postdoctoral Research Fellow, Max-Planck Institute for the Science of Light Erlangen, Germany
2009-2010 Bioinformatician, Institute for Molecular Biosciences (IMB), University of Queensland Brisbane, Australia

2008-2009 Software Engineer, Andrew Corp.
Wollongong,

Australia
2007-2008 Postdoctoral Research Fellow, Quantum Information Processing IRC, University of Oxford Oxford, UK
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Associate Positions
2023-2025 Honorary Senior Lecturer, Macquarie Centre for Quantum Engineering (MQCQE), Macquarie University Sydney, Australia
2021-2025 Associate Investigator, Center of Excellence for Engineered Quantum Systems (EQuS) Brisbane, Australia
2015-2025 Associate Member, Hearne Institute for Theoretical Physics, Louisiana State University Louisiana, USA

Academic Supervision
PhD graduates, 3
PhD candidates, 6
Masters graduates, 1
Honours graduates, 1
Masters candidates, 1
Engineering Graduate Projects, 32
Undergraduate research projects, 4
Interns, 8

Grants
Australian Research Council (ARC) Future Fellowship Australia
PETER P. ROHDE 2017-2020

• Title: Secure quantum computing in a distributed world
• Value: AU$652,000

United States National Science Foundation (NSF) USA
JONATHAN P. DOWLING & PETER P. ROHDE 2014

• Title: The rise of the boson-sampling quantum computer and the renaissance of the linear optics quantum interferometer
• Value: US$10,000

Mentoring
Humanitarianmentoring program, University of Technology Sydney Sydney, Australia
PhDmentoring program, ARC Centres of Excellence Mentoring Program Sydney, Australia
PhDmentoring program, Centre of Excellence for Engineered Quantum Systems (EQuS) Sydney, Australia
Fellowshipmentoring program, University of Technology Sydney Sydney, Australia

Awards
1999

Armidale Young Citizen of the Year, jointly awarded for contributions to Armidale’s youth by organising
drug and alcohol free events

Armidale, Australia

1999 Dux, University Admission Index 98.05%, Armidale High School Armidale, Australia
2002 Emmanuel College Foundation Medal, for contributions to the college community Brisbane, Australia

2004-2007 Postgraduate Research Scholarship (UQPRS), University of Queensland Brisbane, Australia
2000-2003 Dean’s Commendations for High Achievement, semesters I-IV,VI-VIII, University of Queensland Brisbane, Australia

St. Andrew Society of Scotland D. M. Fraser Bursary , for outstanding contribution to the College
Community, Emmanuel College, University of Queensland

Brisbane, Australia

2000-2003 Golden Key Honours Society, a society recognising academic excellence Brisbane, Australia
2001,2002 College Scholarship for Academic Achievement, Emmanuel College, University of Queensland Brisbane, Australia

2002 College Prize for Academic Achievement with Distinction, Emmanuel College, University of Queensland Brisbane, Australia
Emmanuel College Full Blue, for outstanding contribution to the college, Emmanuel College, University of
Queensland

Brisbane, Australia

2001,2002 Principal’s Prize for Meritorious Academic Achievement, Emmanuel College, University of Queensland Brisbane, Australia
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Scientific Outreach
Educational videos, Introduction to Mathematica (∼ 45, 000 views), Introduction to boson-sampling
(∼ 5, 500 views), The quantum internet: technology, economics & politics (> 200 views)

2020 The Quantum Internet, QuBes Camp run by Q-munity
2020 Toward a Quantum Internet, Kitchener-Waterloo Quantum Technologies Enthusiasts
2020 Quantum computing & quantum cryptography, Q-munity,
2020 Digital Liberty – In defence of cryptoanarchy, Public event on digital rights
2020 The barriers tomedical cannabis in Australia, Enpsychedelia, 3CR Radio
2019 Are quantum computers the path to world peace?, TEDxNewtown, Sydney, Australia
2019 Why quantum physics is science, not witchcraft, Science @ The Local, Blue Mountains, Australia

2019
An introduction to quantum computing &why it’ll be a part of your future, Kenmore State High School,
Brisbane, Australia

2019
What’s wrongwith quantummechanics?, The Science Nation event for National Science Week, Sydney
Maritime Museum, Sydney, Australia

2019 Intro to quantum computing, DSAI Special Edition @Microsoft Reactor, Sydney, Australia
2019 For the love of science, The Science Nation, Maritime Museum, Sydney, Australia

2018
Greatest discovery ever made, The Science Nation — Great Debate, for National Science Week, Maritime
Museum, Sydney, Australia

2018
Quantum computing —What you need to know andwhy, NSW Knowledge Management Forum, Sydney,
Australia

2017 Spot the Bull, Sydney Science Festival
2017 Science in the Club—QuantumWhat?, Armidale, Australia
2016 Australian Institute of Physics Pub Night, Sydney, Australia

2016
Dennis Ritchie: The unsung hero of modern computing, The Science Nation — Great Debate, Sydney
Powerhouse Museum, Sydney, Australia

2016 Quantum technologies of the future, Pint of Science Festival, Sydney

2016
Computing — Visions of the future, The Science Nation — Storytelling of Science, Sydney Powerhouse
Museum, Sydney, Australia

2015 Australian Institute of Physics Pub Night, Sydney, Australia
2015 The Science Nation — Science Says!, Sydney Powerhouse Museum, Sydney, Australia

2015
Quantum physics beats astrophysics any day of the week!, The Science Nation — Great Debate, Sydney
Powerhouse Museum, Sydney Science Festival, Sydney, Australia

2014 Australian Institute of Physics Pub Night, Sydney, Australia
2015 Australian Institute of Physics Free for All Variety Night, Sydney, Australia
2015 Science@ The Local, Blue Mountains, Australia
2014 An interviewwith Sir Peter Knight, Macquarie University Physics & Astronomy Society, Sydney, Australia

The Science Nation (volunteer), Sydney, Australia
BrisScience public science seminar series (organising committee), Brisbane, Australia

Open-source
MoodSnapmood diary (www.moodsnap.app), A free mood diary app with analytics for iOS, made for
everybody, written with features for people with mood disorders in mind. MoodSnap has been localised to 5
languages and is available on the Apple AppStore.
QuNet, Amulti-user quantum network simulator featuring multi-path entanglement routing, and temporal
routing for simulating quantummemories, written in Julia.
Jabalizer, An efficient stabiliser state simulator written in Julia, featuring graph state compilation from
Clifford circuits.
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Personal Activities
Alpinism, Mont Blanc (4,808m), Signalkuppe/Punta Gnifetti (4,554m), Dôme du Goûter (4,300m), Naso del
Liskamm (4,272m), Castor (4,225m), Zinalrothorn (4,221m), Punta Felik (4,174 meters), Breithorn (4,163m),
Felikhorn (4,087m), Weissmies (4,017m), Lagginhorn (4,010m), Aiguilles d’Entréves (3,600m), Monte Civetta
(3,220m), Zugspitze (2,962m)
Student Club executive (Cultural Convener), Emmanuel College, University of Queensland
Writing & directing collegemusical, Emmanuel College, University of Queensland
Youth politics, Young Liberals QLD Management Committee, Fig Tree Pocket Executive, QLD Convention
Delegate, QLD Senior Party Conference Delegate, QLD Policy Standing Committee, Fig Tree Pocket
Newsletter Editor, Liberal Students Club Executive
Student Union, University of Queensland Postgraduate Committee
Election campaigning, Australian Federal election, Queensland State election, Brisbane City Council
election
Running, Brisbane Marathon (“Lest we forget run”) & Bridge to Brisbane run
Debating & public speaking, The Oxford Union, University of Queensland Debating Society,
Commonwealth Bank Cup, Hume Barbor, Inter-College Cup, Plain English Speaking Awards, Mock
Parliament, Young Liberal National Sir Jim Killen Public Speaking Competition, Griffith University Comedy
Debate, Paderborn University Debating Society, Gutenberg Cup, Royal Australian Rant Society, Toastmasters
Drama, Emmanuel College One Act Play team, University of Queensland
Rowing, Emmanuel College rowing team (cox)
Choir, Macquarie University Choir, Wollongong Gospel Choir, Oxford Student Chorus, University of
Queensland Musical Society, Emmanuel College, Armidale High School
Chess, University of Queensland Chess Club, Emmanuel College Chess team
Laughing Society, Emmanuel College Laughing Society (Founder & President)
Drumming, Samba Ninja Sydney, Trommel-Feuer Erlangen, Brisbane Samba School

Community & Charity

2020
Senate inquiry submission, “Current barriers to patient access to medicinal cannabis in Australia”,
submission #133

Australia

2012-2016 Lifeline counsellor, Suicide intervention and crisis support telephone counselling Sydney, Australia

2012-2015
Human Capital Project (administrative committee), Providing micro-loans via personal equity contracts
to provide university education for underprivileged students in Cambodia

Brisbane, Australia

2012-2016
Applied Suicide Intervention Skills Training (ASIST), Training in emergency suicide intervention
counselling

Sydney, Australia

2011
Brisbane flood cleanup volunteer, Volunteering to assist the recovery operation in Brisbane following the
catastrophic 2011 floods

Brisbane, Australia

2004 Election scrutineering, Overseeing the counting of election ballots in the Australian federal election Brisbane, Australia
Charity fundraising, Raising money for educational charities in South America and supporting local charity
events with entertainment

Sydney, Australia

2002 ‘Shave for a Cure’ Leukemia Foundation fundraiser, Brisbane, Australia
Community radio announcer, 2ARM Armidale & VOX FM Illawarra Australia
Blood donor, Donating blood for the blood bank Australia
Group leader of the ‘Stop Gay- and Trans-Hate Now’ workshop, Leading a workshop for hate-affected
gay and transexual youths to overcome stigma, discrimination and hatred

Brisbane, Australia

1997-1999
Armidale Dance Party organisation group, Providing a safe alcohol- and drug-free social and dance
environment for Armidale’s youth

Armidale, Australia

1996
Armidale Streamwatch Society (vice president), Engaging with school students for environmental causes,
specifically the preservation of waterways

Armidale, Australia
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Published Photography
2024 Australia’s 50 Best Multi-day Walks, Woodslane Press
2023 Hiking Above Germany’s Melting Glaciers During Europe’s Record-Breaking Summer, We Are Explorers
2022 Thine be the Glory, Wild Magazine

2022
Italy’s IronWay: When Via Ferrata Routes Aren’t Quite as Straight Forward as Expected, We Are
Explorers

2022 What’s in my pack?, Great Walks
2022 Kalymnos — A Climbing Haven in the Greek Isles, We Are Explorers
2022 HowHiking Made Me Love NSW EvenMore, We Are Explorers
2022 HowMuch Should You Spend On Hiking Gear?, We Are Explorers
2021 Kosciuszko to Kiandra — Hiking The SnowyMountains in Summer, We Are Explorers
2021 Making Your Own Adventure on The NSWMid-Coast, We Are Explorers
2020 Climbing The Crags of Point Perpendicular, We Are Explorers
2020 Coffs Harbour to Yamba: 125km of Coastal Hiking, We Are Explorers

Radio & Podcasts
2023 Will quantum computing break the internet?, D3 - The RMIT Digital3 Podcast
2023 The Quantum State (co-host), The Quantum Terminal podcast series

2022-2023 Terminally Quantum (co-host), The Quantum Terminal podcast series
2022 Blockchainmeets quantum computing, Mint & Burn, the RMIT Blockchain Innovation Hub podcast
2021 The Quantum Internet, Talk of Today

2019
Optical quantum computing, the quantum internet, geo-strategic quantum politics, and the
upcoming book “The Quantum Internet”,meQuanics

2018 Quantum Technology, Science @ The Local podcast
2016 A quantum computer does what?, Think: Digital Futures, 2ser FM107.3, Sydney, Australia

Media Coverage
2023 Quantum computers could slash the energy use of cryptocurrencies, New Scientist
2023 Researchers mine boson sampling for quantum blockchain approach, The Quantum Insider
2023 Scientists propose quantum proof-of-work consensus for blockchain, Cointelegraph
2023 Research paper around blockchain’s proof-of-workmechanism released, Financial Express

2023
Quantum computingmeets blockchain: Scientists propose new version of proof of work consensus –
Future of crypto?, Cryptonews

2023 Heeding the happiness call: why academia needs to take faculty mental healthmore seriously, Nature
2022 Data security in a post-quantumworld, Sydney Quantum Academy

2020
Quantum computing startup raises $215million for faster device, Bloomberg Businessweek, by Ashlee
Vance, author of the biography of Elon Musk

2019 Science at the Local looks at biological markers of trauma, Blue Mountains Gazette
2018 Sydney conferences seal city’s global quantum computing reputation, Computer World

2018
A small-scale demonstration shows how quantum computing could revolutionise data analysis, MIT
Technology Review

2017 Virtual interferometers may overcome scale issues, New Electronics
2017 ‘Virtual’ interferometers may overcome scale issues for optical quantum computers, Phys.org
2017 ‘Virtual’ interferometers may overcome scale issues for optical quantum computers, EurekAlert
2017 ‘Virtual’ interferometers may overcome scale issues for optical quantum computers, Scimex
2016 Think: Digital Futures – A quantum computer does what?, Radio 2ser FM107.3
2015 Getting themeasure of matter, Sydney Morning Herald
2012 Australian breakthrough brings quantum computing closer, The Conversation
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