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RQC Colloquiums and RQC Seminars

FY2022 RQC Colloquium
EF 19t 9—Tld. ELRHEREEEHNICIBEEL RQC Colloquium ZBREL TWLET . 2022F E(F10BISEHEL.
RQCZ(FTlai iz 9 —ICHAXL. JERLGEREITVELLZ,

1st

2nd

3rd

4th
5th

6th

7th
8th

9th

10th

Apr. 20, 2022

May 18, 2022

Jun. 15, 2022

Jul. 13, 2022
Sep. 7, 2022

Oct. 5, 2022

Nov. 2, 2022
Dec. 7, 2022

Jan. 11, 2023

Mar. 15, 2023

Prof. John Martinis

Prof. Andrew Dzurak

Prof. Adam Kaufman

Prof. Isaac Chuang

Dr. Zachary Vernon
Prof. Alexandre Blais

Prof. Jonathan Home

Dr. James Clarke
Prof. Antoine Browaeys

Prof. Peter van Loock

FY2022 RQC Seminar

F/ZRQC Tld. FPINEEMNICEETBDRQC SeminarHEFELTLET . 2022FE (L2801 L. EFI L 1—IH5EEF
BT B L1722 —=BIELTF—LOREBR IoEFRGERNTTHhNELE,

[No- |Date —|Speaker | Afiiation |

9th

10th

11th

12th

13th

14th

156th

16th

17th

18th

19th

20th

21st

22nd

Jun. 8, 2022
Jul. 29, 2022
Aug. 16, 2022
Aug. 26, 2022
Sep. 1, 2022
Sep. 12, 2022
Oct. 28, 2022
Nov. 1, 2022
Nov. 4, 2022
Nov. 10, 2022
Nov. 14, 2022
Nov. 18, 2022

Nov. 22, 2022

Nov. 25, 2022

Dr. Tomotaka
Kuwahara

Prof. Junichiro Kono

Prof. Anton Frisk
Kockum

Prof. levgen Arkhipov

Prof. Henning
Schomerus

Dr. Dan Gunlycke

Dr. Dany
Lachance-Quirion

Prof. Yueh-Nan Chen

Dr. Po-Chen Kuo

Prof. Stephen
Hughes

Prof. Yosuke Nakata

Dr. Alessandro
Ferreri

Mr. Zane Marius
Rossi

Prof. Valerio Scarani

UC Santa Barbara

UNSW Sydney

JILA

MIT
Xanadu

Institut Quantique,
Université de Sherbrooke

ETH Zirich
Intel

Laboratoire Charles Fabry,
Institut d’Optique, CNRS

University of Mainz

Building a Quantum Computer

Silicon-based quantum computing: The path from the
laboratory to industrial manufacture

Quantum science with microscopically controlled arrays of two-
electron atoms

From spin physics to quantum algorithms

Fault-tolerant photonic quantum computing
Measuring the quantum state of superconducting qubits

Scaling quantum computing with trapped ions

From a Grain of Sand to a |Quantum> Bit of Information
Exploring the many-body problem with assembled atoms

Optical quantum information processing

[No. [Date |Speaker | Afiation

RIKEN RQC 23rd  Dec. 20, 2022 Prof. Christian Flindt ~ Aalto University

Rice University 24th  Jan. 20, 2023 Dr. Vittorio Vitale ICTP Trieste

Chalmers University 25th  Jan. 31,2023 Dr. Xianjing Zhou RIKEN RQC

of Technology

Palacky University D6thl IFebn 12, 2023 IMex Polina Koman] | |- i Raraziil Kiarky
National University

Lancaster University 27th  Feb. 21,2023 Dr. Enrico Russo Unlve.rsny of
Messina

Ui [Nl [Reezaie ) 28th Feb. 22,2023 Prof. Kay Brandner  —riversity of

Laboratory Nottingham

Nord Quantique 29th  Mar. 8, 2023 Dr. Marcello ICTP Trieste

Dalmonte

Neilene) Cineing 30th Mar. 14, 2023 i Fabio INFN Perugia

Kung University Marchesoni

National Cheng Prof. Pulak Kumar Presidency

Kung University 81st  Mar. 16, 2023 Ghosh University

Queen’s University 32nd Mar. 17,2023 Dr. Kaoru Mizuta RIKEN RQC

Osaka University 33rd  Mar. 22, 2023 Mr. Alberto Mercurio Un|velr8|ty of
Messina

Forschungszentrum 34th  Mar. 24, 2023 Mr. Fabio Mauceri ~ Cnversity of

Julich Messina

MIT 35th  Mar. 30,2023 Dr. Vyacheslay Misko "rie Universiteit
Brussel

NEiTemE] ey 36th Mar. 31,2023 Dr. Masanori Hanada University of Surrey

of Singapore
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GRYTSENKO lIvan #5Efih* ULT2022 Best Poster Award #5358
FBRETETIERENOBIFTEF —ADGRYTSENKO Ivan #EiAYULT2022 Best Poster Award (International Conference
on Ultra Low Cemperature Phisics 2022) == EHRLELIZ. CDEIFIUPAP (EHEFGEYIESES), The Japan World
Exposition 1970 Commemorative Fund (BARBEBEREREEESE), Inoue Foundation for Science (F_EHI 4RI )
MEELTWVWDET. [Using a cryogenic tunable resonance circuit to image-charge detection of surface electrons on He
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(3 [Fabrication of low-loss quasi-single-mode PPLN waveguide and its
application to a modularized broadband high-level squeezer] T9,
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HESFBDO TADDNBAER (T SURNFRECOVWTRESRESH - HEHEZIT TV ET,
o EREHDRIR | BRS VRI D ADRECERH BTG DEBSEE DT
* ANHE - IREEDRIR  ANME. EFRRECICEITINRETOEIEDELE
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20224 ;5 ENEH

QHDFE&H O —FREL T, 2022811 828-30H (C
SFR2HMA /AN—2aV(CEATIEEY VRIIA
[Quantum Innovation 2022] =BAfELEL .

K URIIAIEICA ST TRESN. SHEDE
B9, NI tyiare, BEFATEYIa>0E
FEEEIF64 gl VE—NSIEHN500E. UE—H
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2022.11.28-30 Quantum Innovation 2022 (EHERIHICT)
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1 Toshio Tonouchi et al., “A fast method of verifying network routing with back-trace header space analysis”, IEEE/
IFIP IM 2015

2 CS Hong, Toshio Tonouchi ed., Internet for Changing Business and New Computing Services: 12th Asia-Pacific
Network Operations and Management Symposium, APNOMS 2009, LNCS 5787

3 Yoshinori Watanabe et al. “UTRAN O&M Support System with Statistical Fault Identification and Customizable
Rule Sets”, NOMS 2008

4 Nicholas Damianou, Naranker Dulay, Emil Lupu, Morris Sloman, Toshio Tonouchi, “Tools for Domain-Based

Policy Management of Distributed Systems”, IEEE/IFIP NOMS 2002

Toshio Tonouchi et al., “An Implementation of OSI Management Q3 Agent Platform for Subscriber Networks”,

|IEEE Int Conf on Communication (ICC) 1997

1990 ERIRAZ HER (BRRIERIZRE

1992 HRRAZ BERAZR EHREFER B

1992 BHABIMI A Attt C&CU AT AMEFEE

1999 Z[E Imperial College EEFRE

2004 A Y=Y AT LR EEHRE

2008 AfRAZF Et (IBHRES)

2011 H—ERSSYNT4—LTRGEA T8RS

2018 R BERMIBE®IZHM -1 /N—a 483 BEREEFAEE
2020 HEf EF 0 1 —IFR I —EEE BIER

2021 Eif EF 01 —IHRTEI— SERFIESFIR

2022 EEFIVE1—IHR LI BERRZIESZIIW I—7r%—9— (FK)

(&)}

XBAD—T A R—I—([FEFIM 1/ N—2 32 HR DB FEEHEATOPRABICBEDBDEB(CRBLTHIFET,
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RQC FY2022 Pick-up Topics
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IEEN - TS IRARBLONIHSORAEBIELELE. Fo. FBICESZOBREEBEL CHRBEREMEL. T
FENBLUEFT IV IDRBRLETVE L. AHHIHE - FLERLSDAT 7B EFSNEUE,

Youtube ENEZ\F

EFIE1—9IIDVWTHEBFEEEZR 5=, BIEET
2al—YavERF—LABAODEE. BEAXOEFIE 21—
SFIZEEFIC DV TD Youtube BiEZEHD I RDEB TATD
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F—J—R:EFEHE. BLEODR. YatT7VIEG. Y1UVOKEFILE. OBEFEWHF

IRARERE
RQCANMDF— APHBBDMEIEHET. BFHEPZOMNDE
FHEAMADIGAICEF B EEEFOBOWRERCEIEA TS, —
B, ESR(LSNRBCEEFEYNEAVEBF IO 1—F12 7T Jugana
SYNTA—ADERITEAL TN D, HEEEOBVEFEYNFYTEL
T, BEEIVERBE 7EETFY SO LICERBEEDNS >R
ELRBFLYNM2RITHEFRICETISNTVS. Y1 IORAH I — —
Superconducting ) =
i\(;ﬁ%*ﬁ%@ﬁbﬁ@k%)\éntIEEE’T—7)I/7b\b7;kU\ FREST : ETEEA
BESN T3, RABITLT. FIRAFKOIIS L. SIEBD S— o
TLYZROZT RV INIT 7 DEEEL TS, BEEET O MERBEES) o — U
H4FFE, YT IORBFRZCHEOBRLRIER DI DN T
LENTHY, HIRBOEREICR<BEELEBFEYNER WYY
ORHFOREREEDFEIC DV TEREAED TN D, MOV TRE
LT, YA7ORE—AFERSE - FEH. Va7V BEEERAVE
SRR T. R TIIORBTNE. /STANI Y TIBIESRAREN
BHENB, CNSEHRDI—YNTHBEEIIC. tDEBRDH
DY —IL RSB,
CNSDIRRFHEELT. —BEEEED. BLESFILINIZ
TRERHTNKZEN . RO TL—T RN~ DBABDEDEEZ B,

5 mm

B4EFEVNFYTDEE

oft FFE (Ph.D.) £I—B.F—LU—5F—

e ——

1 S. Kono, K. Koshino, Y. Tabuchi, A. Noguchi, and Y. Nakamura, “Quantum non-demolition detection of an
itinerant microwave photon”, Nature Physics 14, 546 (2018).

2 O. Astafiev, A. M. Zagoskin, A. A. Abdumalikov, Jr., Yu. A. Pashkin, T. Yamamoto, K. Inomata, Y. Nakamura, and
J.S. Tsai, “Resonance fluorescence of a single artificial atom”, Science 327, 840 (2010).

3 T. Yamamoto, K. Inomata, M. Watanabe, K. Matsuba, T. Miyazaki, W. D. Oliver, Y. Nakamura, and J. S. Tsai,
“Flux-driven Josephson parametric ampilifier”, Appl. Phys. Lett. 93, 042510 (2008).

4 |. Chiorescu, Y. Nakamura, C.J.P.M. Harmans and J.E. Mooij, “Coherent quantum dynamics of a
superconducting flux-qubit”, Science 299, 1869 (2003).

5 Y. Nakamura, Yu. A. Pashkin, and J. S. Tsai, “Coherent control of macroscopic quantum states in a single-
Cooper-pair box”, Nature 398, 786 (1999).

1992 BHABIMASHERNER MRS

1997 BABSHMINSHERFRT EE

2001 BHASBSMARTERIATAT EEMRE (-20055)

2001 T TZRNIBKRZIAYESR ZEMRE (-20024)

2002 EMEERRAT/OV T 7RI AT L HTRE(-201345F)
2005 BABIKRASHER RIFHET EFEHKRE (-20124F)
2012 HWRAZLIHEILEAMAZT T I— #%(-20224F)

2014 BE{LHREAAIRYERIZHER > I9— F—L)—F—
2020 BE{LHIARFEIRYERZHR I~ TI—TFrL 79—
2021 BLRWHEREFIOE1—9IHEL 99— two9—K (B
2022 HRAZPAZFRIZAMERRYEBETIZER ¥ ERE)
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e(t)

PID controller

X1 : 8FRYNBRT—T1—R/\WIHIEZRDEL
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back gates magnetized or heterostructure
high-g layer quantum well

An array of quantum dots envisioned to realize a quantum processor.
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Bayesian estimation of correlation functions

Correlation is intimately related to causality and prediction, and correlation functions are ubiquitous in different theories and
formalisms. They also play a major role in the study of noise, which limits current state-of-the-art quantum devices. With the
goal of understanding the noise origin and properties, we have constructed a Bayesian theory of estimation of correlations of
stochastic variables sampled at regular intervals. Our results allow one to better understand statistical noise fluctuations, assess
the correlations between two variables, and postulate parametric models of spectra, which can be further tested. We have also

proposed a new method to numerically generate correlated noise with a given spectrum.

Estimated probability distributions of correlations parameters. The plot is in the complex plane, with
correlation strength (s,) as the radial coordinate and correlation phase (¢, as the polar angle. The
color contours enclose 75, 50, 25, 10, and 5%-probability regions. Different colors correspond to
different correlation degree and phase in the signal.

A. Gutierrez-Rubio, J. S. Rojas-Arias, J. Yoneda, S. Tarucha, D. Loss, P. Stano, “Bayesian

37/2 estimation of correlation functions”, Phys. Rev. Research 4, 043166 (2022).

Review of performance metrics of
spin qubits in gated semiconducting
nanostructures

The field of spin qubits is vast. There is a host of variants on the
sample material and structure, device design, or qubit encoding.
While this versatility in the qubit types is beneficial for overcoming
possible roadblocks, it also makes comparison of different spin
qubits difficult. To overcome this difficulty, we have collected
values of selected performance characteristics of semiconductor
spin qubits defined in electrically controlled nanostructures. The
characteristics are envisioned to serve as a community source
for the values of figures of merit with agreed-on definitions
allowing comparison of different qubit platforms. We include
characteristics on the qubit coherence, speed, fidelity, and the
qubit-size of multi-qubit devices.
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Spin coherence times according to the publication date. The point
color shows the device material. The point symbol shows the
coherence type as given in the legend.

P. Stano and D. Loss, “Review of performance metrics of spin
qubits in gated semiconducting nanostructures”, Nature Reviews
Physics 4, 672 (2022).
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More than one Million downloads! Quantum Information with quantum cat states
Our quantum software (QuTiP) is used by more groups = ~Tem
than the ones by Google, Microsoft, D-Wave, etc.
e
[
3
w 105
o
o
H
£
o
o
P 3
3
H . -
] Qt(BM)  QuTP  PyQuifRiget  Proect  Ciq(Google) oceen-sok (Dwave) Quantum cat states play a very important role in
* . . Micosof) quantum science and technology, and we have
Data obtained from ‘Used by" button on GitHub. 5/30/18 obtained several interesting results in this area.
Our software QuUTIP is widely used by very many research groups, Quantum cat states play an important role in quantum computing
and it has been downloaded more than one million times. and we have obtained interesting results in this area.
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ELTEASNDZEERUIZ. ZLT. BRY XM 17T Fermi-Hubbard
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Z 4y CDJEND Fermi-Hubbard 824 (C L TERM ThDEaRLTHI. £
FEAROEERREERICAF/-TEEMZRL TS,

Q. Xie, K. Seki, and S. Yunoki, “Variational counterdiabatic driving of the

Hubbard model for ground-state preparation”, Phys. Rev. B 106, 155153
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K. Seki and S. Yunoki, “Energy-filtered random-phase states as

microcanonical thermal pure quantum states”, Phys. Rev. B 106, 155111
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F—"7—R : Quantum information, Quantum resource theories, Quantum Shannon theory, Mathematical physics

HREE

Our group studies the mathematical underpinnings of quantum information theory, with a particular focus on the investigation
of the mathematical structure of quantum resources — physical phenomena that underlie practical advantages of quantum
technologies in areas such as communication and computation.

We aim to develop technical frameworks that help address the fundamental questions of how to quantify, manipulate, and
take advantage of physical resources in quantum information and communication tasks. Our approach is to establish a solid
and rigorous mathematical foundation which can be directly used to study a variety of physical settings, allowing for broad
applications and generalisations. In addition to advancing the frontiers of knowledge on the fundamental laws governing
quantum systems, we hope to provide insight into the physically achievable limits of the advantages of quantum resources,
which can then find use in benchmarking practical quantum technologies. We will directly apply our methods to shed light on the
properties of resources such as quantum entanglement, quantum coherence, magic-state quantum computation, as well as the
dynamical quantum resources of quantum channels.

Beyond that, we are broadly interested in the mathematical problems of quantum information theory, e.g. the properties and
applications of entropic quantities, the characterisation of operational tasks such as quantum hypothesis testing, and convex
optimisation problems, which can be encountered in almost every area of quantum information.

quantum magic-state
thermodynamics quantum R(ws — @2) =10g,(3/2)
\‘ / computation
quantum

quantum
coherence "\ quantum | _ memory

quantum i
entanglement — % wkovlamty @ @ @ @
(@)@
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There are many different quantum resources that can fuel the
practical applications of quantum technologies. Understanding
their properties is thus an important problem, but their complex
mathematical structure often makes this very difficult. (Schematic
figure adapted from Phys. Rev. X 9, 031053 (2019).)

One of the most significant applications of our general resource-
theoretic methods has been the discovery that the theory of
entanglement cannot be made reversible, which shows a stark
contrast between entanglement manipulation and the theory of
thermodynamics. (Figure from Nat. Phys. 19, 184-189 (2023).)
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RESEARCH HIGHLIGHTS

A proposal to use cat states promises to make more quantum computers less prone to errors

Category: Applied Physical Sciences Field: Quantum computing

rror correction in quantum computers could be simplified

by a new protocol proposed by an all-RIKEN team based
on ‘cat states’". It could cut the computing resources needed
to fix errors to the same level as conventional computers,
making quantum computers cheaper and more compact.

Quantum computers are looming ever larger on the
horizon of computing. They have already demonstrated the
ability to outperform traditional computers for certain kinds
of calculations. But they are more prone to errors than
conventional computers.

Since traditional computers are based on bits that are either
0 or 1, the only error they are susceptible to is when a bit
accidentally flips from O to 1 or vice versa.

But quantum computers use qubits, which can be in a
superposition of two states. When the states are depicted
on a sphere, the angle between the two states is known as
the qubit’s phase. This phase can also be flipped in quantum
computers. They thus need more computing resources to
correct for this additional source of error.

An attractive way to sidestep this problem is to use qubits
based on so-called cat states. These states are named after
Schrédinger’s  hypothetical cat, which is simultaneously
dead and alive until observed. By analogy, cat states are
superpositions of two states with opposite phase.

Unlike other qubits, cat-state qubits cannot undergo phase
flips, so that engineers making quantum computers based on
them need only worry about bit flips—just like in conventional
computers. Researchers are now exploring how to use these
cat-state qubits to perform computations.

Now, Ye-Hong Chen and four co-workers, all at the
RIKEN Center for Quantum Computing, have theoretically
demonstrated a way to use cat states to realize fault-tolerant
gates for connecting multiple qubits in a process known as
entanglement.

“Conventional computers can only process data one bit
at a time, but entanglement allows quantum computers to
process a lot of data simultaneously,” explains Chen. “The
gates can rapidly generate entangled cat states with high
accuracy.”

The team showed that such fault-tolerant quantum gates
could be used to implement a quantum search algorithm with
a high efficiency. The algorithm will allow databases to be
searched faster than is currently possible using conventional
computers.

“Let us assume that you are searching for one key that will
open a box among 100 keys. On average, you would need to
try 50 keys using a conventional search algorithm to identify
the one key that opens that box,” says Chen. “But with the
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In a thought experiment, Schrédinger conjectured a cat could be
both alive and dead until observed if a quantum event such as the
decay of a radioactive particle (right) would trigger an event that
will kill the cat. Now, by using cat states, RIKEN researchers have
proposed a scheme for realizing fault-tolerant gates to entangle
multiple qubits.

quantum search algorithm the average is only 10 attempts,”
says Chen.

The team is now exploring how to develop other useful
quantum algorithms based on fault-tolerant quantum codes.
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Nanoscale heat engines

A nanoscale device offers insights into how single electrons interact with vibrations in the presence of a

temperature gradient

Category: Applied Physical Sciences Field: Quantum heat engines

IKEN physicists have fabricated a nanoscale ‘heat

engine’ that uses a property of electrons known as spin
as the effective working medium’. It is promising for exploring
the development of spintronic heat engines capable of
harvesting waste heat from devices.

Heat engines convert a heat difference into more useful
forms of energy as heat flows from warmer to cooler regions
of electronic devices. Reducing them to the nanoscale would
enable waste heat generated to be converted back into
electrical energy and thus improve efficiency.

One way to create nanoscale heat engines is to use tiny
crystals of semiconductors known as quantum dots (Fig. 1).
Somewhere in the range of 10 to 100 nanometers in diameter,
a quantum dot can trap one or a few electrons.

All heat engines are driven by a difference in temperature —
one end of the heat engine needs to be hotter than the other
for the heat engine to work. In quantum systems, there are
two different temperatures: the temperature of the atoms (or
lattice temperature) and that of the electrons.

Previous heat engines based on quantum dots have used
reservoirs of electrons at different temperatures. However, to
gain a better understanding of the underlying thermodynamics
it is desirable to create a heat engine that operates on lattice
temperature. But generating a lattice temperature gradient
across a few hundred nanometers is technically challenging.

Now, Seigo Tarucha at the RIKEN Center for Emergent
Materials Science and his colleagues have succeeded in
doing this in their quantum-dot heat engine.

In their device, electrons are confined using electric fields
generated at surface metal electrodes on a gallium arsenide
surface. The device had two interlinked quantum dots and a
built-in charge sensor to passively monitor what was going
on within the double quantum dot (Fig. 1). A third quantum
dot was used to control the double quantum dot’s thermal
environment; effectively, it acted as a local heater.

The researchers anticipate the device will greatly contribute
to our understanding of the fundamental physics of
thermoelectric devices. “The results give valuable insights
into developing spintronic heat engines,” says Tarucha. “In
particular, this setup will provide an experimental platform
for studying the thermodynamics of cooperative spin—charge
systems.”

The next challenge will be to introduce on-demand control
of heat flow in the spin—charge cooperative system. “We're
now developing a technique to rapidly switch the heat flow,”
explains Tarucha. “This will provide a new platform to study the
physics and apply for development of spintronic heat engines.”

A double quantum dot device enables the study of how the spin
and charge of an electron influences thermodynamic action in the
presence of a lattice temperature gradient. Lattice vibrations known
as phonons (three red squiggles) come from the red quantum dot
on the right, which acts as a local heater. They can cause the spin
on of the two electrons (yellow dots) to flip, which is detected by the
green quantum dot, which acts as a charge sensor.

Reprinted, with permission, from Ref. 1. Copyright 2022 by the
American Physical Society.
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Observing field-theory physics in the bathtub

An important concept in quantum physics known as spin can be seen in water waves

Category: Exploratory Physical Sciences Field: Wave physics

Water waves can be used to visualize fundamental
concepts, such as spin angular momentum, that arise
in relativistic field theory, RIKEN physicists have shown'.
This will help to provide new insights into very different wave
systems.

First introduced nearly a century ago, the concept of spin
angular momentum, or spin, is critically important in quantum
physics and underpins the emerging fields of spintronics and
quantum computing. In high school physics, the spin of an
electron is usually described as the electron spinning on its
axis, similar to a spinning top. But a fuller description of spin
is more abstract and doesn’t yield itself to simple pictures.

Now, Konstantin Bliokh of the RIKEN Theoretical Quantum
Physics Laboratory and his co-workers have shown that spin
can appear as small circular motions of water particles in
water waves (Fig.).

Reprinted with permission of AAAS from Ref. 1.

© K. Y. Bliokh et al., some rights reserved; exclusive licensee
AAAS. Distributed under a CC BY-NC 4.0 License [http://
creativecommons.org/licenses/by-nc/4.0/]

Researchers at RIKEN have used water waves to generate small
circulations of water particles (pink arrows) that generate spin
angular momentum of water waves, a classical counterpart of the
spin of quantum wave fields.
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“We were surprised that our collaborators from the
Australian National University were able to observe this effect
in experiments so readily,” says Bliokh. “Similar phenomena
in optics and acoustics tend to be too tiny to observe, but
with water waves, everything is a few millimeters in size and
you can observe it with your eyes. That's the beauty of this
experiment.”

It was also unexpected because the concept of spin
comes from the mathematics that describes relativistic field
theory, and does not apply directly to water waves. But the
researchers were able to show that there is a mathematical
connection between water waves and formal theory for spin
angular momentum. As is often the case in physics, diverse
phenomena that appear to be totally unrelated can be
connected by common mathematics.

“It's nice to gain a unified picture of different wave systems
and see the parallels between them,” says Bliokh. “This
approach illuminates the physics behind different phenomena
and could be very fruitful for the future development of
different fields.” He notes that insights could flow both ways
and that we could learn more about fluid dynamics from the
connection.

Bliokh also considers that the demonstration could be
helpful for teaching quantum field theory. “Quantities like
spin density are derived in a very abstract way. It appears
in some equations, but you observe totally different things in
experiments,” says Bliokh. “For the first time, we have directly
observed spin density in water waves. So it’s really a platform
for visualizing properties that are hidden in quantum field
theory.”

The team is now exploring how field theory can be used to
gain new insights into other types of classical waves.
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Applying the latest computing technologies to
quantum gravity

Emerging technologies are promising for helping physicists develop a theory that unites quantum physics and

gravity

Category: Exploratory Physical Sciences Field: Quantum gravity

IKEN physicists have put quantum computing and

deep learning through their paces and found that they
are powerful tools for gleaning insights into new theories
of quantum gravity'. They could thus help solve one of the
most formidable challenges in modern physics —developing
a theory of gravity that jives with quantum physics.

When Einstein nutted out his theory of general relativity
in 1915, his only tools were pen and paper. The same
was true of the pioneers of quantum theory. But the next
major breakthrough in theoretical physics could be made
with help from emerging technologies such as quantum
computers and machine learning, Enrico Rinaldi of RIKEN
Theoretical Quantum Physics Laboratory thinks. “l believe
these technologies are poised to transform the way we do
theoretical physics,” he says.

Both general relativity and quantum physics are incredibly
successful at describing different aspects of physical reality.
The only snag is that they are incompatible with each other.
This keeps theoretical physicists up at night because it means
that our understanding of reality is incomplete, and there is a
more comprehensive theory waiting to be discovered.

There has been a sustained push to derive a quantum theory
of gravity. But while many theories have been proposed, it is
notoriously difficult to perform even the simplest calculations
based on them.

Now, Rinaldi and his co-workers have explored whether
quantum computing and deep learning could aid theoretical
physicists with these calculations.

They applied the two techniques to problems in holographic
duality —theories that relate particles in one system to gravity
in a system that has an additional dimension, much like a two-
dimensional hologram can create a three-dimensional image.
For the purposes of the trial, they picked problems that could
be solved by conventional techniques so they could assess
the accuracy of the methods.

Both techniques performed well. Of the two, deep learning
had the upper hand. “The deep-learning method had the best
scaling with resources,” notes Rinaldi.

But quantum computing also showed impressive
performance. “The biggest surprise was how well the quantum-
computing algorithm performed. We just took what was
available—so we didn’t know if it would work,” says Rinaldi.
“We were surprised how accurate the answers it gave were.”

The team didn’t use a real quantum computer since the
technology is still in its infancy; instead they simulated a
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RIKEN researchers have used quantum computing (represented by
lines, squares and circles in the top right of the image) and deep
learning (depicted by graph points in the bottom left of the image) to
perform calculations using quantum gravity theories.
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quantum computer on a conventional computer.

Rinaldi is encouraged by the recent progress being made
in developing theories of quantum gravity. “l really think we’re
getting closer,” he says. “There has been a lot of progress in
the past two years.”
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Protecting quantum matter with light

Quantum light can help create longer lasting quantum states useful for information processing

Category: Exploratory Physical Sciences Field: Quantum materials

uantum optics might offer a way to make a class of
Qexotio materials known as topological materials even
more robust against defects, theoretical physicists at RIKEN
have shown'. This finding could benefit the development
of quantum computers and other emerging quantum
technologies.

Topological materials are exciting because local defects
and imperfections in them don’t affect their properties. But
they are not immune to larger-scale, non-local disorder within
the material.

Quantum optics is the study of how individual ‘particles’ of
light, or photons, interact with matter. Its theory tells us that this
interaction can be altered by controlling the electromagnetic
properties of the matter’s environment.

Coupling between light and matter has been employed
to detect and manipulate topological matter. However, it
is an open question how topological matter is modified by
guantum light.

Now, in a theoretical study, Wei Nie and Franco Nori from
the RIKEN Theoretical Quantum Physics Laboratory and their
colleagues from France and China have discovered that the
topology can be protected in vacuum electromagnetic fields.

“Our work pinpoints the novel properties of topological
light-matter coupling,” says Nori. “This may allow us to
manipulate topological matter with quantum light.”

By combining ideas from both condensed-matter physics
and quantum optics, the researchers found that light emission
from the topological electronic states changes with the
strength of the light-matter coupling in a counterintuitive way.
Light can be emitted in a weak-coupling regime, whereas
strong light-matter coupling inhibits emission. It also increases
the quantum coherence—the length of time the light can
maintain its quantum state.

This is counterintuitive because stronger coupling to the
environment usually reduces coherence: the symmetries
protecting topological matter are supposed to be broken
by the electromagnetic environment. “Instead, our work
shows that for a topological emitter array coupling to a
one-dimensional electromagnetic environment, the chiral
symmetry that protects the system can be preserved,”
explains Nori.

This suggests an approach to tune quantum coherence
without fiddling with the coupling between the system and
the environment. Topological matter’s robustness to local
disorder makes it of great interest for quantum computation.
However, non-local disorder remains a problem and limits the
quantum coherence that is vital for all quantum technologies.
The improved coherence offered by taking advantage of
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Chiral-symmetry protected topological states can be preserved
through strong coupling to its electromagnetic environment.

strong coupling can therefore be employed for better quantum
information storage.

“Our work shows that topological light-matter coupling is
an important resource for quantum optics and condensed-
matter physics,” says Nie. “The topological features of matter
give rise to novel quantum optical phenomena, which are
useful for quantum computation and quantum technologies.”
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Quantum reboot gets a speed boost

Simulations suggest a new technique for resetting ‘qubits’ in a quantum computer without harming them

Category: Applied Physical Sciences Field: Quantum heat engines

R ebooting a quantum computer is a tricky process that
can damage its parts, but now two RIKEN physicists
have proposed a fast and controllable way to hit reset’.

Conventional computers process information stored as
bits that take a value of zero or one. The potential power of
quantum computers lies in their ability to process ‘qubits’ that
can take a value of zero or one—or be some fuzzy mix of both
simultaneously.

“However, to reuse the same circuit for multiple operations,
you have to force the qubits back to zero fast,” says Jaw Shen
Tsai, a quantum physicist at the RIKEN Center for Quantum
Computing. But that is easier said than done.

One of the best current ways to hit reset for qubits built
from tiny superconductors is to link the qubit to a photon—a
particle of light—in a tiny device called a resonator. The qubit
transfers its energy to the resonator, after which the photon in
the resonator decays, releasing its energy to the environment.
This process causes the qubit state to drop back to the ground
state (zero). The trouble with this method is that permanent
entanglement to a decaying photon rapidly degrades the
qubit’s quality, so that it rapidly ceases to be useful for future
operations. “It's bad for the qubit, whose lifetime becomes
short,” says Tsai.

Now, Tsai and his RIKEN colleague Teruaki Yoshioka have
devised a simulation to help find a better way of resetting the
qubit, without harming it.

Based on their calculations, the pair proposed building a
resonator that can be controlled using an additional junction
made by sandwiching a superconducting material with
an insulator, a normal metal, another insulator and another
superconductor. This layered junction is controlled by applying
a voltage. While the qubit operation is being carried out, the
set-up is tuned so that the photon cannot decay. Only when

—
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© 2022 RIKEN Center for Quantum Computing
A photograph of a dilution refrigerator that houses qubits.

the operation has been completed do the physicists change
the voltage, allowing the photon to release energy. “This
adjustable resonator is the key to our proposal,” says Tsai.

The best current lab record for resetting a qubit is 280
nanoseconds, with 99.0% fidelity. “Our simulations suggest
we could reset the qubit in 80 nanoseconds, with 99.0%
fidelity,” says Yoshioka.

The team is now testing this set-up, which is held at low
temperatures using a dilution refrigerator (Fig.), with promising
results. “This device should be very useful if we can implement
it in a quantum circuit,” Tsai says.
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Looking for rules within guantum complexity

Tomotaka Kuwahara

Team Leader, Analytical Quantum Complexity RIKEN
Hakubi Research Team, RIKEN Center for Quantum Computing

Please briefly describe your
current research.

My team aims to solve the most
important unsolved problems in the field
of quantum information.

To do this, | look at Hamiltonian
complexity. The Hamilton of a system
is the sum of its kinetic energy (energy
of motion) and its potential energy
(energy  of  position).  Hamiltonian
complexity is the study of the universal
structural constraints of a system of
many interacting quantum particles—
quantum many-body systems—due to
these energies.

Currently, my aim is to characterize
via an information-theoretic lens
the intrinsic complexity of quantum
many-body systems and apply these
understandings to the quantification,
storage and communication of digital
information.

What excites you the most
about your current research?
Well, statements on Hamiltonian
complexity are universal and can be
written in mathematically precise ways.
These laws may resolve great mysteries
about how the world works.

Physicists are also very keen to figure
out how to solve quantum many-body
problems using quantum/classical hybrid
computers. However, understanding the
computational complexity of a quantum
many-body system is equivalent to
completely clarifying the information-
theoretic  structure of the quantum
many-body system.

How did you become
interested in your current

field of research?
| was initially puzzled about why our
living world is so complicated despite
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having such simple fundamental laws.
This, | discovered, may boil down to the
essential difference between one-body
and many-body problems. However,
realistic quantum many-body systems
are thought to be ‘not too complicated’.
That is, realistic many-body systems are
much simpler than typical theoretical
ones. So | became interested in why our
world has a moderate level of complexity
in terms of physics.

What do you think has

been the most interesting
discovery in the last few
years?

Recently, the ‘no low energy trivial state
conjecture’, a previously unproven
idea posed in 2014, has been solved.
It had been a fundamental unresolved

obstacle to applying a theorem, called
the PCP theorem, to the quantum realm.
The PCP theorem is a cornerstone of
conventional computing, helping us to
understand algorithmic complexity and
the conditions of near-optimal solutions
for optimization. This finding inspired
me to work towards solving famous
unsolved conjectures.

What other goals do you
have at RIKEN and in your
life?

| aim to lead a team that will increase the
presence of Japanese researchers at the
world’s most prestigious international
conferences on quantum physics, such
as the Quantum Information Processing
conference and the Theory of Quantum
Computation, Communication and
Cryptography conference. Since | am a
Christian, my ultimate goal is to follow in
the footsteps of great Christian physicist
predecessors like Isaac  Newton,
Michael Faraday, and Blaise Pascal.
This always encourages me: “For | can
do everything through Christ, who gives
me strength” (Philippians 4:13).

These articles are edited versions
of RIKEN Research Highlights.



Modeling quantum environments

Neill Lambert

Senior Research Scientist, Theoretical Quantum Physics Laboratory, RIKEN Cluster for Pioneering Research

How and when did you join
RIKEN?

| joined RIKEN in 2008 after spending
several years at the University of Tokyo
as a Japan Society for the Promotion of
Science fellow. Initially | came to give a
seminar in RIKEN, and then applied for
a postdoc position after enjoying the
interactions | had with Dr. Franco Nori’s
group (the Theoretical Quantum Physics
Laboratory within the
RIKEN Cluster
for Pioneering
Research).

Please describe your role.

| study open quantum systems, or
how a large environment affects the
behavior of small quantum systems,
particularly in situations where parts of
the environment itself must be modelled
quantum mechanically. This research
could be important to understanding
how to control noise within quantum
computers or how thermodynamics
behave in quantum regimes. Day to
day, | mainly work on developing new
methodologies for this field, conduct
numerical  simulations, and  assist
with developing and administering a
popular open-source software package
for simulating the dynamics of open
quantum systems created by our
group — QUTIP (the Quantum Toolbox in
Python).

What are some of the
technologies that you
use?

Recently, because of several
numerically demanding projects,
| have been using the excellent
computing resources available in
RIKEN, in particular the Hokusai
BigWaterFall supercomputer.

What excites you the

most about your current

research?

The question of whether quantum

effects can be observed with large
objects is fascinating. Some of my

recent work helps us to unravel part of
this issue, like how large collections of
small quantum systems might start to
appear classical, which also helps make
practical simulation methods and tools
more efficient.

What do you think has been
the most interesting recent
discovery in your field?

The development of small-scale
quantum computers by the likes of IBM
and Google has truly changed the field
| work in. As a theorist, it is exciting that
| can access real devices, through a
cloud computing service, and conduct
my own experiments.

How did you become
interested in your current
research field?

As an undergraduate student, | did an
exciting quantum physics course taught
by Professor Tobias Brandes at UMIST
(now The University of Manchester) in
the UK. He would eventually become
my Ph.D. supervisor.

What has been your most
memorable experience at
RIKEN?

| have very much enjoyed the
opportunity to supervise and train
international students. One student
recently contacted me and told me he
had found a tenured university position
in his home country, which made me
very happy.

These articles are edited versions of
RIKEN Research Highlights.
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