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HEEFRBIBERBEHRAFT—A

F—r7—K : Quantum information, Quantum resource theories, Quantum Shannon theory, Mathematical physics

HREHE

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 quantum magic-state
applications and generalisations. In addition to advancing the BTGNS / c:m”::::;}:m

frontiers of knowledge on the fundamental laws governing quantum \ ——
quantum systems, we hope to provide insight into the coherence \ quantum | _ (rlnemory
physically achievable limits of the advantages of quantum resources

resources, which can then find use in benchmarking practical . n?::;}:;nrl o non-Markovianity
quantum technologies. We will directly apply our methods to DI

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 J
problems of quantum information theory, e.g. the properties

and applications of entropic quantities, the characterisation There are many different quantum resources that can fuel the

of operational tasks such as quantum hypothesis testing, and practical applications of quantum technologies. Understanding
convex optimisation problems, which can be encountered in their properties is thus an important problem, but their complex
almost every area of quantum information. mathematical structure often makes this very difficult. (Schematic

figure adapted from Phys. Rev. X 9, 031053 (2019).)
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3 B. Regula, “Probabilistic transformations of quantum resources”, Phys. Rev. Lett. 128, 110505 (2022)

4 B. Regula and R. Takagi, “Fundamental limitations on distillation of quantum channel resources”, Nat. Commun.
12, 4411 (2021)

5 J. R. Seddon, B. Regula, H. Pashayan, Y. Ouyang, and E. T. Campbell, “Quantifying quantum speedups:
improved classical simulation from tighter magic monotones”, PRX Quantum 2, 010345 (2021)
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A probabilistic “second law” of quantum resources

The second law of thermodynamics is a fundamental law of physics. It tells us that the thermodynamic transformations of
physical systems are governed by a single function: the entropy. We show that a similar result can be obtained not only in
thermodynamics, but also for general quantum phenomena that find use as resources in physical settings — in particular, for
quantum entanglement, whose dynamics are notoriously hard to characterise exactly.

We showed that the transformations of quantum systems can be described by a single entropic measure of resources, and all
transformations can be made asymptotically reversible in a suitable probabilistic setting. The result simplifies the characterisation
of the transformations of quantum resources and the understanding of their limitations. The price to pay in our approach is that
reversibility, and thus the second law, is only achievable with some probability.

.° . . . Schematic illustration of probabilistic reversibility of quantum entanglement. Transformations

' .. Q “ . . between many copies of entangled quantum states (here represented by red and green

' . ’ . shapes) are made reversible by using probabilistic protocols, with the transformation rate
. given by the regularised relative entropy of entanglement. This leads to a consistent and
unique notion of an entropic measure of entanglement.

©B. Regula and L. Lami, “Reversibility of quantum resources through probabilistic protocols”,
Nature Communications 15, 3096 (2024)

Virtual distillation of quantum resources

Distillation (purification) is central to the practical use of quantum resources in noisy settings often encountered in quantum
communication and computation. Conventionally, distillation requires using some restricted 'free’ operations to convert a noisy
state into one that approximates a desired pure state. We propose to relax this setting by only requiring the approximation of the
measurement statistics of a target pure state. This allows us to integrate the power of classical postprocessing to enhance the
capabilities of free quantum operations.

We show that this extended scenario of virtual resource distillation provides considerable advantages over standard
approaches, allowing for the purification of noisy states from which no resources can be distilled conventionally. Our methods
can be applied to various settings such as the theories of entanglement, coherence, or non-stabiliser quantum computation.

(@) (b)
A M M
O =) 0 =y
P P tMp’
PR
Qo= m
om Tr My ®™
v

Comparison of conventional and virtual resource distillation. (a) Conventional resource distillation employs a free operation /A to map a noisy state
0 into a state that approximates (many copies of) the target state (/. (b) Virtual distillation approximates the measurement outcomes of copies of
() by using a virtual operation, that is, a linear combination of free operations.

©X. Yuan, B. Regula, R. Takagi, and M. Gu, “Virtual quantum resource distillation”, Physical Review Letters 132, 050203 (2024)
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Simplifying quantum computation

A novel protocol for quantum computers could reproduce the complex dynamics of quantum materials

Category: Exploratory Physical Sciences Field: Quantum computers

quantum-computational algorithm that could be used

to efficiently and accurately calculate atomic-level
interactions in complex materials has been developed by RIKEN
researchers’. It has the potential to bring an unprecedented
level of understanding to condensed-matter physics and
quantum chemistry—an application of quantum computers
first proposed by brilliant physicist Richard Feynman in 1981.

Quantum computers bring the promise of enhanced number-
crunching power and the ability to crack problems that are out
of the reach of conventional computers.

Qubits, the building blocks of quantum computers, are
essentially tiny systems—nanocrystals or superconducting
circuits, for example—governed by the laws of quantum
physics. Unlike bits used in conventional computers, which
can be either one or zero, qubits can have multiple values
simultaneously. It is this property of qubits that gives quantum
computers their advantage in terms of speed.

An unconventional way of computation also requires a new
perspective on how to efficiently process data in order to tackle
problems too difficult for conventional computers.

One notable example of this is the so-called time-evolution
operator. “Time-evolution operators are huge grids of numbers
that describe the complex behaviors of quantum materials,”
explains Kaoru Mizuta of the RIKEN Center for Quantum
Computing. “They’re of great importance because they give
quantum computers a very practical application—better
understanding quantum chemistry and the physics of solids.”

The prototype quantum computers demonstrated to date
have achieved time-evolution operators using a relatively simple
technique called Trotterization. But Trotterization is thought to
be unsuitable for the quantum computers of the future because
it requires a huge number of quantum gates and thus a lot
of computational time. Consequently, researchers have been
striving to create quantum algorithms for accurate quantum
simulations that use fewer quantum gates.

Now, Mizuta, working with colleagues from across Japan,
has proposed a much more efficient and practical algorithm. A
hybrid of quantum and classical methods, it can compile time-
evolution operators at a lower computational cost, enabling
it to be executed on small quantum computers, or even
conventional ones.

“We have established a new protocol for constructing
quantum circuits that efficiently and accurately reproduce time-
evolution operators on quantum computers,” explains Mizuta.
“By combining small quantum algorithms with the fundamental
laws of quantum dynamics, our protocol succeeds in designing
quantum circuits for replicating large-scale quantum materials,
but with simpler quantum computers.”

Figure: An illustration showing the two states of a cuprate high-
temperature superconductor. A new protocol for constructing
quantum circuits could help with calculations on quantum
materials such as superconductors.

© US DEPARTMENT OF ENERGY/SCIENCE PHOTO LIBRARY
[https://www.sciencephoto.com/media/1075086/view]

Mizuta and his team next intend to clarify how the time-
evolution operators optimized by their method can be applied
to various quantum algorithms that can compute the properties
of quantum materials. “We anticipate that this work will
demonstrate the potential of using smaller quantum computers
to study physics and chemistry.”

Related content:

Quantum computing and deep learning could help solve the
mysteries of quantum gravity
[https://www.riken.jp/en/news_pubs/research_news/
rr/20220411_1/index.html]

Scientists achieve key elements for fault-tolerant quantum
computation in silicon spin qubits
[https://www.riken.jp/en/news_pubs/research_news/
pr/2022/20220120_1/index.html]

Quantum entanglement of three spin qubits demonstrated
in silicon
[https://www.riken.jp/en/news_pubs/research_news/
rr/20210903_1/index.html]
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Feedback system could fix quantum-computing errors

Quantum circuit can reset quantum bits carried by electron spins in silicon

Category: Applied Physical Sciences Field: Quantum computing

method to reset the data held in silicon-based,

quantum-computing devices has been developed by
RIKEN researchers'. This could help to enhance the reliability
of quantum computers by forming a crucial part of an error-
correction system.

Quantum computers promise to dramatically increase
our computing power, but these highly sensitive devices are
prone to errors.

Data in quantum computers is encoded by the quantum
states of particles, such as the spin of an electron. These
quantum bits (qubits) can be linked together through a
phenomenon called entanglement, and then process
information through a combination, or superposition, of
their quantum states. This enables quantum computers to
perform certain complex calculations much more rapidly than
conventional computers.

Electrical confinement in silicon formed by metallic electrodes,
known as quantum dots, is a promising candidate to host an
electron-spin qubit. But quantum states can be delicate, and
the qubits often acquire errors that need to be corrected.

To help address this problem, RIKEN researchers have
devised a way to rapidly and accurately read a spin qubit,
and then reset it. This kind of control system will be essential
to build fault-tolerant quantum computers based on silicon
quantum dots.

One challenge the team faced is that a qubit loses
correlation between the readout result and the qubit state
after reading. To overcome this, the team used a pair of
silicon quantum dots to accommodate two entangled qubits.
While one qubit carried data, the other served as an auxiliary.
By using a charge sensor to read the auxiliary qubit, the
researchers could estimate the state of the data qubit without
destroying its information—a method known as a quantum
non-demolition (QND) measurement. Depending on the
outcome of the measurement, the system could then deliver
a microwave pulse that resets the data qubit.

The team constructed a quantum circuit to repeatedly
perform the QND measurements, producing a single
microwave pulse to reset the data qubit with cumulatively
improved reliability. “Since the quantity measured by a
quantum non-demolition measurement is not disturbed by
the measurement, it can be measured again and again to
estimate the data-qubit state more accurately,” says Takashi
Kobayashi of the RIKEN Center for Quantum Computing.

The whole reset process currently takes about 60
microseconds at least, which might be too slow for a practical
quantum computer. To shorten this time, the researchers
suggest adding a second auxiliary qubit, which would allow
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them to use a faster measurement method.

“The time for the protocol might be reduced to a few
microseconds,” says Kobayashi. “This would pave the way to
feedback-based quantum error correction.”

Related content:

Researchers demonstrate error correction in a silicon qubit system
https://www.riken.jp/en/news_pubs/research_news/
pr/2022/20220825_1/index.html

Two-electron qubit points the way to scaling up quantum
computers
https://www.riken.jp/en/news_pubs/research_news/
rr/20200619_1/

Scientists succeed in measuring electron spin qubit without
demolishing it
https://www.riken.jp/en/news_pubs/research_news/
pr/2020/20200303_2/

Faster technique for resetting quantum circuits proposed
https://www.riken.jp/en/news_pubs/research_news/
rr/20220121_1/index.html
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Conceptual illustration of a computer microchip with a grid of
quantum spin states. RIKEN researchers have shown how a
quantum circuit can reset quantum bits carried by electron spins
in silicon.

https://www.sciencephoto.com/media/948603/view
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Machine learning realizes better quantum error

correction

Harnessing machine learning helps to correct errors that develop in quantum computers

Category: Applied Physical Sciences Field: Quantum computing

n a step toward realizing practical quantum computers,

RIKEN researchers have demonstrated that machine
learning can be used to perform error correction for quantum
computers'.

Classical computers perform operations using bits, which
can take the values 0 and 1. In contrast, quantum computers
use qubits, which can assume any superposition of these
two states. When combined with quantum entanglement—a
quantum way of linking distant objects—qubits enable
quantum computers to perform entirely new operations.
This gives them a potential advantage over conventional
computers for some tasks, such as large-scale searches,
optimization and cryptography.

The main hurdle to realizing quantum computers for
practical applications is the extremely fragile nature of quantum
superpositions. Tiny perturbations from the environment can
generate errors that rapidly destroy quantum superpositions.

To tackle this problem, sophisticated methods for quantum
error correction have been developed. While they can, in
theory, neutralize the effect of errors, they often greatly
increase device complexity, which itself is error prone and thus
potentially even increases exposure to errors. Consequently,
full-fledged error correction has remained elusive.

Now, a team led by Franco Nori of the RIKEN Center for
Quantum Computing (RQC) has leveraged machine learning
in a search for error-correction schemes that minimize the
device overhead while maintaining good error-correction
performance.

The team adopted an autonomous approach to
quantum error correction, where a cleverly designed,
artificial environment replaces the need to perform frequent
measurements to detect errors.

They also looked at ‘bosonic qubit encodings’, which are,
for instance, available and utilized in some of the currently
most promising and widespread quantum-computing
machines based on superconducting circuits.

Finding high-performing candidates in the vast search space
of bosonic qubit encodings was a complex optimization task.
The team addressed this problem by using reinforcement
learning, an advanced machine learning method in which an
agent explores a possibly abstract environment to learn and
optimize its action policy.

Using this approach, the team found a surprisingly simple,
approximate qubit encoding that could not only greatly
reduce the device complexity compared to other proposed
encodings, but that also outperformed its competitors in

terms of its ability to correct errors.

“Our work not only demonstrates the potential for deploying
machine learning towards quantum error correction, but it may
also bring us a step closer to the successful implementation
of quantum error correction in experiments,” says Yexiong
Zeng, also of the RQC.

“Machine learning can play a pivotal role in addressing large-
scale quantum computation and optimization challenges,” says
Nori. “Currently, we are actively involved in a number of projects
that integrate machine learning, artificial neural networks,
quantum error correction, and quantum fault tolerance.”
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Quantum computers start to measure up

An alternative approach to quantum computers that stores and processes information as light could enable

reprogrammable systems.

Category: Applied Physical Sciences Field: Quantum computing

he race to develop quantum computers has really heated

up over the past few years. State-of-the-art systems
can now run simple algorithms using dozens of qubits—or
quantum bits—which are the building blocks of quantum
computers.

Much of this success has been achieved in so-called gate-
based quantum computers. These computers use physical
components, most notably superconducting circuits, to
host and control the qubits. This approach is quite similar
to conventional, device-based classical computers. The
two computing architectures are thus relatively compatible
and could be used together. Furthermore, future quantum
computers could be fabricated by harnessing the technologies
used to fabricate conventional computers.

But the Optical Quantum Computing Research Team at
the RIKEN Center for Quantum Computing has been taking
a very different approach. Instead of optimizing gate-based
quantum computers, Atsushi Sakaguchi, Jun-ichi Yoshikawa
and Team Leader Akira Furusawa have been developing
measurement-based quantum computing.

MEASUREMENT-BASED COMPUTING
Measurement-based quantum computers process information
in a complex quantum state known as a cluster state, which
consists of three (or more) qubits linked together by a non-
classical phenomenon called entanglement. Entanglement is
when the properties of two or more quantum particles remain
linked, even when separated by vast distances.

Measurement-based quantum computers work by making
a measurement on the first qubit in the cluster state. The
outcome of this measurement determines what measurement
to perform on the second entangled qubit, a process called
feedforward. This then determines how to measure the third.
In this way, any quantum gate or circuit can be implemented
through the appropriate choice of the series of measurements.

Measurement-based schemes are very efficient when used
on optical quantum computers, since it's easy to entangle a
large number of quantum states in an optical system. This
makes a measurement-based quantum computer potentially
more scalable than a gate-based quantum computer. For
the latter, qubits need to be precisely fabricated and tuned
for uniformity and physically connected to each other. These
issues are automatically solved by using a measurement-
based optical quantum computer.

Importantly, measurement-based quantum computation
offers programmability in optical systems. “We can change
the operation by just changing the measurement,” says
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Atsushi Sakaguchi and his team are exploring the possibility of
using light to produce quantum computers that are measurement
based rather than gate based.

Gate-based quantum computers are becoming more common.
But the Optical Quantum Computing Research Team at the
RIKEN Center for Quantum Computing has been developing
measurementbased quantum computing, with digital circuitry for
electrical-optical control (pictured). Measurementbased systems
are potentially more scaleable than gatebased quantum
computing.

Sakaguchi. “This is much easier than changing the hardware,
as gated-based systems require in optical systems.”

But feedforward is essential. “Feedforward is a control
methodology in which we feed the measurement results to
a different part of the system as a form of control,” explains
Sakaguchi. “In measurement-based quantum computation,
feedforward is used to compensate for the inherent
randomness in quantum measurements. Without feedforward
operations, measurement-based quantum computation
becomes probabilistic, while practical quantum computing
will need to be deterministic.”

The Optical Quantum Computing Research Team and their



co-workers—from The University of Tokyo, Palacky University
in the Czech Republic, the Australian National University
and the University of New South Wales, Australia—have
now demonstrated a more advanced form of feedforward:
nonlinear feedforward. Nonlinear feedforward is required to
implement the full range of potential gates in optics-based
quantum computers.

“We've now experimentally demonstrated nonlinear
quadrature measurement using a new nonlinear
feedforward technology,” explains Sakaguchi. “This type
of measurement had previously been a barrier to realizing
universal quantum operations in optical measurement-
based quantum computation.”

OPTICAL COMPUTERS

Optical quantum computers use qubits made of wave
packets of light. At another institution, some of the current
RIKEN team had previously constructed the large optical
cluster states needed for measurement-based quantum
computation. Linear feedforward has also been achieved to
construct simple gate operations, but more advanced gates
need nonlinear feedforward.

Atheory for practical implementation of nonlinear quadrature
measurement was proposed in 2016. But this approach
presented two major practical difficulties: generating a
special ancillary state (which the team achieved in 2021) and
performing a nonlinear feedforward operation.

The team overcame the latter challenge with complex optics,
special electro-optic materials and ultrafast electronics. To
do this they exploited digital memories, in which the desired
nonlinear functions were precomputed and recorded in the
memory. “After the measurement, we transformed the optical
signal into an electrical one,” explains Sakaguchi. “In linear
feedforward, we just amplify or attenuate that signal, but we
needed to do much more complex processing for nonlinear
feedforward.”

The key advantages of this nonlinear feedforward technique
are its speed and flexibility. The process needs to be fast
enough that the output can be synchronized with the optical
quantum state.

“Now that we have shown that we can perform nonlinear
feedforward, we want to apply it to actual measurement-
based quantum computation and quantum error correction
using our previously developed system,” says Sakaguchi.
“And we hope to be able to increase the higher speed of
our nonlinear feedforward for high-speed optical quantum
computation.”

“But the key message is that, although superconducting
circuit-based approaches may be more popular, optical
systems are a promising candidate for quantum-computer
hardware,” he adds.
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Atsushi Sakaguchi completed his PhD under the supervision of
Akira Furusawa at the University of Tokyo in 2021. He then joined
his current team, the Optical Quantum Computing Research
Team at the RIKEN Center for Quantum Computing. Here he
works on experimental quantum optics and quantum information
research. He is currently collaborating on research into classical
operations for quantum computing.
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