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H. Goto, “High-performance fault-tolerant quantum computing with many-hypercube codes”, Sci. Adv. 10, eadp6388 (2024).

Many-hypercube code Surface code
Distance 8 Distance 8
64 logical qubits with 216 physical qubits 1 logical qubit with 64 physical qubits
Encoding rate = 30% Encoding rate = 1.6%
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HEEFRBIERBEHMAFT—A

F—7—K : 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 quantum magic-state
frontiers of knowledge on the fundamental laws governing thermodynamics / quantum
. . \ computation
quantum systems, we hope to provide insight into the . \
quantum

; . . quantum
physically achllevable limits c?f the adlvantages of quantum . coherence quantum /" memory
resources, which can then find use in benchmarking practical resources
quantum technologies. We will directly apply our methods to quantum _ non-Markovianity

entanglement

—

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

of operational tasks such as quantum hypothesis testing, and Many different resources underlie the power of quantum information.
convex optimisation problems, which can be encountered in We aim to develop tools to understand them better through general,
almost every area of quantum information. mathematical approaches.

REGULA Bartosz (Ph.D.) BHHEBHEF—L)—5 —
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4 B. Regula and R. Takagi, “Fundamental limitations on distillation of quantum channel resources”, Nat. Commun.
12, 4411 (2021).
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Efficiently computing the cost of entanglement

How “expensive” is a quantum state to prepare? Since quantum entanglement is one of the most precious resources in quantum
information, it is natural to ask about the entanglement cost, that is, how costly a given quantum state is in terms of the required
entanglement. To realize the best possible protocols for this problem, one needs to manipulate many copies of quantum

states, and the lowest entanglement cost is then

computed by evaluating the asymptotic limit

where the number of copies can be arbitrarily Pas
high. However, such asymptotic problems are &3
.
typically extremely hard to compute exactly.
Here we show that, surprisingly, the exact pa) (Paz
entanglement cost can be computed efficiently
through an accessible optimization method Qe Pap
known as semidefinite programming. We define a
hierarchy of semidefinite programs and show that
it captures exactly the properties of entanglement
cost, allowing for the first time for its computation

By=E =B b <l < Foe <L e E < E

= —r K3 — Kol = K

for any quantum state. We establish methods for the efficient computation of the entanglement cost, that

L. Lami, F. A. Mele, and B. Regula, “Computable is, the amount Qf entanglement (here visual.ised as the grgen maxima!ly entangled
- ) states ¢,) that is needed to produce a desired many copies of a desired quantum

entanglement cost under positive partial state p ,5. Our method uses a hierarchy of semidefinite programs, each of which

transpose operations”, Physical Review Letters can be computed efficiently, to give an arbitrarily close approximation of the

134, 090202 (2025) entanglement cost.

A formula for distillable entanglement

Quantum entanglement is a key resource behind the advantages of quantum technologies. Many applications require pure
“entanglement bits” (maximally entangled pure states) but real-world quantum states are often noisy. This makes extracting
useful entanglement from noisy states — entanglement distillation — essential. Despite attention since the early days of quantum
information, the protocol remains poorly understood, and basic questions, like how many entanglement bits can be distilled, are
still open.

Here we give one of the very first exact solutions for the problem of distillation by establishing a precise formula for the number
of bits that can be extracted asymptotically, connecting the rate of distillation with the task of quantum state discrimination and
with an entropic quantity based on the quantum relative entropy of entanglement.

L. Lami and B. Regula, “Distillable entanglement under dually non-
entangling operations”, Nature Communications 15, 10120 (2024)

We compute the rate of entanglement distillation under dually non-entangling
(DNE) operation, which provide an approximation to the operations that can be

efficiently realised in a laboratory (denoted LOCC). Our technique is to connect \ <,1/ guess
the task of distillation with a quantum state discrimination problem where the ®_ M _\2\ quess SEP
measurements are suitably constrained (bottom part of the figure). This leads to @ M= (M1, M)

an exact formula for the rate of distillation, which we expressed using a variant of MeM

quantum relative entropy.
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Research Highlights / Features

Tracing the main source of noise in

silicon quantum computers

Measurements of the noise experienced by two neighboring quantum dots will aid the design of silicon

quantum computers

Category: Applied Physical Sciences Field: Physics/Astronomy

he noise in silicon-based quantum computers is mainly
electrical in origin, a RIKEN team has found'. This finding
will help to suppress noise in future quantum computers.

Quantum computers are set to revolutionize computing
since they harness the quantum properties of tiny objects to
perform calculations that are not possible using conventional
computers.

Like most people, however, quantum computers struggle
to perform calculations in noisy environments. In the case
of quantum computers, the noise is not audible, but rather
it comes from a variety of sources and can be electrical or
magnetic. It has the effect of degrading the ‘quantumness’ of
qubits —the quantum equivalent of bits—which can introduce
errors in calculations.

One of the most promising platforms being pursued for
quantum computers involves tiny silicon structures known as
quantum dots. One big advantage they have is that many
quantum dots can be squeezed into a small area, which will
help to scale up to the larger quantum computers needed to
tackle practical problems. However, cramming a lot of qubits
close together will increase the likelihood they will be affected
by noise.

But little has been known about the main sources of noise
for qubits made from silicon quantum dots.

Now, a team led by Seigo Tarucha of the RIKEN Center for
Emergent Matter Science has measured the noise between
two silicon qubits that were 100 nanometers apart.

To their surprise, they found that the noise the two qubits
experienced displayed similar patterns over time. This
similarity points to a common source of noise, which the team
found is electrical in origin.

This finding was not what the researchers had anticipated.
“We initially thought that the metal gates in our device would
largely shield the qubits from charge noise,” says Tarucha. “But
the screening turned out to be smaller than we had expected.”

This finding has important ramifications for the design of
future quantum computers based on silicon qubits. “It will be
important to modify device geometry to suppress this noise
that affects multiple qubits simultaneously,” says Tarucha.
“We believe this can be done.”

In addition, the nanoscopic approach adopted in this study
provides a powerful tool for investigating noise correlation
between silicon qubits. “Noise correlation significantly
influences the fault tolerance of quantum computers, error-
correction protocols and the design of multi-qubit devices,”
says Tarucha. “However, there has been no accurate way to

Figure: An artist’s impression of the quantum property known as
spin. A RIKEN team has measured the noise experienced by two
spin qubits in silicon that are 100 nanometers apart and found a
high degree of correlation between them.

© RICHARD KAIL/SCIENCE PHOTO LIBRARY
[https://www.sciencephoto.com/media/393940/view]

measure it until now.”

“We plan to analyze the correlation-noise characteristics
more accurately and to optimize device design so as to
minimize noise correlation,” adds Tarucha. “We eventually
want to apply the concept to implement devices with large
numbers of qubits.”

Related content:
Quantum computers start to measure up [https://www.riken.
jp/en/news_pubs/research_news/rr/20231221_1/index.html]

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

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]
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Fast and faithful quantum measurements of

electron spin qubits

A method for rapidly and precisely measuring the quantum state of electrons in a silicon device could help

scale up quantum computers

Category: Applied Physical Sciences Field: Physics/Astronomy

M easuring a quantum system quickly and accurately
is crucial for realizing reliable quantum computers.
Physicists at RIKEN have developed a method that achieves
both these requirements in a silicon-based device'.

Most practical quantum technologies harness the
weirdness of quantum mechanics in a basic element known
as a qubit—the quantum equivalent of a bit in conventional
computers. Qubits hold and maintain a quantum state.

They can be realized in various systems, including
superconducting circuits, isolated atoms and laser beams.
Another option is silicon devices that use the quantum state of
a trapped electron—specifically, an electron property known
as spin. These qubits have a real advantage over other qubits
in that they are compatible with existing semiconductor-based
computer components and fabrication technologies.

Practical applications of qubits, such as in fault-tolerant
quantum computers, require a way to measure the quantum
state accurately and quickly—before the quantum state
degrades or collapses in a process referred to as decoherence.

Now, Kenta Takeda and Seigo Tarucha from the RIKEN
Center for Emergent Matter Science and their co-workers
have demonstrated a method for measuring spin in a silicon
device with an accuracy of more than 99% and in just a
few microseconds—hundreds of times faster than typical
decoherence times.

Measuring the spin of a single electron directly is massively
challenging because it involves detecting tiny magnetic fields.
This limits the measurement accuracy, or fidelity.

To overcome this problem, Takeda and his team adopted a
different approach—they converted the spin into an electrical
charge.

To test this approach, they built a silicon device that
trapped two electrons (Fig. 1). Owing to a fundamental
principle of quantum physics that states that no two electrons
can occupy the same quantum state, the team was able to
infer the quantum state by monitoring current flowing through
the device. In this so-called Pauli spin blockade effect, the
measurement signal results from the difference in the charge
states, which is easier to measure than magnetic fields.

“Spin  measurement in silicon-based spin qubits has
previously been slow, and its fidelity wasn’t high enough,”
explains Takeda. “We improved the Pauli spin blockade
by optimizing the structure of our device to enhance the
sensitivity of the charge sensor. We also improved the spin-
to-charge conversion technique so that the spin state was
well preserved during the process.”
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“This achievement paves the way for realizing fault-tolerant
quantum computing in this platform,” he adds.

Related content:

Tracing the main source of noise in silicon quantum
computers [https://www.riken.jp/en/news_pubs/research_
news/rr/20240404_2/index.html]

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

Connecting distant silicon qubits for scaling up quantum

computers [https://www.riken.jp/en/news_pubs/research_
news/rr/20230331_1/index.html]

Figure: A silicon-based device that captures two electrons
enables quick and accurate quantum-state measurement for
quantum information processing.

© 2024 RIKEN Center for Emergent Matter Science
[Rsearcher (unpublished)]
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Information can travel faster than individual particles in systems made up of interacting bosons

Category: Exploratory Physical Sciences Field: Physics/Astronomy

he propagation of information can speed up over time
in systems of certain quantum particles, a theoretical
analysis by RIKEN physicists has revealed'.

Having a Zoom call with someone on Mars would be
challenging because of the 3-to-20-minute delay involved,
but the delay would balloon to nearly 3 hours for Uranus.
Switching to a better internet provider wouldn’t help—these
time lags are unavoidable since, according to Einstein, nothing
can outpace light.

The two delays represent two points on a ‘light cone’ that
spreads out from a source of electromagnetic radiation such
as light.

But what about systems made up of quantum particles that
travel much slower than light? Are there similar limitations on
how fast information can propagate in them?

Two physicists explored that question in the early 1970s
and came up with the concept of an ‘effective light cone’
for such systems. They also derived a speed limit for the
propagation on information in them, which is known as the
Lieb—Robinson velocity.

“Essentially, the Lieb—Robinson bound indicates that the
impact of local changes within a quantum system cannot
spread instantly everywhere; rather, these effects are limited
to an effective light cone determined by this maximum
speed,” explains Tomotaka Kuwahara of the RIKEN Center
for Quantum Computing. “The bound sets a universal speed
limit for how quickly information can travel in these systems.”

Scientists have measured the shapes of effective light cones
in many different systems. But so far no one has determined
it for a system made up of ‘bosons’ that interact with each
other. Bosons are quantum particles that have a spin that is
a whole number; examples include photons, gluons and the
Higgs boson.

Now, Kuwahara and two co-workers have conducted
a theoretical analysis for interacting bosons and found a
surprise —information can travel much faster than the particles
in certain cases.

This contrasts with the other type of quantum particles,
fermions, which have half integer values of spin (e.g., 1/2 and
3/2) and which include electrons, protons and neutrinos.

“Previous studies had suggested that bosons and fermions
behave the same in terms of information propagation,” says
Kuwahara. “We clarified that this intuition isn’t correct and that
significant differences exist between bosons and fermions.”

The analysis, which involved a 115-page proof, revealed
that bosons can send information much faster than fermions
can, especially as time goes on. “For fermions, there’s a fixed
speed limit for how fast information can propagate,” says
Kuwahara. “But the picture is very different for systems of

Figure: Conceptual illustration of the Higgs boson (orange, top
and bottom) being produced by colliding two protons. RIKEN
researchers have found that the propagation of information in
systems of interacting bosons can accelerate over time.

© MARK GARLICK/SCIENCE PHOTO LIBRARY
[https://www.sciencephoto.com/media/1158510/view]

bosons—information can travel faster over time.”
This finding could help to discover new quantum phases,
Kuwahara says.

Long-range quantum interactions limit the speed of
information [https://www.riken.jp/en/news_pubs/research_
news/rr/20201002_1/index.html]

Determining the Hamiltonian of quantum systems with far
fewer measurements [https://www.riken.jp/en/news_pubs/
research_news/rr/20220113_1/index.html]

Looking for rules within quantum complexity [https://www.
riken.jp/en/about/people/2022winter-1/index.html]
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Unentangling entropy in the quantum realm

The classical thermodynamic concept of entropy is also applicable to the phenomenon of quantum

entanglement

IKEN researchers have shown that a rule of ‘entropy’,

or disorder, applies to the phenomenon of quantum
entanglement—a finding that could help to develop future
quantum computers'.

One of the most fundamental laws of nature, the second
law of thermodynamics states that the entropy of an isolated
system will always increase with time. It creates the so-called
‘arrow of time”’.

However, while the principle of entropy is known to apply
to all classical systems, researchers are increasingly exploring
the quantum world.

Quantum entanglement is a fascinating phenomenon
whereby two or more quantum particles become connected
in such a way that a change to one particle affects the other
particles, even if they are separated by large distances—
Einstein’s famous “spooky action at a distance”.

Quantum entanglement is highly useful for communication,
computation and cryptography, but is difficult to analyze.

To demonstrate a ‘second law’ for quantum entanglement,
physicists have to show that entanglement transformations
are reversible, just as work and heat can be interconverted in
thermodynamics.

But so far, all attempts to establish a reversible theory of
entanglement have failed. Some physicists even suspected
that entanglement may be irreversible, making the quest
impossible.

Now, a team led by Bartosz Regula of the RIKEN Center for
Quantum Computing has solved this long-standing conjecture
by using ‘probabilistic’ entanglement transformations. While
these transformations are only guaranteed to be successful
some of the time, they are more effective than non-probabilistic
ones in converting quantum systems.

Under such transformations, the researchers showed that
it is indeed possible to establish a reversible framework for
entanglement manipulation. They thus identified a setting in
which a unique ‘entropy of entanglement’ emerges.

“Our findings mark significant progress in understanding
the basic properties of entanglement,” says Regula. “They
reveal fundamental connections between entanglement and
thermodynamics, and crucially, provide a major simplification
in the understanding of entanglement conversion processes.”

The demonstration has practical implications. “This not
only has immediate and direct applications in the foundations
of quantum theory, but it will also help with understanding
the ultimate limitations on our ability to efficiently manipulate
entanglement in practice,” says Regula.

While the finding is major step forward, it raises new
questions. “Our work serves as the very first evidence that
reversibility is an achievable phenomenon in entanglement
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RIKEN researchers have shown that the classical physics
concept of entropy also applies to quantum entanglement,
depicted artistically here.

theory,” says Regula. “However, even stronger forms of
reversibility have been conjectured. Understanding the
precise requirements for reversibility to hold thus remains a
fascinating open problem.”
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A beautiful approach to correcting quantum errors

A method for correcting errors in quantum computers based on geometric structures shows promise

Anew approach for correcting errors in  quantum
computing has been proposed by a RIKEN researcher”.
It could contribute to highly parallel methods that will allow
fault-tolerant quantum computing, the next stage in the
evolution of quantum computers.

Quantum computers promise to revolutionize computing
in coming decades. In particular, quantum computers that
are tolerant to faults because they can correct errors have
the potential to surpass the performance of conventional
computers on certain calculations.

“Thanks to recent experimental progress, there is now
great hope that we will be able to build fault-tolerant quantum
computers,” says Hayato Goto of the RIKEN Center for
Quantum Computing. “To achieve this, however, it is important
to develop efficient quantum error correction.”

Many error-correction methods have been proposed. A
conventional one is based on encoding a single logical qubit
(a qubit is the equivalent of a bit in a conventional computer)
onto many entangled physical ones, and then using a decoder
to retrieve the logical qubit from the physical ones.

But this is difficult to scale up since the number of physical
qubits required goes up enormously, resulting in huge
resource overheads.

To overcome this problem, high-rate quantum codes have
been proposed. But they require setting up logic gates mostly
sequentially rather than fully parallel, slowing computing
down.

To remedy this, Goto has proposed an approach he calls
many-hypercube codes. In this approach, the logical qubits
can be visualized mathematically as forming a hypercube—a
class of shapes that includes squares and cubes as well as
higher-order shapes such as the tesseract. In contrast to
other high-rate quantum codes, manyhypercube codes have
remarkably beautiful mathematical and geometric structures.

For these new codes to improve performance, Goto needed
to develop a novel dedicated decoder that can interpret the
result from the physical qubits.

His innovative technique is based on level-by-level minimum
distance decoding, which allows for high performance. Unlike
similar methods, it also allows for logical gates to be arranged
in parallel rather than in series, which makes the system
analogous to parallel processing in conventional computers.

The codes developed by Goto realized one of the highest
encoding rates—the ratio between logical and physical
qubits—among codes used for fault-tolerant quantum
computing. Even with this high encoding rate, the codes had
performances comparable to those of conventional codes
with low encoding rates.

Goto believes that the code could be implemented in

A model of a hypercube known as a tesseract. A RIKEN
researcher has developed a method for correcting errors in
quantum computers that is based on hypercubes.

practical quantum computing systems that use neutral atoms
trapped in laser beams as qubits.
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A high-fidelity gate for quantum computers

A new kind of coupler could enable more accurate quantum computation

IKEN physicists have realized a novel coupling scheme

that achieved high-fidelity gate operations between
qubits for quantum computers’. This development promises
to both boost the performance of existing superconducting
quantum computers and pave the way for realizing future
fault-tolerant quantum computing.

Because they are based on qubits rather than bits, quantum
computers have the potential to revolutionize computing by
being able to solve problems that are extremely difficult or
intractable using conventional computers.

Unleashing the full potential of quantum computing requires
developing quantum gates—operations on qubits—with
much higher fidelities than are currently achievable. This is
important because realizing high gate fidelities is essential
for minimizing errors and thereby enhancing the reliability
of quantum computation and reducing overheads for error
correction.

Now, a team led by Yasunobu Nakamura of the RIKEN
Center for Quantum Computing and Hayato Goto of Toshiba
Corporation have demonstrated high-fidelity gates between
two qubits by using a special coupler.

“By reducing the error rates in quantum gates, we have
made more reliable and accurate quantum computation
possible,” says Nakamura. “This is particularly important for
developing fault-tolerant quantum computers, which are the
future of quantum computing.”

The team used a new kind of tunable coupler composed
of two fixed-frequency transmons—a type of qubit that
is relatively insensitive to charge noise. This coupler both
suppressed residual interaction and realized fast high-fidelity
two-qubit gate operations, even for highly detuned qubits.

Using the coupler, the team realized a two-qubit gate with
an impressive fidelity of 99.9% within a gate time shorter than
50 nanoseconds. This is a big advance as no two-qubit gate
has been demonstrated at the level of the fidelity and speed
between two fixed-frequency qubits.

The two keys to this demonstration were constructing
precisely designed qubits using state-of-the-art fabrication
techniques and optimizing the gate using machine learning.
This allowed the researchers to translate the theoretical
potential of the double-transmon coupler, proposed by Goto
in 2022, into practical application.

The team used these approaches to balance two remaining
types of errors—leakage error and decoherence error—that
remained within the system. They minimized these two error
sources by optimizing the pulse length and shape. Thanks
to this, they achieved among the highest fidelities reported
in the field.

“This device’s ability to realize quantum gates effectively with
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The development of a two-qubit gate (shown here) with
a very high fidelity could help improve the performance of
superconducting quantum computers.

long-coherence fixed-frequency qubits makes it a versatile
and competitive building block for various quantum computing
architectures,” says Nakamura. “It can be integrated into
existing and future superconducting quantum processors,
enhancing their overall performance and scalability.
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