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[1] M. Hotta, Y. Nambu et al., “Expanding edges of quantum Hall
systems in a cosmology language: Hawking radiation from de
Sitter horizon in edge modes”, Phys. Rev. D, 105 (2022), 105009.

[2] Y. Nambu and M. Hotta, “Analog de Sitter universe in quantum
Hall systems with an expanding edge”, Phys. Rev. D, 107 (2023)
085002.
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Preface by Head Investigator

leap forward

Head Investigator
Tadashi T:

Kyoto University

Journey to the extreme universe, another

akayanage

Yukawa Institute for Theoretical Physics,

Time flies, and three years have already passed since the
ExU project was born. In this collaboration, aiming at inter-
disciplinary subjects which bridge quantum information
and physics, it looks to me that the research directions are
diverse, and the further we advance our research, the more
profound and diverse the world becomes. How do you feel
about it?

*

One of the most impressive developments which was
reported in the annual meeting held at Osaka University in
September was about condensed matter experiments in the
light of quantum information theoretic ideas. In particular,
new methods for measuring quantum information quantities
such as entanglement entropy and entanglement spectrum,
which are also important in the physics of quantum many-
body systems and gravity theory, have been pioneered by
Daisuke Yamamoto in B02, and Hideki Ozawa and Seiji
Sugawa in the publicly offered research. At the internation-
al ExU workshop held at OIST, Okinawa in October,
research developments in similar directions attracted much
attention. This is a very exciting direction that will lead the
study of the extreme universe to a new stage.

¢

This year, I was very honored to receive the Dirac Medal
from ICTP, a prominent international prize in theoretical
physics, jointly with Shinsei Ryu, who is one of interna-
tional advisors of this ExU project, and also with Horacio
Casini and Marina Huerta. I am deeply grateful to Shinsei,
who has been a lifelong collaborator of mine, for the many
wonderful collaborations we have had since then, including
the discovery of holographic entanglement entropy formula.
My collaboration with Shinsei began when we were both
post-doctoral researchers at the KITP in UC Santa Barbara.
It was a great memory for me that our collaboration started
when we went on a road trip to Death Valley and Sequoia
National Park during our Christmas vacation in 2005,
almost 20 years ago from now. At that time, theoretical
physicists rarely heard about quantum information theory,
and I myself did not expect that the idea of quantum
information would be so deeply connected to fundamental
aspects of physics. In that sense, I am feeling a sense of a
different world now that research directions such as “It
from Qubit” and “Extreme Universe” have become a major

research trend both in Japan and abroad. At the same time, |
am very grateful to numerous excellent researchers around
the world, who have made significant contributions to this
interdisciplinary field.

*

In addition, the interim evaluation of this field was
conducted this year, and we were able to receive an “A”
grade. We would like to express our gratitude to our
advisory committee members for their valuable comments,
and to all the members who helped us in the preparation of
the report document. Looking back at the data of this
project (as of June 2024) based on this report, the total
number of PIs and Cols has now reached 81, including
those who participate(d) in the first and second phases of
the publicly offered research. The total number of ExU
members is approximately 200, including about 100 young
researchers (graduate students and post-doctoral fellows).
The research fields of the members are relatively evenly
spread among the fields of quantum information, high
energy, cosmology, and condensed matter, which provides
a desirable composition for realizing interdisciplinary
fusion. We have published more than 360 papers, given
more than 240 invited lectures at international conferences,
and received more than 20 academic awards. We are also
very pleased to announce that more than 30 members have
already been promoted to higher positions. I would like to
express my sincere appreciation for the outstanding
research activities of the members of this fiecld, who are the
driving force behind all of the above. Now, we have only
about one year left in this ExU collaboration, and I hope all
of you will fully enjoy your journey to the Extreme
Universe as much as you can, during the remaining time.

37



Preface by Advisory Committee

Shinsel Ryu

Advisory Committee member

“Extreme Universe” and Dirac’s Beauty:
Anticipating New Discoveries

Department of Physics, Princeton University

The “Extreme Universe” project, launched in 2021
(Reiwa 3), reaches a milestone this year, 2025 (Reiwa 7).
As an international advisor, I have had the privilege of par-
ticipating in this project through workshops and remote
events. This project spans a wide range of themes related to
quantum physics, encompassing the foundational aspects of
modern physics—quantum spacetime, matter, and
information.

The project’s multifaceted efforts probe the frontiers of
physics, and notably, it succeeds in fostering cross-disci-
plinary collaboration despite the challenges of bridging
gaps between fields, a pressing issue in today’s academic
landscape. Such endeavors not only reinforce a sense of
unity and shared purpose within the broader physics
community but also hold the potential to unlock new
discoveries and perspectives. I hope to see these collabora-
tions grow further, contributing to the advancement of
physics as a whole.

skok

It is a tremendous honor to receive the Dirac Medal
alongside Professor Tadashi Takayanagi, the principal in-
vestigator of this project. This achievement is a result of the
support from colleagues, students, and many others who
have collaborated with me over the years. I would like to
take this opportunity to express my heartfelt gratitude to
them all.

*

Dirac has always been one of my heroes, and receiving
an award named after him carries profound significance for
me. | first encountered Dirac’s name in the context of the
“Dirac Sea,” as depicted in Ten Billion Days and One
Hundred Billion Nights (Hyakuoku no Hiru to Senoku no
Yoru), a novel and manga by Ryu Mitsuse and Moto Hagio.
Though I cannot recall precisely when I read it, it must
have been during my middle or high school years. Later, as
I pursued a career in physics and began researching
condensed matter physics, I could never have imagined that
concepts like the Dirac Sea would become part of my
everyday research through topics like graphene and
topological insulators. Even from the perspective of
condensed matter physics, the rise of Dirac electronic

systems to their current prominence would have been
difficult to foresee. Additionally, the Chern number, one of
the most fundamental concepts of topological materials, has
its foundation in Dirac’s work on magnetic monopoles. The
connection between the Dirac Sea and magnetic monopoles
is now a well-established fact, though whether Dirac
himself recognized this link remains an intriguing question.
Regardless, these critical concepts bear Dirac’s name, un-
derscoring their importance.

*

On the other hand, I have yet to find any direct remarks
from Dirac concerning quantum entanglement. Nonetheless,
his contributions form the very bedrock of quantum
physics. It is impossible to discuss quantum mechanics
without referencing Dirac’s bra-ket notation and his intro-
duction of the delta function.

*

Dirac is also renowned for his insistence on the beauty of
theoretical constructs. Personally, I do not believe that
beauty alone defines the value of a physical theory, but it is
undeniable that many outstanding theories possess
remarkable elegance. Perhaps there is a connection between
our sense of understanding and a certain type of beauty.
This notion of beauty might also underlie the unity of
physics I mentioned earlier.

*

It is said that Dirac initially regarded the implication of
his equation—predicting the existence of positively charged
protons—as a flaw in his theory. When the positron was
subsequently discovered, however, he famously remarked,
“The equation was smarter than I was.”

*

I hope that the exploration of the “Extreme Universe”
project will yield theories as beautiful and smart as Dirac’s
and discoveries as profound as the positron.
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Quantum information for theoretical physics

[Principal Investigator]
Tomoyuki Morimae (YITP, Kyoto University)

[Co-Investigator]

Yoshifumi Nakata (YITP, Kyoto University)
Koji Azuma (NTT)

Francesco Buscemi (Nagoya University)
Ryu Hayakawa (YITP, Kyoto University)

[ExU Lecturer]
Andrew Darmawan (YITP, Kyoto University)

[Research Collaborators]

Michele Dall’Arno (Toyohashi University of Technology)
Hayata Yamasaki (Tokyo University)

Go Kato (NICT)

Team A aims to advance research in quantum information
theory while also developing the “language” of quantum
information that can be applied to other fields of physics.
This year, the team has achieved the following research
results:

Quantum Supremacy Theory: Quantum computers are
expected to outperform classical computers in speed, but
this advantage has not yet been rigorously proven. Research
that attempts to prove the superiority of quantum computing
based on standard assumptions in computational complexity
theory is called quantum supremacy theory. Many studies
have been conducted in this field, but previous assumptions
have been either artificial or overly strong. In this study,
Morimae et al. were the first to prove quantum supremacy
based on the existence of one-way functions, which are the
most fundamental assumption in cryptography. Previous
demonstrations of quantum supremacy using random
quantum circuits or boson sampling relied on artificial
assumptions, such the #P-hardness of some problems. In
contrast, this study is groundbreaking because it proves
quantum supremacy based on a fundamental assumption
that has been extensively studied in cryptography. This
result has been accepted for presentation at Crypto 2025, a
top international cryptography conference.

Computational Complexity of Quantum Randomness:
Random unitary evolution in quantum systems is not only a
highly useful resource for quantum information processing
but also a key to understanding quantum gravity and
quantum chaos. However, despite its importance, little
research has been done on the computational complexity of
random unitary evolution. As a significant step in this
direction, Nakata et al. studied the computational
complexity of evaluating how much randomness a given
unitary evolution possesses. They proposed a quantum
algorithm to verify randomness and demonstrated that even
with a quantum computer, verifying randomness is funda-
mentally difficult. This result suggests that a general
algorithm for efficiently verifying emergent random
quantum states in quantum many-body systems and
quantum chaos does not exist, emphasizing the need for
problem-specific algorithms.

Quantum Information Science and Thermodynamics:
Buscemi et al. studied measurement, feedback control, and
the dynamics of information in quantum systems by
unifying them through entropy as a fundamental bridge.
They investigated the universality of the second law of
information thermodynamics and demonstrated its applica-

bility to all feedback and erasure protocols that are
consistent with thermodynamics. The study also focused on
observational entropy, a concept that integrates classical
and quantum statistical mechanics. Using Petz’s theorem
and random unitary evolution, they provided a general
demonstration of entropy increase in isolated systems.
Furthermore, they extended observational entropy by
introducing generalized quantum prior distributions to
overcome the limitations of uniform prior distributions.
This approach integrates quantum Bayesian inference,
expanding both the interpretation and operational scope of
entropy.

Additionally, they addressed the computational
challenges of the quantum statistical testing region by
introducing a new conic approximation method, which
facilitates comparisons between quantum models and trans-
formations. The concept of signaling dimension, which
quantifies the classical resources required to reproduce
quantum correlations, was analyzed within the framework
of generalized probabilistic theories, leading to new
analytical and algorithmic techniques. This work also
clarifies the relationship between resource theory and
quantum information processing. Finally, they studied
virtual quantum broadcasting, showing how Hermitian-pre-
serving maps can realize broadcasting of virtual quantum
states.

Quantum Communication: The quantum internet is
expected to enable quantum communication between
arbitrary clients worldwide and has potential applications in
quantum sensing and quantum computing. A key
technology for this is the ability to efficiently distribute
entangled quantum states between clients with a constant
error, regardless of their distance. In practice, this requires
quantum communication across multiple interconnected
quantum networks, similar to the current classical internet.
Higashi et al. proposed a practical method to provide clients
with constant-error quantum entanglement independent of
their distance. Their approach is based on two novel
concepts: Minimum-cost aggregation and Network connec-
tivity. By utilizing self-organizing multiple quantum
networks, this method establishes a foundational protocol
for realizing a global-scale quantum internet.
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Quantum Black Holes from Quantum Information

[Principal Investigator]
Norihiro lizuka (National Tsing Hua University and YITP, Kyoto University)

[Co-Investigator]

Toshifumi Noumi (The University of Tokyo)
Masaki Shigemori (Nagoya University)
Seiji Terashima (Kyoto University)
Tomonori Ugajin (Rikkyo University)

[ExU Postdoctoral Fellows (Research Collaborators)]
Akihiro Miyata (YITP, Kyoto University)

Sunil Kumar Sake (YIYP, Kyoto University)

Nicold Zenoni (YITP, Kyoto University)

[Research Collaborators]

Takanori Anegawa (Yonago College)

Mitsuhiro Nishida (Yuge College)

Kengo Maeda (Shibaura Institute of Technology)

lizuka and Nishida in [1] proposed that the logarithmic
singularities of the Renyi entropy of local-operator-excited
states for replica index n can be a sign of quantum chaos.
Additional evidence that there are always logarithmic sin-
gularities of the Renyi entropy in holographic CFTs, but no
such singularities in free and rational CFTs are shown.

lizuka, Anegawa, Kabat in [2] considered the thermal
behavior of a large number of matrix degrees of freedom in
the planar limit. They work in 0+1 dimensions, with D
matrices, and use 1/D as an expansion parameter. This can
be thought of as a non-commutative large-D vector model.
They compute a thermal two-point correlator to O(1/D) and
find that the degeneracy present at large D is lifted, with
energy levels split by an amount ~ 1/ND. This implies a
timescale for thermal dissipation ~ VD.

lizuka and Nishida in [3] developd a correspondence
between the PSSY model and the IOP matrix model by
comparing their Schwinger-Dyson equations, Feynman
diagrams, and parameters. Applying this correspondence,
they resum specific non-planar diagrams involving crossing
in the PSSY model by using a non-planar analysis of a
two-point function in the IOP matrix model.

lizuka, Nishida, Lin investigated in [4] the multi-partite
entanglement structure of an evaporating black hole and its
Hawking radiation by dividing the radiation into finer
subsystems. Using the multi-entropy of these configura-
tions, they define a black hole multi-entropy curve, which
describes how the multi-entropy changes during the black
hole evaporation. This black hole multi-entropy curve is a
natural generalization of the Page curve since the multi-en-
tropy reduces to the entanglement entropy for the bi-partite
case. The multi-entropy represents the secret entanglement
between Hawking particles.

lizuka, Mukherjee, Sake, and Zenoni in [5] found that the
entanglement entropy between different Majorana fermions
for the thermal state in Sachdev-Ye-Kitaev (SYK) model
and its sparsified version satisfies all the known entropy in-
equalities which hold for holographic states.

lizuka and Sake explored in [6] a Centaur geometry in JT
gravity, which is an asymptotically AdS spacetime but in
the IR admits a dS bubble with another AdS geometry in
the deep IR. They calculated the density of states of the
putative boundary dual for such mixed geometries by
evaluating the on-shell action and showing that the degrees
of freedom in the IR reduce due to the IR modification cor-
responding to the dS bubble.

Sake et al in [7] extended some aspects about the
canonical quantization of JT gravity in de Sitter space,
including the problem of time and the construction of a
Hilbert space. They then extended this discussion to other

two dimensional models obtained by changing the dilaton
potential, along with comments pertaining to Holography
and the entropy of de Sitter space.

Zenoni et al in [8] studied the time evolution of various
geometric quantities that probe both the expanding region
and the interior of a black hole in de Sitter spacetime,
finding that the presence of a black hole slows down the
“hyperfast” growth, which is manifest in empty de Sitter.

Noumi, in a paper [9] coauthored with Izumi and
Yoshida of the C03 group verified the cosmic censor
conjecture, which states that naked singularities do not
exist. In particular, they showed that the cosmic censorship
conjecture holds for non-extreme black holes in systems
with multiple types of conserved charges, which are toy
models for the dark sector of the universe, even when
quantum corrections are taken into account.

Noumi, in a joint paper with Maeda of Group B03 and
Yoshida of Group C03 [10], derived the cutoff length scale
of the quadratic gravity in d > 5 dimensional spacetime by
demanding that the quantum focusing conjecture for the
smeared quantum expansion at the classical level.

Noumi and his graduate advisor Nishii et al, in a
co-authored paper [11], developed an effective field theory
for dissipative systems in gravity theory by applying the
Schwinger-Keldysh formalism, which is useful for
describing quantum open systems, and discussed its appli-
cations to cosmology and black hole thermodynamics.

[1]N. lizuka et al, JHEP 10 (2024) 043

[2] T. Anegawa et al, Phys.Rev.D 111, 025003 (2025)
[3] N. Tizuka et al, JHEP 12 (2025) 212

[4] N. Tizuka et al, arXiv:2412.07549
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[7]1 L. Dey et al, arXiv:2501.03148

[8] S. E. Aguilar-Gutierrez et al, JHEP 05(2024) 201
[9]1 K. Izumi et al, Phys.Rev.D 110, 044008 (2024)
[10] T. Kanai et a/ , Phys.Rev.D 110, 084037 (2024)
[11]P. H. C. Lau et al, arXiv:2412.21136
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Following Nakajima’s transfer, all experimental
equipment was dismantled and moved from Kyoto
University to Osaka University in February of the previous
year. Therefore, in this year, Nakajima and Yamashita first
proceeded to reconstruct the experimental setups. We have
restored the laser cooling and evaporative cooling in an
optical trap with control of atomic interaction via magnetic
Feshbach resonance and achieved Bose-Einstein condensa-
tion of the Feshbach molecule °Li,. We also confirmed laser
cooling and loading into the optical trap of the bosonic ’Li
atoms. The optical lattices have also been reconstructed and
we reconfirmed the atomic wave diffraction patterns using
the momentum kick with a pulsed lattice. In parallel with
these reconstructions, the equipment has been upgraded by
re-baking the UHV chamber to improve the vacuum level,
improving the laser cooling laser source, and introducing a
new power supply unit capable of high-speed magnetic
field control which is required for the out-of-time-ordered
correlator (OTOC) experiments. These preparations and
upgrades are underway to start experiments on measure-
ment-induced phase transitions and OTOC.

Yoshifumi Nakata (A01) and Tezuka numerically
examined the Hayden-Preskill thought experiment, which
operationally characterizes scrambling (the realization of
quantum error correction) in the dynamics of quantum
many-body systems, including the Sachdev-Ye-Kitaev
(SYK) model, which holographically corresponds to
gravity. They showed that quantum chaos dynamics is not
necessarily scrambling, and demonstrated a case where the
crossover between the presence and absence of scrambling
can be characterized by the accuracy of information
recovery [1]. Pratik Nandy (DO1), Tanay Pathak (YITP)
and Tezuka analyzed the level statistics of singular values
in the non-Hermitian SYK model [2]. Tezuka and collabo-
rators also analyzed the entanglement dynamics when the
SYK model is coupled to Dirac fermions [3].

Kaminishi and Mori analyzed the optimization process of
stochastic gradient methods in variational quantum
algorithms, in relation to the development of non-equilibri-
um dynamics and quantum computing methods in cold
atom systems. Using the fluctuation-dissipation theorem,
they evaluated the escape time from a saddle point or a
local solution with respect to the magnitude of noise [4].

Mori clarified the non-commutativity between the weak
dissipation limit and the thermodynamic limit for the
Liouvillian gap of an open quantum system [5]. Based on
this, he demonstrated the existence of the quantum Ruelle
-Pollicott resonance, which indicates the chaotic nature of
the long-term behavior of a quantum many-body system,

and clarified the relationship between the thermal
equilibrium of an isolated quantum system and the weak
dissipation limit of an open quantum system.

Yamamoto, together with Yoshiki Murata (B03) and
others, theoretically demonstrated a new response
phenomenon in a quantum spin system inspired by the AdS/
CFT correspondence [6]. This utilizes the phenomenon that
the trajectory of light propagating from the boundary of
AdS space-time to the opposite boundary appears as if the
particle suddenly teleported to the opposite side of the
system on the CFT side. He also analyzed the phenomenon
in which the existence of a flat band inhibits the relaxation
dynamics of the system and proposed a cold atom
experiment [7], and analyzed a condensed matter
experiment in which the quantum nature of solid magnetic
materials is controlled by applying pressure [8].

Yamamoto and Marmorini have conducted theoretical
research into quantum state tomography, a method for ex-
perimentally measuring the density matrix of quantum
states in artificial quantum materials, and have studied the
quantum information content obtained from permuta-
tion-symmetrized density matrices [9] and developed a new
efficient quantum state tomography method using a spirally
twisted observation basis [10]. For more details, please see
the article “Research Highlight” on page 70.

[17Y. Nakata and M. Tezuka, Phys. Rev. Research 6, L022021 (2024).
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Black holes are an extremal limit of spacetime curvature,
nevertheless, they possess thermodynamic features just like
ordinary materials. How can we reconcile these two views
of classical black holes? The answer is to regard black holes
as fundamentally quantum mechanical objects. However,
this view has raised a deeper question called the “black hole
information paradox.” The interior of a black hole cannot
be seen according to general relativity, whereas it must be
visible from the quantum information theoretic viewpoint.
How can we reconcile these two views of quantum black
holes? The aim of B03 group is to understand the
fundamental nature of quantum black holes.

Some recent advances in tackling the above issue are the
quantum null energy condition (QNEC) and the quantum
focusing conjecture (QFC), as well as the “island proposal”
from quantum information theory that Hawking radiation
contains information of a certain region inside the black
hole. Matsuo showed last year that QFC holds during the
Hawking process even after the island formation. However,
in that study, quantum effects on the geometry of
evaporating black holes have not been fully taken into
account. Ishibashi, Matsuo, and Tanaka revisited this
problem in two dimensions and showed that QFC indeed
holds by solving the semiclassical Einstein equations ana-
lytically [1].

Maeda, with Noumi in BO1 and other collaborators,
examined QFC in gravity theories with higher derivatives
[2]. They derived the cutoff length scale of the quadratic
gravity in higher dimensional spacetime by demanding that
QFC for the smeared quantum expansion holds at the
classical level. The cutoff scale has a different dependence
on the spacetime dimension depending on the sign of the
coupling constant of the quadratic gravity. We also give a
concrete example of spacetime in which the QFC holds
when the quantum expansion is smeared over a scale larger
than our cutoff scale, although it is violated before the
smearing.

Matsuo showed that the island region extends slightly
outside the event horizon in the case of stationary black
holes but is hidden by the horizon in the case of evaporating
black holes, independent of other details of the black hole
[3].

When considering quantum effects, black holes may put
on some form of quantum fair around the event horizon.
Ishibashi, Matsumoto, and Yoneo [4] clarified the
conditions that determine whether static black holes can
have hair in the form of perfect fluid.

Ishibashi, Maeda, and Okamura showed dynamical and
thermodynamic instability of three-dimensional AdS
geometry, by solving the holographic semiclassical Einstein

equations [5]. The instability found in this study is new and
implies the breakdown of the maximal symmetry of AdS
spacetimes.

BO03 group also conducts research to explore the quantum
properties of black holes using condensed matter systems.
Murata and Kinoshita, along with their collaborators,
proposed a method to simulate quantum field theory (QFT)
in curved spacetimes using quantum spin systems [6]. This
study demonstrated that QFT in two-dimensional curved
spacetimes can be realized as the continuum limit of a spin
model on a one-dimensional ring. By tuning the parameters
of the spin system, it is possible to reproduce QFT in
general curved spacetimes. For instance, QFT in an
expanding universe corresponds to the transverse-field Ising
model with time-dependent magnetic fields in the spin
system. This correspondence enables the simulation of
particle production caused by cosmic expansion using spin
systems. Indeed, the particle production rate calculated
from the spin system was shown to reproduce the QFT
results. Furthermore, this approach can be extended to
phenomena such as black hole formation through gravita-
tional collapse, paving the way for potential experimental
verification of Hawking radiation using spin systems.

[1T A. Ishibashi, Y. Matsuo, and A. Tanaka, JHEP 09 (2024) 126

[2] T. Kanai, K. Maeda, T. Noumi, and D. Yoshida Phys. Rev. D 110,
084037 (2024)
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[5] A. Ishibashi, S. Matsumoto, and Y. Yoneo, Class. Quantum Grav.
41 (2024) 8, 085010
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The purpose of COl group is to understand the
description of the microscopic quantum universe in the
light of deep relationships between holographic principle
and quantum information.

Harper, Kanda, Tasuki and Takayanagi in CO1 succeeded
in geometrically deriving a property called the g-theorem,
which states that “the degrees of freedom of the boundary
at a 1D quantum critical point decreases monotonically as
the energy scale decreases” from the strong subadditivity,
which is a fundamental inequality in quantum information
theory [1]. Via the holographic principle, they also found
that the g-theorem prohibits traversable wormholes, which
shows that quantum information inequalities impose restric-
tions on the geometrical structure of spacetimes in quantum
gravity.

Harper, Tsuda and Takayanagi in COl gave the first
method to calculate a quantity called multi-entropy in
quantum field theory. This quantity extends the entangle-
ment entropy to quantum correlations between many bodies
[2]. Via holography, this quantity is predicted to be equal to
a sum of the areas of multiple minimal surfaces intersecting
in an anti de-Sitter spacetime. They succeeded in finding
the phase transitions of multi-entropy predicted from the
gravity dual. This work provided a clue to extend the corre-
spondence between holography and quantum information
to many-body correlations.

Okuyama in CO1 studied baby universe operators in dou-
ble-scaled SYK (DSSYK) model [3]. He found that the
identity operator on the Hilbert space of DSSYK can be
expanded as a linear combination of the baby universe
operators. It follows that the TFD state of DSSYK is written
in terms of the bi-linear combination of the baby universe
operators, which can be thought of as a concrete realization
of the idea of ER=EPR.

Strong Subadditivity
SAB+SBC= SABC+SB

Quantum information theory \

provides us with a geometric
Viewpoint, which enables
us to find a simple proof.

Boundary

g—theorem (Lis a length scale)

Degrees of freedom at the boundary g(L) is monotonically
decreasing as L gets large (i.e. as the energy gets lower).

Fig. Geometric proof of g-theorem based on entanglement entropy [1]

Sekino in CO1 studied de Sitter universe based on
Holographic principle [4]. Based on the hypothesis that a
theory of quantum gravity should be formulated using the
degrees of freedom that can be accessed by a single
observer, it is assumed that DSSYK model defined on the
event horizon of an observer describes de Sitter universe. In
order to describe semi-classical phenomena inside the
horizon, one should take the limit in which the length scale
of the microscopic theory is small compared to the de Sitter
radius. In AdS/CFT correspondence, such a limit is known
to be very difficult to analyze, but in this paper by Sekino
with Susskind (Stanford University), it is pointed out that
such a limit naturally exists in DSSYK.

Sugimoto in CO1, in collaboration with Armoni
(Swansea University), Pyszkowski (YITP), and Weissman
(APCTP), studied meson scattering amplitudes in a model
of QCD based on the holographic principle [5]. When the
curvature radius of the background in the holographic
description is large compared to the string length scale, it
was shown that the high-energy meson scattering
amplitudes can be approximately obtained by using the
open string scattering amplitudes in flat spacetime. In
particular, assuming that the background is asymptotically
AdS, the energy dependence expected to hold for the
scattering amplitudes of hadrons is successfully reproduced.

Hikida in CO1 gave a proof of an example of gauge-grav-
ity correspondence in collaboration with Schomerus
(DESY) [6]. In case of 3-dimensional anti-de Sitter space
with NSNS flux, string theory can be solved in principle. In
addition, the string theory at high-energy corresponds to the
weak coupling regime of its dual field theory. Making use
of these facts, we derived a gauge-gravity correspondence
involving the high-energy regime of string theory. This is a
powerful result that holds for all orders in string perturba-
tion theory.

[17J. Harper, H. Kanda, T. Takayanagi and K. Tasuki, Phys. Rev.
Lett. 133, 031501 (2024).
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In this research project we are working on implementing
quantum cosmology experiment in the laboratory as a toy
model which is a theoretically equivalent physical system
to the early universe. In this way we seek to provide a rich
playground for verification of quantum cosmology theory.
To do this we are using quantum Hall (QH) systems, which
are created when a two-dimensional electron system is
exposed to low temperatures and high magnetic fields. Our
theory is that the edges of these QH systems are equivalent
to a (1+1)-dimensional quantum universe.

In this year, we have continued to fabricate devices that
simulate a (1+1)-dimensional expansion/contraction
universe, and have performed real-space and -time imaging
while dynamically expanding and contracting the quantum
Hall edge using a stroboscopic microscope with a time
resolution of a few 100 ps, which was almost completed by
last year. We have reached a stage where we obtain signals
which can be related to the classical expansion/contraction
of the edge [1]. It is known that quantum Hall systems are
topologically robust, consisting of the gapless edge and a
bulk with an energy gap. This year, we have been studying
the edge and bulk excitations using the v = 2/3 fractional
quantum Hall state with electrodes that can electrically
excite both the edge and bulk, and we have studied the
behavior of the bulk excitations [2]. The bulk and the edge
are inseparable and the bulk of the (1+1)-dimensional
universe is of higher dimension (2+1) than the (1+1)-
dimensional universe. So, it is important to study the bulk
and edge of quantum Hall systems experimentally, in
relation to the gauge-gravity correspondence and the
connection to the brane world.

Experiments on dynamic mirror systems, which can be
constructed using high-temperature plasmas and lasers, are

gate
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0 time (ns) 1 183
Fig. 1 (a) Scanning electron microscope image of a typical device. (b) Voltage
waveform applied to the excitation gate. (c)(d) Real-space mapping of the PL
energy shift captured for t = (a) 0.84 and (b) 1.68. Blue regions correspond to
the edge and bulk excitation.

crucial as physical analogies for Hawking radiation emitted
from black holes. Hotta and his collaborators have theoreti-
cally demonstrated that the purification partners of Hawking
particles are not generated by shock waves arising from the
accelerated deceleration of the mirrors [1]. Furthermore,
Hotta and Murk proposed a new formulation of the Leg-
gett-Garg inequality for macrorealism, recently discussed in
the context of quantum gravity applications, using
probability vectors and analyzed it through machine
learning [2].

Shibata and his team are working to improve the DMRG
(Density Matrix Renormalization Group) and TDVP (Time
Dependent Variational Principle) methods to analyze the
time evolution of larger systems over long periods of time.
The improved calculation methods make it possible to
estimate the propagation speed of excitations along edges,
and quantitatively analyze the time evolution of the
potential applied to the edge and the response of the edge
state. They are also analyzing the size and shape of the
impurity potential that enables the generation and trapping
of anyons that appear as elementary excitations from
fractional quantum Hall states.

Yonekura has found a new constraint on the topology of
string theory [5]. On a D3-brane in Type IIB string theory,
there are fermions and gauge fields. It was known that these
fields have subtle nonperturbative anomalies. The anomalies
must be cancelled by a modification of Dirac quantization
of Ramond fields. However, in this work, it is found that
there are cases in which such a cancellation is impossible,
depending on the topology of spacetime. Those spacetime
topologies would lead to inconsistency and hence they are
forbidden as a spacetime of Type IIB string theory. This
new constraint is very nontrivial and cannot be seen by
traditional methods.

[17Y. Jeong et al., Quantum Extreme Universe, Matter, Information, and
Gravity (2024).
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In this group, we are performing fundamental research
on the origins of the universe, its accelerated expansion,
and the internal structure of black holes, examining these
topics from both higher-dimensional and four-dimensional
spacetime perspectives.

Tanahashi, in collaboration with Kinoshita, a researcher
in Group BO03, has discovered a novel property: the
induction of spin current in materials with differential
rotation. This was achieved by analysing condensed matter
theory from a relativistic perspective [1]. This research was
selected as an Editor’s Suggestion in Phys. Rev. B. Consid-
eration from the AdS/CFT perspective is expected.

Yoshida, in joint research with members of Groups BO1
and B03, examined the “quantum focusing conjecture”
related to the growth rate of generalised entropy, including
entanglement entropy, in theories of general relativity in-
corporating higher-order curvature corrections. Then, he
showed that the quantum focusing conjecture holds for the
spatially averaged growth rate [2].

Yoshino focused on the phenomenon where spatial
ruptures, Kaluza-Klein bubbles, form as the radius of the
extra dimension approaches zero and expands. Yoshino
developed numerical techniques for setting initial
conditions to simulate collisions between such bubbles and
black holes [3]. Meanwhile, Nozawa analysed the super-
symmetry of the Robinson-Trautman solutions of the Ein-
stein-Maxwell system with a cosmological constant, which
admit null geodesic congruences with zero shear and
rotation. He achieved a complete classification of super-
symmetric solutions, explicitly constructing the metrics,
gauge fields, and Killing spinors, and demonstrated that
only naked singularities are allowed [4]. These studies
provide fundamental insights into bulk spacetime.
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Fig. Numerically computed
spacetime containing a
bubble and a black hole.
The locations of the black
hole horizons are shown
i for various masses.
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In the context of inflation models involving axion fields
coupled to SU(2) gauge fields, Kobayashi pointed out that
the problem of excessive primordial gravitational wave
generation at cosmic microwave background scales can
generally be avoided by incorporating non-minimal
coupling with the gravitational field [5].

Izumi, Shiromizu, Yoshida, Yoshino, and others
identified loosely trapped surfaces defined in the strong
gravitational field regions outside black hole for slowly
rotating black hole [6]. Additionally, Izumi, Shiromizu, and
Yoshino incorporated the effects of electromagnetic fields
into inequalities for attractive gravity probe surfaces
(AGPS, surfaces that detect gravitational strength regardless
of its magnitude) [7]. They also showed the existence of
extreme charges, similar to those in black holes. This series
of studies on AGPSs has been summarised in the journal’s
“Recent Research Highlights” section.

This year, with Group B03, we contributed to the organi-
sation of the 33rd workshop on General Relativity and
Gravitation in Japan (JGRG33), held at Kindai University
from December 2 to December 6. The workshop was
attended by 235 participants from both Japan and abroad.
Additionally, we hosted a workshop titled “Exploring Black
Hole Universes and Spacetime Singularities” at the Biwako
Conference Centre from August 16 to 18 (30 participants)
and a mini-workshop titled “The Second Workshop on
General Relativity and Geometry” at Nagoya University on
November 18 and 19 (85 participants). The latter featured
an invited lecture by Mario Micallef on the mathematical
foundations of minimal surfaces, which is closely related to
the Ryu-Takayanagi formula for holographic entanglement
entropy—a central topic in this Extreme Universe project—
and is expected to contribute to future research.
Furthermore, on February 12 and 13, 2025, we hosted the
“SUPERGRAVITY” (16 participants) workshop at Osaka
Institute of Technology.

[1] T.Funato, S.Kinoshita, N.Tanahashi, S.Nakamura and M.Matsuo,
Phys. Rev. B 111, L060403 (2025).
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084037(2024).
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Nishioka (PI), along with Ge (Collaborator) and graduate
student Shimamori, considered the renormalization group
flow localized in space in the (3-¢) -dimensional O(N) model.
They constructed the first explicit example of composite
defect operators consisting of defect operators with two
distinct dimensions: surface operators and line operators [1].

Additionally, Nishioka, in collaboration with graduate
students Kawabata and Ando, developed various methods to
construct Narain-type (1+1) -dimensional conformal field
theories from general quantum error-correcting codes known
as subsystem codes [2]. By gauging the Z, symmetry, they
constructed fermionic conformal field theories and
discovered supersymmetric conformal field theories derived
from subsystem codes.

Ito (Co-I) and Matsumoto (Collaborator) extended the
traditional methods for calculating the spectra of composite
operators in gauge field theory using the Hamiltonian
formalism. They made calculations possible even in
parameter regions where the sign problem arises. Specifical-
ly, they added a topological 0-term to the Schwinger model
with two types of fermions and successfully analyzed the 6
-dependence of the composite particle spectrum with high
precision [3]. Furthermore, in [4], Ito proposed the
“Black-Encoding method,” which embeds the Hamiltonian
of the Schwinger model into a large unitary matrix for time
evolution, and compared its computational efficiency with
conventional methods such as Trotter decomposition.

Okuda (Co-I) had previously shown that quantum
simulations of certain lattice gauge theories could be realized
through adaptive measurements of higher symmetry-protect-
ed topological (SPT) states. In [5], along with Parayil Mana
and graduate student Sukeno, he clarified that a phenomenon
called anomaly inflow occurs between SPT states and the
simulated theories. In [6], it was demonstrated that anomaly
inflow occurs generally between lattice models (many of
which include fracton systems) with CSS code structures
and their corresponding SPT states. Additionally, Okuda, in
collaboration with Fujii, Fujikura, Kikukawa, and Pedersen,
investigated the Schwinger model using the VUMPS
method, achieving a two-order-of-magnitude improvement
in the accuracy of the critical mass determination [7].

Honda (Co-I), together with graduate students Nakanishi
and Shimamori, conducted extensive research spanning
quantum field theory, cosmology, condensed matter physics,
and quantum computation. First, they systematically
discussed the relationship between lattice models related to
fractons and quantum field theories [8, 9, 10]. Notably, in [8],
they proposed a systematic method to generate fractonic
lattice models from conventional lattice models and held a
press release. In cosmology-related research [11, 12, 13], they
primarily explored the application of resurgence theory to

quantum cosmology. In particular, [11] provided results that
advanced a long-standing debate on the initial state of the
universe, accompanied by a press release. Regarding
quantum field theory, Honda, along with Matsumoto and
others, studied the phase structure of four-dimensional SU(2)
Yang-Mills theory [14] and investigated methods to obtain
the energy spectrum via quantum computation [15]. In
connection with the above research, they gave six invited
talks, organized eight workshops, and conducted two
outreach activities.

Matsuo (Co-I) continued research related to the noncom-
mutative Hall effect. Building on last year’s proposal of a
new Calogero model describing the associated integrable
system and its spectral properties, this year, they focused on
the systematic derivation of related integrable models and
the symmetries describing the system (e.g., Yangian
symmetry). Additionally, they explored topics related to
gauge theories and brane configurations in M-theory through
the AGT correspondence and investigated the excited states
of the quantum Hall effect as proposed by Jain and others.

This year, the DO1 group also hosted the school “New
Computational Methods in Field Theory 2024” at the
University of Tokyo Komaba Campus. For details, please
refer to the workshop report.
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The main targets of the D02 research group focus on
developing the tensor network (TN) method and its mathe-
matical foundations for a better understanding of intriguing
phenomena arising from the dynamics of quantum
many-body systems. Our goal is also to advance interdisci-
plinary research associated with the ExU collaboration.
This year, we have made steady progress in our research
and also proposed a novel matrix-product-state (MPS)
based method relevant to quantum spin materials. Below,
we would like to highlight some of our key findings.

First, in terms of the relationship between TN and
holography, last year, Okunishi and Takayanagi from the
CO1 group showed that a tree-like TN, such as a Bethe
lattice, has a holographic renormalization group structure
and can be interpreted as a p-adic AdS/CFT. As a next step,
Okunishi and Nishino calculated the spin correlation
function along the outer edge for a hyperbolic lattice model
and demonstrated that a non-trivial scaling dimension is
realized by the loop network structure essential to the
critical phenomenon, implying steady progress in
elucidating the multiscale entanglement renormalization
ansatz (MERA). The ExU PD, Dr. Yosprakob, generalized
the construction of TN by character expansion to SU(N)
gauge theories and actually implemented it in the tensor
renormalization group [2]. Future applications are expected.
Meanwhile, from the perspective of quantum computing
and TN, Ueda et al. proposed a sequential structural optimi-
zation for loop-structured TNs (quantum circuits) that
include MERA [3] by developing the structural optimiza-
tion of tree-like TNs. Furthermore, they generalized the
quantum circuit representation algorithm for complex
vectors based on TN and applied it to a hybrid quan-
tum-classical machine learning algorithm [4]. Also, Harada
et al. investigated the properties of a tree-like TN structure
optimization method based on the minimum mutual
information principle for quantum generative models called
Born machines. In particular, their research demonstrated
that the structural optimization method extracts the relation-
ships inherent in the data, such as random patterns,
hand-drawn character images, stock price fluctuations, etc.,
as a network structure [5]. Our understanding of TN
structures in machine learning is also steadily improved.

From the viewpoint of quantum many-body dynamics,
Katsura et al. proposed a new method for constructing
fermion and quantum spin systems that exhibit peculiar
dynamics called quantum scar states [6]. Katsura also
showed that it is possible to create an infinite number of
frustration-free models that exhibit spontaneous breaking of
continuous symmetry in the ground state, even though they
are one-dimensional systems [7]. In collaboration with

Katsura, Ozaki, ExU PD investigated the dynamical and
thermodynamic properties of the Majorana SYK model in
the clean limit [8] and clarified that, in particular, at finite
temperature, the out-of-time ordered correlation function
shows an exponential growth in the early time evolution.
Meanwhile, Hotta et al. developed the cluster-projected
MPS method, determining whether a given model falls into
the frustration-free category and constructing its exact
solution [9]. In particular, this method was applied to a
one-dimensional quantum spin model corresponding to an
f-electron system, leading to the discovery of a quantum
Lifshitz multicritical point, which attracted significant
attention. Furthermore, the method was shown to be
applicable to toric codes and other two-dimensional
systems. In addition, Hotta investigated the classical
Glauber dynamics at finite temperatures in organic
materials that exhibit a one-dimensional neutral-ionic
transition and revealed that diffusive conduction in a
strongly correlated system increases near the phase
transition point [10].

Dr. Yosprakob, promoting interdisciplinary research in
TN and lattice field theories, will move to YITP at Kyoto
University in April as a JST CREST researcher. While our
partnership will continue, we are also in the process of
selecting a new ExU PD. We have high hopes for further
developments in the final year of our collaboration.
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In many-body electron systems, elementary excitations
with new properties can emerge due to interactions between
electrons. Fractional excitations in quantum spin liquids are
one of the examples, in which quantum entanglement of a
large number of electron spins leads to the emergence of
such novel excitations. In Kitaev quantum spin liquids, for
example, anyons appear, which are expected to have appli-
cations in topological quantum computation. Since such
elementary excitations do not necessarily have charge
unlike the original electrons, I resort to a thermal
measurement approach to detect them and to elucidate their
properties. In particular, I perform precise measurements of
entropy, specific heat, and heat transport coefficient, which
reflect fractional statistics, on bulk single crystals of
quantum spin liquids and topological superconductors,
where novel elementary excitations are expected. Recently,
we have investigated the existence of Majorana excitations,
which form anyon excitations in Kitaev quantum spin
liquids, by precise entropy and specific heat measurements
in a magnetic field. In the Kitaev quantum spin liquid in a
magnetic field, it was expected by the original Kitaev paper
that the amount of excitation of the Majorana particle
changes significantly depending on the direction of the
magnetic field. We have succeeded in observing this
property experimentally by making precise measurements
of entropy and specific heat in a magnetic field.

In this project, I try to explore quantum entanglement
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states in materials from the viewpoint of thermal measure-
ments, based on the entropy and heat measurements we
have established so far. In particular, I will try to explore
the toric code, a model of quantum error correction by
anyons, in materials. By conducting this research, I hope to
establish basement for approaching quantum information
from bulk quantity measurements such as entropy and heat
on real materials.

Computational quantumness: Analysis of fault-tolerant quantum

computation and quantum many-body systems via quantum magic

Understanding distinctive quantum features is essential
for studying quantum computation and the properties of
many-body quantum systems. Previous studies have mostly
focused on quantum superposition and entanglement as key
quantum properties. However, with advancements in
quantum information science, involving operations like
“computation” and “simulation,” identifying what makes a
system fundamentally “quantum” has become more
complex. For example, circuits composed solely of Clifford
gates can be efficiently simulated by classical computers,
even though they can create superposition and entangle-
ment. This suggests that these properties alone are insuffi-
cient to capture the full essence of quantum computation's
advantages.

A significant property beyond what Clifford gates can
generate is known as “quantum magic.” Magic states enable
Clifford circuits to achieve universal quantum computation.
While earlier studies emphasized the constructive aspect of
using magic states for universal computation, here we aim
to treat quantum magic as a fundamental quantum resource
akin to entanglement. This requires a framework to quantify
the “non-Cliffordness” of quantum states and gates.

The goals of this project is to establish quantum magic as
a new quantum characteristic that naturally emerges in the
context of quantum computation and to apply it to the
analysis of quantum information processing and the deeper
understanding of physical systems. Specifically, this study
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aims to (1) develop and apply a theoretical framework for
quantifying quantum magic using the framework of
quantum resource theory, (2) analyze the ultimate
performance limits of fault-tolerant quantum computation
by evaluating magic states, and (3) explore the use of
quantum magic as a resource for studying the quantum
properties of many-body systems.
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Random unitary transformation is one of the central
techniques in quantum information processing. In early
stages of quantum information processing research, random
unitary transformation based on Haar measure is used. Here,
Haar measure is a regular invariant measure on the unitary
group. However, it was recognized that the implementation
of the random unitary transformation based on the Haar
measure requires exponential time. Therefore, unitary
t-design, a measure that approximates the Haar measure, has
attracted much attention. A t-design are not only essential for
various quantum information processing, but have recently
been found to be important as a method for approximating
quantum chaotic systems and for Markovizations of environ-
mental systems. Existing t-design generation protocols are
designed as polynomial-time algorithms that work efficiently
on a quantum computer. However, it difficult to implement
them on a quantum many-body system.

In the previous public research, we proposed a method to
generate t-design on a quantum many-body system only by
random unitary transformations to small subsystems. In this
research, we will clarify that the convergence speed of the
t-design generation protocol using indirect control obtained
in the previous public research shows practical scaling with
respect to the size of the system and t. To this end, the first
goal is to obtain supporting evidence that our protocol has a
practical convergence speed. Specifically, we aim to obtain a
good lower bound on the convergence speed by applying a
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method for finding the shortest control time in quantum
control theory. Our second goal is to find a way to apply the
protocol in realistic noisy quantum many-body systems
using only indirect control. To this end, we aim to develop a
error mitigation technique using indirect control, and to
make variational quantum algorithms on quantum
many-body systems applicable even in realistic noisy envi-
ronments.

In this way, this research shows that t-design can occur as
a natural physical phenomenon in common quantum
many-body systems. This research will contribute to future
research on the thermalization and equilibration of quantum
many-body systems, and will also provide a simple method
for converting ordinary quantum many-body systems such
as spin chains into approximate quantum chaotic systems
using random access.

Magnetic resonance formation of quantum chaos and order

in open quatnum many-body systems

Nuclear magnetic resonance (NMR) is useful as quantum
information processing system, while the research so far
has been limited to isolated molecular systems. In this
study, we focus on systems with macroscopic quantum en-
tanglement, such as the quantum Hall effect and quantum
spin liquids, and develop a new quantum system using
long-range quantum entanglement between nuclear spins.
Condensed-matter NMR has been utilized as a local
magnetic probe through hyperfine interactions. Our NMR
group has also performed measurements on various
topological quantum systems and clarified the properties of
their low-energy excitations. In particular, Kitaev quantum
spin liquids host anyons or Majorana fermions with
fractional statistics as elementary excitations, which are
useful for error-tolerant quantum computing. Indeed, we
have succeeded in observing anisotropic low-energy
excitations that evidence the existence of Majorana
fermions. In a highly pure quantum spin liquid state, a gap
opens in the electron spin excitation, making it possible to
control nuclear spins coherently over a long period of time.
Recently, we have succeeded in creating discrete-time
crystals of nuclear spins that last for hundreds of millisec-
onds by applying periodic perturbations. Similar behavior
has also been observed in practical quantum information
systems such as optical lattices and superconducting qubits.
If long-term quantum control of stable quantum magnetic
materials can be achieved through this research, it will
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provide a new system with dramatically improved
versatility. Furthermore, we are working on measuring the
quantum entanglement of open macroscopic quantum
systems and developing new quantum phenomena. Specifi-
cally, it includes quantum state tomography measurements
and phenomena unique to quantum many-body systems
such as quantum scratches and quantum chaos. Through
this project, we hope to receive theoretical proposals from
various fields, such as entanglement entropy measurements
and many-body localization theory, which will serve as an
opportunity to create novel quantum phenomena.
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In general, for an N-qubit system, it is possible to
reconstruct its density matrix if one can measure all
many-body correlations up to all combinations of locally
different Pauli matrices (quantum state tomography).
However, such an observational setup on a locally different
basis would require elaborate manipulations at the single
qubit level. In addition, the number of such measurements
grows exponentially with the size of the system (4~ for N
qubits), which requires some ingenuity for a scalable
method. In artificial quantum systems with high controlla-
bility, such as ion trap and optical qubit systems, quantum
state tomography up to about N < 8 has been successful.
Systems of neutral atomic gases in periodic potentials
(optical lattices) can prepare large systems of N = 103, and
quantum gas microscopy can be used to observe number
correlation functions at the single-site level. This is
especially useful as a stage for quantum simulations of
condensed matter systems. Since the lattice spacing is about
the wavelength of light, it is technically challenging to
perform many local operations at the single-site level, and
the measurement of correlation functions is almost limited
to observations in the global diagonal basis (ZQN) or the
global off-diagonal basis (X®N) by n/2 pulses. In this
study, we develop a quantum state tomography method that
can be performed only with global manipulations on
artificial quantum systems. Specifically, by combining the
global basis transformation via /2 pulses and the (posi-
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tion-dependent) precession by a short-time magnetic field
gradient, we obtain an orthogonal observable basis that
looks like a spiral twisting with a pitch q of O(3x2Nn,).
Factor 3 is due to the axial direction of the spiral (X, Y, Z),
and nq is the number of different pitch q values (e.g., n, =
2N when using pitches that differ by n/N). Factor 2~ is
whether a lattice site is included or not when measuring the
many-body correlation function. The number of measure-
ments is scalable since it only requires 3n, number of
polynomials.

Entanglement Entropy in Quantum Field Theories with

Tensor Renormalization Group

The Tensor Network (TN) scheme, which shows rapid
development across various fields since 2000s, is a
theoretical or numerical approach to make a high precision
analysis of the many body problems with the tensor
network formulation. In our long-term research project (not
restricted to this proposal) we apply the TN scheme to
elementary particle physics focusing on the tensor renor-
malization group (TRG) method in the path-integral
formalism, which was originally proposed in the field of
condensed matter physics in 2007. The TRG method has
fascinating advantages over the conventional numerical
algorithms including the Monte Carlo method: (i) no sign
problem and no complex action problem, (ii) logarithmic
volume dependence of computational cost (computational
cost in proportion to log(V) with V the system size), (iii)
direct treatment of Grassmann numbers, (iv) direct
measurement of the partition function itself. We explore
new frontier of research subjects with the TN scheme, such
as, the phase structure of the finite density QCD and the
strong CP problem, where the conventional Monte Carlo
approach is not allowed to access due to the sign problem.

Recently we have succeeded in measuring the von
Neumann and Rényi types of entanglement entropies for
the (1+1)-dimensional O(3) nonlinear sigma model using
the tensor renormalization group method. The central
charge is determined from the asymptotic scaling properties
of both entropies. We have also examined the consistency
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between the von Neumann entropy and the nth-order Rényi
entropy with n—1. In this proposal we have a plan of two
research directions. One is to calculate the entanglement
entropies of the higher-dimensional models. We are
interested in the area law of the entanglement entropies,
which is to be investigated using three dimensional models.
The other is to study the entanglement entropies at finite
density. In the path-integral formalism an introduction of
the finite chemical potential causes the complex action
problem, which prohibits the standard Monte Carlo
approach. The TRG method, as being free from the
complex action problem, is qualified to explore the
properties of the entanglement entropies at finite density.
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Entanglement is an important and intriguing property that
does not exist in classical physics. In particular, it plays a
fundamental role in quantum computers. In recent years,
quantum entanglement has become indispensable for under-
standing both quantum gravity and condensed matter physics.
For example, in quantum gravity, spacetime is expected to
emerge from quantum entanglement. Additionally, in
condensed matter theory, entangled matters exhibit nontrivial
properties that cannot be realized in ordinary matters. Thus,
when many fundamental degrees of freedom become
entangled, unexpected physical properties emerge. In this
research, to achieve a unified understanding of both fields, we
aim to understand the physics that emerges from quantum en-
tanglement.

In particular, one of the key aspects that become important
in both the contexts of condensed matter and quantum gravity
is that gauge symmetry arises from quantum entanglement. In
the Standard Model of elementary particles, gauge symmetry
is so crucial that all interactions are described by gauge
theories. In condensed matter physics, gauge-theoretical de-
scriptions are employed in contexts such as spin liquids and
high-temperature superconductivity and are closely related to
quantum error-correcting codes. On the other hand, in
quantum gravity, general relativity itself is formulated based
on the gauge symmetry of spacetime. Recently, it has come to
be understood that gauge symmetry can emerge from
entangled states. In this way, entanglement provides a way to
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In recent years, there has been growing interest in the
new physics realized in open systems far from equilibrium,
beyond the conventional frameworks applied to isolated
systems at equilibrium. However, quantum physics in open
systems remains poorly understood, even with respect to
key unresolved issues. My goal is to establish new founda-
tional principles of physics, focusing on the rich variety of
physical phenomena that emerge in open systems far from
equilibrium. In Extreme Universe, I aim to explore the
dynamics and entanglement of open quantum systems and
construct a general theoretical framework for their phases
and order. Specifically, I intend to address the following
three critical issues:

(D Quantum entanglement, while playing a crucial role in
quantum information processing, has also been recognized
as essential for characterizing quantum phases of matter.
However, the role of entanglement in open quantum
systems remains unclear.

(IT) The chaotic behavior of the dynamics of isolated
quantum systems has not only provided a foundation for
quantum statistical mechanics but has also garnered
significant attention in black hole physics, bridging
condensed matter and high energy physics. However, the
universal behavior of dynamics in open quantum systems
remains largely unexplored.

(IIT) Recent studies have highlighted nonunitary
dynamical phase transitions induced by quantum measure-

Emergent physics from quantum entanglement
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understand why the natural world can be effectively described
using gauge symmetry.

In this research, by focusing on symmetry, we aim for a
unified understanding of the gauge symmetry that emerges
from quantum entanglement, noting that this provides a unified
perspective on the roles of quantum entanglement and gauge
symmetry in both condensed matter physics and quantum
gravity. Through this approach, we seek to understand the
peculiar quasiparticles that can arise from entangled materials
and the symmetries in quantum gravity, exploring the relation-
ships between them. Furthermore, by extending our focus
beyond symmetry and kinematics to dynamics, we aim to
elucidate the physics that emerges from entanglement, encom-
passing everything from the understanding of ordinary matters
to exotic phases of matter, and from the Standard Model of
elementary particles to quantum gravity.

Dynamics and entanglement in open quantum systems
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ments as a new class of phase transitions unique to open
quantum systems. However, many existing studies are based
on specific cases, and a general, universal understanding has
yet to be developed. Unlike phase transitions in isolated
quantum systems, the understanding of such phenomena
based on quantum field theory remains unestablished.

Tackling these issues, I aim to develop a comprehensive
theoretical framework that generally describes and predicts
phases and order of open quantum systems. This work lays
the foundation for understanding open quantum systems,
which should become increasingly crucial in the rapidly
advancing field of quantum technology. By integrating
condensed matter physics, high energy physics, and
quantum information science, this research seeks to open
new avenues in open quantum physics and bridge the gap
between physics and quantum information science.
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I am exploring the universal properties of quantum
many-body systems. The ground states of quantum
many-body systems can be classified into quantum phases.
Interestingly, in some cases, trivial phases are forbidden by
the symmetries of the system (Lieb-Schultz-Mattis-type
theorem), providing a guiding principle for realizing
non-trivial quantum phases. Furthermore, the presence of
symmetry can lead to a variety of topological phases. Inves-
tigation of the universal properties of quantum many-body
systems, such as those represented by lattice models, is
inseparable with that of the field theory. In particular,
general constraints on quantum many-body systems are
often related to quantum anomalies in field theory.

Field theory is also a powerful tool for understanding the
dynamics of quantum many-body systems. I have studied
nonlinear optical responses based on field-theory methods.
On the other hand, I have also derived rigorous universal
constraints for lattice models, such as sum rules for
nonlinear conductivities. I am interested in comparing and
combining these two approaches to quantum dynamics.

Most of my research on quantum many-body systems in
the past was about the ground states and low-energy
excitations. However, recently my work has been extended
to open quantum systems and non-equilibrium states. The
density matrix describing mixed states in open quantum
systems can be mapped to a pure state of a quantum system
with doubled degrees of freedom. Based on our knowledge
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Entanglement in curved
formula

The partner formula provides a method for concretely
giving the “shape” of a mode (partner mode) that purifies a
mode of interest in a quantum system. In this study, we
focus on the behavior of the quantum entanglement
structure in space-time with a horizon and the spatial profile
of the partner obtained by the partner formula, and set the
following two research goals:

1. We explore a method for qualitatively and unifiedly un-
derstanding the relationship between the space-time
structure (horizontal structure) and quantum entangle-
ment using the mode shape obtained from the partner
formula and their degree of overlap. Specifically, we
focus on the partner mode for a spatially localized mode
in a quantum field, and by applying the partner formula,
we visualize the quantum entanglement structure,
understand the relationship between the space-time
structure and the entanglement structure, and further
evaluate various information-theoretic quantities directly
using the spatial profile of the partner mode obtained by
using the partner formula.

2. Proposal of an experiment for quantum entanglement
measurement using a quantum Hall (QH) system: The
edge modes of the QH system are realized as ideal
quantum chiral scalar fields, and are expected to be
applied as a field for various fundamental experiments
involving entanglement of quantum fields. We propose
several quantum fundamental experiments that can be
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on the pure quantum states, I have conducted a systematic
analysis of the spontaneous breaking of a “strong
symmetry” into “weak symmetry” in mixed states. I am
aiming to further uncover quantum phases and phenomena
unique to mixed states. In this context, perspectives from
quantum information theory will be of increasing
importance.

Field theory also serves as a powerful tool to describe the
effects of measurements on quantum many-body systems.
In particular, measurements on the ground state can
sometimes be formulated in terms of boundary conditions in
field theory. Utilizing the boundary conformal field theory,
recently I have elucidated measurement-induced quantum
entanglement between two quantum spin chains. I intend to
advance my study further at the intersection among quantum
many-body physics, quantum information, and field theory.

spacetimes: application of partner
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realized in the QH system, focusing on situations
involving quantum entanglement and space-time
structures. In particular, we focus on Hawking radiation
that appears in a space-time with a horizon and the
quantum entanglement structure between its partners, and
propose an experiment related to the information content
of space-time. This corresponds to realizing the situation
of the information loss problem in the laboratory and
performing experimental measurements. In addition, as a
problem of quantum fundamentals, we focus on the time
correlation for modes and the mode profile, and propose
an experiment for the Leggett-Garg inequality (Bell
inequality in the time direction) using the excitation of a
quantum field in the QH system.
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My current big goal is to formulate quantum theory of
gravity and to understand its universality without relying on
unjustified intuitions coming from semi-classical gravity.
To achieve this, I have been studying completely new
semi-classical regime of gravity different from the ordinary
semi-classical gravity theory. I study the emergence of
spacetime, as one lowers the Newton constant, by using
such new semi-classics. In particular, I am interested in the
emergence of mysterious classical ensemble averaging
present in semi-classical gravity, which obstructs to be seen
as a normal quantum theory — I would like to study this
from first principles such as String Theory.

What I have focused much recently is to study quantum
gravity by using the large charge expansion in terms of the
AdS/CFT correspondence. The large charge expansion is a
relatively new method of analysing strongly-coupled field
theories, and computes physical quantities related to
operators at large charge Q, in the 1/Q expansion. On the
other hand, the semi-classical limit of theories in terms of
AdS/CFT is reached via the large-N limit — Therefore,
connecting these two independent limits will be fruitful in
achieving the big goal mentioned earlier.

I also study non-equilibrium systems. The SYK model is
a quantum mechanical model of N fermions randomly
interacting with one another, and is known to be dual to a
two-dimensional theory of gravity known as the Jack-
iw-Taitelboim gravity. By taking a certain double-scaling
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in curved space

The academic ‘question’ at the heart of this work is ‘to
find important implications for physics by focusing on the
contribution of infrared divergences in curved spacetime
field theories’. Here we specifically pursue two issues: 1)
the selection of extended gravity theories based on the re-
movability of IR divergences in cosmological perturbation
theory, and 2) the effect of field interactions on black hole
evaporation.

With regard to 1), we have presented a method for
computing correlation functions based on truly observable
quantities as one answer to the problem of infrared
divergence in inflation, but it has not reached a common
understanding in the field. In the course of our work, we
have also shown that special conditions must be imposed as
initial conditions for cosmological perturbations even in the
framework of general relativity, which is not extended
gravity, in order to avoid infrared divergence. We use this
finding to demonstrate the usefulness of our findings by
providing restrictions on cosmological models in extended
theories of gravity.

With regard to 2), it has been reported that infrared
divergence is also manifested when loop corrections are
considered in the physics of black hole evaporation. This
was thought to be consistent with the fact that brane black
holes do not evaporate classically, but subsequent studies
have shown that this IR divergence appears due to a lack of
proper removal of the UV divergence. More specifically,

Spacetime, unconventionally emergent

Principal Investigator

Masataka Watanabe

Department of Complex Systems
Science, Graduate School of
Informatics, Nagoya University
Assistant Professor

Born in Osaka, 1992

Graduated from the University of Tokyo
in March 2019

Current position since June 2023

limit of the SYK model, it is known that the model has a
certain quantum symmetry. Now, it is well-known to
experts that certain driven-diffusive lattice gas systems
have the same quantum symmetry. By studying the rela-
tionship between the two, I am looking for new directions
of studying quantum gravity.

Extreme Universe from the infrared limit of interacting fields
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we have already found that there is no IR divergence in the
A@* theory in a perturbative sense in the four-dimensional
theory. In this study, we develop the calculations to
incorporate non-perturbative effects and ascertain whether
the emergence of a new phase near the horizon occurs. If a
new phase does emerge, we extend the calculation to the
expectation value of the energy-momentum tensor near the
horizon, and seek its reaction effects on the dynamics of the
spacetime.

These researches provide a novel opportunity to approach
the above-mentioned extreme problems within the
framework of low-energy effective field theories that can be
treated in curved spacetime field theories.
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radiation

Dark matter is known to be the gravitational source
responsible for the formation of cosmic structures, but it
has not been directly detected yet. Recently, the idea that
primordial black holes, formed by collapsing under their
own gravity after inflation, could be dark matter has
become widely discussed. The goal of this study is to detect
the quantum nature of Hawking radiation from primordial
black holes, which would also confirm the existence of
Hawking radiation itself.

In this research, I apply recent advances in quantum
information theory to study primordial black holes. Specifi-
cally, I aim to detect the quantum nature of gravitational
waves generated as Hawking radiation, which propagate
through the Universe almost without obstruction.

To do this, I propose using a Hanbury Brown and Twiss
intensity interferometer. Unlike traditional interferometers,
which measure amplitude correlations, this device measures
intensity correlations. This makes it easier to distinguish
between classical and quantum effects. By linking intensity
measurements to the statistical behavior of particles, we can
measure the quantum properties of gravitational waves.
This method will be applied to Hawking radiation, and I
aim to predict the frequency range where gravitational
waves from primordial black holes exhibit quantum
properties.

Additionally, just as the random motion of minute
particles ejected from pollen in water helped us indirectly
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The quantum nature of gravitons generated by Hawking
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discover water molecules, I aim to indirectly detect
gravitons by observing how macroscopic quantum objects
lose their quantum properties (decoherence) when
interacting with gravitons from the surroundings. To do
this, I consider a tabletop experiment using a quantum-con-
trolled Michelson interferometer. In this setup, mirrors
(macroscopic quantum objects) at the ends of the interfer-
ometer's arms would lose their quantum state due to noise
from gravitons originating from Hawking radiation in the
environment. By predicting the decoherence time and
verifying whether the experimental time matches the
prediction, I could prove the existence of gravitons.

Investigation of topological phases and transitions via

quantum control, quantum entanglement, and duality

It has been about 15 years since the concept of symme-
try-protected topological (SPT) phases was proposed, and
significant progress has been made in understanding their
characterization and classification. For bosonic (spin)
systems, a detailed classification table has been provided
based on the ideas of the projection representations of
symmetry groups and group cohomology. However, a
major unexplored area remains regarding where newly
predicted SPT phases emerge in specific examples, how
they compete with ordered phases, and what types of phase
transitions occur between them.

In advancing the study of such specific examples, one
key concept we would like to focus on is duality. Recently,
using spin—chirality duality in a spin-ladder system, we
have discovered a complex phase structure in which two
dual SPT phases and two dual ordered phases compete with
each other. In general, dual transformations can link SPT
phases or connect SPT phases with ordered phases by trans-
forming degrees of freedom either locally or non-locally.
Additionally, phase transitions between linked phases occur
at self-dual points, where the dual transformation represents
the symmetry of the critical state, making it a key to
identifying the universality class of the critical point. By in-
vestigating models that include self-dual points, we aim to
construct model cases in which the competition between
SPT and ordered phases can be examined in depth.

Moreover, as a new device that can realize topological
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states and phase transitions, we are also focusing on
cloud-accessible quantum computers. Topological states
represented by tensor product states can be realized by
combining quantum gate operations, and physical quantities
that characterize topological properties, such as string cor-
relations, can be measured. In this case, quantum error
mitigation is expected to suppress the effects of noise
inherent to real devices. Simulations incorporating noise
have been conducted so far, and we plan to move forward
with experimental validation on real devices. In one
dimension, string correlations can be calculated classically
using transfer matrices, whereas in two dimensions and
above, such calculations are non-trivial, making quantum
computers highly advantageous in this regard.
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Information

The goal of this publicly offered research is to understand
the classical and quantum aspects of black hole interior in
terms of holographic principles and quantum information
theory.

The black holes have been playing a key role in under-
standing the quantum aspects of gravity. AdS/CFT corre-
spondence, a concrete realization of the holographic
principle, is a prospective way to formulate quantum
gravity in AdS, and it has played a central role in most of
the recent progress. On the other hand, there are many
aspects of the holographic principle that are not well
understood, such as how to describe the interior of black
holes using the holographic principle, and we are still at the
stage where we need to deepen our understanding of the
holographic principle itself. In particular, understanding
“how the singularity inside of the black hole is described
from the holographic point of view” is one of the most
important problems.

As a first step to understanding this problem, I am
working to clarify “what aspects of the quantum state (on
the boundary) are reflected in the information of the
spacetime singularity”. More specifically, I am working on
what quantum information theoretic quantities can probe
the singularity of black holes. This topic is directly related
to the research theme of Group B. Another situation where
the physics of singularities becomes important is in the very
early stage of the universe, which is related to the research
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nonequilibrium systems

Spontaneous symmetry breaking is a pivotal concept in
modern physics. However, several quantum phenomena do not
follow this framework in equilibrium systems. Among these,
quantum spin liquids, insulating states without spontaneous
symmetry breaking even at zero temperature, are particularly
intriguing, and entanglement plays a crucial role in characteriz-
ing these quantum states. On the other hand, it is a non-trivial
question of how states analogous to quantum spin liquids could
exist in nonequilibrium systems. Solving this question would
deepen our understanding of thermalization mechanisms, the
characteristics of quantum phase transitions in nonequilibrium
systems, and the role of entanglement in such systems. However,
to date, there have only been limited studies that rigorously
construct analogs of equilibrium quantum spin liquids in open
quantum systems. Examining parameter regions that cannot be
handled by exact methods using high-precision numerical
techniques is desirable. The tensor-network methods, which have
been used in equilibrium systems, are one of the optimal tools
for exploring quantum spin liquids. In this research, we attempt
to examine and characterize quantum spin liquid-like states
unique to nonequilibrium systems by calculating the dynamics
of isolated quantum systems and open quantum systems with
dissipation described by the Gorini-Kossakowski-Sudar-
shan-Lindblad equation using tensor-network methods. We aim
to propose setups for realizing these states in experiments based
on the numerical results.

As a step toward exploring novel quantum states in nonequi-

Quantum Universe and Singularity from Quantum
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theme of Group C. Eventually, I hope to consider the above
issues in a broader context.

This is the second time that I have joined the ExU Col-
laboration as a member of the publicly offered research
group. The last time I was blessed with new opportunities
for collaboration, and I was able to find new research
directions that I had not initially envisioned. This time,
again, [ would like to consider the issue of quantum gravity
from various perspectives through collaboration in the ExU.

Tensor netowrk study of quantum spin liquids in
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librium systems, we have recently investigated the possibility of
realizing exotic quantum states in equilibrium systems using
two-dimensional tensor-network methods. We specifically search
for the ground states of the square lattice SU(4) Heisenberg
model with plaquette-type interactions, controlling the strength
of the spatial anisotropy. We have found an SU(4) singlet ground
state in the strong anisotropy region and a symmetry-broken
ground state in the weak anisotropy region with coexisting anti-
ferromagnetic Néel order and valence bond crystal order; both of
them are consistent with previous studies. Furthermore, we have
confirmed that a first-order transition occurs between the two
phases in the intermediate anisotropy region. We have also
proposed methods for experimentally observing these quantum
states and phase transitions in ultracold-atom systems [1].

[1] R. Kaneko ef al., Phys. Rev. A 110, 023326 (2024).
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Quantum entanglement is a critical concept for the
advancement of quantum technologies that will support the
future of modern society. In the field of condensed matter
physics, theoretical studies using entanglement entropy
(EE) have been actively conducted to investigate the
quantum entanglement properties of exotic quantum states.
These studies have revealed that the concept of quantum
entanglement is fundamentally important for understanding
exotic states, such as quantum spin liquids and topological
order, as well as for advancing new numerical methods like
tensor network methods. On the other hand, it is well
known that measuring EE experimentally is extremely
challenging, except in a few cases involving small systems,
such as cold atom and optical systems. As a result, experi-
mental research aimed at uncovering the unique quantum
entanglement properties of real materials has lagged behind.

In this study, we focus on various experimentally-acces-
sible entanglement measures that have been developed
alongside recent advances in the field of quantum
information. In the first term of the publicly offered
research project, we tackled an identification problem
between quantum spin liquids and randomness-dominated
liquid phases in triangular lattice magnets. We proposed as
a possible that using the quantum Fisher information
density, an entanglement measure that enables the
evaluation of multipartite entanglement from spin
dynamics. In this second term, it is strongly desired to
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This research aims to deepen our understanding of
Quantum Chromodynamics (QCD) under extreme
conditions, particularly focusing on out-of-equilibrium and
high-density QCD.

This understanding is crucial for elucidating the phase
transition from quark-gluon plasma, which existed in the
early universe, to hadrons like protons and neutrons that
constitute the matter around us. It is also essential for un-
derstanding the high-density hadronic matter thought to
exist inside neutron stars.

Conventional studies have encountered unresolved
issues, such as the early thermalization mechanisms in non-
equilibrium QCD and the phase transition from hadronic to
quark matter. These systems present significant challenges
for lattice QCD simulations using the Monte Carlo method
due to the “sign problem,” where the path integral weights
become complex, preventing accurate statistical averaging.
As a result, simulating nonequilibrium and high-density
QCD is extremely difficult.

To overcome these obstacles, this study proposes a novel
approach based on the Hamiltonian formalism. Implement-
ing the Hamiltonian formalism on a computer involves
technical challenges such as regularization into finite-di-
mensional Hilbert spaces and the construction of gauge-in-
variant physical states. To address these challenges, we
utilize techniques involving quantum group deformations
and topological methods like string networks to effectively

@ Novel magnetic phenomena in frustrated random spin
systems via large scale computations and real material data
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validate this theoretical proposal with real material data. In-
vestigating the connection between randomness-dominated
liquid phases and many-body localization phenomena is
also a compelling theme.

By combining large-scale numerical data obtained using
supercomputers like Fugaku with high-precision experi-
mental data provided by our research cooperators, we aim
to shed light on the exotic quantum entanglement properties
that emerge in quantum spin systems influenced by
elements such as “randomness,” “quantum fluctuations,”
and “frustration” through the synergy of experiment and
theory.

New Development of Lattice QCD in Hamiltonian Formalism
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handle the degrees of freedom for hadrons and quarks. This
enables us to analyze the time evolution in nonequilibrium
QCD and the phase structure in high-density QCD.

Furthermore, a key advantage of the Hamiltonian
formalism is its ability to directly obtain wavefunctions,
allowing for the exploration of entanglement structures in
both nonequilibrium and high-density QCD.

By employing these methods, we aim to gain a detailed
understanding of thermalization mechanisms in nonequilib-
rium QCD and the quantum properties of phase transitions
from hadronic matter to quark matter in high-density QCD,
thus providing new insights into these complex phenomena.
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The specific goals of this research proposal can be
outlined in three main objectives. First, I aim to derive and
establish the existence of quantum black string solutions
within the framework of the Standard Model of particle
physics. Quantum black string solutions represent extreme
objects, extending along one spatial dimension, which arise
due to quantum effects such as Casimir energy. These
solutions are unique in their nature, standing apart from
ordinary black holes due to their extended structure. I plan
to investigate cases with positive, zero, and negative cos-
mological constants and work towards constructing these
solutions explicitly. Furthermore, through the holographic
principle, I aim to explore the corresponding conformal
field theory that describes these black string solutions. By
doing so, this research will contribute to the broader under-
standing and formulation of quantum gravity theories in
realistic physical settings. Ultimately, this will provide a
theoretical framework to understand the extreme behavior
of space and time, particularly from the perspective of
quantum information theory. Additionally, I will examine
the role that quantum black string solutions play in the early
universe and explore their potential in generating gravita-
tional waves, thereby probing their cosmological signifi-
cance.

Second, this research will delve into the quantum infor-
mational aspects of black strings, particularly focusing on
their entropy and evaporation processes. The black hole

B> Y Prosct

Quantum black strings in particle physics models
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information paradox has recently seen significant break-
throughs when approached from the perspective of quantum
information theory, and applying these insights to black
strings promises deeper insights into their behavior.

Finally, I will investigate the possibility of black strings
existing in more fundamental theories, such as type IIB and
heterotic string theory. Since string theory naturally extends
to 10 or 11 dimensions, I will study various black brane
solutions within these higher-dimensional supergravity
frameworks. This exploration could potentially shed light
on new and exotic solutions in quantum gravity theories.

Measuring Quantum Entanglement of Many-Body States in

a Cold-atom Quantum Simulator

Ultracold atomic gases produced by laser cooling in
ultra-high vacuum provide a clean and isolated quantum
system with long coherence times and high controllability.
Quantum simulators based on these atomic systems have
significantly advanced the experimental study of strongly
correlated systems, such as the Hubbard model and
quantum spin systems.

To understand the strongly correlated quantum phases
realized in quantum simulations, it is crucial to characterize
the many-body quantum states by measurements. Recent
theoretical studies have highlighted the importance of the
entanglement structure in characterizing topologically
ordered phases and exotic quantum phases. However, the
experimental measurement of entanglement in many-body
systems remains challenging, regardless of the physical
system.

This research project aims to experimentally probe the
ground state entanglement structure of quantum spin
models using programmable quantum simulators based on
ultracold atomic gases via variational algorithm. The key of
this approach is to exploit the high degree of freedom in
ultracold atomic systems to implement entanglement Ham-
iltonians as many-body Hamiltonians of the physical system
by optimizing the variational Hamiltonian parameters. Once
the entanglement Hamiltonian is realized as a physical
Hamiltonian, spectroscopic measurements can be used to
measure the entanglement spectrum.
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Once the validity of this method is established, it can be
widely applied to determine the entanglement structure of
many-body quantum states in quantum simulations using
ultracold atoms. Beyond quantum spin models, this
technique could be applied to various strongly correlated
quantum phases, including the verification of the
Li-Haldane conjecture in topologically ordered phases, the
study of many-body localized states.
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Since the discovery of topological insulators, topology
has become a fundamental concept in understanding
quantum properties in condensed matter physics. The
topological properties of electrons in materials are
preserved under continuous deformation, making them
resistant to perturbations like impurities. This leads to
macroscopic quantum phenomena and dissipationless
electrical conduction such as the quantum Hall effect.

Current research focuses on strongly correlated
topological systems, where topological concepts intersect
with strongly correlated electron systems like superconduc-
tors and quantum spin systems. These systems exhibit
topological order characterized by long-range quantum en-
tanglement. A prime example is quantum spin liquids,
where strongly interacting localized spins continue to
fluctuate without long-range orders or freezing even at
absolute zero temperature. In these systems, localized spins
fractionalize into quasiparticle excitations like spinons and
Majorana fermions, which possess degrees of freedom
entirely different from the original electrons. These states
feature finite entanglement entropy and topological order.
The emergence of quasiparticle excitations like Majorana
fermions and non-Abelian anyons in topological quantum
spin liquids is particularly significant for potential applica-
tions in topological quantum computing.

In this project, the research focuses on experimental
studies of candidate materials, specifically the kagome
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quantum spin liquid YCus;(OH)ssBr,s and the Kitaev
quantum spin liquid a-RuCls, using high-field magnetic and
thermal transport measurements. These experiments aim to
detect field-induced phase transitions to topological ordered
phases, such as the 1/9 plateau state in kagome antiferro-
magnets and the toric code phase in Kitaev quantum spin
liquids. The goal is to fully characterize the nature of these
topological ordered phases and establish new experimental
frameworks for studying quantum entanglement in strongly
correlated materials.

High acceleration field generation by short focused laser

wake field acceleration to investigate the Unruh effect

Quantum field theory predicts the Unruh effect, which
states that the quantum vacuum state is a thermal radiation
state for a uniformly accelerated observer and that the
radiation temperature is proportional to the acceleration.
The Unruh effect is intrinsically related to the Hawking
radiation by the equivalence principle. However, the Unruh
effect is difficult to observe the temperature less than 1 K
for acceleration fields of about 100 MV/m realized by a ra-
dio-frequency accelerator. On the other hand, laser
wakefield electron acceleration (LWFA) can achieve 100
GV/m, which is three orders of magnitude higher than it.
LWFA has used long-focus optics to achieve long-range
acceleration and energy gain, but the verification of the
Unruh effect is still difficult because that is less than the
liquid nitrogen temperature. In this study, we propose a new
method for verifying the Unruh effect, which requires a
higher acceleration field, using a short-focus optics to
realize a localized but higher focused intensity and a higher
acceleration field beyond 10 TV/m.

In LWFA, electron is accelerated by a longitudinal
electron density gradient. Since the refractive index is a
function of the electron density in the plasma, the electron
density gradient of the wake field can be probed by a laser.
To estimate the density gradient of electron which is
oscillating with about 40 fs of a driving laser pulse width, a
shorter probe laser such as sub-10-fs is required. A spectral
broadening caused by self-phase modulation with chromatic
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dispersion compensation gives us to the ultra-short pulse
probe laser. We will develop the probe laser system with a
Schlieren method, which is more sensitive to the electron
density modulation than the shadowgraph method, to
evaluate the acceleration field in the LWFA.



Award Report

®2024 ICTP Dirac Medal :

Prof. Tadashi Takayanagi (YITP, Kyoto University, ExU Head Investigator)
Prof. Shinsei Ryu (Princeton University, ExU Advisory Committee)

Prof. Tadashi Takayanagi (Professor at YITP, Kyoto
University), the Head Investigator of the Extreme Universe
project, and Prof. Shinsei Ryu (Professor at Princeton
University), the advisory member of this area, have been
awarded the 2024 ICTP Dirac Medal. The award cites “their
insights on quantum entropy in quantum gravity and
quantum field theories.” In particular, the discovery of the
“Ryu-Takayanagi formula,” named after both scholars, and
a series of subsequent groundbreaking studies have been
highly commended for revealing “a fascinating and deep
connection between quantum mechanics and information
theory on one hand, and the geometry of space-time and
gravity on the other.”

This marks a remarkable achievement as the first ICTP
Dirac Medal awarded to Japanese researchers since Prof.
Yoichiro Nambu received it in 1986. This milestone stands
as a testament to the profound contributions of both
scholars to the advancement of theoretical physics.

The “Ryu-Takayanagi formula” is rooted in the
holographic principle and links the entanglement entropy in
quantum field theory to the area of a geometrical surface in
gravitational theory. While similar to the Bekenstein-Hawk-
ing formula, which relates the area of the event horizon of a
black hole to thermodynamic entropy, the Ryu-Takayanagi
formula clarifies the distinguished role of quantum
information that underlies the spacetime structure. By
demonstrating the essential role of quantum information in
the emergence of spacetime from quantum many-body
systems, the Ryu-Takayanagi formula has led to major
breakthroughs in understanding the holographic principle.

Moreover, the “island formula,” which plays a key role
in resolving the black hole information paradox, was
derived by incorporating quantum gravity effects into the
Ryu-Takayanagi formula in a natural manner. Building on
this framework, the relationship between holography, tensor
networks, and quantum error-correcting codes has been
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identified, driving significant advancements in quantum
gravity research. These insights continue to exert a broad
influence across various disciplines of physics, including
condensed matter physics and quantum information science.

The Ryu-Takayanagi formula was proposed in March
2006. This is the time when I was about to enter the second
year of my master’s program and had started to study the
AdS/CFT correspondence as my thesis topic. In the April,
Prof. Takayanagi joined our group as an assistant professor
and gave a seminar on his latest work. At that time,
quantum information theory had yet to be recognized to
particle physicists as it does today, and it was my first time
to learn about “entanglement entropy.” I was fortunate to
have a guidance of Prof. Takayanagi thereafter and observe
his leadership and achievements in this growing field up
close.

During collaborations with both Prof. Takayanagi and
Prof. Ryu, I was deeply impressed by their profound insight
into physics that transcends disciplinary boundaries and
their exceptional ability to bring the best out of each other.
Particularly memorable was the trust they built between
them and their warm personalities. The attitude of creating
new knowledge by respecting each other and integrating
their perspectives, despite having different professional
backgrounds, has been a great inspiration and encourage-
ment to many researchers including myself.

Once again, I extend my heartfelt congratulations to Prof.
Tadashi Takayanagi and Prof. Shinsei Ryu on this well-de-
served recognition and express my hopes for their continued
success and the further development of this area.

(Reported by Tatsuma Nishioka)
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Fig. Left: ICTP Announces 2024 Dirac Medallists (https://www.ictp.it/news/2024/8/ictp-announces-2024-dirac-medallists). Prof. Shinsei Ryu is second from right and

Prof. Tadashi Takayanasgi is far right. Fig. Right: Ryu-Takayanasgi formula
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Tensor networks and diagrams

The Extreme Universe project aims to develop interdisci-
plinary research across various fields of physics, such as
elementary particle physics, cosmology, and condensed
matter physics, inspired by the rapid development of
quantum information physics. One of the most important
keywords at the nexus of such various fields is tensor
network (TN), which provides a theoretical framework of
systematic description and practical numerical calculation
techniques of quantum many-body state by decomposing a
large number of highly entangled physical degrees of
freedom into a network of small size tensors. The fact that
TN can be a keyword for interdisciplinary fusion implies
that we have various viewpoints to explain it. There are
already a lot of review articles [1] and packages [2] for the
basics of TN and its practical algorithms, so here I would
like to discuss its theoretical structure from a slightly
different perspective than the standard ones.

When one opens a literature on TN, the first thing that
catches your eye may be various diagrams. Figure 1 shows
some typical examples: the matrix product state (MPS) for
1+1D systems, the state called PEPS/TPS for 2+1D
systems, and the MERA with a hierarchical structure for
1+1 dimensional quantum critical systems. In the figure,
each colored symbol represents a tensor, and the legs
extending from it represent the associated degrees of
freedom. For condensed matter problems, the network
structure basically reflects the properties of the target
system and the shape of the lattice, while for classical
simulation problems of quantum circuits, the network
structure tends to be more complex. In any case, the
diagram visualizing the contraction of the complicated
network of tensors enables us to understand the structure of
TN intuitively and also helps prevent mistakes[3]. Of
course, in order to construct a good TN, we need to
optimize the network structure and tensor elements simulta-
neously, referring to the entanglement embedded in a target
quantum system. For the TNs in Fig.1, the practical
algorithms have already been established after verification
by many trials and errors.

On the other hand, we already know that the Feynman
diagram is an indispensable theoretical tool enabling
efficient perturbative treatments of quantum many-body
systems, where the diagram generated by the Feynman rule
plays an essential role in grasping the physical meaning of
elementary processes of particle propagation and scattering

d

behind the complex many-body problems. Both Feynman
and TN diagrams are effectively used to describe complex
many-body effects systematically, but what is the difference
between them? Comparing them is very instructive in un-
derstanding the essential features of TN.

For the case of the Feynman diagram, given the
Hamiltonian (or Lagrangian), all the diagrams are automati-
cally determined by the relationship between the non-per-
turbative and perturbative terms. The non-perturbative term
usually defines the propagator of free particles, which
connect vertices representing scattering of them due to the
interaction term. Then, physical properties are often
extracted from correlation functions at the level of
expectation value. In the context of Wilson-type renormal-
ization groups, the action is gradually deformed by taking
partial sums of higher-energy modes, where effective
couplings of quasi-particles and effective interactions flow
toward fixed points depending on the energy scale.
However, it should be noted that the shape of diagrams is
completely determined in the order of “particle interaction
terms -> corresponding diagrams” on the basis of the quasi-
particle picture. Although diagram pieces in the network
are quite similar to those in TNs, the shape of the network
itself cannot be freely manipulated. It is also important to
note that no variational optimization of the quasiparticle
basis is included in the renormalization group transforma-
tion [4].

In TN, the above order is inverted. First, a network is
prepared, and then each tensor in the network is variational-
ly optimized. For example, in MPS, or more generally in
tree-like tensor networks (TTNs), it is possible to systemat-
ically construct the “best” basis using the singular value
decomposition(SVD) of the wave function. The SVD
approach can also be interpreted as maximizing entangle-
ment entropy between subsystems. Since the optimal basis
is different at each tensor leg in the network, it’s hard to see
an intuitive physical interpretation like particle scattering.
However, the singular values correspond to the approximate
distribution of Bell pairs across the subsystems, making the
relationship with the quantum information field more
explicit. As shown in Figure 2, on the other hand, if we
consider a TN with a hole of a tensor as a transformation U
from bare spins to auxiliary degrees of freedom emerging at
the hole, we can rewrite the eigenvalue problem for the
Hamiltonian H as a variational problem for the effective

Iﬁ:

MERA HOTRG

Fig. 1: Typical examples of tensor network diagrams



Hamiltonian A and the “wave function tensor” ¥ that plugs
into the hole. Thus, the TN is always accompanied by the
renormalization-group-like idea of transforming to coarse-
grained auxiliary degrees of freedom. In fact, in the density
matrix renormalization group (DMRG), U is constructed
iteratively via diagonalizations of A, which is why “RG”
was assigned to DMRG. However, we should note that a
hierarchical network structure is required to interpret the
corresponding TN as a Wilson-type renormalization group
transformation with a scale transformation. The network
extends linearly for the MPS, so it cannot be directly
associated with the Wilson renormalization group. In the
early days of DMRG, confusion arose about whether it was
of the Wilson-type because its theoretical background as an
MPS was not fully understood. On the other hand, MERA
and HOTRG have networks with a hierarchical structure, so
the scaling dimensions can be systematically evaluated by
analyzing the spectrum of the fixed-point tensor [5].
Anyway, we can flexibly choose the shape of its network to
represent the physics we want to see and then perform
variational optimization of each tensor to realize the best
representation basis. This is why the TN can be an efficient
non-perturbative method for quantum many-body problems.

To summarize, we have explained the features of the TN
diagram compared to the Feynman diagram. So far, such
well-established TN network structures in Fig.1 have been
empirically constructed. The network corresponds to the
geometry of discrete systems. The structural optimization
of TNs is expected to play a key role in discussing its
connection to quantum gravity. In this sense, it will be
essential to clarify the principle of determining the optimal
network structure for further developments of the TN. In
fact, a structural optimization algorithm of the TTN was
recently proposed based on the minimization principle of
entanglement entropy. On the other hand, unlike Feynman
diagrams, the TN method may not be suitable for extracting
simple physical processes with a particle-like depiction.
Even if we look at the legs from P in Fig. 2, it is not easy to
understand their physical meaning immediately. Clarifying
the relationship between TN and Feynman diagrams will be
necessary, but systematic consideration has not yet been
given. This point will also become essential for interdisci-
plinary research of physics associated with the TN in the
near future.

hg!
|
X

effective wavefunction “tensor”

HY = EV

effective Hamiltonian for Q

Fig. 2: A tensor network with a hole and the eigenvalue problem for the
effective Hamiltonian

[1] U. Schollwock, Ann. Phys. 326, 96 (2011), K. Okunishi, H.
Ueda, T. Nishino, J. Phys. Soc. Jpn. 91, 062001 (2022). “Density
Matrix and Tensor Network Renormalization” T. Xiang,
Cambridge Univ. Press (2023).

[2] For example, ITensor, TeNPy, TeNeS, etc. They are easy to
find on the internet.

[3] The diagram representation of TN was introduced by Nishino,
Akutsu, and the author around 1995. However, it was not widely
used because a site-sharing representation like the Ising model was
employed. The edge-sharing (vertex) representation convenient for
quantum many-body systems is now more standard. Also, in the
community of quantum many-body systems, tensor legs are
interpreted as renormalized auxiliary degrees of freedom, while in
the quantum information field, the same auxiliary degrees are often
interpreted as effective Bell pairs.

[4] Also, the bare field variable is often rewritten into an effective
quasiparticle by the Hubbard-Stratonovich transformation. In this
case, the resulting Feynman diagram is also determined by the re-
lationship between the free and interaction terms for the effective
quasiparticle. However, it should be noted that a variational opti-
mization is involved only once, probably in the ultraviolet limit,
since the quasiparticle basis is determined self-consistently.

[5] The accuracy of the scale dimension obtained with a finite bond
dimension depends on the details of the network geometry. For
example, the HOTRG has a hierarchical network, but its exponent
is classical. The 1+1 dimensional MERA satisfies the logarithmic
correction of the entanglement entropy due to its loop structure and
thus can correctly describe critical phenomena.
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Conference Reports in FY2024

@ The 4th ExU Annual Meeting
25 - 28 October 2024, Osaka University, Nambu hall + Online

The 4th Area Meeting was held from September 25 to
28, 2024, at Nambu Hall, Osaka University. Approximately
100 area members attended in person, while about 40 par-
ticipants joined online from both inside and outside the
area. The meeting featured presentations of the latest
research results, ranging from experiments to theory, on
quantum information, cosmology, condensed matter
physics, particle physics, and interdisciplinary fusion
research between these fields. Active discussions were held
during and after the presentations, as well as during coffee
breaks.

At the beginning of the meeting on the 25th, Tadashi
Takayanagi (Head Investigator, YITP, Kyoto) explained the
organizational structure and objectives of the ExU collabo-
ration. He reported on the research and outreach achieve-
ments of this fiscal year, and upcoming events. Postdoctoral
researchers and members of the newly joined public
research groups were also presented.

In this meeting, the PIs of the eight research groups first
gave approximately 15-minute reports on the research
outcomes of each group, followed by about 45-minute
seminar presentations by members of each group. Many
reports on collaborative research outcomes between
different research groups and public research groups were
presented, highlighting interdisciplinary fusion. In addition
to presenting the latest results, the seminars featured
questions directed at other fields and suggestions for new
interdisciplinary fusion research.

The seminar topics were as follows: Tomoyuki Morimae
(A01, YITP, Kyoto) presented the differences between
quantum cryptography theory and classical cryptography
theory, discussing the relationships between pseudo-ran-
dom state generation, one-way state generators, EFI pairs,
and the application of quantum cryptography theory to
physics. Masaki Shigemori (B0O1, Nagoya) discussed the re-
lationship between entanglement entropy and black hole
entropy in string theory. Daisuke Yamamoto (B02, Nihon)
presented results on the measurement methods for the en-
tanglement entropy of quantum many-body systems using

spiral quantum state tomography. Kengo Maeda (B03,
Shibaura Institute of Technology) reported on the study of
the instability of AdS spacetime using the holographic
principle. Yasuaki Hikida (CO1, YITP, Kyoto) explained
the proof of the AdS/CFT correspondence using tensionless
strings in three-dimensional AdS spacetime. Kazuya
Yonekura (C02, Tohoku) reported on results related to
anomalies in quantum field theory and string theory.
Keisuke Izumi (C03, Nagoya) presented research on area
inequalities in gravitational theories with Maxwell fields.
Masazumi Honda (D01, RIKEN) presented research on the
application of resurgence theory in quantum cosmology.
Koichi Okunishi (D02, Niigata) presented research on the
relationship between the Ising model on hyperbolic space
and the holographic principle.

Additionally, all 22 members of the public research
groups gave 15-minute presentations, explaining their
current results and future prospects. On the 25th and 27th, a
total of 33 members participated in a gong show and poster
presentations. Many graduate students, in addition to post-
doctoral researchers, gave presentations, and lively
discussions were held in the poster venue.

On the 28th, a new attempt to promote interdisciplinary
exchange was made in the form of a panel discussion. The
panelists, including Yoshifumi Nakata (AO1, YITP, Kyoto),
Tomonori Ugajin (B01, Rikkyo), Shuta Nakajima (B02,
QIQB, Osaka), Norihiro Tanahashi (C03, Kyoto), and
Hiroshi Ueda (D02, QIQB, Osaka), exchanged opinions on
various interesting topics, such as questions directed at
other fields and new possibilities for interdisciplinary fusion
research.

In the final session, advisors Akio Hosoya (Tokyo
Institute of Technology) and Nobuyuki Imoto (Project Prof.
U. Tokyo) provided comments on the research of this area,
the relevance and prospects of topics such as weak values
and multipartite entanglement entropy and encouraged our
collaboration for further achievements and advancing inter-
disciplinary research.

(Reported by Tatsuma Nishioka)

Conference photo



® ExU International Conference “Quantum extreme universe: matter, information and gravity”

21 - 25 September 2024, Onna-son, Okinawa, OIST

From October 21 to 25, 2024, we hosted a five-day inter-
national conference that brought together over 160 partici-
pants from around the world. The conference featured pre-
sentations on the latest developments and lively discussions
related to quantum information, quantum gravity, and
quantum matter. It was held at the Okinawa Institute of
Science and Technology Graduate University (OIST) in
Onna Village, Okinawa, a venue renowned for its
commitment to nurturing young researchers through annual
workshops. This conference was co-organized by ExU and
OIST.

The program included 50 oral presentations (24 invited
talks and 26 contributed short talks) and 69 poster presenta-
tions, covering a wide range of topics such as black holes,
holography, quantum chaos, quantum computing, cold
atoms, lattice QCD, quantum entanglement, and its experi-
mental detection in real materials. Few attendees were
likely familiar with all these topics, yet the Sidney Brenner
Lecture Theater room (with a capacity of 150) was so
packed that even on the first day early morning, some
attendees had to stand. Additionally, more than 100 partici-
pants joined online. The lively Q&A between speakers and
attendees, even during the presentations, left a lasting
impression.

Another notable aspect of the conference was the
animated discussions during coffee breaks and lunchtime.
Participants, often with coffee or snacks in hand, gathered
in front of blackboards placed near the venue to engage in
debates. Understanding presentations from different fields
could be challenging, often requiring a return to the basics
of terminology and concepts. Ample time was allocated for
this process, allowing participants to unpack and discuss
the content with the cooperation of the speakers. As a
participant myself, I thoroughly enjoyed these cross-disci-
plinary exchanges.

Among the many presentations, [ was particularly

Photo 1: First day of the conference

fascinated by recent developments in new entanglement
measures, such as multi-entropy and tripartite entangle-
ment, and their applications. Research on quantum
many-body systems using these measures is still in its
infancy, so that I strongly sensed the potential for future in-
terdisciplinary collaborations. While there is still much I do
not fully understand, I am eager to apply the insights gained
from this conference to my own research.

On the afternoon of the third day, an excursion and
banquet were held. Participants could choose from three
options: the Busena Marine Park course, which featured
views of Onna Village’s stunning coastline and unique fish;
the Ryukyu Village and Zakimi Castle course, offering a
glimpse into Okinawa’s culture and history; and the
Ishikawa Mount Hiking course, showcasing Okinawa’s
tropical nature. Despite slightly declining weather,
attendees reportedly enjoyed their chosen activities while
continuing discussions along the way. The banquet, held at
the Oriental Hotel in Nago City, featured a variety of nice
dishes inspired by Okinawan cuisine, fostering further
camaraderie among participants. As one of the organizers, I
would be delighted if this conference inspires many new
collaborations.

Finally, I would like to express my gratitude to my
fellow organizers, the OIST workshop section, and the
Qubits and Spacetime Unit, whose behind-the-scenes
efforts ensured the conference’s success.

Recordings of the oral presentations are available on the
conference website for those interested in revisiting the
talks: https://groups.oist.jp/exu-oist/recorded-talks.

(Reported by Tokuro Shimokawa)

Photo 2: Scenes in an excursion [Busena Marine park].
Left: provided by Mr. Yuki Miyazaki (Aoyama Gakuin Univ.)
Right: provided by Dr. Soshun Ozaki (Univ. of Tokyo)
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Conference Reports in FY2024

@ The 6th ExU School & The 3rd young researchers’ workshop of the ExU Collaboration

12 - 15 September 2024, Grand Park Otaru

Just before the annual meeting of the Physical Society of
Japan, we held the 6th ExU school and the 3rd young
researchers’ workshop of the ExU Collaboration. For the
school, we invited Ryo Namba (RIKEN) from outside of
ExU Collaboration, and additionally had three lecturers
from the ExU Collaboration: Yoshifumi Nakata (YITP,
Group AO1), Toshifumi Noumi (Univ. Tokyo, Group B01)
and Ryui Kaneko (Sophia Univ., Group E02). By offering
the lectures only to young researchers (students and post-
doctoral researchers) attending the young researchers’
workshop, we created an atmosphere in which they could
easily ask questions about the fundamentals of each field
and learn the basics of other fields at the level of young
researchers. For this purpose, we purposely decided not to
broadcast the lectures online. As a result, we were able to
provide an environment where participants and lecturers
could engage in intensive discussions. More than 70 young
researchers participated in addition to the four lecturers. In
this school, each lecturer gave two one-hour lectures. All
lectures were given in English.

Ryo Namba (RIKEN) gave a lecture on the basics of
cosmology in his lecture “Introduction to cosmology - How
do we “sense” our Universe?”. In the first half of the
lecture, he started with an explanation of general relativity,
and then gave an account of the history of observations and
the theories about the expansion of the universe. In the
second half of the lecture, he explained the history of obser-
vations and theoretical development of the cosmic
microwave background radiation. Then, regarding gravita-
tional waves, he outlined the observation of gravitational
waves produced by black hole mergers and future plans for
gravitational wave observation.

Yoshifumi Nakata (YITP, Group A01) gave a talk on the
fundamentals of quantum information theory in his lecture
“Introduction to Quantum Information Theory”. In the first
half of the lecture, he explained the axiom system that
forms quantum information theory. He explained the math-
ematical expression and the physical meaning of each
axiom. In the second half of the lecture, he gave an
overview of specific topics dealt with in research on
quantum information theory, such as quantum computation,
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Photot: Lecture by Ryo Namba

communication, cryptography, and physics-related topics.

Toshifumi Noumi (Univ. of Tokyo, Group BO1) gave the
lecture “AdS to dS” on the relationship between theories on
de Sitter spacetime (dS) and theories on anti-de Sitter
spacetime (AdS). First, he explained the geometric structure
and symmetry of dS and AdS. Then, he reviewed the
quantum theory on dS and explained its relation to the
cosmic inflation of the early universe. Finally, he explained
the similarities and differences between theories on dS and
AdS.

Ryui Kaneko (Sophia Univ., Group E02) gave a talk on
frustrated magnetism and quantum spin liquids appearing in
itinerant electron systems and localized spin systems in his
lecture “Condensed matter physics: from magnetism to
quantum spin liquid”. In the first half of the lecture, he
started with an overview of the Hubbard model obtained by
second quantization of electrons in crystals and introduced
methods for analyzing the Hubbard model using the
mean-field approximation and the strongly coupled limit
approximation. In the latter half of the lecture, he explained
specific analysis methods using the Kitaev honeycomb
model.

In addition to the ExU School, we held the 3rd young
researchers’ workshop of the ExU Collaboration. The aim
of the workshop is to provide an opportunity for young
researchers in different fields to interact with each other and
to create opportunities for collaborative research between
different fields. More than 70 people attended this
workshop, and the young researchers has interactions with
each other. During poster presentations, in addition to the
interaction among young researchers, lecturers of the ExU
school gave individual research advice to the young
researchers. In addition to the poster presentations, partici-
pants also interacted with each other during lunch and
dinner, as well as during the school banquet.

Finally, Keisuke Izumi (Representative of the organizer,
C03) made summary comments on the ExU School & the
young researchers’ workshop, bringing the 6th ExU School
& the 3rd young researchers’ workshop of the ExU Collab-
oration to a close.

(Reported by Keisuke Izumi)




® JPS Annual Meeting symposium session

“Progress in dynamics research in quantum
many-body systems: probing the physical
laws of the extreme universe”

17 September 2024, Hokkaido Univ.

Let me introduce our co-joint symposium at the 79th JPS
meeting on Sep.2024. This symposium aimed to provide a
comprehensive overview of recent progress in the field of
quantum dynamics, one of the three main themes of ExU
project, from the perspective of condensed matter physics.

The first talk was by Prof. Motome on quantum reservoir
probing. This approach, which contrasts with traditional
quantum reservoir computing, involves manipulating the
edges of a system to visualize how information propagates
and through which channels during quench dynamics. I
suppose this topic was very fresh to most audiences, as |
received a message later from the PhD student in Motome
group about how people became excited. The second talk
by Prof. Mori was about thermalization and long-time
relaxation, a topic that attracted many young researchers
engaged in statistical mechanics. Then, Dr. Harada and Dr.
Kaneko discussed recent advances in computational
methods for quantum system dynamics. At my request, Dr.
Harada also gave a very comprehensive review of many
other technical methods developed very recently, which
inspired people working on quantum dynamics including
me. After a break, Dr. Tamura spoke about experimental
observations of the structures formed when two-dimension-
al Bose atomic gases are confined in a box. The actual
realization and detection of characteristic fluid dynamics
were impressive. This was followed by a collaborative ex-
perimental-theoretical presentation by Dr. Yamamoto and
Dr. Ozawa on their ongoing research in quantum tomography.
They introduced an innovative approach using compressed
sensing to reconstruct density matrices, which would
normally require massive amounts of data, by measuring
sparse expectation values of spiral spin operators.

A recurring bottleneck in constructing and analyzing
quantum many-body states, including their characterization
or tracking their time evolution is how efficiently and
reasonably one can reduce the information to the minimum
required. When the quantum correlations and entanglement
grows rapidly with space and time, the calculation too often
fails, and to find a path to overcome this problem is in high
demand. It was nice to have variants of speakers to get
together and present the topic which was not discussed
much in JPS. The symposium drew young audiences,
including many graduate students and early-career
researchers. Their active engagement with numerous
questions and lively discussions made the event vibrant and
nearly overran the allotted break times. The speakers also
seemed to enjoy delivering their talks, making this
symposium a rewarding experience overall. Many thanks to
Dr. Tezuka and Dr. Yamamoto for their support.

(Reported by Chisa Hotta)

® School “A novel numerical approach to
quantum field theories 2024”

17 - 20 December 2024, The University of Tokyo Komaba Il
Campus + Online

Following the events in 2022 and 2023, the Extreme
Universe D01 team hosted the school “A novel numerical
approach to quantum field theories 2024”, held this year at
The University of Tokyo Komaba II Campus. While
primarily aimed at graduate students and postdoctoral
researchers, the topics in this series have become increas-
ingly advanced, and this year’s content leaned toward more
expert-level discussions.

The school had 25 in-person participants and approxi-
mately 30 online attendees. Thanks to widespread
promotion through various platforms, the participants came
from diverse backgrounds, including particle physics,
condensed matter theory, and experimental fields.

The invited lecturers were Yoshifumi Nakata, Rento
Nagano, and Shunsuke Furukawa. Prof. Nakata provided an
explanation of the Hayden-Preskill protocol in Hamiltonian
systems, which models the mechanism for extracting
quantum information from black holes. Drawing on his own
textbook where he covers the Hayden-Preskill protocol, he
presented an intuitive interpretation from a unique
perspective. Prof. Nagano delivered an accessible introduc-
tion to quantum machine learning, focusing on constructing
cost functions using quantum circuits. His lecture incorpo-
rated insights from his research at the International Center
for Elementary Particle Physics, which involves quantum
machine learning and quantum simulation of field theories.
Prof. Furukawa lectured on “measurements and field theory
in quantum many-body systems”. After covering several
preparatory topics, he explained a theoretical framework for
describing measurement results in experimental systems
and spin models using boundary conformal field theory.
Additionally, general talks were given by Sho Matsumoto,
Yunhyeon Jeong, and Yuki Furukawa.

The lectures and presentations covered advanced topics
spanning a wide range of fields. Despite the challenging
material, lively discussions created a stimulating
environment for participants. It is hoped that this school
will contribute significantly to their future research
endeavors.

(Repoated by Takuya Okuda)

A novel numerical approach to quantum field theories 2024




Conferences, Workshops and Seminars in FY2024

@ Extreme Universe Colloquium
24th Extreme Universe Colloquium

Date: April 19th, 2024

Speaker: Prof. Robert Koenig (Technical
University of Munich)

Title: Quantum fault-tolerance and locality

25th Extreme Universe Colloquium

Date: May 13th, 2024

Speaker: Prof. Robert Wald (University of
Chicago)

Title: The Entropy of Dynamical Black
Holes

26th Extreme Universe Colloquium

Date: July 10th, 2024

Speaker: Prof. Seiji Yunoki (RIKEN)

Title: Quantum many-body dynamics in
digital quantum computers

1st Public Extreme Universe Colloquium
Date: October 16th, 2024

Speaker: Prof. Koji Terashi (University of
Tokyo)

Title: Quantum Algorithm and Qubit
Technology Applications for Particle Physics

2nd Public Extreme Universe Colloquium
Date: December 20th, 2024

Speaker: Prof. Roberto Emparan (University
of Barcelona)

Title: Quantum Black Holes as Holograms

3rd Public Extreme Universe Colloquium
Date: February 6th, 2025

Speaker 1: Prof. Hal Tasaki (Gakushuin
University)

Title: Haldane conjecture, valence-bond
picture, SPT phases, and all that in quantum
spin chains

Speaker 2: Prof. Masaki Oshikawa (University of
Tokyo)

Title: Symmetry-Protected Topological phases and
Duality

4th Public Extreme Universe Colloquium
Date: March 8th, 2025

Speaker: Prof. Geoffrey Penington (University
of California, Berkeley)

Title: What's inside a black hole?

® Extreme Universe Seminar

21st Extreme Universe Circular Meeting

Date: April 21st, 2024

Speaker 1: Tomotaka Kuwahara (RIKEN)

Title: Clustering of conditional mutual information and
quantum Markov structure at arbitrary temperatures
Speaker 2: Eyuri Wakakuwa (Nagoya U.)

Title: Exact exponent for atypicality ofrandom quantum
states

22nd Extreme Universe Circular Meeting

Date: May 24th, 2024

Speaker 1: Keiju Murata (B03)

Title: Quasinormal mode spectrum of the AdS black
hole with the Robin boundary condition

Speaker 2: Nicolo Zenoni (BO1)

Title: Multipartite information in (sparse) SYK

23rd Extreme Universe Circular Meeting

Date: July 23rd, 2024

Speaker 1: Tadashi Takayanagi (C01)

Title: How do we feel holography in Quantum Systems ?
Speaker 2: Shigeki Sugimoto (C01)

Title: On holographic unification of meson and photon
Speaker 3: Kazumi Okuyama (CO1)

Title: Recent developments in double-scaled SYK

24th Extreme Universe Circular Meeting

Date: October 10th, 2024

Speaker 1: Masahiro Hotta (C02)

Title: Tutorial Talk

Speaker 2: Yuta Mizukami (E01)

Title: Bulk detection of topological phases in quantum
spin liquids



25th Extreme Universe Circular Meeting

Date: November 5th, 2024

Speaker 1: Tsutomu Kobayashi (C03)

Title: Tutorial on quantum fluctuations from inflation
Speaker 2: Takahiro Tanaka (E02)

Title: goN and extended oN formalism

6th Extreme Universe Interdisciplinary Seminar
Date: November 7th, 2024

Speaker 1: Tokiro Numasawa (E02)

Title: Sine Square Deformation (SSD) and Mobius de-
formations

Speaker 2: Kohei Kawabata (E02)

Title: Non-Hermitian Topology in Hermitian
Topological Matter: Wannier Localizability and
Detachable Topological Boundary States

26th Extreme Universe Circular Meeting

Date: December 23rd, 2024

Speaker 1: Masazumi Honda (DO01)

Title: Introduction to fracton topological phases
Speaker 2: Taiichi Nakanishi (DO1)

Title: Foliation Matter Phase and Godbillon-Vey
Invariant

7th Extreme Universe Interdisciplinary Seminar
Date: December 24th, 2024

Speaker 1: Masaki Owari (EO1)

Title: On algebraic analysis of Baker-Campbell-Haus-
dorff formula for Quantum Control and Quantum Speed
Limit

Speaker 2: Ryuji Takagi (EO1)

Title: Virtual quantum resource distillation

27th Extreme Universe Circular Meeting

Date: January 21st, 2025

Speaker 1: Hosho Katsura (D02)

Title: Frustration-free systems and beyond

Speaker 2: Soshun Ozaki (D02)

Title: Disorder-free Sachdev-Ye-Kitaev models: Inte-
grability and a precursor of chaos

28th Extreme Universe Circular Meeting

Date: February 17th, 2025

Speaker 1: Tomoyuki Morimae (A01)

Title: Quantum cryptography without one-way
functions

Speaker 2: Ryu Hayakawa (A01)

Title: Quantum computational complexity in the
analysis of topology of higher-order networks

8th Extreme Universe Interdisciplinary Seminar
Date: March 11th, 2025

Speaker 1: Masataka Watanabe (E02)

Title: SYK model and interacting particle systems
Speaker 2: Yuta Hamada (E02)

Title: Investigating 9d non-supersymmetric branes/
strings from supersymmetric strings

@ Conferences & Workshops

iTHEMS-YITP Workshop:

Bootstrap, Localization and Holography

Date: May 20th - 24th, 2024

Venue: Yukawa Institute for Theoretical Physics,
Kyoto Univ.

The 3rd young researchers’ workshop of the
Extreme Universe Collaboration & The 6th
“Extreme Universe” School

Date: September 12th - 15th, 2024

Venue: Grand Park Otaru in Hokkaido

The 4th ExU Annual Meeting of the Extreme
Universe Collaboration

Date: September 25th - 28th, 2024

Venue: Osaka Univ.

Focus Week on Non-equilibrium Quantum Dynamics
Date: September 30th - October 4th, 2024
Venue: Kavli IPMU

ExU International Conference

“Quantum extreme universe: matter, information
and gravity”

Date: October 21st - 25th, 2024

Venue: OIST, Okinawa




Conferences, Workshops and Seminars in FY2024

The 33rd workshop on general relativity and
gravitation in Japan
Date: December 2nd - 6th, 2024

Venue: Kindai Univ.

A novel numerical approach to quantum field
theories 2024

Date: December 17th - 20th, 2024

Venue: Univ. of Tokyo

Recent Developments in Black Holes and
Quantum Gravity

Date: January 20th - 24th, 2025

Venue: Yukawa Institute for Theoretical Physics,
Kyoto Univ.

SUPERGRAVITY
Date: February 12th - 13th, 2025
Venue: Osaka Institute of Technology

Quantum Gravity and Information in Expanding
Universe

Date: February 17th - 21st, 2025

Venue: Yukawa Institute for Theoretical Physics,
Kyoto Univ.




Circulation Program for Young Researchers

@ Reporter

Shoichiro Miyashita

National Dong Hwa University, Department of Physics, Postdoctoral fellow (C01)

Host Supervisor
Duration of Stay

As shown by the AdS/CFT correspondence, holography
is a very useful tool to deepen our understanding of
quantum gravity when space-time has time-like boundaries.
For example, the Ryu-Takayanagi formula uncovered the
relationship between the geometry of the semiclassical bulk
and the quantum entanglement on the boundary theory and
holography played an important role when the island
formula was first proposed, which is used to derive the Page
curve on the gravity side. However, we still do not know
whether we can use such a powerful tool to understand the
quantum properties of our universe, since it does not seem
to have time-like boundaries. Not a few researchers have
thought that it is unnatural if holography is completely
useless for understanding our universe and there have been
many attempts to apply holography to our universe, or dS
spacetime as a toy model of it.

Recently, Prof. Susskind proposed the dS/DSSYKeo cor-
respondence, which states that a certain low dimensional dS
spacetime (dS) corresponds to the double-scaled Sach-
dev-Ye-Kitaev model at infinite temperature (DSSYKc0). In
this correspondence, we consider the stretched horizon of a
static patch as an approximate time-like boundary and think
that DSSYKwo lives on the boundary. Although this is not
yet a concrete correspondence, it has passed the non-trivial
tests, such as that both sides exhibit hyperfast scrambling
and separation of scales. Currently, I am interested in this
correspondence and am investigating it with Prof. Sekino
and Dr. Kitamura.

The purpose of this visit is to promote our research by
discussing it with Prof. Susskind and I stayed at Stanford
University for two weeks. I spent almost all the time of this
visit in the discussion with Prof. Susskind, Dr. Rahman,
Prof. Sekino, and Dr. Kitamura. The main topics of the
discussion are the correspondence of correlation functions
and the similarity between QCD and DSSYKw. For the
former, we examine what it would be like since we still do
not know the concrete relationship on correlation functions
like the AdS/CFT correspondence. By a symmetry
argument, it was expected that there would be a correspon-
dence between a correlation function of the massive vector
field in the 3-dim. dS spacetime and that of the charge
operator of the complex DSSYKo theory. However, we
found that there is none. This may mean that we should
consider the 2-dim. dS JT gravity as the bulk side instead of
the s-wave sector of the 3-dim. dS spacetime. We concluded
that it might be possible to reconcile the discrepancy by
using the freedom of the choice of the coupling between the
massive vector and the dilaton since it is not uniquely
determined in the 2-dim dS JT gravity. For the latter, we try
to make more precise the relation between the large N QCD
and DSSYKow, which was proposed some years ago by

Stanford Institute for Theoretical Physics, Stanford University, Prof. Leonard Susskind
November 7 2024 ~ November 21 2024

Prof. Susskind. As a result, we found that there is a
possibility of a correspondence between the dynamics of
QCD in the Rindler spacetime, that of DSSYKoo, and that
of quanta in dS spacetime. In this context, it is conjectured
that O(N) singlets in DSSYKw correspond to the
propagating degrees of freedom in the dS spacetime. We
are now investigating this possibility.

I also had a chance to talk with Prof. Silverstein, who is
investigating the correspondence between cut-off gravity
theories and the field theories deformed from CFTs by
some operators, such as TTbar. We discussed my research
on cut-off AdS. We found that my calculations on the
partition function on cut-off AdS imply the possibility that
there exists the correspondence between the TTbar
deformed CFT and the cut-off AdS exists beyond the shock
singularity. I am now carefully investigating this
possibility.

Finally, I would like to express my deepest gratitude to
Prof. Sekino for recommending this stay, Prof. Susskind for
accepting this stay, Prof. Takayanagi and the other
organizers of the Grant-in Aid for Transformative Research
Areas A “Extreme Universe”, for providing me with this
opportunity through the Oversea Visiting Program for
Young Researchers, and Ms. Okazaki for handling the ad-
ministrative procedures.
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Q TOpiCS Research Highlight

Unraveling Quantum ‘States’ with Spirals

What does it mean to measure the “state” of an object?
For example, to understand the state of a moving car, one
way is to measure its speed. Is the car stationary, moving at
60 km/h, or at 120 km/h? Speed is an essential factor in
determining the state of the car. Furthermore, knowing the
car’s current location, that is, its position, is also a part of
its state. The state of the car consists of various elements,
not just speed and position, but also temperature, color, and
other factors.

In this way, the “state” of an object is defined by a
combination of physical quantities such as position, speed,
energy, and electrical resistance. We perceive these
physical quantities through our senses, such as sight,
hearing, and touch, or measure them using instruments like
speedometers and ammeters. By obtaining knowledge about
an object’s state through measurement, we can predict its
future motion and changes. In fact, Newton’s equations of
motion in classical physics are equations that predict an
object’s future movement based on its current position,
velocity, and the forces acting on it.

However, in the microscopic world of quantum
mechanics, the concept of ‘state = a combination of
physical quantities’ does not hold. In quantum mechanics,
the “state” of an object is not a directly measurable physical
quantity but rather an abstract concept expressed as a math-
ematical function called the “wavefunction.” In this case,
measurement results of physical quantities become probabi-
listic, and the wavefunction indirectly determines the
probability distribution of these measured values. The
Schrodinger equation, the fundamental equation of quantum
mechanics, does not directly predict the change in physical
quantities but rather describes the evolution of the wave-
function. Furthermore, in quantum information theory,
which integrates information theory into quantum
mechanics, the concept of state must consider interactions
with the environment and information loss. As a result, the
representation of the state via the wavefunction is extended
to the “density matrix” formulation.

Now, how can we determine the state of a quantum
system, i.e., the wavefunction or density matrix, from the
probabilistic measurement results of physical quantities?
Consider a biased die. The probability distribution of each
face appearing, from 1 to 6, should be determined by the
degree of bias. However, rolling the die once and obtaining
a result of, say, 2 does not immediately reveal the
probability distribution of all outcomes. To understand the
nature of the biased die, one must roll it multiple times and

Figure 1: Spiral structures used in measurements for Spiral QST (three types
of spiral planes).

statistically infer the distribution based on the frequency of
each outcome.

Similarly, to determine the “state” of a quantum system,
we need to repeatedly measure physical quantities and infer
the wavefunction (or density matrix) from the obtained
measurement results. This process is called Quantum State
Tomography (QST). In the case of a die, one only needs to
measure the frequency of six outcomes, but in quantum
systems, due to unique properties such as superposition and
entanglement, the number of required measurements
increases exponentially. Additionally, measurement in
quantum mechanics alters the quantum state, meaning that
the same state must be prepared anew for each
measurement. As a result, as quantum systems grow in size,
the required number of measurements and computational
complexity increase dramatically, making full QST experi-
mentally and computationally challenging.

In our research [1], we developed a novel QST method
inspired by the spiral spin structures observed in quantum
magnetic materials. When determining the state of a large
system composed of many qubits, conventional QST
requires each qubit to be individually rotated in the X, Y,
and Z directions for separate measurements. This results in
an enormous number of measurement combinations and ne-
cessitates complex rotation apparatus for individual control.
In contrast, our method eliminates the need for such
intricate operations by applying a magnetic field with an
intensity gradient. This causes the qubits to rotate at
different angles, enabling measurements in a twisted, spiral
structure (Figure 1). By varying the strength of the field
gradient and the application duration, we can collect
measurement data for different spiral structures. Applying
compressed sensing techniques to this data allows for an
efficient inference of the quantum system’s “state.” This is
our proposed Spiral QST method.

In our paper [1], we demonstrate the effectiveness of this
method through numerical experiments and show that it can
be applied to measure important quantum informational
quantities such as entanglement entropy. Unraveling
quantum states is not merely a technical challenge but also
a fundamental pursuit to understand the workings of the
universe. Our approach enables quantum state estimation
across various quantum platforms, potentially contributing
to the design of new materials and simulations of cosmo-
logical phenomena. The advancement of novel quantum
measurement techniques, including Spiral QST, will lay the
foundation for next-generation quantum science and
technology, supporting broader scientific and technological
innovations.

[1] G. Marmorini, T. Fukuhara, D. Yamamoto, arXiv.2411.16603.
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Q Tapics Research Highlight

The Relationship Between Energy in a Closed Region, Surface
Area, and Gravitational Field on Its Surface

One of the simplest laws that relates the surface and the
interior of an object is Gauss’s law. According to Gauss’s
law, the amount of charge inside a closed region can be
determined from the electric field passing through its
surface. This is because the equation for the electric field is
the Poisson equation, which is a type of divergence
equation. Newton’s theory of gravity is also expressed by
the Poisson equation and can be analyzed in a similar way
using the gravitational field on the surface. However,
Newton’s theory of gravity is an approximation in weak
gravity, and a more precise analysis requires general
relativity. The equation in general relativity, known as the
Einstein equation, is more complicated than the Poisson
equation, and as a result, Gauss’s law does not directly
apply.

The source of a gravitational field is mass (or energy).
Mass and energy are equivalent. While a detailed
explanation is omitted here, in general relativity, it is
difficult to precisely define the mass within a given region.
When one is far enough from the gravitational source, the
gravitational field weakens, and Newton’s theory of gravity
can be used, allowing for the definition of mass. If a
spherical surface with an infinite radius surrounds the grav-
itational source, the enclosed region can be considered as
the entire space. The mass defined in this way represents
the total mass of the entire space. If a particular region
contains a mass M, it is a part of the total mass M of space.
Since mass always takes a positive value, we have M > m.
While the mass m in a region cannot be precisely defined,
we can treat it as smaller than the mass M of the entire
space.

The entropy of a black hole is proportional to the area of
its surface, called the horizon. The horizon area increases
over time. Once a black hole is formed, it will asymptoti-
cally approach a stationary state, meaning it will no longer
depend on time. The uniqueness theorem for black holes
determines the final state and its properties. The area A¢ of
horizon of stationary black holes satisfies the inequality
M > (c?/2G)\/As/4m, where M is the mass of the entire
space, c is the speed of light and G is the gravitational
constant. According to the area increase law, the area A of
horizon will be smaller than that in the final stationary state
Ag, and we ultimately obtain M = (c*/2G)+/A/4m. This
inequality, known as the Penrose inequality, shows that a
black hole with a horizon area A is shown to have at least
(c?/2G)\/A/AT energy, and has been rigorously proven
under certain conditions. The Penrose inequality relates the
surface area of a black hole (surface information) to the
minimum mass required inside it (internal information).

In our research with Shiromizu, Yoshino, and others
[1,2], we generalized the Penrose inequality. We expressed
the features of black holes in terms of geometric quantities
and generalized them using a parameter «, which represents
the strength of gravity. The parameter « is a constant that
takes values in the range 1/2 < a < o, Fora - —1/ 2,
it corresponds to a region sufficiently far from the gravita-
tional source (weak-gravity region), and as a approaches

infinity, it represents the black hole horizon (strong-gravity
region). We defined an “attractive gravity probe surface
(AGPS)” with a for a surface at any point on which the
gravitational strength is greater than the parameter «, and
we showed that the following inequality holds for the area
A of the AGPS with a:

(1+2a)c? |A
M2 |~
(B +4a)G |4

In the limit where a approaches infinity, which represents
the black hole horizon, this inequality coincides with the
aforementioned Penrose inequality.

In the latest research [3], we derived an inequality that
includes the effect of the electric field. Assuming that an
electric charge Q exists only inside the AGPS with a, and
that no charge exists outside this surface, we showed that
the following inequality holds for the AGPS with a:

M (1+ 2a)c? 4.7-[
=B +4a0)G

4m 8716002

where €j is the vacuum permittivity. Due to the second
term on the right-hand side, for fixed mass M and area A,
there is an upper limit on the magnitude |Q| of the charge.
This indicates that, since repulsive forces act between
particles with the same charge, energy is required to
accumulate charged particles in a given region, and thus,
there is an upper limit on the charge |Q| that can be
collected within the AGPS of area A. In the case of black
holes (a—0©0), this upper limit coincides with the known
result for the maximum charge of a black hole, which plays
an important role in gedanken experiments. Its extension to
AGPS will be an interesting topic for future research.

[11K. Izumi, Y. Tomikawa, T. Shiromizu and H. Yoshino, PTEP
2021, no.8, 083E02 (2021)

[2] K. Izumi, Y. Tomikawa, T. Shiromizu and H. Yoshino, PTEP
2023, no.4, 043E01 (2023)

[3] K. Lee, K. Izumi, T. Shiromizu, H. Yoshino and Y. Tomikawa,
Phys. Rev. D 110, no.12, 124051 (2024)
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Publications (Apr. 2023-Mar.2024)
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A.J. Parzygnat and F. Buscemi, Quantum 7, 1013 (2023)
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