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5 ETEFDOWFHEIAEWICEETH S Z EHH
L2 ENT W5, — S CEE 2 EBRCTHERTT 5
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FZBW Tl BIRZ R 72N Tw b4 S o8I R
WZBWTETDONEEBRIITHN T 5 2 LI RAEH
ETREREGHREE o TVb,

SO LX) BRIRWT T, FTAITEERETIEHRSEFICE
WTRHFE S N4 DR b ONMBEIHEH L7z
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7 7 e AR RFTEALR A ¥ v O - BIRYAH R
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o THHEHELR E2 w2 ER L IThbhTw
bo AIIINOLOERFIONMWELIHEHT ST,
WIS BT B K ED 1 > TH 5. QSLIR

eIy LT 7Ly MRS IRE L DM ORI
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FZETAM L 720

A OHRA EFENICIZE B A S WA, Libd =
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state TH 5.

(2)RSIRAE & QSLIKREDE M two-partite entanglement

WZHins,

(3)RS:IRHE & QSLIRAE D\ 13 multi-partite entanglement

DimEFAFEIC D BN S,

RIS BEELEBRA~ OIS %% 2 5 L ClXB)0 E
HTHhY, BUEHEMm L e P EEFRTH L[], F7-BH
LT 1 RIcrMEAIZ8i 5 Tomonaga-Luttinger A
IREE & RSIREE & O ORI T 2078 177 -
TBY., FRRICBIE R L 2 HEER TH 5 [2],

[1]T.S., Snigdh Sabharwal and Nic Shannon, in preparation.
[2] Snigdh Sabharwal, T. S. and Nic Shannon, in preparation.
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DRFE " AT 72[2]0
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[1] M. Kunimi and I. Danshita, Phys. Rev. A 108, 063316 (2023).
[2] R. Kaneko, M. Kunimi, and I. Danshita, Phys. Rev. A 109,

L011301 (2024).

[3] M. Kunimi, T. Tomita, H. Katsura, and Y. Kato, arXiv:2306.05591
(2023).
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arXiv:2306. 16213 [astro-ph.HE]
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BTmOR TR FENICETAMEZT>TwET,
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“Quantum Information, Quantum Matter and Quantum Gravity”

2023%F9R48-10A6H

£ 138 : “ExU-YITP School/Workshop on Quantum
Information, Quantum Matter, and Quantum Gravity”
9A48-88, ZEMmMESEMERR+A 1

20234FE 9 H4-8 H \ZARHIS & LW LA JE AT 12 £
LT, A7 — )V 5 OIHFFES School/Workshop
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Quantum Gravity & ® i (EF /X F Y = v 7 k=)
L5 A4 v (Zoom) 2 X BNA T ) » R TR
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HRED SR OFEE T 2 ~2. 5 o#RI b
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and holography |\ F#i %% %* & |3 Hollands JX @ i# 3%
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TG 5 2> H I EARANK D& [ Quantum cryptography
based on pseudorandom quantum states]. #1558
25X Ko [ How to study statistical lattice
models by “adaptive” tensor network frameworks? .
PR R IR 2 1T 9 WK OFE# [How can we
manipulate the quantum systems?] & AR % ¥ 12
% 3 D OMBR (R OB, 22 B oM, P98 o #BR)
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fit)

55 23R8 : 55 3 mfAE &%, ExU-YITP Workshop on
Holography, Gravity and Quantum Information
9 A118-168, ERMEFEMAFR+F 71>
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R R DI DA DO THINIFENTH S,
WIRNZ T o 72 hS, AW (X ILBEY P2 FE T [
NERS 2 X — ] 2 el ChifE L7z, ZEEEm Aot
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$£ 438 : ExU-YITP Workshop on Condensed
Matter-Physics and Quantum Information
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BAWOT =27 ¥ ay FiE, I Y G L &
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WA RATAF IR, FEBRITECNE 2 S BlET
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% 538 : ExU-YITP Conference “Quantum
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Preface by Head Investigator

Head Investigator
Tadashi T¢

Kyoto University

In the middle of Extreme Universe travel

akayanag

Yukawa Institute for Theoretical Physics,

A year and a half has passed since this collaboration
started. Now, we are back to our previous research
environment, free to travel overseas and invite researchers
from abroad. Thanks to the great efforts of the members
and the warm support by the collaboration advisors, our
research activities have made great progress both interna-
tionally and in terms of interdisciplinary collaboration with
many excellent research results produced.

¢

Our collaboration and the Yukawa Institute for
Theoretical Physics in Kyoto University jointly organized a
5-week international long term workshop in fall, which was
a great success with over 400 local participants. The
workshop was attended by a large number of researchers
from abroad and had a wide range of attendees, from
prominent researchers to graduate students, who are all
interested in the fusion of quantum information and physics.
The activities of young researchers such as post-doctoral
fellows and graduate students at this meeting were also
quite impressive.

¢

There have been remarkable recent developments in
various fields related to the fusion of quantum information
and physics, which is the main aim of this collaboration.
Since Ryu and I found the relationship between quantum
entanglement and AdS/CFT correspondence in 2006, a
major trend has emerged in the boundary region between
quantum information and quantum gravity, and in 2009,
Swingle proposed the amazing relationship between tensor
networks and AdS/CFT correspondence. In 2014, Almbheiri,
Dong, and Harlow proposed the relationship between
quantum error correcting codes and AdS/CFT correspon-
dence. In 2019, Pennington et al. discovered an outstanding
method for correctly computing quantum entanglement for
evaporating black holes, and a strong evidence was found
for recovering information inside a black hole from
Hawking radiation. And very recently, the deep relationship
between quantum cryptography, AdS/CFT correspondence
and black holes has become a hot topic of discussion at the
long term workshop. As mentioned above, quantum entan-
glement calculations show that it is possible to recover
information about the interior of a black hole from Hawking
radiation. However, if we consider how difficult it would be

to actually perform that recovery with a quantum computer,
it turns out to be so difficult as to be unfeasible in reality,
i.e., exponentially difficult. Conversely, the information is
embedded in Hawking radiation as quantum information in
a form that is extremely difficult to be decoded by an
adversary, meaning that it can be regarded as a quantum
cryptography. Prof. Morimae (A01) has done excellent
research on quantum cryptography, taking hints from
quantum gravity, and gave a lecture on quantum cryptogra-
phy at the long term workshop. Also, an interdisciplinary
collaboration between Prof. Nakata (a quantum information
theorist in A0O1), and Prof. Tezuka (a condensed matter
theorist in B02), recently produced remarkable results
which connect black hole information, quantum error
correcting codes and quantum chaos in an interesting way.

*

In addition, the workshop “Extreme Universe Workshop
- Toward Collaboration of Experiment and Theory” was
held this year at The University of Tokyo, in order to
promote research exchange between theorists and experi-
mentalists. Testing theories of the extreme universe with
table-top experimental equipment is an important theme in
this collaboration. We hope that many new research
directions will be generated through friendly discussions
between theorists and experimentalists. The C02 group’s
dilution refrigerator has finally been installed in the Yusa
Laboratory at Tohoku University. We are looking forward
to results of the simulation experiment of the extreme
universe using the quantum Hall system.

*

Finally, I would like to express my gratitude to all PIs of
the first phase of publicly offered research, who have
contributed to this collaboration for two years from various
perspectives that cannot be covered by the planned
research. The second phase of publicly offered research will
begin next year. Further exciting developments will come
next year!
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Preface by Advisory Committee

Advisory Committee member
Noﬁuywké Imoto

Senior Professor at The University of Tokyo

Mysteries of Particles and the Universe
...Hypothesis and Verification

When Professor Takayanagi asked me to serve as an advisor for
this Area of Research, “Extreme Universe,” I felt a little bit scared
because only the most intelligent people of our time gather in this
Area. But my inner voice whispered to me, “Don’t you want to
interact with these people?” So, I happily accepted the offer.
Actually, when I entered university (about 50 years ago), I was
interested in elementary particles and the universe. But when I had
to choose which department to enter, I was torn between the
Department of Physics in the School of Science and the
Department of Physical Engineering in the School of Engineering.
Around that time, holograms began to be visible to the general
public, and when I saw their 3D images for the first time, I
wondered, “How can 3D information be recorded on a 2D photo-
graphic plate?” I wanted to research this, and thought that if I go to
the Department of Physical Engineering, I can take lectures also
from the Department of Mathematical Engineering and Department
of Instrumentation Engineering, which were located in the same
building, such as information theory, probability theory,
programming, measurement engineering, precision measurement,
associative memory, and neural networks, etc. In addition to
studying quantum mechanics, statistical mechanics, and fluid
mechanics in the Department of Physics and Engineering. I can
also include Relativity given by Physics Department, and I filled
up all of my time with these classes. During my first year of
master’s degree, | created real holograms using lasers and comput-
er-generated holograms of imaginary objects, and I could estimated
that the resolution of the 3D image roughly corresponds to the
information amount of the interference fringes on the 2D plate.
Satisfied with this result, I handed over the holograms to the under-
graduate students whom I was supervising. For the rest of my
master research, I engaged in self-imaging phenomena in
waveguides (later, I knew that time-evolution version of this was
called Quantum Carpet) and got Master Degree. After joining the
Telegraph and Telephone Public Corporation (currently NTT), I
conducted research on QND measurement, attended Hitachi’s
ISQM conference. And during my year-long stay in the UK, I had
discussions with Zeilinger, Bohm, Peierls, Deutsch, Bennett, and
others.

*

I was impressed by all of these people, especially by the theory
of nonlocal hidden variables that Bohm suddenly announced very
soon after he published his famous textbook (standard Copenhagen
style). I couldn’t believe it because it was a non-local theory, but
we talked for two hours. At the other end of the spectrum, Deutsch
is a multiverse theorist, and explained that the initial state of a
quantum computer changes into a complex superposition (many-
qubits entangled) as each gate operation proceeds, i.e., the world in
its initial state gradually becomes a superposition of many worlds,

and finally the exponentially parallel world results are processed,
exhibiting the desired computational result. This makes the
computation exponentially faster. I wanted to ask if Bohm could
explain this by his nonlocal hidden variable theory, but he passed
away before I could ask him. There was another big name, Peierls,
who is a Copenhagen interpreter and says, “Neither Bohm theory
nor many-worlds interpretation is necessary! Ordinary quantum
mechanics can calculate things properly, so it is sufficient.” What
was impressive to me was what Bohm said before his death: “I'm
not saying that my theory is the most correct. I agree that the
non-local hidden variables are not observables because observable
quantities have no choice but to obey the theory of relativity.
However, there will be no progress in physics unless we present a
hypothesis.” In that sense, it is the many-worlds interpretation that
moves the wall between the quantum and the classical and pushes
out the classical, and the Bohm theory that kicks out quantum
mechanics. Each theory has internal consistency. Compared to that,
the Copenhagen interpretation is a patchwork of quantum and
classical worlds, that is, there are two different rules: unitary
(reversible) during nobody is watching and projective (irreversible)
when someone is watching. In this case, it is desired to clarify what
are observation and non-observation. We should not just
empirically say “We know this telescope causes unitary evolution
and that detector causes projection.”

L 2

Speaking of hypotheses, I sometimes wish to know which theory
is established and which needs to be confirmed. For example, there
is a theory that the dimension of space should be 9, which is
retrieved from the fact that photon mass = 0. But the dimension of
our space is 3. Thus, the rest of 6 dimensions are not visible due to
compactifying to Planck length. Among these, to explain why 9
dimensions are required, the formula 1+2+3+...=—1/12, obtained
using analytic continuation of {(z) to z=—1, is used. But I feel
whether or not there is a more plausible explanation for the 9th
dimension. It is very beautiful if the mathematical relation {(—1) =
—1/12 inevitably created this world. But isn’t it also possible that
this world was chosen by chance among many possibilities? There
are still things I need to study.

L 2

Now, I have participated in various events of this “Extreme
Space” to the extent possible, and I was surprised at how carefully
and orderly the area’s management was proceeding. The results we
see and hear in this “extreme universe" are all the results of com-
prehensive science that is uniquely diverse and profound, from
theory to experiment, and it is clear that this is a field that is
undergoing remarkable progress and transformation. I look forward
to further progress in all of your research.
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Group A aims to carry out research on quantum

information theory and to develop a “language” of quantum
information that can be applied to other areas of physics.
The following research results were obtained this year.
Quantum cryptography: Morimae et al. succeeded for
the first time in constructing a quantum public-key crypto-
system consisting of only one-way functions. Public key
cryptography is a cryptographic task in which a message
can be encrypted and sent without sharing a secret key in
advance, and is currently used in various places such as the
Internet. However, it has been known for more than 30
years that in classical cryptography, stronger assumptions
(i.e., more dangerous assumptions) than one-way functions
are required to realize public key cryptography. Here, a
one-way function is a function that is easy to compute but
difficult to reverse, and is the most fundamental assumption
in classical cryptography. Morimae et al. proved for the first
time that quantum public-key cryptography, unlike classical
cryptography, can be constructed entirely from one-way
functions. This is a breakthrough of the 30-year-old con-
ventional wisdom in classical cryptography, and this
research result was accepted to QIP2024, the top interna-
tional conference on quantum information.
Quantum measurement theory and statistical
mechanics: The research activities in the Buscemi
Laboratory have evolved around quantum measurement
theory and statistical mechanics. First, we gave the first
comprehensive mathematical characterization of the
quantity called “observational entropy”. This quantity plays
a prominent role in a number of new approaches to quantum
statistical mechanics. Although it was introduced by von
Neumann in the 1920s, observational entropy has only
recently been recognized as a central quantity for under-
standing thermalization processes and the laws of thermo-
dynamics. Observational entropy is also closely related to
the problem of inferring the state of a system by looking
only at the results of a measurement. Among quantum mea-
surements, incompatible measurements and sharp measure-
ments are particularly important in quantum information
theory and statistical mechanics. Using a novel re-
source-theoretic approach, we fully characterized both the
properties of “incompatibility” and “sharpness” with
respect to other information-theoretic resources, such as
classical communication and entanglement. On a different
note, we explored applications of mathematical finance, in
particular expected utility theory, to the fields of statistical
mechanics and thermodynamics. In this context, we found a
number of new fluctuation relations and second laws, each
describing the behavior of an agent who must gamble on
the performance of a thermal engine.

Quantum error correction: Nakata et al. have two
results about 1. decoding general quantum error correcting
codes (QECCs) and 2. measurement-induced phase
transitions (MIPTs) and quantum error correction (QEC).
As for the former, most QECCs in quantum information are
so-called stabilizer codes. However, theoretical physics has
recently pointed out close relations between non-stabilizer
codes and quantum chaos, raising a question about
decoding non-stabilizer codes. In this study, we succeeded
in providing two decoders that are applicable to non-stabi-
lizer codes in the form of quantum circuits, and clarified its
complexity.

About the latter, MIPTs are dynamical phase transitions

that are induced by a series of projective measurements in
random quantum circuits. MIPTs have been studied from
various perspectives in quantum many-body physics. In this
study, we closely investigated the MIPTs from the
viewpoint of QEC and found a new phase transition that
can be characterized by the performance of QEC. As the
newly discovered phase transition was previously unknown,
this result may open a new frontier between quantum
information and many-body physics.
Quantum communication: A quantum internet is the
ultimate form of quantum information processing, enabling
implementation of various quantum information processing
tasks on a global scale. However, numerous challenges
must be solved to realize the quantum internet. The most
crucial one is the realization of quantum repeaters, which
are indispensable for the faithful transfer of quantum
information over long distances. Quantum repeaters, as
counterparts to repeaters, extenders and boosters in conven-
tional communication, are needed to overcome loss and
noise in the quantum communication channels composing a
quantum network. Azuma et al. described the conceptual
framework, architecture, and experimental progress toward
realization of quantum repeaters. They also discussed
various proposals for the near future to overcome
fundamental limitations on the communication efficiency of
point-to-point quantum communication. Finally, an
overview was given to place quantum repeaters in the
broader context of designing and realizing the quantum
internet.
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Group BO1 aims to elucidate the quantum theory of black
holes using gauge-gravity correspondence and quantum
information. For that purpose, we study various aspects of
black holes and their possible holographic dual, such as
SYK model and IP model. In addition, we study
holographic complexity, Petz map, bulk reconstruction,
weak gravity conjecture, and black hole microstates.
lizuka, together with Anegawa, Sake, and Zenoni, investi-
gated holographic quantum complexity in de Sitter (dS)
space in two-dimensional Jackiw-Teitelboim (JT) gravity
[1]. They conclude that the holographic complexity using
the WdW action is superior to the holographic complexity
using Volume in 2-D JT gravity. Anegawa and lizuka also
studied in [2] how the hyperfast growth of holographic
complexity in de Sitter spacetime is affected under a small
and early perturbation. Zenoni, together with Auzzi,
Nardelli, and Ungureanu, also studied holographic volume
complexity in a class of asymptotically AdS geometries
which include de Sitter bubbles in their interior. [3]. Sake,
together with Nanda and Trivedi, analyzed the problem of
how physical time arises in dS space in JT gravity [4] and
proposed that the dilaton plays the role of time and
discussed the normalizability of the physical states.

lizuka, along with Anegawa, Mukherjee, Sunil, and
Trivedi, systematically investigated the sparse random
matrices and the spectral statistics, level spacing, OTOCs,
SFF, and others and their relationship with the Sach-
dev-Ye-Kitaev (SYK) [5]. In [6], Anegawa, lizuka, and
Sake analyzed the behavior of a model called the local SYK
model under the triple scaling limit. The results show that
the local SYK model reproduces the same interesting
features as the SYK model, which are also related to a
particular bulk gravity theory.

lizuka, together with Nishida, studied the Krylov
complexity of the IP matrix model in [7, 8] and showed that
the Krylov complexity increases exponentially with time in
the parameter region where the model exhibits black hole
properties. To the best of our knowledge, this example of
the IP matrix model is the first concrete demonstration of
exponential growth of Krylov complexity in a matrix
model.

Ugajin studied the geometry which is realized by making
AdS black hole and de Sitter space entangled using QFT
degrees of freedom in [9]. Also, he studied the Petz
recovery map which is anticipated to play a crucial role in
reconstructing the black hole interior from Hawking
radiation, in the random unitary model as well as the SYK
model in [10].

Terashima and Sugishita investigated a concrete method
of reconstructing quantum gravity theory from CFT in the

AdS/CFT correspondence [11]. They demonstrated that the
subregion duality fails to hold due to the non-perturbative
effect of quantum gravity, which they call subregion com-
plementarity.

In [12], Noumi et al studied the spectrum of charged
black holes in quantum electrodynamics, motivated by a
conjectured quantum gravity constraint called the weak
gravity conjecture (WGC). In particular, they demonstrated
that the extremal condition characterizing the allowed black
hole charge satisfies a certain monotonicity expected from
the WGC, providing evidence for the conjecture. Also, they
extended the analysis to include quantum gravitational
corrections and found an interesting similarity between
positivity bounds on scattering amplitudes obtained in the
S-matrix theory and the aforementioned monotonicity of
black hole extremality. Besides, Noumi published [13, 14]
on theoretical and phenomenological aspects of the
S-matrix theory in gravity theory and also [15] on
primordial non-Gaussianity as a probe of high energy
physics.

Shigemori studied supergravity solutions that describe
microstates of black holes, in particular the ones that
contain codimension-2 sources [16]. Codimension-2
sources have non-trivial U-duality monodromies that twist
spacetime around them. He wrote down examples of exact
solutions that involve multiple codimension-2 sources with
anti-commuting monodromies.
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The aim of planned research B02 is to promote the study
of the quantum aspects of black holes through the collabo-
ration of cold atom experiments and theoretical research.
Using cold atom systems, which are highly controllable
artificial quantum matter, we experimentally elucidate their
non-equilibrium dynamics. The gauge-gravity correspon-
dence will allow us to approach the nature of black holes in
the Extreme Universe. We also develop techniques for
related quantum computations and conduct theoretical
research.

As a progress in this year, Nakajima and Yamashita have
achieved Fermi degeneracy of °Li (fermionic isotope of
lithium) atoms, following the Bose-Einstein condensation
of the Feshbach molecules °Li, achieved in the previous
year. In parallel, we have constructed and evaluated a light
source and optical system to realize the observation of the
measurement-induced phase transition and the measurement
of the out-of-time-ordered correlation function (OTOC).
For the preparation of an optical lattice system, which is the
platform for both the observation of the measurement-in-
duced phase transition and the measurement of the OTOC,
we constructed the optical system of the optical lattices and
evaluated the optical lattice potential by confirming the
atomic wave diffraction patterns in the x- and y-axes using
the momentum kick with a pulsed lattice (Figure 1). We
also succeeded in observing molecular formation and
atomic loss resonance by photo-association in a Fermi
degenerate °Li atomic gas in an optical trap which is
necessary to realize the measurement-induced phase
transition of atoms in the optical lattice. In collaboration
with Yusuke Koyama and Yuki Kawaguchi (Nagoya Univ.)
and Kazuya Fujimoto (Tokyo Institute of Technology),
Nakajima proposed a method to realize topological phases
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Figure 1: TOF images of 6Li atoms diffracted by pulsed lattice (TOF=1.2 ms,
pulse length=2.5 us). (a) Diffracted by pulsed x- and y- lattice potentials. (b)
Diffracted by pulsed x-lattice. (c) Diffracted by pulsed y-lattice.

belonging to the Altland-Zirnbauer class using cold atomic
systems [1].

In collaboration with Masanori Hanada (Queen Mary
Univ. of London), Junyu Liu (Univ. of Chicago), and
Enrico Rinaldi (Quantinuum and RIKEN), Tezuka
published a paper proposing a method to evaluate, by using
classical computers, the effect of cut-offs in simulating
bosonic systems with quantum computers [2]. Also, in col-
laboration with Antal Jevicki and Xianlong Liu (Brown
Univ.), M. Hanada, and E. Rinaldi, Tezuka observed a
striking quantitative coincidence between the spectral
statistics of the Sachdev-Ye-Kitaev model with randomly
coupled fermions and a model of quantum spins with
random interactions between spin operators [3].

Mori, in collaboration with Wen Wei Ho (National Univ.
of Singapore), Dmitry A. Abanin (Princeton Univ.), and
Emanuele G. Dalla Torre (Bar-Ilan Univ.), published a
review article on the nonequilibrium dynamics of classical
and quantum many-body systems periodically driven by
external fields [4]. In collaboration with Tatsuhiko Shirai
(Waseda Univ.), Mori also found a close relation between
decoherence in open systems and operator spreading
dynamics in isolated systems, and, based on it, revealed
how decoherence takes place in open quantum many-body
systems [5].

Yamamoto and Marmorini, in collaboration with Hayato
Motegi and Nobuo Furukawa (Aoyama Gakuin Univ.),
discovered a novel mechanism for spontaneous symmetry
breaking of two-dimensional systems with a continuous
symmetry, by studying an alkaline earth metal atomic gas
system with SU(3) symmetry and particle number ratio
between the components controlled [6]. Yamamoto also
proposed a new method for efficiently cooling down such
cold atomic gases with SU(N) symmetry to quantum regime
with Katsuhiro Morita (Tokyo Univ. of Science) [7].
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Black holes in our universe consist purely of spacetime
curvature. Nevertheless, they possess thermodynamic
properties just like ordinary matter around us. Such thermo-
dynamic aspects of black holes are believed to originate
from fundamentally quantum mechanical nature of our
world. The purpose of B03 group is to understand basic
properties of quantum black holes by incorporating
quantum information into general relativity.

Ishibashi and Maeda, together with lizuka in BO1,
studied the attractor mechanism for non-charged rotating
extremal black holes [1] and found that the near-horizon
geometry must be locally the same as that of Myers-Perry
black holes. Ishibashi, Maeda and Okamura [2] considered
how to formulate the semiclassical Einstein equations
within the framework of AdS/CFT correspondence and
found that AdS spacetime can be unstable due to the back-
reaction of strongly coupled CFT. Ishibashi and his collab-
orators [3] have shown that a stationary rotating black hole
must be axisymmetric---the property known as the black
hole rigidity---in any diffeomorphism invariant theory of
vacuum gravity in the sense of effective field theory.

The quantum focusing conjecture was proposed as a
quantum version of the classical focusing theorem. It was
not known whether the conjecture is true even for old black
holes for which the entanglement entropy deviates from the
thermal entropy. By using a formula from the quantum
information and holography, Matsuo showed that the
quantum focusing conjecture holds even for such old black
holes [4]. He also studied effects of quantum gravity in
black holes by using string theory. He constructed a model
of the transition between black holes and strings, and
showed that black holes can approximately be described as
a bound state of strings even at low temperature [5].

One of the important purposes of B03 group is to
understand holographic relationships between black holes
and various phenomena occurring in astrophysical and
condensed matter systems. Murata and Kinoshita, together
with collaborators, proposed a method to generate null

Fig. 1

a method to generate null geodesics
in asymptotically AdS spacetime
by manipulating the source in the
corresponding quantum field
theory [6]

geodesics in asymptotically AdS spacetime by manipulat-
ing the source in the corresponding quantum field theory
[6]. In particular, for the black hole case, they showed that
the photon surface in a dual geometry can be probed by a
manipulation of the source in the field theory (see Figure
and also Research Highlight by Kinoshita). Murata and his
collaborators also discovered a new instability in rotating
black strings [7], in which for certain injected waves, the
reflected wave can continue to be amplified exponentially.
They have also constructed new black string solutions
which are candidates for the end point of the instability [8]
[9]. Murata, together with members in BO1, C03 and other
collaborators, studied the Krylov complexity of a billiard
system [10] and found a correlation between the variance of
the Lanczos coefficient and the Lyapunov exponent of the
system.

Kinoshita and his collaborator [11] derived the time
dilation formula for non-inertial charged quantum clocks in
electromagnetic fields, as an extension of their previous
work on the proper time observable for a quantum clock in
a weak gravitational field.

Ishibashi and his collaborators [12] studied the phase
structure of quantum improved black holes in the
asymptotic safe gravity and found a new type of the phase
transition between small and large quantum improved
Schwarzschild-AdS black holes.
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The purpose of CO1 group is to understand the
description of the microscopic quantum universe with the
ultimate goal of explaining how the universe emerges from
nothing. In particular, we are taking advantage of deep rela-
tionships between holographic principle and quantum
information to tackle this difficult problem.

First, directly related to this goal, Doi, Harper,
Mollabashi, Takayanagi and Taki in CO1 found that a
quantity called pseudo entropy, appears naturally in
holography on a de Sitter space and that it suggests an
emergence of the time axis [1]. Pseudo entropy is a quantity
that generalizes entanglement entropy to depend on both
the initial and final state. Though a de Sitter space is
expected to correspond to a non-unitary conformal field
theory via holography, it turns out that the entanglement
entropy of such a conformal field theory takes a complex
value and should be correctly interpreted as pseudo entropy.
This quantity corresponds to the length of a time-like
geodesic in a de Sitter space, suggesting that the time
direction of the universe emerges from pseudo entropy.
Applying the same consideration to the anti de Sitter space,
it was found that the length of the time-like geodesic
corresponds to the time-like entanglement entropy. See Fig.
below. Further, Kawamoto, Ruan, Suzuki (Yu-ki) and
Takayanagi in CO1 proposed a new formulation of de Sitter
holography by cutting the de Sitter space into a half to
create a time-like boundary [2]. Takayanagi, Taki and Wei
in CO1, in collaboration with Parzygnat in A01, introduced
a new quantity called SVD entropy by modifying the
definition of pseudo entropy and found that it serves as an
order parameter which distinguishes different quantum
phases [3]. Hikida, Taki and Uetoko in COl analyzed
quantum gravity in complexified geometry in collaboration
with Chen (Taiwan Univ.) [4]. Applying the gauge-gravity
correspondence in the expanding universe, we developed a
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de Sitter Space Anti de Sitter Space

Fig. Time-like geodesic and corresponding quantum information quantity

method to identify complex geometries that can be used as
saddle points, and determined allowable complex
geometries in the three-dimensional gravity theory as a
concrete example.

In addition, various aspects on gauge-gravity correspon-
dence and quantum gravity theory have been investigated.
As an example, the double-scaled Sachdev-Ye-Kitaev
(DSSYK) model was studied. In [5], Okuyama and Suzuki
(Kenta) in CO1 showed that the 1-loop correction to
correlators in DSSYK is reproduced from Liouville theory.
Further, Okuyama found that the end-of-the-world (ETW)
brane and the Weil-Petersson volume appeared in Jackiw—
Teitelboim (JT) gravity have natural analogues in DSSYK.
Okuyama in CO1 also studied the spectral form factor (SFF)
in JT gravity. In collaboration with lizuka in BO1, Okuyama
and Sakai in CO1 considered an n-point generalization of
SFF [6]. Sekino, Kitamura and Miyashita in CO1 attempt to
understand gauge-gravity correspondence in the limit of
weak gauge coupling, which has been poorly understood so
far. This work is based on a “string bit” picture of
superstring theory, proposed by themselves last year, and
the goal is to reproduce perturbative expansions in gauge
theory from superstring theory. Sugimoto and Suzuki
(Yu-ki) in CO1 studied ETW branes, which are branes
placed at a boundary of spacetime, in string theory [7]. It
can be shown that the ETW brane appears in the d
dimensional spacetime obtained by the dimensional
reduction along one of the spatial directions in d+1
dimensional so-called AdS soliton background. In this
study, they developed a method to calculate the tension of
the ETW brane and, applying it to M-theory, they obtained
evidence of the existence of a new type of the ETW brane
in type OA string theory.

[1] K. Doi, J. Harper, A. Mollabashi, T. Takayanagi and Y. Taki, Phys.
Rev. Lett. 130 (2023) 031601.
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10 (2023) 137.
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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 [1,2].

Our experimental system comprises three components: (1)
instruments that are operated at a room temperature, such as
an arbitrary wave generator, oscilloscope, and spectrum
analyzer; (2) a refrigerator with a superconducting magnet
that creates an extreme environment; and (3) semiconductor
devices that allow us to achieve an equivalent physical
system to the quantum universe.

At the end of the last fiscal year, a dilution refrigerator
with a minimum temperature of 5 mK and a magnetic field
of 12 T, which was purchased with the research funds from
this project, was delivered (Figure 1), but due to problems
with the refrigerator, we have not yet started electrical mea-
surements on the expanding universe.

Therefore, this year we created devices that are closer to
the structure proposed in [2] and proceeded with
preliminary studies of expanding edges. In particular, using
a special stroboscopic microscope with a time resolution of
several hundred ps and a spatial resolution of 1 um, we
have succeeded in visualizing the excited states of the edge
and controlling the path of edges by applying the external
electric field (paper in preparation). We also summarized
our results on pump-probe reflection stroboscopic measure-
ments, which we developed
as another tool to visualize
edge propagation [3], and
succeeded in imaging heat
transport along the quantum
Hall edges [4].

On the theoretical side,
Hotta et al [5]. We
established entanglement
theory in quantum universe
simulators by using
expanding quantum Hall
system. We investigated
Hawking radiation and entan-
glement behavior predicted
by this model assuming that
the expansion law of the edge
region corresponds to a de

Fig. 1 Inside a dilution refrigerator
that achieves an absolute temperature
of 5 millikelvin.

Sitter universe. We found the impact of Hawking radiation
caused by the edge expansion on autocorrelation functions
of the local modes, and confirmed that entanglement death
due to Hawking radiation occurs. This behavior of entan-
glement is related to “quantum to classical transition” in
cosmic inflations.

Led by Shibata, we are proceeding with the accurate
analysis of quantum many-body problems for large systems
including bulk and edges. Using a newly developed
time-dependent variational principle calculation, we are
analyzing the time evolution of edge excitations. We are in-
vestigating the dynamic properties by tracking the electron
density oscillations in the fractional quantum Hall state that
occur when the edge potential is abruptly changed. The
analysis of the time evolution of electron density confirmed
the existence of an excitation mode propagating in the
boundary region between the bulk and edge states.

Yonekura and coauthors have studied new branes in
heterotic superstring theories [6]. These branes are charac-
terized by subtle conserved charges. The authors have
constructed exact worldsheet theories describing the near
horizon regions of these branes. The findings of this work
are consistent with the common statement that any
consistent quantum gravity theory contains dynamical
objects with all possible charges.

In other works, Yonekura and collaborators also studied
mod 2 index in two-dimensional supersymmetric field
theories [7], the phase diagram of QCD in the space of
temperature and imaginary chemical potential [8], and
cosmic strings and dark matter from pure Yang-Mills
theory [9].

[1] M. Hotta, J. Matsumoto, G. Yusa, Phys. Rev. A 89, 012311 (2014).

[2] M. Hotta et al., Phys. Rev. D 105, 105009 (2022).
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This group is dedicated in foundational research aimed at
understanding the origin of the universe and its accelerated
expansion, as well as the internal structure of black holes.
Our approach encompasses both higher-dimensional and
four-dimensional spacetime perspectives.

Tanahashi, in collaboration with members of the BO1 and
B03 teams, analyzed the properties of Krylov complexity, a
newly proposed measure of quantum chaos, in classical and
quantum billiard systems [1]. This research revealed strong
correlations of this quantity with other indicators of chaos.
It is expected to contribute to verifying several conjectures
in black hole quantum theory and AdS/CFT correspon-
dence.

In four-dimensional spacetime, a static solution to the
vacuum Einstein equations known as the C-metric
represents a pair of black holes accelerated by a cosmic
string. Nozawa and his collaborator constructed a new
C-metric in the presence of a phantom scalar field with
potential, revealing that it represents a pair of accelerated
wormholes in AdS [2]. This research provides deep insights
into the elucidation of higher-dimensional brane cosmology
and the throat structure of wormholes.

Izumi and others extended the proof of the area inequality
for the attractive gravity probe surfaces (AGPSs) into
higher dimensions [3]. Furthermore, Shiromizu and Izumi
have applied these studies to the expanding universe [4].
This research has progressed with an emphasis on applica-
tions to the Ryu-Takayanagi formula for holographic entan-
glement entropy. A closely related concept with AGPSs is
the photon surface, which is defined as a timelike surface
where any photon emitted into arbitrary tangential direction
from an arbitrary point on it continues to stay [5]. Yoshino
examined static perturbations of a charged black hole, and
demonstrated the potential existence of non-spherically
symmetric photon surfaces. This provides a fundamental
study for the verification of general relativity.

Meanwhile, Kobayashi examined the Newtonian limit of
general theories of gravity which include degrees of

N
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Fig. 1

An example of the initial wave function used in the calculation
of Krylov complexity. It corresponds to a point particle moving
on a chaotic billiard table.

freedom for a scalar obeying the elliptic equation, as in the
effective theory of Horava-Lifshitz gravity regarded as an
effective theory for quantum gravity, and discussed their
experimental and observational verifiability [6]. Izumi
published a booklet summarizing the analysis of various
gravity theories [7]. Additionally, Yoshida analyzed the
properties related to the maximum amount of entropy in a
universe without an initial singularity, clarifying the
differences between entropy-based singularity theorems and
traditional geometric singularity theorems [8].

This year, with B03 team members and other researchers,
we hosted an international conference on general relativity
and gravity (JGRG32) at Nagoya University from
November 27 to December 1 in a face-to-face style. With
240 participants from domestic and abroad, the conference
concluded with the invited talk by the head investigator
Takayanagi on the latest understanding of the accelerated
expanding universe. Furthermore, we held small workshops
“General Relativity and Geometry (GRGeo)” on February
8-9 at Nagoya University, and “Spacetime and Gravity” on
March 4-5 at Osaka Institute of Technology, respectively.
Both events deeply delved into the research of extreme
universe and facilitated interdisciplinary exchanges
centered around invited lectures from core researchers in
each field.

[1] K. Hashimoto, K. Murata, N. Tanahashi, R. Watanabe, JHEP
2023, 40 (2023).

[2] M. Nozawa and T. Torii, Phys. Rev. D 108, 064036 (2023).

[3] K. Izumi, Y. Tomikawa, T. Shiromizu, H. Yoshino, PTEP 2023,
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[4] T. Shiromizu, K. [zumi, PTEP 2023, 103E02 (2023).

[5]1 H. Yoshino, arXiv:2309.14318[gr-qc].
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Time dependence of the Krylov complexity Cpy) obtained from
the initial wave function of Figure 1. This quantifies the extent to
which the wave function becomes complex over time.
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Nishioka (PI), in collaboration with Okuda (Co-I) and
graduate students Kawabata and Yahagi, developed various
methods to construct (1+1)-dimensional conformal field
theories of Narain type from quantum error-correcting
codes on non-binary fields and commutative rings [1]. Ad-
ditionally, Nishioka, Okuda, and Kawabata newly
constructed a fermionic conformal field theory from
quantum error-correcting codes [2] and proposed a
systematic method using quantum error-correcting codes to
explore conformal field theories with supersymmetry [3].

Furthermore, Nishioka, together with graduate students
Shimamori and Fujimura, analytically calculated the second
Renyi entropy of (1+1)-dimensional fermionic systems with
massless Thirring interactions, which is known as the bo-
sonization method, revealing the quantum entanglement
structure [4].

Ito (Co-1) and Matsumoto proposed three methods to
calculate the spectrum of composite operators in gauge field
theories described in the Hamiltonian formalism. They
demonstrated the consistency of the three results and sys-
tematically examined the advantages and disadvantages of
each method through estimates of systematic errors [5].
Their research involved extending the well-discussed
Schwinger model to include two types of fermions and
using the Density Matrix Renormalization Group (DMRG)
method. Additionally, Ito [6] utilized the Quantum
Imaginary Time Evolution (QITE) algorithm in quantum
computation to calculate thermodynamic quantities from
thermal quantum pure states, demonstrating the utility of
the method by comparing it with analytical solutions. Both
studies have expanded to calculations in parameter regions
where sign problems arise with conventional methods.

Matsuo (Co-I) conducted a comprehensive study of
two-dimensional integrable systems applicable to quantum
computation. In particular, Matsuo has been researching the
quantum toroidal algebra, a generalization of two-dimen-
sional conformal symmetry (Virasoro algebra), for the past
decade and published a review paper summarizing these
results [7]. Additionally, Matsuo proposed a generalized
Calogero model to describe the non-commutative quantum
Hall effect, which is believed to generate quantum elements
without the need for quantum error correction. He also
elucidated the symmetry (Kac-Moody algebra) describing
this system [8].

Honda (Co-I) conducted a wide range of research in field
quantum theory, cosmology, condensed matter physics, and
quantum computation. In the theory of scalar fields on de

Sitter space, Honda investigated the properties of perturba-
tion series in time for correlation functions, applied the
Borel summation method, and discussed the long-time
behavior [9]. In various 5-dimensional field theories
without supersymmetry, Honda predicted the existence of
new phase transitions through a combination of deforma-
tions from superconformal field theory and topological
arguments [10]. In research related to condensed matter
physics, Honda clarified that the field theory of layered BF
type, known as the BF theory of the leaves, corresponds to
a theoretical analogue of the phase with degeneracy of the
same ground state in lattice models describing fractons [11].
Currently, Honda is conducting research on the phase
structure of 4-dimensional SU(2) Yang-Mills theory, appli-
cations of quantum computation to field quantum theory,
and irreversible symmetries in gravity, and is preparing
papers. He has delivered two intensive lectures, six invited
talks at international conferences, two invited talks at
domestic conferences, and one outreach activity on the
above research topics.

Continuing from the previous year, we organized the
school, “A novel numerical approach to quantum field
theory 2023,” held at Osaka University. For details, please
refer to the research meeting report.
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The aim of research group D02 is to gain a deeper under-
standing of various interesting phenomena in condensed
matter systems as well as to develop interdisciplinary
research of the ExU project by focusing on the underlying
entanglement and mathematical structures behind physics
associated with tensor networks (TNs) and quantum
many-body dynamics. This year, a new ExU PD, Dr. Ozaki,
joined the D02 group at the University of Tokyo, switching
with the former ExU PD, Dr. Furuya, who was promoted to
lecturer at Saitama Medical University. Here, we would
like to explain some highlights from this year’s results.

First, regarding the relationship between the multiscale
entanglement renormalization ansatz(MERA) and the
holographic principle for quantum gravity, Okunishi, in
collaboration with Takayanagi of group C01, demonstrated
that the Bethe lattice Ising model, which is a classic model
of phase transitions, provides an essential theoretical
platform to study the prototype structure of the holographic
renormalization [1]. More precisely, we clarified the
holographic renormalization group flow of the effective
magnetic field on the edge of the Bethe lattice correspond-
ing to the AdS boundary, the mechanism of the power-law
decay of the edge spin correlation function, and its
connection to the hyperbolic lattice structure and the p-adic
AdS/CFT. Although the Bethe lattice model is classified as
a tree-type TN, its analytical and intuitive description can
be essential for further investigations of the holography in
MERA-like TNs with complex loop structures. On the
practical side, Yosprakob successfully implemented the
Grassmann tensor renormalization group for a two-dimen-
sional multi-flavor Schwinger model and released a Python
package for Grassmann tensor operations [2]. Since this
result opens a new practical way to multi-flavor systems, it
is expected to stimulate further collaborations with other
lattice field theory groups in the ExU project. Also, the TN
has an intrinsic connection with quantum information. In-
corporating the idea of branching MERA, Ueda et al.
proposed a novel entanglement control method in
combining the TN and the variational quantum eigenvalue
solver for so-called NISQ devices and then demonstrated
benchmark calculations for a non-uniform quantum spin
system [3]. For efficient simulation of real-time evolution
of one-dimensional quantum many-body systems, Ueda and
his collaborators also introduced the quantum circuit repre-
sentation of a variational state, where two-qubit gates are
stacked in a diamond shape so as to satisfy the volume law
of quantum entanglement, and verified its effectiveness for
a transverse magnetic field Ising chain [4]. On the other
hand, Harada et al. developed some interesting applications
relevant to the machine learning field, such as a network
structure optimization method based on the minimum

mutual information principle for the tree TN, an extraction
technique of dependencies among random stochastic
variables, as well as the finite-size scaling method based on
neural networks [5].

As research on the condensed matter side, Katsura et al.
systematically constructed quantum spin models exhibiting
quantum many-body scars (QMBS) by exploiting restricted
spectrum generating algebra and integrable boundary states
[6]. In collaboration with Kunimi of the E02 group and
Tomita of the EO1 group, they proposed an experimental
scheme to realize quantum spin systems with QMBS using
Rydberg atoms [7]. Moreover, the ExU PD, Ozaki, and
Katsura succeeded in obtaining the exact solution of the
Majorana SYK model in the clean limit, which leads to a
closed-form expression for the out-of-time-ordered
correlator. On the other hand, Hotta et al. continued to
study the gauge structure naturally expected in the quantum
state of solid-state physics systems. In collaboration with
experimentalists, they notably showed that a thermal Hall
effect can be realized by the SU(3) gauge structure
originating from the long-period magnetic structure of three
sublattices [8]. Furthermore, Hotta, together with Gohlke et
al., applied TPQ-MPS, a method for expressing the thermal
equilibrium state as a matrix product state, to a two-dimen-
sional system for the first time and accurately calculated the
specific heat of the Kitaev honeycomb model, which is
known for the appearance of Majorana particles [9].

As seen above, we have successfully developed our
research projects, including collaborations with other
groups, and obtained interesting results. Moreover, our
projects involve such a topical problem as the integrable
SYK models, which attracted the intensive attention of
researchers from various research fields at the YITP inter-
national long-term workshop in September. We hope the
above developments will lead to a breakthrough for the
ExU collaboration.

[1] K. Okunishi and T. Takayanagi, PTEP 2024, 013A03 (2024).
(arXiv:2310. 12601)
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In recent years, Resource Theory of Asymmetry (RTA)
has been rapidly developing a comprehensive analysis of the
effects of symmetry on quantum mechanics. RTA treats
quantum operations which are covariant with respect to
given symmetry as free operations, and defines the quantum
fluctuation of conserved quantity corresponds to the given
symmetry as resource. Recently, I found several trade-off
relations in RTA (PRL2018, QIP2020, PRL2021, etc.). The
goal of this project is to unify and extend the trade-off
relations and apply them to find several useful theorems in
quantum gravity and condensed matter theory. The last
academic year, I obtained a universal trade-off structure
between symmetry, irreversibility, and quantum coherence
(S1Q tradeoff:[1],Q1P2023talk, APS March meeting invited
talk, etc), and found that the tradeoff can be applied to
Hayden-Preskill model etc.

In this academic year, I tried to extend the SIQ tradeoff
and to apply it to various targets. As results, I obtained the
following things:

« In an attempt to extend the SIQ tradeoff to continuous
systems, I succeeded in extending one of the corollaries,
the Wigner-Araki-Yanase (WAY) theorem, which is a
restriction from conservation laws to measurements, to
continuous systems [2]. This result corresponds to a

1]
1

&

solution of a long-standing open problem that had
remained unsolved for 60 years since the birth of the
WAY theorem in 1960. This result was selected as
Featured in Physics and reported in Nikkei and two foreign
scientific journals (New Scientists and Physics.org).

« Extension of RTA to non-iid regions [3], [4](1 article in
Nikkei), and extension of RTA to arbitrary finite groups
and arbitrary Lie groups [5], [6].

« I showed that the irreversibility measure & of the SIQ
tradeoff recovers various existing measures of error and
disturbance in quantum measurements, as well as OTOC,
the measure of quantum chaos. As a result, I clarified in a
universal restriction on them from the conservation laws [7].
In addition, by using similar techniques to SIQ tradeoff,

I obtained a universal limit of error mitigation [8] (1

newspaper article).

[1] H. Tajima, et.al. arXiv:2206.11086 (2022)

[2] Y. Kuramochi and H. Tajima, Phys. Rev. Lett. 131, 210201 (2023)

[3] K. Yamaguchi and H. Tajima, Phys. Rev. Lett. 131, 200203 (2023)

[4] K. Yamaguchi and H. Tajima, Quantum 7, 1012 (2023).

[5]1 D. Kudo and H. Tajima, Phys. Rev. A 107, 062418 (2023).

[6] T. Shitara and H. Tajima, arXiv:2312.15758 (2023).

[7] H. Emori and H. Tajima, arXiv:2309.14172 (2023).

[8] R. Takagi, H. Tajima and M. Gu, Phys. Rev. Lett. 131, 210602 (2023).

Study of physically natural method to generate t-design in

quantum many-body systems based on quantum control theory

Masaki Owari (Shizuoka University)

Recently, unitary t-design, a probability measure on
unitary groups that approximates Haar measure, has
attracted much attention. Random unitary transformations
based on t-design are essential not only for various quantum
information processing such as quantum communication
and benchmarking of quantum circuits, but also for approx-
imating quantum chaotic systems and for Markovization of
environmental systems. Although existing t-design
generation protocols are designed as polynomial-time
algorithms on a quantum computer, it is difficult to
implement them on a quantum many-body system.
Therefore, the purpose of this study is to find a physically
more natural way to generate t-designs in quantum
many-body systems, with applications such as Markovian-
ization in mind.

We first gave a general recipe to construct an
approximate t-designs of arbitrary closed subgroups of
unitary groups, and proved that random unitary transforma-
tions constructed by this method converge to t-designs ex-
ponentially fast with respect to the size and order t of the
system. By combining quantum control theory with this
method, we proposed an algorithm for generating t-designs
on quantum many-body systems by indirect control, in
which random unitary transformations to small subsystems

and time evolution by Hamiltonian are repeated.
Furthermore, numerical simulations show that this
algorithm converges fast enough for typical 1D spin chains
up to about 10 qubits.

In the above algorithm, random unitary transformations
were generated by randomizing parameters such as the
angles of the rotation gates on the small subsystem and the
time at which the gate is applied. These parameters can also
be used as variational parameters for variational quantum
algorithm. Therefore, we numerically simulated a
variational quantum eigensolver, a variational quantum
computation for calculating the lowest eigenvalue of
observables, using the parameterized quantum circuit from
the algorithm described above, and showed that its
performance is not significantly different from that of
existing parametrized quantum circuits. Unlike existing
circuits, the parameterized quantum circuit proposed here
can be implemented by indirect control of the quantum
many-body system, which is likely to be more robust to
noise from environmental systems. Therefore, it is expected
to be an effective solution to the problem of insufficient
cooling of superconducting quantum circuits due to the
increased number of wires used to control the qubits.
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Kohtaro Kato (Nagoya University)

Information-theoretical analysis of one-dimensional tensor

Tensor networks are effective tools for investigating the
states of quantum many-body systems in numerical and
analytical research. Depending on the entanglement
structure of the many-body state, various classes of tensor
networks has been proposed to use. However, except for
Matrix Product States (MPS), which can capture one-di-
mensional (1D) gapped ground states, the boundary of their
descriptive capabilities remains largely unknown.

This research aims to characterize the descriptive capa-
bilities of tensor networks useful for 1D finite-temperature
states called Matrix Product Operators (MPO) using
thermal equilibrium states. In the analysis of MPS, the
method of the spatial renormalization group associates MPS
with renormalization fixed-points and characterizes the
descriptive capabilities of general MPS using the classifica-
tion theory of the fixed-points. Recently, an analogous
concept of the “renormalization fixed points” for MPO have
been proposed for MPO, showing that such fixed-points are
beautifully classified by “thermal equilibrium states of
commuting Hamiltonians + MPO algebra”. MPO algebra is
related to the theory of anyons describing 2D topological
ordered phases, and this resembles MPO can also describe
the 1D boundary states of topologically ordered phases.
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However, it remained unresolved whether renormalization
operations leading to such MPO fixed-points exist or not.

In this research, we examine if one can construct a renor-
malization flow for MPO. To do so, we first establish
conditions for the existence of recoverable renormalization
(compression) operations (trace-preserving completely
positive maps) for general quantum states (i.c., not limited
to MPO)[1]. We then use the derived condition and
numerically find that generically MPO do not seem to have
a renormalization flow. We furthermore reveal that there
are specific counterexamples where renormalization
operations do not converge. Consequently, it became
apparent that the characterization of MPOs does not follow
the same approach as MPS. Future efforts will focus on
analyzing the differences between renormalizable and
non-renormalizable MPOs.

[1] K. Kato arXiv:2309.07434 (2023)

Development of quantum many body system out-of-

equilibrium and quantum information control with NMR

Yasuhiro Shimizu (Nagoya University)

Electrons in solid are regarded as the highly condensed
quantum system, while they usually behave as classical
particles through the phase transition. To avoid the phase
transition that involves spontaneous symmetry breaking and
maintain strong quantum fluctuations, we have to prepare
the highly degenerate ground state and the ideal electron
system without defects. The macroscopic quantum fluctua-
tions are highlighted as the quantum Hall effect and
quantum spin liquid that involve topological quantum
states. Nuclear magnetic resonance (NMR) is utilized as the
powerful probe for detecting the local symmetry breaking.

We have investigated electronic symmetry breaking via
the hyperfine interactions between nuclear spins and
electrons, which include a variety of information in the
local symmetry and low energy excitation. Our target
materials are the system having macroscopic quantum en-
tanglements such as quantum Hall effects and quantum spin
liquids, which carry anyons that obey fractional quantum
statistics and are useful to the fault-tolerant quantum
computation. We have observed the quantized motion of
Dirac fermions in the NMR relaxation rates at high fields
and ultra-low temperatures. In some frustrated magnets
regarded as quantum spin liquid candidates having strong
spin-orbit coupling, we found the excitation characteristic

to spinons compatible to the theoretical proposal.

We have developed the new open quantum many-body
system called discrete time crystals that breaks spatial
translational symmetry, which is useful to read out the
quantum information. Under the Floquet cycle applying the
periodic 7 pulses, we found the double-period response of
the time crystal in a quantum spin liquid compound. Sur-
prisingly, the time crystal behavior is robust against the
strong perturbation characterized as the deviation from the
n pulse. The result implies that the long-range quantum
coherence acquires a collective restitution function. We
further develop the open many-body quantum systems with
emergent spin dynamics through the macroscopic quantum
entanglement.
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@ Generation of graph states using cold Rydberg atoms and the
application to measurement-based quantum computation

Takafumi Tomita (National Institute of Natural Sciences, Institute for Molecular Science)

In this research, we perform experiments to generate
many-body entanglement states, called “graph states,”
which are important resources for quantum error correction
and measurement-based quantum computation, via natural
time evolution with the interaction between cold Rydberg
atoms. Using the “optical tweezers array” technique, in
which atoms are individually trapped using locally focused
laser beams, we construct a qubit array. We then excite
them to a high-energy state called the Rydberg state, which
induces long-range interactions between the atoms, thereby
creating large-scale entanglements called the graph state. In
addition, we implement individual local measurement that
do not affect other atoms in the vicinity, and explore the
possibility of using the generated graph states as a resource
for measurement-based quantum computation.

We have developed a delay line for a pulsed laser to
control the interaction time between atoms, conducted
individual atom imaging experiments with a low-noise
CMOS camera, and developed a laser system for Rydberg
excitation. In the delay line development, an appropriate
interaction time is required depending on the magnitude of
the interaction. Accordingly, the time interval between two
laser pulses for excitation and de-excitation corresponding
to the start and end of the interaction should be adjusted. As

an optical system that can adjust the delay time, we have
developed a Herriott-cell delay line and confirmed that the
number of laser reflections between mirrors can be
controlled by adjusting the optical path. Experiments using
a low-noise CMOS camera to image individual atoms
showed that the variance in fluorescence count from single
atoms is smaller than that of a conventional EMCCD
camera, which is suitable in terms of short-time
measurement. These are important fundamental technolo-
gies for the generation of the graph states and their
measurement.

In addition, in the framework of Publicly Offered
Research, we proposed a new experimental scheme for
novel spin systems based on Rydberg atomic systems in
collaboration with Dr. Masaya Kunimi from Tokyo
University of Science. We showed that the Dzyaloshinskii-
Moriya interaction can be experimentally implemented by
controlling the phase of the lasers that couple the Rydberg
states.

@_— Search of topological phenomena in correlated open

quantum systems based on quantum entanglement

Tsuneya Yoshida (Kyoto University)

Open quantum systems are described by a non-Hermitian
matrix and exhibit exotic phenomena such as the emergence
of exceptional points. On exceptional points, the matrix
becomes non-diagonalizable, which results in the
degeneracy of eigenvalues. Exceptional points are robust
against perturbations because of non-trivial topology unique
to non-Hermitian systems. So far, non-Hermitian topology
has been mainly analyzed in non-interacting cases.
However, recently, correlated open quantum systems have
been fabricated for cold atoms. In addition, such artificial
quantum systems allow us to accesses topological
phenomena in a parameter space (e.g., topological pump).

In this project, we have analyzed correlation effects on
non-Hermitian topology with keeping open quantum
systems in our mind. As the results, we have elucidated that
correlations effects result in the reduction of topological
classifications in a parameter space[1]. Based on this result,
we have elucidated the robustness/fragility of exceptional
points against two-body interactions[2].

Furthermore, we have analyzed non-Hermitian skin
effects in interacting systems and their dynamics[3-5]. In
particular, we have numerically demonstrated that interac-
tions may induce a Liouvilliian skin effect[3].

[1] T. Yoshida and Y. Hatsugai Phys. Rev. B 104, 075106 (2021);
Phys. Rev. B 106, 205147 (2022).

[2] T. Yoshida and Y. Hatsugai Phys. Rev. B 107, 075118 (2023)

[3] S. Hamanaka, K. Yamamoto, and T. Yoshida, Phys. Rev. B 108,
155114 (2023).

[4] S. Kaneshiro, T. Yoshida, and R. Peters, Phys. Rev. B 107, 195149
(2023).

[5] T. Yoshida, SB Zhang, T. Neupert and N. Kawakami,
arXiv:2309.14111.
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(a) [(b)]: Energy eigenvalues in a parameter space for V=0 [V=1]. The

Hamiltonian parameterized by real values x and y. Real value V denotes the
strength of a spin-spin interaction (Reprinted with permission from [2]).
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An approach to quantum gravity from quantum information

theory and condensed matter theory

Tokiro Numasawa (Institute for Solid State Physics, The University of Tokyo)

Symmetry plays a crucial role in condensed matter
physics and quantum gravity. Particularly, time reversal
symmetry stands out as a significant symmetry characteriz-
ing systems across dimensions. To elucidate these
properties in a broader context, we conducted research on
time-reversal symmetry from both perspectives.

The study of quantum anomalies and their relation to
topological phases is highly important. However, these
discussions primarily focus on the ground states of systems
described by Hamiltonians at zero temperature. Especially
in the context of non-equilibrium regimes or systems
evolved by general quantum channels, neither quantum
anomalies nor topological phases are well understood.
Hence, we classified the symmetry of fermionic quantum
master equations using the Sachdev-Ye-Kitaev (SYK)
model, which plays an important role in both contexts. Ad-
ditionally, we demonstrated how anomalies manifest in
dissipative quantum chaos (complex energy level statistics).
These findings contribute to advancing the understanding of
open-system quantum chaos in condensed matter physics
and non-equilibrium topological phases. Furthermore, they
shed light on the constraints imposed by symmetry in black
hole formation and evaporation in quantum gravity. This
work has been published in PRX [1].
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Shinji Takeda (Kanazawa University)

In quantum gravity, all symmetries are expected to be
approximate global symmetries or gauge symmetries.
However, CPT symmetry is rigorously preserved in all
quantum field theories as global symmetries, posing a
challenge as it is a non-unitary symmetry and difficult to
treat as a gauge symmetry. It remained a mystery how CPT
symmetry is reconciled with quantum gravity. Thus, we
formulated the gauge theory of symmetries involving time
reversal and investigated its properties. We discovered that
in quantum gravity compatible with statistical mechanics,
CPT symmetry is naturally gauged through the formation
of wormholes. While it is known in quantum mechanics
that the direction of time can be reversed using quantum
entanglement, our findings demonstrate the consistency of
this fact with the emergent spacetime. Additionally, we
found that in a closed universe, quantum mechanics exhibits
only real structures, and the complex structure is emergent
[2]. These results are crucial as they reconcile CPT
symmetry as a gauge symmetry in quantum gravity and
provide new insights into relation gravity and quantum
mechanics.

[1] K.Kawabata,A.Kulkarni,J.Li, T.Numasawa, S.Ryu, arXiv:2212.

00605[cond-mat.mes-hall], PRX Quantum 4 (2023) 3,030328
[2] D.Harlow, T.Numasawa, arXiv:2311.09978

Application of tensor networks to elementary particle

The main research result this year is to improve the
calculation accuracy of physical quantities by incorporating
a stochastic noise method into the tensor network
coarse-graining algorithms. Conventional coarse-graining
algorithms usually employ the truncated singular value de-
composition to compress information of a tensor, and it is
known that such a truncation causes systematic errors.
Moreover, repeating the coarse-graining process
complicates the systematic errors, and it makes final error
evaluation difficult. To solve this problem, a method was
proposed such that it completely eliminates systematic
errors by combining it with a stochastic property. Such a
stochastic method, however, suffers from controlling
statistical errors, and there are no known successful cases
so far. In such circumstances, we apply so-called noise
method, which is often used in lattice QCD to efficiently
compute an inverse matrix, to tensor decomposition/
compression calculation. As a result, we confirm that the
accuracy of the free energy for 2d Ising model is improved
by some orders of magnitude compared to the conventional
method that does not include any stochastic elements (see
Figure 1).

In addition, this year we succeed in improving the tensor
network representation of a 2d CP(1) model including a

topological term, and achieving improved accuracy
compared to a conventional method. We also establish a
method to calculate the entanglement entropy in quantum
field theory using the Lagrangian tensor network formalism
and conduct a benchmark test using 2d Ising model. In the
future, it is expected that this method will be applied to
systems with three dimensions or more. Furthermore, we
propose a new scheme of spectroscopy using the tensor
network and demonstrated it in 2d Ising model. In
particular, we show that it is possible not only to calculate
energy eigenvalues but also to determine the quantum
numbers of relatively high excited states with high

accuracy.
[1] E. Arai, H. Ohki, S. Takeda and M. Tomii, Phys. Rev. D 107,
114515 (2023)
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The bond dimension dependence
of the relative error for free
energy in 2d Ising model. TRG :
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@ Study of emergence of spacetime in tensor network based
on the renormalization group

Asato Tsuchiya (Department of Physics, Shizuoka University, Professor)

The emergence of space-time is considered as an
essential feature of quantum gravity. The gauge/gravity cor-
respondence is a typical example in which the emergence
of space-time is realized. Tensor networks models such as
the MERA, the HaPPY code and the random tensor
network are important in the studies of the emergence of
space-time, since the models give networks that can be
interpreted as discrete spaces emerging from boundary
theories through entanglement entropy in the gauge/gravity
correspondence.

Here it is needed to construct continuum tensor network
models to obtain the emergence of continuum space. The
cMERA, a continuum analog of the MERA, is constructed
in free field theories, while it is desirable to construct a
continuum tensor network in strongly coupled field theories
from the viewpoint of the gauge/gravity correspondence.
Since the layers in the network of the MERA can be
interpreted as the scale of renormalization group, which
corresponds to the bulk direction, constructing a continuum
tensor network is considered as equivalent to obtaining the
scale dependence of wave functionals. Also, the exact
renormalization group (ERG) is known to be a nonpertur-
bative formulation of the renormalization group. Against
this background, we derived an ERG equation for the wave
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inflationary models

Yasusada Nambu (Nagoya University)

functional of the ground state in scalar filed theories [1].
We expect to construct a continuum tensor network by
using this equation.

It is also known that the structure of quantum error
correction is needed for the gauge/gravity correspondence
to hold consistently. Indeed, the HaPPY code can be viewed
as a quantum error correction code. Here, we demonstrated
that quantum error correction is realized by the renormal-
ization group in scalar field theories including interactions
[2]. By constructing a g-level system by using coherent
states in the IR region and acting on them the inverse of the
unitary operator that describes the renormalization group
flow of the ground state, we encoded them into states in the
UV region. We showed to the first order in the perturbation
theory that the code subspace obtained in this manner is
correctable for a class of operators that create coherent
states. Our result suggests a general relationship between
the renormalization group and quantum error correction and
should give insights into a role played by them in the
gauge/gravity correspondence.

[1] T. Kuwahara, G.Tanaka, A. Tsuchiya and K. Yamashiro, PTEP

2023, no.3, 033B03 (2023), doi:10. 1093/ptep/ptad029.

[2] T. Kuwahara, R. Nasu, G. Tanaka and A. Tsuchiya, arXiv:2401.
17795 [hep-th].

Quantum entanglement and information scrambling in

The purpose of this research project is to understand
quantum informational aspect of cosmic inflation, which is
accompanied by generation of primordial quantum fluctua-
tions. The following three subjects related to quantum to
classical transition of the primordial fluctuations are inves-
tigated in this project.

(1)Entanglement and classicalization of quantum fluctua-
tions [1]:

For spatial local modes A and B in de Sitter universe, en-
tanglement behavior between A and B is investigated in the
perspective of entanglement monogamy. Purification
partner modes CD of AB are constructed and the
monogamy relation for the quantum correlation A:B
(internal correlation) and AB:CD (external correlation) is
established. Based on this relation, emergence of separabil-
ity for the system AB can be understood as the monogamy
between the internal correlation A:B and the external
correlation AB:CD.

(2)Behavior of information in inflationary universe [2]:
Using a qubit model of inflation, behavior of entropy

(Shannon, von Neumann) is investigated and meaning of

information balance and relation to the issue of entropy

bound in de Sitter universe are discussed.

(3)Experimental proposal of quantum inflation using Hall
systems [3,4]:

Using edge excitation in quantum Hall systems, it is
possible to realize experiments of analog expanding
universes. In this subject, we consider analog (1+1)-dim de
Sitter universe in quantum Hall systems with an expanding
edge and investigated global structure of analog universe
and Hawking radiation from de Sitter horizon.

[17Y. Nambu and K. Yamaguchi, Phys. Rev. D 108, 045002 (2023).

[2] Y. Nambu and H. Tajima, “Bit model of inflation and entropy
bound” in preparation.

[3] M. Hotta, Y. Nambu et al., Phys. Rev. D 105009 (2022).

[4] Y. Nambu and M. Hotta, Phys. Rev. D 085002 (2023).
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Kentaroh Yoshida (Saitama University)

Study of quantum theory of gravity based on the Jackiw-
Teitelboim gravity theory

Jackiw-Teitelboim (JT) gravity theory is attracting
attention as a toy model for studying the chaotic behavior
of black holes. Initially, the main objective was to
investigate the relationship between black holes and chaos
by investigating this JT gravity theory. But we were
inspired by D. Gross and V. Rosenhaus’s research on the
chaotic behavior of scattering in string theory, and we
thought of using an approach using superstring theory
instead of a two-dimensional toy model.

In the paper [1], we clarified the relation between
membrane instability and chaotic decay in the Banks-Fisch-
ler-Shenker-Susskind (BFSS) matrix model, which is
known as a non-perturbative formulation of string theory.
In particular, we found a Cantor-like self-similar structure
associated with the chaos and calculated its fractal
dimension.

In the paper [2], we showed that if a correction term of

1 /R?* is kept in the pp-wave limit of string theory on the
AdS, xS background, the integrability is broken and chaotic
behaviors appear. Since the system with this correction
term was proposed by J. Schwarz et al. in 2003, it has been
believed that it is an integrable system, but actually it is
non-integrable. This result can be understood as an analogy
between the integrable three-site Toda lattice model and the

[Proiec |
&

non-integrable Henon-Heiles model. When we expand the
exponential potential of the Toda lattice, the most dominant
term is a system of coupled harmonic oscillators, which is
trivially integrable. If we keep the third-order term and
include the interaction in the harmonic oscillator, we get the
Henon-Heiles model, which is well known as a non-inte-
grable model.

It is well known that the classical motion of a string in
AdS space is integrable. On the other hand, it has been
pointed out that in the case of a string attaching at the
boundary of the AdS space, the vibrations can grow into
turbulence. Turbulent behavior is a phenomenon in which
spatial randomness occurs in addition to chaotic temporal
randomness, and it is thought that it can only occur in
non-integrable systems. In this paper [3], we showed that
the origin of this turbulent behavior is that the integrability
is broken due to boundary conditions.

[1] O. Fukushima and K. Yoshida, JHEP 09, 039 (2022).
[2] S. Kushiro and K. Yoshida, JHEP 01, 065 (2022).
[3] T. Ishii, K. Murata and K. Yoshida, JHEP 01, 073 (2024).

Theoretical modeling of optomechanical pendulum for

testing quantumness of gravity

Kazuhiro Yamamoto (Kyushu University)

Toward the realization of quantum states of macroscopic
objects and the verification of the quantum nature of
gravity, we constructed a theoretical model of a mirror
coupled with laser light using an optical resonator (optome-
chanical oscillator), and made a theoretical prediction of
conditional quantum states with continuous measurement
and feedback control as well as quantum filtering process.
First, as a theoretical model of an optomechanical oscillator
of a suspended mirror currently realized experimentally, we
formulated a theoretical model of a beam model consisting
of a mirror and a beam with finite size coupled with a laser
beam in an optical resonator. As a result, it was shown that
at low frequencies, the model is described by two modes: a
pendulum mode describing the motion of the center of mass
and a rotation mode describing the rotation of the mirror
around the center of mass. The frequency response of
dissipation due to beam bending can be described by
structural damping proportional to the inverse of the
frequency. We also theoretically evaluated the quantum
states that can be realized by using a Wiener filter,
assuming continuous optical measurement and feedback
control of the suspension mirror. We constructed a Wiener
filter to eliminate the noise for the pendulum and rotational
modes of the suspension mirror, which is necessary for this

purpose. We predicted the realized quantum states by
evaluating the conditional covariance matrix that represents
the variance of the motion under optical measurement
conditions. As a result, we have identified the quantum state
of the pendulum mode, which is realized by proper handling
of the rotational mode. This result indicates that the
realization of quantum states of milligram-scale objects is
possible by integrating the experimental parameters that are
currently realized. Furthermore, it is theoretically shown
that the realization of quantum entangled states of two
milligram-scale objects is also possible by combining two
of these suspension mirrors to form a power-recycle Fabry-
Perot-Michelson type interferometer (see Figure). These
results are important milestones toward experiments to
verify the quantum nature of gravity.

[11Y. Sugiyama, et al., Phys. Rev. A 107 (2023) 033515

[2] T. Shichijo, et al. arXiv:2303.04511
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Fig. 1

Schematic plot of the Power-
Recycled-Fabry-Perot-Michelson
interferometer.
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Kotaro Tamaoka (Nihon University)

Mesoscopic picture of black holes from quantum

In this research, we aimed to understand the physics of
black holes and wormhole spacetime from the viewpoints
of holographic principles, quantum information theory, and
quantum manipulation. As main results, we have obtained
new knowledge on (1) symmetry breaking in black hole
evaporation, (2) “deformation” of black holes and
wormholes, and (3) amplification of pseudo entropy. In
what follows, we introduce these findings in turn.

(1) We investigated the role of symmetry in the
evaporation process of a black hole by using symmetry-
resolved entropy [1]. In quantum gravity, there is an
expectation that global symmetry does not exist. One of the
reasons often cited to support this expectation is the process
of evaporating black holes. To make this argument more
quantitative, we used Page’s model to analyze how
symmetry breaking affects the properties of quantum
information theoretic quantities. From this analysis, we
found that the contribution of the symmetry breaking part
increases sharply near the Page time. This suggests that the
symmetry breaking effect plays an important role in
ensuring that the black hole evaporation process is unitary.

(2) By considering quantum quench protocols combined
with sine-squared deformations and their generalizations,
we have literally deformed the shapes of black holes and

wormbholes. In the light of quantum many-body systems, we
studied non-equilibrium dynamics including spatial
inhomogeneity. As a result, we found many interesting
phenomena that are not seen in the conventional AdS/CFT
correspondence. For example, we found a quasi-particle
picture and the emergence of new types of tripartite
entanglement [2]. We also discussed how the cutoff surface
of spacetime should be taken when we apply Ryu-Takayanagi
formula, for example.

(3) It is known that pseudo entropy is closely related to
the post-selection process and weak value. Indeed, pseudo
entropy is not bounded above and can be amplified in some
situations. We studied this “pseudo entropy amplification”
in similar setups of various systems including holographic
CFT [3]. Interestingly, we found that this amplification
does not occur in holographic CFT as long as non-perturba-
tive effects are negligible.

[1] P. H. C. Lau, T. Noumi, Y. Takii and K. Tamaoka, JHEP 10, 015
(2022).

[2] K. Goto, M. Nozaki, S.Ryu, K.Tamaoka, M. Tan, [arXiv:2302.
08009 [hep-th]] accepted in Phys. Rev. Research.

[3] Y. Ishiyama, R. Kojima, S. Matsui, K. Tamaoka, PTEP 2022,
093B10 (2022).

&
@—' Entanglement Witness in Quantum Frustrated Magnets

Tokuro Shimokawa (Okinawa Institute of Science and Technology)

Quantum entanglement has garnered significant attention
in the field of condensed matter physics in recent years.
Theoretical studies utilizing entanglement entropy (EE)
have led to substantial advancements, revealing that
quantum entanglement properties are fundamentally
important for understanding unique phenomena in quantum
many-body systems, such as quantum spin liquids (QSL),
topological order, and quantum criticality. However, the ex-
perimental detection of EE remains challenging in real
materials, posing a longstanding and significant challenge in
condensed matter physics to experimentally detect quantum
entanglement in many-body systems of great interest.

Under this situation, we have focused on various quantum
entanglement measures developed in the field of quantum
information in recent years. Measures such as one-tangle,
two-tangle, concurrence, and quantum Fisher information
can be expressed in terms of experimentally accessible local
magnetization and static and dynamic spin correlation
functions. Indeed, detection experiments using neutron
scattering and #SR have been conducted very recently.

Utilizing these entanglement measures, we have
addressed one of the unresolved issues in the field of
magnetism, namely the distinction between the QSL and the
random singlet (RS) states. We have numerically evaluated

the quantum entanglement properties in each state, focusing
on two-dimensional quantum triangular lattice magnets as a
typical stage where these two states manifest.

Although space limitations preclude a detailed discussion,
the following findings have been obtained in the aforemen-
tioned triangular lattice magnets:

1. Both the RS and QSL states are multi-partite entangled

states.

2. The distinction between the RS and QSL states is
manifested in two-partite entanglement.

3. The difference between the RS and QSL states also
appears in the temperature dependence of multi-partite
entanglement.

Particularly, point (3) is crucial for applications to neutron
scattering experiments, and we are currently drafting a
manuscript on this subject [1]. In addition, we are also
conducting research on the distinction between the Tomonaga-
Luttinger liquid state and the RS state in one-dimensional
chains, and a related manuscript is also under preparation

[2].

[1]T. S., Snigdh Sabharwal and Nic Shannon, in preparation.
[2] Snigdh Sabharwal, T. S. and Nic Shannon, in preparation.



rl_
&

Study of novel quantum many-body phenomena originating

from non-ergodicity in isolated quantum systems

Masaya Kunimi (Tokyo University of Science)

In this research project, we focus on the problem of ther-
malization of isolated quantum systems, especially on the
quantum many-body phenomena of non-ergodic systems,
which do not exhibit thermalization after a long time
evolution. Recently, two new non-ergodic phenomena have
been found: quantum many-body scar and Hilbert space
fragmentation. In this study, we obtained results on these
phenomena.

Hilbert space fragmentation (HSF) is a phenomenon
observed in systems with a certain kinetic constraint, in
which the motion of particles (or spins) is restricted by the
constraint, and thermalization is prevented. Although this
phenomenon is usually studied in real space with kinetic
constraints, we have proposed a model in which the HSF
occurs in momentum space. In this case, it is expected that
a persistent current state is realized in which the flow does
not decay once it is established because the transition in
momentum space is restricted. We have performed
numerical calculations and found that the persistent current
state originating from the HSF is realized [1].

In another study, we investigated quantum many-body
scar states. Quantum many-body scar states are special
eigenstates that appear in non-integrable systems, and the
existence of these states can prevent thermalization when
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the initial state is appropriately chosen. In this study, we
construct quantum many-body scar states in the Bose-
Hubbard model with three-body constraints and propose a
method to observe them experimentally [2].

We also studied quantum many-body scar states in a
Rydberg atom quantum simulator, which has attracted
much attention recently. In this study, we proposed an ex-
perimental realization of a quantum spin system with the
Dzyaloshinskii-Moriya (DM) interaction in the Rydberg
atom system. We have also exactly proved the existence of
quantum many-body scar states in the Hamiltonian (called
the DH model) consisting only of the DM interaction term
and the Zeeman term, which is realized as a special case of
our proposal [3].

[1] M. Kunimi and 1. Danshita, Phys. Rev. A 108, 063316 (2023).

[2] R. Kaneko, M. Kunimi, and I. Danshita, Phys. Rev. A 109,
L011301 (2024).

[3] M. Kunimi, T. Tomita, H. Katsura, and Y. Kato, arXiv:2306.
05591 (2023).

Theoretical research on methods to measure quantum natures of

evaporating primordial black holes by using future observations

Kazunori Kohri (National Astronomical Observatory of Japan)

The quantum effects of the inflaton field that induced
inflation in the early universe created density fluctuations of
approximately O(107) on the large scale of the Universe.
Galaxies were created when matter was gravitationally
collapsed in places where the density was large. Here,
matter refers to both baryons, and dark matter, which is five
times more abundant than baryons. At the end of June in
2023, it was reported that the North American Nanohertz
Observatory for Gravitational Waves (NANOGrav) had
observed stochastic gravitational wave (GW) background
(SGWB) [1] that have existed since the early Universe.
After 15 years of observing the correlation of radio signals
periodically emitted by multiple pulsars, NANOGrav has
observed a signal specific to the SGWBs in the nanohertz
band. If SGWBs are present, they are observed because
they modify the periodicity of the precise pulsar radio
waves (see Fig.1). SGWBs are also known to be produced
by mergers of supermassive black holes at the center of
each galaxy [3], but this signal has a different spectral
shape. If the small-scale density fluctuations produced by
inflation are large, the second-order nonlinear effect of the
density fluctuations can produce large SGWBs (called the
induced gravitational waves). We have proposed that these
induced GWs match the signal exactly [2]. Furthermore,

such a large density fluctuation is expected to collapse into
a primordial black hole that is lighter than the Sun. Its
abundance amounts to about 1% of the total of dark matter.
The Einstein Telescope (ET) and Cosmic Explorer (CE)
can in the future discover GWs emitted by the collision of
binary primordial black holes. Such future gravitational
wave experiments are expected to verify the quantum
nature of the inflaton field and discover the primordial black
holes.

[1] Gabriella Agazie, et al, The NANOGrav15yr collaboration,
arXiv:2306. 16213 [astro-ph.HE]

[2] K. Inomata, K. Kohri and T. Terada, Phys. Lett. B (2023) in press,
arXiv:2306. 17834 [astro-ph.CO].

Fig.1: Schematic picture of the correlation of the period of radio waves (black
lines) emitted by multiple pulsars undergoes change due to stochastic
gravitational wave background (red line).
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From the Singularity Theorem of Spacetime to the Brane World

Universe

One of the origins of the mysteries of the extreme
universe, which is the main theme of this research area, can
be attributed to the spacetime singularity theorem of
Penrose and Hawking. This theorem reveals that spacetime
has an end where established physical laws do not apply.
This is where string theory comes. In this theory, the
assumptions of the singularity theorem are either broken or
traditional considerations undergo significant revisions,
possibly dramatically altering our understanding of the
edges of spacetime, and consequently, our universe.
Remarkably, this theory predicts that our universe is like a
thin membrane moving through a higher-dimensional
spacetime. This is known as the brane world universe
model, a key concept in this field.

1. The Singularity Theorem and the Extreme

Universe

First, let us look at Penrose’s singularity theorem,
presented about 60 years ago. Although somewhat lacking
in rigor, it proves that spacetime has a singularity (an edge)
in the future under five plausible assumptions:

1. General Relativity is correct,

2. Trapped surfaces exist,

3. The energy density of light is non-negative,

4. Space is infinitely expanding,

5. Time machines do not exist.

Assumptions 3 to 5 are relatively natural, so let us focus on
assumptions 1 and 2.

General Relativity is a physical theory dealing with time
and space, representing gravity through the curvature of
spacetime (geometry), determined by solving the Einstein
equations. For instance, people traveling from two different
points on the Earth’s equator towards the North Pole
gradually come closer, meeting at the North Pole, as if
attracted by a gravitational force, due to the Earth’s surface
being (almost) spherical and curved.

General Relativity has made numerous interesting
predictions and has been verified over time: the expansion
of the universe, the synthesis of (light) elements, the
formation of large-scale structures composed of galaxies
and dark matter, the current accelerating expansion, the
discovery of black hole solutions to the Einstein equations
and their formation process through gravitational collapse,
and gravitational waves originating from the merger of
black holes or neutron stars. The assumption that general
relativity is correct would be plausible enough.

Next, the existence of trapped surfaces. Imagine light
emitted from a sphere. In everyday experience, light from a
bulb spread outward and reaches our eyes. Trapped surfaces
are defined as surfaces where emitted light moves outward
but does not spread. Such phenomenon is known to be
possible inside black holes. Thus, assuming the existence of
trapped surfaces implies strong gravity, as found in black
holes.

The singularity theorem implies that the future inside a
black hole has an end as the edge of spacetime. This
corresponds to one of the “limits of space” in the extreme

universe. Penrose’s singularity theorem was immediately
applied to the entire universe by Hawking. This claims the
existence of the “limit of time” in the extreme universe.

Outside the edge of spacetime, spacetime does not exist.
In many cases, the energy density of matter diverges there,
or spacetime is severely distorted. Established physical
laws do not hold. Superstring theory is expected to solve
this problem.

2. The World of the Extreme Universe

The basic elements of string theory are strings,
formulated in 10 or 11-dimensional spacetime. There are
two types of strings: open and closed. Various elementary
particles can be represented by the vibrations of these
strings. However, about 30 years ago, Polchinski discovered
that the ends of open strings are not nothing but are attached
to a thin membrane. Also, it’s known that open strings
represent matter, and closed strings represent gravity. This
naturally leads to the depiction of matter being attached to
the brane. This worldview, applied to the entire universe, is
the brane world, proposed by Arkani-Hamed and others
about 25 years ago. Our universe is a (mem)brane moving
through higher dimensions.

The brane, like elementary particles, has something akin
to mass called tension. And its weight causes higher-dimen-
sional spacetime to bend according to higher-dimensional
Einstein equations. We live on this brane. It is convenient
to have equations governing spacetime on the brane. About
25 years ago, Shiromizu, Maeda and Sasaki tackled this
problem and found that deviations from the Einstein
equations exist on the brane. These deviations arise from
the distortion of the brane’s configuration due to the matter
on the brane and from gravitational waves in higher-dimen-
sional spacetime. And, they are expected to be the key to
the first door to the extreme universe. Interestingly, they
can be interpreted holographically. For example, if a black
hole exists in higher-dimensional spacetime, the expansion
rate of the universe on the brane increases as if it is filled
with a gas-like substance of light. But, it cannot be detected
as matter.

3. Black Holes

The shapes of stars are diverse. We do not understand
how all black holes form. However, it is thought that some
of them are formed by gravitational collapse of heavy stars
after they lose their nuclear fuel. Immediately after
formation, black holes will change drastically. However,
after a sufficiently long time, they settles into a time-inde-
pendent steady state. As currently observed, there are
materials such as accretion disk around the black hole, but
they are so light compared to the mass of the black hole and
do not affect the structure of the surrounding spacetime.
After formation and sufficient time, the main surrounding
matter is sucked into the black hole and the region around
the black hole can be vacuum and stationary. Remarkably,
such black holes are mathematically proven to be
represented only by the Kerr solution in black hole



spacetime, determined by mass and angular momentum. In
the case of no rotation, only the Schwarzschild black hole,
determined solely by mass, exists. However, this is the
story in four-dimensional spacetime. What about higher
dimensions?

Inspired by the emergence of the brane world, research
on higher-dimensional black holes has also advanced sig-
nificantly. Differing greatly from four dimensions, various
black hole solutions have been discovered. Particularly in
five-dimensional spacetime, cases exist from ring-shaped
ones to Black Saturn, where black holes and black rings
coexist. Two rings with different rotation axes coexisting
were discovered by Izumi of team CO03 during his graduate
studies. Although many solutions exist, rapidly rotating
ones are suggested to be unstable, changing into irregular
shapes in numerical simulations. On the other hand, in the
case of no rotation, the uniqueness of the solution is proven
by Gibbons, Ida, and Shiromizu, similar to four-dimension-
al spacetime.

It is well-known that serious observations of black holes
have only been conducted 100 years after their solutions
were discovered. But do black holes really exist? And can
traces of higher dimensions be seen? The simple questions
are endless.

4. The New Paradigm from Black Holes

Black holes continue to provide various topics of
discussion. Most galaxies seem to have massive black holes
at their centers. Nowadays, numerous gravitational waves
emitted from the merger of black holes have been detected.
Direct imaging of black hole shadows has also become
possible.

Black holes are one-way, constantly gaining mass.
Reflecting this, the area of the event horizon, the surface of
the black hole, has been proven by Hawking to increase
over time. Along with other properties, it is understood that
the entropy of black holes is given by the Bekenstein-
Hawking formula, proportional to the area of the event
horizon, conforming to the entropy increase law. This
suggests that black hole information is stored on its surface.
Considering that the entropy of ordinary objects is propor-
tional to volume, this signifies a very interesting
phenomenon. Indeed, careful observation of black hole
surfaces has indicated a correspondence between higher-
dimensional gravitational theory and one-lower-dimensional
matter theory, pointed out by Maldacena and others around
the end of the last century. Furthermore, based on this
correspondence, the generalization of the Bekenstein-
Hawking formula to ordinary matter was proposed by Ryu
and Takayanagi at the beginning of this century. Let us
artificially divide the space we live in into regions A and B,
with A unobserved. Then A can be considered similar to a
black hole. However, A and B have quantum correlations in
the microscopic world. In such cases, interest often arises in
the (quantum entanglement) entropy of system A. Ryu and
Takayanagi, through specific examples, noticed that this
entropy generally is proportional to the smallest area of the

surface spread in the surplus dimensions surrounding A.
After this discovery, the fusion with quantum information
has rapidly progressed. For more details, please refer to the
news from the field “Extreme Universe.”
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In recent years, quantum computer-based approaches
have been attracting attention as a possible new computa-
tional method for quantum field theory. Conventional
numerical calculations of quantum field theory are based on
the Lagrangian form and use a lattice Monte Carlo method
to compute path integrals. However, it is known that for
systems such as real-time forms and finite density systems,
a problem called the sign problem arises, making it
impossible to compute physical quantities with high
accuracy. On the other hand, it is possible to numerically
calculate the quantum field theory based on the Hamiltonian
form, in which case the sign problem does not arise.
However, in this case, the computational cost increases ex-
ponentially with the size of the system, and it is considered
difficult to compute naively. It is expected that a quantum
computer can be used to solve this problem by reducing the
computational cost and making it possible to perform cal-
culations efficiently.

With this background, I am conducting research on the
quantum simulation of quantum field theories at finite
temperature and density with Etsuko Itou, the host of this
visiting program, Rong-Yang Sun (RIKEN), and Seiji
Yunoki (RIKEN). In order to obtain the expectation value
of a physical quantity in a finite temperature/finite density
system by quantum computation, it is first necessary to
prepare a thermal state on a quantum circuit. However,
thermal states are generally mixed states, which are difficult
to represent directly in quantum circuits. To deal with this
problem, we use a technique known as Thermal Pure
Quantum state (TPQ state), which is a theoretical
framework that provides a pure state that is a good approxi-
mation of a mixed state thermal state. By using this
framework, it is possible to represent thermal states on
quantum circuits. However, the implementation of TPQ
states requires the computation of non-unitary operators
corresponding to Boltzmann factors, which is also a
difficult task. To address this challenge, we use an
algorithm called Quantum Imaginary Time Evolution
(QITE), which is a quantum algorithm for generating
unitary operators that accurately approximate non-unitary
operators, and implement it on a quantum circuit.
Combining these methods, it is possible to calculate the
expectation values of local physical quantities of quantum
field theory under thermal and chemical equilibrium
conditions. We use this method based on TPQ and QITE to
investigate the phase structure of the Schwinger model, a
1+1-dimensional U(1) gauge theory, under finite
temperature (and finite density).

During the first week of my stay, Rong-Yang Sun also
stayed at YITP, and we had intensive discussions on the

Prof. Yoshio Kikukawa, Graduate school of Arts and Sciences, The University of Tokyo
Prof. Etsuko Ito, Yukawa Institute for Theoretical Physics, Kyoto University (DO1)

mentioned research. The in-depth face-to-face discussions
helped us to further deepen our understanding of the
research topics. Our understanding of the theory and
algorithms and the development of the calculation code
progressed, and we were able to start actual calculations
using the supercomputer during our stay. I consider this to
be the most significant achievement of my stay. I also had
the opportunity to learn about and discuss the properties of
random unitary matrices and implementation algorithms
with Yoshifumi Nakata. The discussion on random unitary
matrices is an important topic to be dealt with in the
research project mentioned above, but he also taught us
about algorithms that are more efficient than the method we
were considering and the physical conditions under which
such algorithms can be applied, which was a meaningful
discussion that will lead to the development of future
research.

Not limited to the above research topics, I had the
opportunity to engage in a wide range of discussions with
various researchers during my stay. One of the most
memorable moments was when [ was given an opportunity
to present a seminar in the nuclear group, where I gave a
talk on my recent research on the quantum calculation of
integrable spin systems. This research is a collaboration
with Kazunobu Maruyoshi, Takuya Okuda, Ryo Suzuki,
Masahito Yamazaki, and Yutaka Yoshida in the DO1 group.
The seminar was attended mainly by people belonging to
the nuclear and elementary particle fields. I received
questions and feedback from a variety of perspectives, and
the discussions were fruitful. I also had several joint
seminars with Shinya Aoki, Etsuko Itou, and Akira
Matsumoto on the quantum link model, a discrete represen-
tation of gauge theory. Furthermore, since I stayed in YITP
for a long period (about one month), I was able to interact
with many researchers at the YITP and visitors from
overseas through daily lunches and dinners. These
experiences stimulated me to broaden my research field. 1
think this is one of the major advantages of this kind of
long-stay program.

Finally, I would like to summarize this report by thanking
people who organized this visiting. I would like to thank
Etsuko Itou for welcoming me for my stay. I would also
like to thank all the organizers and staffs in the Grant-in-
Aid for Transformative Research Area, Extreme Universe,
for letting me this opportunity. I would like to reiterate that
this stay has been very beneficial and stimulating for my
research activities.
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The research on topological phases in isolated systems
has achieved significant success. However, in recent years,
research on topological phases in open quantum systems,
extending beyond the framework of isolated systems, has
been actively pursued. Specifically in open systems, a
notable phenomenon known as the non-Hermitian skin
effect emerges, where most of the bulk modes localize at
the edge. During my master’s studies, I have been investi-
gating the effects of many-body interactions on this skin
effect. The Katsura group has made significant contribu-
tions to topological phases of disordered and interacting
systems beyond the realm of band theory, and since they
also conduct extensive research on open systems, I deemed
it the optimal place to deepen my research. Additionally,
after receiving comments from Prof. Katsura during a
poster presentation at last year’s conference of this
organization, it motivated me to further develop my previous
research [1], which also influenced my decision to stay.

During my stay, despite Prof. Katsura’s busy schedule,
he generously spared time to engage in discussions with me
multiple times. He provided insights into solvable models,
particularly delving into dissipative effects and utilizing
analytical methods proposed by Mattis-Nam to derive
analytical solutions by considering a Liouvillian with
dephasing. Furthermore, I learn techniques for diagonaliza-
tion in Mathematica and about computational methods
using Bethe ansatz. It was an honor to be exposed to
content and techniques that I was unfamiliar with during
my time in Kyoto. One thing that amazed me during con-
versations with Prof. Katsura was his profound knowledge
of a wide range of literature. When I sought information
about analytical solutions for a certain model, Prof. Katsura
immediately directed me to somewhat obscure literature
from over a decade ago. Additionally, I was impressed by
his expertise not only in solvable models and mathematical
techniques but also in phenomenological studies in
condensed matter systems. Furthermore, I was astonished
by the speed at which research progresses. Hearing that
Prof. Katsura sometimes completes essential calculations
for papers within a few days motivated me to work harder.

Moreover, thanks to Prof. Katsura’s generosity, I had the
opportunity to give a seminar presentation in the group (see
Photo 1). During the presentation, I received valuable
feedback from Mr. Yoshida, who is researching dissipative
Fermi-Hubbard models, and Mr. Tsubota, who is studying
Berry phases in non-Hermitian systems. In particular, Mr.
Yoshida kindly sent me detailed handwritten notes

Prof. Tsuneya Yoshida, Kyoto University
Prof. Hosho Katsura, The University of

July 10 2023 ~ August 11 2023

Photo1 Seminar at Katsura group seminar
From left to right: Prof. Akagi, Mr. Yoshida, me, Prof. Katsura

explaining the unitary symmetry of the Liouvillian when I
asked him questions via email after my stay, which I found
extremely helpful. Additionally, I had the chance to discuss
quantum Zeno effects in systems with particle losses with
Prof. Nakagawa (Ueda group).

Furthermore, during my stay, I visited the laboratories of
Dr. Mori and Dr. Hamazaki at RIKEN. While explaining
my research, they pointed out the relationship with multi-
fractality in many-body localization [2]. Just before the end
of my stay, Prof. Kawabata (ISSP) happened to visit the
room where [ was staying, and based on the discussions I
had at RIKEN, he provided advice on my future research
plans. Subsequently, I was able to produce results on the
multifractality exhibited by the non-Hermitian skin effect
of many-body Hilbert spaces [3].

Throughout this program, I had fruitful discussions about
research with Prof. Katsura and many others. I had the
opportunity to explore physical phenomena from solvable
models and algebraic perspectives, exposing me to entirely
new ways of thinking. Additionally, learning about topics
leaning towards statistical physics during my stay at
RIKEN has provided me with fresh perspectives for my
future research. While I feel the need to further improve
myself, it was an enriching experience.

Finally, I express my gratitude to Prof. Katsura for
accepting my stay and to everyone in the Katsura group
who engaged in discussions with me during my stay. Lastly,
I express my gratitude to the young researchers’ exchange
program for providing me with such an opportunity, and I
conclude this article with my sincere appreciation.

[1] S. Hamanaka, K. Yamamoto, and T. Yoshida, Phys. Rev. B. 108,
155114 (2023).

[2] N. Mace, F. Alet, and N. Laflorencie, Phys. Rev. Lett. 123, 180601
(2019).

[3] S. Hamanaka and K. Kawabata, arXiv: 2401 .08304.
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Conference Reports in FY2023

® ExU International workshop (YIPQS long-term workshop)
“Quantum Information, Quantum Matter and Quantum Gravity”

4 September - 6 October 2023

1st week: “ExU-YITP School/Workshop on Quantum
Information, Quantum Matter, and Quantum Gravity”
4 - 8 September 2023, YITP, Kyoto Univ. + Online

The School/Workshop on Quantum Information,
Quantum Matter, and Quantum Gravity was held from
September 4 to 8, 2023, co-organized by our research area
and Yukawa Institute. It took place at the Panasonic Hall of
Yukawa Institute, in a hybrid format of both in-person and
online participation via Zoom. This event was part of a five-
week-long term international conference, marking its first
week. The turnout exceeded expectations, with 162
in-person attendees (79 domestic, 83 international) and 195
online participants. In our field, which spans the cut-
ting-edge areas of physics based on quantum information, it
is crucial to foster young talent and promote interdisciplin-
ary research. To incorporate this, the school portion
included lectures ranging from basic to advanced topics,
each lasting 2 to 2.5 hours. From the particle physics field,
Dr. Heller delivered the lecture “Complexity and
holography”; from the cosmology field, Dr. Hollands
presented “Entropy, Operator Algebras and Black Holes”;
in the quantum information field, Dr. Morimae lectured on
“Quantum cryptography based on pseudorandom quantum
states”; from the condensed matter field, Dr. Nishino talked
about “How to study statistical lattice models by ‘adaptive’
tensor network frameworks? — Bulk and boundary
properties on regular, curved, fractal, and random lattices
—7; and Dr. Noguchi, who conducts ultra-high-perfor-
mance quantum experiments, gave the lecture “How can we
manipulate the quantum systems?”. These lectures served
as excellent models for the three extremes that bind our
field: the limits of time, space, and matter. Additionally, the
conference featured 10 one-hour invited talks on the latest
topics in each field, 13 twenty-minute general talks, and 17
poster presentations, making it a comprehensive research
gathering. The sessions were lively with active questioning,
with many lectures and presentations significantly
exceeding their allotted time, raising concerns about how
much the breaks could be shortened. It was an auspicious
start to the first week of the conference. (Reported by
Tetsuya Shiromizu)

2nd week: 3rd ExU Annual meeting/ExU-YITP
Workshop on Holography, Gravity and Quantum
Information

11 - 16 September 2023,YITP, Kyoto Univ. + Online

The second week of the long-term workshop comprised
of the third annual meeting held on Sep. 11 followed by the
“ExU-YITP Workshop on Holography, Gravity and
Quantum Information”. About 250 people participated in
person and about 150 people participated online from both
inside and outside the Extreme Universe collaboration.

The annual meeting began with Tadashi Takayanagi
(Head Investigator; YITP, Kyoto University) explaining the
purpose of the collaboration, as well as the organization and
events. Each research project group gave a 30-minute
presentation, introducing the outline of the group and the
research highlights of this fiscal year. There were many
questions from participants from outside the ExU collabo-
ration, and lively discussions were held.

Finally, our adviors, Akio Hosoya (Honorary Prof.,
Tokyo Institute of Technology) and Nobuyuki Imoto
(Project Prof., The University of Tokyo) gave encourage-
ment and insightful comments on space-time and quantum
information.

The workshop focused on the relationship between
quantum information and gravity, and included 21 invited
lectures from many renowned researchers from overseas,
23 regular lectures by mainly young researchers including
ExU postdocs, and 41 poster presentations.

I found it impressive that many developments were
reported to such a basic theme as the properties of near-ex-
treme rotating black holes. In particular, Dias and Minwalla
gave seminars on black holes in dual gravity of N=4 super
Yang-Mills theory, the most standard example of AdS/CFT
correspondence. The analysis of the two groups clarified
the phase structure of the theory in the complementary
regimes. This point was revealed in response to a question
during the lecture.

Harlow’s lecture introduced joint research with Tokiro
Numasawa (E02) on the gauging of time reversal symmetry,
which include bold proposals regarding the foundation of
quantum mechanics. Stimulating discussions were held

Group photo of the 2nd week
( ExU-YITP Workshop on
Holography, Gravity and
Quantum Information )



during and after the lecture on the proposal.

I was impressed by the heated discussions between
researchers from various countries exchanged everywhere
during the seminars, coffee breaks, and poster sessions this
week. (Reported by Hidehiko Shimada)

3rd week: YKIS conference “Foundations and
Developments of Quantum Information Theory”
18 - 22 September 2023, YITP, Kyoto Univ. + Online

The third week of the long-term workshop centered on
the theme “Foundations and Developments of Quantum
Information Theory”. While the workshop was originally
intended to share the latest achievements in the theory of
quantum information, logistical challenges among
organizers occurred during the preparation stage, and it was
shifted to an interdisciplinary-type workshop. Despite this
deviation from the original plan, the workshop successfully
refocused on quantum information-related topics, featuring
a series of talks that addressed various facets of quantum
information from the viewpoint of quantum gravity,
cosmology, and quantum many-body physics.

The diverse participation, ranging from quantum gravity
to quantum many-body physics, allowed for engaging
discussions that cover broad spectrum of interdisciplinary
topics. During the workshop, the participants also enjoyed
the opportunity for informal and free discussions, further
enriching the exchanges of novel ideas. Invited speakers
played a crucial role and presented recent exciting break-
throughs and progress in the field of quantum information.
Their contributions added significant value to the workshop.

On behalf of the organizers, we would like to thank all
participants for their valuable contribution. The workshop
was supported by the Yukawa Institute for Theoretical
Physics and held as the Yukawa International Seminar (also
known as YKIS). We also express gratitude to all contribu-
tors, including staff and students, for their roles in
organizing the workshop. (Reported by Yoshifumi Nakata)

4th week: ExU-YITP Workshop on Condensed
Matter Physics and Quantum Information
25 - 29 September 2023, YITP, Kyoto Univ. + Online
The main focus of the fourth week of the workshop was
on the progress of research in the interdisciplinary fields of
condensed matter physics, quantum information, and
particle theory. We had 13 invited talks by leading experts
and up-and-coming young researchers on cutting-edge
topics such as quantum computation associated with
quantum many-body systems, quantum circuit models,
tensor networks, quantum spin liquids, random spin
systems, the SYK model, and quantum chaotic dynamics.
These talks also covered various aspects of condensed
matter physics, featuring numerical simulation algorithms,
their mathematical backgrounds, and realistic experimental
situations, which had close connections to the topics in the
other weeks of the workshop. The Q&A sessions were
lively throughout the week, with deeply specialized

questions and discussions as well as naive queries regarding
the importance of the topics. For the poster sessions on
Tuesday and Thursday, we had 35 presentations in total
from various background fields. It was impressive that
exciting and enthusiastic discussions were sparked,
especially among young researchers.

Reflecting the long-term format of the workshop, partici-
pants from diverse fields came to some talks of interest and
engaged in discussions during the coffee breaks. About half
of the audience had changed from the previous weeks, and
interestingly, we could feel a slightly different atmosphere.
We hope such cross-disciplinary communications will lead
to creative new research ideas. During the pandemic, we
often experienced online or compact-style research
meetings in the field of condensed matter physics as well. It
was a great experience for the organizers to witness how
the condensed matter week successfully drew a large
audience in person. (Reported by Kouichi Okunishi)

5th week: ExU-YITP Conference “Quantum
Information and Theoretical Physics”
2 - 6 October 2023, YITP, Kyoto Univ. + Online

The fifth week starting on October 2, with the outside
temperature getting more pleasant after a long summer, was
devoted to a conference-type meeting titled “Quantum
Information and Theoretical Physics”, where all presenta-
tions were in the oral style. Ten of the invited talks were
given via Zoom. The schedule had to be a bit busy with six
of the online talks in late evenings in Japanese time,
including the colloquium “Hydrodynamics and Random
Matrices” by Brian Swingle. Contributed talks were mainly
given on-site. Ten of them were given 25+5 minutes, while
the remaining 31 were given 15+5 minutes. Many of the
on-site talks were given by speakers who had also partici-
pated since the fourth week or earlier. Through these oral
presentations, participants had chance to better understand
the contexts and interesting contents of research conducted
by those whom they had met every day, even if they come
from different backgrounds, among fields such as quantum
information, elementary particle theory, theory of
gravitation, and condensed matter theory. Active
discussions occurred both in hybrid-style daytime sessions
using the Panasonic Hall and in fully online late-evening
sessions.

The Yukawa Hall was among the venues for the
International Conference of Theoretical Physics in
September 1953, amid the Cold War, marking the first
international scientific conference in the post-WWII Japan.
Unfortunately, seventy years after the event, restrictions on
international movement of people still exist. However, it is
a great pleasure of us as organizers that we have realized
this meeting as an opportunity for scientists including many
young researchers, from various parts of the world, in such
a wide range of fields, to interact and exchange the latest
information, and have participated in it. (Reported by
Masaki Tezuka)




Conference Reports in FY2023

® ExU Workshop ~ To inspire the interplay of
Experiment and Theory: From Material
Condensed Matter to Cold Atoms

16 - 17 May 2023, The Univ. of Tokyo, Kamaba Campus + Online

It is true that for many of the researchers in condensed
matter physics, our ‘Extreme Universe’ project looks rather
out of scope or difficult to understand. The present
workshop was designed with the aim to resolve these
impressions, by gathering several experts in condensed
matter experiments and solid state and cold atom theorists
working inside and outside the project. A variety of
members exchanged ideas, explained what they can
technically measure or calculate, which made them grab
concepts of other fields. We are happy to find that the
workshop was successful; we got a comment from our
project leader that ‘This level of active Q&A is quite rare.’
The speakers were invited from different fields, we selected
them quite at random, while not really random so as to have
at least small overlaps in their research interests.

The session started with the talk by Prof. Daisuke
Yamamoto and Dr. Shimokawa, both are condensed matter
theorists, where they gave us a good introduction and an
overview of the background of the topics/fields and the
works they have done. Two talks by condensed matter ex-
perimentalists, Dr. Shimizu and Prof. Yonezawa, followed,
with detailed explanations of unique experimental
techniques involving NMR and superconductivity. Then,
Dr. Kawakami introduced highly original experiments on
the electronic system of helium surfaces. She appealed that
her system has a longer history and has a credit in the term,
‘Rydberg state’, although quite many people recognize
them as cold atom states, which popped up heartwarming
and intimate discussions. Prof. Ozawa explained his
research field which was not so familiar to many of us,
which was very stimulating.

The second day was a cold atom day; Dr. Uchino’s
theoretical introduction followed by lectures from Dr. Tomita
and Prof. Sugawa about the entanglement of Rydberg atoms
and the realization of a ‘statistical model.” In the afternoon,
Dr. Kunimi discussed a non-thermalized state called quantum
scar. Prof. Yusa gave a final talk on experiments on quantum
Hall effects, and also how he enjoys our project as one of the
very few experimental members.

The most notable aspect of this workshop was that
experts from different subfields of condensed matter
physics were indeed able to engage in their specialized
discussions and still could share many common interests or
physical understandings. I renewed the importance of
having dense and active communications among people,
particularly young people who wouldn’t come across in the
usual JPS meetings. In fact, it turned out that the same
quantity is dealt as entanglement witnesses calculated in
condensed matter and measured in cold atoms without
knowing it with each other. I am already quite curious what
would happen next if there is another chance of organizing
a workshop of similar scale in our project, which might be
with different themes and participants.

(Reported by Chisa Hotta)

® A novel numerical approach to quantum
field theories 2023

-Quantum Computing and Tensor Networks-

10 - 13 October 2023, Osaka Univ., Toyonaka Campus,
Nambu Hall + Online

From October 10th (Tuesday) to 13th (Friday), a
four-day event titled “ A novel numerical approach to
quantum field theories 2023” was jointly organized by the
Extreme Universe DOl Team and FRC-TJR of Osaka
University at Nambu Hall in Toyonaka Campus. This
school serves as a sequel to the one held at YITP, Kyoto
University in September 2022. The main audience consisted
of graduate students and postdocs, while there were also
participants, approximately 40 on-site and 50 online,
including undergraduate students and researchers with
various affiliations. This year’s program included lectures
by four distinguished lecturers actively contributing to the
fields of quantum computing and tensor networks, along
with oral presentations by 10 participants.

Prof. Tsuyoshi Okubo (University of Tokyo, D02 collab-
orator) provided an introductory overview of the represen-
tation of quantum states using tensor networks, discussed
applications to quantum materials, and presented prospects
for quantum computing. Prof. Masaki Tezuka (Kyoto
University, B02 PI) discussed his recent research on
quantum simulations of bosonic systems such as an
anharmonic oscillator and free scalar field on lattice. Mr.
Hiroki Sueno (Stony Brook University, DO1 collaborator)
began with an introductory review of measurement-based
quantum computing and went on to introduce his recent
research results on the application to quantum simulation of
lattice gauge theory. Dr. Yutaro Akaboshi (Fujitsu)
presented an introduction to the theory of quantum error
correction and fault-tolerant quantum computing (FTQC),
along with an explanation of his recent research results on a
quantum computing architecture aimed for Early-FTQC.

The lectures and oral presentations generated numerous
questions from participants, leading to lively discussions.
There were also fruitful discussions and information
exchanges among lecturers and participants during break
times. We hope that this school contributes to the
advancement of the field in the coming years.

(Reported by Tatsuma Nishioka)

Lecture in the school



@ The 2nd young researchers’ workshop of the ExU Collaboration

19 - 23 February 2024,
Shirahamaso (Takashima city, Shiga)

The 2nd young researchers’ workshop of the ExU collab-
oration was held. The purpose of this workshop is to
provide a forum for young people, mainly students and
postdocs, who work on various fields in the ExU, to
exchange ideas, and to create opportunities for collabora-
tion between different fields by young people. In the ExU,
we plan to hold one young researchers’ workshop for each
year. Last year, due to the COVID-19, we were not able to
hold a camp-type workshop, but this year we were able to
hold a camp-type workshop at Shirahama-so in Takashima
City, Shiga. We spent five days in the same place. Partici-
pants were able to share their research interests and future
goals, as well as to introduce their research activities to
each other.

A total of 68 people attended the workshop, including
undergraduate students, masters, doctoral students, and
several faculty members, 48 of whom gave presentations.
All individuals who requested a presentation were given the
opportunity of oral presentations. ExU postdocs gave
30-minute oral presentations while other speakers were
given 20 minutes for each presentation. All presentations
were given in English. The presentations covered a wide
range of topics including quantum information, elementary
particles, cosmology, and condensed matter physics. Many
questions were asked by people outside the field during the
Q&A session. Some of the speakers were fourth-year un-
dergraduate students and first-year master’s students. For
some of them, the presentation in this workshop was their
first official presentation given in English. This workshop
serves not only as an opportunity for young researchers to
interact with each other, but also as the beginning of their
international careers.

In addition to the oral presentations, keywords from
various fields that often appear in the ExU collaboration
were introduced and participants specialized in each
keyword were introduced by a representative from each

Presentations by participants

field. During the following breaks, participants had the
opportunity to ask questions to the experts introduced for
each keyword and to learn the basics of the different fields.
The introductions and discussions began in the afternoon of
the first day, starting with the field of cosmology/gravity
field. Topics include cosmology, black holes, infrared
aspect of gravity, quantum nature of gravity, and spacetime
singularities. The morning of the second day featured was
devoted to introductions and discussions of particle physics,
covering lattice gauge theory, particle phenomenology,
information paradox, holography and entanglement, and
holography beyond AdS. Quantum information theory was
introduced and discussed in the afternoon of the second
day, covering the topics of quantum measurement, resource
theory, functional analysis and quantum information,
quantum thermodynamics and others, quantum information
theory, and tensor networks. On the morning of the third
day, discussions on condensed matter physics were held,
covering the topics of cold atoms, strongly correlated
electrons/quantum spin chains, tensor networks, non-Her-
mitian systems/open quantum systems, and topological
materials.

Banquets were held each day at night. There, in addition
to casual socializing, the participants voluntarily explained
the details of their research which were given in the oral
presentations. Participants also exchanged information on
the basics of each field and the latest topics. Discussions
were held not only on past research but also on future
research, which is expected to develop into joint research in
the future.

Finally, Dr. Izumi, the chair of the workshop organizers,
summarized the workshop and made an announcement
about the next workshop. Then, the 2nd young researchers’
workshop of the ExU Collaboration was closed.

(Reported by Keisuke Izumi)

Group photo




Conferences, Workshops and Seminars in FY2023

® Extreme Universe Colloquium
15th Extreme Universe Colloquium

Date: April 13th, 2023

Speaker: Prof. Andrew Strominger (Harvard
University)

Title: Cosmic ER=EPR

16th Extreme Universe Colloquium

Date: May 24th, 2023

Speaker: Prof. Yasunobu Nakamura (The
University of Tokyo/RIKEN)

Title: Superconducting circuits for quantum =

technologies

17th Extreme Universe Colloquium

Date: June 6th, 2023

Speaker: Prof. Harvey Reall (University of
Cambridge)

Title: Creases, corners and caustics:
non-smooth features on black hole horizons

18th Extreme Universe Colloquium
Date: July 24th, 2023

Speaker: Prof. Synge Todo (The University
of Tokyo)

Title: Markov-Chain Monte Carlo in Ten- o

sor-Network Representation

19th Extreme Universe Colloquium

Date: October 2nd, 2023

Speaker: Prof. Brian Swingle (Brandeis
University)

Title: Hydrodynamics and Random Matrices

20th Extreme Universe Colloquium

Date: November 14th, 2023

Speaker: Prof. Anne Broadbent (University
of Ottawa)

Title: Quantum Unclonability and Cryptog-
raphy

21st Extreme Universe Colloquium

Date: December 1st, 2023

Speaker: Prof. Nicolas Yunes (University of
Illinois at Urbana-Champaign)

Title: Probing strong gravity when gravity
waves

22nd Extreme Universe Colloquium
Date: February 13th, 2024

Speaker: Prof. Masayuki Hashisaka (ISSP,
The University of Tokyo)

Title: Electron dynamics at boundaries of
quantum many-body systems

23rd Extreme Universe Colloquium

Date: March 14th, 2024

Speaker: Prof. Suvrat Raju (International
Centre for Theoretical Sciences (ICTS))
Title: How is quantum information localized
in quantum gravity?

® Extreme Universe Seminar

12th Extreme Universe Circular Meeting

Date: April 18th, 2023

Speaker 1: Hiroki Sukeno (DO1)

Title: Quantum simulation of gauge theories from en-
tanglement, measurement and feedforward

Speaker 2: Kenji Harada (D02)

Title: Optimal network structure of quantum-inspired
generative modeling

2nd Extreme Universe Interdisciplinary Seminar
Date: April 20th, 2023

Speaker 1: Kentaroh Yoshida (E02)

Title: Chaotic instability in the BFSS matrix model
Speaker 2: Hiroyasu Tajima (E01)

Title: Universal trade-off structure between symmetry,
irreversibility and quantum coherence

13th Extreme Universe Circular Meeting

Date: May 31st, 2023

Speaker 1: Dr. Takuya Hatomura (NTT)

Title: Shortcuts to adiabaticity and their digital imple-
mentation

Speaker 2: Hayata Yamasaki (AO1)

Title: Time-Efficient Constant-Space-Overhead
Fault-Tolerant Quantum Computation

3rd Extreme Universe Interdisciplinary Seminar
Date: June 14th, 2023

Speaker 1: Kohtaro Kato (E01)

Title: Does a matrix density operator have a parent
Hamiltonian?

Speaker 2: Tsuneya Yoshida (E02)

Title: Effects of correlations on exceptional points

14th Extreme Universe Circular Meeting

Date: June 26th, 2023

Speaker 1: Sunil Sake (B01)

Title: Sparse Random Matrices and Local SYK
Speaker 2: Kazuki Yamamoto (B02)

Title: Localization properties in disordered quantum
many-body dynamics under continuous measurement



4th Extreme Universe Interdisciplinary Seminar
Date: July 13th, 2023

Speaker 1: Shinji Takeda (E02)

Title: All-mode renormalization and phase structure of
2d CP(1) model with topological theta term

Speaker 2: Asato Tsuchiya (E02)

Title: Exact renormalization group and quantum error
correction

15th Extreme Universe Circular Meeting

Date: July 25th, 2023

Speaker 1: Daisuke Yoshida (C03)

Title: Entropy bound and an initial singularity of the
universe

Speaker 2: Kazuya Yonekura (C02)

Title: Nonsupersymmetric heterotic branes

16th Extreme Universe Circular Meeting

Date: October 17th, 2023

Speaker 1: Akira Matsumoto (D01)

Title: Three ways of calculating mass spectra of gauge
theories in the Hamiltonian formalism

Speaker 2: Atis Yosprakob (D02)

Title: Grassmann TRG study of gauge theory with
multiple fermion flavors

17th Extreme Universe Circular Meeting

Date: November 29th, 2023

Speaker 1: Dr. Kaoru Mizuta (The University of Tokyo)
Title: Optimal quantum algorithm for time-periodic/
quasiperiodic Hamiltonian simulation

Speaker 2: Prof. Naoto Shiraishi (The University of
Tokyo)

Title: Unbounded amplification of quantum coherence

5th Extreme Universe Interdisciplinary Seminar
Date: December 4th, 2023

Speaker 1: Masaki Owari (EO1)

Title: Indirect control of quantum many-body systems
for generation of t-design and variational quantum
algorithms

Speaker 2: Kazunori Kohri (E02)

Title: Possible formation of induced gravitational
waves and light primordial black hole dark-matter in
inflationary cosmology as suggested by NANOGrav15yr

18th Extreme Universe Circular Meeting

Date: December 19th, 2023

Speaker 1: Shunichiro Kinoshita (B03)

Title: Shooting null geodesics into holographic
spacetimes

Speaker 2: Daisuke Yamamoto (B02)

Title: Holographic teleportation in artificial quantum
spin systems

19th Extreme Universe Circular Meeting

Date: January 31st, 2024

Speaker 1: Jonathan Harper (CO1)

Title: Aspects of multi-entropy

Speaker 2: Masahiro Hotta (C02)

Title: Particle detectors and purification partners for the
observed particles

20th Extreme Universe Circular Meeting

Date: March 8th, 2024

Speaker 1: Yutaka Matsuo (D01)

Title: A Calogero model for the non-Abelian quantum
Hall effect

Speaker 2: Atsushi Iwaki (D02)

Title: Random sampling for thermal quantum states

@ Conferences & Workshops

Recent Developments in Quantum Physics of
Black Holes 2023

Date: April 3rd - 7th, 2023

Venue: YITP, Kyoto Univ.

Workshop on Quantum Simulation Research
Date: April 12th, 2023
Venue: Univ. of Tokyo(Komaba)

“Gravity and Quantum” Workshop, Kyushu
University 2023
Date: May 8th - 9th, 2023

Venue: Kyushu Univ.

Extreme Universe Workshop “To inspire the
interplay of experiment and theory, from material
condensed matter to cold atoms”

Date: May 16th - 17th, 2023

Venue: Univ. of Tokyo(Komaba)

APCTP Workshop “Numerical Methods in
Theoretical Physics 2023”

Date: July 10th - 14th, 2023

Venue: APCTP

Integrability, Deformations and Chaos
Date: July 25th - 27th, 2023
Venue: OIST

Workshop “Weaving Universe by Gravity and
Quantum”
Date: August 20th - 22nd, 2023

Venue: Shikibu Onsen Yurari




Conferences, Workshops and Seminars in FY2023

YIPQS long-term workshop “Quantum Information,
Quantum Matter and Quantum Gravity”

Date: September 4th - October 6th, 2023

Venue: YITP, Kyoto Univ.

A novel numerical approach to quantum field
theories 2023
Date: October 10th - 13th, 2023

Venue: Osaka Univ.

Tensor Network 2023
Date: November 14th - 16th, 2023
Venue: Tsukuba Univ.

The 32nd workshop on general relativity and
gravitation in Japan
Date: November 27th - December 1st, 2023

Venue: Nagoya Univ.

The 18th Kavli Asian Winter School on Strings,
Particles and Cosmology

Date: December 5th - 14th, 2023

Venue: YITP, Kyoto Univ.

2024 Kanto-NTU High Energy Physics Workshop
Date: January 15th - 18th, 2024
Venue: Saitama Univ.

“General Relativity and Geometry”
Date: February 8th - 9th, 2024

Venue: Nagoya Univ.

The 2nd young researchers’ workshop of the
Extreme Universe Collaboration
Date: February 19th - 23rd, 2024

Venue: Shirahamaso

Workshop “Interdisciplinary Computational
Science based on TN scheme”
Date: March 14th - 15th, 2024

Venue: Osaka Univ.

Quantum Error Correction
Date: March 18th - 29th, 2024
Venue: YITP, Kyoto Univ.




q TOpiCS Research Highlight

Lattice gauge theory simulation driven by measurement

When attempting to understand physical phenomena and
theories, one often thinks about how systems change over
time. If one can simulate time evolution and make accurate
predictions, it indicates a good understanding of the
dynamics and enables detailed comparisons with experi-
mental results. How can we quantitatively simulate the time
evolution of physical systems, especially gauge theories
describing the dynamics of elementary particles, using
recent advancements in quantum technology? The
mainstream methods are analog quantum simulation, which
mimics physical systems with atoms or ions, and digital
quantum simulation using quantum computers with circuits
composed of quantum gates. However, there are other pos-
sibilities that utilize the unique properties of quantum
mechanics.

One such unique property of quantum mechanics is
measurement. As learned in undergraduate courses,
measurement (for example, in the eigenbasis of a Hermitian
operator) causes the wave function to collapse, changing
the quantum state to one of the basis states. This change is
probabilistic and cannot be fully controlled. However, it’s
not entirely random; the possible changes and their proba-
bilities are determined by the quantum state before
measurement. By using partial measurement results
(adaptive measurement), it’s possible to change the state
deterministically. For example, measuring the first qubit of
an entangled state proportional to [0>|0> + |1>|1> in the
eigenbasis of the Pauli matrix o, yields s=0 or 1, and subse-
quently acting on the second qubit with 6,° results in the
final state always being |0>. Extending this example,
adaptive measurement allows for state transfer (quantum
teleportation), the application of quantum gates (gate tele-
portation), and universal computation (measurement-based
quantum computation).

In our work [2], we demonstrated that entangled resource
states, which reflect the spacetime structure of the lattice
gauge theory we wish to simulate, can realize discrete time
evolution through single-qubit adaptive measurements (see
Figure 1). We also showed that these resource states have
symmetry-protected topological (SPT) order.

In our research in progress after paper [2], we have
extended the concept of measurement-based quantum
simulation to include interactions with matter fields and are
exploring extensions to fracton systems and non-Abelian
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gauge groups. The relationship between the resource states
and the simulated gauge theory is also theoretically
intriguing. While our resource states have SPT order as we
stated above, generally, degenerate ground states may
appear at the boundaries of such states. Indeed, the gauge
theories we aim to simulate may exhibit corresponding de-
generacies. We discuss other correspondences between bulk
and boundary, but will not delve into them here. We plan to
expand our research towards developing new bulk-bound-
ary correspondences through measurement.

Various types of quantum computers, such as supercon-
ducting, ion-trap, and optical, are being developed, and it’s
not yet clear which will be superior in the long term. Mea-
surement-based simulation methods could have an
advantage in speed over circuit-based methods if measure-
ments can be executed more quickly than entangling gates.
Recently, mid-circuit measurement capabilities have also
been introduced in various programmable quantum devices.
We will deepen our examination to determine which
quantum device is most suitable for the measurement-based
simiulation scheme and aim to demonstrate it in the near
future.

[17 R. Raussendorf and H. J. Briegel, A one-way quantum computer,
Phys. Rev. Lett. 86, 5188 (2001).

[2] Hiroki Sukeno and Takuya Okuda, Measurement-based quantum
simulation of Abelian lattice gauge theories, SciPost Physics 14,
129 (2023), arXiv:2210. 10908 [quant-ph].
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Figure 1: (Left) The input state is placed at the boundary and entangled with the bulk resource state. (Middle) Measurements induce the gauge theory’s time
evolution unitary and quantum teleportation. (Right) The output state is the time-evolved wave function.
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Q Tapics Research Highlight

Exploring holographic spacetimes

Everyone may think it natural that when they tap an
object in front of them, a large response is received around
the time and location of the input. It would seem peculiar if
immediately after tapping there was silence and no
response, but later a large response appeared at another
location. If the AdS/CFT correspondence is valid, it is
expected that such a phenomenon can be observed on
materials.

The AdS/CFT correspondence states that there is an
equivalence between a classical gravitational system in
asymptotically AdS spacetime with a negative cosmological
constant and a strongly coupled quantum system on the
boundary of the AdS spacetime. The asymptotic behavior
near the AdS boundary of a certain field, propagating on the
AdS bulk spacetime, gives physical observables in a
corresponding quantum system such as an external source
and a response to this source on the boundary. If the bulk
field is localized deep in the bulk spacetime and has no
value near the boundary, then one cannot see any corresponding
response in the quantum system on the boundary. So, let’s
think about giving an appropriate source on the AdS
boundary and exciting a spatially localized particle-like
object into the bulk spacetime. This particle will move in
the bulk spacetime according to the gravitational theory and
come back on the boundary again. From the viewpoint of
the quantum system on the boundary, the response to the
input external source immediately settles down, and after a
while, the response appears at a different location from
where the input was received, as mentioned at the beginning
of this article. In the bulk gravitational theory, this is only
elementary dynamics of particle on curved spacetimes, but
it may be difficult to immediately understand this
phenomenon only from the picture of the quantum system
on the boundary. On the other hand, if such a phenomenon
occurs in a quantum system on matter, it could be a piece of
evidence that the quantum system has a holographic
space-time picture in extra dimensions as shown by the
AdS/CFT correspondence.

Now, what kind of source on the boundary should we
give in order to inject a particle into the bulk? A “particle”
is characterized by fixed position and momentum. To
construct such a state in a field, i.e., a wave, one must
consider a wave packet that is almost localized in real and
momentum spaces. For waves with sufficiently high
frequency, the eikonal approximation can be applied, and
the direction of the wave front is determined by the same

|| Figure 1: Response at the equator
2} |+ on the sphere of AdS boundary
I || for time t. The points indicate the
1t - 1 arrival time and location of a
¢ geodesic.

equation as the motion of the particle, and its wave number
vector corresponds to the momentum. Furthermore, if the
amplitude is given in the form of a function localized to the
position of the particle, it is possible to realize a nearly
localized state with a certain finite width in position space
and momentum space. In other words, if a plane wave with
the desired frequency and wavenumber is multiplied by an
appropriate localized amplitude function as a source, a
wave packet with energy and momentum corresponding to
the frequency and wavenumber can be excited. At the same
time, a sufficiently high frequency is a necessary condition
for the dispersion to be relatively small enough in real and
momentum spaces.

Based on these considerations, we have considered a
scalar field in the AdS-Schwarzschild black hole spacetime
as a concrete example [1]. We have solved the time
evolution of the wave equation in the AdS-Schwarzschild
spacetime by imposing the boundary condition given by the
above source function; we have obtained the response of
the quantum system on the sphere from the behavior of the
scalar field near the AdS boundary (Figure 1). As expected,
the excited wave packet propagates on the geodesic where
the particle is moving in the bulk spacetime, and no
response appears on the boundary while the wave packet is
localized deep in the bulk. At the time and position when
the geodesic again arrives at the boundary, the wave packet
also begins to reach the boundary and the response is
significant. It is also noteworthy that a tail of the response
appears even after the predicted arrival time of the geodesic.
This is thought to be the result of tidal disruption caused by
the tidal force of the bulk black hole and the stretching of
the wave packet, because the wave packet has a finite size.
Such tidal forces are surely due to the curvature of
spacetime, which is one of the fundamental and natural
phenomena in the gravitational picture, but an explanation
based only on knowledge of the quantum system on the
boundary would be nontrivial.

A famous example of such tidal disruption actually
observed is the impact of Comet Shoemaker-Levy 9 on
Jupiter about 30 years ago. The tidal force from Jupiter
disrupted the comet into several fragments, which were
aligned in an elongated form, and then fell to Jupiter,
leaving scars of the impacts on its surface. In the near
future, if a quantum system dual to gravity is discovered in
real material, we may be able to see the same physics as
these astronomical phenomena in the sky, even in the
material on our tabletops.

[17 S. Kinoshita, K. Murata and D. Takeda, JHEP 10, 074 (2023)
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Publications (Oct. 2022-Mar. 2023)

Project AO1

“One-Shot Triple-Resource Trade-Off in Quantum Channel Coding”
E. Wakakuwa and Y. Nakata, IEEE Trans. Inform. Theory 69, 2400 (2022)

“Black holes as clouded mirrors: the Hayden-Preskill protocol with symmetry”
Y. Nakata, E. Wakakuwa, and M. Koashi, Quantum 7, 928 (2023)

“Bayesian inversion and the Tomita--Takesaki modular group”
L. Giorgetti, A. Parzygnat, A. Ranallo, and B. Russo, Q. J. Math. 74, 975 (2023)

Project BO1

“Page curve and symmetries”
P. H. C. Lau, T. Noumi, Y. Takii, and K. Tamaoka, J. High Energ. Phys. 2022, 15 (2022), collaboration with

“Higher derivative corrections to black brane thermodynamics and the weak gravity conjecture”
T. Noumi and H. Satake, J. High Energ. Phys. 2022, 130 (2022)

“Superstrata on orbifolded backgrounds”
M. Shigemori, J. High Energ. Phys. 2023, 99 (2023)

Project B02
“Binary-coupling sparse Sachdev-Ye-Kitaev model: An improved model of quantum chaos and holography”
M. Tezuka, O. Oktay, E. Rinaldi, M. Hanada, and F. Nori, Phys. Rev. B 107, L081103 (2023)

“Floquet States in Open Quantum Systems”
T. Mori, Annu. Rev. Condens. Matter Phys. 14, 35 (2023)

Project B03
“Transient chaos analysis of string scattering”
K. Hashimoto, Y. Matsuo, and T. Yoda, J. High Energ. Phys. 2022, 147 (2022)

“Gregory-Laflamme encounters Superradiance”
O.]J. C. Dias, T. Ishii, K. Murata, J. E. Santos, and B. Way, J. High Energ. Phys. 2023, 147 (2023)

“Gregory-Laflamme and superradiance encounter black resonator strings”
0.]J. C. Dias, T. Ishii, K. Murata, J. E. Santos, and B. Way, J. High Energ. Phys. 2023, 69 (2023)

“String is a double slit”
K. Hashimoto, Y. Matsuo, and T. Yoda, Prog. Theor. Exp. Phys. 2023, ptad045 (2023)

Project CO1
“Brane Dynamics of Holographic BCFTs”
K. Tzumi, T. Shiromizu, K. Suzuki, T. Takayanagi, and N. Tanahashi, J. High Energ. Phys. 2022, 50 (2022), collaboration with C03

“Large N expansion of an integrated correlator in N=4 SYM”
Y. Hatsuda and K. Okuyama, J. High Energ. Phys. 2022, 86 (2022)

“Free Fermion Cyclic/Symmetric Orbifold CFTs and Entanglement Entropy”
T. Takayanagi and T. Tsuda, J. High Energ. Phys. 2022, 4 (2022)

“Wedge Holography in Flat Space and Celestial Holography”
N. Ogawa, T. Takayanagi, T. Tsuda, and T. Waki, Phys. Rev. D 107, 026001 (2023)

“Pseudo Entropy in dS/CFT and Time-like Entanglement Entropy”
K. Doi, J. Harper, A. Mollabashi, T. Takayanagi, and Y. Taki, Phys. Rev. Lett. 130, 031601 (2023)

“Late-time correlation functions in dS3/CFT2 correspondence”
H.-Y. Chen, S. Chen, and Y. Hikida, J. High Energ. Phys. 2023, 38 (2023)

“AdS/BCFT with Brane-Localized Scalar Field”
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INTERNAL INFORMATION

SHEDEETTE Upcoming Conferences

O fEES:% Annual Meeting
Date : 25-28 September 2024
Venue : Osaka University, Osaka

O fEIEERES#% ExU International Conference

Quantum Extreme Universe: Matter, Information and Gravity
Date: 21-25 October 2024

Venue : OIST, Okinawa

https://groups.oist.jp/exu-oist

OfEIEEFHES Young Researchers’ Workshop of the ExU Collaboration
Date : 12-15 September 2024 (tentative)
Venue : Hokkaido
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