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[1] S. W. Hawking, Commun. Math. Phys. 43, 199 (1975).
[2]J. D. Bekenstein, Phys. Rev. D 7, 2333 (1973).

[3] S. D. Mathur, Class. Quant. Grav. 26, 224001 (2009).
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[11K. Yamamoto, M. Nakagawa, M. Tezuka, M. Ueda, and N.

Kawakami, Phys. Rev. B 105, 205125 (2022)
[2] K. Yamamoto and N. Kawakami, Phys. Rev. B 107, 045110 (2023)
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Preface by Head Investigator

Head Investigator
Tadashi T¢

Kyoto University

Extreme Universe travel begins in earnest

akayanag

Yukawa Institute for Theoretical Physics,

Time flies, and a year has passed in the blink of an eye
since the birth of this project. Although Covid-19 still
affects Japan, overseas travel and face-to-face meetings are
returning to their pre-corona levels. Thanks to these, we
were able to hold an international meeting in September,
2022 in Kyoto, and the annual meeting in December in
Kobe, both in the form of face-to-face meetings. We held a
hybrid format of online and on-site participation, and 80
participants enjoyed the first face-to-face research exchange
in a long time.

¢

My first oversea trip after the Covid-19 started, was an
International Conference on Gravity Theory held at
Imperial College in London in August, 2022. Many of our
members also gave lectures, and it was a good opportunity
to introduce our project to the rest of the world. In
December, I also gave a talk at the final annual meeting of
the It from Qubit Simons collaboration in New York, which
is a US-based project funded by the Simons Foundation and
started in 2015. Many of the 17 PIs who make up It from
Qubit are prominent researchers in North America, such as
Prof. Maldacena and Prof. Myers, who are advisors to our
project at the same time. I also joined in It from Qubit as
the only PI from Asia. Our extreme universe collaboration
is an ambitious project to combine not only quantum
gravity and quantum information, which is becoming an in-
ternational standard, but also condensed matter theory/
experiments. | am looking forward to seeing the members
of this project achieve outstanding achievements as the It
from Qubit collaboration did.

¢

In this second year of this project, we have had many
research activities and events. First of all, the Publicly
Offered Research has started this year, with 16 Principal In-
vestigators challenging the extreme universe with a wide
variety of research proposals in the fields of quantum
information, particle theory, cosmology, condensed matter
theory, and experimental condensed matter physics. We
have also started online seminars by the Principal Investi-
gators, and we hope that this program will become a stage
for young researchers to make a great leap forward. In
addition, all of the 14 post-doctoral researchers who are the
driving force of each research project were appointed. At

the conference held in Kobe in December, the post-doctoral
fellows and graduate students gave poster lectures, which
were very well received by the audience, including senior
researchers. I look forward to seeing the results of their
future collaborations. In order to support research
exchanges among young researchers like this, we prepared
the Young Researchers Circulation Program. The purpose
of this program is to create interdisciplinary research by
having young researchers stay for a few weeks in a research
group in a field different from their own. The eight young
researchers who have taken advantage of this program this
year have all produced fruitful research exchanges.

¢

In addition, outreach activities have been conducted
vigorously during the past year. We have published a
newsletter, launched a Twitter site and a Youtube channel.
Moreover, in December, we hosted an online public lecture.
At first, we were worried about how much the general
public would be interested in our project, but in fact, more
than 200 people participated, and we received more
questions than we could answer during the Q&A session.
We would like to thank all the participants and hope to
make the public talk an annual event.

*

As mentioned above, owing to the efforts of our members
and many people who warmly watch over us from the
outside, in this second year, our research activities are
getting accelerating in a significant way. Please take a look
at the various reports in this issue to learn more about our
activities. In the coming year, we hope to further promote
these activities and establish the research results that will
serve as the foundation in this collaboration.
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Preface by Advisory Committee

What is Information?

Advisory Committee member
Akéo Hosoya

Professor emeritus at Tokyo Institute of Technology

Photo ©Nikkei Science (Bt L 2R)

It is 1926 Spring when Heisenberg gave a talk on
quantum mechanics in the colloquium of Berlin University
and then had a long discussion with Einstein on the
observables in physical theories. The conversation is
described in “Der Teil und das Ganze”. Einstein was not
happy about the quantum theory in which the trajectory of
electron in an atom has no role. Heisenberg countered that
physical theory has to be constructed only by observed
quantities. The electron trajectory has not been observed
and remarked that this is exactly the same attitude that
Einstein himself took in the famous paper on special
relativity of 1905 in the spirit of Mach. “Probably I said
something like that, but it is definitely wrong” said Einstein
and continued “the theory determines what is to be
observed” I think this is a deep statement. Indeed we can
measure entropy only on the basis of Carnot’s thermody-
namics. Similarly the entanglement degree can be estimated
only through quantum information theory.

*

Let me be a bit philosophical. Roughly speaking, particle
physics and cosmology are ontic, while the foundation of
quantum mechanics is epistemic. I guess the ontic and the
epistemic views seem like the two sides of a coin. To
understand the whole, we need something invisible between
which relate objects and experiences. I would say, it is
information. Philosophy can motivate us but we physicists
need a mathematically formulated theory to unify the ontic
physics of particle/cosmology and epistemic quantum
mechanics in which information entropy is an observed
quantity.

*

From 2000 through 2002, I was awarded JSPS grant
under the title “Global Spacetime Structure and Quantum
Mechanics” and then from 2003 through 2005 under the
title “Black Hole and Quantum Information”. These sound
like predecessors of the present JSPS project of Extreme
Universe. However, in reality they were not. I was given a
professor position at Tokyo Tech to work in relativistic
cosmology in late 1990’s but also got interest in quantum

computation inspired by Shor’s algorithm of factoring. I
chose the title of grant so that published papers include both
fields. At that time I was a referee of the British Journal
“Classical and Quantum Gravity” from IOP. After sending
very negative review report to a submitted paper, I promptly
received an e-mail from Cris Isham the editor, which
criticizes my ignorance on information theory and opened
my eye to the promising field of quantum information
science. I decided the next grant title to explicitly include
quantum information.

*

Nowadays quantum information becomes an active field
in theoretical physics. Many interesting works have been
published especially since the seminal paper by Ryu and
Takayanagi. It is not a bad idea to follow this trend for
young PhD students and Postdocs. However, it is my hope
that people who have tenure challenge epoch-making ideas
because this is such a promising field.
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Koji Azuma (NTT Basic Research Laboratories)
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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. worked on
fundamental research in quantum cryptography. In
particular, they proved for the first time that one-way
functions, which is the most fundamental element in
classical cryptography, is not necessarily so in quantum
cryptography. The question of what is the most fundamental
assumption in quantum cryptography is currently the focus
of many researchers, and such a most fundamental
assumption has been found to be beneficial for the black
hole paradox, attracting attention not only from the
viewpoint of cryptography but also from the viewpoint of
elementary particles and the cosmology. Morimae et al.
have also constructed the first Proofs of quantumness from
trapdoor permutation, an assumption independent of
collision resistance, which was conventionally thought to
be necessary for Proofs of quantumness. Details of this
result are separately described in “Recent Research” on
page 62 in the present newsletter.

Quantum error-correcting codes: Nakata et al.
studied quantum error correction (QEC) from various per-
spectives. Particularly important results are 1. to propose a
concrete decoder of the Hayden-Preskill protocol, which is
an information-theoretic toy model of the black hole
information paradox, 2. to investigate quantum error
correction in a family of Sachdev-Ye-Kitaev models, which
are known as holographic dual to quantum gravity, and 3.
to analyze the performance of quantum error correcting
codes (QECCs) generated by shallow random Clifford
circuits. In the result 1, Nakata and collaborators provided a
general construction of decoders based on the complemen-
tarity principle. It was shown that the decoder improves
previous results about the recovery error in the protocol. In
2, a non-trivial crossover was found in a variant of Sach-
dev-Ye-Kitaev model, which is characterized by a change
of the error correcting ability. In 3, it was numerically
shown that shallow random Clifford circuits can generate
the near-optimal QECCs.

Thermodynamics and Statistical Physics: The
research activities in Nagoya University's group have
mostly focused on establishing new connections between
quantum information science and thermodynamics. Our
research activities considered four different viewpoints:
quantum foundations, statistical inference, information
theory, and applied quantum information processing. From
the viewpoint of quantum foundations, we investigated how
the second law of thermodynamics selects the mathematical

structure of physical theories that satisfy it. From the
viewpoint of statistical inference, we studied the mathemat-
ical properties of the quantity called "observational
entropy", which has been recently argued to play an
important role in the foundations of thermodynamics, and
found that it is closely related with the theory of Petz
recovery maps, namely, the only known tool to perform
statistical retrodiction in quantum theory. In the context of
information theory, we considered the problem of local
purity distillation assisted by one-way bounded classical
communication. This scenario, which constitutes an
important primitive in quantum information theory, was
already considered by Devetak in 2004 in the i.i.d.
asymptotic setting, but we generalized it to the finite block-
length regime, for which, however, we had to design a
completely new coding technique. From an applicative
viewpoint, we studied the inner detailed mechanisms of
quantum error correction protocols, seen as thermal
engines, and discovered that a triple tradeoff exists between
the thermodynamic, information-theoretic, and logic
performance of the protocol.

Quantum optics: The homodyne detection is one of the
most basic tools for identifying the quantum state of light.
It has been used to detect useful non-local properties, such
as entanglement for the quantum teleportation and distilla-
bility of a secret key in quantum key distribution. The
detection scheme employs a local oscillator (LO) pulse that
is usually transmitted along with the signal pulses. The LO
pulse is presumed to be a coherent state with an infinite
intensity. However, it is difficult in practice to hold this
presumption owing to noise in the optical transmission
channels or an intervention by a malicious third party. As a
result, the implementation may no longer be the homodyne
detection, and those outcomes may merely disguise
successful detection of a non-local property. In the work [G.
Kato et al., arXiv:2212.10958 (2022)], we propose a
scheme that works as the homodyne detection to detect the
non-local properties of light in a verifiable manner, without
any presumption for the LO pulses. This scheme is
essentially based on the same setup as the conventional im-
plementation for the homodyne detection. This result
contributes to close any possible loophole in the homodyne
detection caused by the deviation from the ideal LO pulses.

35



[T]

@

B01

Project

21H05184

Quantum Black Holes from Quantum Information

[Principal Investigator]
Norihiro lizuka (Osaka University)

[Co-Investigator]

Toshifumi Noumi (Kobe University)

Masaki Shigemori (Nagoya University)

Seiji Terashima (YITP, Kyoto University)

Tomonori Ugajin (The Hakubi Center for Advanced
Research, Kyoto University)

[ExU Postdoctoral Fellows(Research Collaborators)]
Sunil Kumar Sake (Osaka University)
Nicolo Zenoni (Osaka University)

[Research Collaborators]

Kotaro Tamaoka (Nihon University)

Koji Hashimoto (Kyoto University)

Kengo Maeda (Shibaura Institute of Technology)

What exactly is going on inside a black hole? The goal of
BO1's research project is to understand the physics of black
holes using the perspectives of quantum information and
gauge-gravity correspondence. The gauge-gravity corre-
spondence asserts that the gauge theory living at the
boundary is equivalent to the gravity in the emergent
spacetime (which is called a bulk). The BO1 group aims to
understand the emergence of black hole spacetime and the
physics behind the horizon from the viewpoint of gauge
theory of boundaries and quantum entanglement perspective
in a non-perturbative manner.

Entanglement entropy, a typical measure of quantum en-
tanglement, is fully understood for systems with finite
degrees of freedom such as spin systems. However,
situation is different in quantum field theories. Especially
for gauge theories where there are non-local degrees of
freedom due to the global Gauss law constraint, the
definition of entanglement entropy itself is not unique. To
understand the entanglement in gauge theories more, lizuka
in BO1 applied a new method of calculating entanglement
entropy, called the “hourglass prescription’, which was
proposed last year in collaboration with Anegawa and
Kabat, to gauge theories. He and his collaborators
succeeded in calculating the extractable entanglement
entropy in gauge theories, which can be distilled by LOCC
[1]. Tizuka, together with Ishibashi and Maeda in B03, also
studied a certain instability in the extremal black holes. An
extremal black hole exhibits an ‘attractor mechanism’,
which was previously discovered by lizuka et al. He
showed that extreme black holes become generically p.p.
singular extremal black holes [2]. Ugajin in BO1, with
Kawamoto, Mori, and Suzuki and Takayanagi in CO1,
studied the holographic local operator quenches in [3].
Ugajin also studied quantum information properties of de
Sitter space, a
model of an accel-
erating expanding
closed universe.
Shigemori in BO1
studied the
classical gravity
solution without
horizon or
singularity, called
"superstratum,"
which can be
regarded as
microscopic state
of a black hole in

Fig. Hourglass prescription

string theory, and analyzed it in orbifolded space. Then he
has shown that it can be understood in exactly the same
way as the usual configuration of the superstratum.
Terashima in BO1, in collaboration with Sugishita re-con-
sidered the bulk reconstruction method of the AdS-Rindler
spacetime, and argued that the entanglement wedge recon-
struction, which are believed to be correct, may not hold
due to quantum gravity effects [4]. Terashima also
discussed bulk reconstruction by explicitly giving mode
expansions for holographic BCFT in collaboration with
Suzuki. Furthermore, he showed that if the BCFT couples
to gravity, its energy tensor satisfies a nontrivial constraint
[5]. Noumi in BO1, in collaboration with Lau, Takii, and
Tamaoka, generalized the "Page curve," a measure of
unitarity of the black hole evaporation process, from a
symmetry perspective. As a toy model of a black hole with
electric charge, he considered a quantum bit model with
random time evolution and discussed how the entanglement
entropy should behave within each sector of conserved
charge [6]. In collaboration with Satake, Noumi also
conducted a theoretical verification of the "weak gravity
conjecture," which is expected to be one of the discriminat-
ing conditions for theoretical models consistent with
quantum gravity. By extending a previous study using black
hole thermodynamics to black branes, they provided
evidence for the weak gravity conjecture for general high-
er-order gauge symmetry [7].

[1] T. Anegawa, N. lizuka and D. Kabat, Phys. Rev. D 106, 085010
(2022).

[2] N. lizuka, A. Ishibashi and K. Maeda, JHEP 09, 093 (2022).

[3] T. Kawamoto, T. Mori, Y. Suzuki, T. Takayanagi and T. Ugajin,
JHEP 05, 060 (2022).

[4] S. Sugishita and S. Terashima, JHEP 11, 041 (2022).

[5TY. Suzuki and S. Terashima, JHEP 09, 103 (2022).

[6] PH.C. Lau, T. Noumi, Y. Takii and K. Tamaoka, JHEP 10, 015
(2022).

[7] T. Noumi and H. Satake, JHEP 12, 130 (2022).
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The aim of planned research B02 is to promote the study
of the quantum aspects of black holes through the collabora-
tion of cold atom experiments and theoretical research. Using
cold atom systems, which are highly controllable artificial
quantum matter, we experimentally elucidate their non-equi-
librium dynamics. The gauge-gravity correspondence 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 for the progress in cold atom experiments in this fiscal
year, Nakajima and Yamashita have constructed a cold
lithium (Li) atom experimental system in an optical lattice
as a platform for observing measurement-induced phase
transitions and for measuring out-of-time-order correlation
functions (OTOCs), and performed laser cooling (magne-
to-optical trapping) of °Li (fermions) and "Li (bosons) (Fig.
(a)). Furthermore, evaporative cooling of °Li in an optical
trap has been performed by enhancing the interatomic
interaction via magnetic Feshbach resonance [1] and
Bose-Einstein condensation of °Li, Feshbach molecules has
been realized and observed (Fig. (b,c)). With future
realization in cold atom experiments in mind, Takasan and
Tezuka theoretically proposed to realize the sign change of
the Hamiltonian for measuring OTOCs by applying strong
external field on cold fermionic atoms in an optical lattice
and turning interaction between spin degrees of atoms from
antiferromagnetic to ferromagnetic [2]. Also, Danshita and
Yamamoto, in collaboration with Yoshihiro Machida and
Kenichi Kasamatsu (Kindai Univ.), proposed for two-com-
ponent Bose gas in an optical lattice that a superfluid forms
a self-bound droplet near the Mott insulator transition [3].

As a study of fundamentals of open quantum systems, a
collaboration consisting of Kazuki Yamamoto, Tezuka, and
Norio Kawakami (Kyoto Univ.), and Masaya Nakagawa and
Masahito Ueda (Univ. of Tokyo) analyzed non-hermitian
XXZ spin chains by extending analytical methods including
the Bethe ansatz as well as the numerical density-matrix

]
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Fig. (@) Magneto-optical trapping of cold Li atoms in UHV glass cell. (b) TOF
image of Bose-Einstein condensation of Li, molecules (TOF=20ms) and (c) its
one-directional integrated image.

renormalization group to non-hermitian systems, and found
that for weak dissipation the dependence of the correlation
functions on distance is described by the complex-valued To-
monaga-Luttinger parameter, among other universal
properties [4]. Mori and Tatsuhiko Shirai (Waseda Univ.)
continued their study on the dynamics of open quantum
systems described by the Lindblad-type quantum master
equation, and proved a rigorous inequality for autocorrelation
functions of physical quantities in the steady state [5]. Mori
developed a method to evaluate the heating rate of the system
under fast periodic driving from the high-frequency
expansion of the Floquet Hamiltonian [6]. He also authored a
review on Floquet states in open quantum systems [7].

We also carried out research related to the computation of
quantum many-body systems using quantum computers. In
collaboration with Masanori Hanada (Univ. of Surrey), Junyu
Liu (Univ. of Chicago), and Enrico Rinaldi (Quantinuum and
RIKEN), Tezuka proposed a method to evaluate, by using
classical computers, the effect of cut-offs in simulating
bosonic systems with quantum computers [8]. Kaminishi and
Mori, with Michi-hiko Sugawara and Naoki Yamamoto
(Keio Univ.), analyzed the non-equilibrium steady states,
regarding the noise of the quantum computers as dissipation
[9]. For the Sachdev-Ye-Kitaev (SYK) model, a quantum
system with holographic correspondence to a quantum black
hole, a simplified version, the sparse SYK model, with most
of the random all-to-all interactions switched off has been
proposed as satisfying favorable features of the original
model, and simulated in quantum computers. Tezuka, in col-
laboration with Onur Oktay (Univ. of Surrey), Masanori
Hanada, Enrico Rinaldi, and Franco Nori (RIKEN), showed
numerically that even if the magnitude of the interaction
parameter is restricted to a constant, the sparse SYK model
exhibits properties expected for a quantum system corre-
sponding to quantum gravity, such as random matrix-like
level statistics of the eigenvalues [10].

[1] 2022 Autumn Meeting of the Physical Society of Japan.

[2] K. Takasan and M. Tezuka, arXiv:2111.03857.

[3] Y. Machida, I. Danshita, D. Yamamoto, and K. Kasamatsu, Phys.
Rev. A 105, L031301 (2022).

[4] K. Yamamoto, M. Nakagawa, M. Tezuka, M. Ueda, and N.
Kawakami, Phys. Rev. B. 105 (2022) 205125.

[5] T. Mori and T. Shirai, arXiv:2212.06317.

[6] T. Mori, Phys. Rev. Lett. 128, 050604 (2022).

[7] T. Mori, Ann. Rev. Cond. Mat. Phys. 14 (2023) in press
(arXiv:2203.16358).

[8] M. Hanada, J. Liu, E. Rinaldi, and M. Tezuka, arXiv:2212.08546.

[9] 2022 Annual Meeting of the Physical Society of Japan.

[10] M. Tezuka, O. Oktay, E. Rinaldi, M. Hanada, and F. Nori, Phys.
Rev. B 107, L081103 (2023)
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Our universe is full of black holes. One of their very
mysterious features is that black holes possess, at least the-
oretically, thermodynamic properties such as temperature
and entropy, just like ordinary materials. Furthermore
black holes can quantum mechanically emit thermal
radiation (known as Hawking radiation). Such quantum
aspects of black holes have raised questions concerning
over general relativity and quantum information. The main
aim of Project B03 is to understand fundamental nature of
quantum black holes by developing new approach to
quantum gravity by incorporating quantum information into
general relativity.

One of the most powerful approaches toward problems
along this line is the “gauge-gravity correspondence” which
enables us to understand quantum aspects of matter and
gauge fields in terms of classical gravity. Ishibashi and
Maeda [1] in B0O3 studied the evolution of evaporating
black holes due to Hawking radiation by using the
gauge-gravity correspondence (see figure below). They
found that even in the evaporating black hole geometry,
there still holds a certain type of positive energy inequality.
This new energy inequality is expected to be used to show
various theorems concerning quantum black holes.

A particularly interesting class of black holes is the one
consisting of “extremal black holes” with zero Hawking
temperature. Such black holes show a very interesting
phenomena, called the “attractor mechanism” where
several moduli fields are drawn to fixed values at the event
horizon with
values determined
only by the charges
of the black holes.
Ishibashi and
Maeda, collaborat-
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Fig. An evaporating black hole

quantum information of the radiation around black holes
[3]. He found that the additivity conjecture in quantum
information theory is satisfied if the back reaction to
geometries from quantum vacuum states is taken into
account. Matsuo and his collaborators studied the chaoticity
of highly excited strings to which black holes are expected
to transit at high temperatures. Although it was proposed
that the erratic behavior in the string scattering indicates
chaoticity of highly excited strings, they found that no sign
of transient chaos can be seen in scattering amplitudes of
highly excited strings by using the transient chaos analysis
for classical scattering [4].

One of the main purposes of Project BO3 is to understand
holographic relationships between black holes and various
phenomena occurring in astrophysical and condensed
matter systems. Murata in BO3 and his collaborators
proposed a method to create a star orbiting in an asymptoti-
cally AdS spacetime in the context of the gauge-gravity
correspondence [5]. They showed that once the star is
created, its position can be observed from the response
function. They studied the relationship between the
parameters of the created star and those of the source, and
showed that information regarding the AdS bulk can be
extracted from the observation of stellar motion inside the
AdS spacetime.

The asymptotic safety scenario is a unique approach to
formulating quantum gravity, in which the functional renor-
malization group method is utilized. Ishibashi in B03 and
his collaborators explored thermodynamic property of
quantum black holes in the context of the asymptotic safety
scenario. They made a new proposal for constructing
asymptotic safe quantum black holes based on the black
hole thermodynamic laws and found a universal formula for
the entropy of quantum black holes [6].

[1] A. Ishibashi and K. Maeda, JHEP 03 (2022) 104

[2] N. lizuka, A. Ishibashi, and K. Maeda, JHEP 09 (2022) 093

[3]Y. Matsuo, JHEP 06 (2022) 109

[4] K. Hashimoto, Y. Matsuo, and T. Yoda, JHEP 11 (2022) 147

[57Y. Kaku, K. Murata, and J. Tsujimura, Phys. Rev. D 106 (2022) 2,
026002

[6] C-M. Chen, Y. Chen, A. Ishibashi, N. Ohta, and D. Yamaguchi,
Phys. Rev. D 105 (2022) 10, 106026
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To understand how the universe we live is created, it is
necessary to understand the microscopic theory of gravity,
namely, quantum gravity. The objective of Project CO1 is to
tackle this famous conundrum in theoretical physics by
combining gauge/gravity correspondence with quantum
information theory.

The gauge-gravity correspondence allows us to express
the difficult theory of quantum gravity as a theory of matter
at a quantum critical point (conformal field theory).
However, so far it has been well understood only in the
case of gravity in an anti-de Sitter space with a negative
cosmological constant (i.e. AdS/CFT). The real universe,
on the other hand, is believed to be similar to de Sitter
space with a positive cosmological constant. Hikida, Taki
and Takayanagi in CO1 and Nishioka in DO1 constructed
the first examples of two-dimensional conformal field
theory dual to a three-dimensional de Sitter space [1]. This
result was published in Physical Review Letter and was
selected as Editor's Selection, and was also featured in
Physics, a general interest journal published by the
American Physical Society (see figure below). Using this
new correspondence, Hikida et.al. in CO1 succeeded to
calculate the correlation function of the de Sitter Universe,
which is related to the density fluctuations during inflation

(2]

In addition, we have actively been working on extending
the gauge-gravity correspondence beyond the standard
AdS/CFT. Though in gauge/gravity correspondence, we
usually consider conformal field theories (CFT) on a
compact space without boundary, recent studies of black
hole information problems often employ the gauge gravity

Fig. de Sitter Space
and CFT

correspondence to CFTs on spaces with boundaries
(BCFTs). Such an extension is called the AdS/BCFT corre-
spondence, which was discovered by Takayanagi in 2010.
Kenta Suzuki and Takayanagi in CO1 have noted that a new
correspondence, called Island/BCFT, derived from the AdS/
BCFT, in two-dimensional BCFTs by analyzing the entan-
glement entropy, a fundamental quantity in quantum
information theory [3]. Subsequently, in collaboration with
Izumi, Shiromizu, and Tanahashi in C03, experts of the
brane-world theory, we successfully determined the
behavior of the energy-momentum tensor and verified the
Island/BCFT in higher dimensional BCFTs [4]. Sekino,
Kitamura, and Miyashita in CO1 succeeded in deriving the
gauge/gravity correspondence for weak coupling gauge
theories, including those appear in Dp-branes, by
superstring theory based on a "string bit" picture [5].

Despite the fact that the gauge-gravity correspondence
(AdS/CFT correspondence) in the anti-de Sitter universe
has been studied for a long time, its fundamental principle
is still not understood. Okuyama in CO1, in collaboration
with Hatsuda (Rikkyo U.) analyzed the large-N expansion
of the integrated four-point function of the N=4 supersym-
metric Yang-Mills theory and found that the non-perturba-
tive corrections corresponding to the D3 branes in the bulk
appear [6]. Sugimoto in CO1, together with Fujita (Sun
Yat-Sen U.), Hatta (BNL) and Ueda (Seikei U.), developed
a formalism to calculate gravitational form factors of a
nucleon based on the gauge/gravity correspondence, and
computed the nuclear D-term [7]. Harper in CO1 also
improved a method for describing space-time as a collection
of qubits, called Bit threads, so that multi-partite entangle-
ment can be incorporated [8].

[11Y. Hikida, T. Nishioka, T. Takayanagi and Y. Taki, Phys. Rev.
Lett. 129, 041601 (2022)

[21 H. Y. Chen and Y. Hikida, Phys. Rev. Lett. 129, 061601 (2022)
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Tanahashi, JHEP 10, 050 (2022)
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(2022)
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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.

This year we have developed a theory using expanding
edges as simulators for the quantum universe, and have
formulated a quantum field theory in (1+1)-dimensional
curved spacetimes to analyze the edge dynamics [1]. We
have also shown that the expanding edges can be regarded
as expanding universe simulators of two-dimensional dila-
ton-gravity models, including the Jackiw-Teitelboim
gravity model. As an application, we pointed out that our
theoretical setup might simulate the emission of analog
Hawking radiation with the Gibbons-Hawking temperature
from a future de Sitter horizon formed in the expanding
edge region [1].

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) semi-
conductor devices that allow us to achieve an equivalent
physical system to the quantum universe. We plan to build
a 5-mK system using a dilution refrigerator; however, the
refrigerator have not been delivered yet, so we are focusing
most of our resources on designing and fabricating semi-
conductor devices and printed circuit boards for the refrig-
erator. The arbitrary waveform generator we introduced this
year can generate two sets of phase-controlled waveforms
with 20-ps accuracy, which are applied to the expansion
gate to expand the edge and a sine wave equivalent to the
light from distant galaxies (up to 20 GHz). We have
fabricated about 700 devices and tested them at 1.2 or 4 K
using our existing refrigerator. We analyzed the crosstalk
signal that directly propagates between the excitation and

Fig. 1 A typical semiconductor
device for quantum universe
experiment and printed circuit
board for the refrigerator.

detection gates by the speed of light. As a visualization
tool, we have developed a new pump-probe reflection
stroboscope and microscopy, which improved the time
resolution from a few 100 ps [2] to a few ps [3].

On the theoretical side, Hotta et al. considered the
conceptual issues of deep learning for metric detectors
using test particle geodesics in curved spacetimes [4]. We
also explored the limitation incurred by the energy conser-
vation law, which is universal but is one of the non-additive
conservation laws. We present a lower bound for the error
of a quantum measurement using a scattering process
satisfying the energy conservation law [5].

Shibata et al. have numerically analyzed the edge state of
the fractional quantum Hall (FQH) state by using the
density matrix renormalization group (DMRG) method.
From this year we started the analysis on the time evolution
using the time-dependent variational principle (TDVP)
method, not only the ground state. TDVP is a recently
developed method that allows us to calculate time evolution
even in the presence of long-range interactions. Using this
method, we are investigating the dynamic properties by
tracking changes in the electron density of the FQH state
that occur when the edge potential is abruptly changed.

Yonekura and coauthors have studied the Green-Schwarz
mechanism in string theory at the nonperturbative level
[6,7], performing explicit computations in the case of
8-dimensional spacetimes [6] and studying the structure of
anomalies of general heterotic string theories systematically
[7]. They also argued that cosmic strings in the Universe
can be produced from pure Yang-Mills theories[8,9].
Properties of the strings are studied by the methods of
generalized symmetry, electric-magnetic duality, and
holography. They also computed the gravitational wave
signals and found that they could potentially be observed in
future experiments.

[1] M. Hotta et al., Phys. Rev. D 105, 105009 (2022).

[2] A. Kamiyama et al., Phys. Rev. Research 4, L012040 (2022).
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044051 (2022).
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In our group, we are working on the basic research for
the birth of the Universe and the origin of the acceleration
of the Universe, as well as for the interior of black holes
from the perspective of higher and four dimensional
spacetimes.

We analyzed the higher dimensional version of AdS/
BCFT correspondence developed by the members of the
CO01 team. This correspondence can be regarded as a joint
system between the braneworld, which is a higher
dimensional model, and the setting of AdS/CFT. Izumi,
Shiromizu, and Tanahashi solved the linearized Einstein’s
equations under appropriate boundary conditions and
obtained the stress-energy tensor of the CFT. This work
confirms the further validity of AdS/BCFT [1].

The positive energy theorem guarantees the stability of a
spacetime. A higher dimensional formulation of this proof
was attempted by Shiromizu and his colleague Soligon [2].
Specifically, we consider a higher dimensional hypothetical
spacetime and construct the four dimensional universe in
such a way that it becomes a minimal surface. It was
demonstrated that the total energy of the hypothetical
universe is smaller than that of our universe, and pointed
out that it is non-negative. Minimal surfaces in higher-di-
mensional spacetime are known to be closely related to
quantum information via the Ryu-Takayanagi formula. We
hope that the present work will provide a foundation for the
research of this area.

By applying Penrose's singularity theorem for gravita-
tional collapse to the expanding universe, Yoshida showed
that the size of the universe is finite and its upper bound is
determined by the expansion rate of the observed region [3],
provided that gravity is attractive and there is no initial
singularity of the universe due to effects such as quantum
gravity.

Observations of black holes have advanced the verifica-
tion of general relativity in strong gravitational region.
Izumi, Shiromizu and Yoshino, along with research collab-
orator Amo, analyzed the trajectory of light near null
infinity which can be identified as the orbit of a distant
observer [4]. Previous studies have focused on the
trajectory of light rays emitted in a direction orthogonal to
the line-of-sight direction, but this time we dealt with the

Gravitational waves
im higher dim.

Excitations in BCFT ‘.L'-,\

AdS/BCFT and braneworld

case in which light rays emitted slightly inward are also
taken into account. As a result, it turns out that not all light
rays reach null infinity. Amo's series of research presenta-
tions have been highly evaluated, and he has received the
Student Presentation Award of the Physical Society of
Japan. Izumi has proposed a surface that detects gravity
regardless of its strength (attractive gravity probe surface,
AGPS) and proved its area inequality. Generalizing this
idea, Izumi, Shiromizu, Yoshino and research collaborator
Lee have proposed four different types of surfaces and suc-
cessfully incorporated the contributions of angular
momentum, gravitational waves, and matter to each
inequality [5]. Inspired by this research, we have also in-
vestigated the upper limit of area for black holes in the ac-
celerating universe [6]. This result suggests that, in
principle, the size of primordial black holes becomes
smaller than expected.

Kobayashi was able to give new theoretical constraints
on modified theories of gravity from observations of cosmic
microwave background (CMB) [7]. We investigated the
cosmological perturbations in a general modified gravita-
tional theory with two tensor modes and no extra scalar
modes, and performed theoretical calculations including the
numerical code of CMB fluctuations. As a result, it was
shown that the theoretical parameters can be constrained
more severely than those obtained from the solar system
tests and gravitational wave observations.

In addition, Nozawa constructed a new solution of super-
gravity theory bearing in mind the application to the con-
struction of black hole solutions in the braneworld
[arXiv:2211.06517]. Sago wrote a textbook on perturbation
theory of gravitational waves from black holes [8]. In order
to explore the possibility of signs of quantum gravity from
gravitational wave observations, we are investigating the
effects of changes in boundary conditions on the waveforms
near black holes.

[1] K. Izumi, T. Shiromizu, K. Suzuki, T. Takayanagi and N.
Tanahashi, JHEP 10, 050 (2022).

[2] T. Shiromizu and D. Soligon, Eur. Phys. J. Plus 137, 103 (2022).

[3] K. Nomura and D. Yoshida, Phys. Rev. D 106, 124016 (2022).

[4] M. Amo, K. Tzumi, Y. Tomikawa, H. Yoshino and T. Shiromizu,
Phys. Rev. D 106, 084007 (2022).

[5]1 K. Lee, T. Shiromizu, K. Izumi, H. Yoshino and Y. Tomikawa,
Phys. Rev. D 106, 064028 (2022).

[6] T. Shiromizu, K. Izumi, K. Lee and D. Soligon, Phys. Rev. D 106,
084014 (2022).

[7] T. Hiramatsu and T. Kobayashi, JCAP 07, 040 (2022).
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Physical phenomena of elementary particles and quantum
many-body systems are described by quantum field theory.
The goal of group DO1 is to understand the dynamics of
matter exhibiting quantum behavior from the viewpoint of
quantum information theory.

Quantum field theory allows not only point particles such
as elementary particles but also extended operators called
defects. The existence of the latter has a significant impact
on phase structure and dynamics, but their properties are
still not as well understood as those of point particles.
Nishioka showed that in conformal field theories, defects
play a mirror-like role with respect to point particles, and a
method similar to the mirror method in electromagnetism
can be applied to determine the correlation functions of
point particles. It is also showed that the critical points of
the O(N) vector model with boundary and line operators
have conformal symmetry, but their behavior can be
determined from a natural set of axioms [1].

Quantum error correction is an essential technique for
implementing fault-tolerant quantum computers, but its
mathematical structure appears in various research fields.
Nishioka and Okuda proposed a new way to construct a
(1+1)-dimensional conformal field theory from certain
non-binary quantum error correcting codes [2].

Quantum computers are expected to efficiently simulate
physical systems that are difficult to simulate with classical
computers. The Schwinger model is a (1+1)-dimensional
gauge theory with features similar to QCD. Normally, a
repulsion force acts between particles with the same
positive and negative charges and an attractive force acts
between particles with opposite positive and negative
charges, but Ito and Honda have succeeded in realizing a
situation where a repulsion force acts between particles
with opposite charges (Figure 1) through numerical
quantum simulations [3]. This result was selected as
Editor's Choice of PTEP. Okuda investigated the local
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Figure 1 Under normal circumstances, particles with opposite positive and
negative charges are attracted to each other (left), but the opposite situation,
repulsion, can occur (right).

physics of the Schwinger model in a system with
boundaries using bosonization and the density matrix renor-
malization group [4]. Ito and Honda studied the charge-q
Schwinger model by tensor network method and showed
how the ’t Hooft anomaly between discrete chiral and
1-form symmetries is realized numerically, consistent with
the theoretical prediction [5].

Various quantum computers are currently in practice, but
due to noise, computational errors cannot be ignored. To
estimate such errors, Okuda, Maruyoshi, Suzuki, Yamazaki,
and Yoshida implemented integrable Trotterization of the
XXX spin chain on an actual quantum computer, observed
the decay of the conserved charge due to noise, and
proposed using the decay rate as a benchmark [5]. Okuda
and Sukeino formulated a quantum simulation of lattice
gauge theory using measurement-based quantum
computation methods and clarified the properties of the
resource states used in the simulation as SPT phases [6].

Honda showed that the Riemann conjecture, one of the
Millennium problems, is equivalent to the conditions on
certain physical quantities in string theory and supersym-
metric gauge theory. He also constructed various quantum
field theories with subsystem symmetries closely related to
the fracton phase and investigated fundamental properties
such as vacuum structure, duality, and the "t Hooft anomaly
[7]. Nandy investigated the time evolution of operators in
open quantum systems using the Krylov complexity, which
is a measure of the speed of quantum information diffusion
[8].

Our group organized a summer school this year. Details
are available in the meeting report.

[1] T. Nishioka, Y. Okuyama, S. Shimamori, Phys. Rev. D 106,
L081701 (2022), arXiv:2212.04076, 2212.04078.

[2] K. Kawabata, T. Nishioka, T. Okuda, arXiv:2212.07089.

[3] M. Honda, E. Itou, Y. Kikuchi, Y. Tanizaki, PTEP 2022, 033B01
(2022).

[4] T. Okuda, arXiv:2210.00297

[5]1 M. Honda, E. Itou, Y. Tanizaki, JHEP 11, 141 (2022).

[5] K. Maruyoshi, T. Okuda, J. W. Pedersen, R. Suzuki, M. Yamazaki,
Y. Yoshida, arXiv:2208.00576.
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[7] M. Honda, T. Yoda, arXiv: 2203.17091; M. Honda, T. Nakanishi,
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[8] A. Bhattacharya, P. Nandy, P. P. Nath, H. Sahu, JHEP 12, 081
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The research group D02 aims to develop studies on the
tensor network (TN), which is an essential tool for quantita-
tively analyzing quantum many-body systems, and to gain
the deeper understanding of various interesting phenomena
in condensed matter systems by shedding a light on the
underlying entanglement and mathematical structures. The
resulting insight about TNs and quantum many-body
systems is expected to be a key to the interdisciplinary
types of extreme universe collaboration. This year, Dr.
Furuya and Dr. Yosprakob were appointed as ExU PDs at
the University of Tokyo and Niigata University in April
and October, respectively. As of the end of December, we
have published 21 papers (including preprints), including
an invited review paper on the TN [1]. Here, we would like
to introduce some research highlights.

The TN provides a systematic and theoretical framework
for describing quantum many-body states and practical
numerical algorithms. Recently, Okunishi, Ueda, and
Harada, with Hikihara and Nishino, succeeded in
elucidating the optimization principle of the network
structure for so-called Tree TN and developing a practical
TN algorithm that is easy to apply to a wide class of
quantum spin systems[2]. Details of this result are
separately described in “Recent Research” on page 63 in
the present newsletter, and thus we omit the explanation.
Here we note that since the network structure of a discrete
system corresponds to the geometry of a corresponding
continuous system, determining the optimal network
structure may help us understand more about the Gauge/
gravity correspondence. Also, Harada, Okubo, et al.
extended the similar network structure optimization of the
Tree TN to the machine learning problem. We hope these
results promote further studies of similar topics in other
research areas related to TN.

In condensed matter physics, precise analysis of quantum
many-body problems based on their underlying mathemati-
cal structure often plays an essential role in the universal
understanding of various phenomena. Recently, quantum
scar states, which exhibit peculiar quantum dynamics, have
attracted much attention from theoretical and experimental
viewpoints. Katsura et al. systematically constructed a
series of quantum scar states for a spinless fermion model
and a multicomponent Hubbard model based on the insight
into their underlying algebraic structure[3]. Also, Katsura
succeeded in constructing an exact solution for the clean
limit of a supersymmetric SYK model. In this ExU collabo-
ration, the SYK model is one of the most important models
associated with quantum information scrambling and black
hole information loss. Further developments in the physics

of the SYK, like the relation with a lattice version of the su-
persymmetry breaking [4], are also interesting across
various research fields. On the other hand, Hotta et al.
combined a sine-squared deformation -a technique
modifying the form of the Hamiotonian which has been
studied in various ways by the D02 members- with the
mean-field approximation and successfully determined the
quantum many-body phases of long spatial periods for the
Hubbard model with antisymmetric Rashba-type spin-orbit
coupling [5]. Hotta and another collaborator also clarified
that band structures with chiral symmetry appear due to the
effective SU(2) gauge field induced by the spin-orbit
interaction in the Kagome lattice [6]. Hotta and Harada
developed a collaboration on the quantum dynamics for
transverse-field Ising models using the Glauber-type
quantum Monte Carlo method [7]. Meanwhile, Furuya
proposed a novel one-dimensional quantum spin model in
which symmetry-protected topological order and gapless
excitation coexist [8]. Furuya also launched joint research
on feedback control of quantum dynamics with Katsura and
Hotta.

One may thus find that the research collaboration within
the D02 group is progressing smoothly. In addition, some
cross-disciplinary collaborations have started; For instance,
Ueda has developed a large-scale exact diagonalization
package QS3 for the low particle number limit in
cooperation with Yamamoto of the B02 group and
Shimokawa of the E02 group [9]. Yosprakob, who joined in
October, has a background in lattice gauge theory and
launched a new research project on the tensor renormaliza-
tion group. Next year, we would like to accelerate collabo-
rative research with young researchers and other groups.

[1] K. Okunishi, T. Nishino, and H. Ueda, J. Phys. Soc. Jpn. 91,
062001 (2022) [invited review].

[2] K. Okunishi, H. Ueda, and T. Nishino, arXiv:2210.11741; T.
Hikihara, H. Ueda, K. Okunishi, K. Harada, and T. Nishino, Phys.
Rev. Research 5, 013031 (2023).

[3] K. Tamura and H. Katsura, Phys. Rev. B 106, 144306 (2022); M.
Nakagawa, H. Katsura, and M. Ueda, arXiv:2205.07235.

[4] H. Katsura and T. Nakayama, JHEP 2022, 72 (2022).

[5] M. Kawano and C. Hotta, Phys. Rev. Research 4, L012033; M
Kawano and C Hotta, arXiv:2208.09902.

[6] H. Nakai and C. Hotta, Nature Comm. 13, 579 (2022); H. Nakai,
M. Kawano, and C. Hotta, arXiv:2208.07171.

[7] C. Hotta, T. Yoshida, and K. Harada, arXiv:2209.11599.

[8] Y. Hidaka, S. C. Furuya, A. Ueda, and Y. Tada, Phys. Rev. B 106,
144436 (2022); S. C. Furuya and K. Morita, arXiv:2207.02485.

[9] H. Ueda, S. Yunoki, and T. Shimokawa, Comput. Phys. Commun.
277, 108369 (2022).
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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 firee 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 results obtained to date include a universal trade-off
structure between symmetry, irreversibility, and quantum
coherence. This trade-off particularly reveals that (1) under
a global symmetry, any attempt to induce local dynamics
that change the conserved quantity will cause inevitable ir-
reversibility, and (2) such irreversibility could be mitigated
by quantum coherence. This relation admits broad applica-
tions including measurement, error-correction, gate imple-
mentation, thermodynamics, and black hole physics. For
example, we apply our relation to black hole physics and
obtain a universal lower bound on how many bits of
classical information thrown into a black hole become
unreadable under the Hayden-Preskill model with the
energy conservation law. This particularly shows that when
the black hole is large enough, under suitable encoding, at
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least about m/4 bits of the thrown m bits will be irrecover-
able until 99 percent of the black hole evaporates. In the
future, I aim to extend and apply these results more and
more.

Study of physically natural method to generate t-design in

quantum many-body systems based on quantum control theory

Random unitary transformation is one of the central
techniques in quantum information processing. In early
stages of quantum information processing research, random
unitary transformation based on Haar measure is used.
Here, Haar measure is a regular invariant measure on the
unitary group. However, it was recognized that the imple-
mentation of the random unitary transformation based on
the Haar measure requires exponential time. Therefore,
unitary t-design, a measure that approximates the Haar
measure, has attracted much attention. A t-design are not
only essential for various quantum information processing,
but have recently been found to be important as a method
for approximating quantum chaotic systems and for Mar-
kovizations of environmental systems.

Existing t-design generation protocols are designed as
polynomial-time algorithms that work efficiently on a
quantum computer. However, it difficult to implement them
on a quantum many-body system. In this project, we are
focus on finding a physically more natural way to generate
t-designs in quantum many-body systems than existing
methods, with applications such as Markovianization and
quantum chaos in mind. First, by applying the techniques of
quantum control theory, we prove the existence of a random
control method such that the random dynamics of the whole
system is t-design in a fully controllable quantum system.
In a quantum many-body system, it is natural to assume a
situation in which a random action is externally applied
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only to the restricted degrees of freedom. Therefore, by
using the random control method proved above, we show
that t-design of the whole system can be achieved by
random unitary transformations to small subsystems in
well-known one-dimensional and two-dimensional spin
systems. Furthermore, we aim to apply the obtained new
t-design generation method to quantum information
processing. In particular, by creating parametric quantum
circuits based on the new method, we aim to devise a new
quantum many-body device that can perform variational
quantum algorithms by accessing only a part of the system.
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Tensor networks are an efficient representation to
describe quantum many-body states or operators with a
small number of parameters. They are widely used in ExU
researches too, to analyze the dynamics of quantum
many-body systems and the holography principle. The use
of tensor networks has been spreading to various fields of
physics in recent years, but even in relatively simple cases
such as one-dimensional (1D) networks, there are still many
unresolved aspects in the theoretical foundation.

In this publicly offered research, we will clarify what
kind of quantum states can be described by 1D tensor
networks, called MPO. In 1D systems, two major types are
known: MPS and MPO (there is also another type called
MERA, but we do not discuss it here). It is theoretically
known that the quantum states that can be efficiently
represented by MPS coincide with the low-temperature
states (ground states) of 1D systems. This indicates not only
that MPS is suitable for describing low-temperature states,
but also that MPS is not suitable for describing other states,
which is a limitation of MPS’s expressive capability. In
contrast, MPO is a tensor network suitable for describing
thermal states in 1D systems. However, it is known that the
states described by MPO include states beyond that, and it
is not clear to what exactly the physical states described by
MPO. The problem of the description range of tensor
networks is not well understood except for MPS, and this
research will tackle this unsolved problem for MPO as a
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first step.

Interestingly, MPO is also related to the physics of 2D
spin systems. It has been pointed out that the physical
properties of 2D noncritical systems at low temperatures
are reflected in the 1D system at the boundary of the
system. The 1D state at the boundary is described by MPO,
so we plan to address the “holographic” correspondence
between such 2D low-temperature states and 1D thermal
states in the latter half of this proposal.

Development of quantum many body system out-of-

equilibrium and quantum information control with NMR

Nuclear spins weakly interact with electron spins through
hyperfine interactions in the energy scale of MHz-GHz. The
hyperfine interactions include a variety of information
associated with the electronic structure and symmetry. Our
research group utilizes nuclear magnetic resonance (NMR)
as the local probe of symmetry breaking and low energy
excitation in condensed quantum matters by determining
and solving the hyperfine interaction. Our target materials
are the system having macroscopic quantum entanglements
such as quantum Hall effects and quantum spin liquids
without showing conventional long-range orders. These
states can carry anyons with fractional statistics, which are
important for the fault-tolerant quantum computation. Our
aim is to observe such an emergent quasiparticle by NMR
spectroscopy. Although the quantum Hall effect has been
realized only on two-dimensional systems, the recent
discovery of three-dimensional Dirac semimetals having
linear energy dispersion opens the door for magnetic studies
by NMR etc. Indeed, we have observed the quantized
motion of Dirac fermions in the NMR relaxation rates at
high fields and low temperatures. In quantum spin liquids,
there is no electric charge carrier but spin excitation. It has
a topological order with the long-range quantum entangle-
ment for a gapped spin liquid case analogous to the
quantum Hall regime. We have found some candidate
materials exhibiting as quantum spin liquid in frustrated
spin systems. Can nuclear spins mediate the long-range en-
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tanglement of electrons? In this project, we will develop the
new open quantum many-body system by combining the
macroscopic quantum states and nuclear spins, which is
useful to read out the quantum information.
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In this research, we will perform an experiment 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.

In the cold-atom experimental platform, it is possible to
construct a qubit array with the optical tweezers array
technique, where locally focused laser beams are used to
trap each atom individually and arrange them in an arbitrary
shape. Long-range interactions can also be induced between
atoms by exciting them to a highly-excited electronic state
called a Rydberg state. In this experiment, we produce a
large-scale entanglement over the atomic qubit array and
generate the graph state via a time evolution under the
long-range Ising interaction between atoms.

We excite cold Rubidium atoms trapped in an optical
tweezers array to the Rydberg state by pulsed lasers, which
induce Ising-type long-range interactions between the
atoms and time evolution to generate large-scale entangle-
ment over the atomic qubit array, creating the graph state.
By using pulsed lasers to excite the atoms in a short time
compared to the time scale of the atomic interactions, we
can ignore the Rydberg interactions during the excitation,
subsequently inducing interactions between the atoms si-
multaneously, while continuous wave lasers are generally
used in the Rydberg excitation. This is different from the
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conventional method of performing two-qubit gates for
each individual qubit pair and forming entanglement se-
quentially. We investigate the optimal Rydberg electronic
states, state manipulations, and graph geometries for graph
state generation. We characterize the fidelity of the
generated states by combining single-site addressing sin-
gle-qubit gate operations.

In addition, we implement individual local measurement
that does not affect other atoms in the neighborhood, and
explore the possibility of using the generated graph states
as a resource for measurement-based quantum computation.

Search of topological phenomena in correlated open

quantum systems based on quantum entanglement

In this decade, topological aspects of condensed matters
have extensively studied. In topological phases, such as
topological insulators, topologically nontrivial properties
induce gapless boundary modes robust against perturba-
tions. In addition to the above significant developments,
non-Hermitian systems, such as open quantum systems,
attract much interest recently. For such systems, a variety
of novel phenomena (e.g., the emergence of exceptional
points and the non-Hermitian skin effect) are reported due
to the interplay between the non-Hermiticity and the
topology. In my project, I address analysis of topological
open quantum systems in terms of extreme universe.

In particular, recent developments of technology allow us
to experimentally tune dissipation and correlations for cold
atoms. In these systems, interplay between strong correla-
tions and non-Hermitian topology would trigger off novel
phenomena unique to strongly correlated open quantum
systems. I particularly analyze these open quantum systems
in search of exotic non-Hermitian topological phenomena.
Furthermore, I address theoretical proposals how to experi-
mentally observe such novel phenomena for cold atoms.

By communicating other researcher of extreme universe,
I also address the above project from the interdisciplinary
viewpoint.
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An approach to quantum gravity from quantum information

theory and condensed matter theory

General relativity and quantum mechanics are the most
important developments in physics in the 20th century.
However, quantum gravity, which is the combination of
relativity and quantum mechanics, is still not fully
understood yet. In this research, we study quantum gravity
from the perspective of quantum information and condensed
matter physics. Through that, we study how quantum
mechanics and general relativity are combined and how
spacetime emerges from quantum mechanical systems.
Furthermore, we study the implication of quantum gravity
on low energy effective theory through the lens of quantum
information and condensed matter theory. Based on that,
we study how quantum gravity gives predictions for our
spacetime and universe as well as elementary particles. We
also analyze the quantum information structure in
condensed matter and quantum phases out of equilibrium
and apply these results to problems in quantum gravity.

More specifically, we study “[A]application of quantum
channels and open quantum systems to quantum gravity”,
“[B]Quantum information and the Swampland program”,
“[C]Quantum information aspects of emergence and phases
in condensed matter systems”.

In [A], we study open dynamics in the SYK model and
then generalize to the top-down AdS/CFT. Based on those,
we understand the emergence of time and the dual of
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physics

Tensor network (TN) method was originally proposed as
a variational method to solve quantum many-body system
in the condensed matter physics. At present, various im-
provements have been made on the method, and its applica-
tions have spread to many fields such as elementary particle
physics, quantum information, and quantum chemistry. I
am particularly interested in applying the TN method to
quantum field theory, which is a theoretical foundation of
elementary particle physics. My final goal is to obtain the
dynamics of the theory, which are difficult to capture with
the Monte Carlo method due to the sign problem, from first
principle computation using the TN method. Interesting
physical systems inherent the sign problem include QCD
with finite baryon density, real-time path integral, lattice
chiral gauge theory, lattice SUSY, and system having a
topological theta term. Currently I am working on revealing
a phase structure of CP (1) model with the topological term,
which is known as a toy-model of QCD. Although it is
expected that the knowledge of QCD can be obtained by
analyzing the model, at present the phase structure of CP(1)
itself is under debate. Thus, I would like to draw a final
conclusion by using a more sophisticated TN method.

While the TN method has no sign problem, it still has a
problem of drastic increase in computational cost when
applied to higher dimensional system. A key to solve the
problem is how to compress the information of tensor.
Various ideas have been proposed so far, such as incorpo-
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non-unitary theories, which are not well understood. In [B],
we aim to understand the swampland program in the
language of quantum information theory. Beyond the black
hole thermodynamics, we derive the swampland conditions
by quantum information approach and quantum entangle-
ment, which are more basic properties in quantum gravity.
In [C], we study quantum information structures in
emergent gauge fields from condensed matter (spin
systems) like Lifsihtz gravity, fracton topological order.
Emergent gauge fields are ubiquitous in condensed matter
systems. Since gravity is also a gauge field, they are similar
in that sense. Through the understanding of quantum
information properties in the system with emergent gauge
fields, we try to understand quantum gravity.

Application of tensor networks to elementary particle
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rating environment effects and local correlations, or a
stochastic method. In this project, I aim to develop a highly
efficient coarse-graining algorithm for high dimensional
system by interweaving such knowledge.
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The emergence of space-time is considered to be an
essential feature of quantum gravity. It has been recognized
that quantum entanglement plays a crucial role there. The
gauge/gravity correspondence is a typical example in which
the emergence of space-time is realized. The purpose of this
project is to make progress in the construction of quantum
gravity by studying continuum tensor networks based on
the renormalization group in the gauge/gravity correspon-
dence.

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. 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 by using the variational
method, while the variational method seems difficult to
apply to interacting theories. Since the layers in the network
of the MERA can be interpreted as the scale of renormal-
ization group, which corresponds to the bulk direction, con-
structing the cMERA is considered to be equivalent to
obtaining the scale dependence of wave functionals. In this
project, we study the construction of continuum tensor
networks based on renormalization group. In particular, we
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inflationary models

Stochastic approach of inflation treats the quantum
inflaton field as a classical stochastic variable. The basic
equation of this approach is the Langevin equation for the
long wavelength modes of the inflaton field with the
stochastic noise from the short wavelength inflaton fluctua-
tions. Hence the evolution of the inflation field has the
similar behavior as a Brownian particle. This approach can
effectively include large-scale non-linear quantum fluctua-
tions and its validity is discussed from the IR structure of
quantum fluctuations in de Sitter spacetime.

Based on the stochastic picture of inflation, there appears
the eternal phase in which inflation never terminates due to
quantum fluctuations. The realization of the eternal phase
depends on parameters of the inflaton potential, and in the
eternal phase, the global structure of inflationary spacetime
becomes inhomogeneous and very complicated.

Although the stochastic approach of inflation includes
quantum effect as the short wavelength random noise, it
does not take into account of quantum entanglement, which
is a key property of quantum systems. The purpose of this
research project is to investigate effect of quantum entan-
glement on the stochastic picture of inflation. For this
purpose, we will employ a qubit model of inflation with
quantum entanglement and investigate evolution of entan-
glement structure of this model. We will also investigate
“information” of this model to understand emergence of
“classical property” in the stochastic inflation.
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focus on the exact renormalization group and the tensor
renormalization group, which can be viewed as a path-inte-
gral formulation of the MERA.

We construct the exact renormalization group for wave
functionals in quantum scalar field theories, which enables
nonperturbative analyses of the wave functionals. We also
develop a numerical method to examine the scale
dependence of the wave functionals by taking the
continuum limit of the tensor renormalization group for
lattice field theories. We construct the continuum tensor
networks by using these methods and extract the dynamics
of gravity from the networks to study the emergence of
space through quantum entanglement.

Quantum entanglement and information scrambling in
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My main research area is superstring theory in
elementary particle theory. Superstring theory is considered
to be a leading candidate for the ultimate theory that can
uniformly describe the four forces that exist in nature: elec-
tromagnetic force, weak force, strong force, and gravity.
There are various research themes in string theory research,
but I am interested in the duality (equivalence) between
gauge theory and gravity (string) theory. This duality is
realized by the gravitational (string) theory on the Anti-de
Sitter (AdS) space and the field theory with conformal
symmetry (Conformal Field Theory, CFT) equivalence.
This duality was originally proposed by Maldacena. This
equivalence is one of the realization examples of the
holographic principle, but the basic mechanism of how this
principle is realized has not yet been elucidated.

For this mechanism, I have applied mathematical and
physical analysis based on the integrable structure that
exists behind the duality, chaotic motion and turbulent
behavior of strings, and chaotic scattering in gauge theory.
We are conducting research from this perspective. It is a
very important research topic to understand the relationship
between quantum information theory, which is the subject
of this research area, and these themes.

The subject of my publicly offered research is to analyze
the Jackiw-Teitelboim gravity, a toy model in which dilaton
is coupled to two-dimensional gravity, in order to clarify
quantum information theory and the holographic principle.

B> Y Proct

Study of quantum theory of gravity based on the Jackiw-
Teitelboim gravity theory
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There are various choices for the dilaton potential, and our
previous research has shown that the sinh-type potential
leads to the well-known Liouville gravity. By promoting
this research, I would like to explore the relationship with
quantum information theory and the clues to clarify the
fundamental degrees of freedom in quantum gravity.

Theoretical modeling of optomechanical pendulum for

testing quantumness of gravity

My research focuses on themes related to the verification
of the quantum mechanical properties of gravity. This
theme, which revisits the question of whether the gravity
follows the framework of quantum mechanics or not, has a
long history of deep consideration by Feynman and
Penrose, and is a very interesting theme that is related to
recent developments in quantum information and quantum
technology. Quantum entanglement caused by gravitational
interaction is one of the main interests, and I am also
conducting theoretical research to clarify its significance for
quantum gravity theory and whether it can be verified ex-
perimentally. We focus on how a quantum mechanical
system interacts through gravity, but since gravity is very
weak, it is necessary to realize the quantum state of a
macroscopic object. Optomechanical systems play an
important role in realizing the quantum states of such
macroscopic objects. An optomechanical system is a
mechanical system with one end of an optical cavity as a
mirror oscillator that interacts with the cavity light. The
Michelson interferometer, which combines them, is used in
gravitational wave detection, and related research and
technology are developing. In the proposal of my research,
we are constructing a theoretical model of an optomechani-
cal system with a suspended mirror oscillator called a beam
model for the purpose of realizing the quantum state of
macroscopic objects and verifying the quantum mechanical
properties of gravity in the future. Based on the beam
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model, we plan to make theoretical predictions of the noise
and dissipation to characterize optomechanical mirror
oscillators, and of the quantum state when quantum control
is performed by feedback control with continuous
measurement.
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information

The goal of this publicly offered research is to understand
the quantum (microscopic) aspects of black holes and
wormbholes in terms of holographic principles and quantum
information theory.

Black holes have been playing a crucial role to
understand the quantum aspects of gravity. In particular, the
recent discovery of microscopic wormholes (so-called
replica wormholes) associated with black holes has made
significant progress toward solving the famous black hole
information loss puzzle. This progress is mainly based on
the semi-classical (macroscopic) picture, while the quantum
(microscopic) picture is still unclear and problematic.

I am now studying “What microscopic properties of the
wormbholes play an important role?” and “Is there any way
to complement the relationship between the micro and
macroscopic pictures of wormholes?”. These questions are
directly related to the research of Group B.

More specifically, my current research plans are to (1)
clarify the microscopic and macroscopic properties of
candidate quantum states that describe the microstructure of
wormholes in terms of quantum information theoretic
quantities and (2) study the quantum operations that
“decompose” macroscopic wormholes into microscopic
ones and their effects on the wormhole geometries. Interest-
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Quantum entanglement has attracted a great deal of
attention in recent years. In particular, theoretical studies
using entanglement entropy (EE) have revealed that
quantum entanglement is important for understanding
unique and exotic states in quantum systems, such as
quantum spin liquids and topological order. In addition, the
concept of quantum entanglement has been shown to be in-
trinsically important for the development of new numerical
methods, such as tensor network methods. On the other
hand, it is known that it is challenging to measure EE
directly experimentally, except for a small number of
systems such as cold atoms or optical systems. Our study
focuses on so-called entanglement witnesses (EWs) such as
one tangle, concurrence, and quantum Fisher information.
These can be written in terms of spin-spin correlation
functions and dynamical spin structure factors, which are
familiar in the field of magnetism, and are known to be
accessible with some experimental techniques such as
neutron scattering experiments [1-4]. We focus on quantum
states such as quantum spin liquid states and random singlet
states, which do not exhibit magnetic orders even at very
low temperatures, and for which positive experimental
evidence characterizing them is difficult to obtain. Our
main purpose of this study is to clarify numerically whether
the above EWs can characterize these unique quantum
states. We also aim to establish theoretical guidelines that
will lead to experimental detection and control methods of

@ Mesoscopic picture of black holes from quantum
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ingly, these topics are closely related to the research of
Group C and D, so I am very excited to join this Extreme
Universe collaboration which will lead to new research
directions. I am also interested in studying “(3) implications
of such microscopic wormholes to physics such as
symmetries”.

Entanglement Witness in Quantum Frustrated Magnets
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the exotic quantum states in candidate materials.
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Study of novel quantum many-body phenomena originating

from non-ergodicity in isolated quantum systems

In this publicly offered research, I will study nonergodic-
ity in isolated quantum systems.

The issue of thermalization in isolated quantum
many-body systems has become a realistic problem thanks
to the developments of various quantum simulators such as
cold atoms or molecules in optical lattices, Rydberg atoms
in optical tweezers, trapped ions, and superconducting
qubits. According to previous studies, if a system satisfies
the eigenstate thermalization hypothesis (ETH), the system
will thermalize after a long-time evolution. However, to
prove the ETH is an unsolved problem. It is also known
that some systems do not satisfy the ETH. These systems
are called nonergodic systems. Typical examples of
nonergodic systems are quantum integrable systems,
Anderson localized systems, and many-body localized
systems. Recently, quantum many-body scarred systems
and Hilbert space fragmented systems have been found as
novel ergodicity-broken systems. Inspired by these findings,
I will explore novel quantum-many-body phenomena
originating from the nonergodicity in isolated quantum
systems. In particular, I will study the Hilbert space frag-
mentation in momentum space, which is different from the
previous works. If the Hilbert space fragmentation occurs
in the momentum space, we can naively expect that per-
sistent-current states emerge. [ will study the nature of the
persistent current induced by the Hilbert space fragmenta-
tion in momentum space. I also would like to find novel
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nonequilibrium quantum many-body phenomena and
discover a new nonergodic mechanism. In addition to this
research, I plan to develop and propose schemes for the ex-
perimental implementation of my results obtained in this
project.

Theoretical research on methods to measure quantum natures of

evaporating primordial black holes by using future observations

Inflation, which is believed to have occurred in the early
universe, created quantum curvature (density) perturbations
with a magnitude of approximately one part per hundred
thousand on a large scale. At the same time, it also produces
the cosmic gravitational wave background radiation. As
temperature fluctuations caused by curvature perturbations
were discovered by previous CMB observations, it is
expected to observe B-mode polarization caused by gravita-
tional waves in the future to verify inflation. Recently, the
NANOGrav Collaboration reported the possibility of
observing gravitational waves that have existed since the
beginning of the universe: the NANOGrav experiment has
observed significant modulation of radio waves in the
nanohertz band over a 12.5 year period by correlating the
signals of periodically emitted radio waves by multiple
pulsars. If background gravitational waves exist, they
stretch and contract space-time, thus modifying the
periodicity of the radio waves of those precise pulsars. The
observed value was more than seven orders of magnitude
larger than the gravitational waves directly created by
inflation in the early universe. On the other hand, if the ob-
servationally allowed curvature (density) fluctuations 6 on
small scales produced by inflation can be large (e.g., 6~
0.3). Then, it is possible that an extremely large number of
gravitational waves are produced on small scales through
second-order nonlinear effects. In our paper (Kohri and
Terada, arXiv:2009.11853), we pointed out that this sec-
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ond-order gravitational wave background radiation can
explain the observations. Furthermore, the above large
density fluctuations are expected to collapse in the early
universe to form a black hole of solar mass. This black
hole is called a primordial black hole (PBH) to
distinguish it from the one of astronomical origin. In
fact, gravitational waves are also used as a method to
verify this model. These PBHs formed a binary star in
the early universe and are now merging. The LIGO
-Virgo-Indigo-KAGRA collaboration may find the gravita-
tional waves emitted at that time near future. Thus, the
future gravitational wave experiments will soon be used to
verify inflation in the early universe and discover PBHs.
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What is the black hole information paradox?

The black hole information paradox is a paradox that
started with Hawking’s assertion in the 1970s that black
holes evaporate, and has long plagued researchers ever
since. In this article, I will explain the essence of the
paradox as simple as possible.

1. What is a black hole?

In a nutshell, a black hole is a vacuum solution of
Einstein’s equations. Einstein’s equation is an equation
proposed by Einstein about 100 years ago, which describes
how matter at a certain location bends the space-time
around that. Einstein’s viewpoint is that gravity is caused
by the curvature of space-time. Given this, it might be
obvious that assuming the existence of very strange matter,
very strange spacetime can be produced. But a black hole is
such a type. A black hole solution is a vacuum solution. To
see what it means, suppose that there is massive object only
one point in space, but there is no matter in the vast region
around it. The solution of Einstein’s equations in this case
is the vacuum solution, since there is nothing in space
(except for one point). You can think of the vacuum as
nothing, at least classically. The vacuum solution always
exists since you just need empty space. Therefore, it exists
universally if there is space-time. This universality is one of
the reasons why black holes are interesting.

2. The spacetime structure of a black hole

Next, let us discuss the black hole spacetime structure.
To explain this intuitively, without mentioning complicated
objects like "metric’, let me use the following analogy
(which requires a little bit imagination of the readers). You
are probably familiar with moving sidewalks, which are the
ones you use when you walk down a long corridor to get to
the gate at several airports. However, I would like you to
imagine that there is a "very strange moving sidewalk",
which is a completely different from ordinary ones. First of
all, it is very long and wide. Therefore, unlike ordinary
moving sidewalks, you cannot get out of this moving
sidewalk in the middle. Let me call the entrance to the
moving sidewalk as entrance A, and the exit as B.
Furthermore, imagine that a fire is burning at the exit B.
The fire is burning so hot, so imagine that everyone will be
burned to death the moment they get off the moving
sidewalk at Exit B. By hearing that, nobody would want to
ride on this sidewalk, but let’s continue. This strange
moving sidewalk has an additional feature: the speed of the
moving sidewalk is getting faster and faster. At the entrance
A, the sidewalk is moving at a speed of 5 kilometers per
hour (about the speed of a person walking), but as one keep
riding, the speed of moving sidewalk keeps increasing, to
10 km/h, to 20 km/h, to 30 km/h, and so on. The speed
reaches more than 100 km/h near the exit B. Imagine that
by mistake, you have just taken a wrong ride on this strange
moving sidewalk. But don’t worry. If you can run at 30 km/
h, even if you get on the moving sidewalk, you will be able
to get off safely by running right back to the exit A. The
sidewalk is moving at only 5 km/h near entrance A, so you

can get back at a speed of 25 km/h to A. Of course, it would
be OK to go a little further. But once the speed of moving
sidewalk exceeds 30 km/h, you have no bright future. Even
if you try to return to the entrance A at the maximum speed
of 30 km/h, you can no longer return to A, because the
speed of moving sidewalk is faster than you. In this case
you have no choice than being carried to exit B and burned
to death. You can immediately see that there is a no-return
point, it is when the speed of the moving sidewalk is the 30
km/h. Let’s call this 30 km/h point as H = horizon. The
horizon, H is the no-return point to the entrance A for you.
Suppose you were carrying a bag of non-flammable gems.
If you were on a moving sidewalk going over the H,
horizon, you will be carried over to exit B, but so would the
gems you were carrying. The gems would be stored at the
exit B. Let’s call the exit B a singular point, it is an unusual
(singular) point because a fire is burning, and people are
dying. In summary, a person who gets on this strange
moving sidewalk cannot come back to the entrance A once
she or he crosses the horizon H. Then that person are
carried to the exit B. There are no gems at horizon H. The
gems are accumulated at exit B. So far, we have talked
strange moving sidewalk but in fact, a black hole has the
same structure. Even light, which is the fastest thing in the
world, has a finite speed. It is just like you can only run at a
finite speed of 30 km/h. Once light crosses the horizon of a
black hole, it cannot come back out. Also, the information
carried by light sucked into a black hole is stored at the
singularity which is at the center of the black hole. The
singularity and the horizon are different points and far
apart, and there is no information at the horizon. All the
information is at the singularity.

3. Quantum effects in a black hole

So far, we have explained what structure black hole
spacetime has from the analogy of a strange moving
sidewalk. Next, I will describe what happens when quantum
theory is applied to a spacetime with this horizon. Quantum
theory is difficult to explain intuitively, but one of its char-
acteristics is uncertainty. Classically, we can determine
where we are, at what speed, and with what acceleration,
but in quantum theory one cannot determine all of these at
the same time. There is uncertainty. In quantum theory,
when we consider the vacuum (i.e., classically, there is
nothing), there is something. Particles repeatedly emerge
from the vacuum in pairs and then disappear in pairs. The
pairs of particles produced in such pairs have quantum en-
tanglement, one of the key words of this projects. Pairs of
particles with quantum entanglement are repeatedly created
and then disappear. Suppose one of the pairs has a positive
energy, and the other has a negative energy. The negative
energy particle can not exist and tries to disappear by
sticking with the positive energy particle. But what happens
if only the negative energy particle of the pair, born near
but a little outside, enters the black hole and the positive
energy particle remains outside? If the negative energy
particle is sucked into the black hole, it simply lowers the



mass of the black hole and there is no contradiction. If this
were reversed (a positive energy particle enters the black
hole and a negative energy particle is left outside), it would
be a different story. The negative energy particle left alone
outside cannot exist, so it has no choice but to enter the
black hole in search of its counterpart, the positive energy
particle. Even though this is a very rough argument, the
point I want to emphasize is that if there is a black hole
horizon, positive energy particles can be extracted from a
black hole. This is the evaporation of the black hole. From
the viewpoint of quantum entanglement, the density matrix
of the vacuum wave function (inside and outside the
horizon) is entangled. However, if we trace out inside of the
horizon due to the invisibility, we obtain the density matrix
of the outside, and that is a mixed state, instead of pure
state. In this way, the existence of the horizon is the origin
of black hole evaporation. The evaporation of a black hole
takes place at the horizon.

4. Why do we conclude that information is lost?

As we saw with the strange moving sidewalk, the horizon
is the limit to which we can turn back, but there is no
information there. All information is stored in a singularity
which is away from the horizon. But the evaporation of the
black hole is happening at the horizon. Since there is no
information at the horizon, the positive energy particles
produced at the horizon are apparently uncorrelated to the
particles sucked into the black hole at the singularities. In
other words, the information about the wave function of the
particles that make up the black hole is apparently lost. This
is the crux of Hawking’s argument. Admitting the
space-time structure of a black hole creates a difference
between the horizon and the singularity, and the fact that
the two are different places is the one of the origins of the
information loss paradox.

5. What is the truth?

Readers who adhere to quantum theory will immediately
say that the evaporation of a black hole should follow the
principles of quantum theory; information should be stored
not only at the singularity, but also near the horizon. I
would say this is possible, however if so, then the radiation
of a black hole is essentially the same as the one of a simple
coal, by regarding the horizon as the surface of a coal. Of
course, the Einstein’s equation is a classical theory, not a
quantum theory. But a black hole with a huge mass, say
2000 times more than solar mass, has a huge horizon area,
which is as large as the surface of the earth. Since the
curvature of such a gigantic black hole horizon is as tiny as
the surface of our earth, we believe that quantum theory of
curved spacetime must be consistent at the horizon. The
black hole information paradox leads to the very shocking
conclusion that if the principles of quantum theory work,
then the prediction of the spacetime structure, should
undergo a major change behind the black hole horizon even
though it is curved only mildly. Through the gauge/gravity
correspondence, we understood better about black holes

from outside. But the real challenge is to understand what is
going on behind the black hole horizon. The black hole
information paradox is one of the great thought experiments
in physics.
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Tensor networks provide a specific representation for a
set of data that obey certain class of entanglement structure.
The simplest among them is a one-dimensional (1D) tensor
trains referred to as matrix product states (MPSs), that can
handle quantum states with the entanglement area law. In
condensed matter physics, the ground state of a 1D
quantum many-body system can be calculated with
remarkable accuracy using MPSs as a variational function
for the density matrix renormalization group (DMRG).
Furthermore, it is demonstrated both numerically and ana-
lytically that MPSs can be used to describe finite-tempera-
ture Gibbs states. There is another expression of thermal
equilibrium replacing the maximally mixed Gibbs state
called a thermal pure quantum (TPQ) state. Since the TPQ
state is known to have the entanglement volume law,
describing it using MPS was apparently out of scope.
However, in my earlier work, I succeeded in developing the
TPQ-MPS method; a straightforward expression of TPQ
state using a new type of MPS that attaches auxiliary site at
both edges. The reason for practically overcoming the
upper bound of entanglement is that the auxiliaries help the
system not to “feel” the bound of the entanglement from the
edges. During the two periods of research visits of
“Domestic Circulation Program for Young Researchers”,
one is of myself and other is of Matthias Gohlke, I made
several developments and gained deeper understanding of
the TPQ-MPS method.

I visited Prof. Nishino at Kobe University for two weeks
in July 2022. Prof. Nishino is a specialist of tensor networks
who invented the transfer matrix DMRG and the corner
transfer matrix renormalization group (CTMRG) in the
1990s. We discussed a lot about my recent research on the
typicality of MPS during my visit. Supervised by Prof.
Nishino, I implemented CTMRG, which is an effective tool

Mattias (left) and me.

Prof. Nishino (right) and me.

for dimer covering, 2D classical systems at finite tempera-
tures, and more recently, contraction of PEPS, which
represents the ground states of 2D quantum systems. I ran
the simplest example—the energy of the classical Ising
model on a 2D square lattice—but it helped me later on to
utilize ITensor.jl, a tensor network library. Based on this
experience, | was further able to optimize the code for the
TPQ-MPS method. Along with addition to tensor networks,
I had many scientific communications with Prof. Nishino,
where I got an entrée to his very unique and deep under-
standing on the quantum and classical phases of matter
related to spin models and other topics.

October 2022, Gohlke Matthias from OIST visited Hotta
group for a month, and during this visit, we started our col-
laboration. He applied the TPQ-MPS method to a 1D
transverse field Ising model. We compared our numerical
results to one another and discussed how we could improve
our approach in detail. He discovered numerically that the
TPQ-MPS energy is a little lower than the exact value, and
I briefly demonstrated analytically that this is due to the
truncation of the bond dimension. Because of the COVID19
crisis, I had little chance to participate in on-site meetings,
and this was my first opportunity to work with a researcher
from another laboratory. Even though I was still getting
acclimated to speaking English, it was an important time
for us to actively debate physics.

The world we see is macroscopic and classical, and is far
simpler than the many body systems of elementary particles
following quantum mechanics which we are studying.
Statistical mechanics helps to connect the rule of these two
worlds, which may correspond to high and low temperature,
respectively. However, how the information is compressed
during the interpolation from low to high temperatures is
not at all simple, and most of the things still remain
unknown. I believe that tensor networks are a powerful
numerical tool as well as a theoretical framework that
provides a way of compressing data from the microscopic
to the macroscopic scale, and hope to disclose part of the
knowledges on this issue during my research career.

Finally, I cordially appreciate Prof. Nishino for
welcoming me. I would also like to thank “The Domestic
Circulation Program for Young Researchers” for giving me
these valuable opportunities.
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In recent years, open quantum systems have been actively
studied both experimentally and theoretically, as exemplified
by driven-dissipative many-body systems and non-Hermi-
tian (NH) quantum systems. In particular, high controllabili-
ty of ultracold atoms has enabled observations of novel
quantum phases unique to open quantum systems. Such ex-
perimental progress has facilitated investigations of NH
quantum systems. Recently, NH systems have been actively
investigated from the perspective of the entanglement
entropy, which is one of the most important topics in the
Grant-in-Aid for Transformative Research Area, Extreme
Universe. Thus, I think that open quantum systems including
NH quantum many-body systems may give an interesting
playground to investigate the entanglement entropy and can
pave the way to elucidate the “extreme universe”.

I am particularly interested in open quantum systems,
where the system is coupled to an environment and the
system feels the loss of particles. I have studied the universal
properties in NH quantum systems with particular interest.
Moreover, I have dealt with NH quantum critical phenomena
by using the generalization of exact results on the basis of
the conformal field theory and the Bethe ansatz approach to
a system with complex-valued interactions [1, 2]. As Prof.
Katsura’s group in the University of Tokyo is one of the
most active research group that studies exact results in NH
and open quantum systems, | have stayed in the laboratory
for about two weeks to learn more about the detailed
techniques to study such systems.

One thing that left me an impression is the group seminar
held in the laboratory. As Prof. Katsura kindly gave me a
chance to talk in the seminar, I have joined it as one of the
speaker. I have talked about my recent research [1, 2] on
universal properties of dissipative Tomonaga-Luttinger
liquids with and without internal symmetry (Photo 1). The

Photo 1. Photo at Katsura Group Seminar
Prof. Katsura, me, Mr. Tamura, Mr. Yoshida (From left to right)

Prof. Norio Kawakami, Kyoto University
Prof. Hosho Katsura, The University of Tokyo (D02) -
December 11 2022 ~ December 24 2022 F-

Photo 2. Photo with Prof. Akagi

seminar lasted for one hour and a half. Though I thought
people there could be tired if they have heard such a long
seminar, they gave me a lot of questions, and we have spent
a fulfilling time on scientific discussions. In particular,
discussions about the generalization of the entanglement
entropy to NH systems were very interesting.

Throughout the research visiting, I have also learnt a lot
of things regarding the studies currently engaged in Prof.
Katsura’s laboratory. For example, the Liouvillian gap that
is related to the long-time relaxation dynamics in open
quantum systems, quantum scars that can be caused by the
partial integrability embedded in a nonintegrable model, and
exact results in multicomponent (so called SU(N)) Hubbard
models etc. These research areas are rather different from
the one that I am currently dealing with in my research
group and gave me a lot of inspirations and motivations to
broaden my research subjects. I was also really impressed
by the enthusiasm of the students in Prof. Katsura’s
laboratory. As I will graduate my Ph.D. course in next
March and still keep on engaging in academia, I want to
keep on discussions with members in Prof. Katsura’s group
more and more.

I want to summarize this report by thanking people who
have organized this research visiting. First of all, I am
grateful to Prof. Katsura for accepting my stay and giving
me an opportunity to have fruitful discussions. I would also
thank to Prof. Akagi (Photo 2), Postdocs, and graduate
students in the laboratory for interactions and valuable
discussions during the stay. Last but not least, I would
appreciate Prof. Takayanagi, Prof. Tezuka, the secretary Ms.
Okazaki, and all of the organizers and staffs in the Grant-in-
Aid for Transformative Research Area, Extreme Universe,
for making this nice opportunity through the junior
researcher visiting program.

[1T1K. Yamamoto, M. Nakagawa, M. Tezuka, M. Ueda, and N.
Kawakami, Phys. Rev. B 105, 205125 (2022)
[2] K. Yamamoto and N. Kawakami, Phys. Rev. B 107, 045110 (2023)
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@ The 2nd ExU School
4 - 12 July 2022, Online (Zoom)

The aim of this school is to facilitate interdisciplinary
research efforts by hosting lectures by multiple researchers
in related research fields. This will serve to share
viewpoints from different fields as well as latest
information on relevant research and open issues, for
fruitful discussions and collaborations between researchers
having different research backgrounds, including graduate
students, from both within and outside the “Extreme
Universe” collaboration. This time, all lectures were in the
Japanese language.

Norihiro lizuka (BO1) explained, in his lecture “introduc-
tion to gauge/gravity correspondence”, the duality between
the large-N gauge theory and superstring theory as quantum
gravity theory, based on the knowledge on general relavitity
discussed in the lecture by Yasusada Nambu (E02) at the
previous school.

The lecture by Hiroshi Ueda (D02) “fundamentals of
tensor network methods” focused on the matrix product
state (MPS), which is the most basic tensor network (TN)
state and is suited for analysis of one-dimensional quantum
many-body systems and two-dimensional classical
statistical models on discrete lattices, for explaining the
basic mechanism for computation in TN methods and the
procedure to optimize the TN. Furthermore, a review on
multi-scale entanglement renormalization ansatz (MERA),
which has complementary features to MPS, from the
viewpoint of entanglement entropy.

Masazumi Honda (DO1) started his lecture “application
of quantum computation to quantum field theory” by
explaining the fundamentals of quantum computation
including how to use IBM Quantum Experience and the
application of quantum computation to simulation of spin
systems. After the introductory explanation on continuous
quantum field theory and quantum field thoery on lattices,
he discussed simulations of quantum field theories
including the results by himself and his collaborators.

This second school was held in the pure online style,
with more than 300 registrations. Many questions were
raised from the online participants, followed by active
discussions.

(Reported by Masaki Tezuka)

2 qubit operation by guantum computer (1034 shot)
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Online lecture via Zoom

® ExU-YITP International workshop

“Quantum extreme universe from quantum
information”
26 - 30 September 2022, YITP, Kyoto Univ. + Online

On September 26-30, 2022, the workshop "Quantum
extreme universe from quantum information" was held in a
hybrid format of face-to-face (YITP Panasonic Hall) and
online, jointly organized by Yukawa Institute for
Theoretical Physics, Kyoto University, and the Scientific
Transformation Area A "Extreme Universe". The meeting
was held in a hybrid format of face-to-face (at the
Panasonic Hall YITP) and online. The theme of this
workshop was applications of quantum information theory
to various fields of theoretical physics (high energy and
condensed matter theory, and cosmology). The workshop
featured a total of 25 invited talks from Japan and abroad
(international talks were given online and domestic talks
were given mainly at the actual venue), 28 short talks, and
13 online poster presentations. The final number of
registered participants was about 500, including online par-
ticipation.

Among the invited talks, Edward Witten from IAS gave
a talk on his own recent work on von Neumann algebra on
de Sitter space. It is natural to think that on the so-called
static patch of de Sitter space, there is a type III algebra
associated as is true for quantum field theory without
gravity. However he claimed that this algebra becomes a
type II, algebra once we include the effect of gravity. This
is consistent with the fact that the maximum entropy on the
static patch is given by the Bekenstein Hawking entropy of
the de Sitter horizon. After the introduction of the classifi-
cation of the von Neumann algebras of each type, he argued
that in a closed universe, like de Sitter space, a meaningful
algebra cannot be constructed without taking into account
the presence of an observer and its gravitational effects.
Then if this observer's energy is bounded from below, it
follows that this algebra is a type /1, lalgebra. This result
can be interpreted as a mathematically rigorous statement
of the conjecture that the density matrix on the static patch
on de Sitter space has a flat spectrum.

(Reported by Tomonori Ugajin)

Conference photo in front of YITP



@ YITP Summer school

“A novel numerical approach to quantum
field theories”
- quantum computing and tensor network -

12 - 16 September 2022, YITP, Kyoto Univ. + Online

A five-day summer school entitled "A novel numerical
approach to quantum field theories" was held from
September 12 to 16, 2022, hosted by the Institute for
Fundamental Physics, Kyoto University, and co-sponsored
by DO1, the Extreme Universe.

In recent years, with the theoretical and technological
development of quantum computers and their surroundings,
new computational methods in field theory have been
attracting attention in the fields of high energy and nuclear
physics. Quantum algorithms and tensor network methods
have shown promise as new computational methods for
theories whose physical phenomena are still unknown due
to the sign problem of conventional methods.

In this summer school, mainly for graduate students and
post-doctoral fellows, dense lectures and exercises in the
fields of quantum computation and tensor networks were
conducted in Japanese in a face-to-face format. Through the
exercises, we aimed to educate students to become
immediately competitive and to start up new collaborative
research projects. The lectures included cutting-edge
content that has not yet been published, and the sharing of
simulation codes that can immediately lead to research,
which seems to have lowered the barrier for young
researchers to start research in this field. It is hoped that
participation in this school will lead to the launch of new
collaborative research and the development of the field.
(Reported by Etsuko Itou)

YITP Summer School

@ Kickoff meeting of publicly offered
research projects
31 October - 1 November 2022, Online (Zoom)

In this extreme universe (ExU) project, we have 16 new
publicly-offered research projects (Kobo-Kenkyu in
Japanese) including two experiment proposals. The main
aim of the ExU is to develop novel interdisciplinary
research in physics associated with quantum information.
Reflecting this key feature of ExU, several interesting
research proposals are gathered from various research fields
in physics. The publicly-offered research projects are
formally organized as Group E apart from the planned
research groups labeled by ABCD, but this is based on our
hope to realize research developments across a variety of
fields without being bounded by the planned research
projects with similar backgrounds.

The acceptance of the publicly offered research project
was in the latter half of June. After a briefing session in
July, the representatives of the projects as well as members
of the ExU and their collaborators came together for the
kickoff meeting in the online space on Oct. 31st and Nov.
Ist, where we enjoyed detailed explanations of their
research backgrounds and plans with active discussions
(The photo at the bottom is a snapshot of participants
during the kickoff meeting via Zoom). The meeting was the
first opportunity to share the details of the proposals. Thus,
30min talk might not be enough to explain them to partici-
pants from various fields. However, we think that all pre-
sentations, taking into account the purpose of our interdisci-
plinary research collaboration, were well organized for
people with different backgrounds. Actually, active
discussions after the talks were often extended into break
times, which suggests the research proposals have attracted
high-level interest and expectation from the participants.
The proposals consist of a wide variety of research topics
such as basic theory of quantum information, quantum
gravity, black holes, inflation universe, detection of the
quantum nature of gravity, quantum spin systems, ultra-cold
atomic gas, and nuclear magnetic resonance experiments.
Of course, they are physically important and, moreover,
complementary to the planned research in the ExU project.
We look forward to the success of each proposal and further
advances in the ExU research through the positive
interaction between the publicly offered research projects
and the planned research groups in the ExU collaboration.
(Reported by Kouichi Okunishi)




Conference Reports in FY2022

® The 2nd ExU Annual Meeting

26 - 28 December 2022, Kobe Convention Center + Online

The ExU second annual meeting was held at Kobe
Convention Center from Dec. 26th to 28th, 2022. About 90
ExU members attended in person and about 80 participants
joined online. The latest research results from experiments
to theories in the fields of quantum information, cosmology,
condensed matter, elementary particles and interdisciplin-
ary areas were presented. Active discussions were held after
the presentations and during coffee breaks.

The meeting began with Tadashi Takayanagi (Head In-
vestigator; YITP, Kyoto University) providing the overview
of the organisation and objectives of the ExU collaboration.
He reported on the research and outreach achievements of
this fiscal year, as well as future events. Newly joined
postdocs and members of the publicly offered research
projects were also introduced.

On the 26th and 27th, representatives of research groups
gave 25-minute presentations and reported on their research
achievements. Many interdisciplinary research results
between different research groups and publicly offered
research groups were reported. All 16 members of the
publicly offered research groups gave 10-minute presenta-
tions and explained their current achievements and future
prospects. There were also 29 poster presentations, with all
the new postdoctoral researchers and many graduate
students participating. The poster session was filled with
energetic discussions.

The 28th was primarily dedicated to seminar presenta-
tions. Nine speakers, chosen from each research group,
gave 40-minute presentations throughout the conference.
The seminar not only featured the presentation of the latest
research but also included questions for researchers in other
fields and proposals for new interdisciplinary research.

Tomoyuki Morimae (AO1; YITP, Kyoto) presented
results on the pseudo-random state generation in quantum
cryptography and discussed its relation with the black hole
information problem. Kazumi Okuyama (CO01, Shinshu
University) explained his derivation, via perturbative

methods, of the plateau of the spectral form factor of the
random matrix theory corresponding to the JT gravity.
Tomonori Ugajin (B01; YITP, Kyoto) discussed the
quantum information aspects of the de Sitter universe.
Yoshiki Murata (B02; Nihon U.) presented results on the
superradiant instability of rotating black strings. Masaki
Tezuka (B02; Kyoto U.) presented his studies of the
quantum information theoretical properties of SYK models.
Naokazu Shibata (C02; Tohoku U.) explained his analysis
of quantum entanglement in quantum Hall systems. Takuya
Okuda (DO01; U. Tokyo) presented research on simulating
solvable spin-chains using quantum computers, evaluating
the noise involved in such a computation. Tsutomu
Kobayashi (C03; Rikkyo U.) presented his research on
Horndeski's theory which is a framework for unifying
inflation, dark energy and modified gravity theories. Hiroshi
Ueda (D02; QIQB, Osaka) presented research on generating
optimised tree tensor networks and discussed its relevance
to quantum gravity through the holographic principle.

In the final session, the Senior Scientific Research
Specialist (SSRS) Akihiro Minamino (Yokohama National
U.) explained the roles of SSRS. Andrew Darmawan (YITP,
Kyoto) who will become the ExU lecturer reported on his
research in quantum error correction. Finally, our advisor,
Nobuyuki Imoto (Project Prof. U. Tokyo) gave a
perspective on various unsolved problems and encouraged
our collaboration for further achievements and advancing
interdisciplinary research.

(Reported by Hidehiko Shimada and Tadashi Takayanagi)

Conference photo



@ The 3rd ExU School & The 1st young researchers’ workshop of the ExU Collaboration
13 - 17 February 2023, Dept. of Math in Nagoya U. + Online (only for school)

Following the second school held in July 2022 (see page
56), the third ExU School was held. In this third school, we
invited Takeshi Fukuhara (RIKEN), Francois Le Gall
(Nagoya Univ.), and Shuichiro Yokoyama (Nagoya Univ.)
to give lectures. Due to COVID-19, face-to-face participa-
tion was limited to the participants of the young
researchers’ workshop. The lectures were given in a hybrid
format using online facilities, and 140 online participants
attended also. Lively discussions were formed between the
onsite and the online participants. All lectures were given
in English.

Takeshi Fukuhara (RIKEN) gave slide presentations with
the title “Experimental study of quantum many-body
systems with ultracold atoms.” The topics in the first half of
the lecture include the atom-cooling technique, the
realization of superfluid to Mott insulator transition in
optical lattices, and the method to set the desired atom con-
figurations using single-site addressing. In the second half
of the lecture, he introduced concrete experimental results
of quantum-state dynamics using the techniques explained
in the first half, from single-atom systems to many-body
systems.

Frangois Le Gall (Nagoya Univ.) gave black-board
lectures with the title “Introduction to Quantum
Algorithms.” In the first lecture, he explained the notation
used in quantum information theory and the concept of
quantum teleportation. In the second lecture, he introduced
the Grover’s algorithm for solving the problem of searching
for a specified value. In the last lecture, after explaining the
quantum Fourier transform, he explained the eigenvalue
estimation algorithm.

Shuichiro Yokoyama (Nagoya Univ.) gave three lectures
with the title “Standard inflationary cosmology.” He first
explained the standard Big Bang Universe model on
blackboards. Then, he explained the idea of an inflationary
universe that solves the shortcomings of the standard Big
Bang Universe model, and introduced various inflationary
models. After explaining that the density fluctuations of the

universe can be used to verify the inflationary model, he
gave an overview of the evolution of the density fluctua-
tions of the universe with slides and explained the
generation of quantum density fluctuations of the universe
during the inflationary period on blackboards.

In addition to the ExU school, “the first young
researchers’ workshop of the ExU Collaboration” was held.
The aim of the workshop is to provide a forum for young
researchers in different fields to interact with each other and
to create opportunities for collaborative research between
different fields. Although the capacity of the venue was
limited this time due to COVID-19, approximately 60
people, which was the upper limit of the capacity, attended
the meeting, and exchanges among young researchers took
place.

In this first young researchers’ workshop, all participants
gave presentations in order to understand each other’s
research and areas of expertise. In addition to each person’s
3-minute oral presentation, there was a total of over 10
hours of poster discussion time. Discussions exceeding the
scheduled conference end time by more than an hour were
held spontaneously each day. In addition, faculty members,
researchers, and students from Nagoya University, where
the conference was held, jumped in to participate in the
poster discussions, and interdisciplinary exchanges were
promoted beyond the boundaries of the ExU project
members.

Finally, Tadashi Takayanagi (Head investigator, CO1 PI,
YITP) explained the roles of the fields lectured at this
school in the ExU project and gave words of encourage-
ment to the young researchers, after which the third ExU
school and the first young researchers’ workshop were
closed.

(Reported by Keisuke Izumi)

Lecture by T. Fukuhara

Group Photo




Conferences, Workshops and Seminars in FY2022

® Extreme Universe Colloquium
5th Extreme Universe Colloquium

Date: April 25th, 2022

Speaker: Prof. Jiro Soda (Kobe University)
Title: Graviton search with quantum
information and quantum sensing

6th Extreme Universe Colloquium

Date: May 23rd, 2022

Speaker: Prof. Keiji Saito (Keio University)
Title: Information dynamics in the long-range
interacting systems

7th Extreme Universe Colloquium

Date: June 8th, 2022

Speaker: Prof. Sandip P. Trivedi (TIFR)
Title: Entanglement in Matrices, Gauge
Theories and Spacetime

8th Extreme Universe Colloquium

Date: July 14th, 2022

Speaker: Prof. Paolo Perinotti (Pavia
University)

Title: When does a system affect another?
Causal influence vs signalling

9th Extreme Universe Colloquium

Date: October 14th, 2022

Speaker: Prof. Netta Engelhardt (MIT)
Title: The Black Hole Information Paradox:
a Resolution on the Horizon?

10th Extreme Universe Colloquium

Date: November 18th, 2022

Speaker: Prof. Antonio Miguel Garcia-
Garcia (Shanghai Jiao-Tong University)

Title: Wormholes, Sachdev-Ye-Kitaev model
and universal dynamics in dissipative quantum
chaotic matter

11st Extreme Universe Colloquium
Date: December 16th, 2022

Speaker: Prof. Seok Kim (Seoul National
University)
Title: Black holes and quantum gravity

12th Extreme Universe Colloquium

Date: January 24th, 2023

Speaker: Prof. Jens Eisert (Freie Universitit
Berlin)

Title: Linear growth of quantum circuit
complexity

13th Extreme Universe Colloquium

Date: February 24th, 2023

Speaker: Prof. Takahiro Tanaka (Kyoto
University)

Title: Pathology in WKB wave function for
tunneling assisted by gravity

14th Extreme Universe Colloquium

Date: March 16th, 2023

Speaker: Prof. Monika Aidelsburger (LMU
Miinchen)

Title: Quantum simulation with ultracold
atoms - from Hubbard models to gauge theories

® Extreme Universe Seminar

4th Extreme Universe Circular Meeting

Date: April 26th, 2022

Speaker 1: Masazumi Honda (DO01)

Title: Towards Quantum Simulation of “Extreme
Universe”

Speaker 2: Kouichi Okunishi (D02)

Title: A statistical Mechanical model on the Cayley
tree network and a holographic tensor network

5th Extreme Universe Circular Meeting

Date: May 13th, 2022

Speaker 1: Takaya Matsuura (AO1)

Title: Linear optical formation of Raussendorf-Har-
rington-Goyal lattice concatenated with the Gottes-
man-Kitaev-Preskill code

Speaker 2: Koji Azuma (A01)

Title: Do black holes store negative entropy?

6th Extreme Universe Circular Meeting

Date: June 27th, 2022

Speaker 1: Masaki Tezuka (B02)

Title: Quantum error correction in Sachdev-Ye-Kitaev-
like models

Speaker 2: Akihiro Ishibashi (B03)

Title: Averaged null energy conditions and holography

7th Extreme Universe Circular Meeting

Date: July 21st, 2022

Speaker 1: Masahiro Hotta (C02)

Title: Expanding Edges of Quantum Hall Systems in a
Cosmology Language - Hawking radiation from de
Sitter horizon in edge modes

Speaker 2: Norihiro Tanahashi (C03)

Title: Brane Dynamics of Holographic BCFTs



Extreme Universe Seminar

Date: September Sth, 2022

Speaker: Prof. Shinichiroh Matsuo (Nagoya University)
Title: Properties of Willmore functionals

8th Extreme Universe Circular Meeting

Date: September 21st, 2022

Speaker 1: Pratik Nandy (D01)

Title: Complexity in the Sachdev-Ye-Kitaev model(s):
some analytic results

Speaker 2: Chisa Hotta (D02)

Title: Pure and mixed states in quantum many-body
systems

9th Extreme Universe Circular Meeting

Date: October 28th, 2022

Speaker 1: Ryu Hayakawa (A01)

Title: Quantum topological data analysis

Speaker 2: Arthur Parzygnat (A0O1)

Title: A tutorial on time symmetry and quantum Bayes’
rules

10th Extreme Universe Circular Meeting
Date: November 25th, 2022

Speaker 1: Seiji Terashima (CO1)

Title: AdS/CFT in operator formalism
Speaker 2: Kengo Maeda (C03)

Title: Extremal Attractor Black Holes in AdS

1st Extreme Universe Interdisciplinary Seminar
Date: February 22nd, 2023

Speaker 1: Kotaro Tamaoka (E02)

Title: SYK Lindbladian

Speaker 2: Tokiro Numasawa (E02)

Title: Non-equilibrium dynamics of black holes
induced by inhomogeneous quantum quenches

11th Extreme Universe Circular Meeting

Date: March 17th, 2023

Speaker 1: Zixia Wei (C01)

Title: Counting atypical black hole microstates from
entanglement wedges

Speaker 2: Masato Nozawa (C03)

Title: Obstruction tensors for black holes

@ Conferences & Workshops

APCTP Focus Program “Numerical Methods in
Theoretical Physics 2022”

Date: May 16th - 20th, 2022

Venue: APCTP, Korea and online

2nd Extreme Universe School
Date: July 4th - 12th, 2022
Venue: Online

YITP Summer School: A novel numerical approach
to quantum field theories

Date: September 12th - 16th, 2022

Venue: YITP, Kyoto Univ.

Workshop on General Relativity, Cosmology, and
Black Hole Information Paradox
Date: September 21st - 23rd, 2022

Venue: Nagoya Univ. and online

Extreme Universe International Workshop
“Quantum extreme universe from quantum
information”

Date: September 26th - 30th, 2022

Venue: YITP, Kyoto Univ. and online

1st Extreme Universe Intensive Lecture by Young
Researcher, “Understanding Magnetism of Low-di-
mensional Systems from Quantum Field Theory”
by Shunsuke Furuya (U. Tokyo, D02 group)

Date: October 11th - 13th, 2022

Venue: Univ. Tokyo and online

“Third Kyoto Workshop on Quantum Information,
Computation, and Foundations”
Date: October 17th - 21st, 2022

Venue: Online

“Workshop on asymptotic structure of spacetime,
IR divergence, gravitational wave”
Date: December 18th, 2022

Venue: Nagoya Univ. and online

Second Annual Meeting of the Extreme Universe
Collaboration
Date: December 26th - 28th, 2022

Venue: Kobe Convention Center and online

3rd Extreme Universe School
Date: February 13th - 17th, 2023
Venue: Nagoya Univ. and online

The 1st young researchers’ workshop of the
Extreme Universe Collaboration
Date: February 13th - 17th, 2023

Venue: Nagoya Univ.




‘ TOpiCS Research Highlight

Quantum cryptography and black-hole?

The microscopic world of atoms and molecules is
explained by a physical theory called quantum theory.
Quantum theory is full of mysterious phenomena such as
quantum entanglement, quantum superposition, and the
uncertainty principle. Quantum information is the
realization of unprecedented high-performance information
processing by making good use of these mysterious
phenomena. In particular, quantum information is known
for its application to computation (quantum computation)
and cryptography (quantum cryptography). In this article, I
would like to talk about quantum cryptography.

Many people may think of cryptography as a technology
for conveying messages in secret. However, that is not all
that cryptography can do. For example, there is the digital
signature. One can stamp a seal or write a signature on a
paper document to prove that “this is indeed a document
written by me”. The technology that makes it possible to
put a signature on an electronic file that cannot be forged is
an electronic signature. This does not make the message
secret, since the text of the file itself is not secret and can be
read by anyone. Various other tasks can also be realized,
such as commitment, zero-knowledge proofs, pseudoran-
dom numbers, and multiparty computation.

What is important in cryptography is, of course, security.
There are two types of security in cryptography. One is in-
formation-theoretic security, and the other is computational
security. The former is secure no matter how powerful the
attacker’s computation is. The latter is based on the
assumption that a certain problem (e.g., prime factorization)
is difficult and that the attacker’s computational power is
limited. Clearly, the former is the more desirable security.
In the latter case, the security may be broken if computers
are developed or a new fast algorithm is found in the future.
(In fact, prime factorization can be solved by a quantum
computer!) However, the former has various limitations.
For example, when sending a message secretly, the length
of the key used for encryption must be longer than the
length of the message to be sent. In addition, various tasks
such as digital signatures and commitments are known to
be information-theoretically infeasible in the first place.
Therefore, the latter type of computationally secure cryp-
tography is also very well studied and used.

As mentioned earlier, some assumptions must be made in
the case of computationally secure cryptography. What
assumptions? Actually, it is already known that in the case
of classical cryptography (i.e., cryptography without
quantum), the most fundamental assumption is one-way
functions. A one-way function f is such that it is easy to
compute f(x) from x, but difficult to compute x from f(x).
Almost all classical cryptographic tasks do not exist without
one-way functions. Thus, one-way functions are the most
fundamental element in classical cryptography.

So what happens in quantum cryptography? In other

words, what is the most fundamental assumption for cryp-
tography where quantum states can be transmitted and
received, and quantum computation can be performed? Are
they still one-way functions? Recently, the author and
Takashi Yamakawa (NTT, visiting Associate Professor,
YITP) showed that one-way functions are not necessarily
the most fundamental element in quantum cryptography [1].
This raises an important open problem: “What, then, is the
most fundamental assumption in quantum cryptography?”
Interestingly, it was recently pointed out [2] that what
emerged in the process of challenging this open problem
helps explain the black hole paradox. In order to solve the
black hole paradox, we want to show the existence of
hidden entanglements that can be retrieved in principle but
would be very time-consuming to retrieve; Brakerski has
successfully used a concept that can be expected to replace
one-way functions to construct such hidden entanglement.

Quantum information is the study of using quantum to
realize high-precision information processing technology,
and although it is an applied and engineering research, it
can actually play an important role in fundamental physics
in this way. This project aims to do such a thing: to use the
language of quantum information to understand the physics
of the extreme universe.

[1] T. Morimae and T. Yamakawa, CRYPT02022
[2] Z. Brakerski, arXiv:2211.05491.
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‘ TOpiCS Research Highlight

Entanglement structure of quantum many-body states and optimal

tree tensor networks

The tensor network (TN) provides the unified theoretical
framework for efficiently describing quantum many-body
states and plays a crucial role in precisely analyzing various
physics in the extreme universe collaboration. In particular,
the diagrammatic representation visualizes the nontrivial en-
tanglement structure among effective degrees of freedom
embedded in the quantum many-body state. Thus, developing
novel TNs with suitable network geometry often gives rise to
a new perspective for our understanding of quantum physics.
For instance, the relation of tensor product states with the
measurement-based quantum computation and the
fascinating connection of the multi-scale entanglement renor-
malization ansatz to AdS/CFT has attracted much interest
from theoretical physics and quantum information.

So far, the above TN states have been constructed for bulk
uniform systems in condensed matter physics based on
careful theoretical considerations. For general non-uniform
systems, however, the situation turns intrinsically nontrivial.
For example, even if we restrict our argument to the tree TN
(TTN)----a class of TNs containing no loop structure in its
diagrammatic representation, the number of possible TNs is
(2N-5)!1, with N being the number of sites. This enormous
degree of freedom disturbs our intuitive understanding of the
TN states. How can we design the TTN for general quantum
many-body states with inhomogeneous spatial structures?
The main aim of our study is to construct a practical
algorithm to determine the optimal network structure of the
TTN together with an appropriate guiding principle.

The TTN generally comprises a tree-like network of
three-leg tensors called isometries (see Fig. 1). An essential
property of the TTN is that cutting a link in the network gives
a bipartition of the entire wavefunction, implying that every
tensor leg in the network carries the corresponding entangle-
ment entropy (EE). If the tensor leg with a large EE is
truncated, the accuracy of the resulting TN state will be
seriously spoiled. In Ref. [1], we thus introduce the guiding
principle of “minimizing the maximum loss of the EE due to
the truncation” to decompose the exact ground-state wave-
function of an N=16-site system into subsystems recursively.
We then demonstrate that this top-down approach successful-
ly generates an optimal TTN for the target wavefunction; For
example, we obtained
the optimal TTN
consistent with the
procedure in Ref. [2]
for antiferromagnetic
Heisenberg chain of
N=16 with open
boundaries. We also
construct a variational
TTN for the square-
lattice model of N=64
spins by referring to

the result for N=16, Y, \ / A-Y"_ b a
. . \/ v \ » o f
which yields f‘, A e Phrecd
. .. A ',‘ .\'-. ’),. / \
improved variational Sy el R, d\

energy compared to
the conventional
TTNs.

Figure 1: TTN states and local recombination
of TNs.

From the practical viewpoint, we also try to implement an
automatic optimization algorithm of the network geometry
into a conventional TTN method. For random spin systems, a
real-space renormalization group called SDRG is often used
to obtain an asymptotically exact random singlet state in the
thermodynamic limit. However, the optimization of the
network shape and the isometry itself is insufficient at the
quantitative level in the SDRG algorithm. Therefore, it is
necessary to introduce a “sweep update,” which sequentially
optimizes each tensor contained in the TN, like the finite-size
algorithm in the density matrix renormalization group. As
depicted in Fig. 1, a TTN state for the physical spin degrees
of freedom (red circles) is illustrated as a contraction of
isometries (ovals) and the singular values (red diamond) at
the center bond. In our algorithm, we first construct the
Hamiltonian for the four effective degrees of freedom (a-d)
and calculate its ground-state wavefunction. We then perform
three possible patterns of singular value decompositions and
adopt the one carrying the smallest EE as the optimal tensors.
These realize the simultaneous update of the isometries and
their connectivity in the red-dotted region. By sweeping the
entire TTN by repeating this process, we can obtain the
optimal TN suitable for the global entanglement structure.
Using this bottom-up construction strategy, we have achieved
structural optimization from an initial matrix product state to
the perfect binary TTN for quantum spin chains with
non-uniform hierarchical structures [2].

These results are expected to be relevant to the variational
optimization problem for such non-uniform systems as
random spin systems and quantum chemistry, as well as the
efficient quantum circuit encoding of a given quantum state.
In addition, the network geometry of a discrete system
corresponds to the geometry in the corresponding continuous
system. The present approaches may also be interesting
regarding gauge-gravity correspondence.

[1] K. Okunishi, H. Ueda, T. Nishino, Prog. Theor. Exp. Phys., 2023,
023A02 (2023)

[2] T. Hikihara, H. Ueda, K. Okunishi, K. Harada, T. Nishino, Phys.
Rev. Research 5, 013031 (2023)
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