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Head Investigator

Yukawa Institute for Theoretical Physics,
Kyoto University

With the advent of the quantum information age, there is
a need for a revolution in physics. Theoretical physics
has been divided into different fields such as particle
theory, condensed matter theory, and cosmology,
depending on the length scale. However, owing to recent
developments, by introducing the ideas of quantum
information and gauge-gravity correspondence, it is
becoming clear that what underlies all these theories is
actually the same. In September last year, MEXT
-KAKENHI- Grant-in-Aid for Transformative Research
Areas (A) “The Natural Laws of Extreme Universe--A
New Paradigm for Spacetime and Matter from Quantum
Information” was inaugurated. This collaboration program
is aimed at promoting this new research style and at
eventually constructing a theoretical framework of
“Extreme Universe”. Thanks to great efforts by members in
this program, interdisciplinary collaborations has started
from various different angles.

Philosophy and Objectives

By considering quantum information as a fundamental
component of the natural world, the "Extreme Universe"
project aims at elucidating three subjects that are expected
to make great progresses: (1) the quantum theory of black
holes (quantum black holes), (2) the mechanism of the
creation of the universe (quantum universe), and (3) the
dynamics of quantum matter, through the fusion of
different fields of quantum information and physics. At
first glance, these three topics may seem to be separate, but
from the perspective of quantum information, they can all
be viewed as the dynamics of a collection of qubits. We
call them "extreme universe" because they challenge the
"limit of space", the "limit of time", and the "limit of
matter", respectively. In this area, we not only conduct
theoretical research that integrates quantum information

theory and theoretical physics, but also perform
experimental simulations of black holes and the creation of
the universe through condensed matter experiments of cold
atoms and the quantum Hall effect using relatively compact
devices.

Fusion of different fields

In order to promote the fusion of different fields, this
collaboration program holds a monthly circular meeting
once a month. The meetings provide an opportunity to
report research activities to researchers in different fields
toward a common research target and to develop
interdisciplinary collaborations. We also organize monthly
online Colloquium, open to the general researchers,
provides a forum for researchers from different fields to
interact during the talk and the virtual coffee break time.
Our members have also been actively organizing
workshops on various topics in the "Extreme Universe",
and five workshops have already been held this year since
the inauguration of this program.

Programs for young researchers

Based on my own experiences, the driving force for
interdisciplinary research is, after all, young researchers.
We would like to inspire young researchers to participate in
interdisciplinary collaborations through our program which
allows young researcher to stay in different research groups
in this collaboration and also visit foreign institutions, and
also through our school activities.

*

Although this field has just started, we hope to make
innovative progress in this interdisciplinary field of
"Extreme Universe", through the research activities
described above and great contributions by our members.
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Overview

Research Outline

Conventionally, physics has explained the laws of nature using time, space, and matter as its basic building blocks.
However, in the extreme situations in nature (which we call the “extreme universe” in our area), due to the strong quantum
nature of the target physical systems, the degrees of freedom of space, time, and matter themselves fluctuate enormously,
and existing theoretical approaches in physics face difficulties. This extreme universe refers to the three limits in nature: the
limit of space, the limit of time, and the limit of matter as follows:

El Quantum Theory of Black holes [the limit of space]

If a black hole evaporates,
does the information inside
disappear?

What is the ultimate natural >
law that explains the creation
of the universe?

How can the dynamics of
quantum matter be solved
efficiently?

However, as soon as the field of "quantum information" emerged in the 21st century, this new way of looking at things
began to bring dynamic changes to physics. Quantum information is the basis of quantum computation and quantum
communication, which are expected to be the key technologies of the next generation. It is a new way of thinking that
provides an understanding and a systematic control method of quantum entanglement, which means the correlation between
qubits, the smallest unit of information in the microscopic world. By treating the information carried by qubits, which can
be called the "limit of information," as the basic building blocks of the natural world, we can break away from the
conventional picture of time, space, and matter, and expect to construct the ultimate laws of physics.

Gauge-gravity duality (also called AdS/CFT or Maldacena duality), which was discovered in string theory, relates
quantum gravity to theory of quantum matter in an equivalent way. Moreover, in this duality, entanglement entropy, which
measure the amount of quantum entanglement, becomes equal to an area of a surface in the gravitational spacetime (called
Ryu-Takayanagi formula). These imply the new idea that the universe in gravitational theory can be regarded as an
accumulation of countless quantum information, which has attracted worldwide attention. On the other hand, such a
collection of bits of quantum information provides a high-precision numerical analysis method of quantum matter, called a
tensor network. In this research area, we aim to clarify the extreme universe by integrating quantum information and
physics of elementary particles/strings, condensed matter, and cosmology.

Although the length scales covered by each problem are very different, it is expected from the viewpoint of quantum
information that the laws of physics can be understood in a unified manner, all as a collection of qubits. Physics is



composed of individual fields corresponding to various scales, as exemplified by the Ouroboros snake. In this research
area, we will change the topology of physics from the donut-shaped (torus-shaped) structure of conventional physics to a
new sphere-shaped physics by taking into account ideas from quantum information, and thereby approach the problem of
the extreme universe.
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Research Organization
®Planned Research Groups

This area consists of nine planned research groups as shown in the figure below, which are roughly divided into A, B, C,
and D groups according to their research goals as follows:

(AO1): Fundamental research on quantum information theory for physics
(BO1, BO2, BO3): Quantum theory of Black holes

(CO1, CO2, CO3): Quantum theory of Cosmology

(DO1,D02): Dynamics of quantum matter

Moreover, groups B, C, and D are subdivided into research projects that are responsible for approaches from
particle/string theory (01), condensed matter physics (02), and cosmology (03). For more details, please refer to the pages
of each of the nine planned research projects. In this way, this area aims to promote fusion of disciplines and make
breakthroughs by successfully intertwining both “warp threads” (i.e. connections between conventional research fields) and
“weft threads” (i.e. common research goals). In addition to theoretical research, another feature of this area is to conduct
experimental verification that mimics black holes and the creation of the universe through experiments of cold atoms (B02)
and the quantum Hall effect (C02) using comparatively compact equipment. Together with complementary research
projects based on call for research proposals, starting in FY2022, we will develop the interdisciplinary research subjects
between quantum information and physics.
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Overview

®Management Group

The purpose of the management group is to monitor the progress of individual research in this field, promote
interdisciplinary fusion in the entire field, and plan and manage various activities which support young researchers. The
group consists of 16 members in total, including nine PIs of the planned research projects and seven co-investigators (see
table below). The main activities of the group are divided into "Management of Collaboration”, "International Activities”,
"Young Scientists Support”, "Interdisciplinary Activity", and "Public Relations”. The ultimate goal of this collaboration is to
clarify the three problems of the "extreme universe" by uniting the fields of quantum information and theoretical physics. In
the management group, researchers from each field are almost equally distributed to accelerate the fusion of fields in the

management of our collaboration.

Title in Management Group  Name Affiliation Specialized field Role in Management Group
®Head Investigator (CO1 Pl)  Tadashi Takayanagi  Kyoto Univ. Particle Physics Supervision of Management
@Co-Investigator (A01 PI) Tomoyuki Morimae Kyoto Univ. Quantum Information Management

@Co-Investigator (AO1 Col) Yoshifumi Nakata Univ. of Tokyo  Quantum Information Interdisciplinary Activity
@Co-Investigator (BO1 PI) Norihiro lizuka Osaka Univ. Particle Physics Interdisciplinary Activity
@Co-Investigator (BO2 PI) Masaki Tezuka Kyoto Univ. Condensed Matter Young Scientists Support
@Co-Investigator (BO2 Col) Shuta Nakajima Kyoto Univ. Condensed Matter Public Relations
@Co-Investigator (BO3 PI) Akihiro Ishibashi Kindai Univ. Cosmology & Relativity  International Activities
@Co-Investigator (CO2 PI) Go Yusa Tohoku Univ. Condensed Matter Interdisciplinary Activity
@Co-Investigator (CO2 Col) Masahiro Hotta Tohoku Univ. Quantum Information Public Relations
@Co-Investigator (CO3 PI) Tetsuya Shimomizu ~ Nagoya Univ.  Cosmology & Relativity = Management
@Co-Investigator (CO3 Col) Keisuke lzumi Nagoya Univ. ~ Cosmology & Relativity ~ Young Scientists Support
@Co-Investigator (CO3 Col) Tsutomu Kobayashi  Rikkyo Univ. Cosmology & Relativity ~ Public Relations
@Co-Investigator (DO1 PI) Tatsuma Nishioka Kyoto Univ. Particle Physics International Activities
@Co-Investigator (D02 PI) Kouichi Okunishi Niigata Univ. Condensed Matter Management

@Co-Investigator (D02 Col)
@Collaborator (D02 Col)

®Advisory Committee & Senior Scientific Research Specialist

Chisa Hotta
Hiroshi Ueda

Univ. of Tokyo
Osaka Univ.

Condensed Matter
Condensed Matter

Interdisciplinary Activity
Interdisciplinary Activity

In order to receive advice from broader perspectives, we have asked internationally prominent researchers in related fields
to help us as advisors. In addition, two senior scientific research specialists have been appointed to review and evaluate this
area, conduct research on the project, and provide necessary guidance and advice.

Advisory Committee
Ignacio Cirac
Akio Hosoya
Nobuyuki Imoto
Juan Maldacena
Robert Myers
Shinsei Ryu
Guifre Vidal

Princeton University, USA
Sandbox @ Alphabet, USA

Senior Scientific Research Specialist

Max Planck Institute of Quantum Optics, Germany
Tokyo Institute of Technology, Japan
The University of Tokyo, Japan
Institute for Advanced Study, USA
Perimeter Institute, Canada

Ahikiro Minamino Faculty of Engineering , Yokohama National University

Yuichi Yoshida

Principles of Informatics Research Division, National Institute of Informatics (NII)



Project AQ1
Quantum information for theoretical physics (21nos183)

[Principal Investigator]

[Co-Investigator]

[Research Collaborators]

[Post-doc fellow]
Tomoyuki Morimae

Tomoyuki Morimae (Yukawa Institute for Theoretical Physics, Kyoto University)

Yoshifumi Nakata (Photon Science Center of The University of Tokyo)
Koji Azuma (NTT Basic Research Laboratory)
Francesco Buscemi (Department of Mathematical Informatics, Nagoya University)

Andrew Darmawan (Yukawa Institute for Theoretical Physics, Kyoto University)
Michele Dall’Arno (Yukawa Institute for Theoretical Physics, Kyoto University)
Hayata Yamasaki (University of Vienna)

Go Kato (NTT Communication Science Laboratory)

Aditya Nema (Department of Mathematical Informatics, Nagoya University)

Quantum mechanics has mysterious properties not found
in classical physics, such as quantum superposition,
uncertainty principle, no-cloning, and entanglement. The
research field of quantum information exploits these
mysterious properties to realize unprecedented
high-performance information processing technologies. In
particular, quantum computation, which enables high-speed
calculations, and quantum cryptography, which enables a
variety of new cryptographic tasks not possible in classical
physics, are major applications of quantum information
technology, and both theoretical and experimental research
is being actively conducted around the world. In addition,
the promotion of such research on quantum information
technology is revealing what can and cannot be done with
quantum. This will also help us to understand why the
mysterious quantum theory is the way it is. To truly
understand why quantum theory is such a mystery has been
a long-standing goal of physicists since the time quantum
theory was created, and is one of the key problems in
fundamental physics. Furthermore, it has been pointed out

in recent years that many of the results, findings, and
techniques obtained with quantum information are useful in
other physics, and research has been conducted in various
interdisciplinary areas. For example, various concepts such
as the AdS/CFT correspondence in particle theory, the
partition function in statistical physics, tensor networks in
condensed matter physics, and quantum randomness in
black holes can be studied from a new perspective through
quantum information.

In order to achieve the goal of this project, which is "to
create physical laws of the extreme universe on the basis of
quantum information," the project team plays the following
two roles. First of all, it is a role to provide other groups
with the "language" necessary to understand the physical
laws of the extreme universe. Quantum information is
expected to be a useful new language in various physics.
We are also responsible for deepening the basic theory of
quantum information itself and refining the "language" into
a more advanced and better one by promoting research on
quantum information by each member of the group.
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Black Holes are probably the most mysterious and
interesting objects in the universe. Classically due to their
strong gravitational forces, once a particle enter through the
black hole horizon, it can never go out. However, if one
considers the quantum effects, this is not true anymore. In
fact, a black hole has definite temperature and radiates
thermally (which is so-called Hawking radiation) the
particles which fall in before. Furthermore, a black hole has
huge entropy, suggesting that a black hole is in fact a
coarse-grained description of degenerate states, whose
degeneracy is given by exponential of the entropy,
according to the Boltzmann’s famous entropy formula.
These suggest that one should also have a fine-grained
description of gravity, namely, quantum gravity where one
should obtain a quantum-mechanical description of the
space-time behind the horizon. String theory is the most
successful candidate for quantum gravity. Recent studies

show that two important concepts play an important role in
understanding quantum gravity/string theory. One is
quantum information. The other is gauge/string duality,
which claims that certain quantum gravity is equivalent to
certain gauge theory. Our main research goal is using these
two important concepts, to understand the physics behind
the horizon of quantum black holes, and how quantum
mechanics is consistent with gravity, the quantum
description of the space-time. More concretely we would
like to figure out the answer for the following key
questions; how the physical information of the black hole
leaks out through the Hawking radiation? How quantum
gravity corrects Hawking’s mistake? What are the laws of
physics behind the black hole horizon? Through the study
of quantum black holes, we would like to understand the
basic principles for quantum gravity.

Understanding the physics behind the black hole horizon

Using the gauge/string duality and quantum information,
our main goal is to understand quantum black holes

How can we solve the black hole information paradox?

Hawking radiation "
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Using the knowledge of
quantum information,
we try to figure out
how to read off the
information leaking out
through the Hawking
radiation

A black hole

information

Scrambling process of information

What kind of quantum field theories could be dual to
gravity and black holes ?
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A black hole gradually evaporates into thermal radiation,
which is called the Hawking radiation, and finally
disappears. This means that whatever information thrown
into a black hole will eventually be “lost”. However, this
contradicts the unitary time evolution, with the information
on the initial state being conserved, in quantum mechanics.
This apparent contradiction is called the “black hole
information loss paradox”. Clarifying the mechanism by
which information appears to be lost is one of the major
objectives of this research area which aims to construct a
theory of the “extreme universe” that integrates quantum
theory and gravity theory.

Group B02 aims to promote the study of the quantum
features of black holes, one of the key issues of the
“extreme universe”, through the collaboration of cold atom
experiments and theoretical studies. According to the
gauge—gravity correspondence, the evaporation process of
a black hole could correspond to the dynamics of a
quantum many-body system or quantum matter. Though
the quantum information is conserved in the dynamics,
different initial states can evolve into final states which are
indistinguishable from each other with regard to the
macroscopic physical quantities, leading to an apparent loss
of information similar to the issue of thermalization in

Quantum Many-Body System
(Cold Atoms)
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isolated quantum systems.

In recent years, the importance of quantum informational
approaches has been recognized in the study of quantum
many-body systems. They are useful not only for the
studies of equilibrium properties of quantum systems but
also for the understanding of non-equilibrium dynamics,
such as thermalization through quantum entanglement and
delocalization of quantum information or “scrambling” in a
black hole.

In this project, we will elucidate the nature of black
holes by experimentally investigating the non-equilibrium
dynamics of cold atomic systems in the laboratory which is
a highly controllable artificial quantum matter. In
particular, we will experimentally and theoretically
perform research on (I) measurement-induced quantum
phase transitions due to the effects of dissipation and/or
measurement and (II) out-of-time-ordered correlation as a
measure of information scrambling in cold atomic systems.
In parallel, we will develop the theory for non-equilibrium
phase transitions, methods for calculating non-equilibrium
states using quantum computers, and evaluate the quantum
entanglement in quantum many-body systems that are
thought to correspond to quantum black holes and gauge
gravity, such as the Sachdev-Ye-Kitaev model.

Black Hole

v' Experiment & Theory
v" Measurement-Induced Transition
v" Out-of-Time-Ordered Correlator

Understanding Non-
equilibrium Quantum Many-
Body Dynamics from a view
of Quantum Information

Black Hole
Information
Loss Paradox

28



Project B03
Black Holes and Singularities from Quantum Information (21o5186)

[Principal Investigator]

[Co-Investigator]

[Research Collaborators]

Akihiro Ishibashi

Akihiro Ishibashi (Department of Physics, Kindai University)

Kengo Maeda (Faculty of Engineering, Shibaura Institute of Technology)
Keiju Murata (Department of Physics, Nihon University)

Takashi Okamura (Department of Physics, Kwansei Gakuin University)
Gen Kimura (Systems Engineering and Science, Shibaura Institute of Technology)
Toshifumi Noumi (Department of Physics , Kobe University)

The aim of group BO3 is to understand fundamental
nature of quantum black holes by developing a new
approach to quantum gravity that incorporates quantum
information into general relativity. Black holes in general
relativity are the simplest but one of the most mysterious
objects in the universe since their basic constituent is
merely the spacetime curvature, but they nevertheless
possess thermodynamic properties, such as temperature and
entropy. The possibility that a black hole can evaporate by
emitting thermal Hawking radiation has raised the
fundamental question, called the “black hole information
paradox,” which concerns over general relativity and
quantum information. The event horizon of a black hole is
the causal boundary of domain of outer communications,
whose structure and dynamics are governed by the null
energy condition via the Einstein equations, and whose
sectional area corresponds to the entropy, known as
Bekenstein-Hawking entropy. The former aspect suggests
that quantum mechanically corrected null energy
conditions would play a significant role in understanding
the structure and dynamics of quantum black holes. The
latter aspect exhibits the close connection between the
black hole entropy and quantum entanglement entropy,

which characterizes the correlations between subsystems
separated by a boundary surface in a larger quantum
system. An increasing number of evidence shows that the
black hole entropy can be described as an entanglement
entropy via the gauge-gravity correspondence.
Furthermore, recent development of the holographic
principle indicates that geometric description of---not only
a black hole event horizon but also---a various type of
causal boundaries can admit the holographic description as
a quantum entanglement via the Ryu-Takayanagi formula,
which connects gravity with quantum information. It is
thus anticipated that quantum aspects of gravity would
become most tangible around causal boundaries and be
described most effectively by using the language of
quantum information theory. These observations form our
view point of “extreme universe” that gravity/spacetime is
a collection of quantum information. Based on these ideas,
we will derive basic formulas that govern the dynamics of
quantum black holes by unifying geometric and quantum
information theoretic aspects of causal boundaries, and
thereby attempt to establish a theoretical foundation for
extreme universe.

[ What makes quantum aspects of gravity most tangible? j

Toward understanding fundamental nature of quantum black holes

m=p “Black hole information paradox”
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I. Quantum null energy conditions }—

+ Quantum information and QNEC
« Entropy of quantum black holes

— ‘II. Dynamics of causal boundaries ‘ -

« Causal boundaries and quantum dynamics
« Black hole information paradox

¢ Quantum information and causality
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The geometric formula of entanglement entropy
(Ryu-Takayanagi formula), which says that a surface area
in gravitational theory can be interpreted as an amount of
quantum information, has led to the prediction that the
universe in gravitational theory is a collection of quantum
information, which has attracted worldwide attention. The
aim of group CO1 is to develop this prediction by
introducing the viewpoint of quantum information into
high energy theory, and to uncover the basic theory of the
"dynamics of the creation of the universe (quantum
universe)," which is one of the three problems of extreme
universe. The foundation for this is the "gauge-gravity
correspondence,” or the hypothesis that the gravitational
theory of the anti de Sitter universe is equivalent to a
theory of quantum many-body system. The gauge-gravity
correspondence is a powerful idea that has passed
enormous verifications, but the basic principle of why this

___ Ryu-Takayanagi Formula
3 Area
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correspondence arises still remains unknown. If this
principle is understood completely, it will be possible to
elucidate the mechanism of the creation of the universe
from nothing and eventually to construct the ultimate
physical laws. The anti-de Sitter universe is a universe with
negative curvature, while the real universe we live in and
the process of creation of the universe are thought to have
positive curvature, i.e., a de Sitter universe. In this
research, we will first clarify the basic principle of
gauge-gravity correspondence by combining the methods
of quantum information theory and gauge-gravity
correspondence, and then use it as a hint to extend the
gauge-gravity correspondence beyond the anti-de Sitter
universe to more general universes including the de Sitter
universe. This will finally provide us with the fundamental
theory for quantum cosmology.

Tensor Networks
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How did our universe develop from its earliest
moments? This is the major question of quantum
cosmology, and to answer it great efforts have been made
both in theory and in attempts to verify theory by
observation of cosmic background radiation. It would be
ideal if we could reproduce the origin and evolution of the
universe in a laboratory and thereby experimentally verify
the theory by controlling key parameters. Therefore, in this
research project we aim at implementing quantum
cosmology in the laboratory in 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.

The actual physical system that we deal with comprises
electrons in semiconductors. Semiconductor industry

consists of state-of-the-art modern technologies such as
ultra-high quality crystal growth technology, fine process
technology, and electronics. In this project, using such
mature technologies as a base, we implement toy models of
quantum cosmology on a semiconductor chip using
quantum Hall edges, which are an intriguing quantum
many-body system. Through experiment and theory, we
aim at unveiling the mechanism of the origin of the
universe. More specifically, (1) we will establish advanced
quantum measurement techniques and perform experiments
on quantum Hall edges, and (2) examine quantum
cosmology by collaborating with various fields of
researchers from particle theory, mathematical physics,
solid-state theory, quantum information, and cosmology

Implementation of toy model of quantum cosmology in Quantum Hall edge
(1) Develop quantum measurement and perform quantum cosmology experiment

(2) Examine quantum cosmology from various fields of theory
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General Relativity proposed by A. Einstein is the most
convincing classical theory of gravity describing the
dynamical fluctuations of space and time. Cosmological
models based on General Relativity have successfully
explained a bunch of phenomena observed in the Universe.
Nevertheless, some fundamental issues remain
long-standing puzzles. Of most prominence is the origin of
the two phases of the accelerated expansion of the early
and late universe, a.k.a. inflation and dark energy. This
exposes a lack of our profound understanding of gravity
and spacetime. In this project, we therefore aim to clarify
the whole consistent picture of gravity and spacetime,
which would make progress toward resolution of the
beginning and the accelerated expansion of the Universe.

The research proposal of our group (C3) is two-fold: one
is to incorporate the aspects of quantum information—
which has been substantially developed during the past
decade by the Ryu-Takayanagi formula in the
gauge/gravity correspondence—into “braneworld.” A

Cosmology on
boundary brane

braneworld describes our 4-dimensional universe as a thin
membrane corresponding to the boundary of higher
dimensional anti-de Sitter spacetime. This model has been
motivated by and consistently derived from particle
physics. We try to reframe the braneworld model from the
perspective of quantum information theory. It is our hope
that this new braneworld perspective would be a powerful
tool and provide a clue to get deeper insight into problems
of universe.

Another blueprint of our research proposals is to identify
the direct signature of quantum gravity by exploring a
broad range of topics on gravitational physics. The recent
experimental activities including the detection of
gravitational wave signals and the image of supermassive
black holes have reached a sensitivity where the deviation
from General Relativity is testable. Stimulated by this new
exciting window of opportunity in cosmology/astrophysics,
we address phenomena that lead to the robust predictions
of quantum aspects of gravity.

Higher dimensions
Anti-de Sitter spacetime

Extra dimension
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Many of the phenomena around us, such as the Standard
Model of elementary particles, are described in terms of
quantum field theory. Understanding the physics of the
microscopic realm is important not only for investigating
the ultimate constituents of matter, but also for exploring
the nature of quantum many-body systems, in which many
fundamental quantum systems cooperate with each other to
create new physical phenomena. The goal of group D01 is
to elucidate the dynamics of matter that exhibits such
quantum behavior. In quantum information theory, how
quantum systems change under various physical
manipulations is investigated from a general viewpoint. By
adopting the perspective of quantum information theory,
new aspects of quantum field theory may be revealed that
cannot be understood by conventional methods. In
particular, by focusing on the common mathematical
structure behind quantum field theory and quantum

Quantum Information Theory

Quantum information measure
Quantum error correction
Quantum computation
Quantum simulation

Quantum algorithm
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Quantum computation

Quantum simulation

information theory, we hope to uncover universal
properties that all field quantum theories should possess,
independent of individual quantum systems. As a
complementary approach to examining the dynamics of
quantum field theories, we will perform quantum computer
simulations of quantum field theories. Many physical
systems, including finite density systems and real time
systems, are difficult to simulate on classical computers,
but are expected to be efficiently simulated on quantum
computers. By developing and implementing methods of
quantum computation suitable for quantum field theory, we
will be able to elucidate important phenomena such as the
scattering process of elementary particles and the
evaporation process of black holes. Furthermore, we will
explore the relationship between the quantum information
theory aspect of quantum field theory and holographic
principles as well as quantum gravity theory.

Quantum Field Theory

Constraints on dynamics
Quantum energy bounds
Real time systems
Quantum Hall systems
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Quantum many-body systems such as quantum spin
systems, ultra-cold atoms, and topological quantum matter,
have been a central issue in modern condensed matter
physics. The key to understanding such complex systems is
the structure of quantum entanglement. The primary goal
of group D02 is to precisely understand the physics of
quantum many-body systems based on a quantitative
analysis of quantum entanglement. For this purpose, we
focus on tensor networks that provide very practical
numerical and theoretical frameworks for describing and
controlling highly entangled quantum many-body states.
Actually, recent years have witnessed a growing interest in
applying tensor networks not only to condensed matter
physics but also to various research fields ranging from
quantum information to high-energy physics. Moreover,
the fusion of tensor networks and quantum gravity has led
us to the nontrivial relation between the Ryu-Takayanagi
formula for the holographic entanglement entropy and the
entanglement renormalization group that is one of the
tensor network methods. These suggest that key physics to

Entanglement
renromalization

Networks
(TN)
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01 Quantum

information

understand “extreme universe” is involved in the
interdisciplinary research fields associated with quantum
entanglement and the tensor networks.

In this research project, motivated by such interesting
interdisciplinary developments, we will systematically
clarify the controlling mechanism of quantum many-body
states inherent in the tensor networks, and then develop a
modern theory of quantum many-body dynamics by
focusing on mathematical structures behind quantum
entanglement physics. On these basis, we also develop
efficient tensor network algorithms for higher dimensions
and critical systems, which are of practical importance. In
cooperation with other research groups, moreover, we aim
to attain possible understanding of the extreme universe
from the condensed matter perspective. For instance, we
address the relation between the entanglement
renormalization and the holographic entanglement entropy,
and also explore condensed matter analogies of quantum
gravity phenomena in realistic experimental situations.
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What is quantum information?

As quantum information science grows, “quantum
information” has been started to be widely used in various
fields, possibly leading people to wonder what “quantum
information” means. The goal of this article is to explain how
“quantum information” is described in quantum information
science, hopefully as clearly as possible.

1.What is “information”?

Let us begin with information in a classical regime. In the
classical case, information is commonly formulated using a
probability distribution. For instance, suppose that you are
interested in the winner of some competition. Before you know
the result, you may have no clue. Hence, it is reasonable to
describe your status as “all competitors with equal winning
probability”. The information of the winner changes your status
from such an uncertain to a certain one. This change of the
probability distribution represents a gain of information.

One of the merits of using a probability distribution is that
we can naturally define the amount of information. In the above
example, if the winner turns out to be the one who you expect
unlikely to win, you will probably get more surprised and feel
that you have gained more information. Based on this idea, it
is common to expect that an event with small probability has
more information. Following this, the amount of information
of a certain event is typically given by the log of inverse
probability. The logarithm is taken for making the quantity
additive.

To wrap up, information is formulated by a probability
distribution on a set of events, and each event has the
information content given basically by the inverse probability.
In information theory, the pair of a set of events and a
probability distribution is often called an information source.
Intuitively, the information source can be thought of as a slot-
machine: every time you pull a lever, you get an event x with
probability p, and obtain the information content oflog, 1/p,.
It is easy to see that the average information content of the slot-
machine is given by the Shannon entropy.

Note that a slot-machine is an information source, not
information itself. When you say you send information, it does
not mean you pack a slot-machine and ship it to somebody.
It does mean that, when your machine outputs x, a receiver
gets x as well. This thought may allow us to understand a gain
of information as a perfect correlation with the output of an
information source.

2.What is gquantum information?

We can now easily understand quantum information.
Since an information source is a slot-machine, a quantum
information source is a quantum slot-machine that outputs a
pure state |'¥;) with probability p;. If one gains the information
about what pure state the source outputs, we can say “quantum
information is gained”.

This is a slight generalization of classical information.
However, in the quantum regime, a slight extension usually
leads to a radical change. To see this, let us consider the
following two quantum information sources A and B:

Az {|W;) with probability q; : i = 0,1, [(¥lh1)| = 0},
B : {|¢;) with probability q; : i = 0,1, [{(¢ol¢1)| = 1}.

Since the two states in A are orthogonal and distinguishable
with certainty, the source A is merely a re-labeling of a
classical information source {(g;, i) : i = 0 or 1}. That is,
the quantum information source A is classical though it is
defined on quantum states! On the other hand, B consists
of |¢o) = |¢1) and always outputs almost one type of state.
Hence, the source B is very different from a classical one
{(p;,i) :i =0or1}.

Clearly, this is due to non-orthogonality of quantum
states, which can be simplified by using a trick that we
are all familiar with. We can just use a density matrix
to represent the information source {p;, |¥;)(¥;]},
such as p =YK p|¥)(¥;|. By diagonalization
p=YP23 21| (D <K), we can introduce another
ensemble {A,, |1,)}223 of pure states. It is important that
this ensemble represents the quantum information source
same as {p;, |W)}!. This is due to the rule of quantum
world: there is no physical operation that distinguishes
ensembles of quantum states with the same density operator.
Thus, we can argue quantum information based on the source
{Aes |A)}P28 rather than {p;, |¥;)}5'. This is a great
simplification since the former consists of the pure states
orthogonal to each other and is essentially classical!

3.Again, what is quantum information?

At this stage, one may be confused about what quantum
information is. In the beginning of the previous section, it
was explained that quantum information is about the output
of a quantum information source {p;, |y;)}, e.g., was
the output [g;) or | j>? However, in the latter part, the
ensemble was replaced with {4, |1,)}2-2using the principle
of quantum world. Now, neither [;) nor [;) can you find.
Well, what would you actually get to know when you gain
quantum information?

The confusion arises from the fact that we have mistakenly
expected that an output state is drawn from a specific
quantum source {p;, |W;)}. This is not true since quantum
tells us that any ensembles describe the same physical state if
they have the same density matrix. We should never fix the
ensemble when we talk about quantum information. If we
do so, we will be out of quantum. For this reason, the most
common definition of quantum information source is actually
representing it by a density matrix p instead of an ensemble
{pi, |¥:)}.

Apart from using a density matrix, it is also possible to
define quantum information by entanglement. Recall that
a density matrix p, on a quantum system A can be always
described by a pure state |p) 4z on an extended system AR.
The pure state and the system R are called a purification
of p, and a purifying system of A, respectively. As a
consequence of the Uhlmann’s theorem [1], it can be shown
that any ensemble of pure states with a density matrix p4, can
be realized in A if the purifying system R of the purification
|0} 4 is measured in a proper basis. This property holds due
to the entanglement between A and R. Here, a choice of the
measurement basis in R determines a set of pure states in
A, and the measurement probability defines a probability
distribution on it.

Using this fact, we may expect that a quantum information




source in A, namely a density matrix pg4, is kept track of by
a purifying system R of p,. Hence, we can say that quantum
information is kept in entanglement with a purifying
system. If one takes this picture, the purifying system is
sometimes called a reference system. This definition is
nearly equivalent to the one based on a density matrix [2], so
either can be used in practice.

Before we move on, it is better to emphasize that there
is no way to naturally quantify the “amount” of quantum
information. In classical cases, the information content
was intuitively defined from the degree of “surprise”. In a
quantum case, this is not possible since we should not fix
the ensemble and cannot think of how much we would be
surprised when we know the output of a quantum information
source. Some may wonder what about the von Neumann
entropy. In a sense, it may represent quantum information
content of a quantum source. However, unlike the classical
case, the meaning of quantum information content is by far
non-trivial. To correctly understand what it means, one needs
to learn the quantum data compression theorem established
by Schumacher [3].

4.Quantum information and physics

Finally, let us see what “quantum information™ is
in the context of physics. For instance, the Hayden-
Preskill thought experiment asks how to recover quantum
information thrown into a black hole (BH) from the
Hawking radiation. We also sometimes hear “quantum
information of a BH”. How should we understand them?

Based on a density matrix, the former is interpreted as
follows. First, a pure state |, ), probabilistically drawn
from a quantum information source p, is thrown into a
BH. Second, one, say Bob, tries to recover |¥,) from the
Hawking radiation. Bob is typically assumed to know
what is p though he has no idea about what pure state
was chosen. If he succeeds, then we can say that quantum
information thrown into the BH is recovered from the
radiation.

If one prefers a description by entanglement, we should
introduce a purification |p) 4z of a quantum information
source py. The system A is thrown into a BH, and Bob
tries to recover the entanglement between A and R from
the Hawking radiation. That is, he applies a good operation
onto the Hawking radiation, so that resulting state is |p) 4
shared between a Bob’s system and R, not between A and
R. A success of such an entanglement transfer implies that
quantum information is recovered from the radiation. In
this scheme, we should be careful that no operation can be
applied to the purifying system R since it is virtual.

In contrast, it is not so clear to me what “quantum
information of a BH” means. Maybe, it is based on the idea
that a BH itself is a quantum information source, which
is possible since a BH in the quantum regime should be
described by a density matrix. If so, quantum information
of a BH is about the pure state a BH is actually in. In terms
of entanglement, this is equivalent to say that we consider
a purification of a density matrix of a BH by a reference
system R and try to transfer the entanglement between R
and the BH to that between R and the quantum system in

our hand.

These interpretations seem natural from the viewpoint of
the theory of quantum information. However, I am not sure
if these are the right things. If they are, I actually wonder
whether they are physically possible. They look to me too
ambitious since I feel that they may possibly violate some
physical principle, though I am not sure at all.

When I hear talks about quantum information in physics,
I often feel that I am lost on an unknown planet. This
leads me to fantasize that nothing is certain in this world
and nature is the information source of physics. Our goal
is to extract information from the information source of
nature. It is extremely exciting if we can contribute to such
a dream-like goal through the collaboration of extreme
universe.

[17 A. Uhlmann, Rep. Math. Phys., 9:273-279 (1976).

[2] D. Kretschmann and R. F. Werner, New J. Phys., 6, 26
(2004).

[3] B. Schumacher, Phys. Rev. A, 51, 2738 (1995).

[4] P. Hayden and J. Preskill, J. High Energy Phys., 0709,
120 (2007).
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Conference Reports

O®ExU Kickoff Meeting
29-30 November 2021,0nline

In order to promote the fusion of different research
fields, we have been organizing online "Circulation
Meetings" every month since October, shortly after this
program started. In particular, in November, we expanded
this meeting and held it as the kick-off meeting of our
extreme universe program for two days on November 29
and 30. Each of nine planned research groups gave a
one-hour presentation on their future research plans and
current status with plenty of discussion time. More than 60
participants, including all of the principal investigators and
co-investigators, together with collaborators, participated.

After the meeting, there was a time for free discussion
using the online tool Spatial Chat, which provided a good
opportunity for researchers in different fields to get to
know each other and interact. In this meeting, in addition to
the research plans to approach extreme universe problems
through the theoretical fusion of quantum information
theory, particle theory, cosmology, and condensed matter
theory, the research plans for condensed matter
experiments in which experimentalists collaborate with the
theorists to simulate an expanding universe with a quantum
hall system and a quantum black hole with a cold atom
system were also explained. In this meeting, there were
also reports on the situation where interdisciplinary
researches have already started, such as an interesting
collaboration on the relationship between quantum
scrambling and quantum error correction by researchers of
condensed matter theory and quantum information theory.
(Reported by Tadashi Takayanagi)

@®IFQ-ExU Joint mini workshop
“Extreme Universe from Qubits”
16-18 December 2021,0nline

On December 16-18th 2021, the IFQ-ExU joint mini
workshop: Extreme Universe from Qubits, an online
workshop on the application of quantum information theory
to superstring theory, was co-organized by Transformative
Research Areas A “Extreme Universe” and the Simons
Foundation "It from Qubit" collaboration. This collaboration
is a pioneering international research project led by the
researchers in the United States that aims to study
high-energy theory, in particular quantum theory of gravity,
using knowledge of quantum information, and has many
themes in common with the ExU collaboration.Invited
speakers of the workshop were Matthew Headrick
(Brandeis), Patrick Hayden (Stanford), Veronika Hubeny
(UC Davis), Norihiro lizuka (Osaka), Yoshifumi Nakata
(Tokyo), Edgar Shaghoulian (Penn), Douglas Stanford
(Stanford), and Beni Yoshida (Perimeter).

During the workshop, Douglas Stanford from Stanford
University reported dual gravity interpretation of averaging
over random unitary states. When the rank N of these
unitary matrices is large, the interpretation of the leading
term for N is well known. In his talk, it was shown that
some of the subleading terms of in the large N expansion
can be interpreted as the contributions of wormholes on the
gravity theory side. Edgar Shaghoulian from the University
of Pennsylvania proposed a formula for the entanglement
entropy of holographic theory for de Sitter space by
assuming it is living in its cosmological horizon. It was
confirmed that this formula has the basic properties that
should hold if such a holographic relation exists. Norihiro
lizuka, a member of ExU collaboration from Osaka
University reported a new regularization scheme for
entanglement entropy in quantum field theory. He also
briefly discussed its applications to the calculations of the
entropies for gauge field and conformally invariant scalar
field.

(Reported by Tomonori Ugajin)




®Tensor Network States:

Algorithms and Applications (TNSAA)
2021-2022 online

17-21 January 2022,online

International workshop of Tensor Network States:
Algorithms and Application (TNSAA) was held in online
style on 17-21 January 2022. Since 2012, TNSAA has been
held mainly in Asian countries and has been providing
good opportunities for various researchers and students to
discuss ongoing developments in tensor networks and
related fields. Last year, however, the workshop was
skipped due to COVID19. Tensor network physics is an
essential keyword for the interdisciplinary development of
physics in the ExU project. We, the members of D02 group
in the ExU project, started up as an organizing committee
of TNSAA online in September 2021, at almost the same
timing as the launch of ExU. The original on-site TNSAA
workshop was started as a relatively small size workshop
for tensor network researchers in condensed matter fields
mainly from Asian countries. This time, we had more than
100 number of participants including young researchers
particularly from European counties and west coast of
America. We had totally 21 number of interesting talks
including 9 invited talks from various research fields
among condensed matter physics, elementary particle
physics and quantum information. In particular,
presentations by young researchers attracted much interest
and we could enjoy active discussions reflecting recent
interdisciplinary developments in tensor network physics.
We believe that this TNSAA online workshop provided a
new style and trends of international workshop of tensor
network physics, in addition to its original aim.

The photograph below is a snapshot of YouTube
channel, where movies of the presentations recorded during
the workshop are available. We feel that it may be a nice
aspect of the online-style workshop that we could easily
combine convenient free internet facilities such as Zoom
and YouTube for international research communication. If
you are interested in, please check QR-code attached at the
right bottom corner of the photo and enjoy tensor network
physics.

(Reported by Kouichi Okunishi)

i TNSAA 2021-2022 online:

i TNSAA2021-20220nline:
Rong:Yang Sun

i TNSAA 2021-2022 online:
Roman Orus. Runze Chi

i TNSAA 2021-2022 online:
Chia-Min Chung

@YITP Domestic Molecule-type Workshop
“Quantum Computing for

Quantum Field Theories 2022”

24 February 2022, YITP + Online

A hybrid face-to-face and online mini-workshop on
"Quantum Computing in Quantum Field Theories 2022"
was held on February 24, 2022, hosted by the Yukawa
Institute for Theoretical Physics, Kyoto University, and
co-hosted by Project DO1 in the Extreme Universe. This
mini-workshop was held as a part of a domestic
Molecule-type workshop at the Yukawa Institute for
Theoretical Physics held from February 21 to March 4,
2022. In the domestic Molecule-type workshop, it was to
bring together 12 researchers in the fields of particle
theory, nuclear theory, and condensed matter theory who
are working on quantum computation to promote joint
research and to create new collaborations. In the
mini-workshop on the 24th., 71 people participated via
both onsite and online, and we had 4 invited talks and
active discussions.

Non-perturbative nature of quantum chromodynamics
(QCD), which describes the physics of quarks, the smallest
constituent of matter, has been revealed through 40 years of
first-principles calculations using the Monte Carlo method.
However, the Monte Carlo method is known to suffer from
the infamous sign problems that make the calculation of
field theories very difficult in some regions. In order to
solve this problem, an attempt has been made to develop
new computational method that can make good use of the
quantum computers recently, and to clarify unknown
physical properties of field theories in such regions.

The workshop series "Quantum Computing in Quantum
Field Theory" started last year. Last year, 25 researchers
from Japan and abroad gave talks completely online, and
more than 220 people registered to participate, allowing us
to collect comprehensive information on the current status
of this field. This year, the number of lectures was relaxed
with ten talks in the entire period of the Molecule-type
workshop. We were able to ask questions and have
discussions very actively because of face-to-face. I felt that
only face-to-face discussions can provide, where we
discussed every detail from morning till night, including
coffee-breaks with a relax atmosphere.

Next year, we are planning to hold a summer school
(face-to-face I hope) for young people such as graduate
students for a week from September 12 to 16. If you are
interested in this field, please join us.

(Reported by Etsuko Itou)




Conference Reports

®The 1st ExU School & The 1st ExU Annual Meeting

School:3-5 March 2022, Annual Meeting:7-8 March 2022
Yukawa Institute for Theoretical Physics (YITP) + Online

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 view-
points 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” collabora-
tion.

This time, all lectures were in the Japanese language.
Even though the capacity of the Panasonic Hall at YITP
was limited due to the guidelines on prevention of the
spread of the Novel Coronavirus, lively discussions were
formed between the Hall and the online participants, who
numbered around 300.

Masato Koashi (Univ. of Tokyo) lectured online on
some of the most fundamental notions of quantum informa-
tion theory, including the background ideas. The topics
included how our treatment of information via quantum
systems is generalized and organized, and how the distinc-
tion is made between processes that are fundamentally pos-
sible and that are not. Furthermore, emphasizing the differ-
ence between quantum information and classical informa-
tion, he explained notions such as entanglement and quan-
tum teleportation, as well as how to quantitatively evaluate
the information processing capabilities from resource theo-
retical point of view.

Starting from the description of gravity as geometry, Ya-
susada Nambu (Nagoya Univ.) explained how to view the
Penrose diagram for representative spacetimes, such as
Minkowski and Schwarzschild spacetimes and expanding
universe. He introduced the notion of the particle produc-
tion in curved spacetimes, and its application to the calcula-
tion of the Hawking radiation in black hole spacetimes as
well as to that of the prismoidal fluctuations in cosmic
inflation.

Tatsuma Nishioka (D01 PI, YITP) gave an introductory
blackboard lecture to how to calculate the entanglement
entropy, which is one of the characterizing quantities of the
quantum entanglement, using the path integral formulation

The 1st ExU School.

of the quantum field theory, with a free scalar field as an
example. He also commented on systems at finite tempera-
ture and on conformal field theory.

Tadashi Takayanagi (Head investigator, CO1 PI, YITP)
inaugurated the school, introducing the Extreme Universe
Collaboration and explaining the role of the school in the
Collaboration. In closing the school, he gave a short lecture
explaining the importance of cooperation between theoreti-
cal physics and quantum information theory in investigat-
ing the problems that this Collaboration targets, such as
black holes, early universe, and dynamics of quantum ma-
terials, with recent examples including the island formula.

The first Annual Meeting of this Collaboration was also
held in the hybrid style, limiting the onsite participants to
principal investigators (PIs) and co-Pls in principle, and
limiting the online participants to collaborating researchers.
The PI of each project gave a 40-minute talk including dis-
cussion on the status of the research since the start of the
Collaboration in September 2021, as well as on the plan.
Also, the following public seminars were held during the
meeting:

Yoshifumi Nakata (AO1 co-PI, U.of Tokyo)
“Linking quantum information to physics”
Yasuaki Hikida (CO1 co-PI, YITP, Kyoto)
“3D de Sitter space/2D CFT correspondence”

At the beginning of the Annual Meeting, after an over-
view talk from Tadashi Takayanagi, the Senior Scientific
Research Specialist (SSRS) in charge of the ExU Collabo-
ration, Akihiro Minamino (Yokohama National U), gave an
invited talk on the roles of the SSRSs connecting research-
ers and MEXT. Progress in research was reported from all
projects, including results of collaboration between differ-
ent groups. Hot discussions were held both during the ses-
sions and the coffee and lunch breaks. Before closing the
Meeting, we received encouraging words from our domes-
tic advisers, Akio Hosoya (Professor emeritus, Tokyo Insti-
tute of Technology) and Nobuyuki Imoto (Professor emeri-
tus, Osaka University).

(Reported by Masaki Tezuka)

Group Photo of the 1st ExU Annual Meeting.



Conferences, Workshops and Seminars in 2021-2022

®Extreme Universe Colloquium

1st Extreme Universe Colloquium

Date : 4 December 2021, Online

Speaker : Prof. Shinsei Ryu (Princeton University)

Title : Many-body quantum physics through the lens of
quantum entanglement

2nd Extreme Universe Colloguium
Date : 26 January 2022, Online

Speaker : Prof. Mark Van Raamsdonk (UBC)
Title : Cosmology from confinement

3rd Extreme Universe Colloquium
Date : 28 February 2022, Online

Speaker : Prof. Koji Hashimoto (Kyoto University)
Title : Chaos and Holography

4th Extreme Universe Colloquium

Date : 30 March 2022, Online

Speaker : Prof. Robert Raussendorf (UBC)

Title : A gauge theory of measurement-based quantum
computation

®Extreme Universe Seminar

1st Extreme Universe Circular Meeting

Date : 25 October 2021, Online

Speaker (D : Yoshifumi Nakata (A01)

Title : Decoding the Hayden-Preskill protocol: from
classical to quantum

Speaker (2 : Tomoyuki Morimae (A01)

Title : Quantum cryptography based on computational
assumptions

2nd Extreme Universe Circular Meeting

Date : 27 December 2021, Online

Speaker (D : Norihiro lizuka (BO1)

Title : Islands and watermelon

Speaker (2 : Shuta Nakajima (B02)

Title : Quantum-informatic studies of quantum many-body
systems using ultracold atoms

3rd Extreme Universe Circular Meeting

Date : 24 February 2022, Online

Speaker (1 : Tadashi Takayanagi (C01)

Title : AAS/BCFT, Double Holography and Quantum
Entanglement

Speaker @ : Go Yusa (C02)

Title : Toward quantum cosmology experiments in
quantum Hall systems

®Conferences & Workshops

KIAS-YITP 2021: String Theory and Quantum
Gravity

Date : 13-16 December 2021

Venue : YITP, Kyoto

IFQ-ExU Joint Workshop: Extreme Universe
from Qubits

Date : 16-18 December 2021

Venue : Online

Tensor Network States: Algorithms and
Applications (TNSAA) 2021-2022 online
Date : 17-21 January 2022

Venue : Online

Quantum computing for quantum field theories
2022

Date : 24 February 2022

Venue : Online and YITP, Kyoto

1st Extreme Universe School
Date : 3-5 March 2022
Venue : Online and YITP, Kyoto

1st Extreme Universe Annual Meeting
Date : 7-8 March 2022
Venue : Online and YITP, Kyoto

YITP international workshop: Quantum Information
Entropy in Physics

Date : 21-25 March 2022

Venue : Online and YITP, Kyoto
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Jopics Research Highlight

Gauge/gravity correspondence for three-dimensional de Sitter space

de Sitter (dS) space is obtained as a solution to Einstein
equation with positive cosmological constant and it
approximately describes inflation era and current universe.
In order to understand our universe, it is necessary to
formulate quantum gravity on dS. In case with negative
cosmological constant, anti-de Sitter (AdS) space is given as
a gravity solution, and quantum gravity on AdS is
formulated via gauge/gravity correspondence, i.e., AdS/CFT
correspondence. Here CFT is an abbreviation of conformal
field theory, which has an extension of scaling symmetry.
Since the proposal by Maldacena in 1997, there have been
large developments in AdS/CFT, and progresses have been
pushed forward by applying quantum information theory
recently. It is thus natural to expect that quantum gravity on
dS can be well formulated by applying gauge/gravity
correspondence, i.e., dS/CFT correspondence.However,
dS/CFT has not been well understood yet compared with
AdS/CFT. As a reason, very few concrete examples are
available for dS/CFT currently. Recently, we proposed in
ref. [1] a new gauge/gravity correspondence with Einstein
gravity on three-dimensional (3d) dS and provided strong
evidence. Moreover, we discussed relations to quantum
information theory.

Applying AdS/CFT, quantum gravity on AdS can be
described by CFT living on the boundary of AdS.
Observables in AdS gravity are given by scattering
amplitudes between the AdS boundary. According to
AdS/CFT, scattering amplitudes correspond to correlation
functions of CFT at the AdS boundary. On the other hand,
observable in dS gravity may be given by correlation
functions of bulk fields at late time. The correlation
functions can be evaluated as expectation values with wave
function of universe obtained via path integral over bulk
fields, say, ¢, associated with boundary condition ¢=¢, at
late time, see fig. 1. The claim of dS/CFT is that the wave
function can be obtained from dual CFT. However, dual
CFT is typically quite exotic such as to have negative or
pure imaginary central charge, which is expected to count
the degrees of freedom.

de Sitter
space

Figure 1.

Hartle-Hawking wave function
of universe. The universe starts
from nothing and continues to
Lorentzian de Sitter space.

Concretely speaking, we claimed that classical gravity on
3d dS corresponds to 2d SU(2) Wess-Zumino-Witten
(WZW) model. WZW model is a fundamental example of 2d
CFT and it has an extension of Lie algebra symmetry. WZW
model is parametrized by level k, which is usually positive
integer. We set the central charge of the WZW model as c— i
oo, which requires a strange value of the level as k— -2. This
is one of features of our proposal. As evidence, we computed
gravity partition functions both from gravity theory and the
WZW model and found perfect agreements at the limit. For
this, we utilized a method developed by Witten to compute
partition functions of 3d gauge theory from 2d WZW model.
We also pointed out that an analytic continuation of
AdS/CFT with higher-spin gravity on 3d AdS leads to our
proposal of dS/CFT, which is regarded as another evidence.

As explained above, we proposed new dS/CFT
correspondence involving 3d dS gravity and provided
evidence by examining gravity partition functions and
relation to AdS/CFT with higher-spin gravity. In addition, we
briefly studied correlation functions, quantum corrections, the
relation to quantum information theory and so on.
Entanglement entropy is a quantity of quantum information,
and we succeeded to reproduce entanglement entropy of 2d
CFT from the dual bulk theory on 3d dS. This indicates that
Ryu-Takayanagi formula works also in this case. As future
projects, we would like to pursue the relation to quantum
information theory furthermore. Black hole entropy serves as
a guide to formulate quantum gravity and recently
generalized entanglement entropy is going to play such a
role. dS space also has entropy associated with its horizon
and the dS entropy could be regarded as a guide to formulate
dS gravity. In our setup, we can compute topological
entanglement entropy in 3d dS gravity and it was shown to
match with the dS entropy at classical gravity limit. This fact
suggests that quantum information theory is quite useful to
understand quantum gravity on dS as well.

[1] Y. Hikida, T. Nishioka, T. Takayanagi and Y. Taki,
arXiv:2110.03197; arXiv:2203.02852.
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HES+H Internal Information

SHENDEETFE Upcoming Conferences
OfEE S Annual Meeting

2nd Annual Meeting

Date : 26-28 December 2022

Venue : Kobe

O EESE ExU International Workshop

(2nd) Quantum Extreme Universe From Quantum Information
Date : 26-30 September 2022

Venue : YITP, Kyoto and Online

https://www?2.yukawa.kyoto-u.ac.jp/~qith2022/

(3rd) Quantum Information, Quantum Matter and Quantum Gravity
Date : 4 September — 6 October 2023

Venue : YITP, Kyoto and Online
https://www?2.yukawa.kyoto-u.ac.jp/~extremeuniverse/en/longtermws2023/

OFEEAN—DFRET S EDMDIAFESE Other workshops
Numerical Methods in Theoretical Physics

Organizers : Junggi Yoon, Anosh Joseph, Byungmin Kang, Dario Rosa, Masaki Tezuka
Date : 15-21 May 2022 (tentative, likely to be postponed)

Venue : APCTP, Korea and Online
https://www.apctp.org/theme/d/html/activities/activitiesO1 read.php?id=1690

YITP Summer School: A novel numerical approach to quantum field theories
Date : 12-16 September 2022
Venue : Panasonic Auditorium, Yukawa Hall, YITP and Online

https://www.yukawa.kyoto-u.ac.jp/seminar/s52960?lang=en-GB
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