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@ Introduction

. é . a4 . ' .
In science, microscopes are basic important devices.

Biology, Chemistry (Optical, electronic, ..) Cells, DNAs,
» Microscopes Atoms,"--

L

Materials Physics

High Energy Physics » Accelerators Elementary
— N particles
Quantum Gravity » Holograph Qubits !

(AdS/CFT) (Quantum Entanglement)

A thought experiment ‘

Extreme Universe emerges !

(String Theory)




What does holography magnify ?

» Gravitational Spacetimes !

In particular, one of the most interesting and simplest targets
for our thought experiments is

Black holes !

We can also magnify more general spacetimes
e.g. (Anti—)de Sitter spaces, big—bang Universe, etc.



What is BH Entropy ?

After stars collapsed into a BH, outside observers
cannot access the information inside the BH.

A lot of Information Hidden Information !
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BH entropy !



Bekentein—Hawking Formula of BH Entropy [1972-1976]

Calculations in general relativity show St _ '
that a BH has the following entropy: Still mysterious !
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» BH thermodynamics !

Asni= Surface Area of Black hole = Geometry
GN=Newton constant = Gravity

fi =Planck constant = Quantum Mechanics
ke=Boltzmann const.= Stat. Mech. and Quant Info. |

Quantum
Gravity!

BH Entropy is proportional to the area, not to the volume ! ‘




What is Quantum Entanglement ?

Quantum Entanglement (QE) = Quantum correlation between
two subsystems A and B

Newton3ll fit20204F

TRITDF T

For pure states: Non—zero QE & ‘\P>AB = “P1>A ®‘LPZ>B
Not a Direct Product

Minimal Unit of
Entanglement

€.0. Bell state:: ‘LPBGII>:LHT>A®‘\L>B+‘\L>A®‘T>B]
V2



Entanglement Entropy (EE)

An amount of QE is measured by Entanglement Entropy (EE) .

First we decompose the Hilbert space: Htot = HA & HB ,

Example : Spin—chain A B
/_H

H—o—o—o—o—o—&‘g—o—t—o—;m

We introduce the reduced density matrix O,

|

The entanglement entropy (EE) SA Is defined by

by tracing out B P4 = TrBﬂthot><qjtot

_ # of EPR Pairs
SA — _Tr[pAIngA] oC between A and B




Measurement of EE in Cond—mat Experiments

Example1: Ultracold bosonic atoms in optical lattices

a Mott insulator ; 4 Superfluid
Published: 02 December 2015 OO M (ee o)

H H Mixed
Measuring entanglement entropy in a quantum many- T — ' ' -
body system .
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Example2: Trapped-ion quantum simulator
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Analogy between BH and Qubits

Blackhole Spacetime Quantum Spin System

o, el

observer - 1 —~ *!,’/
- "é i

Entangled !
9 g

Entangled !

BH entropy SBH ‘ “ ‘Entanglement entropy SA‘
Spacetime Matter




2 Holography and Entanglement

BH Entropy |[¢ _— Apyy Degrees of freedom
B ™ |in Gravit
Formula 4G, in Gravity oc Area
[’'t Hooft 1993, Susskind 1994]
Holograph
grapny Boundary of M

Gravity on M =  Quantum Matter on o M
. [
= = [:
- — 2 :
[ | ﬁ ’.
[ | (D R 4
: ) *

BH entropy(ocArea)= Thermal Entropy of Matter (ecVolume)



AdS/CFT Correspondence
AdS/CFT

[Maldacena 97]

)/Iassless (gapless) theory

Conformal Field Theory (CFT)
on D dim. Minkowski spacetime

Gravity (String theory)
on D+1 dim. AdS

(anti de—Sitter space)

Classical limit Large N .
+ Strong coupling

General relativity Strongly interacting
with A<0 | Zeraiy =Zcrr | Quantum Field Theories

How about de Sitter space (A>0) ? = dS/CFT [Strominger 2001] CFT I
[dS/CFT] dS Gravity in D+1 dim. = D dim. (non—unitary) CFT

» We recently found the first example dual to Einstein gravity
(for 3 dim. dS).  [Hikida—Nishioka-Taki-TT, 2021]




Gravity in
Anti de—Sitter space Conformal Field Theories

(AdS) NN (CFTs)
\\\% Open Strings
N

Equivalent

.7 AdS/CFT

AdS metric

dz2—dt>+ 37 dx?
ds* =R*- zz'ﬂ ' '

Z

a2
S’»o““ Closed Strings
=Gravitons z/,/ =Gluons in U(N)
=) i

gauge theories

D—branes

Thermodynamics
of various materials

Thermodynamics of
Black holes (branes)

Equivalent



Holographic Entanglement Entropy (HEE) (ryu-TT 06,

SA can be computed from
the minimal area surface [ A:

S ~ |Area(Iy)
= min
A F:l 1Gy

Note: 3 [ A=9 Aand [ Ais homolgous to A.

Bulk Reconstruction
The information 0 A in the region A
Is encoded in the entanglement wedge EWA.

Hubeny—Rangamani-TT 07]

Entanglement Wedge

/EWA

B

CFT o
Mry

I'a

__ Gravity
— (AdS)



Algebraic properties in Quantum Information
< Geometric properties in Gravity

Holographic Proof of Strong Subadditivity [Headrick-TT 07]

A A A
BI>N =B Z BD) ) = S, +S5: 2S5, + S5
C C C
A A A>
B =B > B[ = S,g+Sg. 2S5, +S,
C C C
(Note: AB= AU B)




Black hole information problem and Island Formula

Recently, HEE was extended to CFTs which is coupled to gravity !

Island Formula: Area(Is i
>an S, = Mm[ (Is) + SAUIS] Gravity | CFT
enington 2019, 4G
- N
Almheiri et.al. 2019] —f T ‘ @’
EE for Radiations BH entropy Bulk EE +

L 2
Yeust

_ _ Accesible to BH interior
This explains the Page curve

=> Unitarity of BH evaporation ' l Ge”era“zatior“

) Gravity CFT
@ Hawking » @ \4
_Radration '{\> < :: >
SA 4 ™~ B

Entangled !
_ [Balasubramanian
Tlrpe ~Kar-Ugajin 2020-2021]




@ Extreme Universe from Quantum Entanglement

The HEE suggests that there is one qubit of
entanglement for each Planck length area !

~10% qubits per 1cm? !
\Bell pair
@ @ = Planck scale

Planck length mini Universe

Spacetime may emerge from entangled Qubits !
=>» Tensor Network (TN) realizes this idea !




Tensor network (TN) = Graphical description of quantum states

= Network of quantum entanglement
[DMRG: White 92, CTM: Nishino—Okunishi 96, PEPS: Verstraete—Cirac 04, ---.]

[Swingle 09,---
Pastawski—Yoshida—Harlow—Preskill 15,
.- Caputa—TT et.al. 17-21,..]

Conjecture: AdS geometry = TN

MERA TN [Vidal 2005 ] HaPPY TN

Solve !

Quantum Matter Tensor Network Universe
(e.g. spin systems) (= Quantum Circuit) in Gravity




@ What is “Extreme Universe” ?

Conventional description in physics = Space, Time and Matter

as basic building blocks.

However, in the extreme situations, due to strong quantum fluctuations,

the degrees of freedom of space, time, and matter fluctuate enormously,

‘ We cannot apply standard geometry due to quantum effects !

Quantum matter has too much degrees of freedom !

We call such a di

icult class of targets “Extreme Universe”.

e

.

Extreme Universe = The three fundamental limits in nature:
(DLimit of Space (@)Limit of Time @Limit of Matter

~\

J

We think these are ultimate problems in physics.



Three problems of Extreme Universe
\

N\ By Quantum

4 (D Limit of Space
[Quantum Black hole (B)]

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

Communication

Quantum Error
Correction

Quantum Gravity

(® Limit of Time
[Quantum Cosmology (C)]

What is the ultimate law that explains
the creation of the universe? y

\
‘ Holography

>So|ve these problems
in the light of
guantum information

\

soeyn wnijuenp

Quantum
Entanglement

g @ Limit of Matter R Computational
Complexity
[Dynamics of Quantum Matter (D)] 3
How can the dynamics of quantum ) . 1 mﬁn%é\fyr Quantum
\matter be solved efficiently? Yy - Computing




Qunatum Information
[AO1-group]

PANES<
EFE
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Common Quantum Spin Systems i

Use of Quantum Computing

D S
BAts
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[B01,C01,D01-group]

String Theory/Field Theorj

Quantum
Computation

o

BH information
Energy condition

Newton Bl f}2020£
FRITDTRTI

Gauge/Gravity
Duality

4 v
Cosmology/Relativity

[B03,C03—group]

N

Brane—world cosmology g
Quantum Effectin GR e

lllllllll

Em

at

modeling

Condensed Matter
[B02, C02, DO2—group]
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Cold Atom Experiment

Edge

Bulk

Quantum Hall Experiment




Extreme Universe Program

FY2021-2025 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” https://www2.yukawa.kyoto—u.ac jp/” extremeuniverse/en/

Cold atom
Planned Research experiment ”

Alphabet stugl?rﬂ(::i(;ilfof Gauge/ BCH_ duali Relgg'a'
blackholes Puge/gravity duality -

Explore quantum
information theories
o3
Cosmology

B0O2
Cold atoms

Cosmology 01

Study the nature Quantum gravity
of quantum universe

Co2
Quantum Hall effect

applied to physics

A1
Quantum Dynamics
Information D01 Dg2 antu
Study the mechanism Quantum Quantum many-body Qu m Hall

of quantum dynamics field theory theory exper'iment

based on Quantum Information | Particle physi& | | Condensed Matte i

+ Publicly Offered Research Quantum
(EO1,E02,E03) Computer
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- Y A01PI Quantum Computation BO1PI Quantum BH
:] Tomoyuki Morimae (YITP, Kyoto) Norihiro lizuka (Osaka U.)
| B0O2P1 Cold Atom Theory ~ BO3PlI BH in GR and Math
n Masaki Tezuka (Kyoto U.) Ia

¥ . Akihiro Ishibashi (Kindai U.)
. COIPI Holography and QI % C02PI Quantum Hall Experiment

m Tadashi Takayanagi (YITP, Kyoto) = : Go Yusa (Tohoku U.)
r \ CO3P1 Cosmology in GR and Math ‘:... i DO1PI QFT and QI

~ Testuya Shiromizu (Nagoya U.) “ Tatsuma Nishioka (YITP->Osaka U.)
- DO2P1 Tensor Network A01Col Quantum Information
.4 Koichi Okunishi (Niigata U.) Yoshifumi Nakata (U. of Tokyo)

B02Col Cold Atom Experiment C02Col Relativistic Quantum Info.
p.a Shuta Nakajima (Kyoto U.)

Masahiro Hotta (Tohoku U.)
.Y C03Col Global Structure in GR : C03Col General Cosmology Models
L1 Keisuke Izumi (Nagoya U.) u; | Tsutomu Kobayashi (Rikkyo U.)

D02Col Tensor Network and QC D02Col  Quantum Spin System Theory

Chisa Hotta (U. of Tokyo)

L

w.&y Hiroshi Ueda (Osaka U.)




Quantum Hall Experiment in Yusa—group C02

Quantum Hall Effect Quantum Energy Teleportation

(ii) Local  (iii) Classical channel (iv) Local operation

____________________________________

Measurement . ' Voltage signal | .

J_ - QH edge S

Theory for Quantum Energy Teleportation in QHE
Hotta, Matsumoto, Yusa, PRA 2014.

Toy model of Expanding Universe

i Theory for Expansing Universe in QHE:
Hotta—Nambu—Sugiyama—Yamamoto—Yusa,
Bulk arXiv:2202.03731

Edge




®) Conclusions
Starting from black holes, holography and quantum entanglement,

we reviewed recent remarkable progresses on deep connections
between quantum information, quantum matter and gravity.

These unsolved problems are boiled down to Extreme Universe !

oioe” EHTREMEUNIVERSE

physics

Gravitational

Bauge-gravit :
vgegravity Quantum theory of Losmology e
cleus Quantum t
toms field th uantum matter: |lynamics, “
10~1% m ¢ enry m y . - ““a ‘t‘o“
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Concept of ExU Collaboration

In spite of different scales, the laws of physics

will be universal, all as a collection of qubits! SR
’ Extreme Universe
ISt ExU School Mar 3—5




Thank you very much !



