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(DiIntroduction

What is particle physics ?

The study of fundamental particles and forces that
constitute matter and radiation.

= Exploring the minimal unit of matter

Electron Quark

ﬂz»

Matter Atom = Electrons + Nucleus Proton


http://ja.wikipedia.org/wiki/%E3%83%95%E3%82%A1%E3%82%A4%E3%83%AB:Quark_structure_proton.svg
http://www.google.co.jp/imgres?imgurl=http://9.pro.tok2.com/~plot/image_folder/museum_folder/3.jpg&imgrefurl=http://9.pro.tok2.com/~plot/museum-2.html&usg=__EBWyVpn4WwMQiKVkR33y9Up8ob8=&h=350&w=450&sz=37&hl=ja&start=10&sig2=Dvmyysq_cvjIMkW6Ov09rg&zoom=1&tbnid=mRrcZEh2wazNpM:&tbnh=99&tbnw=127&ei=tF6kTqeoEubciAKog4w0&prev=/images?q=%E9%BB%84%E9%89%84%E9%89%B1&hl=ja&sa=X&rlz=1T4SKPB_jaJP349JP349&tbm=isch&itbs=1

Four fundamental forces of Nature and Unification

(1) Electromagnetism

(®Strong Interaction

B)Weak Interaction

Unified in terms of
Quantum Field Theory

(@Gravitational force
Macroscopic theory
= Einstein’ s general
relativit

Microscopic theory ?
(Quantum theory)

Gauge Theory E—=—= D\ | _
(Standard model) >+ —Quantum Gravity ?

Our Target !




To understand the creation of Universe,
we need quantum gravity !
Present Universe

Explain the creation
of the Universe

Quantum Gravity

= Microscopic theory

of gravity

»Time

First of all, we want to magnify the Universe.

» We need a “good microscope’ !

What is the minimal unit of spacetime ?




Microscope for Quantum Gravity = Holography

/— High Energy Physics
Quark )

/

Collectidns f Qubits
(with entanglement)

\ Holography /

Universe



http://ja.wikipedia.org/wiki/%E3%83%95%E3%82%A1%E3%82%A4%E3%83%AB:Quark_structure_proton.svg
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(2 Quantum Entanglement
Qubit

As an example of quantum state consider electron’ s spin.

Right rotation¢ ‘O> Left rotation <|) ‘1>

(Up Spin) (Down Spin)

» One qubit state: ‘LP> — Cl‘ O> + b‘ 1>

Classical Computer Quantum Computer

Classical Information Quantum Information
# of C info. = Bits # of Q info. = Qubits

010110 OOV




Quantum Entanglement

We start with a two qubit system: A and B.

Consider the Bell state:

W)= (0,0, + 19,/0),)

If we measure A spin, then that tells us B spin at the same time !

This correlation between A and B is Quantum Entanglement !

Though we know the state for
the total system AB, the state
for a subsystem is not definite.




Entanglement Entropy (EE)

A measure of the amount of quantum entanglement

- Entanglement Entropy (EE)

Entanglement Entropy between A and B:

SA = # of Bell states between A and B

= the amount of “lost information”

If an observer can only be accessible to A.

A 060

. 00‘}“&0\- SA = 2

Bell States



Definition of Entanglement Entropy (EE)

First we decompose the Hilbert space: Hmt = HA ®HB :

Example : Spin—chain A B
r A B /_H
o000 m) oeoeoeoe ooe

We introduce the reduced density matrix £ 4

|

The entanglement entropy (EE) SA Is defined by

by tracing out B: 24 :TrBﬂquozqumr

. # of Bell Pairs
SA — —TI’[,OAlOg,OA] o between A and B




The Simplest Example: two spins (2 qubits)
i) [¥)== [0), +/1,Jefo), +[1),
= po=ta et} o, 10, Mol +01.) (g o]

0
Not Entangled
bo—de
(i) |¥)=/0),®|1), +|1),®[0),] 2
o L DN URITX NS G

0 1/2
‘ ‘ Entangled 1
* S, =-2-log—=log?2.

2

?




Measurement of EE in Experiments

Ex.1: Ultracold bosonic atoms ~ * @i sy 2220
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@ Black hole and Entropy Following general relativity,
the spacetime gets distorted !
Black hole (BH)

An extremely dense astrophysical object.
Due to its strong gravitational force, even
light rays cannot come out from black hole.

»Characteristic object in Einstein’ s general relativity

Event Horizon
© X

Black hole(BH)



BH Entropy

After stars collapsed into a BH, outside observers

cannot access the information inside the BH.

Stars

Gravitational
collapse

A lot of Information Hidden Information !
can be obtained ! ‘

BH entropy !



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

Calculations in general relativity show
that a BH has the following entropy:

= Still mysterious !

k.co A
SBH =B x_BH » BH thermodynamics !

ho 4G,

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

fi=Planck constant = Quantum Mechanics
kB=Boltzmann const.= Stat. Mech. , Quantum Info.

}Quantum
Gravity!

=

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

‘ [2] BH has the entropy even in the classical theory of Gravity ! ‘




[Original motivation of studying
EE in QFTs, Bombelli et.al. 1986,
Srednicki 1993]

Analogy between BH and Qubits

Blackhole Spacetime Quantum Spin System

U

,;9
observer
- 9

A

Entangled !

» N
‘ |

Entangled !

Area law 0 Area law

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




@ Holography and Quantum Entanglement

BH Entropy |¢ _ Apy » Degrees of freedom
BH — . .
Formula 4GN in Gravity oc Area
Hol h [’ t Hooft 1993, Susskind 1994]
ologra
srapny Boundary of M
Gravity on M =  Quantum Matter on 9 M

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




Gauge/Gravity Duality: best known example of holography

— Gauge/Gravity Duality (AdS/CFT) — [Maldacena 1997] —

(Quantum) Gravity on ___ d+1 dim. Gauge theory
d+2 dim. Anti—de Sitter Space ~—_ (or Conformal field theory)
Anti-de Sitter space (AdS) Conformal Field Theory(CFT)
=> Universe with => d dim. Gapless matter
negative curvature at quantum critical point
=» Theory of

/ massless particles

Gravity on Ade+2

AdS metric L-/

dz? —di* +Y " dxf\
2

z

Z <

ry
Matter (CFTd+1)
cut off

ds* =R*-




A sketch on how AdS/CFT works

e

Long
wave lg

ngth

Short wave length

]

ﬂ

i
z w
Decompose the stwfﬁjres based on wave length !




String Theory= The best candidate of quantum gravity

In string theory, the most microscopic constituents
are strings I [Nambu, Goto 1970, .. Yoneya, Scherk-Schwarz 1974, ..]

Closed string

=

B magnify
Matter (gauge theory) Universe (gravity)

Open string

Open string (matter) Closed string

and closed string (gravity) m i
are equivalent ! ‘u 8

» String theory beautifully unifies gravity and matter !




AdS/CFT from String theory

Ooﬂéaﬁ Closed Strings \§§§ Open Stri.ngs
v - =Gravitons // =Gluons in U(N)
O 1‘; 2] // gauge theories
- g
AdS/CFT i
~Z O

z>e UV cut off N D—branes

lCIassicaI limit
Equivalent

Strong coupling limit

Classical Gravity “ Strongly interacting CFTs
on AdSd+2 at large N limit




A Basic Question of AdS/CFT:
Which region in the AdS does encode the ‘information

in a specific region” of the CFT ?
K Dual ? K

Ade+2 ”

Region Ain CFT,,, Région X,in AdS,,,

» Consider the entanglement entropy SA which
measures the amount of information !



Holographic Entanglement Entropy [Ver.1:Static]

[Ryu—TT 2006]

AdS
CFT I

FA = Surface which surrounds A in AdS

Area(Iy)
4Gy

SA=Min[

A major generalization of B M A
black hol t f |
ack hole entropy formula Eﬁa{glement Wedge

Information in A is encoded in dual to Pa

the entanglement wedge MA



How did we reach this formula ?

A  An observerin A

%

An observer in A, who is not
accessible to B, probably thinks
there is a “black hole” at ' .

=This BH entropy is SA !

A more sophisticated interpretation is given
by the entanglement wedge dual to ps.

[Czech-Karczmarek-Nogueira-Raamsdonk, Wall 2012,
Headrick-Hubeny-Lawrence-Rangamani 2014....]



Algebraic properties in Quantum Information
< Geometric properties in Gravity

Holographic Proof of Strong Subadditivity(SSA)  [11cadrick-TT 07]

A
B
C

o

A

B
C

99

vV
O ™ >

vV
O ™ >

) — SAB_I_SBCZSABC_I_SB

“Triangle inequalities in Geometry = SSA”

= S 3 +5;0285,+5,

(Note: AB=AURB)



General Behavior of HEE (=EE in CFTd+1) [Ryu-TT 06,

HEE predicts the behavior of EE in strongly coupled CFTs.

¢ __ TR (i}d1+ (l)d3+...
176w r@y| e ) TP

s 3

pdl(iJ +p, (fd+1=o0dd) ~—— Area law
E
[

> |divergence

A universal quantity (F) which Agrees with conformal anomaly
characterizes odd dim. GFT. (central charge) in even dim. CFT



Holographic Entanglement Entropy [Ver.2:Time-dependent]
[Hubeny-Rangamani-TT 2007]

A generic Lorentzian asymptotic AdS spacetime is dual
to a time dependent state | ¥ (t)) in the dual CFT.

The time—dependent entanglement entropy

pa(t) = Trg[|PENXP(@)|] m S, (t).

Is computed from an extremal surface area: E
@)

A(T,)] >

S,(t) = Minp  Ext S
A(0) = Ming,Bxer, |70 | 8

m

—— P Lorentzian Time

04=0l', and A~T, .




Einstein Equation from Quantum Entanglement

First law of TAS _ AF

First Law of EE thermodynamics
et Y

AS = AF [EA=—log 0 A: Modular Hamiltonian]
A — A | [Casini-Huerta—Myers 13, Bhattachrrya—Nozaki-Ugajin-TT 13 ]

v -

(812 —81 —8)23 — I%)ASA (t, X, l) — <O><O> [Nozaki—-Numasawa—

Prudenziati-TT 13 ]
3 3

R, ——Rg, +Ag, = T

2 .
Kinetic term C.C. Matter

» The 1st law of EE explains the perturbative Einstein eq.

[Linear: Lashkari-McDermott—Raamsdonk, Faulkner—Guica—Hartman—Myers—Raamsdonk 13,
Non-linear: Faulkner—Haehl-Hijano—Parrikar—-Rabideau—Raamsdonk 17, Sarosi—Ugajin 17]




Entanglement scattering in strongly interacting 2d CFT

) (—t + tar, 0)

Loeally thermal excitation

~. . (Mixed state =AdS BH)
S , e—B(Ai—13)
(_t,mpﬁo plt) = 3= S 10ONOK)

@

Locally excitation
by an operator
(pure state)

» X

» This is much like a Pinball game !

@1@/

[Doi-TT 2025]

Suppression

With thermal excitation

1 t
20 40 60 80 100

Time t

Growth of SA

. ASp

2.5

2.0

J x

t
10 20 30 40 50

Time difference Ar




Quantum Corrections to HEE formula

HEE for classica gravity [Ryu—TT 2006, Hubeny—Rangamani—TT 2007 ]

S — Min E Area(Ty) C;VAdSF
A= 1nFAxt_ 4Gy A

Loop corrections 1/GN+1+GN+---

< 1/N corrections in CFT
B MA
HEE with quantum corrections /ﬁglement Wedge
_ Area(Iy)
SA = Min Ext 1G —+ Sbulk(MA)
[ N Bulk EE

[Faulkner—Lewkowycz—Maldacena 2013,

Quantum Extremal Surface Engelhardt-Wall 2014]



HEE in AdS/BCFT [TT 2011, Fujita-Tonni-TT 2011]

A gravity dual of a CFT on a manifold with a boundary

is given by the AdS/BCFT model: 620:
O}:%
Q.
CFTd+1 @ AdS/BCFT \Y %
— o
M
Bdy

HEE formula in AdS/BCFT AdSdsn [y
Area(l’
S, = Min Ext (Ta) The extremal surface A
[y, 2 4Gy can end on EOW brane !

0y =0AVU 00X Theregion Z is now known as an Island !



®) Applications to Black hole Information Problem

Black hole (BH) information Problem

A BH has a temperature and is a thermal object.
Thus, a BH radiates (Hawking radiation) and loses its energy.

Eventually it evaporates and disappears, called BH evaporation.

Star Hawking radiation //v'
)\ N =
We@owo=—"

BH evaporation

| 4

The information inside BH seems to disappear !
=>If so, this contradicts with the unitarity of guantum mechanics !




Page curve [A quantification of BH information problem]

Model: H = H,, X H, . ‘w(t)> —e t//0> eH, ,
Praa (D) = Trgy ﬂ (¢ )><W (¢) ‘] » Sraa () = _Tr[pRad (H)]ogpog.q (t)l
U\t
SRad { SBH | Naive ?‘\Z‘\%(ad'

KX Maximally Entangled



Black hole information problem and Island Formula

The Page curve was derived by generalizing the HEE formula to CFTs
which is coupled to gravity, so called the Island formula !

Gravity §Matter(CFT)

Island Formula: S — M [Area(aZ) L
[Penington 2019, A = Min 4G AUZ
Almheiri et.al. 2019] —f ) N T ‘_ @

EE for Radiations BH entropy Bulk EE 5
a

‘ Accessible to the Island 2

This explains the Page curve !
=> Unitarity of BH evaporation!

As the BH evaporation proceeds,
a secret hole (called Island) appears inside BH.
Via this secret tunnel, we recover BH information.




Mechanism of Resolving the BH information Problem

¢ A “wormhole” which connects the outside observer
and the BH interior emerges in the middle of evaporation !

® However, the decoding of BH information from radiation
is extremely hard (computational complexity is exponential) !

Higher dim. picture via AdS/BCFT

/ [AdS/BCFT, Double holography] \

SA:Min[ +SAUZ]




Moving—Mirror Model for BH evaporation [Akal-Mollabashi-Shiba-Wei-TT 2021]

First accelerates,
1 then decelerates

and comes to a stop.

Radiation

Energy flux
j I \
_2ol Negative energy




@ Emergence of Universe from Quantum Entanglement

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

= Planck scale
mini Universe

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




Tensor Network (TN) [DMRG: White 92... CTM: Nishino—Okunishi 96,
PEPS: Verstraete—Cirac 04, ---.]

TN = Graphical description of qguantum states

Quantum State = Network of quantum entanglement

[Ex.1] MERA TN [vidal 20051 | [Ex.2] HaPPY/RTN model

. [Patawski-Yoshida—-Har low-Preskill 2015]
=>» Describe CFT vacuum [Hayden—Nezami—Qi—-Thomas—Walter 2016]

_ _ => Use quantum error correcting code
i- =unitary A =isometry

2oeds juadiaw]

. A .
SA = Minimal Cross Section of TN !

[Swingle 2009, Nozaki—-Ryu-TT 2012,
Tensor Networks — Ads Czech—Lamprou—McCandlish—Sully 2015,---]




[EX.3 Path-integral Optimizatlon] [Caputa—Kundu—Miyaji-Watanabe—TT 2017]

Q. Can we describe CFT as a tensor network ? = Path—-integral

Basic Principle
Minimize the computational cost of (discretized) path—integral. ]

O

S .

- Optimize
: )
O

.0

T We change
h

Space X locally.

Initially, short wave length modes
can be neglected.

TN

&

cut off scale

Non-Unit sors !

A time slice of AdS
emerges !




Upshot: Minimizing computational costs leads to gravity !

Path—integral Optimization We need

» fine—graining
Object

(energy source)

Energetic source (Zinformation source)
distorts the spacetime

=> The essence of general relativity !

Holographic Perspective [Boruch—-Caputa—Ge-TT 2021]

Path—integral Optimization
= Maximization of Hartle-Hawking wave function for AdS Universe

Gravity might be an ideal “quantum computer” ?



How our universe emerges from quantum information ?

How about de Sitter space instead of AdS ?

\

Try to find a solvable example of dS/CFT !



Classification of Maximally Symmetric Spacetimes and Holography

Type Geometry Holography Central charge
AntiSde Sitter AdS AdS/CFT [Maldacena 1997] In 3d,
pace c .
Gravity in d+2 dim. AdS 3R,
AdS CFT = d+1dim.CFTonRY [©7 ZGz
NA<O Space | »Emergent Space
de Sitter Space CFT dS/CFT [Strominger 2001] In 3d,
dsS Gravity in d+2 dim. dS 3R,
. 2 d+1 dim. Euclid CFT on S# €=/
N>0 dS |»Emergent Time ?
“The Universe”
Flat String theory can describe ¢ :,;OO

N\=0

guantum gravity.




Thermodynamics S(E)

A Flat
E
AdS3 BH §, . =27 /C_
3
- _ dS
—It has a positive specific heat AdS
and is thermodynamically stable.
7R 45 E
dS3BH § = \/1—8GNE
2G, ~
—The vacuum E= 0, the state .
. . This is one of
Is maximally entangled ! _
the main reasons
4D flat BH - : > why holography
SFlat 47ZGNE in dS/flat space
— This leads to a negative specific heat. is very difficult !

It i1s thermodynamically, unstable. _/



A Sketch of dS/CFT [Strominger 2001, Witten 2001, Maldacena 2002, ]

d+1 dim. Lorentzian Euclidean d. dim CFT
de—Sitter spacetime “

on Sd

Time

] A
Time
emerges |time
from

CFT!

Central charge

Lorentzian

iy de Sitter

¥ ds* = Rig(—dt* + Cosh*t d2?)
W Semi sphere

ds? = R%,(d6? + Sin?0d0n?)

0 =it+

Euclidean {
time

» For dS3/CFT2 (d=2),
c is imaginary !




Non-unitary CFT dual of 3 dim. dS
[Hikida—Nishioka—Taki—TT, 2021,22, Chen—Hikida—Taki—Uetoko 2022,23,24,..]

Large c limit of SU(2), X SU(2),, WZW model (a 2dim. CFT)
= Einstein Gravity on 3 dim. de Sitter (radius L )

Level Central charge
4iGy 3k  3Lgs
k~ —2 + > c=— =
LdS k _|_ 2 ZGN ;:liiss:?c\néa;:n?oiantumGravnty|na

aaaaaaaaaaaaa

lelelelelelele

T L o il o e soesss e et S
=235 [1-8GNE
Z[s% R; ] = |sp|” ~ e26n
CFT partition function De Sitter Entropy .

This non—unitary CFT is essentially equivalent to the Liouville CFT

l
at b7 4G Icpr|@] = dz —(aa‘Paa‘P) + pe?P
complex'!

[Hikida—Nishioka—Taki—-TT, 2022]
[=The same Liouvile CFT appears in Verlinde—Zhang 2024 via the Double Scaled SYK]



Does TIME emerge from quantum information ?
[Doi—Harper—Mollabashi—-Taki-TT 2022]

CFT on the boundary

The geodesic I'y which gives

holographic entanglement entropy SA

Ti includes the time—like part !

Ime

SA becomes complex valued !

[This is more properly regared as
the pseudo entropy !]

Real part of SA = Emergence of space coordinate

Imaginary part of SA = Emergence of time coordinate




@ Conclusions

The formulas “Entropy (Information)=Area” are opening up

/ _ Is gravity the fastest “quantum computer” ? \
Microscope - New insights into quantum matter, quantum computation

/\ and quantum cryptography =g
o owP : h

Universe = Entangled Qubits -
\/ Does gravitational spacetime emerge from qubits 7?7

\ Emergence -New approach to quantum gravity /

(i

Some list of future problems

* Holographic cosmology and “non-Hermitian” quantum information ?

* Multi-partite entanglement and holography ?

* Quantum entanglement and internal spaces of AdS/CFT ?

* Table top experiments of emergent spacetimes ?

* Explanation of the creation of the Universe from Ql viewpoint ?



Thank you very much !



| will talk on more details

Pseudo EntroDV and HOIOgrath in my workshop talk tomorrow.

Q. What is “HEE” in a Euclidean time-dependent AdS ?

Holographic Pseudo Entropy [Nakata—Taki—Tamaoka—Wei—TT, 2020]
\Euclidean time

Area(l' 4) <« | th-integral
rea(l 4 path-integra
S(T4 |('0):m1n .
Final
- Ao E < ’ State
L
Transition matrix: l/J|(P |1/))(<p| E T=0
(Not Hermitian !) T (<,0 l/)) E w) e
. : State
Yl _ Yl
T, = Trp [T _

Pseudo entropy (PE): 5( ¢|¢) Tr[ |‘p10g ""ﬂ_

In general, complex valued.




How to optimize path—integral (in 2 dim. CFT)

Idea: Local change of UV cut off scale = Metric change

ds> = e (dx* + a’zz).‘

Owing to conformal symmetry, the wave function behaves as

LIJ[¢’ (1)] — eC[w] . P

¢, w = 0]

Optimization = Minimize the cost C
[C[w]=Computational

w]!
Complexity]

In two dim. CFT, CLw] is given by Liouville action:

Minimization

Copl] ==~ [ dvdz|(0,0)* +(2,0)* +¢* || leads to
247

AdS metric !




What we expect for dS/CFT

=>Let us assume dS Einstein gravity and extract general

expectations.

d+1 dim. (Lorentzian) de—Sitter (s = 2 .(—dt? + Cosh?t d?)

¥

S4*1 (Euclidean de-Sitter) ds? = L%(d6? + Sin20d0?)

l Lpas = tlgs, p = 16

Fuclidean AdS (HI*T) ds? = L3,45(dp* + Sinh?pdQ?)

o | e~ AdS _ ;d-1 ~dS | _
entral charge: Gy Gy We are interested in

d=2 case in this talk !

» (i) Central charge becomes imaginary for d=even !
(i) Central charge gets larger in classical gravity limit.
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