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Holography is a very promising approach to quantum gravity, 

towards understanding of the creation of the Universe.

This is because holography  is much like a microscope in 

thought experiments of quantum gravity.

① Introduction
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Holography Holography

Qubits
with quantum entanglement

Microscopic
Macroscopic

Black hole

Macroscopic



Macroscopic Side:  Black hole Entropy

ABH= Surface Area of Black hole  ⇒ Geometry
GN=Newton constant  ⇒ Gravity
ℏ＝Planck constant  ⇒ Quantum Mechanics
kB=Boltzmann const.⇒ Stat. Mech. , Quantum Info.

Quantum
Gravity!

BH thermodynamics !

[Bekenstein, Hawking, 1972-1976]

?A huge amount  
of quantum information
is hidden in side black hole !

Black hole (BH)



Microscopic Side: Quantum Entanglemenｔ (QE)

Quantum Entanglement             Quantum correlations 

between A and B.
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Minimal Unit of Entanglement
⇔ Planck length

The best (or only) measure of quantum entanglement 

for pure states is known to be entanglement entropy (EE).

EE ＝SA= # of Bell states between A and B

Quantum Entanglement

Qubit B
Qubit  A



From BHs to Qubits

B

A

BH

Quantum Many-body SystemBlackhole Spacetime

Entanglement entropy SABH entropy  SBH

observer

Area lawArea law

Microscope

What is a useful microscope in quantum gravity ?



Gravity on M      ＝   Quantum Matter on ∂M

=

M
atte

r

[’t Hooft 1993, Susskind 1994]

Holography
Boundary of M

BH entropy(∝Area)= Thermal Entropy of Matter (∝Volume)

Holography as microscope in quantum gravity

Degrees of freedom   
in Gravity

BH Entropy 
Formula ∝ Area

Gravity

② Holography and Quantum Entanglement



Gauge/Gravity Duality (AdS/CFT)

(Quantum) Gravity on 
d+1 dim. Anti-de Sitter Space

d dim.  Gauge theory
(or Conformal field theory)=

Conformal Field Theory(CFT)
➔ quantum field theory

with only massless fields 

[Maldacena 1997]

Anti-de Sitter space (AdS)
➔ Universe with 

negative curvature
   Λ<0

Boundary
Quantum Matter (CFT)

Gravity on AdSd+1



Holographic Entanglement Entropy (HEE)

[Ryu-TT 2006, Hubeny-Rangamani-TT 2007 ]

A

B

AdSCFT

MA

𝑺𝑨 = 𝐌𝐢𝐧 𝐄𝐱𝐭
𝐀𝐫𝐞𝐚(Γ𝑨)

𝟒𝑮𝑵Γ𝑨

𝚪𝐀

Mining Qubits from Gravity

Entanglement Wedge
dual to ρA

This formula can compute entanglement 
entropy in time-dependent backgrounds.

Real time (Lorentzian) evolution



Extension 1:  HEE in AdS/BCFT

𝑺𝑨 = 𝐌𝐢𝐧 𝐄𝐱𝐭
𝐀𝐫𝐞𝐚(Γ𝑨)

𝟒𝑮𝑵Γ𝑨, 𝚺

𝜕Γ𝑨 = 𝝏𝑨 ∪ 𝝏Σ

=
AdS/BCFTCFTd

M
Bdy

A

M

Q

AdSd+1
Γ𝑨

The region Σ is now known as an Island !

[TT 2011, Fujita-Tonni-TT 2011]

Extremal Surfaces can end on Q !

Q.  What is holography and HEE for CFT on a space with boundaries ?

[Penington 2019, Almheiri et.al. 2019]

A key to resolve 
BH information paradox

can see BH interior !



Initial 
State

Final 
State

[Nakata-Taki-Tamaoka-Wei-TT, 2020]

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

In general, complex valued.

Holographic Pseudo Entropy

.   BAtot HHH = 𝜏
𝜓|𝜑

=
ۧ|𝜓 |𝜑ۦ

|𝜑ۦ ۧ𝜓
.

𝜏𝐴
𝜓|𝜑

= Tr𝐵 𝜏
𝜓|𝜑

𝑆 𝜏𝐴
𝜓|𝜑

= −Tr 𝜏𝐴
𝜓|𝜑

log𝜏𝐴
𝜓|𝜑

.Pseudo entropy:

Extension 2:  HEE for non-Hermitian density matrices

Transition matrix



HEE/HPE suggests that in spacetimes with Λ<0, there is 
one qubit of entanglement for each Planck length area !  

B

A

A

Planck length

𝑺𝑨 =
𝐀𝐫𝐞𝐚(Γ𝑨)

𝟒𝒍𝒑𝒍
𝑫−𝟏

∼1065 qubits per 1cm2 !

Bell pair

= Planck scale 
mini Universe

A B

Λ<0  spacetime may emerge from entangled Qubits !

Q. How about de Sitter space Λ>0  ? 



③De Sitter (dS) Holography and Holographic Entropy

An extension of AdS/CFT to de Sitter space (dS) 

is known as the dS/CFT correspondence. [Strominger 2001, 
Maldacena 2002]

A Sketch of dS/CFT

d+1 dim. Lorentzian                         Euclidean d. dim CFT                 

de-Sitter spacetime on Sd

Euclidean instanton

Lorentzian de Sitter space

Space-like bdyBulk space

𝒅𝒔𝟐 = 𝑳𝒅𝑺
𝟐 (−𝒅𝒕𝟐+𝐂𝐨𝐬𝐡𝟐𝒕𝒅𝜴𝟐)

Equivalent
dSd+1/CFTd

Time



Why dS/CFT is much more difficult than AdS/CFT ?

[1] Dual Euclidean CFTs should be exotic and non-unitary !

A “standard” Euclidean CFTs  is dual to  gravity on hyperbolic space.

e.g.  dS3/CFT2 ➔ Imaginary valued central charge                     !                          

[2] Time should emerge from Euclidean CFT !

From a usual Euclidean CFT, a space-like direction will emerge as RG scale.

How does a time-like direction emerge from a Euclidean CFT ? 

[3]  Entanglement entropy becomes complex valued !

Extremal surfaces in dS which end on its boundary are time-like !

𝒄 ≈ 𝒊
𝟑𝑳𝒅𝑺
𝟐𝑮𝑵



Non-unitary CFT dual of 3 dim. dS
[Hikida-Nishioka-Taki-TT, 2021, 2022]

Large c limit of SU(2)k WZW model (a 2dim. CFT)

= Einstein Gravity on 3 dim. de Sitter (radius 𝑳𝒅𝒔)

𝒄 =
𝟑𝒌

𝒌 + 𝟐
≈ 𝒊

𝟑𝑳𝒅𝑺
𝟐𝑮𝑵

k≈ −𝟐 +
𝟒𝒊𝑮𝑵

𝑳𝒅𝑺

Central chargeLevel

𝒁 𝑺𝟑, 𝑹𝒋 = 𝑺𝒋
𝟎 𝟐

≈ 𝒆
𝝅𝑳𝒅𝒔
𝟐𝑮𝑵

𝟏−𝟖𝑮𝑵𝑬

CFT partition function De Sitter Entropy

This non-unitary CFT is equivalent to  the Liouville CFT 

at .
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b

4

2 −

[→Reproduced by Verlinde-Zhang 2024 via the Double Scaled SYK ]

𝑰𝑪𝑭𝑻 𝝓 = න𝒅𝟐𝒙
𝟏

𝟒𝝅
𝝏𝒂𝝋𝝏𝒂𝝋 + 𝝁𝒆𝟐𝒃𝝋 .

complex !



Holographic Entanglement Entropy in dS3/CFT2 ?

In dS3/CFT2, the geodesic 𝚪𝑨 becomes time-like and we find:

𝑺𝑨 =
L(𝚪𝑨)

𝟒𝑮𝑵
= 𝒊

𝑪𝒅𝒔
𝟑

𝐥𝐨𝐠
𝟐

𝝐
𝐒𝐢𝐧

𝜽

𝟐
+
𝑪𝒅𝑺
𝟔

𝝅.

Time-like geodesics length
➔imaginary part !

SdS/2

[Doi-Harper-Mollabashi-Taki-TT 2022, 2023]

𝜽
𝒕

Space-like geodesic length 
➔Real part

S2

dS3 𝚪𝑨

by setting 𝑺𝑨 =
𝑪𝑪𝑭𝑻
𝟔

𝐥𝐨𝐠
𝐒𝐢𝐧𝟐

𝜽
𝟐

෤𝜺𝟐
,

𝑪𝑪𝑭𝑻 = 𝒊𝑪𝒅𝑺  and ෤𝜺 = 𝒊𝜺 = 𝒊𝒆−𝒕∞ .

CFT calculation

Agree !

Complex valued entropy !
(should not be EE !)



This is because the reduced density matrix 𝝆𝑨 is not Hermitian ! 

~න𝑫𝝋𝒆−𝑰𝑪𝑭𝑻[𝝋]

➔ 𝝆𝑨 ≠ 𝝆𝑨
†

A

S2

𝝆𝑨=

A

A

ۧ|𝝍

|𝝋ۦ

Different states !

Note: the emergent time coordinate = imaginary part of PE. 

We argue it is more properly considered as pseudo entropy (PE).

𝑺+
𝟐

~න𝑫𝝋𝒆−𝑰𝑪𝑭𝑻[𝝋]

𝑺−
𝟐



④ Probing De Sitter Space from CFT

Consider an observer in 2d CFT.

How does the observer feel that he or she lives in AdS or dS ?

To probe the spacetime, we introduce a local excitation.

x

T

x

T
φ(X1,T2)

φ(X1,T1) φ(X2,T1)
=

0)0(ˆ ),(    spacetime,flat In Flat iPxiHteext −=

“How many directions can the observer move ?”



𝒅𝒔𝟐 = 𝑹𝑨𝒅𝑺
𝟐 (−𝐂𝐨𝐬𝐡𝟐𝝆𝒅𝒕𝟐 + 𝒅𝝆𝟐 + 𝐒𝐢𝐧𝐡𝟐𝝆𝒅𝝋𝟐)
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CFT dual of 
bulk local excitation

Warming up:  Probing AdS from CFT

CFT primary state
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[Miyaji-Numasawa-Shiba-Watanabe-TT 2015, equivalent to HLKK]

The CFT dual of a localized excitation in AdS is given by:

SL(2,R) Ishibashi state



Main problem: Probing dS from CFT

𝒅𝒔𝟐 = 𝑹𝒅𝑺
𝟐 (−𝐂𝐨𝒔𝟐𝜽𝒅𝝉𝟐 + 𝒅𝜽𝟐 + 𝐒𝐢𝐧𝟐𝜽𝒅𝝋𝟐)dS metric

𝒅𝒔𝟐 = 𝑹𝑨𝒅𝑺
𝟐 (−𝐂𝐨𝐬𝐡𝟐𝝆𝒅𝒕𝟐 + 𝒅𝝆𝟐 + 𝐒𝐢𝐧𝐡𝟐𝝆𝒅𝝋𝟐)AdS metric
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First we note the “formal” relation between AdS and dS:
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HH −=† Hamiltonian is anti-Hermitian ! →Non-unitary CFT!

[Doi-Ogawa-Shinmyo
-Suzuki-TT 2024]

Unusual conjugation
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SL(2,R) Crosscap State

SL(2,R)  Ishibashi State
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Primary operator in CFT

A naïve analytical continuation from AdS leads to the following 
quantum state for a localized excitation in dS:

Non-unitary evolution
→emergent time

However,  this state leads to the confusing result (due to the unusual 
conjugation):
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The correct answer is found by requiring the CPT invariant state: 
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Indeed, this reproduces the correct dS Green function at Euclidean vacuum  

[cf. Global sym. in gravity: Harlow-Ooguri 2018,  Gauging CPT in QG: Harlow-Numasawa 2023]

Resolution

Summary • In dS/CFT,  the Hamiltonian is anti Hermitian.
→Emergence of time

• In dS/CFT, we need to gauge the CPT symmetry.



⑤ Conclusions

       Holography has successfully predicted that Λ<0 (AdS)   
spacetimes emerge from quantum entanglement in CFTs.

          Holography for Λ>0 (dS) spacetimes is still in the 
development stage due to many exotic properties of dual CFTs.

   Complex valued entanglement entropy in dS/CFT can be  
interpreted  as pseudo entropy.   Emergence of time

    An analysis of CFT dual of bulk local excitation again reveals 
non-Hermitian nature of the dual CFT.

Future problems CFT interpretations of Einstein equation in dS
   QI understandings of pseudo entropy

CFT Models of creation of the Universe 
:



Happy birthday, Murayama-san !
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