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Introduction
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One way to study quantum gravity is 
AdS/CFT duality

Quantum gravity on AdS 

=  conformal field theory (CFT)

Maldacena
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In operator formalism, AdS/CFT is 

equivalence or duality between
Hilbert spaces and Hamiltonians

of gravity on AdS and CFT 
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Low energy states of 
bulk theory and CFT 

CFTBulk theory

1 to 1

They are on a fixed time slice of AdS or cylinder

(CFT is NOT living on boundary, 
CFT corresponds to whole bulk theory) 
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Bulk reconstruction is 
a map from CFT operator to bulk operator

CFTBulk theory

1 to 1

To understand bulk reconstruction is 
to understand AdS/CFT itself
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GFFBulk FREE theory

1 to 1

Generalized free field (GFF) is 
“dimensional reduction” of bulk free theory.

But, GFF violates fundamental properties of QFT!
just a approximation of large, but finite N
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Another important subject in AdS/CFT:
Subregions in bulk and boundary

Subregions are important for quantum information 
theoretical aspects of AdS/CFT
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Subregion duality

Simplest example:



10

Entanglement wedge reconstruction (EWR) is 
a bulk reconstruction for subregion
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In this talk, 

by considering the gauge symmetry (diffeomorphism) 
in gravitational theory, 

we demonstrate that the widely believed properties of bulk 
reconstruction are either incorrect or significantly modified,

These includes holographic error correction code and 
entanglement wedge reconstruction 
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Subregion is related to 
horizon and black hole 

half subregion of a time slice of Minkowski space 

Rindler space 

Near horizon of (outside) Black hole = Rindler space

In particular,
Rindler patch of AdS = “Black hole” of hyperbolic space
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1. Introduction

2. (HKLL) bulk reconstruction

3. Bulk reconstruction for subregion 

4. Gauge invariant operator and gravitational dressing

5. Conclusion

Plan
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(HKLL) Bulk reconstruction 
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equivalent!
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Bulk reconstruction
for subregion 
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Almheiri-Dong-Harlow,  HaPPY model

B
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B



29



30



31



32



33

Remarks:



34



35

Gauge invariant operator and 
Gravitational dressing
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Bulk local operator is NOT gauge invariant

No local gauge invariant operator in gravity theory
except free “gravity” theory.

Gauge invariant operator can be constructed by 
gravitational dressing.
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First, let us consider gauge field case, 
instead of gravity.

This gives Coulomb potential,
related to charge conservation
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Gravity case

This gives Schwarzschild metric, in a sense,
related to energy conservation
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Gauge invariant operator in gravity 
need boundary 

(which implies that “Island” is inconsistent 
except for massive gravity)

To consider gauge invariant operator, 
subregion including boundary is needed 

Geng-Karch-Perez-Pardavila-Raju-Randall-Riojas-Shashi
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Their gravitational dressings are different!
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Gauge invariant operators are non-local and 
Hilbert space is not factorized. 

It is natural to consider 
subalgebra on entanglement wedge because

entanglement entropy for subalgebra is known.
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If we assume that relative entropy 
in Jafferis-Lewkowycz-Maldacena-Suh may be also 

for this subalgebra ver. although they used replica trick,
then, the entanglement wedge reconstruction of the 

algebraic version will be derived.

But, this version is very different from the usual one.

Moreover, this version is consistent with 
the weak entanglement wedge reconstruction

which follows from the “simple bulk reconstruction”

Harlow
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• By considering the gauge symmetry 
(diffeomorphism) in gravitational theory, we 
demonstrate that the widely believed properties of 
bulk reconstruction are either incorrect or 
significantly modified.

• Many interesting future directions

Conclusion
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Dong-Harlow-Wall
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AdS/CFT for subregion
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Infalling observer:

According to an infalling observer, 
nothing special happens at the 
event horizon itself

Outside observer:

infalling information heats up the 
stretched horizon, which then 
reradiates it as Hawking radiation

Black hole complementarity:

These two observers see different physics, but no problems 
because they can not communicate.

Subregion complementarity may be similar to this.

Consider a black hole, and two observers:
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