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Recovery channels
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Exact recovery: Petz map
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Classically,
the Petz map reduces to Bayes’ rule:
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Approximate recovery: universal channels
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Theorem: Approximate recovery for algebras
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AdS/CFT

Gravity in anti-de Sitter space in d+1 dimensions

We often think of the CFT as living on 
the boundary of AdS

The entropy of a boundary subregion
is given by the area of the RT surface

Conformal field theory in d dimensions!"#$ %&

�A

A

S(A) =
|�A|
4GN

+ . . .

HQG  ! HCFT



Causal wedge reconstruction

All operators in the “causal wedge” of 
can be supported only on 

It’s possible to reconstruct bulk 
operators in a “local” way

A

BUT!  Causal wedge reconstruction is 
not the whole story…

A

Gravity in anti-de Sitter space in d+1 dimensions Conformal field theory in d dimensions!"#$ %&
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Holographic quantum error correction
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Causal wedge reconstruction is not enough
The entropy of the boundary reduced 

density matrix is given by

Properties of the density matrix on A are 
sensitive to operators living outside of 

the causal wedges

This leads to the entanglement wedge 
hypothesis

!!
S(A) =

|�A|
4GN

+S(a) + . . .+ . . .

A1 A2

A = A1 [A2



Entanglement wedge hypothesis

Hypothesis: any bulk operators in the entanglement wedge can 
be reconstructed on the associated boundary subregion

The entropy of the boundary reduced 
density matrix is given by

Properties of the density matrix on A are 
sensitive to operators living outside of 

the causal wedges

This leads to the entanglement wedge 
hypothesis

S(A) =
|�A|
4GN

+S(a) + . . .

A1 A2

A = A1 [A2

a



Bulk and boundary relative entropies

D. L. Jafferis, A. Lewkowycz, J. Maldacena, and S. J. Suh, JHEP 2016, 1 (2016)
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When this condition holds exactly (e.g.,
), the entanglement wedge

hypothesis has been argued to be true.  
N ! 1

The proof relies on algebraic 
consequences of exact equality in the 

relative entropy condition

These algebraic consequences are known 
not to hold when the relative entropy 

condition is only approximately satisfied

No explicit expression for reconstruction

D(⇢Ak�A) = D(⇢ak�a) +O(GN )
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Entanglement wedge reconstruction

⇢bulk

⇢boundary⇢A = TrĀ
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Algebraic formalism

For all �a 2 Ma

R⇤(�a) =
1

dcode

Z
dt�0(t)e

1
2 (1�it)HAJ [�a]Ae

1
2 (1+it)HA

R⇤(�a) = � 1

dcode

d

dt

���
t=0

HA(⌧code + t�a) HA[⇢] := � logJ [⇢]A

Two-point functions:
In the approximate case, our 
proof does not generalize to 

higher-point functions…
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A Aa
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Summary
! Generalized universal recovery channels finite dimensional von Neumann algebras

! Choi state of universal recovery channel: quantum Bayes’ rule

! Proved entanglement wedge reconstruction robustly and gave explicit formula

! Provided an interpretation of reconstructed operators
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