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Abstract: <p>It is commonly believed that quantum information is not lost in a black hole. Instead, it is encoded into non-local degrees of fre
in some clever way; like a quantum error-correcting code. In this talk, | will discuss recent attempts to resolve some paradoxes in quantum
by using the theory of quantum error-correction. First, | will introduce a simple toy model of the AAS/CFT correspondence based on tensor ne
and demonstrate that the correspondence between the AdS gravity and CFT is indeed a realization of quantum codes. | will then show
butterfly effect in black holes can be interpreted as non-local encoding of quantum information and can be quantitatively measured by out-
ordered correlations. Finally, | will discuss how out-of-time ordered correlations, measured outside the black hole horizon, may probe smooth
the geometry across the horizon.</p>
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Quantum gravity meets
quantum information ?
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Quantum error-correction and
black holes
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Information loss puzzle

* Quantum mechanics and general relativity are in serious conflicts !

(a) Quantum mechanics says that information is never lost.

[(t)) = e |1 (0))

(b) General relativity says information is lost in black holes.

Hawking radiation

>
AN
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Why quantum information ?

* Information loss puzzle = “Information problem in a quantum system”

. . —1Ht !
: time evolution ¢ : .
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black hole

QI theorist’s interpretation...
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Quantum information and HEP

* Many breakthrough ideas in quantum gravity come from quantum information theory

Proof of Bekenstein bound
Black hole complementarity ] (Relative entropy positivity)

(No cloning theorem)
/ (Bulk reconstruction
(Tensor networks/codes)
Firewall paradox \ / e
™
J

(Monogamy of entanglement)
Quantum

Black hole evaporation
(Haar random unitary)

information
Ryu-Takayanagi formula / \
(Entanglement entropy)

Proof of c-theorem
(Strong subadditivity) | Tttt

Butterfly effect in black hole
(Information scrambling)

* Definitely there are many other examples.
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This talk :

A black hole is a quantum error-
correcting code




Part 1 :

Simple toy model of the AdS/CFT correspondence
(joint with Harlow, Pastawski and Preskill 2015)
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Anti-de Sitter/Conformal field theory (AdS/CFT)
correspondence

* [Conjecture] Equivalence between string (gravity) theory in bulk and
(certain types of) CFT on boundary (Maldacena 1997)

,—r-‘”“ﬁ: (} i
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N 5’9 “’* \

ﬂ’g%,r

ﬂ’ Hyperbolic space

Gravity (negatively curved)

Bulk (D+1)-dimensional theory
Boundary D-dimensional conformal field with gravity on AdS space
theory (without gravity)
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Anti-de Sitter/Conformal field theory (AdS/CFT)
correspondence

* [Conjecture] Equivalence between string (gravity) theory in bulk and
(certain types of) CFT on boundary (Maldacena 1997)

* [Holography] Bulk degrees of freedom are encoded in boundary, like a hologram.
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Gravity (negatively curved)

®
b‘.?.tf

1-dimensional strongly 2-dimensional “qubits” on AdS
interacting “qubits”

Quantum

* Finite-dimensional Hilbert space cartoon picture.
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* [Ryu-Takayanagi formula 06]

Quantum Gravity

| 1 '
\ ‘br( (}_,1 ) — :1 GNI ][}l}\l] (i’l‘]‘(“‘il'("\f';"\ ) )

Minimize over spatial bulk
surfaces homologous to A

e,

* Leading order in 1/G. * Casini-Huerta-Myers11, Lewkowycz-Maldacena13

Pirsa: 17020102 Page 13/97



* [Ryu-Takayanagi formula 06]

Quantum Gravity

| 1 '
\ ‘br( (}_,1 ) — :1 GNI ][}l}\l] (i’l‘]‘(“‘il'("\f';"\ ) )

Minimize over spatial bulk
surfaces homologous to A

’.,.-.—.—.‘
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* Leading order in 1/G. * Casini-Huerta-Myers11, Lewkowycz-Maldacena13
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Quantum entanglement in AdS/CFT

* [Ryu-Takayanagi formula 06]

Quantum SRy
2 1 :
T~ S(A) = —— min(area(ya))
4G N YA

Minimize over spatial bulk
surfaces homologous to A

® .-.—.—‘

A1 A2

®ooe0®

* Leading order in 1/G. * Casini-Huerta-Myers11, Lewkowycz-Maldacena13
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Quantum entanglement in AdS/CFT

* [Ryu-Takayanagi formula 06]

Quantum SRy
2 1 :
T~ S(A) = —— min(area(ya))
4G N YA

Minimize over spatial bulk
surfaces homologous to A

T

* Leading order in 1/G. * Casini-Huerta-Myers11, Lewkowycz-Maldacenal3
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MERA (Multiscale entanglement renormalization ansatz)

* Powerful numerical method to study strongly-correlated systems. (Vidal 07)
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MERA (Multiscale entanglement renormalization ansatz)

* Powerful numerical method to study strongly-correlated systems. (Vidal 07)

» space

HN'E E ®E E N N _I:I

'." : Ra RS ! RRL o

) ki /’ ! \
\
v ‘ N Ly remove short-range entanglement
depth (increasingly T S
coarse grained) :

AdS metric
+ AAS/CFT correspondence can be

explained by a tensor network ?
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(Swingle 09)
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Bulk operator vs boundary operator

* [Entanglement wedge reconstruction]

A bulk operator (Z) can be represented by some integral of local boundary operators

supported on A if d) is contained inside the entanglement wedge of A.

* HKLL for single intervals * Conjectured for multiple intervals by Aron Wall.
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Bulk operator vs boundary operator

* [Entanglement wedge reconstruction]

A bulk operator (f) can be represented by some integral of local boundary operators

supported on A if (Z) is contained inside the entanglement wedge of A.

* HKLL for single intervals * Conjectured for multiple intervals by Aron Wall.
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Bulk operator vs boundary operator

* [Entanglement wedge reconstruction]

A bulk operator (f) can be represented by some integral of local boundary operators

supported on A if (Z) is contained inside the entanglement wedge of A.

entanglement
wedge

A

* HKLL for single intervals * Conjectured for multiple intervals by Aron Wall.
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Bulk operator vs boundary operator

* [Entanglement wedge reconstruction]

A bulk operator (f) can be represented by some integral of local boundary operators

supported on A if (Z) is contained inside the entanglement wedge of A.

entanglement

entanglement wedge

wedge

A

(@)

‘.‘"{} ~ ()\ f_l:':_? ~ ()1'1 Aa

* HKLL for single intervals * Conjectured for multiple intervals by Aron Wall.
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Bulk operator vs boundary operator

* [Entanglement wedge reconstruction]

A bulk operator (f) can be represented by some integral of local boundary operators

supported on A if (Z) is contained inside the entanglement wedge of A.

entanglement

entanglement wedge

wedge

A

04

(} ~ ()\ f? ~ ()1'1 Aa

Remarks for experts
* Entanglement wedge may go beyond black hole horizons (i.e. no firawall ?).
* "Proven” by using a “generalized” RT formula (Jefferis et al, Dong et al, Bao et al 2016)
« No explicit recipe is known for more than one intervals (AdS3) (For higher-dimensions, it's a bit more subtle).

* HKLL for single intervals * Conjectured for multiple intervals by Aron Wall.
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Bulk locality paradox

* The reconstruction leads to a paradox !

K

[Almheiri-Dong-Harlow 14]

* Uses Schur’s lemma, assuming finite-dimensional factorizable Hilbert space
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Bulk locality paradox

* The reconstruction leads to a paradox !

K

[Almheiri-Dong-Harlow 14]

The bulk operator ¢ has non-trivial supports only on AB, BC, CA.

— All the bulk operators must correspond to identity operators on the boundary ?

== —

* Uses Schur’s lemma, assuming finite-dimensional factorizable Hilbert space
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Quantum error-correction in AdS/CFT ?

* The AdS/CFT correspondence can be viewed as a quantum error-correcting code !

These operators may be different, but act in the same manner in a low energy subspace.

Opc Oap Oc A
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Quantum error-correction in AdS/CFT ?

* The AdS/CFT correspondence can be viewed as a quantum error-correcting code !
These operators may be different, but act in the same manner in a low energy subspace.

Recall string operators in lattice gauge theory (or Z2 spin liquid).

Opc Oap Oc A
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Quantum error-correction in AdS/CFT ?

* The AdS/CFT correspondence can be viewed as a quantum error-correcting code !
These operators may be different, but act in the same manner in a low energy subspace.

Recall string operators in lattice gauge theory (or Z2 spin liquid).
* Quantum secret-sharing code: Alice, Bob and Charlie share a quantum secret.

* Error-correction: Quantum information is protected against erasure of one party.

Opc Oap Oc A
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@ Caltech, 2014 November
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A simple toy model

1 bulk qubit , . .
in total, just 6 qubits

5 boundary qubits
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A simple toy model

1 bulk qubit , . .
in total, just 6 qubits

5 boundary qubits

logical qubit

physical qubits
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A simple toy model

1 bulk qubit , . .
in total, just 6 qubits

5 boundary qubits

A bulk operator must have corresponding boundary operators

on any region with three qubits.

logical qubit

physical qubits
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Five-qubit quantum code
* The “simplest” quantum code which is made of qubits.

1)

1-qubit input state 5-qubit output state

|€) = a|0) + 3|1} ———— ‘Q) = alcp) + 5

[DiVincenzo-Shor, Laflamme-Miquel-Paz-Zurek 1996]
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Five-qubit quantum code
* The “simplest” quantum code which is made of qubits.

|&> (\|“> + g'..f f'|>

1-qubit input state 5-qubit output state

1) —_— ‘{:) = f\"('“> + 3

where | |cg) = |00000)
+ [11000) + [01100) + |00110) 4 [00011) + [10001)
— [10100) — [01010) — [00101) — |10010) — [01001)
— |11110) — [01111) — [10111) — |11011) — |11101)
jer) = 11111)
+]00111) 4+ |10011) 4 [11001) + [11100) 4 [01110)
— [01011) — [10101) — [11010) — [01101) — |10110)

— |00001) — |10000) — |01000) — [00100) — |00010)

[DiVincenzo-Shor, Laflamme-Miquel-Paz-Zurek 1996]

Pirsa: 17020102 Page 35/97



Operator correspondence in five-qubit code

* Pauli X operator in the input (bulk) corresponds to following 3-body operators.
X Z
ZQZ OX QZZQ XQ

n‘(“ 4 | J’|(
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Operator correspondence in five-qubit code

* Pauli X operator in the input (bulk) corresponds to following 3-body operators.
X Z
ZQZ OX QZZQ XQ
o|0) + O Q O Q Q‘

(l‘(” + | J)|(

* So, the five-qubit code is a very small toy quantum gravity !
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Operator correspondence in five-qubit code

* Pauli X operator in the input (bulk) corresponds to following 3-body operators.
X Z
ZQZ OX QZZQ XQ
o|0) + Q Q O Q Q‘

(l‘(“ + | J)|(
* So, the five-qubit code is a very small toy quantum gravity !

* Error-correction : losing 2 qubits is OK.
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A holographic quantum error-correcting code

* Attiling of the five qubit code via tensor network technique

five-qubit code

* Tensor network and AdS/CFT : Vidal07, Swingle12, Qi13, Czech et al15 ...
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A holographic quantum error-correcting code

* Attiling of the five qubit code via tensor network technique

five-qubit code

project onto
00> + |11>

* Tensor network and AdS/CFT : Vidal07, Swingle12, Qi13, Czech et al15 ...
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A holographic quantum error-correcting code

* Attiling of the five qubit code via tensor network technique

‘ s 3 five-qubit code
f “‘- &1

* Tensor network and AdS/CFT : Vidal07, Swingle12, Qi13, Czech et al15 ...
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A holographic quantum error-correcting code

* Attiling of the five qubit code via tensor network technique

vo L ] [ o
” ’ > input

o ‘ e

] L o— o

4 . . @—— AdS geometry |————@
> ¥ . s

| e oul  »
& ‘ 4 —

b
: LA ‘ﬁ. boundary
pe . legs

* Tensor network and AdS/CFT : Vidal07, Swingle12, Qi13, Czech et al15 ...
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Entanglement wedge reconstruction

* 1in & 3 out (operator pushing)

D :
o

Pty
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Holographic state

* The Ryu-Takayanagi formula holds (tiling without bulk legs)

Coarse-graining (RG transformation) = Distillation of EPR pairs along the geodesic

EPR pairs
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Physical interpretation: Matter and Geometry

* Qubits on the bulk represent matter fields, coupled to the geometry (via 5-qubit code tensors).
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Physical interpretation: Matter and Geometry

* Qubits on the bulk represent matter fields, coupled to the geometry (via 5-qubit code tensors).

o7 A - e
SN Y oo,
0% '+ B *'\;{1}

P A

Vacuum Excited state

Pirsa: 17020102 Page 46/97



Pirsa: 17020102 Page 47/97



Pirsa: 17020102 Page 48/97



Pirsa: 17020102 Page 49/97



Pirsa: 17020102 Page 50/97



Pirsa: 17020102 Page 51/97



Pirsa: 17020102 Page 52/97



Pirsa: 17020102 Page 53/97



Pirsa: 17020102 Page 54/97



Pirsa: 17020102 Page 55/97



Pirsa: 17020102 Page 56/97



Pirsa: 17020102 Page 57/97



Pirsa: 17020102 Page 58/97



Pirsa: 17020102 Page 59/97



Pirsa: 17020102 Page 60/97



Pirsa: 17020102 Page 61/97



Pirsa: 17020102 Page 62/97



Pirsa: 17020102 Page 63/97



Pirsa: 17020102 Page 64/97



Pirsa: 17020102 Page 65/97



Pirsa: 17020102 Page 66/97



Pirsa: 17020102 Page 67/97



Pirsa: 17020102 Page 68/97



Pirsa: 17020102 Page 69/97



Pirsa: 17020102 Page 70/97



Pirsa: 17020102 Page 71/97



Pirsa: 17020102 Page 72/97



Pirsa: 17020102 Page 73/97



Pirsa: 17020102 Page 74/97



Pirsa: 17020102 Page 75/97



Pirsa: 17020102 Page 76/97



Pirsa: 17020102 Page 77/97



Pirsa: 17020102 Page 78/97



Pirsa: 17020102 Page 79/97



Pirsa: 17020102 Page 80/97



Pirsa: 17020102 Page 81/97



Pirsa: 17020102 Page 82/97



Pirsa: 17020102 Page 83/97



Pirsa: 17020102 Page 84/97



Pirsa: 17020102 Page 85/97



Pirsa: 17020102 Page 86/97



Pirsa: 17020102 Page 87/97



Pirsa: 17020102 Page 88/97



Pirsa: 17020102 Page 89/97



Pirsa: 17020102 Page 90/97



Pirsa: 17020102 Page 91/97



Pirsa: 17020102 Page 92/97



Pirsa: 17020102 Page 93/97



Pirsa: 17020102 Page 94/97



Pirsa: 17020102 Page 95/97



Pirsa: 17020102 Page 96/97



Pirsa: 17020102 Page 97/97



