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1. The AdS/CFT Correspondence <« An approach to quantum gravity

e A "duality" map between quantities in two types of theories:

%

A d-dim theory of gravity
in an asymptotically anti-
de Sitter (AdS) spacetime

AdS spacetime = very simple spatially
closed general relativistic spacetime

e Holographic view:

o A (d—1)-dim conformal
AJS/CET field theory (CFT)
duality map A\ very simple type of

- Our universe is described by the bulk
theory, an as yet not completely known

quantum theory of gravity (QG).

- So our universe is encoded in a theory
of one less dimension, like a hologram.

- And that theory (a CFT) is much more
simple than a theory of QG.

quantum field theory
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14. Spacetime as a Quantum Error Correction Code?

1. The AdS/CFT Correspondence <« An approach to quantum gravity

e A "duality" map between quantities in two types of theories:

%

A d-dim theory of gravity
in an asymptotically anti-
de Sitter (AdS) spacetime

AdS spacetime = very simple spatially
closed general relativistic spacetime

Redundant aspect: boundary degrees
of freedom in (d—1)-dim are mapped
to bulk degrees of freedom in d-dim.

Suggests a quantum error

correction code (QEC): A way to
protect quantum information

redundantly against degradation.

= A (d—1)-dim conformal
AJS/CET field theory (CFT)
duality map

Fodder for mystery-mongering...
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Reconstruction
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“ very simple type of
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Towards De-Mystification

e One proposed form of the AdS/CFT map
relates boundary quantities in a boundary

region A to bulk quantities in a bulk region
called the "entanglement wedge of A ". S "Entanglement Wedge
Reconstruction”

e And: One way to make this "EWR" map
precise is equivalent to a quantum erasure <= Like the 3-qutrit erasure

. protection code!
protection map!

e And: This suggests a QEC interpretation of
AdS/CFT, according to which a certain
collection of bulk states is dual to a subspace
of boundary states that forms the codespace

_ 3 But what does this
for a quantum erasure protection code.

have to do with
spacetime?



2. Entanglement Wedge Reconstruction

e Set-up:
- Take a spatial slice of the AdS/CFT

"cylinder". _

- Divide the boundary of the slice
into regions A and A.

- Connect the boundary of A with a
minimal area surface X through

|

the bulk. ~—

Def. 1 (Homology surface). Let A be a region of a boundary
spatial slice of an asymptotically AdS spacetime, and let X
be a minimal area bulk surface with the same boundary as
A. The homology surface X, of A is defined as the bulk
surface bounded by A U X. 7

The homology surface of A defines the entanglement wedge of A...




Def. 2 (Entanglement wedge). Let A be a subregion ofak
boundary spatial slice of an asymptotically AdS
spacetime, and let X4 be its homology surface. The A
entanglement wedge of A is defined by

A
WIA] = Dyuk[Z4]
T
where Dy k[24] is the bulk domain of dependence of X 4. —
N\A/l bulk points that can be \
connected to £, by a causal curve. \\\

N >

Claim 1 (Entanglement Wedge Reconstruction).

Any bulk observable located in W[A] can be

N—— -

represented by a boundary observable located in A.

Mprecise

Suppose H = H 4 ® H z has a subspace H¢ = Hy4 & Hypa
that encodes bulk degrees of freedom located in W[A] and

WA]. Then for any operator O on H4), there is an operator < One way to make
04 on H 4 such that, for any |) € H, EWR precise...

O41) = O01) and O,/[h) = 01




of a quantum erasure protection map.

Claim 2. EWR,,.; is equivalent to the existence

More precisely: Let (™ = 3¢ [gm)® H [%n_m) be an
n-qudit Hilbert space and let H = H, ® H;z be a
subspace of # (™ with basis |i). Then the following
are equivalent:

(i) For any operator O on H,, there is an operator
04 on H 4 such that, for any [) € ¢,

O41P) = O1P) and 0[P} = OT[) <~ EWR, ...

(i) Let H™ = H g) QH gl_k). Then there exists
a transformation U, on 4 and a state |x) 4,4,
€ H,, ® Hz, such that

D) = (Ua®ILD) (104, 10)4,4,) <2 QEC map!

LN

7 7 N

7 7 N\
n-qudit basis for  k-qudit basis for (n—k)-qudit state that
codeword logical qudit adds redundant qudits

to the logical qudit

Harlow (2017)

A
A
A A A
I I For 3-quitrit
code, n =3,
m=2,k=1.
Uy
(k) (m—k) (n—m)
|1/))(k) |X)(n—k)

- Claim (ii) says: Take a logical k-qudit state
|y), attach an ancillary (n—k)-qudit state
| x), and act on result with U 4. Result is an
n-qudit codeword |\)) that protects 1)
against the erasure of (n—m) qudits.

- Claim (i) says: If a = W|[A], then the
codespace H : is the Hilbert space of
boundary systems dual to bulk systems in

W[A] and W[A].




. The QEC Interpretation of AdS/CFT

LN
QEC AdS/CFT
Physical qudit Hilbert space: CFT Hilbert space for boundary
M = }[jm)(g) j-[[%"‘m) of spatial slice: H = H,Q Hz
Code subspace H,c H™ Subspace #;  H of boundary states that
(encoded logical qudits) are dual to bulk states in W[A] and W[A].
QEC map: Basis states in H;are | EWR: Bulk operators in W[A] are
related to basis states in 7™ by: | related to boundary operators in 4 by: e
- - - - v
2 = (Ua®10)(11)4,10)4,4,) 041P) = O1), 0,f 1) = O*[h)
The AdS/CFT correspondence as a quantum -
erasure protection code: A A
- In particular: Bulk qudits in W[A] protect
information encoded in boundary qudits in U
— — A
A U A against the erasure of qudits in A.
- More generally (?): The bulk theory protects A
boundary information against erasure. T
WIA] | 2)



3. The QEC Interpretation of AdS/CFT

N
QEC AdS/CFT
Physical qudit Hilbert space: CFT Hilbert space for boundary
M = }[jm)(g) j-[[%"‘m) of spatial slice: H = H,& Hz
Code subspace H,c H™ Subspace #;  H of boundary states that
(encoded logical qudits) are dual to bulk states in W[A] and W[A].
QEC map: Basis states in Hare | EWR: Bulk operators in W[A] are
related to basis states in /@™ by: | related to boundary operators in 4 by: e
- - - - v
D) = (Ua®12) (104,10 4,4,) 04lP) = O1), 0f1h) = O'[h) \
\ WIA]
N NC—— T
Z 1 t
e Note: Two distinct redundancies: /

- QEC redundancy: Encoded logical qudit 4 4

states are n-qudit states, logical qudit

states are k-qudit states, where n > k. U

A

- AdS/CFT redundancy: dim(bulk) >

dim(boundary). A

A

\|\ W(A]

Not the same!



So: The bulk theory is a way of protecting information encoded in the boundary theory
against erasure.

- Does this justify the claim that spacetime is a QEC?

- A QEC isn't the sort of thing associated with a spacetime.

- A QEC can be realized by physical systems, which can
possess spatiotemporal properties.

boundary spatial regions

Ao\

A
| A
U, Uz
A
. The QEC map relates physical systems
(41 P O 4V in bulk spacetime regions to physical
\\ N systems in boundary spatial regions.

bulk spacetime regions

So spacetime (either bulk or boundary) really isn't a QEC...
10



