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Abstract: In holography, spacetime is emergent and its properties depend on the entanglement structure of the dual theory. An interesting question
is how changes in the entanglement structure affect the bulk dual description. In this talk, | will describe how local projective measurements
performed on a subregion of the boundary theory modify the bulk dual spacetime. The post-measurement bulk is cut off by end-of-the-world branes
and is dua to the complementary unmeasured region . Using a bulk calculation in --which involves a phase transition triggered by the
measurement--and tensor network models of holography, | will show that the portion of bulk preserved after the measurement depends on the size of
and the state we project on. Interestingly, the post-measurement bulk includes regions that were part of the entanglement wedge of before the
measurement. Our results indicate that the effect of a measurement performed on a subregion of the boundary is to teleport part of the bulk
information contained in into the complementary region . Finaly, | will comment on applications to the eternal black hole in JT gravity (dua to the
SYK thermofield double state) and the relationship between measurements and traversable wormhol es.
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AdS/CFT correspondence

Gravitational theory in d-dimensional CFT
asymptotically AdS. .1 P living on the
spacetime asymptotic boundary

il

» Holographic spacetime can be represented as a tensor network
(TN) defining a quantum error correcting code
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Motivation

» Holography taught us that
spacetime emerges from
quantum entanglement

» Entanglement entropy of
subregion B is computed by
Ryu-Takayanagi (RT) surface
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Motivation

» Holography taught us that
spacetime emerges from
quantum entanglement

» Entanglement entropy of
subregion B is computed by
Ryu-Takayanagi (RT) surface

» From B we can reconstruct everything in the “entanglement
wedge” W(B)

How do manipulations of the entanglement structure in the
boundary theory affect the bulk dual spacetime?

» The answer can help clarify relationship between
entanglement and geometry
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Measurements and holography

» Suppose we have control over a boundary theory (CFT or
external legs of TN)

» Measuring region A we can extract information in W(A) and
“erase it” from the bulk

» To extract info deep in W/(A) we must measure highly
correlated, non-local operators ( “logical operators”)

» What about less specific forms of measurement that do not
extract bulk information? How much bulk do they erase?

» This talk: local, completely uncorrelated measurements®

*More precisely, postselection
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Local projective measurements

» We focus on local projective measurements (LPM) of
boundary subregion A

L

-

. Ao 8 g0 N

» In TN: project on product 5".‘ ;,
state of external legs i .. i

\“‘\ » . / .

S Gire T

» In CFT: UV local measurement, complicated to define

» Intuitively, lattice discretization of CFT — project on product
state of sites

T
» Post-measurement state has T_§
no spatial entanglement — A (B
————————— e ISR
Cardy state |B) BY
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Main result: bulk teleportation

» LPM does not extract information deep into W/(A): can part

of W(A) be preserved in the post-measurement bulk encoded
in A7

» Measure large disconnected region of theory on spatial St —
End-of-the-world branes are created. Two possibilities:

“‘Disconnected” “Connected”
A, A,
e"f I{ff
CII B & B
\ \
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Main result: bulk teleportation

» LPM does not extract information deep into W/(A): can part

of W(A) be preserved in the post-measurement bulk encoded
in A7

» Measure large disconnected region of theory on spatial St —
End-of-the-world branes are created. Two possibilities:

“‘Disconnected” “Connected”

A2 A2 o
f‘f /
( If
B !I B G B
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» Connected case: bulk is teleported by LPM from A to
A¢ = B U C! We will determine when this happens
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Boundary path integral for LPM

» Consider 2D Euclidean CFT on a circl

/’@
\_/‘/ _
» LPM on region A= A; U Ay — path
]x: integral with slits on time-reflection

A symmetric slice
’({f B} 1i=A.=0

@ » We focus on |A|/L > 1/2 case. If

A> = 0 bulk slice is connected — Bulk

o teleportation
~

l » Conformal map: cylinder with slits —

BCFT! cylinder with finite height h(|A|)

» Bulk dual: CFT boundary extended into bulk as a dynamlcal
boundary (end-of-the-world brane) |i

» Trajectory determined by tension parameter T, related to
boundary entropy of Cardy state
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Bulk dual: BTZ/thermal AdS; phases

» The dominant phase is the one with least on-shell action:

BTZ b

ETW ETW
A x=-h x=0 |
y
z ;?’.
y
Y
,-==/

Ny

1Al 1

L

72

-1.0

thermal AdS

-0.5 0.5

RT

Thermal AdSs

» For any |A|, connected BT
phase is dominant for large
T (i.e. for appropriate |B))

» Bulk teleportation!
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Bulk dual: BTZ/thermal AdS; phases

BTZ ‘L Thermal AdSs
tﬁllx—ﬂ X DAII
- 4

» The dominant phase is the one with least on-shell action:

» For any |A|, connected BT
'A' 1 phase is dominant for large
T (i.e. for appropriate |B))

1A] 1 » Bulk teleportation!
. thermalAdS .

-1.0 -0.5 0.5 1.0

» On boundary — entanglement phase transition (MIE) 3
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Quantum teleportation

» Alice wants to send state [¢)) of qubit g; to Bob
Bell measurement

4 W H N .
Alice ; ‘ }7 ‘ |
q, - i

Bob [q, X Z}— [y

» Alice and Bob share an EPR pair (qubits ga and gg)
» Alice performs Bell measurement on qubits g4 and g

» After measurement Bob’s qubit gg is in state |¢)) up to a
unitary depending on measurement outcome

Project product state onto entangled state < Project entan-
gled state onto product state
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[[5, 1, 3]] perfect code

» QECC interpretation of holography gives us insight about how
bulk teleportation arises

» [[5, 1, 3]] perfect code is a (basic)
model of holography: 1 (bulk)
logical qubit encoded in 5
(boundary) physical qubits

» The bulk qubit is supported on an
3 boundary legs. It cannot be
reconstructed from 2 boundary legs

» Logical operators: X = —ZXZIl, Z = YZYII

10
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Bulk teleportation in [[5, 1, 3]] code

» Start with logical state [1)) = a|0) 4 b|1) and perform a LPM
on 3 physical qubits

» Depending on the measurement basis, two possibilities:

A(:‘

T7=0

1. Measuring a logical operator (e.g. YZYII) extracts bulk
information and post-measurement state of remaining qubits is
independent of [): “T = 0"

2. Measuring e.g. ZZZIl, the bulk information is still in
post-measurement state of remaining qubits U, |¢) [0) (U,
Clifford gate depending on outcome): “T = T_.”
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HaPPY code

» HaPPY code, defined by TN, is built out of [[5, 1, 3]] codes:

» Encodes k bulk qubits into n
boundary qubits

» Contracted legs are
projected onto bell state

[®%) = (|00) + [11))/v2

» Reproduces features of
holography (including “RT
surface”)
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HaPPY code

» HaPPY code, defined by TN, is built out of [[5, 1, 3]] codes:

» Encodes k bulk qubits into n
boundary qubits

» Contracted legs are
projected onto bell state

[®%) = (|00) +[11))/v/2

» Reproduces features of
holography (including “RT
surface”)

» We perform a LPM on subset A of boundary legs and study
[(x: A) = S(x)+ S(A°) — S(x U A°), x bulk qubit
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Bulk teleportation in HaPPY code stack

» To approximate large-N holographic limit, we consider a stack
of HaPPY codes

» We can “tune the tension” (i.e. the amount of teleported
bulk) by appropriate choice of product measurement basis

» |In the HaPPY code it

Is generic to teleport
most of the bulk from

A to A€ using LPM Avefr’age Lowest T
e Namay =y
» Similar results are / 0 K 6
obtained for random i A L .
tensor networks L B | /j* 1 i; B
o" ., / " kc\? /»‘
gL ol 'y ’//
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Bulk teleportation and traversable wormholes
» Different setup: SYK thermofield double state and dual black
hole (JT gravity coupled to CFT matter)
» Bulk teleportation can be studied more explicitly

» Measuring enough “left” fermions, most of left wedge is
teleported to right SYK

» Decoding operator dependent on
measurement outcome can be bui

» This decoding renders the
wormhole (one-way) traversable

» Can shed light on reconstruction of
behind-the-horizon physics in
holography

» Connected to holographic
cosmologies 14
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What's next?

» Open questions

e What is the correct way to physically regularize our
AdS;/CFT, setup?

e What is the connection between measurement protocol and
specific post-measurement Cardy states?

e Can we obtain lower tensions in tensor networks?

» Future directions

e Gravitational version of measurement-induced phase transitions
via holography

o Complexity of post-measurement bulk reconstruction

e Experimental tests of entanglement structure predicted for
holographic theories
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Thank youl
Questions?




