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·How is information localized in Q..G?

·
Whattype of operator algebras exist?

Locality
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Reminder from QF T

Micro causality: [OGM), OCOL] =

0 Fxm/x*xm)0

> Information is strictly viable
in QFT

· One can specify the state rendently

in each subsystem

* F - Vspatial.I
d

for Q FT d
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Each subsystem is independer
↓
,

butJusually) highly entangled!
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The Rech-Schlieder Theorem

Consider H:If..... of 10L

-> supported
only in

4f=(dxfi(x)4(x)

=D H is dense in I

This does notcontradictmy previous
statements

=Moststates like 107) are very entangled!I
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umGravity

These properties are fundamentally altered

in Quantum Gravity!
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umGravity

These properties are fundamentally altered

in Quantum Gravity!

① Locality is destroyed

⑧

AdS Boundary =CFT

We cannot hide
B

information in A A

anymore!
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② SEz =
D ⑱SBH =FSort
-

Finite
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② SEE ⑱SBH =FSort-

-

Finite

③ Operator Algebras musttake
into account

Gauss' Law

d(x) G(x) IX =D
Zuckerman

⑳



· The idea of using
von Neumann

↓hese issues.

algebras is to torah on

·
Mathematically precise

statements can

in
the Art GN-> 0 limit.

be made

QFTin
the limit

·
We better recover

Gr - 0.

·

There are differentways to take this limit,

and we would like to control the breaking for GNEO.
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mannAlgebras
[Review Witten]

A:"Weakly closed --subalgebra"ofbounded up on He
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mannAlgebras
[Review Witten]

* - subalgebra"ofbounded op. on Il
A: "Weakly closed

I I
⑰ *

limits are in at =t sums and products
the algebra are in t

Von Neumann Algebras come
in differenttypes

Many of these types appear
in Q.G.

⑪



Type II

I =I, a22 t =B(x.)

=Type I factor
*

center of it a 1

Id ifdimi, =dxc

I

if dim H, =

=D 5 tr, which may
not be defined on all

of t for I a

⑧12



Type I

Consider (4) =i (14) +11)

8
⑮ ④

12) =14) -.... (4) ⑤
④

.....

⑧

-

n times, n- 0

H = =All butfinitely many
ofthe qubitpairs

are in 14).

A = =All operators acting on finitely many qubits

⑬



⑧The
Hilbert Space does notfactorize

f =Stop &I/bottom

But:There is a
trace

tra = =
x E(a/E) finite

tr (ata) >0

tr(ab) =
tr(bc)

So states in It all have infinite entanglemententropy,

witha finite difference.

*we are looking atstates

⑭



This was really a II, U.N. algebra.

7Ias V.N. algebra

↳ I,*B(10)
tr (11) =

is

This type of algebra also appears
in Q.6.

⑮



Type II

This is whathappens in QFT.

Replace 14) -> 10) only partially entangled

10) =F(+x +V(+1)

2 x2 x1

Also here 8 =Stop & I(bottom,

But, race

⑯



Type II

This is whathappens in QFT.

Replace 14) -> 10) only partially entangled

10) =F(+x +V(+1)

⑦ xx x0
I type I

type II

Also here 8 =Stop & I(bottom,

But, race
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Where do these algebras appear
?

Type Ip =b A=4SYM atfinite N

Putthe theory on S

ID QM with dimat =a

*Ifyou consider a subsystem ofS=II

⑰



I
GN -DO

N = 4 SYM, ES
N-x is, large i

1 TFD) = Se-BEn (n), *InLi

B IB HP =Black Hole

The algebra ofS.t. operators acting on few

is a type III, U.N. algebra.

[Leutheusser, Liv]

⑲



meane

④ GN ->0

QFTon
exterior ofAdS BH

Horizon - Rindler Horizon

=A continuous spectral density
minera

The large N limithas washed away
the discrete

spectrum ofthe type Ialgebra atfinite N.

=>connection to information loss

[Maldacena;Furuya, Lashkari, Moosa, Ouseph]
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SBH =For"Sort

⑳



Sin = Fort
↳=u in type III,

What aboutY or
GN corrections?

With firstorder corrections: (Witten]

I - It is

ID Careful treatmentof
the Hamiltonian

mode
u =v(H) - xH))

⑳



Anice fact about type II algebras

=>Entanglement entropies are defined up

to an
additive constant, state- independent

14) =0s.t...OS.T.
ITFD>

ASE= =S+1
Sort

Thesedifferences are captured by

the type Io algebra

⑪



#, U.N. algebras

Appears in dS space.
In the presence

of

observer
an

[Chandrasekaran, Longo,

Penington, Witten]
Static-

Patch

- M
⑱ The observer is

Worldline of crucial, to define

an observer diff-invariant operators,
to be anchored

they need

Somewhere

⑫



H =

H +Hohs =
H +

q 97,0

- ip Ht =Eeipt a 2,93p = - iq

Simplesttoy-model for an observer, I drof.

CLPW showed thatthe algebra is I.

Gives an algebraic interpretation
to the

dS Entropy (or really differences
between states)

⑬



Many generalizations

·
Observers in Ads, closed regions

[Jensen, Sorce, Speranza]

·
Observer- Inflation

[Chen, Penington]

. a --
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③ Stringy effects

The previous picture was valid as
N-x8,

and also atlarge I.

Whathappens atfinite 1 (still large N)?
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③ Stringy effects

The previous picture was valid as
N-x8,

and also atlarge I.

Whathappens atfinite 1 (still large N)?

Many properties
still hold:

atsome
THe

·

Deconfinementtransition

·

We expecta
continuous spectral density

in TOCt0coKp (F 1 =0)

· Algebra satisfies large N factorization

⑧25



However, the bull picture should drastically

change atfinite x'.

Does the BH horizon become fuzzy?

Does itbecome probe - dependent?
[Gestear, Liv]

mmm

1 of St. op
in Eto, or

-

*

to
T =to sit. Astrict surbalgebra

oft.

me T =is at1=

⑯



I is extractable from OCH0(0)Lp

i.e. from its spectral density I (w).

At any
1.0, we expect (a)

to have

I
continuous suppor

<Gestear, Liv) studied various prototypes of(w),

and their implications for
E.

⑰



But the spectral density ofa fixed set

of operators cannot be the whole story.
-

In d =2
,

in the DIDS CFT, 1
=0 is

the symmetric orbifold point.

e =(*
One can show:

x0(t)0(0)(p =x0()0(oB+z
+0((/n)

Xo

⑳ [AB, Bintanja, Castro, Knop]



So for any fixed sit, operator, we
have

a type III, U.N. algebra.

Butwe have an infinite tower of them

2πA

Ss.t. (D) - e [Keller]

How do we resum
this tower?

Can the algebra still be understood?

⑳



There have been computations of

EntanglementEntropy
in string theory

[Dabhollzar, Maitra)

The computations proceed
via the replica trick,

subtle steps to deal with

and there are some

the analytic continuation, but
they find:

This suggests
the

So -finite =D

algebra is type I

already atfinite I,

⑳ infinite N.



④Localizing Information in Q.G.

We already discussed
that non-perturbatively

(i.e. finite N), Q.G.
localizes information

drastically differently

Does this breakdown of locality occur

(i.e. eN) effects?
only vice non-perturbative

Or does locality break down in Gr-pert. thy?

⑬



The idea ofholography of information

is thatthis
breakdown happens already

in GN-pert. theory,
because ofthe graw.

Gauss law.

This has been shown explicitly around

the Ads vacuum

[Chowdury, Godet, Papadovlaki,Raju]

③2



But the AdS vacuum is a very special

state, preserving
all symmetries.

Already in classical GR, there are no local

diff-invariant
observables around maximally -symmetric

spaces.

=DI would like to show an explicit

construction oflocalized information in

AdS/CFT

⑬



Setup

Consider a
CFT state 14):

T4H14) - N2
-x strong

backreaction

<4/1H" 14) - N2-A
classical time-dependence

Ex: a supernova explosion
in Ads

Thesestates can

- be builtwith
the

/ I
Euclidean path

⑭ integral



Question

At:the "algebraof3.5. operators in

a
timeband to Eto, tob

Can we find O suah
that

① 20, a] =0 to all orders

in VN, Xa+A =
② O creates a particle that

we detectatsome
its

⑬5



Answer:Yes?

Procedure:

Start with &A =fdt'dx' k(+,+, x,x),z)0(t',z)

Problem: [CHA, Hc++] - =0

↳ Boundary dressed.

1
*

iTH

E =dT e- iTp. 4arPo e

- f*

⑯



Answer:Yes?

Procedure:

Start with &A =fdt'dx' k(+,+, x,x),z)0(t',z)

Problem: [CHA, Hc++] - =0

↳ Boundary dressed.

1
-> OCIL timescale

iTH

E =aT eiT 4rPe
- f*

↳ Projector onto code subspace of

14)

⑯ (Bahiru, AB, Papadodimas, Sarosi,Vardia]



-

+2H2 - +2N2

Using KYC+1412 - e ~ e

One can
show:

① >412H, ]14) - OCe-NY

⑦ x410..........On 14) =x20,
-...dHA...OnM)

+O (I/N)

ID to leading order in I/N, I alsocreates

a particle thatwill
be detectable atthe to

⑰



The interpretation:

PHALL was a
bulk operator

thatwas

dressed to the boundary.

to

I is an operator
thatis

dressed

a feature
ofthe

state. Itis
"state-dressed".

-m
/ I

⑱



The interpretation:

PHALL was a
bulk operator

thatwas

dressed to the boundary.

to

I is an operator
thatis

dressed

a feature
ofthe

state. Itis
"state-dressed".

-
/ I
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Comments

·

This does notcontradictChowdurg
etal,

because IOL iS not in our
class of

states

·

This can only work ifthe
state breaks

all the symmetries, like
in classical GR.

Itwould be nice to know ifthe time band

⑳

algebra can
be made into a proper

U.N. algebra.

⑬



Conclusion
interesting framework

· Operator algebras are
an

to probe semi-classical Q.G.

·

Provide an algebraic interpretation of the

Bekenstein - Hawking formula for BH entropy.

They make mathematically precise
statements on

⑳

how locality emerges
as
GN-DO, in

agreement
with our

intuition thatwe
live in

a
local world.

⑩



Thank You?

And long Live find Pizza.


