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Introduction

Introduction

The AdS/CFT correspondence is perhaps the most remarkable result to
come out of string theory so far.

t

gravity no gravity

It tells us that non-perturbative quantum gravity in (A)AdS is really just
quantum field theory in disguise!
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Introduction

At the most basic level, the AdS/CFT correspondence can be thought
of as an isomorphism between the bulk and boundary Hilbert spaces.

In quantum field theory on spatial Sd−1, knowledge of the Hilbert
space is equivalent to knowledge of the set of local operators.

In AdS/CFT, the local operators of the boundary theory are given
bulk interpretations via the “extrapolate dictionary”:

O(X ) = lim
r→∞

r∆φ(r ,X ).

(To match all of the CFT local operators this way, in the bulk we
need to include “quasi-local operators” which create bound states,
black holes, etc, see Harlow/Ooguri)
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Introduction

The extrapolate dictionary is sufficient to describe all “scattering” type
experiments in the bulk theory:

CFT

In particular it is sufficient (in principle) to describe the formation and
evaporation of small black holes, as well as (more conveniently) the
“two-point function” version of the black hole information problem Maldacena.
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Introduction

One sometimes hears claims that such scattering questions are the only
ones which should be asked in quantum gravity, and indeed they are the
only ones we know how to formulate in a precise manner.

Nonetheless there are many interesting questions which we so far do not
know how to describe this way.

?

For example, how can we predict the outcome of a scattering experiment
which happens behind a black hole horizon?

5



Introduction

One sometimes hears claims that such scattering questions are the only
ones which should be asked in quantum gravity, and indeed they are the
only ones we know how to formulate in a precise manner.
Nonetheless there are many interesting questions which we so far do not
know how to describe this way.

?

For example, how can we predict the outcome of a scattering experiment
which happens behind a black hole horizon?

5



Introduction

One sometimes hears claims that such scattering questions are the only
ones which should be asked in quantum gravity, and indeed they are the
only ones we know how to formulate in a precise manner.
Nonetheless there are many interesting questions which we so far do not
know how to describe this way.

?

For example, how can we predict the outcome of a scattering experiment
which happens behind a black hole horizon?

5



Introduction

One sometimes hears claims that such scattering questions are the only
ones which should be asked in quantum gravity, and indeed they are the
only ones we know how to formulate in a precise manner.
Nonetheless there are many interesting questions which we so far do not
know how to describe this way.

?

For example, how can we predict the outcome of a scattering experiment
which happens behind a black hole horizon?

5



Bulk reconstruction

Bulk reconstruction

The goal of the bulk reconstruction program is to represent bulk
operators such as φ(r ,X ) (with appropriate gravitational dressing)
directly on the CFT Hilbert space.

Such representations will always have some inherent imprecision, due
to the approximate nature of the emergence of bulk effective field
theory.

At least in ordinary situations this imprecision seems to be quite
small, for example quantum field theory in curved spacetime describes
LHC physics quite well.

Thus what we would like to understand is how a theory in d
spacetime dimensions can “pretend” to be one in d + 1 spacetime
dimensions, at least in a restricted set of situations.
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Bulk reconstruction

A first attempt

The first approach to bulk reconstruction is based on perturbatively solving
the bulk EFT equations of motion, using the extrapolate dictionary to
provide the boundary conditions Banks/Douglas/Horowitz/Martinec, Hamilton/Kabat/Lifsshytz/Lowe.

This leads to formulas of the form

φ(x) =

∫
∂M

dXK (x ,X )O(X )

+ g

∫
∂M

dXdX ′
∫
M
dx ′G (x , x ′)K (x ′,X )K (x ′,X ′)O(X )O(X ′)

+ . . . ,

which can be shown to obey the algebra and reproduce the correlators of
bulk EFT for O(1) numbers of operators on the vacuum.
It would be a pity however if this were all there were to holography, and
indeed we will see momentarily that this method is not sufficient to
describe regions of spacetime which are behind causal horizons.
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Bulk reconstruction

In the last few years a considerable advance in bulk reconstruction has
come from considering the idea of subregion duality, which is the proposal
that each spatial subregion of the boundary CFT is separately dual to
some particular subregion of the bulk.Bousso,Leichenauer,Rosenhaus,Czech,Karczmarek,Nogueira,

Van Raamsdonk,Freivogel,Zukowski

R' R

The natural bulk subregion to consider from the point of view of solving
the bulk equations is the causal wedge:

CR ≡ J+[D[R]] ∩ J−[D[R]].
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Bulk reconstruction

The idea that CR is the appropriate bulk subregion dual to R is called into
question however by the Ryu-Takayanagi formula:

S [ρR ] =
〈A(γR)〉

4G
+ S(ρWR

).

It is a general result that CR ⊂WR , Wall, Headrick/Hubeny/Lawrence/Rangamani so
apparently the RT formula is able to access information beyond the causal
wedge.
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Bulk reconstruction

The nicest possible interpretation of this fact would be that the CFT
degrees of freedom have access to all the degrees of freedom in WR ; this is
called entanglement wedge reconstruction.

There is a very important distinction between CR and WR : CR can never
contain points behind an event horizon, while WR can. So if entanglement
wedge reconstruction is true, this tells us that it is possible to reconstruct
bulk degrees of freedom which are inside of a black hole as operators in
the dual CFT!
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Bulk reconstruction

In 2014 Almheiri, Dong, and I pointed out that subregion duality in
AdS/CFT was an example of a more general phenomenon called quantum
error correction, and we argued that this should lead to a resolution of the
question of entanglement wedge reconstruction. In the following years the
pieces have come together, leading to the following general results:

Entanglement wedge reconstruction is a direct consequence of the
Ryu-Takayanagi formula, and is in fact equivalent to it. Since this
formula has been independently established by Lewkowycz and
Maldacena, entanglement wedge reconstruction is a true property of
AdS/CFT. Jafferis/Lewkowycz/Maldacena/Suh, Dong/Harlow/Wall, Harlow

The emergence of the bulk radial direction from the boundary degrees
of freedom can be quantitatively explained in terms of the degree of
protection of logical degrees of freedom from erasures, and this
picture can be explicitly confirmed in exactly soluble models. I believe
we now understand it to a similar degree as we understood the
confinement of quarks after the 1974 paper of Wilson.
Harlow/Pastawski/Preskill/Yoshida

In AdS/CFT there can be no global symmetries in the bulk Harlow,Ooguri.
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Bulk reconstruction

The mechanism by which any quantum error-correcting code works is that
it stores the protected information nonlocally in the entanglement between
many physical degrees of freedom.

There is a detailed mathematical framework of when and how this is
possible, and this gives precise meaning to the proposal of Van Raamsdonk
that “geometry emerges from entanglement”.
As emphasized by Van Raamsdonk, and also by Maldacena and Susskind,
this phenomenon is especially remarkable when we consider the CFT on a
disconnected space. Indeed it leads to the following outrageous statement:
In quantum gravity it is possible for decoupled quantum systems to
describe a bulk geometry in which there is a shared interior that can
be accessed by observers from either system.
This claim was implicit in Maldacena’s paper of 2001, but it is only in the
last few years that we have begun to appreciate its incredible
consequences. I personally do not feel that I have really absorbed it yet,
and I suspect there are many surprises left.
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Bulk reconstruction

In particular I want to emphasize that we do not yet have a complete
understanding of the interiors of black holes in AdS/CFT. Questions to
which I do not know the answers include the following:

What is the bulk mechanism by which information which falls into a
small black hole is transferred into its Hawking radiation as it
evaporates?

What is the experience of an observer who crosses the horizon of a
large AdS black hole in a typical pure microstate? Can it be described
using ordinary quantum mechanics?

What is the bulk dynamics which accounts for the long-time
fluctuations of thermal correlators and the spectral form factor?

At absurdly long times, the thermofield double state undergoes
quantum recurrences and becomes short again. How does this
happen?
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Bulk reconstruction

Since this is a “vision” talk, I will now make a few speculations about
where progress may come from in the next few years.

The first is that I believe we need to understand much more deeply
the fact that in gravity time-translation is a gauge symmetry.

You can evolve all you want on the boundary but never get into the black
hole interior unless you learn how to move the bulk slice up independently
in the bulk, but this is done by a gauge transformation which acts trivially
on the Hilbert space. I suspect we need to learn how to describe the
interior directly using diffeomorphism-invariant observables.
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Bulk reconstruction

Secondly, I think that we need to move beyond the thermofield
double. It is useful for many purposes, but it is a very special state -
somewhat analogous to the state where all the air in this auditorium
is up in one corner.

In particular it has the atypical property that the
causal and entanglement wedges of either boundary precisely coincide.
The solutions of Shenker/Stanford give one way of going beyond this, and I
think we need to stress-test more of our ideas in this more general
context.

Thirdly, I think the formalism of approximate quantum error
correction gives a promising avenue to explore the imprecision
inherent in the emergence of bulk effective field theory, and in
particular I would like to mention the “alpha-bit” work of Hayden/Penington,
which I think can be used to study how “small” errors in bulk effective
field theory can accumulate as we consider larger and larger sets of
states, eventually qualitatively changing the nature of the physics.
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field theory can accumulate as we consider larger and larger sets of
states, eventually qualitatively changing the nature of the physics.
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Finally I would like to mention the “quantum extremal surface”
proposal of Engelhardt/Wall, which is a generalization of the RT formula to
include higher-order quantum effects. Very recently this has been
used, together with ideas from approximate quantum error correction,
to study the evaporation of a AdS black hole coupled to an external
system Penington,Almheiri/Engelhardt/Marolf/Maxfield. It seems a powerful synthesis is
brewing here, I suspect we will hear quite a bit more about it in
Strings 2020.

I am optimistic that we will see resolutions of several of the problems I
mentioned in the next few years, and I am hopeful that this will eventually
enable us to move on to cosmology, and possibly to closer connections to
experiments.
Thanks for listening!
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