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What Paradoxes?

Qualitative disagreement between AdS
gravitational field theory/perturbative string theory
and exact, unitary Conformal Field Theory.

Two classes:
Easier = unambiguous discrepancies with CFT

Hard = potentially ambiguous questions
about AdS observables



Unambiguous Disagreement:
Late Time Correlations

[ate time behavior of
correlation functions

in an AdS black hole
background
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{Maldacena ]

Does (OL(t)OL(0))pr decay
forever?

Is the spectrum discrete?



Unambiguous Disagreement:
Forbidden Singularities

Forbidden Singularities due to Euclidean-time
periodicity (KMS) in pure state black holes:
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How well do high-energy pure states
mimic the canonical ensemble?



"Hard” = Ambiguous (?)
Problems

[. How ambiguous is bulk reconstruction?
When /where /why / to what extent?

[I. What do observers see near and across
black hole horizons?



Our Approach

1) Identify the approximation within the CFT that
agrees with the perturbative bulk description and
produces (information loss) problems.

2)  From the vantage point of this approximation,
identify and compute the non-perturbative effects
that resolve information loss problem:s.

3) Comparing 1 & 2, what are the bulk implications?

In the approximation of (1), expect no ambiguities or
firewalls. Both should come from effects in (2).



Old News
about
Heavy-Light
Virasoro Blocks



What Observable
(in AdS/CFT)?

(O (00)O0n(1)0L(2)0L(0))

) Recall:
( Op(t) GN:ip mAdSNh
2c
. 01(0) We'll study light probes
0 of heavy pure states.

Always expand in the Or(z)Or(0) OPE channel.



Building Blocks for Correlators

Natural to organize amplitudes into blocks,
ie irreducible representations of the symmetry.

Flat space with Poincare symmetry, find partial waves.

In d>2 CFT, we have SO(d+1,1) conformal blocks
or conformal partial waves.



Building Blocks
for 2d CFT Correlators

Virasoro conformal blocks encapsulate
contributions from all states related by Virasoro:
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Virasoro blocks know about quantum gravity.



Example: Heavy-Light Vacuum
Block as ¢ — o0.

Semiclassical heavy-light Virasoro vacuum block:
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[t knows the BTZ black hole temperature!

Let’s note two features of this semiclassical result...



Late Time Information Loss
from Virasoro Blocks
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V(tL) = (

[t decays exponentially at late Lorentzian times.
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All semiclassical blocks
decay at the same

log V) .
; exponential rate:
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Forbidden Singularities
from Virasoro Blocks

SiIl(’iTTHt

It is periodic in Euclidean time, ie satisfies KMS.

Z

This means that it has
forbidden singularities:

e n

representing Unitarity violation



Virasoro Blocks Encapsulate
Quantum Gravity and Info Loss

e BTZ Black Hole Thermodynamics from Blocks

e Information loss comes from the blocks, and
occurs block-by-block, largely independent of
CFT data (ie spectrum and OPE coefficients)

So gravity is very robust/ generic.

And we may not have to solve any particular theory:.



RESOLVING
INFORMATION
LOSS PROBLEMS




Exact Information about
Virasoro Blocks and Gravity?

[t is possible to get exact information using
analytic continuation of degenerate states.

A simpler approach is to just evaluate the blocks
numerically to very high precision using
the Zamolodchikov recursion relations.



EXACT VS SEMICLASSICAL:
LATE TIME BEHAVIOR

At late times the gravity prediction breaks down:
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Transition at ¢p = 6hL predicted analytically.



Late Time Punchlines

* Non-perturbative corrections are universal and
qualitatively change late-time behavior of blocks

e Behavior of individual Virasoro blocks
ameliorates but does not resolve late time decay

We understand the exponential early decay,
but we do not have an analytic derivation of the
universal late-time power-law, or a detailed
understanding of the transition region.
Resurgence???



Euclidean-Time Periodicity
and Forbidden Singularities

Semiclassical and exact blocks on the real axis:
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Semiclassical approximation breaks down completely
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beyond ¢~ 7~ due to Stokes phenomena.



Semiclassical Approximation
In the Euclidean Region

Without a Black Hole With a Black Hole
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HOW CAN WE OBTAIN
AN ANALYTIC
UNDERSANDING OF
VIRASORO BLOCKS?




DEGENERATE OPERATORS

Special primaries have null Virasoro descendants, e.g.
(L21—|—52 ) ‘hl 2> 0

with dimension
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You could discover by studying the determinant of:
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DEGENERATE OPERATORS

Via stress tensor Ward identities, Virasoro generators
act as differential operators inside correlators:
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In the simplest case, the null state correlators satisfy:
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Solution is hypergeometric; interesting
non-perturbative effects in large b* oc ¢ expansion.



DEGENERATE STATES AT
LARGE CENTRAL CHARGE

Let’s study the general case:

1 s (r—1)(13+13r—12s) 3l
h c—éoo i 1 X 9
)t 24 T

So there are heavy and light examples:

C 1 —s
hy1 = —ﬂ(r2 = 1) and hi. - :

Infinite class of examples where we can obtain exact
information (r*" order differential equation)
about the Virasoro vacuum block.



CONNECTING
DEGENERATE STATE
CORRELATORS TO
LARGE C RESULTS



HEAVY DEGENERATE BLOCKS
AT LARGE CENTRAL CHARGE

This case will be more relevant for information loss.

In general, at large c we obtain a ditferential equation:

(0r — hrgr(t)) V(t) =0

solved by heavy-light result, since we have:
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An r®® order equation has become first order!



HEAVY DEGENERATE STATES

But h,; = —2%(7”‘2 — 1) 1s negative =
Heavy degenerate states have
additional angle, total is:
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HEAVY DEGENERATE STATES

Forbidden singularities at large central charge:
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So it’s interesting to see how they are resolved,
and to connect to the general case with Black Holes.



RESOLUTION OF
FORBIDDEN
SINGULARITIES



SINGULARITY RESOLUTION:
SOME DATA

Simplest example is the (2,1) case, with exact block:
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where hr = 1. In the vicinity of z = 2

— ¢ =1000
c = 2500

T AN ¢ = 5000




SINGULARITY RESOLUTION
IN GENERAL

Singularities are resolved in a universal way.
Let’s scale towards a singularity at large b as:
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We obtain a universal ditferential equation:
oo (r)\V'(z) — zV'(z) — 2hV(z) =

where the coefficient can be computed:
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SINGULARITY RESOLUTION
IN GENERAL

Differential equation for correlators near singularities:
o2 (rWV'(z) — zV'(z) — 2hV(z) = 0

Putting ¢ back, it can be solved by the function:
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It’s a natural toy model for an entire
function that has a singularity at large c...
but this is a physical result.



A PREDICTION FOR 1/C
PERTURBATION THEORY

Consider expanding this function in 1/c¢:
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[f this resolves the singularities, it makes a prediction
about 1/c corrections for general heavy-light blocks.

We computed them, and they match.



WHAT ABOUT THE
HARD PROBLEM:
BULK
RECONSTRUCTION?



EXACT BULK
RECONSTRUCTION IN D=2

In AdS3/CFT, Virasoro acts as asymptotic symmetry.

[f we fix the gauge, we fix the symmetry generators.
Then demanding scalar field transformations
uniquely determines the bulk field:
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NON-PERTURBATIVE
FATE OF LOCALITY

Let’s study (work in progress) the propagator.
Lore - no local observables in quantum gravity...

We find a divergent expansion at short distances:
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Bulk locality appears to breakdown at short
distances due to non-perturbative effects...
we also have significant numerical evidence.



SUMMARY

[. Informationlossin AdS3/CFT5 arises from the
semiclassical expansion of Virasoro blocks

[I. Many information loss problems are ameliorated
or resolved by computable non-perturbative
effects within Virasoro blocks; a better
understanding of resurgence very useful here!

[II. These non-perturbative effects have implications
for the breakdown of bulk locality and
(presumably) the physics near & beyond horizons



