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ADS/CFT BASICS
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Long-range potentials/forces: V(p) ~ e ' Faas



OBSERVABLE:
FOUR-POINT CFT
CORRELATOR, AS A

PROBE OF ADS




WHAT OBSERVABLE
(IN ADS/CFT)?

Some basic facts we can we learn from this...



DIRECTLY MEASURE

BULK GEOMETRY
OH(OO)

Oy (0)
(O (00)OL(1)OL(2)0 (0)) ~2 e~ AL Lgeod(2:1)

Follows at large mass from the
geometric optics approximation in AdS.



ENERGIES AND FORCES
IN TWO-OBJECT DYNAMICS

AdS Look at states in the OPE:
0.(2)04(0) D Y O,
E,f

AdS Energy = CFT Dimension

En,é = FBc+ Lg+ EgE + /Y(nvg)

Anomalous dimension, (7, £),
is a binding energy.




PROBING BLACK HOLES
AND THE HAWKING TEMP
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For example, a correlator in
BTZ black hole background:
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(AN APPETIZER)
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FORMAL DEFINITION OF

LONG-DISTANCE LOCALITY?
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Statement about structure of the Hilbert Space:

Haas = Horpr =~ Fock Space



ADS MOTION = CONFORMAL
REPRESENTATION THEORY
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Center of Mass Descendant of a

for Excited State Primary



AN EXAMPLE:
TWO PARTICLE STATES
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Two Particle States  “pgyble-Trace’ Primary
CoM at Origin



HOW TO DEFINE
DISTANT OBJECTS?

Geodesic separation between cat & dog:

AdS

kK~ Raqs logl

)

;

Are there multi-object states at
large angular momentum???



A FOCK SPACE
AT LARGE SEPARATION?




TWO OBJECT DYNAMICS
AdS

AdS Energy = CFT Dimension:

En,ﬁ = He+ bBg+ EkE + 7(”76)

Anomalous dimension, Y(n, ),
is a binding energy’.

Existence of states as ¢ — oo with vanishing
v(n,£) implies AdS Cluster Decomposition.



GENERAL THEOREM
(ANY CFT IN D>2)

Consider OPE of any two scalar primary operators:
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For each tliere exists a tower of operators/ states
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as ¢ — oo, where the anomalous dimensions
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from leading twist exchange, generically 7},



THE IDEA OF THE PROOF:
A SCATTERING ANALOGY

Free propagation and massless exchange
require large amplitude at large £, e.g.

e
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Completely analogous CFT phenomenon.
Implies existence and energy of large £ states.

Partial Wave Amplitudes —> Conformal Partial Waves

t-channel singularity —> lightcone OPE singularity



GRAVITY AND THE CFT
STRESS TENSOR

In AdS/CFT, graviton states created by stress tensor.
9 (X) <> 1) ()

Graviton vertices must be universal:

(O11(00) O (0) T (1)) ~ A—ﬁ

This comes from the stress tensor normalization

(L Tap) ~

plus Ward identities for conformal symmetries.

Long-range gravity is completely universal.



PROBING BLACK HOLES:
THE HEAVY-LIGHT LIMIT

~ (Op(1)OL(2)) 14 ¢

g For example, a correlator in
BTZ black hole background:

ﬁ<
2
c bl il
O (0)

We can! And in a general, theory-independent way...
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A UNIVERSAL PIECE
OF ALL HEAVY-LIGHT
CORRELATORS
IN 2D CFTSsS



THE CONFORMAL PARTIAL
WAVE DECOMPOSITION

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

In flat space scattering, these are partial waves.

Virasoro conformal blocks encapsulate
contributions from all states related by Virasoro:

(01(00)02(1)03 ZPhhvh nalz)Ve g 1

More powerful than global conformal—
Encapsulate all quantum gravitational effects!



UNIVERSALITY OF THE
VACUUM BLOCK

Always the case that
<OHOHOLOL> — <0HOH> X <OLOL> et
Thus the vacuum and its Virasoro descendants,

aka the vacuum block, always contribute.

All Virasoro blocks, and in particular the vacuum block,
have a natural interpretation in AdS/CFT.



‘GRAVITONS’ AND VIRASORO

‘Graviton’ states in 3d Gravity or 2d CFT...
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-8
9

In 2d, the stress tensor is purely (anti-)holomorphic
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Virasoro generators are modes of stress tensor.



GRAVITONS AND VIRASORO

States created by acting at the origin, so
grav) =T(0)|0) = L_2(0)

Global conformal generators are

Ly, Lo, L1
and these annihilate the vacuum. Other generators
oo Los

create “gravitons’, and do not annihilate the vacuum,
as Virasoro is spontaneously broken’'.



SOME INTUITION FOR THE
VIRASORO ALGEBRA

Graviton correlators and interactions
are fixed by the Virasoro symmetry algebra:

. —(n—m)L,. ., 162n(n2 —1)0n &

We are interested in large central charge:

.9
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Virasoro approximately just decoupled oscillators...
(we will go far beyond this conceptually useful limit)
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VIRASORO VACUUM BLOCK

Virasoro vacuum block = all graviton exchanges in AdS

OH OL
(exact projector)

Light object in field of black hole in 3d AdS.



TO STUDY BLACK HOLES:
TOSS IN LIGHT PROBES

Politics provides many examples.



HEAVY-LIGHT
SEMI-CLASSICAL LIMIT

hH,iLH X c > hL,iLL

£ 7 OO0

How to compute?
Many ways, but no time to explain. On to the result...



THE HEAVY-LIGHT VACUUM
BLOCK AT LARGE C

The heavy-light Virasoro vacuum block is:

B o (=

\ ) sin(7w 'yt
- 7ig
- with
o ]
Ou(1)%] 1 hH
- Ty =—1/24 1
/ b 27T C

v after we transform to the cylinder via
t = —log(l — z)



‘HARD’
AND ‘EASIER’
INFORMATION

LOossS PROBLEMS




THE ‘HARD’ PROBLEM
(NOT THIS TALK)

This is the information paradox: how do we reconcile
local, diff invariant QFT in the bulk with the unitarity
of the quantum mechanical description.

e Versus

Hawking Radiation Unitary ( BT



THE ‘HARD’ PROBLEM
(NOT THIS TALK)

From the modern (AdS/CFT) point of view, this is the
problem of bulk reconstruction near and beyond
horizons. Hard to well-define the question!!

Most potential resolutions give up local physics near
the horizon (e.g. Firewalls) or augment quantum
mechanics (e.g. final state or PR mirror operators).



AN ‘EASIER’ PROBLEM

Easier because it involves sharp signatures in CFT.

BH Maldacena’s version: Probe

o,s correlators in a black hole background

< decay exponentially at arbitrarily late
0.0 times. Violates unitarity for a theory

living on a compact space.

Summary: black hole physics is too thermal.

Let’s think about another feature of thermality...



ANOTHER VERSION OF THE
‘EASIER’ PROBLEM

The KMS condition ~ periodicity in Euclidean time.
[t arises geometrically from AdS Black Holes.
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with kM
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v
Leads to periodic images of the OPE singularity

in (the Euclidean region of) CFT correlators.
Allowed for correlators in the canonical ensemble.



AN ‘EASIER’ PROBLEM:
FORBIDDEN SINGULARITIES

Z

In pure state CFT correlators such as:

(O (0)O0L(1)0L(2)0n(0))

Only the true OPE singularities
are allowed in the Euclidean region!



WHY FORBIDDEN?
RADIAL QUANTIZATION.

Away from OPE limits
we can view

(O (00)O0L(1)OL(2)Ox(0))

as the inner product of normalizable states.

A theorem on Hilbert spaces: we can expand
in a basis and obtain a convergent sum.
No non-OPE singularities in Euclidean region!



OUR ‘EASIER’ PROBLEM:
FORBIDDEN SINGULARITIES

Z

Next we recall that at large central charge, correlators
(Om(00)OL(1)OL(2)Om(0))

are, in fact, “too thermal’ = have forbidden singularities.



INFORMATION LOSS IS
A UNIVERSAL
FEATURE OF

VIRASORO BLOCKS AT

LARGE C




THE HEAVY-LIGHT VACUUM
BLOCK AT LARGE C

The heavy-light Virasoro vacuum block is:

B o (=

\ ) sin(7w 'yt
- 7ig
- with
o ]
Ou(1)%] 1 hH
- Ty =—1/24 1
/ b 27T C
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IT°’S TOO HOT FOR
ITS OWN GOOD

A ‘too thermal’ correlator at the Hawking temperature.
We see explicitly it has forbidden singularities.
Must be resolved at finite central charge,
and within its own universal structure.




ALL BLOCKS DECAY AT
LARGE LORENTZIAN TIME

We can also compute general heavy-light blocks
(assuming light intermediate dimension):

1 — w
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These have forbidden singularities /branch cuts too,
but more importantly, at large Lorentzian times:

Vh_;(z) x e—QWhLTHtL

So every block decays exponentially!
Thus Maldacena’s problem also occurs due
(only) to the Virasoro blocks — it’s universal.



INFORMATION LOSS Is DUE
TO THE VIRASORO BLOCKS

From CFT point of view, problem was to understand
why information loss ever occurs!

The answer — it follows from expansion of blocks:
hg e, ¢— o0

Equivalent to Perturbation theory in G

Doesn’t seem to depend on the specific theory,
as Virasoro structure is kinematic’!



HOW CAN WE OBTAIN
EXACT DATA ON
VIRASORO BLOCKS
AND RESOLVE
INFORMATION LOSS?



DEGENERATE OPERATORS

Null Virasoro Descendants? Study the determinant of:
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Indeed, there exist “degenerate states” such as
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where the state must have dimension
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hr,s

DEGENERATE STATES AT
LARGE CENTRAL CHARGE

Let’s study the general case:

c—00 C 1—s (r—1)(13+£13r —12s) 3l
(-
FE T 24 |

So there are heavy and light examples:

C 1 —s
hy1 =~ —ﬂ(r2 - 1) and hi. - -

These are an infinite set of examples
where we can obtain exact information
about the Virasoro vacuum block.



BUT THESE DIMENSIONS
AREN’T EVEN UNITARY!?

The Virasoro conformal blocks are
analytic functions of the external dimensions,
and have only simple poles in the central charge.

Proof: g-expansion absolutely convergent,
coefficients just polynomials in external dimensions.

Expect that via analytic continuation, degenerate
correlators provide a lot of information.

But the real evidence comes from explicit results...



CONNECTING
DEGENERATE STATE
CORRELATORS TO
LARGE C RESULTS



DEGENERATE STATES

A usetul piece of information:

o § !2 b2 r—k
Z = [(T ) ] ( ) L—p1 i L—pk‘hr,1>
|Benoit & Saint-Aubin]

this is a general formula for the null descendant,
so it vanishes inside of correlators.

It provides an 7" order differential equation

satisfied by the exact vacuum Virasoro block.



HEAVY DEGENERATE BLOCKS
AT LARGE CENTRAL CHARGE

At large ¢ we obtain the simpler differential equation:

(315 - thr(t)) V(t) —

L (%) el (%)

An r*® order equation has become first order!

Physical case just requires analytic continuation to:

e ZTH
The heavy-light vacuum block is the solution.



RESOLUTION OF CFT
INFORMATION LOSS
PROBLEMS



FORBIDDEN SINGULARITIES:
AN EXPLICIT EXAMPLE

Simplest example is the (2,1) case, with exact block:

V = 2F1(2,b2 1,2b2 2,2) c:oo 1
= ~2 Siﬂh2 (t)

where hr = 1. In the vicinity of z = 2

c = 1000
c = 2500
c = 5000

C=o0




FORBIDDEN SINGULARITY
RESOLUTION, IN GENERAL

Singularities are resolved in a universal way.
Ditferential equation for correlators near singularities:

G () V() 2hpV

Putting c back, it can be solved by the function:

o= (ne
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It’s a natural toy model for an entire
function that has a singularity at large c...
but this is actually the physical result.



A PREDICTION FOR 1/C
PERTURBATION THEORY

Consider expanding this function in 1/c¢:

o2

S(x) :/ dpp®ttm et o
0

1 U?L(T)(QhL—|—1)hL |

CX I O 00

So it makes a prediction about form of 1/c corrections
to the general heavy-light blocks.

We computed them, and they match.



LATE LORENTZIAN
TIME BEHAVIOR



LATE TIME (NON-)DECAY
IN THE LORENTZIAN REGION?

The large central charge blocks/ correlators decay
exponentially, at a rate we found earlier:

ﬁm V L 6_27ThLTHtL
O (t)
< To avoid information loss
. this must cease before:
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We can study the late time behavior via analytic
continuation of our degenerate differential equations.



LATE TIME (NON-)DECAY
IN THE LORENTZIAN REGION?

At NLO at large central charge, we find
a general differential equation:

Yo (£) 2 ol
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The function Y7 grows linearly at late time:
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LATE TIME (NON-)DECAY
IN THE LORENTZIAN REGION?

~hrg-()V(t) + V'(t)

The terms are all of the same order when:

Lr

i Y ()

SpH

which occurs precisely when

. SpH
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Effects that resolve forbidden singularites also
qualitatively change late Lorentzian behavior!



LATE TIME (NON-)DECAY
IN THE LORENTZIAN REGION?

Beyond times of order the BH entropy,
we cannot truncate to a 2nd order
differential equation — our approximations
break down, as formally it seems we need an “infinite
order differential equation”.

This likely implies very chaotic behavior at even
larger times, which is what we expect.

We haven’t demonstrated this, but we’d like to!



NON-PERTURBATIVE
EFFECTS IN C
OR ‘SOLITONS’
OF ‘GRAVITONS’




EXACT BLOCK AS A SUM
OVER (ADS?) SOLUTIONS

At large ¢, we might write the asymptotic expansion

V(@) = Vemae(2) (14 L ) o) (o) + 2 4 )

C

-
"Perturbative AdS Vacuum’

Exchange of "Heavy State’

Can accomplish this via Borel resummation.

But what are these heavy states, ie instanton geometries?



WHAT HAPPENS IN THE
DEGENERATE CASE?

The heavy state must make a contribution that solves
the null descendant differential equation, so it must be:

P2.1) X P2,1) = 1 + @(3.1)

For other degenerate correlators, find that
the heavy states that make non-perturbative
contributions obey fusion rules, as expected:

¢(r,1) X ¢(r,1) = Z §b(2k—1,1)
k=1



A GENERAL CONJECTURE

We conjecture that the semi-classical “instantons’ in the
asymptotic expansion of the vacuum block look like

> ak-1,1)
f1

For general blocks of dimension h, we
conjecture instantons have semi-classical dimension:

1 24h
hinst(h, k) = h + éwck (\/ ] - Wk)
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Infinite discretum of solutions to monodromy problem.



INFORMATION LOSS
TAKEAWAY POINTS



INFORMATION LOSS AS
‘TOO THERMAL’ CORRELATORS

(We study 2d CFTs because they have all the same
information loss problems as in higher dimensions,
yet we have far more powerful tools.)

Information loss manifests in CFT through
correlators that are too thermal, with large central
charge playing the role of a thermodynamic limit.

We will consider two sharp signatures of
information loss — forbidden singularities in
Euclidean correlators, and exponential decay at
late times in Lorentzian correlators.



INFORMATION LOSS IS
UNIVERSAL IN 2+1 DIMS

Information loss from 3d black holes (via AdS/CFT)
appears to be universal — independent of CFT data such
as the spectrum and OPE coefficients. This might be
expected based on the robustness of black hole physics,
plus the fact that gravitational physics is encapsulated
by Virasoro symmetry.

In fact, it seems that information loss can be understood
based only on the Virasoro symmetry algebra at large
central charge.



INFORMATION Loss CAN BE
RESOLVED EXPLICITLY

Information loss problems can be explicitly resolved in
an infinite set of examples, which can be analytically
continued in order to compute physical correlators. We
find non-perturbative effects that resolve the forbidden
singularities and alter the behavior of correlators at late
times — specifically, when

t~ Sy and ‘VI ~ e EH

When expanded at large central charge, the results look
like a sum over (weird) geometries, and should tell us
more about the gravitational path integral.



CONCLUSIONS

Information loss is a consequence of the large
central charge expansion of the Virasoro algebra.

Possible to obtain non-perturbative results of the

C e 6_1/GN

form e resolving information loss.

Need to explicitly derive the “instantons"! Bulk
geometric interpretation may be odd. Provides a
new, partial definition for the bulk path integral.

We have “almost thermal” correlators — could
provide a more precise picture of Papadodimas-
Raju Mirror Operator Story, and its limitations?



