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MOTIVATION

Understand the universal features
of AdS quantum gravity directly from CFT.

AdS Locality, Fock space, and Interactions
(Large) Black Hole Thermodynamics?
What CFT Data Controls Thermodynamics?

How hard is it to UV complete quantum gravity?



OUTLINE

[. Ensemble vs Microstate Thermodynamics
[I. Probing thermodynamics using CFT correlators
[II. Thermality from Virasoro Conformal Blocks

[V. New Constraints on Holographic CFT Data?



ENSEMBLE VS
MICROSTATE
THERMODYNAMIC



ENSEMBLE
THERMODYNAMICS

Most often we discuss thermodynamics
in the canonical ensemble:
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In thermo limit, we obtain the temperature:
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In an ensemble averaged view of the theory,

we count states as function of energy
and derive e.g. the Cardy formula.



EIGENSTATE THERMALIZATION
AND MICROSTATES

Microstate perspective — ask if
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for a single pure microstate looks like
a correlator at a temperature set by the state:
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Related to "Eigenstate Thermalization Hypothesis’.
Thermo limit for us will be large central charge.



WHAT OBSERVABLE
(IN ADS/CFT)?
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Some basic facts we can we learn from this...



CAN MEASURE GEODESIC

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



PROBING THE

HAWKING TEMPERATURE
OH<OO)

A thermal 2-pt function at Hawking temperature?
[s it periodic in Euclidean time?



A NEW PERSPECTIVE ON
CFT THERMODYNAMICS
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0, We view thermodynamics as a direct

result of interactions between the
heavy "bath’ and light probe.
This can be made precise in CFTs,
via crossing symmetry. Are stress
tensors ~universal thermalizers”?



REVIEW OF
ADS/CFT
KINEMATICS




ENERGIES AND DIMENSIONS

IN ADS/CFT
AdS CET




ADS MOTION = CONFORMAL
REPRESENTATION THEORY
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GRAVITY AND THE CFT
STRESS TENSOR

In AdS/CFT, graviton states created by stress tensor.
Guv (X) < T ()

(Graviton vertices must be universal:
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This comes from the stress tensor normalization
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plus Ward identities for conformal symmetries.
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UNIVERSALITY OF
GRAVITIONAL POTENTIALS

So stress tensor exchange looks like...
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Using the Bootstrap, can derive universal
long-distance gravitational force for all CFTs.



THE IDEA OF THE PROOF:
A SCATTERING ANALOGY

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



FULL NON-LINEAR GRAVITY
FROM THE CFT?

OH OL

Want to sum over all multi-stress tensor
operator exchanges in the CFT to
reproduce the full AdS gravitational field.
Let’s focus on 2d CFTs at large central charge.



VIRASORO
CONFORMAL
BLOCKS
AND
MULTI-GRAVITON
EXCHANGE



GRAVITONS AND VIRASORO

Graviton states in a 2d CFT or 3d Gravity...
9uv(X) < Ty ()

In 2d, the stress tensor is purely (anti-)holomorphic

gl = Z Tmenl
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States created by acting at the origin, so
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VIRASORO ALGEBRA

All graviton correlators and interactions
are fixed by the Virasoro algebra (ie by symmetry):
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We will be interested in large central charge:
e
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Virasoro approximately just decoupled oscillators...



REPRESENTATIONS AT
LARGE CENTRAL CHARGE
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Just have independent oscillators. States are
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— T ol 07

Refer to as “gravitons’. These are orthogonal

whenm =23 ... and norni is

N oa

What does this mean for the exchange of gravitons?



VIRASORO BLOCKS AT
LARGE CENTRAL CHARGE

Virasoro blocks, ie all graviton exchanges in AdS.
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At large central charge (other parameters fixed!)
can just sum over Virasoro generators directly.



VIRASORO BLOCKS AT
LARGE CENTRAL CHARGE

When all dimensions are fixed, just get
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This is just the global conformal block!
For definiteness, each k is the expansion of:
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[t corresponds to motion in AdS, but no graviton
states are created at infinite central charge.



How DO GRAVITONS’
COUPLE TO OPERATORS?

Formally, gravitons couple to operators via
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Follows from Ward identity for stress tensor. Thus
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Large central charge could be compensated
by a large operator dimension.



EX: VIRASORO BLOCKS
IN A ‘NEWTONIAN’ LLIMIT

Only produce gravitons when operator dimensions
grow in the limit of large central charge.
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For example, in the "Newtonian’ limit

hh
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this has no graviton-graviton interactions,
but objects do have gravitational binding energy.



VIRASORO
BLOCKS IN A
HEAVY-LIGHT

SEMI-CLASSICAL
LIMIT



HEAVY-LIGHT
SEMI-CLASSICAL LIMIT
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How to proceed??



HEAVY-LIGHT
SEMI-CLASSICAL LIMIT




THREE DIFFERENT
METHODS (KNOWN)

[. "Monodromy Method” — based on Liouville theory
[I. Hawking from Catalan” — Direct Summation

[II. "‘Background field Method” — Most Powerful...



IDEA OF THE METHOD

Main Idea: Black Hole creates a classical
background. Can we find this background
directly in the CFT, and expand about it?

Find gravitons’ as perturbations of BTZ background.



WHY THE STRESS TENSOR
ISN°T A PRIMARY OPERATOR

Under a conformal transformation
z — w(z)

Primary operators are supposed to transform to
h
O(w) = [z/(w)]"O(z(w))

a primary in the new coordinates/ metric.

Now let’s study the CFT stress tensor
under a conformal transformation...



WHY THE STRESS TENSOR
ISN°T A PRIMARY OPERATOR

After conformal trans, CFT lives in a new metric
B did: sdudz=uw(z)d 0

Stress tensor will get a VEV due to curvature:

<TIW>Qa,b # O
This is why it’s not a primary operator.
T(z) — [¢'(w)]*T(2(w)) + S(2(w), w)

Second term, “Schwarzian Derivative’, is the VEV.



WHAT CAN WE DO WITH A
BACKGROUND FOR THE CFT?
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All complication from powers of heavy dimension:

h
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In new background for CFT, cancel this against VEV...



WHAT CAN WE DO WITH A
BACKGROUND FOR THE CFT?

We transform to coordinates

24h g
C

1 —w=(1-—2)% with a:\/l

Using the transformation rule, we find

1 — z(w)
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All dependence on the heavy operator dimension
has cancelled once we put the CFT in a background!



RELATION TO ADS

Deficit/ BTZ metric can be written as
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Thus z and w related in the same way
as pure AdS and BTZ.

Either obtain a deficit angle or temperature:
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NEW VIRASORO: GRAVITONS
ABOUT BTZ BACKGROUND

Series expand stress tensor in new coordinates:
s —2—n 7/
Io=>uw L
n

New, distinct, Virasoro generators.
Same Virasoro algebra because the stress tensor
OPE take the same form in new coords.

Now we can write the sum over the Virasoro
irreducible rep using new generators...



BLOCK COMPUTATION IN
NEW COORDINATES

We can compute block using new generators:
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All L with [n| > 1 act trivially at large c!

This follows because the normalizations
of gravitons still proportional to central charge,
but no large dimensions in vertices'.



OBTAIN HEAVY-LIGHT
VIRASORO BLOCKS

Heavy-Light Virasoro blocks are
just global blocks in new coordinates.

Bl ) = (1w, (hh 20,1

No “gravitons’ are created at large central charge
except those already in the classical background.

Note that all analysis was entirely in CFT,
based only on Virasoro and large c.



VACUUM BLOCK AND
THERMALITY

Above the BTZ threshold, we seem to have
periodicity in Fuclidean time, ie thermality,
as Virasoro blocks depend on Euclidean time via:
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because above the BTZ threshold, we have
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[f we look at “pure graviton exchange” we find...



VACUUM BLOCK AND
THERMALITY

The universal vacuum Virasoro block is:

SiIl(’]TTHt

after we transform from the plane
to the cylinder via:

= 51

Precisely what we expect for a thermal correlator!



UNIVERSALITY OF
OPE DATA FROM
THERMODYNAMICS
IN GENERAL
DIMENSIONS?




HEAVY-LIGHT CORRELATOR
IN ADS/CFT WITH D>2

OH OL

Which states propagate between heavy and light
to ‘thermalize’ the light operator?

T,uua T,uVTaﬁ, T@nT, ,Tk,“'



SIMPLIFIES FURTHER IN
HIGH TEMPERATURE LIMIT

Measure distances in CFT in units of temperature:

(1—2)— Ty — o0



HIGH TEMPERATURE LIMIT
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Only operators without

derivatives contribute.

On(0) OH OL
OPE Coefficients must —
have universal properties >\/v
to recover thermodynamics: M.
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More specifically...



UNIVERSAL RELATIONS FOR
OPE COEFFICIENTS
If we define the OPE coefficients as

C
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Periodicity in Euclidean time of the correlator
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k
implies relations among OPE coefficients (any k):
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Infinitely many relations for each operator!
Certainly not a consequence of Ward identity, etc...



THERMODYNAMIC CONSTRAINTS
ON HOLOGRAPHIC CFT DATA?
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e For all, or only almost all operators?

e Derivable from other constraints (e.g. the
bootstrap) or is this a new constraint?

e Constraints remain at finite central charge?

e Can this help to explain if/why it’s hard to

UV complete quantum gravity?



FUTURE DIRECTIONS

e New perspectives on Virasoro Blocks, including
generalizations and 1/c corrections (in progress)

e Connections between OPE Data and Thermality...
for which theories, in what limits?

e Do thermodynamics constraints on OPE Data

explain why it’s difficult to UV Complete Gravity?



EXTRA SLIDES



EXACT RESULT FOR FOUR
DIFFERENT OPERATORS
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where we define
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Note the rescaling of the heavy dimension difference
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Interesting to find a clear physical interpretation.



WHAT WOULD WE
EXPECT FROM 3D
ADS GRAVITY?



DEFICIT ANGLES IN D=2
AdS 5olution for a Sub-Planckian Object:

ds? = cosh?(k)dt? — dk? — (1 — 8GM) sinh?*(k)d¢?

o In 2+1 dimensional AdS, expect deficit

/—\ angles, detectable near infinity.

(a)



DEFICIT ANGLES IN D=2

ds? = cosh?(k)dt? — dk? — (1 — 8GM) sinh?(k)d¢*

Deficit angles are characterized by parameter

a:\/l—SGM:\/l il
&

/\ What if
\/ h > i °?

(b) 24 .
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BTZ BLACK HOLES

Deficit angle analytically continues to BTZ with
‘CV| — 20 TH

Signal: bulk and boundary correlators are
periodic in imaginary time.

(7TTH)2hA

B 0A0)0s = sinh®*4 (nTgrt)

But why should all sufficiently
heavy states be BTZ black holes?



HEAVY STATES ALWAYS
BTZ BLACK HOLES?

One reason this makes sense is that
around a BTZ black hole, there are no stable orbits!

Radial potential for orbits is

Vi) = (1 Té‘i | r2> (m2 + f—i)

This is monotonic for d = 2.

Thus all geodesics “fall in” on an AdS timescale.
It’s hard to avoid quickly forming a black hole.



CFT PROBE OF
BLACK HOLES?



NEW VIRASORO:
SOME TECHNICALITIES (1)

First of all, we should note that:
£ b =0 for n=|
because
1 —w=(1-2)“

is analytic about the origin.

So primaries wrt old Virasoro
are also primary wrt new Virasoro.



NEW VIRASORO:
SOME TECHNICALITIES (2)

.

Because inversions are non-trivial, or equivalently
because conf. trans. non-analytic at infinity.

So how can we deal with adjoint states?
Formally define:

G ¢

so we have adjoint states
(ho| = lim {0,|w?Ofw)
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NEW VIRASORO:
SOME TECHNICALITIES (3)

Finally we can conclude that:
(hwl Lo, -+ Loy |h) = (R|Lpy, - - Lk, |R)

This follows because new and old generators
both satisfy the Virasoro algebra, and also
act on operators (in z or w, respectively)
as determined by the OPE of the stress tensor
with the primary operator in question, justifying:
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NEW VIRASORO:
SOME TECHNICALITIES (4)

Va(ae) = (O, (00) Oy (1 (Z fh?f‘%) 01, ()0, (0))

Right correlator trivial; exactly as with old Virasoro.

Left correlator from a conformal transformation:

(O, (00)Op, (D)LY |h) = lim 0,(O, (00) Oy, (1) Op(w))
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Using this relation gives the final result, as desired.



