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Why care about quantum gravity?

» Regular gravity is good for understanding the universe at
large scales and the astrophysical objects within it.

» So is quantum gravity! Big Bang and black holes.

hard easier

» The “easy” problem is black holes because we can plonk
them in a different-looking spacetime, AdS/CFT.
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AdS/CFT in a nutshell

» Let's consider quantum gravity in negatively curved
spacetime, A < 0 (Anti de Sitter space = AdS).

CFT,

» Wacky claim:! this is “dual” to a special QFT (conformal
field theory = CFT) at the asymptotic boundary.
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Conformal field theory

» A regular QFT has Lorentz invariance (isometries of 7,,).
The action is invariant and fields are covariant.

» A CFT also has scale invariance, i.e. zooming in and out:

@,

1 P
Scrr j Scrr N 2
o AP

P

» For AdS/CFT, we focus on large-N CFTs, which are
almost free.? Simple fields have vertices suppressed by N.
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States and metrics

» Some CFT states correspond to semiclassical geometries
which “fill in” the cylinder. Example: the vacuum state.

vac) ppcc e

» More interesting: canonical thermal state, where the
probability of observing |E) is proportional to e #E.

» This turns out to be dual to an AdS black hole!3
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Eternal /external

» With this explicit quantum description, we might hope to
understand (a) the interior, and (b) evaporation.*

» These are good reasons to study quantum gravity!

CFT

interior? evaporation? static exterior

» Problem: we can't do either! It's just the static exterior
geometry, so no interior or evaporation.
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Interior design

» There is no interior because we have a mixed, i.e.
uncertain state. There is uncertainty about what's inside!

» Maybe we can find a pure state that “looks” thermal.
I'TFDg)

CFT, CFT,

Pp =T, TFD, X TFD|

» On two identical CFTs, the thermofield double (TFD)
purifies pg. The dual geometry is the AdS wormhole.
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A folding projector

» Problem: this is a state on two CFTs! We'd like to get rid
of that fictitious second CFT and still have some interior.

» Geometrically, could hope to fold the TFD in half.

» Quantum-mechanically, we can assure a pure state by
projecting the second CFT onto some fixed state |B):

|TFD5>12 — <B‘TFD5>1 = ‘Bﬁ>1.
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Wick's trick

» It's not at all obvious how to do this! So let's do a magic
trick, and Wick rotate real to imaginary time, 7 = it:

cosh?(t) — sinh?(#)=1 cos’(t) + sin’(7)=1
» This fuses the hyperbola to a circle, and two CFTs to one!

» The CFT is in a thermal state, geometrized by a
“thermal” circle on the outside.
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Boundary states

» On the CFT, consider states which are mirror symmetric.

» On the circle, we can evolve to the top and bottom! This
gives us states which are “local” in time.

» These special “mirror” states are called boundary states.
They cut the outer circle in half, but what happens inside?
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Symmetry and EOW branes

» Boundary states break imaginary time translation.

» We can foliate spacetime with hypersurfaces satisfying the
remaining symmetries (anchored at the top and bottom).

» These hypersurface are the fabled end-of-the-world
(EOW) branes. Our spacetime could end on any of them!
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Back to reality

» To return to real time, we glue real and imaginary
diagrams along a horizontal slice.

» Branes continue at fixed tension (cf. symmetry).

» We are still folding spacetime in half, but it's
“distended”. Boundary states modify the bulk!
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Introducing entanglement

» It seems the pure states |Bg) = (B|TFDg) describe black
holes with some interior. But what can we do with this?

» An important tool is entanglement!

‘b
+—1

» Loosely speaking, systems A and B are entangled when
they share EPR pairs. The systems above share three.
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Entanglement entropy

» Given a density matrix pa for system A, uncertainty can
come from (a) entanglement and (b) classical entropy.

» Either way, we have uncertainty about the state on A.

Slpal = ‘<10g/0A>pA

» A good measure is the entanglement entropy® S[pa]. (It's
just the Shannon entropy for the distribution over states.)
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The Ryu-Takayanagi formula

» In AdS/CFT, we'll look at spatial subsystems A. In states
with a nice gravity dual, a miracle occurs:’

. Arealy,]|
S[PA]—H;in 10,

» Ryu-Takayanagi (RT): find the minimal area surface v,
which is anchored at A, and divide its area by 4Gy ~ 1/N.

» The purple entanglement wedge is encoded by p,.8
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Apocalyptic RT

» What happens with an EOW brane? Conjecture: the
minimal surfaces 4 can end on the brane.

» Since branes are like mirrors, when we compute
entanglement entropy for A, we really do it for AU Anirror-

» (It's the method of images for quantum gravity.)
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Peeking behind horizons

» Let's use our apocalyptic RT formula in the black hole.

» Since pa is dual to the purple entanglement wedge, we
should have access to physics behind the horizon.

» We did explicit calculations® to find regimes 4 falls in.
You need large A and a close enough brane to hit it.
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Under the microscope

» We have an elegant semiclassical recipe for a black hole
interior. But what stops something going terribly wrong?

» Spacetime may not end sharply, or even exist!

» We need to descend into the microscopic realm and
perform some explicit checks.
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» The most tractable setting is a 2d CFT, dual to 3d
gravity. Minimal surfaces are just geodesics!

» We can also compute S4 on the CFT side:1°

t
o

s
X

» This agrees with the gravity calculation for large central
charge c (the equivalent of N) and excitations O(c?).
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Brane-bending entropy

» We need to find a CFT parameter which bends the brane.

» The relevant parameter is g, the boundary entropy,!
most simply defined as the vacuum overlap g = (B|0).

0) log g

» This validates the apocalyptic RT formula and gives us a
microscopic handle on the black hole interior.
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Interior physics

» Can we now do stuff behind the horizon? Folkore states
that ps “encodes” the entanglement wedge.

» So, how do | extract a behind-the-horizon spin from ps?

» Some aspects have been worked out,'? but local recovery
with branes remains open. Work in progress!
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Other apocalyptic applications

» Black hole evaporation is a whole other talk! But you can
£ 13

jerry-rig these models to become time-dependen

. N
A

information paradox!

LQ)S.I@A!HH In o

cosmology!

» Circling back round to our initial motivation, the brane
itself looks like a Big Bang/Big Crunch cosmology.

» The trick is to localize gravity to the brane.!*
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Conclusion

BRANES ARE
Q] TASTY
N

DON'T FEAR
THE APOCALYPSE

Thanks for listening!
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