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String theory predicts that quantum gravity
IS holographic:

Physics in a region is completely described
by fundamental degrees of freedom living

on the boundary.
('t Hooft, Susskind)
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AdS/CFT Correspondence

AdS: Anti de Sitter spacetime

CFT: Ordinary (nongravitational) quantum field
theory that is conformally invariant.

The AdS/CFT correspondence states that string

theory on spacetimes that asymptotically

approach AdS x K is completely equivalent to a

00000000

CFT living on the boundary.



Advantage of using AdS/CFT:

Maps the problem of spacetime singularities
into a problem in ordinary field theory

Disadvantage of using AdS/CFT:

The world is not asymptotically AdS
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First model with Hertog (2004, 2005):

Gravity side: Modify the boundary conditions so
AdS becomes unstable: Smooth initial data
evolves to a big crunch singularity.

Dual description: Scalar field rolls down a V=-¢°
potential and reaches infinity in finite time.

Field theory is not well defined without exira
boundary conditions at ¢ = «. Expect all
degrees of freedom to thermalize:

e asone Do not expect a bounce



Problems with this model:

1) The dual field theory was not well
understood at the time.
2) Not clear if self adjoint extensions are well

defined in QFT.
3) If so, may not be unique.

Not clear if there is a well defined field
theory description of this singularity.

(Further work on this class of models by
Prs: 1006002 Craps, Hertog, Turok, 2007, 2009.)




New model with Lawrence and Silverstein
(2009) has many advantages:

1) The dual theory is well understood.

2) Although it also involves a potential
unbounded from below, V = - ¢2, it takes
an infinite time to reach ¢ = «. Evolution
Is well defined.

3) The spacetime singularity is mapped to
the field theory dynamics near ¢ = 0.

The dual theory gives a well defined
description of the spacetime singularity.
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Main Lesson

The familiar gravitational degrees of freedom

are mapped to a subset of the dual CFT
excitations. Spacetime becomes singular when
other CFT modes become excited.

The problem of singularities is no longer that

the theory breaks down but simply that it is
hard to calculate.
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Outline

Describe model
|. Implications for singularities
ll. Generalizations

V. Open questions

(based on Lawrence, Silverstein, and G. H.,
arXiv:0904.3922 and work in progress with
S. Shenker also.)
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D-brane tutorial
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D-brane tutoral

» D-branes are extended objects in 10D
string theory.
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D-brane tutornal

 D-branes are extended objects in 10D
string theory.

 They carry a charge, and there is no
force between two D-branes.

Pirsa: 10060022



Pirsa: 10060022

D-brane tutoral

D-branes are extended objects in 10D
string theory.

They carry a charge, and there is no
force between two D-branes.

Open strings end on D-branes.



Pirsa: 10060022

D-brane tutoral

D-branes are extended objects in 10D
string theory.

They carry a charge, and there is no
force between two D-branes.

Open strings end on D-branes.

A stack of N D3-branes has a near
horizon geometry AdS: x S°.
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Simple example

Consider the following static black hole

é é ‘ d ':2 é [
ds® = — (rz — 1) dt? - = : 7 L r2do?
=

where do?is the metric on a unit 3D
hyperboloid, compactified to finite volume.

This metric is locally equivalent to AdS:. It is
a higher dimensional analog of the 3D BTZ

~lack hole.



In Minkowski spacetime, the metric inside the
light cone, in Milne coordinates, is:

ds? = - dt? + t? do?

One can identify points so that do? becomes
compact.

expanding cone

collapsing cone



AdS can be written in Poincare coordinates

2
dr

2
T'p

One can make a similar identification on each
Minkowski slice.

|

e S s
ds” = r(—dt; +t do”) -

r,=0 t.=0

P | D
Poincare ,_,.f// singularity
horizon )
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What 1s the relation between the black hole and
the Poincare patch?
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What is the relation between the black hole and
the Poincare patch?
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D-branes are natural
infalling observers

..............

Green line is motion of a D-brane

Blue lines are

A) Poincare time slices

B) Schwarzschild time slices
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The natural metric on the boundary at X

infinity in the Poincare coordinates is
the cone.

The natural metric in the black hole
coordinates is a static cylinder.

These are related by a conformal
transformation:

(1/t2) [- dt? + 2 do?] = - dn? + do? t=+e

The collapsing and expanding cone each
become an infinite static cylinder.



Pirsa:

Dual CFT description

If the bulk spacetime is asymptotically AdS; x S>,
the dual CFT is U(N) super Yang-Mills (SYM).

In the Poincare patch, the SYM naturally lives on
the collapsing cone.

This describes physics inside the horizon before
the singularity is reached.
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SYM has six scalars which are N x N
matrices.

The static D-brane in Poincare coordinates
Is described by setting one of the scalar

eigenvalues to a constant ¢ = ¢,.

This constant value corresponds to the
radial position of the brane: ¢, =r,.



Description in terms of SYM on static cylinder:

The SYM scalars couple to the curvature of
space via R¢?2. The static cylinder:

ds? = - dn? + do?

has negative curvature, so the scalars feel a
potential V(¢) = - ¢2. The solution ¢ =0 is
unstable.

Note: In some cases, only the zero mode of ¢ is
unstable. Inhomogeneous modes have m?_ > 0.

Pirsa: 10060022




Under conformal transformation from cone to
static cylinder, ¢, =t, ¢,. The solution ¢ = ¢,
on the collapsing cone corresponds to

¢ = pyem on the static cylinder.

V

- IS radial position in Schwarzschild coordinates



ll. Implications for
the singularity
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Consider a static spherical shell of D-branes (in
Poincare coordinates).

n the black hole interpretation, the shell
collapses to form the hyperbolic black hole.

Replace with S

flat spacetime




Initially, the SYM scalars are diagonal with
eigenvalues coming in from infinity. The off
diagonal modes are very massive. As the
eigenvalues approach zero, the off diagonal
modes become excited. The eigenvalues are

trapped near zero. (Kofman et. al., 2004)

Spacetime picture:

Large g T~ Open
shell of | - = :>\ *  strings
\ L/ : z

| .
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Since SYM is strongly coupled, you produce

a complicated excited state involving all N2
degrees of freedom.

Locality probably breaks down:

Away from the singularity, locality can be
measured by scalar eigenvalues.

Near the singularity, all of the eigenvalues
interact strongly with off-diagonal modes

and with each other, the D-brane probes are
no longer good definitions of any geometry. =—



If N is infinite, the eigenvalues will be

trapped forever. This describes the
formation of a classical black hole.

If N is large but finite, eigenvalues will be
trapped foratime T ~eN.

This is Hawking evaporation of D-branes
from the black hole.

(Finite N means quantum gravity important.
Hyperbolic black holes have positive specific
heat. Only evaporate by emitting D-branes.)
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A hyperbolic black hole can have different
masses.: (Emparan)

2
d52:—( —1——)d1"’%_,}, — + r?do?

T’

There are three cases:
u > 0: black hole with spacelike singularity

-1/4 < u <0: black hole with timelike singularity
u < -1/4: naked singularity
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These cases are correlated with the
possible motion of the scalars:

Vi ¢)
——=- - © rorE>Eg,

' i R classical evolution
Is modified by
quantum

< (B) =
———- corrections
T Eeu —
g s Eext
- (A) corresponds to
—-

=144
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Motion of shell in classical spacetimes

nnnnnnnnnn
-------------

A<D

(A) (B) (O)

Can’t form a
naked singularity

since the shell
bounces
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These cases are correlated with the
possible motion of the scalars:

Vi $)
=g - © For E > E,
| . . classical evolution
Is modified by
quantum
o (B) .
——— corrections
T Eeu —
= == Eext
- (A) corresponds to
===

=-1/4
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A hyperbolic black hole can have different
masses.: (Emparan)

" — (r — 1 - —) dt? dr’ - r2do>

2 e S
There are three cases:

u > 0: black hole with spacelike singularity
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These cases are correlated with the
possible motion of the scalars:

Vi( ¢)
——— - © FOFE>E
' 3 . classical evolution
Is modified by
quantum
- (B) '
— corrections
T Eeu —
e == Eext
- (A) corresponds to
—

= -1/4
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Motion of shell in classical spacetimes

----------

A<D

l_—ql.l . IB] ; |C"

Can’t form a
naked singularity

since the shell
bounces
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Open questions

How does the CFT state describing the
singularity differ from the thermal state

describing the horizon?

What is a signal of the singularity in the
CFT?

Why doesn’t the D-brane feel the thermal
effects in the CFT7?



Motion of shell in classical spacetimes

qqqqqqqqqqqq

A<D

TRty

(A) " @ (C)

Can’t form a
naked singularity

since the shell
bounces
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Consider D-brane probes in both
Schwarzschild and Poincare time slices.

One finds the dynamics is very similar:

r-ro~ e*mt (Schwarzschild time)
r~e?mt  (Poincare time)

Excitations on the brane don'’t affect this
leading order behavior.
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Consider D-brane probes in both
Schwarzschild and Poincare time slices.

One finds the dynamics is very similar:

r-ro~e*mt (Schwarzschild time)
r~e<mt  (Poincare time)

Excitations on the brane don't affect this
leading order behavior.



One signal of the singularity in CFT:

Consider frequency w, of a fluctuation of the
D-brane. This is finite at the horizon but infinite
at the singularity since V = 0.

To avoid redshifting effects, take quotient of S°
by Z.. Consider an open string attached to the
D-brane which winds around S°/Z_. This has
fixed length, so its oscillation frequency w: is
constant in proper time.

— Observable: w /w;
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Why doesn’t D-brane feel thermal effects?

Don’t know.

Perhaps it is analogous to Rindler space.
Our inertial observers on H x R are like
accelerated observers in Minkowski space.
The D-brane is like a inertial observer and
doesn’t see the particles.

But: <T_, > is nonzero in our case, whereas
<T_,> =0 in Rindler case.



Main Lesson

The familiar gravitational degrees of freedom
are mapped to a subset of the dual CFT
excitations. Spacetime becomes singular when
other CFT modes become excited.

The problem of singularities is no longer that

the theory breaks down but simply that it is
hard to calculate.
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