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Why holography?

Early motivation came from the Bekenstein-
Hawking entropy of black holes:

Seu=A/ 4

Diffeomorphism invariance implies that the
Hamiltonian is defined by a surface integral
at infinity. If the spectrum of black holes is
discrete, one can (in principle) determine the

state by measuring the energy at infinity.
(Balasubramanian, Marolf, Rozali)



Holography is not just a property of
black holes, but should be a general
property of quantum gravity:

Everything that happens in a region of
space can be described by degrees of

freedom living on the boundary.
(‘tHooft and Susskind)



Advantages of anti-de Sitter
for holography

A static slice in AdS has constant
negative curvature, so the spheres at
large radius are much bigger than usual

* The conformal boundary at infinity is
timelike

» Black hole thermodynamics is better
behaved in AdS since the negative
curvature acts like a confining box

(Hawking and Page)



Another general argument for
holography in AdS (Marolf)

In perturbation theory, any field at
a point in the interior can be
evolved back and expressed as o(x,t)
an integral over boundary
operators at infinity.

d
Now use a@(t) = 1|H, O(1)].
to evolve all boundary operators

to one time.




Gauge/gravity duality



Gauge Theories

These are generalizations of electromagnetism
in which the U(1) gauge invariance is replaced
by e.g. SU(N).

Our standard model of particle physics is based
on a gauge theory.

QCD has SU(3) gauge symmetry. The
interactions are weak at high energy but
become strong at low energy causing quark
confinement.



't Hooft argued in the 1970’s that a 1/N
expansion of an SU(N) gauge theory
would resemble a theory of strings.

It took more than 20 years for this idea to
be made precise.



String Theory

This is a promising candidate for both

1) a complete quantum theory of gravity
2) a unified theory of all forces and particles

It is based on the idea that elementary
particles are not pointlike, but excitations of a

one dimensional string.



Strings interact with a simple splitting and
joining interaction with strength g.

String theory reduces to general relativity
(with certain matter) in a classical, low
energy limit.



Gauge/gravity duality

(Maldacena; Gubser, Klebanov, Polyakov; Witten)

With anti-de Sitter boundary conditions, string
theory (which includes gravity) is completely
equivalent to a (nongravitational) gauge theory
living on the boundary at infinity.

When string theory is weakly coupled, gauge
theory is strongly coupled, and vice versa.



AdS can be written

_ dr?
ds® = r?[—dt® + dx;dx"] + %
"
The gauge theory lives on the Minkowski
spacetime atr = «,

Scaling symmetry: r = ar, (t, x) = (t/a, x/a)
so small r corresponds to large distances or
low energy in the gauge theory.



Attempt to disprove this conjecture:

A 4D theory should have many more degrees
of freedom than a 3D theory. So let’s
compare the entropy at high temperature:

3D thermalgas: E~T3V, S~T2V

4D thermalgas: E~T4V, S~T3V

BUT in a theory with gravity, at high T this gas
will collapse to form a large black hole.



The planar black hole has metric
dr?
P2 f(r)

ds® = r?[—f(r)dt* + dz;dz"] 4

where f(r) = ( — ﬁ)

The Hawking temperature is T ~ r,.
The total energy isE ~ry V ~ T3 V.
The entropy is S ~A~r2V~T2V.

So the 3+1 BH energy and entropy are
exactly like a thermal gas in 2+1 dimensions.



Early Evidence

Symmetries agree

Gauge theory analogs of all massless
string modes are known

Gauge theory analogs of many massive
string modes have been found (strings
arise as long chains of operators)

Many interactions have been shown to
agree



Many calculations agree

Microscopic derivation of black hole
entropy

Partition functions
Expectation value of Wilson loops
Renormalization group flow



Renormalization group (RG) flow ina QFT
corresponds to obtaining an effective low energy
action by integrating out high energy modes.

This corresponds to radial dependence on the
gravity side:

Gauge theory: add mass terms and follow RG flow
to low energies to obtain a new field theory

Gravity theory: modify the boundary conditions for
certain matter fields and solve Einstein’s equation

One finds detailed numerical agreement between
the small r behavior of the gravity solution and the
endpoint of the RG flow.



Gauge/gravity duality provides a
background independent formulation of
quantum gravity.

Only the asymptotic metric is fixed. The
metric in the interior is free to fluctuate.



Traditional applications of
gauge/gravity duality

Gain new insight into strongly coupled gauge
theories, e.g., geometric picture of confinement.

Gain new insight into quantum gravity, e.g.,
quantum properties of black holes



The potential between two quarks is obtained
from the length of a string in the bulk:

AX

I —>

Due to the scaling symmetry of AdS, the length
of this curve is independent of Ax. AdS
describes the vacuum of a scale invariant

theory.



The gravity dual of a confining vacuum differs
from AdS in that the spacetime ends at nonzero

radius e.g.
Small extra
dimension

In this case, the length of the string grows
linearly with Ax when it becomes large:

AX




Quantum Black Holes

The gauge theory has enough microstates to
reproduce the entropy of black holes.

The formation and evaporation of small black
holes can be described by ordinary Hamiltonian
evolution in the gauge theory. It does not lose
information.

Unfortunately, this does (yet) not tell us how the
information comes out. Still very mysterious.



“Real world” applications of
gauge/gravity duality



In a certain limit, all stringy and
quantum effects are suppressed and
gravity theory is just general relativity

(in higher dimensions, with
asymptotically anti-de Sitter
boundary conditions).



Basic Ingredients of the
Duality
A state of thermal equilibrium at temperature
T 1s dual to a black hole with temperature T.

Fields in spacetime are dual to operators Iin
the boundary theory.

Local properties of the gauge theory are
related to the asymptotic behavior of the
gravity solution.



This duality allows us to compute dynamical
transport properties of strongly coupled
systems at nonzero temperature.

Theoretical physicists have very few other
tools to do this.

It reduces to perturbing an AdS black hole,
e.g., dissipation is modeled by energy falling
into the black hole.



Hydrodynamics from gravity

One expects that the long distance dynamics
of any strongly interacting field theory is
described by (relativistic) hydrodynamics.

Gauge/gravity duality predicts that
hydrodynamics can be recovered from general
relativity. Start with:

black

gauge theory
attemp. T

hole In
AdS




Boost black hole to give it four-velocity uc.
Consider metrics where the horizon radius and

u® vary slowly compared to the temperature T.
Find that Einstein’s equation implies
0, T"" =0
where
TH = (7T)*(n" + 4uru”) — 2(7T)> ™ + - .

with ¢ ~ PPou. Recover equations for fluid
with viscosity.
(Bhattacharyya, Hubeny, Minwalla, Rangamani)



For fluids with a gravity dual, the viscosity is
very low. The ratio of the (shear) viscosity n to

entropy density s is

This is much smaller than most materials.
(Kovtun, Policastro, Son, Starinets)

Something close to this is seen in experiment!



Gauge/gravity duality and
heavy ion colliders

The quark/gluon plasma produced at RHIC and
the LHC is strongly coupled and thermalizes
quickly. Surprisingly, it is well described by fluid
dynamics with a very low viscosity - close to
value calculated from gravity.

Gauge/gravity duality currently offers the
best explanation of this fact.



Superconductivity 101

In conventional superconductors (Al, Nb, Pb, ...)
pairs of electrons with opposite spin can bind to
form a charged boson called a Cooper pair.

Below a critical temperature T, there is a second
order phase transition and these bosons
condense.

The DC conductivity becomes infinite.

This is well described by BCS theory.



Gravity dual of a superconductor
(Hartnoll, Herzog, and G.H.)

Gravity Superconductor
Black hole Temperature
Charged scalar field Condensate

Need to find a black hole that has scalar hair
at low temperatures, but no hair at high
temperatures.

This is not an easy task.



Gubser (2008) argued that a charged scalar
field around a charged black hole would have
the desired property. Consider

6 1_, .
L=R+ 5 — 7F"Fu — |0V - igAV|* — m?| ¥ |?

For an electrically charged black hole, the
effective mass of W is
meyy =m” +q°g" A

But the last term is negative. This produces
scalar hair at low temperature.



Condensate (hair) as a function of T
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Conductivity

We want to compute the conductivity as a
function of frequency. Start by perturbing the
black hole solution.

Assume time dependence et and impose
iIngoing wave boundary conditions at the horizon.



The asymptotic behavior is

ALY

r

A, =AY 4

The gauge/gravity duality dictionary says

E, =iwA, J, =AW

We obtain the conductivity from Ohm’s law

g, AW
O‘(w) — E_:r; — iwA:(UO)




The conductivity at low T
(Hartnoll, Herzog, and G.H.)
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A Josephson junction consists of two
superconductors separated by a weak link.

Predict: J=J
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(Santos, Way,
G.H.)



We have only used GR in the bulk

In addition to describing gravitational
phenomena (black holes, gravitational
waves, etc.) general relativity can also
describe aspects of other fields of
physics including hydrodynamics, QCD,
and superconductivity.



The role of entanglement



The role of entanglement

Given a state | ¥ > and region of space B
with complement C, the information inside

B is contained in the density matrix
Pg=Trg |¥W><W]

The entanglement
C entropy is

Sge = - Tr (pg log pg)



In holography, this can be computed from the
area of the extremal bulk surface which ends

on the boundary of B
(Ryu, Takayanagi; Hubeny, Rangamani, Takayanagi):

See= Al 4

boundary

Example: In the CFT
ground state, the bulk

s AdS.



In holography, this can be computed from the
area of the extremal bulk surface which ends

on the boundary of B
(Ryu, Takayanagi; Hubeny, Rangamani, Takayanagi):

See= Al 4
boundary

Example: In the CFT
ground state, the bulk

isAdS. IfBis a bulk
hemisphere, extremal B

surface is in red.




Entanglement is important to

reconstruct spacetime
(van Raamsdonk, ...)

1) If you change the state to decrease
entanglement between B and C, the area will
decrease — space will start to pinch off.

2) A state with no entanglement between B and
C will have diverging T_, at the boundary.
This implies singularities in the bulk metric.

3) Can reconstruct the (linearized) Einstein
equation from properties of Sg..



Summary

Gauge/gravity duality is an equivalence
between a gravitational theory and a
nongravitational theory

There is lots of evidence, but no proof

Provides answers to deep questions
about quantum black holes

Applications to heavy ion collisions and
some condensed matter systems



One of the goals of physics is to find
connections between seemingly
different phenomena.

Gravity, QCD, hydrodynamics, and
condensed matter seem very different.

Holography seems to provide a new and
deep connection between them.



