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Motivation - why study quantum gravity?

Intro to strings

Gravity / gauge theory duality

Gravity => gauge: Wilson lines, confinement

Gauge => gravity: black holes from gauge theory
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Motivation

But the standard model of particle physics is a 
remarkably robust theory.  It could well be valid 
to extremely high energies.

Good theories often carry the seeds of their own 
destruction.  For example blackbody radiation can’t 
be understood using classical E&M.



For example, consider dialing the one parameter in 
the standard model that hasn’t been directly 
observed: the Higgs mass     .  As a function of     

ΛMh

Mh

    you can plot the energy scale    where the 
standard model breaks down.
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Figure 4: Theoretical limits on the Higgs boson mass. The allowed region is shaded. The
region above the solid line (labelled Landau pole) is forbidden because the quartic coupling
is infinite. The region below the dot-dash line is forbidden because the quartic coupling is

negative, causing the potential to be unbounded from below.

glorified by the name of the “screening theorem”.18 In general, electroweak
radiative corrections involving the Higgs boson take the form,

g2
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Mh
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h

M2
W

· · ·
)
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That is, effects quadratic in the Higgs boson mass are always screened by an
additional power of g relative to the lower order logarithmic effects and so
radiative corrections involving the Higgs boson can never be large.19

From precision measurements at LEP and SLC of electroweak observables,
the direct measurements of MW and Mt at the Tevatron, and the measurements
of ν scattering experiments, there is the bound on the Higgs boson mass coming
from the effect of radiative corrections,20

Mh < 280 GeV (95% confidence level). (63)

This bound does not include the Higgs boson direct search experiments and
applies only in the minimal Standard Model. Since the bound of Eq. 63 arises

16

From Dawson, hep-ph/9901280:

= scale of new physics
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So we don’t get much guidance from staring at the 
standard model.  What’s a poor theorist to do?

Experimental input: neutrino masses, dark matter, 
accelerated expansion,...

Theoretical puzzles: hierarchy problems (explain 
electroweak scale, vacuum energy,...)

Theoretical problem: the one force that’s left out 
of the standard model - gravity - doesn’t play by 
the usual rules of the game.

but the one I’d like to focus on is



The problem is that gravity becomes strong at high 
energies.

F = G
m1m2

r2
⇒ F = G

E1E2

r2c4

This makes it hard to construct a theory of quantum 
gravity (virtual particles can have arbitrarily large 
energies).

Why worry, since classical GR describes the world 
so well?

Singularity theorems => short distance / high energy 
phenomena are unavoidable (big bang, black holes).



The universe had to begin in a state where the 
short distance behavior of gravity was important.  
Besides, right in our neighborhood

We need a well-behaved quantum theory of gravity!

When it comes to speed, astronomers have
seen it all: supernovas rifling pulsars into
space at more than 1000 kilometers per
second, gamma ray bursts spewing matter
at nearly the speed of light. But recently
discovered cosmic speed demons at the
center of our Milky Way galaxy have left
even veteran high-energy astrophysicists
gasping in delight.

Probing deeper than ever before into the
galaxy’s heart, rival teams of German and

U.S. astronomers have detected
giant stars hurtling around an un-
seen mass in tight orbits at as
much as 9000 kilometers per 
second—3% of the speed of light.
The breakneck motions of these stars pro-
vide convincing evidence that our galaxy
hosts a black hole nearly 4 million times
more massive than our sun, the best mass
estimate yet derived.

This dramatic unveiling has raised new
mysteries. For example, no one can explain
how the stars—which are 15 times heftier
than our sun—got there. According to most
astronomical models, they are too big to have
formed in the chaos of the galactic center but
appear to be too young to have moved there

from farther out. Even more enigmatic is the
ancient black hole they orbit. It is far less ac-
tive than the holes that fuel energetic geysers
erupting from some other galaxies. Indeed,
radio and x-ray data suggest that it is a sur-
prisingly picky eater, consuming only per-
haps 1/100,000th of the available gas. Its
meals are fitful; nearly every day, for reasons
astronomers don’t yet understand, faint hour-
long belches erupt from the hot swirl of mat-
ter that must encircle the hole. 

Solving these conun-
drums will offer fresh in-
sights into “the grand de-
sign of doddering old black
holes,” says astronomer
Frederick Baganoff of the
Massachusetts Institute of
Technology (MIT) in Cam-
bridge. “It’s the closest look
we’ve ever had at a super-

massive black hole, and it will always be the
one we can observe in the greatest detail.”

Darting like comets
Billions of years ago, the Milky Way’s black
hole may have powered a bright beacon of en-
ergy, like a quasar in the distant universe.
However, it has long since settled into a quiet
adulthood. “It seems like a perfectly ordinary,
garden-variety, galactic center black hole,”
says astronomer Mark Morris of the Univer-
sity of California, Los Angeles (UCLA). “It

appears that almost every galaxy has these.”
For something so commonplace, the

Milky Way’s black hole has proven elusive.
Early observations of gas whirling near the
galaxy’s core hinted at the pull of something
massive. But no one could say for sure
whether the tug came from a black hole,
strong magnetic fields lacing through the
charged gas, or a spread-out nest of neutron
stars or other dense matter.

To narrow down the size of the suspected
central mass, astronomers had to trace the
orbits of the innermost stars. But when
they aimed their telescopes at the Milky
Way’s central point, a radio source called
Sagittarius (Sgr) A* (pronounced “sadge
A-star”), shrouds of dust blocked the way.
That changed thanks to a new tool: dust-
piercing infrared light massaged with 
advanced optics.

In the early 1990s, a group led by Rein-
hard Genzel and An-
dreas Eckart of the
Max Planck Institute
for Extraterrestrial
Physics in Garching,
Germany, began fol-
lowing several stars
near Sgr A* using the
3.6-meter New Tech-
nology Telescope at
the European Southern
Observatory (ESO)
outpost on La Silla,
Chile. A team directed
by Andrea Ghez of
UCLA soon took on
the same project with
one of the twin 10-
meter Keck Telescopes

on Mauna Kea, Hawaii. For nearly a decade
the teams have pushed each other in a rival-
ry that one colleague describes as “some-
times more friendly than at other times.” For
years both teams battled atmospheric distor-
tion, which fuzzes the paths of photons dur-
ing the last 30 microseconds of their 26,000-
year journeys from the stars. By taking
short, rapid-fire “speckle” images, the teams
cut down the fuzz and built up the case for a
compact central mass. But the data still left
room for skepticism.

30 MAY 2003 VOL 300 SCIENCE www.sciencemag.org1356
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New observations all but prove that our galaxy harbors a huge black hole. Now astronomers are trying to 
understand its measly diet—and its youthful companions

The Milky Way’s Dark, Starving Pit

News Focus

Whip it. In the Milky
Way’s crowded center
(left), massive stars dash
around the galaxy’s black
hole on cometlike orbits.

}

4 × 106 M⊙ in 1′′

galactic center



Intro to strings

The best-developed approach to quantum gravity is 
string theory.  Based on a very simple idea: replace 
point particles with strings.

open string

closed string



Compare the first excited state of an open string

to an electromagnetic wave

E
Both carry spin 1, and both are massless (in 26 
dimensions).

=> open strings incorporate gauge fields!



Compare the first excited state of a closed string

to a gravity wave

Both carry spin 2, and both are massless (in 26 
dimensions).

=> closed strings incorporate gravity!



You get the right types of interactions, from strings 
joining and splitting.

This could describe a photon emitting a graviton.



So string theory is automatically a theory of 
quantum gravity, and it has all the ingredients one 
needs to build models of particle physics (gauge 
fields, fermions,...).

It leads to surprising connections between 
gravity and gauge theory.

Main topic:



Gravity / gauge duality

Open strings can be restricted to end on “D-branes.”

This gives rise to

a gauge theory in p+1 dimensions

gravity in all dimensions

p+1 dimensional hyperplane



Usually both open and closed strings are important. 
But in a special “decoupling limit” one can have a 
complete description either in terms of open strings, 
or in terms of closed strings.

The two descriptions are equivalent.  This leads to 
gravity / gauge duality.

Go to low energies => only massless open strings             
important, but gravitational redshift => closed 
strings survive.

Decoupling?



Prototype example: (Maldacena)

Gravity (closed string theory) on             is 
equivalent to a gauge theory (        susy Yang-Mills) 
on the boundary of      .

AdS5 × S5

N = 4

AdS
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Prototype example: (Maldacena)

Gravity (closed string theory) on             is 
equivalent to a gauge theory (        susy Yang-Mills) 
on the boundary of      .

AdS5 × S5

N = 4

AdS

Can take this as the definition of AdS supergravity.

AdS   gravitational 
potential well
≈

time

AdS supergravity

gauge theory



Gravity => gauge theory

An interesting quantity in the gauge theory is the 
interquark potential, or equivalently the Wilson loop 
expectation value.

qq
r _ V (r) = ?

⟨0|Tr P e
i

H

Aµdx
µ

|0⟩

Need to compute



In the gauge theory this is a hard calculation.  One 
has to study the electric field

q

q

_

gauge theory spacetime 
(boundary of AdS)

Non-abelian theory so the flux lines self-interact.



r

_
q

q

How does it look in supergravity?  The quark and 
antiquark are connected by a string which sags 
towards the center of AdS.

boundary of 
AdS

center of 
AdS

You can easily compute the energy of the string.

⇒ V (r) = −
4π2

√

2g2
Y M

N

Γ(1/4)4 r
(Maldacena,
Rey & Yee)



Cute extension: you can put a D-brane in AdS, so 
the strings don’t have to end on the boundary.

D−brane
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Cute extension: you can put a D-brane in AdS, so 
the strings don’t have to end on the boundary.

D−brane

quarks
string 

worldsheet

This gives the quarks a finite mass.  You can 
compute the potential V (m, r) . (DK & Lifschytz)
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Cute extension: you can put a D-brane in AdS, so 
the strings don’t have to end on the boundary.

D−brane

quarks
string 

worldsheet

V (m, z) = mz
1/2

(z+1)1/4
F ( 1

4 , 1
2 , 3

2 ,−z)

r(m, z) = 1

πm

(

g2

YM
N

2

)1/2

z1/2(z + 1)1/4F ( 5

4
, 1

2
, 3

2
,−z)



How would things look in a confining theory like 
QCD?  The potential well would cut off at a finite 
depth.  Finite redshift => finite energy / unit length 
for a string parallel to the boundary.

The hard part is understanding the geometry near 
the boundary - it isn’t AdS any more.

boundary

(Witten,...)

q

r

_
q

minimum of 
potential



Gauge theory => gravity

Gravity / gauge duality gives a new perspective 
on long-standing problems of quantum gravity.

For example, can we understand black holes from 
the gauge theory perspective?

Study the duality at finite temperature.



gravity description: get a black hole in AdS

AdS boundary
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gravity description: get a black hole in AdS

gauge theory description: thermal plasma
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gravity description: get a black hole in AdS

gauge theory description: thermal plasma

black hole    thermal gauge theory≈

AdS boundary

horizon

singularity



What does absorption by a black hole look like?

gravity description:

gauge theory description:

object falls towards center of AdS, 
trapped once it crosses the horizon
absorption time

approach to thermal equilibrium
equilibration time

τabs

τequil
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What does absorption by a black hole look like?

gravity description:

gauge theory description:

object falls towards center of AdS, 
trapped once it crosses the horizon
absorption time

approach to thermal equilibrium
equilibration time

There’s a simple model of the gauge theory in which 
the timescales agree. Iizuka, DK, Lifschytz, Lowe

What happens inside the horizon?

τabs

τequil



The region inside the horizon can’t be seen from the 
boundary - the light cones tip over.

So how can it be described in the gauge theory?  



Local operators in the bulk of AdS correspond to 
non-local operators on the complexified boundary.

Hamilton, DK, Lifschytz, Lowe :

For example in AdS3

φ(T,X, Z) local bulk operator (massless scalar)
O(T,X) local boundary operator (dimension 2)

φ(T, X, Z) ⇔
1

π

∫
R

dT ′dY ′ O(T + T ′, X + iY ′)

R = {T ′2 + Y ′2 < Z2}

}

complex spatial 
coordinates on bdy

radial coordinate in AdS



Why?

ds
2

AdS =
1

Z2

(

−dT
2

+ dX
2

+ dZ
2
)

Wick rotate X = iY

This is de Sitter space (   = time coordinate).

R

dS boundary

bulk point

Conventional initial 
value problem in de 
Sitter space.

Z

⇒ ds
2

=
1

Z2

(

−dT
2
− dY

2
+ dZ

2
)

Z

(T, Y )



This construction applies directly to BTZ = AdS3/Z .

You can use it to represent local operators inside 
the BTZ horizon, or even at the BTZ singularity.

An operator at the singularity corresponds to a 
non-normalizeable operator in the boundary theory, 
with divergent correlation functions.



Conclusions

Gravity / gauge duality is a powerful tool for 
studying gauge theory, and provides a new 
perspective on quantum gravity.

So far, it has only been precisely formulated in 
anti-de Sitter space.



Conclusions

Gravity / gauge duality is a powerful tool for 
studying gauge theory, and provides a new 
perspective on quantum gravity.

So far, it has only been precisely formulated in 
anti-de Sitter space.

Q.  Is there a dual gauge-theory-like description 
of a realistic cosmology?


