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String theory and holography

Holography ideas will be introduced

L1 No examples sheet !
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Planck units

Planck units are units of length(l. ), mass(m. ), time (1.), charge (g.)
and temperature (T.) constructed outof ¢, G, A, 4 me, k.

Physical significance: m. is the mass for which Schwarzschild radius is
the same as the Compton wavelength. This is the energy scale at which
QUANTUM PROPERTIES are comparable with the GENERAL RELATIVI-
STIC PROPERTIES of the particle.

T
mp =\ E‘f ~ 1019GeV/e2 ~ 2.18 x 102 kg

Mass of a flea is 5000 m. but size i1s 1033 |,
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Planck units

Planck units are units of length(l. ), mass(m. ), time (t.), charge (g.)
ﬁ

and temperature (T.) constructed outof ¢, G, A, 4 e, k.

Physical significance: m. is the mass for which Schwarzschild radius is
the same as the Compton wavelength. This is the energy scale at which
QUANTUM PROPERTIES are comparable with the GENERAL RELATIVI-

STIC PROPERTIES of the particle.
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QFT: Quantum field theory which is a theoretical framework for

constructing quantum mechanical models of field like systems or many
body systems.

CFT: Conformal field theory is a QFT that is invariant under a special
symmetry called conformal symmetry.

QCD: Quantum ChromoDynamics. Theory of strong force.

Colour: Something like electric charge, present in quarks, gluons.
UV/IR: UV—ultra-violet, IR- infra-red. UV corresponds to high energy/
short wavelengths, IR corresponds to low energy/ long wavelengths
Perturbation theory: Will explain on black board.

Coupling constant: Something that measures the strength of an
interaction and needs to be small for perturbation theory methods to
be valid.

Gauge symmetry: A special kind of symmetry. Standard model has
SU(3) x SU(2) x U(1) gauge group.

Supersymmetry: A special symmetry saying that the number of
bosons and fermions are same at each energy level.
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Hologram
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Compared to conventional photographs a hologram is able to record
3-dimensional information.

It achieves so by recording the relative phases of coherent light
reflected from the object.

Thus it in effect stores 3 dimensional information on a 2 dimensional
surface.

An analogous idea prevails in quantum gravity and goes by the name

of HOLOGRAPHY.
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Origins of String Theory

Quick Timeline o
1821 - Kaluza-Klein Theory

1870 - Birth of string theory

1971 - Supersymmetry

1873 - Quantum Chromodynamics

1874 - Gravitons as closed strings; advent of string theory as a unified theory

1976 - Supergravity, supersymmetry applied to gravity

1880 - Superstnngs; supersymmetry applied to strings

1984 - First Revolution; anomalies are cancelled and string theory goes mainstream
1287 - E8xE8 Heterotic supersiring theory that may explain dark matter

1993 - "t Hooft and Susskind introduce idea of holography

1294 - Second Revolution; D-branes. dualities

1996 - Black Hole Entropy; microscopic origin using string theory

1997 - AdS/CFT correspondence, concrete holographic realization
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FREE CLOSED STRING INTERACTION
Tension ~ 1 [ generates modifications to GR!!]
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Dlack hole lescription
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Type Type ES8 x E8 SO(32) Type |
B HA Heterotic Heterotic SO(32)
i Closed Open
String Type Closed Closed Closed (& closed)
= | N=2_ Ewee = — — ¢ — | =
10d SUSY . (non- N=1 N=1 N=1
(chiral) : |
chiral)
e none  none E8 x E8 SO(32) SO(32)
groups
D-branes = none none 15,9

=9 6,8

pirsa: osozocirontiers in physics. Waterloo, March 2008. Page 166/207




11-D Supergrasnty

Type IA ES X EB Heterotc

SO(32) Heterotc

Type IB Typel
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Information spreading
on black hole horizon

e Conventional quantum mechanics tells us that size Ax can
be probed with quanta of energy

e 215" century physics ideas give a twist in this story.

e Far above m; high energy collision will create black hole of
mass AE

e So short distance effects all hidden behind a horizon

2G AE
c? c?

Rg =~
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Thus we cannot discover physics at length scales smaller than |

Put differently, as energy of the probe increases we will land
up probing larger scales!!

2G AFE
VAl 5 3
Using AFEAt ~ h

We have a new kind of uncertainty relation
2Gh I3

Az At >

(;‘4 C

This is an example of UV/IR connection that controls relation between
Frequency and spatial size. This also says that the uncertainty in
the location of the particle increases as resolving time decreases.
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Entropy bounds and holography

Consider a lattice with discrete up/down spins. Let lattice space be a

and volume be V. Then total number of spins is V/a3

. /a3
Total number of orthogonal statesis N — 2/

: !
Entropy is o= jag iV =— — log 2
a

So S is proportional to V. This is usual in guantum field theory.

Intuition changes when you consider gravity.
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Entropy bounds and holography

E_———_———-—————_———aa
Consider a lattice with discrete up/down spins. Let lattice space be a
and volume be V. Then total number of spins is V/a3

: 7
Total number of orthogonal statesis N — oV/a

_ |
Entropy is S=IlogN = —log2
a

So S is proportional to V. This is usual in guantum field theory.

Intuition changes when you consider gravity.
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Consider region [, boundary 3 I
with area A.

Put some mass in the region. Let's
avoid forming a black hole.

T
C \"1.1 Chuck in some matter to form a black
;’f hole. This results in entropy A/46.
2" law of thermodynamics says AS30so S, . < A/4G |

Thus we find S « A not V.
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Consider region [, boundary & I
with area A.

Put some mass in the region. Let's
avoid forming a black hole.

A
C \.] Chuck in some matter to form a black
) hole. This results in entropy A/4&.
""**ah____,,f//;
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This implies a large reduction in non-redundant degrees of
freedom compared to ordinary QFT.

This can be realized by imagining degrees of freedom as
living on the boundary such that no more than 1 degree of

freedom/ unit Planck area.

Thus have a 3+1 spacetime with gravity described by 2+1 theory.

THIS IS THE HOLOGRAPHIC PRINCIPLE.

A precise realization of this statement is possible from the
mathematics of string theory.
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AdS (Anti-de Sitter)/
CFT (Conformal Field Theory)

Pirsa: 08020011 o Page 186/207




Pirsa:

Statement of AdS/CFT

MALDACENA CONJECTURE

IIB superstring theory in AdS: x S° is
equivalent to N=4, d=4
supersymmetric Yang-Mills theory
Wlth gauge grOUp SU(N). The gauge theory

lives on the boundary of Ads.

&f -’
v '

00000000




C e
SRS RO U

P Sl ~
>‘ S G Eﬂ\'\ lah S
I ‘B Q L‘ "wk ) \

i

\




E= g"
+~ )\Ekl\-qt
\ EY

PN
el L

)\ N (.u.l\i..\
" R B S

i




e —— = — b,___ e = =
AdS/CFT in a bit more detail

Sy : Holographic theory describes how quarks
=4 B 2l and gluons interacting on the boundary
L Sy " 13 of an anti—de Sitter space could be
_ =5 Ao equivalent to particles in the higher
L dimensional interior of the space.
= Page 190/207
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Holographic theory describes how quarks
and gluons interacting on the boundary
of an anti—de Sitter space could be
equivalent to particles in the higher
dimensional interior of the space.

Sowrce: The Busion of Graviby by Jusn Maidacens in Scientific
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Sowrce: The Busion of Gravity by Jusn Maldacens in Scientific American
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AﬂQﬁF* i1 a bt e Aetall
e E F I & EAL rimuax._, F i T
Quarks and gluons on the
ool spherical surface of the anti—
T Y de Sitter space interact to form
PX strings of various thicknesses.
=% 7 W A holographic interpretation of
J\. “""5 : ‘ v those strings is that in the
J\. = ' ® 4 interior space they represent
_ g _a elementary particles (which are
' ¥ = also strings) whose distance
- N from the boundary corresponds
4 to the string’s thickness.
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Clouds of quarks and gluons on

the boundary surface can thus
describe equivalent complex objects
(such as this apple) in the interior.
The advantage of this holographic
theory is that the interior objects
experience gravity even though a
distinct gravitational interaction

does not exist on the surface.
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AdS/CFT applications

Using this duality, it is possible to use the string theory to

extract information about the gauge theory in the regime when

perturbation theory breaks down. It also works the other way.

Thus hope to learn about non-perturbative gravity or non-perturbative

gauge theory.

- By modifying the correspondence, it is possible to extract
information at finite temperature. This is an active and exciting
area of research since it enables us to study RHIC physics.
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Information paradox
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Information paradox

Physicist Stephen W. Hawking
showed in the 1970s that black
holes have a temperature and give
off radiation. but physicists since
then have been deeply puzzied.
Temperature is a property of a
collection of particles. but what is
the collection that defines a black
hole? The holographic theory solves
this puzzie by showing that a black
hole is equivalent to a swarm of
interacting particles on the
boundary surface of spacetime
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Particfes emupt out of emply space aiter hed from a computer
simuiated. goid-goid nuciear cofiizion destroys the vacuum's
unseen structure (images courtesy Brookhaven Mational
Lairoratory)
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Shear viscosity from AdS/CFET

AdS/CFT predicts for the ratio of
shear viscosity to entropy

density /s ~ 1/4mw ~ 0.08

An extrapolation of the perturbative QCD
prediction gives approximately n/s > 1.6

Current data compatible with 0.08<n/s<0.3 !!
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Learnt a bit about holography ideas in
gravity

Introduced AdS/CFT correspondence
in string theory

[0 Learnt about a few applications
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PI string theory faculty
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Homework problems

Find grawty dual for QCD

Find a way to compute | /N corrections

Make some prediction using the
PROVE THE DUALITY

aduality
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"lomework proplems

nd grawty dual for QCD

Find a way to compute | /N ¢ tions

Make some prediction using the duality
PROVE THE DUALITY
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