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Black Holes
An area of space-time that nothing can escape 

First theorised in the framework of classical gravity 

John Michell and Pierre Laplace - as absolute black body 

In General Theory of Relativity: 

Karl Schwarzschild’s solution to GR: 

Event horizon at                        (just 9mm for Earth)
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Hawking Radiation
Close to the event horizon the tidal forces turn virtual 
particle antiparticle pair in to a real one

Black holes emit as thermodynamic black bodies. 

Thermodynamics?



Thermodynamics
First Law of Thermodynamics:

Second Law of Thermodynamics:

Bekenstein-Hawking entropy:

SBH =
c3k A

4G ~

dE = T c3k dA/4G~+ ⌦ dJ + � dQ

dA

dt
� 0 (if Hawing Radiation is small)



Bekenstein Bound
The maximum entropy in a given volume is proportional to 
the area of the boundary (not the volume):

S  2⇡ k RE

~ c
Entropy has interoperation as the expected information: 

I = S/k ln 2

For an average human brain (mass 1.5 kg and volume 
1260 cm³) the Bekenstein bound gives (according to wikipedia): 

                          I ⇡ 2.6⇥ 1042B



Bekenstein Bound-Motivation
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The second low of Thermodynamics is violated!



The World as a Hologram
’t Hooft and Susskind: All phenomena within a given volume can be 
described by a set of degrees of freedom which reside on the surface 
bounding the volume (in the quantum GR)

Susskind, hep-th/9409089



The World as a Hologram (2)
Different points of the event horizon correspond to  

different points of the hologram

The focusing theorem of GR ensures that the area of the 
hologram is not smaller than the area of the event horizon



The World as a Hologram (3)

A black hole cannot hide behind another black hole

Susskind, hep-th/9409089



AdS/CFT correspondence

String Theory is the best candidate for quantum 
theory of gravity. 

Gravity can be obtained as a low energy limit of 
String Theory (for closed string). 

Some gauge theories can also be obtained as low 
energy limits of String Theory (for open string). 

Open strings can “produce” closed strings.



String Theory
In String Theory particles are promoted to 1D objects.
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The interaction in String Theory is non-local - depends on the observer.

The normal modes of the string describe different particles.



Perturbative String Theory
The analogue of loop expansion is expansion in the genus of the world sheet.

The partition function can be written as sum over different Euler 
characteristics:
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Connections to YM, ’t Hooft Limit
’t Hooft shows that for large N the expansion in Feynman 
diagram is organised according to the topology of the graphs:

! gs / 1/N

The partition function is:

ZYM =
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D-branes
The ends of the open strings belong to hyperplanes called 
D-branes

The ends of the open strings describe SYM theory of rang Nc

Nc

D-branes are sources of gravity (closed strings)

These two alternative descriptions lead to the discovery of the 
AdS/CFT correspondence (by Maldacena)



AdS/CFT correspondence
Looking at these alternative descriptions of D3-branes:

As solutions to type IIB supergravity

As N = 4 SYM theory

Maldacena reached the conclusion that:

Type IIB String Theory 

AdS5 ⇥ S5

space-time

= N = 4 SYM of rank N

R4 = 4⇡ gs ↵02 N = 2� l4s ! R4

l4s
= 2�

Validity of the gravity description                   impliesR � ls � � 1



AdS/CFT correspondence
The Holographic Principle is realised within the framework of ST



Some Applications of the AdS/CFT 
correspondence

High Energy Physics (qualitative) 
Heavy ion Collisions 

Chiral Symmetry Breaking 

Confinement

Condensed Matter Theory (qualitative) 
Superconductivity 

Hall Effect 

Strange Metals (non-Fermi liquids)



Viscosity/Entropy Bound
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Quark Gluon Plasma

A new state of matter QCD 
Obtained in RHIC and LHC 
Strongly Interacting 
Lattice models

⌘
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AdS/CFT correspondence predicts:  
(Kovtun, Son, Starinets Phys.Rev.Lett. 94 (2005) 111601)
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Heavy Ion Collisions

• Simulations of BH Bantilan, Romatschke arXiv:1410.4799

• Impact of two heavy ions:



Other Applications

Energy Loss - Drug force, Jet Quenching, Stopping 
distances. 

Qualitatively different results from the perturbative 
regime of QCD. 

Often the lessons obtained with the AdS/CFT 
correspondence lead to deep QFT investigations. 



Thank You !


