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“God does not play dice with the world.” 
   (Albert Einstein, 1926) 

“God not only plays dice, He sometimes 
throws the dice where they cannot be seen.” 
   (Stephen Hawking, 1976) 



Three great revolution in physics: 

Special Relativity (1905) 
General Relativity (1915) 
Quantum Mechanics (~1925) 

But how to fit these together? 



Near the speed of light, we find the strange 
phenomena of special relavity: 

Clocks slow down: 

Rulers shorten: Mass converts to energy: 

E = mc2 

SOHO-EIT 



Three great revolution in physics: 

Special Relativity (1905) 
General Relativity (1915) 
Quantum Mechanics (~1925) 

Special relativity + quantum mechanics was an 
interesting story: antimatter, the Higgs boson, 
quantum field theory. 



A few things about general relativity: 

Space and time can bend, and 
this is the origin of gravity: 

The universe expands: 

Stars can collapse 
into black holes: 

Ute Kraus 

Sean Carroll 

NASA 



Quantum mechanics + general relativity  

     GR is very successful on the cosmic scale 

     QM is very successful on the atomic scale 

We must go to extreme environments to see both 
acting at once. 



• The cores, and horizons,  
of black holes. 

• Particle collisions at extremely 
high energies, >> LHC. 

• The very early universe: the 
universe is expanding, and 
was once much smaller than it 
is today. 



The early moments of the Big Bang: 

The universe is expanding, and was once vastly 
smaller than it is today.  In the earliest moments, both 
quantum effects and general relativity were important. 

In fact, if we don’t push them too far, QM and GR work 
well together.  



Why are there galaxies, instead of a uniform gas? 

What determines the pattern: the sizes and numbers 
of galaxies, and their distribution? 



Why are there galaxies, instead of a uniform gas? 

What determines the pattern: the sizes and numbers 
of galaxies, and their distribution? 

  Quantum mechanics! 



This quantum pattern is also seen in the Cosmic 
Microwave Background (CMB), radiation left from the 
early moments of the Big Bang (Eva Silverstein, next 
week):  



The pattern in the galaxies, and in the CMB, formed in 
the first second after the Big Bang.  But we want to 
push back even further in time, and our theories break 
down.  



Confronting gravity and quantum mechanics: 

Because the environments where QM and GR come 
together are so extreme, we need thought experiments: 

Imagine an experiment.  Ask what GR predicts.  Ask 
what QM predicts.  Do they disagree? 

 • High energy scattering 

 • Black holes 



Planck energy Planck energy . . 

Scattering at high energy: 



Planck energy Planck energy . . 

Scattering at high energy: 

QM + GR →	




Planck energy Planck energy 

A difficult problem, but it turns out that one can fix it if 
particles are not points but strings, 

. . 

Planck energy Planck energy 

A strange idea, but it seems to work.  



Thought experiments with black holes 

singularity!

horizon!

• The fate of very massive 
objects. 

• An extreme bending of 
spacetime. 

• `Infinite’ density at the 
singularity 

• The horizon: the point of 
no return. 



Hawking radiation and black hole evaporation  

Quantum mechanics says that empty space is full 
of particle-antiparticle pairs that pop into and out 
of existence: 



When this happens near the horizon, sometimes one 
falls into the singularity and one escapes: 

singularity!

horizon!

This carries energy away, and the black hole loses mass. 



Without quantum mechanics, black 
holes always grow, but due to 
Hawking radiation they can 
`evaporate’ and eventually 
disappear: 



The Hawking radiation has the same spectrum as the 
heat radiated by a hot object: the black hole has a 
temperature. 



Black hole evaporation is not controversial, but it leads 
to the information paradox, which is: evaporation 
destroys information about what falls into black holes.  



Quantum mechanics does not allow information to be 
destroyed.  But for the information to get out, it would 
have to travel faster than light!  

Quantum mechanics versus relativity! 

Hawking: “God not only plays dice, He sometimes 
throws the dice where they cannot be seen.’’ 



Hawking’s conclusion: 

but not everyone agreed… 



The entropy puzzle 

GR describes black holes as  
smooth geometries, without `hair.’ 

QM points to an atomic or bit substructure: 
temperature normally comes from the motion of 
atoms. 



The holographic principle: the Bekenstein-Hawking 
result for the number of bits in a black hole is 
interesting: 

For most systems the number of bits 
is proportional to the volume, R3.  This 
suggests that the fundamental 
degrees of freedom of a gravitating 
system live on its surface:  
the holographic principle.	


cR2/hG = R2/lPlanck
2 - 

If so, this would be fundamentally different from any 
system that we are familiar with, a radical change in 
the nature of space. 



How this was resolved: 

Many quantum systems have been found to have the 
surprising property of duality : two seemingly different 
systems that are actually the same.  E.g.: 

   Waves = particles 

  Maldacena (1997):  

 Black holes = balls of hot nuclear particles 



Maldacena’s duality: 

= 



= 

An unexpected connection between widely different 
areas of physics.   
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Maldacena’s duality: 



= 

An unexpected connection between widely different 
areas of physics.   

Before & after AdS/CFT ~ before & after the internet. 

The most complete construction of quantum gravity 
to date. 

Maldacena’s duality: 



Consequences: 

• Quarks + gluons obey ordinary QM: info can’t be lost. 
• Provides the bits predicted by Bekenstein and 
Hawking. 
• Holographic: the bits live on the surface, spacetime is 
not fundamental. 

QM wins, spacetime loses… 

= 





• The holographic principle is very different from 
previous physical laws.  How does it work in detail?  
Especially, how does it work in an expanding 
spacetime? 

• The interior of a black hole is a lot like Big Bang (in 
reverse), so maybe this is a good place to start? 

• Where exactly did Hawking go wrong: how does the 
information get out? 



      • Information is not lost. 

  • An observer who stays outside the black hole sees   
nothing unusual. 

  • An observer who falls through the horizon sees 
nothing unusual. 

Black hole complementarity: information doesn’t actually 
travel faster than light.  The outside observer sees it 
come out, the infalling observer sees it inside, and they 
can’t compare notes – a new relativity principle (‘t Hooft, 
Susskind).  



      • Information is not lost. 

  • An observer who stays outside the black hole sees   
nothing unusual. 

  • An observer who falls through the horizon sees 
nothing unusual. 

  Actually these are inconsistent!  They imply an 
  impossible quantum state for the Hawking radiation. 
  (Ahmed Almheiri, Don Marolf, JP, Jamie Sully) 



The argument is based on another mysterious property 
of quantum mechanics: entanglement.  



The Hawking pair is produced in an 
entangled state,   |0›|0› + |1›|1›   

Conservation of information 
requires that the Hawking 
photons be entangled with 
each other (a pure state).   

QM does not allow this, entanglement is monogamous!   

 (|0›|0› + |1›|1›)|0› vs. |0›(|0›|0› + |1›|1›) 



 (|0›|0› + |1›|1›)|0›    vs.    |0›(|0›|0› + |1›|1›) 
information loss firewall! 

Sort of like breaking a chemical bond, losing the 
entanglement across the horizon implies a higher 
energy state. 



If nothing unusual happens outside the horizon, and 
information is not lost, an infalling observer will hit a 
firewall of high energy particles: 

Once again, a sharp conflict between 
quantum mechanics and spacetime… 

instead 
of 



After a year and >200 papers, there is no consensus. 

If the firewall is real, how does it form? 

If not, how do we avoid the argument?  Most attempts 
go back to modifying QM: strong complementarity, 
limits on quantum computation, final state boundary 
condition at the black hole, EPR = ER, nonlinear 
observables. 

All of these are preliminary frameworks, not theories. 



• Are there any observational effects for observed 
black holes? 

• Are there any consequences for the early universe? 

Too early to say. 

We have many new ideas, in different directions.  
Many connect entanglement with the origin of space 
(and maybe time). 

Conclusions: 


