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“The generalisation 
of the theory of 
gravitation has 
occupied me 
unceasingly since 
1916”

Einstein, 1953



Space:
The Final Frontier
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What should a theory of Quantum
Gravity encapsulate?…

General Relativity:
No absolute background of space and time

Quantum Physics:
On small scales, things are ‘fuzzy’



Newton’s physics assumes absolute 
space and time, for all observers.
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50mph 50mph

50mph

Newton’s picture:
The relative speed of the 
trains is 50 + 50 = 100mph

What about the light from 
the train’s headlamp?...



Classical Physics:
James Clerk Maxwell’s theory of light

Light is a wave caused 
by varying electric and 
magnetic fields 



But what if I travelled 
alongside a light beam?  
Would it still wave?
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is so that everything 

doesn't happen at once.”



50mph
In Einstein’s relativity, the 
speed of light is unchanged
by the motion of the train

Measurements of space 
and time are relative
and depend on our motion

“Put your hand on a hot stove for a 
minute, and it seems like an hour.  
Sit with a pretty girl for an hour 

and it seems like a minute.  THAT’S 
relativity.”
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50mph
In Einstein’s relativity, the 
speed of light is unchanged
by the motion of the train

Measurements of space 
and time are relative
and depend on our motion

Unified spacetime - only
measurements of the  
spacetime interval are 
invariant

Equivalence of matter and 
energy







“Spacetime tells matter 
how to move, and 
matter tells spacetime
how to curve”

Gravity in EinsteinGravity in Einstein’’s Universes Universe



Colleague:   "Professor Eddington, you must be one of only three persons in the 
world who understand relativity!"

Eddington:   " oh, I don't know..."
Colleague:   " Don't be modest Eddington."
Eddington:   " On the contrary, I am trying to think who the third person is."





Gravity in EinsteinGravity in Einstein’’s Universes Universe

As light passes close to 
a star its path is bent 
by the curved spacetime

Gravitational Lensing



We can see this during 
a Solar Eclipse



In 1919 Eddington’s
expedition to the 
Southern Hemisphere 
confirmed Einstein’s 
theory

We can see this during 
a Solar Eclipse



“He was one of the finest people I have ever known….but he didn’t really 
understand physics.   During the eclipse…he stayed up all night to see if it 
would confirm the bending of light by the gravitational field.  If he had really 
understood general relativity, he would have gone to bed the way I did.”





Bohr atom, 1913

The Quantum World

Light energy is
quantised  in packets, 
or photons of energy



The Quantum World
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Heisenberg Uncertainty Principle

∆p∆x ~ h
The precision of  
measurements in 
a quantum 
system is limited 
in principle

Position and momentum are 
complementary properties: the action 
of measurement determines which of 
the two properties the quantum 
system possesses 



“God does not 
play dice”

Thought experiment, proposed by
Einstein Podolsky & Rosen (1935)

designed to expose the paradox of 
complementarity



The EPR ‘Paradox’

Quantum system: two particles, 
initially coupled, then fly apart
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The EPR ‘Paradox’

Quantum system: two particles, 
initially coupled, then fly apart



We can set things up so that initially 
the total momentum is zero (say).

The EPR ‘Paradox’

A B
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A
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momentum of



The EPR ‘Paradox’

A

We decide to 
measure the 
momentum of

B instantaneously
adopts ‘momentum’

state

How does it know?



EPR regarded this prediction as 
unreasonable, as it violated causality.

The EPR ‘Paradox’

[It] makes the reality of position and momentum in 
the second system depend upon the measurement 
carried out in the first system, which does not disturb 
the second system in any way. No reasonable 
definition of reality could be expected to permit this.”

“

But this is exactly what does happen



Quantum Entanglement

Quantum states are 
‘entangled’: they can 
influence each other 
instantaneously, 
even when separated 
by great distances

This is the idea 
behind the Star 
Trek ‘teleporter’
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Quantum states are 
‘entangled’: they can 
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instantaneously, 
even when separated 
by great distances

This is the idea 
behind the Star 
Trek ‘teleporter’



A ‘Black Hole’ warps spacetime so 
much that even light can’t escape

Gravity in EinsteinGravity in Einstein’’s Universes Universe

A Black Hole has an ‘event horizon’
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Making Sense of EinsteinMaking Sense of Einstein’’s Universes Universe
Spacetime diagrams

Space
Ti

m
e

Physicist moving at 
a constant speed
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Event B cannot
cause Event C
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However, the causal 
structure of 
spacetime is always 
preserved…

Making Sense of EinsteinMaking Sense of Einstein’’s Universes Universe
Spacetime diagrams

Space
Ti

m
e

Light 
cone

Causal past

Causal future

A

B

CDifferent observers 
see different 
spacetime diagrams



‘World line’ of a star

Gravity ‘tilts’ light cones



Even photons can’t 
escape from here

Gravity ‘tilts’ light cones

‘World line’ of a black hole



BekensteinBekenstein EntropyEntropy

In 1971 Jacob Bekenstein drew an important 
analogy:

Area of the event horizon behaves like the 
thermodynamic entropy of a Black Hole



BekensteinBekenstein EntropyEntropy

In 1971 Jacob Bekenstein drew an important 
analogy:

Area of the event horizon behaves like the 
thermodynamic entropy of a Black Hole

But a thermodynamical system also has a 
temperature

How hot is a Black Hole?…



By studying them as quantum objects,
Stephen Hawking showed that Black Holes 
radiate 



This completed the link between Black 
Holes and thermodynamics
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Quantised Quantised spacetimespacetime

Thermodynamics = 19th Century Physics
macroscopic picture: ‘smooth’ gas

Statistical Mechanics = 20th Century Physics
microscopic picture: discrete atoms

Quantum interpretation of heat, 
temperature, pressure, entropy

Entropy measures our information about 
the motions of individual atoms 

Does Bekenstein Entropy indicate a 
quantum interpretation of spacetime?



Theories of Quantum GravityTheories of Quantum Gravity

Currently two popular candidates:-
o String theory

o Loop quantum gravity

Both have strengths and weaknesses



String TheoryString Theory

Particle representation String representation

Point particles replaced by string loops

Avoids ‘infinities’

BUT defined on fixed 
background (violates GR)

No unique theory
(e.g. Membranes in 
higher dimensions)

Spacetime is discrete:

∆x ~         +  C∆p∆p
h



Loop Quantum GravityLoop Quantum Gravity

Network of relations between events

Quantum correlations built in

BUT problems with infinities
(gravitons)

Spacetime is discrete

Quantum loop network
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Three roads to same result:Three roads to same result:--

Spacetime comes in discrete chunks

Quantum Foam

Holographic principle:Holographic principle:--

Three roads are different manifestations of 
same  quantum gravity theory

Analogous to Galileo and Kepler



Aristotle’s Theory:
1. Objects move only as 

long as we apply a 
force to them

2. Falling bodies fall at 
a constant rate

3. Heavy bodies fall 
faster than light ones

Galileo’s Experiment:
1. Objects keep moving 

after we stop applying a 
force (if no friction)

2. Falling bodies 
accelerate as they fall

3. Heavy bodies fall at the 
same rate as light ones

How do things move?How do things move?……..
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Galileo’s Experiment:
1. Objects keep moving 

after we stop applying a 
force (if no friction)

2. Falling bodies 
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3. Heavy bodies fall at the 
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v
How do things move?How do things move?……..



Kepler’s laws, published 1609, 1619



Isaac Newton:
1642 – 1727 AD

The Principia: 1684 - 1686
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