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Light in Lumps 
or Ripples?

Einstein and the 
Quantum Revolution



The Bohr atom, 1913





Louis de Broglie, 1923

If light waves also behave 
like particles, why 
shouldn’t electrons also 
behave like waves?

Pilot Waves

Direction of waves

Interference of Electrons

Davisson & Germer; 
Thomson & Reid, 1937



Making Quantum Mechanics Work

Werner Heisenberg Erwin Schrodinger Max Born Neils Bohr

Paul Dirac Wolfgang Pauli John von Neumann 
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∆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 
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versus

Complementarity asserts that it is not just meaningless 
to talk about knowing simultaneously exact values of 
position and momentum; these quantities simply do 
not exist simultaneously.

You believe in the God who plays dice, 
and I in complete law and order in a 
world which objectively exists



How are the outcomes chosen?

“God does not 
play dice”

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

“Can quantum-mechanical description of physical 
reality be considered complete?”
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Interpretation, 
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EPR regarded this prediction as unreasonable, as it 
violated causality.

[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, in experiments 
carried out since the 1970s

Alain Aspect (1982) provided the final “proof”
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Could the existence of the wave-measuring apparatus at 
A influence the wave function of the whole system, so 
that  B somehow ‘knows’ before they separate that it is 
going to ‘be’ a wave?….. 



The Einstein Podolsky Rosen ‘Paradox’

Decide to measure 
precisely the 
momentum of   A

A assumes wave properties

According to the 
Copenhagen 
Interpretation, 
instantaneously 
assumes wave 
properties

B

In Aspect’s experiment, the decision to measure either 
the wave or particle properties of  A is taken only after
they have separated (and so are causally disconnected 
in classical theories). 



How are the outcomes chosen?

“God does not 
play dice”

EPR experiment
proves conclusively that he does!
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Light is Light is bothboth lumps and ripples lumps and ripples ––
but not at the same time!but not at the same time!

Which aspect is Which aspect is ‘‘realreal’’ is determined is determined 
(only) when light interacts with matter(only) when light interacts with matter

(Could quantum reality depend on the (Could quantum reality depend on the 
intervention of a conscious observer?...)intervention of a conscious observer?...)

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





Those who are not Those who are not 
shocked when they shocked when they 
first come across first come across 
quantum theory quantum theory 
cannot possibly cannot possibly 
have understood ithave understood it””

““
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Adding Vision to the Quantum WorldAdding Vision to the Quantum World

John G. CramerJohn G. Cramer
Dept. of Physics, Univ. of Washington

Seattle, Washington, 98195

1st Hal Clement Memorial Lecture
Boskone 41, Boston, MA, February 15, 2004 

Quantum
Mechanics



Three QuantumThree Quantum
ParadoxesParadoxes



Paradox 1 (non-locality):
Einstein’s Bubble

Paradox 1 (non-locality):
Einstein’s Bubble

Question (Albert Einstein):

If a photon is detected at Detector A, how does the photon’s 
wave function Ψ at the location of Detectors B & C know
that it should vanish?

Situation: A photon is emitted
from an isotropic source. Its 
spherical wave function Ψ
expands like an inflating bubble.
It reaches a detector, and the Ψ
bubble “pops” and disappears.



Experiment: A cat is placed in a sealed box
containing a device that has a 50% chance 
of killing the cat.

Question: What is the wave 
function of the cat just before 
the box is opened?

When does the wave function collapse?....

Paradox 2 (Ψ collapse):
Schrödinger’s Cat
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1 1
2 2

( dead + alive ?)Ψ=



Paradox 2 (Ψ collapse):
Schrödinger’s Cat

Paradox 2 (Ψ collapse):
Schrödinger’s Cat

The question is, when and
how does the wave function
collapse.

•What event collapses it?

•How does the collapse
spread to remote locations?
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Paradox 3 (wave vs. particle):
Wheeler’s Delayed Choice

A source emits one photon.
Its wave function passes
through slits 1 and 2, making
interference beyond the slits.
The observer can choose to either:

(a) measure the interference pattern at  
plane σ1, requiring that the photon travels 
through both slits.

or

(b) measure at plane σ2 which slit image it 
appears in, indicating that
it has passed only through slit 2.

The observer waits until 
after the photon has 
passed the slits to decide 
which measurement to do.

*
**



Thus, the photon does not
decide if it is a particle or a
wave until after it passes
the slits, even though a particle
must pass through only one slit and a wave must pass 
through both slits.

Apparently the measurement choice determines whether the 
photon is a particle or a wave retroactively!

Paradox 3 (wave vs. particle):
Wheeler’s Delayed Choice

Paradox 3 (wave vs. particle):
Wheeler’s Delayed Choice
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of Quantum of Quantum 
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Summary of QM InterpretationsSummary of QM Interpretations

Copenhagen
Many

Worlds

Transactional

Uses “observer knowledge” to explain
wave function collapse and non-locality.
Advises “don’t-ask/don’t tell” about reality.

Uses “world-splitting” to explain wave 
function collapse.  Has problems with non-
locality.  Useful in quantum computing.

Uses “advanced-retarded handshake” to explain
wave function collapse and non-locality.  Provides
a way of “visualizing” quantum events.



Big Bang

Present Day



Grand Unification Theories

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

Einstein, 1952
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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
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