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Lecture 42:Lecture 42:
Frontiers in cosmology I I : Frontiers in cosmology I I : 
quantum cosmology, str ings quantum cosmology, str ings 
and wrapped dimensions and wrapped dimensions --
the really weird stuffthe really weird stuff
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Planck eraPlanck era

•• T > 10T > 103232K unification of GUT and gravityK unification of GUT and gravity

•• Particles:Particles:
** ??????

•• Forces:Forces:
** TOE (theory of everything)TOE (theory of everything)

•• The last frontier ...The last frontier ...
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Timeline of the UniverseTimeline of the Universe

Backed by 
experiment???
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Problems to be solved by quantum Problems to be solved by quantum 
gravitygravity
•• Combination of quantum mechanics and Combination of quantum mechanics and 

general relativity general relativity 

•• Dealing with singularities in general Dealing with singularities in general 
relativity and particle physicsrelativity and particle physics
** point like elementary particlespoint like elementary particles

** black holesblack holes

** the very early Universethe very early Universe
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Physics around 1900Physics around 1900
•• Classical mechanics and electromagnetism Classical mechanics and electromagnetism 

were tremendously successful physical were tremendously successful physical 
theoriestheories

•• Deterministic world viewDeterministic world view
** Supposed the initial conditions of all particles Supposed the initial conditions of all particles 

in the Universe are givenin the Universe are given

** Using the laws of physics, the precise future Using the laws of physics, the precise future 
state of the Universe at any time can be state of the Universe at any time can be 
calculated (at least in principle)calculated (at least in principle)

•• perception that physics is almost a solved perception that physics is almost a solved 
problemproblem
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Some outstanding problems (~1900)Some outstanding problems (~1900)
•• Constancy of the speed of light Constancy of the speed of light 

** contradiction between classical mechanics and contradiction between classical mechanics and 
electrodynamics electrodynamics �� special relativityspecial relativity

•• Black body radiationBlack body radiation
** The observed energy distribution cannot be The observed energy distribution cannot be 

explained using the classical laws of physicsexplained using the classical laws of physics

•• RadioactivityRadioactivity
** one cannot determine when a radioactive one cannot determine when a radioactive 

nucleus is going to decaynucleus is going to decay

** one can only specify probabilitiesone can only specify probabilities

•• Is light a particle or a wave ?Is light a particle or a wave ?
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The twoThe two--slit exper imentslit exper iment

�� Light behaves like a waveLight behaves like a wave
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The photoelectr ic effectThe photoelectr ic effect

Blue lightBlue light: electric current is flowing: electric current is flowing
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The photoelectr ic effectThe photoelectr ic effect

Red lightRed light: electric current is not flowing: electric current is not flowing
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ConclusionsConclusions

•• sometimes, light behaves like a wavesometimes, light behaves like a wave
** e.g. twoe.g. two--slit experimentslit experiment

•• sometimes, light behaves like a particlesometimes, light behaves like a particle
** e.g. photoelectric effect: light particles knock e.g. photoelectric effect: light particles knock 

out electronsout electrons

•• what happens if we do those two what happens if we do those two 
experiments with electrons instead ?experiments with electrons instead ?
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The twoThe two--slit exper imentslit exper iment

�� Electrons behave like a wave ?Electrons behave like a wave ?
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Let’s take one electron at a timeLet’s take one electron at a time
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Let’s take one electron at a timeLet’s take one electron at a time

�� Electrons behave indeed like a wave !!!!Electrons behave indeed like a wave !!!!
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Let’s take one electron at a timeLet’s take one electron at a time

But how does the individual electron know But how does the individual electron know 
where to go ?where to go ?
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Quantum mechanicsQuantum mechanics
•• Clear separation betweenClear separation between

systemsystem and and observerobserver

•• Microscopic systems are described by Microscopic systems are described by wave wave 
functionsfunctions

•• The wave function represents a superposition The wave function represents a superposition 
of all possible states and their probabilitiesof all possible states and their probabilities

•• If one observes the system, the wave function If one observes the system, the wave function 
collapses and the observed variable takes one collapses and the observed variable takes one 
particular stateparticular state

�� Copenhagen interpretationCopenhagen interpretation
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Schrödinger ’s Schrödinger ’s catcat

CatCat

PoisonPoison

BoxBox

Radioactive Radioactive 
tr iggertr igger
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I s the cat dead or  alive ?Is the cat dead or  alive ?
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I s the cat dead or  alive ?Is the cat dead or  alive ?

Copenhagen interpretationCopenhagen interpretation: In the box there is a : In the box there is a 
superposition of two states superposition of two states (cat dead, cat alive)(cat dead, cat alive). . 
By observation By observation (open the box)(open the box), the wave function , the wave function 
of the cat collapses, one state of the cat collapses, one state (dead or alive)(dead or alive) is taken is taken 
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Quantum cosmologyQuantum cosmology

•• Task:Task: calculate the wave function of the calculate the wave function of the 
UniverseUniverse

•• Problem:Problem: observer is part of the system observer is part of the system �� the  the  
Copenhagen interpretation cannot be appliedCopenhagen interpretation cannot be applied

•• Alternative:Alternative: manymany--worlds interpretationworlds interpretation
** many universes exist, but mutually unobservablemany universes exist, but mutually unobservable

** all possible outcomes are realizedall possible outcomes are realized

** whenever a decision between two (or more) states whenever a decision between two (or more) states 
has to be made,  the universe splits into two (or has to be made,  the universe splits into two (or 
more) branchesmore) branches
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ManyMany--wor lds interpretationwor lds interpretation
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Outstanding problems in cosmologyOutstanding problems in cosmology

•• What is the dark matter?What is the dark matter?

•• What is the dark energy/cosmological What is the dark energy/cosmological 
constant?constant?

•• Quantum gravity/CosmologyQuantum gravity/Cosmology
** elementary particles are not points, but very elementary particles are not points, but very 

small strings (loops) (~10small strings (loops) (~10--3636 cm)cm)

** oscillation modes of strings correspond to oscillation modes of strings correspond to 
different particle types different particle types 

** there exist extra (there exist extra (compactifiedcompactified/wrapped) /wrapped) 
dimensionsdimensions


