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Flammarion 1888: tete des  etoiles 

  THE KEY QUESTIONS OF COSMOLOGY 

•  How did the Universe begin?  

•  What is it made of ? 

•  How did it evolve to its present state? 

•  What does the future hold? 
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The laws of Physics: general rules about natural phenomena, 
derived empirically and expressed mathematically, e.g. Newton’s 
law of gravitation, Boyle’s gas law, quantum mechanics, relativity 

-  Experimentally verified on Earth  

-  Universal (?) 

The science of the Universe  

Modern cosmology is based on:  
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1685 - 1750 1642 - 1726 

The age of enlightment (1680 – 1789) 

Experiment and 
rationality 

Counterpoint and 
harmony 

Truth 

“The systems of the World” or God’s creation 
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Landmark moments in the early 
Universe 
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     Cosmic inflation    à 
Quantum fluctuations      
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It makes up 80 percent of all matter  

The dark matter is almost certainly 
made of exotic elementaryparticles 



Stars rotate too fast to be held in place by gravity of visible mass 

We know dark matter exists because 



Stars rotate too fast to be held in place by gravity of visible mass 

€ 

V 2 =
GM
r



The tiny quantum irregularities were hugely 
amplified by the gravity of the dark matter  
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The laws of Physics: general rules about natural phenomena, 
derived empirically and expressed mathematically, e.g. Newton’s 
law of gravitation, Boyle’s gas law, quantum mechanics, relativity 

-  Experimentally verified on Earth  

-  Universal  

The science of the Universe  

Modern cosmology is based on:  

To be Physics, it must be testable!  



The first light in our U
niverse 

The cosmic microwave 
background is emitted   

(t ~350,000 yrs) 
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Production of 
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Initial conditions 

     Cosmic inflation    à 
Quantum fluctuations      
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The early universe 
was foggy 
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By today, the radiation from the Big Bang has cooled to 2.7 degrees 

The heat from the Big Bang 
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In 1964, Arno Penzias & Bob Wilson were carrying out experiments using a 
microwave antenna for satellite communications. 

As they pointed the antenna towards the sky, their receiver registered a faint 
‘hiss’ coming from all directions that would not go away. 

The echo of the Big Bang 



Cosmic inflation 
(initial conditions) 

(t ~ 10-35 s) 

Production of  
dark matter  
(t ~ 10-10 s) 
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The cosmic microwave 
background is emitted 

(t ~350,000 yrs) 

The temperature of this 
radiation should show 

small irregularities  

? 
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The initial conditions for galaxy 
formation 

Quantum fluctuations from inflation 
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Fluctuation amplitude 

Planck: CMB temperature anisotropies 

The data confirm 
the theoretical 

predictions 

Planck  coll. 2015 



How did galaxies form? 

The tiny quantum irregularities were hugely 
amplified by the gravity of the dark matter  



Initial conditions 

? 
The formation of galaxies 
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How to make a virtual universe 

Equations of physics: 
General Relativity 
Mechanics                 
Radiative hydrodynamics  
Atomic physics, etc 

Initial conditions + assumption about content of Universe 
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Trayford	et	al	‘15	
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 Small (quantum)  ripples 

Inflation (t~10-35 s) 

CMB (t~3x105 yrs) 

Cold dark matter 

Ripples seen as hot & cold spots 
in cosmic radiation 

 Recent measurements of  CMB 
temperature fluctuations and of the galaxy 

distribution confirm this paradigm. 

The origin of cosmic structure 

Galaxies 
(t~13x109yrs) 
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The Universe seems to conform to “rational” 
mathematical laws (that can be reproduced in a 

computer) 

... just like Bach’s harmony and counterpoint 

It seems to have been made to please both 
Newton and Bach 


