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  THE KEY QUESTIONS OF COSMOLOGY 

•  What is the Universe made of?  

•  How did it begin? 

•  How did it evolve to its present state? 

•  What does the future hold? 
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•  The contents of our Universe 

•  The early universe 

•  The origin of galaxies  

•  The virtual universe 

Recent advances in 
cosmology 
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p = - ρ	



The initial conditions 
t=10-35 sec 

• from G. Efstathiou 



• Dark matter 
   ? 



The building blocks of the Universe 

Galaxies  are collections of up to a hundred billion stars 
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How many 
galaxies are 

there?  

About 1011  (hundred billion)     
(as many as stars in Milky Way)   
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The content of the Universe 



The content of our universe  

Dark matter ≡ matter that does not emit light at any wavelength 
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Galaxy rotation curves 

          Flat Vc   M(<r) ∝ r    but  L(<r)=const 
             ⇒ dark halos around galaxy 

€ 

Vc
2 =

GM(< r)
r
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Computer 
simulation of 
galaxy halo 

0.5 Mpc/h 

Galaxies are 
embedded in 

huge `halos’ of 
dark matter 
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Gravitational lensing 

Light from distant galaxies is deflected by dark matter in 
cluster, distorting the galaxies’ images  into arcs 
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We know dark matter exists because: 

•  The rotation velocity of stars in galaxies 

•  The distortion of galaxies behind clusters  



• Dark matter 
   ? 



University of Durham 

Institute for Computational Cosmology Institute for Computational Cosmology Institute for Computational Cosmology 

A galactic dark matter halo 

Springel, Wang, Volgensberger, Ludlow, 
Jenkins, Helmi, Navarro, Frenk & White ‘08 
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The search for dark matter  

Experimental physics  
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Looking for dark matter … 
down the mine 

(where cosmic rays can’t  
penetrate) 

Boulby mine 

UK DM search 
(Boulby mine) 
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The search for dark matter 
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Detecting cold dark matter 

 If cold dark matter consists of supersymmetric 
particle, then under in very high density regions it 

would annihilate producing γ rays 

Supersymmetric particles are their own antiparticles  
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Milky Way halo seen in DM 
annihilation radiation 

Springel, White, Frenk et al 
Nature Nov/08 

Fermi satellite Theoretical 
prediction 
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The first all-sky image from 
GLAST/Fermi 



The content of our universe  

Dark matter ≡ matter that does not emit light at any wavelength 

why is DM so important? 



The gravity of the dark 
matter drives formation of 

cosmic structure 
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The progress of physics 

But where do galaxies come from? 
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p = - ρ	



The initial conditions 
t=10-35 sec 

• from G. Efstathiou 
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The beginning of the Universe 

     In 1980, a revolutionary idea was proposed: our 
universe started off in an unstable state (vacuum 
energy) and as a result expanded very fast in a short 
period of time  cosmic inflation 
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The initial conditions 
t=10-35 sec 

Inflation theory predicts: 
early universe seeded by 
tiny fluctuations in mass 
produced by quantum 

processes 
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The growth of cosmic structure  

t=10-35 seconds  

t=13.8 billion yrs  

According to inflation theory 
galaxies grew out of tiny, 

“quantum fluctuations” 
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Galaxies grew out of 
quantum fluctuations 

seeded at t=10-35 s ??? 
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The growth of cosmic structure  

t=10-35 seconds  

t=13.8 billion yrs  

According to inflation theory 
galaxies grew out of tiny, 

“quantum fluctuations” 

How do we test this? 
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The Big Bang theory 

We know that the  
Universe is expanding today. 

Thus, it must have been  
denser in the past. 

In the very distant past, the Universe would been very dense 
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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 
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The cosmic microwave background radiation (CMB) 
provides a window to the universe at t~3x105 yrs 

In 1992 COBE discovered temperature fluctuations (ΔT/
T~10-5) consistent with inflation predictions  

The CMB 

1992 



Flammarion 1888: tete des  etoiles 



University of Durham 

Institute for Computational Cosmology Institute for Computational Cosmology Institute for Computational Cosmology 

The CMB 

1992 

George Smoot - Nobel Prize 2006 
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The CMB 

1992 

2003 
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WMAP temp anisotropies in CMB 

Hinshaw etal ‘06 

Amplitude of fluctuations 5-year data 

ΛCDM  

z~1000 

The data confirm 
the theoretical 

predictions 



University of Durham 

Institute for Computational Cosmology Institute for Computational Cosmology Institute for Computational Cosmology 

The growth of cosmic structure  

t=13.8 billion yrs  
δρ/ρ ∼1-106	



t=380,000 yrs  
δρ/ρ ∼10-5	
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Testing the CDM paradigm 

t=13.8 billion yrs  
δρ/ρ ∼1-106	



t=380,000 yrs  
δρ/ρ ∼10-5	



Simulations 

“Cosmology machine” 

Supercomputer simulations use the 
laws of physics to calculate how 

small primordial perturbations grow 
into galaxies today 
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Small irregularities 
in the early universe 
grow under the 
action of gravity:  

Large Scale Structure 
Computer 
simulation 
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The 2dF galaxy redshift survey 
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•  Infalling gas shock-heated to Tvir  

•  Gas cools radiatively onto central 
galaxy and forms disk, conserving J 

 rdisk  ~ λh rcool 

•  Satellite sinks by dynamical friction 
and merges onto central galaxy 

•  Mergers trigger central starburst 

•  In major mergers, stellar disks  
spheroids & central black hole grows 
•  New disk may form by gas accretion 

Galaxy formation: the basics 

•  Stars form in disk  

•  And give rise to feedback effects 





University of Durham 

Institute for Computational Cosmology 

The abundance of dark halos  
Halo mass function 

ΛCDM 

Millennium run 

K-band 
2dFGRS 

z=0 
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z = 0   Dark Matter 

Springel etal 05 

Semi-analytic modelling 

•  Find dark matter halos 

•  Construct halo merger trees 

•  Apply SA model (gas cooling, star 
formation, feedback) 

Populating the MS with galaxies 
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Croton et al 06 

z = 0   Galaxy light 



Springel, Frenk & White  
Nature, April ‘06 

real 

simulated 

2dFGRS 

SDSS 

CfA 
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1. FLAT geometry: 
2.  Small (quantum)  ripples 

Inflation (t~10-35 s) 

CMB (t~3x105 yrs) 

Cold dark matter 

Ripples seen as hot & cold spots 
in cosmic radiation 

Galaxies 
(t~13x109yrs) 

Galaxies form 

 Recent measurements of  CMB 
temperature fluctuations and of the galaxy 

distribution confirm this paradigm. 

The origin of cosmic structure 
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Is this the end of the story? 
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Cold dark matter ? 

UK DM search 
(Boulby mine) 

LHC – will it make it? 

Dark matter discovery? 

Theory predicts: dark matter is a particle, 
probably a SUSY particle  
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JWST: the next 
space telescope: Planck: mapping 

the CMB 

Theory, computing and modelling 

The future 
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The “golden” era in cosmology is not over  

It has probably just begun! 


