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• Connection to three outstanding problems in 21st Physics: 

•  The identity of the dark matter 
•  The nature of the dark energy 

•  Origin of cosmic structure 

• Goal:  understand origin and evolution of large-scale  structure  
•  Growth of small fluctuations (linear theory) 

•  Non-linear evolution (simulations) 
•  Use of galaxy surveys to test cosmological theory (CDM) 
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• Books: 
• Cole & Lucchin:       Cosmology 

• Peacock:                 Galaxy Formation 
• Linder                      First Principles of Cosmology 

• Padhmanaban          Large-scale structure  

• http://star-www.dur.ac.uk/~csf/homepage/GalForm_lectures  
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• The 2dF Galaxy 
Redshift Survey  
• 221,000  redshifts 

2003: 

 1997-2003:  250 nights at 4m AAT 
 221,000  redshifts to bj<19.45 
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• Sloan Digital Sky Survey 

• Over 500,000 galaxy redshifts  
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• The 2dF galaxy redshift survey 
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• What is the Universe made of? 
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• The content of our universe  

• Dark matter ≡ matter that does not emit light at any wavelength 
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• What is the universe made of? 

• critical density = density that makes univ. flat: • (Ω = 1 for a flat univ.) 

• (of which stars)                                       Ωs  = 0.0023 ± 0.0003  
•  Baryons                                                Ωb  = 0.039 ± 0.009      

•  Dark matter (cold dark matter)             Ω dm =  0.26 ± 0.03


• density 

•  critical density 
• Ω =


•  Radiation  (CMB, T=2.726±0.005 oK)          Ωr   =  4.7 x 
10-5    •  Massless neutrinos                               Ων  = 3 x 10-5          

•  Massive neutrinos                                 Ων  = 6 x 10-2 (<mν>/ev) 

•  Dark energy (cosm. const. Λ)                ΩΛ  =  0.70 ± 0.02 

• —> Ω = Ωb + Ωdm+ ΩΛ ≅ 1  
• (assuming Hubble parameter 

h=0.73) 

• ρ  = ρmass  + ρrel +  ρvac
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• The visible and dark sides of 
the universe 

•  There is ~5 times more dark matter than 
there is ordinary (baryonic) matter 

• (~90% of the mass of the Universe is  dark matter) 

→  Most  of the dark matter is NOT ordinary        
(baryonic) matter 

→  Weakly interacting massive particles 
(WIMPS)  
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• Chaotic 

• inflation 

• Cosmic Inflation 

• t=10-35 s 

•  Inflation theory predicts: 
1. Flat geometry (Ω =1) 

•  2. Small ripples in mass 
distribution 

• √ 

• Observable universe 



University of Durham 

Institute for Computational Cosmology 

• Quantum fluctuations 
are blown up to 

macroscopic scales 
during inflation 

• Generation of primordial fluctuations 

• Because of quantum 
fluctuations, different 
parts of the Universe 

finish inflating at 
slightly different times 
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• Linear fluctuation 
growth rate in 

different cosmologies 

• Ω m=1


• Ω m=0.75,   
ΩΛ=0.25
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• Non-baryonic dark matter 
candidates  

hot neutrino a few eV 

warm    Sterile          
neutrino  keV-MeV 

cold 
   axion 
neutralino 

10-5eV-
>100 GeV 

•      Type            candidate        mass 
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The origin of cosmic structure 

• Meszaros 
damping 

• Free 
streaming 

• Large scales 

• P(
k) 

• Rh(teq) 

• Small 
scales 

• δρ/ρ


•  Hot DM (eg ~30 ev 
neutrino) 

-  Top-down formation 

•  Cold DM (eg 
~neutralino) 

-  Bottom-up 
(hierachical)   

• → QUANTUM FLUCTUATIONS: 

k
2 kn n = 1

Gaussian amplitudes

• Inflation 
(t~10-35 s) 

• P(k)=Akn 
T2(k,t) 

• Damping (nature 
of dark matter) 

• 
+ 

• Transfer 
function 

• n
≈1 

• → FLAT UNIVERSE 

• superclusters clusters galaxies 
• ↓        ↓        ↓ 

• cold 

• λcut ∝ 
mν

-1 
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• Non-baryonic dark matter 

• 10 keV 

• 1 keV 

• 0.1keV 

• Warm DM 

• Power 
spectru

m 

• Superclusters   clusters   galaxies 

• Hot DM 

• Cold DM 
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• z =1000 

The microwave background radiation 

• Plasma 

• z = ∞ 

• T=2.73 K 
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• Large scales 

• F
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• P(
k) 

• z~1000 • δρ/ρ


• CMB 
• Superclusters 

• Clusters  
• Galaxies 

• Cold dark matter 

• Small scales 

• Initial conditions : 
ΛCDM 

• z=1000 • δρ/ρ ∼10-5


• z=0 
• δρ/ρ ∼1-106


• ? 

• The galaxy distribution evolves 
from  fluctuations seen in CMB by 

gravitational amplification. 

• Testing the CDM paradigm 
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• Evolution of 
spherical 

perturbations 
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• P(
k) 

• z~1000 

• δρ/ρ


• CMB 
• Superclusters 

• Clusters  
• Galaxies 

• Cold dark matter 

• Small scales 

• Initial conditions : 
ΛCDM 

• Testing the CDM paradigm 

• z=0 
• δρ/ρ ∼1-106


• Simulation
s 

• “Cosmology 
machine” 

• Basic DM physics simple: 
structure grows primarily by gravity 

• N-body simulations 


