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Most of the Universe is DarkDark

You, me, stars,
grey matter,

white matter,
antimatter…
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Ωbaryon ≈ 0.04  ““DarkDark”” Baryons Baryons
(e.g. dead stars, warm gas?)(e.g. dead stars, warm gas?)

€ 

Ωstar+gas in gal << 0.01

€ 

Ωmatter ≈ 0.27

€ 

ΩΛ ≈ 0.73

Dark Non-BaryonsDark Non-Baryons
(e.g. (e.g. neutralinosneutralinos, , axionsaxions,,

massive neutrinos)massive neutrinos)

 Dark EnergyDark Energy
(e.g. cosmological(e.g. cosmological
constant)constant)

Matter-energy budget Matter-energy budget surplussurplus

in the universein the universe



Growth ofGrowth of

Cosmic FluctuationsCosmic Fluctuations

PrimordialPrimordial
fluctuationsfluctuations

are amplifiedare amplified

byby
gravitational gravitational 

instabilityinstability



Basic ParadigmBasic Paradigm

The Smooth Universe (linear regime):
1<<δ

Solve Solve linearizedlinearized, coupled , coupled EinsteinEinstein and  and BoltzmannBoltzmann  equations equations 
⇒⇒Time evolution of fluctuations in Time evolution of fluctuations in spacetime spacetime metricmetric, , 

dark matterdark matter, , baryonsbaryons, , photons, neutrinosphotons, neutrinos



DensityDensity  PerturbationsPerturbations
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δ( r 
x ,t) =

ρ( r 
x ,t)
ρ 

−1,     ρ m ≈ 2 ×10−30g /cm3   

(Scalar) Metric (Scalar) Metric PerturbationsPerturbations

VelocityVelocity  PerturbationsPerturbations

v⋅∇=θ



BoltzmannBoltzmann  EquationEquation

...}{...},,,{ ,,,, cdmbaryoncdm θδδδδψφψφ νγ=&&

EinsteinEinstein  EquationEquation
µνµν πGTG 8=

νγψφθδδ ,,,       ...} , ,,{ bciiii ==&
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˙ θ i = {δi,θi,σ i,φ,ψ...}
˙ σ i = ............
..........

     collisionlesscollisionless: cold dark matter, neutrinos: cold dark matter, neutrinos
            collisionalcollisional: baryons, photons (e.g. Thomson scattering): baryons, photons (e.g. Thomson scattering)
Take velocity momentsTake velocity moments  of phase space distribution functionsof phase space distribution functions



Linear Evolution ofLinear Evolution of

the Nearly Smooth Universethe Nearly Smooth Universe

CDMCDM
baryonbaryon

massive neutrinomassive neutrino

massless massless neutrinoneutrino

photonphoton

Ma & Ma & Bertschinger Bertschinger (1995)(1995)
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Fourier transformFourier transform

Statistics of ClusteringStatistics of Clustering
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functionn correlatiopoint -Three
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Bispectrum
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Fourier transform

Statistics of ClusteringStatistics of Clustering



Linear

z=0

z=1.5

z=3

Shape and Growth ofShape and Growth of

Linear Linear Matter Power SpectrumMatter Power Spectrum
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P(k) = AknT 2(k)

kkeqeq~~ΩΩmm h h22P(k)~P(k)~kknn

n=1n=1

P(k)~kP(k)~k-3-3

(for CDM)(for CDM)

Shape: depends on ΩΩm,m,
nature of dark matter etc

Growth rate: depends on
        ΩΩmm, , ΩΩΛΛ etc



1≈Ω+Ω Λm

Statistics of ClusteringStatistics of Clustering

Temperature Power SpectrumTemperature Power Spectrum



CDM

WDM
200 eV WDM

1 keV

Narayanan et al (2000)Narayanan et al (2000)

ColdCold vs  vs Warm Dark MatterWarm Dark Matter

Power SpectrumPower Spectrum



Linear

NonlinearNonlinear
z=0

z=1.5

z=3

LinearLinear vs  vs NonlinearNonlinear

Power SpectrumPower Spectrum

LinearLinear


