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A Scenario of Cosmological A Scenario of Cosmological 
Structure Formation Structure Formation 

• Small Fluctuations in Dark Matter
• Baryonic Matter condenses in the potential 

wells
• Z~15-20: First generation of Stars
• Cosmic Reionization
• Temporary Suppression of Star formation
• Growth of DM halos (accretion, mergers)
• Galaxy Formation, Star formation
• Large Scale Structure of the Universe



Cosmology of Structure Cosmology of Structure 
FormationFormation

Origin of Density
Fluctuations

Quantum field theory
Inflation
Power Spectrum of 
Fluctuations
Comparison with 
Observations

Growth of Density 
Fluctuations

Gravity as the dominant 
force
Gravitational Instability, 
Jeans Theory
Linear perturbation theory:

Newtonian vs. Relativistic
Radiation vs. Matter 
dominated   
Sub-Horizon vs. Super-
Horizon
Jeans-length vs. Horizon



Cosmology of Structure Cosmology of Structure 
FormationFormation

Growth of Density 
Fluctuations

Nonlinear Structure 
Formation
Spherical Collapse
Zeldovic Approximation
Adhesion Approximation
Press-Schechter-Theory
Numerical N-Body 
Simulations



Linear Perturbation Theory Linear Perturbation Theory 
in in NewotonianNewotonian LimitLimit

• Continuity Equation

• Euler Equation 

• Poisson Equation

• Equation of State 
(adiabatic case)
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Newtonian Perturbation Newtonian Perturbation 
theorytheory

• First order
Approximation:

• Results in: 
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Newtonian Perturbation Newtonian Perturbation 
theorytheory

• In adiabatic case:

• In Euler Equation: 
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NewotonianNewotonian Perturbation Perturbation 
theorytheory

• After using the perturbed Poisson 
and Continuity equation:

• Ansatz: 

• Results in: 
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NewotonianNewotonian Perturbation Perturbation 
theorytheory

• Exponential growth occurs if:

• The Jeans-length  

determines which fluctuations grow. 
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Perturbations in the Perturbations in the 
Expanding UniverseExpanding Universe

• Comoving Coordinates: 

physical length           comoving length        scale factor

• In 0th approximation:
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Perturbations in the Perturbations in the 
Expanding UniverseExpanding Universe

• After introducing comoving coordinates:

• Coordinate transformation allows: v0=0 
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Perturbations in the Perturbations in the 
Expanding UniverseExpanding Universe

• Ansatz for separating the variables:

We obtain two differential equations
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Perturbations in the Perturbations in the 
Expanding UniverseExpanding Universe

• We separate the velocity into parallel 
and orthogonal part:

with: 

• Then we obtain: 
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Perturbations in the Perturbations in the 
Expanding UniverseExpanding Universe

• Which results in: 
(the orthogonal part doesn’t grow!)

• And: 

• After defining             and using

• We get: 

• And finally:
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Perturbations in the Perturbations in the 
Expanding UniverseExpanding Universe

• Main Results (cf. Padmanabhan 1993)

free
prop.

Matter dominated
Nonrelativistic theory

Osc.Osc.Matter dominated
Nonrelativistic theory

Osc.Osc.Radiation dominated
Nonrelativistic theory

Radiation dominated
Relativistic theory
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Variable Dark EnergyVariable Dark Energy
• Motivation:

(Regard Λ as some peculiar form of matter)

• Problems:

Cosmological Constant is very small:

And why is:
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Variable Dark EnergyVariable Dark Energy
• Possible Solution: 



Variable Dark EnergyVariable Dark Energy
• Assume:

• If:  
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Variable Dark EnergyVariable Dark Energy



Variable Dark EnergyVariable Dark Energy



Variable Dark EnergyVariable Dark Energy
A Simple Parametrization Scheme

(Wetterich 2004)
Fraction of Dark Energy, now: Ωh(0)
Eq. of State, now:  w0 Measure the deviation
Bending Parameter: b from a pure Λ-Term
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Variable Dark EnergyVariable Dark Energy
• Assume w0=-1       (and Ωh(0)=0.7) :



Structure Formation with Structure Formation with 
variable Dark Energyvariable Dark Energy

• Evolution of the Density Contrast:

• Rewrite in dependence of redshift : 

• Use Friedmann Eq. with w(z):
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Structure Formation with Structure Formation with 
variable Dark Energyvariable Dark Energy

• Initial Conditions: 5
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Structure Formation with Structure Formation with 
variable Dark Energyvariable Dark Energy

• Redshift of 
equivalence of 
dark energy 
and matter 
depending on 
parameter b:



Structure Formation with Structure Formation with 
variable Dark Energyvariable Dark Energy

• Evolution of the 
growth factor with 
b≠0.0:



Structure Formation with Structure Formation with 
variable Dark Energyvariable Dark Energy

• Growth factor depends mildly on b:
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OutlookOutlook
• Growth of structure with spherical 

collapse model
• Calculate the effects on CMB

Newtonian
Relativistic (Super-horizon)

• Consequences for the observed  
Power spectrum P(K) at z=0 ?



Spherical ModelSpherical Model
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Spherical modelSpherical model



Spherical ModelSpherical Model

Initial Conditions:
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