
Arrow of time
10
fluctuations. Flat and hot Universe

1 sec. T=1Mev. Neutrino decouple from the rest of matter. Composition: relativistic 
particles dominate: gamma, neutrino, electrons, positrons. Nonrelativistic particles: 
protons, neutrons, DM

100 sec. T=0.1Mev. BBN: all neutrons are in He. Composition after BBN: γ and ν 
dominate. Nonrelativistic particles: p, He, e, DM:  subdominant. 

z=10000 Moment of equality: density of relativistic particles (γ and ν) is equal to the density 
of nonrelativistic particles. Fluctuations in DM on all scales grow with the same rate.

z=1100. T=3000K=0.3eV. Recombination and decoupling. Photons start to travel freely. 
Gas is mostly neutral.

z=10. First massive galaxies and supermassive black holes. 

z=7. Universe is re-ionized. 

z=2. Last major-merger for our Galaxy. Last stars formed in galaxies in clusters. 

z=0.5 Sun is formed.
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Evolution of perturbations at early times:
linear growth

Inflation provides very a simple spectrum of fluctuations: gaussian 
fluctuations in metrics (=gravitational potential):	
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This gives the power spectrum of fluctuations in the density	
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Nonlinear effects
n Zeldovich approximation: collapsing waves in a 

cold (=low random velocities) fluid produce a web 
of filaments:   r(t) =r

n Virialization tends to produce spherical objects	



n Dynamical friction produces merging of halos	



n On scales larger than 20kpc the only thing which 
dynamically matters is the dark matter



Probing different epochs with observations

Epoch Phenomenon Test

Inflation
Spectrum of perturbation on very 
long scales

•Large-scale CMB anisotropies	


•Large-scale spectrum of perturbation 
in distribution of galaxies

Moment of equality
Position of maximum in the spectrum 
of perturbations

Distribution of galaxies: Spectrum, 
sizes of large voids, Superclusters.

BBN abundance of light elements: He, D, Li
ISM, stellar atmospheres, spectra of 
high-z galaxies

Recombination Small-scale structure of CMB
CMB anisotropies on armin -degree 

scales

Acceleration of the Universe
Distances depend on the rate of 
expansion

Distances to SNI

Dark matter

•Rotation curves of galaxies	


•Possible annihilation signal from 
centers of galaxies	


•X-ray emission from clusters of 
galaxies	


•Lensing of galaxies



Isotropy and Homogeneity of the Universe







Homogeneity of the Universe

•Deep counts of galaxies provided the first 
observational arguments for homogeneity of the 
Universe. If the distribution of galaxies is 
homogeneous and galaxies are not evolving , then 
the number of galaxies with apparent magnitude 
m should scale 100.6m . Indeed, this is what is 
observed up to some magnitude.  When  counts 
are too deep, galaxies are preferentially at very 
large redshifts where the evolution cannot be 
neglected.

Metcalfe et al 2000



Average comoving number density (i.e., number counted divided by expected number from a homogeneous random catalog) of LRGs 
inside comoving spheres centered on the 3658 LRGs shown in Fig. 1, as a function of comoving sphere radius R. The average over all 
3658 spheres is shown with squares, and the averages of each of the five R.A. quantiles are shown as separate lines. At small scales, 
the number density drops with radius, because the LRGs are clustered; at large scales, the number density approaches a constant, 
because the sample is homogeneous.

Hogg et al 2005

http://www.journals.uchicago.edu/ApJ/journal/issues/ApJ/v624n1/61616/61616.text.html#fg1
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Non-linear evolution: from 
Zeldovich approximation to DM 
halos 



ART

Kravtsov, 
Klypin

60Mpc



Formation 
of a MW-
size halo

ART

Klypin, 
Kravtsov

0.5Mpc



LSS: 300Mpc Ben Moore: PKDGRAV



ART: 10Mpc
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Local Group:z=0
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Formation 
of a Cluster

Gottloeber: 
ART

3Mpcz=1



Local Group:z=7
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B.Moore: 	


Virgo Cluster	


PKDGRAV



Formation of a galaxy

Governato 	


et al: GASOLINE

Gas and 
stars




