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Arrow of time
10-32 sec End of Inflation: origin of 
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=3000 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 fully re-ionized. 

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

z=0.5 Sun is formed.

10-43 sec. Planck time. Inflation begins



Evolution of perturbations at early times:
linear growth

Inflation provides very a simple spectrum of fluctuations: gaussian 
fluctuations in metrics (=gravitational potential):
(Δφ)2∝ constant when averaged over  spheres of radius R.

This gives the power spectrum of fluctuations in the density
P(k)∝ k, where k is a wavenumber

k k

P

After moment of equalityAfter Inflation



Vorticity: dies out due 
to expansion: v ~ 1/a


Perturbations from Big 
Bang do not have 
rotational component 

Different modes of 
perturbations
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Growth of fluctuations in different components

Holtzman 1989

Evolution of adiabatic CDM and 
baryons from earlytimes 
through recombination.

Solid lines are the baryon 
perturbations, dashed lines the CDM 
perturbations, and dotted lines the 
massive neutrino perturbations. 
Perturbations on four size scales are 
shown; each scale is normalized to 
have the same initial amplitude, 
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Zoom-in on the domain of BAO peaks







At the end of the day the LCDM explains both P(k) and correlation function of galaxies



Effects of massive neutrinos on power spectrum

Dawson etal (eBOSS) 2017



Lovell et al 2014

Warm dark matter



Viel et al 2013

Warm dark matter
Random (“thermal”) velocities of dark matter 
particles suppress fluctuations in dark matter: 
free-streaming effect.  Details depend on 
particular particle model of wdm candidates.



Bode et al 2001



Lovell et al 2014

LCDM WDM



Klypin et al. 2015

Abundance of galaxies in WDM vs. LCDM


