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Cosmological 
Perturbation Theory



CMB temp. anisotropy and 2D power spectrum

Large-scale structure and 3D power spectrum Type Ia Supernovae and 
acceleration

Primordial 
Nucleosynthesis and 

atomic abundance

Atom, photon, neutrino, dark matter, dark energy

Gravitational wave propagation speed

Observations (Four Pillars +α)



CMB Spectrum

Observation

Theory: Theoretically simplest 

In thermal equilibrium
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Smoot and Scott, Cosmic microwave background (1998) in the 1998 Review of  Particle Physics 

Wavelength



http://www.esa.int/Our_Activities/Space_Science/Planck

Planck (2013)
Redshifted sky of 0.38Myr after the Big Bang

Linear perturbation (near 
equilibrium) is enough!
Theorists are well trainedhttps://www.cosmos.esa.int/web/planck

2.725 ± 0.0003 K = 2.725 (1±10-4) K



cosmic variance
(due to lack of  samples)

Statistical analysis of the 
fluctuations

Planck 2013 results. I. Overview of  products and scientific results [astro-ph/1303.5062]

Theory(model)Observation

Te
m

er
at

u
re

fl
u

ct
u

at
io

n

Anglar size

Best matching parameters:
13.797 ± 0.023 Gyr
Age of  the model Universe
4.54 ± 0.05   Gyr

Age of  the model Earth

Einstein’s gravity
Cosmological principle (H-I space)
Dark energy
Dark matter
Inflation (early acceleration era)

Unbelievable success of linear 
perturbation theory!

Sachs-Wolfe effect



Sachs and Wolfe, ApJ 147 (1967) 73

fully nonlinear and exact ADM (Arnowitt-Deser-Misner)
or 3+1 formulation

Do we need such a heavy formulation in cosmology?

Covariant
or 1+3 formulation



Time

Scale Horizon ~ ct
(13.8Gly~4.2Gpc)

Distance between 
two galaxies (~1Mpc)

Early 
acceleration? 
Inflation era

Radiation era Matter era

Quantum 
generation

Relativistic linear stage
conserved evolution

Newtonian 
Nonlinear evolution

recombination
(~380,000yr)

Microscopic (~10-30cm)

Macroscopic (~.1mm)

(~10-35sec) radiation=matter(~10,000yr)
present (~13.8Gyr)

Acceleration?

?

Scenario

Big Bang
















































