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OUTLINE

Evolution of perturbations

• Odd and even peaks
• Large-scale anisotropies
• Acoustic oscillations
• Diffusion damping

CMB

BAO



OBSERVABLES

o Primordial perturbations : generated during inflation
o Quantum fluctuations = Gaussianity (@ linear level)
o Matter & radiation perturbation : descendant of inflaton
o Evolutions of matter and photons appear as PSs
o Evolutions determined by Einstein-Boltzmann system



PHOTON PERTURBATIONS I

• Primordial perturbations appear in matter and radiation distributions

• Einstein-Boltzmann system : evolution of photon perturbations 

• Two different evolutions of 𝛿! before and after 𝑧"## ≈ 1100

• Before 𝑧"## , 𝛾, 𝑒$, 𝑝 were tightly coupled (the baryon-photon fluid = regarded as a 
single fluid)

• After 𝑧"## , 𝛾 free-streamed from surface of last scattering 

• Fourier modes = perturbations on different scales



PHOTON 
PERTURBATIONS II 
(ACOUSTIC 
OSCILLATION)
• Fourier modes = perturbations on different 

scales

• Evolution of perturbations of photons 
before 𝜂 = 𝜂∗ (effective temperature 
perturbation : Θ" +Ψ)

• i) photon perturbations not grow after 𝜂∗ (𝛙
too weak to trap 𝛾s ) = free streaming to us : 
preserve perturbations at decoupling

• ii) perturbations of b & DM grows between 
𝜂∗ & 𝜂"

• Sum of gravitational potential & photon 
monopole at 𝜂∗ : present observed photons 
had to travel out of potentials they were in at 
𝜂∗

• Normalized to 𝛙 at the end of inflation ( 
related to curvature perturbation 𝕽 )

k [h/Mpc] = 0.005, 0.02, 0.031,0.039
: no causal physics , 𝜆 > c/aH

: eneter horizon little bit earlier than 1st peak
mode

Acoustic oscillations pattern

: reaches  max @ ls 

l-th multipole meoment



PHOTON 
PERTURBATIONS III 
(ODD, EVEN PEAKS)
• Spectrum of perturbations evaluated @ 𝜂∗
• odd peaks > even peaks (due to F)
• Θ"## + 𝑘$𝑐%$Θ" = 𝐹 : forced HO

• i) 𝜔 = &
'

: mass loading of fluid Ω(

• ii) External force F (potential well generated by 
DM) sets asymmetry in odd & even peaks. (The 
larger F, and the lower 𝜔), the larger the 
asymmetry

• iii) self-gravity & F act in consort leading to 
stronger contraction during contraction

• iv) self-gravity & F act in opposite when 
pressure wins leading to an underdensity

• Plots evaluated @ 𝜂∗, reduced baryons = 
increases m = increase 𝜔 , reduced DM = 
decreases F = suppressed asymmetry



PHOTON PERTURBATIONS 
IV (DIFFUSION DAMPING)

• Beyond oscillations, damping on small scales 𝑘𝜂! ≥ 500 for low-Ω"
• A single fluid approximation is valid only if Γ ~∞

• Reality : 𝛾s travel finite distances between scatters (𝜏 : optical depth)

• 𝜆#$% = − &
'!
= &

(")#*
: 𝛾s’ mean free path (a comoving distance btw each scatter) 

• # of scatter during 𝐻+& interval (total number of steps) : 𝑛,𝜎-𝐻+&

• Total comoving distance : 𝜆.~𝜆#$% 𝑛,𝜎-𝐻+& = &
* (")#/

• Perturbations on scales smaller than 𝜆. are washed out because photon diffusing over 
𝜆. restore the mean 𝑇0 (= damping of high k modes)

• Ω" ↓∶ 𝑛" ↓ , 𝜆. ↑ : stronger damping 



PHOTON 
PERTURBATIONS V
(FREE STREAMING)
• Relate perturbation (Θ!+Ψ)(𝑘, 𝜂∗) to the present observed 

anisotropies 

• 𝛿𝑇(𝑘&, 𝜂∗) : one Fourier mode (a plane-wave perturbation)
• Photons from hot & cold spots separated by a comoving 

distance 1/ 𝑘& travel to us coming from an angular separation 
𝜃 = 1/(𝜒∗ 𝑘&) where 𝜒∗= 𝑐(𝜂!- 𝜂∗) 

• If decompose 𝛿𝑇 into multipole moments Θ2, then 𝜃~1/l

• Project inhomogeneities on scales 𝑘& onto anisotropies on 
angular scales 𝑙~𝜃+& = 𝜒∗ 𝑘& ≈ 𝑐 𝜂! 𝑘&

• But interrupt during free journey 
• Gravitational potentials evolve at early (recombination) (due to 

radiation) and at late (due to DE) : Integrated Sachs-Wolfe 
(ISW) effect

• Not neutral 𝑧 ≤ 10 due to reionization (damping 
anisotropies)

hot = 
brighter

𝑘$%

Arc length

𝑐(𝜂%- 𝜂∗) 



ANISOTROPIES 
FROM INFLATION

• So far, investigate (monoploe & 
dipole) perturbations to photons Θ% & 
Θ' at 𝜂∗ (i.e., last scattering epoch)

• Need to relate them (Θ% 𝜂∗ & 
Θ' 𝜂∗ ) to Θ"(𝜂%) at 𝜂% (present epoch) 
in order to use for observables

• Angular power spectrum (PS) of 
photon perturbations

monopoleole

dipoleole

ISWle



CMB POLARIZATIONS



GENERATION OF CMB POLARIZATION I
E-MODE (FROM SCALAR) 



GENERATION OF CMB POLARIZATION II
B-MODE (FROM TENSOR, GWS) 



CMB POWER 
SPECTRA I 
(NUMERICAL TOOLS)
• List of cosmological Boltzmann codes

• CMBFAST : out of date, 
https://ascl.net/9909.004

• CAMB : https://camb.info/ (Fortran 
90 , Python)

• CLASS : 
https://lesgourg.github.io/class_publi
c/class.html (C++, Python)

• Parameter estimation packages
• CosmoMC 

• Slick Cosmological Parameter 
Estimator (SCoPE)

https://camb.info/
https://lesgourg.github.io/class_public/class.html


CMB POWER 
SPECTRA II (TE)

• 𝐶() 𝑙 : cross correlation btw T and 
E-mode polarization 



CMB POWER 
SPECTRA III (EE)

• List of cosmological Boltzmann codes
• Parameter estimation packages



CMB POWER SPECTRA IV

• Large scale mode : enter horizon only recently

• Measure Ics (Inflation)

• Neglect dipole & almost constant PS 

• Acoustic peaks

Planck 18

dipoleole

ISWle

monopolee



INTERPRETATION CMB TT SPECTRUM I
(EFFECT OF COSMOLOGICAL PARAMETERS)



INTERPRETATION CMB TT SPECTRUM II
(EFFECT OF COSMOLOGICAL PARAMETERS)

• Effect of 𝜏 (6 < z < 15)

• Reionization : CMB 𝛾 scatter off free 𝑒$
again & wash out primordial anisotropies 
(isotropy restored)

• Effect of 𝐴# and 𝑛#



INTERPRETATION CMB TT SPECTRUM III
(EFFECT OF COSMOLOGICAL PARAMETERS)

• Effect of Ω*ℎ+

• Assume flat Universe



INTERPRETATION CMB TT SPECTRUM IV
(EFFECT OF COSMOLOGICAL PARAMETERS)

• Effect of Ω,-ℎ+

• Assume flat Universe



LARGE SCALE 
STRUCTURE



LARGE SCALE STRUCTURE 
(MATTER POWER 
SPECTRUM)



BARYON ACOUSTIC 
OSCILLATION I
• DM is the main matter component : T(k) 
• Still about 16% baryon : affect to T(k)
• Baryon overdensity suppressed compared 

to DM because of coupling
• Lead to small oscillations in T(k) around

k~0.1 h/Mpc
• Roughly form cos(k𝑟") where 𝑟" ≈ 105

Mpc/h : sound horizon at recombination 
(a standard ruler)

• This feature was imprinted only baryon at 
early universe, but transferred to late time 
PS of matter due to coupled by gravity



BARYON
ACOUSTIC 
OSCILLATION II
AS A STANDARD RULER, ONE CAN DERIVE 
BOTH H AND DA


