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ÅOrder of perturbations

ÅLight propagation, linear CMB and ISW

ÅNon-linear effects

ÅLensing order of magnitudes

ÅLensed power spectrum

ÅCMB polarization

ÅReconstructing the potential

ÅCosmological parameters

ÅNon-Gaussianity

ÅCluster lensing
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O(10-5) perturbations

(+galaxy)

Dipole (local motion)

(almost) uniform 2.726K blackbody

Observations:

the microwave 

sky today

0th order (uniform 2.726K) + 1st order perturbations (anisotropies)



CMB temperature

Perturbations: End of inflation Perturbations: Last scattering surface

gravity+

pressure+

diffusion 

Perturbations super-horizon Sub-horizon acoustic oscillations

+ modes that are still super-horizon

0th order uniform temperature + 1st order perturbations:



14 000 Mpc

z~1000

z=0
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Horizon size at 

recombination



Effect of large-scale super-horizon perturbations?

Single-field inflation:  only one degree of freedom, e.g. everything 

determined by local temperature (density) on super-horizon scales

Cannot locally observe super-horizon perturbations (to ὕ )

Observers in different places on LSS will see statistically exactly the same thing 

(at given fixed temperature/time from hot big bang)

- local physics is identical in Hubble patches that differ only by super-horizon modes

Universe recombines at same temperature everywhere; recombination is a constant temperature surface



BUT: a distant observer will see modulations due to the large modes <~ horizon size today
- can see and compare multiple different Hubble patches at recombination

Å Linear modes cause anisotropic redshifting along the line of sight 

- 0th order uniform last scattering surface modulated by 1st order perturbations

generates linear CMB anisotropies on large scales, including ISW

Å linear perturbations at last scattering are observed in perturbed universe:

-1st order small-scale perturbations are modulated by the effect 1st order large-scale 

(and smaller-scale) modes

non-linear CMB anisotropies, mainly CMB lensing (2nd order and higher)

For simplicity consider recombination to give sharp visibility ï

CMB photons come from spherical shell about us at background time –z



Need to use geodesic equation to account for line light propagation:

LSS

Us

Affine parameter ‗

4-momentum ὴ

(this defines choice of  normalization of ‗

Use linear perturbation theory with 

- Conformal Newtonian Gauge (CNG) [scalar perturbations]

- Note signature convention different compared to CMB Theory lectures



Zero component of geodesic equation in the Conformal Newtonian Gauge: 

Linear CMB anisotropies

Note: perturbations ɮand ɰare functions of time and position
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Integrate between time –and today (–), rearrange
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All photons redshift the same way, so ὯὝḐὉȢ

Recombination fairly sharp at background time –z: ~ constant temperature surface.

Also add Doppler effect:



ᵼ

Sachs-Wolfe Doppler ISWTemperature 

perturbation at

recombination
(Newtonian Gauge)



Alternative

Gauge-invariant 3-curvature on constant temperature hypersurfaces ḳὔexpansion in flat gauge
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Writing Sachs-Wolfe source terms  + ISW is just a convenient choice: 

physics is the gradual anisotropic redshifting of photons along the line of sight

In matter domination ɮ ɰ ὧέὲίὸ: ISW term vanishes ïcontributions separate in time

Early ISW: changing potentials going from radiation to matter domination

Late ISW:   changing potentials as dark energy starts to be important

How do potentials evolve, ɮȟɰᴂȩIn Newtonian limit ɮ ɰᶿὋὓȾὶ

- Universe is expanding, physical size of perturbation ᶿὥ, so ὶθ ὥ
- Density perturbations are growing, in matter domination ὓᶿὥ”θ Ⱦ”ᶿὥ”
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Overdensity: positive ISW (net blueshift, deeper potential falling in than climbing out)

Underdensity: negative ISW (net redshift)

Uniform CMB

at last scattering

Late time: dark energy slows growth of structure (expansion faster than growth)

ïpotentials decay with time

Radiation negligible ᵼɰ ɮ

See
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Why the interest in ISW? Probes late time evolution: constrain dark energy

Problem: CMB anisotropy is ISW+Sachs-Wolfe+Doppler+é: cannot easily isolate

Partial solution: correlate CMB with another probe of the large-scale structure

Big overdensityᵼ1. Positive ISW signal, 2. Higher density of galaxies 

ộὝὲỚ> 0Positive correlation 


