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Today 
More CMB 

Reionization

Next time: Review, Homework 5 due 
One week hence: Exam



Etc. pole

ℓ = 7,8,9

ℓ = 4,5,6

ℓ = 1,2,3

ℓ = 10,11,12

Spherical harmonics provide a convenient way to 
decompose the fluctuations observed on the sky 
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CMB power spectrum



Detailed shape of the acoustic power spectrum depends sensitively on cosmic parameters. 
First and foremost, the location of the first peak measures the angular diameter distance to the surface of last 
scattering. This is the best evidence that the universe is very nearly flat:  (Planck X 2018)Ωk = − 0.011 ± 0.006

From Wayne Hu’s CMB tutorial - http://background.uchicago.edu/index.html
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Baryon acoustic oscillation in galaxy correlation function

Eisenstein et al. (2005)
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Detailed shape of the acoustic power spectrum depends sensitively on cosmic parameters. 
First and foremost, the location of the first peak measures the angular diameter distance to the surface of last 
scattering. This is the best evidence that the universe is very nearly flat:  (Planck X 2018)Ωk = − 0.011 ± 0.006
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Detailed shape of the acoustic power spectrum 
depends sensitively on cosmic parameters. 

Best-fit cosmology obtained from multi-parameter fit. 
Well constrained, but not unique - lots of parameter 

degeneracy. 

Wayne Hu provides a nice CMB tutorial at http://background.uchicago.edu/index.html

Damped and driven oscillator 

Baryons damp oscillations, like a 
kid dragging his feet on a swing. 

pure damping spectrum in limit 
of all baryons 

Dark matter helps drive oscillations, 
like a parent pushing the kid.
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Compression and rarefaction 
nearly cancel out, but don’t 
quite. Left with

CMB power spectrum



CMB dependence on the density of baryonic and non-baryonic matter

Fix CDM; vary baryons Fix baryons; vary CDM

No CDM

Damped and driven oscillator 

Baryons damp oscillations, like a 
kid dragging his feet on a swing. 

pure damping spectrum in limit 
of all baryons 

Dark matter helps drive oscillations, 
like a parent pushing the kid.



LCDM 1999

No CDM

Predictions before the data came in

No CDM correctly predicted the second peak… …but cannot explain the third peak
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baryons a net drag CDM a net forcing term

CMB power spectrum



3rd peak strong evidence for 
physics beyond baryonic drag

unbinned data

binned data

CMB power spectrum



Detailed shape of the acoustic power spectrum 
depends sensitively on cosmic parameters. 

https://wiki.cosmos.esa.int/planck-legacy-archive/images/b/be/Baseline_params_table_2018_68pc.pdf

Best-fit cosmology obtained from multi-parameter fit. 
Well constrained, but not unique - lots of parameter 

degeneracy. 

CMB power spectrum



Planck (2018)
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78

75.1 ± 2.3 ± 1.5 (Schombert et al. 2020)
75.0 ± 0.8 ± 3 (Tully et al. 2022)

73.01 ± 0.99 (Riess et al. 2022)

+

Hubble constant tension



H0
13 < Age < 14 Gyr

Age (open)

Age (flat)

⌦m

Planck constraint: ⌦mh3 = 0.0959± 0.0006
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Cosmology today: tension in H0   …and Ωm

The CMB best fits have marched away from the original concordance region

ΩMh3 = 0.0959
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3rd peak strong evidence for physics beyond baryonic drag. 

This is usually interpreted to require the existence of non-
baryonic cold dark matter, which Planck requires at over : 

 

However, the interpretation remains ambiguous - could also be 
a modification of gravity (e.g., RMOND gives an identical 
power spectrum.)               (Skordis & Zlosnik 2021, PRL, 127, 161302)

50 σ
ΩCDMh2 = 0.1206 ± 0.0021

CMB acoustic power spectrum

CMB polarization power spectrum
Galaxy power spectrum

Physical Review Letters, Volume 127, Issue 16, article id.161302



“Cosmologists are often wrong, but never in doubt”
- Lev Landau

Quantity
SCDM
1988

LCDM
1995

WMAP5
2008

Planck
2018

Ωm 1 0.35 0.258±0.027 0.315 ± 0.007

ΩΛ 0 0.65 0.742 0.696 ± 0.009

Ωbh2 0.0125
±0.0025

0.015
0.009 - 0.020

0.02273
±0.00062

0.0224
±0.0001

Ho 50 65 71.9±2.7 67.4 ± 0.5

dark matter CDM CDM CDM CDM

Cosmological parameters by decade

“Concordance model”“Standard CDM”

“reasonable range”


