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Cosmological  Parameters

• Hubble expansion rate 

•  

• Mass density 

•

H0

Ωm

The search for two parameters has become six, maybe seven

• Hubble expansion rate 

•  

• Power spectrum index and normalization 

•   [ ] 

•   (amplitude of mass fluctuations in 8 Mpc spheres) 

• Mass-energy density 

• Normal matter (baryon) density  

• Dark matter density  

• Dark energy density (cosmological constant)  

• Neutrino mass density  (they’re mass as well as energy)

H0

n P(k) ∝ kn

σ8

Ωb

ΩCDM

ΩΛ

Ων

Or simply   
but in the absence of dark energy, 

H0, q0

q0 =
1
2

Ωm

two parameters six parameters



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

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


Planck (2018)

74

76

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

ΩMh3 = 0.0959

covariance between parameters



H0
13 < Age < 14 Gyr

Age (open)

Age (flat)

⌦m

Planck constraint: ⌦mh3 = 0.0959± 0.0006

Expansion rate

M
as

s d
en

si
ty



Cosmology today: tension in H0   …and Ωm

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

ΩMh3 = 0.0959



McGaugh (2024) Universe, 10, 48

https://www.mdpi.com/2218-1997/10/1/48


McGaugh (2024) Universe, 10, 48

https://www.mdpi.com/2218-1997/10/1/48


Planck best fit LCDM Model with  
and 

H0 = 73
Ωmh3 = 0.09633

residuals before and after 
gravitational lensing

residuals before and after 
gravitational lensing

H0 = 67.36 ± 0.54

McGaugh (2024) Universe, 10, 48

https://www.mdpi.com/2218-1997/10/1/48


Copi et al (1995) range

LCDM correctly predicted the location of the first peak, which is consistent with the expected flat geometry ( )|Ωk | < 0.005

LCDM did not correctly predicted the amplitude of the second peak, which was correctly predicted by the case of no CDM

LCDM 1999

No CDM

No CDM models

The amplitude of the second peak was the driver of the increase in the baryon density over the expectation of BBN



LCDM 1999

No CDM

Predictions before the data came in

No CDM correctly predicted the second peak… …but cannot explain the third peak



3rd peak strong evidence for 
physics beyond baryonic drag

unbinned data

binned data

CMB power spectrum
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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., AeST 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

Does it have to be CDM?



“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”



© 2007 Pearson Education Inc., publishing as Pearson Addison-Wesley

Time                      Event 
          Planck scale (speculative) 
          GUT scale (speculative) 
          Inflation (speculative) 
          Standard Model forces emerge   

            WIMPs decouple (speculative) 
            quarks condense into baryons (baryogenesis) 
            proton-antiproton annihilation ends 

                   neutrinos decouple 
                   electron-positron annihilation ends 

               Big Bang Nucleosynthesis 
             Matter-radiation equality 

     Atoms form, CMB emerges 
     Gas temperature decouples from radiation 

             Dark Ages 
     Cosmic dawn (first stars) 

             Galaxies form 
     Peak star formation 

     Sun forms  
   Life on earth

t ∼ 10−43 s
t ∼ 10−38 s
t ∼ 10−35 s
t ∼ 10−12 s
t ∼ 10−8 s
t ∼ 10−5 s
t ∼ 10−4 s
t ∼ 1 s
t ∼ 4 s
t ∼ 102 s
t ∼ 105 yr
t ∼ 4 × 105 yr
t ∼ 5 × 106 yr
t ∼ 107 yr
t ∼ 5 × 108 yr
t ∼ 109 yr
t ∼ 4 × 109 yr
t ∼ 9 × 109 yr
t ∼ 13 × 109 yr



Next frontier: 21 cm absorption at high redshift

Radio wavelength photons traveling to us from the epoch of 
recombination can be absorbed by neutral gas during the dark 
ages and at cosmic dawn
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T−1
S =

T−1
γ + xiT−1

kin

1 + xi
.

Cosmic Dawn Dark Ages

TS

Tγ

Tkin

kinetic gas temperature
spin temperature

(21 cm line pop)
radiation temperature (CMB)

Can get
absorption 
when TS < Tγ

Three Temperatures:   radiation temperature (the energy of the relic radiation field that is now the CMB)Tγ

  kinetic temperature (gas kinetic motion - what we normally think of as temperature)Tkin

  spin temperature (21 cm line - statistical distribution of levels in atomic hydrogen)TS

z



T−1
S =

T−1
γ + xiT−1

kin

1 + xi
. xi

Dark ages: atomic collisions 
Cosmic dawn: Lyman 𝛂 photons {

T21(z) = T0
xHI

𝔥z [(1 + z)fb ( ωb

0.02 )]
1/2

(1 −
Tγ

TS )

H2(z) = H2
0[ΩΛ + Ωm(1 + z)3 + Ωr(1 + z)4 − Ωk(1 + z)2]

H̃(z) = H0Ω1/2
m (1 + z)3/2

𝔥z =
H(z)
H̃(z)

Spin temperature bracketed by the radiation temperature and the kinetic gas temperature:

xi couples the spin temperature to the kinetic gas temperature

Prediction for 21 cm absorption at high redshift

21 cm brightness temperature:

Expansion history specifies path-length photons must traverse.

absorption when
TS < Tγ

This usual approximation  may not suffice.H̃(z)

(This is an approximation)

ωb = Ωbh2

fb =
Ωb

Ωm

 neutral hydrogen fraction 
(  during the dark ages)

xHI
xHI ≈ 1

T0 = 20 mK




