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Empirical Pillars of the Hot Big Bang

1. Hubble Expansion 
2. Big Bang Nucleosynthesis 
3. Cosmic Microwave Background 

- Dark matter 
- Dark Energy

Auxiliary Hypotheses

Ωm = Ωb + ΩDM

ΩDM

Ωb

ΩΛ



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



ΩΛ0

Ωm0

Ωb

Current mass-energy content of the universe
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dark energy

5 × 10−5Ωr photons

nν =
9
11

nγ

for 3 neutrino flavors with  
0.06 <

3

∑
i=1

mνi
< 0.12 eV

ΩCDM

cosmic background radiation

normal matter

mass that is not normal matter

energy density of vacuum

give or take a bit

Ωx =
ρx

ρcrit

0.001 < Ων < 0.002neutrinos

ρcrit =
3H2

0

8πG

Ων =
∑ mν

93 eV
e.g,

since

upper limit from cosmic structure formation
lower limit from neutrino oscillations

“Vanilla LCDM”

plus  in neutrinos4 × 10−5



Measurements of  the gravitating mass density

• Cluster M/L
– measure M/L of a cluster, combine with measured 

luminosity density of universe.
• Weak lensing

– measure shear over large scales
• Peculiar Velocity Field

– measure deviations from Hubble flow
• Power spectrum of galaxies
• CMB fits



Measurements of  the gravitating mass density

• Cluster M/L
– measure M/L of a cluster, combine 

with measured luminosity density of 
universe.

– Mass from virial theorem

– luminosity L from observations of 
cluster galaxies

– j from integrating the luminosity 
function of field galaxies:

ρm = ( M
L ) jj = Φ* L* Γ(α)

M ≈
2.5
G

σ2Re

Coma cluster



Measurements of  the gravitating mass density

• Cluster M/L
– measure M/L of a cluster, combine 

with measured luminosity density of 
universe.

– j from integrating the luminosity 
function of galaxies:

– Also, cluster baryon fractions:

– both assume clusters are 
representative of the whole.

ρm = ( M
L ) j

Ωm =
Ωb

fb
fb =

Mb

Mtot

Ωm ≈
1
4

Bahcall, Lubin, & Dorman (1995)

j = Φ* L* Γ(α)
Ωj ≈ 10−3

M
L

≈ 250



McGaugh & de Blok (1998)

Ωm =
Ωb

fb
fb =

Mb

Mtot

– cluster baryon fractions

cosmic  (Planck 2018)fbMeasure cluster baryonic mass  from luminosity of X-ray gas (pink) 
plus stars in galaxies (yellow) 

Measure cluster dynamical mass  from X-ray temperature (pink)  
or weak lensing (blue) 
or velocity dispersion

Mb

Mtot

Bullet cluster



Measure cluster baryonic mass  from luminosity of X-ray gas (contours) 
plus stars in galaxies (black) 

Measure cluster dynamical mass  from X-ray temperature (contours)  
or weak lensing 

or velocity dispersion

Mb

Mtot

Ωm =
Ωb

fb
fb =

Mb

Mtot

– cluster baryon fractions

Most of the baryonic mass in rich clusters is in the hot, X-ray 
emitting gas of the ICM (intracluster medium). Only the most 
massive clusters approach the cosmic fraction found in fits 
to the acoustic power spectrum of the CMB. Lower mass 
clusters suffer a missing baryon problem. 

– cluster baryon fractions
Gonzalez et al. (2013)



Gonzalez et al. (2013)

Most of the baryonic mass in rich clusters is in the hot, X-ray 
emitting gas of the ICM (intracluster medium). Only the most 
massive clusters approach the cosmic fraction found in fits 
to the acoustic power spectrum of the CMB. Lower mass 
clusters suffer a missing baryon problem. 

– beyond cluster baryon fractions
m* = M*/M200

mb = Mb /M200 = (M* + Mg)/M200

cosmic baryon fraction

stellar mass-halo mass relation 
from abundance matching



McGaugh et al. (2010)

f* = M*/M500fd = Md /M500

– beyond cluster baryon fractions

clusters

spiral galaxies

dwarf Irregular galaxies

dwarf 
Spheroidal 
galaxies

fd = Mb /( fb M200) = (M* + Mg)/( fb M200)
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Measurements of  the gravitating mass density

• Cluster M/L
– measure M/L of a cluster, combine with measured 

luminosity density of universe.
• Weak lensing

– measure shear over large scales
• Peculiar Velocity Field

– measure deviations from Hubble flow
• Power spectrum of galaxies
• CMB fits



Measurements of  the gravitating mass density

• Weak lensing
– measure shear over large scales

Ωm ≈ 0.18 ± 0.04 Ωm = 0.179+0.031
−0.038

Dark Energy Survey 
arxiv:2002.11124



Measurements of  the gravitating mass density

• Weak lensing
– measure shear over large scales

S8 = σ8 ( Ωm

0.3 )
1/2

= 0.759+0.025
−0.023

Dark Energy Survey 
Amon et al. (2022, PRD, 105, 023514)



Measurements of  the gravitating mass density

• Cluster M/L
– measure M/L of a cluster, combine with measured 

luminosity density of universe.
• Weak lensing

– measure shear over large scales
• Peculiar Velocity Field

– measure deviations from Hubble flow
• Power spectrum of galaxies
• CMB fits



Measurements of  the gravitating mass density

⌦m = 0.25± 0.05

δv
v

≈
d ln H
d ln ρ

δρ
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• Peculiar Velocity Field
– measure deviations from Hubble flow
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Lines are lines of constant ⌦m

Davis et al. (1980) found

⌦m = 0.4± 0.1

with a modern distance scale this becomes

⌦m = 0.25± 0.05

basically unchanged for over 40 years

Vp/VH


