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Standard model of cosmology

◮ Radiation

◮ Baryons

◮ (Cold) Dark Matter

◮ Cosmological constant

◮ Spatial curvature Ωk ≈ 0

◮ Hubble parameter

H
2(z)

H2
0

= Ωr ,0(1 + z)4 +Ωb,0(1 + z)3 +ΩDM,0(1 + z)3 +ΩΛ +Ωk,0(1 + z)2

where Ωk,0 = 1− Ωr ,0 − Ωb,0 − ΩDM,0 − ΩΛ.
Convenient to use Ωm,0 = Ωb,0 +ΩDM,0.
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Radiation (CMB)

◮ We observe a blackbody radiation (CMBR) at a
temperature of 2.73 K, hence the corresponding
energy density is

ρr = aBT
4 ≈ 4.2× 10−13erg cm−3.

Spectrum measured by COBE (1992).
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Radiation (CMB)

◮ We observe a blackbody radiation (CMBR) at a
temperature of 2.73 K, hence the corresponding
energy density is

ρr = aBT
4 ≈ 4.2× 10−13erg cm−3.

◮ Converting this to equivalent mass density, we get

ρr ≈
4.2× 10−13

(3× 108)2
gm cm−3 = 4.6×10−34gm cm−3.

◮ Thus

Ωr,0 ≈
4.6× 10−34

1.88× 10−29h2
= 2.45× 10−5

h
−2.

◮ If we include relativistic neutrinos too, then the
value goes up to Ωr,0 ≈ 4.3× 10−5h−2.

Spectrum measured by COBE (1992).
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Baryons

◮ Constraints from Big Bang nucleosynthesis:
ρb,0 ≈ 4× 10−31 gm cm−3 which implies
Ωb,0h

2 ≈ 0.02.

◮ Also constraints from CMB anisotropies:
Ωb,0h

2 ≈ 0.02.

Tytler et al (2000)
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(Cold) Dark Matter

◮ Virial theorem applied to (Coma) cluster:
〈v2〉 = GM/R.

Measure 〈v2〉 from redshifts and also measure size
=⇒ calculate M.

Found M ∼ 10Mgas.

5



(Cold) Dark Matter

◮ Virial theorem applied to (Coma) cluster:
〈v2〉 = GM/R.

Measure 〈v2〉 from redshifts and also measure size
=⇒ calculate M.

Found M ∼ 10Mgas.

◮ Rotation curve of galaxies: expect v ∝ R−1/2

beyond the galaxy (visible) mass =⇒ require
ρ ∝ R−2 to fit the flat curve.

5



(Cold) Dark Matter

◮ Virial theorem applied to (Coma) cluster:
〈v2〉 = GM/R.

Measure 〈v2〉 from redshifts and also measure size
=⇒ calculate M.

Found M ∼ 10Mgas.

◮ Rotation curve of galaxies: expect v ∝ R−1/2

beyond the galaxy (visible) mass =⇒ require
ρ ∝ R−2 to fit the flat curve.

◮ CMB observations (also large-scale structure)
imply Ωm,0 ≈ 0.3.

5



(Cold) Dark Matter

◮ Virial theorem applied to (Coma) cluster:
〈v2〉 = GM/R.

Measure 〈v2〉 from redshifts and also measure size
=⇒ calculate M.

Found M ∼ 10Mgas.

◮ Rotation curve of galaxies: expect v ∝ R−1/2

beyond the galaxy (visible) mass =⇒ require
ρ ∝ R−2 to fit the flat curve.

◮ CMB observations (also large-scale structure)
imply Ωm,0 ≈ 0.3.

◮ No viable candidates in the Standard Model of
Particle Physics.
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Cosmological constant

SN-Ia data from various experimental probes

Padmanabhan & TRC (2003); updated 2013
Data shows that the Universe is accelerating from a ≈ 0.6 onwards.
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Cosmological constant
SN-Ia data from various experimental probes

http://supernova.lbl.gov/union/

Require component with w < −1/3, data consistent with w ≈ −1, and ΩΛ ≈ 0.7. 6



Spatial curvature
Standard “ruler”: the first peak of the CMB power spectrum.

Bond, Jaffe & Knox (1998)

Current constraints are consistent with |Ωk,0| . 0.01.
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Cosmological parameters
Planck collaboration (2016)
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Evolution of different components
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