






1. A mathematical model of the 
universe



Properties of the observed universe:

1. The night sky is dark. Is the universe therefore bounded in space or time?

2. General relativity describes gravity accurately on Solar System scales.

3. The universe is expanding uniformly and isotropically according to Hubble’s law.  
We assume that peculiar velocities can be described by local gravitational 
effects.

4. The Hubble time, H-1, the ages of the oldest stars and the radioactive dating of 
terrestrial elements all approximately agree, i.e. of order a few billion years in 
each case.

5. The observed universe is isotropic on very large scales.

6. We observe a statistically isotropic background of microwave radiation with a 
blackbody spectrum of T = 2.73 K. The is the Cosmic Microwave Background 
(CMB).



Properties of the observed universe:

7. The observed abundance of H, He, Li (and their isotopes) agree with the 
predictions of nucleosynthetic reactions occurring within the early universe.

8. The present day universe is structured (galaxies, clusters, superclusters) - note 
that this point does not contradict point 5.

9. Dynamical, X-ray and gravitational lensing studies imply that most of the matter 
in the universe is dark.

10. The CMB displays temperature anisotropies or fluctuations of order (dT/T)~ 
10-5 on scales of order one degree.

11.Observations of supernovae type 1a (SNe1a) and the CMB indicate that 
the universe is spatially flat and expanding at an accelerating rate.



Basic principles:

• The observed universe is isotropic.

• The cosmological principle (an extension of 
the Copernican principle) assumes that we 
occupy no special place in the universe.

• The combination of observed isotropy with 
the cosmological principle implies that the 
universe is homogeneous.



Understanding what the metric 
represents using Pythagoras’ Theorem as 

an example
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ds2 = gµ⌫dx
µdx⌫
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ds2 = gµµ(dx
µ)2 + g⌫⌫(dx

⌫)2 + 2 gµ⌫dx
µdx⌫
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gµµ = 1; g⌫⌫ = 1; gµ⌫ = 0;xµ = “x”;x⌫ = “y”
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ds2 = dx2 + dy2
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M31

M31 is much further
away than the Galactic 
Cepheids - it must be a 
galaxy in its own right.



NGC 6822











The anatomy of a scientific revolution: 
At any time there exists

• Observations that are wrong.

• Observations that are correct and can be 
explained by existing theories.

• Observations that are correct but that are 
too complex to be explained by existing 
theories.

• Observations that are correct but for which 
there are no theories to describe them.









Olbers’ paradox



The horizon problem


