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Modelling the Universe 
 

Cosmological principle:  universe is homogeneous and 

isotropic on large scales (> 100 - 300 Mpc). 

 
Good evidence  

for this from: 
 

• galaxy surveys 
 

• isotropy of the  

  CMBR 

   
 
 
 
 



Modelling the Universe 
 

Background cosmological model described  

by the Robertson-Walker metric 
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Friedmann’s Equations: 
 
 
 
 
 
 
 
 
 
 
Can tune       to give                              but unstable  
 
(and Hubble expansion  made idea redundant) 
 
But Lambda term could still be non-zero anyway ! 
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Adapted from Hubble (1929) 





Evolution of scale factor given  

by Friedmann’s equation 
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Slope  =  H(t) 



Evolution of scale factor given  

by Friedmann’s equation 
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Present-day slope  =  H0  

 

  

Linear relationship  

for small redshift 



Re-expressing Friedmann’s Equations 
 
For 
 
 
 
 
 
 
Define 
 
 
 
 
 
It follows that, at any time 
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Is the Universe speeding up or slowing down? 

We can answer this question 

using type Ia supernovae 

Narrow range of 

brightness at maximum 

light indicates a good 

Standard Candle 

Geometry of the universe affects 

the relationship between redshift 

and luminosity distance of distant 

supernovae 
Closed Open Flat 



redshift 

‘Speeding up’  model 

‘Slowing down’  model 

Hubble’s law for 

nearby supernovae 

Hubble diagram of distant supernovae 
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Adapted from Perlmutter et al (1998) 





Early Universe too hot for 

neutral atoms to exist 
 

Free electrons scatter 

light (as in a fog) 

Image from wikipedia 



Early Universe too hot for 

neutral atoms to exist 
 

Free electrons scatter 

light (as in a fog) 

 
After ~380,000 years, 

Universe cool enough  

for neutral hydrogen to 

form:  the fog clears! 

Image from wikipedia 



Background radiation 

predicted in 1950s and 1960s 

by Gamov, Dicke, Peebles. 

Discovered in 1965 by 

Penzias and Wilson 

Arno Penzias and Robert Wilson 

Robert Dicke 

Jim Peebles 





COBE map of temperature across the sky 



CMBR ‘ripples’ are the  

seeds of today’s galaxies 

Galaxy formation is highly 

sensitive to the pattern of 

CMBR temperature  



Adapted from Lineweaver (1997) 
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Predicted curve very 

sensitive to 

‘ingredients’ of 

cosmological model. 

 

 Cosmological parameters from the CMBR 

Angular size of 

sound horizon  

at recombination 

Amplitude of Doppler peaks 

sensitive to density of matter 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CMBR spectrum tightly constrained but H0 degenerate with other parameters  
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Friedmann equation 
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State of the Universe: Mar 2013 
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Inflation for astronomers 
 
We have been considering                 but suppose that 
in the past               .  From the Friedmann equations it 
would then be very difficult to explain why it is so 
close to zero today.  

00 k

0k

From Guth (1997) 



Present day ‘closeness’ of matter density to the critical 

density appears to require an incredible degree of ‘fine 

tuning’ in the very early Universe. 

FLATNESS PROBLEM 

From Guth (1997) 



Inflationary solution to the Flatness Problem 

From Guth (1997) 



How do we explain the isotropy of the CMBR, when 

opposite sides of the sky were ‘causally disconnected’ 

when the CMBR photons were emitted? 

HORIZON PROBLEM 



Image from wikipedia 



Small, causally 

connected region 

Limit of observable  

Universe today 

INFLATION 

Inflationary solution to the Horizon Problem 

From Guth (1997) 



Following Albrecht (2000) 



 

Inflation also provides a mechanism for generating 

CMBR fluctuations in the first place. 
 

Primordial quantum fluctuations become  

magnified to super-horizon scales, that  

we see in the CMBR 



Simplified CMBR Power Spectrum 

Adapted from Lineweaver (1997) 
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Predicted curve very 

sensitive to 

‘ingredients’ of 

cosmological model. 

 

 Cosmological parameters from the CMBR 

Angular size of 

sound horizon  

at recombination 

Amplitude of Doppler peaks 

sensitive to density of matter 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CMBR spectrum tightly constrained but H0 degenerate with other parameters  

2

2

2

33

8

R

kG

R

R
H 















Friedmann equation 
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We can obtain information 

from the CMBR 

polarisation as well as 

temperature maps. 



We can obtain information 

from the CMBR 

polarisation as well as 

temperature maps. 

From Hu and White (1997) 



Because the Thomson scattering is 

anisotropic, the CMBR is polarised. 

 

We can decompose the polarisation  

field into E and B modes. 

Grad 

 

 

Curl 



From Hu and White (1997) 



From Krauss et al (2010) 



Image from www.lsst.org 





Ade et al (2014) BICEP-2 results 



Cambridge, Sep 08 

What can we constrain with CMBR data? 

Following Melchiorri (2008) 

1Sn

SUPAGWD, Dec 2012 



What can we constrain with CMBR data? 

Following Melchiorri (2008) 



Ade et al (2013)  Planck results 



Ade et al (2014) BICEP-2 results 





Ade et al (2013)  Planck results 



Ade et al (2013)  Planck results 



Ade et al (2013)  Planck results 

Allows for a running spectral index 



Ade et al (2013)  Planck results 



Ade et al (2013)  Planck results 

Allows for a running spectral index 



Ade et al (2014) BICEP-2 results 



So... 

 

•  Detection of B-mode polarisation looks 

 secure.   Is it primordial?.... 





So... 
 

•  Detection of B-mode polarisation looks 

 secure.   Is it primordial?.... 

 

•  Are we seeing gravitational waves from  

   inflation? 
 

 See Dent, Krauss & Mathur  arxiv: 1403.5166 
 

  Isocurvature perturbations – not quite ruled out! 
 

 See Bonvin, Durrer & Maartens  arxiv: 1403.6768 
 

  Some of B-mode signal from magnetic fields 



r = 0.11  + B-field 

Bonvin, Durrer & Maartens  arxiv: 1403.6768 
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