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Evolution	of	the	Universe	

Evolution of 
matter, radiation 
and vacuum 
contributions 

















Essential	background	cosmology	
	

The	evolution	of	the	universe	(defined	by	a(t))	is	given	by	the	Friedmann	equation		

	
and	the	acceleration	equation	

	

	

together	with	the	fluid		equation	and	associated	equation	of	state	
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ä

a
= �4⇡G

3
(⇢ + 3P/c2) ,

⇢̇ = �3ȧ
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Matter	or	Radiation	only	solutions	
Should be able to get the basic matter- and radiation-dominated 
scalings from the key equations. 
 
Matter: 
 
 
Radiation: 
 
 
 
Radiation-dominated universe expands more slowly because of 
the deceleration supplied by the pressure term. 



Solutions are often usefully obtained if they are matter or 
radiation-`dominated’ but have a mixture of both 
Matter-dominated: 
 
 
Radiation-dominated: 
 
 
 
Notice the radiation in radiation-dominated case falls off more 
quickly then matter. So, radiation-dominated case is unstable 
when there is a mixture. 

Matter	and	radiation	mixture	solutions	



 
Friedmann equation with cosmological constant 
 
 
 
 
Acceleration equation with cosmological constant 
 
 
Positive cosmological constant gives a positive contribution to 
acceleration 
 

 
 
 

Cosmological	constant	



The cosmological constant can be thought of as a ‘fluid’ with an 
energy density:  
 
The fluid equation becomes: 
 
 
This must mean:  
 
 
More generally:  

 
 
 

Equation	of	state	of	cosmological	constant	



Estimate from the Hubble constant today: 
 
 
 
 
Somewhat more accurately:  
 
 
 

 
 
 

Age	of	the	Universe	



More complete solution: 
 
 
 
 
 
 
 

 
 
 

Age	of	the	Universe	



Now, a ‘closed’ universe ( k > 0) doesn’t necessarily recollapse.  
 
 

Solutions	with	a	cosmological	constant	




