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Lecture 14: 
Cosmological Principles 

 The basic Cosmological Principles 
 The geometry of the Universe 

 The scale factor R and curvature constant k 
 Comoving coordinates 

 Einstein’s initial solutions 
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I : BASIC COSMOLOGICAL 
ASSUMPTIONS 

 Historical setting… Germany 1915: 
 Einstein just completed theory of GR 
 Explains anomalous orbit of Mercury perfectly 
 Einstein turns his attention to modeling the 

universe as a whole… 

 How to proceed?  
 It’s a horribly complex problem! 
 Recall that it took a brilliant mathematician 

(Schwarzschild) to solve Einstein’s equations for a 
single isolated point mass!!  
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How to make progress… 

 Proceed by ignoring details… 
 Imagine that all matter is “smoothed” out... 
 i.e., ignore “details” like stars and galaxies, but 

deal with a smooth distribution of matter 

 Then make the following assumption which is 
known as the Cosmological Principle :  
 The Cosmological Principle : The Universe looks 

the same (on average) no matter where you are 
or in what direction you look. 

 This is also called the Generalized Copernican 
Principle (WHY?) 
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 Two immediate consequences of the 
Cosmological Principle :  

 Universe is homogeneous – every place in the 
universe has the same conditions as every other 
place, on average. 

 Universe is isotropic – there is no preferred 
direction in the universe, on average 

 Questions (for discussion in class) 

 Can you imagine a Universe that appears to us to 
be isotropic but is not homogeneous? 

 Can you imagine a Universe that is homogeneous 
but not isotropic? 
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 Of course, we would be foolish to stick 
by the assumptions of homogeneity and 
isotropy if they weren’t actually true! 

 We will see later in the course that: 
 Homogeneity is confirmed by looking at 

“maps” of the large scale distribution of 
galaxies 

 Isotropy is confirmed by looking at maps 
of galaxy distributions as well as the 
“Cosmic Microwave Background”. 
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Las Campanas 
Redshift survey 

A map of 
galaxies in a 
slice of the sky 
out to ~2 
billion light 
years 

z=0.20 
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But… it’s clearly not 
homogeneous !?!?! 

 There is clearly “large-scale structure” 
 Filaments, clumps 
 Voids and bubbles 

 But, distribution is homogeneous on very 
large-scales. 

 We assume that this structure can be 
smoothed over, and that an analysis of the 
smoothed system will give the right answer 
for the Universe as a whole… 
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II : POSSIBLE GEOMETRIES FOR 
THE UNIVERSE 

  Recall that, in GR, gravity is described by spacetime 
curvature.   So, what is the geometry of spacetime 
for the Universe as a whole? 
 Without some guidance, there an enormous set of 

possibilities for the geometry of spacetime. 
  The Cosmological Principle dramatically constrains the 

possible geometries for the space-time that describes 
Universe on large scales. 

  The problem at hand - to find curved spacetimes such that 
the “space” piece is both isotropic and homogeneous…  

  In fact, there are only three possible geometries that 
satisfy these conditions… 
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Case I : Spherical geometry 

  Here, our 3-d space is the surface of a 4-d sphere! 
  Same “positive” curvature everywhere 
  Parallel lines converge 
  If you travelled in one direction far enough, you 

would come back to the starting point. 
  The total volume is finite (CLOSED SPACE) 
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Case II : Flat geometry 

  This is our “normal” familiar 3-d geometry 
  Parallel lines never meet 
  Space is infinite… keep going in one direction and 

you will never return to starting point 
  The total volume is infinite (OPEN SPACE) 
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Case III : Hyperbolic geometry 

  Same “negative” curvature everywhere 
  Actually impossible to draw a full representation of 

this space in fewer dimensions 
  Parallel lines diverge 
  Total volume is infinite (OPEN SPACE) 
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III : THE SCALE FACTOR OF THE 
UNIVERSE 

 Once, we’ve chosen one of these cases, the 
large-scale geometry of the Universe is 
determined if we know that scale factor, R 

 What is the scale factor? 
 R tells you how “big” the space is…  
 Allows you to talk about changing the size of the 

space (expansion and contraction of the Universe - 
even if the Universe is infinite). 

 When we talk about expansion of the Universe, we 
are referring to changes in the scale factor 
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  Simplest example is spherical case 
  Scale factor is just the radius of the sphere 

R=1 R=2 R=0.5 
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  What about k=-1 (hyperbolic) universe? 
  Scale factor gives “radius of curvature” 

  For k=0 universe, there is no curvature… shape is unchanged as 
universe changes its scale (stretching a flat rubber sheet) 

R=1 R=2 
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III : THE DYNAMICS OF THE 
UNIVERSE – EINSTEIN’S MODEL 

 Back to Einstein’s equations of GR 

“G” describes the space-
time curvature (including its 
dependence with time) of 
Universe… here’s where we 
plug in the FRW 
geometries. 

“T” describes the matter 
content of the Universe.  
Here’s where we tell the 
equations that the Universe is 
homogeneous and isotropic. 
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  Einstein plugged the three homogeneous/isotropic 
cases of the FRW metric formula into his equations 
of GR to see what would happen 

  Einstein “knew” that the Universe was static and 
unchanging… so R=constant.   He found… 
  That, for a static universe (R(t)=constant), only the 

spherical case worked as a solution to his equations 
  If the Universe started off static, it would rapidly start 

collapsing (since gravity attracts) 
  The only way to prevent collapse was for the universe to 

start off expanding… there would then be a phase of 
expansion followed by a phase of collapse.  The static 
phase would only exist for an instant between the 
expanding and contracting phases 
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A bit of scientific sociology 
  So… Einstein could have used this to predict that the 

universe must be either expanding or contracting! 
 … but this was before Hubble discovered expanding 

universe (more soon!)– everybody thought that 
universe was static (neither expanding nor 
contracting). 

  So instead, Einstein modified his GR equations! 
 Essentially added a repulsive component of gravity 
 New term called “Cosmological Constant,” Λ 
 Could make his spherical universe remain static 
 BUT, it was unstable… a fine balance of opposing 

forces.  Slightest push could make it expand 
violently or collapse horribly. 
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A stroke of genius? 

 Soon after, Hubble discovered that the 
universe was expanding! 

 Einstein called the Cosmological 
Constant “Greatest Blunder of My Life”! 

 ….but very recent work suggests that he 
may have been right (more later!) 


