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A New Theory of Gravity

•  General Relativity (GR)
–  published by Einstein in 

1916
–  GR describes all 

gravitational systems
•  black holes
•  planetary systems 
•  the universe

•  Connections between mass 
and space
–  mass creates curvature in 

space
–  space curvature tells 

masses how to move- 
gravitational acceleration



Gravity: Einstein’s reconception of Newton
more mass (density) = more spacetime curvature

Black hole  The Sun Neutron starFlat space



Contents, Geometry, Fate



Friedmann Equations�
for a homogeneous, isotropic universe

Derived independently from the 00 component of the
Einstein equations and the trace of the Einstein equations



Solutions for Expanding Universes
•  Cosmological principle: that we see 

what every other observer sees

•  Expansion/contraction are generic 
to homogeneous and isotropic 
solutions 

•  Static solutions do exist
–  requires repulsive force to 

offset gravitational attraction
–  Einstein associated this 

repulsive force with the 
cosmological constant

•  Hubble discovered expansion
–  a bad day for Einstein 
–  Einstein came close to 

predicting that the universe is 
expanding

A	  sta&c	  universe	  requires	  repulsive	  force	  
to	  exactly	  offset	  the	  gravita&onal	  a8rac&on	  
which	  a8empts	  to	  contract	  space.	  

Slice	  through	  2D,	  	  
model	  universe	  on	  
surface	  of	  sphere.	  

Repulsive	  force	  

Gravity	  



Hubble Law v = H r



SPACE EXPANDS



NOT EXPANDING INTO ANYTHING – GRID 
EXPANDS



Parameters of an Expanding Universe
•  Evolution and geometry determined by balance of 

expansion and gravitational attraction (think of 
galaxies as debris)

•  Expansion
–  Hubble parameter H0, is measure of expansion rate

•  Gravitational attraction: normal matter slows 
expansion
–  Determined by mean matter density 
–  There is a critical density which is that required to halt 

expansion

•  Balance of attraction and expansion expressed with 
cosmological density parameter

ρcrit =
3H0

2

8πG
∝ H0

2

Ω0 =
ρ
ρcrit

H0 = 20 km/s/MLy



Observable Region of Universe 
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Contents of the Universe





Permitted geometries for the universe

Parallel	  Lines	  Converge	  

Parallel	  Lines	  Remain	  Parallel	  

Parallel	  Lines	  Diverge	  
Open	  Space	  

ρ<ρcrit	  
Ω0<1	  

Flat	  Space	  
ρ=ρcrit	  
Ω0=1	  

Closed	  Space	  
ρ>ρcrit	  
Ω0>1	  

Figures	  from	  Universe	  by	  William	  Kaufmann	  



The changing size scale of the Universe 



Expansion history of the universe





(Cosmic	  Microwave	  Background)	  

Brief (Graphic) History of the Universe



A brief history of the universe



Discovery of light deflection

•  Suspected by Newton and Laplace

–  Soldner (1804) calculated deflection angle

•  Einstein (1915) applied GR

–  twice the deflection angle

•  Eclipse experiment (1917)

–  confirms Einstein's result 





Measuring lensing signals

The deflection is proportional to the mass and 
strength depends on geometry of the universe as it 

depends on distances



Gravitational lensing













HUBBLE FRONTIER FIELDS	  



Contents of the Universe
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Schwarzschild solution to Einstein’s 
Field Equations



Gravitational Waves from merging BHs 
LIGO detection



Transmission of gravitational waves





Relationship between mathematics 
& reality

•  Pythagoras, Plato – All is number

•  Galileo - The book of nature is written in the language of 
mathematics 

•  Predictive powers of physical laws reveal fundamental 
truths about reality not producing merely models but 
reality itself

•  Mathematics appears to be more than a language or 
convenient notational system to understand the physical 
world, the universe

•  Mathematics is a product of the human imagination that 
we tailor to describe reality


