
interior angles of a triangle...180 degrees? 



parallel lines?



mass curves space locally too



Orbits can be understood in terms of curved space



Prediction: the Sun bends starlight that passes near it



Einstein’s view is that light is just following the shortest 
path (geodesic) in curved spacetime



1919 eclipse 
expedition 
confirms the 
bending of 
starlight by the 
Sun… quantitative 
agreement with 
Einstein (2 times 
bigger effect than 
Newton)







“Einstein Cross” - quadruply lensed galaxy (as some of you 
pointed out, if the alignment were perfect, you’d get a ring)



Smithsonian building on the Washington Mall, with a Saturn-mass 
black hole halfway between the building and the observer



galaxy clusters are the largest single entities in the universe; we’d like to 
measure the mass in galaxy clusters to sample Ωm on these scales



foreground galaxy cluster lensing background galaxies





by modeling the observed lensing, the mass distribution in the cluster can 
be determined along with the total mass of the cluster: this “weighs” both 

regular baryonic matter and dark matter



purple is x-ray emission from hot (> million K) gas

most baryonic matter in the universe is this hot, cluster gas


