
The unexpected “flat rotation curves” of 
spiral galaxies were discovered in the 1960s



Vera Rubin, 
discoverer of 
dark matter in 

galaxies



Vera Rubin at Lowell 
Observatory...

and at Palomar 
Observatory in 1965



M31, the Andromeda galaxy

Image credit & copyright: Jason Ware



M31, the Andromeda galaxy

Image credit & copyright: Jason Ware



The rotation speed of stars and gas in Andromeda, as a 
function of distance from the center

From Rubin & Ford, Astrophysical Journal, 159:379 (1970)
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Positions of 
the rotational 
velocity 
measurements

From Rubin & Ford, Astrophysical Journal, 159:379 (1970)



The rotation speed is constant well beyond the visible 
edge of the galaxy!

This indicates a large amount of unseen mass, or 
dark matter

Image credit and copyright:  V. Rubin and J. Dunlap, after M. Roberts



The rotation curve for our Milky Way



Rotation curves of other spiral galaxies, also showing 
the presence of dark matter



Stars and gas on the edges of spiral galaxies 
orbit much faster than they would if they only 
felt the gravity of the other stars in the galaxy

There isn’t just more mass than the starlight 
we see can account for, but that mass is 

distributed differently than the stars



Orbital speed as a function of distance (a 
“rotation curve”)

Milky Way Galaxy Solar System



Most of the mass in spiral galaxies is not 
stars (or gas, dust)

It is 80 to 90% dark matter

and that dark matter is much less 
centrally concentrated than the stars 

(and starlight) are



In another, even larger context

galaxy clusters: all galaxies orbit common 
center of mass



Coma cluster



Hercules cluster



Abell 68 cluster



galaxies are moving 
faster than expected:

80 to 90% of the 
mass is “missing”

Fritz Zwicky

1930s



Shifting gears… gravity as the curvature 
of space



Prediction: the Sun bends starlight that passes near it







1919 eclipse 
expedition 
confirms the 
bending of 
starlight by the 
Sun…





simulation of a black hole distorting the stars behind it



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





“Einstein Cross” - quadruply lensed galaxy





foreground galaxy cluster lensing background galaxies









The observed lensing (left) is used to reconstruct the 
matter distribution (right)



This mass is much more than expected from just the 
observed light




