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Vera at Kitt Peak 84-
inch telescope, 1965



Vera and DTM 
spectrograph, Kitt Peak 84-

in





Kent surprised Vera as she 
came to 84-inch catwalk to 
view (cloudy) sky, 1980s.





GALELIO 1564-1642







ISAAC NEWTON 1642-1727



Newton 1686



Distance   Velocity (km/s)

Mercury   0.39 AU         47.9
Pluto         39     AU            4.7
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Lowell Observatory, 1965









M31
Rubin and Ford
   ApJ, 1970
from Baade 1944-1947



Rubin and Ford 1970



Roberts and Whitehurst 1975





Rubin, Science 1983





Zwicky, 1933





DARK MATTER
DOES IT EXIST?  YES (Newtonian gravitational theory)
 rotation curves of galaxies
 galaxy motions in clusters of galaxies
 gravitational lensing
WHERE IS IT?

HOW MUCH IS THERE?

WHAT IS IT?

DOES IT EXIST?  NO (MOdified Newtonian Dynamics, MOND)
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Gravitas: Dubinski & Farah



Gravitas: Dubinski & Farah





The Character of Physical Law
Richard Feynman

The Law of Gravitation, an example of Physical Law

   In this lecture I would like to emphasize, just at the end, some characteristics that gravity has in common with the other 
laws that we mentioned as we passed along. First, it is mathematical in its expression; the others are that way too. Second, 
it is not exact; Einstein had to modify it, and we know it is not quite right yet, because we have still to put the quantum 
theory in. That is the same with all our other laws - they are not exact. There is always an edge of mystery, always a place 
where we have some fiddling around to do yet. This may or may not be a property of Nature, but it certainly is common to 
all the laws as we know them today. It may be only a lack of knowledge.

   But the most impressive fact is that gravity is simple. It is simple to state the principles completely and not have left any 
vagueness for anybody to change the ideas of the law. It is simple, and therefore it is beautiful. It is simple n its pattern. I 
do not mean it is simple in its action - the motions of the various planets and the perturbations of one on the other can be 
quite complicated to work out, and to follow how all those stars in a globular cluster move is quite beyond our ability. It is 
complicated in its actions, but the basic pattern or the system beneath the whole thing is simple. This is common to all our 
laws; they all turn out to be simple things, although complex in their actual actions.

   Finally comes the universality of the gravitational law, and the fact that it extends over such enormous distances that 
Newton, in his mind, worrying about the solar system, was able to predict what would happen in an experiment of 
Cavendish, where Cavendish’s little model of the solar system, two balls attracting, has to be expanded ten million million 
times to become the solar system. Then ten million million times larger again we find galaxies attracting each other by 
exactly the same law. Nature uses only the longest threads to weave her patterns, so each small piece of her fabric reveals 
the organization of the entire tapestry.


