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Foreword I Harvey Flaumenhaft 

Newton's work, one of the greatest enterprises of the human spirit, has 
shaped our minds and transformed the world we live in, yet only a very 
small portion of humanity has ever read what Newton wrote. It seems that a 
large part of that very small portion of humanity must consist of people who 
have passed through the halls of St. John's College. Every junior at this 
college spends a large part of the year pondering long and difficult passages 
in Newton's Principia, presenting in class the fruits of that study, and 
discussing other great thinkers who were trying to come to terms with 
Newton's work. That is not business as usual in American higher education 
-nor, for that matter, in higher education anywhere else. 

Some years ago, I wrote to a number of historians of science in order 
to call attention to a series of guidebooks to the study of great texts in 
mathematical and natural science. One of those historians was a world
famous scholar who at the time was the leading American authority on 
Newton; he replied with praise for the enterprise, but with a sad warning: 
willingness to read serious books, he said, may be too much to expect of 
students; after all, when you can hardly get people to look at authors like 
Shakespeare, it would seem hopeless to try to get them to study authors like 
Newton. On the occasion of the three-hundredth anniversary of the 
Principia, therefore, when I read a newspaper article that mentioned how 
many copies of the book were sold each year, the thought that struck me on 
examining the numbers was that most of those copies of Newton's Principia 
had to have been sold to Johnnies in the St. John's College Bookstore. 

So, I'm happy to say that the study of Isaac Newton's work flourishes 
uniquely at St. John's College. Our nondepartmentalized faculty regards it as 
among their most important tasks to equip themselves to study Newton and 
to help our students to do so. To help us in that endeavor, the College held 
a conference on the work of Isaac Newton the weekend of March 19-21, 
1999. The conference provided an opportunity to share with guests the 
delight and the instruction to be gained from the distinguished scholars 

Harvey Flaumenhaft is Dean at the Annapolis Campus of St. Jolm's College. 
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whom we invited to speak on the subject; and collecting the papers in this 
issue of the St. John's Review provides us with the opportunity to share what 
we gained with even more people. 

It is a pleasure to acknowledge with gratitude the support of the 
Dibner Fund, whose generosity made the conference possible. It's also a 
pleasure to acknowledge the gracious loan of various sorts of Newtoniana -
books and equipment that were on exhibit during the conference in our 
Greenfield Library-from the Burndy Library of the Dibner Institute for the 
History of Science and Technology at MIT, and from the Smithsonian 
Institution's National Museum of American History. A great deal of work in 
setting it all up was done by several tutors: Howard Fisher, chairman of the 
planning committee, and its other members, Adam Schulman and Curtis 
Wilson. The person who set it all in motion was the alumnus for whom our 
new Library is named, Stuart Greenfield, a member of our Board of Visitors 
and Governors who is also a member of the board of the Dibner Fund. 



~ Newton's Nature: 
) Does Newton's Science Disclose 
~ Actual Knowledge of Nature? 

~ Fran\=ois de Gandt 

The question posed to me was: Does Newton's science disclose actual 
knowledge of Nature? The question was not mine; it was posed to me, but I 
accepted it. I found it interesting and challenging and rich. And also, in this 
question I feel several smells or moods. For instance, I feel some post
modern suspicion about the value of science. Does it disclose actual 
knowledge of nature? I feel also some nostalgic mood: maybe we have lost 
contact with nature through our modern science. Such a question for me was 
an occasion to sum up, to tighten various things, to envisage things in a 
unified view, and to tighten some knots that were loose in my own mind. So 
my lecture will not be a part of the book that Mr. Wilson has so well 
translated into English;' (or, if you consider it, it could be a development of 
the last page of the book). But the book mostly deals with the mathematics 
of Book I of the Principia/ and some aspects around that, I mean 
mathematics at the time of Newton or before Newton. And here I shall deal 
more with the presence or absence of Nature, and that means especially 
Book III of the Principia, Tbe System of the World. 

I shall put this in the context of 18th-century science, because this is a 
domain in which I am at work now. I work particularly in a group, a large 
group of people who are preparing the complete critical edition of the works 
of Jean le Rand d'Alembert-d'Alembert the friend of Diderot. There are 
many manuscripts left in Paris, Berlin, and elsewhere, manuscripts which 
have never been edited, and we want to give a complete, critical edition of 
the works of d'Alembert. It is a huge task, and we are just in the beginning 
of that enterprise. Probably I shall not see the end of it myself, but, well, 
that's the intellectual life. 

This has also been the occasion for me to pose certain philosophical 
questions, and as I grow older I think the time has come to philosophize, 
especially concerning the place of science in culture, the place of science in 

Franr;;:ois de Gandt is Professor of Philosophy at Universite de IJlle. This keynote address, given 
to students and tutors at St. Jolm's College, Annapolis, on 19 March 1999, was transcribed and 
polished by Adam Schulman and Curtis Wilson. 
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life, and something about certainty and belief. I am interested in all that. So I 
shall give only a general landscape, a sort of orientation on that question, and 
we can develop particular aspects during the discussion, I hope. 

I give you my plan. First, Newton in the 18th century: triumph and 
critique. Then I come to what I call the other Newton and the life of Nature. 
Then, the mathematical, deductive frame. Then a sort of conclusion about 
Nature and mechane-the Greek word. All of you know Greek-you are 
supposed to. 

The pivotal place, the most important place in the Principia where we 
speak of the science of real nature is Prop. 7 of Book Ill. In Latin, 
Gravitatem in corpora universa fieri, etc. Here everything is suspended; it is 
the critical place, the most important place. That Prop. 7 is a sort of summit 
in a certain path, in a certain road you follow. We go up to Prop. 7, and then 
there is a sort of a descent. You can think of the ascendant and the 
descendant paths in Plato's Republic. The highest point is reached with Prop. 
7, which asserts that there is universal gravitation; there is some sort of 
weight of gravity toward all the bodies. In Latin, it is in the accusative. The 
previous propositions have as their purpose to reach that summit, passing 
from motions to forces, and then unifying forces. So you have motions in 
front of you-in the heavens, somewhere-and you study those motions, 
and you draw the notion of force from those motions, and then progressively 
you unify those forces. This force is the same as the second one, the second 
one is the same as the third one, etc., and then at the end, you end up with 
just one force. And you are allowed to call it weight. It is just weight, just 
gravity, pesanteur, le poids. Things have a weight toward each other. In fact, 
here in Prop. 7, things have weight toward each particle of matter. Each 
particle of matter is a center of weight around itself. This is the crowning 
point of Book III, Tbe System of the World. For that purpose you use the 
previous theorems of Books I and II, but not much from Book II, which is 
about fluids. 

Now after Prop. 7 you have a descent, which is an a priori 
argumentation. You know that there is universal gravitation, and from that 
you draw consequences, and the consequences are placed in our world; they 
are terrestrial and celestial consequences of universal gravitation. And then 
Newton has a sort of program of deduction and research. It is not completely 
done. In many cases he says: "We would like the observers to see if ... ," 
''We would like the astronomers to decide whether ... ," etc. So, once you 
have accepted the idea of universal gravitation, you reorganize the world, 
and you are able to pose interesting questions to the world. Do tides behave 
this way or that way? Do the satellites of this planet behave in this way or 
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another way? Universal gravitation is a sort of guiding light to pose questions 
to nature in an a priori mode. And then you have various aspects: orbits of 
planets, shape of the Earth (called Ia figure de Ia terre in the 18th century), 
then the tides with their ebb and flow, the Moon, the precession of the 
equinoxes, the comets; and with the comets comes the end of Book III. This 
is the program which is set in Book III. But this is also the list of themes that 
were addressed by scientists in the 18th century. This is the agenda of 
physics in the 18th century, almost in that order. It is strange. 

The orbits of planets: the greatest scientist of that time was Christiaan 
Huygens, and Christiaan Huygens admitted that for the orbits of planets the 
system of Newton is marvelous. It gives extraordinary consequences, which 
are exactly adapted to what we can see in the orbits of planets-much more 
than in Descartes's system. The Cartesian system had no answer, even no 
question concerning the geometrical aspects of the orbits. And here Huygens 
said, it's a marvel: we can now say why the eccentricities of the orbits are 
constant, we know why the planes of the orbits pass through the Sun, which 
is so important dynamically speaking, but in Cartesian terms it has no 
importance. There's no reason why the center of the vortex should be always 
on the plane of the orbit. And the inclinations of the orbits always remain the 
same; it's important in Newtonian terms, in Cartesian terms it has no 
particular sense. Many details of the orbits of planets can be explained. You 
can give an account of them through universal gravitation. So Huygens was 
satisfied, except that he found the theory absurd. Well, of course. I insist 
upon Huygens, because very often people say that Newton was not accepted 
on the Continent before a late date. It's not true. A man called Huygens 
wrote and published in 1690 vigorous praise of the system of Newton. 

Next, let's come to the shape of the Earth. This gave rise to a quarrel 
between some quasi-Cartesians and the Newtonians in the years 1735-36, 
especially amongst Frenchmen, in particular the Cassinis, Clairaut, Bouguer, 
Maupertuis, la Condamine. And the French decided to send two expeditions, 
one to Lapland, toward the North Pole, and the other to Peru and to the 
Equator, to determine the length of the meridian, and then to see whether 
the Earth is flattened at the poles. I could tell you much more about that, it's 
a really funny story, an extraordinary story, especially the story of the 
expedition to the Equator: extreme problems of health, difficulty with the 
Indians, with the Viceroys. One member of the expedition came back only 
36 years later. That expedition was not lucky. The expedition to Lapland was 
much more lucky and successful, and they proved that the Earth is really 
flattened. But it was not a proof of Newton's system, because many 
Cartesians admitted also that the Earth was flattened. Voltaire said: Now 
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Newton has triumphed, etc. Here I should mention the mundane belles
lettres, etc., the people who wrote about Newton without understanding. 
That is the usual fate of science. 

The tides: the tides provided the occasion of an important discussion in 
1739-40. The question was posed by the Academie des Sciences de Paris: can 
we explain the tides by universal gravitation? The answer of the Principia 
was yes; but in how much detail? And so several people tried to develop the 
details of the explanation of the tides via universal gravitation. But this was a 
big task. Sometimes it is said that the success in carrying it out was complete; 
that is not true. The subject is very complex, and it is especially complex 
because you have a simple cause, but many, many intermediate phenomena: 
resonance in basins, inertia of the water, etc., and it is very hard to see 
whether the theory was really corroborated by those studies. The studies 
were written by Euler, Maclaurin, and Daniel Bernoulli. 

Concerning the Moon, there was a very interesting discussion and crisis 
in 1747-48, because Euler, d'Alembert, and Clairaut became aware--or more 
clearly aware-that a certain motion of the Moon, the motion of the Moon's 
apse, cannot be explained by universal gravitation, for you derive only half 
the observed motion of the apse. They had to redo the derivation. Euler 
thought there could be some fluid complicating the process. D'Alembert was 
skeptical, as usual; he said, probably there must be some magnetic influence, 
or the Moon is hollow, with an irregular shape inside. And Clairaut said, 
well, let's try to compute. He made calculations, and he showed in 1749 that 
there is no need to change the law of gravitation, no need to introduce a 
further mechanism; the calculation works perfectly well, once you have 
admitted a certain way of doing the approximation. So the result was a 
success, after a crisis for universal gravitation. 

The precession: well, let's skip that and turn to comets. Halley's Comet 
returned in early 1759. On the basis of Newton's theory, Clairaut predicted 
the return of the comet to within approximately one month. This was a 
popular success, a popular triumph for Newton's theory. Some people said, 
"One month is marvelous." Others said, "Well, one month, that's much!" And 
Clairaut had to compute the influence of the big planets in perturbing the 
path of the comet. 

So these are the triumphs of the Newtonian theory in the 18th century 
which were synthesized, summarized in Laplace's M§canique celeste, which 
was published around the tum of the century (around 1800). For instance, 
Laplace wrote "La tbeorie de Ia pesanteur a devance les observations": the 
theory of gravity has preceded observations. It was in advance. 
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This could be misleading. There were other questions that were not so 
easily solved; in some cases the theory did not work. For instance, the 
attempt to calculate the trade winds via gravitation didn't work; the study of 
the resistance of fluids-it is a very, very difficult, complicated problem that 
was not successfully solved in Book II of Newton's Principia. But, on the 
whole, one can say that this [Laplace's Mecanique celeste] marks the triumph 
of the system of Mr. Newton, especially in the French-speaking part of 
Europe. In that day the English-speaking part was not as active as the Swiss, 
the French, the people in Berlin (but in Berlin there were Swiss and French). 

So I come to the limits and the critique of Newton's system. First, the 
theory of Newton is absurd. It starts from a stupid assumption: that two 
particles of matter can do something to each other at a distance, without 
touching each other-a sort of magic or sympathy. "Attraction" was a well
known word for things that were crazy. Daniel Bernoulli in his book about 
tides starts by writing, "Get incomprehensible et incontestable principe queM. 
Newton a si bien etabli . .. " The phrase is marvelous: This incomprehensible 
and indisputable principle that Mr. Newton has so well established. How can 
you establish something incomprehensible? 

And all the discussion should be placed inside a larger context, a 
philosophical context and also a theological context, the context of a crisis of 
causality. People at that time, the beginning of the 18th century, became ill at 
ease with the notion of cause: what is a cause? And philosophers like 
Malebranche or Berkeley, or even Maupertuis and d'Alembert, tried to 
dismiss the traditional notion of cause. And the Newtonian system was a part 
of the discussion. In the Newtonian system you cannot say you have reached 
a cause, but nevertheless you go on, doing useful computations and 
predictions, etc. For instance, Berkeley has a beautiful sentence in his 
Treatise Concerning the Principles of Human Knowledge: "Those men who 
frame general rules from the phenomena, and afterwards derive the 
phenomena from those rules, seem to consider signs rather than causes." Not 
causes but signs. Physics has to do with signs only. This is Berkeley. 

Then around 1750, there was a sort of turn, a sort of new fashion. 
People were expecting, awaiting a new science, for instance the new science 
advocated by Diderot, the friend of my d'Alembert. And Diderot's idea, for 
instance especially in his Pensees sur !'interpretation de Ia nature, in 1754, is 
that "le temps des geometres est passe." Mathematics are void. Nothing 
happens in mathematics; you only translate the first statement in various 
ways, in mathematical discourse. Diderot knew that from his friend 
d'Alembert, who said so: mathematics is just translation. It is time to go to 
new objects, a new style of science, especially concerned with living beings, 
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because Nature is living and productive. This had to do with the secret, 
subterranean influence of Leibniz-Leibniz who spoke very often of ipsa 
natura, in a sort of pre-Romantic thought. And Nature is made of a chain of 
beings. And people like Diderot were very interested and enthusiastic about 
that chain of various beings from the stone to the man, even further-we 
don't know. With the polyp, for instance, between two domains of nature: 
the polyp is at the same time an animal and not an animal, we don't know 
exactly. And all those new objects cannot be studied by the methods of 
mathematical physics. So Newton for these people was an old-fashioned 
scientist. 

And the most systematic criticism came from the German Romantic 
movement. There were also English Romantics concerned with this criticism, 
for instance, if you read William Blake or Coleridge, they discussed Newton; 
for them Newton is a representative of a particular sort of science. In Blake's 
extraordinary world, Newton represents a certain figure. But I am more 
interested by German Romantics, people like Goethe, Schelling, Hegel. For 
them Newton was the symbol of dry, mathematical abstraction, of the 
scientific understanding that desiccates Nature. Thus in Hegel or in Schelling, 
in texts dating from around 1801 and 1802, for instance Hegel's De orbitis 
planetarum, and the beautiful dialogue written by Schelling called Bruno: 
there you swim in the ocean of infinite beauty, etc., you see everything from 
a high vantage point. It's philosophy at its smoothest and its most dangerous, 
perhaps. But it's fun; you should read Schelling's Bruno. And for these 
authors, the composition and decomposition of force is a violence done to 
Nature, because force is something unitary, autonomous, and active, and 
force cannot be decomposed. There's no sense in trying to decompose a 
force. In Nature there are degrees of freedom, in accordance with the Great 
Chain of Being, and those degrees of freedom statt from the stone, which is 
a complete prisoner of gravity, and then you go to the solar system; and 
Hegel and Schelling say that the solar system has a certain higher level, and 
has its own freedom. The planets are in a certain sense free, and more free 
than a pure stone, which is the slave of gravity. And then, of course, a still 
higher level is that of the animal. And then you come to the Spirit. And 
finally, consciousness and knowledge are the highest points of Nature and 
must be included in that large science of Nature. 

That is, Newtonian science is abstract, it is partial, it explains only one 
level of Nature, and it is non-reflexive: it does not explain itself, whereas 
Romantic Naturpbilosophie explains itself. Genius is a part of Nature. My 
imagination is a part of Nature. In a text of Navalis or Schelling, you explain 
how the knowledge of man is a part of the operations of Nature. 
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The strange thing is that there is a big misunderstanding in all that, 
because Newton would have agreed. Newton was on their side, in fact. But 
we have discovered it only recently, in the last 40 years or so, I would say. I 
will try briefly to show how Newton would have agreed with the Romantic 
view of Nature. First, is Newtonian science abstract? Is mathematics abstract? 
No. Newton maintains that his fluxions are in Nature; they do exist in Nature. 
There are fluxions; you can see them. They are the real operation of Nature. 
For instance, I remember a passage in Colin Maclaurin, who is sometimes a 
faithful Newtonian. He says: the French Cartesians have invented fictions: 
they have invented infinitesimals and vortices. But our Newtonian concepts 
are rooted in Nature, very deeply; they are faithful to Nature. And Newtonian 
science tried not to be partial, not to explain just one domain of facts. The 
concept of centripetal force should be useful in other domains, should be 
extended to, for instance, the cohesion of bodies, to electricity, to chemical 
properties, even to nervous transmission in the brain. That is, Newtonian 
science tends to be also reflexive, to explain how knowledge is possible-it's 
the limit of that program. Even sensibility, immediate knowledge, would be 
explained in Newtonian terms if the program of Newton had been 
completely achieved. 

We have the traces of that immense program in various manuscripts, 
but also in some published texts, where Newton says we should go from 
phenomena to forces, and then classify forces into certain large classes of 
forces, and then we come to the causes of those forces, which are different: 
forces are not causes. Thus we proceed from the motions to the forces, from 
the forces to the classes of force, from the classes of force to the causes, and 
ultimately to God Himself, who is the highest cause. And philosophy, natural 
philosophy, should go up to God, should attain God. And then, in that vast 
program, the Principia is just a small part of the statue, just the torso or the 
leg, I don't know; but it's only the beginning of a part of a vast program. 

And then, in the second edition of 1713, Newton added a strange text 
to the Principia, a text called "Scholium Generale," which I think you read in 
your classes. It contains an extraordinary avowal of the shipwreck, of the 
failure: "Causam gravitatis nondum assignavi." I have written 500 pages of 
difficult physics, and I end the book by saying: "I don't know the causes." 
But physics is about the causes. In Descartes, in Aristotle, all physics is 
always about causes. So you end your book of physics by saying: I have not 
found the causes; then it's useless! 

Here is a little comparison that is not, I think, completely false. When 
Daladier came back from Munich in the autumn of 193&-Chamberlain went 
to London, Daladier came to Paris, after the discussion with Hitler, and they 
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said, "We have peace for the world," etc. in 193&--and Daladier in the plane 
saw how crowded the airport was, there were thousands, tens of thousands 
of people waiting for him at the airport, and he said to his counselor, "I shall 
be lynched." And the counselor: "No, no, no, they are just here to cheer 
you." And then Daladier said "Ah, /es cons." It's untranslatable, it's not very 
good French. It means something like, "How can they be so stupid? How can 
they be so stupid to applaud when I bring back such a failure?" He knew 
that Munich was really a failure. But apparently the other people did not 
know it. I think that Newton must have at some time had that sort of feeling 
in his mind: they cheer me, they applaud the Principia, but they don't know 
how enormous the task was, and this was not what I wanted. I gave that, but 
I wanted much more . ... "Ah, les cons." 

In the Scholium Generate Newton added a small addition, very strange, 
which gives you a hint, a trace, of that vast program which extends to the 
whole domain of Nature, about a certain spirit. The last paragraph of the 
Principia begins: Adjicere jam liceret nonnul/a de spiritu quodam 
suhtilissimo. You are good in Greek but not in Latin, I've heard. "Let it be 
allowed to add something [that hypocritical manner of Newton's]-about a 
certain spirit, vety subtle . .. , etc." And that spirit has many active operations, 
as you know. And that spirit could be, in some. sense, the most overt way in 
which Newton gave an indication of his larger philosophy of nature. 
Probably he had the hope of proving mathematically that nature is active, 
living, operative. But the road was too long, and he covered only a very 
small part. 

So Newton was called by John Maynard Keynes "the last magician." Is 
that program about the life of nature a sort of dead end? Because the 
Principia was taken as a complete system; and in the 18th century there 
were few people who cared about the spiritus quidam, etc., and all that 
hidden part of the program of Newton. And all those vague statements about 
God and spirit were almost without influence. Actually, it's not so simple; 
you should look more closely at the definition of "natural philosophy" in 
English authors. For instance, on the last page of Locke's Essay Concerning 
Human Understanding, you have a definition of "physics," which includes 
angels, spirits, and God. So physis for Locke includes spirits, even up to God. 

And I have found authors that were influenced by Newton and were 
influential in their turn, who should be studied more. I am thinking for 
instance of a certain David Hartley. In his book, Observations on Man, his 
Frame, his Duty, and his Expectations (1749), Hartley has a complete theory 
about vibrations and that notion of spirit, pervading a sort of aether, 
pervading all nature. It even penetrates our nerves and brain and explains 
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the functioning of our brain. He speaks of a sort of harmony that can 
establish itself between things that are at a distance from one another. His 
theory includes even psychology, morality, and theology. So Hartley has a 
complete Newtonian philosophy of nature and spirit and God, based on that 
Newtonian notion of spirit. And strangely enough, that man Hartley 
influenced Jeremy Bentham as well as Joseph Priestley. And he is sometimes 
associated with the birth of utilitarianism and the theory of the association of 
ideas. But there is almost no study on Hartley except a French one, Elie 
Halevy, La naissance du radicalisme philosopbique, Vol. 2. And I have found 
a sort of Hartleyan or Newtonian quotation in an unexpected place: Laurence 
Sterne, A Sentimental journey. In the chapter, "The Bourbonnais," we read: 

Dear sensibility! source inexhausted of all that's precious in our 
joys, or costly in our sorrows! ... 'thy divinity which stirs within me'
not that in some sad and sickening moments, 'my soul shrinks back upon 
herself' . .. but that I feel some generous joys and generous cares beyond 
myself-all comes from thee, great SENSORIUM of the world! ["sensorium" 
is the Newtonian word for the presence or place of God] which vibrates 
[I'm not sure he isn't confusing "spirit" and "sensorium," but those 
notions are so strange] if a hair of our heads but falls upon the ground, in 
the remotest desert of thy creation . ... 

That is action at a distance. If a hair of a creature falls in a desert, you 
feel it, because there is that universal vibration of the aether. And that 
explains sensibility. That explains also why we are sometimes pushed 
outwards, and we can perceive what happens elsewhere-not in our body 
only. And sensibility was an important slogan in the 18th century. It has 
something to do with the Newtonian program. 

I had here a digression about the logic of that Newtonian program, and 
what could be called the Paracelsian mode of science. At that time there was 
not only the mechanical picture, but also something else, another way of 
doing philosophy, another way of looking at nature, at life, at knowledge, 
which was influenced by Neoplatonism and by Hermetism and well 
represented by the alchemists and the Paracelsians. But that can be a theme 
for later discussion. 

Maybe we could be cynical and say that all that hidden program of 
Newton, all those speculations about spirits and sensorium, have not much 
to do with real science, that they remain marginal. Hartley is mostly 
forgotten. Maybe that's just right, and the fame of Newton rests not on 
alchemy and theology, but on the mathematical theory of gravitation. 

Our usual reading of the Principia is far removed from the unified and 
vital conception of nature. Is it totally unfaithful to Newton to read the 
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Principia just as a piece of mathematical physics? I think Newton is also 
responsible for that. 

Newton accepted another tradition just by writing physics 
mathematically. Newton accepted the tradition of mathematical physics, 
which is an old thing. This is what I could call the Archimedean tradition. 
You have read Archimedes' treatises on the equilibrium of planes and on 
floating bodies. The natural charge is at the beginning, or maybe at the end. 
That is, you put the real thing in the principles, and then you draw the chain, 
you tum the crank. It's not so easy to tum the crank, but the real physical 
charge is at the beginning. You pose a certain assumption, you postulate 
lambanomena or aitemata at the beginning of the theory. So it's not a study 
of the causes, but it's building a deductive apparatus. 

And this is exactly what Galileo does. The name of Galileo appears 
here in a very essential way, because Galilee is in some sense the father of 
Newton, or Newton is the son of Galileo. They do the same job. And Galilee 
accepts the restriction of not dealing with causes, whereas Newton is more 
embarrassed ("I have not found causes"). Galileo says: We shall not study 
causes; we shall just assume a certain definition of accelerated motion, and 
then we turn the mathematical crank, we arrive at a certain consequence, 
and we try to see if the consequence works in the real world. That's the way 
we have to deal with Nature in our science. Of course, it is a deceiving 
science, because we don't deal with causes. But that is not the job of this 
sort of science. 

I'm just paraphrasing an important passage from the Third Day of 
Galilee's Discourses on Two New Sciences; I believe it is part of your 
curriculum. So, Newton does the same. He has the physical charge in the 
principles, and then comes the mathematical deduction. And at the end, you 
can see whether it works, whether it is adjusted to the physical facts. And the 
Galilean influence is much deeper also. I mean that the very notion of 
gravitation is Galilean gravitation. What is gravity? We don't know the cause 
of it, we don't know whether it is impulsive or attractive, whether it is a 
question of pushing something, or being drawn, being pulled, being 
attracted. We don't know that, we don't have to decide that. The only thing 
that we know and that is important for the rest is that gravity implies a 
certain law of acceleration around the particle having mass. Every particle 
creates around itself a field of acceleration. This is the only thing we need to 
know. And it's the basic thing at the beginning of the Principia. That is, 
universal gravity is generalized Galilean weight, nothing more, nothing less. 
Everywhere in the world, at each instant, there is action of Galilean weight. 
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And we just observe it by observing accelerated motion. We know nothing 
more and we don't need to know anything more. 

That deductive frame-you put the physical charge at the beginning, 
and then you draw mathematically, deductively the consequences-that 
frame is not so new. It is a Greek frame, it is a Greek_ pattern, a Greek 
invention: deductive science. Deductive science applied to physical reality. 
And I think many commentators on modern science have not been 
sufficiently aware-myself, I have discovered it progressively-of the 
immense importance of the four mixed sciences. What are the four mixed 
sciences? Music, astronomy, optics, mechanics. This is the list you have in 
Aristotle's Metaphysics 13.3 or Physics 2.2. And you have the same list in 
Galileo's Discorsi. You know that place [Third Day, following Cor. I of Prop. 
II of On Naturally Accelerated Motion] where Salviati has unrolled his text in 
Latin, and then Simplicio says, Well, all this is very good, but I would like to 
see the experiments. And Salviati doesn't say, Oh, Simplicia, you are a 
university scholar, always fond of Aristotle. No! He says: you are perfectly 
right! He says: Voi, da vera scienziato, which is slightly ironicaL You are a 
real scientist, Simplicia. And why are you a real scientist, Simplicia? Because 
you ask what is usually asked in those sciences which apply mathematical 
demonstration to natural conclusions, as is the case [and here come the four 
sciences] ne i perspettivi, negli astronomi, ne i mecanici, ne i musici [in the 
writers on optics, astronomy, mechanics, and music]. 

So Galileo accepts the traditional frame of those mixed sciences. What 
he does is nothing else than renewing and extending those ancient sciences. 
For instance, when he wanted to demonstrate the isochronism of the 
pendulum, in the letter to Guido Ubaldo of 16o2, he says: I want to prove it 
senza trasgradire i termini meccanici-without trespassing beyond the 
boundaries of mechanics. For him the isochronism of the pendulum should 
be proved inside traditional mechanics. 

So I have much to say about those four mixed sciences. And I think if 
we really want to discuss the question, Do we have real knowledge of nature 
in Newton's science? we should first deal with the question of the relation of 
those four disciplines to nature. For instance, there is a very important fact, 
which I discovered recently, one month ago, in the last issue of Early Science 
and Medicine (February 1999). Ulrich Taschow from Halle discusses music in 
Nicole Oresme. Maybe Oresme is a well~known name for you-a figure at 
the end of the medieval period. And Oresme uses music as a very important 
example for his latitudines formarum. And Tasch ow discusses the 
importance of music, and he remarks (p. 44) that it is strange that all the 
sciences apply to nature but only in a certain, special sense. Astronomy has 
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to do with the celestial spheres, which are not ordinary matter; they are 
made of quintessentia, the fifth substance, which is not ordinary matter. 
Optics has to do with species, which is not material. And music, which was 
the theme of the article in Early Science and Medicine, has to do with ratios 
between sounds, and these, too, are nothing material. Thus the three upper 
sciences have to do with things which are in nature but are not exactly 
material, which are quasi-material, of some sort of super-essential matter; it is 
thus, you see, in the case of sound, of planetary orbits or heavenly spheres, 
and of the rays of light, or the rays which come from your eye. 

But mechanics is an exception because mechanics is a very terrestrial, 
down-to-earth discipline. It has to do first with military engines, and with 
levers, pulleys, cranks, fortifications: that is mechanics. Mechanics is really 
down-to-earth, an everyday science. Astronomy, optics, and music are not 
everyday sciences. They have not much to do with the real world. So 
mechanics is an exception, and it would be very interesting but difficult to 
try to follow the strange evolution of mechanics, and even of the 
word, mechane, mechanika, mechanike. What is it exactly? Mechane is a trick. 
You are a mechanician when you are clever, you are tricky, you know the 
roundabout way, you don't deal directly with the thing. You are like Ulysses: 
Ulysses is a master of mechanics. Whereas Achilles goes straight on, Ulysses 
knows a trick: polumechanos Odysseus-maybe you remember that. 

And then, does all that deal with nature? What is the link between 
mechane and nature? I will not answer, but I'll just finish with a small 
quotation from Sophocles' Antigone. You know the text. You remember 
probably that the chorus says that Man is something extraordinary among 
extraordinary things, a marvel of marvels or enigma of enigmas, polla ta 
deina k'ouden anthr6pou deinoteron, etc. And you remember that Man does 
violence to the Earth, and the word has some sexual connotation, apotruetai. 
The poor Earth is fecundated at a certain price each year by the man with 
the plow and the horses. And Man is a king of tricks. The word mechane 
_occurs at various places in this chorus of Antigone. For instance, you have 
the strange phrase, to miJcbanoen tecbnas, etc. And so Man is able to keep 
away from Nature, to keep away from natural dangers. He has his shelter, his 
weapons. The mecbane is a way to avoid the direct contact with Nature, in 
some sense. Man has created another world, another realm, which is the 
domain of mechane. 

If we admit that in that text, the hymn to Man in Antigone, there is a 
certain flavor of disrespect, almost blasphemy against Nature, then we should 
not say, we should not believe that we have lost a certain contact with 
Nature which was a privilege of the ancient world. The ancient world was no 
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more in contact with Nature than we are, in some sense. They admitted that 
a certain mechane was there to protect them against Nature. That mechane 
was also the genius of Man, because mechane goes up to the creation of 
speech and laws, in the text of the chorus of Antigone. 

In the beginning I spoke of nostalgia. Nostalgia is a noble and sweet 
feeling. And Nature is in some sense our paradise lost. For every people, 
every country, every century, Nature is always in some sense a paradise lost. 
So, nostalgia is a sweet feeling. But the higher attitude seems to me to admit 
almost to blasphemy or at least to attifact in our life, and to live with it. 

Notes 
1. Frans;ois de Gandt, Force and Geometry in Newton's Principia, trans. Curtis Wilson 

(Princeton University Press, 1995). 
2. Isaac Newton, Philosopbiae Natura/is Principia Mathematica, (first edition, 1687). 

References are to the third Latin edition (1726) with variant readings edited by 
Alexandre Koyre and I. Bernard Cohen, Harvard University Press, 1972. I will refer 
to this work throughout as Principia. All English translations are by William H. 
Donahue. 



Newton's New Theory 
of Light and Colors 

William H. Donahue 

Isaac Newton is known for having invented many things: the Newtonian 
telescope, universal gravitation, and the cat door among them. It is not 
widely known, however, that he also invented the scientific journal article. 
His invention appeared in the form of a letter, and was published in the 
Philosophical Transactions of the Royal Society in 1672.' It was about light 
and colors, and began with an account of his famous experiment with 'two 
prisms, which he called "the E;xperimentum Crucis," by which he hoped to 
show that sunlight consists of differently refrangible rays, each with its own 
characteristic angle of refraction. This experiment, and Newton's description 
of it, is my topic this morning, and so I shall begin by reading the pertinent 
parts of Newton's article. 

Newton begins: 

Sir, 

To perform my late promise to you, I shall without further 
ceremony acquaint you, that in the beginning of the Year 1666 (at which 
time I applyed my self to the grinding of Optick glasses of other figures 
than Spherical,) I procured me a Triangular glass-Prisme, to try therewith 
the celebrated Phaenomena of Colours. And in order thereto having 
darkened my chamber, and made a small hole in my window-shut 
[shutters], to let in a convenient quantity of the Suns light, I placed my 
Prisme at his entrance, that it might be thereby refracted to the opposite 
wall. It was at first a very pleasing divertisement [diversion], to view the 
vivid and intense colours produced thereby; but after a while applying 
my self to consider them more circumspectly, I became surprised to see 
them in an oblong form; which, according to the received laws of 
Refraction, I expected should have been circular. 

William Donahue, a graduate of St. John's with a Ph.D. in the history of science from Cambridge 
University, is the translator of Kepler's Astronomia Nova, and is now completing a translation of 
Kepler's Astronomiae Pars Optica. With Dana Densmore he operates the Green Lion Press, 
which publishes works of importance in the history of science. Mr. Donahue illustrated his talk 
at appropriate moments with a video portr.1yal of the experiment prepared by Mr. Howard 
Fisher and Mr. Adam Schulman. In the printed version of the talk, the illustrations will be three 
diagrams drawn by Newton himself. 
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[2] They were terminated at the sides with streight [straight] lines, 
but at the ends, the decay of light was so gradual, that it was difficult to 
determine justly, what was their figure; yet they seemed semicircular. 

[3] Comparing the length of this coloured Spectrum with its 
breadth, I found it about five times greater; a disproportion so 
extravagant, that it excited me to a more than ordinary curiosity of 
examining, from whence it might proceed .... ( 47-48) 

p 
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Fig. 1. XY is the Sun, F the hole in the window shutter, 
ABC the prism, and PT the oblong image on the wall. 

And having placed [the prism] at my window, as before, I observed, that 
by turning it a little about its axis to and fro, so as to vary its obliquity to 
the light, more than an angle of 4 or 5 degrees, the Colours were not 
thereby sensibly translated from their place on the wall, and 
consequently by that variation of Incidence, the quantity of Refraction 
was not sensibly varied. [See Fig. 1.] By this Experiment therefore, as well 
as by the former computation, it was evident, that the difference of the 
Incidence of Rays, flowing from divers parts of the Sun, could not make 
them after decussation [the point where nonparallel rays cross] diverge at 
a sensibly greater angle, than that at which they before converged; which 
being, at most, but about 31 or 32 minutes, there still remained some 
other cause to be found out, from whence it could be 2 degr .49'. ( 49-50) 
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Note that there is a lowest position which the spectrum can attain, no 
matter how the prism is rotated. When the spectrum is at its lowest position, 
the prism is said to be in the position of minimum deviation. 

This position has theoretical importance since one can show from the 
sine law of refraction (which was known in Newton's day) that it is a 
position of symmetry with respect to both incoming and outgoing beams; 
and therefore that a light beam refracted by the prism should pass through 
with its angular width unchanged. Newton refers to such a calculation in 
Paragraph 6. During the experiment the prism was never rotated very far 
from its position of minimum deviation, once that position was found .. Thus 
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the spreading out of the beam in one direction cannot be explained by the 
reference to the ordinary law of refraction alone. 

We return to Newton's letter at paragraph 9: 

[9] The gradual removal of these suspitions, at length led me to the 
Experimentum Crucis, which was this: I took two boards, and placed one 
of them close behind the Prisme at the window, so that the light might 
pass through a small hole, made in it for the purpose, and fall on the 
other board, which I placed at about 12 feet distance, having first made a 
small hole in it also, for some of that Incident light to pass through. Then 
I placed another Prisme behind this second board, so that the light, 
trajected [passed] through both the boards, might pass through that also, 
and be again refracted before it arrived at the wall. This done, I took the 
first Prisme in my hand, and turned it to and fro slowly about its Axis, so 
much as to make the several parts of the Image, cast on the second board, 
successively pass through the hole in it, that I might observe to what 
places on the wall the second Prisme would refract them. [See Fig. 2.] 

Fig 2. 

And I saw by the variation of those places, that the light, tending to 
that end of the image, towards which the refraction of the first Prisme 
was made, did in the second Prisme suffer a refraction considerably 
greater then the light tending to the other end. 

And so the true cause of the length of that image was detected to 
be no other, then that Light consists of Rays differently refrangible, which, 
without any respect to a difference in their incidence, were, according to 
their degrees of refrangibility, transmitted towards divers parts of the 
wall. ( 49-50) 

The rest of my talk will consist largely of a careful reading of these 
last two sentences, to try to understand what they mean and on what 
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grounds we might be able to judge of their truth. I say "we" because I hope 
you will be participants in the reading. I'm not a Newton scholar, and am 
approaching the text in the tradition of St. John's, as a thoughtful reader 
rather than as an expert. 

So let's jump in. I'll read Newton's conclusion again: 

And l saw by the variation of those places, that the light, tending to that 
end of the image, towards which the refraction of the first Prisme was 
made, did in the second Prisme suffer a refraction considerably greater 
then the light tertding to the other end. And so the true cause of the 
length of that image was detected to be no other, then that Light consists 
of Rays differently refrangible, which, without any respect to a difference 
in their incidence, were, according to their degrees of refrangibility, 
transmitted towards divers parts of the wall. 

The first remarkable thing we notice is that Newton does not use the 
word "color," even though it is the colors of the refracted spectrum 
(Newton's word) that one notices, almost to the exclusion of anything else. 
Indeed, he goes through considerable verbal contortions to avoid using the 
c-word: "the light, tending to that end of the image, towards which the 
refraction of the first Prisme was made, ... the light tending to the other end." 

Instead, the question Newton sets out to answer is why the form of the 
image is oblong: 

It was at first a very pleasing divertisement, to view the vivid and intense 
colours produced thereby; but after a while applying my self to consider 
them more circumspectly, I became surprised to see them in an oblong 
form; which, according to the received laws of Refraction, I expected 
should have been circular. 

The distinction here is between something about which he had few 
expectations, though it was interesting and fun, and something else that was 
not behaving as current theory predicted-a serious matter. In refractions, 
the sine of the angles of the incident and refracted rays (let's accept this 
term, for the moment) were believed to maintain a constant ratio 
characteristic of the two media transmitting the ray. Had the ray behaved in 
accordance with this rule, it would have had about the same shape after 
refraction as before. This expectation had nothing to do with color: the 
refracted ray could have exhibited various colors in various places without 
being elongated, or it could have been elongated while remaining white. 
And the elongation was considerable: Newton found the image to be about 
five times as long as it was wide. 
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Newton's conclusion is remarkable for more than just the lack of any 
mention of color: nothing in the way of an explanatory mechanism is 
proposed. In fact, the conclusion seems excessively modest, stating the 
obvious-not the sort of brilliant theoretical leap we would expect of 
Newton. Nevertheless, far from being obvious, it received considerable 
criticism, some of it from respected scientists such as Huygens and Hooke. 
So it appears that we are missing something, and need to look more carefully 
at what Newton says. 

And I saw ... that the light, tending to that end of the image, towards 
which the refraction of the first Prisme was made, did in the second 
Prisme suffer a refraction considerably greater then the light tending to 
the other end. 

He says "I saw." Well, this is stretching things a bit. He didn't "see" 
these things in the way that one says "I saw the son of Diares here 
yesterday." But it does tell us what Newton intends. He hopes to convince us 
that his conclusion falls directly out of observation, without the intervention 
of theories or hypotheses. Has he succeeded? 

Let us continue reading. 
"And I saw ... that the light, ... " Notice that he doesn't say "I saw the 

light": indeed, light itself, whatever it may be is not simply visible, as one 
learns in the optical part of the Junior Lab at St. John's. It becomes visible 
when it falls on something. In our video of the experiment, we saw that the 
first prism was illuminated by the Sun, and that the screen placed beyond it 
was illuminated by something that came from the first prism. Our 
understanding has to come into play here, in tracing the relationship 
between the Sun, the prism, and what we see on the board. If, for example, 
a cat were looking at this same scene, she would see the spectrum as an 
independent thing, and probably try to catch it. But once we understand the 
connection, I think it's fair to say that we "see" that something has happened 
somewhere between the Sun and the screen. A few ancillary experiments, 
such as those described by Newton, would serve to locate the change in the 
prism itself. 

So what is the nature of the event that occurs in the first prism? Is this, 
too, something that we "see"? Newton is careful to avoid terms that would 
suggest an explanation or hypothesis. He uses the language that was 
commonly accepted in geometrical optics-ray optics-in describing the path 
of a "ray" of light passing from one medium into another: it is said to be 
refracted, and all this means is that its path is bent. So can we be satisfied 
that this language is perfectly neutral? 
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The troublesome term here is not "refraction" but the term "ray" (I'm 
lifting it from the next sentence, but it is obviously implicit here), which 
carries a lot of baggage with it. Optics, like astronomy, had long existed in 
two forms: the mathematical discipline and the physical/physiological theory, 
Geometrical optics, as far as we know, originated with Euclid, and was a 
mathematical treatment of how things appear. It involved what is called an 
"extramission" theory of vision, in which the eye was thought to emit rays 
that reach out to objects and, as it were, feel them, as a blind person senses 
objects by feeling them with a stick. This type of optics explained why 
distant things appear small, how binocular vision works, and so on. The rays 
in this theory were visual rays, not light rays: it does not deal with light as 
such, and in fact there doesn't seem to be any reason why a light source 
would be needed in order to see. 

Then there was the other side of optics, which concerned itself with 
what light is and how the sense of vision works-the big picture. Aristotle's 
account in De Anima and On Sense and Sensibles is an example. Aristotle 
was familiar with ray explanations of reflection, and so set out to say why 
vision could occur only in the presence of light. His opinion was that light 
only served to act on a medium that is transparent in potency so as to make 
it actually transparent. In other words, we don't see things in the dark 
because the air is opaque. Nothing is travelling from the Sun to the prism: 
the colors that we see are only there in the colored object-the screen, the 
ceiling, the prism support, and so on. 

Now, of course, there are problems with this account. Nevertheless, it 

was widely taught and widely accepted, and could be made consistent with 
the extramission theory, though Aristotle himself rejected the latter. And, as 
you can appreciate, it's hard to know what to make of the prism and its 
refraction on this view. If there is no such thing as a ray of light coming from 
the Sun, but only rays between the eye and the thing seen, there can't be a 
refraction of the ray. We are almost left without language to describe what 
we have seen. And, of course, it would seem perverse to speak of what we 
have seen without mentioning color, since what is seen is nothing but color. 
Perhaps, if we were trying to see through Aristotle's eyes, we would say that 
without the prism we see a white shape at a certain place on the screen, and 
with the prism we see an elongated and multicolored shape higher up on the 
screen. Possibly Newton could convince us Aristotelians that something is 
forming a straight line on one side of the prism, and that on the other the 
succession of images (imagining the screen to be placed at different 
distances) spreads out. But I don't think we could be made to see light 
passing from the Sun in a straight line and being refracted, because that isn't 
what light, as we understand it, does. 
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It's evidently hard to get a conversation going between Aristotle and 
Newton: they're not speaking the same language. But that in itself says 
something about the "experimental philosophy." Experiments are not just 
perceptions; they aren't just experiences either. Experiments must be 
expressed in language, and the language in which they are expressed is 
never neutral. Language implies some level of shared understanding upon 
which further discourse can be based. 

In this example, the language Newton was speaking came chiefly from 
the work of Kepler and Descartes. Kepler had reworked the tradition of ray 
optics into a comprehensive physical theory that began with the nature of 
light, gave an account of reflection and refraction (including an accurate 
mathematical law of refraction), and described light's path from a luminous 
source to an illuminated object and on to the retina of the observer's eye. 
Kepler was a careful reader of Aristotle, and explicitly rejected Aristotle's 
view that nothing actually flows from the Sun to the scenery. 

Descartes acknowledged his debt to Kepler, but gave Kepler's 
conclusions a Cartesian foundation and replaced Kepler's refraction rule with 
Snel's. Although he believed that light is instantaneously transmitted through 
a medium by impulse, he retained the ray optics as a useful mathematical 
device. 

Newton had read works of Descartes and other contemporary authors 
of the mechanical tradition as an undergraduate. Interestingly, what little he 
says about Aristotle's views seems to have come from a seventeenth-century 
textbook writer: Newton may not have read Aristotle at all. His remarks in 
early optical lectures display impatience and contempt for what he took to 
be Aristotelian opinions. His intended audience had clearly outgrown such 
puerilities. 

So perhaps we should agree to speak his language, and to accept 
tentatively whatever baggage it brings with it. And near the beginning of our 
inquiry, before we became Aristotelians, we had agreed that something 
happens in the first prism: the rays (whatever they are) are refracted through 
a range of angles, even though the incident rays meet the prism at nearly the 
same angle. What is the nature of this event? 

To answer this question, Newton performs what he calls an 
experimentum crucis. He got this term from Hooke, who used it in the 
course of investigating colors in his Micrographia (1665).' Hooke brought in 

the example of colors produced by thin films and plates to refute Descartes's 
proposal that colors are somehow created by a spin imparted to particles in 
refraction, there being no refraction in these instances. He remarks, 



DONAHUE 

This experiment therefore will prove such a one as our thrice excellent 
Verulam [i.e., Francis Bacon] calls Experimentum Crucis, serving as a 
Guide or Land-mark, by which to direct our course in the search after the 
tme cause of Colours. (54) 
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Now Bacon did not use this exact language, but in Aphorism 36 of 
Book II of the Novum Organum he introduces instantiae crucis, or "crucial 
instances."3 The "crux," or "cross," in question was actually a road sign, 
pointing out which road to take. Bacon writes, 

They operate as follows. When in the investigation of nature the 
understanding stands evenly balanced, unable to decide to which of two 
... natures the cause of the nature in question should be ascribed ... , 
Crucial Instances show the union of one of those natures with the nature 
in question to be constant and unbreakable, but that of the other 
breakable and separable. The inquiry is then over, and the former nature 
is accepted as the cause, the latter dismissed and denied. (210) 

If we can assume that Newton was using this term in its full Baconian 
sense, the crucial or signpost experiment was not intended as the sole means 
of revelation of the truth expressed in the conclusion following it. Rather, it 
was a way of deciding which of two competing alternatives to accept. 
Although Newton does not give us another alternative in this letter, the other 
fork in the road would have been that the prism materially altered the light, 
spreading it out into an oblong shape. If this were the case, then we would 
expect the light to be similarly affected if it were passed through a second 
prism; that is, any small part of the light from the first prism, passed through 
a second one, would also be spread out over an angle of nearly three 
degrees. If, however, the different angles of refraction belong to the rays 
themselves, each kind of ray having its own specific refraction, then the 
second prism would not spread out the beam of light, but would bend each 
kind of ray through the same angle through which it had been bent by the 
first prism. 

Although he did not make this alternative explicit in the 1672 paper, he 
considered it in the Gpticks: ' 

Considering therefore, that if in the third Experiment the Image of the 
Sun should be drawn out into an oblong Form, either by a Dilatation of 
every Ray, or by any other casual inequality of the Refractions, the same 
oblong Image would by a second Refraction made sideways be drawn 
out as much in breadth by the like Dilatation of the Rays, ... I tried what 
would be the Effects of such a second Refraction. For this end I ordered 
all things as in the [single prism] Experiment, and then placed a second 
Prism immediately after the first in a cross Position to it, that it might 
again refract the beam of the Sun's Light which came to it through the 
g~~~ n~:~~ f2k\ 
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And, in fact, this experiment was. also included in his optical lectures, 
which were given before the present paper was written. So his omission of 
the alternative was deliberate, and therefore we should be cautious about 
drawing conclusions here. 

I have described this situation much as I think Newton would have 
characterized it (if he had chosen to make the alternatives explicit). Once it 
is put this way, I think the result of the experiment is very clear and 
compelling. But even if we concede that the two stated alternatives are the 
only possibilities, some doubts remain. In particular, it is not self-evident that 
the alteration option would necessarily require the light to spread out in 
passing through the second prism. The light might well be altered in such a 
way as to retain its new refraction angle in subsequent refractions. 

And, in general, one can always find some way around a supposedly 
crucial experiment, though often the detour is so obviously fictive as not to 
merit serious consideration. In this instance, Hooke and Huygens remained 
unconvinced; Newton believed their dissent to spring from excessive 
fondness for their own hypotheses. But what really seems to have been at 
issue was not a question of logical necessity but the much larger matter of 
how to understand nature. The prevailing view was that science was done by 
finding plausible explanations or hypotheses for the phenomena, basing 
such explanations as much as possible on mechanical principles. According 
to this view, Newton's experiment would be seen as designed to test two 
competing hypotheses, with the idea that one of them would be logically 
incompatible with the phenomena described. 

I think Newton would object to this in two respects. First, he did not 
believe he was evaluating hypotheses, and second, he did not consider the 
evaluation to be a matter of strict deductive logic. 
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Newton's dislike of hypotheses is notorious. In a letter to Henry 
Oldenburg, Secretary of the Royal Society,' regarding criticism of the present 
paper, he wrote, 

If I had not considered [these properties of light] as true, I would rather 
have them rejected as vain and empty speculation, than acknowledged 
even as an hypothesis. (264-65) 

As for what he would propose as an alternative, his replies to Hooke 
and others who expressed doubts about his conclusions give perhaps the 
clearest testimony. 

To the French Jesuit Ignace Pardies, he wrote, 

For the best and safest method for philosophizing seems to be, first to 
inquire diligently into the properties of things, and establishing those 
properties by experiments and then to proceed more slowly to 
hypothesis for the explanation of them. (285) 

And to Oldenburg, 

You know, the proper Method for inquiring after the properties of things 
is, to deduce them from Experiments! And I told you that the Theory, 
which I propounded, was evinced to me, not by inferring 'tis thus 
because not otherwise, that is, not by deducing it only from a confutation 
of contrary suppositions, but by deriving it from Experiments concluding 
positively and directly. (285, n. 24) 

Thus Newton's experimentum crucis seems not to be Bacon's or 
Hooke's experimentum crucis. He had hoped that the experiment itself could 
be described in sufficiently neutral terms, and could be clearly enough 
organized, that the theory would simply fall out of it. In response to Hooke's 
view, that Newton supposed light to be corporeal, Newton wrote, 

I chose to ... speak of Light in general terms, considering it abstractly, as 
something or other propagated every way in streight lines from luminous 
bodies, without determining, what that Thing is. 

When the experiment is expressed in such general terms, the correct 
"reading" of the events would be natural, obvious, and direct. Other readings 
would be possible, but, in Newton's view, would involve the assumption of 
more than is evident in the phenomena. And this would constitute the 
unwarranted introduction of hypotheses. 

Many years later, in the "General Scholium" to the second edition of the 
Principia, he stated the procedure more succinctly: 
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Hypotheses ... have no place in experimental philosophy. In this 
philosophy particular propositions are inferred from the phenomena, and 
rendered general by induction. 

Let's return to the sentences with which we began, keeping Newton's 
intentions in mind while still reserving our judgment. First sentence: 

And I saw by the variation of those places, that the light, tending to that 
end of the image, towards which the refraction of the first Prisme was 
made, did in the second Prisme suffer a refraction considerably greater 
then the light tending to the other end. 

In the language of the General Scholium, this is the "particular 
proposition inferred from the phenomena." We know from his reply to 
Hooke that when he says, "light," he only means to point at that "something 
or other" that goes from the Sun through the prisms to the screen. The claim 
is that no assumptions are made about its nature. 

Second sentence: 

And so the true cause of the length of that image was detected to be no 
other, then that Light consists of Rays differently refrangible, which, 
without any respect to a difference in their incidence, were, according to 
their degrees of refrangibility, transmitted towards divers parts of the wall. 

In the language of the General Scholium, this is the "particular 
proposition" (first sentence) "rendered general by induction." All that has 
been done here is to restate the proposition generally, without reference to 
the apparatus involved (prisms and places on the wall). Yet it makes a 
sweeping statement about the nature of light that represented a marked 
departure from currently held views. Certainly, objections could be raised, 
and were in fact raised. But Newton would claim that these involve making 
further assumptions that are not supported by the phenomena. For example, 
one could claim that to bundle all the rays together under the single name 
"light" begs the question of whether it is all really unchanged in the course 
of being refracted. Newton would reply that, though a change is conceivable, 
there is no evidence supporting such a "hypothesis," and so it should not be 
entertained. Should one devise another experiment that would demonstrate 
such a change, Newton happily grants the "correctibility" of his conclusions. 
As he said in the Principia, in the fourth of his "Rules of philosophizing," 

In experimental philosophy, propositions gathered from phenomena by 
induction should be considered either exactly or very nearly true 
notwithstanding any contrary hypotheses, until yet other phenornen:1. 
make such propositions either more exact or liable to exceptions. 
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What, then, are we to make of this? Do we agree with Newton that his 
procedure is the true one, or have we instead been rather persuasively sold a 
bill of goods? Is Newton's method a way of avoiding hypotheses, or is it just 
another set of rules about how to make them up? Do we now really know 
something about the true nature of light itself, or is light still a slippery 
demon, about which neutral statements can't be made? 
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How Did Newton Discover 
Universal Gravity? 

George Smith 

As satisfying to our romantic conception of genius as the story of the apple 
may be, Newton surely did not discover universal gravity in a flash of insight 
while sitting in his mother's garden in 1667. For one thing, universal gravity 
is much too complicated for that. His discovery involved a sequence of ten 
increasingly problematic theses: 

1. Orbiting bodies are retained in orbit, rather than moving forward 
uniformly in a straight line, by forces directed toward central bodies. 

2. These forces, and hence the resulting "centripetal" accelerations, vary 
inversely with the square of the distance from the central body. 

3. These forces act not only on the principal bodies orbiting the central 
bodies, but on other bodies as well. 

4. In the case of the Moon, the force in question is simply terrestrial 
gravity. 

5. In all celestial cases, the force in question is one in kind with terrestrial 
gravity. 

6. There is a force of this same kind on the central body directed toward 
each body orbiting it, so that the two bodies-e.g. the Sun and 
Jupiter-interact. 

7. There are mutual forces of this kind between all celestial bodies----e.g. 
between Jupiter and Saturn, as well as between each of these and the 
Sun. 

8. The forces in question vary in accord with the law of gravity-i.e., the 
"motive" force on a body directed toward another body is proportional 
to the product of the masses of the two bodies and inversely 
proportional to the square of the distance between them. 

9. The force of gravity is universal-i.e., the law of gravity holds between 
any two particles of matter in the universe. 

10. The force of gravity is one of the fundamental forces of nature-i.e., it 
is not composed out of forces of other (known) kinds. 

Now Newton, who by 1667 knew the principles of uniform circular 
motion, may well have conjectured about some variant of the first few of 

George E. Smith is both a philosopher of science in the Philosophy Department. of Tufts 
University and a practicing engineer. 
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these theses in the late 1660s. Hooke and Wren were entertaining versions of 
at least the first two in the late 1670s, after the account of uniform circular 
motion Huygens published in 1673. We can even find a vague conjecture 
along the lines of the third, fourth, and fifth in Streete' s Astronomia Carolina 

of 1661, the work from which Newton learned his orbital astronomy. The last 
five theses, however, reach increasingly far beyond prior thought. The last 
two, we should not forget, were little short of mind-boggling at the time, 
even for Newton himself. 

A second reason for thinking that Newton did not discover universal 
gravity in a flash of insight in 1667 is the little store he put in conjectured 
hypotheses. His distrust of hypotheses did not appear for the first time in the 
second, or even the first, edition of the Principia. We see it in his exchanges 
over light and color in the early 1670s, where he complains that too many 
disparate hypotheses can be made to fit the same facts. Indeed, given the 
outspoken remarks he made about hypotheses after 1710, Newton would be 
guilty of the rank hypocrisy with which Imre Lakatos charged him if he had 
initially thought up universal gravity as a conjectured hypothesis, only to be 
misled by bad data from Galilee in the "Moon test" of the late 1660s.' What I 
am going to do in this essay is to free Newton of this charge of hypocrisy by 
proposing a step-by-step sequence of reasoning by which he could have 
arrived at these ten theses, one by one. We will never know for sure how 
Newton arrived at universal gravity. All I can claim for the sequence I will 
propose is that it is entirely compatible with the available manuscripts
especially so when they are read in their own right, as they would have been 
at the time, and not in the light of the subsequent Principia. 

In fact, Newton's manuscripts and correspondence give us the best 
reason for thinking that he had not discovered universal gravity before late 
1684. Of particular note is his response at the time to the comet of 1680-81 
(see Figure 1). Flamsteed had concluded from the bilateral symmetry of the 
trajectories of the two comets observed in late 1680 and early 1681 that they 
were one and the same comet that had approached the sun, only to be 
repulsed by the latter's magnetism. When Newton heard of this, he became 
very interested, informing Flamsteed of the alternative that the comet had 
button-hooked around the sun, which Flamsteed proceeded to show was 
also compatible with the observations. After intensely scrutinizing the data 
and attempting to calculate trajectories, however, Newton concluded that this 
is just not what comets do: 

But whatever there be in these difficulties, this sways most with me that 
to make the Comets of November and December but one is to make that 
one paradoxical. Did it go in such a bent line other comets would do the 
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like and yet no such thing was ever observed in them but rather the 
contrary .... Let but the Comet of 1664 be considered where the 
observations were made by accurate men. This was seen long before its 
Perihelion and long after and all the while moved (by the consent of the 
best Astronomers) in a line almost straight. (Letter of 16 April 1681Y 

This shows that, regardless of what Newton thought at the time about 
the inverse-square governed trajectories of planets, he did not think the 
centripetal force governing them extends to comets as well. His celestial 
forces of 1681 were definitely not universal. 

Flamsteed's Idea Newton's Alternative 
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Flamsteed's Trajectories 

Fig. 1. The Comet(s) of 1680/81. 
Reprinted by permission from The Correspondence of Isaac Newton, Vol. 2 (Cambridge at 

the University Press, 1960) 
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Circular Motion and the Moon Test 
The obvious question, then, is what are we to make of his so-called 

"Moon test" of the late 1660s? This test is presented in a brief tract written in 
Latin, as if for publication. The tract begins with an analysis of circular 
motion, concluding that the tendency or endeavor of the object to recede 
from the circle varies as v2/r, and hence as radius or diameter over period 
squared (see Figure 2). A corollary of this is that if several bodies in uniform 
circular motion about a central body satisfy Kepler's 3/2 power rule--that is, 
the square of the periods of revolution vary as the cubes of the radii of the 
orbits-then the endeavors of these bodies to recede are inversely 
proportional to the squares of the radii of their orbits. The "Moon test" itself 
compares the endeavor of the Moon to recede with the known value of the 
acceleration of gravity at the surface of the Earth, using 60 Earth radii for the 
radius of the Moon's orbit and Galileo's incorrect value for the Earth's radius 
(taken from his Dialogue Concerning the Two Chief World Systems). Newton 
concludes that "the force of gravity is 4000 and more times greater than the 
endeavor of the Moon to recede from the center of the Earth," much greater 
than the 3600 it should be if the inverse-square rule holds around the Earth 
as well. 

Fig. 2. The "Moon Test" of the late 1680s. 

Newton considers the body revolving in the circle as being subject to an 
"endeavor to recede" from the center C. This endeavor would accelerate it 

through BD in the time it moves over the arc AD, were there not a 
counteracting force. But by Galileo's Dialogue, the distances traversed in 
accelerated motion are as the squares of the times, and by Euclid 111.36, AB1 = 

DB·BE. From these propositions Newton deduces that the acceleration 
produced by the "endeavor to recede" is given by: 

lim[Bn]= lim[ AB' ] = v' oc v' oc.!...' 
rz t 2 •BE 2r r p 2 

where the limit is to be taken as t or AB goes to zero, and P is the period. 

Figure reprinted with permission from john Herivel, The Background to NewtonS 
Principia (Oxford at the Clarendon Press, 1965). 
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How can I deny that what Newton is doing here is testing the 
hypothesis that inverse-square terrestrial gravity is holding the Moon in its 
orbit? My answer is simple. 

Keep in mind that the most celebrated question in 17th century 
astronomy was whether there was some way to choose between the 
Copernican and Tychonic systems, where the latter (see Figure 3) has the 
five planets going around the Sun and the Sun and Moon going around the 
Earth. (By a simple relative motion argument, these two systems seem to be 
observationally indistinguishable, for every object in each system will be in 
the same position relative to all the others at all times.) Newton had read 
Galilee's argument for the Copernican over the Tychonic system in the 
Fourth Day that culminates the Dialogue and Descartes's argument for the 
same in his Principia, and we can be confident that he found both wanting. 

I 

i 

I 

Fig. 3. Copernican vs. Tychonic World Systems 
A Possible Line of Argument for the Copernican system: (I) The Earth conforms 

perfectly with the 3/z power rule around the Sun. (2) The Sun does not 
conform at all with the 3/z power rule around the Earth. Therefore, the Earth is 

in orbit about the Sun, and not the Sun about the Earth. Lacuna: Why should 
the 3/2 power rule hold around the Earth? Response: It does hold if the 
endeavor of the Moon to recede is inverse-square! But is it? 

Figure reprinted with permission from N.M. Swerdlow and 0. Neugebauer, Mathematical 
Astronomy in Copernicus's De Revolutionibus, Part 2 (Springer-Verlag, 1984). 

The 3/2 power rule, which Newton had learned from reading Streete, offers a 
prospect of settling this issue, for the Earth fits in perfectly if it is going 
around the Sun, while the Sun and Moon definitely do not conform with the 
rule if they are going around the Earth. The trouble is, why should the 3/2 
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power rule hold around the Earth? I submit that with the "Moon test" of the 
late 1660s Newton was trying to show that the 3/z power rule has to hold 
around the Earth as well, by showing that the endeavor of the Moon to 
recede is inverse-square. In other words, Newton was looking for a decisive 
argument for Copemicanism. The fact that the other main calculation in the 
tract shows that the endeavor of objects to recede from the surface of a 
rotating Earth is small compared with the force of gravity, thereby answering 
a prominent objection to Copernicanism, gives supporting evidence that 
Newton was preoccupied in this tract with Copernicanism, not gravity. 

I hope you noticed that all the talk in the "Moon test" tract was of the 
endeavor to recede from the center, and not of centripetal forces. Newton 
appears to have shifted to thinking in terms of centripetal forces only 
following the correspondence with Hooke at the end of 1679. In his initial 
letter of 24 November, Hooke asks 

particularly if you will let me know your thoughts of that [hypothesis of 
mine] of compounding the celestial motions of the planets of a direct 
motion by the tangent and an attractive motion towards the central body. 
(Correspondance 2:297) 

In his subsequent letter of 6 January, after calling attention to his 
supposition that the attraction is inverse-square, Hooke adds 

not that I believe there really is such an attraction to the very center of 
the Earth, but on the contrary I rather conceive that the more the body 
approaches the center, the less will it be urged by the attraction .... But 
in the celestial motions the Sun, Earth, or central body are the cause of 
the attraction, and though they cannot be supposed mathematical points, 
yet they may be conceived as physical and the attraction at a 
considerable distance may be computed according to the former 
proportion as from the very center. This curve truly calculated will show 
the error of those many lame shifts made use of by astronomers to 
approach the true motions of the planets with their tables. (2:309) 

And finally, in the last letter of the exchange (dated 17 January 
1679/80), Hooke says, 

It now remains to know the properties of a curve line (not circular nor 
concentrical) made by a central attractive power which makes the 
veloCities of descent from the tangent line or equal straight motion at all 
distances in the duplicate proportion to the distances reciprocally taken. I 
doubt not that by your excellent method you will easily find out what 
this curve must be, and its properties, and suggest a physical reason of 
this proportion. (2,313) 

The "excellent method" alluded to here is what we call the calculus. 
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Newton himself coined the term "centripetal force," adapting it from 
Huygens's "centrifugal force." Huygens used this term to designate the 
tension in the string holding a ball in uniform circular motion, or equally the 
static force exerted on the wall of a spinning surface restraining the ball. It 

was a trivial step from that force to the balancing static force on the ball, 
normal to the spinning surface. 

A natural thought when trying to generalize uniform circular motion to 
motion describing other curves is to treat it as involving an instantaneous 
uniform circular component and a second component that displaces the 
object from one such circle to another (see Figure 4). Huygens's theory of 
evolutes, published in 1673, displayed the power of this approach. Newton 
explored it further in the 1670s, developing a significant fragment of the 
differential geometry of curves in terms of normal and tangential 
components, but without getting anywhere on orbital motion. The difficulty 
with this approach for that purpose is that it allows two seemingly 
independent degrees-of-freedom, making the problem of determining a 
specific motion underspecified. The shift to the idea that every departure 
from inertial motion that an orbiting body makes always has to be directed 
toward a single point in space in effect eliminates one degree-of-freedom. 

I 
G 

Huygens's Centrifugal Force (a) 
Reprinted with permission from Joelle G. Yoder, 
Unrolling Time (Cambridge University Press, 
1988), p. 21, Fig. 3.2 

~p 

i 
I 

The Natural Generalization 

• s 

?-·:::....:._:_:_:_:_:~-c 
.. - ._._:-.:~. 

Huygens's Centrifugal Force (b) 
Reprinted with permission from Oeuvres 
Completes de Christiaan Huygens, T. 16 
(LaHaye: M. Nijhoff, 1929) p. 308. 

Centripetal Force 

Fig. 4. Centrifugal Force vs Centripetal Force 
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Hooke almost certainly deserves credit for leading Newton into this shift. 
One can think of the orbiting body as held in orbit not by a string, but by a 
spring-for example, one obeying Hooke's law of elasticity. Newton himself 
thought of the orbiting body, at least initially, as being pushed by impulses 
toward the central point. 

The Public Version of De Motu 
We are now getting into the more documented part of the story. We 

know that while he was visiting Newton in the summer of 1684, young 
Halley told him of discussions in London about the trajectory described by 
an orbiting body governed by an inverse-square force directed toward a 
central body. Newton told Halley that the answer is an ellipse and that he 
had proved this earlier. Unable to find the proof among his papers, he 
promised Halley that he would forward it. The 1 0-sheet tract De Motu 
Corporum in Gyrum was sent to Halley in November 1684.3 It ·prompted 
Halley to make a second visit to Cambridge, where he saw what was later 
called a further "curious treatise," for Newton was continuing his efforts. 
Halley had the initial tract entered into the Royal Society's Journal Book in 
early December, in anticipation that more would be coming from Newton. 
This registered version of the tract (see Document 1, Appendix) opens with 
the coining of the term "centripetal force" followed by two other definitions 
and four hypotheses. For my purposes here, the main thing to notice about 
these is the absence of the second law of motion. In its place are two weaker 
principles: the parallelogram rule for changes of motion resulting from two 
forces compounded and the Galilean rule that in the very beginning of any 
change of motion the displacement of the body from where it would have 
been had it continued in uniform motion in a straight line is proportional to 
the square of the elapsed time. 

Newton derives 11 propositions from these hypotheses, the last two of 
which reach beyond motion under centripetal forces to consider motion in 
resisting media. The first proposition (see Document 2, Appendix) in effect 
says that, if the only forces causing changes of motion of a body are always 
directed toward a single point in space, then that body sweeps out equal 
areas in equal times with respect to that point. In other words, centripetal 
forces imply Kepler's area rule. This does not license an inference from the 
area rule to centripetal forces. De Motu is throughout stipulating that the 
forces are centripetal. What it does license is that, of the several ways in 
which time can be represented geometrically in uniform circular motion-for 
example, by angle or arc length-the preferred one for generalizing beyond 
such motion to motion under varying centripetal forces is area. While the 
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point remains implicit, it also shows that the stipulation of centripetal forces 
eliminates what I was calling a degree-of-freedom in the problem of 
curvilinear motion. (The figures in Documents 2-4, Appendix, by the way, 
are facsimiles of Newton's own hand-drawn figures.) 

The second proposition gives results for uniform circular motion, 
emphasizing in Corollary 5 the tie between the 3/2 power rule and the 
inverse-square, stated now for centripetal forces. A scholium (or 
commentary) immediately following announces that this corollary holds true 
in the case of the heavenly bodies-that is, the major planets orbiting the 
Sun and the minor ones orbiting Jupiter and Saturn. 

The third proposition then provides the basis for generalizing beyond 
uniform circular motion by establishing a rule for inferring how the 
magnitude of the centripetal force must vary along a curvilinear path from 
the geometric features of that path. It is a beautiful proposition, combining 
the approach Newton took to inferring the magnitude of force in the uniform 
circular case with the use of area to represent time in the general centripetal 
case. It is the crucial theorem, opening the way to a general theory of motion 
under centripetal forces. 

After giving a couple of examples of application of this theorem, 
Newton turns to the case of a body orbiting in an ellipse with the centripetal 
forces directed toward a focus (see Document 3, Appendix). He concludes 
first that the centripetal force acting on such a body has to be inverse-square 
and second that the 3/2 power rule holds as well for any system of bodies 
held in such orbits by inverse-square forces directed toward the same point. 
In a scholium between these propositions Newton announces that 

the major planets orbit, therefore, in ellipses having a focus at the center 
of the Sun, and with their radii drawn to the Sun describe areas 
proportional to the times, exactly as Kepler supposed. 

Newton has been criticized for sloppy reasoning here on the grounds that he 
has not really proven that the planetary orbits have to be perfect ellipses, 
even under the assumption of centripetal forces. Still, he has answered an 
important question under discussion at the time. From the near circularity of 
the planetary orbits, Newton and several others had concluded that, at least 
to a first approximation, an inverse-square force is governing these orbits. 
The question was whether some secondary force superposed on the inverse
square force is then displacing the body from circular into elliptical or 
otherwise oval orbits. Newton has shown that no such secondary force is 
needed for the case Kepler laid out; the same inverse-square forces inferred 
from the 3/2 power rule for circular orbits can yield Keplerian orbits as well. 
The Keplerian circle is just a special case of the Keplerian ellipse. 
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Newton next takes advantage of the 3/2 power result to provide two 
ways of determining the specific ellipses (see Document 4, Appendix). The 
first, presented in a scholium, determines the ellipse from a sequence of 
observations. One important feature of this method, evident in the figure, is 
that it locates the other focus by taking the mean of several determinations. 

The advantage ... [Newton says] is that to elicit a single conclusion a 
large number of observations, no matter how many, may be employed 
and speedily compared one with another. 

An even more important feature is that it uses the 3/2 power rule to 
determine the length of the major axis from the more accurately known 
period-a controversial practice that theretofore had been adopted only by 
Horrocks, and Streete following him. 

The 3/z power rule plays an even more crucial role in the other 
method, which determines the ellipse, given only a position and. velocity of 
the body. The obvious further .ingredient needed for the solution is the 
magnitude of the centripetal force acting on the body at this location. As the 
figure suggests, Newton uses a second orbiting body to determine this force 
(Document 4, Appendix). Specifically, his method, when reformulated 
algebraically, amounts to using the semi-major axis and period of the 
reference orbiting body to determine the value of th~ invariant quantity 
[a3/P'] for the center of force about which the motion is taking place, and 
then to obtain the force at the location a distance r from this center as 
[a'/P']/r'. In other words, Newton has taken the step of using [a'/P'] as a 
measure of the strength of the centripetal forces associated with any center 
of inverse-square forces. 

He adds that this method can be used to determine the trajectories and 
then the periods of comets. So, at this point, late in 1684, he seems to have 
abandoned his reservations of three years earlier about comets button
hooking around the Sun. I have no idea what has changed his mind. 

De Motu goes on to treat the problem of vertical fall under inverse
square forces and then motion under resistance, but these results have little 
to do with the question of how he discovered universal gravity. What is 
striking about De Motu when considered with this question in mind is how 
few of the ingredients of universal gravity are to be found in it. There is no 
sign of interactive gravity; the only things treated are what we now call "one
body" problems. All that he says about gravity is that his vertical fall solution 
is "in accord with the hypothesis that gravity is reciprocally proportional to 
the square of the distance from the Earth's center," adding that "gravity is one 
species of centripetal force." More dramatically, mass is entirely absent. The 
one place he categorically needs it is for resistance forces, where, after giving 
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a method for measuring the ratio of the force to the force of gravity-more 
precisely, the ratio of the deceleration from resistance to the acceleration of 
gravity-for a single body, he says that the resistance force on any other 
body can be obtained by compounding the ratios of the surface areas with 
the density of the two mediums; he then adds that "the force of gravity is 
ascertainable from its weight." He is in effect telling the reader to let the 
deceleration from the resistance of the medium vary not inversely with mass, 
but inversely with weight, from one body to another: 

v . 
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Pmedium Asurface V 

WEIGHT 

(where I am using his dot notation from five years later to denote the 
decelerative effect of the resistance). Here force amounts to nothing more 
than departure from uniform motion in a straight line. Further, in the earlier 
centripetal force propositions, just as in the resistance propositions, his talk 
of forces is somewhat superfluous, for he employs only what he 
subsequently came to call the accelerative measure of force. In other words, 
everywhere Newton speaks of centripetal forces in this tract, he might just as 
well have spoken of "centripetally directed departures from uniform motion 
in a straight line." If you will let me speak anachronistically, the 11 
propositions involve only what we now call "kinematics," putting them 
totally within the tradition of Galileo and Huygens. 

In sum, if we ask the question, how much of universal gravity had 
Newton discovered as of November 1684, and we take the registered version 
of De Motu at face value, then the answer is, not much at all-the first three 
of the ten propositions I listed earlier and perhaps the fourth, but not any of 
the others. Mind you, in saying this I do not mean to be denigrating De 

Motu. Had Newton published just it and stopped, it would have been the 
most important contribution to a~tronomy in the 70 years of the 17th century 
following Kepler. Saying this, however, is just to call your attention in still 
another way to how remarkably monumental the Principia truly was. 

One last point about the registered version of De Motu. It gives rise to 
some obvious questions that it neither addresses nor even acknowledges. Its 
propositions refer the motion of an orbiting body to a single point in space, 
the point toward which the centripetal forces governing the motion are 
always directed. But the point to which the forces governing the satellites of 
Jupiter are directed, the center of Jupiter, is not a single point in space, for 
Jupiter is orbiting the Sun. Our planetary system, with its multiple centers of 
orbiting motion, thus invites the question, to what point in space should all 
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these motions be referred? Remember, this was what the issue between the 
Copernican and Tychonic systems was all about. 

Worse, since Jupiter and Saturn are centers of force, as well as the Sun, 
what happens when a comet comes close to one of them? Do the centripetal 
forces directed toward each of them affect it? For that matter, do the forces 
directed toward each of these two planets affect the motion of the other? 
Even further, do the centripetal forces directed toward, say, Jupiter extend all 
the way to the Sun, and if they do, is the Sun put into motion, interacting 
with Jupiter? If all the different centers of force in our planetary system are 
contributing to the motions of every other body, then indeed to what single 
immobile point in space should the motions be referred? Members of the 
Royal Society reading the registered version of De Motu would have required 
no prompting to raise these questions. 

The Augmented Version of De Motu 
De Motu was entered into the Journal Book in December 1684. The 

manuscript of Book 1 of the Principia was delivered to London in April of 
1686, with the manuscripts of Books 2 and 3 following in March and April, a 
year later. To examine how Newton got from De Motu to universal gravity, 
we will have to consider some documents that did not become fully public 
until long after Newton died. The most important of these is an augmented 
version of De Motu. This document is written in the hand of Humphrey 
Newton with deletions and insertions by Isaac, the most famous of which is 
the change from "hypothesis" to "law" on the first page. The precise date of 
the document cannot be established. I am going to put it in later 1684, with 
the suggestion that Newton, like so many of the rest of us, had a flood of 
further thoughts as soon as the manuscript of the earlier version left his 
hands. The eleven proved propositions of De Motu remain the same in this 
augmented version, as do their proofs. The augmented version has three 
important changes: (1) the opening section has been recast, with a new set 
of hypotheses; (2) a paragraph now known as "the Copernican scholium" 
has been added to the scholium in which the first method for determining 
the ellipse is given; and (3) the very short scholium leading into the section 
on resistance forces has been replaced by three paragraphs, which I will call 
the "resistance scholium." 

Let me start with it. It opens, 

Thus far I have explained the motions of bodies in non-resisting 
mediums, in order that I might determine the motions of the celestial 
bodies in the aether. For I think that the resistance of pure aether is 
either non-existent or extremely small. Quicksilver resists strongly, water 
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far less, and air still less. These mediums resist according to their density, 
which is almost proportional to their weights, or rather (one could almost 
say) to the quantity of their solid matter. Therefore the solid matter of air 
may be made less, and the resistance of the medium will be diminished 
nearly in the same proportion until it reaches the tenuousness of aetber .. 
. . If air flowed freely between the particles of bodies and thus acted not 
only on the external surface of the whole, but also on the surfaces of the 
single parts, its resistance would be much greater. Aether flows between 
very freely, and yet does not sensibly resist. All those sounder 
astronomers think that comets descend below the orb of Saturn, who 
know how to compute their distances from the parallax of the Earth's 
orbit, more or less; these therefore are indifferently carried through all 
parts of our heaven with an immense velocity, and yet they do not lose 
their tails nor the vapour surrounding their heads, which the resistance of 
the a ether would impede and tear away. Planets persevere in their 
motion for thousands of years, so far are they from experiencing 
resistance .... [emphasis added} (Math. Papers 6:79, Prelim. Man., 22-23) 

What Newton seems to be invoking here is Descartes's conception of 
density and weight, according to which gravity arises from the pressure 
exerted by aethereal particles on bodies, with density corresponding to the 
extent of the impediment which the larger "solid" particles put up against the 
free flow of the aethereal matter through the body. In particular, Descartes 
expressly denied that density reflects the total quantity of matter in a body, 
for included in this matter are all the aethereal particles. I will come back to 
this point in a moment. 

In the second paragraph of the "resistance" scholium, Newton repeats 
the assumption of the earlier version that terrestrial gravity is inverse-square, 
and now mentions a re-performance of the "Moon test" of the late 1660s: 

Motion in the heavens, therefore, is ruled by the laws demonstrated. But 
if the resistance of our air is not taken into account, the motions of 
projectiles in it are known from Problem 4 and the motions of bodies 
falling perpendicularly from Problem 5, assuming indeed that gravity is 
reciprocally proportional to the square of the distance from the center of 
the Earth. For one kind of centripetal force is gravity, and from my 
computations it appears that the centripetal force by which our Moon is 
kept in its monthly motion about the Earth is to the force of gravity on the 
sutface of the Earth reciprocally as the squares of the distances from the 
center of the Earth, more or less. From the slower motion of pendulum 
clocks on the summits of high mountains than in valleys it is clear also 
that gravity diminishes with increase of distance from the center of the 
Earth, but in what proportion has not yet been observed. [emphasis 
added] (6: 79-80; 24) 
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Newton's remark about the slowing of pendulum clocks on mountains 
-undoubtedly alluding to observations Halley had made at St. Helena, of 
which Newton first learned more from Hooke in the correspondence at the 
end of 1679-is mistaken, the effect being undetectably small. But the key 
point is the new and successful result for the "Moon test." If in fact Newton 
used Picard's value for the circumference of the earth, the number he would 
have ended up comparing with 3600 is 3611.8, reducing the greater than 20 
percent difference between the two he had found in the late 1660s to 0.3 
percent. 

The third paragraph of the resistance scholium opens with the 
sentence: 

The motions of projectiles in our air, moreover, are to be referred to the 

immense and indeed motionless space of the heavens, not to the moving 
space which is revolved along with our Earth and our air, and is naively 
regarded as immobile. (6;80; 24) 

This takes me back to the new laws, nee hypotheses, at the beginning 
of the augmented tract (see Document 5, Appendix). 

Newton has now changed the parallelogram and Galilean rules that 
served as hypotheses in the registered D~ Motu into lemmas, replacing them 
with a version of his second law of motion: 

A change of state of motion or rest is proportional to the impressed force 
and occurs along the straight line in which that force is impressed. (6:76; 
13) 

He gives no definition here of "motion," but from earlier unpublished 
work and various work published by others on impact, we can infer that he 
means the product of the bulk of the moving body and its velocity. (The 
terminology, "laws of motion," at the time generally referred to laws 
governing motion before and after impact of bodies, usually spheres; these 
spheres were typically taken to be of the same material, so that bulk 
amounted to their volume. The law Newton gives here, as stated, would not 
have seemed new or unusual to anyone familiar with earlier papers on the 
subject published by Wallis, Wren, and Huygens.) 

Following this are two very different laws; 

Law 3. The relative motions of bodies contained in a given space are 
the same whether that space is at rest or whether it moves perpetually 
and uniformly in a straight line without circular motion. 
Law 4. The common center of gravity does not alter its state of motion 
or rest through the mutual actions of bodies. (6,76; 13) 
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These two, which are never referred to in any of the demonstrations of 
the proved propositions, are obviously responsive to the questions I posed a 
little way back. The relativity principle is the same as Huygens had used in 
his investigations of motion under impact. Newton himself had come upon 
the center of gravity principle in his unpublished work on impact. It would 
not have caused any consternation, for what it amounts to is a generalization 
of the law of inertia to apply to a group of interacting bodies. 

The only place where these two new laws make a difference is in the 
added paragraph we may call "the Copernican scholium." The first part of 
this reads: 

Moreover, the whole space of the planetary heavens either rests (as is 
commonly believed) or moves uniformly in a straight line, and hence the 
common center of gravity of the planets (by Law 4) either rests or moves 
along with it. In either case the motions of the planets among themselves 
(by Law 3) are the same, and their common center of gravity rests with 
respect to the whole space, and thus can be taken for the immobile 
center of the whole planetary system. Hence in truth the Copernican 
system is proved a priori. For if in any position of the planets their 
common center of gravity is computed, this either falls in the body of the 
Sun or will always be close to it. (6:78; 20) 

The obvious question is, hasn't Newton now discovered universal gravity, for 
how else can he be saying this? Let me answer by showing how else he can 
be saying it. 

Consider, for simplicity, the case of Jupiter moving uniformly in a 
circular orbit, interacting with the Sun (see Figure 5). (The generalization to 
the case of an ellipse can be found in Book I, Section 11 of the Principia.) 

Now, as those at the time thought of it, the distance of two bodies from their 
common- center of gravity formed a ratio, r1 to rH in the diagram, where the 
former is the distance of Jupiter and the latter, the distance of Helios, that is, 
the Sun, from their center of gravity. The center of gravity principle 
expressed by Newton's Law 4 entails that this ratio must remain constant as 
the two bodies move and interact with one another. (This is what Newton 
had discovered in his early work on impact.) 

The only way this ratio can remain constant and Jupiter be moving in a 
circular orbit is for the Sun to be moving in a circular orbit as well, the center 
of both orbits be their center of gravity, and Jupiter and the Sun always be 
on directly opposite sides of this center (see Figure 6). Newton had already 
shown that the force retaining Jupiter in such a circular orbit is proportional 
to r/P/. Now, if this force is stemming from an inverse-square centripetal 
force directed toward the Sun, then this last quantity must be proportional to 
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the invariant quantity, [a3/P2]H, characterizing the strength of the centripetal 
forces directed toward the Sun, divided by the square of the distance 
between Jupiter and the Sun, r,". Analogous reasoning holds for the Sun in its 
circular orbit, so that rH/Pn2 must be proportional to [a3/P2]/r1l, where the 
bracketed quantity with subscript J characterizes the centripetal forces 
directed toward Jupiter. 

For ease of exposition, I am now going to proceed algebraically where 
Newton would likely have used Eudoxian reasoning. Dividing these two 
proportions into one another, and taking into account that Law 4 requires the 
periods of Jupiter and the Sun to be the same in this "two-body" problem, 
we obtain the conclusion that the fixed ratio r./r1 must be equal to 
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[a3/P']/[a3/P'ln. Now both of the bracketed terms on the right were known in 
astronomical units, that is, units in which the mean distance from the Earth to 
the Sun is 1.0---the bracketed term in the numerator from the satellites of 
Jupiter and the one in the denominator from Venus, Mars, or whichever 
planet you prefer. So, Newton could now just calculate the ratio of rH to ~11 
finding that it is around 1 in 1000, so small that their common center of 
gravity has to lie more or less within the body of the Sun. In other words, he 
could reach this conclusion not only without having the law of gravity, but 
without even having yet expressly formed the concept of mass. 

It is a short step from this two-body case to his so-called a priori proof 
of the Copernican system (see Figure 7). Suppose, for the worst case, that 
there are inverse-square centripetal forces directed toward each of the five 
planets and the Earth. The greatest distance between the Sun and the 
common center of gravity of all these bodies will occur when the Earth and 
the planets all lie in a single straight line on the opposite side of this center 
of gravity from the Sun. Saturn's satellite Titan could be used to determine 
[a3/P2] for it in astronomical units, from which Newton could conclude that its 
effect on the Sun is only a fraction of that of Jupiter. Similarly, even though 
he did not have an accurate value in as.tronomical units for the distance of 
our Moon from the Earth, using the estimated value he had at the time to 
obtain [a'/P'] for the Earth would have shown him that the effect of the Earth 
on the Sun is much smaller than that of Jupiter. Even if, to be on the safe 
side, one were to multiply the value of rH obtained from the Jupiter-Sun case 
by 6 to obtain an upper bound on the distance of the center of gravity from 
the center of the Sun, the result would be only around 3 Sun diameters, less 
than 10 percent of the distance between the Sun's center and Mercury. Given 
the much smaller values for Saturn and the Earth, Newton could conclude, as 
he says, that the common center of gravity "either falls in the body of the 
Sun or will always be close to it." Moreover, the reasoning just presented is 
neutral between the Copernican and Tychonic systems insofar as the Sun and 
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Fig. 7. Generalizing to the "Proof." 

The worst case: ru is at most 6 times the value obtained from the Jupiter-Sun case. 
Thus Newton may fairly conclude that " ... if in any position of the planets their 
common center of gravity is computed, this either falls in the body of the Sun or will 
always be close to it .... " 
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the other bodies can all line up in the manner shown in Figure 7 in either 
system. So the reasoning is not question-begging; it does give a proof of 
Copernicanism. 

The glaring lacuna in this reasoning is that the effect on the Sun of any 
centripetal forces directed toward Mercury, Venus, and Mars is no larger than 
the effect of the centripetal forces directed toward Jupiter. There were no 
known satellites of these three planets, and hence [a3/P'] could not be 
directly calculated for any one of these three. An upper bound for it, 
however, could be determined. If you fully carry out the two-body problem 
for Jupiter and the Sun that I outlined before, you find that the relationship 
between the period and the mean distance between the two bodies is 
slightly different when the two are interacting from what it is in the one-body 
case. In other words, Kepler's 3/2 power rule requires a small correction 
when the orbiting body is interacting with the central body. The correction 
factor in the particular case of Jupiter interacting with the Sun is shown in 
the following expression: 

1 
P' ' J = rJ" [a3/P'lJ 

1 +-::--::--::
[a3/P')H 

Although the fraction [a3/P']/[a3/P']" is small in the case of Jupiter, it is not 
negligible. Now, if any of Mercury, Venus, or Mars is interacting with the Sun 
and the effect of this interaction on the Sun is greater than the effect on it of 
an interaction with Jupiter, then a comparison of the numerical values for 
this planet's period and mean distance with the numbers for the other 
planets' periods and distances should show a small, but not negligible 
discrepancy. The comparison shows no such discrepancy. Hence, it can be 
concluded that if Mercury, Venus, and (or) Mars are interacting with the Sun, 
then the effect of this interaction is less than that of Jupiter. 

Did Newton already know this in December 1684? We have strong 
evidence that he did. In late December, he initiates a brief correspondence 
with Flamsteed, asking for various astronomical data, including the mean 
distances and periods of the orbits of the satellites of Jupiter and Saturn. In 
thanking Flamsteed for the data in his last letter in the sequence, dated 22 

January 1685, Newton asks for 

the long diameters of the orbits of Jupiter and Saturn assigned by yourself 
and Mr. Halley in your new tables, that I may see how the sesquiplicate 
proportion fills the heavens together with a small proportion which must 
be allowed for. (Correspondence, z, 413) 
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The only small proportion which must be allowed for that shows up in 
any of Newton's subsequent writings is the one I have just presented. The 
reasoning I have attributed to Newton was therefore entirely within his 
command. 

So much for the first part of the "Copernican scholium." The remainder 
of it is no less remarkable. 

By reason of the deviation of the Sun from the center of gravity, the 
centripetal force does not always tend to that immobile center, and hence 
the planets neither move exactly in ellipses nor revolve twice in the same 
orbit. There are as many orbits of a planet as it has revolutions, as in the 
motion of the Moon, and the orbit of any one planet depends on the 
combined motions of all the planets, not to mention the actions of all these 
on each other. But to consider simultaneously all these causes of motion 
and to defme these motions by exact laws admitting of easy calculation 
exceeds, if I am not mistaken, the force of any human mind. Omit those 
minutiae, and the simple orbit and mean among all the deviations will be 
the ellipse of which I have already treated. If any one tries to determine 
this ellipse by trigonometrical computation from three observations (as is 
customary), he will have proceeded with less caution. For those 
observations will share in the minute irregular motions here neglected and 
so make the ellipse deviate a little from its just magnitude and position 
(which ought to be the mean among all the deviations), and so will yield 
as many ellipses differing from one another as there are trios of 
observations to be employed. Therefore there are to be joined together 
and compared with one another in a single operation a great number of 
observations, which temper each other mutually and yield the mean ellipse 
in both position and magnitude. (Math. Papers, 6:78, Prelim. Man., 20) 

Suppose, then, we take the augmented version of De Motu at face 
value, dating it just before the correspondence with Flamsteed, and ask, how 
much of universal gravity had Newton discovered by the end of 1684? He 
had completed a successful "Moon test" and so presumably had concluded 
that the Moon is retained in orbit by terrestrial gravity. Insofar as he still 
spoke of gravity as one kind of centripetal force, he may not yet have 
equated celestial centripetal forces with terrestrial gravity. But he surely had 
developed the idea that orbiting bodies can be interacting with the central 
body; and his remark about the actions of all the planets on each other 
indicates that he had extended this to interactions of the orbiting bodies with 
each other. (Indeed, as we shall see in a moment, one of the topics in the 
correspondence with Flamsteed was the action of Jupiter on Saturn.) The key 
point, however, is that he has not gone beyond this in my list of claims 
comprising universal gravity. Nothing in the augmented version of De Motu 
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gives evidence that he had discovered the law of gravity, or even had yet 
singled out the concept of mass, given his remark about density being almost 
proportional to the quantity of solid matter. The audience for whom Newton 
wrote this tract would have found it perfectly intelligible without their having 
any inkling of the law of gravity, or his concept of mass. 

I should add that, however struck we may be by Newton's discouraging 
remark about the actual orbits being beyond the force of the human mind, 
his contemporaries would have been neither surprised nor dismayed by it. 
Galileo and Descartes had argued that a science of resistance is impossible, 
and hence, so too is a science of real motions of objects near the surface of 
the Earth. Huygens had discovered that a cycloidal pendulum is perfectly 
isochronous if the bob is a mere point, but then found himself unable to 
define mathematically the isochronous curve when the bob is a real physical 
body. The general view within the tradition of Galileo and Huygens-the 
tradition in which, as I said before, De Motu falls-was to pursue a 
mathematical science of the ideal case and then live with the fact that the 
real world is not ideal. Some, like Kepler and Horrocks, had expressed 
hopes for the perfectibility of orbital astronomy, but Descartes had suggested 
to the contrary that planetary trajectories were sure to be subject to 
intractable irregularities. Newton's expression of resignation was par for the 
course at the time. 

The Law of Gravity 
Nevertheless, Newton himself had good reasons not to be so 

comfortable conceding that the exact motions are beyond human reckoning. 
The proved propositions of De Motu were opening the way to a bold 
sequence of reasoning from Kepler's findings to a knockdown argument for 
Copernicanism. The fact that our Moon, whatever its orbit may be, definitely 
does not conform with Kepler's rules and hence poses a prima facie 
counterexample undercutting this reasoning was bad enough. To concede 
that the planetary trajectories are all incomprehensibly irregular is to invite 
suspicions that the account of orbital motion in De Motu, while a pretty story, 
is but one of any number of possible stories. Insofar as this was the very sort 
of objection that Newton had raised against hypotheses in science generally, 
he had good reason to look for some way of getting beyond just resigning 
himself to the incomprehensibility of the motions. 

When you think of the problem as one of finding the simultaneous, 
coordinated adjustments that the six planets and the Sun have to make in 
order to satisfy the global constraint imposed by the center of gravity 
principle, the problem really does seem intractable (see Figure 8). But there 
is another way of thinking of the problem: you can consider the motion of 
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Fig. 8. From a Global Restraint to Individual Forces 

" ... In my last I made an allowance for the distance of Jupiter and Saturn one from 
another diminishing their virtue in a duplicate proportion of the distance. But yet I 
spake there but at random not knowing their virtues till I had your numbers for 
Jupiter, by which I understand his virtue is less than I supposed. But I am still at a 
loss for Saturn .... Now I am upon this subject I would gladly know the bottom of it 
before I publish my papers .... " Newton to Flamsteed, 12 Jan 1685 

any one planet under forces directed toward the other bodies. The degree to 
which the planetary orbits approximate Kepler's rules shows that the other 
forces have to be small in comparison to the centripetal force toward the 
Sun. If these forces are small, however, the deviations from Keplerian motion 
they produce must be small. Consequently, when considering the forces on 
any one planet directed toward the others at any one moment, little error 
will result from t.reating the other planets as in their Keplerian location at that 
moment. Assuming all the forces are inverse-square with distance, this 
approach will enable values of their magnitudes to be determined at least to 
a high approximation. At a minimum, then, this approach should allow the 
principal secondary force on each planet to be determined and the 
circumstance in which it reaches a maximum, and from this, estimates of the 
maximum deviation from the Keplerian ideal, and perhaps insights into the 
pattern of the deviations, can be obtained for any one planet. 

The clearest evidence that Newton was thinking this way at the end of 
1684 comes from the correspondence with Flamsteed. One of Newton's 
principal questions in initiating this correspondence was whether "you ever 
observed Saturn to err considerably from Kepler's tables about the time of his 
conjunction with Jupiter." Newton had clearly made a calculation of the 
relative magnitudes of the Sun's and Jupiter's force on Saturn at their 
conjunction and was looking for confirmation that the latter was large 
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enough to have an observable effect. In response to Flamsteed's negative 
response, Newton remarks, 

In my last I made an allowance for the distance of Jupiter and Saturn one 
from another diminishing their virtue in a duplicate proportion of the 
distance. But yet I spake there but at random not knowing their virtues 
till I had your numbers for Jupiter, by which I understand his virtue is 
less than I supposed. But I am still at a loss for Saturn .... Now I am 
upon this subject I would gladly know the bottom of it before I publish 
my papers. 

The remark about Saturn, which is in response to Flamsteed's having 
been unable to observe the newly discovered satellites of Saturn, points to a 
problem with this force approach. In contrast to the Earth and Jupiter, 
Newton had no way of confirming that the centripetal force holding the one 
fully established satellite of Saturn in orbit is inverse-square. Worse, the 
absence of satellites around Mercuty, Venus, and Mars left him with no 
effective way even to resolve the question of centripetal forces toward these 
three, much less to assign values to their magnitudes. Is there some way 
besides relying on [a' /P'] to get at their forces? 

One way to attack this question is to revert to the two-body problem of 
Jupiter and the Sun, asking what feature of each of these bodies their 
respective [a~/P1l's are proportional to. The center of gravity principle 
provides a second relationship that we have ignored so far: the product of 
the weight and the distance of the two objects from their center of gravity 
must balance one another. Applying this to the Jupiter-Sun case (see Figure 
9) would then yield the conclusion that their [a3/P'l's are proportional to their 
respective weights. The obvious problem with this, especially in the light of 
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Newton's conclusion that gravity diminishes above the Earth's surface in an 
inverse-square proportion, is that weight is a parochial quantity; thinking in 
terms of what Jupiter and the Sun would weigh at the Earth's surface is not 
going to accomplish much. This raises the question, what besides the 
acceleration of gravity, which seems to be the same for all bodies, is weight 
proportional to? The Cartesian answer, the quantity of solid marter in the 
body, was not very promising, for how is one to determine how much solid 
matter is in Saturn or Mars? 

How Newton proceeded beyond the augmented version of De Motu 
and the correspondence with Flamsteed is not so clear. The only document 
we have before the first draft of Book 1 of the Principia is a fragment, 
entitled "The Motion of Bodies in Regularly Yielding Mediums." It consists of 
very worked-over drafts of some 18 definitions, 6 laws, and the two lemmas 
from the augmented De Motu. This fragment, which opens with definitions of 
absolute time, space, and motion, reflects very careful thought that Newton 
must have been giving to concepts of motion and force, especially for 
purposes of inferring forces from motions. Three of these definitions are 
important for our purposes (see Document 6, Appendix). Quantity of motion 
is now expressly defined as the product of velocity and the "quantity of the 
body," which he says "is to be estimated from the bulk of corporeal matter 
which is usually proportional to its gravity," indicating how a pendulum 
experiment can serve this purpose. The term "corporeal matter" here 
presumably contrasts with "aethereal matter." Next, the internal or innate 
force of a body to preserve its state of motion or rest is said to be 
"proportional to the quantity of the body." Newton appears to have thought 
back through prior work by himself and others, most notably Huygens, on 
motion under impact and conical pendulums in reaching these 
pronouncements, and he is now equating the change of motion referred to 
in the second law with the change in the product of velocity and the total 
quantity of matter in the body. The definition of centripetal force is the usual 
one, though notice that he is here still not identifying celestial force with 
terrestrial gravity. 

Finally (see Document 7, Appendix), the laws include a new one, "as 
much as any body acts on another so much does it experience in reaction," 
the version of the third law of motion from his earlier work on impact. As 
then, he does not expressly equate action with the product of quantity of 
matter and change in velocity. When he restates this law in the first draft of 
Book 1, he does expressly add, "By these actions the changes not in their 
velocities but in their 'motions' (momenta) will come to be equal." In giving 
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Laws 3 and 4 of the augmented De Motu after this new law, he adds that 
these three "mutually confirm each other." 

On a separate page are two further definitions to be inserted into the 
tract, forcing a renumbering of the original definitions. The first, Def.6, is for 
density, which is defined as "the quantity or bulk of matter compared with 
the quantity of space occupied." The second, Def.7, reads as follows: 

By the heaviness of a body I understand the quantity or bulk of matter 
moved apart from considerations of gravity as often as it is not a matter 
of gravitating bodies. To be sure the heaviness of gravitating bodies is 
proportional to their quantity of matter by which it can by analogy be 
represented or designated. And the analogy can actually be inferred as 
follows. The oscillations of two equal pendulums of the same weight are 
counted and the bulk of the matter in each case will be inversely as the 
number of oscillations made in the same time. But careful experiments 
made on gold, silver, lead, glass, sand, common salt, water, lignite and 
twill led always to the same number of oscillations. On account of this 
analogy and Jacking a more convenient word I represent and designate 
quantity of matter by heaviness, even in bodies in which there is no 
question of gravity. 

Newton shortly thereafter switched to the word "mass." The important 
point here is that he has taken the trouble to carry out an experiment to 
establish that weight is precisely proportional to quantity of matter, the 
quantity entering into the second law and hence entering into the inference 
from a change of motion to the magnitude of the force responsible for this 
change. 

Newton could have proceeded in either of two ways from this point to 
the mathematical statement of the law of gravity. On the one hand, he could 
have now concluded that the [a3/P'l's of Jupiter and the Sun are proportional 
to their respective masses: 

[a3/P']1 W1 

[a'/P']H WH 

Then the accelerative effect of the centripetal force on Jupiter toward the Sun 
is proportional to the mass of the Sun and inversely proportional to the 
square of the distance between the two: 

MH 
oc --, 

r' 
JH 
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and analogously the force on the Sun toward Jupiter is proportional to the 
mass of Jupiter, etc. But then, in accord with the second law, the force on 
each is proportional to the product of their masses and inversely 
proportional to the square of the distance between them: 

MH M, mM 
"" M-,F oc M __.:_, thatis foe--· Jrl Hcem Hf2 ' r 

JH JH 

Alternatively, he could have first used the second law to conclude that 
the force on each is proportional to its mass, the [a3/P'l of the other, and 
inversely proportional to the square of the distance between them: 

[a 3/P']" [a 3/P'] F oc M 
2 

,p ocM 1 • 
lcetl/ J f Hce1ll H f2 

JH JH 

He could have then invoked the third law to equate these two forces, 

F ~F , 
11cem lcen/ 

allowing him to conclude that their [a3/P']'s are proportional to their 
respective masses, 

[a 3/P']1 ~ M1 

[a'/P']" M" ' 

again yielding, when generalized, the law of gravity, 

mM 
F"" --· 

r' 

The second of these two ways is the one he follows in the Principia, 
while the first fits in with the attention he had given in early 1685 to the 
question whether weight is exactly proportional to quantity of matter. Of 
course, he may well have played these two ways off against one another, 
using each to support the other. 

Regardless, Newton would then have had the law for the inverse
square centripetal forces governing motions of the planets. By the same 
reasoning as above, but now applied to the two-body problem of the Sun 
and the Earth, he could conclude that the accelerative effect of the 
centripetal force around the Earth is proportional to its mass, and hence the 
centripetal force on the Moon must be proportional to the product of its and 
the Earth's mass divided by the square of the distance between them. In 
other words, the very same relationship that characterizes the centripetal 
forces on the planets characterizes terrestrial gravity. But then no reason 
remains for maintaining a verbal distinction between the centripetal forces on 
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the various celestial bodies and terrestrial gravity. That is, in all cases the 
force in question is one in kind with terrestrial gravity, giving license to call 
the governing relationship simply "the law of gravity." In saying this, 
however, you need to understand that what we have so far is an account of 
inverse-square celestial gravity, not inverse-square universal gravity. Many of 
Newton's contemporaries who objected strenuously to universal gravity were 
at least prepared, subject to empirical confirmation, to grant him his account 
of inverse-square celestial gravity. Still remaining, then, in the discovery of 
universal gravity is the step from the first eight theses to the last two. 

Universal Gravity 
Consider what the law of gravity is saying: if even so much as one tiny 

particle of the Sun were removed from it, then the centripetal acceleration 
Jupiter experiences toward it would be different, however slightly. This 
suggests that the centripetal forces directed toward the Sun are somehow 
composed out of forces directed toward the individual particles of matter 
comprising it. Moreover, every particle of Jupiter must experience a 
centripetal acceleration toward the Sun, and assuming they are interacting, 
every particle of the Sun must experience a centripetal acceleration toward 
Jupiter. It is a small step now to conjecture first that the mutual gravitational 
force between Jupiter and the Sun is actually the resultant of mutual 
gravitational forces between every pair of particles of matter comprising 
these two bodies. But then, if other bodies experience centripetal forces 
toward the Sun and Jupiter, the same conclusion extends to them, resulting 
in the remarkable-and at the time exceedingly controversial--claim that the 
law of graviry holds between every pair of particles of matter in the universe. 
As was evident to everyone at the time, Newton included, this step involved 
a much larger conjectural component than any of those preceding. 

The last step-to the suggestion that the force of gravity is one of the 
fundamental forces in nature (which occurs only in the Preface to the first 
edition of the Principia, not in the text)--<:an be thought of as a corollary to 
the universality of gravity. If indeed there are mutual gravitational forces 
between every pair of particles of matter in the universe, then it is hard to 
see how these forces can be resulting from the action of matter of some sort, 
aethereal or otherwise, on these particles. The very universality of the force 
of gravity is testament to its being more fundamental than other kinds of 
force then known. 

Such, then, is a step-by-step line of investigative reasoning that could 
have led Newton from the first couple of theses about inverse-square 
centripetal forces, which he had come to appreciate following the 
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correspondence with Hooke at the end of 1679, to the full complement of 
theses comprising universal gravity, which he had command of a few months 
into 1685. 

In saying this, I do not want you to underestimate how many loose 
ends there are in this extended line of reasoning. First of all, the non
Keplerian character of the lunar orbit still poses a potential counterexample 
standing in the way of the increasingly wide generalizations Newton is 
reaching with each new step. Also, the step from celestial to universal gravity 
is assuming that the celestial forces can, as a mathematical fact, be composed 
out of forces directed toward individual particles. Newton himself later said 
that he was not confident that the law of gravity is anything more than just 
approximate until he had proved that, in the case of spheres, the combined 
action of all the individual particles is exactly the same as if all the mass 
were concentrated at the center of the sphere-something that is not 
generally true, but is so in the special case of inverse-square forces. 

In addition to these are several empirical loose ends. Newton preferred 
to have what he called, following Hooke, an experimentum crucis or cross
roads experiment to select among alternative physical possibilities. The 
trajectories of comets provided such a crossroads for the question of whether 
the centripetal force directed toward the Sun acts on bodies other than the 
planets; but he had yet to confirm this by successfully calculating actual 
comet trajectories. The small correction to the ,;, power rule that he had 
mentioned to Flamsteed provided a crossroads between Jupiter simply being 
drawn toward the Sun and the two of them interacting with one another; and 
similarly an appropriate perturbation in the motion of Saturn would 
distinguish between pairwise interaction only, between the central and 
orbiting bodies, on the one hand, and interaction among the planetary 
bodies as well, on the other. On both of these Flamsteed had reported that 
the data then available did not show the indicated effect. Finally, Newton 
surely felt he needed an experimentum crucis separating universal gravity 
from inverse-square celestial gravity. The one he came up with in the 
Principia concerns the nonspherical shape of the Earth and the variation of 
surface gravity with latitude. Even a century later, however, at the time 
Laplace was writing his Celestial Mechanics, there were still residual 
difficulties in the data on this question. 

Newton had said to Flamsteed that he wanted to know the bottom of 
the subject before he published his papers. In fact, however, he had not 
really gotten to the bottom of it when he published the first edition of the 
Principia in 1687, or even the third edition in 1726, the year before he died. 
Empirical results that went a long way toward tying up the loose ends 
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continued to emerge throughout the 18th century, but as I just indicated 
there were still residual difficulties in some areas at the beginning of the 19th 
century. Even as late as 1875, when the American G. W. Hill was embarking 
on his seminal researches in lunar theory, he remarked: 

None of the values hitherto computed from theory agrees as closely as 
this with the value derived from observation. The question then arises 
whether the discrepancy should be attributed to the fault of not having 
carried the approximation far enough, or is indicative of forces acting on 
the moon which have not yet been considered. 

And, of course, the theory of gravity in general relativity shows that we are 
still in the process of gelling to the bottom of it. What Newton did was to see 
with extraordinary clarity an evidential pathway along which remarkable 
progress in getting toward the bottom of it might be possible. 

Given Newton's deep distrust of conjecture, he was surely fully aware 
of the loose ends when he published the Principia. Nevertheless, he 
published it. This was more remarkable than you may realize. Here he was 
in his mid-forties. He had carried out research in mathematics, optics, and 
chemistry and alchemy for two decades, and had started several books, only 
to abandon them unfinished or to limit the manuscripts to private circulation 
among a few people. The only thing he had published was his "Light and 
Colors" paper covering a tiny handful of the experiments in optics he had 
conducted, plus his replies to correspondence elicited by this paper. With the 
Principia, for the first time he finished and published a large-scale work. 
Why the Principia, when nothing earlier? I submit that a large part of the 
answer was the scope and majesty of the line of reasoning that I have laid 
out in the present essay. 
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Appendix 

Documentl 
De Motu Corporum in Gyrum 

TilE ST. JOHN'S REVIEW 

Definition 1. Centripetal force I call that by which a body is impelled or attracted 
towards some point regarded as its center. 

Definition 2. And the force of-that is, innate in-a body I call that by which it 
endeavours to persist in its motion following a straight line. 

Definition 3. While 'resistance' is that which is the property of a regularly impeding 
medium. 

Hypothesis 4. In the ensuing nine propositions the resistance is nil; thereafter it is 
proportionally jointly to the speed of the body and to the density of the 
medium. 

Hypothesis 2. Every body by its innate force alone proceeds uniformly into infinity 
following a straight line, unless it is impeded by something from 
without. 

Hypothesis 3. A body is carried in a given time by a combination of forces to the 
place where it is borne by the separate forces acting successively in 
equal times. 

Hypothesis 4. The space which a body, urged by any centripetal force, describes at 
the very beginning of its motions is in the doubled ratio of the time. 

Document2 
De Motu Corporum in Gyrum 

Theorem 1. All orbiting bodies describe, by radii 
drawn to their center, areas pro
portional to the times. 

Theorem 2. Where the bodies orbit uniformly in 
the circumferences of circles, the 
centripetal forces are as the squares of 
arcs simultaneously described, divided 
by the radii of their circleS. 

Corollary 5. If the squares of the periodic times are 
as the cubes of the radii, the 
centripetal forces are reciprocally as 
the squares of the radii. And 
conversely so. 

Theorem 3. If a body P in orbiting around the 
center S shall describe any curved line 
APQ, and if the straight line PR 
touches that curve in any point P and 
to this tangent from any other point Q 
of the curve there be drawn QR 

Figures from DoGUments 3 and 4 reprinted by permission from Tbe Preliminary Manuscripts for 

Isaac Newton's 1687Principia 1684-1685, (Cambridge University Press, 1989) 
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parallel to the distance SP, and if QT 
be let fall perpendicular to this 
distance SP: I assert that the 
centripetal force is reciprocally as the 
"solid" SP' x QT'/QR, provided that 
the ultimate quantity of that solid 
when the points P and Q come to 
coincide is always taken. 

Document3 
De Motu Corpornm in Gyrnm 

Problem 3. A body orbits in an ellipse: there is 
required to find the law of 
centripetal force tending to a focus 
of the ellipse. 

Scholium. The major planets orbit, therefore, 
in ellipses having a focus at the 
center of the Sun, and with their 
radii drawn to the Sun describe 
areas proportional to the times, 
exactly as Kepler supposed. 

Theorem 4. Supposing that the centripetal force 
be reciprocally proportional to the 
square of the distance from the 
center, the squares of the periodic 
times in ellipses are as the cubes of 
their transverse axes. 

Document4 
De Motu Corpornm in Gyrnm 

Scholium. Hereby in the heavenly system from the 
periodic times of the planets are 
ascertained the proportions of the 
transverse axes of their orbits. It will be 
permissible to assume one axis: from that 
the rest will be given. Once their axes are 
given, however, the orbits will be 
determined in this manner. 
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Problem 4. Supposing that the centripetal force be reciprocally proportional to the 
square of the distance from its center, and with the quantity of the force 
known, there is required the ellipse which a body shall describe when 

Figures from Documents 4 and 5 reprinted by permission from Tbe Mathematical Papers of Isaac 

Newton, 6. ed. D.T. Whiteside (Cambridge University Press, 1974) 



62 TilE ST. JOHN'S REVIEW 

released from a given position with a given 
speed following a given straight line. 

Scholium. A bonus, indeed, of this problem, once it 

is solved, is that we are now allowed to 
define the orbits of comets, and thereby 
their periods of revolution, and then to 
ascertain from a comparison of their 
orbital magnitude, eccentricities, aphelia, 
inclinations to the ecliptic plane, and their 
nodes whether the same comet returns 
with some frequency to us. 

DocumentS 
De Motu Spbaericornm Corpornm in Fluidis 4 

[a'/P'ls 

Law 1. A body always goes uniformly in a straight line by its innate force alone if 
nothing impedes it. 

Law 2. A change of the state of motion or rest is proportional to the impressed 
force and occurs along the straight line in which that force is impressed. 

Law 3. The relative motions of bodies contained in a given space are the same 
whether that space is at rest or whether it moves perpetually and uniformly 
in a straight line without circular motion. 

Law 4. The common center of gravity does not alter its state of motion or rest 
through the mutual actions of bodies. This follows from Law 3. 

Law 5. The resistance of a medium is as the density of that medium and as the 
spherical surface of the moving body and its velocity conjointly. 

Lemma 1. A body describes by the action of combined forces the diagonal of a 
parallelogram in the same time as it would describe the sides by the action 
of separate forces. 

Lemma 2. The space described by a body urged by a centripetal force at the 
beginning of its motion is as the square of the time. 

Document6 
De Motu Corpornm in Mediis Regulariter Cedentibus' 

Definition 11. The quantity of motion is that which arises from the velocity and 
quantity of a body conjointly. Moreover, the quantity of a body is to be 
estimated from the bulk of the corporeal matter which is usually 
proportional to the gravity. The oscillations of two equal pendulums 
with bodies of equal weight are counted, and the bulk of the matter in 
both will be inversely as the number of oscillations made in the same 
time. 

Definition 12. The internal and innate force of a body is the power by which it 
preserves in its state of rest or of moving uniformly in a straight line. It 
is proportional to the quantity of the body, and is actually exercised 
proportionally to the change of state, and in so far as it is exercised it 
can be said to be the exercised force of the body, of which one kind is 
the centrifugal force of rotating bodies. 
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Definition 16. I call centripetal force that by which a body is impelled or drawn 
towards a certain point regarded as its center. Of this kind is gravity 
tending toward the center of the earth, magnetic force tending to the 
center of the magnet, and the celestial force preventing the planets 
from flying off in the tangents to their orbits. 

Document7 
De Motu Cotporum in Mediis Regulariter Cedentibus 6 

Law 3. As much as any body acts on another so much does it experience in reaction. 
Whatever presses or pulls another thing by this equally is pressed or pulled. If 
a bladder full of air presses or carries another equal to itself both yield equally 
inward. If a body impinging on another changes by its force the motion of the 
other then its own motion (by reason of the equality of the mutual pressure) 
will be changed by the same amourit by the force of the other. If a magnet 
attracts iron it is itself equally attracted, and likewise in other cases. In fact this 
law follows from Definitions 12 and 14 in so far as the force exerted by a 
body to conserve its state is the same as the impressed force in the other body 
to change the state of the first, and the change in the state of the first is 
proportional to the first force and the second to the second force. 

Law 4. The relative motion of bodies enclosed in a given space is the same whether 
that space rests absolutely or moves perpetually and uniformly in a straight 
line without circular motion. For example, the motions of objects in a ship are 
the same whether the ship is at rest or moves uniformly in a straight line. 

Law 5. The common center of gravity of bodies does not change its state of rest or 
motion by reason of the mutual actions of the bodies. This law and the two 
above mutually confirm each other. 

Notes 
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~ Mass and Weight 

' Curtis Wilson 

Introduction 

Newton was the first to draw an operationally verifiable distinction between 
mass and weight. In the earliest manuscript in which he describes his 
experimental confirmation of their proportionality (it is probably assignable 
to the spring of 1685), he uses for mass the word pondus, which is Latin for 
heaviness, but immediately says he means by it the bulk or quantity of 
matter, independently of its weight.1 Later he introduces the word inertia, 
which is Latin for slothfulness, to characterize the quantity of matter. Kepler 
had used this word in his Epitome astronomiae Copernicanae to describe the 
tendency of a body to stay put; Newton instead means by it the resistance of 
a body to changing its state of rest or uniform rectilinear motion. Just at the 
time he was imagining and canying out the experiment that our title refers 
to, Newton was in the process of formulating his second law of motion, 
generally expressed now as F = Ma. For a given force F, the acceleration 
produced is inversely as the mass M. This relation characterizes the action of 
all motive forces, electrical, magnetic, gravitational, and so on. 

But gravitational force, weight, is peculiar. A ball bearing and a boy's 
marble of equal size and shape, weighed on a spring balance, have different 
weights. But dropped from a height, they fall side by side, and reach the 
ground simultaneously, or would do so in a vacuum. Here the weight is the 
force in Newton's second law: W = Mg, where g is the acceleration of 
gravity. For the accelerations of the two bodies to be the same, the weight 
must be proportional to the mass. 

Newton had noted that the same thing happens with the planets. By 
Kepler's third planetary law, the accelerations of the planets toward the Sun 

Curtis Wilson is Tutor Emeritus at St. John's College. In the planning and execution of the 
experiment here described, the author was assisted by Howard Fisher and Adam Schulman of St. 
John's College; the design and construction of the pendulums and other equipment was carried 
out by Otto Friedrich and Alfred Toft of the laboratory shop; and Mark Daly, Superintendent of 
Laboratories, assisted in both the planning and set -up of the experiment. 
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are inversely as the squares of their solar distances, independent of whatever 
their masses may be. Thus a body placed at any given distance from the Sun 
has an acceleration toward the Sun that is determined simply by its distance 
from the Sun, and is independent of its mass. 

This proportionality of weight to mass, fundamental in Newton's System 
of the World, is also fundamental in Einstein's theory of General Relativity, 
where it is referred to as the equivalence of gravitational and inertial mass. 
The inertial mass is the M that appears in the above equation W - Mg, and 
the gravitational mass is a factor to which W is proportional. Since 1890, tests 
employing the torsion balance have repeatedly confirmed the equivalence, 
with ever improving precision; the most recent confirmation (in 1971) 
achieved a precision of one part in 9 x 10n. 

The empirical confirmation of the proportionality of mass and weight 
constitutes a pivotal step in Newton's argument for universal gravitation. 
Newton describes the experiments he uses for this purpose at the beginning 
of Proposition 6 of Book III of his Principia: 

That the descent of all h.eavy bodies toward the Earth (allowing for the 
unequal retardation arising from the very small resistance of the air) is 
made in equal times, others for a long time have observed. The equality 
of times can be observed most accurately by means of pendulums. I tried 
the thing with gold, silver, lead, glass, sand, common salt, wood, water, 
and wheat. I prepared two wooden boxes, round and equal. One I filled 
with wood, and the same weight of gold I suspended (as exactly as I 
could) in the center of oscillation of the other. The boxes, hanging by 
equal threads of 11 feet, constituted pendulums altogether equal as to 

weight, figure, and the resistance of the air. Placed side by side, they 
went back and forth together, with equal oscillations, for a very long 
time. Therefore (by Corollaries 1 and 6 of Proposition 24 of Book II) the 
quantity of matter in the gold was to the quantity of matter in the wood 
as the action of the motive virtue on all the gold to its action on all the 
wood; that is, as the weight to the weight. And similarly in the other 
cases. By these experiments, in bodies of the same weight, a difference 
in mass of even less than the thousandth part of the whole could clearly 
have been detected. [My translation] 

Newton regarded these experiments as deeply significant. Earlier, for 
instance, in a paper he sent to the Royal Society in December, 1675, he had 
imagined gravity as due to an aether rushing into the Earth, and pressing 
down each body it passed through, by impinging on the surfaces that the 
internal parts of the body presented. Such a hypothesis was in accord with 
the mechanical philosophy put forward by Descartes, Huygens, and others, 
and for a time adopted by Newton himself. But by the spring of 1685, 
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Newton had reached a new understanding. Gravity, for him, had become a 
force acting on the very innards of matter so as to be proportional to a 
body's inertia; it was an immechanical force, its cause unexplained. At the 
same time, it had become quantitatively tractable-measurable-even in its 
action on celestial bodies. The very masses of those bodies, millions of miles 
away, had become measurable. 

In the spring of 1998 the committee planning the conference on 
Newton decided to seek an answer to the question: Can the experiment 
described by Newton in the foregoing passage be carried out with the 
precision he claims for it, using only such means as were available to him 
(no stopwatches!)? 

The Experimental Setup. 
To replace Newton's round wooden boxes, we purchased plastic 

containers, all of a size, such as are used for kitchen storage of flour and 
sugar. For materials, in the trials reported here we chose three from Newton's 
list of nine: sand, lead (Pb) in the form of lead shot, and glass in the form of 
glass beads. (Originally we tried copper shot, but the shot was not uniform 
in size, and the smaller pieces could sift down betwixt the others, so that the 
center of gravity was not securely fixed.) 

We wanted the bobs to have an inertia sufficient to keep them going 
against the resistance of the air for a half hour or so. Filling one of the 
containers with glass beads, we found we had some 7 kilograms. The next 
problem was how to position equal weights of sand, lead shot, and glass 
beads so that their centers of gravity would be similarly situated in their 
respective containers. To our rescue came Alfred Toft, a retired engineer and 
machinist, and Otto Friedrich, a retired carpenter, of the laboratory shop; 
they have given many hours and much thought to our project. Their design 
for the pendulum bobs is shown in Plates I and II. Each plastic container is 
closed at top and bottom by two circular plywood plates. Within each 
container are two additional circular plywood plates, placed symmetrically 
from the ends, to position the material. The plates are held in position by 
three carriage bolts supplied with nuts. 

The pendulums were erected on the auditorium stage, where the 
ceiling is about 5.9 meters from the floor. Each bob is supported by two 
suspension wires, so as to prevent the bobs from rotating. As Plate II shows, 
the suspension wires are not kinkless. 

Now for a simple pendulum 5.8 meters long, a millimeter's difference 
in vertical position of the center of gravity makes a difference in periO<;l that 
is easily detectable, adding up in 25 minutes to about an eighth of a period, 
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or making a difference in the period of 
each swing of one part in about 2500. 
The lengths of the four suspension 
wires were determined by stretching 
them tightly between the same two 
bolts, fixed in place; but we could not 
be sure that they agreed to less than a 
millimeter. Similarly, we could not 
guarantee that the centers of gravity of 
the three materials were similarly 
situated in their containers to within 
less than a millimeter. Newton left no 
clue as to how he dealt with this 
difficulty. To achieve the greatest 
possible prectston, it appeared 
important to avoid dependence on 
length measurements. 

The solution that we eventually 
settled on was twofold. First, each 
pendulum bob was made invertible, 
with hooks at top and bottom, so that it 
could be hung rightside up or upside 
down. By averaging the period 
determinations for a bob in these two 
positions, we would obtain the period 
for an ideal pendulum with center of 
gravity in the center of figure exactly 
midway between the endplates. 

Secondly, we designated one bob, 
hung on the downstage suspension, as 
a standard clock; the periods of the 
other two bobs, hung rightside up and 
upside down on the upstage 
suspension, could then be determined 
in comparison with the standard. 
Because the clock bob was always 
hung on one suspension, and the bobs 
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Plate I. The lead (Pb) bob 

Plate II. The lead and sand bobs 
swinging together. 

under test on the other, we could ignore the difference, whatever it is, in the 
lengths of these two suspensions. 

In making the bobs invertible, it was important to ensure that, when a 
bob was upended, the contained material (glass beads, lead shot, or sand) 
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did not shift position. Messrs. Friedrich and Toft achieved this condition by 
inserting a thin pad of styrofoam on top of the material, and compressing it 
with the inner plywood plates. All three bobs were adjusted to the same 
weight of 7150.5 gm, accurate to a tenth of a gram. 

To set the pendulums (the standard and the one under test) in motion 
simultaneously, we used a gate built by Messrs. Friedrich and Toft. The gate 
was so placed that the swings would have an initial amplitude less than 10%. 
Before a given run, we marked on the floor the shadows of the rest positions 
of the two bobs, cast in each case by a light source directly above. 

L 

Figure 1. 

The Mathematics Involved 
Newton refers to 

Corollaries 1 and 6 of 
Proposition 24 of Book II 
for the mathematics he re
quires in order to conclude, 
from the equality of the 
periods of two pendulums 
of equal length with bobs of 
equal weight, to the 
proportionality of the 
masses and weights of the 
bobs. The essential argu
ment is as follows. 

Imagine two pendu
lums with suspensions of 
nearly equal length. 
Consider these pendulums 
when they have exactly the 
same amplitude, and let this 
amplitude be divided into 
small equal segments (see 
Fig.l). In each segment, the 
driving force will be the 
component of the weight W 
acting along the bob's path; 
if the distance of the bob 
from the vertical line passing 
through its rest position is x, 
and the length of the 
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suspension is L, then this component is Wx/L. By Newton's second law, this 
force will be proportional to the mass of the bob multiplied by its change of 
speed in the segment considered divided by the time to traverse the 
segment: 

w~ oc Mllv. 
L Llt 

(1) 

For corresponding segments in the paths of the two pendulums, x will 
be exactly the same. The quantity t varies as the period T of each pendulum, 
and the quantity /l,v varies inversely as T. We thus deduce from (1) that the 
period squared varies as the length and the mass, and inversely as the 
weight: 

(2) 

Suppose that our knowledge of the quantities T, L, M, W is uncertain or in 
error by the quantities liT, oL, oM, and oW, which can be either positive or 
negative. Now the uncertainty in a product or quotient, expressed as a 
fraction of the whole, is the sum of the respective fractional uncertainties of 
the individual factors. Thus the fractional uncertainty in T' is 2oT/f, and the 
fractional uncertainty in L• MfW~• is the sum of SL/L, oM/M, and oW /W. 
(These results can be obtained algebraically by substituting for each quantity 
in (2) its supposed value augmented by the uncertainty, then ignoring 
quantities that are the products of uncertainties.) Hence 

(3) 

Thus, the fraction 2ST/T is at most the sum of the terms on the 
righthand side of (3). In our experiment, oW !W is 1 part in 71505, or about 
.000014, and our procedure eliminates the more controllable causes of 
variation of oL/L. Hence we can expect that 

Z~T = 0~ + .000014. (4) 

Thus if oM/M is .001, then ST/f will be (.001 + .000014)/2, or about 
one part in 2000. Conversely, if pendulums whose weights are equal to 
within .000014 of the whole weight agree in period to better than 1 part in 
2000, we can infer that their masses are equal to within better than one part 
in 1000. 
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Experimental Results 
Mark Daly, Director of Laboratories, attached the suspension wires and 

shadow-casting lights to the ceiling; he had also to let down the wires for 
each experimental session, and take them up afterwards, since the stage was 
used for other purposes between times. We held experimental sessions in 
August and November, 1998, and in January and March, 1999. The idea of 
making the bobs permanently invertible emerged only after the sessions in 
March; it was carried out by Messrs. Toft and Friedrich during April and May. 
Finally, on June 1, 1999, we determined the differences in period between 
the redesigned bobs, as reported below. 

In the first set of measurements the lead (Pb) bob was hung upright 
from the downstage suspension, to serve as our clock. The task was then to 
determine the difference between the periods of the downstage and upstage 
pendulums, with the upstage pendulum carrying either the sand (Sa) or glass 
(Gl) bob, hung in either upright or inverted position; this difference was to 
be expressed as a fraction of the period of the Pb bob. Before beginning the 
trials, we marked the rest position of each bob, indicated by one edge of the 
shadow of the bob cast by the overhead light, on a sheet of paper taped to 
the floor. 

In each trial, the two bobs (the standard and the bob under test) were 
released simultaneously from the gate, and the oscillations of the clock 
pendulum were counted. When a measurable difference had built up 
between the two pendulums, one observer barked out "Pip!" as the bob 
under test crossed its rest position. (Originally, we had used "Now!" to mark 
this moment; Fran(:ois De Gandt, hearing of it, observed that the French 
"maintenant" would hardly serve. We then shifted to the more explosive 
"Pip!" as our vocable marker.) The two other observers (one at floor level, 
the other standing) determined where the standard bob was at this moment; 
immediately· before and after this determination, the positions of maximum 
amplitude of the standard bob were also determined. In all cases the upstage 
pendulum was found to lag the downstage, standard pendulum. 

Suppose (as in our first trial, with the sand bob in inverted position) the 
lag in phase after 97 oscillations was x ~ 17.75 em of the standard bob's 
swing, while the maximum amplitude of the swing just before this 
measurement was 52.5 em, and just after, 49.0 em; we used the average of 
these numbers as the amplitude (A) when x ~ 17.75 em. Then from the 
fraction xJ A we needed to deduce the fraction of the period T that it takes 
the bob to move x units from its rest position (we will designate this fraction 
as tiT). 
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The relation we need is deducible from equation (1). When the 
amplitude of the pendulum's oscillation is small, as in our case (it was less 
than So/o when this measurement was made), the solution is given by 

X · 21t•t --=s1n · 
A T 

(5) 

We shall not here undertake to derive (5) from (1), but merely remark that it 
is an instance of the projection of uniform circular motion onto a diameter 
of the circle. Imagine a circle of radius A, with a point moving uniformly 
round it; imagine further that a perpendicular is dropped from this moving 
point to a given diameter of the circle. At any moment t the projected point 
will be x units from the midpoint of the diameter, in accordance with 
equation (5). Thus, given measured values of x and A, equation (5) permits 
us to solve for t/T. 

The difference t has accumulated in the present case in a certain 
number N of swings (97 in the particular measurement here used for 
illustration). Then 

(6) 

where ~TIT is the fraction of the standard bob's period by which the test 
bob's period exceeds the standard bob's period. 

In the first determinations, the Sa bob was run twice in inverted 
position and then twice in upright position against the Pb bob, and the 
results of the two trials in each position were averaged, with the following 
results ("i" stands for inverted, "u" for upright): 

Expt. I x(cm) A( em) N l>T 

1. Sa(i) 17.75 50.75 97 .000586T 

2. Sa(i) 18.0 55.5 78 .000674T 

average .000630T 

1. Sa(u) 5.5 54.5 81 .000199T 

2. Sa(u) 6.5 50.75 94 .000217T 

average .000208T 

The average of the two above averages is .000419T. This implies that 
the period of the Sa bob, if its center of gravity were precisely at the 
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midpoint of the cylindrical container, would be 1.000419 times the period of 
our clock. 

In a similar set of measurements using the Gl bob, we found: 

Expt. II x(cm) A( em) N t.T 

1. Gl(u) 14.0 55.25 79 .000516T 

2. Gl(u) 18.0 54.25 84 .000641T 

average .000579T 

1. Gl(i) 14.5 55.25 79 .000535T 

2. Gl(i) 14.5 53.25 84 .000523T 

average .000529T 

The average of the two averages in Experiment II is .000554T. Thus 
if the Gl bob had its center of gravity midway within the cylinder, it would 
swing with a period equal to 1.000554 times the standard period. 

This result differs from the period we found for the (centered) sand 
bob (namely l.000419T) by 0.000135, or about 14 parts per 100,000. 

In the remaining experiments, we made the sand bob our standard, 
identifying its period as T', and used it to compare the glass and lead (Pb) 
bobs. For the glass bob we found: 

Expt. III x(cm) A( em) N t.T 

1. Gl(i) 18.5 55.25 82 .000663T' 

2. Gl(i) 18.5 57.35 75 .000697T' 

average .000680T' 

1. Gl(u) 17.0 54.5 80 .000631T' 

2. Gl(u) 24 55 81 .000888T' 

3. Gl(u) 21.5 55.5 80 .000791T' 

4. Gl(u) 21.5 56.25 80 .000780T' 

average .000773T' 

The average of the two averages in Expt. III is .000727T'. Thus if the 
glass bob had its center of gravity midway within the cylinder, it would 
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swing with a period equal to 1.000727 times the period of the sand bob here 
used as standard. 

In the final experiment the period of the lead (Pb) bob was compared 
with the sand bob as standard: 

Expt. IV x(cm) A(cm) N t.T 

1. Pb(u) 20.5 55.25 83 .000729T' 

2. Pb(u) 21.0 56.0 81 .000755T' 

average .000742T' 

1. Pb(i) 12.0 55.5 83 .000418T' 

2. Pb(i) 10.0 56.25 79 .000360T' 

average .000389T' 

The average of the two averages is .000566T'. Thus if the Pb bob had 
its center of gravity midway within the cylinder, it would swing with a period 
equal to 1.000565 times the standard period T'. 

This result differs from that for the (centered) glass bob in Expt. III 
(namely 1.000727T') by .000162, or by about 16 parts per 100,000. 

Thus the periods of the ideal (centered) glass and sand bobs as 
determined in Experiments I and II, and the periods of the ideal (centered) 
glass and lead (Pb) bobs in Experiments III and IV, agree to within about 1 
part in 6000. We can therefore conclude that the masses in these three bobs 
agree to within about 1 part in 3000. 

How do these results compare with the precision of our individual 
trials? The greatest spread of values occurred in the four trials with the 
upright glass bob in Experiment Ill. There we found the phase differences 
per standard period to be .000631, .000888, .000791, .000780. The standard 
deviation of these values is .000092, which suggests a limit of precision of 10 
parts in 100,000. The overall performance of this apparatus (including timing 
by our "pip" method) seems to be fairly consistent with this specific instance. 

Notes 
1. john Herivel, 7be Background to Newton's Principia (Oxford: Clarendon Press, 

1965) 316-317. 
2. Hans C. Ohanian, Gravitation and Spacetime(New York: W.W. Norton, 1976) 19. 



The First Six Propositions in Newton's 
Argument for Universal Gravitation 

William Harper 

I'm going to take you through Propositions 1-6 of Book Ill of the Principia, 
so I'm going to miss the high point of the whole argument, but I'll leave you 
all set to get it from Dana Densmore in the essay following mine. 

What I will do will illustrate the feature of Newton's methodology that I 
claim makes it so interestingly superior to mere hypothetico-deductive 
inference. According to hypothetico-deductive method you make up a 
hypothesis and then try to find out whether or not the predictions that follow 
from this hypothesis fit the data you can realize in experiment. What backs 
up a hypothetico-deductive inference is the fit between the predictions that 
follow from the assumed hypothesis and the empirical data. I will be 
emphasizing the background assumptions supporting Newton's famous 
inferences from phenomena, inferences that open the argument for universal 
gravitation. For each of the central inferences-the inference from the area
law or area-rule behavior for an orbit to the centripetal direction of the force 
deflecting a body into that orbit; the inference from the harmonic law for a 
system of orbits to the inverse-square relation among those forces; and the 
inference from the stability of a single orbit, that is, from the absence of 
apsidal precession in that orbit, to the inverse-square variation of the force 
maintaining a body in that orbit-! will be stressing the important way in 
which it is backed up by systematic dependencies that go beyond the 
requirements of hypothetico-deductive inference. 

In all three of these classic inferences from phenomena, the theorems 
that Newton cites from Book I to back up the inference are always in a 
group of theorems. If you look at the whole group of theorems, you'll see 
that in every one of these cases, it's not just that a theorem would give you, 
say, from the assumption of inverse-square variation the harmonic law for 
the system of orbits, or from the assumption of the harmonic law the inverse
square variation. It will turn out that we are getting systematic dependencies 
that go beyond just making these equivalent to each other. Thus, if the rule 
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relating periods to distances gives less than the 3/2 power, then the force 
falls off less rapidly than in the inverse-square relation, and if the rule gives a 
power higher than 3/2, then the force falls off more rapidly than in the 
inverse-square relation. So you have systematic dependencies that are 
making the phenomenal parameters measure corresponding values of the 
theoretical parameters that are inferred. This, I will claim, illustrates a kind of 
empirical success that informs Newton's applications of his rules of 
reasoning-a success stronger than mere prediction. To realize this kind of 
success, a theory has not only to predict the phenomena, but also to have 
the parameters be accurately measured by those phenomena. And we'll see 
in the classic application of the first two rules of reasoning-in the Moon-test 
(the first part of a unification of the celestial domain with the terrestrial 
domain)-we'll see that the appeal to these rules of reasoning is supported 
by a striking example of this kind of empirical success. And then, when we 
get to Proposition 6, I will go through the series of phenomena, all of which 
are measuring proportionaliry of weight to mass. The first of these was 
illustrated for you in the pendulum experiment just presented. And I will 
argue that these are all phenomena giving agreeing measurements, bounding 
toward zero a single universal parameter which I shall call 11. The 
methodology that is used in this argument in the Principia is in fact the 
methodology that informs an important part of the testing programs for 
General Relativiry. Indeed, I will mention some later experiments that bound 
this !1 toward zero far more precisely than the data available to Newton. 

We're going to start with Jupiter's moons, then we'll go to the primary 
planets, then to the Moon and the Moon-test, then to Proposition 5, and that 
most wonderful Rule of Reasoning, the fourth rule of reasoning. And we'll 
end with Proposition 6 and the third Rule of Reasoning. That is the order in 
which the rules get applied in the Principia, and the order in which I'll be 
presenting them. 

To begin: here's the first proposition in the argument for universal 
gravitation. 

Proposition 1 
The forces by which the circumjovial planets [or satellites of Jupiter] are 
continually drawn away from rectilinear motions and are maintained in 
their respective orbits are directed to the center of Jupiter and are 
inversely as the squares of the distances of their places from that center. 

The first part of the proposition is evident from Phen. 1 and from Prop. 2 
or Prop. 3 of Book I, and the second part from Phen. 1 and from Corol. 6 
to Prop. 4 of Book I. 

The same is to be understood for the planets that are Saturn's 
companions (or satellites) by Phen. 2. 
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Ilke the proposition, the cited phenomenon (Pheno. 1) consists of two 
parts. According to the first part, "The circumjovial planets, by radii drawn to 
Jupiter's center, describe areas proportional to the times." Notice that the first 
part of the proposition, the centripetal direction, follows from the first part of 
the phenomenon, the area rule. The second part, "And their periodic times, 
the fixed stars being at rest, are as the 3/2 power of their distances from that 
center," is Kepler's harmonic law. This is the phenomenon from which 
Newton is inferring the inverse-square part of the proposition. If you look at 
Phen. 2, it's the same combination of the area law and the harmonic law for 
Saturn's satellites. 

Now we want to look at the argument, and so let's start with the first 
part: the area law as a criterion for centripetal force. The proposition that is 
referred to explicitly in Prop. 1 of Book III is Prop. 2 of Book I: 

EveJY body that moves in some curved line described in a plane, and that 
by a radius drawn to a point, either unmoving, or moving uniformly 
forward with a rectilinear motion, describes areas around that point 
proportional to the times, is urged by a centripetal force tending toward 
that point. 

If the body is moving in a plane, and by a radius drawn to a point is 
sweeping out areas at a constant rate, then the force deflecting that body into 
that orbit is directed right at the center. 

Proposition 1 of Book I, the very first proposition of the Principia, 
reads: 

The areas by which bodies made to move in orbits described by radii 
drawn to an unmoving center of force lie in unmoving planes and are 
proportional to the times. 

For an unmoving center, if the force is directed right at the center, then the 
body will move in a plane, and will satisfy the area law with respect to radii 
from that center. Now notice, Newtoh is talking about unmoved centers here. 
His definitions and the scholium on space and time are designed to allow for 
absolute rest. But look at Carol. 6 of Proposition 1: 

All the same things hold by Coral. 5 of the Laws of Motion when the 
planes in which the bodies are moving, together with those centers of 
force which are situated in those planes, are not at rest but move 
uniformly straight forward. 

So Proposition 1 would work for any inertial center. And Carol. 5 of the 
Laws of Motion tells us that the motions of bodies in a given space are the 
same among themselves, whether the space is at rest, or moves forward in a 
straight line with any uniform velocity. This is Galilean relativity. 
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But, the thing I want to focus on here is Corol. 1 to Prop. 2 of Book I: 

In nonresisting spaces or mediums, if the areas are not proportional to 
the times, the forces do not tend toward the point where the radii meet, 
but deviate forward from it in the direction in which the motion takes 
place if the description of areas is accelerated ... 

So if the rate at which areas are being swept out is increasing, the 
center of force is off center in the direction of motion. 

But if the description of areas is retarded, the forces deviate backward, in 
a direction contrary to that in which the motion takes place. 

If the rate at which areas are being swept out is decreasing, then the force 
that is deflecting the body is offcenter backwards. 

We can sum up our main result as follows. Prop. 1 says that a cen
tripetal force gives you a constant areal rate; Prop. 2 says that a constant 
areal rate gives you a centripetal force. And Corol. 1 to Prop. 2 asserts that if 
the areal rate is increasing, the force is directed off center in the direction of 
motion, and if the areal rate is decreasing, it is directed off center against the 
motion. So these results follow from the proposition: The areal rate is 
constant if and only if the force is towards the center. If the areal rate is 
increasing, the force is off center in the direction of the velocity, and if it is 
decreasing, the force is off center backwards. Newton has much more than 
just the equivalence between constancy of areal description and the 
centripetal direction of the force; he has systematic dependencies, which 
make a constant areal rate measure the centripetal direction of the force 
maintaining a satellite in its orbit. 

These propositions are proved on the assumption that the center can 
be treated as inertial. But the application is to Jupiter and Jupiter's moons. 
This system is subject to a tremendous centripetal acceleration, as the whole 
system revolves around the Sun. So Newton in Prop. 3 extends the results of 
Props. 1 and 2 with their corollaries to systems that are not in inertial motion: 

Every body, that by a radius drawn to the center of a second body 
moving in any way whatever, describes about that center areas that are 
proportional to the times, is urged by a force compounded of the 
centripetal force tending toward that second body, and of the whole 
accelerative force by which that second body is moved. 

The proof is based on Corol. 6 of the Laws of Motion, which is a much 
bigger generalization than that of Corol. 5, which just extends results to 
Galilee invariance. 

If bodies are moving in any way with respect to one another, and are 
urged by equal accelerative forces along parallel lines, they will all 
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continue to move with respect to one another as they would if they were 
not acted on by those forces. 

So, to the extent that the actions of the Sun on Jupiter and Jupiter's moons 
can approximate equal and parallel accelerations, they can be ignored. 
Newton gives a way of getting evidence that such things can be ignored. If, 
he states in Corol. 2 of Prop. 3, the areas are very nearly proportional to the 
times, the remaining forces will tend toward body T very nearly, and 
conversely if, he adds in Corol. 3 of the same proposition, the forces tend 
very nearly toward T the areas will be very nearly proportional to the times. 
(In Prop. 3 the letter T stands for Terra, the Earth, and L for Luna, Earth's 
Moon; but of course the proposition and its corollaries apply just as well to 
Jupiter and its moons.) So the fact that the motions of Jupiter's moons very 
closely approximate area-law motion carries the information that the 
accelerative forces on Jupiter and on Jupiter's moons are very nearly equal 
and parallel. 

Now in stating the first part of the evidence for Phen. 1, Newton says 
that the orbits of these planets [satellites] do not differ perceptibly from 
circles concentric about Jupiter, and their motions in those circles are found 
to be uniform. These are observational results. The fact that this holds shows 
that you are not going to go very wrong in treating the Jupiter-system as 
though it were inertial. We'll see how close the approximation to circular 
orbits is in a moment. 

Before we do, I want to talk about the second part, the harmonic law 
as a phenomenon carrying information about the inverse-square relation 
among the forces maintaining the satellites in their system of orbits. Here is 
Corol. 6 of Prop. 4 of Book I: 

If the periodic times are as the 3/2 power of the radii, and therefore the 
velocities are inversely as the square roots of the radii, the centripetal 
forces will be inversely as the squares of the radii, and conversely. 

Therefore the harmonic law proportion is equivalent to the inverse
square relation of the accelerations in the various orbits. 

But I want to pay even more attention to Corol. 7 of Prop. 4: 

And universally, if the periodic time is as any power Rn of the radius R, 
and therefore the velocity inversely as the power Rn·l of the radius, the 
centripetal force will be inversely as the power Rln-1 of the radius; and 
conversely. 

Having the periods vary as R" is equivalent to having the force vary as 
R'"'". Corol. 6 immediately follows from this by plugging in 3/2 for n. We are 
thus able to infer from the phenomenon-the harmonic law for Jupiter's 
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satellites-that Jupiter's force on the satellites is inverse-square. Now we also 
have the systematic dependencies that tell us what happens in alternatives to 
the phenomena. The index n could be higher than 3/2, in which case 1 - 2n 
would be less than -2, so that the force would fall off more rapidly than in 
the inverse-square proportion, while if n were less than 3/2 the forces would 
fall off more slowly than in the inverse-square proportion. And so we have 
alternative values of this phenomenal magnitude carrying information about 
alternative power laws. These systematic dependencies make the harmonic 
rule phenomenon (n ~ 3/2) for a system of orbits measure the inverse square 
(-2) power rule for the centripetal forces maintaining bodies in those orbits. 
These relations may be summarized as in Chart I (where "iff" stands for "if 
and only if'). 

Chart 1: 
Harmonic law for a system of orbits measures inverse-square law 

Prop.4, Book I, Corals. 7 & 6 are proved for concentric circular orbits, 
but can be extended to ellipses; t= period; R = radius of orbit; 

Corol. 6 follows from Corol. 7 when n ~ 3/2. 

Harmonic law 
phenomenon 

Corol.6 
Corol.7 

t <X RVZ iff 
t oc R" iff 

Additional systematic dependencies follow from Corol.7. 

Alternative phenomenon 
n > 3/2 
n < 3/2 

iff 
iff 

Accelerative measure 
of centripetal forces 

fac oc Rl 
fac oc Rl·2n 

Alternative power laws 
(1-2n) < -2 

(1-2n) > -2 

We need to say something about the data available to Newton. First let 
me give you, from the most recent Explanatory Supplement to the 
Astronomical Almanac, the present-day values for the orbital eccentricities of 
the four satellites of Jupiter; in each case these are the distance of Jupiter's 
center from the center of the orbit, divided by the orbit's radius. The four 
numbers are: 

1. Io 0.004 3. Ganymede 0.002 
2. Europa 0.009 4. Callisto 0.007 

As you see, they are very small; thus the orbits are really close to 
concentric circles. 
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Next I give you Newton's values for the periods of the satellites 
(expressed in decimal form), compared with the periods given by the 
Explanatory Supplement, with the differences. 

Satellite Newton's values E.S.N.A. values Differences 

Io 1.769143518 1.769137786 +0.000005733 

Europa 3.551180555 3.551181041 -0.000000485 

Ganymede 7.154583333 7.15455296 +0.000030373 

Callisto 16.688993055 16.6890184 -0.000025344 

The biggest difference here is less than three seconds in a revolution. 
Evidently these periods could be established rather precisely by the 
techniques available in Newton's time. 

Newton gives a table with determinations of the radii of the orbits of 
the four satellites; the table below is the one he gives in the second and third 
editions of the Principia, with observational results due to Borelli, Townly, 
and Cassini. The numbers are in semi-diameters of Jupiter, with the largest 
semi-diameter used as unit (Jupiter is visibly flattened). To the table I have 
appended the corresponding present-day values from the Explanatory 
Supplement, with the differences from Newton's numbers. 

Mean distances 1 2 3 4 

From the observations of: 

Borelli 5l/3 8% 14 241/3 seffii-

Townly by micrometer 5.52 8.78 13.47 24.72 diameters 

Cassini by telescope 5 8 13 23 of Jupiter 

Cassini by eclipses 5113 9 14~! .. 253/m 

From the periodic times 5.667 9.017 14.384 25.299 

From Explan. Suppl. 5.903 9.386 14.967 26.34 

Differences in last two rows -.236 -.369 -.583 -1.041 

In addition to the data in the table, Newton cites observations by 
Pound, carried out in 1719 and 1720, using a 123-foot focal-length telescope, 
the lens for which had been presented by Christiaan Huygens's brother 



HARPER 81 

I 

i" 
' l 
' 

.. 

Fig. 1. 
Reprinted with permission from King, H.C. 1be History of the Telescope, (New York: Dover, 1979) 

Constantin to the Royal Society a number of years before. Newton paid to 
have erected a huge maypole in Wanstead Park; the lens was attached at the 
top of the maypole, and the micrometer was fixed separately near the 
ground. The lens was apparently controlled by wires (see Figure 1). Pound's 
data are much more precise than the data given in the above table, as the 
comparison shows. Of the earlier data, Cassini's data from eclipses are the 
most precise. 

Mean distances in 
semidiameters 1 2 3 4 

From Pound's data 5.965 9.494 15.141 26.63 

From Explan. Suppl. 5.903 9.386 14.967 26.34 

Differences .062 .108 .174 .29 
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Now I want to look at the fit of the harmonic law to the data. Newton 
compares them by just computing distances from the periods, using the 
harmonic law. For that he uses a certain constant for the R3/P2 value; it's the 
one that he takes from Cassini's or Townly's estimate for Io, the first satellite. 
Suppose, instead, we compute the standard deviation of the values of R3/P' 
for the four satellites; this is given by 

(J -~~') , 

where L(x') is the sum of the squares of the deviations of the four values of 
R3/P2 from their mean value, and N is the number of items, 4 in our case. The 
standard deviation for the average of the Borelli-Townly-Cassini values is 
.079, that for the Pound data is .0003. 

Another way to show how the harmonic law fits the data is to plot the 
logarithm of the period against the logarithm of the distance measured in 
semi-diameters of Jupiter. To have the periods be given by some power-law 
of the distance is to have there be a straight line that fits the data when one 
log is plotted against the other. To have the law be the three-halves power is 
to have the slope of that line be 1.5 (see Figure 2). The first line, to the left, 
has slope 1.5. Solid squares stand for Borelli's values, triangles for Townly's 
values, diamonds for Cassini's values obtained with eclipses, stars for 
Cassini's values obtained with the telescope, hollow squares for Pound's 
values. You can see that even the earlier, cruder data in Newton's table fit 
the harmonic law very well. In the case of Pound's values, the line with 
slope 1.5 is just a line connecting his data-points; and you cannot see that it 
is not straight. Also, note how close it is to the three-halves power law. 
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So the empirical support for the harmonic law in the case of Jupiter's 
moons was very strong in Newton's day. And the investigation that Newton 
got Pound to do improved the precision considerably. 

Prop. 2 parallels Prop. 1, but concerns the primary planets. 

Proposition 2 

The forces by which the primary planets are continually drawn away 
from rectilinear motions and are maintained in their respective orbits are 
directed to the Sun and are inversely as the squares of their distances 
from its center. 

The first part of the proposition is evident from Phen. 5 and from Prop. 2 
of Book I, and the latter part from Phen. 4 and from Prop. 4 of the same 
book. But this second part of the proposition is proved with the greatest 
exactness from the fact that the aphelia are at rest. For the slightest 
departure from the ratio of the square would (by Book I, Prop. 45, Coral. 
1) necessarily result in a noticeable motion of the apsides in a single 
revolution and an immense such motion in many revolutions. 

Phen. 5 reads as follows: 

The primary planets, by radii drawn to the Earth, describe areas in no 
way proportional to the times but, by radii drawn to the Sun, traverse 
areas proportional to the times. 

There is a famous diagram that illustrates this wonderfully; it is from 
Kepler's Astronomia Nova (see Figure 3). 1bis gives an Earth-centered view 
of the motion of Mars starting in 1580 and ending in 1596. With respect to 
the Earth, Mars's motion is sometimes progressive, sometimes ceases 
altogether (is stationary), sometimes retrograding: it is not close to the area 
law. But with respect to the Sun, the area law is very closely approximated. 

Newton provides a separate phenomenon stating that the orbits of the 
primary planets-here he does not include the Earth-encircle the Sun. 

Phen. 3 
The orbits of the five primary planets~Mercury, Venus, Mars, Jupiter, 

and Saturn-encircle the Sun. 

This phenomenon does not beg the question berween the Tychonic 
and Copernican systems; it is compatible with either. 

Here is Phen. 4: 

The periodic times of the five primary planets and of either the Sun 
around the Earth or the Earth around the Sun~the fixed stars being at 
rest~are as the 3/2 power of their mean distances from the Sun. 
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Let me go directly to the graph, plotting log [periods] against log 
[distances] (see Figure 4). Here I am using as unit for the periods the period 
that Newton cites for the Eatth, and as distance-unit the distance from the 
Eatth to the Sun. In the graph the Earth appears exactly at the origin. You 
again see a very nice straight line; we've got data from Kepler and data from 
Boulliau. 

But we do have a problem with the application of the harmonic law to 
the planets: the proof that the inverse-square law follows from the harmonic 
law is carried out for concentric circular orbits. For Jupiter's moons, the best 
data at the time did not show any departure from uniform motion on 
concentric circles. But for the planets there were appreciable eccentricities, 
already known. Many commentators have suggested that there is a real 
difficulty here: how do you apply a theorem that holds for circular orbits to 
the non-circular orbits of the planets? 

Fig. 3. This is the accurate depiction of the motions of the star Mars, which it 
traversed from the year 1580 until 1596, on the assumption that the earth 
stands still, as Ptolemy and Brahe would have it. 

Reprinted with permission from Johannes Kepler, New Astronomy (Cambridge University Press, 
9 ) 
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The result for circular orbits, however, goes over directly into a result 
for elliptical orbits. Figure 5 is derived from a diagram in Newton's De Motu 
of November 1684; it shows an elliptical orbit, and a circular orbit with the 
same center of force, and a radius equal to the semimajor axis of the ellipse. 

Fig. 5. 
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At the point P the force maintaining the body in the circular orbit is identical 
with the force maintaining the body in the elliptical orbit. The period in any 
elliptical orbit having that same focus as center of force and having the same 
semimajor axis will be equal to the period of the body moving in the circle.' 
So the periods in the ellipse and the circle are the same. 

Prop. 11 of Book I shows that the power law for the force that is 
directed towards a focus of an elliptical orbit and maintains a body in that 
orbit must be inverse-square. This result, however, is compatible with a 
system of elliptical orbits about a common focus, where, even though for 
each orbit, the force is inverse-square over the distances tested by this orbit, 
yet the centripetal forces for the different orbits are not related to one 
another inversely as the squares of the distances. Suppose that the periods 
for those several elliptical orbits are as some power n of the semimajor axes. 
This is equivalent to having the periods in the corresponding concentric 
circular orbits as the power n of their radii (see Figure 6). Then we can apply 
Coral. 7 of Prop. 4 Book 1: the centripetal forces maintaining bodies in those 
corresponding concentric circular orbits will be as the 1-2n power of their 
radii. But this, again, is equivalent to having the values of the forces at the 

Fig. 6. A circle and corresponding ellipses of eccentricities .2, .4, .6, and .8, 
respectively. Given the same inverse-square acceleration field, the periods of all these 
elliptical orbits will be the same as the period of the circular orbit having its radius 
equal to the common semi-major axes of the ellipses. 
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semi-major axis distances be as the 1-2n power of those semimajor axes. 
Thus Carol. 7 of Prop. 4 carries over directly from circles to ellipses, however 
eccentric they are. 

The second proof of the second part of Prop. 2 of Book III appeals to 
the precession theorem, Prop. 45 of Book I. What is orbital precession? If the 
planet returns to aphelion after precisely 360° of motion, there is no orbital 
precession. But if it returns to aphelion after moving through (360 + pY, that 
would be to have p 0 of forward precession in an orbit. Carol. 1 of Prop. 45 
of Book I tells us that if the centripetal force is as any power of the radius, 
that power can be found from the motion of the apsides, and conversely. If 
the whole angular motion with which the body returns to aphelion is to the 
angular motion of one revolution, or 360°, as m to n, the force will be as the 
power [(n'/m') - 3] of the radius. Now if you have a stable orbit with no 
precession, p - 0 and n!m - 1, and that gives exactly the (-2) power. If you 
have forward precession, p > 0 and n/m < 1, so that the exponent in the 
power law is less than -2, and the centripetal force is falling off faster than an 
inverse-square force. If you have backward precession, p < 0 and n!m > 1, 
so that the exponent in the power law is greater than -2, and the centripetal 
force is falling off more slowly than an inverse-square force. These relations 
are summarized in Chart II. 

Chart II 
Corol. I, Prop. 45 of Book 1: Zero orbital precession measures inverse-square law for 
distances explored by orbit. Precission p is expressed in degrees per revolution, x is 
equal to 3

6
6° - 3. The sketch show positive precession, that is having the same 

3 O+p 
direction as the orbital motion ~ 

Precession is p degrees iff Power law is f~, oc Rx 

i p > 0 iff X < -2 

p 0 iff X -2 

p < 0 iff X > -2 

Newton proves this result for orbits with negligible eccentricity, but it can be 
extended to orbits of arbitrary eccentricity. 2 

So again we have systematic dependencies: absence of precession 
carries the information that the force toward the central body is inverse
square. As Newton puts it in The System of the World, his earlier version of 
Book III of the Principia, 
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But now, after innumerable revolutions, hardly any such motions have 
been perceived in the orbits of the circumsolar planets. Some 
astronomers affirm there is no such motion [e.g. Streete]; others reckon it 
no greater than what may easily arise from causes hereafter to be 
assigned, which is of no moment in the present question. 

If you can account for all of the precession by perturbation (Newton 
did not know how to do that), then for any planet for which this can be 
done, the zero leftover precession measures inverse-square variation of the 
centripetal force. The only planet for which such an outcome has failed has 
been Mercury. In 1859 Le Verrier found that some 38 arcseconds per century 
of the precession of Mercury's apse could not be accounted for on the basis 
of Newton's inverse-square law, and in 1882 Simon Newcomb revised this 
estimate upward to 43 arcseconds per century. The unaccounted for 43" per 
century of precession would measure a -2.00000016 for the exponent of the 
force. 

We now turn to the Moon. Prop.3 of Book III reads: 

The force by which the Moon is maintained in its orbit is directed toward 
the Earth and is inversely as the square of the distances of its places from 
the center of the Earth. 

On average there is about 3°3' of precession per revolution. Thus, the 
inference in Prop. 3 is made somewhat problematic by the known orbital 
precession. Newton says that it can be neglected since it is caused by the 
action of the Sun. We know that he never actually succeeded in showing that 
the whole 3°3' of forward precession resulted from solar perturbation; it was 
first demonstrated by Clairaut in a work published in 1752. 

Newton uses the Moon-test (Prop. 4) not just to identify the force that 
maintains the Moon in its orbit with terrestrial gravity, but as additional 
evidence for the inverse-square proposition (Prop. 3). In the Moon-test he is 
comparing two phenomena. The first of these is the length of a seconds 
pendulum at the surface of the Earth as determined by Huygens in Paris. 
From this value, Huygens showed that you could derive a value for the 
distance fallen by a body in one second. Huygens's determination of this 
distance was so stable over repetitions that his measured value for the one
second-fall at Paris of 15.096 Paris feet could be trusted to about ±.01 Paris 
feet. (The Paris foot, we note, is somewhat bigger than our English foot.) 

The second phenomenon is the value of the Moon's centripetal 
acceleration, calculated for the distance R of the Moon from the Earth's 
center. Here Newton introduces a correction for the action of the Sun on the 
Moon; the centripetal component of this action is on average subtractive 
from the acceleration due to the Earth's action. Newton takes the subtractive 
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component to be 1/178.725 of the Earth's centripetal attraction, just enough 
to cause the precession of 3°3' per revolution, in accordance with Carol. 2 of 
Prop.45. In fact, as Newton knew, the centripetal component of the Sun's 
action is only half as great as this. 

If we take Newton's several estimates for the Moon's distance, and 
introduce the correction, then, assuming the inverse-square law, we get an 
incredible agreement with Huygens's value for the one-second distance of 
fall at the Earth's surface. I want to claim that the outcome does not depend 
on Newton's correction. If we do not apply that correction, and use all six of 
Newton's cited lunar distances (59, 60, 60, 60 •;,, 60 '/,, 60 1h), together with 
his cited circumference of the Earth (123,249,600 Paris feet) and lunar period 
(39,343 seconds), we find 

15.041 ± .429 Paris feet 

as the measured value of the one-second fall at the surface of the Earth 
corresponding to the centripetal acceleration in th<j lunar orbit. The 
Huygens's value is well within these error bounds. 

Thus the crude data for distances, yielding values for the Moon's 
acceleration toward the Earth, back up Huygens's measurement of the 
acceleration of gravity. They do this not by improving the precision of 
Huygens's measurement, but by showing that big deviations from Huygens's 
result are more improbable than they would be on Huygens's data alone. 
The agreement in these measurements is an example of a kind of empirical 
success that comes from having agreeing measurements of the same 
parameter from two separate phenomena. The data from the two 
phenomena reinforce each other, and increase what we might call the 
resilience of the measurement, its resistance to large deviations. 

Newton now appeals to his first two rules of philosophizing to infer 
that the force maintaining the Moon in its orbit is terrestrial gravity. 
According to Rule 1, 

No more causes of natural things should be admitted than are both true 
and sufficient to explain their phenomena. 

And according to Rule 2, 

Therefore, the causes assigned to natural effects of the same kind must 
be, so far as possible, the same. 

Newton's conclusion is then: 

And therefore the force by which the Moon is kept in its orbit, in 
descending from the Moon's orbit to the surface of the Earth, comes out 
equal to the force of gravity here on Earth, and so (by Rule 1 and Rule 2) 
is that very force which we generally call gravity. 
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I want to claim that this application of these rules is not an appeal to a 
general commitment to simplicity. The application is a very particular kind of 
simplicity: two phenomena count as agreeing measurements of the same 
parameter. And that result exhibits a kind of empirical success: the theory is 
succeeding empirically by having its parameters be accurately measured by 
the phenomena it purports to explain. 

I now turn to Prop. 5: 

The circumjovial planets [or moons of Jupiter] gravitate toward Jupiter, 
the circumsaturnian planets [or satellites of Saturn] gravitate toward 
Saturn, and the circumsolar [or primary] planets gravitate toward the Sun, 
and by the force of their gravity they are always drawn back from 
rectilinear motions and kept in curvilinear orbits. 

Thus, according to Newton, the inverse-square centripetal forces directed to 
Jupiter, Saturn, and the Sun are, all of them, gravitation. He goes on to 
extend this result to the planets that do not have satellites, 

for, doubtless, Venus, Mercury, and the rest, are bodies of the same sort 
with Jupiter and Saturn. 

The following scholium is offered in support of this generalization: 

Scholium. Hitherto we have called "centripetal" that force by which 
celestial bodies are kept in their orbits. It is now established that this 
force is gravity, and therefore we shall call it gravity from now on. For 
the cause of the centripetal force by which the Moon is kept in its orbit 
ought to be extended to all planets, by Rules 1, 2, and 4. 

Here is Rule 4: 

In experimental philosophy, propositions gathered from phenomena by 
induction should be considered either exactly or very nearly true 
notwithstanding any contrary hypotheses, until yet other phenomena 
make such propositions either more exact or liable to exceptions. 

This rule should be followed so that arguments based on induction may 
not be nullified by hypotheses. 

To understand this rule we need to know what is the difference between a 
legitimate rival and a mere hypothesis that can be dismissed and should 
carry no weight. I want to suggest that a mere hypothesis is an alternative 
proposal that does not realize the ideal of empirical success sufficiently to 
count as a serious rival, where the ideal of empirical success is accurate 
measurement of the parameters of the theory by the phenomena that the 
theory explains. 
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Finally, I want to illustrate this ideal of empirical success at work in the 
case of Prop. 6, which reads: 

All bodies gravitate toward each of the planets, and at any given distance 
from the center of any planet the weight of any body whatever toward 
that planet is proportional to the quantity of matter which the body 
contains. 

Let Q - f/m be the ratio of the gravitational force on a body to its 
inertial mass, so that the acceleration will be equal to Q. The question is 
whether, at a given distance from the center of a planet, Q is the same for all 
bodies. 

The first thing we have here is the pendulum experiment, to 
demonstrate the proportionality of mass to weight in terrestrial bodies. For 
pairs of samples of nine different materials, used as the equal-weighted bobs 
of equal-length pendulums, Newton claims to find the periods equal to a 
precision of .001. The equality of the periods counts as a phenomenon 
measuring the equality of the ratio of weight to mass for laboratory-sized 
bodies near the surface of the Earth to a precision of .001. 

Next we have the Moon-test, which argues that-the Moon's acceleration 
toward the Earth is such that, if the Moon were brought down to the surface 
of the Earth, it would (by the inverse-square law) have the same acceleration 
as other terrestrial bodies. Consider Huygens's pendulum measurement as 
giving a value Q

0
, and take differences /!, from that. The six estimates of the 

Moon's distances used in the third edition yield a bound on /!,of .03. 
If we turn to the harmonic law for Jupiter's moons, and use the inverse

square law to adjust their accelerations to the distance of one of the moons 
from Jupiter's center, from the data in the table we get about the same 
bound on /!,(namely .03). If we use Pound's data, the bound is enormously 

· more precise. 

From the harmonic law for the primary planets, adjusting all the 
accelerations to the Earth-Sun distance, we find a bound on /!,of .004. 

Newton then cites bounds on the polarizations of the orbits of Jupiter's 
moons. If the Sun's gravitational force on a moon of Jupiter has to that 
moon's mass a ratio different from the corresponding ratio for Jupiter, then 
the orbit of that moon will be polarized either away from or toward the Sun. 
Newton claims to limit A in this case by a calculation which he does not 
describe for us; no one has found the actual details of his calculation. The 
numbers here are due to Kenneth Nordved~ who showed that the correct 
results go in the opposite direction from Newton's results, and are 
considerably less sensitive than Newton claimed.' Applying Nordvedt's 
calculation to the tolerances for distance estimates exhibited by the data in 
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Newton's table we get a bound on 11 of .034; applying tolerances estimated 
from comparing Pound's data with distances from the Explanatory Supplement 
we get a bound of .004. We could do the same with Saturn's moons. 

Our moon is a great example to use for this. Laplace, it turns out, 
carried out a calculation in 1825 to limit 11 to a few parts in 10·'; his 
calculation has recently 0997) been defended by Damour, a present-day 
celestial mechanician. And today we can determine the Moon's distance by 
lunar laser-ranging; by this method Dickey et al. have shown that 11 is less 
than (2±5)x1Q-". Thus the results obtained from celestial objects are now in 
the same ball park as, or even slightly better than the Moscow experiment, 
which is the best result achieved by using torsion balances on laboratory
sized objects. So you can see that the calculations on astronomical bodies 
and the experiments on terrestrial bodies are going in lockstep, pinning 
down what we call the weak equivalence principle. 

Chart III (see next page) summarizes the chief results obtained for 11 
from Newton onward. As before let Q - f/m. For any given center c toward 
which any given bodies 1 and 2 gravitate, let 11(c,1,2) - Q1 - Q2, where the 
fs involved in the g·s are inverse-square adjusted to the same distance from 
c. Following Newton's third rule of philosophizing, we can interpret the 
phenomena listed in Chart III as agreeing measurements bounding toward 
zero a single universal parameter A representing differences between ratios 
of passive gravitational to inertial mass that would be exhibited by any 
bodies at any similar space-time locations. 

All these phenomena count as agreeing measurements bounding 
toward zero a single general parameter representing differences between 
bodies of the ratios of their inertial masses to their weights (inverse-square
adjusted if necessary) toward planets. 

In Coral. 2 to Prop. 6 Newton generates his last rule of reasoning, a 
rule that is directed precisely at this kind of investigation and this kind of 
empirical success. Coral. 2 reads: 

All bodies universally that are on or near the Earth are heavy (or 
gravitate) toward the Earth, and the weights of all bodies that are equally 
distant from the center of the Earth are as the quantities of matter in 
them. This is a quality of all bodies on which experiments can be 
performed and therefore by Rule 3 is to be affirmed of all bodies 
universally. 

So all bodies, however far from the Earth, are gravitating toward it with 
weight proportional to their masses. And here is Rule 3: 

Those qualities of bodies that cannot be intended and remitted [that is, 
qualities that cannot be increased and diminished] and that belong to all 
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bodies on which experiments can be made should be taken as qualities 
of all bodies universally. 
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Rule 3 is explicitly applied to the terrestrial case, but it also applies more 
generally to the constraints on A. Thus an ideal of empirical success of a 
certain kind-agreeing accurate measurements of parameter values from 
phenomena-is the centerpiece of the methodology that Newton's work 
started. And it still guides science today-guides gravitation-theory 
experiments that are testing General Relativity. 

1. Pendulum 
experiments 

2. Moon test 

3. Harmonic Law 
Qupiter

1
s moons) 

4. Harmonic Law 
(primaty planets) 

5. Bounds on 
Polarization 
of satellite orbits 

Chart III: Constraints on A 

Newton 0685) 
Bessel 0827)' 
Eotvos 0922)' 
Moscow 0972)' 

Newton"'"' 
Pound 

Jupiter's moons 
Newton*" 
Pound 

Our moon 

Laplace 0825)" 
Lunar laser ranging 0994)"'"'"' 

I!.< .001 
A< 2 X }Q·S 

I!.< 2 X 10-9 

I!.< lQ·!l. 

I!.< .03 

I!.< .03 
A< .0007 

I!.< .004 

I!.< .034 
A< .004 

A< 0.54 X 10·' 
/!.< (25) X 10" 
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Cause and Hypothesis: 
Newton's Speculation About the Cause 
of Universal Gravitation 

Dana Densmore 

Introduction 

Isaac Newton (1642-1727) demonstrates in Principia' that gravity operates 
on and between all bodies, terrestrial and celestial. The gravitational force is 
found to be directly proportional to the quantity of matter in what we might 
call the "attracting" body and directly proportional to the quantity of matter 
in what we might call the "attracted" body, as well as inversely as the square 
of the distance between the bodies. Furthermore, when one body "attracts" 
another, the geometrical center of force is found to be at the center of mass 
of the "attracting" body (assuming spherical bodies). Finally, Newton shows 
that every particle of one body "attracts" every particle of every other body. 
These are the elements of universal gravitation. 

These characteristics of the phenomenon, and the fact that Newton is 
no more able than we to avoid speaking of "attraction," suggest that the 
power of gravitation lies in the bodies themselves, that it is an innate.quality 
of matter. Thus, when two bodies "attract each other," that is, are impelled 
each toward the other, as Newton shows they are, it seems to be a mutual 
action of particle upon particle. 

Newton says he would would like to keep any assumptions of cause 
out of Principia. But he must repeatedly apologize for using the language of 
gravity-as-an-innate-property-of-matter, and repeatedly warn the reader that 
he means no such assumption. And, indeed, one can hardly imagine how we 
could speak about the behavior of bodies and their motions and the forces 
acting on them without using the language of some mechanism. 

Dana Densmore, a graduate of St. John's College, is a scholar and author of Newton's Principia, 
Tbe Central AJ8ument. She is Chief Editor at Green LiOO Press. 
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But does he manage to keep the question open when it comes to the 
actual demonstrations? As he develops his crucial propositions showing the 
properties of universal gravitation in Book III, can we continue to keep the 
open mind he advocates, or must we at some point abandon that bit of 
principled naivete and settle on one particular hypothesis? 

I'm going to invite you to think through with me whether Newton does 
leave all these options open in his demonstrations by looking at the 
culminating, or at least penultimate, proposition in the sequence that derives 
what we now call universal gravitation. But first let's look more closely at 
what range of mechanisms he seems to be allowing for, and also at what his 
own speculations might have been. 

Hypotheses on the Cause of Gravity 

Tbe Range of Mechanisms Newton Mentions. What are the hypothetical 
mechanisms Newton claims to keep open? 

In the General Scholium which ends Principia (added in the Second 
Edition, in 1713), Newton states that he does not "contrive hypotheses" about 
the cause of gravity. By "contriving hypotheses" Newton means making up 
something without a basis in the observed phenomena. 

The reason for these properties of gravity, however, I have not yet been 
able to deduce from the phenomena, and I do not contrive hypotheses. 
(764) 

We may infer from this that Newton found nothing in the phenomena 
which suggested to him the mechanism of the operation of gravity; we can 
infer that, could he have found such evidence, he would have put it forward 
and built upon it. 

In the Scholium following Book I Proposition 69, he spells out what 
one may understand when he says "attraction": 

By these propositions we are led by the hand to an analogy between 
centripetal forces and the central bodies towards which those forces are 
apt to be directed. For it is in conformity with reason that the forces 
which are directed towards the bodies depend upon the nature and 
magnitude of the same bodies, as it is in magnetic bodies. And whenever 
instances of this sort occur, the attractions of the bodies are to be 
estimated by assigning the appropriate forces to their individual particles 
and gathering together the sums of the forces. (298) 

This is a critical place: he has just demonstrated the proposition which 
introduces the effect that the mass of the central body has on the quantity of 
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centripetal force. But lest we get the wrong idea about the word "attraction," 
which, in addition to his use just above in this Scholium, he has used 
repeatedly in the proposition, he immediately continues: 

The word "attraction" I here use generally for any attempt whatever of 
bodies to approach one another, whether that attempt arise from the 
action of the bodies (whether mutually seeking one another or of setting 
each other in motion by emitted spirits), or whether it arises from the 
action of the aether, or of air, or of any medium whatsoever (corporeal 
or incorporeal) in any way pushing bodies floating in it towards each 
other. (298) 

We are being told, and not for the first time, to keep our minds open to 
encompass all of these possibilities whenever Newton speaks about 
attraction, or, as he is often careful enough to put it, when a body is 
impelled toward another body or toward a center of force or forces. In the 
commentary after Definition VIII, for example, he says: 

I use the words "attraction," "impulse," or [words denoting] any tendency 
whatever towards a center, indifferently and promiscuously for each 
other, in considering these forces, not physically, but only 
mathematically. Therefore the reader should beware of thinking that 
through words of this kind I am anywhere defining a form or manner of 
action, or a cause or a physical account, or that I am truly and physically 
attributing forces to the centers (which are mathematical points), if 
perchance I should say either that the centers attract, or that the forces 
belong to the centers. ( 46) 

He says that he is speaking of the centers and forces mathematically, 
and the mechanisms behind them may be whatever they happen to be. The 
forces may belong to the centers, or they niay belong to some other agency; 
he does not define the form or manner of the action. 

Here Newton gives us a range of mechanisms. The tendency of bodies 
to approach each other may come from the actions of the bodies themselves. 
This could be some innate property of matter that operates directly on other 
matter as they mutually seek each other. We might call this category where 
the tendency to approach comes from the action of the bodies themselves 
the "occult power of matter," since some hidden virtue of the bodies is 
operating. In this case the bodies are operating on each other at a distance. 

It could also be, according to Newton in this Scholium, matter 
operating on other matter indirectly, for example setting each other in 
motion by emitted spirits. Here, a power of matter is operating indirectly 
through physical, quasi-physical, or incorporeal agents. 

Or perhaps the action does not originate in the matter but outside it. It 

might be pushes from behind. One could imagine gremlins there pushing or, 
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with Newton, pushes from particles of the medium in which both bodies 
move. This medium also, Newton says, could be either corporeal or 
incorporeaL 

Newton's Own Speculations About the Cause of Gravity Before and Around 

the Time of the First Publication of Principia. Let's look into Newton's 

indications of his own ideas about the cause of gravity. This could be our 

best evidence about what he was thinking when he wrote both the 

disclaimers about cause which we find in Principia, and the proofs which do 

or don't make assumptions about cause. 
We find two interesting things. First, Newton repeatedly put forward 

hypotheses that fell squarely into the mechanism of impulsion by direct 
contact, including one offered not long before the publication of Principia 
And second, he claimed to be adamantly opposed to any supposition of 
physical action at a distance. 

Newton's writings before Principia show his attempts to explain gravity 
by the collision of material particles. 

His student notebook from the 1660s shows a thoroughgoing 
mechanistic philosophy following Descartes and Boyle. Every action can be 
understood as motions of matter, of a matter which fills space. A material 
aether provided the explanation for all apparent actions at a distance. His 
explanation of gravity from around 1664 consisted of a descending wind of 
aether particles flowing into the earth and pushing heavy bodies down 
with it. 

The matter causing gravity must pass through all the pores of a body ... 
For it must descend very fa~t and swift as appears by the falling of bodies 
and the great pressure toward the Earth . . . The stream descending will 
grow thicker as it comes nearer the earth .... 2 

In 1675 Newton sketched out another aether theory of gravitation, in 
"Hypothesis on Light," a document transmitted to Henry Oldenburg for the 
Royal Society of London. The mechanical action of the aether is basically the 
same: a wind of the aether particles drives the heavy bodies down. 

For if such an aetheriall Spirit may be condensed in fermenting or 
burning bodies, the vast body of the Earth, wch may be every where to 
the very center in perpetuall working, may continually condense so much 
of this Spirit as to cause it .from above to descend with great celerity for a 
supply. In wch descent it may beare downe with it the bodyes it 
pervades with force proportionall to the superficies of all their parts it 
acts upon .... 3 
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In a letter to Robert Boyle three years later, Newton speculates on the 
cause of gravity. The mechanism has changed, but it is still entirely material 
and mechanical: now, instead of the pressure of a downward flow of aether 
particles, he pictures a pressure arising from a density gradient and a 
transition from finer to grosser particles. 

And, first, I suppose that there is diffused through all space an aethereal 
substance, capable of contraction and dilation, strongly elastic; and, in a 
word, much like air in all respects, but far more subtle ... When two 
bodies, moving toward one another, come nearer together, I suppose the 
aether between them to grow rarer than before .... 

I shall set down one conjecture more ... it is about the cause of gravity. 
For this end I will suppose aether to consist of parts differing from one 
another in subtility by indefinite degrees: that in the pores of bodies, 
there is less of the grosser aether in proportion to the finer, than in open 
spaces; and consequently, that in the great body of the earth there is 
much less of the grosser aether, in proportion to the finer, than in the 
regions of the air and that ... from the top of the air to the surface of the 
earth, and again from the surface of the earth to the centre thereof, the 
aether is insensibly finer and finer. Imagine, now, any body suspended in 
the air, or lying on the earth; and the aether being, by the hypothesis, 
grosser in the pores which are in the upper parts of the body, than in 

those which are in the lower parts; and that grosser aether, being less apt 
to be lodged in those pores, than the finer aether below; it will 
endeavour to get out, and give way to the finer aether below, which 
cannot be, without the bodies descending to make room above for it to 
go out into. 4 

This speculation was written eight years before the publication of Principia. 
We may draw this conclusion from these proposed theories. Before 

writing Principia, at least at some time before, Newton himself looked to a 
mechanical explanation as being the natural and plausible and scientific one. 
The material impact mechanism is thus one that must be taken seriously 
among the options, one that he would want to leave open. However, he 
seems to mean Principia to be more general, allowing for these hypotheses 
and others as welL 

Our second piece of evidence for Newton's views comes from letters 
written to Richard Bentley five years after publication of Principia In these 
letters Newton expressed horror that, when the first edition of the book was 
published in 1687, some attributed to him the hypothesis that gravity is an 
innate property of matter acting at a distance. We saw that he had difficulty 
avoiding that language in Principia and often fell into it, albeit usually 
followed sometime soon by a disclaimer. 
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You sometimes speak of gravity as essential & inherent to matter: pray, 
do not ascribe that notion to me; for ye cause of gravity is what I do not 
pretend to know, & therefore would take more time to consider of it. 5 

'Tis inconceivable, that inanimate brute matter, should (without ye 
mediation of something else web is not material) operate upon & affect 
other matter without mutual contact; as it must be if gravitation in the 
sense of Epicurus be essential & inherent in it. And this is one reason 
why I desired you would not ascribe innate gravity to me. That gravity 
should be innate inherent & essential to matter so yet one body may act 
upon another at a distance through a vacuum wthout the mediation of 
any thing else by and through web their action and force may be 
conveyed from one to another is to me so great an absurdity that I 
believe no man who has in philosophical matters a competent faculty of 
thinking can ever fall into it. Gravity must be caused by an agent acting 
constantly according to certain laws, but whether this agent be material 
or immaterial I have left to ye consideration of my readers.6 
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Newton here asserts that there must be some agent acting directly on 
the attracted body; he seems willing to leave open the possibility of that 
agent being incorporeal; but he says that the action at a distance of a 
gravitational power innate in the attracting body strikes him as absurd. 

One result of this statement of his view for our understanding of 
Principia is to warn us away from jumping to the conclusion that innate
force-action-at-a-distance was his secret opinion, a covert hypothesis, and 
that his protestations about keeping the question open were mere rhetorical 
smokescreen, falsely pretending an open-mindedness he did not in fact bring 
to the work. 

But perhaps he did want to leave that option open as well. His many 
disclaimers in Principia about meaning by attraction whatever impels bodies 
together suggest that he intends a completely general demonstration. 

Now we're ready to look at Newton's development of universal 
gravitation and see whether he really was able to carry it all the way through 
without resorting to any hypotheses about cause, explicit or implicit. 

Development of the Principle of Universal Gravitation 

The first part of this job was done by William Harper (see the preceding 
essay). He wasn't looking particularly at this matter of the mechanisms, but 
in fact, through those propositions, through Proposition 6 of Book III, there 
was no step that eliminated any of the mechanisms or assumed any. I am 
satisfied with that, and probably for each of you to be satisfied with that you 
would want to yourself work through those propositions with this questions 
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in mind. I am going to start with Proposition 7, which is where things get 
interesting in terms of looking at whether he assumed any mechanisms. 

Proposition III.? asserts: 

That gravity is given in bodies universally, and is proportional to the 
quantity of matter in each. 

We will look carefully at the steps of this proof. 
III. 7 calls upon Proposition 69 of Book I. 
Let's see what 1.69 requires and proves. The proposition postulates a 

system of many bodies in which every body "pulls" every other body, but for 
the purposes of the proof he is looking at two bodies in particular. So he 
says that A attracts all the other bodies and B attracts all the other bodies. He 
says "pulls." And the proposition speaks of an "accelerative attraction" of all 
bodies toward each body. We are also given that the accelerations produced 
by that pulling are inversely as the squares of the distances from the pulling 
body. These are all things that we are given. They are hypothetical in the 
sense that all the propositions in Books I and II are hypothetical. They are 
not grounded in the phenomena of our world. They are part of the 
mathematical toolbox that can be used to be applied when we have 
phenomena and experimental observations from our world. So we can't 
complain about any of these assumptions. They are explicitly assumptions. 

What 1.69 proves is that, given these stated conditions, the absolute 
forces of the pulling bodies will be to one another as are the bodies 
themselves. That is, the forces will vary as the quantity of matter in the 
attracting bodies. 

III.6 had shown that the motive forces, or weight, varied as the quantity 
of matter in the attracted bodies. 1.69 is setting up another dimension for us 
by bringing in the quantity of matter in the attracting body. 

We have already noted the Scholium following I.69, which goes on at 
length in asserting that when Newton says "attraction" he doesn't mean to 
suggest a particular mechanism. We want to continue reminding ourselves of 
that: 

The word "attraction" I here use generally for any attempt whatever of 
bodies to approach one another, whether that attempt arise from the 
action of the bodies (whether mutually seeking one another or of setting 
each other in motion by emitted spirits), or whether it arises from the 
action of the aether, or of air, or of any medium whatsoever (corporeal 
or incorporeal) in any way pushing bodies floating in it towards each 
other. (298) 



DENSMORE 101 

Therefore, despite the strong suggestion in the wording of the 
proposition that the condition being set up here is one of attraction, one at 
least of pulling, if not of full-fledged "occult power of matter," Newton is 
claiming to be using this word only for the observed effect of tendency 
towards the center of force or forces. (He starts out in Book I talking about 
"forces"; in Proposition 1 he was referring to a "center of forces." As he goes 
along he drops that plural and starts talking about "center of force," but I 
think it's worth keeping in mind that, at least originally, he meant to make it 
general enough that it was not necessarily a single force.) 

The disclaimer about the mechanisms is not contradicted by the 
condition also made explicit in !.69 that the "attractions" appear in some 
sense mutual. It is simply given as one condition that A pulls B with an 
accelerative force inversely proportional to the square of the distance to B, 
and as another condition that B pulls A with an accelerative force inversely 
proportional to the square of the distance to A. (The Scholium that 
immediately follows makes it clear that "A pulls B" means only that B tends 
toward A.) 

No mechanism for this pulling is presented, and no claim suggested 
that there is a mutuality inherent in the mechanism. We will return to this 
difficult question of mutuality very soon, and consider what it is, or rather, 
what different things mutuality means to us in different contexts. 

For now, we continue carefully stepping through Newton's argument. 
Having mentioned 1.69, we must hasten to remind ourselves that 1.69 is a 
hypothetical proposition. Before we can use it we must prove that its 
conditions hold in our world. 

That is the first piece of work in III.7. We must prove that all bodies 
attract all other bodies inversely as the square of the distance between them. 

Step 1: 

That all the planets are mutually heavy towards each other, we have now 
already proved .... 

The first condition for I.69 is that each body attracts all other bodies. 
III.6 established that all planets gravitate towards each other: that is, if we are 
to use "attraction" for "any attempt whatever of bodies to approach one 
another," III.6 established that each body is attracted to all other bodies. If 
each body is attracted to all, the bodies to which it is attracted must be 
"attracting," whatever that might mean. Thus all bodies must be "attracting." 

If all bodies are attracting, then A attracts B and B attracts A. We have 
fulfilled the first condition of I.69. 
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Step 2: 

... as well as that gravity in any one of them, considered separately, is 
inversely as the square of the distance of places from the center of the 
planet. 

The second condition for invoking !.69 is that these attractions be all 
taking place according to an inverse square force law. We got that from 
Book III Proposition 1 for Jupiter and Saturn with their respective moons, 
from III.2 for the circumsolar planets, and from Ill. 3 for the moon to the 
earth. 

So putting these things together, we have established that the 
accelerative force of gravity towards each one of the planets varies inversely 
as the square of the distances from the centers of the "attracting" planets. 

Thus we have the required force law for Jupiter in relation to its 
moons, Saturn in relation to its moons, the primacy planets in relation to the 
sun, and the earth in relation to its moon. By the third Rule of 
Philosophizing, 

The qualities of bodies ... upon which experiments can be carried out, 
are to be taken as qualities of bodies universally. 

This reasoning applies equally to the universality of heaviness in bodies 
and to the universality of the inverse square force law. Thus we have met the 
two conditions of 1.69. 

We've gone from what we can observe about Jupiter and Saturn and 
the circumsolar planets and what we deduced about the moon (with a little 
more difficulty, because there's only one body there), and we're now saying 
that it is true of all bodies, or any potential planet that we might have. 

Step 3: 

And the consequence of this (by Book I Prop. 69 and its corollaries) is 
that gravity in all is proportional to the matter in the same bodies. 

The first Corollary of !.69 extends the proposition to any number of 
bodies. Applying the proposition, we can conclude that gravity tending 
towards any planet is proportional to the matter contained by the body at the 
center of force. 

We still haven't assumed a mechanism, although we must now wonder 
how, under the various hypotheses, the size of the central body might affect 
the amount by which the "attracted" body is impelled. By some mechanisms, 
you might imagine that it wouldn't make a difference. It seems that we might 
be learning something about what mechanisms are possible by the fact that 
the attracting power is proportional to the quantity of matter there. 
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Step 4: 

Further, since all the parts of any planet you please A are heavy towards 
any planet you please B .... 

This is established in III.6. We use this in Step 7. 

Step 5: 

... and the gravity of any part is to the gravity of the whole as the matter 
of the part is to the matter of the whole .... 

This is also established in III.6 and is used in Step 8. 

Step 6: 

... and to every action there is an equal reaction (by the Third Law of 
Motion).· ... 
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Assuming that the gravitation of A towards B and B towards A are 
mutual actions in the sense of Law 3, "the mutual actions of two bodies upon 
each other are always equal and directed to contrary parts" by that law. 

This is a crucial step and we will return to it. Here in this step he has 
only made a statement of the law, and he has stated it accurately. 

Step 7: 

... [therefore] the planet B will in turn gravitate towards all the parts of 
the planet A .... 

Now he's drawn some conclusion from Step 6. Hidden between Step 6 
and Step 7, there's something lying in that bracketed [therefore]. We'll have 
to return to it, but let's take it provisionally for now. 

Step 4 told us that all parts of any planet A will gravitate towards any 
other planet B. By Law 3 and Step 6 we conclude that any planet B will 
gravitate towards all the parts of planet A. 

Step 8: 

. and its gravity towards any particular part will be to its gravity 
towards the whole as the matter of the part to the matter of the whole. 

By Step 5, the gravity of a part of planet A towards any other planet B 
is to the gravity of the whole of A towards B as the matter of the part of A is 
to the matter of the whole of A. 

By Law 3, the gravity of the whole of B toward each of the parts of A is 
equal and opposite to the gravity of each part of A towards the whole of B. 

Therefore the gravity of B towards any part of A will be to B's gravity 
towards the whole of A as the matter of A's part to the matter of A's whole. 
That is what was to have been proved. 
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We have used Law 3 to go from the quantity of matter in the attracted 
body to the quantity of matter in the attracting body. But we did leave an 
assumption hidden between Steps 6 and 7 of III. 7 to be looked into more 
closely. That assumption was that the gravitation of A towards B and B 
towards A are mutual actions in the sense of Law 3. To evaluate the 
legitimacy of that assumption, we must look carefully at the Third Law. 

Mutuality and Attraction 

The Third Law says "That to an action there is always a contrary and equal 
reaction; or, that the mutual actions of two bodies upon each other are 
always equal and directed to contrary parts." 

What does this mean? The law speaks about actions which are mutuali 
it is these which are equal and directed to contrary parts. So we must look at 
what we mean by mutuality. 

Furthermore, we need to understand what attraction is, generally and in 
the particular case that concerns us here, so as to assess whether this law 
may be applied to gravitational attractions. 

Mutuality. Let's start with mutuality. 
In Book III Newton proves that every body is attracting every other 

body (or, more generally expressed, every body is impelled toward every 
other body; or, as he also puts it, there is a power of gravity towards every 
body). Newton uses the word "mutual" for this situation: "all planets are 
mutually heavy towards each other." A is attracted towards B, and B is 
attracted towards A. There is a simultaneity, a symmetry, and a kind of 
reciprocity. 

Let us think what we mean by "mutual." It's important to get clear for 
ourselves how we understand this word, in order to be alert to the way we 
are interpreting it when we read the wording of proposition III. 7 and of the 
third law of motion. Being clear about our common sense understanding of 
the word is the first step to clarifying what may be a technical meaning for 
Principia. 

A series of thought experiments may help here. 
I say, "I like you." You say, "The feeling is mutual." You mean, "I hear 

that you like me, and it is also the case that I like you, and I recognize that 
this means there is a symmetry. We like each other." 

When things are mutual, they are reciprocal, but reciprocity can come 
after the fact, and it can refer to only one side of the transaction. You do me 
a favor, and I then feel an obligation (or a grateful desire) to do you a favor. 
When I see an opportunity, I reciprocate and return the favor. The exchange 
is then completed and we are mutual benefactors. But there may have been 
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a cause and effect relationship. Perhaps I reciprocated because you did me 
the favor. 

This was not necessarily the case in our first mutual relation, in which I 
said I liked you and you pronounced the feeling mutual. Let's assume that 
this was not the case in which my liking you stimulates your gratitude or 
sense of obligation to reciprocate. I liked you independently of anything you 
felt. You similarly liked me not because I liked you, but because something 
in your soul moved towards me. The mutual liking was simultaneous and the 
one feeling was not caused by the other feeling. The relation is mutual, 
reciprocal, simultaneous, symmetrical. But it is not mutual cause-and-effect. 

Now let's say that I am attracted by the strawberries in the refrigerator. 
As a consequence of this attraction, I move towards the refrigerator. My 
moving towards the refrigerator is caused by the strawberries, but not by 
anything the strawberries did. They may not even be in the refrigerator; 
someone else might have gotten there first. My moving is caused by the 
strawberries in the sense that something in my soul yearned towards them 
and made me move in what I supposed to be their direction. This case is 
clearly not mutual. The strawberries feel no inclination to move towards me; 
in fact, should they be imagined to have any inclination, it would probably 
be against being eaten. 

But now suppose my husband and I see each other across the placita. 
We each feel attracted to the other. We move towards each other as a 
consequence of the attraction each feels inwardly. Nothing the other does 
causes this movement; it is caused by our own inner inclinations. If one 
paused, the other might still move under the influence of the attraction 
which sprang up in his or her soul. But suppose neither pauses; we meet in 
the middle. In common language, this is a mutual attraction and the coming 
together is a mutual action. 

Now suppose two billiard balls on a table are tapped by two agents 
with sticks such that the balls approach each other in the middle of the table 
and meet. Ball A has been impelled towards ball B, and ball B towards ball 
A. The cause of the approach of one was different from the cause of the 
approach of the other, and the motion of one did not cause the motion of 
the other. But they approach each other in a simultaneous, symmetrical way. 
In common language, we would say that they mutually approached. 

Attraction. Now let's look more closely at what we mean by the word 
"attraction." 

We have seen that in Principia Newton stretches the term to cover any 
tendency whatever of one body to move towards another. This of course is a 
technical meaning which requires our constant attention to keep stretched. 
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Once we slacken the tension on the term, it snaps back to cover a much 
smaller area. Let's look at its coverage in its relaxed state, that is, how we 
mean the term in comrilon language. 

Attraction is most comfortably understood in relation to besouled 
entities. Its original sense is that of a movement of the soul towards 
something the soul sees as good. We may be attracted to another soul, or to 
a material thing, or to an idea. Any of those things can move us, that is, 
cause a motion in our soul, and that motion in the soul may result in some 
other motion, as when I move to the refrigerator because of the attraction I 
feel for the strawberries. 

It is rather by analogy that we speak of attraction among inanimate 
things (such as "inanimate brute matter"). We see that the sttawberries seem 
to attract with no mechanical mediation. By analogy, when we see no 
mediating cause, we use the term attraction. So when the horse pulls a stone 
using a rope, we don't call that attraction, we call it pulling. But if the horse 
just stood there, and the stone approached, we might say the horse had 
attracted the stone. Of course, we don't see that, but we do see iron filings 
moving toward a loadstone with no visible means of pulling, and we call that 
attraction. 

Aristotle did not consider stones besouled, but by analogy with the 
workings of souls, he said that stones had within themselves a tendency to 
seek the center of the earth. They are not animate, and yet in a certain sense 
they have a goal, and are heavy until they reach that goal. [They are active in 
the sense of energein and not prattein; see Physics 255a28-30.l 

Similarly, we can speak of attraction in the narrower sense as a possible 
cause of gravity in Principia. In this narrower sense, it is a tendency of the 
bodies, whether possessing souls or not (and I believe Newton did not think 
of them as possessing souls, but that may be something for further 
consideration), to seek to move towards other bodies, without being pushed 
or pulled by a material mechanical mediating agent. This is the mechanism I 
earlier called "occult power of matter." 

Third Law of Motion. So let's now look at the 1bird Law of Motion and see 
what it might mean in connection with attractions. 

Law3 

That to an action there is always a contrary and equal reaction; or, that 
the mutual actions of two bodies upon each other are always equal and 
directed to contrary parts. 
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Commentary: 

Whatever pushes or pulls something else is pushed or pulled by it to the 
same degree. If one pushes a stone with a finger, his finger is also 
pushed by the stone. If a horse pulls a stone tied to a rope, the horse will 

also be equally pulled (so to speak) to the stone; for the rope, being 
stretched in both directions, will by the same attempt to slacken itself 
urge the horse towards the stone, and the stone towards the horse, and 
will impede the progress of the one to the same degree that it promotes 
the progress of the other. If some body, striking upon another body, 
should change the latter's motion in any way by its own force, the same 
body (because of the equality of the mutual pushing) will also in turn 
undergo the same change in its own motion, in the contrary direction, by 
the force of the other. These actions produce equal changes, not of 
velocities, but of motions-that is, in bodies that are unhindered in any 
other way. For changes in velocities made thus in opposite directions, are 
inversely proportional to the bodies, because the motions are equally 
changed. This law applies to attractions as well, as will be proven in the 
next Scholium. (55-56) 
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This last sentence is the one we need to be concerned about. It was 
added in the second edition. 

The Third Law has two parts. The first is that every action has an equal 
and opposite reaction. The second is that in all mutual actions of two bodies, 
the two actions will be equal and directed to contrary parts. 

One might think that the second is merely a restatement of the first, but 
it will help to recognize them as independent. The first part applies to every 
action. The second speaks about particular pairs of actions. 

First, every physical action has an equal and opposite reaction. If I 
walk, I push backwards against the earth, and as much motion as I gain 
forward the earth gains backwards. "Motion," or Newton's "action" (motus) 

is defined in Definition 2. "The quantity of motion is the measure of the 
same, arising from the velocity and the quantity of matter conjointly." 
Therefore my small mass gets a noticeable velocity forward, while the great 
mass of the earth gets an imperceptible velocity backwards. These opposite 
directions are the "contrary parts." 

Or suppose we are walking not on the earth but on a small boat whose 
bow we have just rowed up to the dock. As we walk to the bow of the boat, 
the boat moves back away from the dock. In the water with a friend and a 
rope, we see that when we pull on the rope, our friend starts moving 
towards us, but we also start moving towards the friend. Not only are these 
examples consistent with our experience, but in addition we can understand 



108 THE ST. JOHN'S REVIEW 

them mechanically. The Third Law seems true, at least for actions which 
involve mutual contact. 

And we notice right away that in the Law's statement and in the bulk of 
its commentary, all the descriptions and examples do involve mutual contact. 
It is only the last sentence that suggests anything other than pushes and 
pulls. We will come back to consideration of that tacked-on last sentence, 
and the question of attractions as Third Law mutual actions, in a moment. 

The second part of the Third Law says that the mutual actions of two 
bodies upon each other are always equal and directed to contrary parts. Here 
we are given two actions which are said to be mutual. In light of the first 
part of the Law, we know what sort of actions Newton is talking about when 
he says mutual: they are the actions which are each other's reactions. When I 
walk, the mutual actions are my being propelled forward and the earth (or 
the boat) being propelled backwards. When I pull you with the rope the two 
actions are our actions in moving towards each other. 

Nowhere does the Third Law state or suggest that any two actions we 
might select in the world are each other's equal and opposite reactions. 
Indeed, such an idea is absurd. Even where there is some formal symmetry, 
we have explored cases where there is clearly no cause and effect action and 
reaction. 

Let's go back to our billiard table with the two wielders of cue sticks 
hitting two balls towards each other. Although, when we see the two balls 
approach each other, we would say in common speech that they are 
mutually approaching, we cannot say that the balls' two actions in so 
approaching are "mutual" in the sense of the second part of the Law. They 
are approaching each other, they are even directed to contrary parts; but, 
impelled by independent taps of the different sticks, they are unlikely to be 
approaching with equal quantities of motion. Even if the quantities of motion 
are equal, it is by accident, or because the tappers have agreed to tap 
equally, not because the approaches are each other's reactions. 

We see that the word "mutual" in Law 3 is a very specialized sense of 
the term, defined by the law itself as those pairs of actions which result from 
each other and are equal and opposite. Many pairs of actions which are 
"mutual" in the common language sense are not mutual in the Law 3 sense. 

Not only are the two approaching billiard balls not displaying mutual 
actions in this sense, neither are my husband and I when we walk towards 
each other across the placita, attracted by each other and each desiring a 
meeting. Every action, by the first part of the Law, has an equal and opposite 
reaction, and so do these. The actions of the billiard balls have produced 
their equal and opposite reactions in the cue sticks and arms of the human 
agents. My walking towards my husband has had its equal and opposite 
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reaction in a motion of the earth, as does his movement towards me. But our 
approaches, however simultaneous and symmetrical, are not mutual in the 
sense of the second half of Law 3. 

Gravitation Attractions as Third Law Actions. Well, do we assent to the 
proposition that gravitational attractions are 1bird Law actions and reactions? 
Or, perhaps more to the point, what could Newton be picturing as a 
mechanism for these "attractions" that would make them fall under the Third 
Law along with the pushes and pulls resulting from material contact? 

Our first thought might be that including gravitational attraction under 
the Third Law suggests that Newton is thinking that gravitational impulsion is 
indeed mechanical, that he is picturing the mechanism as somehow, 
somewhere, a result of something pushing or pulling. 

Well, perhaps it is. Perhaps the planets are being pushed from behind 
towards the sun. And perhaps the sun is being pushed towards the planets. 
But is this mutual in the sense of Law 3? Not a bit: it's our two billiard balls 
again. 

Since to every action there is an equal and opposite reaction, the 
gremlin pushing the sun will rebound back with a change in its quantity of 
motion equal to that by which the sun's motion changes. The gremlin 
pushing the planet will also move back with a change in its motion equal to 
that change of motion with which the planet moves towards the sun. But 
there is no reason to expect that the motion of the planet towards the sun 
will be equal to the motion of the sun towards the planet, any more than to 
expect the two billiard balls to have the same quantity of motion after being 
tapped. 

Even if a causal chain were postulated that went directly from the 
action behind the sun to the action behind the planet, it would still not make 
the resulting approaches Third Law mutual actions. In fact, no interaction we 
might trace among successive aether particles connecting the sun to the back 
of the planet is going to make those final actions mutual. 

It does seem that the pushes of gremlins, or the impact or differential 
pressure of aether particles (such as the two hypotheses mentioned above 
which he had put forward earlier, before writing Principia), it does seem 
that any of those mechanisms are simply inconsistent with the inclusion of 
an appeal to the Third Law in the propositions on gravity. 

Conclusion 

Let's now tum back to the steps of Book III Proposition 7. 
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The first step of Ill.? showed that all planets are mutually heavy in the 
common language sense. The sixth step of III. 7 asserts that to every action 
there is an equal reaction by the Third Law. These assertions are both 
unexceptionable. 

Step 7 says "[therefore] the planet B will in tum gravitate towards all 
parts of planet A". 

This conclusion seems to be expressed a bit carelessly, conflating the 
two parts of the statement of the Third Law. It is not because every action 
has an equal reaction that Step 7 follows, since each could have its reaction 
elsewhere, as in recoil of its pusher-gremlin or in aether particles bouncing 
back. Rather, Step 7 follows (if it does) because the mutual actions are each 
other's reactions. 

This has not actually been proved, but we see from its invocation that 
Newton believes it to be true of the mutual actions of gravitational tendency. 

The proposition depends in another way on the applicability of the 
Third Law to gravitational attractions: it invokes Book I Prop. 69, which 
includes an application of the Third Law in its own proof. 

Furthermore, Newton asserted the applicability of the Third Law to 
gravitational attractions in IlLS cor 1 as the justification for the gravitation of 
the sun towards the planets. This is not part of the main line of the 
argument, but adds to the evidence that he believed the Third Law to apply 
to gravitational attractions. 

This is yet further supported by his arguments in the Scholium after the 
Laws of Motion, combined with the final sentence of his Law 3 commentary. 

Newton believed that whatever caused gravity was a mutual action 
between the two bodies in the sense of Law 3. His use of this assumption in 
Step 7 of Ill. 7 is not a fluke or a slip. 

And yet aether pressure, as well as, it seems, any other strictly 
mechanical explanation, depends on third party actions such that the two 
movements cannot be each other's mutual Law 3 reactions. 

In fact, what about our "proofs" that gravitational attraction obeys the 
Third Law from the Scholium after the Laws? They depend on the First Law 
of Motion and Corollary 4 of the Laws (that the center of gravity of a 
collection of bodies will remain at rest or move uniformly), and that corollary 
explicitly states that "external actions and impediments are excluded." Only 
then will the system remain at rest, that is, only then will the forces look 
equal and opposite. (That is what those thought experiments in the Scholium 
deal with, that a system will remain at rest and therefore, he concludes, the 
forces must be equal and opposite.) This requires that, in talking about "the 
actions of the bodies among themselves," only the two bodies may be 
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considered. No gremlins, no bungees, no Cartesian vortices, no Newtonian 
aether pressure. 

We seem compelled to conclude that, by the time of Principia, Newton 
had completely rejected the possibility that there was a material aether 
impelling the bodies together. 

Furthermore, he could not, or at least did not, derive his principles of 
universal gravitation allowing that, or any other mechanical intermediation, 
as a possibility. He may have declined to offer an hypothesis about cause of 
gravity, but he could not, or at least did not, leave the full range of options 
open. 

So I leave you with the question to ponder: What might Newton have 
speculated could make a Third Law interaction between two bodies (or 
particles) once mechanical intermediation and action at a distance have both 
been ruled out? 
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