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Ten Milestones Toward Newton's Principia

Copernicus's challenge to the Ptolemaic tradition in orbital astronomy,
subsequently reinforced by Tycho, underscoring the issue of true motions

Tycho's more than a decade-and-a-half body of positional data, all to an
unprecedented uniform observational standard

Galileo's many telescopic observations, especially of Jupiter's satellites and
the phases of Venus, initiating a new tradition in observationai astronomy

Kepler's several orbital reforms plus the 3/2 power rule, culminating in the
Rudolphine Tables and a new standard for mathematical astronomy

Galileo's development of a fragment of a mathematical theory of motion
under uniform (parallel) gravity by idealizing motion without air resistance

Descartes' singling out the conatus to recede from the center in curvilinear
motion and noting its relevance to orbital motion

Huygens's extension of Galileo's mathematical theory of motion to cover
evolute-controlled pendular motion, yielding a standard measure of the
strength of surface gravity

Huygens's development of Descartes' conatus a centro into a mathematical
theory of circular motion, centrifugal forces, and a complementary measure
of the strength of surface gravity

Newton's discovery (prompted by Hooke) that the theory of uniform circular
motion is a special case of a more general mathematical theory of motion
under centripetal forces -- a theory that links Kepler's orbital reforms to
inverse-square centripetal forces

10. Newton's finding a measure of the strength of inverse-square force-centers

and then allowing those centers to interact



Some Questions at the Forefront of 17th Century

Research on Planetary Orbits

Many questions became important at one time or another in the century extending
from Tycho Brahe's efforts of the 1580's and 90's to the day in 1684 when
Newton began writing what became the Principia. A few important questicns even
received answers. In particular, Galileo's telescopic observations of the
phases of Venus and the lack of phases of Mars, Jupiter, and Saturn had pretty
well terminated informed support of the Ptolemaic system, if not by 1620, then
by 1633. And by 1675 measurements made in conjunction with Huygens's theory of
the pendulum had (i) confirmed Galileo's claim that, at least near the surface
of the Earth, objects falling vertically would accelerate uniformly to very
high approximation in the absence of air resistance; and (ii) determined the
precise distance they would fall in the first second to within an accuracy cf
two parts in a thousand. The questions singled out below, most of which are
formulated here with a precision reflecting hindsight, were all still very much
cpen and in the forefront of discussion in the late 1670's.

Questions From Before Kepler's Orbital Theory

1. Granted that the planets all orbit the Sun, do the Sun and the planets to-
gether orbit the Earth, in accord with Tycho's system, or does the Earth
orbit the Sun, in accord with Copernicus's?

2. Given the failure to detect any annual stellar parallax, can any empirical
evidence whatever show whether the Earth has one or more of the three mo-
tions the Copernicans attribute to it -- a diurnal rotation, an annual
revolution, and a wobkle of its polar axis?

3. What are the actual trajectories of the planets around the Sun and the Sun
around the Earth (or the Earth around the Sun) -- eccentric circles and
compounds thereof of the sorts Ptolemy, Copernicus, and Tycho postulated,
or something else?

4. Given that none of the planets describe perfect uniform circular orbits,
what physical mechanism cr mechanisms are responsible for the departures
from perfectly uniform circular motiocn?

Questions Subsequent to Kepler's Orbital Theory

1. Do the planets and their satellites really describe elliptical orbits, or
igs the ellipse just a good approximation (vis-a-vis the accuracy of the
Tychonic observations) to their true trajectories?

2. Do the radii extending from the planets and their satellites to their re-
spective principals really sweep cut equal areas in equal times, or is
this rule merely a good approximation (vis-a-vis the accuracy of the Ty-
chonic observations) to their actual motions along their trajectories?

3. Is the 3/2 power rule a mere numerical quirk, perhaps holding only appro-
ximately; or a real, kut nonetheless parochial feature of our planetary
system; or a general feature of celestial orbiting systems?

4. Granted that the trajectories of the planets, though nearly circular, are
2ither ellipses or some similar ovais, what mechanism or mechanisms are
responsible for the departures from circularity, and why are the trajec-
teries nevertheless so near to being circular?



Questions Subsequent to Descartes' Principia
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What causes the planets and other orbiting celestial bodies to describe
curvilinear trajectories instead of uniform motion in a straight line (as
they would in the absence of imposed forces altering their motions)??!

Are the motions of the planets truly and permanently regular -- e.g. in
the way Kepler's rules suggest -- or are the regularities observed to date
mere epochal parochialisms that will give way in the future?

Given that the celestial realm is changing -- e.g. new stars are being
born and others are dying -- is the planetary system we are part of even

stable, or will it completely disappear sometime in the future?

What physical mechanism or mechanisms are responsible for the phenomena of
terrestrial gravity and weight -- this, usually under the constraint that
no (non-miraculous) physical mechanism can invoive action at a distance?

Miscellaneous Further Questions
Given the many irregularities in the motion of the Moon -- both defined
and, as yet, not defined -- what is its actual motion, what mathematical

steps are required to specify its motion to within a reascnable approxi-
mation of observational accuracy, and why is it so different?

What are comets, where do they come from, and what trajectories do they
describe?

Are the lines of apsides of the planetary orbits staticnary {(as Streete
claimed), or do they precess in the manner of the line of apsides of the
Moon, only more slowly?

What is the horizontal solar parallax -- i.e. the mean distance from the
Sun to the Earth, measured in Earth radii (or any other terrestrial

measure) ?

Is a science of resistance -- i.e. a science covering the effects resis-
ting media have on the moticon of moving bodies -- possible at all, or are
Galileo and Descartes right in saying that no such science is possible at
allz

What trajectory would a projectile, like a cannon ball projected from the
surface of the Earth or above it, describe (i) in the abksence of air re-
sistance;? (ii) in the presence of air resistance; and (iii) if it could
continue, without any resistance, belcw the surface of the Earth?

Given that the basic periodicity of the tides correlates with that of the
Moon, yet there are two tidal cycles per lunar day, and not one, what phy-
gical mechanism or mechanisms are responsible for the tides?

Does the strength of surface gravity, and hence the weight of any object,
vary from one location to another, and, if so, in accord with what rule of
variation?

What we now call the principle of inertia was first put forward by
Descartes in a work that he finished in the early 1630's, but was not
published until much later; the general principle first appeared in print
in a publication of Gassendi's in the early 1640's, and then in Descartes'
Principia in 1644; and it was widely assumed in research on the motions of
cclliding bodies and on circular and other curvilinear motions thereafter.

While Galileo's answer to this question -- a parabola -- was widely
acknowledged, he had himself pointed out that it does not take into
account the curvature of the surface of the Earth.



Three Revolutions in Evidence

A commitment to the principle that the empirical world is the
ultimate arbiter in all matters of astronomy and natural science

The discovery that extended mathematical theory can open the
way to more telling evidence than can be achieved through
testing hypotheses in isolation

The emergence of a new conception of exact science in which
every systematic discrepancy between theory and observation
is taken as telling us something that must be pursued



