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Philosophy 167: Science Before Newton's Principia

Assignment for September 30

Other Developments in Astronomy from 1609 to 1642

                                             
Reading:

Galileo, "The Starry Messenger," in Discoveries and Opin-
ions of Galileo, Tr. Stillman Drake, pp. 21-58.

Galileo, Dialogue Concerning the Two Chief World Systems,
Tr. Stillman Drake, pp. 5-7, 31-36, 70-78, 112-116, 132-
148, 157-161, 311-319, 371-401, 439-464, 483-509, 519-539.
(most especially, pp. 371-381, 536-537)

Wilson, "From Kepler's Laws, So-Called, to Universal Gravi-
tation: Empirical Factors," pp. 89-103.

Questions to Focus On: 

  1. How do the telescopic observations reported in "The Starry 
Messenger" affect the issue between the Ptolemaic, the Coper-
nican, and the Tychonic systems?

  2. How do the further telescopic observations reported in the 
Dialogue (especially pp. 371-381) affect the issue between the 
Ptolemaic, the Copernican, and the Tychonic systems?

  3. Why did Galileo ignore the various epicycles and other compli-
cations that Copernicus introduced so that his system could 
achieve a level of predictive accuracy comparable to that of 
Ptolemy's?

  4. Why did Galileo ignore Kepler's revised, epicycle-free version 
of the Copernican system -- a version that achieves an enormous
increase in predictive accuracy over Ptolemy's, Copernicus's, 
and Tycho's systems?

  5. What advantages did Galileo's explanation of the tides offer, 
and what were his reasons for rejecting out of hand -- indeed, 
ridiculing -- Kepler's suggestion that the Moon causes the 
tides?  

  6. Where did the discipline of planetary astronomy stand as of 
1642, the year in which Galileo died and Newton was born -- 
i.e. what was established with relatively high confidence, what
merely probable, and what clearly uncertain?
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Other Developments in Astronomy from 1609 to 1642

I. Introduction: Galileo's Place in 17th Century Science

A. Five Leading Figures in 17th Century Science

1. Transition tonight to the second of the five leading figures around whom this course is out-

wardly organized, following the standard stick-figure picture of Newton using Huygens' work to

combine Kepler's and Galileo's results, in direct opposition to Descartes

a. Kepler (1571-1630) -- German, living in Austria

b. Galileo (1564-1642) -- Tuscany (and Venitian Republic)

c. Descartes (1596-1650) -- French, living in Holland

d. Huygens (1629-1695) -- Dutch, living in Paris

e. Newton (1642-1727) -- English (Cambridge)

f. Note: 1642 not just the year Galileo died (January 8) and Newton was born (Christmas day, 

old calendar), but also the halfway mark between the year Kepler began work on planetary 

orbits (1600) and the year Newton made the key discoveries leading to his Principia (1684)

2. Presenting science as a sequence of leading figures, however, is misleading, for (on my view) 

the repository of science lies not with such figures, but in the scientific community as a whole

a. A community that critically examines and debates the work of the leading figures, extend-

ing, refining, and completing it, and deciding on what to accept and pass on and what to 

reject

b. Rejection here no small thing, for every one of these five had some seriously wrong ideas 

that, in a field like philosophy, would have persisted far longer just by virtue of authority

c. Scientific community has made science what it is, not just for the last 200 years, but also in 

the 17th century, as I hope you will begin to come to see later tonight

3. In this regard, worth noting that Kepler published three very different lines of evidential rea-

soning in support of his reforms, but few in the community saw all three and hence few had the 

same perspective he had on the evidence for these reforms

a. A gap between Kepler and the community that was not closed any time during at least the 

first two thirds of the 17th century

b. A good example of why concentrating on the figures at the forefront can be misleading, for 

the community has to assimilate their work; and in doing so it often takes on a different 

character than it had in the hands of its originator!

4. Nevertheless, easiest for a course to concentrate on the leading figures, i.e. on the individuals 

who were pushing frontiers back

a. Leaders, not just in the sense that others followed them, but also in the sense that they were 

out in front, forcing advances that otherwise would have taken far longer

b. Thus, for example, as remarked last time Kepler was more than a decade ahead of the rest 

of mathematical astronomy at the time he died, and the community had to catch up 

c. More than a decade ahead in large part because he alone had spent well over two decades 
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working with his numbers and Tycho's observations in his new framework

5. These five were strikingly different people, coming from five separate countries, and from three 

different generations

a. Kepler and Newton worked largely in isolation; Descartes less so by virtue of his tie to 

Mersenne; Galileo constantly surrounded by students and protegés; and Huygens in con-

stant personal contact with other leading scientific figures of the time

b. More important from our point of view, they had substantially contrasting views of 

"scientific method" -- of how empirical inquiry was most likely to succeed

6. But the five also had a number of things in common over and above their commitment to 

forging an intellectual revolution in which empirical inquiry would achieve a dominant position

a. They had ties to one another: Kepler and Galileo corresponded for 30 years; Galileo and 

Descartes had contact through Father Mersenne; Descartes was a close acquaintance of 

Huygens's father and a visitor to Huygens's home while he was growing up; and Huygens 

and Newton corresponded off and on for 15 years, finally meeting face to face in 1689

b. Each of them made contributions to mathematics as well as to empirical science, and, while 

each made major advances before the age of 30, they all did much of their most important 

work after the age of 35

c. And each of them worked with an intensity that never ceases to amaze me -- five of the 

hardest working individuals you will ever find

B. Galileo Galilei: A Biographical Sketch

1. Galileo born in Pisa to a long established Florentine family; his father was a cloth merchant, but 

also an accomplished musician (and author of books on music)

a. Educated at University of Pisa, undoubtedly at some hardship to his father, who wanted him

to study medicine 

b. Interest turned to mathematics, in which taught by Ricci, someone who emphasized the 

practical side of mathematics

2. His intellectual career stretched over 53 years, the first 21 of which as a university professor

a. 1589-1592: Chair in mathematics at Pisa (poorly paid)

b. 1592-1610: Professor of mathematics in Padua (near Venice), where he has three children 

by his mistress

c. 1610: returns to Florence as Chief Mathematician and Philosopher (latter at Galileo's 

insistence) to Grand Duke de Medici

d. 1611: elected to Lincean Academy of Rome

e. 1616: Copernican theory condemned, and Galileo told by Bellarmine to abandon it

f. 1633: trial and abjuration, with remaining years under house arrest in Arcetri, near Florence

(and near the convent of his daughter Virginia)

3. First 20 years (1589-1609) devoted largely to questions about the nature of motion and other 

aspects of simple mechanics, along with various designs for military applications
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a. Little publication, but still prominent because of willingness to engage in public contro-

versy against the "Aristotelians"

b. Notebooks from this period, but work ultimately brought together into the book most 

important to this course, Two New Sciences, written while under house arrest and published 

(in violation of terms of his arrest) in Leyden in 1638

c. No interest in mathematical astronomy, nor even any apparent interest in astronomy, though

he identified himself as a Copernican to Kepler in the late 1590's

4. Publication of Sidereal Messenger in 1610 (in Latin) not only got him the position he wanted in 

Florence, but also made him, at age 45, the most prominent "scientific" figure in the world 

among the general educated public

a. Followed by a series of publications over the next dozen years -- e.g. Letters on Sunspots 

etc. -- in which he continued to report new telescopic findings

b. These publications, displaying a strong Copernican bent and profoundly undercutting the 

dogmatism of the time, stimulated an active opposition, especially within some Church 

circles and among the Jesuits who at the time dominated Italian universities

c. Various other publications -- e.g. on floating bodies -- most notably Il Saggiatore (The 

Assayer) (1623), a virulent polemic against Father Grassi, a prominent young Jesuit 

astronomer who had argued that comets are celestial, not sublunary

5. The Dialogue on the Two Chief World Systems (in Italian) was promised in 1610, then delayed 

after the 1616 audience with Bellarmine, reinitiated following a "testing of the waters" in 1624, 

finished in 1630, published (after delays with censors) in 1632

a. Undoubtedly the most intellectually influential book of the century, and one of the most 

influential ever -- in part because of the Trial, but also because it is wonderfully accessible 

and entertaining

b. Translated into Latin (1635) and then other languages (e.g. English in 1661)

C. Galileo Galilei: Some Personal Remarks

1. Need to caution about my mixed feelings toward Galileo -- the only one of the prominent 

figures in 16th and 17th century science toward whom I have such strongly mixed feelings

a. Generally feel that his contributions are a little exaggerated, undoubtedly because they are 

less technical and hence more accessible, and he was so successful in promoting himself

b. But that you can judge for yourself

c. Real misgivings come from a loss of respect for his intellectual integrity

2. My problems are not so much with Galileo's being an incessant self-promoter, nor with his lack 

of honesty about what experiments he had actually performed, versus not merely conducted in 

thought

a. His self-promotion did a great deal toward gaining respect for the new "science" within the 

general educated public

b. And his "dry" experiments had little impact, thanks to Father Marin Mersenne, who made a 
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career of trying to replicate Galileo's announced results during the 1630's and 1640's

3. Also, do not want to deny that Galileo made extraordinary contributions to the development of 

modern science

a. Two New Sciences did indeed make giant strides toward giving us a mathematical physics 

of elementary motion, and it established a style for combining mathematics and physics

b. Not so much the advent of the telescope, for others did so at virtually the same time, but the

way in which he presented telescopic results did a great deal to end the old dogmatism

c. And he constantly announced a commitment to resolving issues empirically, and to learning

to live with ignorance until such answers were forthcoming (in contrast to the philosophers)

4. What bothers me so much is a certain loss of intellectual integrity in his disputes with others -- 

not just with those deeply opposed to his values, but also with such people as Mayr and Kepler

a. Galileo perhaps the greatest polemicist of all time, and he clearly enjoyed polemics above 

anything else

b. But his overwhelming desire to win disputes led to excesses, both in his attacks on others 

and in the confidence with which he expressed his own positions

5. This is visible in the Dialogue, but it reaches an extreme in The Assayer, which -- polemics 

aside -- is one of the more important early works on "scientific method"

a. Father Grassi an advocate of view that comets are superlunary; Galileo "destroys" him 

without the least restraint

b. (Not the last instance in which superior arguments about scientific methodology will be 

used to win arguments for the wrong side of a substantive issue)

c. Grassi did not forget – appears to have been an important figure in the Vatican discussions 

leading to Galileo's trial

II. Galileo's Contributions to Astronomy, 1609-1633

A. Sidereus Nuncius -- The First Telescopic Results (1610)

1. Published in March, just months after first observations, in part because of desire to secure 

position in Florence, but also because of concerns that others might publish too

a. Spyglass invented in Holland before 1608, and then surfaced in Paris

b. But Galileo unquestionably perfected it, and he was among the first to use it astronomically 

even though Thomas Harriot made celestial observations before him in England

c. And he was definitely the first to publish, making him an international celebrity

2. The second revolution in astronomy in 1609-10: a new, totally unanticipated form of data enters 

the discipline, which for 1500 years had been confined to assessing theory and calculations (e.g. 

of loops) against basically naked-eye positional observations of acuity no better than 1

a. Not the only time in the history of science in which a new entirely unanticipated form of 

data changed a field: chemistry with electrolysis following Volta’s battery (1800),  Fraun-

hofer'’ spectra (1814), Roentgen’s x-rays (1895)  

b. Siderius Nuncius, however, unique in its impact on western civilization: shocking reali-
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zation of how much less was known and understood than had been thought, driving home 

how much more ignorant we are than the learned at the time thought we were

3. First major discovery was the complexity of the surface of the moon -- in direct contrast to 

celestial perfection, as per Aristotelians

a. Mountain ranges and craters, as drawn with a reasonable amount of skill

b. Shadows in relationship to the sun used to infer that the indications seen were mountains 

and craters, including accurate mountain heights (roughly 4 miles) and "earth-shine"

c. Opened the way to "exploration" of the moon and lunar selenography 

4. Second major discovery was the huge number of additional stars revealed for the first time by 

the telescope, including fact that the Milky Way is made up of numerous stars

a. Number of additional stars underscores the parochialism of human vision and the inappro-

priate emphasis laid in the past on what we happen to be able to see

b. Also, small size of stars under magnification, versus size of planetary disks, gives new 

grounds for distrust of appearances and for accepting vast distance to stars, as required by 

the Copernican system

c. Undercuts age-old dogmatism: we thought we knew so much about the celestial sphere, but 

now found we have just begun

5. Third major discovery was the four "planets" revolving around Jupiter: Io, Europa, Ganymede, 

and Callisto (Mayr's names)

a. Galileo did not wait to determine periods or orbits of the four, though he did make clear that

the periods were much shorter than those of our moon

b. Strengthens plausibility of Copernicanism by removing oddity of our moon and showing 

rotation about bodies other than the earth

c. Again undercuts age-old dogmatism: planetary astronomy has new work to do

6. Besides undercutting dogmatism (especially the dogmatic tendency to consider so many major 

questions long settled by Scholastic natural philosophy), Sidereus Nuncius opens the possibility 

of a whole new domain in which to pursue evidence in astronomy

a. Another way of turning questions in astronomy into empirical questions -- expand the range

of empirical observations

b. Not just old questions, like which system, but also a whole new set of empirical questions, 

such as ones concerning the orbits of the "satellites" of Jupiter

c. Not surprisingly, Kepler's reaction in his "Conversation with the Sidereal Messenger" (May,

1610) emphasized such things

7. Finally, note the paragraph announcing his book on the System of the World (p. 45) -- first use 

of 'system' in this regard?

B. Galileo's Telescopes: Design and Limitations

1. Galileo describes three telescopes, one of roughly magnification 3, another of nearly 8, and 

another (he says) of 30, for which he ground the lenses himself
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a. Others (e.g. King) report him as developing four telescopes, the third of magnification 20 

used for the moon and a fourth of mag 30 (with stepped down aperture) used for Jupiter

b. The pair recently evaluated have magnifications of 14 and 21 (see Appendix)

c. Galileo was thoroughly familiar with theoretical optics at the time, but this was not much of

a guide, for Snel's law of refraction was not published until 1637 (Descartes)

2. The design was of the type known now as a "Dutch telescope", using spherical convex and 

concave lenses in a tube around 1 meter long and 2 to 4 cm in diameter

a. Galileo's planar-convex and planar-concave (not as good as bi-spherical convex and bi-

spherical concave)

b. Idea: concave lens brings rays converging to focus, and interposed convex diverges them, 

yielding erect image of magnification f1/f2 (King, p. 36, Thompson, p. 3)

3. Original instruments were surely crude, Galileo's great skills as a craftsman notwithstanding

a. From his comments and those of others, clearly a lot of irregularities in the ground spherical

surfaces of many telescopes at the time

b. Apparently not much attention to mounting -- either hand-held or on simple tripod or cradle

-- which would have made the image a little shaky at best

4. Worse, unbeknownst to Galileo, lenses of this sort subject to serious optical distortions

a. Spherical aberration: rays do not come to a definite single focus with a spherical lens; rays 

incident on edges focus nearer the lens than rays incident near center, resulting in fuzzy 

images, especially when looking at small objects

b. Chromatic aberration: rays of different colors spread, focusing at different lengths, resulting

in multi-colored, hazy edges

c. Net effect is a telescope far removed from current day amateur scopes, a telescope requiring

notable skill in "seeing" 

"When the object is both white and brilliant, like the planet Venus near maximum 
elongation, the image cannot be focused sharply and is marred by an encircling halo of 
intense hue."  (King, p.43)

5. Galileo did find tricks, like stepping down the aperture (to 1.5 to 2.5 cm), to improve the image

a. But this results in a reduced field of view -- e.g. 15 min of arc, 1/2 the diameter of the Moon

b. And light gathering down to not much more than human eye, resulting in faint images

c. Galileo reached pretty much the technical limits of the Dutch telescope almost from the 

beginning -- e.g. a useful magnification of not much more than 20

6. Recent laser assessments of Galileo’s lenses have revealed that his personal lenses were much 

better than has long been thought – a testament to his skill as a craftsman (see Appendix)

“Although affected by intrinsic chromatic aberration, at single wave length the telescopes 
are nearly diffraction-limited, that is, optically perfect.”  (Greco, Molesini, Quercioli)

(For more details on the telescopes and to gain access to all of Galileo’s writings, published and 

otherwise, along with digital cross-references to related works, (many with translations into 
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English) turn to the website of the Institute and Museum of the History of Science in Florence 

(IMSS, Florence), www.imss.fi.it)

7. In a sense telescope extended the range of the observable and hence the range of observable 

phenomena (e.g. Jupiter's moons), but it did so in some respects problematically

a. Need for "interpretation" in order to decide which aspects of what was being seen were 

veridical, and which were not -- e.g. chromatic aberration

b. Some of Galileo's opponents dismissed telescopic observations as some sort of illusion -- 

natural observation the realm of phenomena

c. Kepler's Dioptrice (and later Descartes' Dioptrique) respond to this worry by providing a 

theory that shows the analogy with the human eye and allows the veridical to be distin-

guished from the non-veridical

C. Further Telescopic Discoveries: 1610-1620

1. Galileo made a number of further discoveries in the months, and then years, following the 

Sidereal Messenger, and others of course made ones in parallel (and competition) with him

a. Harriot and his friends in London, a group in Aix en Provence led by Fabri de Peiresc, 

Fabricius in northern Germany, Scheiner in Ingolstadt etc.

b. (And also Father Clavius at the Collegio Romano, the leading authority on Ptolemy, who 

certified Galileo's observations, though not his interpretations)

2. Major new discovery: sunspots, revealing that the sun is not the perfect body Scholastic philo-

sophers said it was

a. Shows that sun rotates (confirming Kepler's hypothesis), for multiple spots move uniformly 

in tandem (around 25 day period)

b. Published "Letters on Sunspots" reporting these discoveries plus the next two below, with 

increasingly open Copernicanism

c. Claims disputed by Scheiner, leading to exchanges

3. Major new discovery: Venus displays a full cycle of phases, including a "full Venus", which is 

extraordinarily difficult to explain except by conceding that Venus orbits the sun (see figure in 

Appendix)

a. The most devastating blow to Ptolemaic theory, though trivially okay on Tychonic

b. Galileo tried and failed to observe phases of Mercury -- a comment on the quality of his 

telescopes and the difficulties of observing Mercury; still claimed to have seen them

4. A further discovery: Saturn has two “small stars” on either side, seemingly tied to it  that neither

Galileo nor others can figure out (until Huygens in the 1650's, with far better telescopes)

5. A determination of the periods of the four Galilean satellites to within 0.05% (correct mean 

Synodic values are 1.769, 3.551, 7.155, and 16.689 days with eccentricities 0.000, 0.000, 0.002, 

and 0.008)

a. Gets the idea of using eclipses of these satellites as a means of determining differences in 

local time and hence longitude on earth, but then discovers that synodic periods not quite 
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uniform, requiring new tables regularly

b. Simon Mayr (Marius) obtained even more accurate mean periods (within 0.03%), but failed

to detect variation in synodic periods

c. Perhaps because Mayr did not rush to print, but worked out orbits first, or perhaps for other 

reasons, his names for the satellites were adopted by the astronomical community

6. A new discovery: the Moon presents essentially the same face to us, save for a small variation 

that Galileo first announced in 1632 (the libration in longitude)

D. Some Background to Galileo's Dialogue

1. Impact of all these discoveries, especially as reported by Galileo, was to underscore the limi-

tations of the old dogmatism and, with it, the rapidly disappearing grounds for maintaining 

Ptolemy over Copernicus

a. Continuing excitement of new discoveries, exposing old dogmatic claims as never having 

had any merit in the first place

b. By implication, then, a threat to authority of Church doctrine based on Aristotelian natural 

philosophy, and even more so to the university Scholastic curriculum

2. Opposition develops in Rome, especially after Foscarini's book defending Copernicanism 

(1615), leading to the decree of 1616 against Copernicanism 

a. The step Galileo was trying to prevent, as in his widely circulated manuscript letter to the 

Duchess of Tuscany on "The Use of Biblical Quotations in Matters of Science"

b. Galileo called to audience with Cardinal Bellarmine, where he apparently promises not to 

defend Copernicanism in the future

3. In 1621, Pope Paul V died (and Grand Duke Cosimo as well), to be replaced (1623) by Urban 

VIII (Cardinal Maffeo Barbarini), a Florentine friend and former supporter of Galileo

a. Based on audiences with Pope, he decides to write Letter to Ingoli, responding to latter's 

1616 physical arguments against Copernicanism

b. Urban VIII read this without objection, leading Galileo to conclude that so long as he 

steered clear of scriptural arguments and presented Copernicanism as a hypothesis, he could

resume his defense of it in the new Vatican climate

c. ‘Hypotheses’: not theoretical conjectures, but propositions entertained without asserting 

their truth for purposes of drawing conclusions from them

4. Publication of The Assayer in 1623 (dedicated to Urban VIII) turns open dispute with Fr.

 Grassi, a Jesuit in Rome, into something a good deal more intense, adding to the enmity toward 

Galileo among many in Rome

5. Began work on the Dialogue in 1625, completing it in 1630 after some interruptions, but then 

taking 18 months to get it approved by the censors in Rome and Florence

a. An immediate big splash, drawing the attention of Rome and Galileo's enemies

b. Within 6 months the printer is ordered to suspend sales, and Galileo is ordered to Rome to 

stand trial
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E. Dialogue Concerning the Two Chief World Systems (1632)

1. The Dialogue -- written in Italian, and not Latin -- was obviously aimed at the general educated 

public, not the international community of astronomers and "scientists"

a. It succeeded in this respect, becoming the primary source on the controversies over 

astronomical systems and on new telescopic discoveries for much of the educated public, 

abroad as well as in Italy -- a wonderfully accessible, entertaining book

b. Has remained wide-read and influential ever since -- primary source of our stereotypical 

views about 17th century science -- Ptolemy vs. Copernicus, the scientific revolution, etc. 

2. Dialogue style, adapted with great success from Plato, enabled him to portray the dogmatic 

opposition of the Peripatetics with a great deal of scorn and humor 

a. Salviati: a learned proponent of Copernicanism

b. Sagredo: a thoughtful, well-educated, open-minded layman

c. Simplicio: a rigid follower of Aristotelian, that is, Scholastic, doctrine

3. First Day: a sustained attack on Aristotelian natural philosophy (Physics) and Cosmology (De 

Caelo), the philosophical world-view Scholasticism had attached to the Ptolemaic system

a. An attack on Aristotle's account of motion (natural and violent), invoking experiments 

(mostly thought experiments)

b. An attack on Aristotle's claims about the perfections of celestial realm, invoking telescope 

observations (e.g. Moon and Sun)

4. Second Day: responds one-by-one to all the traditional arguments against the diurnal rotation of 

the Earth, arguing that the phenomena are more straightforwardly saved by postulating it

a. Attacks on Aristotle -- even more so, on the dogmatic followers of Aristotle who accept him

blindly as the ultimate authority -- especially strong in Second Day

b. Mentions for the first time in print his findings on projectiles, falling bodies, and pendula 

(see Two New Sciences)

5. First two Days thus amount to a devastating attack on Aristotelian natural philosophy, at least as

put forward by the Scholastics, and an espousal of Galileo's new natural philosophy

a. What the book is now most famous for, painting a portrait of intellectualism in late 

Scholastic years

b. Many attributions of advances in physics by Galileo stem from this half of the Dialogue, in 

which he uses thought experiments to teach a new way of thinking

6. Third Day: a sustained defense of the Copernican system, especially of the annual motion of the 

Earth, covering both Copernicus's non-empirical reasons and the evidence from the telescope

a. Includes discussions of stellar parallax, limitations in the astronomical observations of the 

times, etc., and even an extended discussion of Gilbert’s De Magnete (pp. 464-477)

b. Brings out forcefully the impact of the telescope -- e.g. on planetary sizes

7. Fourth Day: presents Galileo's "proof" of the diurnal and annual motions of the earth, turning on

the claim that the tides can be explained by, and only by, such motion
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a. Galileo's solution to one of the more perplexing problems of the time, the tides

b. An idea he had had for explaining the tides since the 1590's, perhaps the source of his initial

turn to Copernicanism

c. (Ending with a short, but forceful attack on Kepler, followed by what Urban VIII took as a 

parody of his own principal argument for thinking that the question of the systems is 

beyond our capacity to resolve)

8. Book as a whole presents a devastating contrast between the open-minded pursuit of knowledge,

reflected by the modest Copernicans, and a closed-minded, know-it-all dogmatism, reflected by 

the Scholastic proponents of Ptolemy and Aristotle (Galileo's life-long opponents)

a. A great strength: displays how empirical considerations, including results of experiments, 

can be marshalled into compelling arguments

b. A great fault: makes empirical science sound much too easy -- just get rid of dogmatism and

let the world answer questions

c. A myth about 17th century science and science generally that persists even today

F. The Copernican System of the Dialogue, Versus Kepler's

1. The Copernican system defended in the Dialogue (p. 376) is one of perfect concentric circles, 

with satellites in perfect concentric circles about their principals

a. "Deduced" from telescopic observations of phases, entailing that Venus and, by inference, 

Mercury go around Sun, while superior planets must have orbits greater than sun-earth 

distance

b. Telescopically observed sizes of the planets also relevant -- something inaccessible before 

the telescope

c. Only open element in "deduction" is whether the sun moves around the earth, or vice-versa

d. Passage (pp. 371-381) worth close scrutiny, both of the argument and its limitations

2. Underlying physics: perfect uniform circular motion is natural, and will persist forever unless 

interrupted from outside 

a. Attack on Ptolemy's equant as violation of uniform circular motion (p. 396f, along with 

attack on epicycles)

b. In Fourth Day admits of a yet to be observed, monthly non-uniformity in earth's motion, 

caused by moon being nearer to and farther from the Sun, explained via analogy with 

pendulum with a counterbalance, and hence fully consistent with underlying physics

3. No explicit mention of Tychonic system, as such, and the problem of observational equivalence 

it posed, other than implicitly in the appeal to aesthetics in the "deduction" of the Copernican 

(see p. 379f)

a. Aesthetic argument from the way in which the earth-sun period would place it nicely 

between Venus and Mars, though without mention of the more impressive numerical fit 

indicated by Kepler’s 3/2 power rule

b. The two chief world systems, written at a time when the Ptolemaic had almost no surviving 
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proponents within the astronomical community

c. Tychonic system neutral with respect to all of the telescopic observations, and hence 

Galileo had no empirical arguments against the sun (and planets) going around the earth, 

save for his theory of the tides in the Fourth Day

4. No mention of Copernicus's eccentricities and epicycles, nor of Kepler's ellipses, and no 

mention of need for departures from simple circular motion in order to give an account of 

retrograde loops and other such phenomena

a. Never discussed Keplerian motion anywhere, though hard to believe he was unaware of it

b. The Dialogue, for all its concerns with empirical arguments, simply nowhere presents 

astronomy as a science in pursuit of "perfection" in prediction, or even success in capturing 

the patterns of varying shapes and timings of the retrograde loops

c. Thereby suppresses the entire achievement of Ptolemaic astronomy -- the likely source of 

the historical myth that Ptolemaic astronomy was not first-rate science -- and also the ela-

borate  complexity of both Copernicus’s system and his De Revolutionibus 

5. Can only conjecture on why he chose to ignore the real state of orbital astronomy as a science -- 

a decision that borders on flagrant intellectual dishonesty

a. All is fair in polemics when the other side is so obstinate

b. Truly believed that planets had to follow uniform, circular motion, and hence considered 

alternatives impossible

c. Viewed small deviations from uniform circular motion as second-order effects of limited 

interest

d. Was aware of residual problems in observational accuracy (pp. 449ff and 527f), and 

perhaps thought that preoccupation with precision in astronomy was premature

e. Believed orbital trajectories still wide-open to dispute -- mention of disputes over orbit of 

Mars and the problems with the moon (p.528) -- giving him room to hold his own dogmatic 

views about motion

f. Seems to have had no patience with such preoccupation with detail and exactitude

6. Also, must not lose sight of the fact that the Dialogue was more an argument for a philosophical 

view -- a world-view and an accompanying view of empirical knowledge -- and not a presen-

tation of evidence for a scientific theory

a. Galileo, unlike Kepler, not especially concerned with problems within the technical disci-

pline of astronomy

b. Concerned with the general intellectual climate, as reflected in the university curriculum

c. And, in further contrast to Kepler, arguing for Copernicanism not through the detailed 

motions of the planets, but from largely qualitative arguments

G. Galileo's Theory of the Tides, Versus Kepler's Theory

1. The Dialogue culminates, in Galileo's own mind, with his theory of the tides, for it provides a 

"proof" of the motion of the Earth insofar as it is the only possible (?) account of the tides
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a. In contrast to aesthetic arguments offered earlier for Copernicanism, an empirical argument

b. And hence the answer to Tychonism until such time that better observational instruments 

could be built that would reveal the annual parallax of the stars (p. 449f)

c. The argument that Galileo had been developing for decades, finally choosing to publish it 

here not just as his account of the tides, but as a knockdown case for the Earth’s motions

Certain necessary assumptions having been made, these are that if the terrestrial globe were
immovable, the ebb and flow of the oceans could not occur naturally; and that when we
confer upon the globe the movements just assigned to it, the seas are necessarily subjected
to an ebb and flow agreeing in all respects with what is to be observed in them. (p.484)

2. The problem of the tides arises because of three distinct regularities they exhibit (as stated on p.

 485), though somewhat complicated from meteorological and local variations

a. A roughly twelve hour cycle -- two high tides per day

b. A monthly cycle, correlated with the Moon in two ways (positionally and vis-a-vis the 

changing time of high tide)

c. An annual cycle, correlated with position of the Sun

3. Galileo's explanation of the tides turns on the fact that the absolute velocity of the surface of the 

earth is greater on the side opposite the sun than on the side nearer the sun (p. 494f)

a. Hence, surface accelerating and decelerating, which produces an east-west sloshing motion 

of the oceans and large seas

b. A 12 hour instead of 24 hour period because secondary effects (length and depth of water) 

impose their period on the vibration of the water (p. 500!)

4. Monthly cycle then explained via the yet-to-be-observed monthly variation in the earth's motion 

associated with the changing position of the moon, acting as a pendular counterbalance, and the 

annual cycle by effects of the tilted axis (pp. 519-534)

a. Monthly variation: pp. 522-527

b. Annual variation: pp. 530f

c. (Note discussion of solar variation, p. 528f, including Drake's footnote, p. 576)

5. Attack on Kepler for lending "his assent to the moon's dominion over the waters, to occult 

properties, and to such puerilities." (p. 536)

a. Reflects Galileo's complete opposition to forces acting at a distance, part of his atomistic 

version of the "mechanical philosophy" we will be looking at later (with Descartes)

b. I suspect that this short remark did much to discredit Kepler in the eyes of the subsequent 

learned public -- this in spite of the fact that Kepler proposed gravity to be a mutual inter-

action and conjectured a gravitational cause of the tides

6. Notice, however, that with the exception of no appeal to action at a distance, Galileo's approach 

here ends up being akin to Kepler's in one respect: reasoning from the phenomena to (conjec-

tured) physics back to second-order features of the phenomena, with ad hoc moves as needed

7. Galileo’s account of the tides has long been ridiculed in our post-Newtonian age, but Paolo 

Palmieri showed in his dissertation that there is much more to it than generally recognized
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a. (Palmieri a former Ferrari engineer specializing on sloshing fuel in tanks of race cars) 

b. Actual tides, ignoring meteorological effects, result from a combination of (1) gravity 

toward the moon and sun, (2) rotation of the earth, and (3) depths and widths of channels

c. Palmieri (see Appendix) argues that Galileo recognized the last of these, and to some extent

the second, so that his mistake concerns only the driving source of the tides 

H. Galileo's Trial and Recantation (1633)

1. In spite of the numerous Imprimatur's, the Dialogue was condemned within 6 months of its 

publication, and Galileo was ordered to stand trial for “vehement suspicion of heresy” before the

Inquisition, where he was treated with due leniency

a. Though shown the instruments of torture, was never tortured (nor really imprisoned while 

awaiting trial)

b. Result (see Appendix): convicted of vehement suspicion of heresy (Copernicanism and 

freedom to hold opinions after declared contrary to Scriptures), which would be absolved 

provided he abjured; never convicted of heresy

c. Sentenced to (palatial) house "arrest" for remainder of his life, and promises no subsequent 

publications (violated)

(1) Initially with Cardinal of Siena, then at Arcetri, finally in Florence itself

(2) Care from daughter Virgina, especially after going blind (see Sobel’s book)

2. An immediate cause celebre throughout the educated world: the world's foremost scientist being

made to abjure views for which he had marshalled strong empirical evidence

a. An important element in anti-Catholicism, reinforced by fact that the Dialogue and other 

Copernican works were not removed from the Index until 1822 (with revised Index in 1835)

b. A subsequent decline in science and mathematics in parts of Italy, with distinct shift toward 

England, Holland, and France

c. In 1897 Leo XIII announced a view of relation between science and Scriptures akin to 

Galileo's (1616 letter to duchess); in 1979 John-Paul II acknowledged that Galileo suffered 

unjustly, and in 1992 Church acknowledged he was innocent of wrongdoing

d. (See Finocchiaro’s Retrying Galileo for the history of reconsideration of Galileo’s trial)

3. One long investigated and much disputed question: why did the Church choose to try Galileo 

and risk the very response that it received -- e.g. de Santillana's The Crime of Galileo and 

Redondi's Galileo Heretic , and (best) Fantoli’s Galileo for Copernicanism and for the Church

a. Galileo's Jesuit enemies within the Vatican, including Father Grassi; on this view Coperni-

canism a lesser consideration; Urban VIII himself and his sense of a violation of trust and 

friendship the key to the 1633 outcome

b. A question of authority -- intellectual and otherwise -- aggravated by Bruno's conviction, 

Campanella's defense, and Urban VIII’s difficult political position at the time owing to 

pressure on him to commit Vatican resources to the Thirty Years War

c. Urban VIII continued his animus against former friend, even denying a request for a 
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monument on his grave after he died in 1642

4. Another long investigated and somewhat disputed question: why did Galileo, a devout Catholic, 

go ahead with the Dialogue when he could see the very distinct possibility of what ultimately 

happened (see Fantoli)

a. Wanted to free "science" -- a word he championed -- from the narrow-minded dogmatism 

that surrounded it in universities and that he had spent much of his lifetime fighting

b. Wanted to save the Church from the mistake of interposing itself against the new science, in

the process undercutting its intellectual respectability

5. Galileo succeeded on the first score, probably beyond his wildest imagination, in no small part 

thanks to the Church

a. Wonder if he might have toned the book down if he had realized that it was going to have 

the impact on Catholicism that it did

b. Equally, if he had realized that it was going to be the primary source for the educated 

public's conception of the birth of science

(1) He was too good a scientist not to be uncomfortable with the picture of science he 

conveyed

(2) But then too he was too much of a polemicist not to receive some pleasure from the 

fact that his greatest polemic could even distort the whole world's picture of history

6. A final question: was Galileo sincere in recanting

a. Most outspokenly think not, for they cannot see how Galileo could have brought himself to 

reject the truth of Copernicanism

b. But don't forget that perjury in such circumstances was a mortal sin, condemning one to 

eternity in Hell, and Galileo was a devout Catholic

III. Assimilation of the Two Revolutions in Astronomy from 1630 to 1642

A. The State of "Predictive Astronomy" in 1630

1. As remarked earlier, in retrospect we can see that Kepler was years ahead of everyone else in 

mathematical astronomy when he died

a. Not just in substance, having identified Keplerian motion, determined methods of calcu-

lating such motion, and defined elements for all of the orbits from Tycho's data supple-

mented with some of his own

b. But also in his understanding of where his astronomical efforts stood -- i.e. what was com-

paratively well established, what was more shaky, what was largely conjectural, etc.

2. Other sets of tables had been devised during the 1620's, besides Kepler's, and not surprisingly 

their authors made claims for them akin to Kepler's claims, giving the community a problem

a. Longomontanus (1622), the other assistant to Tycho in 1600, in the manner of Tycho

b. And van Lansberge (1630), predicated on the Copernican system and its uniform circular 

motion, and presupposing the integrity of ancient observational reports (in direct opposition

to Kepler and Longomantanus) claiming a more secure long-term foundation
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3. The "arguments" for Keplerian motion in the Epitome derive it from a physics that was far from 

established (even, one would think, in Kepler's mind)

a. Kepler was aware of the conjectural character of the physics, and the extent to which it had 

been devised to conform with the astronomical results, rather than vice-versa

b. And, as we shall see, its invocation of magnetic forces acting at a distance was in violation 

of the prevailing "mechanical philosophy"

c. And even if it wasn't, there was the question of reconciling Kepler's magnet mechanisms 

with known magnetic phenomena -- e.g., no empirical grounds that a magnetic flux from a 

rotating body can drive another body in (or into) orbital motion

4. One could go back to the reasoning in Astronomia Nova, or attempt to arrive at the area rule and

ellipse independently, but doing so was sure to reveal the hypothetical character of the reasoning

a. Reasoning built on a Ptolemaic scaffolding which, though ultimately discarded, is crucial -- 

e.g. vicarious theory

b. At some key steps Kepler makes moves that reach beyond the specific numbers he is basing

them on -- e.g. bisected eccentricity in the case of Solar theory, the assumption of exactly 

equal and opposite discrepancies in support of the ellipse, and the assumption of the exact 

harmonic diametral distance rule 

c. Reasoning to the ellipse presupposes the area rule, which itself was introduced as a mere 

calculational approximation, then later justified on physical grounds that were open to 

doubts

d. And ellipse and area rule make a clear empirical difference only in the case of Mars and 

Mercury, with the latter problematic because of limited, poorer quality observations

5. Of course, Kepler was aware of the large number of things he had done to double-check his 

conclusions and otherwise protect himself from being misled, but at the same time he could 

appreciate some residual problems better than anyone

a. Still not entirely within observational accuracy, raising worries about whether the orbital 

elements were as exact as needed

b. Questions about scale -- in particular, the solar parallax -- raising worries about whether 

Tycho's observations needed different corrections for parallax and atmospheric refraction

c. Conflicting schemes of planetary sizes (from telescopic observations, together with issues 

of scale, raising questions about his harmonies and physics)

d. Inequalities in the lunar orbit, and "instabilities" in the elements of Jupiter and Saturn (and 

he thought Mars), raising questions about second-order effects and hence about whether 

Keplerian motion was an idealization or just not true: is astronomy "perfectible" at all?

B. The Transit of Mercury in 1631

1. Kepler's ephemerides for 1629 to 1636 (Admonitio ad astronomos rerumque coelestium 

studiosos, 1629) display his concerns in the big deal he makes of requesting that the transits of 

Mercury and Venus predicted for 1631 be carefully attended to
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a. Would provide the first direct observation of Mercury’s heliocentric longitude, in the 

process checking the Tables and providing a basis for refinement

b. Would provide information about the size of Mercury, and hence about Kepler's conclu-

sions regarding relative planet volumes and densities (reflecting his harmonies)

2. Transit was observed by Gassendi, with confirmation from observations by Remus (in Alsace) 

and Cysat (in Ingolstadt), all projecting the image through a telescope

a. Predicted for November 7, but Kepler had warned of possible inaccuracies, so Gassendi had

started his vigil on November 5

b. Cloudy and rainy, but a break on the morning of November 7, allowing him and the other 

two to observe it -- the first observed transit of a planet across the face of the Sun!

3. (Fr.) Pierre Gassendi (1592-1655) subsequently became a prominent professor of mathematics 

and philosophy at the University of Paris, teaching scholasticism while openly opposing it

a. One of the key figures in the development of modern empiricism and atomism

b. The major opponent of Descartes in their generation (see Meditations, fifth “Objections”) 

c. A good second-rank astronomer, who together with Fr. Mersenne made University of Paris 

a hotbed of the new "science" from the 1630's on

4. Gassendi's observation, reported in a published letter in 1632, (Mercurius in Sole Visa et Venus 

Invisa) showed Kepler's prediction to have been accurate to within 13 min in longitude, 1 min 5 

sec in latitude, 5 hours and 49.5 minutes in time, and 14 min 24 sec in longitude at egress

a. The Ptolemaic tables were off by 4 deg 25 min at egress, the Copernican by 5 deg, 

Longomantanus's by 7 deg 13 min -- "a matter of days rather than hours"  (Wilson, p. 164)

b. And van Lansberge's tables off by 1 deg 8 min in longitude and 17 min in latitude at 

entrance and 1 deg 21 min at egress

5. Though but one observation, the contrast in relative accuracies was so great that the Rudolphine 

Tables were at once put into a class by themselves, thereby setting a standard for all others

a. Mercury a good test for Kepler since the most elliptical of the orbits

"To bring the motions of Mercury under numerical laws was difficult if not in fact 
impossible for pre-Keplerian astronomers who used only the circular hypothesis."  
(Boulliau, 1645, in Wilson, p. 100)

b. From Gassendi’s emphasis on the Rudolphine Tables in his announcement of the transit, 

Kepler (at last) begins to receive recognition, leading to the re-issue of the Epitome 

c. Though keep in mind that both Ptolemy’s and Copernicus’s net trajectories for Mercury, 

compounded out of circles, were oval in shape 

6. Notice the logic here: if Mercury is elliptical and Mars may well be, so must all the rest be, 

whether their ellipticity is empirically detectable or not

C. Impact of the Transit on Predictive Astronomy

1. The message from the transit of Mercury was clear to all: whether Kepler's astronomical and 

physical theories are true or not, one best use the Rudolphine Tables for practical calculations
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a. Practical calculations by astronomers like Gassendi looking to observe a comparatively 

ephemeral event like a transit or an occultation

b. Even more so practical calculations by astrologers, who had a much greater need for tables 

permitting calculations for remote times 

2. But this had the effect of highlighting the one serious calculational problem in using Kepler's 

tables, the need for an iterative solution of Kepler's equation -- M = E + e sinE

a. To find a heliocentric longitude at a given time, t, start with time T at which planet was at 

aphelion (-e sinE, if perihelion)

b. Determine mean anomaly M = 360/P   (t-T) -- longitude of planet were it to proceed in 

uniform circular motion about center of "eccentric" circle

c. Next, solve Kepler's equation for the eccentric anomaly E -- longitude of planet such that 

fraction of area of eccentric circle planet would sweep out in t = fraction of area swept out 

in ellipse (i.e. area ASQ/area of circle = area ASP/area of ellipse)

d. Drop perpendicular from Q on circle to line of apsides; distance from center to point of 

intersection = a   cosE, and hence distance from sun = a (e+cosE)

e. From SP=a (1 + e cos E) can now determine true anomaly= arc cos[(e+cosE)/

(1+e cosE)], and P just the point where SP touches perpendicular -- an ellipse

3. Those finding the problem step excessively cumbersome called for an alternative calculation 

system (or system of motion) yielding comparable accuracy, but bypassing the need for an 

iterative solution

a. Did not really care whether alternative was true, so long as it yielded a reasonable approxi-

mation for purposes of calculation

b. Main concern was to return to direct determination of longitudes, without the need for an 

iterative solution step

c. (For the history of efforts on dealing with Kepler’s equation, see Colwell, Solving Kepler’s 

Equation over Three Centuries)

4. This in turn spurred mathematical astronomers to consider the possibility of replacing the area 

rule altogether, for it was the source of the need for Kepler's equation

a. E.g. try an equant at the other focus of the ellipse, or if need be an equant in a movable 

location, so long as the calculation could be done directly with little loss in accuracy  

b. But keep the ellipse, insofar as Mercury, the most elliptical, was successfully predicted

5. And this in turn led some of  the more theoretically minded mathematical astronomers to 

question whether the ellipse and area rule together were yielding the true orbit, or just a very 

close approximation 

a. Kepler's argument for the area rule scarcely compelling, for tied to a physical principle that 

seemed quite hypothetical

b. And no independent verification of area rule being exact, for it must be verified in combi-

nation with a trajectory
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6. The state of predictive astronomy as of 1642: suffer with the Rudolphine Tables when accuracy 

really needed, but hope for something else (which had yet to surface)

D. The Issue of Planetary Dimensions

1. The most heralded aspect of Gassendi on the transit of Mercury, however, was not its implica-

tions for the Rudolphine Tables, but its evidence that Mercury is far smaller than expected

a. Apparent diameter only around 20 sec of arc (Cyset, 25 sec; Remus, 18 sec), roughly 1/6 

the size Gassendi had expected

b. Only Galileo at the time was arguing that the planets were in fact much smaller than 

telescopic observation suggests (see Dialogue, pp. 388-395)

c. Many failed to witness transit because they had used pin-hole camera, thinking telescope 

not needed

2. Traditional planet sizes and distances, e.g. from Al-Farghani (ca. 850 A.D.) had Mercury's 

apparent diameter at 1/15 of that of sun, Venus's 1/10 (see Table in Appendix), while Gassendi 

had conclude that Mercury's is around 1/90

a. Relative apparent sizes from relative distances (known via Copernican reasoning) and 

relative actual sizes (unknown)

b. Sizes and distances in terms of an earthly dimension -- e.g. earth's radius -- a further issue

3. As indicated last time, Kepler's account of the physics underlying his third "law" had led him to 

the claim that planet densities vary as 1/ SP

a. Based on (not very accurate) observations of Jupiter and Saturn (by Remus), had concluded 

that planet volumes proportional to distance from Sun

b. Gassendi's observation compatible with Kepler's view – one thing motivating the latter’s 

concern with the transit

4. Ensuing dispute over whether Gassendi's observation some sort of optical illusion led to first 

empirically based -- i.e. telescope based -- table of relative apparent diameters (Hortensius in De

Mercurio in sole visa, 1633) supporting Galileo's claims

a. "Actual" values here based on van Lansberge's solar distance of 1500 earth radii (while 

correct value is nearer 23,000 earth radii)

b. But notice the listings of values for apogee and perigee

c. In this case telescope used not to extend vision, but to correct observational distortions

5. Transit of Mercury thus had the impact of directing empirical attention to the problem of planet 

sizes, and hence indirectly to the problem of the scale of the whole system (in terms of earth 

dimensions)

a. Still substantial work to be done, but now being addressed empirically instead of "philo-

sophically" or via "harmonies"

b. Thanks to telescope, though telescopes with micrometers would have helped improve the 

apparent values even more

E. The Problem of the Solar Parallax
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1. Since distances of planets from sun known relative to distance of earth from sun -- the 

astronomical unit -- and apparent diameters reasonably determinable empirically, all that is 

needed to fix the scale of everything is the distance from the sun to the earth

a. I.e. the solar parallax -- the difference in the angle to the sun from a point in line with the 

center of the earth and a point on the tangent line from the sun to the earth

b. A value that is much smaller than tradition would have had it, and consequently proved 

hard to pin down (8.8 arcsec)

2. Determines actual sizes of planets from apparent diameters, for once sun-earth distance known, 

can infer earth-planet distance at any time from orbital theory, and then get actual planet diame-

ter versus earth's via simple trigonometry

a. Hence of interest from Apollonius and Hipparchus on, though only successful determina-

tion was moon's size versus earth’s

b. Ptolemy's value of sun-earth distance: 1210 e.r., 19 times the distance from the earth to the 

moon (solar parallax = 2.84 min)

3. Tycho had adopted a solar parallax of 3 min, slightly greater than Ptolemy's value

a. Had used this value as a basis for making parallax corrections to observations, reflecting the

latitude of the observer -- corrections that were then offset by estimated corrections for 

atmospheric refraction

b. In particular, then, Tycho's solar theory -- most notably, its eccentricity -- ultimately was 

based on his value for solar parallax

4. Kepler adopted half of Tycho's value of solar eccentricity -- 0.018 – for his bisected eccentrcity 

of his earth-sun orb it in both Astronomia Nova and the Rudolphine Tables, but he had also 

found the parallax of Mars to be undetectable

a. This had led him to conclude that the Solar parallax had to be no more than 1 min of arc, a 

value he announced in the Epitome and in the Rudolphine Tables

b. But did not go back and alter Tycho's corrections to his observations, nor Tycho's solar 

eccentricity

c. (Nor did he incorporate his corrections for atmospheric refraction into the Rudolphine 

Tables, but stayed with Tycho’s set of corrections)

5. Thus, as was clear to a variety of astronomers working on questions of celestial scale after the 

1631 transit of Mercury, the whole issue of scale was somewhat up in the air until the Solar 

parallax was determined with greater confidence

a. A central concern in astronomy over the next decades, affecting even Newton -- another 

evidential problem, though in fact tied to the classic problem of distances

b. Raising immediate questions about the exactness of some of the observations on which 

tables were being based

c. (An issue not entirely resolved until 1740s)

F. Horrocks on Venus: Venus in sole visa (1662)
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1. Perhaps the most insightful response to this problem in the decade we are examining (1632-

1642) was by Jeremiah Horrocks (1618?-1641), a young midland English (near Liverpool) 

follower of Kepler who had studied astronomy while at Cambridge, 1632-35

a. Horrocks notably impressed by the Epitome, which he had read by 1637, and the Rudol-

phine Tables, which he acquired in May of that year (so far as I can tell, he never read 

Astronomia Nova)

b. But bothered by thought that astronomy might not be perfectible -- i.e. bothered by Kepler's

announced problems with the moon and with Jupiter and Saturn -- and by Kepler's physics

2. Very careful observations using an astronomical radius (without micrometer or telescopic 

sights) convinced him that Kepler's orbits for Venus and Jupiter needed refinement

a. Table in Appendix shows discrepancy between Horrocks's measurement and predicted 

value based on the Rudolphine Tables

b. And it confirms that Horrocks's observations were accurate, this by comparing with values 

obtained from Tuckerman's Planetary, Lunar, and Solar Positions, A.D. 2 to A.D. 1649.

3. First step was to reduce the eccentricity of the Earth's orbit from Tycho's and Kepler's 0.018 

value to 0.0173, giving as immediate justification that the Rudolphine Tables have the vernal 

equinox occurring too soon

a. Value of 0.0173 obtained by replacing Tycho's horizontal Solar parallax of 3 min with 

Kepler's value of 1 min, and then inferring the corrected eccentricity in Tycho's solar theory

b. Horrocks did not know that Tycho's correction for refraction was also mistaken (too small 

by 40 sec for equinoctal sun); if he had, would have obtained a value still closer to 0.01688,

our (Newcomb-based) calculated value for 1600.

4. Based on careful observations of Venus as it came toward inferior conjunction in April 1638, 

and after months of puzzling over numbers, he proposed new orbital elements (at end of Sep-

tember)

a. Including an eccentricity of 0.00750, compared with Kepler's 0.00692, and a semi-major 

axis of 0.7233(3), compared with Kepler's 0.72413

b. In other words, Kepler's eccentric circle was slightly (0.11%) too large, throwing the 

longitudes ever so slightly off

5. Horrocks notes that this not only brings Venus to within observational accuracy, but makes 

Kepler's 3/2 power rule hold exactly for it (removing the 0.11% discrepancy noted last time)

a. One implication: put effort into cleaning up Kepler's orbital elements before drawing con-

clusions about discrepancies involving second-order physical effects and the imperfecti-

bility of astronomy

b. Another implication: can use very small discrepancies between carefully made observations

and Rudolphine Tables to infer improved values in parameters underlying latter!

c. Third implication: perhaps better to take 3/2 power rule to be exact and determine a from P 

(which is how Horrocks himself obtained the fifth digit in 0.72333)
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d. Table in Appendix shows the advantages of doing this, though when Horrocks tried it for 

Saturn, encountered difficulties raising questions about perfectibility of astronomy

6. These results, along with his observation of the 1639 transit of Venus, reported in his Venus in 

sole visa, which was finally published in 1662

a. Found that the apparent diameter of Venus during transit was 76 sec (versus 12 min pre-

dicted by Tycho); and from this concluded that both Mercury and Venus subtend 28 sec of 

arc when viewed from the sun

b. Using this same value for earth, obtained a horizontal solar parallax less than 15 sec -- one 

of the first to offer a half-way right value!

c. (The Flemish astronomer Wendelin had proposed 15 sec of arc in 1630)

7. Notice Horrocks’s research strategy here: faced with discrepancy between observations and 

theory, don't immediately abandon the theory, but push it for all it is worth

a. Assume theory correct, and see whether discrepancies telling one something about data 

used to fix the numerical values of the elements

b. Regardless of whether theory is right, this way can characterize the discrepancies in a 

manner that exposes exactly how the theory falls short

c. Kepler, of course, had done this; but Horrocks unique in doing it with Kepler's theory in the

decades immediately following Kepler's death

d. Horrocks working on Mercury, and still concerned with problems he had in achieving the 

same success with Jupiter and Saturn, when he died in January 1641

e. In process made clear that Keplerian orbits more promising even than Kepler himself had 

shown

G. Horrocks and the Problem of the Moon

1. Interesting to speculate how much more progress astronomy would have made between 1630 

and 1660 if Horrocks had not died at the tender age of 22 (give or take a year) or had not been 

working almost by himself (save for correspondence with Crabtree, who died in 1644, at the not 

much less tender age of 34)

a. The one person at the time who was making progress by building directly on Kepler's 

efforts, as evident throughout the second volume of his Posthumous works (1673), which 

includes a large array of observations and comparisons of different Tables

b. (Others pursuing paths parallel to Kepler's that in time lent confirmation to his work)

2. Horrocks's preoccupation with the perfectibility of astronomy led him to reconsider Kepler's 

lunar theory, attempting to avoid appeal to any extraordinary "intensions and remissions"

a. Reported by Crabtree to Gascoigne in summer of 1642, distributed privately in 1672, and 

finally published in 1673 (Opera Posthuma)

b. At Flamsteed’s urging, became a key starting point for Newton, and continued to influence 

people as far afield as Euler throughout next century

3. Horrocks first cleans up Kepler's lunar parameters, initially using observed lunar eclipses and 
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then observations of the moon outside of the syzygies

a. Small changes in parameters governing the inequalities -- e.g. 2 deg 40 min for menstrual 

equation -- 10 min more than Kepler -- and 34 min 40 sec for the maximum value of the 

Variation -- 15% less than Tycho's value

b. Small (45 min) change in Kepler's apogee too, in process eliminating an asymmetry in 

Kepler's theory

4. Subsequently finds that revised theory still outside the bounds he has set, leading him to three 

objections to Kepler's basic theory

a. Too many distinct inequalities in Kepler's (and earlier) lunar theories, leading to excessive 

amounts of calculation -- nature is simpler than this

b. Kepler's treatment of longitudes and latitudes not consistent: a wobble of orbital plane in 

account of menstrual inequalities in latitude, but no wobble in account of those in longitude

c. In point of empirical fact, moon's motion away from syzygies does not conform with ellipse

and area rule, the latter of which Horrocks is reluctant to abandon given that it holds for the 

planets

5. Horrocks's solution -- the final new theory -- has both the line of apsides and the eccentricity of 

the lunar orbit oscillating (with period of 2 times per year)

a. Orbit is an ellipse with oscillating apse and eccentricity, and motions of moon on this 

varying ellipse conform with area rule -- while in Kepler's treatment of 2nd inequality, area 

rule violated (Horrocks's oscillation of apse saves area rule)

b. A physical explanation, in analogy with conical pendulum, appealing to Sun's forces and 

inertial properties of matter; includes solar attraction, but no repulsion

c. Significantly higher predictive accuracy than any previous lunar theory -- from discrepan-

cies above 20 arcmin to ones around 10 arcmin (1/3 the moon's diameter)

6. Upshot again: more reason to take Kepler's "laws" to be (in some sense) exact than Kepler 

himself gives

a. Horrocks can be viewed as engaged in a systematic exploration of Kepler's "laws", trying to

develop empirical answers to the questions about them that we posed last time

b. His successes in this regard ultimately began having influence 20 to 30 years after he died

c. Newton's phrase, "as expostulated by Kepler" applies here too: Kepler's orbits as expostu-

lated by Horrocks

H. Telescopic Innovations and their Impact

1. No real advance over Galileo's Dutch telescope until mid-to-late 1630's, when Kepler's proposed

(1611) design developed (see Figure in Appendix)

a. Let converging rays from objective be allowed to come to a focus, and resultant image then 

be magnified by means of a second convex (eyepiece) lens (yielding an inverted image)

b. Advantage: rays converging on eye, so that more of them can be taken in by the eye, yield-

ing a wider field of view, and allowing considerably greater magnification (Thompson, p. 4)
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2. Meanwhile Snel's law of refraction (1621) published (without credit to Snel) in Descartes' Diop-

trique (1637), reducing a wide range of questions about lenses to mathematical precision

a. For example, Descartes identifies the phenomenon of spherical aberration and indicates that

hyperbolically ground lenses (which Kepler had suggested in 1611) will correct for it 

b. Inability to ground aspherical lenses prevents this from helping for a decade

c. Also Descartes wrongly confounded chromatic aberration with spherical aberration -- 

former explained by Newton (1672)

d. Key point, however, is that new science of optics tells us which things seen in telescope are 

real and which are not, thus providing a supporting physics of observation

3. Fontana apparently the first to make extensive use of a Keplerian telescope, in the late 1630's

a. His observations of Saturn and the moon circulated in letters (with Galileo denying that 

they were adding anything new)

b. Published "picture book" in 1646, including phases of Mercury, belts on Jupiter, and 

perhaps surface markings on Mars

c. (Lots of drawings of the moon at this point, including a full project by Gassendi and Peiresc

in the mid-1630's, though van Langren's first true lunar map did not appear until 1645)

4. One other virtue of the Keplerian (or astronomical) telescope is that it allows the introduction of 

micrometers for measurements

a. Gascoigne apparently first to introduce cross-hairs and micrometer in eyepiece, ca. 1641

b. Another of the group of young midland-England astronomers who, like the others, died 

prematurely (in 1644, in the English Civil War), delaying the adoption of his advances

5. In short, a whole new generation of observational astronomers were coming of age at this time, 

with new instruments promising much larger magnifications; and with them a whole new range 

of discoveries and improved observations

6. Perhaps I should explain why telescope was so slow to offer advances in accuracy over Tycho's 

data for longitude and latitude

a. Part of the problem is need to develop telescope, provide cross-hairs, and devise adequate 

mountings and “divisions of the circle” (to adapt Alan Chapman’s title)

b. More important: uncertainties about systematic errors and corrections made for them -- 

parallax and refraction corrections

c. Until these uncertainties were addressed and the systematic errors were known to be less 

than 1 min, not much reason to pursue extremely high accuracy in raw data

IV. The State of Astronomy as of Christmas Day, 1642

A. The "Copernican Revolution" -- 100 Years

1. Newton was born on Christmas day, 1642 (old calendar), 12 months after Galileo died, 12 years 

after Kepler, and just over 99 years after the publication of Copernicus's De Revolutionibus

a. Galileo's Dialogue had become the chief instrument in effecting the Copernican revolution 

of world view, and with it a major transformation of university curricula
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b. And a new generation of astronomers were coming of age to whom Ptolemaic theory was 

something from another era

2. Four figures were chiefly responsible for producing a complete transformation of the discipline 

of astronomy ("from the ground up" in accord with Tycho's goal)

a. Copernicus -- by opening the way to a reconsideration

b. Tycho -- by providing quality data and underscoring the need for a complete reconstruction

c. Kepler -- by effecting the reform of mathematical astronomy

d. Galileo -- by introducing and marshalling telescopic evidence

e. But a host of individuals picking up where these four had left off

3. The academic discipline of mathematical astronomy had been transformed from a recondite 

branch of mathematics to the most advanced discipline of the new "science"

a. Still a demanding mathematical discipline, but now also a part of natural philosophy -- i.e. 

physics -- in a way it had never been before

b. And in the minds of the educated public, an extremely exciting field drawing talented 

young people into it

4. Equally, the discipline had become multi-dimensional, and not just mathematical, partly through

the advent of serious programs in observational astronomy, but even more so from the excite-

ment of total new discoveries through the telescope

a. People with no interest or talent in mathematical astronomy were nevertheless becoming 

involved through the telescope

b. Whole programs of selenography, open to any amateurs who could lay their hands on or 

construct a telescope

5. And empirical answers seemed to be waiting in the wings for those clever enough or persistent 

enough to find how to extract them from observations

a. At least 3 new sources of empirical evidence

(1) Telescope, extending and correcting naked eye observation

(2) Using discrepancies from Kepler's predictions to refine Kepler's theory and then re-

assess its exactitude

(3) Look to conjectured underlying physics for basis to choose between alternative hypo-

theses, as illustrated, each in their own way, by Kepler and Galileo

b. Contrast with Copernicus, who had to offer almost exclusively "aesthetic" arguments: 

Galileo falls back on this kind of argument only when has to, and then reluctantly

B. Major Open Questions: Evidential Problems

1. The most fundamental question that had not yet been resolved, though one that could be worked 

around, was the question of which of the three systems

a. The telescope had pretty well ended the last vestiges of Ptolemaic thought among serious 

investigators, but there were still plenty of proponents of the Tychonic (and variations of it  

-- Riccioli's New Almagest in 1651)
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b. And no one had found a totally compelling solution to the problem of observational equi-

valence, unless you were prepared to buy Kepler's physics (or his aesthetical arguments)

c. But less sense of crisis over this among younger astronomers, despite Galileo's trial, for so 

many questions could be pursued without addressing the dispute over the Tychonic versus 

the Copernican system!

d. (Like current situation in quantum mechanics, where advances can be made without having 

to worry over issues about foundations)

2. The questions about the status of Kepler's "laws" discussed last time also remained open -- are 

they nomological, what is their range, are they exact, essentially exact, or only approximate, if 

not exact, are they idealizations, and do they hold in the mean

a. Horrocks the one person attacking these questions directly at the time, and his surviving 

results did not emerge publicly until after 1660 and fully in print until the early 1670s

b. Others working more along paths paralleling Kepler's, but was going to take a long time to 

be in a position to compare with him and reach assessments

c. And, of course, the moon raised some more forceful questions about the status of the "laws"

3. Questions of scale -- i.e. of actual distances and sizes, in terms of earth units -- were beginning 

to be attacked empirically, but with major disagreements about the horizontal solar parallax

a. Questions about relative distances were considered largely resolved through the conclusion 

that Mercury, Venus, Mars, Jupiter, and Saturn orbit the sun, with distances in astronomical

units then from retrograde loops and from triangulation 

b. Telescope could go only so far at the time toward distances in terms of earth-radii, and 

beyond that inferences had to be drawn, especially about solar parallax, from such things as 

discrepancies in Kepler's predictions

c. But increasingly the questions were being viewed as empirical ones, and the answers looked

increasingly surprising, goading people to continued pursuit

4. Questions about the "perfectibility" of astronomy, initially given force by Kepler's remarks 

concerning the moon and outer planets, were being given serious empirical attention by a few

a. Horrocks and his midland friends at the time, but their concerns would be heard by all in the

1660's and after

b. Galileo, if not expressing doubts, making gestures suggesting that the time had not yet come

to address this worry

c. And here too the inability to bring the moon within observational accuracy raised questions

d. In a sense, question of perfectibility had an a priori philosophical answer in ancient astro-

nomy, yet with no concern for demonstrating that that answer was plausible

5. Finally, questions we have been ignoring almost entirely about the nature and trajectories of 

comets

a. What are comets, what trajectories do they follow in space, are they governed by the same 

physical processes as the planets are etc.
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b. Lots of literature, but save for Tycho's meticulous work, little progress in bringing such 

questions under empirical control

c. Galileo’s Assayer and its attack on Tycho’s parallax determinations had, if anything, 

clouded matters all the more

6. In sum, the 100 years of astronomy following publication of De Revolutionibus had not so much

answered questions as it had replaced the questions of 1542 with a whole host of entirely new 

questions; the questions of 1542 had come to look antiquated indeed:

a. How inaccurate are the tables, and is corruption of Ptolemy's original work the source of the

inaccuracies

b. What is needed in the way of calendar reform (Gregorian calendar in Catholic world in 

1582; Julian retained in England until 1752)

c. What to make of the system being worked out by Copernicus (according to Rheticus)

7. There is something to be said for doing history of science as a history of questions -- when and 

how they arise, when they come to the forefront, and when they are resolved or discarded

C. The Changing Conception of the Science

1. Paralleling the change in questions is a changing conception of what those in astronomy think 

they are up to -- i.e. how they would have described the goals, standards, and methods of their 

discipline

a. In particular, why the questions they were concerned with were important

b. And what it would take to have conclusive answers to them or otherwise resolve them

c. (Need for caution in describing this, for too easy to read things into the times that weren't 

there, something Drake seems often guilty of)

2. The old conception: to describe and explain the systematic deviations from uniform circular 

motion in the apparent motions, preferably showing that these appearances nevertheless result 

from compounds of uniform -- or at least equiangular -- circular motion

a. A descriptive as well as explanatory task, with success dictated by being able to predict at 

least features of salient astronomical events in the future

b. To some extent to confirm philosophic conceptions of what is happening in the heavens, as 

in Plato and Aristotle

c. Also driven to some extent by astrology and the emphasis it places on salient astronomical 

events

3. One sign of a change of conception is the increased emphasis on exactitude, or perhaps more 

correctly the increased interest in every small discrepancy between observation and theory

a. The new attitude: discrepancies raise the question, what are they telling us

b. Continuity with the past mathematical tradition, but now viewing it in a different light

c. Exactitude takes precedence over restriction to uniform circular motions

4. Another sign of change of conception is the preoccupation with physically true motions, dis-

tances, and sizes
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a. Now accurate to describe their goal as determining these, and not just saving the main 

phenomena in a computationally tractable manner

b. A demand on answers that they recognize is not so easy to meet

c. This recognition and the concerns it raised, more than anything else, may be what makes 

astronomy as of 1642 look so much more like modern science than astronomy of 1542 does

5. Kepler out in front in his insistence that astronomy is a branch of physics, and the physically 

true motions are those dictated by the physical mechanisms governing the motions

a. Notice that telescopic observations undercut the divide between the celestial and the sub-

lunary realms by showing e.g. the moon like the earth and the sun and planets not ideal

b. Appropriate then to expect physical processes to be the same on earth and in the heavens

c. Kepler not alone here: Galileo's theory of tides represents an appeal to physical processes to

settle the question of which system is right, and Galileo's attacks on Scholastic physics part 

and parcel of his attack on Ptolemaic theory

6. Still another sign of the changing conception is the clear preference for settling questions em-

pirically rather than through an appeal to philosophy or mathematical elegance

a. Increasing commitment to letting the empirical world be the ultimate arbiter in questions of 

astronomy

b. The consequent worry, largely absent from astronomy 100 years earlier, was whether and 

how the empirical world could resolve some of the questions of concern
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