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(1)

These lectures are called "turning data into evidence" because evidence is a two-place relation, being a datum is not, and hence something beyond data is always needed to turn them into evidence.  We are looking at examples of how theory does this and asking whether and how the theory itself gets tested in the process.  But if theory is needed to turn data into evi​dence, an obvious question is how this process gets started in the  I will be offering an answer to that question.  So, that is one way for you to think about this lecture.

(2)

There is another way to think about it.  As a matter of simple history, the more established theory a science has, the more effective it is in developing high quality evidence.  This carries with it an implication that sciences have only a limited capacity to develop evidence when they are first getting started.  But then many of the fundamental principles of science must have become accepted originally on the basis of at best weak evidence.  At least in conversation Tom Kuhn constantly pointed out how weak the evidence actually was at the time various fundamental prin​ciples of physics, like the principle of inertia, first became accepted.  This was part of his grounds for insisting that the foundations of many of the sciences include elements that were arbitrary at the time they were accepted and may still remain so.  But then, how can the sciences claim to have greater epistemic authority than other disciplines?  This was the driving question at the heart of Kuhn's research in the history of science from the time he started a little before 1950 until he died in 1996.  As a matter of auto​biography, you can think of this lec​ture as my answer to Tom's question.

(3)

My answer is going to be rather different from his.  Let me give a quick overview of it before getting into details.  I agree that in the early stages of theory construction some fundamental claims have to be accepted even though the evi​dence at the time that they are true is weak, or worse.  But this does not automa​tically entail that these fundamental claims were arbitrary when they were accepted.  For there can still have been, as a matter of historical fact, compelling reason to presuppose them in an effort to get research off the ground.  And, rather than threatening the epistemic authority of the sciences, accepting these claims as part of the process of getting a science started can -- I empha​size can -- make an indis​pensable contribution toward the author​ity that science ultimately attains.  The inference that it can do so will be drawn from historical examples in which it did do so.

(4)

I am going to be proceeding in a slightly round-about way.  In the first half I am going to use the histor​ical example of J. J. Thomson's so-called "discovery of the electron" to illustrate the concept of what I call a working hypothesis.  Then I am going to turn to the foundations of Newtonian science, considering first Newton's laws of motion in the light of this concept and then the still more fundamental assumptions he was making, often tacitly, in the way he employed these laws.

(5)

Cathode rays, those things that until recently produce the images on your television screens and computer monitors, were first discovered in 1869 when the level of vacuum in tubes finally reached the point where they left a visible trace.  They were called cathode rays because it was quickly established that they emanate from the negatively charged electrode in such a tube.  Continuing experiments with them revealed soon after that a magnet bends them, leading some, espe​cially in Britain, to propose that they consist of negatively charged particles.  In 1883 young Heinrich Hertz published results from a series of experiments that he claimed showed cathode rays do not consist of charged particles.  In one of these he showed that the electrical current in a tube does not coincide with the path of the cathode rays, and in another, shown here, he failed to detect any elec​trostatic deflection of the rays when he put a voltage drop across a pair of plates on the two sides of them.  



Hertz's paper did not dissuade Arthur Schuster, J. J. Thom​son's professor at Manchester, from pushing the particle idea further.  In 1884 and then again in his Bakerian lecture of 1890, he pointed out that cathode rays not only deflect under a magnet, but that when the magnetic field is uni​form, their deflected path has a clear radius of curvature just as a charged particle is put into a circular path by such a mag​netic field.  With this, he derived an equation relating the velocity of the particles, their mass and their charge, and the magnetic field.  This is one equa​tion in three unknowns, velo​city, mass, and charge, but these can be reduced to two unknowns by combining the latter two into the ratio of mass to charge.  Schuster then tried to put upper and lower bounds on this ratio by suggesting some further relation​ships that might provide a second equation.

(6)

In April 1897 J. J. Thomson announced in a Friday night lecture at the Royal Institution in London that he had not only found such a second equation, but that the mass-to-charge ratio he had then obtained for the constituents of cathode rays sug​gests that they are sub-atomic particles.  This caused a tremen​dous stir at the time, but that is not what I want to talk about here.  The second equation J. J., as he was known to everyone, came up with involved adapting an experiment from Jean Perrin's PhD dissertation.  Perrin was trying to show that, contrary to Hertz, cathode rays do carry negative charge.  J.J.'s adaptation has the collimated cathode rays passing into a tube and striking the glass on the other side until a magnet is turned on.  By increasing the strength H of the magnet, he could bend the rays into a small tube in which they would strike a collector.  He could then measure the charge Q accumulating at the collector and its temperature rise, which he equated with the kinetic energy W of the cathode ray particles converted to heat when they strike the collector.  These, together with the radius of curva​​ture ρ of the deflected rays, then gave him equations that allowed him to measure the mass-to-charge ratio and the velocity of the cathode rays entirely in terms of observable quantities.

(7)

During the summer of 1897 J. J. came up with a second second equation by finally figuring out what it takes to deflect cathode rays electrostatically.  Cathode rays not only ionize resi​dual gas in the tube, which then tends to cancel the electric field between the two plates.  They also liberate gas adhering to the walls of the tube, and this gas then ionizes, canceling the elec​tric field.  To produce electro​static deflection, J. J. discov​ered, you have to run cathode rays through the tube for a while, then re-evacuate to the highest level of vacuum you can achieve, and then repeat this process again and again, even over a few days.  Once he did this, he had a second way of measuring the mass-to-charge ratio and the velocity of the constituents of the cathode rays.  In this case, the angle θ is the angle to which the rays are deflected by the electric field F  between the plates of length l, and H  is the magnetic field strength needed to restore the deflected rays to their original position. Again, therefore, he had equations that allowed him to measure the m over e and the velocity in terms of macroscopic quantities that he could easily determine, equations different from the earlier ones.  The two experiments thus gave him two different ways of measuring the mass-to-charge ratio and velo​city of cathode rays.  He published the results from both these in a watershed paper of October 1897.

(8)

Apologies to those who already knew this story, but I needed to go over it in order to draw the lessons from it that I want.  Thomson's two experiments involve quite an array of assump​​tions, some of them bordering on being off-the-wall.  The magne​tic field is perfectly uniform with no end effects, which is impossible.  He could have corrected for the end effects, but did not bother to do so.  The experiments assume that all the kinetic energy of the ray particles is converted into a temper​ature rise at the collector, and that no electric charge leaks off the col​lec​tor.  The second experiment assumes that the electric field between the plates is uniform, again ignoring end-effects that he could have corrected for.  More importantly, any ionized residual gas in the tube is negligible and hence the electric field between the plates corresponds to the voltage drop applied to them.  Both experiments assume that the velocity remains constant along the entire length of the business end of the tubes.  Most of these assumptions were made for the same reason.  The alternative to them is to introduce additional unknowns, and then still more experiments would have to be found to provide fur​ther equations in order to determine the mass-to-charge ratio and the velocity.  Simplifying assumptions in experiments yielding a measurement are often made for this reason: the alter​native is to add further unknowns, preventing the experiment from measuring the desired quantities.



In addition to these, the two experiments involved an assump​tion of a different sort. Both assumed that cathode rays consist of negatively charged particles, all with the same mass-to-charge ratio.  This assumption I call a working hypothesis.  Without it the two experiments are not even measuring the same thing.  Indeed, without it, the most each of the experiments could show was that a particular algebraic expression involving measurable quantities happens to remain invariant in cathode ray tubes.

(9)

Notice that Thomson could view the two experiments as tests of this hypothesis.  That is, given the hypothesis, he could make three predictions.  First, each experiment will -- should might be better -- yield the same stable value for m over e as the dimensions of the apparatus, the voltage drop from anode to cathode that produces the rays and controls their velocities, and other variables are changed.  Second, the two different experi​ments should converge on the same value for m over e.  And third, refinements in the design of the experiments, such as including the end-effects of the magnetic field, should over time yield an increasingly precise value for m over e.  A failure of any of these predictions would give reason to question whether his work​ing hypothesis is true.  What Thomson, however, had no way what​ever of predic​ting before he ran the experiments was the value for m over e and the velocities. He also had no way of predicting whether the value of m over e would be different for one residual gas versus another or one cathode material versus another.  These were ques​tions that the experiments had to answer.  What Thomson had done, following Schuster's lead, was to design two experi​ments that would let the empirical world answer some questions.

(10)

These are the data Thomson published in October 1897, the first experiment on the left and the second on the right.  I realize you can scarcely see them, so let me summarize them.  The velocities range from a little under ten percent to around 35 percent of the speed of light, spectacularly high values.  The mass-to-charge values, however, are not very constant.  In the first experiment they vary by more than a factor of 3, and in the second by 50 percent.  So the measured value in neither of the experiments was all that stable.  Worse, the two data sets do not overlap, raising a ques​tion about which measurement was to be preferred.  So, the prediction of stable, convergent values for m over e fell short of being realized in these experiments.  The magnitude of the values for m over e, however -- something that could not be predicted -- was quite a shocker.  The values were a thousand times smaller, three orders of magnitude, than the smallest value of any mass-to-charge ratio theretofore known, that of the posi​tively charged hydrogen ion in the electrolysis of water.  And on top of this, the m over e values showed no systematic variation with the choice of residual gas in the tubes or the material of the cathode or anode.  It looked like all cathode rays might well have a single, universal mass-to-charge ratio.

(11)

These data, for all their faults, were enough for J.J.  He never did any further experi​ments on cathode rays.  He replaced his original working hypothesis with an augmented version of it: all cathode rays consist of negatively charged particles of one and the same kind with a characteristic mass-to-charge ratio three orders of magnitude smaller than that of the positively charged hydrogen ion -- what he called "matter in a new state."  He then proceeded to new research, predicated on this working hypothesis.  Several others began doing experiments that pre​supposed this hypothesis, including some on the continent who before had adamantly opposed the idea that cathode rays consist of charged particles.  They too did not wait for better data, that is, more stable, more convergent values of m over e.  The order of magnitude of the value by itself gave so much promise of new discoveries that they jumped on the bandwagon.  If you will allow me to equate accepting a working hypothesis with predic​ating further research on it, then they were accepting it; and they were accepting it not because Thomson's results had shown it is true, but because of the promise research predicated on it had of making real progress.  Progress on what?  The answer comes from J.J. himself.  He had begun working on electricity in gases early in the 1890s in an effort to get somewhere on the question of how electricity and matter interact.  Several decades of research on ether theory as the basis for electricity had failed to yield any experimental program for investigating this ques​tion either generally or in the restricted case of electrical pheno​mena in gases.  Here was the possibility of a whole new approach to this question.

(12)

Where was the risk in predicating further research on this hypothesis rather than waiting until better data were available?  One obvious answer was that the research would get no where.  But that was not much of a worry, because it would not take long to see that its promise was not being fulfilled.  A much worse risk was a long period of research that appeared to be yielding good results only to have it turn out to be an extended garden path, a dead end in which all the research would have to be tossed out.  That was the serious risk, and hence one might ask what Thomson and others did to safeguard against it.  Thomson himself had taken the trouble to conduct qualitative experiments countering every one of Hertz's objec​tions to cathode ray particles.  Emil Wiechart and Walter Kaufmann, two opponents of the particle hypothesis, had themselves inadvertently provided a safeguard by con​ducting cruder experiments measuring the mass-to-charge ratio of cathode rays during the spring of 1897, coming up with the same order of magnitude independently of Thomson; and Hertz's protegé Phillip Lenard in 1898 had done so too for the so-called Lenard rays, electrical rays that had been detected in the air on the outside of thin sheet-metal windows in cathode ray tubes.  The main safeguard, however, lay in the continuing research itself.  Thomson and those working with him at the Cavendish Lab went after the order-of-magni​tude of the charge in ionization and then went looking for the cathode ray particle in other electri​cal phenomena such as photoelectric and thermionic emission, employing same-order-of-magnitude m over e, same particle reasoning.  Others did this too, in the process putting effort into making the mass-to-charge value more precise.  As you can see, within a decade the value had been pinned down to three or so significant figures, in part because of Lorentz's telling Kaufmann in 1902 to make what we now call relati​vis​tic correc​tions for the effect of the high velocities on the mass.

(13)

Thomson's December 1899 paper on photoelectric and thermi​onic emission led him to augment his working hypothesis still further: all negative charge is carried by particles of the same kind with a characteristic m over e three orders of magnitude smaller than the m over e for carriers of positive electricity.  His paper ends with a new conception of electricity and its inter​action with matter, replacing the ether.  Let me quote:



"From what we have seen, this negative ion must be a quan​tity of fundamental importance in any theory of elec​trical action; indeed, it seems not improbable that it is the fundamental quan​tity in terms of which all electrical pro​cesses can be expressed.  For, as we have seen, its mass and its charge are invariable, inde​pen​dent both of the processes by which the electrification is pro​duced and of the gas from which the ions are set free.  It thus possesses the charac​teristics of being a funda​mental conception of electricity; and it seems desirable to adopt some view of electrical action which brings this conception into prominence.  These considerations have led me to take as a working hypothesis the following method of regarding the electrification of a gas or, indeed, matter in any state."


He of course is using the term "working hypothesis" here more broadly than I am.  The last few pages of his paper go on to spell out the modern conception of electrical action.  In 1903 he published the first edition of the Conduction of Electricity Through Gases, for which he was awarded the Nobel Prize in 1906, the year the second edition appeared, almost twice the length of the first.  The third edition, still available in Dover reprint, appeared two decades later in 2 volumes, authored jointly with his son, George.

(14)

There is a wonderful irony here.  The second chapter of Volume 2, as you can see, is entitled "Wave Properties of Cathode Rays."  It was written by his son, who had shared the Nobel Prize in 1928 for experimentally confirming that electrons are waves as well as particles.  Without any question, J.J. had taken his working hypothesis of 1897 to mean that cathode rays consist of particles, definitely not waves.  Nothing in that research was affected in any way at all, however, by the sub​se​quent discovery that electrons are both particle-like and wave-like.  Not only did the experimental results remain intact, almost the entire 1906 edition was incorporated word for word in the third edition.  What I take this to show is that all along there was a heuristic element in J.J.'s working hypo​thesis that turned out to be play​ing no constitutive role in the experiments presupposing it.  The substantive content of the working hypothesis was merely that the constituents of cathode rays obey certain laws governing macro​scopic charged particles.

(15)

If you are interested in more of this story, I have a long article in a Dibner Series book called Histories of the Elec​tron that goes into more detail, as does Isabel Falconer.  I have enough now to summarize the concept of a working hypothesis, as I use the term.  Working hypotheses substitute for established theory in turning data into evidence in the early stages of re​search.  To accept one is not necessarily to believe it, much less to think that evidence has established it, but to presuppose it constitutively in ongoing research.  Grounds for accepting it in this sense involve the promise it offers of making real progress in this research.  Further grounds involve safeguards against this research leading the field down an extended garden path.  The central concern in accepting it is not whether it is true, but whether everything will come out in the wash without having to backtrack and start all over again.  Con​tinuing evidence accrues to it from the success of that research, especially when it allows the research to take the form of exper​iments in which the empirical world yields answers to questions.  Over time the original working hypothe​sis often turns out to have included heuristic elements that were all along gratuitous in the sense that they could be dropped without affecting any of the results that presuppose it.  Sustained success in this research leads to the working hypothesis becoming increasingly entrenched, often with people barely noticing this.

(16)

Now let me turn to the foundations of Newtonian science with this concept at hand.  J. J. Thomson was far removed from physics just getting started.  Nineteenth century electrical research and advances in vacuum technology had allowed him to make the first successful experiments probing the microstructure of electricity, and as such his work represents as much the culmination of the preceding century as the beginning of twentieth century science.  Newton, by contrast, was much more at a stage where mechanics was just getting started.  His second and third laws of motion made their first appearance in his Principia of 1687, and even his formula​tion of the principle of inertia was novel at the time.  So, how did Newtonian mechanics get started?

(17)

I am going to consider only Newton's first two laws in part because he spells out the evidence for the third in the Princi​​pia, but also because that evidence presupposes the first two laws as well, and all he says in support of them is:



By means of the first two laws and the first two corollaries Galileo found that the descent of heavy bodies is in the squared ratio of the time and that the motion of projectiles occurs in a parabola, except insofar as these motions are somewhat retarded by the resistance of air.  What has been demonstrated concerning the times of oscillating pendulums depends on the first two laws and first two corollaries, and this is supported by daily experience with clocks.


The trouble is, Newton's first two laws speak of forces, while Galileo in Two New Sciences, which Newton had never read, does not employ forces at all, nor does Huygens in his theory of pen​du​lum clocks.  So, this amounts only to saying that Newton could reconstruct their results using his first two laws, results which they obtained using different, what we would now call purely kinematic, assumptions, and hence his laws are not incompatible with their results.  So, their results did not as such provide much in the way of evidence for his first two laws.  What then was the status of these two when Newton published them in 1687? What was the strongest evidence for them?  



Before turning to that, let me just note that F=ma is not Newton's second law.  F=ma was first proposed in 1716 in a book by Jacob Hermann that Newton read, but that still did not induce him to change to it in his third edition.  Our tradition of F=ma derives from Euler in the late 1740s, twenty years after Newton died.  Also note that Newton's first law makes a claim about forces.  This was the first place, even by Newton, that what we now call the principle of inertia was stated abstractly in terms of forces, a mere quantity, rather than in terms of material impediments.

(18)

The best way to understand what Newton meant by his first two laws is to contrapose them.  The first law licenses infer​ences from non-inertial motion to the presence of an unbalanced force.  Remember that forces cannot be seen, but have to be inferred, and this principle licenses the inference much as Descartes had taken it to license an inference to an invisible fluid retaining planets in their orbits.  Newton's state​ment of his second law covers both impulse forces and continuous forces.  Either way, it provides a basis for inferring the magnitude and direction of the unbalanced force whose presence is inferred by means of the first law.  In the case of continuous forces, the unbalanced force varies as the displacement in a given time from where the body would have been if it had moved uniformly in a straight line.  In his diagram this is the distance QR.  Once provision is made to allow com​pari​sons among different bodies and over different given times, what his second law says is that the magnitude of the continuous force producing non-inertial motion varies as the product of the mass of the body and the limit as the time increment approaches zero of the distance QR divided by the square of that incre​ment.  This of course is completely com​patible with F=ma, and hence he would have seen no reason to switch when he saw the F=ma form in print in 1716.  My main point here, however, is that the primary purpose of Newton's second law was to infer the magni​tude (and direction) of invisible forces from the effects they have on motions.

(19)

Where might he have gotten that idea?  Why, from the book he despised that he was intending his Principia to replace, Descartes' Principia.  Descartes deserves the primary credit for what we now call the principle of inertia, not merely because he was the first to formulate it in the early 1630s, but more so because he singularly pointed out its implications for curvi​lin​ear planetary motion.  Descartes puts the principle forward in his first two "laws of nature" in Part Two of his Principia, ar​gu​ing for it first on the basis of the constancy of God and then appealing to the motion of a stone leaving a sling.  In a seldom noted passage in Part Three, he makes a more interes​ting pro​posal that I assure you did not escape Newton's notice.  For Des​cartes, the stone in the sling is striving to go off along the tangent. This striving he calls a force.  In article 59 enti​tled, "how great the force of this striving is," he says:



We see, too, that the stone which is in a sling makes the rope more taut as the speed with which it is rotated increases; and, since what makes the rope taut is nothing other than the force by which the stone strives to recede from the center of its movement, we can judge the quantity of this force by its tension. [emphasis added]

(20)

Christiaan Huygens, who as a boy knew Descartes through his father, also did not fail to note this passage.  In late 1659 he developed a mathematical theory of uniform circular motion, employing what he dubbed "centrifugal force," which for him was the tension in the string retaining a body in a circular orbit.  As you can see, he said this force varies as the displacement EG or FD from inertial motion in a given time, which he then showed varies directly as the square of the velocity and inversely as the radius.  He then added, by analogy with the tension in a string preventing a body from falling, that the centrifugal force in the string also varies with the weight of the body.  Newton had not yet invented the concept of mass.  So, here we see Des​cartes' idea carried forward, but with the word force referring not to a striving of the body, but to a static force of equi​li​brium in the string retaining the body.  We also see the pri​mary precursors to Newton's first two laws of motion.  The only real difference involves replacing Huygens's weight with Newton's mass, a concept so familiar to us that we fail to see how subtle and elusive it was at the time, even at first to Newton.

(21)

As Joella Yoder has shown, the reason Huygens developed a theory of circular motion in 1659 was that he had become preoccu​pied, to say the least, with measuring the strength of surface gravity, which they at the time expressed in terms of the dis​tance of free fall in the first second, half of our acceleration of gravity g.  Huygens's immedi​ate application of his theory was to conical pendulums, viewing them as held at an equilibrium angle by a balance between the gravitational pull and the centri​fugal pull on the string.  He derived the law of the conical pen​dulum, finding that he could then infer the strength of gravity from the dimensions of a con​stant height pendulum.  He built a small conical pendulum clock, with a chain mechanism keeping the height of the cone constant, and proceeded to measure gravity.  I have spelled out the logic of this theory-mediated measurement.  It presupposes Huygens's solution for uniform circular motion, and hence his precursors to Newton's first two laws of motion.  From this it follows that the strength of gravity is constant at a location if and only if the quantity 2 pi squared times the height of the pendulum divi​ded by the square of its period has a stable constant value.  The analogy with J.J. Thomson is fully intended.  The value for the fall in the first second that Huygens obtained in 1659 was 15 Paris feet, 1 inch, and 2 lines, where a line is 1/12 of an inch -- a four-significant figure value that he ini​tially rounded to three.  This value agrees with ours to within one or two units in the fourth significant figure.

(22)

Three years earlier Huygens had developed pendulum clocks of an accuracy theretofore unknown.  Not content with his conical pendulum measurement, he immediately turned to the ques​tion of how to make the same measurement with a simple pendulum.  This led him to two great discoveries: (1) the path a pendulum has to describe to maintain constant time regardless of arc length is a cycloid, and (2) the way to maintain it on such a path is to introduce cheeks of the exact same shape as the cycloid that bend the string, shortening its effective length at large arcs.  He derived the law of the cycloidal pendulum and used it to obtain a second measurement of surface gravity.  Again I have spelled out the logic.  It assumes a kinematic principle from Galileo: the speed acquired in falling a given height is the same regardless of the path taken in falling this height.  From this Huygens derived the law, which is here stated as before in an "if and only if" form.  He again measured surface gravity, obtaining the same value to four signi​ficant figures as he had with the conical pendulum.  He was also quick to point out that a circular pendulum approximates his cycloidal pendulum so long as its arc remains small, and hence a small-arc circular pendulum, the law of which is the same as the one shown here, could also be used to measure surface gravity.  By the mid-1670s the small-arc circular pendulum measure had become standard throughout the scientific world, revealing among other things that gravity is around one-quarter of one percent weaker at the equator than at Paris.

(23)

Huygens finally published the theory of all of this in his 1673 masterpiece Horologium Oscillatorium, the book on which Newton modeled his Principia.  In Part Five of that book Huygens describes still another way to measure surface gravity.  He had known since 1659 that a varying height conical pendulum would keep constant time if its bob was always on the surface of a paraboloid.  So, once again he used his engineering ingenuity to introduce a cheek that bends the string in a way that keeps the bob on a paraboloidal surface.  One can then infer the strength of surface gravity from the dimen​sions of the parabola and the period of the clock.  This way again presupposes his theory of uniform circular motion and hence his precursors to Newton's first two laws.  In the book Huygens simply announced that such a clock gives the same value for gravity that he had quoted in the preceding chapter, a value that had become standard by the time the book was published.  There is a paraboloidal coni​cal pendulum clock running at the Boerhoven Museum in Leiden. I tried at the last moment to get a photograph of it for today, but failed.  If and when this lecture is published, I guarantee you it will include such a photograph.

(24)

This then was the strongest evidence for Newton's first two laws of motion when he published them in 1687.  Huygens had developed four theory-medi​ated ways of measuring surface gravity, all yielding the same value for gravity in Paris.  Two of these ways presuppose direct pre​cursors of Newton's first two laws of motion.  The other two ways presuppose only the weaker Galilean principle of the pathwise independence of speed acquired in falling through a given height, weaker because it does not in any way make reference to forces.  Newton's two laws of motion were therefore in effect allowing the empirical world to give an inde​pen​dently confirmed, precise answer to the question, what is the strength of surface gravity, an answer that by 1687 was already known to vary with latitude.  Did this prove that Newton's first two laws are true?  Of course not.  They make sweeping claims about forces of all kinds over the entire universe.  What it does show is their extra​ordinary promise when used to derive ways of measuring or inferring forces producing deviations from inertial motion.

(25)

But this is precisely the use to which Newton puts his first two laws in the Principia.  From these two laws he derives a ser​ies of "if, then" propositions that provide "inference tickets" -- to use Arthur Prior's wonderful phrase.  These inference tickets allow him to infer from phenomena of motion the magni​tudes and proportions of cen​tripetal forces -- a word he coined, acknowledging Huygens -- in particular, the forces retaining celestial bodies.  In Book 2 he similarly derives a series of "if, then" propositions from the two laws that allow him to reach conclusions about resistance forces from phenomena of motion in resisting media.  In both cases the two laws of motion are being used to enable the empirical world to answer questions about invisible forces.  The proposition on the right of the slide is the fundamental enabling theorem for all of Newton's results on celestial motion.  When such motion is governed by forces direc​ted toward a center S, Kepler's area rule holds, equal areas are swept out about S in equal times.  Time in Newton's second law of motion, the first line of the three in the slide, can then be replaced by area, namely the area of a triangle, QT times SP, to give the second line.  But then the shape of the trajectory alone is enough to determine how the centri​​petal force varies around it -- in the case of a Keplerian ellipse, as the inverse-square.  The result in the third line Newton added in the second edition, I think in response to a question Huygens had asked him in one of their face-to-face discussions of the Principia.  It indicates how Huygens's v2 over r result has to be modi​fied for curvilinear motion under centri​petal forces.

(26)

So let me make my proposal about the status of Newton's first two laws in 1687.  There was very little evidence at the time that the sweeping universal claims they make about forces and motions are true, for there was really no direct way to test them in the absence of some account of forces.  Indeed, this is just what they were needed for, to begin developing accounts of forces of different kinds.  There was, however, very strong evi​dence for the promise of these two laws in allowing theory-mediated measurements of forces.  And there were safeguards against an extended garden path, most notably Huygens's inde​pendent confirmation of the level of precision they allowed in the case of measuring surface gravity.  On top of this, Newton was going to protect against an extended garden path by demanding comparable precision from the measurements of celestial forces, and he was going to limit their use to claims about the varia​tions of quantities, most notably forces, and not the unknown mechanisms lying behind these forces.  Most important of all, however, Newton protected against a garden path by imposing the third law of motion as a constraint on inferences about forces, requiring for every inferred force a verifiable equal and oppo​site force acting on some other body.  Thanks in part to Howard Stein, I have long recognized the third law of motion as a con​straint on Newtonian inferences about forces, but only with Rob Disalle's new book, Understanding Spacetime, have I come to appreciate how crucial it had to have been in Newton's own mind.  From all of this I conclude that the appro​priate way to regard Newton's first two laws when they first appeared in print was as what I call working hypotheses.  The evidence accruing to them from the success of the research predicated on them quickly eclipsed this initial evidence, leading to their becoming entrenched as the foundation for modern physics.  This en​trench​ment went on largely unnoticed, in silence, as it were.  That is why, if you ask physicists today what the evidence is for New​ton's laws of motion, they answer with such vacu​ous remarks as, "What do you mean, they work."

(27)

This, however, does not complete the answer to how Newtonian science got started.  The way Newton applied his laws to the world involved additional assumptions, some of them unannounced and perhaps not even fully recognized by him as further assump​tions.  To complete the answer, we need to consider such assump​tions and what they tell us about getting a science started.

(28)

I did not choose the five here at random.  Newton assumes that sidereal time provides at least a good approximation to true time, and he assumes that the fixed stars provide at least a good approximation to what we now call an inertial reference frame, a concept he had, though not in these words.  He also assumes that the structure of space is Euclidean; I have anachronistically added "at least to high approximation," an addition that he would have thought weird, but is nevertheless what the assumption really turned out to amount to.  He further assumed that, while corrections for systematic error like the finite speed of light were likely to continue to emerge, every question about duration and simultaneity in prin​ciple has an unequivocal answer.  And finally he assumed that one can always, at least in principle, distin​guish between inertial motion and free fall under uniform gra​vity.  The phrasing of the last two I am taking from Rob Disalle.  Newton would probably have regarded these two as bordering on what Locke called trifling propositions and hence not assump​tions at all.  Newton inherited all five of these, the first four from a tradition in astronomy dating from far before he was born.



Something these five have in common, along with the first two laws of motion (though not the third) is that they have all, to use Newton's words, been made "more exact or liable to excep​tions" during the twentieth century.  A central point of my first lecture last week was that the shortcomings of these five nonethe​​less did the exact opposite of impeding or compromising the two cen​turies of gravity research that presupposed them, for every​thing at least so far really has come out in the wash.  New​tonian theory in no sense has turned out to have put physics on a fatal garden path.  But that is not the point I want to make today.  I want to understand what these five tell us about getting started.  Obvi​ously I can't go through all five, but the first will suffice to make my point.

(29)
 
Consider what Newton himself says about it:



"In astronomy, absolute time is distinguished from relative time by the equation of common time.  For natural days, which are commonly considered equal for the purpose of mea​suring time, are actually unequal.  Astronomers correct this inequality in order to measure celestial motions on the basis of a truer time.  It is possible that there is no uni​form motion by which time may have an exact measure.  All motions can be accelerated or retarded, but the flow of absolute time cannot be changed....  Accordingly, duration is rightly distinguished from its sensible measures and is gathered from them by means of an astronomical equation.  More​over, the need for using this equation in determining when phenomena occur is proved by experience with a pendulum clock and also by eclipses of the satellites of Jupiter."

(30)

I have for years taken five lessons from this passage.  First, quantities in physics like time and force should never be conflated with their measures; physical theory is needed not only to measure them, but also to constitute them.  Second, physics in particular must contain within itself is own theory of measure​ment.  Measurement is a physical process, and as such cannot help but fall within the scope of physics.  Third, all measurement is provisional, and hence all lawlike relationships among quantities are also provisional, not because of limitations of inductive rea​​son​ing, but because questions about true measures are always sub​ject to reconsideration as physics progresses.  Fourth, the sta​bi​lity of preferred measures, the convergence of complementary measures, and continuing success in increasing precision of measurement cannot help but be a primary form of evidence in phy​sics simply because everything else rests on measurement and ultimately we have no other means of critically evaluating the measures we use except in terms of their stability, convergence, and increasing precision.  Fifth, assumptions like the five I listed for Newton a couple of minutes ago are unavoidable when getting any area of scientific research started, whether they are ex​pli​citly recog​nized to be assumptions or not; the only alternative to making such assumptions is not to measure anything at all.

(31)

As I said in response to a question at the first lecture, I am reluctant to generalize across sciences.  For this one point, however, I am willing to do so.  We have no way of getting started, at least in physics, if not in other sciences as well, without adopting some working hypotheses about measurement.  J. J. Thomson was far removed from the beginnings, but so too was Newton, for the beginnings of orbital astronomy stretch back not merely to Ptolemy, but to the Babylonians.  What serves for pro​mise when just getting started, with no long tradition to draw from?  Often not much more than any port in a storm.  The more important question is how to safeguard against garden paths.  And there Newton does seem to me to give us answers: one involving a demand that measures be increasingly well behaved over time, a second involving a recognition that measures are provisional and therefore require constant critical re-examination, and third, a strong preference for having the empirical world supply answers to our questions -- this, rather than hypothesizing answers to them and relying on tests that, in his words elsewhere, can at most only show that these answers remain possible, for that is all that a failure to falsify can show.  The quote from Newton I regard as the single most instructive methodological remark he makes in the Principia:



Mathematics requires an investigation of those quantities of forces and their proportions that follow from any conditions that may be supposed.  Then, coming down to physics, these proportions must be compared with the phenomena, so that it may be found out which conditions of forces apply to each kind of attracting body.  And then, finally, it will be possible to argue more securely about the physical species, physical causes, and physical proportions of these forces.


The safeguard lies in demanding that the empirical world keep giving us unequivocal answer on top of unequivocal answer.  But that was a point I was trying to make in the first lecture.

(32)

One brief note before I close this talk.  The unavoidability of assumptions in measurement lets me clarify why I insist on the term "working hypotheses."  I call them this because they have to enter research at a stage when they themselves cannot be tested in any customary sense.  This is because they are needed to allow testing of any other claims or, more generally, to allow data to be turned into evidence at all.

(33)

Let me bring this to an end.  I see this talk as making three primary points.  First, working hypotheses substitute for established theory in the role of turning data into evidence in the early stages of research.  Second, Newton's laws of motion and the assumptions he made in the way he used them are best regarded as working hypo​theses at the time the Principia was published, working hypothe​ses that became increasingly entrenched during the eight​eenth and nineteenth centuries only to have the research predicated on them finally yield results that required them to be reconsidered and modified.  Third, the issue to raise about a working hypothesis when getting started is not whether it is true, for one is not in any position at all to decide this, but instead concerns the evidence for the promise of research predicated on it and the safeguards, either already in place or built into the research in question, against a prolonged garden path.  One of the extraordinary features of modern exact science is how quickly potential garden paths have been exposed, and consequently how few prolonged garden paths there have so far turned out to be.

(34)

As with the first talk, I want to end with two philosophical points.  First, I agree with those who claim that many of the fundamental principles of science be​came accepted at a time when the evidence that they are true was at best weak.  But I reject the idea that this automatically made these principles arbitrary at the time they were accepted, or that their acceptance has somehow infected the science with arbitrary foun​dations that jeopardize all claim it has to epistemic author​​ity.  The second of these conclusions, in particular, but really the first as well, seem to me to stem from an overly simplistic picture of accep​​tance.  I have offered a two-stage picture of acceptance in its place: a first stage in which working hypotheses are accepted in the sense that ongoing research becomes predicated on them and a continuing stage in which the success of that research leads to their deepening entrenchment, often without anyone in the science remarking that their status has been changing.  On this picture, questions about the epistemic authority of a science turn very little on what the evidence was when its fundamental principles first became accepted.  Rather these questions turn on whether and how these principles were indirectly tested time and again during the history of the research predicated on them.

(35)

But that was the point of my first lecture, to illustrate that the theory that is being used to turn data into evidence can be tested in this process in ways that are extraordinarily more telling than has generally been noted, even by the scientists engaged in the research.  The last thing Tom Kuhn wanted to do was to undermine the epistemic authority of science.  The ques​tion that drove him concerned the proper explanation of this authority, for the picture of scientific knowledge he had learned in school he had concluded is not tenable.  I cannot be more sym​pa​thetic with Tom's question.  My quarrel with much philosophy of science is that, even when attention is paid to the history of science, that attention focuses on what Tom called "extraordinary science," not "normal science."  Historians of science, by con​trast, put a great deal of effort into normal science, but only in geographically and temporally narrow con​fines, studying the process of what they have come to call "making knowledge."  Whatever claim any area of scientific research has to epis​temic authority, that claim has to be grounded in evidential practices in what Tom called "normal science" over extended periods of time spanning decades and even centuries, and invariably several gen​era​tions of individuals.  This is the point I most want you to go away with from all three of these lectures. 






