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Abstract:This paper seeks to provide a historically welbmfied analysis of an important post-
Newtonian area of research in experimental physéitween 1798 and 1898, namely the
determination of the mean density of the earth bgdhe end of the nineteenth century, the
gravitational constant. Traditionally, researchtloese matters is seen as a case of ‘puzzle sdlving.
In this paper, | show that such focus does noudtige to the evidential significance of
eighteenth- and nineteenth-century experimentaiaret) on the mean density of the earth and the
gravitational constant. As Newton’s theory of umgad gravitation was mainly based on
astronomical observation, it remained to be shdwah lNewton’s law of universal gravitation did
not break down at terrestrial distances. In thisgtext, Cavendish’ experiment and related
nineteenth-century experiments played a decisile for they provided converging and
increasingly stronger evidence for the universalitilewton’s theory of gravitation. More
precisely, | shall argue that, as the accuracypaadision of the experimental apparatuses and the
procedures to eliminate external disturbances wraaincreasingly improved, the empirical

support for the universality of Newton’s theorygs&vitation improved correspondingly.

Key-words: (tests of) universal gravitation, New&snmethodology, density of
the earth, gravitational constant, Henry Cavendistancis Baily, Marie-Alfred
Cornu, Jean-Baptistin Baille, Ferdinand Reich, GAy, Robert von Sterneck,
Philipp J.G. Jolly, John H. Poynting, Charles V.yBpCarl Braun, Franz
Richardz, Otto Krigar-Menzel

. Introduction: Measuring Gravitational Force

Because gravitational forces are very small, gatiaihal experiments in the
laboratory are highly susceptible to extraneoutudignces (Cook 1996, pp. 50-
51, pp. 70-71; Gillies 1997, p. 153; Chen and Cb@83, xii, p. 5, pp. 34-57).
Measuring gravitation in the laboratory is thereféar from unproblematic and to
the present day this difficulty persistéccordingly, it should not come as a
surprise that it took well over a centwafter the publication of the first edition of

! See Gillies 1997 for further discussion. The miec with which the inverse-square law can be
established is about one part irf 1@hereas that of the inverse-square law in eletitizs is about
one part in 18. Chen and Cook comment as follows: “One reastieisery great sensitivity of
electrical measurements as compared with mechamigasurements, the other is the fact that
electrical detectors can be completely enclosedimvd conducting Faraday cage, whereas it is not
possible to build a completely enclosed gravitatldraraday cage and still have access to a

mechanical detector.” (Chen and Cook 1993, p. 5).



Newton’sPrincipia (1687) until the first precision measurements afvgation
were excogitated and performed. Newton himselftbesh rather skeptical on this
matter and in his posthumously publisti@el mundi systemate lib€t728) he had
suggested that, if two spheres with a diameterfobiare placed at a distance of
Y inch from one other, they would not come togebyethe force of their mutual
attraction in less than one moritMoreover, he had noted that a hemispherical
mountain of three miles high and six miles broaduld not succeed in drawing a
pendulum two minutes from its primary perpendicdlar

Newton’s theory of universal gravitation was webk@irmed at planetary
distances and, to a significant extent, it was @imehon astronomical observations
(Kuhn 1996, p. 31). In Propositions I-1l of Book, INewton established that the
primary planets are drawn by an inverse-squareipetdl! force directeduam
proximetowards the sun’s centre and that the circumsiaiiigind circumjovial
planets are drawn by an inverse-square centrifsetzd directedjuam proxime
towards the centre of Saturn and Jupiter, respelgtiiNewton 1999, p. 802).
This conclusion was warranted by astronomical olag®n, which indicated that
the celestial bodies satisfied Kepler’s argaam proximgand harmonic rule
(exactly), and by the systematic dependencies Neh&ol established in
Propositions I-1V of Book | of th@rincipia between, on the one hand, the
presence of an inverse-square law direcuggin proximeo the centre of the
attracting body and the attracted body describiegl&r’s area rulguam proxime
and, on the other hand, between the periodic tvaggng as the 3/2 power of the
radius and the centripetal force varying inverselythe squares of the radius
(Newton 1999, pp. 444-451). An essential featurthefsystematic dependencies
Newton had established in Book | is that they ajerously deduced from the
laws of motion, and thus backed-up by them. In Bsdpns IlI-1V of Book IlI,

% See Newton 1728, p. 27: “Hujusmodi globi duo, tugantum digiti parte ab invicem distantes,

in spatiis liberis, haud minori quam mensis unitsrivallo, vi mutuge attractionibus accederent, ad
invicem.” Newton'’s calculation is, however, mistak&ee Poynting 1894, p. 10 on this matter.

% See Newton 1728, p. 27: “Sed nec montes toti seiffet ad sensibiles effectus: Ad radices
montis hemispeerici alti tria milliaria & lati segendulum vi montis attractum non deviabit
scrupulis duobis primis a perpendiculo.”

*I have kept the discussion of NewtoREncipia-style methodology to its bare essentials
referring the reader instead to Ducheyne 2009, Byrod 2005, Harper 1998, Harper 2002, Smith
2002a and Smith 2002b for detailed accounts.



Newton established that the moon is drawn by aarsersquare centripetal force
towards the centre of the earth. Since astronoroilesgrvation shows that the
motion of the moon satisfies Kepler’s area miam proximeit follows — given
the systematic dependency between the area rulthamesence of a centripetal
force — that the moon is drawn by an centripetadds towards the centre of the
earth. However, because the moon is a solitarylisat&lewton could not use the
route via Corollary 6 to Proposition IV of Book las he had done in the
preceding propositions of Book Ill. Newton, howewsrowed that, on the
assumption of the inverse-square law, the acceleraf the moon in the region
of the earth comes out equal to Huygens’ measureaf¢errestrial acceleration,
which was one of the few direct indications in supf Newton’s claim that
gravitation was preserved all the way down to tméase of the earth. While
Propositions I-1V of Book Il mainly involved “deations from phenomena,”
which were backed-up by the systematic dependensiestablished in Book |
(and,ultimately, by the laws of motion), Propositions V-VIII of Bk Il

explicitly contained several inductive steps thatevguided by Newtontegulae
philosophandi The boldest leap, although having some mathealaigport in
Proposition LXIX of Book I, was Newton'’s generaliza of the proportions he
had established to bodiasiversally’ Newton had done little, except for taking
into account the acceleration at the surface o&#rén in Proposition IV of Book

11, on the gravitational forces between bodiesragller distanceS.

®> Newton was well aware, for instance, that the iappbn of Law 11l to celestial bodies and
bodies universally was an inductive generalizatibis worth pointing out that the theory of
universal gravitation was predicated under thetforggula philosophand{Newton 1999, p. 796).
® Newton conceived of aexperimentum crucisvhich involved measuring surface gravity, to
decide between the theory of universal gravitasiod a vortex theory. Newton stated that, on the
assumption that the earth is an oblate spheremmbgeneous density, surface gravity at the
equator results from the combination of two effentamely the centrifugal forces (at the equator)
andthe gravitational forces arising from the invessgrare forces directed toward the individual
parts on an oblate earth (Newton 1999, pp. 830-884,Greenberg 1995, pp. 1-14, for
discussion). By contrast, Christiaan Huygens, wtmaned gravity in mechanical terms, claimed
that the earth’s centrifugal forces at the equalone are sufficient to explain the different ldmgt
of seconds-pendulums. By consequence, the variafieanrface gravity with latitude is larger
according to Newton’s theory than according to Hengj. It was only in the eighteenth century,

however, that the matter was settled in favourri¥ersal gravitation.



It therefore remained to be shown that Newton’s dédwniversal gravitation
did not break down at smaller distances and indbrgext Cavendish’ experiment
and related nineteenth-century experiments play#etive role, for they
providedconverging and increasingly stronger evidefmethe universality of
Newton’s theory of gravitatiohFrom this perspective, several interconnected
historical-systematic questions emerge: finstyv was such converging and
increasingly stronger evidence in favour of Newsaieory of universal
gravitation establishedsecondlywhat about the development of the experimental
procedures followed anithe characteristics of the experimental apparatuses set
to use and, finally,is there is a discernable methodological-experirakahity in
100 years of experimental research and, if so, wioas it look like

Several elements of Newton’s law of universal geion can be subjected
to empirical testing. An experimental physicist ncapse to tesvhether
gravitational force really varies inversely propmmal to the square of the
distance® whether gravitational force is indeed proportionialthe product of the
masses involve@ackenzie 1895, pp. 333-334yhether the constitution of the
masses makes a differer{déackenzie 1895, pp. 321-323, pp. 326-33@)ether
it makes a difference when the masses are notcmo(Austin and Thwing
1897),whether the law of universal gravitation holds atadler distances than
celestial onesandwhat the value for G is (and, even, whether G @lye
constantChen and Cook, 1993, p. 2). The eighteenth- anet@enth-century

"Asis widely known, Thomas S. Kuhn stressed thatmpirical work undertaken to articulate a
paradigm theory consists in “resolving some ofésidual ambiguities and permitting the solution
of problems to which it had previously only draviteation” (Kuhn1996, p. 27). Conceiving
normal science as mere “problem-solving” may coirt@earisk of underestimating the evidential
significance of eighteenth-century and nineteemthtary science. CompareExploring the
agreement between theagd experiment into new areas or to new limitsretisionis a

difficult, unremitting, and, for many, exciting johoughits object isneither discoveryor
confirmation its appeal is quite sufficient to consume alntbstentire time and attention of those
physical scientist who do quantitative work.” (Kub®61, p. 174 [italics added]).

8 This was first explicitly tested in 1895 by A. Bley Mackenzie (Mackenzie 1895, pp. 334-339;
Cook 1988, pp. 717-718), who showed that no dedrigtirom Newton’s inverse-square law
occurred. Recent experimental research has cordithe result. For example, in 2001 at the
University of Washington Newtoniaverse-square lawas tested down to 218n using a metal
ring, suspended from a torsion pendulum, and coimgiten equally spaced holes. No deviations

occurred during this ingenious experiment (Hoyke 200).



experimental work, which will be surveyed in whalidws, set out to test the last
two of these research questions.

To conclude this introduction, | shall dedicate sonords on the structure
of this paper. From the late eighteenth centuryande; quantification,
standardization, accuracy, and precision measurelpeeame increasingly salient
(Hankins 1985, p. 50; Home 2003 pp. 371-374; FrdxygsHeilbron, and Rider
1990; Wise 1995). When Henry Cavendish (1731-18&0B) according to
Russell McCormmach was “the first after Newton ¢sgess mathematical and
experimental talents at all comparable to Newt6{BSB, Ill, 195) was nearly
67, he published what would become his last subatatientific paper:
‘Experiments to Determine the Density of the Easilinich in 1798 appeared in
volume 88 of thé>hilosophical Transactions of the Royal Societyafdon— in
fact, the only journal in which he published (Juicgel and McCormmach, 2001,
p. 169). Despite popular thinking to the contra&@gvendish never saw his
experiment as an attempt to measure the gravisdtemmstant. He worked
entirely within a mathematical framework based oopprtions, whereas the
concept of a constant of universal gravitation caly be conceived within a
mathematical framework of equations and absolutasomements’ That
Cavendish tried to measure “l8j is therefore a textbook anachronism (Moreno
Gonzales 2001; Falconer 1987; Lally 1999; Junghiakd McCormmach, 2001,
p. 444, footnote 87). Unfortunately, the myth ov€adish ands has persisted,
not only in physics textbooks, but also in the satly literature (Kuhn 1996, pp.
27-28; Baigre 1995, pp. 113-116). In addition tdradsing the issue alluded to in
its title, Cavendish’ 1798 paper provided a measerd of the gravitational
interaction between laboratory-sized bodies. Casthgaper will be discussed
in detail in section 2. In nineteenth-century pbgsexperimental practice,
information on the probable error of an experimergsult, the stability of the

°In 1809 Cavendish published one more paper onrmenaf improving the division of
astronomical instruments (Cavendish 1921, I, @7-293). Cavendish’ 1798 paper is reproduced
in Cavendish 1921, Il, pp. 249-286.

1% cornu and Baille (seiefra) seem to have been one of the first physicists nwsisted on a
determination ofs in absolute term$Nous avons donc commencé par une étude compléte
de la balance de torsion, surtout au point de wasengsures absoluggCornu and Baille
1873, p. 957).



experimental environment, and the exclusion of retedisturbances became all
the more important (Gooday 1997; Schaffer 1995sku&995). In sections 3 and
4, nineteenth-century post-Cavendish experimentdwidiscussed and analyzed.
In the early to mid-nineteenth century, Cavenddglest for the mean density of
the earth continued as new experimental set-upsrapuses and physico-
mathematical treatments were excogitated to sbleessue at stake. An overview
of these researches will be provided in sectian &hich the work of Balily,

Reich, Cornu and Baille, Airy, Sterneck, Jolly aidsing will be discussed.
During the late nineteenth-century, the questherdensity of the earth would
ultimately lead to the introduction of the gravitet constanG.** An overview of
these researches will be provided in section #hith the experimental work of
Poynting, Boys, Braun, and Richarz and Krigar-Mémat be discussed. In
section 5, | shall, on the basis of the histormoaterial surveyed in the previous
sections, develop an account of the evidentialisagimce of this long-term
episode in the history of science. In the finalti®ec6, | shall conclude this essay
by clarifying the relationship between the post-Nm@vian experimental

methodology, which we have surveyed in sectiors4£2 and that of Newton.

. The Terminus a quo: Cavendish’ Paper on the
Density of the Earth

The apparatus

The apparatus set to use in Cavendish’ famous iexeet was a refinement of an
apparatus originally contrived by John Michell (2221793)"* who “did not

complete the apparatus till a short time beforedeeth, and did not live to make

1 DeterminingG accurately is quite difficult since it involvesetlabsolute measurements of time,
distance and mass (Chen and Cook 1993, p. 197).

2 Michell and Cavendish’s cooperation is discusselléCormmach 1968. On Michell, see:
Hardin 1966; Schaffer 1979; Gower 1982; DSB, IX, §p0-371. McCormmach’s forthcoming
biography of MichellWeighing the World: The Reverend John Michell afrmhill, will be a

welcome addition to the scholarly literature on M.



any experiment with it*® After his death it came into the hands of the dain
Professor at Cambridge, Francis John Hyde Wolla@&B X1V, pp. 484-486),
who, Cavendish wrote, “not having conveniencesriaking experiments with it,
in the manner he could wish, was so good as toigteeme” (Cavendish 1798, p.
469; Jungnickel and McCormmach 2001, pp. 441-48igure 1 shows a
longitudinal vertical section through the apparatod the roomGGHHGG in
which it was placed. Cavendish’ description of éxperimental set-up is to be
found in Cavendish, 1798, pp. 469-473.

Fig. 1. Cavendish’ apparatus (longitudinal vertical smtti Taken from Cavendish 1798, p. 526.
Courtesy of The Royal Society.

In order to guard against sources of error, thewaoeasuring 10 feet in height
and as many feet across, remained shut throughe@periment and the effects
were observed from outside of the room by meartsle$copesT) and lamps

(L), which were installed at both sides of the roaord which pointed to the
verniers placed inside the case (Cavendish 1798/1)*° In this way, the most
significant source of erroscilicetvariation of temperature, could be guarded
against significantly, according to Cavendish (CQaligh 1798, p. 471). Two
leaden ballx andx, which have a diameter of about two inches (ouaba8

cm), were suspended by the wiresfrom the arnghmhwhich is itself suspended
by the slender wirgl with a length of about 40 inches (or 1.016 m). Gitlee

'3 No draft material connected to Cavendish’ famoyseeament has surfaced so far
(McCormmach 1995, p. 22).

14 Useful discussion of the Cavendish experimert iset found in Titchmarsh 1966,
McCormmach 1995, McCormmach 1998, Falconer 199%hJangnickel and McCormmach
2001, pp. 440-450. However, it must be noted thadtrof the above accounts are not very
detailed when it comes to the specifics of Cavdmndialculations. In discussing Cavendish’
results, | shall preserve his original mathematieasoning, which appears somewhat archaic in
comparison to our contemporary tools of mathemegicenputation: just as Newton, Cavendish
used proportions only.

15Jungnickel and McCormmach note that in these éxat Cavendish “brought the earth into
his place of privacy, his home [in an outhouse laipGam Common], where he experimented on it
on his own” (Jungnickel and McCormmach 2001). OmeRaish’ personality traits, see
Jungnickel and McCormmach 2001, pp. 303-309; opl@Zian Common, see Jungnickel and
McCormmach 2001, pp. 324-331.



fact that the wire is sufficiently slender, “the saoninute force, such as the
attraction of a leaden weight a few inches in di@mevill be sufficient to draw
the arm sensibly aside” (Cavendish 1798, p. 468ye@dish computed that the
force by which the balls are attracted in propartio their weights is as 1 to
50,000,000 (Cavendish 1798, p. 470). To deterntiaddrce by which the balls
and the arm are drawn against the restoring forteeatwisted wire, the arm was
placed in such a way so as to enable it to mowefies a ‘horizontal pendulum.’
The armghmh measuring 6 feet (or roughly 1.83 m) consisted stender deal
rod hmhstrengthened by a silver wingh which “is made strong enough to
support the balls, though very light” (Cavendist98,7p. 472)° The two lead
ballsx andx are placed in the narrow wooden cABCDDCBAEFFE which is

set horizontally and which is supported by postedifirmly in the ground to
which it is attached to by four screw®).t’ The wooden case served to protect the
arm from air current&K represents a wooden rod, which, by means of aleend
screw, turns around the support and to which theddr wiregl is fastened. By
means oFK Cavendish could manipulate the position of the ginmmhfrom
outside till the arm settles in the required positivithout any danger of touching
either side of the case. The wgkis fastened to its support at the top and to the
centre of the arm at the bottom by brass clipshictvit is pinched by screws.
Two lead weight® andW are suspended from the copper rBdaindrR and the
wooden barr, which was in-between the rods. This devise walagd to the
centre pinPp which was attached to the ceiliriH of the room and placed above
the centre of the apparatus. Ppthe pulley MM, around which the colim was
attached so that one can alter the position oiitightsW andW from outside.

Figure 2 depicts a view from above of the instrutnen

'®1n an accompanying footnote, Cavendish pointedtmitthis set-up is easier to construct, meets
less air resistance and involves less complicadetbatations to ascertain how much the rod was
attracted by the weights.

in Figure 1, the longitudinal vertical sectiontbé apparatus, only two of the four screws are
depicted. All four screws are depicted on Figu(eezinfra). Cavendish noted that the box in
which the balls are moved is pretty deep “which asathe effect of the current of air more
sensible than it would otherwise be, and is a defach | intend to rectify in some future
experiments” (Cavendish 1798, p. 497).



Fig. 2. Cavendish’ apparatus (view from above). TakemfrG@avendish 1798, p. 527. Courtesy of
The Royal Society.

When the weight8V andW were in the first position — indicated by full éig —
they conspired in drawing the arm in the directii4 when the weights are in
the second position — indicated by dotted lingsey tattracted the arm in the
contrary directiorhw. Because in the second position the arm was deside in
such a direction as to make the index point taggadr number on the ivory slips,
Cavendish considered this as the “positive positiotiie weights.” The weights
W andW were furthermore prevented from striking the iastent by pieces of
wood, fastened to the wall of the room, which dtepweights as soon as they
come within one fifth of an inch (or 0.508 cm) b&tcase. Cavendish found that
“the weights may strike against them with consibkrdorce without sensibly
shaking the instrumeh{Cavendish 1798, p. 473 [italics added]). MoregVvg]n
order to determine the situation of the arm” (Cadeim 1798, p. 473), slips of
ivory, which were divided to a twentieth of an in@n 1.27 mm), were place
within the case, as near to each end of the arwowd be possibly done without
touching them. To the original slips on each sid®mius was added, which in its
turn was divided into five parts so that the positof the arm could be measured
to one 100th of an inch (i.e. to 0.254 mm). Oneedim is set to rest and its
position was observed, Cavendish moved the wel¢taadW closer to the balls
x andx so that “the arm will not only be drawn aside #i®y, but it will be made
to vibrate, and its vibrations will continue fogeeat while” (Cavendish 1798,
474).

Attempts to determine the density of the earth wegertaken prior to
Cavendish’ experiment with the torsion rod. A weikkd method consisted in
measuring the deflection of a plumb line in thenity of a large mountair® This
was the method which was used in Nevil Maskely(E782-1811) famous

experiment at Mount Schiehallion in Scotldiidn a short but acutely written

'8 This method seems to have been tried for thetfirst by Pierre Bouguer (1698-1758)
(Bouguer, 1749, pp. 372-373). See furthermore: Hw2007b, pp. 230-231. On Bouguer, see
DSB, Il, pp. 343-344.

9 5ee Maskelyne 1775 and Ranalli 1984 and Reeve&0@urther discussion. On the
Astronomer Royal Maskelyne, see DSB, IX, pp. 162-1Bavendish was involved in the

mathematical parts of Maskelyne’s (and Hutton'g)erkmental work on the matter (Jungnickel
10



paper, W.S. Jacob (1813-1862) pointed out thattheendish experiment is the
one which may be relied on as giving a good appnaton to the truth, within
limits or error (when conducted with proper precanif’ (Jacob 1857, p. 295). In

the Cavendish experiment “we are dealing with dishg masses whose amount

is exactly knowit whereas in the method promoted by Hutton “we may

approximately measure the mass of the moumthavethe surface, we do not

know how much may be added or abstratteldw and we have no right to

assume that the mountain is merely a detached mesté#sg upon the general

surface it will almost certainly haveootsdiffering in density from the
surrounding country” (Jacob 1857, pp. 297-298 [usclere added)]).

Measurements and their computation

After having provided the description of the experntal set-up, Cavendish
explained how he was about to determinepihiat of rest of a vibratioand the
time of vibration To establish the point of rest, it was neces$arpbserve the
extreme points of the vibrations, and from themcddtermine the point which it
would rest at if its motion was destroyed, or tbenpof rest, as | shall call it”
(Cavendish 1798, p. 474). To do so, Cavendish gbddhree successive extreme
points of a vibration and took the mean betweerfiteeand third of these
extremes, as thextreme point of vibration in one directiamme the one hand,
and, on the other, he took the mean of the extygomg of vibration and the
second extreme as tpeint of rest“for as the vibrations are continually
diminishing,” he observed, “it is evident, that thean between two extreme
points will not give the true point of rest” (Cawksh 1798, p. 474 He then

and McCormmach 2001, pp. 259-261). See furtherméugon 1779, in which he arrived at a
mean density of the earth relative to water of($.83), Playfair 1811, which contains a
correction of Hutton’s value into 4.55886 (p. 37a)d Hutton 1821, which contains Hutton’s final
determination of the density of the earth: 5 (pl)2®n Charles Hutton, see DSB, VI, pp. 576-
577; on John Playfair, s&SB |, pp. 34-36. The same method was again usefl56 {James
1856), which arrived at a value of 5.417 + 0.054.Naskelyne’s, Hutton’s and Playfair’s
contributions to the determination of the earthsam density, see furthermore Howarth 2007b,
pp. 231-233.

20 Additionally, Cavendish pointed out the followiritt may be thought more exact, to observe
many extreme points of vibration, so as to findgbet of rest by different sets of three extremes,

and to take the mean result; but it must be obgethat notwithstanding the pains taken to
11



determined the time of vibration by observing the extreme points of a
vibration and the times at which the arm arrivethvat given divisions between
the extremes, which were on different sides ofntiddle point and not very far
from it. From the above, he computed the middlepoi the vibration and, by
proportion, the time at which the arm comes to thiddle point. After a number
of vibrations he repeated this procedure and dd/itie interval of time, between
the arrival of the arm to the two middle points,thg number of vibrations, which
gives the time of one vibratid“To judge the property of this method,” on must
consider “in what manner the vibration is affedbgdhe resistance of the air, and
by the motion of the point of rest” (Cavendish 1,788476). Cavendish, however,
argued that in both cases the effect will be ingiBrable. First, “as the time of
coming to the middle point is before the middlgtad vibration, both in the first
and last vibration, and in general is nearly se,dfror produced from this cause
must be inconsiderable.” Secondly, insofar as thetmf rest can be considered
as moving uniformly, the time of two successiverattons “will be very little
altered; and, therefore the time of moving fromriddle point of one vibration
to the middle point of the next, will also be vdtile altered” (Cavendish 1798,
pp. 476-477). It is relevant to note that Cavenelisls a careful observer who was
very knowledgeable of the calibration of scientifistruments — in fact, he was
very active at times when the instruments of thgaR8ociety were being
calibrated® — and “in his experimental work he showed a thghounderstanding
of the theory of errors” (Jungnickel and McCormmadiel, p. 149, p. 174).

prevent any disturbing force, the arm will seldemain perfectly at rest for an hour together; for
which reason, it is best to determine the pointst, from observations made as soon after the
motion of the weights as possible.” (Cavendish 10&74).

2L cavendish notes that the error in the result ishmess, when the forces required to draw the
arm aside was deduced from experiments made ates@ehniment, than when it is taken from
previous experiments (Cavendish 1798, p. 478).

%2 see for instance Cavendish’s unpublished piecdifi§oPoint of Water, At the Royal Society,
April 18, 1766” (in Cavendish 1921, Il, pp. 351-34fHd Cavendish 1776. For further discussion,
see Jungnickel and McCormmach 2001, pp. 220-224.

12



“The” Cavendish experiment is in fact a concatematf seventeen related
experiment$? The specific determinations of the motions ofahm and the
times of vibration in each of these experiment$ mok be discussed: | shall
restrict myself to a discussion of the obtainedltesswhich Cavendish
summarized on page 520 of his paper, and their atatipn. The third and fifth
column contain the distances traversed by the ahttze times of vibration as
found in the seventeen foregoing experiments (gp&€3). The second column

shows the starting positions of the arm and thections in which it was moved.

Fig. 3. Summary of Cavendish’ measurements. Taken freame@dish 1798, p. 520). Courtesy of

The Royal Society.

What will be discussed, however, are the ways tipeements differed and the
procedures by which external forces were singldédlouhe first three
experiments, Cavendish used a copper silvered whigh, as he soon found out,
was not stiff enough so that “the attraction of weaghts drew the balls so much
aside, as to make them touch the sides of the ¢&se/endish 1798, p. 478).
However, he decided to make some experiments with order to make sure that
the vibrations were not produced by magnetism Hasmged the iron rods, by
which the leaden weights were suspended, for caoppes, and a result of this it
turned out that “there still seemed to be somecetiethe same kind, but more
irregular, so that | attributed it to some accié¢otuse, and therefore hung on the
leaden weights, and proceeded with the experimé@avendish 1798, p. 479).
Furthermore, Cavendish observed that:

if a wire is twisted only a little more than itsasticity admits of, then, instead of setting, &s it
called, or acquiring a permanent twist all at oriiceets gradually, and, when it is left at libeiity
gradually loses part of that set which it acquirgmlthat if, in this experiment, the wire, by hayin
been kept twisted for two or three hours, had galidyielded to this pressure, or had begun to
set, it would gradually restore itself, when |eftiberty, and the point of rest would gradually
move backwards; but, though the experiment wasatedgwice, | could not perceive any such
effect. (Cavendish 1798, p. 485)

% These were performed in 1797 on 6, 7, 12, and @juaét, 6, 18, and 23 September and in 1798
on 29 April, 5, 6, 9, 25-28, and 30 May. The papas read shortly afterwards, i.e. on 21 June
1798.
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In the experiments made thereafter, he replacedrigmal wire by a stiffer one.
In the fourth experiment, Cavendish observed td#ipugh, as in the previous
experiments, on moving the weights from positiveégative the effect of the
weights increased on standing, the effect dimirdshre moving them from
negative to positive. He then determined whethetlls or weights could have
acquired polarity from the earth’s magnetic fietdmhether magnets placed in the
vicinity of the case could alter the observed af€fifth experiment) (Cavendish
1798, pp. 490-491). Upon closer scrutiny, thesatpud causes indicated no
significant difference, according to Cavendish.fblend, however, that
differences in temperature did make a differenoeh{$o ninth experiment)
(Cavendish 1798, pp. 496-497). Next, he compareddsults when starting the
experiment with the index placed very closely te thse without touching it
(ninth to eleventh experiment), with the indextsusual position (twelfth to
fourteenth experiment), and with the index placexy closely to the case
without touching, but now in the opposite direct{@ifteenth experiment). Two
additional experiments concluded the observatidmsiwCavendish provided to
support his case. Cavendish’ experiments providemmation about two
important values: the motion of the arm and theetohits vibrations. In the
following paragraph, we will see how he came ughaih ingenious way to
determine the density of the earth relative todbesity of water in terms of the
observed values for the motions of the arm andithe of vibration — in the

remainder of his paper, these terms were denot&ldnd N, respectively.

Determining the density of the earth

Cavendish’ computation of the earth’s density assifthat the arm and copper
rods have no weight, and that the weights exegamsible attraction, except on
the nearest ball.” He added that he would examwieat corrections are
necessary, on account of the arms and rods, ane stirar small causes”
(Cavendish 1798, p. 509). Cavendish first deterththe force required to draw
the arm aside, which is determined by the timewabeation. He treated the
motion of the arm as a horizontal pendulum whicltérpared to the motion of a
regular (vertical) pendulum. This is a crucial teatof the experiment’s set-up:
because the balls are set in a plane orthogorhétdirection of the earth’s

gravitational field, Cavendish succeeded in elimntagravitation’s downward
14



pull from the experiment considerably. Becausedie&ance between the centres
of the two ballsx andW, is 73.3 inches, the distance of each from théreei
motion is 36.65 inches. Moreover, the length oeadulum vibrating seconds “in

this region” is 39.14 inches. Therefore,

if the stiffness of the wire by which the arm ispanded in such, that the force which must be
applied to each ball, in order to draw the armeasiglthe angle A, is to the weight of that ball as

the arch of A to the radiifé the arm will vibrate in the same time as a penaiuthose length is

36.65, that is, m/ second§5 and therefore, if the stiffness of the wire istsas to make it

vibrate in N seconds, the force which must be eﬂpld) each ball, in order to draw it aside by an
angle A, is to the weight of the ball as the arbhu — X ﬂto the radius [(*){°. (Cavendish

1798, p. 509)

As the ivory scale at the end of the arm is 38cB@s away from the centre of

motion and each division 5150 of an inch from the centre of motion, it subtends a

38.3 inch
0.051i

angle at the centre whose arcl;%rg, le. By filling in A'in (*), the forces

which must be applied to each ball to draw the haltle by one division, is to the

1 X 36.65

weight of the ball ag—- —— that isa

~ itis
766 N2 x 39.14’

required to find “the proportion which the attractiof the weight bears to that of
the earth thereon, supposing the ball to be platies middle of the case, that is,
to be not nearer to one side than the other” (Cdigarl798, p. 510). At this

point, Cavendish introduced a correction factor.ddserved that, “[w]hen the

4 \What Cavendish is stating here is equivalent yinsgthat the force restoring the pendulum’s
motion ;) to the vertical through an angle A is to the virtigf the ball times sin(A) (Falconer
1999a, p. 475a).

5 As in this case— is proportional to— it follows thatf is proportional to— If X; is 36.65

inchesx, is 39.14 inches angf is 1, it follows that, is proportional tof or, from what is

given, proportional tof 3 ii

% Insertion added. This is equivalent with sayirat tihe force exerted on the balis)(swinging
along a simple pendulum is to the restoring foﬁ;¢ds§. Because the restoring force is

proportional to the weight of the ballf) times sin(A) (see suprdj /W, is proportional to sin(A)
3665 1

>< — or to sin(A) x——x —
39.14 N2’
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weights are approached to the balls, their ceatres.85 inches from the middle
line of the case; but, through inadvertence, tkeadce, from each other, of the
rods which support these weights, was made equbetdistance of the centres of
the balls from each other, whereas it ought to men somewhat greater.As

a consequence of this, the effect of the weightiawing the arm aside is less
than it would otherwise have been, to wit, in éoraf 0.9779 to £ Each of the
weights weighed 24,390,000 grains or roughly 158%kghich is equal to the
weight of 10.64 spherical feet of water, i.e. egoahe weight of 10.64 times the
volume of a sphere of water with a diameter ofdt.fdhe radius of one spherical
feet of water is therefore 6 inches, as 1 foot &qL2 inches. Thereforéhe
attraction of a weight on a particle placed at ttentre of a ball at 8.85 inches

from the centre of that weiglst tothe attraction of a spherical foot of water on

an equal particle placed on its surfaae 10.64 x 0.9779 %)2 tol

Furthermore, the mean diameter of the earth iSODI0®0 feet and, therefore, if
the mean density of the earth is to that of waseD a0 1°° the attraction of a
leaden weight on a ball will be to the attractiointloe earth on that same bals

10.64 x 0.9779 %—)? to 41,800,000 D, i.e. as 1 to 8,739,000 @**).

Although Cavendish did not make this point explithis conclusion relied on
Newton’s law of universal gravitatiofi.Let Ry be the weight ofV on ballx, Fe
the weight of the earth on balland k.o the weight of the water sphere and let
the diameters (d), densitigg @nd radiuseg) be represented similarly. The ratio

% Baily pointed out that “yet it would have been meatisfactory to have known that no alteration
in that distance was perceptible during the whéli® series” (Baily 1843, p. 89).

8 This step follows from basic geometry. Since iéstly described and illustrated in Mackenzie
1895, p. 89, footnote *, | will omit further disagien of this step.

29 Assuming that 1 grain equals 64.79891 mg.

% Therefore D is proportional to the density of #aeth divided by the density of water. As will be

denoted here, D 7’1;:—0, or more succinctlyyezoy

31 Charles Hutton correctly pointed out that thearatiould have been 1 to 8,740,000 instead
(Hutton 1821, p. 287).

%2 Cf. Falconer 1999a, p. 475b. In his manuscriptickvare preserved at the Duke of
Devonshire’s (Derbyshire) library in Chatsworth lBeuCavendish did not seems to written
anything on the specifics of Newton’s methodologgréonal communication with Russell
McCormmach, 19 March 2010). On the status of tksarn Cavendish’ work and that of his
contemporaries, see McCormmach 2004, Chapter 3\Pp7.
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FH20 o re?
rH20? Fe

I;—V: is given by 10.64 x 0.9779(?%)2 X , Which is proportional to

dH20% de?
X

10.64 x 0.9779 {(8_25)2 X pH20% dH20? pe x de*’

. . Fw .
Now, since gho = 1 mch,% is

L__ xL which equals 10.64 x

. 6
proportional to 10.64 x 0.9779(?;_8—5)2 XW =

Fw 1 .
. ThereforeF .. ————. Previously, we have

6 1
0.9779 x(—)? x = X : .
8.85 D e 8,739,000 D

41,800,000
established that the force required to draw thetarough one division of 2.54
inch is to the weight of the ball as 1 to 818 N® (By dividing (**) and (***),
we establish thahe attraction of a weight on a ball is to the fenequired to
draw the arm through one division 2.54 irechiN2 to 10,683 Dfrom which it

follows that the density of the earth relativehie tlensity of water, D, is given as

2

where B is the number of divisions in hundredihan inch and N is the

10,683 B’
observed period in seconds. By adding correctiotofa (1) and (4), which are
discussed in the next paragraph, to the above fasr@avendish corrected

__to—and by this proportion he arrived at the valuesolumn 7 in
10,683 B 10,844 B

the table on Figure 3 (Cavendish 1798, p. 517).

Before Cavendish proceeded to compute the valtigeadensity of the earth

relative to the density of water on the basis efithlues of N and B he had

established in his experiments, Cavendish provaibedorrection factors:

[Flirst, for the effect which the resistance of dren to motion has on the time of the vibration; 2d
for the attraction of the weights on the arm: ud,their attraction on the farther ball: 4th, fbet
attraction of the copper rods on the balls and &t; for the attraction of the case on the bail$ a
the arm: and 6th, for the alteration of the attoacof the weights on the balls, according to the
position of the arm, and the effect which that tiaghe time of vibration. None of these
corrections, indeed, except the last, are of migihification, but they ought not entirely be
neglected. (Cavendish 1798, p. 511)

Cavendish computed that, (1) if the time of a Miorais given, the force required
to draw the arm aside is greater than if the archritaweight, namely in a
proportion of 11,660 to 11,262, i.e. ca. 1.0352 {brst correction factor: the
resistance of the arm to motio@avendish 1798, pp. 512-513), (2) that the power
of the weight to move the arm, by means of itsaation on the nearest part of it,

is 0.0139 of its attraction on the bakfond correction factor: the attraction of
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the weight on the arnCavendish 1798, pp. 513-514)3) that the effect of the
attraction of the weight on both balls, is to tbhits attraction on the nearest ball
as 0.9983 to 1iljird correction factor: the attraction on the faer ball

Cavendish 1798, p. 515), (4) that the attractiothefweight and copper rod on
the arm and both balls together is to the attraadicthe weight on the nearest ball
as 1.0199 to If@urth correction factor: the attraction of the qugr rods on the
balls and armsCavendish 1798, p. 515), (5) that the attractibtine case on the

balls cannot exceelelf% part of the weight and that the whole force is $sall

as not to be worth regardindifth correction factor: the attraction of the case
and the balls and the arn@Cavendish 1798, p. 515-517), and, finally, (et

“[i]f the time of vibration is determined by an eeqment in which the weights are

in near position, and the motion of the arm, by mg\the weights from theear

to the midway positigris d divisions, theobserved timenust be diminished in
[...]in the ratio of 1 —1% to 1,4 (6b) that in order to correct “the motion of the

arm caused by moving the weighitsm a near to the midway positioor the
reverse observe how much the position of the arm diffese 20 divisions,
when the weights are in the near position: let bieis divisions, then, if the arm at

that time is on the same side of the division oa&Q@he weight, thebserved
motionmust be diminished by thlzesng part of the whole; but otherwise, it must be

as much increased™and (6c) that “[i]f the weights are moved frame near
position to the otherand the motion of the arm igl #ivisions, theobserved

motionmust be diminished by thlzesng part of the whole”gixth correction factor:

the effect of the alternation of the attractid@avendish 1798, p. 519 [italics
added])*

Given the formula which Cavendish had obtainedaloudate the density of

the earth relative to the density of water, %%Iﬁ , Where N is the (possibly

33 cavendish furthermore noted: “It must be obserteat, the effect of the attraction of the weight
on the whole arm is rather less than this, agdtitacion on the farther half draws it the contrary
way; but, as the attraction on this is small, imparison of its attraction on the nearer half, dym
be disregarded.” (Cavendish 1798, p. 514).

% See entries 7 and 14 in column 6 of the tableégnre 3.

% See entries 1-7, 12, 14, and 16 in column 4 ofdbke in Figure 3.

% See entries 13, 15, and 17 in column 4 of thestabFigure 3.
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corrected) time of vibration expressed in secomisEathe (possibly corrected)
motion of the arm expressed in twentieths of ah,ihe could compute D as
inferable from each experiment. The results ofeélmsnputations are to be found
in column 7 of the table depicted in Figure 3.Ha toncluding section to his

paper, Cavendish recorded:

From this table it appears, that though the expamisiagree pretty well together, yet the
difference between them, both in the quantity ofiomof the arm and in the time of vibration, is
greater than can proceed merely from the errobeénvation. As to the difference in the motion
of the arm, it may very well be accounted for, frtira current of air produced by the difference of
temperature; but, whether this account for theedéffice in the time of vibration, is doubtful. I&th
current of air was regular, and of the same swéfria all parts of the vibration of the ball, Irtki

it could not; but as there will most likely be mudtegularity in the current, it may very likely be

sufficient to account for the difference. (Cavehdlg 98, p. 521)

Next, he derived an average of 54®r the density of the earth relative to the
density of water and noted that “the extreme regidt not differ from the mean
by more than ,38, or 1/14 of the whole, and theeetbe density should seem to
be determined, to great exactness” (Cavendish ¥ %21). By doing do, he had
succeeded in determining a previously “impondergbiantity” (Hacking’s
terminology; Hacking 1983, p. 236). Thereafterwsded off two possible

objections:

[1] It, indeed, may be objected, that as the remutears to be influenced by the current of air, or
some other cause, the laws of which we are notawegjlainted with, this cause may perhaps act
always, or commonly, in the same direction, andehy make a considerable error in the result.
But yet, as the experiments were tried in varioeativers, and with considerable variety in the
differences of temperature of the weights andaaid with the arm resting at different distances
from the sides of the case, it seems unlikely tthiatcause should act so uniformly in the same
way, as to make the error of the mean result negyhal to the difference between this and the
extreme; and, therefore, it seems unlikely thatdimesity of the earth should differ from 5,48 by

so much as 1/14 of the whole.

3" The third value on column 7 on Figure 3 shouldehlbgen 5.88 instead of 4.88. As a
consequence of this, Cavendish’ mean result shuaid been 5.448 (Baily 1843, p. 90).
Interestingly, in Proposition X of Book Ill, Newtdrad noted that “it is likely that the total
amount of matter in the earth is about five ortenes greater than it would be if the whole earth

consisted of water” (Newton 1999, p. 815).
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[2] Another objection, perhaps, may be made to thgseriements, namely that it is uncertain
whether, in these small distances, the force ofigrdollows exactly the same law as in greater
distances. There is no reason, however, to thiakahy irregularity of this kind takes place, until
the bodies come within the action of what is catleglattraction of cohesion, and which seems to
extend only to very minute distanc@éth a view to see whether the result could beaéd by

this attraction, | made the 9th, 10th, 11th, anth Experiments, in which the balls were made to
rest as close to the sides of the case as thegl;doutl there is no difference to be depended on,
between the results under that circumstance, arah Wie balls are placed in any other part of the
case. (Cavendish 1798, pp. 521-522 [numbering tafids added])

Finally, when pointing to the discrepancy betwesndwn result and that
obtained by Maskelyne, Cavendish concluded hismpajtle the words: “But |
forbear entering into any consideration of whickedmination is most to be
depended on, till I have examined more carefully lnouch the preceding
determination is affected by irregularities whoseumities | cannot measure.”
(Cavendish 1798, p. 522). Cavendish’ last paperatéi®#mendous importance
for “it brought the precision of astronomical obsdron down to earth, to
experimental science” (Jungnickel and McCormmadbil2@. 450). By means of
his experiment, Cavendish had not merely determinedanean density of the
earth, more importantly, he had providetest for the universality of Newton’s
theory he had shown that the law of universal gravitaholds “in these small
distances” and, hereby, he had provided evideratdttle law of universal
gravitation holds at smaller distances than celksties. Obviously, he did not
provide a test for the gravitational inverse-squave(Lauginie 2007, pp. 126-
127)In short, he had demonstrated tiodust® gravitational interactions occur

between terrestrial bodies.

. Post Cavendish Determinations of the Density of
the Earth

The publication of Cavendish’ paper on the mearsidgof the earth, drew
scholarly attention in Europe, particularly in Ezugtl, Germany and France.

Accounts of Cavendish’ experiment were soon publisihn German in 1799 and

3 n the sense that they were shown tanglependenfrom the surrounding variations in

temperature or air currents. See the discussi@alison 1987, pp. 2-3.
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again in 1827 (Gilbert 1799 and Muncke 18%7and in 1815 a complete French
translation of Cavendish’ original paper appeaf@adofmpré 1815). Occasionally,
his results were contested, as will be shown intvigilws *° Most scientific
attention, however, was devoted to improving Caismndesults, i.e. to
excogitatingmore reliable measurement techniguesconstructing variant and
different experimental apparatuseghich suffered less from external
disturbances than Cavendish’ original torsion tband tointroducing new
idealization4? of the phenomena under consideraftbm addition to torsion and
plumb-line experiments, new methods for determinireggdensity of the earth
were established during the early nineteenth cgntoost notably, by means of a
regular pendulurfi* by comparing the swings of pendulums near andbéie

surface of the earth, and by means of a commom&af& Rather than providing

%9 See Gilbert 1799 and Muncke 1827. In Yheredeto the first volume oAnnalen der Physik
(1799), the first editor of the journal, L.W. Gillbehad praised the experimental results in
Cavendish’ 1798 paper for their exactness (Junghimhd McCormmach 2001, p. 456). In 1806
Heinrich Wilhelm Brandes (1777-1834) derived a aariformula to establish the time of
oscillation more precisely (1806, p. 301, p. 31). Brandes, s€@SRB II, pp. 420-421. A useful
work on the history of geodesy in Germany is Td2§69

“9In Hutton 1821, Cavendish was accused of sevatali@ation errors. However, much of
Hutton’s criticism was simply mistaken (see Bail¢B&or ample discussion).

4 Compare with Baigre’s analysis of post-Cavendigieements in terms of continually
addressing residual phenomena (Baigre 1995, p. 119)

42 My favourite quote on scientific idealization imetcontext of the determination of the mean
density of the earth is the following: “Now nonetbése methods give the mean density as a direct
result; for the result obtained, the earth’s tatiiaction, isg x the sum of (all the particles
respectively by the squares of their distancedgatsofg x (the total mass divided by the square
of the radius or mean distance): and to assumedtality of these, is to assume the earth to be a
sphere, and to have its matter arranged in coricesfitells or layers of equal density throughout
each layer, both of which we know to be untruedc@b 1857, p. 296).

“In their case-study, Baird and Faust have empaddsimat the accumulation séientific
instrumentsandinstrumental techniquesre important factors for scientific progress (Baind
Faust 1990, esp. p. 170, p. 172).

*“ See Poynting 1894, pp. 22-40, for further disaussif particular experiments performed by this
method, and Howarth 2007a, for discussion of tie obthe pendulum in early geophysics.

> Howarth notes: “The first systematic measuremehthe force of §ic] Earth’s gravity field in

the eighteenth century began as an essentiallyegiecekercise, with the aim of providing an

alternative, and perhaps more precise, route foidgfthe Figure of the Earth than that provided
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a complete overview of all nineteenth-century ekpents on the determination
of the density of the earth agj in this and the following section | shall provide
detailed overview of the most significant developisean these areas of research.

| start my analysis by discussing Cavendish-liksitm experiments.

Post-Cavendish torsion experiments: 1843-1873

In 1843 Francis Bailf (1774-1844) recorded that Cavendish’ aim in hig8L7
paper “appears to have been more for the purposehilbiting aspecimerof

what he considered to be an excellent method einehriing this important
inquiry, than of deducing a result that shouldd&im to the full confidence of
the scientific world” (Baily 1843, p. 8).He emphasized that Cavendish’ results
were approximate and few in number. For this redlserRoyal Society had set

out:

not merely to repeat the original experiments af€NDISH in a somewhat similar manner, but
also to extend the investigation by varying the nitagle and substance of the attracted balls — by
trying the effect of different modes of suspensidny adopting considerable differences of
temperature — and by other variations that mighgumgyested during the progress of inquiry.
(Baily 1843, p. 10)

Just as Cavendish had done, Baily performed therarpnts in a room of his
private house — 37 Tavistock Place in London. Hi@duced an ‘inverse’
Cavendish torsion rod and determined the timeshwation and the resting points
in a different way. Most importantly, whereas Cadish (and Reich (183%) had
suspended the masses from above and supporteatsfentfrom below, Baily
reversed thenodus operandiAn inverted T-shaped mahogany box, which
contained the suspended torsion rod, was attachie tceiling by “a very stout
plank.” By means of several strong iron screw haéssing through the ceiling,
the plank was made the firm support of a triangulaoden frame (see Figure 4a)

by arc-length measurements. This was accompaniedkegn interest in obtaining a value for the
mean density of the Earth.” (Howarth 2007b, p. 255)
“0on Baily see Miller 1986 and Ashworth 1994.
4 Baily refers to Cavendish 1798, p. 522 to backispclaim. An extended abstract of Baily’s
paper appeared under the same titlehilosophical Magazinél1842).
“8 In this essay | shall not go into the details @icR’s first paper on the mean density of the
earth. Reich’s second paper on the matter willibeudsed in what follows.
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(Baily 1843, p. 11). Baily recorded that “[t]he whlaf the mahogany box is
completely insulated from every part of the fran@ky and from any contact
with those portions of the apparatus that are eficonsequently remains
undisturbed either by walking about the floor, byrking the masses, or by any
other commotion within the room.” (Baily 1843, @)2° Below the centre of the
mahogany box, a solid wooden cross piece was fisoigwed to the floor (see
Figure 4b), “on which has been raised a circulami work, embracing and
supporting a copper ring; within which ring a largend wooden pillar moves on
an iron pivot, which bears upon a small metal oiiggily 1843, pp. 11-12). On
top of the pillar, a deal plank was fastened hantathy, which supported two

large leaden balls or masses, which were firmlgdionto it:

The height of this pillar has been so construded the centres of the masses should be placed in
the same horizontal plane (or nearly so) as thanhded to be the plane of the centres of the small
balls alluded to. On the upper surface of the plankl as nearly as possible in the centre of
motion, a round piece of ivory, about one inchignakter, has been inlaid. The centre of motion
having then been accurately determined, two blaggsclines were so drawn on the ivory that

their point of intersection always indicated itsion. (Baily 1843, p.12)

In order to minimize the “influence of any accidardr sudden change of
temperature in the room,” (Baily 1843, p. 13) atagonal wooden frame was
built around the horizontal portion of the mahogany and the support of the
leaden balls (see Figure 4c). Baily remarked tfrgbthing can exceed the ease,
the steadiness, and the facility with which thesge bodies are moved: and
during the many thousands of times that they haes burned backwards and
forwards, | have never observed the least devidtmm the most perfect
accuracy” (Baily 1843, p. 15).

Fig. 4a-c (left toright : a, b, ¢). Francis Baily’s torsion-rod experiment. TakemftBaily 1843,
p. 11, p. 12, p. 13, respectively. Courtesy of Riogal Society.

“9 The torsion box was furthermore lined with tinl fevhich was connected with a copper wire
that communicated with the ground for the purpdseaaying off any slight electricity that might
exist in the box (Baily 1843, p. 19).
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Baily experimented with small balls of six diffetenaterials (platinum, lead,
zinc, glass, ivory, and hollow brass) and diameseis he used different modes of
suspension of the torsion rod, “one by meanssihglecopper wire, as practiced
by CAvENDISH and ReicH; the other by means dbublelines, as proposed by
Gaussin magnetic experiments,” (Baily 1843, p. 26) amcsion wires of varying
length and material (silk, brass, iron) (Baily 184p. 24-31). With respect to the

support to which the suspension lines, Baily reedrd

Before | close this account of the suspension Jiheannot but advert to the firmness and stability
of the support to which they were attached. In otdesatisfy myself on the requisite point, at the
time of the original construction of the apparatusade various attempts to create a sensible
disturbance in the motion of the torsion rod, bysiag the doors to be frequently and violently
slammed — by jumping heavily on the floor of themo— and alsabovethe ceiling — and in other
different ways, having a similar tendency: buthininstance could | observe the least effect upon
the lateral motion of the rod. | have also freqlyetited the same experiment, when different
visitors were present, since the apparatus hasdmapleted: and have moreover many times not
only accidentally, but also designedly, made alageries of experiments for determining the
Density of the Earth, during the most violent sterttmat | have ever witnessed, when the wind has
been so boisterous, and blowing in such guststlieatouse has been shaken to its centre. But in
no instance have | ever seen the least disturliaribe lateral motion of the torsion rod, nor any
difference produced in the results of the experisign..] But a moment’s consideration will
convince a person conversant with the subject,rtbdincingmotion of the suspension line, even
if it did exist, would tend to produce an irregulaeral or angularmotion in the torsion rod; and
this is the only anomalous motion we need guarihag® There is also another remarkable
circumstance with this subject, which | think itesite likewise to place on record. When the
torsion rod has been in a state of repose, | haggiéntly shaken the torsion box, by rapidly
moving the ends backward and forward from sidéde S0 or 60 times or even more: but | could
never discover that this disturbance of the boxseduhe least motion in the torsion rod, which
still retained its stationary position. [...] Yet mothstanding this torpid state of the torsion rifd,
the slightest change of temperature be appliedtheaideof the torsion box, or if eithesidenear
the balls be sprinkled with a little spirit of winthe torsion rod is immediately put in motion and

the resting point undergoes a rapid change. (B&H#3, pp. 30-31)

%0 At this point, Baily inserted the following footte “On one or two occasions, when a very fine
wire and the heaviest balls | have used, | haveedia slightremblingof the torsion rod, when a
loaded wagon has been passing the house. But glitthis motion was closely and designedly
watched, | never could discover the lemstjular deviation in the torsion rod. And it may be
proper to add that no trembling agitation of thisdktook place when violent storms and gusts of

wind blew against the house: nor have | since ofeskethe occurrence here alluded to.”
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Baily noted that Cavendish’ (and Reich’s) experitagget-up suffered from the
unprotected state of the torsion box: “[ijn botlseathe masses were brought up
almostcloseto the outer side of this wooden shaft, but withetually touching

it: but no mention is made of the application oy amtervening substance to guard
against a change of temperature on the approdtie ohasses” (Baily 1843, p.
35). In order to screen off this source of anomBhji]y made sure that the
surfaces of the masses could not approach th@mopsix nearer than about an
inch, “conceiving that this increased distance widag a sufficient protection,”
(Baily 1843, pp. 38-39) and gilded the massesthierpurpose of preventing the
effect of [heat] radiation, from whatever sourceight arise” (Baily 1843, p. 41).
In a period of eighteen months, Baily performedrlyeh 300 experiments.
Although many of them were made with a view to disr the anomalies caused
by differences in temperature, some 1,000 expetisneare used to determine the
mean density of the earth. Baily, nevertheless,iiedthat discordances
occasionally occur, “which cannot wholly be attitidxdi to change of temperature,
but to some other occult influence with which we at present unacquainted”
(Baily 1843, p. 44).

Baily’s procedure for determining the times of \@bons was more accurate
than the one put to use by Cavendish: whereas @alrewas contented with
determining the time of a vibration for a wholeissrof changes in the positions
of the masses for a single experiment — therehynaisg) that the times of
vibration are constant, Baily determined the tirhgibration for every change of

position of the masses in an improved way (Bail¢3,%. 50, pp. 51-56) He

L See especially: “@/ENDISH always took thesecond meanf the extreme points as the true
position of the resting point: and always compdrisdast true resting point in one experiment,
with thefirst true resting point of the next succeeding expemirmfer the purpose of determining
the deviation [...]. [...] For @vENDISH always continued the motion of the torsion roddor
indefinite period after the determination of thetieg point for the deviation, and deduced the
mean time of vibration from observations made atlibginning and end of that period: not
perhaps bearing in mind that, during that peribd,ttme of vibration might be (as, indeed, it often
is) subject to change. Whereas, on the contrdrgyé always considered the true time to be that
which occurs during the motion of the very vibragdhat are employed for determining the
resting points; having had frequent experienceudtlen changes in the time of vibration, without
any apparent cause: which changes, though perlogdways very great, might sometimes

sensibly affect the results, of not carefully atted to.” (Baily 1843, pp. 55-56).
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used a similar procedure for determining the rggpoints (Baily 1843, p. 52).
Baily also computed the probable errBj ¢f the performed experiments by

means of the formulg = g x 0.674489 (wher8is the sum of the squares of all

single experiments minus the square of the genaeah result of the whole
multiplied by the number of single experimenty) ((Baily 1843, pp. 84-85Y
Baily’s method of determining the earth’s mean dgnsgas totally different from
Cavendish’. His computations were derived fromréeseof analytic formulae
provided by the Astronomer Royal, George BiddelyAiL801-1892§° (Baily
1843, pp. 99-111), which assumed that the weigtwsived occuin vacuo™

Basically, Baily-Airy provided a more complex eqgoatfor Cavendish’ D ::NT;

. 3 L i E _N?
proportion>® namely: D = x - x - x = x—, where
4 GXRXx(1+M _((T_ s)x coszlat.)) h F B

®2 The introduction of experimental error was a tgpitineteenth-century development (Home
2003, p. 373).

>3 On Airy, seeDSB I, pp. 84-87.

> Baily computed the weiglim vacuo(\W,) on the basis of the weights as measured in air

. specific gravity of air
m = x[1+ ¢
(W,) with the formula W= W, x [1 Cpecific gravity of the body

theoretical paper published in 1840, Luigi Fedehtenabrea (1809-1896) provided a

)] (Baily 1843 p. 113). In a

series of analytic formula on the basis of whiok density of the earth could be
computed. Cf.Menabrea 1840p. 312: “C’est pour cela que je me suis propneg,point

de refaire les calculs numériques de I'auteur,uang présenterait pas d'intérét, d'autant
plus gu'il s’agit en Angleterre de procéder a davadles expériences de ce genre, mais
de reprendre cet intéressant probleme de physapugels point de vue purement
analytique, pour déduire des équations primitivesnduvement, les formules qui servent
a déterminer la densité de la terre.” Menabreasddranalytic formulae which took the
resistance or the air and the spherical shapeeaddrth into account. On Menabrea, see
DSB IX, pp. 267-268.

*> P F.J. Gosselin derived a variant formula whicpregsed the mean density of the earth relative

to the density of water (D), namely: DQM where T is the time of vibration ands

1000n

the motion of the arms (Gosselin 1859, pp. 482-4B&)eriving this formula, Gosselin relied on a
value for the earth’s surface gravgyi.e. “la force accélératrice [de la terre] [...Jigollicite cette
massm' située a la surface du globe terrestre,” of 9180 (Gosselin 1859, pp. 475-476).
Gosselin’s formula gave slightly higher values ibthan the one used by Cavendish'. On the
basis of the above formula, he determined thairtean density of the earth equals 5.69 (actually:

5.6825) (Gosselin 1859, p. 485).
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L

- x L xZ (Baily
GXRx(1+M —((7— e)x coszlat.)) h F

the overall constant equai-ls: X

1843, p. 54, p. 117). The second part of the cahsta
L
GXRx(1+M —((g— s)x coszlat.))

, Where L = the length of a seconds pendulum @t th

latitude at which the experiments were performadihches, G = the number of
grains in one cubic inch of water, R = the earfiotar axis in inches, M = the
proportion of the centrifugal force at the equatothe gravity there, i.e. nearly
1/289,¢ = the earth’s ellipticity, i.e. nearly 1/300, arad. |= the latitude of the
place at which the experiments are performed, digubonly on the dimensions

of the earth and the second pendulum and it ctnéicefore be considered as
being constant (Baily 1843, pp. 110-111). The tlplamti wherei = the distance
of the index from the centre of the small ball, L& inches? andh = the value

for one of the divisions of the index’ scale, izflg.depended on the dimensions of

the apparatus only and it could likewise be considi@s constant. The first three

parts give rise to a general constant (Baily 1§43,117-118). The fourth part of
the constantf;, where E = the moment of the force of attractind & = the

moment of inertia, constituted a special constaritivdepends on the weight and
diameter of the small balls and on the weight amgjth of the torsion rod

employed, respectively (Baily 1843, pp. 118-120)e Tinal part of the general
formula,NEZ, is to be established by experiment.

The mean result of this large body of experimeatged value of 5.6747 for
the mean density of the earth with a probable et&.0038 (Baily 1843,
cexlvii). As we have seen, Baily improved upon Galish’ procedures of
eliminating external sources of disturbances. Myecifically, Baily ensured the
stability of the mahogany box and the suspensisliadded an octagonal frame
to protect the apparatus from variations in temipeea used balls of different
materials, and experimented with both single andbtiosuspension wires. He
also computed the times of vibration and the rggtiints in a more accurate way
and based his conclusion on a very large body taf. dadditionally, he introduced

** However, Baily notes that whenthe observed distance, is not exactly equal tmdies the
distance should be correctedﬁy(Baily 1843, pp. 119-120).
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a more complex approximation for Cavend'r%héxpression and determined the

margin of error of the obtained experimental redDéspite these improvements,
Baily pointed out that occasionally unexplainecctipancies occurred which he
ascribed to an “occult influence with which we atg@resent unacquainted.”
Accordingly, in a series of papers published inXB&0s, Marie-Alfred
Cornu (1841-1902), who was Professor of Experimditgsics at th&cole
Polytechniquen Paris, and Jean-Baptistin Baille (1841-1918)pwlas Professor
of Optics and Acoustics at tifiole de Physique et de Chimie Industrieites
Paris and a close friend of Paul Cézanne and E#ule, provided a correction to
Baily’s results’’ They pointed out that Baily did not sufficienthke into account
a systematic error caused by the inversion of ttnaciing weights on their
pivot,”® which caused some minute trepidatiohsloreover, Baily himself never
succeeded in accounting for the decrease of theeval the mean density of the
earth whenever heavier balls were used. Cornu ailte Bioted that Baily’s
assumption, that the last elongation for one pmsitif the masses may be taken as
the first for the succeeding position, was the eaxfghis. As a result of this, the
centres of swing are too high in the negative pmsiénd too low in the positive

one (Poynting 1894, pp. 55-56). Once the requicetection was applied to

> The opening sentence of their paper goes as feiltdepuis la découverte de la loi de
I'attraction universelle par Newton, un problem@énmental d’'une grand importance s’est
naturellement posé aux astronomes et aux physj@esesvoir: la détermination de la valeur
numeérique de la constante qui exprime I'attracté&siproque de deux unités de masses placées a
unité de distance.” (Cornu and Baille 1873, p. 98dthough they clarify the relation betweén

and the density of the earth)(— by supposing a spherical approximation of t#w¢he— and

provide a corrected value far, no exact determination & was provided. On Cornu, sB&SB

I, pp. 419-420.

*% See: “Ces études nous ont conduits & reconnaitie lds expériences de nos devanciers des
causes d’erreurs systématiques, qui, dans les\atigars de Baily en particulier, ont eu une
influence trés-marquée.” (Cornu and Baille 1873G0).

%9 See: “lors de l'inversion des masses trés-pesébéfskilogrammes) et leur arrive sur les
buttoirs, il se produit inévitablement des trépinias et des chocs qui se transmettent partiellement
au levier par l'intermédiaire de I'air ou la suspiem: il s'introduit donc de nouvelles forces”

(Cornu and Baille 1878, p. 701).
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Baily’s result, Cornu and Baille obtained 5.55 fas torrected value for the mean
density of the earth (Cornu and Baille 1878, p-702)%°

A Post-Cavendish pendulum experiment: 1852

In 1852 Ferdinand Reich (1799-1882), who was Psaofiesf Physics at the
Bergakademie Freiburgpublished the results of a series of experimeatsad
performed to determine the mean density of thenedtte method of processing
the observations was similar to that of Baily (Rel&52, p. 390). However, the
apparatus Reich used was entirely different (sger€i5) (Reich 1852, pp. 392-
394). Reich used a single tin massuspended along a silvered copper wire of
2.270 m. In order to prevent any air circulatidre space between the moveable
axis of suspension, which pivots on an endlesss@aed the upper part of the
surrounding cas€D was filled with a pouch with cotton lining. Theater part of
the case was cylindrical and surrounded by a hoté&aurntable, which could be
turned 180° and on which the masss placed. Reich established a value of
5.5832 = 0.0149 for the mean density of the e&#ich 1842, p. 418). In order to
determine the degree of influence of (dia)magnettsrexperimented with a
diamagnetic attracted mass of bismuth and an &ttamn mass, which gave the
following values for the mean density of the earéispectively: 5.5333 + 0.0403
and 5.6887 + 0.0312 (Reich 1842, p. 422, p. 42&8)h& than making any rash
conclusions on the basis of this, Reich insistetuture research on the mattér.
The significance of Reich’s experiment lies in thet that it corroborated
Cavendish’ result by using a different experimenfgaratus. As we shall see in
the following subsection, not all experimental sps were adequate to determine

the mean density of the earth.

Fig. 5. Reich’s experimental apparatus. Taken from R&&%P2, p. 394.

% Details on their calculations are lacking. Forigfdescription of the main features of the
experimental set-up, see Cornu 1891.
®1n fact, he wrote: “Jedenfalls diirfte sich abeyetren, dass zwischen der Bleimasse und der
Zinnkugel stérende magnetische oder diamagnetidtiHaingen nicht anzunehmen sind.” (Reich
1842, p. 426). On probability and experimental emcearly nineteenth-century physical science,
see: Olesko 1995, esp. pp. 105-117.
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Post-Cavendish pendulum experiments near and below the surface
of the earth: 1856-1885

The aim of performing pendulum experiments abowkk@low the earth’s

surface is to infer the earth’s mean density orbss of the observed difference
in the rates of two invariable pendulums, one atttp and the other at the bottom
of a deep shaft, which were set to swing simultasho In order to do so, G.B.

Airy ® established the following formula for determinihg mean density of the

3c

earth:g = (1++‘C+G) where D = the mean density of the earth’s sp?f’elﬁa,: the
2,8

radius of the earth’s spheks= the mean density of the outer spherical sheh wi
a thicknesg (equal to the depth of the mine) which surrounasearth’s sphere,
G = the pendulum’s gravity at the bottom of the eniandg = the pendulum’s
gravity above the mine (Airy 1856, p. 29)As ¢, R andd — Airy took to latter to

be 2 — are known, we only have to estabglsWhich Airy computed to be

1.00005185 + 0.00000019, in order to determine Dy(A856, p. 330). By filling
in the parts of the equation, it follows that D 5@5 + 0.0182 (Airy 1856, p.
342). The Achilles’ heel of Airy’s result lied ihé¢ uncertain value for the mean
density of the outer spherical shelk- moreover, his result was dependent on
both the accuracy of the pendulums involved ancthlgty of the observers
involved to make observations with considerableigren. In the same paper, to
which we have already referred previously, Jacahtpd out that “Mr. Airy has
indeed shown that, in the case of his experimerg,sufficient if we know, as
regards the upper shell, the form and density af portion which is in the
immediate neighbourhood of the place of observatiothout attending to

irregularities of distant parts; but he e shown that variations of density

%20n Airy, seeDSB I, pp. 84-87 andDSB I, pp. 24-26.
83 Airy’s approximation supposed that the earth’sifegwas that of sphere and that it consisted of

homogeneously concentric spherical shells.

. . . . 6D _6G D R
® Furthermore, the errod)in D caused by an error in G is giverass— x— X —.
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belowandnearto his lowest station would not sensibly vitiate hesults’ (Jacob
1857, p. 296 [underscore addet]).

The goal of the experiment performed by Robert {etlsky)von Sterneck
(1839-1910f° at the Adelbert shaft inforam (B6hmen) in 1883 was identical to
Airy’s experiments, namely “aus den Unterschieden@thwingungszeiten eines

Pendels auf der Erdoberflache und in verschied&refan unter derselben die
Aderungen der Schwere im Innern der Erde mit zurmeitar Tiefe zu
bestimmen” (Sterneck 1883, p. 59)The motion of the two pendulums was
simultaneously observed in comparison to the sdowk evhich was installed at
the surface of the shaft and which was connectaddnns of an electrical circuit
to the two clocks accompanying each of the pendsil(8terneck 1883, pp. 68-
69). The accuracy implied thereby was a major adeam comparison to Airy’s
method. In order to compute the mean density oedrth, Sterneck used the
same formula Airy had previously relied on — Steknestimated the value dfto
be 2.75 (Sterneck 1883, p. 90). When filling in themula Sterneck arrived at the
following determinations of D, i.e. the mean depsitthe earth: 5.71 at 516
meters, 5.81 at 747.9 meters, and 5.80 at 972.érseélow the surface, which
gives a mean of ca. 5.77 (Sterneck 1883, p. 89172 Two year later, Sterneck
performed similar experiments at the Abraham shdfreiberg. On the basis of
the experiments collected there, he computed tle@ximg values of D: 5.66 at
97.42 meters, 6.66 at 257.04 meters, 7.15 at 41Me26rs, and 7.60 at 534.08
meters below the surface (Sterneck 1883, pp. 1432 Despite the

65 Compare with Poynting 1894, p. 621: “All to thethmds which | have so far described use, as
you will have noticed, natural masses to compagestirth with, and herein lies a fatal defect as
regards exactness. We do not know accurately theitgeof these masses and what is the
condition of the surrounding and underlying str&te can really only from at best rough
guesses.”

% Sterneck was Major-General at the Militar-geogisgine Institut in Vienna.

67 see Brillouin 18950r useful discussion and additional illustrations

% At the end of his paper, Sterneck hypothesizetttttamean density of the outer shell varies as
the distance only (Sterneck 1883, pp. 91-92).

%9 Based on the computed values for D and the teriyperemeasurements he had simultaneously
performed, Sterneck suggested that the increageaeity with increasing depth is nearly
proportional to the increase of temperature (Stkri883, pp. 117-119). Poynting, however,

correctly noted that we should ascribe the incredggavity with depth to underground variations
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improvements Sterneck made in comparison to Aisy/résult was equally liable
to error caused by the uncertain value for the naegsity of the outer spherical
shell. In this context, Henry J. Poynting adequapelinted out that “[t]he true
value of experiments on gravity below the earthidace would appear to lie not
in their use to determine the mean density of dréhebut rather in their
indication, by anomalies, of irregularities in digy#n the region round the place
of the experiment” (Poynting 1894, p. 38; cf. Rad&87, p. 237). In other words,
the method followed by Airy and von Sterneck introed a considerable
uncertainty with respect to the computation ofalteactive forces. Cavendish’
method did not suffer from this problem — howekre to the sensitivity of the

apparatus successful ways to eliminate disturtonges had to be sought f&r.

Post-Cavendish experiments with the common balance: 1881

The first detailed common balance experiment sdernave been performed by
Jolly. In 1881 Philipp J. G. von Jolly (1809-1884had devised an experiment
using a common balance by which he sought to medkarincrease in weight
with decrease of the distance from the earth’saserfHe used a balance in which
in each of the two pans two identical 5 kg sphemsch were filled with

mercury, were placed. Two additional scale pansaich of which an air-filled
sphere of equal volume to that of the mercurydilépheres was put, were
suspended to each of the pans above (for the sistl Jolly 1881, pp. 332-333).

in density. “In our ignorance of the conditionsdwelthe lowest level yet reached in mining, there
is no difficulty in accepting the explanation,” bemmented (Poynting 1894, p. 36).

o Wilsing wrote: “Darum bezeichnet die Coulomb’sdrinding der Torsionswage und ihre
Anwendung auf das vorliegende Problem durch Caséneinen erheblichen Fortschritt zur
exacten Losung des Problems. Bei der grossen Edfigfikeit dieses instruments konnte namlich
die Anziehung wenige Centner schwerer Kugeln, del@sse sich ohne Schwierigkeit durch
directe Wagung bestimmen liess, messbar hachgewezelen, und damit trat die
Dichtigkeitbestimmung der Erde in den Kreis der &iaboriumsversuche ein. Allein die grosse
Empfindlichkeit der Torsionswage, durch welche diesicherheit in der Berechnung der
anziehenden Krafte beseitigt wird, hat Uebelstémtierer Art zur Folge, deren zuerst Francis
Bailey Erwagnung thut, welcher sich mit Rucksicht die vorliegende Aufgabe eingehend mit
dem Studium der Torsionswage beschéaftigt hat.” §iwj 1887, p. 35).

" 0on Jolly, se®®SB VII, p. 160 and Soffel 2009. Jolly was ProfessbMathematics and later
Professor of Physics at the University of Heidalpémater in life he moved to the University of

Munich, where one of his students was the young Mlarck.
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Next, on one side of the balance, the mercuryefiiphere and the air-filled
sphere were interchanged (Jolly 1881, p. 334). Ouke increase of the weight
caused by the decrease of the distance from thi€®aurface, the balance was no
longer in equilibrium and small weights had to beed on the other side of the
balance to restore the equilibrium. Additionallyaege lead sphere with a radius
of 0.4975 m and a weight of 5,775.5 kg was plaagddvb the interchanged
spheres and the procedure was repeated. Von addiylated that increase of

weight caused by the massive lead sphere was th§89olly 1881, p. 350). On

3
3.6 % 2’
R.a’> q

the basis of the formuja= von Jolly established that the mean density of

the earthp, is equal to 5.692 + 0.068, where the radius of the lead sphere, i.e.
0.4975 myp = the mean specific weight of the lead spherelilel86 R = the
distance from the centre of the mercury-filled sphend the center of the earth,
i.e. 6,365,722 ma = the distance from the center of the mercurgdilsphere to
the center of the lead sphere, i.e. 0.568§ mthe observed increase of weight,
i.e. 0.589 mg, and Q = the weight of the mercullgdisphere, i.e. 5,009,450 mg
(Jolly 1881, pp. 350-351).

Coda

The up-shut of the nineteenth-century researcthemtean density of the earth,
which we have surveyed so far, was that severapieddent and relatively
reliable determinations of the mean density ofdagh — of varying degrees of
accuracy and precisién- provided measurements which were quite closaé
other (see Table 1, for an summary of the resuliishv have discussed in this
section). The implication of the Cavendish experitnee. that robust

gravitational interactions occur between terreshialies, was confirmed
independently of Cavendish’ original experiment.rbtover, as experimenters had
become increasingly skilled in eliminating exterdeturbances, the evidential

2 Terminological clarification: ‘accuracy’ refers tioe closeness of an experimental result to the
true value; ‘precision’ to the fineness of the sdalolved. The percentage by which these
experimental results differ from the present-dayeare: ca. 1.21% (Cavendish), ca. 2.90 %
(Baily), ca. 1.24 % (Reich), ca. 19.06 % (Airy), 6263 % (Cornu and Baille), ca. 3.21 % (Jolly),
and ca. 1.16 % (Wilsing) (see Table 1). Baily’s &wich’s results are the most precise, while

Cornu and Baille’s is the least precise.
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support for the claim that the law of universahgtation holds at smaller
distances than celestial ones had become incrégsimgnger’®

Cavendish 1798 5.448

Baily 1843 5.6747 £ 0.0038
Reich 1852 5.5832 £ 0.0149
Airy 1856 6.566 + 0.0182
Cornu and Baille 1873 5.55

Jolly 1881 5.692 + 0.068
Wilsing 1889 5.579 £ 0.012

Table 1. Summary of the determinations of the mean dewditiie earth. The present-day value

for the mean density of the earth is ca. 5.515.

3 Near the end of the nineteenth century, a new ookt determine the mean density of the earth
was devised. In 1887 and 1889 Johannes Wilsingghda two accompanying studies on the
determination of the density of the earth by mezfresvertical pendulum balance, which were

both appeared in Publicationen des Astro-Physitladis Observatoriums zu Potsdam (on Wilsing,
seeDSB 1V, p. 414). The use of a brass vertical pendulith a length of 1 m was a notable
feature of the apparatus involved. The idea watsatvartical pendulum balance would provide
more reliable results than a horizontal pendulufarsze, insofar as it could be considered as a
rigid system and insofar as it is protected fromdieg by its (vertical) position (Wilsing 1887, p.
36). By the choice of materials magnetic effectsenguarded against. Precautions were also made
to minimize changes in temperature and air flowe pbendulum, to which at each end two brass
balls — weighing 533.93 and 545.10 grams (WilsiB87, p. 59) — were attached, was
strengthened near its middle by means of a framsé&je of which a non-sharp agate knife-edge —
which is above and very near to the centre of ¢yanfithe pendulum — rests on a concave agate
bearing (Wilsing 1887, p. 37). Two iron cylindewgighing 325 kg each, served as the attracting
masses (Wilsing 1887, p. 39). The masses werdlaetstat opposite sides of the pendulum balance
in such a way so that the centres of each cylimgge on the same horizontal plane as the centres
of their corresponding balls. In order to comptie inean density of the earth, the double
deflections, caused by lowering the upper masssandltaneously raising the lower mass, and the
times of vibration were required. Wilsing obtaireegialue for the mean density of the earth of
5.594 £ 0.032 (Wilsing 1887, p. 85). In his secshutly, in which he had paid extra attention to
possible changes in temperature, Wilsing correttted/alue for the density of the earth to 5.579 %

0.012 (Wilsing 1889, p. 141).
34



4. The terminus ad quem: Research on big G, 1892-

1898, or “working for the Universe”

Near the end of the nineteenth century, scientmtsinued to work on the mean
density of the earth. However, by then the resefrois had shifted: determining
G had became the centre of scientific attention #tarest which continues to
this very day* The determination of the mean density of the easts from then
on seen as a corollary to the determination of®i®n this matter, Poynting
recorded that although the scientific papers, whithbe discussed in the section
at hand, provided a determination of the mean tientihe earth, “they hava
more general aspeend may be regarded as determining the exact &stpreof
Newton’s Law of Gravitation” (Poynting 1913, p. Btalics added]). In the same
context, he remarked, in an address to the Rogétution of Great Britain,
entitled ‘Recent Studies in Gravitation’ (1900)atHProfessor Boys has almost
indignantly disclaimed that he was engaged onsamci purely local experiment
as the determination of the mean density of théhede was working for the
Universe, seeking the value of G, information whicluld be as useful on Mars
or Jupiter or out in the stellar system as herdlmmnearth” (Poynting 1920, pp.
633 [italics added]).

By addingG, which indicates the strength of gravitation, temiton’s
original (proportional) formulation of the law ohiversal gravitation a major
advantage was created: gravitational forces coalddbermined and formulated in
absolute terms, i.e. in terms of standard unitsa A&ensequence, masses and
densities could from then on be calculated in alisderms. These advantages
were, howevera by-product of the fact that G was empirically whao be
relatively stable Late nineteenth-century experimental physicsswateeded in
empirically establishing the value of the strengftigravitational interaction,

which was inferred from experimental set-ups whistolved terrestrial bodies.

Poynting

4 On the role oz in contemporary theoretical physics, see Damo9819
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In 1892 John Henry Poynting’s (1852-19%4paper on the determination of the
mean density of the earth and the gravitationals@ont appeared in the
Philosophical Transactions of the Royal Societyaidon A’ In its introduction,

Poynting wrote:

It might appear useless to add another to thefisketerminations, especially when, as Mr. Boys
has recently shown, the torsion balance may be fmethe experiment with an accuracy quite
unattainable by the common balan8ait | think that in the case of such a constanthas of
gravitation, where the results have hardly as yegun to close in on any definite value, and
where, indeed, we are hardly assured of the cowgtatself, it is importanto have as many
determinations as possible made by different mathmdtl different instruments, until all the

sources of discrepancy are traced and the resgitea (Poynting 1892, p. 565 [italics added]).

In his paper, Poynting set out to experimentalledaine “the attraction of one
known mass M on another known massa\known distancd away from it,”’

i.e. to determine G (Poynting 1892, p. 566e added that “[t]he law of
universal gravitation states that when the massespheres with centrelsapart
this attraction is GMMd?, G being a constant — the gravitation constahe—
same for all masses.” “Astronomical observatiotyfjustify the law as far as
M'/d? is concerned,” these “do not, however, givevllee of G, but only that of
the product GM for various members of the solatesys’ (Poynting 1892, p.

566).° Once G is known, the earth’s mean density is easitivable: the

S For an account of Poynting’s person and work, Begnting 1920, vii-xxvi. See, furthermore,
DSB XI, pp. 122-123.

7 Poynting’s endeavour to use the common balanosesure the density of the earth dates back
to more than a decade before the publication 01882 paper (see Poynting 1920, pp. 7-42 and
Falconer 1999b).

77 Poynting referred to this method as the “Prepavieds’ method” (Poynting 1913, p. 61).

8 Poynting used the following metaphor to descriimegoal of the experiment: “Imagine a
balance large enough to contain on one pan theengapulation of the British Islands, and that all
the population were placed there but one mediumdsimy. Then the increase in weight which
had to be measured was equivalent to measuringcthease due to putting that boy on with the
rest. The accuracy of measurement was equivaletigerving from the increase in weight,
whether or no he had taken off one of his booteree$tepping on the pan.” (Poynting 1894, p.
626).

1n 1900 Poynting wrote: “If [...] we compare the algrations due to different pulling bodies,

as for instance that of the sun pulling the eawith that of the earth pulling the moon, or if we
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attraction of the earth — approximated as a sphereany mass Ms given as
G.V.A.M/
RZ

and R = the radius of the sphere of the earth €lwbquals Mg, whereg is the

—where V = the volume of the earth= the mean density of the earth,

accelerative force of the earth. Therefates %. The apparatus used in

Poynting’s experiment, which was installed in adment room at Mason College
in Birmingham® is depicted on Figure 6. During the experimentcairents and
variations in temperature and air pressure wereladas far as possibieAll
weights were made of an alloy of lead and antim@Rgpynting 1892, p. 578).
Two nearly equal massé@sandB were suspended from a balance. The weight of
A equals 21,582.33 grams and thaBafquals 21,566.21 grams ((Poynting 1892,
p. 579).A andB are furthermore placed within a wooden case. Nigsseighing
153,407.26 grams, is placed undernéatnce we have observed the change in
position of the beam, which has a length of 1.2382@oynting 1892, p. 571) we
turn M 180° degrees so thitis now underneatB. OnceM has switched sides,
we observe the position of the beam once agaithisrconfiguration, the
attraction is taken away fromand added t8. In order to eliminate the attraction
of M on the beam and the suspending wires, we fag®dB to the equally

higher position®\" andB’, “[flor the differencebetween the two increments of
weight on the right, is due solely to the altenatid the positions of A and B
relative to M, the attraction on the beam remairtimgsame in each” (Poynting
1892, p. 56752 In order to compensate for the tilting of the flechich arose
whenM was moved, an additional masswhich is nearly half as big &4, i.e.
76,497.4 grams, was installed twice as far fromatkie and on the opposite side
of M (Poynting 1892, pp. 567-568, p. 579). Due to thditaah of m, the

compare changes in motion due to the differentgilapulling each other, we can compare their
masses and weigh them, one against the other ahdagainst the sun. But in this weighing our
standard is not the pound of kilogramme of terralsiveighings, but the mass of the sun.”
(Poynting 1920, p. 630).

8t was first set up at the Cavendish Laboratohydtigh the kindness of Professare@k
MAXWELL"” (Poynting 1892, p. 566, cf. p. 569).

81 For the detailed discussion of Poynting’s expentakset-up, see Part | of his paper (Poynting
1892, pp. 565-602).

% These vertical displacements were measured bysrefanstandard cathetometer (Poynting

1892, pp. 588-591).
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“resultant pressure was now always through the’ axid no “tilting of the floor
when the turntable was moved” could be detectegr(fity 1892, p. 569). Both
M andm were steadily placed on a turntable, which cod@adranipulated in the
room above the basement. A scale was fixed ho@#lgrib the end of the
telescope by means of which the subsidiary riditeglaed to the centre of the
balance beam could be monitored, and hence the tiite beam.

Fig. 6. Poynting’s common balance. Taken from Poynting 1§9568. Courtesy of the Royal
Society.

Fig. 7. Poynting’s common balance. Taken from Poynting 1§9502. Courtesy of the Royal
Society.

“Assuming that a spherical mass M attracts anathberical mass Mvhen their
centres are D centimetres apart with a force of GdRdynes,” Poynting stated,
“we can express the change of vertical pull dudaéochange of position of the
masses as G x a function F of the masses and aistafiPoynting 1892, p. 603).
In addition of M’s pull on the weights A and B, tkas a (vertical) pull, E,
exerted on the beam and the suspending rods. Ashatnil produces a vertical
pull of n dynes® In this casen = G.F + E. When the weights A and B are raised
to positions Aand B, they will be undergo a vertical pull ofdynes. Lef be the
function of the masses and the new distances gameléng to F, so that = Gf +
E. As noted above, what we are interested in islitierence between the forces
andn’. From what is givem—-n'= G.F + E— (&+ E) = G.(F ), so that E is

eliminated. Given this formula, it follows that G:=—. F ~f can be expressed in

terms of the masses A, B, M amdlthe fixed distances, L andand the variable

distances Dd, H andh (see Figure 7), namely gs(AJFE)Z'(l =9 _ M(']];(i ;])3)

3/2 —
m.H.(A + B) m.H.(A + B) M.(A + B) M.d.(A + B) m.h.(A + B)

(H2+(l—%)2)5/2 (H2+(l+§)2)5/2_ a? @2+ 12) 372 (hz+(1_5)2)5’2_

mhi4+B) . (Poynting 1892, p. 606} Filling in this equation, Poynting

8 The ‘dyne’ is an old unit of force; 1 dyne equals N.

8 1 —pis a correction factor to account for the holgiedi into the massea andB, which is

nearly equal to 1 (Poynting 1892, p. 604). On tatus of scientific laws, Poynting recorded in his
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established that Ff= 4,826,997.2 (Poynting 1892, p. 611). Furthermoren’ =

2.b.w.gB.(A-a)
L

beamw = the mass of each rider, A = the mass deflectioied by the rider

(Poynting 1892, p. 606), whebe= the length of the small rider

deflection in the lower positiom = the mass deflection divided by the rider

deflection in the lower position amgg = the gravity at Birmingam. Having solved
both F - andn —n’, Poynting was able to complete the equationrl?:ﬂ?', which

was equal to 6.6984 x TPoynting 1892, p. 612). Once G was established, th
mean densityA, could be determined by the formula

a.L.(F-f)
& 3m

, according to which is equal to
2.b.w.V.(1 +2-y (sTm-s).sinZSZ"ZB’- 9 9

41
10,000,000

)Aa-a)
5.4934 (Poynting 1892, p. 607). When looking backhe experiment a couple of
years later, Poynting remarked:

At last my long catalogue of experiments is broughdn end, or rather it is brought up to the
present time, for such researches have no end.dearation will try to add another decimal
place to the result or find out the errors of tegecessors. And even now there are many workers

in the field, indeed, there is almost an epidenfieasth-weighing. (Poynting 1894, p. 627)

In his 1900 address to the Royal Institution of&iritain, already referred to in

a footnote, he concluded:

So while the experiments to determi@eare converging on the same value, the attempisdo
that, under certain conditions, it may not be canisthave resulted so far in failure all along the

line. No attack on gravitation has succeeded inv@fgthat it is related to anything but the masses

presidential address to the Mathematical and PalySiection of the British Association (1899):
“If this is a true account of the nature of physieavs, they have, we must confess, greatly fallen
off in dignity. No long time ago they were quitenemonly described as the Fixed Laws of Nature,
and were supposed sufficient in themselves to gotrer universe. Now we can only assign to
them the humble rank of mere descriptions, oftaetatéve, often erroneous, of similarities which
we believe we have observed.” (Poynting 1920, f, 60 pp. 686-698).
1n 1900 Poynting would remark the following: “Buitavitation still stands alone. The isolation
which Faraday sought to break down is still comgpl#&tet the work | have been describing is not
all failure. We at least know something in knowinljat qualities gravitation does not possess,
and when the time shall come for explanation &séhlaborious and, at first sight, useless
experiments will take their place in the foundatwnwhich that explanation will be built.
(Poynting 1920, p. 644).
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of the attracting bodies and the attracted bodiegpears to have no relation to physical or

chemical condition of the acting masses or to tibhervening medium. (Poynting 1920, p. 643)
Boys

In 1895 Charles Vernon Boys’ (1855-19%4aper ‘On the Newtonian constant
of Gravitation’ appeared in prifit. Boys’ experiment involved a 0.9 inch mirror
torsion rod, which was placed inside the centriaéili(see Figure 8). The
experiment was performed in the vaults under tlegeidon Laboratory at

Oxford University during favourable conditioffsTwo attracted golden masses
andm were suspended — one 6 inches above the othefirebguartz fibres on
each of the sides of the torsion rod. The diametktise golden balls were 0.2
(occasionally, 0.25) inch and the distance betwbkem centres was 1 inch. By the
incorporation of quartz fibres, which have the gy to produce a small and
constant torsion, “Boys put into the hands of ptigss a means of making torsion
balances for the measurement of small forces feeexking in delicacy and
accuracy anything hitherto used” (Poynting 1913%8§). The torsion rod and the
small masses attached to it had to be reducederssithat the fine quartz fibers
could carry their weights. This entailed that tpparatus suffered less from
variations in temperature and air currents; orother hand, the variables to be
measured were rendered considerably minute. Baysedrthat by reducing the
size of the apparatus its sensibility could beeased. The two attracting lead
massed! andM were hung from the two diametrically opposed tabpillarsP
andP. Theses masses could be smoothly moved ardlaydturning the little
wheelD, which by means of the action of the train of wa&&WWturned the lid

% 0on Boys see, Struti944.

87| shall not go into the minute details of Boysphisticated apparatus, see Boys 1895, pp. 1-37
for the details or Boys 1889 for an early desonipiof the apparatus. In its introductory words,
Boys wrote: “The Cavendish experiméaot determining the constant of univers@bm which the
density of the earth may be calculatexdso well known that there is no occasion tccdbe it.”

(Boys 1889, p. 253 [italics added)]).

88 Boys recorded: “The daytime, of course, is outhefquestion, owing to the rattling traffic in St.
Giles’, about a quarter of a mile away; and alhtégexcept Sunday night the railway people are
engaged making up trains and shunting, which isemeontinuous and disturbing to the steadiness

of the ground than a passing train.” (Boys 1895\%).
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L. The attracting masses were hung at the samedswbkir closest attracted
mass. The edge of the flange was divided in degreé<ould be read on the
vernierV to 0.1°. The readings of the vernier were obsebyethe aid of a small
telescope, which was installed at a distance. Tamaeters of the lead balls were
4.25 (occasionally, 2.25) inches and the distamteden their centres was 4 or 6
inches, depending the size of the balls being UBeys computed that the
maximum deflection of the attracted balls is prastbevhen the lead balls are

moved from their + to — position through an anglé®® (Boys 1995, p. 46).

By filling in the formulaG =4I;—'SD , WhereG = the gravitational constarR,=

the mean value of the observed deflections in stislsions,S = the actual
couple needed to twist the torsion fibre trougtaagle of one unit (= 57.3°Q =
the numerical coefficient a&,2° andD = the actual distance from the scale to the

mirror in tenths of a scale divisioi Completing the formula, gives =

3695.4 X 0.00119598
4 X1942.882 X139,965

= 4.06312 x 18(Boys 1895, p. 62). When multiplied with the

required factor for the conversion from cubic in€b@ cubic centimeters, 16.3861
(Boys 1895, p. 7), the value f@becomes 6.6579 x f@&nd, correspondingly,
we obtain a value of 5.5268 for the mean densityefearth (Boys 1895, p. 62).

Fig. 8. Vertical section through Boys’ apparatus. Detailen from Boys 1895, Plate 1. Courtesy
of the Royal Society.

Braun

Just as in the papers of Boys and Poynting, thegyi focus of Carl Braun’s
(S.J., 1837-1907) 1896 paper, in which he presdahtdesults of the experiments
he had begun in 1892, was on the determinatid® BfA reviewer, F.L.O.
Wadsworth, commented as follows on Braun’s expamnime

89 WhenQ is multiplied byG, we obtain “the actual moment produced upon th&do fibre by
the action of the balls upon one another upon dippasition that the balls are all spheres, and act
as if they were concentrated in their centres” @b895, pp. 58-59).
O For Boys’ derivations see Boys 1895, p. 53, p(fé6P), p. 35, p. 60 (for S), p. 59 (for Q) and
pp. 17-18 (for D).
% See: “Von den drei Gréssen 1° Gravitations-Corist@l), 2° Masse der Erd@gM), 3° mittlere
Dichte der ErdéD) ist die erstere in wissenschaftlicher Hinsichtwiehtigste, sofern sie die
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The work of Dr. Braun in this same field, whichudly described in the above memaoir, is perhaps
less elegant and finished than that of ProfessgsBs regards some of the details of the design,
construction, and manipulation of the apparatus,ibwiew of the great length of time devoted to
it, the variety of methods of observation employtbeé, careful consideration of all sources of
error, and the painstaking means adopted to eliitem as far as possible from the
measurements; it must, | think, be admitted ashyoof ranking the work of the latter in point of
accuracy, which is perhaps the highest praisectirabe bestowed upon it. (Wadsworth 1897, p.
159)

In the corner of his room, Braun had attached asgtile to a wall. A ring was
attached to the surface of the tile and a platgass, adequately cut, was placed
inside the ring (see Figure 9a-b). The brass tongd was hung from the top of a
system of axial tubes by means of a brass suspensie (see Braun 1896, pp.
189-192, for the details of the experimental sét-upthe central tube, which is
supported by a tripod, another tube was insertadl jrathis tube a third tube was
placed. The torsion arm, from which two gilded lsrhalls of an average weight
of 54.2657 grams were suspended on equal heightdiatance of ca. 24.6 cm
from each other, was triangular and consisted ppeowires of 1 and 2 mm. The
whole apparatus was covered by a bell-jar withimctvia vacuum could be
created. Around the bell-jar, two masses were suggzefrom another ring
installed above. Two sets of balls were used: ehefsbrass masses — the first
mass weighing 5.1590 kg, the second weighing 5.680%e other set of hollow
globes filled with mercury — the first mass weighth18475 kg, the second
weighing 9.10757 kg. By the choice of materialfiuences of the earth’s
magnetic field were negligible. Additionally, themiperature was kept as constant

Constante fur ein allgemeines Naturgesetz ist uadarscheinlich im ganzen Universum Geltung
hat. [...] Die dritte Grdsse (D) ist noch mehr von diesen Qit@en abhéngig und ist eigentlich
von geringere Wichtigkeft(Braun 1896, p. 188 [italics added]). Braun ésaled the relation

between C, M and D, as follows. The earth’s massisghe product of its volume and density
(M¢ = Ve.Dg). Furthermore, the volume of an oblate spheroghisn by@, wherea = the
equatorial radius anld = the polar radius. The accelerative force astiréace of the earth —

approximated by an oblong spheroid — at latitpdgy,, equals%, wherep, = the radius at
latitudegp, and C = the gravitational constant. Therefor®.G w (hence: C is given by
CUOEACIPY Qs given by%) (Braun 1896, pp. 188-189).

V.De
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as possible and because the created vacuum wighsthé pressure inside the
glass cover remained constant. Braun studied ttfereint types of effects: the
motion of the torsion rod when the masses wera &aal height (horizontal or
deflected movement of the rod) and the downwardugaverd motion of the
torsion rod when the ring, from which the massesevireing, was turned sideways
in an oblique angle (vertical or oscillatory movernef the rod). Both effects
were observed in a separate series of experimedtb@th were treated by two
different methods: a deflection method (“Deflexiorethode”), which was
inspired by Cavendish, and an oscillation meth&@k¢illationsmethode”), which
was inspired by Reich (Braun 1896, pp. 201-205205-211)? By determining
the actual torque produced by the masses, whicld t@ucomputed from the
moment of inertia and the times of swing of thdfy@raun had two independent
routes to calculate the gravitational constanta@l( consequently, the mean
density of the earth, D), at his disposal (Brau@G,&. 201, p. 241, p. 253,
respectivelyy? By combining the results established by both meth&raun
concluded that P= 5.52700 * ca. 0.0014 and that C = 6.65816 +16680< 10°
(Braun 1896, p. 258.°* This result matched quite well with the value @which

%2 See, furthermore, Braun 1896, pp. 211-221, pp-2ZZ8lfor the correction factors which Braun
introduced for both methods.

% Braun compared the actual deflection produced avitheoretically derived value for the
deflection, which assumed an initial value for Cain 1896, p. 189). The aim of the paper was to
determine experimentally how much the actual défieds and, on the basis of this, Braun sought
to establish by how much the initial value for G&ded to be corrected. Cf.: “Das Princip dieser
Methode is nun sehr einfach. Ist die Zinkscheibiedan daran hangenden Mas#émnim einen
Winkel ¢ gedreht, so kann die Torsionskraft berechnet wendelche durch die Anziehung der
masserM gegen die Kugelm hervorgebracht wird. Und da die Torsivkraft deaies aus dem
Tragheitsmoment unde der Schwingungszeit beredsirfet.], so kann auch die Ablenkung
berechnet werden, welche durch jene [...] Stellunguiiessen bewirkt werden muss, sofern die
vorausgesetzte Gravitations-ConstaDtechtig ist. Aus den Beobachtungen anderseitdbesich

in der oben [...] beschriebenden Weise, wie grossvitidich bewirkte Ablenkung ist. Aus dem
kleinen Unterschied swischen diesen beiden Wirkareggibt sich dann leicht, um wie viel jenes
C corrigirt werden muss, um das wal@eu erlangen, und damit auEh” (Braun 1896, p. 201).

% n the same year Ronald (Lorand) von E6tvos’ pdpetersuchungen tber Gravitation und
Erdmagnetismus’ appeared in print, which contaimeedction on the gravitational constant and
the density of the earth (E6tvos 1896, pp. 385-3B8)vis placed a torsion balance similar to that

used in Baily’s experiment, i.e. a ‘reverse Cavshdorsion rod,” which was surrounded by a case
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Boys’ had established: 6.6579 x&4% To give an idea of the smallness of the
forces involved: the mean deflective attractioreach of the balls was 0.00031
dynes (or 0.00031 x TON) and the mean oscillatory attraction on eacthef
balls was 0.00045 dynes (or 0.00045 ¥ ) (Braun 1896, p. 256). Braun
concluded his paper by remarking that the obtareedlts are provisional and by
adding that:

From a purely scientific point of view, the issas,to whether Newton’s law of universal
gravitationg = M.m.C:r2 holds absolutely exactly, could indeed considequite settled. Only

from a natural-philosophical point of view, theesrains an important questidince, first and
foremost, the reasons which speak for the correstioé the law of gravitation are quite removed
to prove the absolute exactness of the sigemg; additionally, there are also good reasons which
justify doubt, namely concerning the factdtsandm and the factor 1?. First of all, it is namely

not unlikely that the attraction is stronger ataamicroscopic distances than that which follows by
the formula [of universal gravitation]. Since bycapting this assumption, the possibility would be
allowed that molecular forces could also be attgduo gravitation — so that the somewhat
unnaturally seeming necessity that s e v e r &rbgeneous attraction forces need to be accepted,
would be cancelled out; and, secondly, [since] etiog to the only fairly supportable mechanical

explanation of the gravity, this must go back tehms of the ether atoms, it seems quite

and which he installed between two equal pillarkeati (for the figure, see E6tvos 1896, p. 387).
He then compared the time of vibration of the mothie longitudinal direction, i.e. parallel to the
line connecting the two pillars, to that in thensaersal direction, i.e. perpendicular to the line
connecting the pillars (E6tvos, 1896, p. 388). Gitleese data he was able to complete the
following equation:T% —Titz = w where T= the time of vibration in the longitudinal
direction, T; = is the time of vibration in the transversal dtfen, f = the gravitational constant,=

the density of the pillars, and (1) = a correction factor (E6tvés 1896, pp. 389-3@iyen this
formula, E6tvds could now determififor which he found a result of 6.6510° (Eétvos 1896, p.
392). In his paper E6tvos’ did not bother to memtioe value for the mean density of the earth. On
E6tvos’ contribution to the study of the earth’sfaoe gravity, see Howarth 2007b, pp. 245-249.
On EOtves, seBSB 1V, pp. 377-381.

% On which Wadsworth remarked: “Each is admitteBeaincertain by at least one and perhaps
two units in the fourth place, so that the agrednm®pven the fifth figure is more likely to be a
striking coincidence than an indication of realecy obtained.” (Wadsworth 1897, p. 163). On
the same page, he remarked, furthermore, thatulResbtained by other methods, notably the
one obtained by Poynting, (1880-1891) by the balanethod, have differed quite widely from

the above, and while they are undoubtedly lessratethan the latter, so far as accidental errors
of observation are concerned, it may be that thee@dish method is subject to some constant

source of error yet unsuspected and undiscovered.”
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unavoidable that the attraction of a enormous bodgt be smaller than stated by the formula [of
universal gravitation]. [...)Whether one will one day bring this question tcefirdte answer,
seems very doubtfuBraun 1896, p. 257 [italics addet])

Fig. 9a-b. Horizontal (left) and vertical (right) section Bfaun’s apparatus. Taken from: Braun
1896, Figure 4, Table Il and Figure 2, Table Ipexgively.

Richarz and Krigar-Menzel
By their choice of apparatus, Franz Richarz (18826) and Otto Krigar-Menzel

(1861-1930) sought to accommodate some inaccuractbe method of Jolly/’

Poynting®® Boys and Braufi. Their apparatus was essentially an improved

% My translation of: “Allerdings kénnte man vom reiissenschaftlichen Standpunkt aus, fiir
welchen das Newton’sche GravitationsgesptzM.m.C:r2 als absolut genau gilt, die Frage als
einigermassen abgethan ansehen. Allein vom natagoiphischen Standpunkt aus gibt es doch
noch ein gewichtiges Fragezeich®®nn zunachts sind die Griinde, welche fur die Rjkbit des
Gravitationsgesetzes sprechen, weit entfernt, &irs®lute Genauigkeit desselben zu beweisen,
und anderseits gibt es auch gute Griinde, welchenetweifel rechtfertigen, und zwar sowohl
hinsichtlich der Factoret undm, als des Factors 3. Es ist ndmlich erstens nicht
unwahrscheinlich, dass fur infra-mikroskopischet@izen die Anziehungskraft starker sei, als der
Formel entspricht. Denn mit dieser Annahme wirde diussicht ertffnet, dass auch die
Molecularkréafte auf die Gravitation zurtickgefuheenden konnten, so dass die etwas unnatirlich
scheinende Nothwendigkeit, m e h r e r e heterogezéehungskrafte annehmen zu mussen,
entfiele; — und zweitens nachdem die einzige emnigssen haltbare mechanische Erklarung der
Gravitation diese auf Stosse der Atheratome zutickih muss, scheint es ganz unausweichlich,
das fur enorm grosse Massen die Attraction klesieém misse, als die Formel angibt. [O) man
dieser Frage' | am indebted to Christian Straf3er for checlkamgl improving the above
translation.

" See: “Wahrend bei Jolly sich besonders an d&rtahten der Einfluss auch geringer
Luftstromingen sehr stark geltend machte und siets erhebliche Temperaturdifferenz zwischen
dem Orte der oberen und der unteren Wageschalesche, war Poynting von solchen stérenden
Einflissen bei den weit kleineren Dimensionen seiygparates fast ganz frei.” (Richarz and
Krigar-Menzel 1898, p. 4).

% See: “Gegentiiber Poynting konnte eine bedeutersseré gravitirende Masse angewendet
werden, da diese nicht, wie bei Poynting, hin uaddeschoben werden musste.” (Richarz and
Krigar-Menzel 1898, p. 5).

% See: “Bei Braun (und bei Boys) handelt es siclogiadum kleine Massen, die in kleinem
Abstande auf einander gravitiren, deren Wirkung @abé&olge gunstiger Anordnung sehr sicher

messbas ist. Hier kommt die Unsicherheit der Masged Langenbestimmungen sehr wohl in
45



version of Jolly’s balance: two scales were corgekbly a bar of 2.25 m and
underneath them two additional scales were plaRezhérz and Krigar-Menzel
1898, p. 4). Experiments were performed in a roeside the Citadel of Spandau
in Haselhorst (Richarz and Krigar-Menzel 1898, ®i2). Air pressure,
temperature, and atmospheric humidity was carefatinitored and air currents
were minimized (Richarz and Krigar-Menzel 1898, pp-25, cf. 29-40). The first
of two nearly identical 1 kg spherical brass ma$8ess placed in the left scale
above, while the second was placed in the rigHedmelow. Next, the mass on the
upper left scale was put on the lower left scakk the lower right mass on the
upper right scale. The differences between theegolibriums gives the double
decrease of weight as height increases RicharKeagdr-Menzel 1898, p. 4).
Finally, this procedure was repeated in the presenhan enormous
parallelepiped block of lead (its weight was nldsan 100,000 kg!) (Richarz
and Krigar-Menzel 1898, pp. 16-19), which servethasattracting weight and
which was posited between the upper and lower balanales. This block
increased the weight of the masses in the uppé and decreased the weight of
the masses in the lower scales.

The general outcome of Richarz and Krigar-MenzeXggeriments (in total
52) established that the average difference in htergthe absence of the lead
weight is 1.2453 £ 0.0016 mg and that, when thd ieeight is installed at its
appropriate position, the average difference imgveis —0.1211 + 0.0014 mg,
taking into consideration the air which is pushe@yaby the masses and the
required correction factor for variations in tenmgtere (Richarz and Krigar-
Menzel 1898, pp. 67-84, esp. p. 83 [temperatureection], pp. 55-66 [correction
for the pushed-away air]). As the difference betwin vertical accelerative

forces in the lower and higher positiathout the lead weigtf* g, —go, equals

0.0005183 x (1.2453 £ 0.001%? (Richarz and Krigar-Menzel 1898, p. 48, p. 51)

and, analogousiyg, —go — (k + ki) = —0.0005183 x (0.1211 + 0.0014}, it

follows from experiment that the total added vet@ttraction, which iproduced

Betracht; ja — kleine Asymmetrien oder Inhomogeaitgkénnen die Sicherheit des Resultates
ganz erheblich gefahrden.” (Richarz and Krigar-M#ri898, p. 113).

190 Richarz and Krigar-Menzel experimented with thiygees of brass masses: one gilded, one
platinized, and one half-gilded and half-platinif&icharz and Krigar-Menzel 1898, p. 41).

%1 The subscriptsf and ‘o’ refer the German wordsifter’ and bben’.
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by adding the lead weighk, + k,, equals 0.0005183 x (1.3664 + 0.00@3)

(Richarz and Krigar-Menzel 1898, p. 84, p. 110)e Tieoretically derived value
for k, + k, was shown to be equal to 10,594.G Richarz and Krigar-Menzel

0.0005183 x (1.3664 + 0.0021) _
10594.0

32 (Richarz and Krigar-Menzel 1898, p. 110). In ortter

c
gXxs

1898, p. 107, p. 110). Combining both formul@es

m

(6.685 + 0.011) x 18

establish the mean density of the easthRicharz and Krigar-Menzel relied on

the following formula:A = >0 =— = 5.505 + 0.009 — wheig=
4-.7T.R(p).G.(1 +a-> c)

9.78002, Rp) = the earth’s polar radius, i.e. 6,356,07%m,the earth’s

ellipticity, i.e. 0.0033416, and,= the proportion of the centrifugal force at the
equator to the gravity in Berlin, i.e. 0.0034672cfRrz and Krigar-Menzel 1898,
p. 111).

Coda

In this section, we have surveyed how, on the hasentirely different
apparatuses, converging and reliable experimeetathinations — of varying
accuracy and precisibff — were established for the gravitational consaamt the
mean density of the earth (see the summary in T3ble other words, in the late
nineteenth century, converging measurements wéableshed for the strength of
the gravitational force and it was further confidrteat between terrestrial bodies
there were robust gravitational interactions. Is #ection, | have also brought to
the fore how, in each of the discussed experimesetalips, efforts were made to
ensure the stability of the apparatus and to gagaihst external disturbances —
for instance, air currents were minimized, variasian temperature, air pressure
and humidity were avoided or kept constant. Asat@uracy and precision of the

experimental apparatuses and the procedures tmaterexternal disturbances

192 The percentage by which these experimental refarl differ from the present-day value are:
ca. 0.36% (Poynting), ca. 0.25% (Boys), ca. 0.2B%{n), and ca. 0.16 % (Richarz and Krigar-
Menzel); the percentage by which these experimeesallts for the mean density of the earth
differ from the present-day value are: ca. 0.39%y(#ing), ca. 0.21% (Boys), ca. 0.22 % (Braun),
and ca. 0.18 (Richarz and Krigar-Menzel). The vétwes recommended by CODATA (2006) is

cm?

equal to 6.67428 + 0.0010x'iq<g’“7“52 or 6.67428 +0.0010x 10

g xs?’
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involved improved in comparison to those discusedte previous section, the
empirical support for the universality of Newtomfgeory of gravitation improved

correspondingly.

Poynting 1892 6.6984 x 10°® ( cm’ ) 5.4934
’ g x s2
Boys 1895 6.6579 x 10°® ( cm? ) 5.5268
’ g X s2
Braun 1896 6.65816 *+ 0.00168 | 5.52700 + 0.0014
8, cm?
x 10 (g )
Richarz and Krigar- | 1898 6.685 + 0.011 x 10® | 5.505 + 0.009
Menzel cm’
g xs2

Table 2. Summary of the determinations of G and the meansitly of the earth. The present-day

value for G, which was updated in 2006, is 6.674280010x 1 h or 6.67428 + 0.0010x

cm?

108

5. On the Genesis of Stronger Evidence

In the preceding sections, | have indicated thatethidential support for the
universalityof Newton’s law of gravitation became increasingisonger.
Moreover, | have suggested that the increasingracgwand precision of the
values for the mean density of the earth and theitgtional constant resulted
from a long-term learning process, to which genenatof experimental
physicists contributed, and new technological gokises. Here | shall expand on
these matters.

A salient feature of a good experimental appariattisat it produces a
stable or robust phenomenon in a controlled enuiemt and therefore a reliable

outcome'®®“Control” entails two things: first of all, it refs to the elimination or

193 See Knorr-Cetina 1999, esp. pp. 26-28 [on therktboy as an enhanced environment],

Pickering 1981, p. 218 [on relatively closed sysfgrand, Radder 1988, pp. 63-64 [on closed
systems].
48



keeping constant of disturbing factdP$secondly, it refers to the factors, which
are varied during the experiment, being maximajlyafptitatively) determined.

If we study the development of scientific researalthe mean density of
the earth and ultimately the gravitational constattveen 1798 and 1898, it
becomes apparent that experimental physicists beaareasingly skilled in
eliminating sources of error. In this context, lacking has adequately noted
that “serious repetitions of an experiment arenapttsto do the same thing better
—to produce a more stable, less noisy version opttenomendin(Hacking
1983, p. 231 [italics added]). For instance, altffoCavendish made explicit
attempts to eliminate disturbing factors, Bailyrged out that the screening-off
procedures in Cavendish’ experiment were not dptwaterproof and,
accordingly, he sought to overcome the problemscai®d with them. As we
have also seen, improved experimental skill wadimoted to the area of
elimination of disturbing factors, but equally applto the area of measurement
techniques — Baily’s improvement of Cavendish’ nuieasient techniques for
determining the time of vibration and the restimgnps, which was in its turn
criticised by Cornu and Balille, is a notable exasgfl this. New methods for
eliminating disturbing factors were being devisechaw, more fine-tuned
scientific apparatuses emerged. Also, the numbeliminated factors increased —
for instance, (dia)magnetic effects (Reich), aggsure (Poynting and Braun), and
the humidity of the surrounding air (Richarz andg&r-Menzel) were added to
the picture. Additionally, as a means of compensgiidr disturbing influences,
correction factors were introduced — see, for mstathe correction factors
introduced in the experiments of Cavendish, PogntiBraun, Richarz and Krigar-
Menzel.

As we have seen in the previous sections, expetsnahich set out to
determine the attractive force between kmownbodies at &nowndistance,
were more successful than experiments which relredn undetermined factor.
Recall the uncertainty of the density of the ostezll of the earth implicated in

Airy’s and Sterneck’s experiments with pendulumarad below the surface of the

194 peter Galison records: “Experimental culture mumded in expertise — the ability to eliminate
kinds of backgrounds and an instinctive familiaritiyh the valid limits of an apparatus.” (Galison

1987, p. 248).
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earth. Varying specific factors was equally impotf&° for by doing so it was
possible to track potential sources of error —agecthe varied factors made a
difference — or to add to the stability of the pbierena at hand — in case the
varied factors made no difference.

The fact that the independently established detetioins of the mean
density of the earth and the gravitational constaereasingly converged, added
to the evidence that there are gravitational imtgvas between terrestrial bodies.
In short, the physicists surveyed in this paperl@tbme better experimenters
and their work provided increasingdyrongerevidence for theniversalityof
Newton’s theory of gravitation.

6. Newton’s Postscript

In the analytic part of the proof for universal gtation, Newton set out to

proceed “from Motions to the Forces producing thand in general, from

Effects to their Causes, and from particulars Catrsenore general ones”

(Newton 1979, p. 404). In Propositions |-V of Badlkof the Principia, Newton
inferred the forces acting in the solar systemiarferopositions VI-VIII of Book

[l he derived the theory of universal gravitatidine remainder of thBrincipia
pertained to “the Method of Synthesis,” i.e. “assugrthe Causes discover’d and
establich’d as Principles, and by them explainlmgghaenomena proceeding
from them,and proving the ExplanatiohgNewton 1979, pp. 404-405).
Accordingly, in the synthetic part of the argumartuniversal gravitation,

Newton set out to demonstrate that other phenonvemah were not contained in
the original analysis, could be explained by theses as established by the theory
of universal gravitation. The research surveyeithig essay was a continuation of
Newton’s synthesis in thierincipia. If it could be established that there are robust
gravitational interactions between laboratory-sikedies, which were obviously
not originally included in Newton’s analysis, thsuld add to the empirical
support for Newton’s theory of universal gravitatiéd\lthough it is not my

present aim to explicate Newton’s complex physiahmamatical methodology, |
shall, in order to contextualise my claim on thegderm experimental-

195 on this matter, see Franklin and Howson 1984.
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methodological continuity as exhibited in the bfant post-Newtonian science
which we have surveyed in this essay, briefly ptorsome salient features of
Newton’sPrincipia-style method®

In contrast to the hypothetico-deductivist's attiéttowards deviations,
according to which deviations are either discaraleexplained away by the
introduction ofad hocfactors, Newton made discrepancies between phereomen
and the mathematical results derived from ideatlt@ms a focal point of
natural-philosophical inquiry. Newton began by bbshing the physical
conditions under which according to the laws of motienexact Keplerian
motion would occur, so that each deviation fromoexaeplerian motion is an
indication that there is an additional force to ¢éme under which exact Keplerian
motion would occur. For instandepm the perspective of the laws of motiany
deviation from exact time-area proportionality ées as an indication that an
additional force, not included in our ideal caseaffecting the situation.
Deviations thus become indicative of other forcestracked in our initial
approximation. By means of the propositions expngssystematic discrepancies,
Newton was able to measure such additional fomdga@trace, in Book I,
additional physical sources that could accountHese very discrepancies.

Moreover, in contrast with a hypothetico-deducti@edering of theory
confirmation, in which the confirmation of the ceqgsiences deduced from a
theoretical proposition by itself occupies centege, in Newton’s methodology
the attention shifts to a continuous explorationesidual forces and the
establishment of their potential explanation. Akstg feature of Newton’s
method is that he did not approach the empiricaldwbirough a single
theoretical model or equation, but rather througlerées of successive
approximations?’ This is captured by Newton’s fourth rule of phidpsizing,
which was introduced in the third edition of tRencipia (1726):

RULE V.

In experimental philosophy, propositions gathemednf phenomena by induction should be
consideredhaberi debeijteither exactly or very nearly true notwithstandangy contrary
hypotheses, until yet other phenomena make suglogitons either more exact or liable to

exceptiongaccuratiores reddantur aut exceptionibus obngxise

198 | must stress that the features | shall mentiemat at all exhaustive.
1970n this matter, see Smith 2002a, pp. 155-158,52602b, pp. 46-49, and, Cohen 1982.
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This rule should be followed so that arguments taseinduction may not be nullified

[tollatur] by hypotheses. (Newton 1999, p. 796)

In manuscript material Newton was more explicitioe meaning of this rule.
“Because,” Newton wrote in a crossed-out sectiomwbat was there and then
called “Reg. V:” “if arguments based on hypothesese to be admitted against
inductions, then inductive arguments, on whichwihele of experimental
philosophy is based, could always be overturneddmjrary hypotheses If a
proposition gathered by induction is not sufficlgrccurate, then it should be
corrected, not by (introducirgd hog hypotheses, but by more widely and
accurately observed phenomena of natlité.this turns out impossible,
however, the proposition should be de-generaltZ¥dihe latter quote also reveals
that Newton was perfectly aware of the risk involwe making inductive
generalizations. Inductive-experimental argumentaat provide demonstrations,
but they are stronger than arguments drawn fronotingses (Newton 1979, p.
404). While a hypothetico-deductivist endorsesvileg that a theoretical
proposition is confirmed when the deductions fréwat {proposition are agreeable
with the phenomena at hand, Newton demanded mamedrtheory than
empirical adequacy: in order to be accepted (pravaly), it should also be
demonstrated that independent measures conveggstable value (Harper 1998,
p. 278; Harper 2002, p. 185)

The question which was put on the plate of eighteeand nineteenth-
century experimental physics was whether Newtdmeésty of gravitation could

be rendered “more exact” or whether its presumedeusality had to be de-

198 «“Nam si argumenta ab Hypothesibpeontra Inductionejsadmitterentur, argumenta ab
Inductiong um| in quibus tota Philosophia experimentalis fundatbi-valerentsedNam| per
Hypotheses contrarias semper everti possent.” (Btd. Ms. 3965, f. 419[additions and
corrections to the second edition of thencipial).
199 cf, “Si Propositienesaliqual per Inductionem colle¢h]senondum $it | uat satis
accurata|eg corrigi debet) non per hypotheses, sed per phaeanomena natltee uaccuratius
observdt|nda.” (CUL Add. Ms. 3965, f. 419.
10 ¢t “Argumenta-afper| Inductiong m| ronffortiora-sunt-quam-Hypethesasn sunt
Demonstrationes. ffortiora tamen sunt quam Hypa@be& pro generalibus haberi debent nisi
quatenus exceptiones ab experimentis desumptagijibetexi occurrant. Ideoque ubi nullse
occurrunt ejusmodi-ulEextceptiones, generaliter ennunciandae sunt.” (CUL Adisl. 3965, f.
428 [additions and corrections to the second editiothePrincipia]).
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generalised. The research referred to in this e$salindeed shown that the
former could be reasonably accomplished. Additign&lhad been shown that
independently established measurements of the dwasity of the earth and the
gravitational constant increasingly converged. fasas the call for increasing
accuracy and convergence of independently estaolisteasurements may be
considered as being characteristic of Newton’sma&fhilosophical
methodology, | have brought to the fore timathe long runa particular branch of
post-Newtonian researdevelopedn line with Newton’s methodological
views*! Given what | have discussed in the previous sectibave also shown
that, whereas in the context of Book Il of thencipia**? increased accuracy
resulted primarily from the introduction and exjpitbon of increasingly complex
physico-mathematical approximations, in the brasfghost-Newtonian science
which was the focal point of this essay increasaaigacy resulted primarily from
the experimenters’ capacities to more carefulljnelate sources of external

disturbances.
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