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Preface

At the beginning of the modern era, what is now called science was spread out
among various disciplines: theology, handcrafts, magic, alchemy, astrology, med-
icine, natural philosophy, and mixed mathematics (that is optics, astronomy,
mechanics, music, etc). In the 18th century, these disciplines had already broken up
and became recomposed into an organization of science of the natural world that
was similar to the modern one. The most important transformation was that
affecting natural philosophy, which was considered, at least in the academic world,
the most noble and by far the most important form of knowledge. It ceased to be a
philosophy in the canonical sense, merging with other forms of knowledge and
giving raise to disciplines such as physics, natural history, chemistry, medicine, and
engineering, names which, while not initially fully shared, were established in the
19th century and are still used today. The new philosophers of nature were no
longer canonical philosophers, although they continued to think about philosophy.
They were rather mathematicians in the broad sense, namely, scholars who were
interested in more than just pure mathematics. In some cases, this is particularly true
for the new branches of physics such as electricity and magnetism, and they were
also simply educated gentlemen, gifted with intelligence and curiosity.

The present book aims to document this process of transformation, concentrating
on the 18th century, a century that in the past had been considered uninteresting for
the history of science. It would represent the transition from the age of genius and
the birth of modern science, in the 17th century, to the age of prodigious devel-
opment, in the 19th century. This view does not stand up to thorough analysis. The
18th century, the century of Enlightenment and reason, as will be clear from the
present book, was rather a century of great ferment and novelty.

To make the narrative practicable for a single individual, no great emphasis has
been placed on the precise genesis of the various concepts and methods developed
in scientific enterprises, except when this was necessary to make them clear. I have
been content to take snapshots of situations by taking a look at discrete intervals of
time. In several situations, reference is made to the authors who are famous today,
such as Newton, the Bernoullis, Euler, d’ Alembert, Lagrange, Lambert, Volta, etc.
Not so much because they were the most creative and original minds, but mainly
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viii Preface

because their writings represent a synthesis of contemporary and previous studies.
The above names should, therefore, be considered more labels of a period than
references to real historical characters. The history of science was not made up of
isolated heroes, but by an entire community and its legacy, by teachers, anonymous
collaborators of celebrities, playing this role often only as a result of their social
status. It is true that in the 18th century scientific research was carried out by a
handful of scholars; though small, it was still an army, however, whose generals are
only representative of the victories carried out by the soldiers. Referring only to the
great characters of science has in any case an advantage that there is no need
entering the merits of their acquisitions because well documented by historians,
thus leaving room for other aspects.
This book intends to answer these three fundamental questions:

1. Was the transformation of ancient natural philosophy into (modern) science due
to an internal evolution or an external appropriation?

2. What was the role of mechanical and experimental philosophies in this
transformation?

3. What was the role of the newly born infinitesimal mathematics (Calculus)?

The answers come as follows:

1. It was a conquest from the outside by mathematicians (broader sense). They
were able to extend the approach of mixed mathematics to the study of most
phenomena.

2. Mechanical philosophy was crucial. It aroused interest in natural philosophy in
many not canonical philosophers—including mathematicians—because its
argumentations were much simpler than those offered by canonical philosophy,
imbued with metaphysics. A similar argument holds good for experimental
philosophy.

3. The role of Calculus was twofold. On the one hand, its great fecundity made it
possible to solve very complex problems, thus giving mathematics more appeal
in the approach of philosophy of nature. As regards to applications, on the other
hand, the need to refer to regular functions defined on continua meant that nature
was seen through glasses with thick lenses, which influenced its interpretation.

Before going further, a nomenclature should be established because many of the
terms in use in the past and still in use today have changed their meaning, and thus a
stipulation is necessary:

e Canonical natural philosophy. Study of nature under the concepts of matter,
cosmos, and causation. Examples of canonical natural philosophies are the
Aristotelean, the Platonic, the mechanicistic; but not Newton’s and the approach
to nature after him, even though the term natural philosophy is retained also in
such cases.

e Mixed mathematics. Mathematics related to physical problems—that somehow
joins quality to quantity—as they were established in the early modern era, such
as astronomy (physical or positional), surveying, fortification, ballistic,
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mechanics, hydrodynamics, pneumatics, and so on. A category quite distinct
from that of subalternate sciences of Aristotelian mould that sometimes are
considered as the canon of mixed mathematics.

e Canonical philosophers (or simply philosophers). Scholars that besides natural
philosophy considered also and in a systematic way metaphysics and either
logic, or ethic, or theology.

e Mathematical practitioners (or mathematicians broad meaning or more simply
mathematicians). People with a more or less important training in theoretical
mathematics who were also involved in practical activities (note that the idea of
pure mathematicians is quite modern; until at least the end of the 18th century
more or less all mathematicians were involved in practical activity or at least
wrote about practical use of mathematics). The term Mathematical practitioners
was introduces as a historical category in 1954 by the English geographer and
historian of science Eva Germaine Rimington Taylor (1879-1966), but it is used
here quite freely.

Of course one can envision a spectrum between canonical philosophers and
mathematical practitioners. The columns of the following table show the possible
main combinations, ranging from canonical philosophers with a very limited
interest in mathematics (first column) to skilled artisans who knew little of phi-
losophy and mathematics (last columns). H means high involvement and L means
low or medium involvement.

Philosophy HHLL
Mathematics L HHL

16th Century. The birth of Greek rationality represented a fundamental step for
the change in the form of the western knowledge of the natural world. But in the
16th century the change was possibly more radical when mathematicians began to
widen the fields of classical mixed mathematics—which had flourished in
Hellenistic Greece and remained vital in the Middle Ages—certainly pressed by
demands of technology from a rapidly expanding society, by appropriating of parts
of the canonical natural philosophy.

17th Century. The process of appropriation became more evident as the century
progressed. Traditional mixed mathematics, optics, astronomy, music, mechanics,
flanked by many other disciplines that in previous centuries had been studied only
in natural philosophy, such as acoustics, meteorology, and hydrodynamics, were
given a new and fundamental acquisition: dynamics (term introduced by Leibniz).
Success obtained in this field by the mathematical (and experimental) approach due
to the contribution of many scholars, including Galileo, Torricelli, Cavalieri,
Huygens, Mariotte, Roberval, Descartes, Borelli, Leibniz, and eventually Newton,
had a fundamental role in the process of erosion of the old philosophy of nature by
(mixed) mathematicians. Because of this success, with the greater interest in
experimentation to clarify and discover new “facts”, and the interest in applications,
natural philosophy was seen differently than in the past. Less attention was paid to
traditional issues concerning nature, essence, and properties appropriate to all



X Preface

bodies—the so-called physica generalis—and more attention was paid to the
examination and discussion of the particular bodies—the so-called physica par-
ticularis. Traditional explanations, both Aristotelian and Cartesian, appeared in
some way sterile. Indeed the theories put forward did not have any element of
objectivity; the same phenomenon could be explained in one way by one scholar, in
another way by another, without an agreement being reached. New approaches to
the study of nature became so appealing because, despite providing answers in a
more restricted range, they had some kind of objectivity and were able to lead to a
consensus of opinion. Furthermore, together with the explanations, the new
approaches also provided for the prediction of phenomena, which had great utili-
tarian value, leading to technological applications.

Skepticism toward canonical natural philosophy led to the birth of experimental
philosophy. It developed in different ways on the Continent and in England, so that
it is stipulated by some historians that the label experimental philosophy be applied
to English experimentations only, sponsored by the Royal society. The way of
relating to experimentation is attributed by these historians to the conception of the
role of the demiurge and magic in the Creation and, therefore, in what is called the
ordinary course of nature. In England, more freedom would have been granted to
the demiurge than on the Continent, and this would have given greater freedom to
the English, who were not obliged to subsume experiments under general necessary
laws. As a result, English scholars would have developed a science that favored
phenomenological aspects while continental academics would have paid more
attention to causation.

18th Century. The appropriation of natural philosophy by mathematicians
became substantially complete. This process was aided by the spreading of
Calculus, which made it possible to address many of yet unsolved problems. The
received viewpoint considers the change in the approach to philosophy of nature to
be largely a consequence of the technical results Newton achieved in the
Philosophiae naturalis principia mathematica and Opticks and his empirical view.
Since the 19th century, Newton has generally been seen as the founder of modern
science, in particular of classical mechanics, in the form it has today. This point of
view was also prevalent among modern science historians, at least until the
mid-20th century. The assessment of Newton by contemporaries was more bal-
anced. He was recognized as a great mathematician; his results in astronomy were
considered extraordinary, but few saw him as a bringer of revolutionary results, not
even in the fundaments of mechanics. In fact, he was considered just one of the
many. Before him, Huygens, Wallis, and Hooke had obtained results of no less
importance than his. Modern historiography introduces great variations in the
received point of view, giving to Newton only what is Newton’s.

In mechanics, the old mixed mathematics of Hellenistic origin, together with
statics and Galilean dynamics, changed into a theory that had the same ambitions
of the canonical natural philosophy, namely, to give a global response to the nature
of motion based, however, only on a mathematical approach. The Bernoullis,
Varignon, Euler, and a few others, explicitly introduced algebra and differential
calculus, operating a non-trivial transformation that invested the very role of
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mathematics in the science of nature. Even for the study of the motion of the free
mass point, the treatment of 18th-century mathematicians became unrecognizable
compared to that of Newton. From geometric it became analytic. Relations of
proportionality were replaced by equalities, overcoming the difficulties of dealing
with non-homogeneous quantities, with a reinterpretation of the concept of physical
magnitudes, already started by Descartes. Technological applications, as well as the
curiosity of the mathematicians, required the solution of more complicated prob-
lems than those faced by Newton (essentially the motion of the free material point)
such as those related to systems of material points, rigid bodies, and deformable
continua.

For the other sections of physics, such as optics, electricity, magnetism, the
raising thermology, and meteorology, sometimes named Baconian sciences, but
also some disciplines today classified as mechanical, such as hydraulics, pneu-
matics, acoustics, the qualitative reasoning remained important. The objective was
to identify the phenomena under observation with the greatest clarity. To achieve
this goal it became necessary for mathematicians to take an interest in natural
philosophy, more than it was necessary in mechanics.

Even in these Baconian sciences, however, there was a division, already found in
the 17th century, between people devoted to pure experimentation and those who
preferred a more theoretical approach. The supporters of a mainly experimental and
phenomenological type of physics made use of refined instruments and provided, in
some cases, very accurate measurements, as regards thermal and meteorological
phenomena, for instance, with attempts being made at formulating mathematical
laws; measurements for electricity and magnetism were more difficult. There was
considerable progress in measuring devices. Some were built directly by the
scholars who used them. There was thus, as often in the past, interaction between
the mathematician and the technologist. The most theoretical experimenters often
sought causal explanations. They required the appropriation of natural philosophy,
which was made possible primarily by its transformation into a mechanicistic form,
certainly much more understandable for people who were well educated but who
were not canonical philosophers. They proposed explanatory models guided by
experience. In some cases, it was a mechanicism a la Descartes or a la Boyle,
where everything was referred to in terms of interactions of particles by contact.
After Newton, interaction between particles could also take place at a distance and
this type of mechanicism became prevalent.

The 18th century, especially in the second half, saw an impressive development
of technology, named industrial revolution in the 19th century. The intertwining
between this development and that of science, population growth, agricultural
revolution, spread of scientific culture, and birth of the entrepreneurial and capitalist
bourgeoisie is complex and even extremely interesting, but it is not treated in this
book that is limited to examining the relations between the development of science
and technology, with particular reference to epistemological aspects.

Seen from this perspective, the key figure of the technological development is
that of the engineer. A figure that at the beginning of the 18th century had blurred
connotations that gradually became more defined, and also thanks to the foundation
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of schools and associations that took care of his formation. The engineer who
emerged in the end was that of an educated technician who mastered all areas of
science with a particular attention to mathematics (especially on the Continent).

Summary of Chapters

Chapter 1. Newton’s epistemology is analyzed as the prototype of the view at the
turn of the 18th century, both by studying his official statements in the Principia,
Opticks, in other published works and letters, and his actual way of making science.
Newton in mechanics and optics was linked to tradition. He was the last of the great
traditional mixed mathematicians; with slight exaggeration, one could say, the last
of the ancients. He was a very complex character, involved in many issues,
including alchemy and theology, spending most of his time in activities that today
could hardly be classified as scientific. The chapter discusses how his being a
mathematician influenced all his apparently non-mathematical interests, canonical
natural philosophy included. The received point of view, that Newtonian science
was already mature at its inception, is also disputed. This, however, has already
been attested in recent historiography. Indeed, it is well established that the
description of 18th-century classical mechanics as Newtonian mechanics should be
considered an anachronism. It was the developments of 18th-century algebra and
Calculus that produced Newtonian mechanics as we know it today, which was
therefore primarily a creation of 18th-century mathematicians. In the examination
of Newton’s epistemology, I made no use of the modern categories of the phi-
losophy of science to highlight its most intimate contradictions. I instead tried to
frame Newton historically, giving him, for example, the label of empiricist, which
he attributed to himself and which many of his contemporaries attributed to him,
even if this label does not stand up to the criticism of a modern epistemology
analysis.

Chapter 2. Physica generalis and/or physica particularis of Aristotelian mould
became physics in a nearly modern sense with the use of a quantitative, experi-
mental method to discover laws governing the inorganic world. The chapter
explains how mathematicians were successful in replacing canonical philosophers
nearly completely in the study of natural philosophy, both in research and academic
contexts and how they invented an academic discipline that was called simply
physics, concerned only with the study of inanimate matter, excluding alchemy.
The new conception of physics for at least the whole of the 18th century still
continued to be called natural philosophy, and even maintained some of the
characteristics of old physics. A typical example is the explanation and acceptance
of the principle of conservation of living forces and minimum action, typically
18th-century themes. Both were explained by the metaphysical principles of
economy and simplicity of nature or by God, a type of explication not allowed in
today’s physics. Following the spread of mechanical philosophy in European
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universities and colleges, the theoretical explanations of philosophy of nature were
accompanied by experiments, mainly concerning mechanics, hydraulics, pneu-
matics (and electricity). Later, especially in France, teaching began to be supported
by mathematics. This led to tension between the mathematical-physics disciplines
(such as mechanics, for instance), where the use of algebra and Calculus was
possible and massive, and the other disciplines such as electricity, magnetism, and
thermology, where this possibility did not yet exist. While in teaching, physics was
often unitary, in research a split originated among people mainly interested in
mathematics (the geometers), and others who were keener on experimentation (the
physicists). However, many of them believed in the myth of the exact measurement,
which was considered the prerequisite for mathematical treatment and, therefore,
according to current ideas of the true scientific method. The complex relationship
between experimental and mechanical philosophies (and the heuristic role of theo-
ries) is also addressed. In principle, experimental philosophy did not require the
knowledge of mechanical philosophy. The latter, however, was helpful because it
suggested explanatory models and made it possible to make predictions, which if
sometimes proved to be false were, however, a starting point. For this reason, many
experimental philosophers supported mechanical philosophy.

Chapter 3. The evolution of mechanics toward what is now called classical
mechanics is explored in depth. Though 18th century mechanics saw great suc-
cesses in theoretical astronomy, namely, the study of the solar system using the
modern techniques of Calculus and the assumption of the law of the inverse square
of distance for the gravitational forces, it also made tremendous progress in terms of
rationalization and completion. The exposition of fundaments and applications in
various treatises and papers are studied, especially those of continental scientists
and, in particular, the syntheses by Euler and d’Alembert, who described the way
mechanics could be transformed into a rational discipline, like mathematics, based
on Calculus. Great attention was paid to the justification of the foundations of
mechanics, which required a substantial involvement of metaphysics and episte-
mology to discuss fundamental notions: the nature of space and time, the consti-
tution and the properties of bodies and the nature of motion. However, this effort
was pursued not with the classical and organic approach of canonical philosophy
but with the pragmatism of mathematicians. Sometimes this philosophical approach
was made explicit and expounded in specific treatises or preliminary parts of sci-
entific works. At other times, it remained implicit and could only be brought to light
through careful reading. The complete mathematization of mechanics only occurred
at the end of the 18th century with the Lagrangian synthesis, which kept consid-
erations about the philosophy of nature to a minimum.

Chapter 4. D’Alembert called physics in general disciplines such optics,
acoustics, positional astronomy, cosmology, magnetism, and electricity. Optics and
positional astronomy were object of in-depth researches. A good deal of the optical
works concerned with the theories of propagation of light, especially with those of
an undulatory nature. They required complex mathematical treatments and the use
of partial differential equations, and became fertile ground for mathematical phy-
sics. The experience with which the theories were compared was mostly based on
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experiments conducted in the 17th century by Newton and Huygens. Relevant new
experimental work, on a quantitative basis, was carried out only relatively to what is
today known as photometry with Bouguer and Lambert. Positional astronomy saw
a great development made possible by the use of reflecting or refracting telescopes
with the introduction of achromatic lenses, mistakenly considered impossible by
Newton and theorized instead by Euler, as efficient instruments of astronomical
observation. Magnetism caught the attention of many mathematicians and experi-
mental philosophers, but it revealed a too complex topic for the times.

Electricity was the emerging science of the 18th century. In the chapter, it plays
a paradigmatic role for the development of experimental sciences. Experimenting in
electricity had several advantages over experimenting in other fields of physics.
Once research began in earnest, experimenters quickly discovered new electrical
phenomena, making their work rewarding. The number and quality of experiments
grew dramatically, especially after the 1750s, when the discovery of the Leyden jar
made it possible to accumulate large charges. After a brief mention of the situation
in the 17th century, the chapter goes on to take a look at the English experimenters,
including Francis Hauksbee, Stephen Gray, John Canton, and those from the
Continent, including Jean Antoine Nollet, Pieter van Musschenbroek, Ulrich
Theodor Aepinus, Giambattista Beccaria, and others.

Chapter 5. Modern technology historians identify the birth of a new figure in
the 18th century, the scientific engineer. His goal was the rationalization of design
and implementation of processes. For this purpose, he used hypotheses and
experimentations, as in the (mathematical) physical sciences. With its dizzying
growth, science revealed the possibility of applications to areas never thought of
before. However, scientists were dealing with general problems. Their solutions did
not provide for an immediate application of science. Thus, there was the basic need
for an intermediate figure between the scientist and the final user. More precisely,
there was a need for a sufficiently large body of qualified engineers.

The preparation of these technicians was different from country to country. In
England, one moved with private associations, and in France, instead, the state was
interested in. After general considerations on the relationship between mathematics,
natural philosophy, new physics, and technology, the chapter goes on to charac-
terize the engineers of the 18th century. For reasons of space, I will dwell only on
the situation in England where many skilled engineers operated after the 1750s; I
refer here to John Smeaton and James Watt, not so much because they are the most
famous, but because in them one can observe at the higher degree the interaction
between the scientist and the engineer.
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Editorial Considerations

Most figures are redrawn to allow a better reading. They are, however, as much
possible close to the original. Symbols of formulas are those of the authors, except
cases easily identifiable. Translations of texts from various languages are as much
as possible close to the original. For the Latin, Italian of the XVI and XVII centuries
a critical transcription has been preferred. In the critical Latin transcription, some
shortenings are resolved, “v” is modified in “u” and vice versa where necessary, ij
in ii, following the modern rule; moreover, the use of accents is avoided. In the
Italian critical transcription, some shortenings are resolved, “v” is modified in “u”
and vice versa, and a unitary way of writing words is adopted. Books and papers are
always reproduced in the original spelling. For the name of the different characters,
the spelling of their native language is generally preferred, excepting for the ancient
Greeks, for which the English spelling is assumed, and some medieval people, for
which the Latin spelling is assumed, following the common use.

Through the text I searched to avoid modern terms and expressions as much as
possible while referring to ancient theories. In some cases, however, I transgressed
this resolution for the sake of simplicity.

Roma, Italy Danilo Capecchi
May 2020
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Chapter 1 ®)
Epistemology and Science at the Turn e
of the 18th Century

Abstract Afterabrief excursion of precursors, Descartes, Huygens and a few others,
Newton’s epistemology is analyzed as the prototype of the view at the turn of the
18th century, both by studying his official statements in the Principia, Opticks, in
other published works or letters and his actual way of making science. Newton was
the last of the great traditional mixed mathematicians; with slight exaggeration, one
could say, the last of the ancients. He was a very complex character, involved in many
issues, including alchemy, theology and management; spending most of his time in
activities that today could hardly be classified as scientific. The chapter discusses how
his being a mathematician influenced all his apparently not mathematical interests,
canonical natural philosophy included.

1.1 The Heritage of the 17th Century

Most people involved in the early modern science that came after Galileo and before
Newton in the 17th century accepted the mechanical philosophy. Mechanical philos-
ophy was very useful to the development of science; it made easier the applications to
natural philosophy of geometric models. For example, a series of spherical or cubic
bodies perfectly hard or elastic. By means of the laws of mechanics a simulation, a
prediction, could be obtained of the phenomenon under study. If the simulation was
in agreement with reality it could be said that the proposed model is correct and a
causal explanation has been possibly found.

The most meaningful characters of the early modern science after Galileo and
before Newton are usually identified in Descartes and Huygens. This is however a
simplification not necessarily the best one; the transformations that concerned the
scientific knowledge were the result of collective work, largely due to mathematicians
involved in mixed mathematics. A short list of the most known of them is referred
to in the following Table 1.1.

To them one should add many others teachers of the universities and members of
the new born scientific academies. The purpose of the present book is not however
to document the spread of the process of transformation of the scientific knowledge
but rather to exemplify the way it occurred. Thus, for the sake of simplicity I will
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Table 1.1 Mathematicians operating in the second half of 17th century

Giovanni Battista Baliani (1582-1666) Italy
Giovanni Alfonso Borelli (1608-1679) Italy
Bonaventura Francesco Cavalieri (1598-1647) Italy
Giovanni Domenico Cassini (1625-1712) Italy
Evangelista Torricelli (1608—1647) Italy
Geminiano Montanari (1633-1687) Italy
Vincenzo Viviani (1622-1703) Italy
Gilles Personne de Roberval (1602-1675) France
Jacques Rohault (1618-1672) France
Blaise Pascal (1623-1662) France
Ignace Gaston Pardies (1636-1673) France
Honoré Fabri (1608-1688) France
Edme Mariotte (1620-1684) France
Robert Hooke (1635-1703) England
John Wallis (1616-1703) England
Isaac Barrow (1630-1677) England
Christopher Wren (1632—-1723) England
Robert Boyle (1627-1691) England

refer, besides Newton, mainly to Descartes and Huygens; the former is usually taken
as an example of a philosopher who dealt with mixed mathematics, while the latter
of a mixed mathematician who dealt with philosophy; this is however a crude sim-
plification. A few words will however be devoted to the French Jesuit Ignace Gaston
Pardies.

1.1.1 Descartes’s Purely Deductive Mixed Mathematics

René Descartes (1596—1650) played an important role in the development of modern
science. He contributed in a fundamental way to the development of mathematics,
especially for what concerns algebra and analytical geometry. He contributed signif-
icantly to the development of mechanicism also, that was one of the main support to
the mixed mathematics of the second half of the 17th century. He also gave important
technical contributions in statics, hydrostatics, dynamics (modern meaning), optics,
music. Butin substance he kept extraneous to the fundamental idea of the mixed math-
ematics: the development of a theory on the basis of a deductive approach starting
from more or less complex principles of empirical nature that were not questioned.

Descartes remained a canonical natural philosopher, although his philosophy was
strongly modeled on mathematics. His search for explanations of the world leaded
him on a path that at present appears to be blind, or at least was not followed by
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the scholars that we qualify today as scientists. He formulated a method that strived
to explain natural phenomena based on possibly simple and evident notions and/or
observations, drawn from rational reflection on concepts or from everyday experi-
ence, about the most fundamental aspects of the world. These provide the requisite
(metaphysical) foundation for his physics. In other words, he proceeded from clear
and distinct knowledge of general metaphysical objects, such as the material sub-
stance, to derive particular laws. Descartes’s method of conducting science was thus
quite different from the modern approach, where scholars do not first engage in a
metaphysical search for first principles. Yet, the lack of this phase is exactly the
criticism Descartes leveled at Galileo’s physics, that is at modern physics: “I find in
general that he philosophizes much better than the vulgar, in that he leaves the most
he can the errors of the Schools [...] but without having considered the first causes of
nature, [Galileo] has merely looked for the explanations of a few particular effects,
and he has thereby built without foundations [28].

Descartes was involved in mixed mathematics in different period of his life; the
interest was prominent in his early phase however, before he developed his mature
physics and metaphysics. Determinant for Descartes’s move was his acquaintance
with Isaac Beeckman (1588-1637) who involved him in his studies on hydraulics
and acoustics. The first Descartes’s published work on mixed mathematics was the
Musicae compendium [26]. Written in 1618, it was published posthumous in The
Netherlands in 1650; there was a second edition in 1653 to which other editions
followed. To be noted that, differently from Mersenne, who largely wrote on music,
Descartes never had acquaintance in any musical circle and possibly he did know of
music only at La Flche and through Beeckman.

Other Descartes’s works on mixed mathematics belong to his mature period. They
were about optics, with the Dioptrique of 1637, statics, with the letter to Constantijn
Huygens of 1637 entitled Explication des engins par I’ayde desquels on peut, avec
une petite force, lever un fardeau fort pesant [12]*; dynamics, with studies on the
oscillation of composed pendulums, spread on letters to Mersenne in 1646 [13].
Below, for the sake of space, I will deal only with the study on statics and optics. In
these works Descartes assumed principles based on reason and every day experience,
while contrived experiments played no role.

1.1.1.1 Statics. The Principle of Virtual Work

The conception of statics of Descartes is spread in his correspondence with Mersenne,
but its complete synthesis appeared in the letter of 1637 to Constantijn Huygens
already cited [12].? The whole statics according to Descartes is based on the following
‘obvious’principle:

1Vol. 2, letter to Mersenne of 11th October 1638, p. 380.
2pp. 164-173.
3pp. 164-169.
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The same force that can lift a weight, for example of 100 pounds to a height of two feet, it
can also raise a weight of 200 pounds to one foot, or a weight of 400 pounds to the height
of 1/2 foot, etc. [28].4 (A.1)

Namely, the force (fatigue, work) needed to raise the weight p to the height 4 is the
same as that required to raise p/2 to 2h. It is a restricted formulation of the principle
of virtual work.

Descartes’s principle of statics is proved without any explicit reference to sensible
experience, in a simply and ‘convincing’ way. The proof is associated to a thought
experiment. Assume a weight of 200 pounds; it can ideally be decomposed into two
weights of 100 pounds. The thought experiment makes it clear that either raising a
weight of 100 pounds to the height of 2 feet or rising two weights of 100 pounds
(that is a weight of 200 pounds) to the hight of 1 foot requires the same ‘fatigue’ or
force by an operator, a man for instance. In fact lifting a weight of 100 pounds to the
height of 2 feet can be imagined into two steps. First bring the weight to the height
of 1 foot, then move it again (as if it were another body) from the height of 1 foot to
that of 2 feet. But this last operation requires the same effort to lift 100 pound from
0 to 1 foot. Thus lifting 100 pounds to the eight of 2 feet is the same as to lift two
weights of 100 pounds (and thus 200 pounds) to the height of 1 foot.

However, the above justification, coinciding with that of Galileo, not mentioned by
Descartes, referred to in [12],° though ingenious, does not withstand critical analysis
as noted by Mach [73].° Indeed, the admission that to raise 100 pounds in two stages is
equivalent to raise 200 in one stage only, although intuitive, is not logically necessary
and it is not contradictory to imagine that it is not true. The thought experiment
makes the proof convincing because it incorporates, in an implicit way, empirical
arguments. These are however consideration of a modern epistemologist; Descartes
most probably would not have shared this opinion and would have considered the
proof to be completely a priori.

1.1.1.2 Optics. The Law of Refraction

The fundamental considerations about optics by Descartes, apart from some letters,
are referred to in the Le monde ou le traité de la lumiére published posthumously
in 1664 [27]7 and in the Dioptrique of 1637, a relatively short treatise of about 150
pages, divided into 10 chapters (Discourses), planned and written long before its
actual publication [24].8

The most celebrated part of the Dioptrique is the second chapter where the law of
refraction is ‘deduced’. It is preceded by a preliminary chapter on the nature of light

4Vol. 2, pp. 435-436.
3p. 129.

6p. 84.

7Chapter XIII.

8The Dioptrique was published as an appended treatise to the Discours de la methode followed by
the Metéores and the Géometrie, in that order.



1.1 The Heritage of the 17th Century 5

and followed by some chapters of philosophy of nature concerning the anatomy of
the eye, the role of the brain and the aspects determining vision. The treatise ends
with three chapters, compressively of about 80 pages, of technical content connected
to the use and construction of lenses. Here I will stress the phenomenon of refraction
as described in the second chapter only.

In the first pages of the treatise Descartes had declared that his scope was not
to inquire the ‘true’ nature of light but only to use some of its properties, such for
instance refraction and colors: “In this I will be imitating the astronomers [emphasis
added], who, although their assumptions are almost all false or uncertain, nonetheless,
because they agree with many observations that they have made, never cease to allow
the derivation of many very true and well-assured consequences” [28].° In any case
the true nature of light could not be the object to empirical verification; it should be
decided a priori on the basis of certain metaphysical reasonings.

According to Descartes light is nothing but, in luminous bodies, than the propa-
gation of a tendency to motion through particles of the second of his three elements
because of an impulse received by particles of the first of his elements, from the
sun for instance. Remember that Descartes distinguished three elements of matter:
luminous matter made up of very thin particles which could assume any shape so as
to exactly fill all the angles they find in the bodies they meet; aetherial matter made
up of small rounded particles (notice that some commentators call aetherial the first
element) and terrestrial matter, which, because of its greater dimension, cannot be
moved like the others [25].1°

Because the particles of aether are perfectly rigid, light propagates instanta-
neously. It moves toward our eyes through the air and other transparent media in
the same fashion as the resistance of bodies encountered by a blind person pass to
his hand by the intermediary of the stick. This example will support—for Descartes
and not a modern physicist—that light can extend its rays in an instant from the sun
to us, that is its speed is infinite [28]."! Moreover, light can be imagined to propagate
along rays which could always be assumed to be completely straight, when they pass
through an uniform transparent body. But when the rays encounter some other bod-
ies, they are subject to being deflected by them, or weakened in the same way as the
motion of a ball or a stone thrown in the air is weakened by the bodies it encounters,
as empirical evidence shows. This give raise to the phenomenon of refraction [28].!2

To explain refraction Descartes considered himself authorized to simplify his
model of light assuming it made of equal perfect microscopic hard spheres, which
actually move and obey the same laws of macroscopic bodies. Descartes considered
analogically each sphere as a tennis ball launched by someone with a given finite
speed. The ball is imagined to cross a horizontal cloth, representing the surface of
separation between air and water for instance, which was so feeble and loosely woven

Vol. 6, p. 83.

10part 111, 52, pp. 94-95.
ypol. 6, p. 84.

12vol. 6, pp. 88-89.
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that the ball had the force to break it and pass [15].! After the impact with the cloth
the vertical speed of the ball decreases causing the ball to move farther from the
vertical than before the impact.

Descartes’s analogy of a light-ball in motion, though fascinating presents incon-
sistencies. From an empirical point of view, as a matter of fact, light passing from
lower to greater density medium bends toward the vertical, that is the angle of refrac-
tion is lower than the angle of incidence. The contrary to what expected from the ball
analogy. From a logical point of view, there is no meaning in the assertion that light is
faster or slower in different media, considered that it is transmitted instantaneously.
Of course Descartes suggested answer to these difficulties. In substance he sustained
that it is true that light is not associated to a true motion of particles but only to a
transmission of an impulse of pressure. The motion can however be considered as
virtual and virtual motion behaves much like to true motion. Moreover the virtual
motion is faster in denser medium: “the more the small parts of a transparent medium
are harder and stable the light pass easily” [28].'* The contrary to what happens to
the ball, so the experimental result is explained.

A reading of the Dioptrique, even careful but without its framing in the episte-
mology of the 17th century, leaves the modern reader the impression of a purely
rational approach, where experience has no role and no experiment was carried out.
This impression also is reinforced by repeated Descartes’s claims of his derivation a
priori of the laws of reflection and refraction. As for instance in the letter to Mersenne
of 1st March 1638 “you should know that I demonstrated the refraction geometrically
and a priori in my Dioptrique, and I am amazed that you still doubt it” [28].'3

An aspect that also could point to the substantial purely a priori approach by
Descartes, is the nearly complete absence in the Dioptrique of measurements of the
indices of refraction of the various substances and thus an experimental verification
of the law of refraction. This is not because Descartes was not interested at all to
measurements but because he made difference between a general explanation of
refraction and the justification of particular instances. The former can be given a
rational explanation, the latter needs experiments whose fulfillment is possible with
the help of other people and not relevant for a general theory. He discussed the
problem in the Dioptrique. With his words: To see how different refractions should
be measured and to find their values is necessary the use of experience, because they
depend on the particular nature of the bodies in which they occur. It is nonetheless
possible to do so reasonably certainly and easily, since all refractions are reduced
to the a single measure; indeed it suffices to examine a single ray to know all the
refraction over a given surface [28].'°

A more in depth reading of the Dioptrique, partially modifies the impression of
a purely a priori Descartes. First it must be considered that a priori according to
him could have a different meaning than our post-Kantian meaning, that of no refer-

B3pp. 514-516.

14vol. 6, p. 103.
15Vol. 2, p. 31.

16vol. 6. pp. 101-102.
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ence to an empiric evidence. A priori, with a posteriori, are qualifiers of two logical
approaches, from causes to effect or from effect to causes, respectively, also referred
to as synthesis and analysis. In this sense a priori simply means that the explanan-
dum is deduced from some primitive (and possible simple) assertions, of which
is indifferent whether or not they are derived from or without—this is Descartes’s
opinion—recourse to experience. This interpretation is also validate by the quota-
tion reported above, see Sect. 1.1.1.2, according to which the method adopted in
the Dioptrique is that of astronomers, that starts from some hypotheses and derives
their consequences. Descartes’ deduction comes from the property of lights that are
assumed as hypotheses, without questioning their epistemological status.

1.1.2 Pardies’ Mechanics and Theory of Light

Ignace Gaston Pardies (1636—1673) was born in Pau (France), the son of an advisor
at the local assembly. He entered the Society of Jesus in 1652. After his ordination he
taught philosophy and mathematics at a lycée in Paris; one can thus speak of Pardies
as of amathematician with interests in natural philosophy and also in metaphysics and
therefore able to increase the mixed mathematics by absorbing from philosophy. His
well known scientific works are the La statique, ou la science des forces mouvantes
of 1673 (herein after simply La statique), De la connoissance des bestes of 1672 and
the Discours du mouvement local of 1670. His most important work is however on
optics that remained unpublished. The ideas of Pardies about the nature of light were
published by his confrere Pierre Ango (1640-1694) in his L’optique divisée en trois
livres of 1682 [2].

In the Discourse du mouvement local, Pardies played the role of the metaphysician
and criticized Descartes for his formulation of the laws of impact: “Descartes was
wrong in six rules over seven” [106].!7 He then went on to describe his own rules
of impact for bodies qualified as hard, which for him meant perfectly elastic. At the
basis of Pardie’s laws there are, first the principle of inertia, which for Pardies is not
a principle of indifference to motion but rather an internal power, called impetuosity
(impetuosité) [106]'3; second the Cartesian law that the motion in the collision is not
lost but transferred from one body to another.

At a first sight the rules Pardies formulated appear correct to a modern reader,
who can also accept their justifications. The only remark he [the modern reader] can
raise is that Pardies forgot to specify that the bodies he considered were equal (with
the same mass in modern term). However, the reader realizes soon that Pardies’ was
not a forgetfulness, but an intentional expositive (and strange) choice. In fact, in
paragraph XXXI he clearly stated that the variation in speed in the impact are the
same whether the bodies are equal or if they are different [106]."

17p.187.
185, 144.
95 171.
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He had provided a justification of this occurrence in the La statique, asserting
that:

It is quite true that in the state we are, we find it more difficult to move a big stone than to

move a little one; but there is no one who does not know that it comes from the resistance

caused by the gravity of these stones. For if the great stone were not heavier than the little
one, there is no doubt that we would urge it to move with the same facility [107].2° (A.2)

In the La statique Pardies claimed his intention to write a complete work on mechan-
ics, denomination which included both statics and dynamics. Pardies said that his
treatise is in the footprints of Wallis’ Mechanica, sive de motu, tractatus geometri-
cus of 1671 [127], where was first used the term mechanics to include both statics
and dynamics. Pardies considered it useful to write a new treatise because that of
Wallis was too technical and was also not complete. Indeed La statique is interest-
ing because his approach to mechanics is more physical than Wallis’s, which was
framed in the rigid schemes of the classical mixed mathematics, where mathematical
demonstrations largely prevailed over the arguments of natural philosophy, used to
justify the principles assumed.

The concepts of Pardies on the nature of light are summarize in the premise of the
La statique, where it is suggested the analogy between light and sound; an analogy
that had its roots in ancient time but now is treated with mathematical argumentations.
Pardies’s theory of light was discussed largely by Pierre Ango, in the L’optique divisée
en trois livres of 1682. The basic hypothesis of natural philosophy is the existence
of a matter infinitely more subtle than air, liquid in all its parts, named aether, which
fills the whole firmament [2].2! The sun (and the stars) is like a flame without heat.
Sun contracts and expands as the flame of a candle and communicate this motion to
the surrounding aether. The motion of undulation that results, said Ango-Pardies, is
not however a transfer of matter. The reference are the waves that form when a stone
in launched in still water [2]??; this led him to consider light propagating at finite
speed.

Particularly interesting is the explanation and the quantification of refraction,
which is carried out under the assumption that the speed of light is the greater the
lower the density of the medium, being maximum in the aether alone. It was most
probably of inspiration to Huygens, which assumed a similar treatment. When light
encounters a surface of separation between air and a diaphanous body, according to
Pardies, waves change from spherical to ellipsoidal. Ango-Pardies explanation is not
clear however, also because referring to a figure (Fig. 1.1) whose littering does not
closely correspond to the description.

More clear is the explanation associated to Fig. 1.2, where a graphical algorithm
to evaluate the direction of the refracted ray is suggested. Let consider two rays of
light Al and aC, very close to each other to be considered as parallel. They encounter
the surface IC of separation between two media having different density, that of the

20p.262. Huygens quoted the most ‘ingenious’ Pardies, commenting that “we can deceive ourselves
even when we assume as principles entirely probable ones” [81], p. 288.

le. 7.
22pp. 8-17.
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Fig. 1.1 Elliptic waves in A
the refraction of light
according to Pardies.
Redrawn from [2], p. 62
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Fig. 1.2 Direction of the a
refracted ray. Redrawn from A
[2], p. 64

(@)

lower (medium 2) less than that of the upper (medium 1). Thus the speed of the
light v, in the medium 2 is greater than the speed v, in the medium 1, of 1/3 for
instance. The undulation in the direction of the ray Al reaches first the surface IC and
continues its motion with an increased speed while the undulation in the direction
of aC continues along cC. Ango-Pardies gave for granted that the ray will continue
starting from the same point I but with a different direction In and that the front wave
(the tangent to the undulation according to Argo-Pardies) is defined by a straight line
passing through the point C. With reference to the half circumference of diameter IC,
the point n which defines the direction In of the refracted ray is found by imposing
that the segment Im = ¢C is to the segment In as v; is to v, being m the intersection
of the half circumference with the extension of Al
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1.1.3 Huygens’ Philosophical Mixed Mathematics

Christiaan Huygens (1629-1695) has been often considered the true heir of Galileo
though a Cartesian. A common view assumes him as an eclectic scholar, a problem
solver who took up yet unsolved problems and solved them without any apparent
search direction. Leibniz, who in any case greatly estimated him, in a letter to Nicolas
Franois Rémond (1638-1725) wrote in 1714: “he had no taste for metaphysics”
[71].2% These views could do if one considers the published great treatises only. Here
the writing style is rigorous and concise, which rarely leaves space to imagine the
tortuosity of elaboration surely associated to his researches. Not an uncommon trend,
Newton also moved analogously though to a less extent. Because of the mathematical
rigor Huygens was often referred to as a new Archimedes. He excelled in the use
of mathematics in mechanical philosophy; more than Descartes who had different
interests and lacked of correct impact rules, and more than Pardies, that was less
good mathematicians, and even he lacked of correct dynamical rules.

A revisiting of Huygens’s works occurred after the 1950s, when the so big edition
of his Oeuvres complétes, started a sixty years before, was completed. It evidenced
in correspondence and in unfinished papers that Huygens was not avulse from phi-
losophy and metaphysics, helping to counteract the usual image of Huygens as a
positivist. This is especially true for his last works, among which the so called Codex
Hugeniorum 7A [81], devoted to motion and space, of which will be referred to in the
following, and the Cosmotheoros [57], referred shortly below. In any case Huygens
accepted fundamental metaphysical assumptions, those associated to mechanical
philosophy.

The Cosmotheoros [57], Huygens’ latest writing, addressed to his brother Con-
stantijn, is a book atypical in many respects. The decision to draft this “little treatise
on philosophical matters”,?* the only one of Huygens’s books for which he used the
cumbersome adjective philosophical, was due to several external motivations, among
others the desire to disclose to a wider audience the cosmological consequences of
the Copernican theory. The Cosmotheoros contained Huygens’ speculations on the
construction of the universe and the habitability of the planets as deduced from his
own observations and those of other astronomers. The publication, though posthu-
mous, had a remarkable success and was soon translated into several languages;
much probably for the audacity of the matter treated: the existence and characteris-
tics of the inhabitants of other worlds. Contemporaries scholars however, with the
exception of Leibniz alone, judged with severity the conjectural nature of the work
and felt that its editing had not increased the fame of the author [81].%

The Cosmotheoros should in any case be considered by modern historians of
science worthy to be read because, besides the cosmological openings which dom-
inate, it contains important epistemological observations. Prerequisite to Huygens’
epistemological discourse is the consideration that the reasons of the Creator remain

23Vol. 3, p. 607.
241 etter to Leibniz, 29th may 1694, Oeuvres, t. X, 60.
2pp. 124-125.
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impenetrable to us. With very strong accents Huygens emphasized that the reason of
God is “quite other than the ours” and that the power that we assign him is usually just
a confused imitation of the one we perceive in ourselves; any attempt to understand
the divine attributes is therefore vain. In resuming the thesis of the infinite power
of God, however, Huygens did not intend to get rid of the rules established by the
mechanical philosophy which remain completely valid. Huygens made use of the
omnipotence of God especially in order to reject the claims of metaphysicians and
theologians to limit a priori the variety of creation, which must be established in an
experimental way, and to prevent the extension of our science to hitherto unknown
fields.

Huygens was anyway mainly a mathematician—very good indeed—and a sup-
porter of the mechanical philosophy. His most important results were in mechanics.
His studies on the composite pendulum, collected in the Horologium oscillatorium of
1673, are a milestone of dynamics. The same holds true for his studies on the impact
of (elastic) bodies in the Motu cororum ex percussione published in 1713 and on
the centrifugal force in De vi centrifuga of 1673. In these studies the role played by
mechanical philosophy was important but not prevalent. Huygens was instead fully
engaged in this philosophy in the study of the causes of gravity. His conclusions,
reported in the Discourse sur la cause de la pesanteur of 1690, were of qualitative
nature even though mathematics played an important role.

But the problem where Huygens joined the approach typical of mixed mathematics
to the mechanical philosophy was that of light propagation. According to Huygens,
in optics the demonstrations occur of those kinds which do not produce as great a
certitude as those of geometry and which even differ much therefrom, since whereas
geometers prove their propositions by fixed and incontestable principles, here the
principles are verified by the conclusions to be drawn from them; the nature of these
things not allowing of this being done otherwise.

It is always possible to attain thereby to a degree of probability which very often is scarcely
less than complete proof. To wit, when things which have been demonstrated by the Princi-
ples that have been assumed correspond perfectly to the phenomena which experiment has
brought under observation; especially when there are a great number of them, and further,
principally, when one can imagine and foresee new phenomena which ought to follow from
the hypotheses which one employs, and when one finds that therein the fact corresponds to
our prevision. But if all these proofs of probability are met with in that which I propose to
discuss, as it seems to me they are, this ought to be a very strong confirmation of the success
of my inquiry; and it must be ill if the facts are not pretty much as I represent them. I would
believe then that those who love to know the Causes of things and who are able to admire the
marvels of Light, will find some satisfaction in these various speculations regarding it, and in
the new explanation of its famous property which is the main foundation of the construction
of our eyes and of those great inventions which extend so vastly the use of them [56].26 (A.3)

The validation of the principles at the basis of explanations (a theory in modern term)
of a physical phenomena is compared to the validation of the interpretation of the
characters in the decryption of an encrypted letter.

26Preface, 2nd-4th pages. English translation in [59].
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I feel that in physics there are no other demonstrations than in deciphering a letter. Here,
having made assumptions about some slight conjectures, if one finds that they are verified
in the following, so that according to these suppositions of letters one finds coherent words
in the letter, one holds with a very great certainty that the suppositions are true, that there is
need of another proof, even though it is not impossible that there are others more true [58].27
(A4)

1.1.3.1 The Role of Philosophy of Nature. The Traité de la lumiére

Huygens joined the approach typical of mixed mathematics to the mechanical phi-
losophy in a very efficient way in the study of light propagation. His mechanicistic
view was for sure influenced by Descartes and at least by Hobbes (a philosopher)
and Pardies (a mathematician), of whom Huygens knew the writings for sure, even
if not yet published. In the following I will shortly comment the theories of Hobbes;
that of Pardies and Descartes have been described in the previous section.

Thomas Hobbes (1588-1679) proposed a his own theory of light in his Tractatus
opticus of 1644 [1]. According to him light was not a tendency to motion, but an
actual motion, though very small, which is propagating instantaneously through a not
specified medium. Light was generated by a luminous body which expands and swells
into a greater volume, and then contracts again, continually contracting and swelling
(systolem et diastolem). The motion from the luminous body is propagated to the
eye through a continual pushing outwards of the contiguous parts of the medium.
A characteristic and may be a drawbacks of Hobbes’ theory is that the entire body
of the luminous body, the sun for instance, expands and contracts together like the
systole and diastole of the heart, so that all the rays of light emanate radially from
the center of the sun rather than in all directions from its surface as it should be. This
is exactly the sort of confusion which would arise if a theory of light were modeled
too closely in an analogy with sound, as Hobbes’ theory appears to be [117].28

Basic concepts of Hobbes’s theory of light are those of ray and line of light. A ray
is the path through which the motion from the luminous body is propagated through
the medium. It has a thickness and so it is three dimensional. The line of light is the
line from which the sides of a ray begin. With reference to Fig. 1.3 the ray is the solid
ABKI, while the line of light is the line AB from which sides Al, BK begin. Any one
of the lines which are derived from the line of light by a continual extension such as
CD, EF, etc are lines of light as well.

Using his concepts of ray and line of light Hobbes was able to explain the refraction
from air to glass, assuming that air is less resistant to motion than glass, contrary
to what made by Descartes. He was conscious that the theory of expansion and
contraction demanded the existence of a vacuum. At the time he wrote the Tractatus
opticus he did not deny this possibility and thus there was no conflict. But when De
corpore appeared in 1655, where he discussed about light again, Hobbes came to

21Vol. 7, p. 298.
2p. 149.
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deny the existence of a vacuum, and therefore he had to reject his theory of expansion
and contraction.

Huygens published his conceptions on the theory of light in the Traité de la
lumiere of 1690. Previous his published works about optics reduced to the Dioptrica
of 1652, a treatise of geometric optics with a comprehensive theory of refraction and
the configuration of lenses in telescopes. One of the reason that compelled Huygens
to start a mechanist theory of light was the attempt to explain the strange behavior
of the Iceland crystal, that generally exhibits two different angles of refraction and
shows refraction even for vanishing angles of incidence. This behavior could not be
explained with the traditional geometrical optics and for this reason its treatment was
completely absent from the Dioptrica.

Huygens’ approach to optics was not that of a canonical natural philosopher tend-
ing to explain the causes of the various phenomena exhibited by light. He restricted
the range of his theory to the extent it could explain the strange refraction of the
Iceland crystal and completely ignored the problems of the nature of colors as well
as the phenomenon of diffraction, though his theory could explain it. Moreover he
remained vague on the nature of the pulses transmitted by the particles of aether;
more precisely he did not assume a periodic behavior, so that his was not a true
theory of wave in modern sense but simply a pulse or vibration theory. In this section
however as Huygens used the word onde, speaking of wave could be appropriate.

In Chap. 1 of the Traité de la lumiére Huygens argued on the finite speed of light
basing on astronomical observations. In particular he referred to the value obtained
by the Danish astronomer Ole Rgmer (1644—1710) who made use of the eclipses
suffered by the ‘little planets’ which revolve around Jupiter and which often enter his
shadow. Rgmer found for the speed of light the value of 11 hundred times a hundred
thousand toises (that is 110 000 000 toises) in one minute.?’

The fact that the speed of light is finite is sufficient for Huygens to state that
it propagates as spherical pulses: “Now the successive movement of light being
confirmed in this way, it follows, as I have said, that it spreads by spherical waves,

2Because a toise is 6 feet and a (French) foot about 0.325m, the speed suggested by Huygens
corresponds to 110000000 x 6 x 0.325 =214 000 000 m/s, not very far from the presently accepted
value of about 300 000 000 m/s.
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Fig. 1.4 Propagation of light in a line. Redrawn from [56], p. 16

like the movement of sound” [56].%" Differently from sound however light does

not propagate in air but in an aetherial matter. This was demonstrated very clearly,
according to him, by the celebrated experiment of Torricelli, in which the tube of
glass from which the quicksilver had withdrawn, remaining void of air, transmitted
light just the same as when air is in it, but it did not transmit sound. For this proves that
amatter different from air exists in this tube, and that this matter must have penetrated
the glass or the quicksilver, either one or the other, though they are both impenetrable
to air [56].3! Whereas Pardies admitted essentially the same wave mechanism for
light and sound, Huygens believed that the extremely high speed of light required a
specific mechanism.

The model suggested by Huygens considered the universe completely filled with
particles of the aether whose shape, for the sake of simplicity, was assumed as
spherical. The luminous body communicates to these particles an impulsion that
propagates through them, without any transfer of matter. Let consider, for instance,
the row of equal spheres of elastic matter shown in Fig. 1.4. If against this row there
are pushed from two opposite sides at the same time two similar spheres A and D,
one will see each of them rebound with the same speed which it had in striking,
yet the whole row will remain in its place, although the pulse has passed along its
whole length twice over. And if these contrary pulses happen to meet one another
at the middle sphere, B, or at some other such as C, that sphere will yield and act
as a spring at both sides, and so will serve at the same instant to transmit these two
movements [56].3% If the spheres were exactly rigid the transfer of pulses would be
instantaneous, as Descartes assumed, but as the spheres are elastic the transmission
of the pressure from a particle to another will need a finite interval of time; the greater
the lower the stiffness.

The elasticity of the spheres of aether, is explained by Huygens assuming that
they, notwithstanding their smallness, were in turn composed of still smaller parts
and that their springiness consists in the very rapid movement of a subtle matter which
penetrates the spheres from every side and constrains their structure to assume such a
disposition as to give to the subtle matter the most open and easy passage possible. In
any case though one should ignore the true cause of springiness, in Huygens opinion,
he still sees that there are many bodies which possess this property; and thus there
is nothing strange in supposing that it exists also in little invisible bodies like the
particles of aether. Moreover if one wishes to seek for any other way in which the
motion of light is successively communicated, one will find none which agrees better.

30p. 9.
3lpp. 10-11.
32p. 11.
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By supposing springiness in the aetherial matter, its particles will have the property
of equally rapid restitution whether they are pushed strongly or feebly and thus the
propagation of light will always go on with the same speed [56].%

Of course, in the universe the particles of aether are not ranged in straight lines, as
in Fig. 1.4, but each particle touches several others; this does not hinder them from
transmitting their movement and from spreading it always forward. Indeed there is a
law of impact serving for this propagation and verifiable by experiment. It says that
when a sphere, such as A in Fig. 1.5, touches several other similar spheres CCC and
it is struck by another sphere B in such a way as to exert an impulse against all the
spheres CCC, it transmits to the spheres CCC the whole of its motion and remains
motionless after the impact.

Figure 1.5 shows that any particle of aether transmits the pulse to all the parti-
cles surrounding it and thus it can be said that any particles becomes the source of
(spherical) waves; what is commonly known as principle of Huygens.

There is the further consideration of these waves, that each particle of matter in which a
wave spreads, ought not to communicate its motion only to the next particle which is in the
straight line drawn from the luminous point, but that it also imparts some of it necessarily to
all the others which touch it and which oppose themselves to its movement. So it arises that
around each particle there is made a wave of which that particle is the center [56].3* (A.5)

The various spherical waves [ondes], to be considered as partial waves join in a unique
(spherical) main wave. Consider Fig. 1.6 where DCEF is the spherical front wave
emanating from the luminous source A, which is its center. The particle B, one of
those comprised within the sphere DCEF, has originated its partial wave KCL, which
touches the front wave at C at the same moment that the original wave emanating
from the point A has arrived there. It is clear that it is only the part around C of the
wave KCL which touches the wave DCEF, which is in the straight line drawn from
AB. Similarly the other particles, such as bb, dd, etc. make their own waves. But
each of these waves can be infinitely feeble only as compared with the wave DCEEF,
to the composition of which all others contribute by the part of their surface which
is most distant from the center A.

Huygens did not define explicitly what is a ray of light, but used the term as
it was well known—that is as a primitive term—coherently with his assertion that

3pp. 12-13.
34p. 17. English translation in [29].
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Fig. 1.6 Rectilinear rays. A
Redrawn from [56], p. 19

light propagates through straight lines. This stems from the assumption of spherical
waves, but it is also ‘proved’ experimentally. Let reconsider Fig. 1.6 where BG is
an opening, limited by the opaque bodies BH, GI. The wave of light which issues
from the point A will always be terminated by the straight lines AC, AE; the parts of
the partial waves which spread outside the space ACE being too feeble to produce
light there. Huygens added upon: “Now, however small we make the opening BG,
there is always the same reason causing the light there to pass between straight lines;
since this opening is always large enough to contain a great number of particles of
the aethereal matter, which are of an inconceivable smallness” [56]*° and concluded
that each little portion of the wave necessarily advances following the straight line
which comes from the luminous point. Thus then one may take the rays of light as
if they were straight lines.

Notice that Huygens not only declared that light is propagating according to
straight lines, but also that there is not diffraction. This last statement is quite strange
for an accurate experimenter like him. Moreover he knew the work on diffraction by
Grimaldi from Riccioli’s Astronomiae reformatae and he was present when Mariotte
and La Hire performed experiments at the Académie des sciences, which tended to
confirm Grimaldi’s results [58].36

One of the most marvelous property of the rays of light, according to Huygens,
is that when some of them come from different or even from opposing sides, they
produce their effect across one another without any hindrance. Whence also it comes
about that a number of spectators may view different objects at the same time through
the same opening. The mechanism of transmission of light through impact of elastic
spheres allows to explain easily why the waves do not destroy nor interrupt when
they cross one another [56].%7

35p.19.
36vol. 22, p. 268.
37Vol. 22, p. 20.
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1.1.3.2 The Role of Mathematics. Isotropic Refraction

Chapter 2 of the Traité de la lumiére is devoted to reflection, which does not require
particular attention. Chapter4 is devoted to the refraction in non isotropic media, as
the atmosphere for instance. In such a case Huygens showed that the rays are curved
lines. More interesting is Chap. 3 devoted to refraction. Differently from Descartes
and Newton, Huygens assumed that the speed of light was the lower the greater
the density of the diaphanous medium. Lower in glass than in air for instance. This
lower speed is justified by the detours imposed to the particle of aether that should
move through the pores of ordinary matter: “And, moreover, one may believe that
the progression of these waves ought to be a little slower in the interior of bodies, by
reason of the small detours which the same particles cause. In which different speed
of light I shall show the cause of refraction to consist” [56].38

By assuming a package of rays it results easy to show that passing from air to glass
for instance, the refraction angle is lower that the incidence angle, as it is indeed.
For the proof assume the setting of Fig.1.7. Let the line AC represents a portion
of a wave of light and the centre of the luminous body be supposed so distant that
the rays in this portion may be considered as parallel lines. Let the piece C of the
wave AC, in a certain space of time have advanced following the straight line CB
which consequently cuts AC at right angles. In the same time the piece A would have
come to G along the straight line AG, equal and parallel to CB and all the portion of
wave AC would be at GB if the matter of the transparent body transmitted the wave
as quickly as the matter of the aether. Let suppose now that the transparent body
transmits this movement less quickly, by one-third, for instance. The motion then
would spread from the point A, in the matter of the transparent body, for a distance
equal to two-thirds of CB, making its own particular spherical wave. This wave is
then represented in Fig. 1.7 by the circumference SNR, the centre of which is A and
its semi-diameter is equal to two-thirds of CB. Then if one considers in order the
other pieces H of the wave AC, it appears that in the same time that the piece C
reaches B they will not only have reached the surface AB, but in addition, they have
generated in the transparent body, from the centers K, secondary waves, represented
by circumferences whose semi-diameters are equal to two-thirds of the lines KM.
Now all these circumferences have for a common tangent the straight line BN; that
is the same line which is drawn as a tangent from the point B to the circumference
SNR. This line is the propagation (the frontwave) of the wave AC at the moment
when its piece C has reached B [56, 59].%

The refracted rays being orthogonal to the line BN have the direction like AN,
different from AD; the angle between AD and AD depending on the difference
between the speed of light in the two media.

3p. 30.
3pp. 33-34.
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Fig. 1.7 Refraction of light. Redrawn from [56], p. 33

1.1.3.3 The Role of Mathematics. Double Refraction

As already noted, one of the reasons which pushed Huygens to develop a mechanicis-
tic theory of the propagation of light was the desire to explain the strange behavior
of the so called Iceland crystal, for which an incident ray originated two refracted
rays. To explain this behavior Huygens assumed that, due the particular molecular
arrangement of the crystal, two different mechanisms of propagation of light sub-
sisted. The classical one, due to the transmission of pulses through the particles of
aether which filled the pores of the crystal, the other due to pulses transmitted directly
by the ordinary matter of the crystal.

As there were two different refractions, I conceived that there were also two different ema-
nations of waves of light, and that one could occur in the aethereal matter extending through
the body of the Crystal.

[...]

As to the other emanation [...] I supposed it would spread indifferently both in the aethereal
matter diffused throughout the crystal and in the particles of which it is composed [...]. It
seemed to me that the disposition or regular arrangement of these particles could contribute
to form spheroidal waves (nothing more being required for this than that the successive
movement of light should spread a little more quickly in one direction than in the other) and
I scarcely doubted that there were in this crystal such an arrangement of equal and similar
particles, because of its figure and of its angles with their determinate and invariable measure
[56].40 (A.6)

The second way of transmission of light is anisotropic, that is it occurs with different
speed in the different directions, so that the waves are not spherical but ellipsoidal. The
ellipsoidal waves allow to explain easily the double refraction as well as the presence
of refraction for rays incident orthogonally to the free surface of the crystal. One of
the refraction is due to the classical transmission of pulses, the other to the second
way of transmission.

40pp. 58-59.
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With reference to Fig. 1.8 assume the straight line RC, parallel and equal to AB,
to be a portion of a wave of light, in which infinite points such as RHAAC come
to meet the surface AB at the points AKkkB. For the second way of transmission
instead of the hemispherical partial waves which in a body of ordinary refraction
would spread from each of these last points, there are semi-ellipsoidal waves. The
axes of the ellipsoids are supposed to be oblique to the plane AB, as is AV, which
represents the partial wave coming from the point A. Now taking a certain interval
of time during which the wave SVT has spread from A, in the same time, waves
similar to SVT and similarly situated occur. And the common tangent NQ of all
these semi-ellipsoids would be the propagation of the wave RC which fall on AB,
and would be the place where this movement occurs in much greater amount than
anywhere else, being made up of arcs of an infinity of ellipsoids, the centers of which
are along the line AB [56, 59].

At this point Huygens assumed to have proved that the emerging ray is not orthog-
onal to AB but inclined as AN, BQ are, and that the line of wave (the front wave) and
the rays are not orthogonal.*! In Huygens’s reasoning there are implicit assumptions
that though intuitive makes his argumentation not very stringent. The first assump-
tion is that the bundle of rays RHZAC changes in another bundle, the other is that a
ray maintains its identity after the refraction. That is a ray which terminates in A for
instance should continue with another ray which starts from A.

Chapter 6 of the Traité de la lumiere has an essential mathematical nature, regard-
ing the shape to give to lenses or mirror to satisfy certain optical requisites. It is
a chapter typical of any mixed mathematics treatise, where the development of a
physical theory is the occasion to start a new mathematical theory. An approach that
will characterize the mathematical physical treatises of the 19th century

41pp. 60-61. That the line connecting the center A of the ellipses with N is not orthogonal to NQ
is clear from the figure. It was a known property of the ellipsoids that AN and NQ are conjugate
straight lines.
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1.1.3.4 The Hyper-Physics of Space and Motion

Despite Leibniz’s accusation of poor sensitivity toward metaphysics, Huygens also
payed attention to it when he tried to characterize motion. He acted as a mathematician
with the goal of clarifying those aspects of the motion that concerned his studies of
dynamics in which motion is defined in a precise way through velocity, intended as
an incremental ratio between space and time.

Historians of science individuate three phases in the evolution of the concept of
motion in Huygens. In the first phase (about 1650-1670) a young Huygens assumed
that both rotational and translational motions were relative. After his studies, second
phase, on centrifugal force Huygens attributed a character of absoluteness to rotating
motion, while in the last phase, started after his reading of Newton’s Principia in
1687, he came back to a complete relativistic vision. Regarding the conception of
the space in itself the situation is less clear, even because Huygens dealt sparingly
with the topic.

In the following I will refer to the concepts of motion (and space) reported by
Huygens in some fragments collected in the Codex Hugeniorum 7A, in the ver-
sion published by Gianfranco Mormino [81]. The fragments were probably written
between 1687 and 1694, that is in the third phase of Huygens’s reflections on motion.
They present repetitions and reworking to testify Huygens efforts in the attempt to
clarify his ideas; I will refer mainly to Fragment 6, which is one of the most coherent
and exhaustive.

Huygens’ space is neither the material space of Descartes nor the purely relational
space of Leibniz. Huygens gave a positive connotation to space, which is something
existing in itself; in that his position is close to that of Newton. But Huygens’ space
cannot be qualified with rest. Huygens asked himself: “Indeed there is neither motion
nor rest if not of a substance. Thus, how could one attribute the rest to the empty
space, where there is nothing? The argument is not difficult from a mathematical
point of view, but from that physical or hyper-physical (hijperphysice in Latin)”
[81].#

The following quotation gives one of the most exhaustive connotation of space:

I cannot see how this space, considered in itself, without no body may be conceived at rest,
since rest and motion only concern the bodies and the idea of both originated only from
them. In fact, if one can say that there is a rest or a motion of space it will be of that space
that is occupied or enclosed by a body, like when we say that the space of an amphora is at
rest or moving together with it. But to that infinite and empty space [emphasis added] cannot
be attributed neither the idea nor the name of motion and rest. Those who say that it is at rest
do not seem to do it for any other reason than because they realize that it would be absurd
to assert its motion, and therefore they thought it must necessarily be said that it is at rest,
when instead it should have been thought that neither the motion nor the rest concern in any
way that space [81].4 (A.7)

42p. 142. In the manuscript “hijperphysice” replaced a preexisting “methaphysice”, erased most
probably because Huygens wanted to distance himself from the traditional metaphysics.

43p. 232.
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To contrast the possibility of an absolute translation motion, Huygens assumed a
space where there are two bodies only, A and B that move one with respect to the
other. Let then one of them, A for instance, reduced to nothing; perhaps then B,
which continues to exist, will no longer be in motion? asked Huygens. Certainly
not, he replied, because moving is nothing but changing distance from the other. But
here nothing else exists and the world has no borders or one center with respect to
which B could change position. Maybe then B will be at rest? Not even, since the
rest is relative to another body, respect to which the same distance and position are
maintained. But does not a body have to be either at rest or in motion? Thus say
scholars for whom motion and rest are something in themselves, without relation to
anything else. But, according to Huygens, there is neither motion nor rest if not with
respect to other bodies, B will not be neither in motion nor at rest but simply it will
exist [81].%

In another point Huygens discussed the relative motion between free mass points
in the space. Consider two bodies A and B free and at rest with each other. If one
pushes A so that A and B are in relative motion, A certainly receives an impulse; but
it cannot be said that it is A which moves with respect to B, because the opposite is
also true. And if even A is much greater than B, the same effect is achieved either by
moving one or moving the other. Then he concluded in a somewhat disconcertingly
way: “although it takes more effort to move, in this way, A than B” [81].%

The principle of inertia is formulated by Huygens with reference to relative and
not absolute motion, as Newton did instead. It is formulated as a motion with respect
to other bodies. “If a body moves freely and without any obstacle with respect to
some bodies at rest between them, it will travel in a straight line with respect to them
and will move in a uniform motion” [81].4¢ This for Huygens must be taken as an
empirical principle because experience evidently proves it. It can also be justified on
a rational basis; in fact it is consonant with reason that bodies put into motion one
with respect to the other continue to move without deviating towards any part, if no
impediment intervenes, as bodies at rest persevere in this state if it does not happen
nothing else [81].4

More complex and less convincing is the justification of the relativity of circular
motion, to which Huygens attributed the cause of the centrifugal force, demonstrated
empirically. This justification affects, for example, the definition of relative rest
between two mass points. According to Huygens, those bodies are at rest between
them that, without being hindered by any constraint or obstacle to move away freely
from one another, nevertheless maintain the same distance [81].*® This definition of
a dynamic nature of rest, serves to exclude that two bodies that move in a circular
motion one around the other are at rest; in this case to keep the distance unchanged
a constraint is required. Huygens also tried to argue with kinematic considerations

4p. 180.
$p. 182.
465 210.
4Tp. 210.
43p. 208.
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that in the latter case the bodies are not at rest. The arguments of Huygens, based
essentially on analogical reasoning, are not very convincing and somehow presuppose
what he wants to try. Before going on to examine them, it is worthwhile to report the
following comment:

For a long time I thought that in the circular motion was given the criterion of true motion,
from the consideration of centrifugal force. In fact, as far as it concerns all other phenomena,
it is the same thing whether a disk or a wheel that is near me moves circularly or if, being
that disk at rest, I turn along its circumference. But if a stone is placed at the end, when the
disk rotates, it is thrown away. For this I thought that, in this case, it [the disk] moves and
really rotates, even without any reference to other bodies 8114 (A.8)

Then, asked Huygens, can two bodies move relatively without changing the distance?
The positive answer is entrusted to two arguments of an analogical nature.

In the first argument, Huygens considered two bodies A and B that move according
to lines parallel to each other in the opposite directions and equal speed, as shown in
Fig. 1.9, implicitly assuming a reference against which these motions make sense.

In a first time interval A arrives in K starting from C and B arrives in L starting
from E. In a second time interval of the same duration as the first, A passes from
K to G and B from L to H. It is simple to demonstrate that the variation in distance
between A and B is greater in the first interval than in the second. Imagining very
small time intervals, one has that the variation of distance, and therefore the speed
along the line joining the two bodies A and B, decreases until it nullifies when the
two bodies pass through the GH line, and then continue to grow. This according to
Huygens means that although the relative distance in GH does not vary, A and B still
have a relative non-zero speed in the direction of the lines CD and FE. Or reversing
the reasoning, if the speed of moving away two points is zero it does not mean that
they are at rest.

In the second argument still reference is made to the two bodies A and B of
Fig. 1.9. It is known that these two bodies are moving with respect to each other,
although it is not known which of them is actually moving. Assume now a thread
that by means of hooks constrains the distance between the two bodies A and B as
soon as they cross the line GH. Their rectilinear motion will then turn into circular

49p. 236.
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motion and the thread joining A and B will reveal the fact with its own tension.
Huygens asked rhetorically: “Why before the two bodies met these hooks it was not
known that they moved of true motion and now after they met them maybe we will
know? Can one define how agitated they are in relation to that infinite and immobile
space?” [81].%°
Even this reasoning is not very convincing however; Huygens realized the diffi-
culty and tried another reasoning:
In free motion, given some bodies at rest [which to refer the motion], the directions and
velocities along these directions are known with certainty; thanks to them one will explain
the change in distance. The velocity of rotating bodies is also determined by means of those
bodies [at rest]. Once those bodies are removed, it is more difficult to identify such quantities
and velocities in free motions, but the circular motion of two or more bodies joined by a
constraint, or parts of a single body, is recognized by the centrifugal force. Against those
who maintain that this is a true movement, I affirm that it is only relative. It cannot in fact

be said that the center of rotation is at rest in the world, but only in relation to other bodies
[8115! (A.9)

1.2 Newton Philosopher, Theologian, Alchemist and Even
Mathematician

In the early modern science there have been scholars who excelled both in practical
and in theoretical activities. Isaac Newton (1643—1727; Gregorian calendar) was
one of them and his field of interest was enormous. From mathematics to natural
philosophy, to electricity, to theology, to Church history, to alchemy, to management,
etc. Today, with the specialization that characterizes the modern sciences this vastness
of interests would be inconceivable and if someone tried to perform researches in so
a vast field, even though he were a genius like Newton or even superior, he would
surely be doomed to failure. This vastness of interests was instead natural for Newton
and for many of the scholars of the 18th century who should be seen not as scientists
in modern sense but rather as scholars for whom it was a legitimate task to use a
wide variety of materials to reconstruct the unified wisdom of the creation [78].%2

What was exceptional in Newton is the extent to which his papers, manuscripts
and books of his personal library have been preserved. Newton was a man of his
times, he received a scholastic education and as many students of his time was an
avid reader (and collector) of books, and like them used to summarize the results of
his reading in commonbooks, a humanistic habit. He often relied on compiled lists
of quotations in his discussions on the history of Church and on alchemy, giving the
“impression of a highly erudite man without [actually] performing the impossible
task of reading any source named” [47].5

30p. 192.
Slp. 228.
52p.138.
3p. 6.
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Presently historians were able to consult in a easy way Newton’s surviving
manuscripts; they contain more or less ten millions of words which are stored in
digital scans and transcriptions (see Newton project).

We may question whether its preservation is owing to his fame or to his own meticulous
cultivation of his papers, but regardless, we have in Newton’s documents, now easily acces-
sible, a remarkable insight into the world of the educated man of science and letters in late
17th century and early 18th century England. Portraying Newton as a humanist, an erudite
reader of texts, and a participant in various hermeneutical communities does not detract from
his value to historical narratives of the development of science. Rather, it shows both the
importance of the history of scholarship to the history of science and the need to constantly
evaluate the historical categories we apply to individuals from the past [47].*

During the whole 20th century studies on Newton concerned nearly completely the
achievements in the fields of mechanics, optics and mathematics. The focus has now
shifted toward what is called the second Newton, that is the scholar of alchemy,
theology and so on; in [47, 77] an interesting survey, reviews and comments are
reported on these studies. Various are the reasons of this shift; from the one hand
most of Newton’s papers on physics and mathematics are today well known and
commented upon, so it is natural that new fields are explored, even for reasons of
an academic career. It is indeed easier that works not completely known make it
easier to be welcome by reviewers of journals. On the other hand, the examination
of Newton’s non scientific papers—this is a qualification commonly used, but it
is improper because how one can say that the alchemical studies do not belong to
science, for instance; Newton thought they did—would reveals a much more complex
personality than it was supposed.

The variety of Newton’s topics, would suggest that to understand his physics for
example, one should also study, and thus to be an expert of, his theology, alchemy,
etc., because all these fields of knowledge are naturally correlated in his mind. This is
only partially true however. Indeed, Newton himself, I mean the individual Newton,
was not a coherent author in all the fields he studied and explicitly compartmentalized
his work and recognized that different subjects required discipline-specific discursive
forms. So also the historian can compartmentalize his studies, only partially of course;
which makes it possible to explore an aspect of Newton’s though without a complete
patronage of the whole, but also without completely ignoring it [60]. Of course group
work would be desirable.

Newton and his contemporaries were told somehow fortunate because they found
a virgin field ahead. In this regard it is worth quoting a comment by Lagrange on this
fortune, reported by his biographer Jean-Baptiste Delambre (1749-1822). Lagrange
considered Newton as the greatest genius that had ever existed but also “the most
lucky. In his time the system of the world was still to be discovered” [22].%

Today no one denies Newton’s greatness as a mathematician or a physicist and
even as an alchemist. Many, however, criticize his approach to philosophy, seeing
him as a crude empiricist, sometimes naive. Put differently, while today there is a
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general agreement to treat for example Descartes, Leibniz, Hobbes and to some extent
Gassendi as philosophers, there is much less agreement with Newton, as well as with
Galileo and Huygens. The criticisms come from modern canonical philosophers and
historians of literary education. I don’t want enter the merits of the matter, but only
to point out that an objective analysis shows that this image is at least questionable
[123-125].

The division between philosophers and not philosophers, is something we impose
on the past and profoundly anachronistic. At the time all the scholars mentioned above
were treated as philosophers tout court; Locke for instance discussed with Newton on
‘purely’ philosophical matter and was profoundly influenced by him. Even though
it was recognized that some were more specialized in one topics than in another.
The reasons that today push Newton out of the list of philosophers is his apparent
reluctance to deal with canonical philosophical topics in his published texts and not
to write systematic treatises about metaphysics or ethics. This is certainly true, but in
his published texts there are points, in particular the scholia of the Principia and the
Queries in the Opticks, in which the originality and importance of his conceptions of
philosophy emerge. Newton was more explicit in his letters and unpublished works.

In the following I will only try to show how the ‘mathematician’ Newton dealt
with themes that can undoubtedly be qualified, with a modern terminology, as philo-
sophical, in his effort to bring back wide areas of natural philosophy into mixed
mathematics. I will limit myself to report his studies on motion and the nature of
light and spend a few words on his theological studies, I instead have left aside his
activity as a chemist and alchemist, though Newton devoted at least as much time to
alchemical (and theological) studies as to his more ‘scientific’ ones. The process of
dating his manuscripts has shown that Newton worked regularly on alchemy during
his life, paralleling his ‘scientific’ researches; which proves that Newton’s interests
for alchemy was not a hobby of senility, as sometimes it is sustained [40]. Since
his youth Newton had always been interested in metallurgical process. In the period
1683-1684 he carefully studied Agricola’s work on metals and the transmutation of
metals was his chief interest. But not for mystical reasons, rather for practical ones.
For instance it would have been useful to change iron into copper, as copper mines at
that time were very few and warfare and casting of cannons demanded much copper.

Some traces of Newton’s alchemical studies can be found in his famous treatises
also. A part from profound general connections, there is evidence of the direct influ-
ence of alchemy in the Query 31 of the Opticks. In particular the idea of short range
forces (a somehow vitalistic conception of matter) could possibly be inspired by the
Belgian iatrochemist Jean Baptiste van Helmont (1579—-1644). Other influences are
commented in [82]. It must be said that alchemical writings are difficult to read for a
modern historian trained in chemistry, much more than the theological ones are for
a modern historian trained in philosophy. Indeed the language of modern chemistry
is much farther from that of alchemy than that of modern philosophy from that of
theology of the 17—18 centuries. This justify the emergence of a greater number of
recent studies on Newton’s theology than on alchemy.

One more aspect I left aside is the role Newton played as a manager of the Mint.
This job, before as Warden and then as Master, absorbed him since 1696, after he left
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Cambridge for London in his fifty-four year, until his death in 1727; that is more than
thirty years. The activity at Mint is substantially ignored by historians of science,
considering it as a hobby, a reward given to Newton because of his fame and his
belonging to the winning party of the Glorious Revolution; on some aspects on this
see [120, 130]. Probably historians should devote some more effort to understand
Newton’s role, considering also that he took seriously it, as suggested, for instance, by
aletter to John Flamsteed (1646—1719): “I do not love to be printed on every occasion,
much less to be dunned and teased by foreigners about mathematical things, or to be
thought by our own people to be trifling away my time about them, when I am about
the King’s business”.®

When in 1661 Newton began the study of natural philosophy at Trinity College,
Cambridge, Aristotelianism, broad meaning, was still the central system of thought
in the educational system [21]. One textbook on natural philosophy was Johannes
Magirus’s Physiologia peripatetica. Magirus dealt with the full sweep of topics
proper to physics of the time: the principles of natural things, place, vacuum, motion,
time; the planets, fixed stars, eclipses; the elements, primary, secondary and occult
qualities, mixed bodies; meteors, comets, tides, winds; metals, minerals, plants, spir-
its, man, zoophytes; the soul, the senses, dreams, the intellect, the will. This was
the broad agenda for natural philosophy throughout Newton’s lifetime, unimpaired
in his case by a possible inclination toward the Stoic view [42].” One more text at
Newton’s disposal was Axiomata philosophica sub titulis XX comprehensa of 1645
by Daniel Sthal (1589-1654), more philosophical than Magirus’. From copies per-
taining to Newton’s private library it is possible to reconstruct his reading basing on
annotations and corrections. In [36]°® it is stressed the relevance of the treatise on
logic by Samuel Smith (1587-1620), Aditus ad logicam of 1613, as Newton’s source
for his conception of analysis and synthesis in natural philosophy.

Newton was involved in metaphysical studies in his youth, even though he is often
charged to have an anti-metaphysical attitude. One of his more canonical philosoph-
ical text, the unpublished manuscript De gravitatione was concerned with meta-
physics. Of uncertain dating it deals with God and his management of Creation,
doctrines of substance, the nature of mind and body and their interaction and union.
In the Scholium generale of the Principia, added to the second editions, which for
about sixty percent is concerned with theological writings, one finds the famous pas-
sage on God, Lord over all, which has a high metaphysical and theological content:

The supreme God is an eternal, infinite, and absolutely perfect being [...]. He is eternal and

infinite, omnipotent and omniscient, that is, he endures from eternity to eternity, and he is

present from infinity to infinity; he rules all things, and he knows all things that happen or can
happen. He is not eternity and infinity, but eternal and infinite; he is not duration and space,
but he endures and is present. He endures always and is present everywhere, and by existing
always and everywhere he constitutes duration and space. Since each and every particle of

space is always, and each and every indivisible moment of duration is everywhere, certainly
the maker and lord of all things will not be never or nowhere [...]. God is one and the same

56Quoted from [120], p. 217.
3Tp. 423.
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God always and everywhere. He is omnipresent not only virtually but also substantially |...].
‘We know him only by his properties and attributes and by the wisest and best construction of
things and their final causes we admire him because of his perfections [...]. This concludes
the discussion of God, and to treat of God from phenomena is certainly a part of natural
philosophy [emphasis added] [90].%° (A.10)

With its natural philosophy, metaphysics and theological apologetics, the Scholium
generale offers an important sample of the interaction between these fields. An inter-
esting analysis of the theological implications of the scholium can be found in [121]
where its different drafts and related private writings are studied. In particular it is
shown that Newton was much more explicit about his antitrinitarian view in private
writings than in official writings, because the denial of Trinity was prohibited by law.

Newton was a dualist and a libertarian [42],%° a choice whose defense required
a use of metaphysics. There is abundant textual evidence of Newton’s belief in the
motive powers of the will [42].%! Interesting the contrasting view on the role of will
between Newton and Leibniz is referred to in a review of the Commercium epis-
tolicum, published in the Philosophical Transaction of 1715 (Gregorian calendar),
which also gives some hints of Newton’s mechanical philosophy.

It must be allowed that these two Gentlemen differ very much in Philosophy. The one
proceeds upon the Evidence arising from Experiments and Phaenomena, and stops where
such Evidence is wanting; the other is taken up with Hypotheses, and propounds them,
not to be examined by Experiments, but to be believed without Examination. The one for
want of Experiments to decide the Question, doth not affirm whether the Cause of Gravity be
Mechanical or not Mechanical: the other that it is a perpetual Miracle if it be not Mechanical.
The one (by way of Enquiry) attributes it to the Power of the Creator that the least Particles
of Matter are hard: the other attributes the Hardness of Matter to conspiring Motions, and
calls it a perpetual Miracle if the Cause of this Hardness be other than Mechanical. The one
doth not affirm that animal Motion in man is purely mechanical: the other teaches that it is
purely mechanical, the Soul or Mind never acting upon the body so as to alter or influence
its Motions [110].%>

But metaphysics, for Newton, was not just about divinity and will. It dealt with the
definition of the fundamental concepts of the philosophy of nature, in particular the
concepts of space, time and motion.

1.2.1 Space, Time and Motion

Newton elaborated concepts of space and time having in mind both his needs as a
mathematician and those as a philosopher of nature. As a mathematician he needed
a structure to support his laws of motion; as a philosopher he felt the need to give a
sense of reality to his concepts.

39Scholium generale, pp. 528-529. English translation in [103].
60p. 437.
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62p. 224,
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In the modern approach of Newtonian mechanics® the introduction of the con-
cepts of space and time is relatively simple and not problematic; the two concepts
are unified in one: space-time.! That the universe be absolute and infinite does not
create any embarrassment in a prevalently mathematical theory, as mechanics is con-
sidered today, simply because here there is no reference to ontological aspects. Only
definitions are concerned and as such perfectly legal and thus only discussion about
usefulness are meaningful.

Newton did not proceed in this way because he was part of a community equipped
with a mathematical apparatus less inclusive than the current one. Newton was a
mathematician rooted in the tradition of mixed mathematicians. They need proposi-
tions that are mathematical in nature but must be extracted from the real world and
require elaboration that had to take place within the natural philosophy of the time.

Newton’s main problem was the definition of motion, and the concepts of space
and time had to be introduced in such a way as to explain it. On motion the canonical
philosophers of nature had long disputed; mathematicians a little less. A first idea of
motion the mathematicians had in geometry in which motion was the basis for the
definition of some fundamental geometric entities, such as the spiral for instance. But
it was a motion in which space and especially time were purely ideal. Very interesting
attempts to define the motion of bodies, essentially of mass points, occurred in the
Renaissance with Tartaglia and Benedetti. But it was only with Galileo that motion
entered forcefully into mixed mathematics. In particular, to time in which motion is
developed, a physical reality character was attributed and measurement criteria were
also given, with the pulse beats, the water clock, exploiting the isochronism of the
pendulum. Space did not appear problematic because it was the space that surrounds
us, in which the position of bodies is uncritically referred to the earth’s surface.
Galileo faced the problem to establish whether the reference he was considering
was fixed or mobile. And solved the difficulties involved introducing what is today
called the Galilean relativity principle, which he expressed intuitively and with little
precision with the image of an observer performing experiments inside a cabin of
a ship, with the windows darkened so that he cannot notice if the ship is in motion
or at rest. The observer according to Galilei would observe the same phenomena in
both cases.

By introducing a cosmological context the concept of space became much more
challenging. Descartes faced the problem by providing a solution that appears to us to
be twisted, and it appeared so to many of his contemporaries, probably also because
of the Church’s opposition to considering the earth in motion in space. Descartes, to
save his planetary vortex theory in which the earth is dragged with circular motion,
introduced the definition of philosophical motion, distinct from vulgar motion, in
which he could somehow say that the motion, in a philosophical sense, of the earth,
with respect to the layers of fluid that immediately surrounds it, was at rest [43].%

63Newtonian mechanics is a term used in modern times almost as a synonym for classical mechanics.
Thus it is not Newton’s mechanics as developed in the Principia.

4pp. 156-196.
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Fig. 1.10 Galilean space time structure

Newton was very critical of this definition and discussed it at length. One of
Newton’s problems was to give a rational foundation to the principle of inertia,
whose validity is professed on at a cosmological level. How to say that a body
without interactions from the outside moves in a uniform straight line? For Newton
the simplest solution, in reality the only one he proposed, is to think of an absolute
space, a space that exists in itself, and although infinite, it allows in some way to
provide a position and define a motion, which are absolute. Newton’s choice is not
the only one possible. A modern scholar of the fundamentals of mechanics has clear
that Newton asked more than it was structurally necessary. The laws of his mechanics
require a weaker structure than absolute space-time, they only need one in which
systems in uniform motion with respect to one another are indistinguishable; in other
words it is sufficient to assume a Galilean space-time structure.”

A geometrical representation of the Galilean space-time can be given with refer-
ence to Fig. 1.10, where for the sake of simplicity (and possibility) of representation
a two-dimensional space—and thus a three-dimensional space-time—is considered.
The planes, which represent the space of contemporary events are replicated at each
time interval At. Lines 1, 2, 3 represent rectilinear trajectories of a mass point that
moves in the space time; the intersections with the planes give the position of this
mass point in space at different instant of time, a position that is assumed endowed
with individuality even if the positions in space are not countable. If the space time is
Galilean, one cannot say which of the three trajectories is the one, or even too there
is one, that represents rest. From the figure it would seem that 1 represents rest, but
this is only due to the impossibility of giving a geometrical representation of motion
of a mass point in the boundary less space-time; indeed without having introduced
an observer or a reference frame, nothing can be said. If as a time axis (understood in
a general sense as one of the three axes necessary to define the position of the mass
point in space-time) instead of choosing 1, one chooses 2, or 3, then 2 or 3, represent
points at rest.
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Itis not clear how much Newton in his choice was influenced by technical reasons,
or by philosophy of nature, or metaphysics, or even theology. As a mathematician
there was nothing more natural to assimilate the physical space to the space of
Euclidean geometry. Moreover in his time there were numerous discussions on the
reality of space among canonical philosophers, including Pierre Gassendi (1592—
1655) and Newton’s friend and colleague Henry More (1614—1687) [50].

1.2.1.1 A Metaphysical View. The De gravitatione

The De gravitatione is a text commonly classified as metaphysical; according to
Howard Stein “this fragment deserves to be considered one of the most interesting
metaphysical disquisitions of the seventeenth century” [122].% It is written in Latin
but some English translations exist [99, 100, 104, 105].

The text is of controversial dating. Since the 1960s, following work by A. Rubert
Hall and Mary Boas Hall [99], it was assumed to be composed around 1760s, or a
few years later. But in 1991 it was suggested by Betty Jo Dobbs it was written in
early 1685, as part of the preparation of the Principia [32].%° This position is now
prevalent [111] even though not shared by all [10, 54]. A correct dating of the De
gravitatione, that is establishing if it was an early work or a mature one, is important
to evaluate the evolution of Newton’s thought on force, space and time. Luckily for
the present book this point is not fundamental.

The De gravitatione is mainly a critique to the Cartesian concepts of space and
motion (the indirect famous controversy with Leibniz is later); it also refers to topics
with a theological background, which have been the subject of harsh criticism by
modern science historians. Interesting considerations on the concept of force are also
included.

The first part of the De gravitatione is a summary of Descartes’s doctrine about the
nature of motion, carefully supplied with references to the Principia philosophiae
with quotations of passages in which Descartes himself contradicts his own posi-
tion and a series of arguments demonstrating the utter incoherence of Descartes’s
conceptions as a foundation for the physical theory of motion. After this summary
Newton’s own conception of space is presented, followed by the introduction of the
concept of force. No room is instead left for the discussion of the nature of time.

The documents starts and ends, in a puzzling way, as an unfinished hydrostatic
treatise. It begins by stating that the two sciences that deals with gravity and equi-
librium of fluids and solids in fluids belong to mixed mathematics, in which the
principles are extracted from the phenomena and finishes with a discussion on elas-
tic fluids which lasts for several pages. In between these hydraulic ‘digressions’ there
is the metaphysical content.

At first definitions concerning place, body and motion are introduced:

1. Place is part of space which things fill evenly.

65p. 28.
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2. Body is that which fills place.
3. Rest is remaining in the same place.
4. Motion is change of place.

Newton paused at length on these definitions, pointing out against Descartes that
there is a difference between place and body. Then he introduced his conceptions-
definitions of extension and space. Extension is neither substance, nor accident, nor
else nothing at all. But it has its own manner of existing which is proper to it. It is
not substance: on the one hand, because it is not absolute in itself, but is “as it were
an emanative effect of God [tanquam Dei effectus emanativus]; on the other hand,
because it is not endowed with the proper affections that denote substance, namely
actions, such as thoughts in the mind and motions in body” [104].67

1. In all directions, space can be distinguished into parts whose common boundaries
we usually call surfaces; and these surfaces can be distinguished in all directions
into parts whose common boundaries we usually call lines; and again these lines
can be distinguished in all directions into parts which we call points.

2. Space is extended infinitely in all directions. For we cannot imagine any limit

anywhere without at the same time imagining that there is space beyond it.

. The parts of space are motionless.

4. Space is an affection of being just as being [Spatium est entis quatenus ens affec-
tio]. No being exists or can exist which is not related to space in some way
[emphasis added]. God is everywhere, created minds are somewhere and body is
in the space that it occupies; and whatever is neither everywhere nor anywhere
does not exist. Hence it follows that space is an emanative effect of the first
existing being, for if any being whatsoever is posited, space is posited.®®

5. The positions, distances and local motions of bodies are to be referred to the
parts of space. And this appears from the properties of space enumerated as 1
and 4 above, and will be more manifest if one conceives that there are vacuities
scattered between the particles, or if he pays heed to what formerly said about
motion. 7o this it may be further added that in space there is no force of any kind
that might impede, assist, or in any way change the motions of bodies [emphasis
added].

6. Lastly, space is eternal in duration and immutable in nature because it is the
emanative effect of an eternal and immutable being. If ever space had not existed,
God at that time would have been nowhere; and hence he either created space
later (where he was not present himself), or else, which is no less repugnant to
reason, he created his own ubiquity [104].%°

(O8]

Two things should be underlined in these definitions. First, although Newton said
(point 4) that space is “as it were an emanative effect of God”, this passage explicitly
does not derive space from theology. Space is “an emanative effect of the first-existent
thing”, which, according to Newton’s theology, is indeed God; but the reasoning holds

67p. 21.
68This translation is nearly verbatim the same as that referred to in [122], p. 32.
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good even though God is not considered at all, because what does matter is that “posit
any thing [not necessarily God], space is posited” [122].7° Second, space is declared
to be inert (point 5). This constitutes the empirical foundation of the metaphysics
of space. It is drawn from astronomical observations of the motion of the planets
and comets and from the experiments on pendulum, carefully designed, reported in
Book II of the Principia which showed that if there is an aether its resistance should
be either zero or entirely insensible [aut nulla erit aut plane insensibilis] [87].7! The
requisite of inertness is essential to exclude space from the list of substances and
authorized Newton to declare that there is void in the open space [104].7

After the definition of space that of body follows. For Newton, however, the
introduction of bodies is more difficult, for they only exist by divine will. He declared
himself reluctant to say positively what the nature of bodies is, but he would rather
describe a certain kind of being similar in every way to bodies (whose concept is
given at the moment assumed as primitive), but not necessarily a body, and whose
creation one cannot deny to be within the power of God, so that we can hardly say
that it is not body [104].73

Thus, said Newton, suppose that there are empty spaces scattered through the
world, one of which, defined by certain limits, happens by divine power to be imper-
vious to bodies, and by hypothesis it is manifest that this would resist the motions of
bodies and perhaps reflect them, and assume all the properties of a corporeal particle,
except that it will be regarded as motionless. If we should suppose that impenetra-
bility is not always maintained in the same part of space but can be transferred here
and there according to certain laws, yet so that the quantity and shape of that impen-
etrable space are not changed, there will be no property of body which it does not
possess [104].74 In the same way, if several spaces of this kind should be impervious
to bodies and to each other, they would all sustain the vicissitudes of corpuscles
and exhibit the same phenomena. And so if all of this world were constituted out
of these beings, it would hardly seem to be inhabited differently. And hence these
beings will either be bodies, or very similar to bodies. One can thus define bodies
as determined quantities of extension which omnipresent God endows with certain
conditions. These conditions are:

1. That they be mobile and therefore one did not say that they are numerical parts
of space which are absolutely immobile, but only definite quantities which may
be transferred from space to space.

2. That two quantities of this kind cannot coincide anywhere, that is, that they may
be impenetrable, and hence that oppositions obstruct their mutual motions and
they are reflected in accord with certain laws.

70p. 32.
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3. That they can excite various perceptions of the senses and the imagination in
created minds, and conversely be moved by them, which is not surprising since
the description of their origin is founded on this [104].7

1.2.1.2 A More Mathematical View. The Principia

The De gravitatione is characterized by a metaphysical view including the ultimate
ontological status of space and its relation to God. The Principia, by contrast, has a
more restricted domain of entities, appropriate to mixed mathematics. The treatise
saw three editions in Newton’s life time: in 1687, in 1713 and in 1726; all of them
in Latin [87, 89, 90]. The first English translation was by Andrew Motte (1696—
1734) in 1729 [93], which was revised by Florian Cajori (1859-1930) and published
posthumous in 1934 [97]. Two modern important editions exist, one, without an
English translation, due to Koyré and Ierome Bernard Cohen with the assistance
of Anne Withman of 1972 [101], a starting point for any serious research on the
Principia, with critical notes commenting variants and Newton’s annotations; and
another edition completed with the English translation due to Cohen and Withman
of 1999 [103]. In the following all the translations are drawn from this last edition.

Next to the absolute space (that is the space that has a reality in itself), “in its own
nature, without regard to anything external, remains always similar and immovable”,
in the Principia there is the relative space, which is “is some movable dimension or
measure of the absolute spaces; which our senses determine by its position to bodies;
and which is vulgarly taken for immovable space” [90].7° At the end of the scholium
in which space and time are introduced, Newton in controversy with Descartes said
that the measure of space must not be confused with the space itself, otherwise there
is the risk of doing violence to the sacred scriptures:

And if the meaning of words is to he determined by their use, then by the names time, space,
place and motion, their measures are properly to be understood; and the expression will be
unusual, and purely mathematical, if the measured quantities themselves are meant. Upon
which account, they do strain the sacred writings, who there interpret those words for the
measured quantities. Nor do those less defile the purity of mathematical and philosophical
truths, who confound real quantities themselves with their relations and vulgar measures
[901.77 (A.11)

An important innovation of the Principia with respect to the De gravitatione is the
introduction of time. Next to the “absolute, true, and mathematical time [emphasis
added], of itself, and from its own nature flows equably without regard to anything
external, and by another name is called duration”, there is the “relative, apparent, and
common time” which is “some sensible and external (whether accurate or unequable)

Bpp. 28-29.
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measure of duration by the means of motion, which is commonly used instead of
true time; such as an hour, a day, a month, a year” [90].78

The meaning of the statement according to which time flows equably seems to
presuppose a substratum with respect to which the flow takes place. This cannot be
the case and the phrase “flows equably” refers not to the ontology of time but rather
to its structure. This should allow to say that it is meaningful to ask of any two events
how much time elapses between their occurrence [39].7°

The concept of time is more elusive than that of space and on it thousands of
books and articles have been written by authors of any education. Since ancient
times the idea of absolute space had a substantial consensus on the part of both
philosophers and mathematicians, while that of time had less. For example, in the
De rerum natura, Lucretius gave a substantially relativistic definition of time: “Even
time exists not of itself; but sense reads out of things what happened long ago, what
presses now, and what shall follow after: No man, we must admit, feels time itself,
disjoined from motion and repose of things” [72].3° And Aristotle, in the Physica,
besides associating motion with time gave a subjective connotation of it, wondering
if its existence is connected to the human soul [4].3!

The absolute concept of time started to affirm as the instruments of its measure
were perfected. It is natural to think that they always measure the same thing and
that this thing exists in itself. Said with Newton, it is natural that time is something
absolute and that it always flows in the same way. Time became not only absolute
but also mathematical with Galileo, who among the first, took time as a physical
magnitude that intervenes in the formulation of the laws of nature. Certainly there
were difficulties in the measurement of time, for which one had to resort to phenom-
ena observable with the senses, for example motion. Time was thus measured with
some motions which could be considered uniform, such as the flow of water and the
rotation of celestial bodies. It could happen that these motions, with the introduction
of new physical theories and new measuring instruments, were downgraded to non-
uniform, not always with obvious reason. Physicists, however, were convinced that
they could carry out increasingly more consistent (absolute) time measurements. Of
course with the theory of relativity everything has changed.

Historians are left with a number of problems regarding Newton’s concepts. These
include questions about Newton’s early ideas about space and time and their relation
to his atomist ideas; questions about the role of his theory of fluxions for fostering
his ideas about time in physics and of course the relationship between the concepts
figuring in his physics and those in his metaphysics [68].5?

When Newton wrote on absolute time in the Principia, along with its correlate,
absolute space, he seemed to assume them as something selfevident. One indication
that supports this possibility is that the discussion on the matter is free of caveats.

8p. 6.
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But not a few scholars disagreed. Leibniz did not contrasted directly Newton, but
exposed his ideas in the famous correspondence with Samuel Clarke (1675-1729);
his ideas are summarized below®*:
As for my own opinion, I have said more than once, that I hold space to be something merely
[purement] relative, as time is; that I hold it to be an order of coexistences, as time is an
order of successions. For space denotes, in terms of possibility, an order of things which

exist at the same time, considered as existing together; without enquiring into their manner
of existing [17).84

However Leibniz with his conception of relational space offered only criticisms and
not an organic alternative to be used as basis for the foundation of mechanics. For
example there was no reaction to Newton’s bucket experiment.

The criticisms toward the concepts of absolute space and time introduced by New-
ton were also taken up by modern philosophers and (some) scientists. Howard Stein
was among the first to argue that the modern critique of these concepts is misdirected
and confuses Newton’s ontological conceptions with those that are actually defini-
tions. According to Stein Newton did not try to answer the metaphysical question
if space and time are actually absolute or not; on the contrary, he did not even take
for granted that such a question was well-posed. His primary aim, instead, was to
define absolute space, absolute time and absolute motion for applying the concepts
and to reveal the roles that they play in solving the problems of mechanics. The
corresponding concepts defined by his contemporaries, as purely relative notions,
were for any mechanical purpose quite useless [30].%3

1.2.2 The Concept of Force

That Newton ‘helped’ to spread the term force in natural philosophy is a shared opin-
ion. What however he intended with this term has been the object of heated debates,
probably not yet concluded, to which in the following I will give my contribution. To
exemplify the nature of contention it is enough to cite the opinions of who are among
the most influential interpreters of Newton: Richard Westfall and Ierome Bernard
Cohen. Westfall states that Newton rejected the prevailing mechanical philosophy
by insisting that force must be endowed with fundamental ontology [129].8° Cohen,
on his side, contends that never Newton even addressed the question of the existence
of (true) forces [20].%

If Newton’s concept of force at his time was the subject of discussion (by philoso-
phers), its use was (almost) immediately unquestioned (by mathematicians). With

83The correspondence of Clarke and Leibniz has been the object of countless papers; for a modern
interesting comment see [6].

84111, 4, p. 57.
85p. 17.

86p. 377.

87p. 346.
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the idea of providing a measure of force by means of the variation of velocity, or
more precisely by means of acceleration, and therefore of transforming it into a
mathematical magnitude, thanks to the use of Calculus Newton was able to present
a very efficient tool in the Principia that allowed the immediate solution of some
problems of the mechanics of the times and laid the foundation for the solution of
all the others.

The concept of force has evolved in Newton, especially in the youth period. In the
following I report his ideas in the essentially definitive phase. First as he expresses
them in the De gravitatione and then in the Principia and in the Queries of the
Opticks.

1.2.2.1 Definition of Force (and Mass) in the De gravitatione

The De gravitatione besides discussion on space and time left room for a discussion
about forces. They were introduced with the following main definition:
Definition 5. Force is the causal principle of motion and rest [emphasis added]. And it
is either an external one that generates, destroys, or otherwise changes impressed motion
[emphasis added] in some body, or it is an internal principle by which existing motion or
rest is conserved in a body, and by which any being endeavors to continue in its state and
opposes resistance [104].58

Notice that here Newton assumed the existence of two kinds of force, the external
and the internal. The latter is named inertia in definition 8, reported below.

After Definition 5, other definitions follow which give some characterization of
force:
Definition 6. Conatus [endeavor] is resisted force, or force in so far as it is resisted.
Definition 7. Impetus is force in so far as it is impressed on a thing.
Definition 8. Inertia is the inner force of a body, lest its state should be easily changed
by an external exciting force.
Definition 9. Pressure is the endeavor [conatus] of contiguous parts to penetrate into
each other’s dimensions. For if they could penetrate [each other] the pressure would
cease. And pressure is only between contiguous parts, which in turn press upon others
contiguous to them, until the pressure is transferred to the most remote parts of any
body, whether hard, soft, or fluid. And upon this action is based the communication
of motion by means of a point or surface of contact.
Definition 10. Gravity is the force in a body impelling it to descend. Here, however,
by descent is not only meant a motion towards the center of the earth, but also towards
any point or region, or even from any point.
Definition 11. The intension of any of the above mentioned powers is the degree of
its quality.
Definition 12. Its extension is the quantity of space [emphasis added] or time in
which it operates.
Definition 13. Its absolute quantity is the product of its intension and its extension.

8. 36.
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Definition 14. Velocity is the intension of motion, slowness is remission.
Definition 15. Bodies are denser when their inertia is more intense and rarer when it
is more remiss.

From the last definition it seems that density is a definite (or secondary) concept
and inertia a primitive one, which would be an approach unusual and contrary to what
is usually attributed to Newton. A reading of the comment to this definition shows
however that things are not so clear and density is also definite in a geometrical way,
as the volume of the matter, once pores are ignored: “so that one may consider inertia
to be remitted by the increase of the pores and intensified by their diminution, as
though the pores, which offer no inertial resistance to change, and whose mixtures
with the truly corporeal parts give raise to all the various degrees of inertia, bear
some ratio to the parts” [104].%

May be it is only an improper way to express his ideas, but a duality in the
conception of mass as a geometrical magnitude and a dynamical one (inertia) also
occurs in the Principia. According to Cotes these two definitions are incompatible.
In 1712 he wrote to Newton, commenting the Proposition 6, Corollary 3 of Book III:

Let us suppose two globes A & B of equal magnitudes to be perfectly fill’d with matter
without any interstices of void Space; I would ask the question whether it be impossible that
God should give different vires inertia to these Globes [...]. Therefore when You define or
assume the quantity of Matter to be proportionable to its Vis Inertia, You must not at the
same time define or assume it to be proportionable to ye space which it may perfectly fill
without any void interstices; unless you hold it impossible for the 2 Globes A & B to have
different Vires Inertia. Now in the 3rd Corollary I think You do in effect assume both these
things at once [96].%°

Newton was reticent to accept Cotes’ conclusions. His commitment to the homo-
geneity of matter and the essential, determinate proportion between extension and
inertia was difficult to overcome [10].%!

Newton assumed moreover that bodies though made of particles can be considered
as continua. To the purpose one can suppose its parts to be infinitely divided and
dispersed everywhere throughout the pores, so that in the whole composite body there
is not the least particle of extension without an absolutely perfect mixture of infinitely
divided parts and pores. “Certainly such reasoning is suitable for contemplation by
mathematicians; or if you prefer the manner of the peripatetics: things seem to be
captured differently in physics” [104].%

89p. 38.
9L etter of Cotes to Newton 16th February 1712. pp. 65-66.
o1p. 19.
2p. 38.
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1.2.2.2 Definition of Force in the Principia

Newton reached a more mature position in the Principia, where he separated clearly
internal and external forces at the ontological level. The internal force is qualified as
inherent (insita):

Definition III. Inherent force [vis insita] of matter is the power of resisting by which every

body, so far as it is able, perseveres in its state either of resting or of moving uniformly
straight forward [90].93 (A.12)

This is Newton’s comment to the previous definition:

This force is always proportional to the body and does not differ in any way from the inertia
of the mass except in the manner in which it is conceived [emphasis added]. Because of the
inertia of matter, every body is only with difficulty put out of its state either of resting or
of moving. Consequently, inherent force may also be called by the very significant name of
force of inertia [emphasis added]. Moreover, a body exerts this force only during a change of
its state, caused by another force impressed upon it, and this exercise of force is, depending
on the viewpoint, both resistance and impetus: resistance insofar as the body, in order to
maintain its state, strives against the impressed force, and impetus insofar as the same body,
yielding only with difficulty to the force of a resisting obstacle, endeavors to change the state
of that obstacle. Resistance is commonly attributed to resting bodies and impetus to moving
bodies; but motion and rest, in the popular sense of the terms, are distinguished from each
other only by point of view, and bodies commonly regarded as being at rest are not always
truly at rest [90].9% (A.13)

There are dark sides and many interpretations of the concept of the inherent force
reported in the literature. According to Ierome Bernard Cohen “Def. 3 is in many
ways, the most puzzling of all the definitions in the Principia” [103].%

Because the vis insita opposes to the exhaustion of motion, or said in another way,
contributes to maintain the motion, it looks like the medieval impetus, as introduced
by Buridan. The assimilation is not however entirely satisfactory: firstly Newton’s
force of inertia is a substantial property of the bodies; it acts both if the body is at
rest and in motion, unlike the impetus which is defined only for a body which moves.
In the second place the vis insita tendency to keep a body in its state of uniform
rectilinear motion, did not exist in the theory of impetus, which was alien to the
concept of direction and which also justified the uniform circular motion. Whatever
the interpretation is accepted the adoption of the word used by Newton to indicate
the force of inertia represents a concession to the pre-Galilean mechanics.

A very thorough analysis on the concept of vis insita is reported by Westfall in a still
actual book [129], which reconstructs its evolution from the earliest times. According
to Westfall, Newton gradually changed his thought passing from a conception of vis
insita as internal force to a concept of vis insita as inertia. At the same time gradually
he introduced the concept of force as an external cause of change of motion. The
two concepts of force are incompatible, the latter rejects inevitably the former, since

93p. 2. English translation in [103].
94p. 2. English translation in [103].
%p. 96.
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one conceives the force as the cause of the perdurance of motion the other as the
cause of its variation; Newton will never be able to fully carry out the separation
of the two concepts, and here and there, also in the Principia, tracks of the vis
insita conceived as internal force remained. Ernan McMullin concentrated on the
role Newton’s attributed to matter and challenges the synonymy between vis viva
and inertia suggested by Newton and generally accepted by historians [79]. For a
textual reconstruction of Definition 3 see [9].

The external forces, that is the causes of variation of motion, are characterized by
their action on bodies; different kind of forces can give raise to the same action, or
effect:

Definition IV. Impressed force [vis impressa] is the action exerted on a body to change its
state either of resting or of moving uniformly straight forward [90].%¢ (A.14)

The vis impressa, that is the action that determines the change of motion of a body,
differs from the vis insita for two aspects of ontological type: vis insita is an universal
attribute of matter, not further reducing, it is permanent and always responsible of
the preservation of motion; vis impressa (intended as action) has instead a transient
nature and vanishes when the force (intended as cause) has finished its work.

This [impressed] force consists solely in the action and does not remain in a body after the
action has ceased. For a body perseveres in any new state solely by the force of inertia.
Moreover, there are various sources of impressed force, such as percussion, pressure, or
centripetal force [90].”7 (A.15)

Similarly to what happened for vis viva, many opinions have been expressed about
the meaning of vis impressa; especially for the attribute impressed before force—
an attribute also found in the definition of force in the De gravitatione: impressed
motion, see Sect. 1.2.2.1—and Newton has been also accused to be incoherent and
imprecise [33, 34, 108]. Actually this is not the case. Newton took much care in
the use of words and gave a very precise meanings to the terms he used to indicate
“force’.

Impressed forces are not forces intended as causes of motion; the latter may have
different nature, as Newton specified: percussion, pressure and gravity, etc. Of none
of them can be assigned a measure because they are causes. Impressed forces instead
are all of the same nature; they have lost most (all?) of their ontology and can be
given a measure according to the second law of motion with the variation of quantity
of motion (or in modern term by mass times acceleration). Sometimes Newton seems
to confuse the measure of the effect with the impressed force itself; that is the action
of the force is not only measured by the effect but is identified with it, similarly to
d’Alembert.

Focusing on actions rather than on hypostatized forces, Newton could deal with
attraction and centripetal forces in a similar way as with pressure and percussion,
paying attention to mathematical aspects only. At the beginning of section XI of the

96p. 2. English translation in [103].
97p. 2. English translation in [103].
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first book, he, referring to gravity, clearly said that he only was interested in these
aspects of forces:

Up to this point, I have been setting forth the motions of bodies attracted toward an immovable
center, such as, however, hardly exists in the natural world [...]. For this reason I now go
on to set forth the motion of bodies that attract one another, considering centripetal forces
as attractions, although perhaps — if we speak in the language of physics — they might more
truly be called impulses. For here we are concerned with mathematics; and therefore, putting
aside any debates concerning physics, we are using familiar language so as to be more easily
understood by mathematical readers [emphasis added] [90].98 (A.16)

While in the Principia there is no definition of the force of percussion and pres-
sure, whose grasping is given for granted, the definition of centripetal force (vis
centripeta)—the term was coined by Newton himself to contrast the well established
concept of centrifugal force [vis centrifuga]—is instead highly developed, the only
full exemplification of an impressed force. This for what concerns both mathematical
and physical interpretations. Newton’s approach is partly explained by the fact the
treatise had as one of its main purpose the study of the orbital motions, partly because
this force is the one which has a greater difficulty to be introduced.

Definition V. Centripetal force is the force by which bodies are drawn from all sides, are
impelled, or in any way tend, toward some point as to a center [90].” (A.17)

An interesting comment follows Definition V:

One force of this kind is gravity, by which bodies tend toward the center of the earth; another
is magnetic force, by which iron seeks a lodestone; and yet another is that force, whatever
it may be, by which the planets are continually drawn back from rectilinear motions and
compelled to revolve in curved lines [90].190 (A.18)

The centripetal force is a cause (a physical entity) which can be seen under different
points of view and given different measurement or impression [14].1%!

It is worth quoting one more comment to the definition of centripetal forces where
for the first time in the history of mechanics weight is introduced in a completely
modern way. The weight of a body decreases moving away from the earth because
the amount of accelerating force decreases.

An example is weight, which is greater in a larger body and less in a smaller body; and in one
and the same body is greater near the earth and less out in the heavens. This quantity is the
centripetency, or propensity toward a center, of the whole body, and (so to speak) its weight,
and it may always be known from the force opposite and equal to it, which can prevent the
body from falling [90].1°% (A.19)

98p. 160. English translation in [103].

9p. 3. English translation in [103]. It is worth noting that today the definition of the centripetal
force is something different from the Newtonian one. The centripetal force that acts on a mass
point in motion along a curved trajectory is the component of the force in the direction normal
to the trajectory. Only if the trajectory is circular today’s and Newtonian definition coincide; the
centripetal force of Newton is now qualified just as central force.

100pp. 3-4. English translation in [103].

101pp. 249-250.

102 5. English translation in [103].
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Newton drawn a clear distinction between the words attraction and gravity. This is
not seen clearly by browsing the Principa, where the words having as their roots
either gravitas or attractiones are spread nearly uniformly. But if one distinguishes
between harmful and technical use he finds that things are different. This at least
is the opinion of I Bernard Cohen, for whom the index verborum of the Principia,
would record about 300 instances of the noun attraction (or other nouns with the same
root), of which more than ninety percent in the first two books. The noun gravitatis,
with its variants, is never used in the first two books it would find its natural place in
the third book [19].193

When considering a single body Newton used the word centripetal force, but when
he considered more than one body he used the word attraction, even if he did not
want to give any physical meaning to the words, he took into account that in the case
of more bodies there is no a single center to refer to, so the centripetal attribute would
be ambiguous. If it were not for the third book, having a more physical character,
Newton’s arguments on the purely mathematical significance of the forces impressed
would have had a complete plausibility. When Newton said that he only needed the
mathematical expression of the centripetal forces he officially distanced himself from
a possible charge of having introduced occult forces or forces at a distance: the word
attraction is not associated with a physical meaning (as instead is for gravity), it is
only a manner of speaking, it only has a purely mathematically meaning.

In the final scholium of section XI of the first book Newton paused on the nature
of the centripetal force:

I use the word attraction here in a general sense for any endeavor whatever of bodies to
approach one another, whether that endeavor occurs as a result of the action of the bodies
either drawn toward one another or acting on one another by means of spirits emitted or
whether it arises from the action of aether or of air or of any medium whatsoever—whether
corporeal or incorporeal—in any way impelling toward one another the bodies floating
therein [90].1 (A.20)

1.2.2.3 Gravity and Action at a Distance

In the previous section attention has been focused on the mathematical interpretations
of forces, continuously advocated by Newton; here some considerations are referred
to about the causes of impressed forces [67]. Quite interesting from this point of view
is the reading of the De mundi systemate, translated into English as A treatise of the
system of the world, written around 1685 as a draft of Book III of the Principia for
people with little expertise in mathematics, using the traditional discursive language
of natural philosophy [91, 92].

A first step passing from mathematics to physics (and vice versa) is to assume
forces as proximate causes, thus endowing them with a minimal ontology. Certainly,
Newton suggested, this is only a partial explanation, but it is a good approach to

103pp. 82-83.
1045, 6. English translation in [103].
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science, otherwise: “no phenomenon could be rightly explained by its cause, unless
the cause of this cause and the cause of prior cause were to be delivered and so
successively continuously as long as the primary cause were to arrived in” [36].'%
A further step is to look for the causes of the proximate causes. Newton discussed
problems related to this step, for gravity in particular, and advanced physical expla-
nations, spread here and there in the Principia, in the Queries of the Opticks, in his
letters and unpublished papers.

He declared quite strongly not to believe in an action at a distance but rather
in some mediation. However he was not taken seriously by his contemporaries,
philosophers and mathematicians. And he is not believed by modern mechanicians
too, who mostly give for granted and accepted an unexplained action at a distance
both at microscopic and macroscopic levels.

Indeed Newton was not always consistent in the few points where he discussed
the cause of gravity, and many different opinions were expressed since the issue of
the Principia in 1687. Recently the interpretation of action at a distance and gravity
by Newton has become of renewed interest by historians [35-37, 54, 63, 64, 66,
116], I must confess without reaching a shared conclusion.

The possibilities that are explored are:

1. Mechanical agent; the action at a distance is explained with the action by contact
of a material aether.

2. Attribution given by God to the crude matter at the moment of Creation. That is
gravity is substantial to matter.

3. Non mechanical but material agent, due to the action of particles of aether
endowed with force at distance in the short range.

4. Non mechanical and non material mysterious agent, endowed with not well spec-
ified properties.

5. The continuous intervention of God to produce the power of attraction in the
otherwise inert matter.

The possibility (1) is explicitly excluded by a mature Newton, as documented by the
following quotation, at the end of the Principia, in the Scholium generale:

Thus far I have explained the phenomena of the heavens and of our sea by the force of
gravity, but I have not yet assigned a cause to gravity. Indeed, this force arises from some
cause that penetrates as far as the centers of the sun and planets without any diminution of its
power to act, and that acts not in proportion to the quantity of the surfaces of the particles on
which it acts (as mechanical causes are wont to do [emphasis added]) but in proportion to
the quantity of solid matter, and whose action is extended everywhere to immense distances,
always decreasing as the squares of the distances [90].'%° (A.21)

Newton excluded mechanical causes (that is impact of particles) in the explanation of
gravity, because they used to act in proportion to surface and not volume, as gravity
do, and also because heavens are substantially void of matter. However he was not
fully explicit in the point and, in any case, his assertion is not correct because Euler

1055 23,
106 530. English translation in [103].
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will show later that mechanical causes can explain the dependence of gravity with
volume; see Sect.3.4.1.3.

Newton excluded possibility (2) also, because for him it would limit God’s will
and paved way for atheism. To remember that in his preface to the second edition of
the Principia, Roger Cotes (1682—1716) wanted to introduce gravity as a substantial
characteristic of matter, but Newton modified this thesis, presenting it as a primary
quality (an idea probably not too different). Newton position is clearly expressed in
a famous letter to Richard Bentley of 1693 (Gregorian calendar) where he clearly
denied the possibility of a direct [robust] action at a distance.

Tis inconceivable, that inanimate brute Matter, should (without ye mediation of something
else which is not material), operate upon & affect other matter without mutual contact
[emphasis added]; as it must if gravitation in the sense of Epicurus, be essential & inherent
init. And this is one reason why I desired you not to ascribe innate gravity to me. That gravity
should be innate inherent & essential to matter so yt one body may act upon another at a
distance through a vacuum without the mediation of any thing else & by & through which
their action and force may be conveyed from one to another is to me such an absurdity that I
beleive no man who has in philosophical matters any competent faculty of thinking can ever
fall into it. Gravity must be caused by an agent acting constantly according to certain laws,
but whether this agent be material or immaterial is a question I left to ye consideration of
my readers [98].107

The possibility of a non mechanical but material agent, point (3), is suggested by the
Queries of the Opticks, in particular Query 21 and Query 31. Here Newton, seems
to assume that force at a distance existed at a microscopic level. He thought that
the physical reality was made up by atomic hard particles which exchange forces at
a distance of different nature, a mechanicistic vision all considered. The difference
between Newton and classical mechanical philosophers is his decision to accept the
ultimate inscrutability of nature, due to the presence of mysterious forces.

In Query 31 Newton first asked whether or not forces at a distance among particles
exist; later he declared his interest in the proximate causes, leaving open the question
of more remote causes.

Have not the small Particles of Bodies certain Powers, Virtues or Forces, by which they act
at a distance, not only upon the Rays of Light for reflecting, refracting and inflecting them,
but also upon one another for producing a great part of the Phaenomena of Nature? For
it’s well known that Bodies act one upon another by the Attractions of Gravity, Magnetism
and Electricity; and these Instances shew the Tenor and Course of Nature, and make it not
improbable but that there may be more attractive Powers than these. For Nature is very
consonant and conformable to herself. How these Attractions may be perform’d, I do not
here consider [94].108

The two other points (4 and 5) presuppose an immaterial agent. The former point
still maintains the possibility of a natural (if not mechanical) explanation, the latter
requires a continuous intervention of God and is out of the sensibility of a modern
reader, but also possibly of many Newton’s contemporaries.

107yol. 3, pp. 253-254.
1085p. 350-351.



44 1 Epistemology and Science at the Turn of the 18th Century

Interest of Newton for immaterial agents is rooted in Neoplatonist British phi-
losophy, in his alchemical studies [31] and in his interest on ancient science with
his commitment on a prisca sapientia which would have been lost in the years [36,
78]. In some drafts for propositions from IV to IX of the Principia, composed in
the 1690s for a second edition of this treatise, many references to the thought of
Graeco-Roman antiquity are reported. These writings are today known as Classical
scholia [16]. Here motion and gravity are attributed to God, gods and some spirits,
all immaterial agents.

Quite interesting is the following quotation from the Classica scholia:

Up to this point I have explained the properties of gravity. I have not made the slightest
consideration about its cause. However I would like to relate what the ancients thought
about this. Quite apparently the heaven are nearly free of bodies, but nevertheless filled
everywhere with a certain infinite spiritus, which they call God. The bodies, however, move
around freely in this spiritus, as a consequence of its forces and natural efficiency they are
constantly thrust toward each other, more or less strongly in accordance with the harmonic
ratio of the distances and gravity consists in this impact. Some differentiated this spiritus
from the highest God and called it the soul of the world [16].19° (A.22)

A cross reference to the action of spirits appears at the end of the Principia (eds.
1713 and 1726):

A few things could now be added concerning a certain very subtle spirit pervading gross
bodies and lying hidden in them; by its force and actions, the particles of bodies attract one
another at very small distances and cohere when they become contiguous; and electrical
[i.e., electrified] bodies act at greater distances, repelling as well as attracting neighboring
corpuscles; and light is emitted, reflected, refracted, inflected [...]. But these things cannot
be explained in a few words; furthermore, there is not a sufficient number of experiments to
determine and demonstrate accurately the laws governing the actions of this spirit. [90].!1°
A23)

Notice however the absence of any reference to gravity and the admission of the
difficult to explain the action of the spirit.

Andrew Janiak has suggested an interesting, even though ‘curious’, in my opinion,
explanation of gravity which is out of the list presented above. Taking for granted
that Newton did not believe both in an action at a distance and in a mechanical
explanation, Janiak calls for the presence of God in the world, which for Newton
necessarily exists and is always and everywhere. If one assumes the action of God
as the cause of gravity, this action is surely non-mechanical, but it is also not at a
distance because God is close to each body [63].111

109545, Gregory ms. 247, f. 14°. English translation in [36].
1105, 530.
Mpp. 39-40.
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1.2.3 Theory of Light

Optics, in ancient times, was among the mixed mathematics that than more the others
was studied with strong reference to natural philosophy: nature of light, physiology
of the eye and explanation of perceptions. With music, optics made frequent recourse
to contrived experiments, some of which had a rhetorical value only, as those related
to the law of reflection, others like those concerning refraction, presented quantitative
aspects also.

Newton fitted with this tradition, by integrating it with that of physico mathe-
matica of the second half of the 17th century, where the mathematical strictness
was introduced in the experimental philosophy, with the use of an akin deductive
approach using the classification of propositions in principles and theorems. Here
theorems were not always proved with the argumentation of logic, but were based
on experimental results also.

1.2.3.1 Composition of Light and Nature of Colors

The climax of along way of Newton’s studies on the nature of light and colors, whose
beginning is to be found in the 1760s, is represented by the Opticks first edited in
English in 1704. The standard view see it, besides other Newton’s works on light, as
the other side of the Principia. Though the label of empiric foundation is maintained
to both of them, the latter would be based in the simple observation, the former in
devised experimentation. The latter deeply rooted in geometry, the former in natural
philosophy. Of course there is something true in this view, but the difference of
the two texts is not due to Newton only. He moved, as any mathematician of the
time, in the mainstream of mixed mathematics where, optics, astronomy, music and
mechanics were each dealt with in different ways.

Firstresearches of Newton on the nature of light should be found among the entries
headed Quaestiones quaedam philosophicae, the name given to a set of notes Newton
kept for himself during his earlier years in Cambridge, where two experiments on
colors were reported. They seem to date from late 1665 or early 1666 [48]. Studies
of Newton on light however saw their official start with the letter of Newton to
Henry Oldenburg, the secretary of the Royal society, in 1672 [84].!'? The letter,

112 Attention should payed in reading the date of all English letters and published documents of
the 17th and the first half of 18th century. In the published Newton’s correspondence the letter to
Oldenburyg it is reported 6 February 1671/2, with an apparent ambiguities in the year [98], vol. 1,
p. 92. This is due to the fact that in 1751 only England adopted the Gregorian calendar (leaving the
Julian calendar), already in use since 1582 in the Continent and at the time the Julian calendar was
ten days less than the Gregorian calendar. Moreover the beginning of the year was different in the
two calendars. Thus between 1st January (Continental new year in the Gregorian calendar) and 25
march (English new year in the Julian calendar) the designation of the English year was one year
(and ten days) less than in the Continent. In the end 6th February 1671, the date of Newton’s letter
in English calendar, designates 16th February 1672 in the continental calendar. If not differently
specified in the following the dates of Gregorian calendar is adopted. With the notable exception:
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a paper indeed, was read at the society meeting and published shortly after in the
Philosophical Transactions of the Royal Society of London containing in the title the
expression New theory about colours and light (Herein after simply New theory),
with which the paper is currently known [84].

The New theory presented the main topics of Newton’s theory of light; in particular
the assertion that light is compounded of colored rays which can be separated by
refraction. The paper describes the famous experimentum crucis, that according to
Newton should prove the compounded nature of light. This is made without any
reference to illustrations. Let consider, said Newton, two small tables, and placed
one of them close behind the prism at the window, so that the light might pass
through a small hole made in it [in one of the small table] for that purpose and fall
on the other small table which is placed at about 12 feet (~3.5m) distance, having
first made a small hole in it also, so that some of the incident light to pass through.
Another prism is placed behind this second table so that the light projected through
both the tables might pass through that also and is again refracted before it arrived
at the wall. This done, the first prism is turned slowly about its axis so much as
to make the several parts of the image cast on the second table, successively pass
through the hole in it, so that one might observe to what places on the wall the second
prism would refract them. It can be seen, by the variation of those places, that the
light tending to that end of the image towards which the refraction of the first prism
was made, did in the second prism suffer a refraction considerably greater then the
light tending to the other end. “And so the true cause of the length of that image
[the image refracted by one prism only] was detected to be no other then that light
consists of rays differently refrangible which without any respect to a difference in
their incidence were according to their degrees of refrangibility transmitted towards
divers parts of the wall” [84].'1?

Figure 1.11 shows a drawing by Newton himself of the period when the New
theory was redacted; it illustrates the experimental set of the experimentum crucis.
The drawing exhibits a writing in Latin which reads: “Nec variat lux fracta colorem”,
that is light does not change color when refracted. This is what a modern reader
expected the experimentum crucis should reach. But Newton supposed he had not
stringent arguments to explicitly assert the link between refrangibility and colors,
and in his published letter the Latin sentence is not present.

He had been more explicit in his early works, in particular in a manuscript known
as Of colours, of uncertain dating, to which is conventionally associate the date
of 1666. This manuscript contains a list of 64 experiments, those connected to the
experimentun crucis being identified with numbers 44 and 45.

44. Refracting the Rays through a Prisme into a darke rome And holding another Prisme
about 5 or 6 yards from the former to refract the rays againe I found ffirst that the blew rays
did suffer a greater Refraction by the second Prisme then the Red ones.

all the papers of the Philosophical Transactions of the Royal Society of London will be identified
using the calendar in use in England (be it Julian or Gregorian) at the time of issue.

135.3079.



1.2 Newton Philosopher, Theologian, Alchemist and Even Mathematician 47

Fig. 1.11 Experimental set of the experimentum crucis [98] (vol.1, after p. 106.)

45. And secondly that the purely Red rays refracted by the second Prisme made noe other
colours but Red & the purely blew ones noe other colours but blew ones [83].

A long debate about the role and the experimental consistency of the experimentum
crucis, and more in general on the theory of colors, followed, which as well known
troubled Newton very much [65, 114, 119, 126, 130].

Worth noting a radical criticism of Newton’s experiment brought forward more
than a century after the publication of the New theory. The author was Johann Wolf-
gang Goethe (1749-1832) with his Zur Farbenlehre of 1810 [44, 45]. His criticisms,
in some cases well motivated and interesting, affected not only the experimentum
crucis, but all the theory of light and also the result of the experiments. They were
also the criticisms of a philosopher of nature toward the new science, rooted in the
mixed mathematics. Goethe was not taken very seriously by the scientists of the time
even because he was known as a poet (actually he was a polymath with good scientific
training). His chief supporters have been philosophers, artists, and physicians; in the
scientific community there has been occasional support from researchers studying
the physiology and psychology of color perception, especially since the later 19th
century [115].

Newton’s experiment was not easy to be replied, because of the lack of precision
with which it was described. It can be said that the English scholars accepted it more
easily than the continental ones. The two tables below report the results of some
replications of the experimentum crucis.

In the first series of experiments the failure of the Jesuits is probably associated
with the nature of the prisms they used, so imperfect as to prevent from observing
anything Newton had observed. The failure reported by Edme Mariotte (16207-1684)
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Table 1.2 Replications of Newton’s experimentum crucis before Opticks. Success is defined as
being able to observe unequal refrangibility and color immutability. Adapted from [65], p. 44

Year Person Place Successful Witnesses
1666 Newton Cambridge Yes Private
1670-71 Newton Cambridge No Students

1672 Gregory Edinburgh Yes Private

1672 Flamsteed London Yes Private

1672 Hooke London Yes -

1674-76 Jesuits Lige No Jesuits

1676 Royal society London Yes R.S. members
1676 Lucas Lige No Jesuits

1681 Mariotte France No Private

Table 1.3 Replications of Newton’s experimentum crucis after Opticks. In Poleni’s case, we only
know that he replicated some experiments. Galiani, wrote of observing color immutability [65],
p. 44

Year Person Place Successful Witnesses
1707-14 Whiston London Yes Lecture course
1707 Poleni Venice - Private

1707-08 Galiani Rome - Private

1710 Bernoulli Basel Yes Private

1714 Galiani Rome Yes Public

1716 De Marian Beziers Yes Private

1720’s Rizzetti Venice No Private, witnesses

can be explained by the different arrangement of the prisms he prepared in the lack of
a precise description by Newton [119].!"* Mariotte, then considered a French leading
experimental scientist, published De la nature des couleurs in 1681 [76]. Here he
granted that many experiments agreed with Newton’s theory, but the experimentum
crucis did not. This was his response on the point: “By this experiment it is evident that
the same portion of light got different colors because of the different modifications,
and that the ingenious hypothesis of Mr. Newton should not be accepted” [76].'1
According to [65], the difference of the results between Tables 1.2 and 1.3 depends
not only on the difficulty of replicating the experiment but also on sociological
grounds. Newton since 1672, the year of New theory, though well known in England
was instead a perfect stranger on the Continent. After the publication of the Opticks
he was then a very famous and respected character throughout the western world;

4p 79,
155, 211.
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his word, that is, had greater prestige than when he was younger, and it was easier
for everyone to accept his conclusions.

Newton’s New theory can be considered as a summary, but non only, of his Lec-
tiones opticae delivered at Trinity College during the years 1670-1672. Newton
intended to publish his lessons shortly after his letter to Oldenburg, but because of
the controversies that followed he decided to give up. The topics of the Lectiones
opticae were taken up in the Opticks, a twenty years later. Newton began the first
book in 1687 or so and did not complete the last book and its Queries until 1703,
shortly before it appeared in press in the early 1704. Three editions of Opticks were
published before Newton’s death. The English edition of 1704, a Latin edition in
1706, a second English edition in 1718 and a third English edition in 1721. A fourth
English edition was published shortly after Newton’s death, in 1730, based on New-
ton’s changes.

The treatise, organized, as then classic in physico mathematica, in definitions,
axioms, propositions is made of three books. Newton’s methodology is declared at
the very beginning of the Book I:

My Design in this Book is not to explain the Properties of Light by Hypotheses, but to
propose and prove them by Reason and Experiments. In order to which I shall premise the
following Definitions and Axioms [941.116

The purpose of Newton was to rule out modification theories of light; theories which
treated white sun light as a basic homogeneous entity which can take different colors
after interacting with matter, but essentially stays the same. Thus, devices like prisms
only modify the sunlight.

Immediately after the declaration of the methodology eight definitions started,
among them that of ray is to be cited:

Def.1. By the Rays of Light I understand its least Parts, and those as well Successive in the
same Lines as Contemporary in several Lines. For it is manifest that Light consists of Parts
both Successive and Contemporary; because in the same place you may stop that which
comes one moment, and let pass that which comes presently after; and in the same time you
may stop it in any one place, and let it pass in any other. For that part of Light which is stopt
cannot be the same with that which is let pass. The least Light or part of Light, which may
be stopt alone without the rest of the Light, or propagated alone, or do or suffer any thing
alone which the rest of the Light doth not or suffers not, I call a Ray of Light [94].117

So the ray of light, at least according to the definition, ceases to be a purely geometric
entity, a continuous line, to assume a physical connotation, a row of particles. Newton
adopted the analogy with matter theory: the ray is a least part, just as an atom is
the least part of matter. Newton’s definition is sufficiently vague, most probably
deliberately, to raise the doubt that the small particle of light may be for instance
simply a portion of space which is active [51],''® or a geometrical entity, an element
of volume. In practice, it remained however fundamental the geometrical idea of

116p. 2.
”7p. 4.
185 94,
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line along which the minimal particles of light propagate, which reconnects to the
classical definition of ray in the geometrical optics. However, differently than in
classical geometrical optics, Newton’s ray may be a curved line, when its particles
are deflected by forces due to the interaction of matter, as it occurred in the case of
diffraction (or inflection according Newton’s nomenclature).

Also def. VII and VIII deserve to be quoted.

Def. VII. The Light whose Rays are all alike Refrangible, I call Simple, Homogeneal and
Similar; and that whose Rays are some more Refrangible than others, I call Compound, Het-
erogenal and Dissimilar. The former Light I call Homogeneal, not because I would affirm
it so in all respects; but because the Rays which agree in Refrangibility, agree at least in all
those their other Properties which I consider in the following Discourse.

Def. VIII. The Colours of Homogeneal Lights, I call Primary, Homogeneal and Simple;
and those of Heterogeneal Lights, Heterogeneal and Compound. For these are always com-
pounded of the colours of Homogeneal Lights; as will appear in the following Discourse
[9 4]1 19

The definitions, are not simply syntactic as in the modern axiomatic theories. They
are rather real definitions and presuppose the reality of what is defined. For example
it is presupposed that a ray may be compound.

To definitions eight axioms follow. They have an empirical character, that is they
are not evident in themselves. What to a modern may seem an abuse of language,
to name a proposition true but not evident in itself as an axiom, was indeed a quite
common habit in the experimental philosophy of the 18th century. The eight axiom:s,
a part some isolated points, are in any case propositions shared by any scholar of
opticks, and in this sense the analogy with axioms of geometry is not strange even
for a modern reader.

Axiom 5 concerns the law of refraction; it is formulated in an apparently surprising
way. That is, it is presented as a law that applies only approximately: “The Sine of
Incidence is either accurately or very nearly in a given Ratio to the Sine of Refraction”
[94].12° Newton’s long explanation of the statement of this axiom makes it clear how
one can talk about approximate validity. The various colors of light have different
indices of refraction; however the difference is so little that it needs seldom be
considered and the mean value can represent the refraction as a unique phenomenon.
Note however that Newton in the explanation gave for granted what is still to be
proved: different colors have different index of refraction. Axiom 5 is followed by
two axioms related to flux of homogenous light.

Next to axioms are propositions, classified as in Euclid’s Elements as theorems
and problems. Proposition 1 asserts that “lights which differ in colour, differ also in
degrees of refrangibility” [94].!?! This is proved by showing that it is in agreement
with experimental results, or deduced from phenomena. There are two different
proofs based on two different experimental situations. Below I only refer the one
Newton presented as experiment 1.

119p. 4.
120p. 5.
1215 16.
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Fig. 1.12 Different refraction of lights. Redrawn from [94], Book I, Par I, Table II, Fig. 11

The slice of paper DE of Fig.1.12, was distinguished into two equal parts DG
and FE. One of them was painted with a red color and the other with a blew. This
paper was viewed through a prism of solid glass, whose two sides through which the
light passed to the eye were plane and well polished and formed an angle of about
60° (that is the triangular base of the prism is equilateral), named the angle of the
prism. The two strips appear split as in dfge or §y pe depending on the rotation of
the cylinder about its axis. According to Newton this depends on the different index
of refraction of red and blew lights.

Newton, a very prudent experimenter, specified that from these experiments it
does not follows, that all the light of the blue is more refrangible than all the light
of the red; for both lights are mixed of rays differently refrangible, so that in the red
there are some rays not less refrangible than those of the blue, and in the blue there
are some rays not more refrangible than those of the red. But these rays, in proportion
to the whole light, are but few, and serve to diminish the event of the experiment, but
are not able to destroy it [94].122

Result of Proposition 1, but the same holds true for most of the others, is not
proved from the axioms and definitions of the theory, as proposition of geometry are.
However axioms and definition made possible the interpretation Newton gave. The
most important concept that allow to understand Newton’s interpretation is that of
compound ray, only in this way rays with different refrangibility can be conceived.
A modern reader would say that the experiment is compatible with the hypothesis
(a word Newton was reluctant to use) that the rays of light have different indices of
refraction. Newton instead saw the result as an empirical inductive proof.

1225, 21.
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G

Fig. 1.13 Dispersion of sun light [94], Book I, Par I, Table III, Fig. 13

But the most important proposition that contains the essence of the theory of light
and colors is Proposition 2, which states that sunlight, that is light par excellence, is
a mixture of colors: “The Light of the Sun consists of Rays differently Refrangible”
[9 4].123

It was proved by various experiments; of them below are reported with some detail
only the first (Newton’s Experiment 3) and the fourth (Experiment 6). Experiment 3
is very simple and reproduces with greater critical spirit experiments already carried
out by other scholars, among them Descartes and Boyle, but introducing precise
measurements. In Fig. 1.13, the scheme of the experiment is shown.

Let XY be the sunlight passing through a small hole F in the window EG; it is
refracted by the prism ABC which projects the light coming out of it onto the screen
MN. Newton observed that rotating the prism around the prism axis in a certain way
the image moves first upward then downward. He decided to keep the prism still in
the intermediate position, that of transition of the motion of the image from one verse
to another. Newton noted that since the index of refraction passing from air to glass
through the surface BC of the prism is equal to the inverse of the index of refraction
passing from the glass to the air though the surface A, the angles between incoming
and outgoing rays remain unchanged and thus the image of PT should be circular
as the XY hole is. This did not happen however; and besides the already known
rainbow effect, Newton highlighted a phenomenon that had never been observed:
the elongation of the image, with the red part in T and the violet part in P. This can
(only?) be explained if the light is composed of rays with different refractive index.

Figure 1.14a shows the elongated image of light. They are seen as the superposition
of many circles (in the figure there are only six for illustrating purpose). Each circle
represents the image there would be if light were monochromatic. Colors are pure
only at the extremity P and T. In Fig. 1.14b it is reported the situation in case the
circles (the images of the holes) were smaller. Here the circles are more distanced and

1235, 21.
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Fig. 1.14 The elongate image [94], Book I, Par I, Fig.23

N
M

Fig. 1.15 Experimentum crucis. Redrawn from [94], Book I, Par I, Table IV, Fig. 18

the colors less mixed: “Now he that shall thus consider It, will easily understand that
the Mixture is diminished in the same Proportion with the Diameters of the Circles.
If the Diameters of the Circles whilst their Centers remain the same, be made three
times less than before, the Mixture will be also three times less; if ten times less, the
Mixture will be ten times less, and so of other Proportions” [94] (Fig. 1.14).1%
Experiment 6 is what in the New theory was referred to as experimentum crucis,
a locution not found in the Opticks, where the experiment is simply indicated with
a number. In Fig. 1.15 the hole F lets a beam of light pass which is refracted by
the prism ABC on the screen where a hole G is made. The light passing through G
meets another screen and through another hole reaches the prism abc from which it
is refracted on the screen NM. During the execution of the experiment the first prism
ABC is rotated around its horizontal axis (that is an axis orthogonal to the plane of
the figure) and the position of the image on the screen NM is observed. The result
of the screen is so summarized: “in that common Incidence some of the Rays were
more refracted and others less. And those were more refracted in this Prism which by

1245 56,
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a greater Refraction in the first Prism were more turned out of the way, and therefore
for their constancy of being more refracted are deservedly called more refrangible”
[9 4].125

Note that commenting on the second refraction Newton speaks only of the lumi-
nous image but does not say explicitly whether it is made up of monochromatic light
or not. This aspect will be considered in the second part of Book I, where the fol-
lowing propositions/problems are proved/solved that associate index of refractions
to colors.

1. The Phaenomena of Colours in refracted or reflected Light are not caused by new Mod-

ifications of the Light variously impress’d, according to the various Terminations of the
Light and Shadow.

2. All homogeneal Light has its proper Colour answering to its Degree of Refrangibility,
and that Colour cannot be changed by Reflexions and Refractions.

3. To define the Refrangibility of the several sorts of homogeneal Light answering to the
several Colours.

4. Colours may be produced by Composition which shall be like to the Colours of homo-
geneal Light as to the Appearance of Colour, but not as to the Immutability of Colour
and Constitution of Light. And those Colours by how much they are more compounded
by so much are they less full and intense, and by too much Composition they may be
diluted and weaken’d till they cease, and the Mixture becomes white or grey. There may
be also Colours produced by Composition, which are not fully like any of the Colours
of homogeneal Light.

5. Whiteness and all grey Colours between white and black, may be compounded of
Colours, and the whiteness of the Sun’s Light is compounded of all the primary Colours
mix’d in a due Proportion [94].126

Newton used the term colour spectrum for the image of the refracted sun light, and
although the it appears to be continuous, with no distinct boundaries between the
various colors, he chose to divide it into seven primary colors: red, orange, yellow,
green, blue, indigo, and violet. Newton chose the number seven because of the ancient
Greek belief that seven is a mystical number and seven were the note of the musical
scale of his time, which allowed him to make analogies between light and music.

1.2.3.2 Fits of Easy Reflection and Transmission

Book II of Opticks, part I, describes the appearance of colored rings, now known
as Newton rings, both from reflected and refracted rays, exhibited in thin transpar-
ent films being illuminated with monochromatic light. The phenomenon is today
explained by the interference of light waves, that is the superimposing of trains of
waves so that when their crests coincide, the light brightens; but when trough and
crest meet, the light is destroyed; light waves being reflected from both top and bot-
tom surfaces of the film. Rings appear also with white light, but in these case the
phenomenon is much more complex because of the interaction of the various colors.

125p.39.
126pp. 99-117.
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Newton found that rings also appeared in thick plates and he discussed the fact in
Book II, Part I'V.

Newton knew about the rings, exhibited in thin transparent plates enlightened
with white light, under the influence of Hooke’s Micrographia [55];'*’ Hooke’s
observations have been already recorded in the Of colours. Newton studied long the
problem; here reference is made mainly to what he wrote in the Opticks; for more
information see [112, 118, 131].

In his experiments with rings Newton constructed a film of air of continuously
varying thickness, enclosed between the plane surface of a planoconvex lens and the
curved surface of a double convex lens supporting the first, as shown in Fig. 1.16c
with monochromatic light coming from above. The occurrence of rings with this
arrangement of lenses is described in the Observation 15 of Book II.

These Rings were not of various Colours like those made in the open Air, but appeared all
over of that prismatick Colour only with which they were illuminated. [...]. And from thence
the origin of these Rings is manifest. namely that the Air between the Glasses, according to
its various thickness is disposed in some places to reflect and in others to transmit the Light
of any one Colour (as you may see represented in the fourth Figure [Fig. 1.16d]) and in the
same géace to reflect that of one Colour where it transmits that of another [emphasis added]
[941.!

The explanation given in italic in the above quotation is exactly the same at that
referred to in the Discourse concerning light and colours, a Newton’s writing which
could be dated around 1675 [85].

To justify the phenomenon of rings, both in thin and thick plates, Newton, as usual,
separated the mathematical theory from physical hypothesis. The former, concerns
the proximate causes only and according to him can be deduced from the experiments,
the latter concern the causae primae, and in the Opticks they have only a didactical
role. The proximate cause of the appearance of the colored rings was attributed by
Newton to fits of easy transmission, or simply fits, which are first introduced in
Proposition XII of Book II, part II:

Every Ray of Light in its passage through any refracting Surface is put into a certain transient
Constitution or State, which in the progress of the Ray returns at equal Intervals, and disposes
the Ray at every return to be easily transmitted through the next refracting Surface, and
between the returns to be easily reflected by it [94].129

and then specified with a definition:

Definition. The returns of the disposition of any Ray to be reflected I will call its Fits of easy
Reflexion, and those of its disposition to be transmitted its Fits of easy Transmission, and
the space it passes between every return and the next return, the Interval of its Fits [94].!30

Newton’s choice of the term fits [paroxysms], quite strange for a modern reader, is
drawn from contemporary medical language. A fit is one of recurrent attacks of a

127pp. 47-67.
128pp. 186-187.
1295, 252.

130, 256.



56 1 Epistemology and Science at the Turn of the 18th Century

E3E &
:yxuta‘r#ﬁ'md& (g

I “..:3-.., AN

3 ‘\: ‘..- .:g' \. A " .':‘. ': ; ; f/

Fig. 1.16 Rings. Redrawn from [94], Book II, Tab I
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periodic ailment, in particular, of ague or intermittent fever (today know as malaria).
The fits of ague have a number of features in common with fits of easy reflection and
transmission that make it an apt term. Fits alternate between two opposite phases,
cold and hot, which are alternate bodily states and not alternations of some bodily
substance such as blood. Fits are periodic and, depending on the type of ague, have
periods of return of one, two, or three days [117]."3!

Of a certain interest in the definition of fits is the introduction of the concept of
the interval (or length) of fits. Analysis of previous Newton’s work and also what
is written in the Opticks suggests that this quantity could be associated to the wave
length of some vibratory motion.

Newton arrived at the theory of fits after causae primae were looked for, in a
unsatisfactory way indeed. In the previously referred Discourse concerning light
and colours Newton explained the origin of fits with reference to air. In the An
hypothesis explaining the property of light discoursed in my severall papers, more
or less of the same period, air was replaced by aether. And an analogy with a stone
that falls in still water was assumed; just “as stones thrown into water do in its
Surface; and that these vibrations are propagated every way into both the rarer &
denser Mediums, as the vibrations of Air which cause Sound are from a Stroke, but
yet continue Strongest where they began, & alternately contract & dilate the aether
in that Physicali Superficies” [98].!

In any case Newton maintained that light was not vibration of the aether, but it
has a different nature and its propagation is simply associated to aether vibration.
Around 1687 in a projected section of the Opticks Newton introduced an explanation
or the rings without recourse to the vibration of the medium (air or aether) [1 18].133
Instead he called for the agitation of the particles of refracting and reflection bodies,
assuming a periodic motion:

Prop. 12 The motion excited by a ray of light in its passage through any refracting surface is

reciprocal & by its reciprocations doth alternately increase & decrease the reflecting power
of the surface.

[...]

The proper argument for ye truth of this Proposition is the alternate reflections & transmis-
sions of light succeeding one another in a thin transparent plate accordingly as the thickness
of the plate encreaseth in an arithmetical progression [85].13*

An idea which is presented an hypothesis in Book II, Proposition 13 of the Opticks,
which read nearly verbatim as: So the rays of light, by impinging on any refracting
or reflecting surface, excite vibrations in the refracting or reflecting medium, and by
exciting them agitate the solid parts of the body, causing it to grow warm or hot. The
vibrations thus excited are propagated in the refracting or reflecting medium, much
after the manner that vibrations are propagated in the air for sound. They move faster
than the rays so as to overtake them; so that when a ray is in that part of the vibration

Blp. 180.

132vol. 1, p. 374.

1335 172.

134Quoted from [118], p. 173.
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which conspires with its motion, it easily breaks through a refracting surface, but
when it is in the contrary part of the vibration which impedes its motion, it is easily
reflected. By consequence, every ray is successively disposed to be easily reflected,
or easily transmitted, by every vibration which overtakes it [94].!3

Newton however ended his explanation by distancing from it “but whether this
hypothesis be true or false I do not here consider. I content myself with the bare
discovery, that the rays of light are by some causes or other alternatively disposed to
be reflected or refracted for many vicissitudes” [94].13¢

Newton’s theory of fits has too many obscurities to be considered successful
from a modern point of view. It is remarkable anyway in the sense that when a
purely corpuscular view proved inadequate to explain the periodicity of an optical
phenomenon, waves were introduced, for the first time in the history of physics, to
cooperate with the light particles [112]."37

Nothing is said about the actual size of the light particles referred to in the defini-
tion of ray, although violet rays being more refrangible are considered to be made by
smaller particles than those red rays. The length of the fits is calculated for the border
between yellow and orange to be the 1/89000th part of an inch (1/35039 cm).!38

1.2.4 Theological Writings. The Treatise on Apocalypse

In recent years historians have tried to give some explanations of why one of the
world’s greatest scientists should have spent so much time thinking and writing
about religious matters. Even though paradoxically one can reverse the question:
“why did one of the greatest anti-Trinitarian theologians of the 17th century take
time off to write works on natural science, like the Principia mathematica?” [49].'%°

Indeed though provocative the question has some reason to be raised. Newton
wrote on religion and theology from his college days down to the end of his life.
Almost half of the pages that he physically wrote, most still unpublished, deal with
explicating the Bible, interpreting it, and developing a theory of scriptural and natural
revelation. It must be said, however, that Newton was not alone. In England, other
great mathematicians such as John Wallis and Isaac Barrow had strong interests in
theology. According to [41] this phenomenon was not confined to English puritanism,
but also to the Continent and it is a characteristic of the 17th century.

Galileo and Descartes, Leibniz and Newton, Hobbes and Vico were either not clergymen at

all or did not acquire an advanced degree in divinity. They were not professional theologians,
and yet they treated theological issues at length. Their theology was secular also in the sense

135pp. 255-256.
136255,
137p. 126.

138The length of fits represent actually a half wavelength; modern estimation of the yellow wave
length is of about 1/20000 cm, not very different from Newtons’ value.
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that it was oriented toward the world, ad seculum. The new sciences and scholarship, they
believed, made the traditional modes of theologizing obsolete; a good many professional
theologians agreed with them about that. Never before or after were science, philosophy,
and theology seen as almost one and the same occupation. True, secular theologians seldom
composed systematic theological treatises for the use of theological faculties; some of them,
mainly the Catholic, pretended to abstain from issues of sacred doctrine; but they dealt with
most classical theological issues—God, the Trinity, spirits, demons, salvation, the Eucharist.
Their discussions constituted theology inasmuch as they were not confined to the few truths
that the “natural light” of reason can establish unaided by revelation—God’s existence perhaps,
or the immortality of the soul [41].140

There was a melting of language between scientific and theological propositions, so
that physical principles were expressed in theological terms and viceversa. Newton
lived in an era where religion was still at the basis of society. It is thus not strange
he was a religious man, even though a heretic one. His religious ideas (mainly God
omnipotence and omnipresence) influenced all his life and also his natural philoso-
phy. The same his temperament, his political conceptions and the fortuitous events
of his life, did. These are difficult aspects to analyze and are out of the scope of the
present book. Here interest is focused to see how his studies on theology influenced
his studies on natural philosophy.

In his printed books, in particular in the scholia of the Principia and in the Queries
of the Opticks Newton claimed that arguing on God from the occurrence of experi-
mental phenomena belongs to natural philosophy. But he also (post 1710) stated that
“religion and philosophy are to preserved distinct. We are not to introduce divine
revelations into philosophy, nor philosophical opinions into religion [...]. That Reli-
gion & polity or the laws of God & the laws of man are to be kept distinct. We are
not make the commandements of men a part of the laws of God” [88].

Newton’s religious manuscripts have always enjoyed scant attention from science
historians. No inventory of Newton’s theological manuscripts has been published, for
what I know. Nor any of them was published in the 18th century; with the exception of
some fragments as Observations upon the prophecies of Daniel and the Apocalypse
of St. John, published in 1733 [95]; its last reprinting was in 1922 [49].'*" The text
had a good editorial success and was translated into various languages. Most of the
early fundamentalist interpreters, who saw the American and French Revolutions
as fulfillments of prophecies in this text, used Newton both as a source and as a
theorist explaining why exact predictions often failed. Newton’s postfacto method
of interpretation allowed for reconsideration and restudying of prophecies when
prediction failed.

Recently it has been edited and published a study on Newton’s Treatise on apoca-
lypse [102], basing on a manuscript conserved in the Jewish National and University
Library of Jerusalem [102], known as Newton MS I, to be dated most probably in
the first 1670s [102],'*? and thus predating the Principia. A its reading suggests that
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Newton gave to the holy scriptures a value of knowledge not very different from the
scientific one and the same axiomatic approach of the Principia was used there [74,
75].

This could indicate that Newton’s way of conceiving the philosophy of nature,
his philosophizing rules were first developed in his theological writings than in his
treatises on natural philosophy. If this is true it would be necessary to re-direct
the studies on Newton’s methodology by seriously reading theological writings,
also because they are not the result of a schizophrenic malaise or of a love for an
encyclopedic knowledge that explores different branches of knowledge, opening and
closing one drawer at a time.

In the Treatise on apocalypse Newton put the interpretation of the Scripture and
that of nature on the same ground; both are attributable to God and in both cases
the truth is unique and the method to achieve it the same. According to Newton the
language of the Scripture must be univocal and homogeneous because it refers to
realities that are simple and harmonious. Confusion does not belong to the Scripture:

Truth is ever to be found in simplicity, & not in ye multiplicity & confusion of things. As
ye world, wch to ye naked eye exhibits the greatest variety of objects, appears very simple
in its internall constitution when surveyed by a philosophic understanding, & so much ye
simpler by how much the better it is understood, so it is in this vision [102].143

Newton addressed the study of the Apocalypse with the tools that are most familiar
to him; those of mathematics. There are definitions and propositions and general
rules of interpretation (16) that enable the reader to know when an interpretation is
genuine [102].'** One of the fundamental rule, typical of mathematics, stated not to
use synonyms. “To assign but one meaning to one place of scripture, unless it be by
way of conjecture [For a man cannot be obliged to believe more meanings of a place
the one]” [102].14

In [23] it is suggested that the relationship of mathematics to the analysis of
prophecies is not that close. Newton, with other contemporary exegetes, consid-
ered mathematics and prophecy as quite different matter and declared that prophet-
ical interpretation was not a demonstrative science, differently from mathematics
[102].%¢ A notable exception was represented by More and Cambridge Platonists
who thought that mathematics was able to reveal the truth of prophecies.

To testify the role of the Apocalypse in the development of a general methodology
for scientific inquires, the following Table 1.4 compares the famous Regulae philoso-
phandi of the Principia with the Rules for interpreting the words and language in
Scripture of'*’ the Treatise on Apocalypse.

Notice that the Apocalypse rule 2, which in the table is split into part I and part
II, contains both rule I and IV of the Principia.

1435 28.
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Table 1.4 Comparison between the rules from Treatise on Apocalypse and Principia. Adapted

from [74], pp. 398-399

Treatise on Apocalypse

Principia

2 [part I]. To assigne but one meaning to one
place of scripture. 3. To keep as close as may
be to the same sense of words

Regula I (1687) Causas rerum naturalium non
plures admitti debere, quam quae et verae sint
& earum phaenomenis explicandis sufficiant

1. To observe diligently the consent of
Scripture. 8. To choose those constructions
which reduce contemporary visions to the
greatest harmony of their parts. 9. To choose
those constructions which reduce things to the
greatest simplicity

Comment to Regula I Natura enim simplex est
& rerum causis superfluis non luxuriat

Rules 4, 6,7, 10, 12, 14, 15

Regula II (1687) Ideoque effectuum naturalium
eiusdem generis eaedem assignandae sunt
causae, quatenus fieri potest

5. To acquiesce in that sense of any portion of
Scripture as the true one which results most
freely & naturally from ye use & propriety of
ye Language & tenor of the context in that &
all other places of Scripture to that sense. 11.
To acquiesce in that construction of the
Apocalyps as the true one which results most
naturally & freely from the characters
imprinted [...] for insinuating their connexion

Regula III (1713) Qualitates corporum quae
intendi & remitti nequeunt, quaeque corporibus
omnibus competunt in quibus experimenta
instituere licet, pro qualitatibus corporum
universorum habendae sunt

2 [part II]. If two meanings seem equally
probable he is obliged to believe no more then
in general ye one of them is genuine untill he
meet with some motive to prefer one side

Regula IV (1726) In philosophia
experimentalis, propositiones ex phaenomenis
per inductionem collectae, non obstantibus
contrariis hypothesibus, pro veris aut accurate
aut quamproxime haberi debent, donec alia
occurrerint phaenomena, per quae aut
accuratiores reddantur aut exceptionibus
obnoxiae

The comparison between the two columns suggests that either the regulae philoso-
phandi of the Principia have their source in the rules of the Apocalypse or that both
of them have the same source, possibly a not theological one. Mamiani suggests
that the two possibilities are not disjoined and that the common source should be
searched, besides the Discours de la méthode of Descartes, in the studies of logic
of Newton while an undergraduate at Cambridge. In particular in the Logicae artis
compendium by Robert Sanderson [113] of 1618, an author Newton studied when
at Cambridge. In [23]'*® this derivation is considered as possible but not necessary.
This difference of opinion testifies to the difficulty in interpreting Newton’s complex
interaction between theology and natural philosophy and the need for further studies;
for some of them see [46, 61-63, 74, 98, 121].
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1.2.5 A New Form of Mechanicism. The Queries

In a previous section I commented upon the first three books of the Opticks that
concern geometric and physical properties of light in continuity with the optics
understood as a mixed mathematical science. But Opticks became famous not only
and perhaps not primarily for the theory of light reported there, but also for the Queries
put at the end of Book III. The content and number of the Queries, changed over the
various editions, starting from sixteen of the first edition, concerning exclusively the
nature of light, to the thirty-one of the third edition. They are not only about optics;
other branches of physics are touched, indicating the topics that for Newton were the
most important to be investigated in the immediate future [3].

The queries will be commented for their methodological aspects in Sect. 1.2.6.2;
here I dwell instead on the aspects of natural philosophy properly said. In the queries
Newton laid the foundations of a new mechanical philosophy, a philosophy in which
the phenomena of nature are not explained using the laws of kinematics (impact
included) but using the laws of dynamics. The world is seen as a set of corpuscles
(hard) that exchange forces at a distance. On the nature of these forces Newton
was ambiguous. The prevailing position was that they might be understood in a
mathematical sense, that is, they simply expressed the interaction of bodies whose
effects are measurable for example through the accelerations of reciprocal motion.
He considered as possible that the true causes of these forces could eventually be
explained, but for the moment this explanation did not exist.

If the ontology of interaction forces was the object of discussion among the new
philosophers of nature, what was not in question was the extreme fertility of this
new mechanicism which made it possible to explain all the physical and chemical
phenomena of nature. This mechanicism was accepted by almost all the scientists
since 1750. It must be said that it was not accepted only for his fertility but also
because proposed by a philosopher of nature who had by then become an authority
of absolute greatness and that among other things with his Principia had succeeded
in explaining the motions of the bodies of the Heaven.

In addition to some general considerations on Newtonian ‘mechanical’ philoso-
phy, I will focus on an important element of it, the idea of aether, a name and a concept
that has its origins in ancient Greece but that with Newton took on a new identity
and also an aura of mystery, because even though Newton dedicated many years and
writings to the aether, he hardly ever made it enter into his most important treatises.
Because of space reasons I will only relate to the ideas that Newton expressed in his
final version of Opticks, the 1730 edition. This is enough considering the aim of this
book.

1.2.5.1 Matter and Short Range Forces

The Newtonian mechanical philosophy is exposed in the Query 31 of the Opticks,
the one added in 1718. At the beginning Newton gave for granted the corpuscular
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nature of matter. He asked rhetorically: “Have not the small particles of bodies certain
powers, virtues, or forces, by which they act at a distance, not only upon the rays
of light for reflecting, refracting, and inflecting them, but also upon one another for
producing a great part of the phaenomena of nature?” [94]:'4 And continued, by
noticing that it is well known, that bodies act one upon another by the attractions
of gravity, magnetism and electricity; and these instances make it not improbable
that there may be more attractive powers than these. How these attractions may
be performed, said Newton, are not considered. What is called attraction may be
performed by impulse, or by some other means. It only signifies in general any
‘force’ by which bodies tend towards one another, whatsoever be the cause. The
attractions of gravity, magnetism, and electricity, reach to very sensible distances,
and so have been observed by vulgar eyes, but there may be others which reach to so
small distances as hitherto escaped observation; “and perhaps electrical Attraction
may reach to such small distances, even without being excited by Friction” [94].1°

As an example of action of forces other than the known one, Newton referred to the
phenomenon of capillarity, by quoting results obtained by Francis Hauksbee (1660—
1713), the first to study the phenomenon in a systematics way in the 1700s, who
measured, among other situations, the rise of water between two glass plates versus
their distance [80]: “Now by some Experiments of this kind (made by Mr. Hauksbee),
it has been found that the Attraction [...] within the same quantity of attracting
Surface, is reciprocally as the distance between the Glasses. And therefore where
the distance is exceeding small, the Attraction must be exceeding great” [94].15! It
must be said that Hauksbee was cited less that it was due considered that he carried
out many experiments on capillarity very well done, published in the Philosophical
Transactions of the Royal Society in the years 1711-1713, after having published
his results in the Physico-mechanical experiments on various subjects of 1709 [53].

Newton could conclude that there are therefore agents in nature able to make the
particles of bodies stick together by short range forces; they allow Newton to present
a his own idea on the constitution of matter, which is similar to that suggested by
Boyle. The smallest particles of matter may cohere by the strongest attractions and
compose bigger particles of ‘weaker virtue’ [attractive force]; and many of these
may cohere and compose bigger particles whose virtue is still weaker, and so on for
some successions, “until the Progression end in the biggest Particles on which the
Operations in Chymistry, and the Colours of natural Bodies depend, and which by
cohering compose Bodies of a sensible Magnitude™ [94].!5

The different bodies may be solid, liquid or aeriform depending on the arrange-
ment of elementary particles. But there are not attractive force only. Indeed as in alge-
bra, where positive quantities vanish and cease, negative ones begin, so in mechanics,
where attraction ceases, there a repulsive force ought to succeed. And that there is
such a repulsive virtue, seems to follow, for instance, said Newton, from the reflex-
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ions and inflexions [diffractions] of the rays of light. Indeed the rays are repelled
by bodies in both these cases, without the immediate contact of the reflecting or
inflecting body. It seems also to follow from the nature of air and vapor. Here “vast
contraction and expansion seems unintelligible, by feigning the particle of air to be
springy and ramous, or rolled up like hoops, or by any other means than a repul-
sive power” [94].'53 Here the spring of air—and also of aether discussed later—is
attributed, and this is an original position, by Newton to repulsive forces acting at a
distance.

Newton advocated the simplicity of nature which is “very conformable to her self”
[94],%* performing all the great motions of the heavenly bodies by the attraction of
gravity which intercedes those bodies by some other attractive and repelling powers
or active principles. And the presence of active principles is necessary to justify
the motion in the world. Indeed the vis inertiae is a passive principle by which
bodies persist in their motion or rest, but by this principle alone there never could
have been any motion in the world. Some other principles are necessary for putting
bodies into motion; but also they are necessary for conserving this motion, because
there are causes that decrease the quantity of motion of bodies and it is very certain
that there is not always the same quantity of motion in the world [94].'> Among the
causes Newton considered responsible of the decrease of motion there are non-elastic
impacts and frictions. Thus, he can conclude, active principles are needed, such as
are the cause of gravity, by which planets and comets keep their motions in their orbs
(and the cause of fermentation, by which the heart and blood of animals are kept in
perpetual motion and heat etc.) [94].1%°

After these preliminaries Newton specified his mechanical philosophy with the
following statement, which though very well known is worthy to be quoted one more
once:

All these things being consider’d, it seems probable to me, that God in the Beginning form’d

Matter in solid, massy, hard, impenetrable, moveable Particles, of such Sizes and Figures,

and with such other Properties, and in such Proportion to Space, as most conduced to the End

for which he form’d them; and that these primitive Particles being Solids, are incomparably

harder than any porous Bodies compounded of them; even so very hard, as never to wear or

break in pieces; no ordinary Power being able to divide what God himself made one in the
first Creation [94].157

While the particles remain entire, according to Newton, they may compose bodies
of one and the same nature and texture in all ages. And therefore, assuming that
nature may be lasting, the changes of corporeal things are to be placed only in the
various separations and new associations and motions of these permanent particles.
Compound bodies being apt to break, not in the midst of solid particles, but where
those particles are laid together and only touch in a few points.
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Newton continued by reasserting that these particles have not only a vis inertiae,
accompanied with such passive laws of motion as naturally result from that force,
but also that they, as the macroscopic bodies, are moved by certain active principles.
“These principles I consider, not as occult qualities, supposed to result from the
specific forms of things, but as general laws of nature, by which the things themselves
are formed,; their truth appearing to us by phenomena, though their causes be not yet
discovered” [94].'3® According to Newton, to derive two or three general principles
of motion from phenomena and afterwards to tell how the properties and actions of
all corporeal things follow from those manifest principles, would be a very great step
in philosophy, though the causes of those principles were not yet discovered.

1.2.5.2 Mechanical and Non-mechanical Aether

The idea of acther was always present in Newton’s thought but he discussed it mainly
privately. In the Queries of the Opticks the concept found a public audience however.
The idea changed a lot in time; from a pseudo Cartesian concept of a fluid made of
inert particles in the writings before 1680s to an elastic medium made of corpuscles
endowed with active principles (forces at a distance) [109].

The aether was discussed in depth to explain gravity in two letters, one of 1675 to
Oldenburg with the title The hypothesis explaining the properties of light discovered
in my severall papers [98],'% the other in a letter to Boyle of 1679 [86]. In the
letter to Oldenburg Newton assumed a kinematic reasoning, according to which
material bodies were carried toward the surface of the earth by the circulation of the
aether which: “For nature is a perpetuall circulatory worker, generating fluids out of
solids, and solids out of fluids, fixed things out of volatile, & volatile out of fixed,
subtile out of gross, & gross out of subtile, Some things to ascend & make the upper
terrestriall juices, Rivers and the Atmosphere; & by consequence others to descend
for a Requitall to the former [...]. And that the vast aethereall Spaces between us, &
the stars are for a sufficient repository for this food of the Sunn & Planets” [98].1%°

In the letter to Boyle Newton started by arguing that the aether pervades all gross
bodies, but yet so as to stand rarer in their pores than in free spaces, and so much the
rarer as their pores are less. The rarer aether within bodies and the denser out them,
is not terminated in a mathematical superficies but grows gradually into one another:
the external aether beginning to grow rarer and the internal to grow denser at some
little distance from the superficies of the body, and running through all intermediate
degrees of density in the intermediate spaces. This property of aether explain the
refraction of light and cohesion of bodies [86].'¢!

In the previous description of the properties of the aether it is not fully clear what
Newton meant with rarer and denser. Apparently, he spook of only one type of matter
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Fig. 1.17 Diffraction (a) and cohesion (b) [86]

that can be found more or less thickened. This will be clarified later in the letter, when
he formulated the explanation of gravity.

For what the explanation of the diffraction is concerned, let consider the dense
body ABCD of Fig.1.17a, either opaque or transparent, EFGH the outside of the
uniform aether which is within it, IKLM the inside of the uniform aether which is
outside it. Conceive the aether which is between EFGH and IKML to pass through all
intermediate degrees of density between that of the two uniform kinds of aether on
either side. This being supposed, the rays of the sun SB, SK, which pass by the edge
of this body between B and K, ought in their passage through the unequally dense
aether there, to receive a ply from the denser aether which is on that side toward
K and thereby to be scattered through the space PQRST, as by experience they are
found to be.

Newton’s aether can explain cohesion. When two bodies approach one another
and come so close as to make the aether between them start to rarefy, they begin to
have a reluctance from being brought nearer together and endeavor to recede from
one another. This reluctance and endeavor will increase as they come nearer together
because thereby they cause the interjacent aether to rarefy more and more. But at
length, when they come so close that the excess of pressure of the external aether
which surrounds the bodies is so great as to overcome the reluctance of the bodies
from being brought together, said Newton, that excess of pressure drives them with
violence together and make them adhere strongly to one another.

For instance in Fig. 1.17b when the bodies ED and NP are so close, the spaces
of the aether graduated rarity begin to reach to one another and meet in the line IK.
The aether between the two bodies suffer much rarefaction and the endeavor which
the aether between them has to return to its former natural state of condensation will
cause the bodies to have an endeavor of receding from one another. But if the bodies
come nearer together so as to make the aether in the mid-way-line IK grow rarer than
the surrounding aether, there will arise from the excess of density of the surrounding
aether a compression of the bodies towards one another: which when by the nearer
approach of the bodies it becomes so great as to overcome the aforesaid endeavor
the bodies have to recede from one another, they will then go towards one another
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and adhere together (Newton reason is not fully sound here. How can the pressure
of the surrounding aether overcame the repulsion of the two bodies which increases
with the decrease of their distance?).

Newton assumed that the variation in density of the aether could explain gravity
also with a play of the pressure around common bodies. Differently than in the
circulatory explanation of the letter to Oldenburg, in the letter to Boyle the role of
aether had a cosmological character, explaining the gravity of the whole universe.
For this end suppose aether to consist of parts differing from one another in subtlety
by indefinite degrees. Thus in the pores of bodies there is less of the grosser aether
in proportion to the finer then in open spaces, and consequently in the great body
of the earth there is much less of the grosser aether in proportion to the finer then
in the regions of the air. Imagine now any body suspended in the air or lying on the
earth; the aether being by hypothesis grosser in the pores which are in the upper parts
of the body then in those which are in its lower parts, and this grosser aether being
less apt to be lodged in those pores then the finer aether below, it will endeavor to
get out and give way to the finer aether below, which cannot be without the bodies
descending to make room above for it to go out into. And thus gravity [86].'%> A
similar explanation of the cause of gravity will be referred to by Leonhard Euler in
Sect.3.4.1.3 some years later; where the aether was however an elastic continuous
medium.

In the Queries of Opticks Newton introduced the idea of aether, in dubitative form
as usual. The presence of a medium other than air, is supposed in Query 18 on the
basis of experimental measurements of temperature in vacuo and in plenum: “And
is not this Medium exceedingly more rare and subtile than the Air, and exceedingly
more elastic and active? And doth it not readily pervade all Bodies? And is it not (by
its elastick force) expanded through all the Heavens?” [94].193

Query 20. The very word aether is introduced in Query 20, where it is asked: does
the aetherial medium in passing out of water, glass, crystal and other compact and
dense bodies into empty spaces, grow denser and denser by degrees and the gradual
condensation of this medium extend to some distance from the bodies, and thereby
cause the diffraction of the rays of light, which pass by the edges of dense bodies,
at some distance from the bodies? A reasoning in agreement with that developed in
the letter to Boyle.

Query 21. By means of the properties of this aecther Newton suggested an expla-
nation of gravity in Query 21 which is apparently similar to that referred to in the
letter to Boyle of 1679. But the aether of Query 21, at a scrutiny, reveals to be very
different from that introduced in the letter to Boyle. Here the aether is a ‘living’
matter, formed by particles aimed by repulsive forces which give it the property of
elasticity. And the difference in density is due to a greater or lesser concentration of
equal particles; there the aether was an inert matter and the difference in density was
due to grains of different thickness.

1625, 65r.
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Newton started by asking: “Is not this Medium much rarer within the dense Bodies
of the Sun, Stars, Planets and Comets, than in the empty celestial Spaces between
them? And in passing from them to great distances, doth it not grow denser and
denser perpetually, and thereby cause the gravity of those great Bodies towards one
another, and of their parts towards the Bodies; every Body endeavoring to go from
the denser parts of the Medium towards the rarer?” [94].'%* For if this medium be
rarer within the sun’s body than at its surface and rarer there than at the orb of Saturn,
and though this increase of density may at great distances be exceeding slow, it may
suffice to impel bodies from the denser parts of the medium towards the rarer, with
all that power which we call gravity.

Query 21 ends with the suggestion that the particles of aether repel each other
with a short range force at a distance:

And so if any one should suppose that Aether (like our Air) may contain Particles which
endeavour to recede from one another (for I do not know what this Aether is) and that
its Particles are exceedingly smaller than those of Air, or even than those of Light: The
exceeding smallness of its Particles may contribute to the greatness of the force by which
those Particles may recede from one another, and thereby make that Medium exceedingly
more rare and elastick than Air [94].163

Query 22. In Query 22 Newton discussed if his aether does disturb the motion of
planets. He asked: “May not planets and comets, and all gross bodies, perform their
motions more freely, and with less resistance in this aethereal medium than in any
fluid, which fills all space adequately without leaving any pores, and by consequence
is much denser than quick-silver or gold? and may not its resistance be so small, as
to be inconsiderable?” [94].% The answer is yes. Newton did not specify the way
he reached his results, but surely basing on the studies of Book II of the Principia,
according to which the speed of propagation of a pulse in a medium is proportional
to the square root of the ratio between elastic force (that is in modern term stiffness)
and density and because the very high value of the speed of light, Newton concluded
that the density of the aether should be 700 000 less than that of air (and 600 000 000
of water), and consequently because in the Principia (Book II) it is proved that the
resistance encountered by a body moving in a medium is proportional to its density
(and the square of speed), the resistance encountered by a planet moving in the aether
should be 700 000 times less than that it encountered in air, and thus negligible.

Query 28. In Queries 28 and 29 Newton discussed the nature of light and the role
of aether. In Query 28 he wrote for instance: “Are not all Hypotheses [the vibration
theory] erroneous, in which Light is supposed to consist in Pressure or Motion, prop-
agated through a fluid Medium? For in all these Hypotheses the Phaenomena of Light
have been hitherto explain’d by supposing that they arise from new Modifications of
the Rays; which is an erroneous Supposition” [94].1%7
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And as an example of the defect of the vibration theory he considered the expla-
nation of fits which is hard to accept unless one might suppose that there are in the
world two aethereal vibrating media, and that the vibrations of one of them consti-
tute light and the vibrations of the other which are swifter constitute fits. “But how
two Aethers can be diffused through all Space, one of which acts upon the other,
and by consequence is re-acted upon, without retarding, shattering, dispersing and
confounding one another Motions, is inconceivable” [94].168

Query 29. In Query 29 Newton presented his projectile theory, in a dubitative
form but giving it a high probability, specially because the linear propagation of
light. “Are not Rays of Light very small Bodies emitted from shining Substances?
For such Bodies will pass through uniform Mediums in right Lines without bending
into the Shadow, which is the Nature of the Rays of Light” [94].1%

1.2.6 Newton’s Methodology

1.2.6.1 Regulae Philosophandi

Toward the end of his Principia, at the beginning of Book III, Newton appended his
famous Regulae Philosophandi. In the final version, as reported in the third edition
of 1726, they are:

Rule 1. No more causes of natural things should be admitted than are both true
and sufficient to explain their phenomena. As the philosophers say: nature does
nothing in vain, and more causes are in vain when fewer suffice. For nature is
simple and does not indulge in the luxury of superfluous causes.

Rule 2. Therefore, the causes assigned to natural effects of the same kind must be,
so far as possible, the same. Examples are the [...] the falling of stones in Europe
and America.

Rule 3. Those qualities of bodies that cannot be intended and remitted [i.e., qual-
ities that cannot be increased and diminished] and that belong to all bodies on
which experiments can be made should be taken as qualities of all bodies univer-
sally.

Rule 4. In experimental philosophy, propositions gathered from phenomena by
induction should be considered either exactly or very nearly true notwithstanding
any contrary hypotheses, until yet other phenomena make such propositions either
more exact or liable to exceptions. This rule should be followed so that arguments
based on induction may not be nullified by hypotheses [90].!7°

Rivers of words have been spent about these rules and little can be added. The
content, the denomination and the position of the Regulae philosophandi varied a
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lot with the various editions of the Principia, proving the attention Newton devoted
to them. In [11, 38] it is documented, both in Newton’s published and unpublished
works, the development of the rules from their early inception to the final form under
which they appeared in 1726.

Rules 1 and 2 are rules of causal simplicity and uniformity of nature, a position
which was accepted by many scholars of the 17th and 18th centuries, but that for
Newton was also suggested by his conception of God, who has created a world
so that man could discover its laws, at least partially [11].'”! Rule 1 says that the
cause should be both sufficient (the phenomenon should follow from the cause) and
also necessary (the cause should be implied by the phenomenon). The cause has to
be single because the same phenomenon could not be explained by more than one
true cause. Rule 1 contrasts probabilistic epistemologies, which allows for various
explicative hypotheses without one could express preference for one of them. Rule
2 is more or less a corollary of rule 1, and represents a sort of Ockham’s razor.

Rule 3 makes induction the appropriate method of studying physics. In [8, 36,
38] it is suggested that the rule is not an endorsement of induction only, but also
of a something more sophisticated inference, which belongs to what is known as
transductive inference, a term introduced in logic by Vladimir Vapnik in the 1990s, to
indicate a reasoning from observed, specific (training) cases to specific (test) cases. In
contrast, induction is reasoning from observed training cases to general rules, which
are then applied to the test cases. With the rule 3, Newton declared that the properties
detected experimentally on all bodies, that is, bodies at a macroscopic level, can also
be extended to unobservable bodies, or atoms. A transductive inference would have
been used in the proof of the Proposition 70, Theorem 30 [90],"2 in which it is
proved that a corpuscle placed inside a spherical surface is acted by gravity forces in
any direction. In this case the property of gravity and the law of the inverse square
of distance, which is undoubtedly universal for all observable bodies (by induction)
is also attributed to bodies of infinitesimal dimension, which belong to a different
category of bodies and therefore their property could not be inferred according to
the classical criteria of induction.

Rule 4 is the one currently most discussed by historians and philosophers of
science. It concerns the so called Newtonian method, or Newtonian style, of inves-
tigation for deducing propositions, or laws, of physics from phenomena. It is an
alternative to the approaches put forward by some scholars of the 17th and 18th cen-
tury, based on a probabilistic epistemology, for which one never could reach truth
in physics. What it could be make for them was only to propose, based on a priori
knowledge, more or less probable hypotheses and verify their validity with exper-
imental observations. Newton was against this approach because it could explain
the empirical evidence of a phenomenon by proposing many alternative hypotheses,
without a criterion of choice all being able to explain the phenomenon in object. The
only way, according to Newton, to prevent this indeterminacy, is to avoid the formu-
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lation of hypotheses a priori, and formulate them (that thus are no longer hypotheses
but experimental laws) starting from experimental data.

In an unpublished manuscript, when elaborating on the meaning of rule 4, Newton
wrote this clarifying passage:

For if arguments from hypotheses would be admitted against inductions, inductive arguments,

on which the whole of experimental philosophy is based, could always be overturned by

contrary hypotheses. If a certain proposition collected by induction should be not sufficiently

accurate, it ought be corrected, not by hypotheses but by phenomena of nature that are to be
more widely and accurately observed [38].!73

Newton proposed thus a gradual process of acquisition of the correctness of a law, by
correcting it—if necessary—when new data is available. To a modern his approach
does not seem different from the hypothetical deductive one of scholars who sup-
ported a probabilistic epistemology, but for Newton this was not the case. Mostly
because for him a theory deduced from the phenomena could be improved by a better
knowledge of the phenomena, but never overturned. While working by hypotheses,
either the ascertainment of new data leads to a radical change of the explanatory pic-
ture, or it does not change anything because no element intervene to prefer one theory
from another. It is not here the case to discuss if an inductive approach is possible in
physics—this is a debated matter—but only to argue that Newton was convinced of
the fact independently of that according some historians and philosophers of science,
he unconsciously pursued a hypothetical deductive approach.

The substantial breaking of Newton’s empiricism with Descartes’s rationalism has
possibly part of its roots in the different role they attributed to God in establishing
the laws of nature. Both of them supposed that these laws were imposed by God to
the world making it regular. Descartes thought they, at least the basic ones or the
principles, were impressed in man’s soul and thus a simple reflection would suffice to
discover them, without any recourse to experiments [52]. Newton, with the English,
thought that the world was a contingent creation of God and only the observation
discovers its laws; and possibly the first causes (that is the principles) are very difficult
to discover.

As the rules were placed at the beginning of the third book of the Principia, entitled
De systemate mundi, at the end of the deductive part of the treatise, this means that
for Newton they did not have the same nature of axioms or definitions. The regulae
are architectural in nature and relate to the way in which the principles of natural
philosophy properly intended should be determined. They are thus methodological
criteria and as such contain wide margins of arbitrariness and indefiniteness.

Sometimes, certainly exaggerating, it is said that the regulae represent Newton’s
fundamental legacy to modern science; they were explicitly considered as a model
by many scholars, even in the 19th century, such as for instance William Whewell
(1794-1866) and Charles Darwin (1809—-1882) [11].'7* The situation is actually not
so clear. Meanwhile, the rules were presented by Newton in a non-definitive form
only, as will be clarified later, in the first edition of the Principia of 1687, when he
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had by then already substantially developed his mechanics and optics. They therefore
represent an explicit epistemology, that is, an epistemology that Newton wearing
the clothes of the philosopher considered as the correct one, but that when he was
wearing the clothes of the physicists he did not apparently consider. In fact, Newton
referred to his rules explicitly only in very few points of the Principia. Referring
to the third edition of this treatise he used Rule 3 and Rule 4 only once (and only
in the third book), respectively while defending the Proposition III.5 “For the cause
of the centripetal force which retains the moon in its orbit will extend itself to all
the planet, by Rule I, IT and IV” [90]'73; and II1.6 “This is the quality of all bodies
within the reach of our experiments; and therefore (by Rule III) to be affirmed of all
bodies whatsoever” [90].!7¢ Rule 2 is cited in support of Proposition III.5 “For the
circumjovial planets about Jupiter [...] and the circumsolar planets, about the sun,
are appearances of the same sort with the revolution of the moon about the earth; and
therefore by rule Il must be owing to the same sort of causes” [90].!7” And both Rule
1 and Rule 2 are cited in support of proposition I11.4 ( “And therefore, by rule I and
I1, the force by which the moon is retained in its orbits is that very same force which
is commonly called gravity” [90],'7® and IIL.5 “Therefore since both these forces,
that is, the gravity of heavy bodies and the centripetal forces of their moons, with
respect, they will (by Rule I and II) one and the same causes” [90],!”°

Moreover the rules don’t seem particularly original. They represent a synthesis of
medieval theories of knowledge and an explicitness of the approach followed by the
mixed mathematicians since ancient Greece. In Sect. 1.2.4 their possible derivation
from Newton’s theology is considered; here I limit to note that even Isaac Barrow
(1630-1677), Newton’s mentor, had expressed similar ideas, framing them in an
Aristotelian epistemology.

From which it appears that according to Aristotle, the principles of all science depend wholly

upon the testimony of the senses and particular experiments [ ... ]. But where any proposition is

found agreeable to constant experience, especially where it seems not to be conversant about

the accidents of things, but pertains to their principal properties and intimate constitution,

it will at least be most safe and prudent to yield a ready assent to it. For as we are justly

accused of a rash temerity, by suffering ourselves to be so much as once deceived by our

faith, so we are guilty of the greatest imprudence, if we shew the least distrust, and do not

yield our stedfast assent and obstinately adhere, when we still find our expectations answered

as accurately as possible (quam accuratissime), after a thousand researches; and especially

when we have the constant agreement of nature to conérm our assent, and the immutable

wisdom of the first cause forming all things according to simple ideas, and directing them

to certain ends: which consideration alone is almost sufficient to make us look upon any

proposition confirmed with frequent experiments, as universally true (universaliter vera),

and not suspect that nature is inconstant and the great author of the universe unlike himself.
[...] As Aristotle observes and confirms by a most appropriate instance [7].!80
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The label Regulae philosophandi appeared only from the second edition of the Prin-
cipia. In the first edition the rules went under the name of Hypotheses, for a total of
nine propositions, in the second there were three rules and in the third four, listed
above.

According to Alexandre Koyré the (logical) disorder present in the first draft of
the rules must be sought in the haste with which the Principia were drawn up. The
commonly accepted motivation for the change of name from hypotheses to rules is
attributed to Newton’s desire to clearly distinguish his way of philosophizing from
Descartes’s, avoiding the use of hypotheses not justified by experience. It must be
said, however, that in the 17th and 18th centuries the use of the terms principle,
axiom, theorem law, hypothesis, contained large margins of ambiguity. In particular,
there was not made always difference between purely empirical propositions and
arguments derived with geometric deductions [70].'3!

Newton had a fifth hypothesis to publish, which is found in his manuscripts.

Whatever is not derived from things themselves, whether by the external senses or by the

sensation of internal thoughts, is to be taken for a hypothesis. Thus I sense that I am thinking,

which could not happen unless at the same time I were to sense that I am. But I do not sense
that any idea whatever may be innate. And I do not take for a phenomenon only that which

is made known to us by the five external senses, but also that which we contemplate in our

minds when thinking; such as, [ am, I believe, I understand, I remember, I think, I wish, [ am

unwilling, I am thirsty, I am hungry, I rejoice, I suffer, etc. And those things which neither

can be demonstrated from the phenomenon nor follow from it by the argument of induction,
I hold as hypotheses [70].'82 (A.23)

As it can be seen, this rule has a more pronounced metaphysical character and is
clearly anti-Cartesian. The reasons why Newton did not publish it may be various.
Partly in order not to accentuate the anticartesian polemic, partly because the rule is
too speculative and not suited to a treatise on mixed mathematics like the Principia.

1.2.6.2 Hypotheses Non Fingo

Newton is famous for his empiricist statement Hypotheses non fingo appearing in
the Scholium generale of the Principia [87].'%3 Disputes have also been raised for
its translation into English, without however helping to clarify the problem [18].
Motte, the first editor of the Principia in English, translates: “I frame no hypotheses”.
However it seems that neither Newton, nor the Newtonians such as Richard Bentley,
Henry Pemberton, or Colin Maclaurin gave an official approval to this translation
[18].%* Samuel Clarke translated: “Hypoteses I make not”. Roger Cotes, the editor
of the second edition of the Principia left the sentence in Latin. Recently Koyré
suggested to use “feign” for fingere. For him with “hypotheses non fingo” Newton
meant “I feign no hypotheses” [69].
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In any case, more than the translation of the verb fingere, the interest should be
addressed on the name “hypotheses”.

Newton on several occasions distinguished between hypothesis, and true doctrine,
or theory, a term this latter used more rarely. For example theory is found in the title
of A new theory of light and colors of 1672 [84], but in the body of the text only
doctrine is used. There is no doubt that the hypotheses Newton did not approve were
those of mechanical philosophy, in particular in the version given by Descartes, in
which the invention of an elegant mechanism based on the interaction of various
corpuscles, that is an hypothesis, was more important than it empirical verification.

Newton used hypothesis in the Principia in a very few instances (40 in 1726
edition). In most cases the term is used referring to Descartes and other scholars;
only in three cases the term was given an apparently technical relevance. In Book II,
in the study of the motion of fluids:

HYPOTHESIS.

The resistance arising from the want of lubricity in the parts of a fluid, is, caeteris paribus,
proportional to the velocity with which the parts of the fluid are separated from each other
[90].185(A.24)

and two times in Book III:

HYPOTHESIS 1.

The center of the system of the world is at rest [Centrum systemati mundani quiescere]. No
one doubts this, although some argue that the earth, others that the sun, is at rest in the center
of the system. Let us see what follows from this hypothesis [90].186(A.25)

HYPOTHESIS II.

If the ring discussed above were to be carried alone in the orbit of the earth about the sun
with an annual motion (supposing that all the rest of the earth were removed from it), and if
this ring revolved at the same time with a daily motion about its axis, inclined to the plane
of the ecliptic at an angle of 23° degrees, then the motion of the equinoctial points would be
the same whether that ring were fluid or consisted of rigid and solid matter [90].87(A.26)

In the first case, Book II, the hypothesis has a similar role of the hypothesis of
astronomer; the second case the hypothesis has a metaphysical nature and conse-
quently cannot be verified. More complex is to classify the third hypothesis; to a
modern it seems to be verifiable simply inside mathematics, by calculation. But for
Newton this was not probably the case.

If in the Principia the role of hypotheses in Newton appears only in few, but mean-
ingful points, it is instead more important in his optical writings and in the letters
in which he defended his theory of colors from the disputes of Leibniz, Huygens,
Hooke, Pardies, and others. In the A new theory of light and colours, Newton dis-
tinguished quite well between his doctrine, derived for him from experiments, and
a hypothetical explanation about the nature of light. The doctrine is summarized in
the following points:
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Prop 1. Colours are not qualifications of light derived from refractions or reflections
of naturall bodies as ’tis generally beleived, but originall & connate properties,
which in diverse rays are divers.

Prop 2. To the same degree of refrangibility ever belongs the same colour, & to the
same colour ever belongs the same degree of refrangibility.

Prop 3. The species of colour & degree of refrangibility proper to any particular sort
of rays, is not mutable by refraction.

Prop 4. Yet seeming transmutations of colours may be made where there is any
mixture of divers sorts of rayes

Prop 5. There are therefore two sorts of colours. The one originall & simple; the
other compounded of these.

Prop 6. The same colours in specie with these primary ones may be also produced
by composition.

Prop 7. [Whiteness is] ever compounded and to its composition are requisite all the
aforesaid primary colours mixed in a due proportion.

Prop 8. Whiteness is generated if there is a due proportion of the ingredients; But if
any one predominate, the light must incline to that colour.

Prop 9. Since those [rays] which differ in colour proportionally differ in refrangi-
bility, they by their unequall refractions must be severed and dispersed into an
oblong form in an orderly succession from the least refracted scarlet to the most
refracted violet.

Prop 10. Why the colours of the rainbow appear in falling drops of rain is also from
hence evident. For those drops refract the rays.

Prop 11. Coloured bodies appear in one of colour in one position and another colour
in another position because they are apt to reflect one sort of light and transmit
another.

Prop 12. Namely that though they were severally transparent enough yet both
together became opake. For if one transmitted only red, and the other only blew,
no rays could pass through both.

Prop 13. The colours of all naturall bodies have no other origin then this, that they
are variously qualified to reflect one sort of light in greater plenty then another
[8 4] . 188

The hypothetical explanation is summarized in a few lines:

These thinges being so, it can be no longer disputed whether there be colours in the dark,
nor whether they be the qualities of the objects wee see, no nor perhaps [emphasis added]
whether light be a body [84].!%°

Newton was clearer in his replies to Hooke’s criticism, particularly in his letter to
Oldenburg of 11 June 1672. Newton stated that Hooke did not interpret his hypothesis
correctly be expressing them in these words: “But grant his first supposition that light
is a body, and that as many colours or degrees thereof as there may be so many bodies
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there may be, all which compounded together would make white” [98].'%° Indeed it
is true that Newton argued the corporeity of light, but he did it without any absolute
positiveness, as the word perhaps, in the above quotation, intimates, and make it
at most but a very plausible consequence of the doctrine and not a fundamental
supposition. And if it is true that the properties of light can also be explained by
Hooke’s theory, they “were in some measure capable of being explicated non onely
by that, but by many other Mechanicall Hypotheses” [98].!!

Newton, ironically apologized, he did not take Hooke’s theory up, since he did
not think necessary to explicate his doctrine by any Hypothesis at all. For “I can as
easily conceive that ye severall parts of a shining body may emit rays of differing
colours & other qualities, of all wch light is constituted, as that the severall parts of
a false or uneven string, or of unevenly agitated water in a Brook or Cataract, or ye
severall Pipes of an Organ inspired all at once, or all ye variety of sounding bodies
in ye world together, should produce sounds of severall tones, & propagate them
through ye Air confusedly intermixed” [98].'%%

The letter to Oldenburg ends with a section entitled “That the science of colours is
most properly a Mathematicall Science” [98],'9? which predates what will be written
in the Opticks, and clarify Newton conceptions about mixed mathematics.

I said indeed that the science of colours was mathematical & certain as any part of optiques;
but who knows not that optiques & many other mathematical sciences depends as well on
physical principles as on mathematical principles. And the absolute certainty of a science
cannot exceed the certainty of its principles [98].!%*

Also interesting is the reply to Huygens, in a letter to Oldenburg dated 3 April 1673,
which supported the need for a mechanicistic explanation, even limited to two colors.

But to examin how colours may be thus explained Hypothetically is besides my purpose. I
never intended to show wherein consists the nature and difference of colours, but onely to
show that de facto they are originall & immutable qualities of the rays wch exhibit them,
& to leave it to others to explicate by Mechanicall Hypotheses the nature & difference of
those qualities; wch I take to be no very difficult matter. But I would not be understood as
if their difference consisted in the different refrangibility of those rays. For that different
refrangibility conduces to their production no otherwise then by separating the rays whose
qualities they are. Whence it is that the same rays exhibit the same colours when separated by
any other meanes; as by their different reflexibility; a quality not yet discoursed of [98].1%

For Newton however, hypotheses are not necessarily useless if constructed with com-
mon sense. In [128]'% it is suggested that hypotheses in Newton had two functions:

1. To illustrate the theory.
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2. To suggest experiments.

The first function of hypotheses was declared by Newton in the paper entitled An
hypothesis explaining the property of light discoursed in my severall papers, sent to
Oldenburg in December 1675, with a cover letter, and one more paper, The discourse
of observations, which is accessible in the Opticks.

I had formerly purposed never to write any Hypotheses of light & colours, fearing it might
be a means to ingage me in vain disputes: but I hope a declar’d resolution to answer nothing
that looks like a controversy (unles possibly at my own time upon some other by occasion)
may defend me from yt fear. And therefore considering that such an Hypothesis would much
illustrate ye papers I promis’d to send you, & having a little time this week to spare: I have
not scrupled to describe one so far as I could on a sudden recollect my thoughts about it, not
concerning my self whether it shall be thought probable or improbable so it do but render
ye papers I send you, and others sent formerly, more intelligible [98].'%7

The second function of hypotheses can be found in some queries Newton began to
report in the correspondence. For example in the aforementioned letters to Oldenburg
of 11 June 1672, Newton introduced three Queries.

Q;  Whether the unequal refractions made without respect to any inequality of
incidence, be caused by the different refrangibility of several rays, or by the
splitting breaking or dissipating the same ray into diverging parts.

Q>  Whether there be more then two sorts of colours.

Qs Whether whitenesse be a mixture of all colours [98].'%8

A modern reader would refer to these queries as working hypotheses. Newton did not
adopt this term; for two reasons: (a) it is not a question of verifying the correctness of
a mechanism made up of corpuscles, but rather the occurrence of certain phenomena.
That is, the queries have an empirical character. (b) Newton had already given an
answer to the queries in his works. In particular, Q, is resolved by the experimentum
crucis. Q, from the fact that in the light there are more than two indices of refraction
and Q3 from the fact that the colors appear refracting the white light and this can be
reconstructed by the colored rays.

A greater articulation of queries, can be found in the so-called Queries paper, a
letter to Oldenburg of 6 July 1672.

1. Whether rays that are alike incident on ye same Medium have unequall refractions, &
how great are the inequalities of their refractions at any incidence?

2. What is ye law according to wch each ray is more or lesse refracted, whether it be yt
the same ray is ever refracted according to the same ratio of the sines of incidence &
refraction; & divers rays, according to divers ratios; Or that the refraction of each ray is
greater or lesse without any certain rule? That is, whether each ray have a certain degree
of refrangibility according to wch its refraction is performed, or is refracted without that
regularity?
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3. Whether rays wch are indued with particular degrees of refrangibility, when they are
by any meanes separated, have particular colours constantly belonging to them: viz, the
least refrangible, scarlet; the most refrangible, deep violet; the middle, Sea-green; &
others, other colours? And on the contrary? fraction?

4. Whether the colour of any sort of rays apart may be changed by refraction?

5. Whether colours by coalescing do really change one another to produce a new colour,
or produce it by mixing onely?

6. Whether a due mixture of rays, indued with all variety of colours, produces light perfectly
like that of the Sun, & wch hath all the same properties & exhibits the same Phaenomena?

7. Whether there be any other colours produced by refractions then such, as ought to result
from the colours belonging to the diversly refrangible rays by their being separated or
mixed by that refraction 9812199

Queries will find their natural place, and a technical meaning, in the Opticks, at the
end of the Book 3. It was easy to see that Queries were not just Cartesian hypotheses
under a different name; they were rather empirical questions that were to be resolved
by experiments. While the early queries, those preceding the Opticks, seemed to be
tied to a specific experimental program and theoretical points of the theory of light,
the queries in the Opticks explored a broader range of ideas.

Though the specific functions were different, there were at least two general
similarities between the early queries and the queries of the Opticks. First, the former
tended to take the form, “whether it is the case that p?”, while the latter took the form,
“is it not the case that p?”. Even though the latter might be a slightly stronger form of
indirect assertion, they both function in the same way. Second, they shared a general
experimental outlook, concerned with leading the discussion towards an empirical
solution.

It has been argued that many of the queries that appeared in the first edition
of the Opticks look like contributions to an experimental natural history [3].2% In
the whole however, despite the speculative content and concern with the nature of
light, the Queries were experimental research programs. Some of them contained
lots of discussion of observation and experiment, others, little or none. Moreover,
the experimental discussion was, for the most part, sketchy and qualitative [128].2°!

1.3 Quotations

A.1 La mesme force qui peut lever un poids, par exemple, de cent, livres a la
hauteur de deux pieds, en peut aussy lever un de 200 livres, a la hauteur d’un
pied, ou un de 400 a la hauteur d’un demi pied, & ainsy des autres.
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A2

A3

A4

AS

A.6

IT est bien vrai que dans I’état ou nous sommes, nous avons plus de peine
remuer une grosse pierre, qu’a en remuer une petite; mais il n’y a personne qui
ne sache que cela vient de la resistance que cause la pesanteur de ces pierre.
Car si la grande pierre n’étoit pas plus pesante que la petite, il n’y a point de
doute que nous la poussions mouvoir avec la m me facilité.

Il est possible toutefois d’y arriver a un degré de vraisemblance qui bien sou-
vent ne cede guere a une evidence entiere. S¢avoir lors que les choses, qu’on
a demontrées par ces Principes supposez, se raportent parfaitement aux phe-
nomenes que I’experience a fait remarquer; sur tout quand il y en a grand nom-
bre, & encore principalement quand on se forme & prevoit des phenomenes
nouveaux, qui doivent suivre des hypotheses qu’on employe, & qu’on trouve
qu’on cela I’effet repond a nostre attente. Que si toutes ccs preuves de la
vraisemblance se rencontrent dans ce que je me suis proposé de traiter, comme
il me semble qu’elles sont, ce doit etre une bien grande confirmation du suc-
c€s de ma recherche, & il se peut malaisement que les choses ne soientpeu
pres comme je les represente. Je veux donc croire que ceux qui aiment a con-
noitre les causes, & qui s¢avent admirer la merveille de la Lumiere, trouveront
quelque satisfaction dans ces diverses speculations qui la regardent, & dans la
nouvelle explication de son insigne proprieté, qui fait le principal fondement
de la construction de nos yeux, & de ces grandes inventions qui en étendent si
fort 'usage.

Je respons que dans les choses de physique il n’y a pas d’autres demonstrations
que dans le déchiffrement d’une lettre. Ou ayant fait des suppositions sur
quelques légeres conjectures, si 1’on trouve qu’elles se vérifient en suivre, the
sorte que suivant ces suppositions de lettres on trouve des paroles bien suivies
dans la lettre, on tient d’une certitude trs grande que les suppositions sont
vraies, quoy qu’il n’y ait pas autrement de demonstration, et qu’il ne soit pas
impossible qu’on n’est poisse y avoir d’autres plus véritable.

Il y a encore considerer dans I’émanation de ces ondes, que chaque particule
de la matiere, dans laquelle une onde s’etend, ne doit pas communiquer son
mouvement seulement la particule prochaine, qui est dans la ligne droite tirée
du point lumineux; rnais qu’elle en donne aussi necessairement toutes les
autres qui la touchent, & qui s’opposent a son mouvement. De sorte qu’il faut
qu’autour de chaque particule il se fasse une onde dont certe particule soit le
centre.

Comme il y avoit deux refractions differentes, je cognus qu’il avoit aussi deux
differentes emanations d’ondes de lumiere, & que 1’une se pouvoit faire dans
la matiere étherée repandue dans le corps du cristal.

[...] Qant ’autre emanation [qui devoir produire la refraction irreguliere,
je voulus essaier ce que seroient des ondes Elliptiques, ou pour mieux dire
spherodes; lesquelles [...] je supposay qu’elles s’entendoient indifferemment,
tant dans la matiere étherée repandue dans le crstal, que dans les particules dont
il est composé; suivant la derniere maniere dont j’ay explique la transparence.
Il me sembloit que la disposition, ou arrangement regulier de ces particules,
pouvoit contribuer a former les ondes spheroides, (n’estant requis pour cela si
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non que le mouvement successif de la lumiere s’etendit un peu plus viste en un
sens qu’en I’autre) & je ne doutay presque point qu’il n’y eust dans ce cristal
un tel arrangement de particules égales & semblables, cause de sa figure & de
ses angles d’une mesure certaine & invariable.

Hoc spatium ita solum absque ullo corpore consideratum, quomodo quiescere
intelligi possit non video. Cum quies et motus non sint nisi corporum, et
utriusque idea ab his solis exorta sit. Nam si spatij quies aut motus esse aliquis
dici potest, illius spatij erunt, quod a corpore occupatur, vel quod a corpore
includitur, ut sis amphorae spatium una cum amphora quiescere aut moveri
dicamus. At spatio illi infinito et inani neque motus neque quietis idea aut
appellatio convenit. Qui vero quiescere ipsum statuunt, non alia ratione id
facere videntur, quam quod animadvertunt absurdum esse si moveri dicatur,
unde m necessaria quiescere dicendum putarunt. Cum potius cogitare debuerint
nec motum nec quietem ad spatium illud omnino pertinere.

Diu putavi in circulari motu haberi veri motus ypitnplov, ex vi centrifuga.
Etenim ad caeteras quidem apparentias idem fit sive orbis aut rota quaepiam
¢ me juxta adstante circumrotetur, sive stante orbe illo ego per ambitum ejus
circumferar, sed si lapis ad circumferentiam ponatur, projicietur circumeunte
orbe, ex quo vere tunc et nulla ad aliud relatione eum moveri et circum gyrari
judicari existimabam. Sed is effectus hoc tantummodo declarat impressione
in circumferentiam facta partes rotae motu relativo ad se invicem in partes
diversas impulsas fuisse.

In motu libero praesentibus corporibus inter se quiescentibus certo
cognoscantur directiones et in his celeritates per quas mutatio distantiae
explicetur et horum opera etiam circulantium celeritas defmiturw. Illis sublatis
corporibus, difficilius hoc cognoscitur in liberis sed motus circularis duorum
vel plurium vinculo conjunctorum, vel partium unius corporis, deprehenditur
ex vi centrifuga. contra eos qui verum motum hunc esse volunt. dico non esse
nisi respectivum. non enim potes dicere centrum circulationis quiescere in
mundo, sed etiam respective tantum ad alia corpora.

Deus summus est ens aeternum, infinitum, absolute perfectum [...]. Aeternus
est & infinitus, omnipotens & omnisciens, id est, durat ab aeterno in aeternum,
& adest ab infinito in infinitum: omnia regit; & omnia cognoscit, quae fiunt aut
fieri possunt. Non est aeternitas & infinitas, sed aeternus & infinitus; non est
duratio & spatium, sed dura & adest. Durat semper, & adest ubique, & exis-
tendo semper & ubique, durationem & spatium constituit. Cum unaquaeque
spatii particula sit semper, & unumquodque durationis indivisibile momen-
tum ubique, certe rerum omnium fabricator ac dominus non erit nunquam,
nusquam. [...] Deus est unus & idem deu semper & ubique. Omnipraesens est
non per virtutem solam, sed etiam per substantiam [...] Hunc cognoscimus
solummodo per proprietates ejus & attributa, & per sapientissimas & optimas
rerum structuras & causas finales & admiramur ob perfectiones [...]. Et haec
de deo, de quo unique ex phaenomenis disserere, ad philosophiam naturalem
pertinet.
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At si ex usu definiend sunt verborum significationes; per nomina illa temporis,
spatii, loci & motus proprie intelligend erunt h mensur sensibiles; & sermo
erit insolens & pure mathematicus, si quantitates mensurat hic intelligantur.
Proinde vim inferunt sacris literis, qui voces hasce de quantitatibus mensuratis
ibi interpretantur. Neque minus contaminant mathesin & philosophiam, qui
quantitates veras cum ipsarum relationibus & vulgaribus mensuris confundunt.
Definitio III. Materiae vis insita est potentia resistendi, qua corpus
unumquodque, quantum in se est, perseverat in statu suo vel quiescendi vel
movendi uniformiter in directum.

Haec semper proportionalis est suo corpori, neque differt quicquam ab inertia
mass, nisi in modo concipiendi. Per inertiam materi fit, ut corpus omne de statu
suo vel quiescendi vel movendi difficulter deturbetur. Unde etiam vis insita
nomine significantissimo vis Inerti dici possit. Exercet vero corpus hanc vim
solummodo in mutatione status sui per vim aliam in se impressam facta; estque
exercitium illud sub diverso respectu & resistentia & impetus: Resistentia,
quatenus corpus ad conservandum statum suum reluctatur vi impress; impe-
tus, quatenus corpus idem, vi resistentis obstaculi difficulter cedendo, conatur
statum obstaculi illius mutare. Vulgus resistentiam quiescentibus & impetum
moventibus tribuit: sed motus & quies, uti vulgo concipiuntur, respectu solo
distinguuntur ab invicem; neque semper vere quiescunt quae vulgo tanquam
quiescentia spectantur.

Definitio IV. Vis impressa est actio in corpus exercita, ad mutandum ejus statum
vel quiescendi vel movendi uniformiter in directum.

Consistit he vis in actione sola, neque post actionem permanet in corpore.
Perseverat enim corpus in statu omni novo per solam vim inerti. Est autem vis
impressa diversarum originum, ut ex ictu, ex pressione, ex vi centripeta.
Hactenus exposui motus corporum attractorum ad centrum immobile, quale
tamen vix extat in rerum natura [...]. Qua de causa jam pergo motum exponere
corporum se mutuo trahentium, considerando vires centripetas tanquam attrac-
tiones, quamvis fortasse, si physice loquamur, verius dicantur impulsus. In
mathematicis enim jam versamur; & propterea, missis disputationibus physi-
cis, familiari utimur sermone, quo possimus a lectoribus mathematicis facilius
intelligi.

Definitio V. Vis centripeta est, qua corpora versus punctum aliquod, tanquam
ad centrum, undique trahuntur, impelluntur, vel utcunque tendunt.

Hujus generis est gravitas, qua corpora tendunt ad centrum terr; vis magnetica,
qua ferrum petit magnetem; & vis illa, qucunque sit, qua planet perpetuo
retrahuntur a motibus rectilineis, & in lineis curvis revolvi coguntur.

Uti pondus majus in majore corpore, minus in minore; & in corpore eodem
majus prope terram, minus in coelis. Haec quantitas est corporis totius cen-
tripetentia seu propensio in centrum, & (ut ita dicam) pondus; & innotescit
semper per vim ipsi contrariam & aequalem, qua descensus corporis impediri
potest.

Vocem attractionis hic generaliter usurpo pro corporum conatu quocunque
accedendi ad invicem: sive conatus iste fiat ab actione corporum, vel se mutuo
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petentium, vel per spiritus emissos se invicem agitantium; sive is ab actione
theris, aut aris, mediive cujuscunque seu corporei seu incorporei oriatur cor-
pora innatantia in se invicem utcunque impellentis.

Hactenus phaenomena caelorum & maris nostri per vim gravitatis exposui,
sed causam gravitatis nondum assignavi Oritur utique haec vis a causa aliqua,
quae penetrat ad usque centra solis & planetarum, sine virtutis diminutione;
quaeque agit non pro quantitate superficierum particularum, in quas agit (ut
solent causae mechanicae) sed pro quantitate materiae solidae; & cujus actio
in immensas distantias undique extenditur, decrescendo semper in duplicata
ratione distantiarum.

Hactenus proprietates gravitatis explicui. Causas ejus minime expendo. Dicam
tam en quid Veteres hac de re senserint. (nimirum spiritum quendam per
caelos) Nempe caelos esse corporis prope vacuos (?) sed spiritu tamen quodam
infinito quem Deum nuncupant undique impleri: (?) corpora autem in spiritu
illo libere moveri ejus vi et virtute (corpora) naturali ad invicem (impelli) per-
petuo impelli, idque magis vel minus pro ratione harmonica distantiarum, &
in hoc [impulsu] gravitatem consistere. Hunc spiritum aliqui a Deo summa
distinxerunt & animam mundi vocarunt.

Adjicere jam liceret nonnulla de spiritu quodam subtilissimo corpora crassa
pervadente,& in iisdem latente; cujus vi & actionibus particulae corporum
ad minimas distantias se mutuo attrahunt, & contiguae factae cohaerent; &
corpora electrica agunt ad distantias majores, tam repellendo quam attrahendo
corpuscula vicina; & lux emittitur, reflectitur, refringitur, inflectitur [...]. Sed
haec paucis exponi non possunt; neque adest: sufficiens copia experimentorum,
quibus leges actionum. hujus spiritus accurate determinari & monstrari debent.
Reg. V. Pro hypothesibus habenda sunt quaecunque ex rebus ipsis vel per
sensus externos, vel per sensationem cogitationum internarum non derivantur.
Sentio utique quod Ego cogitem, id quod fieri nequiret nisi simul sentirem quod
ego sim. Sed non sentio quod Idea aliqua sit innata. Et pro Phaenomenis habeo
non solum quae per sensus quinque externos nobis innotescunt, sed etiam
quae in mentibus nostris intuemur cogitando: Ut quod, Ego sum, ego credo,
doleo, etc. Et quae ex phaenomenis nec demonstrando nec per argumentum
inductionis consequuntur, pro Hypothesibus habeo.

HYPOTHESIS. Resistentiam, quae oritur ex defectu lubricitatis partium fluidi,
caeteris paribus, proportionalem esse velocitati, qua partes fluidi separantur ab
invicem.

HYPOTHESIS L.

Centrum systemati mundani quiescere.

HYPOTHESIS II.

Si annulus praedictus terra omni reliqua sublata, solus in orbe terree, motu
annuo circa solem ferretur, & interea circa axem suum, ad planum eclipticae
in angulo graduum 23'/? inclinatum, motu diurno revolveretur: idem foret
motus punctorum aequinoctialium, sive annulus iste fluidus esset, sive is ex
materia rigida & firma constaret.
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Notes

IThis is a possible definition:

1. The space time is a four dimensional affine space A*, named universe. The points
of the universe are called world points or events. The parallel displacements of
the universe A* constitute a vector space R*.

2. Time is a linear mapping ¢ : R* — R from the vector space of parallel displace-
ments of the universe to the ‘real time’ axis. The kernel of the mapping ¢ is a
three-dimensional linear subspace R*, named space of the contemporary events.

3. The space R? is endowed with a metric structure which makes it a three dimen-
sional Euclidean space E3 [5], p. 5.

I'The space-time A* is named a Galilean space-time if it is invariant with respect
to the Galilean transformations that assuming for the sake simplicity A* as R x R?,
are defined as follows:

Uniform motion with velocity v
g1(t,X) = (t,x+vt) VteR;xeR®
Translation of the origin of time (s) and space (S)
2, X)=(+s,x+s) VieR;xeR®
Rotation by means of an orthogonal matrix G
g3(t,x) = (t,Gx) Vte R;x € R?

The invariance with respect to the first transformation states that it is not possible
to distinguish a space from another if they move of translatory uniform motion one
with respect to the other. The invariance with respect to the second and third transfor-
mations says that the distinction neither occur for a simple translation (homogeneity
of space) nor for a rotation (isotropy of space).

References

1. Alessio F (1963) Thomas Hobbes: Tractatus opticus. First integral edition. Riv Crit Stor Della
Filos 18(2):147-228

2. Ango P (1682) L’optique divise en trois livres: Ot I’on démontre d’une maniere aisée tout ce
qui regarde; La propagation et les proprietez de la lumiere; La vision; La figure et la disposition
des verres qui servent la perfectionner. Michallet, Paris

3. Anstey PR (2004) The methodological origins of Newton’s queries. Stud Hist Philos Sci Part
35(2):247-269

4. Aristotle (2018) Physica. The internet classical archive. Translated into English by Hardie
RP, Gaye RK



84

AN D

12.
13.

14.
15.
16.
17.
18.
19.
20.
21.

22.

23.
24.
25.
26.
217.
28.
29.
30.
31.
32.
33.

34.

35.

1 Epistemology and Science at the Turn of the 18th Century

. Arnold VI (1989) Mathematical methods of classical mechanics. Springer, New York
. Ballard KE (2018) Leibniz’s theory of space and time. J Hist Ideas 21(1):49-65
. Barrow I (1734) The usefulness of mathematical learning explained and demonstrated. Trans-

lated into English by Kirkby J. Austen, London

. Belkind O (2017) On Newtonian induction. Philos Sci 84(4):677-697
. Bertoloni Meli D (2006) Inherent and centrifugal forces in Newton. Arch Hist Exact Sci

60(3):319-335

. BienerZ (2017) De gravitatione reconsidered: the changing significance of empirical evidence

for Newton’s metaphysics of space. J Hist Philos 55(4):583-608

. Biener Z (2018) Newton’s regulae philosophandi. In: Smeenk C, Schliesser E (eds) Oxford

handbook for Isaac Newton. Oxford University Press, Oxford, pp 1-23

Capecchi D (2012) History of virtual work laws. Birchduser, Milan

Capecchi D (2014) Attempts by Descartes and Roberval to evaluate the centre of oscillation
of compound pendulums. Early Sci Med 19(3):211-235

Capecchi D (2014) The problem of motion of bodies. Springer, Cham

Capecchi D (2018) The path to post-Galilean epistemology. Springer, Cham

Casini P (1984) Newton: the classical scholia. Hist Sci 22(1):1-46

Clarke S (1717) A collection of papers which passed between the late learned Mr. Leibnitz
and Dr. Clarke. Knapton, London

Cohen IB (1962) The first English version of Newton’s hypotheses non fingo. Isis 53(3):379—
388

Cohen IB (1980) The Newtonian revolution. Cambridge University Press, Cambridge
Cohen IB (1992) The review of the first edition of Newton’s Principia in the Acta Eruditorum,
with notes on the other reviews. In: Harman PM, Shapiro AE (eds) The investigation of
difficult things. Cambridge University Press, Cambridge, pp 323-354

Costello WT (1958) The scholastic curriculum at early seventeenth century Cambridge. Har-
vard University Press, Cambridge

Delambre JBJ (1812) Notice sur la vie et les oeuvres de M. le Comte J.L. Lagrange. In: Serret
JA, [Darboux G] (1867-1892) (ed) Oeuvres de Lagrange (14 vols). Gauthier-Villars, Paris,
pp I-LI

Delgado-Moreira R (2006) Newton’s treatise on revelation: the use of a mathematical dis-
course. Hist Res 79(204):224-246

Descartes R (1637) La dioptrique. In: Descartes R (1668) Discours sur la methode, plus la
dioptrique et les meteores. Girard, Paris

Descartes R (1644) Principia philosophiae. Ludovicum Elzevirium, Amsterdam

Descartes R (1650) Musicae compendium. Ackersdijck and Zijll, Utrecht

Descartes R (1664) Le monde de Mr. Descartes ou le traité de la lumiére et des autres. Girard,
Paris

Descartes R (1964) Oeuvres de Descartes; nouvelle édition completes (1896—-1913) (11 vols).
In: Adam C, Tannery P (eds). Vrin, Paris

Dijksterhuis FJ (2004) Lenses and waves. Christiaan Huygens and the mathematical science
of optics in the seventeenth century. Kluwer, New York

Disalle R (2016) Newton’s philosophical analysis of space and time. In: Iliffe R, Smith G (eds)
The Cambridge companion to Newton. Cambridge University Press, Cambridge, pp 34-60
Dobbs BJT (1988) Newton’s alchemy and his “active principles” of gravitation. In: Scheurer P,
Debrock G (eds) Newton’s scientific and philosophical legacy. Kluwer, Dordrecht, pp 55-80
Dobbs BJT (1991) The Janus faces of genius: the role of alchemy in Newton’s thought.
Cambridge University Press, Cambridge

Dolby R (1966) A note on Dijksterhuis’ criticism of Newton’s axiomatization of mechanics.
Isis 57(1):108-115

Dolby R (1996) ‘F = ma’ and the Newtonian revolution: an exit from religion through religion.
Hist Sci 34(3):303-346

Ducheyne S (2011) Newton on action at a distance and the cause of gravity. Stud Hist Philos
Sci Part A 42(1):154-159



References 85

36.

37.
38.

39.
40.

41.
4.
43.
44,
45.

46.

47.

48.
49.

50.
51.
52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Ducheyne S (2012) The main business of natural philosophy. Isaac Newton’s natural-
philosophical methodology. Springer, Dordrecht

Ducheyne S (2014) Newton on action at a distance. J Hist Philos 52(4):675-701

Ducheyne S (2015) An editorial history of Newton’s regulae philosophandi. Etudios Filos
51:143-164

Earman J (1989) World enough and space-time. MIT, Cambridge

Figala K (2002) Newton’s alchemy. In: Cohen IB, Smith GE (eds) The Cambridge companion
to Newton. Cambridge University Press, Cambridge, pp 370-386

Funkenstein A (1986) Theology and the scientific imagination from the middle ages to the
seventeenth century. Princeton University Press, Princeton

Gabbey A (2016) Newton, active powers, and the mechanical theory. In: Iliffe R, Smith G
(eds) The Cambridge companion to Newton. Cambridge University Press, Cambridge, pp
421-453

Garber D (1992) Descartes’ metaphysical physics. The University of Chicago Press, Chicago
Goethe JW (1810) Zur Farbenlehre. 3 vols. Cotta’schen Buchhandlung, Tiibingen

Goethe JW (1840) Goethe’s theory of colours. Translated into English by Eastlake CL. Murray,
London

Greenham P (2017) Clarifying divine discourse in early modern science: divinity, physico-
theology, and divine metaphysics in Isaac Newton’s chymistry. Seventeenth Century
32(2):191-215

Greenham P (2017) Isaac Newton, scholar: an exceptional example of normal erudition. Hist
Compass 15(6):¢12389

Guerlac H (1983) Can we date Newton’s early optical experiments? Isis 74(1):74-80

Hall RA (1988) Newton’s biblical theology and his theological physics. In: Scheurer PB, De
Brock G (eds) Newton’s scientific and philosophical legacy. Kluwer, Dordrecht, pp 81-98
Hall RA (1992) Newton and the absolute. In: Harman PM, Shapiro AE (eds) The investigation
of difficult things. Cambridge University Press, Cambridge, pp 261-286

Hall RA (1993) All was light. Oxford University Press, Oxford

Harrison P (2013) Laws of nature in seventeenth-century England. In: Watkins E (ed) The
divine order, the human order, and the order of nature: historical perspectives. Oxford Uni-
veristy Press, New York, pp 127-148

Hauksbee F (1709) Physico-mechanical experiments on various subjects containing an
account of several surprizing phenomena touching light and electricity, producible on the
attrition of bodies: with many other remarkable appearances, not before observ’d: together
with the explanations of all the machines, (the figures of which are curiously engrav’d on
copper) and other apparatus us’d in making the experiments. Brugis, London

Henry J (2011) Gravity and De gravitatione: the development of Newton’s ideas on action at
a distance. Stud Hist Philos Sci Part A 42(1):11-27

Hooke R (1665) Micrographia. Martyn & Allestry, London

Huygens C (1690) Traité de la lumiere, ou sont expliquées les causes de ce qui luy arrive
dans la reflexion, & dans la refraction. Et particulierement dans 1’etrange refraction du cristal
d’Islande. Vander, Leiden

Huygens C (1698) KOXMO®EOROZX, sive de terris coelestibus, earumque ornatu, conjec-
tura. Moetjens, The Hague

Huygens C (1888-1950) Oeuvres complétes de Christiaan Huygens (22 vols). Nijhoff, The
Hague

Huygens C (1911) Treatise on light. Translated into English by Thompson SP. MacMillan
and Co, London

Iliffe R (2004) Abstract considerations: disciplines and the incoherence of Newton’s natural
philosophy. Stud Hist Philos Sci Part A 35(3):427-454

Iliffe R (2016) The religion of Isaac Newton. In: Iliffe R, Smith G (eds) The Cambridge
companion to Newton. Cambridge University Press, Cambridge, pp 485-523

Iliffe R (2017) Priest of nature: the religious worlds of Isaac Newton. Oxford University Press,
New York



86

63.
64.
65.
66.
67.
68.
69.
70.
71.
72.
73.
74.
75.
76.
77.
78.

79.
80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

1 Epistemology and Science at the Turn of the 18th Century

Janiak A (2008) Newton as a philosopher. Cambridge University Press, New York

Janiak A (2010) Substance and action in Descartes and Newton. The Monist 93(4):657-677
Kansichik P (2009) Newton’s experimentum crucis from a constructivist point of view. PhD
thesis, Humbolt University of Berlin

Kochiras H (2009) Gravity and Newton’s substance counting problem. Stud Hist Philos Sci
Part A 40(3):276-280

Kochiras H (2013) Causal language and the structure of force in Newton’s system of the
world. HOPOS: J Int Soc Hist Philos Sci 3(2):210-235

Kochiras H (2016) Newton’s absolute time. In: Gerhardt K (ed) Time and tense. Philosophia.
Cambridge University Press, Munich, pp 169-195

Koyré A (1956) L’hypothse et I’expéerience chez Newton. Bull Soc Fr Philos 50(2):59-79
Koyré A (1965) Newtonian studies. Champan & Hall, London

Leibniz GW (1685-1690) Die philosophischen Schriften. In: Gerhardt KI (ed) (7 vols). Wei-
dman, Berlin

Lucretius Carus T (1942) De rerum natura: Libri sex. Translated into English by Leonard WE
and Smith SE. The University of Wisconsin Press, Madison

Mach E (1919) The science of mechanics: a critical and historical account of its development.
Translated into English by McCormack TJ. Open Court, Chicago

Mamiani M (2002) Newton on prophecy and apocalypse. In: Cohen IB, Smith GE (eds) The
Cambridge companion to Newton. Cambridge University Press, Cambridge, pp 387-408
Mamiani M (2004) To twist the meaning: Newton’s regulae philosophandi revisited. In: Buch-
wald J, Cohen I (eds) Isaac Newton’s natural philosophy. MIT, Cambridge, pp 3-14
Mariotte E (1681) De la nature des couleurs. Michallet, Paris

Mazzotti M (2007) The two Newtons and beyond. Br J Hist Sci 40(1)

McGuire J, Rattansi P (1966) Newton and the pipes of Pan. Notes Rec R Soc Lond 21(2):108—
143

McMullin E (1978) Newton on matter and activity. University of Notre Dame, Notre Dame
Millington EC (1947) Studies in capillarity and cohesion in the eighteenth century. Ann Sci
5(4):352-369

Mormino G (1993) Penetralia motus. La fondazione relativistica della meccanica in Christiaan
Huygens con I’edizione del Codex Hugeniourum 7A. La Nuova Italia, Florence

Newman W (2002) The background to Newton’s chemistry. In: Cohen IB, Smith GE (eds)
The Cambridge companion to Newton. Cambridge University Press, Cambridge, pp 358-369
Newton I (1666) Of colours, MS Add. 3975, pp 1-22. The Newton project. http://www.
newtonproject.sussex.ac.uk

Newton I (1671) A letter of Mr. Isaac Newton, professor of the mathematicks in the university
of Cambridge; containing his new theory about light and colors. Philos Trans R Soc Lond
6(80):3075-3087

Newton I (1675) Discourse concerning light and colous, MS Add. 3970.3, ff. 501r-517
Newton I (1679) Letter from Newton to Robert Boyle, dated 28 February 1678/9, MS Add.
9597/2/18/62-65. The Newton project. http://www.newtonproject.sussex.ac.uk

Newton I (1687) Philosophiae naturalis principia mathematica. Jussu Societatis Regiae ac
Typis Josephi Streater, London

Newton I (1710) Statements on religion, Keynes Ms. 6, King’s College, Cambridge, UK. The
Newton project. http://www.newtonproject.ox.ac.uk/view/texts/normalized/ THEM00006
Newton I (1713) Philosophiae naturalis principia mathematica, 2nd edn. Crownfield, Cam-
bridge

Newton I (1726) Philosophia naturalis principia mathematica, 3rd edn. Innys, London
Newton I (1728) A treatise of the system of the world. Fairam, London

Newton I (1728) De mundi systemate: Liber Isaaci Newtoni. Tonson & Osborn & Longman,
London

Newton I (1729) Isaac Newton’s Principia. Translated into English by Motte A. Adee, New
York


http://www.newtonproject.sussex.ac.uk
http://www.newtonproject.sussex.ac.uk
http://www.newtonproject.sussex.ac.uk
http://www.newtonproject.ox.ac.uk/view/texts/normalized/THEM00006

References 87

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.
110.

111.

112.

113.

114.

115.

116.

117.

118.

Newton I (1730) Opticks: Or, a treatise of the reflections, refractions, inflections and colours.
Innys, London

Newton I (1733) Observations upon the prophecies of Daniel and the apocalypse of St. John.
Darbin and Browne, London

Newton I (1850) Correspondence of Isaac Newton and professor Cotes. In: Edleston J (ed).
Parker, London

Newton I (1934) Sir Isaac Newton’s mathematical principles of natural philosophy and his
system of the world. Revised by Cajori Florian. University of California Press, Berkley
Newton I (1959-1960) The correspondence of Isaac Newton. In: Turnbull HW (ed) (2 vols).
Cambridge University Press, Cambridge

Newton I (1962) De gravitatione et aequipondio fluidorum. In: Hall A, Hall M (eds) Unpub-
lished scientific papers of Isaac Newton. Cambridge University Press, Cambridge, pp 89-156
Newton I (1962) De gravitatione et aequipondio fluidorum. Translated from Latin into English
by Allan B. http://williambarclayallen.com/translationsDe-Gravitatione-et- Aequipondio-
Fluidorum-translation.pdf

Newton I (1972) Isaac Newton’s Philosophiae naturalis principia mathematica. Assembled
and edited by Koyré A and Cohen IB (assisted by Withman A). Harward University Press,
Cambridge

Newton I (1994) Trattato sull’apocalisse. In: Mamiani M (ed). Bollati-Boringheri, Turin
Newton I (1999) The Principia. Mathematical principles of natural philosophy. Translated
into English by Cohen IB, Withman A (assisted by Budenz J). University of California Press,
Oakland

Newton I (2004) De gravitatione. In: Janiak A (ed) Isaac Newton philosophical writings.
Cambridge University Press, Cambridge, pp 12-39

Newton I (Unknown) De gravitatione et aequipondio fluidorum (selected passages; trans-
lation and interpolated commentary by Howard Stein). Available for download at http://
strangebeautiful.com/other-texts/newton-de- grav-stein-trans.pdf

Pardies IG (1725) Discourse du mouvement local. In: Pardies I (ed) Oeuvres du R. P. Ignace
Gaston Pardies, Bruyset, Lyon, pp 133-183

Pardies IG (1725) La statique, ou la science des forces mouvantes. In: Pardies I (ed) Oeuvres
du R. P. Ignace Gaston Pardies, Bruyset, Lyon, pp 211-322

Pourciau B (2006) Newton’s interpretation of Newton’s second law. Arch Hist Exact Sci
60(2):157-207

Rosenfeld L (1969) Newton’s views on aether and gravitation. Arch Hist Exact Sci 6(1):29-37
Royal Society of London (1715) An account of the book entituled commercium epistolicum
collinii & aliorum, de analysi promota. Philos Trans R Soc Lond 29(342):173-224

Ruffner JA (2012) Newton’s de gravitatione: a review and reassessment. Arch Hist Exact Sci
66(3):241-264

Sakkopoulos S (1988) Newton’s theory of fits of easy reflection and transmission. Eur J Phys
9(2):123-126

Sanderson R (1965) Logicae artis compendium. In: Ashworth EJ (ed). CLUEB, Bologna
Schaffer S (1989) Glass works: Newtons prisms and the use of experiment. In: Gooding D,
Schaffer S, Pinch T (ed) The use of experiment: studies in the natural sciences. Cambridge
University Press, Cambridge, pp 67-104

Sepper DL (1988) Goethe contra Newton. Polemics and the project for a new science of color.
Cambridge University Press, Cambridge

Sfectu N (2019) Isaac Newton on the action at a distance and gravity: with or without
God? multiMedia Publishing. https://www.setthings.com/en/e-books/isaac-newton-on-the-
action-at-a-distance-in-gravity-with-or-without- god/

Shapiro AE (1973) Kinematic optics. ‘A study of the wave theory of light in the seventeenth
century’. Arch Hist Exact Sci 11(2/3):134-266

Shapiro AE (1993) Fits, passions, and paroxysms: physics, method and chemistry and New-
ton’s theories of coloured bodies and fits of easy reflection. Cambridge University Press,
Cambridge


http://williambarclayallen.com/translationsDe-Gravitatione-et-Aequipondio-Fluidorum-translation.pdf
http://williambarclayallen.com/translationsDe-Gravitatione-et-Aequipondio-Fluidorum-translation.pdf
http://strangebeautiful.com/other-texts/newton-de-grav-stein-trans.pdf
http://strangebeautiful.com/other-texts/newton-de-grav-stein-trans.pdf
https://www.setthings.com/en/e-books/isaac-newton-on-the-action-at-a-distance-in-gravity-with-or-without-god/
https://www.setthings.com/en/e-books/isaac-newton-on-the-action-at-a-distance-in-gravity-with-or-without-god/

88

119.

120.
121.

122.

123.

124.
125.
126.
127.
128.
129.
130.

131.

1 Epistemology and Science at the Turn of the 18th Century

Shapiro AE (1996) The gradual acceptance of Newton’s theory of light and color, 1672—1727.
Perspect Sci 4:59-140

Shirras GF, JH C (1945) Sir Isaac Newton and the currency. Econ J 55(218/219):217-241
Snobelen SD (2001) “God of Gods, and Lord of Lords”: the theology of Isaac Newton’s
general scholium to the Principia. Osiris 16:169-208

Stein H (1955) On metaphysics and method in Newton. http://strangebeautiful.com/other-
minds.html#stein

Stein H (1977) Some philosophical prehistory of general relativity. In: Glymour C, Stachel
J, Earman J (eds) Foundations of space-time theories. Minnesota studies in the philosophy of
science, vol 8. University of Minnesota, Minneapolis, pp 8—49

Stein H (1990) The great Hugenius and the incomparable Mr. Newton. In: Bricker P, Hughes
R (eds) Philosophical perspectives on Newtonian science. MIT, Cambridge, pp 17-47

Stein H (1993) On philosophy and natural philosophy in the seventeenth century. Midwest
Stud Philos 18:177-201

Takuwa Y (2013) The historical transformation of Newton’s experimentum crucis: pursuit of
the demonstration of color immutability. Hist Sci 23(2):113-140

Wallis J (1671) Mechanica, sive de motu, tractatus geometricus. Godbib, London

Walsh KE (2014) Newton’s epistemic triad. PhD thesis, University of Otago, New Zeland
Westfall R (1971) Force in Newton’s physics. The science of dynamics in the seventeenth
century. Neal Watson Academic Publications, New York

Westfall R (1980) Never at rest. A biography of Isaac Newton. Cambridge University Press,
Cambridge

Westfall RS (1964) Isaac Newton’s coloured circles twixt two contiguous glasses. Arch Hist
Exact Sci 2(3):181-196


http://strangebeautiful.com/other-minds.html#stein
http://strangebeautiful.com/other-minds.html#stein

Chapter 2 ®)
The Birth of Physics as an Academic oo
Discipline

Abstract The chapter deals with the way mathematicians were successful in replac-
ing canonical philosophers nearly completely in the study of natural philosophy,
both in research and academic contexts and how they invented an academic disci-
pline that was called simply physics, concerned only with the study of inanimate
matter, excluding alchemy. The new conception of physics for at least the whole of
the 18th century still continued to be called natural philosophy, and even maintained
some of the characteristics of old physics. Following the spread of mechanical and
experimental philosophies in the European universities and colleges, the theoretical
explanations of natural philosophy were accompanied by experiments, mainly con-
cerning mechanics, hydraulics, pneumatics, electricity. Later, especially in France,
teaching began to be supported by mathematics. The complex relationship between
experimental and mechanical philosophies (and the heuristic role of theories) is
also addressed. In principle, experimental philosophy did not require the knowledge
of mechanical philosophy. The latter, however, was helpful because it suggested
explanatory models and made it possible to make predictions, which if sometimes
proved to be false were, however, a starting point. For this reason many experimental
philosophers supported mechanical philosophy.

2.1 Mechanical Philosophy

In the first half of the 17th century a new form of philosophy of nature emerged,
which became gradually dominant: the mechanical philosophy. It had at its basis a
very simple theory of causation. Final causes were generally not considered, a part
from their appearance as preambles of metaphysical nature. Formal and material
causes changed nature, with the former that assumed the meaning of geometrical
configuration and the latter which referred to a unique kind of matter assumed divided
in particles of different size and shape. There remained efficient causes. All changes
in the world was considered due to the collision of particles that moved in plenum
or in vacuum with varying velocities.

The term mechanical philosophy is today often used as a synonymous of mechani-
cism. Notice that in the English literature instead of mechanicism it is often used
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the term mechanism; its use is however avoided here because its polysemic nature;
indeed it also may mean contrivance. In the following the two terms mechanical phi-
losophy and mechanicism are considered to be distinct. For mechanicism it is here
stipulated to mean the theory for which any phenomenon should occur and should
be explained by means of mechanical causes, or more generally without a will. This
should be considered both in a methodological sense, for which the explanations
should be looked for by means of the laws of mechanics only and in a ontological
sense, for which the reality of nature is made of entities endowed with qualities,
named primary qualities, as extension, shape and motion.

Mechanicism (and mechanical) derive from the Greek term punyovikf, the science
of machines. It associated nature with a great machine, a clock. An old concept that
in the 17th century replaced the animistic Renaissance idea of nature as a big animal.
A concept that eliminated psychology from physics, by replacing it with mechanics,
the world of efficient causes of material kind, where all is explained by means of
body, motions (and forces). By and large Pomponazzi’s philosophy which avoided
a substantial intervention of intelligences in the material world, can be classified as
mechanicistic. But the fundamental move to establish mechanicism was due to Kepler
that in the first years of the 17th century replaced the soul of planets with natural
forces. Very well known is his letter to Johan Hans Georg Herwart von Hohenburg
(1553-1622) of 16th February 1605: “My aim is to say that the machinery of the
heavens is not like a divine animal but like a clock (and anyone who believes a clock
has a soul gives the work the honor due to its maker) and that in it almost all the variety
of motions is from one very simple magnetic force acting on bodies, as in the clock
all motions are from a very simple weight" [70].! The passage from macrocosmo to
microcosmo was immediate; already in the1630s Descartes proposed analogies of
all natural bodies, the human body included, with machines.

The term mechanical philosophy has usually a restrict meaning, as clear from its
definition at the beginning of the section. Besides avoiding the recourse to occult
qualities and limiting to apply the laws of mechanics, it assumes also that matter
has a corpuscular nature and all phenomena in the heaven or in the earth must be
explained in terms of size, shape and motion of such corpuscles. Thus a machine is
seen at a microscopic level.

Broadly it can be said that nearly all the mathematical practitioners embraced
mechanicism (and many of them mechanical philosophy also) and nearly all more
or less canonical philosophers embraced mechanical philosophy with the aim to
replace the whole of old natural philosophy. This is a simplified view, as tracing a
clear division between mathematicians and philosophers is difficult. Using modern
categories one could say that on the one hand there were canonical philosophers
who were mainly devoted to what are today considered as philosophical problems,
and that besides philosophy of nature dealt also with metaphysics, ethics and logic.
On the other hand, there were mathematical practitioners who, even though have
carried out in-depth philosophical studies, were implied in sectors that today can be

Ivol. 15, p. 146.
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classified as scientific. There were also many characters that did not fall into any of
these classifications and there were some that belonged to both categories.

Among the promoters of mechanical philosophy were prominent canonical philo-
sophers, such as Henry More, René Descartes, Thomas Hobbes, Pierre Gassendi,
Baruch Spinoza, Nicolas Malebranche, etc. In particular More was among the first
to introduce the term mechanical philosophy with a technical meaning; he used two
times the expression mechanick philosophy and once mechanical philosophy in the
preface of his Immortality of the soul [84] of 1659 [1, 11],% even though the term
mechanism was used also before at least in the English literature [1 1].3

But the person that mostly contributed to diffuse the term and the program of a
strict mechanical philosophy was Robert Boyle, who usually is not considered as a
philosopher, or at least is scarcely studied by modern philosophers. He was a pro-
moter of an irenic approach toward mechanical philosophy, based on the recognition
of ‘essential’ properties of matter that are relevant from a practical point of view.
He aimed to avoid discussions on the possibility of vacuum—which he personally
believed as possible—and the infinite divisibility of matter. So various corpuscular
conceptions such as those of Descartes and Gassendi could be reconciled.

Boyle discussed the meaning of the term mechanical philosophy, in The ori-
gin of forms and qualities according to the corpuscular philosophy of 1666 [27]
for instance. He considered the expression corpuscular philosophy—a his own
denomination—appearing in the title, and mechanical philosophy, appearing in the
body of the text, as synonymous. And this was also the feeling of his contemporaries.
In this context it is interesting to note that the editor of The philosophical work of the
honourable Robert Boyle, printed in 1725, changed slightly the title of the referred
text, by replacing corpuscular with mechanical, to give The origin of forms and
qualities according to the mechanical philosophy [27].* It was clear to Boyle that
the two expressions, corpuscular and mechanical, had two different meanings; one
that referred to the constitution of matter (corpuscularism), the other to the laws that
regulate its motion (mechanicism), but assumed that the two meanings coalesce.

According to a restrict meaning of the term mechanical philosophy, that proposed
by Boyle, neither Galileo, who applied the laws of mechanics but was little interested
in the explanation in terms of corpuscles, nor Newton who equipped his corpuscles
with action at a distance, were mechanical philosophers. Nor Beeckman, who had a
complex conception of corpuscles on which matter is based, but used mechanics to
study their motion [61].° Nor philosophers and physicians who dealt with chemical
processes and had a corpuscular conception of matter, as Sennert for example, but
they made no important use of the laws of mechanics.

The mechanical philosophy spread rapidly near scholars who had not received
a thorough training in philosophy, or that if they had, at universities or religious

2p. 82; p. 12. note 2.
3pp. 80-81.
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colleges, they were interested more in aspects related to mathematics (broad mean-
ing), experimentation, medicine or technology. For them the mechanical philosophy
was easier to understand, both because it was actually less nuanced than the tradi-
tional natural philosophies, in which metaphysical and theological discourses are
difficult to follow and because it was carried out by philosophers who had a similar
background to them, with some contaminations of the mathematical approach.

Most of the followers of mechanical philosophy adopted an expository style that
took the rhetorical form of mathematicians as a model. After all, mechanical philoso-
phy and mathematics were closely related; the very notion of corpuscles, their shape
and configuration refer to geometry; the concept of motion also, after the studies
of the Renaissance, refers to geometry. Even when were no explicit formulations of
algebraic equations or geometric theorems, there was however the stringent language
of mathematics, with the effort to limit synonymy and polysemy, with conclusions
that derived from assumptions clearly specified in advance. However it must be said
that the lexicon presented a great instability and therefore if the use of synonyms
tended to be avoided within a treatise of a given author, it was not so of treatises of
different authors. This also concerns the naming of fundamental concepts. In a fairly
large case study the use of numerous synonyms for the modern terms is reported:
force (11), particle (10), law (6) velocity (4) [90].6

Itis true that the explanations of the mechanical philosophy were purely hypothet-
ical because they have at their basis unobservable entities, the corpuscles. But they
lend themselves in the form of geometric (modern meaning) models that allowed not
only to explain but also to predict new phenomena. The congruence between experi-
ments and theory, if there was any, allowed to attribute some truth value to the theory;
if the verification was not successful, it nevertheless provided useful information to
adjust the model. An important example of the heuristic power of the mechanical
philosophy is provided by Huygens’ optical studies reported in the previous chapter.
Another example is provided by the explanation of the electrical phenomena which
will be referred to in a later chapter.

The mechanical philosophy of the 18th century was essentially hegemonic and
taught in universities and colleges, it must be said alongside elements of Aristotelian-
ism that still resisted especially in schools of religious inspiration. However, it began
to assume a different form from the mechanical philosophy of the previous cen-
tury. Thanks to the influence of Newton and the alchemical school, the interaction
between the corpuscles was no longer reduced to the impact. Even though in a not
very explicit way, Newton in the Query 31 of the Opticks, nearly completely devoted
to chemistry, made reference to the presence of forces of attraction and repulsion
among the particles, what allowed the new mechanical philosophy with a greater
heuristic power.

pp. 95-96.
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2.2 Experimental Philosophy

In the second half of the 17th century, after the death of Galileo, besides the tra-
ditional speculative approach to natural philosophy represented by the mechanical
philosophy a new approach was born in Europe, which gave great relevance to empiric
observations and contrived experiments. Some of the protagonist of this approach
referred to it as the experimental philosophy and experimental philosophy has quite
recently became a historiographic category that received a great deal of attention.
To distinguish it from a modern movement known similarly as experimental philos-
ophy or x-philosophy, the 17th century approach is sometimes named early modern
experimental philosophy.

The term early modern experimental philosophy can be used in a rather broad
sense, to indicate the prevalent use of experience, especially contrived experiments, in
the study of nature; from this point of view the name philosophy could be replaced by
the modern term science and experimental philosophy become experimental science.
By using this broader meaning the term early experimental philosophy does not
define a significant historiographic category. Basically reference is about the history
of modern science from Renaissance to today.

Sometimes the term is used however in a narrower sense to indicate an approach
in which no use at all is made of predefined theories; and even the declared goal of
providing theories with an inductive approach is seen only as a very remote arrival
point, to be left to posterity. The goal is to accumulate as many experimental results
as possible. Some historians, believe that the term experimental philosophy should be
taken according to this narrow meaning, as a typically English phenomenon carried
on by the fellows of the Royal society of London. For example, this is the position
of Peter Dear [46], who believes that this type of philosophy is characterized by
a historical narrative, that is, a narrative where the reference to the experiments is
carried out according to a historical approach, reporting in faithful way the results,
without generalizations. In such a case one can speak of Baconian natural history.

The use of the restricted meaning defines a historiographic category that can be
used and is used especially by the English writers [5, 6]. The period of interest
is constituted by the second half of the 17th century, from the foundation of the
Accademia del Cimento to the affirmation of Newton’s approach, which was linked
to the tradition of mixed mathematics. Its exhaustion appears determined by the
substantial sterility of an experimental research disconnected from a speculative
analysis.

In the following the term early experimental philosophy is considered in its broader
meaning and restricted to that part dealing with natural philosophy only, as classically
considered in the Aristotelian tradition, even though later on in the 18th century the
approach of experimental philosophy was extended also to moral problems [6]. For
the sake of simplicity early modern experimental philosophy will be referred to
simply as experimental philosophy.

In the second half of 17th century the term experimental philosophy spread in
England to indicate an approach to natural philosophy opposed to speculative phi-
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losophy, or armchair philosophy. Boyle composed a work entitled Of the usefulness
of speculative & experimental philosophy to one another, in the1660, though it is no
longer extant [3].” Hooke in his Micrographia of 1665 distinguished between experi-
mental philosophy and “philosophy of discourse and disputation” [65].% Speculative
philosophy was the study of natural phenomena basing on some a prior assumptions
or hypotheses without a recourse to systematic observations or experiments. Experi-
mental philosophy involved instead gathering of experimental data that was supposed
to be made independently of any pre-constituted assumption. The experimental data
might be the basis for the individuation of regularities or laws. Before this dichotomy
appeared, natural philosophy had been considered to be only speculative.

The promoters of this new approach to natural philosophy were not canoni-
cal philosophers; rather they were mathematicians, physicists, lawyers, naturalists,
chemists, architects, technicians, etc. The speculative philosophy that they fought
was not only that of the schools but also the modern mechanical philosophy as car-
ried out by very famous canonical philosophers such as Descartes, Hobbes and to
some extent by Gassendi, scarcely interested in experiments.

The origins of the process to favor experimentation were varied and still object
of discussion. The theoretical elaborations of an experimental philosophy can be
rooted in the Aristotelian philosophy. In the Middle Ages and Renaissance, there
were approaches not purely theoretical, or speculative, to the study of nature. Roger
Bacon (1214c¢-1294), for instance, is generally considered as the promoter of a dis-
cipline called experimental science (scientia experimentalis), which should give a
mathematical description of natural phenomena, promote technological applications
and prognosticate the future on the basis of astrological knowledge. It is not clear if
the writing of Roger Bacon were known in the 16th and 17th centuries. There was
however evidence of at least an indirect knowledge. Indeed, a text widely read in late
16th century England took inspiration from Roger Bacon’s scientia experimentalis.
This was the English scholar John Dee (1527-1608)’s Mathematical praeface to the
English translation of Euclid’s Elements, first published in 1570 [5].°

Mathematicians and engineers, had carried out a their own projects, that were
influenced only in part by the work of canonical philosophers. Science (modern mean-
ing) had its own life. Mathematicians and engineers had sometimes a deep knowledge
of natural philosophy; of it they chose freely enough the theoretical approaches that
were more congenial to them without getting to a systematic elaboration work.

There were social and political reasons that brought to give more attention to
facts instead than theories. Theories could pronounce on important aspects of nature,
such for example cosmology, and could easily get in conflict with social ideologies,
especially religious ones. This was partly one of the reasons that influenced Italian
scientists (Academia del cimento and Jesuits). Another reason in between the episte-
mological and sociological, was given by the coexistence of different conceptions of
philosophy of nature at odds with each other, flourished to justify new scientific dis-

7p. 218.
8Preface. Not numbered pages, third page.
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coveries. With the birth of scientific associations such as the Accademia del cimento,
the Académie des sciences de Paris, the Royal society of London, the best way to
hold together scholars of different philosophical backgrounds was to rely on raw
facts. Indeed to the experimental activity was recognized a higher epistemological
status with respect to speculations based on more or less sophisticated hypotheses.

Of course promoting an experimental philosophy in the 17th century was a specu-
lative move; the character usually called for as the major theoretician of experimental
philosophy is Francis Bacon (1561-1626). Also Niccolod Cabeo and the young John
Locke are sometime named.

Bacon saw natural philosophy divided into speculative and operative. The specu-
lative component comprehended physics, metaphysics and natural history. The oper-
ative component has a less defined subdivision that evolved in time; it comprehended
magic and mechanics but not only. Bacon discussed natural history in some works
published during his lifetime, such as: Advancement of learning of 1605; Novum
organum of 1620; Historia naturalis et experimentalis of 1622 and the De augmen-
tis scientiarum of 1623. His natural history differed from the traditional (classifica-
tory) natural history. It was made of collections of facts and was an undertaking of
very great size and requires great labour and expense, involving many people in its
execution and also comprehended the results of contrived experiments [2].'°

Bacon’s natural history belonged to the speculative side of natural philosophy but
interacted with its operative side and thus considered also aspects from mechanics
and magic. Some considerations on Bacon’s conceptions on natural histories as well
as science and natural philosophy can be found in [2, 4, 5]. Figure 2.1 shows the
division of natural philosophy as reported in Bacon’s Advancement of learning of
1605. The main division of natural philosophy is between speculative and operative.
The former is concerned with the acquisition of causes, the latter with the production
of effects. In the Advancement learning of 1605 Bacon considered a subdivision of
mathematics into pure mathematics and mixed mathematics. Pure mathematics are
two, geometry and arithmetic, the one handling continuous quantities and the other
discrete quantities. Mixed mathematics have for subject some axioms or parts of
natural philosophy: “For many parts of Nature can neither be invented with sufficient
subtlety, nor demonstrated with sufficient perspicuity, nor accommodated unto use
with sufficient dexterity, without the aid and intervening of the mathematics, of which
sort are perspective, music, astronomy, cosmography, architecture, engineery, and
divers others [emphasis added]” [7].11

The evaluation of the influence attributed to Bacon by historians has been largely
motivated by the evaluation of Bacon himself. For historians and scientists of the 19th
century, when inductivism held as an account of the success of science, it was natural
to consider that Bacon’s rules about scientific knowledge were applied directly by the
Royal society and many experimental philosophers of the Continent as well. With the
development of the hypothetic-deductive epistemologies of the 20th century, Bacon’s
role as a philosopher of science receded and his influence was seen differently. In

10pp. 70-71.
Mpp. 124-125.
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Fig. 2.1 Classification of natural philosophy in Francis Bacon. Redrawn from [4], p. 19

particular Bacon was seen as a promoter of a set of general commitments rather than
of a strict research program [76].'? Even though English writers still devote to Bacon
a plenty of attention.

Reference to Bacon as to the theoretician of the experimental philosophy, I believe
also depends on the difficulty that exists in modern philosophy to consider as a
philosopher who does not respect modern standards to be defined a philosopher.
There is indeed a tendency to consider philosophy not so much as a form of knowl-
edge that aims to answer fundamental questions about the world and man, but rather
as an academic discipline carried out by those who belong to a particular professional
category that has self-assigned the philosopher’s label over the last few centuries.
From this point of view Bacon can be considered a philosopher, though a particular
one. Instead, many experimental philosophers, Boyle included, are to be considered
at most as scientists (using a term that did not exist before the 19th century) and more
often simple practitioners. An if one wants to look for a promoter of a branch of phi-
losophy, the experimental philosophy in this case, he looks for a ‘true’ philosophers,
thus Bacon.

In the 17th and 18th centuries things were seen differently. Much of the nat-
ural philosophy scholars, regardless of the approach followed, prized the label of
philosopher and were recognized as such even by those who today are considered
‘true’ philosophers. With some exceptions. For example, Leibniz and Huygens crit-
icized Boyle, the champion of the experimental philosophy, for his lack of interest
in speculation. In a letter to Leibniz of 1692, Huygens wrote:

Mr. Boyle is dead, as you will probably already know. He seems pretty strange that he has
not founded anything [any theory] on so many experiences of which his books make full; but
the thing is difficult, and I have never believed him capable of a great application necessary
to establish probable principles [hypotheses] [69].13 (B.1)

12p. 3.
Byol. 10, p. 239.
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Today in the face of the development of biology and computer science, the leading
sectors of modern research in natural philosophy and mathematics, where what is
commonly classified as science is scarcely distinguishable from technology, even
canonical philosophers begin to recognize a cognitive value to practical activity.
This cognitive value should also be recognized in retrospective to the protagonists
of the so called early modern experimental philosophy.

2.2.1 The Experimental Philosophy of the Accademia del
Cimento

After Galileo’s death his pupils and admirers tended to present the maestro as the
founder of a method of inquire of the material world strongly based on experiments,
the still mysterious experimental method. Vincenzo Viviani (1622—-1703) in partic-
ular to keep alive the memory of his teacher, was involved in the Bologna edition of
Galileo’s works in 1656 [54] and devoted much time to the patient and systematic
collection of documents, testimonies and letters of Galileo with a generous grant
from de’ Medici. That allowed Antonio Favaro, at the turn of the 20th century, to
complete the national opera in the style of completeness that certainly would have
pleased Viviani.

In 1654 Viviani wrote a lucky Racconto istorico della vita del sig. Galileo Galilei
[55],'* a biography to be appended to Galileo’s works published posthumously in
1717. Here he referred to numerous experiences, among which the famous ones on
the synchronism of the oscillations of the pendulum and the fall of a heavy body
from the leaning Pisa tower.

In this while with the sagacity of his genius he invented that simple and adjusted time
measurement by means of the pendulum, not yet known, taking the opportunity to observe
it from the motion of a lamp, while he was one day in the Cathedral of Pisa; and making
very precise experiences, he ascertained the equality of its vibrations, and by then thought
to adapt it to the use in medicine for the measurement of the frequency of the wrists, with
amazement and delight of the doctors of those times and that today we practice vulgarly: of
which invention he then gained various experiences and measures of times and motions, and
he was the first to apply it to the celestial observations, with incredible purchase in astronomy
and geography

[...]

At this same time, it seems to him that to investigate the natural effects one necessarily
requires a true knowledge of the nature of motion, given that philosophical and vulgar
axiom Ignorato motu ignoratur natura, thus he gave to the contemplation of that. Then,
with great dismay of all philosophers, by means of experience and with solid proofs and
discourses, many conclusions of the same Aristotle on the matter of motion were revealed as
falsehood, since then held for very clear and indubitable; as, among others, that the speeds of
the mobiles of the same matter, but unequally heavy, moving for a given means, do not retain
the proportion of their gravity assigned to them by Aristotle, on the contrary all moved with
equal speed, demonstrating this with repeated experiments from the height of the Campanile

14yol. 19, pp. 599-632.
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of Pisa in the presence of the other teachers and philosophers, and the whole assembly of
students [55].1 (B.2)

In another biography, the Vita di Galileo, Niccold Gerardini (1604—1678) in about
1653—-1654, after an ample discussion of the activity of Galileo as experimenter,
wrote:

He possessed a little amount of books, and his study depended on continuous observations,
deducing the subject of philosophizing from all the things he saw, heard or touched; and he
said that the book in which one has to study was that of nature, which is open to all people
[55].1° (B.3)

This perspective of Galileo experimenter seems to be not faithful however. If it is true
that Galileo considered very relevant contrived experiments, he was not so involved
in strict experimentation as Viviani and his friend suggested. In particular there are
stringent historical reasons to assert that Galileo neither made his observation of the
oscillations of the lamp in the dome of Florence nor he left heavy body to fall from
Pisa tower [102]. In Galileo’s manuscripts and letters there are important reference
to experiments, as documented by historians such as Naylor, Clavelin, Segre, Drake,
and Settle, but in his official writings he made reference nearly only to astronomical
observations.

A question then raises: Assuming that his biography of Galileo, as typical of
the Renaissance, was more an hagiography, why Viviani depicted Galileo as a pure
experimentalist? And why pure experimentation was so largely evaluated in the
1650s much before English experimental philosophers established? Historians have
not given yet, for what I know, an answer to such questions. Is it possible what appears
to us as a feeble experimentalism was seen by Galileo’s pupils a fundamental break
with the traditional approach to natural philosophy?

In Florence, even before the death of Galileo, experimental activity spread encour-
aged by the Grand Duke Ferdinando II de’ Medici and his brother Leopoldo. This
activity culminated in founding in 1657 the Accademia del cimento. It never had a
statute and its birth is associated with the first meeting of a group of scholars on 18th
June 1657. Apart from the Grand Duke and his brother, that company ranked: Vin-
cenzo Viviani (1622-1703), Giovanni Alfonso Borelli (1608-1679), Carlo Rinaldini
(1615-1698), Alessandro Marsili (1601-1670), Candido Del Buono (1618-1676),
Paolo del Buono (1625-1659), Antonio Oliva (1624?7-1691), Lorenzo Malagotti
(1637-1712), Francesco Redi (1626—-1697), Carlo Dati (1619-1676), Alessandro
Segni (1633-1697) [20].!7 Correspondents were: Michelangelo Ricci, Giovanni
Domenico Cassini, Geminiano Montanari, Donato Rossetti, Ottavio Falconieri, Niels
Steensen, Jean de Thévenot, HonoréFabri [80].'8

The Accademia del cimento purposes are declared in the preface to the readers
in the Saggi di naturali esperienze (herein Saggi, see Fig. 2.2) [80], the only publi-
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cation of the academy. In it there were reports of experimental activities on various
natural phenomena using a refined and very numerous instrumentation. A main role
of the Accademia del cimento was to experience and narrate the results of the exper-
iments, with the development of a particular language immediate and flexible. The
importance the academicians attributed to the instrumentation is documented by its
abundance and its extensive descriptions in the Saggi, as if only observations with
the help of instruments were worthy of being part of science. To give an idea, the col-
lection of Leopoldo alone contained 1282 glass instruments [10]."” The equipment
had a non-trivial cost, which was supported by de” Medici. It could be justified only
by the collective nature of the research and would not make sense for an isolated
scientist, even of the caliber of Galileo.

The academy was the first modern society whose members worked together in
an unique collective project. For example, the Accademia dei Lincei, founded much
earlier, in 1603, although had among its members some high level scientists, includ-
ing Galileo, had the main function of promoting the publication of the works that
its members carried on individually. The training of the academicians was varied,
including in addition to mathematicians—some members of the academy had an
excellent mathematics education, for example Borelli and Viviani—also physicians
and naturalists, and the natural philosophy ideas they professed were different. To
make possible a collective undertaking, the academicians were required to limit as
much as possible any interpretation of data through theories, maintaining an objective
reading [41].%°

In the following excerpt, taken from the Saggi, after having praised mathematics,
its limits in application to the natural sciences are stressed:

This is what the Mind attempts in the search of Nature; wherefore we must Confess, we have
no better means then Geometry, which at first Essay hits the Truth, and frees at once from
all doubts, and wearying Researches. And indeed she leads into the way of Philosophical
Speculations, but at last leaves us; not that Geometry has not a large Field to expatiate in,
and Travels not over all Natures Works; as they all submit to those Mathematick Laws, by
which the Eternal Decree freely Rules, and Commands them; but because we hitherto are
unable to follow her in so long, and wide a Path onely a few steps. Nowhere we may not
trust our selves to go farther, we can relye on nothing with greater Assurance than the faith
of Experience, which (like one that having several loose and scattered Gems, endeavours to
fix each in its proper Collet) by Adapting the Effects to the Causes; and again the Causes to
the Effects if not at first Essay, as Geometry yet at last succeeds so happily, that by frequent
trying and rejecting [emphasis added] she hits the mark [80].2' (B.4)

Using a Baconian terminology one could say that the goal of the academicians was
to carry on natural history researches. It must be said however that a direct influence
of Bacon on the empirical choices of the academicians is practically absent and it

19p. 135.
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is in fact clearly documented that most of the academicians had not even read the
works of Bacon [10].%

The academy motto, trying and rejecting (provando e riprovando), that was also
accepted by the Royal society, is justified both by the fact that a single experiment
can be conducted incorrectly, and therefore not able to provide certain data, and by
the fact that some events were not observed with due attention, mainly because no
one knew what he had to concentrate in; by repeating experience one see new things.
According to the academicians, one ought to proceed with much circumspection, lest
too great a reliance and trust in experience, turn us out of the way and impose upon
us; since it sometimes falls out, that before the clear truth appears to us, when the
first more open veil of deceit are taken off, we discover some cheating appearances
that indeed have some likeness, and resemblance of truth. These are the imperfect
lineaments that are seen through the last coverings that more nearly veil the lovely
face of truth; through the fine web whereof she some-times seems so plain and lively,
that some might conclude, she was nakedly discovered [80, 113].%

One of the purpose of the natural histories of the academy was to verify the asser-
tions of natural philosophy that had became commonplaces, such as for instance:
nature abhors a vacuum. But also important experiences made by others European
experimenters were repeated. Facts were the only authority recognized. To Leopoldo
de’ Medici is attributed the will to contrast authority, because the reputation of great
authors proved too often hurtful to the studious, who through too much confidence
and veneration of their names, fear to call in question what is delivered upon their
authority; wherefore its is worthy to confront with the most accurate and sensi-
ble experiments, the force of their assertions [80].%* In a ‘democratic’ way, as the
academy verified the experiments carried out by others, it allowed others to check
its own; and the record of the experiences reported in the Saggi also had this purpose
with the wishes for a free communication to different ‘meetings’ scattered for the
most distinguished and substantial regions of Europe [80].%

Luciano Boschiero suggests that the above description is deliberately artificial and
not very responsive to the actual functioning of the academy [20]. Even though the
official publication, the Saggi, declares very clearly a purely experimental activity,
without discussing the principles and conclusions of natural philosophy, the unpub-
lished texts and correspondence would show that the academicians also debated
among themselves vividly on the interpretation to give to the experiments, and
many of them used the experiments to verify their own theories [20]. According
to Boschiero, the official account of a purely experimental activity would have been
dictated by the lords of Florence, Ferdinando and Leopoldo. Since the Renaissance,
de’ Medici had gained interest about natural philosophy, mathematics and engineer-
ing as a means to increase their prestige in Italy and Europe. After Galileo’s death they
promoted an experimental activity stressing that this was carried out in the footprints
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of the great Galileo and gave a strong support to Vincenzo Viviani to collect works
and news about Galileo which could enforce such point of view. The Accademia del
cimento was founded to pursue this objective and its achievements had to be shown
externally by means of well prepared publications. De’ Medici strongly influenced
the way to expose the results of the academy by stressing the experimental activ-
ity. However even though Boschiero’s reasoning seems to be stringent it does not
explain why in the 1650s’ there was the idea that the experimental activity could be
considered as the most interesting one in the study of natural philosophy.

The activity of the Accademia del cimento is documented, as already noticed, by
a single publication, Saggi of 1667, issued in a year that coincided with the closing of
the academy itself. The Saggi presented a summary of experimental works over the
course of a decade. The book, lavishly illustrated, collected a considerable editorial
success. In 1684 the first English translation appeared under the title Essayes of
natural experiments made in the Academie del Cimento [113] by Richard Waller (d.
1715) on the recommendation of the Royal society of London. In 1731, the Dutch
scientist Pieter van Musschenbroek (1692—-1731) prepared a Latin translation [85].
Among the later editions, very important is the one edited by Vincenzio Antinori
in 1841 [80], where together with the original text also some appendixes relating to
experiences, not reported in the Saggi, but documented in the archive of the academy,
can be found.

Experiences dealt with various problems, some related to Galileo’s researches, on
mechanics, others concerning subjects only by very short time object of ‘scientific’
investigation, such as heat, electricity and magnetism, just explored by Galileo. In all
cases the experiences contained qualitative flanked by quantitative descriptions. It
should be said, however, that in most cases the numerical values of the measurements
performed are not reported. Indeed numbers appearing in the various experiences
are very few and generally referred to the description of the instrumentation; they
are normally reported in literal form (that is ‘a thousand’ instead of ‘1000’). The
exception is a long series of tables that gave the temperature of water in a freezing
process [80].26

The reliability of the reported results, not being documented by numerical values
that could facilitate comparison to people who wanted to reiterate the experience,
was entrusted to the prestigious of the academy, to its sponsor, Leopoldo, besides, in
some cases, to the call of similar experiences. Gassendi for instance is mentioned in
several places. There are not, at least I have not seen them, references to the presence
of distinguished witnesses. A rhetorical form of validation that instead was widely
used at the Royal society and by many natural philosophers of the second half of the
17th century.

The activity of the glorious academy ceased in 1667 in a quite inglorious way,
for several causes. Most notable was the abandonment by important members as
Borelli, Oliva and Rinaldini and then the appointment as Cardinal of Leopoldo de’
Medici, who had been the academy engine, resulting in disengagement considered
the new heavy and delicate commitments to be undertaken. Alongside these imme-
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diate causes, however, there was probably a most important hidden cause, inherent
the very structure of the academy, that is the choice of the form of anonymous pub-
lication, probably the first in history, and the commitment not to formulate theories
[10]. Anonymity frustrated the ambitions of individuals, especially the most talented,
ambitious, and among them certainly figured Borelli. The banning of scientific the-
ories made partly sterile the experimentation, among other things preventing the
creation of new and more interesting experiments, the need for which could only
be conceived within a theory. The other European academies will adopt a different
attitude. For example, the Royal society (see below) allowed and encouraged pub-
lications by individual members, which in addition to report their contributions to
the experiments carried out at the academy, could also interpret them with their own
categories of physics and mathematics.

2.2.2 The Natural Histories of the Royal Society of London

The Royal society of London founded in 1660 was in many respects the heir of the
Academia del cimento. No coincidence that Robert Southwell (1635-1702), who
will be chairman of this society from 1690, was a protégé of Viviani from whom he
learned the methods and organization of the Accademia del cimento.

There are many works that relate to the Royal society and its foundation [12, 15,
16, 76, 107]; here there is no space and perhaps there is no need of an in depth analysis
of the society by studying original sources; thus for many considerations I relay on
published studies. The society saw its origin in a meeting of various characters
(twelve), more or less famous and more or less well versed in the sciences. As it
appears from the journal book, on the 28th of November 1660, the lord viscount
Brouncker, Mr. Boyle, Mr. Bruce, Sir Robert Moray, Sir Paul Neile, Dr. Wilkins,
Dr. Goddard, Dr. Petty, Mr. Balle, Mr. Rooke, Mr. Wren, and Mr. Hill, after the
lecture of Mr. Wren at the Gresham College, withdrew, for mutual conversation,
into Mr. Rooke’s apartment, where, amongst other matters discoursed of, something
was offered about a design of founding a college for the promoting of physico-
mathematical experimental learning [12].%

A 1663 statute of the Royal society provided instructions for separating facts
from their interpretations, giving preferences to facts. And if any fellow shall think to
suggest any conjecture, concerning the causes of the phenomena in such experiments,
the same shall be done apart; and so entered into the register of the society. Hypotheses
thus should not be avoided, simply they should be formulated on when a very great
collection of facts was available. This is what the statute of 1663 required:

The secretary shall jointly draw up the Report of the matter of fact, in every such Experiment

or Observation; or if any difference shall happen between them in their apprehensions there

about, the same shall be related in the Report. In all Reports of Experiments to be brought
into the Society, the matter of fact shall be barely stated, without any prefaces, apologies, or

ZTyol. 1, p. 3.
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rhetorical flourishes; and entered so in the Register-book, by order of the Society. And if any
Fellow shall think fit to suggest any conjecture, concerning the causes of the phaenomena
in such Experiments, the same shall be done apart; and so entered into the Register-book, if
the Society shall order the entry thereof [99].%8

Someone gave a restricted interpretation, for example Robert Moray (16087-1673):

In the mean time this Society will not own any Hypothesis, systeme, or doctrine of the
principles of Naturall philosophy, proposed or maintained by any Philosopher Auncient or
Moderne. And till there be a sufficient collection made, of Experiments, Histories, and obser-
vations, there are no debates to be held at the weekely meetings of the Society, concerning
any Hypothesis or principle of philosophy, nor any discourses made for explicating any
phenomena, except by speciall appointment of the Society, or allowance of the president:
But the time of the Assemblyes is to be employed, in proposing and making Experiments,
discoursing of the trueth, manner, grounds & use therof; Reading & discoursing upon Let-
ters, reports, and other papers concerning philosophicall & mechanicall matters; Viewing
and discoursing of curiosities of Nature and Art; and doing such other things as the Councel,
or the president alone shall appoint [67].2°

Another example of this attitude was furnished by John Evelyn’s (1620-1706) Sylva,
or a discourse of forest-trees, and the propagation of timber in his majesties domin-
ions of 1664, the first work published by the Royal society [76].>° The majority,
Boyle included, saw an empirical experimental basis for all theories and the rejec-
tion of any hypothesis non clearly grounded upon experimental evidence. Other still,
like John Wallis (1616-1703) and Hooke, allowed room for mathematically derived
theories.

When Robert Hooke (1635—1703) published his Micrographia in 1665 the Royal
society had to question his use of hypothesis and interpretations, pressing him to

reply:

After my Addresse to our Great Foundere and Patron, I could not but think my self oblig’d,
in consideration of those many Ingagements you have laid upon me, to offer these my poor
Labourse to thisMOST ILLUSTRIOUS ASSEMBLY. YOU have been pleas’d formerly to accept of
these rude Draughts. I have since added to them some Descriptions, and some Conjecturese
of my own. And therefore, together with YOUR Acceptance, [ must also beg YOUR par-
don [emphasis added]. The Rules YOU have prescrib’d YOUR selves in YOUR Philosophical
Progress do seem the best that have ever yet been practis’d [65].3!

Below a summary of how a matter of fact should be established, according to Thomas
Spratt (1635-1713) the author of History of the Royal society of London, for the
improving of natural knowledge of 1667 [107]. After the experimenters have per-
formed the trial, said Spratt, they brought all the history of its process back again to
the test. Then came the second great work of the experimenters; which was to judge
and resolve upon the matter of fact. In this part of their employment, they used to take
an exact view of the repetition of the whole course of the experiment; and observed
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all the chances and the regularities of the proceeding; what nature does willingly and
what constrained; what with its own power, what by the succors of art; what in a
constant mode and what with some kind of extravagance; industriously marking all
the various shapes into which it turns itself and by how many secret passages it at last
obtains its end. Never giving it over, till the whole company has been fully satisfied of
the certainty and constancy; otr, on the other side, of the absolute impossibility of the
effect. This critical and reiterated scrutiny of those things, which are the plain objects
of their eyes must put out of all reasonable disputes, the reality of those operations,
which the society shall positively determine to have succeeded [107].%

Though the fellows of the Royal society, at the early phase of its institution and
long after, differed as to the manner in which experiments and observations could be
best used, all of them were, or at least declared to be, convinced that the improve-
ment of natural knowledge could be achieved by following methodological reform of
knowledge and the establishment of collective (and preferably state supported) insti-
tutionalization of knowledge [76].%3The Royal society was proposing a pedagogical
role believing that scientific knowledge should be shared and that it should somehow
become a collective enterprise. And certainly for people who were not introduced to
the study of science it was more simple and interesting to read reports of experiments,
rather than explanation of theories based on a mathematical approach, not always
conclusive.

The idea that knowledge should be based primarily, exclusively according to some,
on experimental evidence, had different origins, as already discussed in previous
sections. In England however the influence of Francis Bacon’s philosophy had most
probably a major role. Indeed Bacon’s writings on scientific method began to be
rediscovered in the 1640s, just some years before the foundation of the Royal society
[76]** and were carefully read by some of the Royal society founders. Moreover
the religious contrasts and bloody wars that crossed Britain from the beheading of
Charles I, the Government of Oliver Cromwell and the Restoration of Charles 11
were still alive. The founder of the Royal society wanted to avoid a climate similar
to that; certainly less bloody but equally pernicious—giving room for animated and
not resolvable discussions, among the supporters of different scientific theories.

How much Bacon influenced the single characters is difficult to say and not
yet sufficiently studied; it is a matter of fact however that officially to most of the
fellows of the Royal society Bacon was of inspiration. Because of the variety of
interest and approaches of the various members of the society some historians had
concluded that Baconianism served to give a convenient public image, glossing
over internal disagreements. That is the Baconianism served to the Royal society
more as a nominal than a real construct: “It is even questionable whether the Royal
society had ‘a philosophy’ which extended beyond immediate apologetic purposes.
Behind their unified front of Baconianism, which was readily adopted as a defensive
mechanism against critics, lay diverse philosophical outlooks, which betray many
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other influences than Bacon and provided the basis for considerable philosophical
controversy in the pre-Newtonian period” [114].>> Some other historians however
assumed Bacon’s influence much more profound; see for instance [15].

The heterogeneous nature of early English Baconianism has been used as an
incentive by many historians to classify the fellows into two separate camps: serious
scientists on the one side and amateurish dabblers on the other; moreover opinions
are divided on whether the serious scientists stand with or against Bacon. According
to [76]% this is an oversimplification of the question and even the role of the amateurs
should be analyzed with much more attention

A characteristic of the Royal society was its openness to the outside; both with
respect to the English society and to the scholars of the Continent. Particularly impor-
tant, at least initially, were the contacts with Italy, which had seen the birth of the first
scientific institution of experimental character, the Accademia del cimento, and with
France, where in 1666 a similar institution was founded, the Académie des sciences
de Paris. After the demise of the Accademia del cimento, Italian natural philoso-
phers looked at the Royal society for inspiration; partially seeing it as the heir of the
Accademia. Not many Italian were fellows of the society however, but in the early
decades of its foundation the number of correspondent was great; among them there
were Marcello Malpighi and Vincenzo Viviani who later became fellow respectively
in1669 and 1661. Correspondents were from many part of Italy, but especially from
Bologna. Relations with the Académie des sciences de Paris and French scientists
varied greatly over the years.

2.2.2.1 The Journal of the Royal Society

One of the ways the Royal society advertised its activities was through the regular
publication of a magazine, the Philosophical Transactions of the Royal Society of
London (herein after Philosophical Transactions), established by the (permanent)
secretary Oldenburg in 1665. The Philosophical Transactions should be printed the
first Monday of every month, if there was sufficient matter for it [15].%’

The first number of the Philosophical Transactions contained accounts of inven-
tions and discoveries derived partly from Oldenburg’s own knowledge, partly from
accounts read to the Royal society, partly from letters and partly from printed sources.
By the second number, the journal was settling into what became an its pattern:
extracts of letters, English and foreign—the latter translated into English unless in
Latin—and, at the end, one or more book reviews.

Despite current belief in experiments as one of the foundations of science, only
a small part of the volumes of the Philosophical Transactions examined up to the
19th century were devoted to reporting on contrived experiments. Both in terms
of the percentage of total articles and percentage of pages, experimental articles
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Table 2.1 Contents of the Philosophical Transactions of the Royal Society of London, 1720-79,
arranged by decades. Drawn from [105], p. 37

Years |NHist | MMath|Med |ExNP |Anat |Antiq |SpNP |PMath | Misc |Total
1720s | 86 80 76 38 40 2 11 12 13 358
1730s | 109 94 60 43 29 9 12 6 1 363
1740s | 157 84 124 60 58 39 10 8 17 557
1750s | 268 82 97 51 24 38 17 11 3 591
1760s | 162 172 59 31 17 27 22 9 6 507
1770s | 183 94 36 55 28 11 14 19 10 450
Total | 965 606 452 278 196 126 86 65 50 2826
% 34 21 16 10 7 4 3 2 2 99

Abbreviations: NHist: natural histories (natural sciences); MMath: mixed mathematics; Med:
medicine; EXNP: experimental natural philosophy; Anat: anatomy and physiology of animals and
plants; Antiq: antiquities; SpNP: Speculative natural philosophy; PMath: pure mathematics; Misc:
miscellanea

accounted for only 5-20% of each volume up to volume 80. Only in volume 90,
opening the 19th century, did the percentages rise substantially to 39% of the articles
and 38% of the pages. Experiments were only one of many types of information to be
transmitted among those interested in science. Most articles and pages were devoted
to observations and reports of natural events, ranging from earthquakes, through
astronomical sightings, anatomical dissections, and microscopical observations; to
accounts of technological and medical advances, and travelogues of journeys to China
and Japan or an interview with the prodigy Wolfgang Amadeus Mozart [9].38

Table 2.1 shows the distributions of the memoirs of the Philosophical Transactions
in the various field of natural philosophy in the 18th century.

Memoirs concentrated on natural sciences, mixed mathematics, medicine, exper-
imental natural philosophy, and anatomy. Very occasionally members contributed
papers on pure mathematics, speculative natural philosophy, and antiquities. The
prevalence of natural sciences or medicine is hardly surprising, as the Royal society
was heavily populated with country gentlemen and physicians.

Table 2.2 shows the internal distributions of the mixed mathematics papers. As one
can see accounts of astronomical observations are largely prevailing; yet numerous
are papers about mechanics.

In the first volumes of the Philosophical Transactions, some of the experiments
were simply cookbook recipes for creating marvelous effects or effects of practi-
cal use, such as the instructions for coloring marble. However by volume 20 some
experiments had clear hypothesis-testing functions. Experiments were recognized as
events designed with specific claims about nature in mind. In volume 25, for example,
Francis Hauksbee (1660-1713) wrote: “Since the greatest satisfaction and demon-
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Table 2.2 Mixed mathematics in the of the Royal Society of London, 1720-79, arranged by
decades. Drawn from [105], p. 38

Years Astronomy Geography Mechanics Miscellaneous | Total
1720s 32 38 6 4 80
1730s 23 45 19 7 94
1740s 40 19 14 12 85
1750s 30 18 15 19 82
1760s 106 36 11 19 172
1770s 33 35 8 18 94
Total 264 191 73 79 607
% 43 31 12 13 99

stration that can be given for the credit of any hypothesis is, that the experiments,
made to prove the same, agree with it in all respects, without force” [62].%°

The comparison between the papers published in the Philosophical Transactions
and the treatises of natural philosophy of the same period, even of those inspired
by mechanicism, makes it evident the great change that is intervening in the study
of nature. Essentially all subjects of natural philosophy are treated; using modern
categories: physics, chemistry, natural sciences, medicine. However, the approach
is not that of the canonical philosophers; there is a lack of attention to metaphysics
and to the construction of systems, although the rigor of the treatment is often suffi-
ciently high even for today’s standards. As far as the study of the inanimate world is
concerned, at the beginning mainly the writings of mechanics, optics and astronomy
were presented, carried forward by mathematicians who followed the approach of
mixed mathematics but who did not disdain philosophy of nature; since the 18th
century, electricity and magnetism began to receive a great deal of attention.

The form of communication, a memoir of a few pages, instead of a long treatise,
also contributed to modify the study of the philosophy of nature. Given their relative
shortness, the memoirs did not allow a systematic treatment of the whole philosophy
of nature; therefore, they dealt with very specific subjects beginning to outline a
certain form of specialization. Scholars with a mathematical background wrote about
astronomy, mechanics, optics, electricity, thermology and magnetism, that is, topics
today classified as physics and chemistry. Other scholars, especially amateurs, instead
provided reports on journeys, quirks of medicine, animals, stones. Arguments that
are classifiable as natural sciences and medicine.

The results of the experiments were reported with increasing precision as a debate
among the authors was established. They saw forced to pay more attention and the
making of increasingly precise measurements. As experiments became something
more than a private affair between the researcher and his colleagues, there was
increasing likelihood that the events described were real successes. While at first
the report was little more than a summary of the information reporting that the fact
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had happened, in the following period the detailed reports of experiments became the
point of making the experiment replication possible, assuming a force of historical
report, usually referred in first person. The presence of illustrious witnesses was often
referred to.

2.3 Mechanical Philosophy, Experimental Philosophy and
Mixed Mathematics

Mechanical philosophy and experimental philosophy are two very useful historio-
graphic categories, which have the advantage of using terms and concepts also used
in the 17th and 18th centuries. But today historians tend to use them in a much more
exclusive way than the scholars whom they make history of.

The use of different terms lends to considering them as representative of two
uncorrelated activities. In reality things are more complex and a scholar could be
both a supporter of mechanical philosophy and an experimentalist. In the follow-
ing, for simplicity, I will talk of two philosophies, even if the mechanical, in its
corpularistic form, represents a true form of philosophy of nature whereas the exper-
imental may represent, in fact, more an approach (to natural philosophy), which can
be mechanicistic or not.

As seen in the previous sections, the two philosophies can be considered in a
broad sense or in a narrow sense. The mechanical philosophy considered in a broad
sense, more properly referable only as mechanicism, faces the study of nature with
the exclusive use of the laws of mechanics. Strictly understood, corpularism also is
assumed. Experimental philosophy understood in the strict sense refers to the study
of nature in which the empirical aspect derived from devised experiments cannot be
ignored. Understood in a broad sense it indicates the compilation of natural histories,
with or without any attempt to verify hypotheses or deduce laws by induction.

Table 2.3 illustrates how experimental and mechanical philosophy can be com-
bined. The first row of the table, in which use is made of mechanical theory and
experiment, represents the activity of scholars who are generally qualified as mixed

Table 2.3 Interaction between mechanical and experimental philosophy

Mechanical philosophy Experimental philosophy

Broad Strict Broad Strict
Mixed + - - +
mathematics
Philosophy - + + -
Emergent - + - +
sciences
Mathematics + - - -
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mathematicians. Among them Galileo and Newton. The second row represents the
scholars in whom the mechanical philosophy (corpularistic) theory does not actu-
ally interact with experiments. This is the case, for example, of Descartes who was
interested in natural stories and also referred to Bacon:

If someone with this mood would undertake to write a history of celestial appearances,
according to the method of Verulamius [Francis Bacon], and, without putting in reasons
or hypotheses, he described heavens exactly as they appear, what position each fixed star
in respect of its neighbors, what difference, of size, of color, of clarity, or to be more or
less sparkling, and if that responds to what the ancient astronomers wrote, and noted the
difference he finds (because I have no doubt that stars change little their position even they
can be considered as fixed) [...] this would be a work that would be useful to people, much
more than it could appear, and relieve me of much pain [50].4° (B.5)

According to Descartes the experiment should not be used to test hypotheses, but
simply to highlight what are the phenomena that occur in our world that is regulated
by necessary mechanical laws, but which is contingent because it depends on the
way God has set its initial conditions, according to his will. After revealed these
phenomena, a mechanical explanation is provided, which always exists, although
not unique, because it is not always possible to solve the contingent condition of the
world.

The third row of Table 2.3 refers to the approach in which there is a very intense
experimentation connected to a corpuscular conception of matter. This is the case
of Boyle and of all the new sciences that study electricity, magnetism, thermology,
chemical reactions which today are often called Baconian sciences (after Kuhn).
The fourth row sees mechanics as a purely rational science. A typical representative
of this category is d’ Alembert. But also Descartes and Euler can be considered, with
the necessary clarifications.

The combination expressed in the first row, that of mixed mathematics, is the one
that had the greatest development, at least in the 18th century. Part of the phenomena
studied with the approach of the third row, after the experiments have succeeded in
clarifying and quantifying them, is gradually brought back into the ground of mixed
mathematics. Biology and natural sciences remained outside for the time being. The
second row concerns an approach that today is no longer considered scientific but is
relegated to natural philosophy.

Experimental and mechanical philosophy together have played a fundamental role
in the development of mixed mathematics. The factual, contingent truths, empirically
revealed, are foundations of mixed mathematics. Thus, experimental philosophy
played a crucial role in their development. In the past, the empirical basis, with the
exception of astronomy, was founded on simple observations of the regularities of
nature that did not require the use of laboratory experiments, with some exceptions
for optics. Since the Renaissance and in particular with Galileo, daily observation
has been replaced by contrived experiments. New phenomena were observed, from
which with an inductive approach, experimental laws were derived that could be put

4Oyol. 1, pp. 251-252.
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at the basis of mixed mathematics, or individual experiences that could be used to
verify theories were recorded.

For instance, accurate measurements were taken of the fall of bodies, of the period
of oscillation of simple and compound pendulums, of the speed of sound propagation,
of the breaking and deformability of bodies. In biology the use of the microscope
allowed a greater understanding of vital phenomena, advancing hypotheses and ver-
ifying them. The practices of alchemy were made more rigorous, stripped of their
mystical content, to give rise to modern chemistry. Magnetism and electricity, phe-
nomena already known in the ancient world, were subjected to an intense study. The
invention of the thermometer opened the possibility of a quantitative study of thermal
phenomena.

The astronomical observations carried out with the use of the telescope or in any
case with more accurate optical equipments than those used in antiquity, made it
possible to study precisely the motion of the planets, to discover irregularities and
satellites, to visualize new stars. At the beginning of the 18th century astronomy was
with optics, and more than optics, the field of natural philosophy that had under-
went profound changes. Already with Kepler mathematicians had begun to regain
possession after so long, after Ptolemy indeed, of a discipline that had become the
prerogative of natural philosophers, a discipline to which one can refer as physical
astronomy. Galileo played an important role. He acted as a pure experimental philoso-
pher, limiting himself to an observational work, with interpretations that essentially
had the task of giving a geometric description of the phenomena. For example, in the
case of the Medicean satellites he limited to say that the phenomena he observed were
explained by hypothesizing bodies revolving around Jupiter, from the observation
of the phases of Venus he deduced that this planet must rotate around the sun and
not the earth. For the spots of the moon and the sun he limited to geometric inter-
pretations, perhaps with something more for sunspots. Alfonso Borelli resumed the
work of Kepler and carried out a mechanical study of the motion of the planets. To
do this he felt into the shoes of the natural philosopher and provided explanations in
terms of efficient mechanical causes. But he did not stop at purely qualitative aspects.
If perhaps his speculations of natural philosophy could not be impeccable he took
them as a starting point for the application of the laws of mechanics, arriving at a
‘satisfactory’ enough explanation of the elliptical shape of the orbits of the planets
around the sun.

Mechanical philosophy could become, and in fact became, an important approach
to the development of mixed mathematics, especially for the so-called Baconian sci-
ences. It allowed to provide interpretative keys to the experimental results. For exam-
ple, Huygens, as already discussed in Chap. 1, thanks to the corpuscular hypothesis
of medium transmitting the light, built a geometrical mechanical model that served
as an explanation of the phenomena. He could thus justify for example that the angle
of refraction is smaller than the angle of incidence passing from a less dense medium
to a denser medium. Or he could explain the phenomenon of double refraction. The
model could be used not only for the explanation of known phenomena, but also,
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at least partially, for the prediction of new ones. Corpularism helped to explain the
motion of the planets of the solar system. A typical example of the application of
corpularism to cosmology is provided by the Principia philosophiae of Descartes.

2.4 Robert Boyle, an Experimental and Mechanical
Philosopher

Robert Boyle (1627-1691) is generally considered a ‘scientist” who carried out
important experiments in hydrostatics and pneumatics (well known is Boyle-
Mariotte’s law on gas compressibility) and especially in chemistry. Very often indeed
Boyle is framed as a (great) chemist. Thomas Kuhn considers that he made no sub-
stantial innovation in chemistry [74], William Newman partially contrasted this point
of view [87] and Marie Boas considers Boyle to be a physicist [13].

An important aspect of modern studies on Boyle is the attempt to consider his
thought as a whole rather then looking at only his more known achievements. As for
Newton indeed for him too the label ‘scientist’ is very restrictive. Boyle saw himself,
and was seen by his contemporaries, as a (new) philosopher of nature; he was a
promoter of the experimental philosophy and with Descartes, Gassendi and Hobbes
one of the greatest supporter of mechanical philosophy of the 17th century. He wrote
philosophical treatises on mechanical philosophy, specifically on the qualities, the
most important of which was The origine of formes and qualities of 1666 [34].4!
He also wrote fundamental texts on experimental philosophy among which The
sceptical chymist [21] and The christian virtuoso [26] and many important reports
of experiments on hydrostatics, pneumatics, chemistry etc. Like Newton he was
deeply involved in theology, to the point that in The great historical, geographical,
genealogical and poetical dictionary of 1701 edited by Jeremy Collier (1650—-1726),
more emphasis was given to his role as a lay theologian than as a natural philosopher.
For some bibliographical references on Boyle see the still influential [66]*> and the
website Robert Boyle project [35]. Very important is also a new edition of Boyle’s
works [34].

Boyle lived in a time when natural philosophy was in strong identity crisis. The
old canonical philosophy of the schools was attacked from all sides and many schol-
ars presented new points of view on the nature of things discordant with each other.
He maintained that the only way to introduce a new effective philosophy of nature,
whose principles could be shared by many, was to found it on experiments seen
as source of incontestable matters of fact. Apart from the circumstance that some
(canonical) philosophers, among whom Hobbes, did not accept a philosophy founded
on experiments, Boyle had to face the problem to define what precisely facts were.
A problem whose difficulty is perfectly clear to modern epistemologists, who com-
monly believes that facts cannot be separated from assumed theories.

4lyol. 5, pp. 281-291.
“2pp. 215-226.
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The refusal of a speculative approach to the study of nature led to a natural
rapprochement towards those who had always followed an operative view to the
understanding and manipulation of nature, that is technicians and craftsmen. Many
of whom were somehow, more or less consciously, the heirs of the alchemical and
magic culture. But the relationship with artisans could not be one-way. It was also
necessary for scholars to interact with them so that they would become good artisans,
thus allowing a virtuous loop to be established. This required that the propagation of
knowledge occurred in an understandable way, which had first of all to avoid the use
of the language of the learned: Latin. The artisan should have to become a virfuoso, a
term with which Boyle, and people of his entourage, did not mean so much a willing
dilettante but rather those who understood and cultivated the experimental philosophy
[33].#3 The virtuoso should not have been interested only in the philosophy of nature
but also in addressing the God of Christians, that is, he had to become a virtuoso
Christian, a Christian experimental philosopher.

According to Boyle, the experimental philosopher has a great advantage over the
scholastic. For in the peripatetic schools, where things are wont to be ascribed to
certain substantial forms and real qualities (the former of which are acknowledged
to be very abstruse and mysterious things and the latter are confessedly occult). The
accounts of nature’s works may be easily given in a few words, that are general
enough to be applicable to almost all occasions. But these do neither oblige a man to
deeper searches into the structure of things and consequently are very insufficient to
disclose the exquisite wisdom. To be told, that an eye is the organ of sight, continued
Boyle, and that this is performed by that faculty of the mind which from its function
is called visual, will give a man but a sorry account of the instruments and manner of
vision itself. Different is the situation for an experimental philosopher who takes it
necessary to sustain the pains to dissect the eyes of animals and accordingly to have
a view of the contrivance of the organ. He being profoundly skilled in anatomy and
optics, by their help takes asunder the several coats, humors, and muscles, of which
that exquisite dioptrical instrument consists, and having separately considered the
figure, size, consistence, texture, diaphaneity, or opacity, situation, and connections
of each of them, and their coaptation in the whole eye, shall discover, by the help
of the laws of optics, how admirably this little organ is fitted to receive the incident
beams of light, and dispose them in the best manner possible [33].4*

Boyle was a theorist of experimental philosophy, despite the contrast toward the
speculative philosophy that is attributed to him and that he officially attributed to
himself. His vision of experimental philosophy concerned both epistemological and
sociological aspects (see below). In both of them one could see a Baconian influence,
but if it was the case such an influence was possibly indirect as “Bacon did not play
a particularly prominent role in Boyle’s early natural philosophical writings” [68].%°

43yol. 5, p- 513.
#vol. 5, pp. 516-517.
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2.4.1 Mathematics and Experimental Philosophy

Although the mathematical culture of Boyle was for sure not negligible [103],* he
used mathematics very sparingly; at least in his experimental reports. There are two
main reasons for this.

On the one hand as Boyle wanted to spread scientific knowledge at the widest
possible level of society, mathematics, which required a thorough study and thus was
mastered only by an elite, certainly put a limit to the spread of writings that used
it. He, for example, criticized Mersenne because, in his opinion, affecting brevity,
had made himself obscure; so what he wrote could scarcely be understood, but
by mathematicians [103].#’ But Boyle did not intend to lower the level of natural
philosophical knowledge; he hoped that people being properly educated could work
to increase knowledge. He believed that the scientific knowledge should be public and
therefore the scholars had to disclose it with simple language and mainly had to carry
out researches that could have a public utility. This sociological face was somehow
reinforced by his puritanical ideology, which also contained democratic demands. It
was also reinforced by the profound change of English society in the 17th century
due to strong economic development followed by the opening of extra-European
markets.

On the other hand he had objection at an epistemological and ontological level,
according to Boyle the book of nature is not written in mathematical language, but
in a less rigid and precise language. He saw in the use of mathematics in natural
philosophy a certain degree of immorality, that is a certain form of arrogance that
pretends to idealize and have a control on the variety God has diffused in the world
he created. In particular, he thought it was difficult to assign invariant properties
to the various material components in the world, as mathematicians should do. For
example what is named gold, one of the most pure metals, it is not always the same
metal. Not only because one cannot obtain a pure product, but because the texture
and compactness and the specific weight and the mechanical properties that may
be found in several samples can vary, even though to a small extent [31]. Thus
fluctuations inevitably associated with experiments are not only due to imperfection
of measuring instruments or presence of accidental impediments, such as friction,
and other impurities, but are structural.

In any case, Boyle commended mathematics, especially pure mathematics, as a
general form of culture and training for the mind. For him mathematics may bring
help to the minds of men, to whatever study they apply and consequently to the
minds of the students of natural philosophy. Mathematical disciplines make men
accurate and very attentive; they much improve reason, by accustoming the mind to
deduce successive consequences and judge of them without easily acquiescing in any
thing but demonstration. Moreover the operations of symbolical arithmetics (or the
modern algebra) seem to afford men one of the clearest exercises of reason, nothing
being there to be performed without strict and watchful ratiocination, and the whole

46p.26.
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method and progress of that appear at once upon the paper, when the operation is
finished [33].43

In describing his experiments Boyle used numerical values; integer numbers to
quantify the various operations; real numbers to represent the measurements of var-
ious magnitudes involved. He also made a limited use of mathematics to express the
regularities or laws. A most famous example is the measurement of the contraction
of the volume of air versus the increase the pressure (modern term) to which it is
subjected. In [103]* it is suggested that in this case Boyle was influenced by his
assistant Hooke more oriented toward mathematics to describe laws of nature.

One of the aim of experimental philosopher, and Boyle was such, was to show
the compatibility between experimental findings and the principles of mechanical
philosophy. “Boyle’s was a program for the interpretation of nature rather than the
interpretation itself. In fact Boyle never attempts to determine what is the texture
or the mixture of particular elements or compounds” [103].>° He did not need to
offer specific mathematical accounts of particular bodies or events in the invisible
realm of corpuscles, because he who did so would risk of subjecting the visible to
the invisible, the readily intelligible and conceivable to the less intelligible and the
esoteric, the concrete to the abstract [103]°!

The most important role mathematics played was indirect. Boyle, like many other
experimental philosophers of the period, employed the way of reasoning typical of
mathematicians in which every proposition must be derived from previous assump-
tions, without resorting to tricks of rhetoric—and a limited use of synonyms and
homonyms. The assumptions should be defined precisely and only based on exper-
imental observations. In The origine of formes and qualities, Boyle contrasted the
old scholastic philosophy of nature, which dealt with forms and qualities, and where
the language to explain generation, corruption and alteration was usually so obscure,
tangled and unsatisfactory. Here, said Boyle, discussions of these subjects consisted
so much more of logical and metaphysical notions and hair-splitting than of observa-
tions and reasonings about the real world, and it was difficult for a reader of average
intelligence to understand what they meant and equally difficult for any intelligent
and unprejudiced reader to accept what they taught [33].%2

In some important works, those that made him famous in the 18th century, Boyle
wrote explicitly as a mixed mathematician. This is the case of his studies on the
air compressibility, of which his New experiments physico-mechanical touching the
air of 1660 [25] is an exemplary representative, and of the researches of the statics
of fluids referred toon the Hydrostatical paradoxes of 1666 [22]. These works are
judged by some modern historians of science almost a form of evasion of Boyle from

4Byol. 3, p. 426.
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his real job of mechanical philosopher [15].>3 But in my opinion they represent the
other side of Boyle.

To illustrate the most advanced use Boyle made of mathematics I refer below some
considerations whose main purpose was to prove that the air had spring besides
weight. That is that air exercises forces that do not depend only on the weight of
the atmospheric open sea that dominates us but also on its tendency to expand, as
suggested by the experiences of Torricelli in 1644.

Regarding the weight of the air Boyle measured and found it 938 times less
dense than water, a much more accurate results—from the point of view of modern
standard—than the known ones [33].3* The elasticity of air was afforded mainly on
qualitative basis, drawing from corpuscular conceptions. Boyle’s hypothesis assumed
air made of small corpuscles, elastic in themselves, like little springs, as may be
resembled by a fleece of wool, that transfer their elasticity to the whole air. This
explanation of air elasticity may seem strange to a modern accustomed to the idea of
an air made of small particles: the pressure is due to impact of these particles, which
move very fast, against walls of a vessel that contains the air. This view of pressure,
however, emerged only in the 18th century when in 1738 Daniel Bernoulli published
his Hydrodynamica.

To signal however that Boyle in a late work, General history of air, published
posthumously, presented an account not very different from Bernoulli’s. Here after
having discussed about the constitution of air and having introduced the elastic
corpuscles resembling a fleece of wood, he spoke about the existence of other particles
responsible of elasticity because their motion due to heat:

And I will allow you to suspect, that there may be sometimes mingled with the particles, that

are springy, upon the newly mentioned account, some others, that owe their elasticity, not

so much to their structure, as their motion, which variously brandishing them, and whirling

them about, may make them beat off the neighbouring particles, and thereby promote an
expansive endeavour in the air, whereof they are parts [30].%°

Boyle’s air then is a heterogeneous substance, composed of at least two sorts of elastic
particles; some produce elasticity because of their shape and some other because of
their motion under the influence of external agitation due to heat.

Boyle referred his work about the compressibility of air especially in the New
experiments physico-mechanical touching the spring of the air, and its effects [33],%°
which saw three editions, 1660, 1662, 1682. In the second and third editions Boyle
reported two ‘additions’, A defence of the doctrine touching the spring and weight of
the air [33]°7 to reply the criticisms of Francis Line (1595-1675) and a discussion
on Hobbes’ ideas, An examen of Mr. T. Hobbes his Dialogus physicus de natura aeris
[33].%8
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The New experiments physico-mechanical touching the spring of the air, and
its effects referred to many experiences (43), all of them quite interesting. Boyle
experimentation, conducted with great skill, was both narration and explanation.
Though his explanations were based on proximate causes (see below) and qualitative,
Boyle distanced himself from Aristotelian philosophers (and even from Cartesian
ones). Occult qualities did not appear; or rather they were represented by forces,
pressures and weights, which were hidden because they were not referred to their
first causes, the interactions of the particles, but justified experimentally.

Experiments were performed using the air-pump Boyle had built with Hooke’s
help; for a description of this machine see for instance [104].%° The first two exper-
iments used lamb bladders closed at the extremities and containing a little amount
of air. By placing these bladders into the receiver of the air-pump and letting the air
out, one could see their swelling up to the burst, even without the resort to a very
strong vacuum. A modern reader is a little disconcerted by the naivety and ingenu-
ity together with which the experiments were conducted and reported. They were
not carried out blindly, however, but had the precise objective of demonstrating the
hypothesis that air has elasticity, or rather that it increases or decreases the volume
according to the forces that urge the containers in which air is contained. There is
no reference to quantitative aspects, neither about some values of the experiment
results, nor about the size of the objects used. For instance, by referring to lambs
blasters, he said they are were small enough but never he specified, for example,
their size or their thickness. About the air-pump it is only said that a little or a lot
of air was expelled, but not exactly how much. In this sense, Boyle’s narrative was
not unlike to that found in the Saggi of the Accademia del cimento. At the end of his
experiments Boyle believed he had proved that the air was elastic.

Once ascertained the elasticity of air, Boyle intended to measure it in some way.
For instance in the Experiment 6 it is a matter of verifying the expansion of an
air bubble created in a tiny glass tube sealed on one side and filled with water. He
complained, and here his rhetoric clearly intervenes, also an unfortunate fact that
happened, that is that the chosen glass tube had broken and resulted shorter than
desired. The experiment however was carried out the same. The experience was then
repeated with a longer tube that, said Boyle, was at hand available and used it for
this reason even if it was not completely suitable because too wide. The experiments
revealed that the air expands over 100 times the initial volume when the water that
fills the tube was sucked out to make the vacuum. In this experience there were also
some measures, the initial volume and final volume of air which were measured in
quite ingenious way. In a case, said Boyle, a little emphatically, their ratio was of
one to 152. A modern reader could criticize Boyle by saying that his quantitative
determinations make no sense because the expansion of the air is limitless and the
final volume can be a multiple great pleasure of the initial one. But Boyle still
considered hypothetical the expandability of the air to think that it could be infinite
[25].%°

pp. 26-30.
Opp. 30-31.



118 2 The Birth of Physics as an Academic Discipline

Boyle some time later resumed the experiments on air elasticity, reported on the
second edition of the New experiments physico-mechanical touching the spring of
the air, and its effects of 1662. The one most known that makes Boyle famous is
contained in A defense of the doctrine touching the spring and weight of the air,
where he exposed for the first time the now well known law of Boyle -Mariotte, for
which the pressure in a gas and the volume occupied by it are inversely proportional,
for a fixed temperature.

The approach was different with respect to that of older experiments, partly
because the starting point is different. Once the elasticity of the air has been estab-
lished, Boyle could concentrate on precise measuring. The designed test was quite
simple and did not require the use of the vacuum machine. It involved compress-
ing the air contained in a thin tube with the weight of a column of quicksilver and
measuring the relationship between the length of the section of tube in which there
was air and that in which there was quicksilver. On the basis of his measurements
Boyle was able to formulate the following simple mathematical law: “the pressures
and expansions to be in reciprocal proportion” [24],%! but it is unclear whether as
a result of induction from the experimental measurements or as a priori hypothesis.
Notice that Boyle had not the modern concept of pressure, intended as force per unit
of surface; his pressure is simply a force. So most probably Boyle would not have
understood the modern formulation of his law.

Boyle gave his law a contingency character, or rather perhaps considered it inter-
esting from a practical point of view, but attributed to it no scientific value in the
strict sense, because there were no guarantees on its actual truth, not only for all
gases but neither for different portions of air because a substance with varying com-
position. Mariotte, who performed experiment on air compression more or less in
the same period of Boyle—and whose nome was associated to that of Boyle in the
so called law of Boyle-Mariotte—had a different conception; he believed that math-
ematics could capture the actual behavior of the phenomena and that it could be
described by relatively simple mathematical laws [81]. If the mathematical laws did
not observe exactly experimental, it depends only on the imperfections of matter and
the experimental errors (difficult to avoid) [41].5?

2.4.2 Hypotheses and Matters of Fact

Boyle’s epistemology was empiric in the sense that it was founded on matters of fact,
recognized by observations and experimentations. It left however much space to the-
oretical elaborations, or hypotheses, about the causes at play. This theoretical activity
was not sufficiently noticed by contemporaries. For instance, when Boyle died, Leib-
niz and Huygens while deploring his loss, in mutual correspondence declared that
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he had wasted his talent in only performing experiments [69].°> A quite ungenerous
and false appreciation.

For Boyle a matter of fact once verified was true; an hypothesis was simply a
possible explanation of a fact. However the division was not so sharp. For Boyle the
identification of causes was a process that involved steps ranging from the closest to
the more remote causes; in such a process a low level hypothesis (a proximate cause)
might be assumed as a matter of fact if carefully verified by contrived experiments.
An example that may help to clarify how Boyle dealt with hypotheses and matters
of fact is the different ways in which he treated the spring of air in different periods
of his researches. The spring (that is elasticity) of the air is a tendency to expand or
to contract in dependence of the external constraints to which it is subjected with a
pressure that opposes to these constraints. There is difference between a fluid, such
as for example water, in which there is a pressure dependent on its weight but there is
no trend to expand (or springiness)—at least not so obviously—and a gas, for example
air, which owes its pressure to the weight of the surrounding atmosphere but tends to
expand. In the first experiment of his New experiments physico-mechanical touching
the air Boyle declared that the existence of the spring of the air can be assumed
as a reasonable hypothetical cause to explain a lot of phenomena. Using his words:
“I thought it not superfluous, nor unseasonable in the recital of this first of them,
to insinuate that notion by which it seems likely that most, if not all of them, will
prove explicable [...]. That there is a Spring, or Elastical power in the Air we live
in [...]. That our Air either consists of, or at least abounds with, parts of such a
nature; that in case they be bent or compress’d by the weight of the incumbent part
of the Atmosphere, or by any other Body, they do endeavour, as much as in them
lieth, to free themselves from that pressure, by bearing against the contiguous Bodies
that keep them bent” [25].%* In some later experiments he instead gave for granted
the existence of the spring of air, as proved by experiments and as “from now on
acknowledged by the most eminent modern naturalists” [25]:%° in substance as a
matter of fact.

Boyle’s goal was to provide an intelligible explanation or a hypothesis for the
various phenomena. But for some of them the causes are unknown and thus they are
inexplicable to human beings; the category of inexplicable phenomena is quite large.
For instance why the body fall, how the cohesion of the smallest particles works,
how human soul can move bodies, how human memory operates. Besides things that
are inexplicable there are others that are mysterious and incomprehensible, such as
space and time and anything requiring the concept of infinity [115].5

Boyle thought that though many phenomena were inexplicable in themselves for
the human being, excellent hypotheses (see below) could be formulated of them
which are intelligible. He assumed that the same phenomenon could be explained by
different hypothesis and suggested criterions of choice, by classifying hypotheses as
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good or excellent. Hypotheses to be accepted should be grounded in the phenomena;
the formation of premature or purely speculative hypotheses should be regarded as
a most serious error of natural philosophy.

In the following the requisites of good and excellent hypotheses are reported,
expressed by Boyle in a mnemonic form:

1. To frame a good Hypothesis, one must see First, that it clearly Intelligible be.

2. Next that it nought assume, nor do suppose That flatly dos any known Truth oppose.

3. Thirdly, that with itself it do consist So that no One part, th’other do resist.

4. Fourthly, Fit and sufficient it should be, T’explain all the Phenomena that we Upon
good grounds, may unto It refer: Or those at least, that do the Chief appear.

5. Fifthly the Framer carefully must see That with the Rest, it do at least agree, And
contradict no known Phenomena Of th’ Universe, or any Natural Law.

6. Sixthly, An Hypothesis to be Excellent, Must not beg a praecarious Assent; But be built
on Foundations Competent.

7. Next of all good, the Simplest it must be: At least from all that is superfluous, free.

8. Eighthly, It should the only be, that may The given Phaenomena & so wel display.

9. Ninthly, It should inable us to foreshow The’ Events that will, from welmade Tryals
flow [36].57

A good hypothesis must be intelligible and must not contain anything manifestly
impossible or false. It must explain the phenomenon under study and not in contra-
diction with other known phenomena. An excellent hypothesis must be good and in
addition based on sufficient evidence, it must be the simplest among all the good
hypothesis that explain the phenomena and lastly, it should have a predictive power.

An example of a hypothesis which is neither excellent nor good, is the hypothesis
of the existence of substantial forms of the schoolmen. For Boyle this hypothesis
should be rejected on the ground it was unintelligible and superfluous [29].°® The
corpuscular hypothesis is instead an excellent hypothesis as it provides accounts of
most phenomena which are easily understandable.

Although Boyle provided criteria for choosing hypotheses, he did not provide a
truth criterion. It was possible for him that an hypothesis was excellent, but neverthe-
less it could not be declared true with certainty, as there was no guarantee that a not
good hypothesis be false. The reason for which Boyle avoided any statement about the
truthiness of a hypothesis should be searched in his theology, as already suggested.
Boyle believed that God had created the world according his infinite understanding
and will and maintained the power to change it at pleasure when he desired it. Human
beings were created later and independently of the world, with limits in their under-
standing. This voluntaristic view of God is very different from Descartes’s . For him
too God was free to create the world with fully freedom; but after that God was bound
by his immutability to make arbitrary change, which guarantees the possibility of a
certain knowledge to men.

67yol. 36, fol. 57v. Transcribed in [115], p. 167.
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Boyle thought than human being was capable in the uncovering of nature secrets,
but there were limits that God in his infinite wisdom has seen fit to impose on
human understanding [36, 115].° Most of intellectual weakness will disappear in
the afterlife.

In heaven our faculties shall not only be gratified with suitable and acceptable objects, but
shall be heightened and enlarged, and consequently our capacities of happiness as well
increased as filled.

[...]

Our then enlarged capacities will enable us, even in objects which were not altogether
unknown to us before, to perceive things formerly undiscerned, and derive thence both new
and greater satisfactions and delights [34, 115].7°

In the second part of the Christian Virtuoso Boyle made clear that not only in the
afterlife there will be an understanding of theological mysteries, but knowledge of
of the world by natural philosophers (but not for common men?) will be increased
as well: “For, at least, in the great renovation of the world, and the future state of
things, those corporeal creatures, that will then, be knowable, notwithstanding such
a change, as the universe will have been subject to, shall probably be known best by
those, that have here made their best use of their former knowledge” [34].7

2.4.3 Corpuscular Philosophy and Chemistry. Physical
Chemistry

Because of his experimental work was largely on what today is classified as chemistry,
Boyle is often labeled as a chemists. But he was seen by his contemporaries more
as a natural philosopher than an alchemist or a chymist [13, 14].”> An interesting
distinction between a chemist and a mechanical philosopher as seen in the 18th
century can be appreciated by the following quotations, the former due to Bernard
de Fontenelle, the latter by Boyle himself.

Chemistry, by means of visible operations, resolves the body into certain gross and palpable
principles, salts, sulfur, &c. But Physics, by delicate speculations, acts on these principles,
as chemistry has done on bodies; she herself resolves them into even more simple principles,
into small bodies and figures of infinite variety. This is the main difference between physics
and chemistry [53].73 (B.6)

To be short, those I reason with, do concerning blackness what the chymists are wont also
to do concerning other qualities; namely, to content themselves to tell us, in what ingredient
of a mixt body, the quality enquired after does reside, instead of explicating the nature of
it, which (to borrow a comparison from their own laboratories) is much as if in an inquiry
after the cause of salivation, they should think it enough to tell us, that the several kinds of
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precipitates of gold and mercury, as likewise of quicksilver and silver (for I know the make
and use of such precipitates also) do salivate upon the account of the mercury, which though
disguised abounds in them; whereas the difficulty is as much to know upon what account
mercury itself, rather than other bodies, has that power of working by salivation [28].7*

There are reason to consider Boyle as the first physical chemist of history, a title he
deserves by reason of his attempts to apply physical methods to chemistry and to
use the corpuscular hypothesis to elucidate chemical as well as physical phenomena
[13].7%

Some Boyle’s chemical theories had profound influence upon later chemists (and
physicists); for example his hypothesis of the material nature of fire, shared for
instance by Boerhaave, and his explanation of calcination of metals in terms of
combination of fire particles with calcined matter. When the idea of fire as corporeal
was combined with the current view that heat was caused by the motion of the
particles of matter the result was a 18th century theory that heat is associated to
the component particles agitated by fire, an all-pervasive, material substance. Later
another particulate fluid, phlogiston, was substituted for fire in the explanation of
calcination, and also this concept was inspired by Boyle [87].”® The account of the
historical genesis of Boyle’s ideas and in particular understanding how much he drew
from his predecessors is not at stake here, however; it enough to comment what he
wrote in his papers.

Boyle was the champion of mechanicism and corpularism. His approach to cor-
puscular philosophy, albeit inevitably based on some metaphysical assumptions, had
a strong empirical character. Differently from Descartes who grounded his view on
rational and indisputable (for him) assumptions, Boyle assumed the existence of cor-
puscles as a hypothesis, a well founded one, but a hypothesis that could in principle
be reviewed.

To Boyle experience showed that matter was composed of particles. The corporeal
substances were formed by minima naturalia (Boyle’s nomenclature), which have
not the meaning of indivisible elements in an absolute sense; they were, however,
indivisible in fact, in the sense that known chemical and physical operations failed to
decompose them [23].77 Boyle still did not rule out that there were elementary par-
ticles of undifferentiated matter, atoms in Democritean (or Epicurean) sense, whose
combinations give rise to atoms in Boyle sense (that is minima naturalia), character-
ized by peculiar qualities determined by the texture of the component corpuscles.’®

Out of the minima naturalia were formed “primitive concretions or cluster”’, which
although capable to being decomposed into minima naturalia usually act as indis-
soluble components in chemical reactions and thus can be considered as the seeds
or immediate principles of common matter [23].7° Boyle spook of prima mista as
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the simplest assembly of minima naturalia, which continues toward more and more
complex aggregates called compounded and de-compounded. Where this last pecu-
liar term, de-compounded, actually means super-compounded [87].3° The minima
are never directly exemplified in nature, but the prima mixta play the role of the
elementary atoms or molecules of various naturally occurring bodies (gold, silver,
mercury, sulphur, etc.). In many reactions change of quality is associated either with
a rearrangement of the prima mixta (mercury to mercury oxide and vice versa) or
with the secondary union of the prima mixta of two relatively elementary substances
(synthesis and analysis of the mercury sulphides) [74].%!

In The origine of formes and qualities [23], Boyle stated that two principles are
at the foundation of material world: undifferentiated matter and motion: “I agree
with the generality of philosophers so far, as to allow, that there is one catholick
or universal matter [emphasis added] common to all bodies, by which I mean a
substance extended, divisible and impenetrable” [23].3% By adding that because this
matter all has the same intrinsic nature, the qualitative variation we see in bodies
must arise from something other than the matter they consist of. “And since one does
not see how matter could change if all the parts that it is or could be divided into
were perpetually at rest among it follows that the universal matter can sort itself out
into a variety of natural bodies only if it has motion in some or all its distinguishable
parts” [23].83

Differently from the Greek, Boyle called for the will of God for the existence of
corpuscles, with a sentence that parallels the famous one by Newton in the Query 31
of the Opticks:

But for (most of) the other phaenomena of nature, methinks we may, without absurdity,

conceive, that God in the scripture it is affirmed, That all his works are known to him from

the beginning, having resolved, before the creation, to make such a world as this of ours, did

divide (at least if he did not create it incoherent) that matter, which he had provided, into

an innumerable multitude of very variously figured corpuscles, and both connected these

particles into such textures or particular bodies, and placed them in such situations, and put

them into such motions, that by the assistance of his ordinary preserving concourse, the
phaenomena, which he intended should appear in the universe, must as orderly follow, and

be exhibited by the bodies necessarily acting according to those impressions or laws, though

they understood them not at all, as if each of these creatures had a design of self-preservation,
and were furnished with knowledge and industry to prosecute it [32].34

Boyle was not completely clear about the divisibility of matter. He thought that some
instruments, more appropriate than the commonly used fire, could break up prima
mixta (and even minima naturalia?) to obtain their components [86]. This chance
allowed him, for instance, to consider as possible the transmutation of metals; indeed
Boyle was deeply involved in archetypal alchemical approaches as the transmutation
of metals in gold and the philosopher’s stone, that was not such a mystical activity
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at it can be supposed as his atoms were not the solid and impenetrable units of
Democritus or Epicurus, but structured composites made up of smaller particles
of catholic matter, there was every reason to imagine that a sufficiently powerful
chemical agent could be able to penetrate and break the particles of a metal into their
components and recompose them in a new metal. A procedure which is assumed
to be possible today, though not with chemical agents, but through physical ones
(bombing with elementary particles).

Strictly connected with Boyle’s opinion about the divisibility of matter, is his
definition of element, reported below as given in The sceptical chymist:

And, to prevent mistakes, I must, advertize You, that I now mean by Elements, as those

Chymists that speak plainest do by their Principles, certain Primitive and Simple, or perfectly

unmingled bodies; which not being made of any other bodies, or of one another, are the

Ingredients of which all those call’d perfectly mixt Bodies are immediately compounded,

and into which they are ultimately resolved: now whether there be any one such body to be

constantly met with in all, and each, of those that are said to be Elemented bodies, is a thing
I now question [21].%

A definition considered by someone as very modern, by someone else as not particular
new, as already given in Aristotle’s De caelo [87].% Indeed the definition is not
modern, because as stated in the last rows of the previous quotation, a body to be an
element should enter in the composition of all bodies. Which is not true for the modern
definition, where any body may be composed by an arbitrary number of elements.
Moreover the definition should not be considered as Aristotelean, because from this
Boyle arrived to the experimental evidence that all the presumed elements, fire, air,
water, earth for the Peripatetics and sulfur, salt, and mercury for the Paracelsians,
are not such. According to Boyle the only element, if one want to consider it, is the
catholic matter, while no consideration is given as possible candidate to elements to
the prima mixta, that to a modern could appear as natural candidates.

Boyle devoted much of his scientific work to explain phenomena of chemical
nature, referring to his corpuscular theory. While from an ontological point of view, in
the weak sense in reality, Boyle considered that any phenomena could be explained by
recourse to corpuscles and motion, by an epistemological point of view he considered
as problematic, and in some cases even impossible, this approach.

For although such explications be the most satisfactory to the understanding, wherein it

is shewn, how the effect is produced by their more primitive and catholick affections of

matter, namely, bulk, shape and motion; yet are not these explications to be despised, wherein

particular effects are deduced from the more obvious and familiar qualities or states of bodies,

such as heat, cold, weight, fluidity, hardness, fermentation, &c. though these themselves do
probably depend upon those three universal ones formerly named [33].57

And in his studies on ‘chemistry’ Boyle often left out any argumentation based on
corpuscles and motion and spoke about chymical qualities’, such as fixity, easiness
to precipitate, volatility, ability to undergo amalgamation with quicksilver, and so on
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[86].%8 Even in fields today part of mechanics, such as hydrostatics and pneumatics,
Boyle often avoided the recourse to corpuscular components, preferring physical
qualities such as forces and pressures considered as proximate causes, as illustrated
in the study of the spring of air. In such a case Boyle could behave as a mixed
mathematician and did so giving fundamental contributions. He however—this is
the opinion of most historians—maintained as fundamental an empirical and exper-
imental analysis and qualified his study as physical-mechanics, preferring this term
to that of physico-mathematica, used to indicate the approach in the wake of mixed
mathematics, that was then spreading.

2.5 Newtonian Philosophy

If it is true that Newton was not the isolated genius it is asked to believe and that
physics and mechanics (besides mathematics) of the 18th century were not his exclu-
sive creation it is neverthless true that he was seen by contemporaries as a very
important natural philosopher and mathematician. Gradually since 1750s a myth
grew around Newton who became a reference for all the scholars of the western
world for any matter concerning physics (and chemistry), more or less as Aristotle
was in the previous centuries, so that one can say that Newtonianism replaced Aris-
totelianism in the schools. “Newton was most and foremost an emblem of a new era
[...] With time, the historical Newton receded into the background, overshadowed by
the very legacy he helped create” [112].% This occurred notwithstanding Newton’s
writing were known only partially. Indeed by the middle of the 18th century, a part
from the Principia that was mainly a treatise of mixed mathematics, a physicist or a
chemist could find elements of the Newtonian philosophy only in the Opticks and in
the Queries in the Principia. He could read in Thomas Birch’s History of the Royal
society the early statement on Newton’s The hypothesis explaining the properties of
light discovered in my severall papers of 1675, while in Boyle’s Works he could find
the letter written to him by Newton in 1679 concerning the properties of the aether
(see Sect. 1.2.5.2). Such a reader would be puzzled by the Scholium generale to Book
III of the Principia, in the third edition of 1726.

Within the limits of the influence that an individual can have in the development
of a community, it indeed should be said that the role of the individual Isaac Newton
was great. But this gave no reason of the myth of Newtonianism, for which much
of what was known before him and much of what was discovered after him was
attributed to the individual Newton.

There are very many texts on the history of science of general character where
‘Newtonianism’ and its affirmation first in England and then in the Continent are
discussed in depth. This point of view is however not very interesting for the present
book and will therefore not be considered; or rather only some aspects of it will be
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commented. Questions has been raised as to whether the ground on which Newtoni-
anism developed was already fertile and that rather than conquering it, Newtonianism
established itself because it had already entered into current practice independently of
Newton, following the same path Newton had followed. For instance s’ Gravesande
and Musschenbroek are usually labelled as strict Newtonians. They met Newton in
England and popularized the theory of gravitation and the heterogeneity of light. But
they accepted also the Leibizian theory of vis viva and recent researches have shown
that they drew on methodological sources different from Newton’s [51].%

The moral to be drawn is that our understanding of Newton’s legacy in the 18th
century will not be advanced by producing taxonomies of different kinds of ‘New-
tonianism’. Rather, advance will result from studying the specific contexts in which
Newton and his work were mobilized and from paying equal attention to both simi-
larities and dissimilarities between Newton’s work and that of 18th century scholars.
Differently put, we will be able to further our understanding of Newton’s legacy once
we realize that the label ‘Newtonianism’ has misled more than enlightened [5 1121

One realizes the fame Newton gained in the 18th century if he looks for example
at the entry Newtonianisme of the Encyclopédie, which certifies a definition already
introduced in the English dictionary Lexicon Thecnicum, at least since the edition of
1736 [42].72

Newtonianism, or Newtonian Philosophy, is the theory of the mechanism of the universe,
and particularly of the motions of the heavenly bodies, their laws and their properties, as this
has been taught by Mr. Newton. See Philosophy.

The term Newtonian philosophy has been variously applied, and from this, several ideas of
the word have arisen.

Some authors understand by it the corpuscular philosophy, as reformed and corrected by the
discoveries with which Mr. Newton has enriched it. It is in this sense that Mr. Gravesande
calls his elements of physics an Introductio ad philosophiam Newtonianam. In this sense,
the Newtonian philosophy is no other than the new philosophy, different from the Cartesian
and Peripatetic philosophies, and from the ancient corpuscular philosophies.

Others mean by Newtonian philosophy the method which Mr. Newton follows in his philos-
ophy, i.e. the method which consists in deducing his reasoning and his conclusions directly
from phenomena, without any previous hypothesis; starting from simple principles; deduc-
ing the basic laws of nature from a small number of selected phenomena; and then in using
those laws to explain other things.

As others understand Newtonian philosophy, it considers physical bodies mathematically,
and applies geometry and mechanics to solve [questions about] phenomena. Taken in this
sense, Newtonian philosophy is no other than mechanical and mathematical philosophy.

Others mean, by Newtonian philosophy, that part of physics which Mr. Newton has handled,
extended and explained in his book of the Principia.

And still others, finally, understand by Newtonian philosophy the new principles which Mr.
Newton has brought into philosophy, the new system he has founded on these principles,
and the new explanations of phenomena that he has deduced from them [521.93 (B.7)
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The definition of the Encyclopédie was reiterated by d’Alembert, Condorcet, de
Lalande et als. [42].%4

In substance there were two main meanings of Newtonianism in the 18th century,
one connected with the Principia and another with Opticks and Queries. The former
will be examined in the next chapter where the developments of mechanics in the
Continent is discussed. Of the latter, that more properly is linked to the experimental
philosophy, more precisely to that part of it that will later be called physics, is given
an outline below to then resume the subject in Chap. 4.

In the following I will use the label Newtonianism, but with a very weak meaning,
intending with this term the ideas for which forces are mathematical entities rather
than physical ones, a law f = ma is adopted, matter is corpuscular and each particle
is endowed with attractive or repulsive force acting at a (short) distance, vacuum
is accepted and light has a prevalently corpuscular nature; moreover experiments
plays a major role. Considering that the appreciation of Newton’s ideas was different
in the different fields of a scientific society that had already started a process of
specialization, below I distinguish between ‘chemists’ and ‘physicists’, intending
with these labels respectively, the scholars that were mainly inspired by alchemy and
those inspired mainly by mechanical and experimental philosophy.

2.5.1 Influence of Newtonianism on Physicists

About physicists only two exemplary cases are considered: John Theophilus Desag-
uliers in England and Georges-Louis Leclerc, Comte de Buffon in the Continent.

2.5.1.1 John Theophilus Desaguliers

In England one of the most faithful interpreter of the new physics was John
Theophilus Desaguliers (1683—1744), a French-born British natural philosopher,
mathematician, clergyman, engineer and freemason whose father has been exiled
as a Huguenot by the French government. He attended lectures by John Keill, who
used innovative demonstrations to illustrate difficult concepts of Newtonian natural
philosophy and obtained a master’s degree in 1712. He soon became most successful
in delivering public lectures in experimental philosophy, offering them in English,
French or Latin. By the time of his death he had given over 140 courses of some
20 lectures each, on mechanics, hydrostatics, pneumatics, optics and astronomy.
He kept his lectures up to date, published notes for his auditors, designed his own
apparatus, including a renowned planetarium to demonstrate the solar system and a
machine to explain tidal motion. In 1714 Isaac Newton, then president of the Royal
society, invited Desaguliers to replace Francis Hauksbee as demonstrator at the soci-
ety’s weekly meetings; he was soon thereafter made a fellow of the Royal society
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itself. Desaguliers applied his knowledge to practical situations. His interest in steam
engines and hydraulic engineering made him an expertise in ventilation. He devised
a more efficient fireplace which was used in the House of Lords and also invented
the blowing wheel which removed stale air from the House of Commons for many
years [47].

Desaguliers was eager to publicize rather than to publish his lectures; eventually
in 1734 five long lectures and many additional notes were published as the Course
of experimental philosophy, which saw a second volume in 1744. The first volume
was devoted wholly to theoretical and practical mechanics, including both a simple
treatment of Newton’s system of the world and a description of Mr. Allen’s railroad
at Bath. Desaguliers attributed the ten-year delay before the appearance of the second
volume to his desire to improve the treatment of machines, especially waterwheels.
In it he added seven more lectures discussing impact and elasticity, vis viva and
momentum, heat, hydrostatics and hydraulics, pneumatics, meteorology and more
machines. This volume is even more concerned with applied science and engineering
than the first and entitles Desaguliers to be considered a forerunner of the more
advanced knowledge of machinery that characterized the Industrial Revolution [60].

By referring to Newton’s Queries, in the Annotations upon the eleventh lecture
of the second volume, Desaguliers said that the questions raised by Newton in the
Opticks must be solved positively upon close examination and that only the “incom-
parable philosopher’s modesty made him propose those things by way of queries”
[49].% And this, according to Desaguliers, was not only his opinion, but also that of
the “reverend and learned Dr. Stephen Hales”. This was a move shared with many
post-Newtonian scholars indeed.

According to Desaguliers there are two main kinds of attraction in nature, that is
gravity and cohesion. Another type not so strong as cohesion but stronger than gravity
exists. Its proportion in removal of bodies attracting is nearly as the cube—this is also
Newton opinion—of distance: “This is the magnetical attraction” [49].%° But also,
according to Desaguliers there are repulsive powers in nature “and very often the
same bodies attract one another at a certain distance, and under some circumstances
do repel one another at different distances” [49],°7 and all the phenomena of nature,
such for instance the elasticity can be reduced to these powers.

Here Desaguliers is more direct than Newton for the dependence of force between
two corpuscles with distance; Newton only alluded to a change of forces from attrac-
tive to repulsive as it happens in algebra, without specifying which parameter was
changing; Desaguliers specified the parameter: the distance between corpuscles. A
more clear statement of the variation of forces between two particles can be found in
the Compendious system of natural philosophy by John Rowning—the dates of pub-
lication of the four parts of this book are confusing, but part 1 seems to have appeared
firstin 1735 and part 2in 1736 [97] 98__an author now unknown but well renowned at
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his own time. His treatise, reissued seven times, was used at Cambridge and Oxford,
at the College of William and Mary in Virginia, at many dissenting academies and
by John Wesley as a text for his itinerant preachers. It was also mentioned in the
correspondence of people as various like John Adams, William Beckford and Joseph
Priestley [101]. Below as Rowning characterized the forces between particles, in the
section of his treatise concerning fluids:

Further, since it has been proved that if the parts of fluids are placed just beyond their natural
distances from each other, they will approach and run together; and if placed further asunder
still, will repel each other; it follows, upon the foregoing supposition that each particle of a
fluid must be surrounded with three spheres of attraction and repulsion one within another:
the innermost of which is a sphere of repulsion, which keeps them from approaching into
contact; the next a sphere of attraction diffused around this of repulsion, and beginning where
this ends, by which the particles are disposed to run together into drops; the outermost of
all, a sphere of repulsion whereby they repel each other, when removed out of that attraction
[98].%°

The ‘supposition’ of the three spheres of attraction and repulsion allow to explain
as a fluid can be converted into a solid and viceversa. If the action of the first sphere
is destroyed by cold, the particles of fluids must necessarily be brought into closer
contact with the forces of the second spheres and by that means constitute an harder
body than before. An inverse mechanism acts in passing from solid to liquid.

The theory proposed by Rowing, of force alternating from repulsion, attraction,
repulsion and again attraction (due to gravity), is close to the famous theory proposed
by Boscovichin his Philosophiae naturalis theoria redacta ad unicam legem virium in
natura existentium of 1758, discussed below in Chap. 4. For what I know Rowning’s
and Boscovich’s findings are independent of each other.

2.5.1.2 Georges-Louis Leclerc, Comte de Buffon

In France the acceptance of the Newtonian approach was a little slower; but in the
end it becomes robust, even if the attention was more towards the Principia than
Opticks. An exception is constituted by Georges-Louis Leclerc, Comte de Buffon
(1707-1788).

Because of the enormous editorial, but non only, success of his Histoire naturelle,
published in 36 volumes between 1749-1789, Buffon is today esteemed as a natu-
ralist, like the Swedish Carl Linnaeus (1707-1778). Indeed, as most his contempo-
raries Buffon’s interests ranged over various subject matters, among which physics
and mathematics (in this last subject he was encouraged by Gabriel Kramer). And
mathematical probability was one of his most interesting work, the Mémoire sur le
Jjeu the franc-carrau, presented in 1733 before the Académie des sciences de Paris
and favorably commented by Fontanelle in the memoirs of the academy of the same
year. Here he showed his mastery of Calculus. The work was however published only
in 1777, as part of the Essai d’arithmetique morale, added to the fourth supplement
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to the Histoire naturelle, généraleet particuliére [38]'%° and for this reason remained
buried until Morgan Crofton (1826-1915) discovered it in 1869, with great surprise
and appreciation [92].1%!

In the memoir, Buffon compared the different kind of ‘truth’, a problem very
popular in the period, differentiating among mathematical, physical, moral truth.
According to Buffon as physical truth is concerned, there is no demonstration, no
evidence whatsoever as is instead the case of mathematics. A physical truth, nec-
essarily based upon observation or experiment, is only probable. And Buffon tried
to evaluate the degree of probability, with an interesting though scarcely convincing
procedure. He measured the reliability of the physical truth with the probability that
the sun would rise tomorrow: “If one wants to reduce here the seniority of the world
and of our experience to six thousand years, the sun has risen for us only 2 million
190 thousand times—the days of six thousand years—and as to date back to the
second day that it rose, the probabilities to rise the next day increase, as the sequence
1,2,4,8,16,32,64[...] or 2! (where n is equal to 2 190 000). One will have, I say,
2n=1 = 22189999 this already is such a prodigious number that we ourselves cannot
form an idea, and it is by this reason that one must look at the physical certainty as
composed from an immensity of probabilities" [38].'92

For the probability of the moral truth, Buffon started with the idea that the most
important event for a man is his own death. Now, the tables of mortality show that
the probability for a man at the age of fifty to die within the following 24 hours
is a little less than one out of 10 000. But an average healthy man is not afraid of
dying because he does not believe he will die the next day. Accordingly, any event
whose probability is equal or inferior to one out of 10 000 is of no concern for us
[38].19 Notice that the probability of moral truth is much lower the probability of
the physical truth.

Notwithstanding his confidence with mathematics, at least in his youth, Buffon
did not believe it could be very useful in physics, where very complex phenom-
ena are dealt with. He expressed his pessimism in the Premier discourse of 1749
which opened the first volume of the Histoire naturelle. Here he first expressed the
impossibility to evaluate the cause of physical phenomena. According to Buffon,
suppose that after having determined the facts through repeated observations and
having established new truths through precise experiments, one wished to search
for the causes, or reasons, for these occurrences. He finds himself suddenly baffled,
reduced to trying to deduce effects from more general effects and obliged to admit
that causes are and always will be unknown to him, because senses, themselves being
the effects of causes of which one has no knowledge, can give ideas only of effects
and never of causes. Thus one must be content to call cause a general effect, and
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must forego hope of knowing anything beyond that. “These general effects are for
us the true laws of nature” [38, 78].'%*

According to Buffon, the union of mathematics and physics can be accomplished
only for a very small number of subjects. In order for this to take place it is neces-
sary that the phenomena to explain are susceptible to being considered in an abstract
manner and that their nature be stripped of almost all physical qualities. But math-
ematics is inapplicable to the extent that such subjects are not simple abstractions.
“The most beautiful and felicitous use to which this method has ever been applied is
to the system of the world” [38, 78].'% For Buffon there are very few other subjects
in physics in which the abstract sciences can be applied so advantageously.

When the problems are too complicated to allow the application of calculation and
measurement, as is almost always the case in natural history and physics, according
to Buffon, the true method of guiding one’s mind is to make observations, to gather
these together and from them to make new observations in sufficient numbers to
ensure the truth of the main phenomena. Mathematics should be used only to esti-
mate the probabilities of the consequences that can be drawn from observed facts.
Above all, it is necessary to try to generalize these facts and to distinguish well those
that are essential from those that are only ancillary to the subject in question. It is
therefore necessary to link these facts together by analogy, to confirm or destroy
certain equivocal points by experiments, to form one’s own explanations based on
the combination of all the connections and to present them in the most natural order
[38].106

The true goal of experimental physics is to experiment with all the things that
cannot be measured by mathematics, all the effects of which one does not yet know
the causes and all properties whose circumstances are not known. This only can lead
new discoveries, whereas the demonstration of mathematical effects will never show
anything except what already known [38].'%7

But this abuse is as nothing in comparison with the inconveniences into which one stumbles

when one wishes to apply geometry and arithmetic to quite complicated subjects of physics,

to objects whose properties we know too little about to allow us to measure them. One is

obliged in all such cases to make suppositions which are always contrary to nature, to strip the

subject of most of its qualities, and to make of it an abstract entity which has no resemblance

to the actual being. And after long reasoning and calculation on the connections and the

properties of this abstract entity, and after having arrived at a conclusion equally abstract,

when it appears that something real has been found, and the ideal result is transferred back

upon the real subject. This process produces an infinity of false consequences and errors
(38].198 (B.8)

Buffon assumed a corpuscular structure of matter, admitting the existence of vacuum.
For him, at a microscopic level, infinitesimal corpuscles attract each other with a force
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whose law varies with the inverse of the square of their distance as it happens for
gravitation. This is because he maintained that nature must always actin the same way.
For not infinitesimal corpuscles the inverse square law, as is the case for gravitation
also, strictly applies only to spherical shapes. For corpuscles of other shape it is
no longer valid and becomes a function of their shape and distance measured from
some characteristic points. This variation of the law did not disturb Buffon, because
it could be obtained, at least in principle, by imagining a corpuscle as formed by
infinitesimal spheres for which the inverse square law holds true. If the force between
two aggregates of corpuscles is referred to the distance of their centers of gravity, a
law different from the inverse of the square is in general obtained, but if the aggregates
are very small it differs only slightly from the inverse square.

The chemist Louis-Bernard Guyton de Morveau (1737-1816), a friend and fol-
lower of Buffon shared his views on this subject. He attempted, as an example of
the effect of shape, to calculate the force between two tetrahedra, each composed of
an array of close-packed spheres. Assuming that each sphere of one tetrahedron is
attracted by any sphere of the other tetrahedron with the law of the inverse square,
the whole force referred to the centers of gravity of the two tetrahedra clearly do not
follow the inverse square [97].19°

Buffon definitive statement on the subject is to be found in the preface to the
volume XIII of his Histoire naturelle that deals with a wide range of animals. There
he wrote:

All matter is attracted to itself in the inverse ratio of the squares of the distance, and this
general law does not seem to vary in particular attractions, except by reason of the shape
of the constituent particles of each substance, since this shape enters as a factor into the
[evaluation of the] distance [38].11° (B.9)

According to Buffon all the powers of Nature with which we are acquainted to, may
be reduced to two primitive forces; the one which causes weight and that which
produces heat, that is expansion and attraction [39].!"! With his words: it is sufficient
that the forces of attraction and expansion are two general, real, and fixed effects,
for us to receive them for causes of particular ones; and impulsion is one of these
effects, which we must not look upon as a general cause, known and demonstrated
by our senses, since we have proved that this force of impulsion cannot exist nor
act, but by the means of attraction, which does not fall upon our senses. The first
reduction being made, it might be perhaps possible to adduce a second, and to bring
back the power even of expansion to that of attraction, insomuch that all the forces
of matter would depend solely on a primitive one. Now cannot we conceive that
this attraction changes into repulsion every time that bodies approach near enough
to rub together, or strike one against the other? Impenetrability, which we must not
regard as a force, but as an essential resistance to matter, not permitting two bodies
to occupy the same place, what must happen when two molecules, which attract the
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more powerfully as they approach nearer, suddenly strike against each other? Does
not then this invincible resistance of impenetrability, become an active force, which,
in the contact, drives the bodies with so much velocity, as they had acquired at the
moment they touched? And from hence the expansive will not be a particular force
opposed to the attractive one, but an effect derived therefrom [39].!!2

2.5.2 Influence of Newtonianism on Chemists

Evaluating the contribution of Newton to chemistry (or alchemy, or chymistry, terms
that at the time were not clearly differentiated) is a more difficult task. If it may be
true that Newton made no fundamental discovery in chemistry, it is equally true that
his ideas on matter constitution were considered useful and in agreement with their
topics by most chemists. These ideas can be resumed in four points. Matter is no
longer a mysterious subject, or at least it was such at an ontological level, but there was
a method of measuring matter: to weigh it, and the balance was a familiar instrument
to chemists. The corpuscular nature of light helped chemists to reason about the
influence of light in chemical reactions. Matter was made by corpuscles which may
attract or repel each other at microscopic level. These force were not mysterious
metaphysical beings, they were simply experimental ascertainment of tendency to
motion. Indeed the traditional mechanicism, either Descartes’s or Gassendi’s and
even Boyle’s could not be helpful for chemists.

In the following I will consider only a few meaningful chemists, those who also
influenced the physics of the 18th century in electricity, magnetism, thermology:
the English Stephen Hales (1677-1761) and the Dutch Herman Boherhaave (1668—
1738). 1 will refer very shortly about the German chemist and physician Georg
Ernst Stahl (1659—-1734); this also because Stahl’s link with Newton is weak. His
conception of matter constituted with Newton’s the two alternative pillars of the
theory of matter of the 18th century [73].'"3

Stahl was with Boherhaave one of the reference chemist of the first half of the
18th century. He used the works of Johann Joachim Becher (1635-1682) to come
up with explanations of chemical phenomena. The main theory that Stahl got from
Becher was the theory of phlogiston. This theory did not have any experimental basis
before Stahl worked with metals and various other substances in order to separate
phlogiston from them. Stahl proposed that metals were made of calx, or ash, and
phlogiston and that once a metal is heated, the phlogiston leaves only the calx within
the substance. Phlogiston provided an explanation of various chemical phenomena
and encouraged the chemists of the time to rationally work with the theory to explore
more of the subject. This theory was later replaced by Antoine-Laurent Lavoisier’s
theory of oxidation.

112y0l. 10, pp. 30-31.
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Sthal like many chemists of his period was very diffident toward classical mechani-
cism. For instance, when one speaks of salt, he stated, and says that it is composed
by water and by one of the two types of earths, he gives a real and clear idea of what
he intends for salt. And from this he will be sure that when obtaining a salt from a
whichever body, he will find that is made up of earth and water. To the contrary when
one says that a salt is made of sharp particles, longer than wide, and he is asked to
look for this salt, he certainly could neither find nor discover it [83].114

2.5.2.1 Stephen Hales

An author very appreciated and named by Desaguliers who also influenced Benjamin
Franklin was Stephen Hales (1677-1761), an English ‘clergyman’ who made major
contributions in botany, pneumatic chemistry and physiology and was soon recog-
nized as a leading English scientist during the second third of the 18th century. He
received a good scientific and mathematical education while in Cambridge and New-
ton was there as a professor. In 1718 Hales was elected a fellow of the Royal society.
His published writings are very few and well represented in the edition of 1733 of
the Statical essays, containing in vol. 1 the Vegetable staticks, a revised version a
his edition of 1727 [58] and in vol. 2 the Haemastaticks [59]. In the following I will
briefly present some meaningful aspects of Vegetable staticks only, which were also
well summarized by Desaguliers in the Philosophical Transactions of 1727 [48].

Hales stated he was using the statical method of enquiring, that is the examination
of the amount of fluids, and solids dissolved into fluids, an animal daily takes in and
with what force and different rapidities those fluids are carried about in their proper
channels etc. This now (and also then) obsolete use of the word statikcs, to mean
weighting, comes from Nicholaus Cusanus and his Idiota de staticis experimentis of
which an English translation is available [43].!"

For Hales, science was more than the avocation of a country minister: it was a
natural extension of his religious life. If he was a devote of the corpuscular world view
and held that the living organism was a self-regulating machine, which was in no way
incompatible with his faith. For him, as for many other physical theologians, nature
testified the wisdom, power, and goodness of the all-wise Creator. Hales derived from
Newton the fundamental concepts discussed in the Queries: matter is particulate and
the particles are subject to very special laws of attraction and repulsion.

The Vegetable staticks, the most known Hale’s treatises, is one of the first work
on biology where an extended use of mathematics is made [95]; a mathematics, that
though Hales was skilled enough in the matter, was kept at an elementary level,
mainly consisting in algebraic manipulations. To certify his belief in a quantified
science, Hales opened his treatise with the words:

And since we are assured that the all wise Creator has observed the mod exact proportions, of
number, weight and measure, in the make of all things; the most likely way therefore, to get
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Fig. 2.3 Watering of the
sun-flower. Redrawn from
[58], p. 28, Fig. 1

any insight into the nature of those parts of the creation, which come within our observation,
must in all reason be to number, weigh and measure [58].116

A declaration which was outdated for the 18th century and echoes for instance what
Luca Pacioli wrote in the Summa de arithmetica, geometria, proportioni et propor-
tionalita of 1494 [41]."'7 The reference to the Old Testament for a quantified science,
not infrequent however, instead to Archimedes, derived from Hales’s theological atti-
tude.

As an example of the way Hales used mathematics, I summarize below his exper-
iment I of the Vegetable staticks, carried out with the purpose to measure the quantity
of water imbibed and perspired by the sun-flower illustrated in Fig. 2.3. In this exper-
iment Hales was in the need to evaluate the surfaces of the leaves of the plant. To
avoid the counting of all the leaves he recurred to a sampling procedure described
below.

I cut off all the leaves of this plant, and laid them in five several parcels, according to their
several sizes, and then measured the surface of a leaf of each parcel, by laying over it a large

1]6p. 1.
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lattice made with threads, in which the little squares were 1/4 of an inch each; by numbering
of which I had the surface of the leaves in square inches, which multiplied by the number of
the leaves in the corresponding parcels, gave me the area of all the leaves; by which means
I found the surface of the whole plant, above ground, to be equal to 5616 square inches, or
39 square feet [58].118

It is of particular interest for the present book the role Hales attributed to air. I do not
intend to discuss in depth the matter, in particular the difficulty of speaking about air
in a period where there was no notion about the nature and composition of gases, in
particular the difference between CO, and O,, discovered by Lavoisier. I only want
to underline the influence of Newton and the final idea Halles reached of air, which
had a role in the development in the theory of heath and electricity.

According to Newton, in their free state the particles of air exert upon each other
strong repulsive forces, which accounts for the air elasticity. Yet this elasticity is
not an immutable property, for he had remarked that “true permanent air arises by
fermentation or heat, from those bodies which the chymists call fixed, whose particles
adhere by a strong attraction” [58].!'® When air enters into dense bodies and becomes
fixed, its elasticity is lost because strong attractive forces overcome the forces of
repulsion between its particles [57]. For Newton the particles of fluids which do not
cohere strongly are of such a smallness as render them most susceptible of agitations
and are most easily separated and rarified into vapor. In the language of the chemists,
they are volatile, rarifying with heat, and condensing with cold. But those which are
grosser, and so less susceptible of agitation or cohere by a stronger attraction, are
not separated without a stronger heat, or perhaps not without fermentation [88].'2°

Hales found after many experiments that permanent air could be obtained by the
action of fermentation to free the air incorporated in the substances of vegetables.
This air is permanent because continue to persist, is elastic and dilated as common air.
In the end Hales could conclude that ordinary matter contains particles of a special
kind of substance, referred to as air, that under particular circumstances (for instance
by heating and fermenting) can be released as an elastic fluid. This substance should
take the place of mercury or spirit as a fifth element.

Since then air is found so manifestly to abound in almost all natural bodies; since we find it
so operative and active a principle in every chymical operation, since its constituent parts are
of so durable a nature [...], may we not with good reason adopt this now fixt, now volatile
Proteus among the chymical principles, and that a very active one, as well as acid sulphur;
notwithstanding it has hitherto been overlooked and rejected by Chymists as no way intitled
to that denomination [58].1%!

For Hales what is commonly called air, that is the atmosphere, is a “Chaos, consisting
not only of elastick, but also of unelastick air particles, which in great plenty float
in it, as well as the sulphureous, saline, water and earth particles, which are in no
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ways capable of being thrown off into a permanently elastic state, like those particles
which constitute true permanent air” [58].122

2.5.2.2 Herman Boerhaave

Herman Boherhaave (1668—1738), an older colleague of s’ Gravesande and Muss-
chenbroek, is now virtually unknown but in his own day had a great reputation.
“One of the greatest teachers of all time” and “perhaps the most celebrated physician
that ever existed, if we except Hippocrates” [111].'23 Destined to study theology he
devoted himself to medicine and chemistry. He should also have some confidence
with mathematics, because at the beginning of his career he augmented the income
by giving lessons of mathematics. He was created a foreign member of the Académie
des sciences de Paris in 1728 and a fellow of the Royal society in 1730 [77].

Boherhaave is often portrayed as a disciple of Newton and an adherent of Newto-
nian science. Moreover he would have had a great role in the diffusion of Newtonian-
ism in The Netherlands and in the rest of the Continent. Actually the situation is much
more complicated. In 1715 Boherhaave in his rectorial oration Sermo academicus de
comparando certo in physicis addressed the question of the certainty in physics and
endorsed Newton’s approach, but also distinguished himself from him. In [51]'%*
it is suggested that reference to Newton in his Sermo academicus was instrumental
to attach Descartes. Indeed references to Newton in Boherhaave’s writings, apart
from some orations, are scanty and a modern reader could hardly recognize a direct
and important role of Newton. The impression of the contemporaries was however
different and reference to Boherhaave as a strict Newtonian appeared consistent.

Even though he was mainly famous as a physicians with a medical system based
on mechanics, Boherhaave most important contribution to science was in chemistry.
He introduced here exact quantification methods by measuring temperatures and
using the precise balance made by Fahrenheit.

When a spurious edition of his chemical lectures was published in 1724 under
the title Institutiones et experimenta chemiae, he felt impelled to publish in 1732
(followed soon by a second edition in 1733) his master piece Elementa chemiae [17],
which was later translated into English and French and remained the authoritative
chemical manual for decades. Boherhaave’s treatise is remarkable for its clarity, its
systematic presentation not very common in the chemical treatises of the period.
There is a very substantial treatment of heat which influenced Black’s work on
specific and latent heat ad also influenced Lavoisier’s theory of caloric [71].%

There were two early English translation of Boherhaave’s treatise, one due to
Timoty Dallowe of 1735 [44] and another due to Peter Shaw (1694-1763) of 1741
[19]. In the following I will refer to Shaw’s translation only, which is quite faithful to
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the original. It is filled with footnotes; too much may be however. In them the editor
presented his view on Boherhaave as a strict Newtonian, expressing his personal
understanding but altering the appreciation of Boherhaave proper ideas. Regarding
the reference to Newton, it must be said that in the original Latin text they occurred
in 11 instances in the two volumes; in the English translation there were 69 instances
(footnotes included).

Probably the only part in which Newton ideas of the force at a distance reported
in the Queries are made explicit and partially accepted is in the discussion of the
menstrua, or solvents. Here Boherhaave declared that a purely mechanical action
of the solvent is not acceptable, but also active principles are needed. Boherhaave
defined a mestrum as follows: “The term is a barbarous term; and denotes a body,
which, when artificially applied to another, divides it subtly, so that the particles of
the solvent remain thoroughly intermixed among those of the solvend”. The reason
why this solvent was called a menstruum, is “because the chemists, in its application
to the solvend, first used a moderate fire, for a philosophical month, or forty days”
[19].12° But, said Boherhaave, it rarely happens that any menstruum exerts all its
dissolving power mechanically. And hence, “Sir Isaac Newton, in his researches,
has found reason, from observation, to add other necessary causes” [19].'?” They are
the actions at a distance of attraction and repulsion.

This views of a Newtonian chemistry, supported for instance in [42]'%8 and [83]
was contrasted in [72], where it is assumed than Newton’s scheme, based on a
limited number of forces possibly describable by mathematical laws, was too rigid for
Boherhaave, who like Boyle, adopted the idea of seminal principles or thread of the
warp, that is corpuscles endowed by God with a very large variety of plastic powers.
These principles “are entwined and woven together, so as to form the foundation
and support for each single body existing, growing, moving, maintaining itself and
propagating itself by fruitful generation. You realize that I allude to the seeds of
things” [18, 72].'% According to [72] the greater richness attributed to nature by
Boherhaave should be due to his Dutch Calvinism that more that Newton’s Puritanism
made Good free to do all what he wanted.

The part of the Elementa chemiae devoted to the characterization of matter appears
at first as a traditional treatment of natural philosophy of the 17th century, with the
introduction of the four elements: fire, air, water and earth, not uncommon in chem-
ical writings. However, a more careful reading reveals its peculiarity. Boherhaave’s
is an experimental chemistry treatise, and although the quantitative aspects are not
relevant, it takes as its model, at least officially, Newton’s approach to experimental-
ism.

Particularly important for the development of physical theories of the 18th century
is his conception of fire, which for Boherhaave was a substance, a very thin fluid,
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present in all bodies. The English translation of Boherhaave’s Elementa chemiae
started the chapter devoted to fire, with comments by the translator Peter Shaw:

The great and fundamental difference in respect of the nature of fire, is, whether it be orig-
inally such, form’d thus by the Creator himself at the beginning of things or whether it
be mechanically producible from other bodies, by inducing some alteration in the parti-
cles thereof. Among the modern writers, Homberg, Boherhaave, the younger Lemery and
s’Grz}ggsande maintain the former: the latter is chiefly supported by the English authors
[19].

Boherhaave at the beginning did not pronounce on the nature of fire, because “by
introducing hypotheses a priori one may fall into error’” and such a caution can never
be more necessary, according to him, than on the present occasion.

Boherhaave distinguished between vulgar and pure fire. Vulgar fire, as supported

by combustible matter is very different from pure fire, both in nature and effects. Many
errors have arose among the chemists, for want of distinguishing, with sufficient
accuracy, between these two kinds of things, which are known by the common name
of fire [19].13!

After a long list of experiments, Boerhaave removed concerns about the nature of

fire, giving some caracterization of it, after having stated that it is a body:

1.

From a careful consideration of what has been above laid down, we may perhaps
be enabled to assert divers things concerning the nature of fire. First then it appears,
that true elementary fire is corporeal, since under the name corporeal is included
any thing geometrically measurable by three lines, drawn perpendicularly to each
other from the same centre; or, as we more usually express it, an extended surface.
But whether fire have also that further property, which some of the greatest men of
the present age hold inseparable from all bodies, viz. weight or gravity, in propor-
tion to its solidity, does not so certainly appear from every way the confederation
of the whole history of fire.

The particles of fire, which have already been shewn to be corporeal, appear
further to be the smallest of all the bodies yet known: for if they be corporeal,
they must necessarily be exceedingly subtile, as they readily penetrate all, even the
densest bodies, and pervading the thickest parts thereof, shew themselves present
in every assignable part thereof.

The small particles which constitute the ultimate elements of fire, appear to be
the most solid of all bodies.

These corporeal, solid, subtile particles appear perfectly Smooth, even, and pol-
ished on their Surfaces.

From the whole history of fire we may infer its absolute simplicity, by which we
mean that condition of a body, whereby each particle of it retains the same nature
which is observed in the whole.

. The sixth property of fire is its mobility, which is so great, that we are almost

certain it never absolutely rests in any place [19].!
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A modern reader cannot probably see much novelty in Boerhaave’s description
of the properties of fire. It appears as a restatement of ancient theories, Aristotelian,
Epicurean. The novelty is seen in the fact that Boerhaave derived the properties of fire
not from metaphysical reasonings but with reference to a lengthy series of accurate
experiments. A novelty can also be found in the assertion that fire pervades all the
substances, it is weightless and extremely mobile. However no explicit reference is
made to the property of elasticity, a property that Newton associate to the aether and
Hales to the air.

Boherhaave’s conception of fire, flanked to that of air due to Hales, more or less
of the same period, offered the scholars of the 18th century two new fluids pervading
all bodies, which was the occasion for the ‘invention’ of other fluids such as caloric,
phlogiston, electric fluid and so on. These fluids represent an ontological basis, or a
reification, of the various kinds of force at distance. In [63]'33 this process is seen as
the passage from homogeneous (one kind of object) explanation of the phenomena
of nature, to inhomogeneous explanations (more objects).

2.6 The Treatises of Experimental Physics

At the beginning of the 18th century physics or physica was more or less synony-
mous of natural philosophy, even though a little bit of ambiguity remained, because
Physics was the title of Aristotle’s treatise which dealt only with one aspect of natural
philosophy, that is that of the inanimate world. Below what d’ Alembert wrote in the
Encyclopédie:

PHYSICS. This science, sometimes also called natural philosophy, is the science of the prop-
erties of natural bodies, of their phenomena and their effects, as of their different affections,
movements, &c. See &c. See Philosophy & Nature. This word comes from the Greek @001,
nature [52].134 (B.10)

The interplay between the two terms, physics and natural philosophy continued for
the whole 19th century, when the content of the matter they indicated had already
largely changed with respect to previous centuries.

The spreading of the term physics with a quite modern meaning started when the
subjects belonging to natural sciences (modern term) were excluded from courses
on natural philosophy in the universities and colleges. That is when the distinction
between the two faces of natural philosophy, general physics and particular physics
were stressed. General physics was since then simply named physics. It excluded
topics related to natural science, though maintained some parts as electricity, mag-
netism, thermology, chemistry. In any case still at the turn of the 19th century, neither
the name physics nor its nature of a well integrated scientific discipline had a clear
status.
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There were two main reasons that led to the breaking up of the unity of natural
philosophy. First the spreading of the mechanical philosophy, second that of the
experimental philosophy. Mechanical philosophy, especially in the form given to it by
Descartes, had replaced the traditional Aristotelian natural philosophy in the schools,
though not everywhere or even completely, but the teaching still remained traditional,
based on written texts. The spreading of experimental philosophy modified the form
of teaching: not only books but and mainly experiments. The discipline that used the
experimental approach to mechanics, optics, electricity, magnetism, thermology and
so on was usually referred to as experimental physics.

The first professor who used experiments in teaching, in a coherent and organized
way was the Cartesian scholar Jaques Rohault (1618-1672), who gave private lessons
about mechanical philosophy all around France [82, 106]. He held weekly Wednes-
day conferences from 1659 until his dead, by illustrating and discussing experiments
and, probably more than any other contributed to establish Cartesianism in France.
The treatise where Rohault exposed his main ideas on natural philosophy is the
Traitéde physique of 1671 [93], but the English translation with Newtonian com-
ments added by Samuel Clarke, System of natural philosophy of 1723, is much more
known [94]. The treatise was based on Cartesian philosophy, but avoided any meta-
physical reference. Differently from Descartes, Rohault held that experiments had a
theoretical role, hinting an empirical approach to knowledge. The Traitéde physique,
as well as the System of natural philosophy devoted little space to living beings.

The role of experiments in the Traité de physique had various faces. Often exper-
iments are used to validate a theory or to test compering theories, sometimes to
confirm well known result, sometimes to find new results. Note however that in his
experiments Rohault never contradicted Descartes. This is very evident where he
experienced about the impact of bodies. Here he referred to only cases for which the
Cartesian laws of motion were conform to experience, avoiding thus experiments
that would have contradicted some ‘absurds’ Descartes’s rules [94].'3°

An example of a quite trivial experiment is concerned with the explanation of the
functioning of a syringe [96].!% It is obvious, wrote Rohault, that when the end of a
syringe is open, the piston can be drawn back with a circular motion of surrounding
air. This is obvious because of the general principle that in a full world, all motion is
circular. But what if the end is closed? Either (1) the syringe has pores, and the motion
will take place, or (2) the syringe does not have pores and there will be no motion.
But the experiment says that motion does take place, thus there must be pores in the
glass of the syringe. The experiment intervenes not to allow for a choice between
alternative theories. Instead, the general principles of Cartesian theory being given,
the experiment is simply about a choice between two different instances, equally
possible, in our contingent world [93].'37 In another experiment Rohault reproduced
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what already done by Huygens to prove that rotatory motion of the subtle particles
surrounding the earth can produce the gravity [94].!38

An experiment which had not only a didactic value as the two referred above
explored a scarcely known phenomenon, concerned what today is known as capil-
larity. Rohault considered two glass plates very close to each other, immersed in a
vessel filled with water. The water between the two plates raised above the level of
the water in the vessel, the more the lesser the distance between the plates:

81. If two plain Bodies which the Water will wet, such as two pieces of clean Glass, be
put very near one another, and dipped a little way into a Vessel of Water; (I) the Air which
moves from one Side of the Vessel to the other, in order to get over the Obstacle that lies
in its éway, ought rather to pass over the Top of the two Glasses, ethan to descend into that
streight Place, which is¢ between them: So that the Water is not so much pressed ¢here as it
is in other Places, where the Air can go without bending its so much, and so it ought to rise
to a considerable Height above the Level of the Water contained in the Vessel; and thus we
see by Experience that it does. 82. And there is no doubt but that the Water would rise still
higher, if the two Pieces of Glass Were closed on both Sides, for by that means almost all
the Air which moves cross, without bending its Course, would be¢ hindred from entering in.
Or, which is the same Thing, we may take a very small Glass Tube open at both Ends, and
dip it in the Water, for then the Air cannot enter in by the Sides: so that the Water must rise
very high in such fort of Tubes, if they be very slender: And indeed I have made the Water
rise a Foot high in a GlassTube so small, éthat one could scarce get a Horse-hair into it. 83.
However, we must not conclude from hence that it ought to rife on without End in these
small Tubes; for it is easy to see, that the Water must top, when the Weight of that which is
risen, tends downwards with greater Force than the Pressure of the external Air has to thrust
it up [94].13°

The experience is close to one carried out by Hauksbee, published in the Philosophical
Transactions in the years 1711-1713 and in the Physico-mechanical experiments on
various subjects of 1709, already referred to in Sect. 1.2.5.1.

In England John Keill (1671-1721) delivered a course on Newtonian physics
using experiments at the university of Oxford from 1694 until 1709 [37]."%° But
the most influential scholar to spread experimental activity in the universities was
Willem Jacob’s Gravesande (1688—1742), professor of mathematics and astronomy
at the university of Leiden, starting from 1717, with Newton still active. He published
in Latin the treatise Physices elementa mathematica, experimentis confimiata. Sive,
introductio ad philosophiam Newtoninanam of 17201721 (herein after Physices ele-
menta mathematica, experimentis confimiata). This text was translated into English
by Desaguliers, as the Mathematical elements of natural philosophy confirmed by
experiments, or an introduction to Sir Isaac Newton’s philosophy [100] in the same
years of the publication of ’s Gravesande’s treatise.'*!

138v0l. 2, p. 94.
139v0l. 1, p. 148.
140p. 63.

141 Although the title page gives the date as 1720, the book had in fact already appeared in 1719;
even the English translation of Desaguliers had appeared in December of that year [108], footnote
17.



2.6 The Treatises of Experimental Physics 143

’s Gravesande’s masterpiece—both in Latin and in English—went through a com-
plex evolution. The first edition written specifically for students, was composed of
four books that dealt, respectively, with the body in general and the movement of
solids, with fluids, with light, and with celestial mechanics. In the second edition
(1725), mathematical proofs were added. Here as s° Gravesande presented the sec-
ond edition: “When I first intended to write these Elements, my Design was that my
Auditors shou’d be able to re’collect, with ease such things as they had heard more
largely explained and demonstrated [...] But that the second Edition might be like-
wise of service to such of my Readers as were better acquainted with Mathematics, I
annex’d the mathematical Demonstrations of all such Propositions, in the scholia to
those chapters, in which they are mention’d” [100].'*? From the third edition of 1742
on, the treatise acquired its final structure: the books were now six and embraced the
totality of natural phenomena. The first book was devoted to the body in general and
its properties (extension, solidity, divisibility and mobility), as well as to several spe-
cific physical issues (among which balance of forces, gravity, pressure). The second
book dealt with the inner forces and collision of bodies, the third discussed fluids,
the fourth air and fire, the fifth light, the sixth the system of the world. Table 2.4
shows the entries of ’s Gravesande-Desaguilers’ treatise in its final version, into two
volumes.

If a modern reader leafs through’s Gravesande’s treatise, he does not immediately
think that it is a text from the early 18th century; in many respects it could be taken
for a modern elementary textbook of physics, in particular in optics and mechanics.
Going forward, in particular starting from Chap. 1 of Book II (more or 1/3 of the
first volume), the reader realizes that things are a little different; the main difficulty
encountered is the way in which’s Gravesande treated force and its measure. Before
Book II, the modern reader thinks he is faced with a text largely inspired by Newton’s
ideas; here the use of force is not precise; the prevailing term are power and pressure.
From Book II onwards, the impression changes and a certain bewilderment inter-
venes. Said in modern terms while in the first chapters the action of a force seems to
be given by the product the force by time, subsequently the action is defined as the
product of the force by displacement (that is a work in modern term), which leads
to the measure of the action of force as the product of mass by the square of speed
(mv?). Thus the readers sees that in the mechanics of ’s Gravesande, notwithstanding
the label Newton’s philosophy in the title, there is a strong injection of the ideas of
Leibniz and Johann Bernoulli [112].

The following quotation from the second edition of Physices elementa mathemat-
ica, experimentis confimiata, helps to clarify’s Gravesande’s view:

‘Altho’ in many Things relating to the fore-mentioned Theories, I differ in my Opinion
from SIR ISAAC NEWTON, yet I made no scruple to keep the title of an Introduction to
the Newtonian Philosophy, and to prefix it to the second Edition [...]. He only, who in
Physics reasons from Phenomena, rejecting all feign’d Hypotheses, and pursues this Method

142, X,
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Table 2.4 Table of contents of Mathematical elements of natural philosophy confirmed by exper-
iments, or an introduction to Sir Isaac Newton’s philosophy [100], vol. 1, pp. LVII-LXIII

Vol. 1

Book I Part I Of body in general
Book I Part 11 Of the actions of powers
Book I Part I1I Concerning motions, chang’d by the action of powers
Book II Part I Of innate forces
Book II Part II Of the simple congress of bodies, direct and oblique
Book IT Part I1I Of compounded congress or collision
Book IT Partl V Of the laws of elasticity
Book III Part I Of the gravity and pressure of fluids
Book III Part IT Of the motion of fluids
Book ITI Part I1I Of the actions and resistances of fluids in motion
Book III Part IV Of bodies mov’d in fluids
Vol. 1T
Book IV Part I Of air and other elastick fluids
Book IV Part I Of fire
Book V Part I Of the motion and inflexion of light
Book V Part IT (No title)
Book V Part ITI Of the reflection of light
Book V Part IV Of opacity and colours
Book VI Part I Of the system of the world
Book VI Part 11 The physical causes of the celestial motions

inviolably to the best of his Power, endeavours to follow the Steps of Sir Isaac Newton, and
very justly declares that he is a NEWTONIAN Philosopher [100].143

’s Gravesande tried to justify his measure of forces with a series of experiments, some
of the most interesting concern the measurement of the effect produced by bodies of
spherical shape dropped on a layer of clay. The effect, at least in the 1742 edition,
is measured by the volume of the imprinting left in the clay. Experiments show that
this effect is proportional to the product of the weight of the sphere by the height
from which it is dropped and therefore to mv?; for the axiom action = effect = force,
force should thus be measured by the square of speed [100].'4*

The Physices elementa mathematica, experimentis confimiata was replaced only
after many years by Pieter Musschenbroek’s (1692-1761) Introductio ad philosophia
naturalem, posthumously published in 1762, that besides topics of mechanics and
optics, introduced electricity and magnetism also.

Figure 2.4 shows the apparatus’s Gravesande prepared to prove that the motion
of a heavy body, given a horizontal initial velocity, is a parabola. The description of

143p’ XI
144pp. 197-208.
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Fig. 2.4 Parabolic motion of a heavy body [100], vol. 1, p. 128, plate XIX

the experience, compared with those referred to by Galileo a century before [40], is
much more precise and more simple and convincing.
The Ball is let down from B, having roll’d to C, is there horizontally projected, and falls at
F, and in the mean time passes thro’ the Rings O, O, O, O. What has been said of the Curve
run thro’ by a Body horizontally projected, belongs also to any Projection whatever. Let a
Body be projected along AE; and let ab, bc, cd, de be equal; the Body will pass along the
Curve AFGHI so, that the vertical Lines BF, CG, DH, EI, will be to one another, as 1, 4, 9
and 16; in which Case also the Curve is call’d a Parabola [100].143

In France the tradition of experimental physics was pursed by Jean Antoine Nollet
(1700-1779), on the footprints of ’s Gravesande and Desaguiler. Nollet wrote a
successful six volume treatise, the Lecons de physique of 1743—1748 [89], concerned
with experiments on mechanics, electricity and so on. Nollet had the great credit of
substituting experimental physics to the speculative Cartesian physics in France. But
his disaffected and uncritical neglecting of mathematics, common however to many
experimental physicists of the time, contributed to lead physics into a dead end from
which it will only come out at the end of the 18th century.

Below the description of a simple experiment about mechanics, carried on with
a quite complex apparatus, shown in Fig. 2.5, to prove that in vacuum all bodies
fall with the same speed, independently of their weight. Let consider a frame which
contains a glass tube which has a length of six feet (just less than 2 m) and a diameter
two and half inches, wider and open at two extremes, AB, as shown in the Fig. 2 of
Fig.2.6. A copper plate is attached to the top by means of a ring to which is fastened
the hatch of a wheel formed by six spokes which turns vertically as shown in the
Figs.3 and 4. Before placing the piece of Fig.4 on the glass pipe, it is necessary

45yol. 1, p. 124.
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Fig. 2.5 Fall of heavy bodies in the vacuum [89], tome II, p. 154, lecon VI, platel. Reproduced
with the permission of ETH-Bibliothek Ziirich, Alte und Seltene Drucke
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to be careful by putting on each radius pairs of small bodies with volumes that are
nearly similar, but different by weight. For example, a piece of lead and a feather
may be placed in the first pair; in the second a piece of copper and a small sheet
of paper, etc. When the air in the pipe has been thinned as much as possible with
the pump, by pulling the rope L and M wheel F two bodies are made to drop down.
Having done its work, it is passed another stroke. The two bodies of each couple fall
at the same time and there is no visible difference in the duration of their fall. But if
one repeats, added Nollet, the experiment, leaving the tube full of air in its natural
state, those who have the most weight fall faster, the slowness is more sensitive as its
mass is less. Thus wood falls more slowly than iron, but its slowness is not so great
as that of paper and feather [89].'4¢ The experimental apparatus prepared by Nollet
lended itself to perform experiments, at least six falls of couples of heavy body with
different weights, in an operationally simple way. It was thus particularly suitable
for salons presentations.

Courses in experimental physics, possibly still held under the title of natural phi-
losophy, gradually replaced the traditional ones, both Aristotelian and Cartesian, in
universities and colleges. In the newly established universities, and these were many
in the 18th century England, the new courses in experimental philosophy were taught
by specialists, who had more a mathematical training, broad meaning, instead by
philosophers of Aristotelian mould, even though the skill required to understand such
courses was not very heigh. Mathematics still remained the cinderella in the under-
graduate curriculum in the universities. At Oxford, David Gregory (1661-1708), and
after him some professors of astronomy, provided injection of mathematics, but they
had only a few auditors [37].147 Still in 1750 in Cambridge, Newton’s own univer-
sity, hardly a student had mathematical skill to demonstrate the propositions of the
Principia. As the 18th century progressed, as a consequence of the renovation of the
courses in natural philosophy, the courses of mathematics that since then had been
the places were the experimental philosophers had found room to teach their physics,
were restructured and were devoted to the teaching of pure mathematics only.

In France the situation was different. The traditional courses in natural philosophy
were not replaced by courses of experimental physics. They however changed in
courses where mathematics had a great role, in the wake of the traditional mixed
mathematics. This kind of teaching was dominant in the second half of the 18th
century. As a result, the experimental physics found little place in the courses of
natural philosophy, at least in the colleges, and were often taught outside the main
curriculum, in the vacation [37].148

In northern Italy a chair in experimental physics, endowed with a cabinet of
physics, seems to have been established in Pavia in 1730. The next in Padua in
1738. Other neighboring universities gradually followed—Pisa (1746), Turin (1748),
Modena (1760) and Parma (1770)—whereas in 1787 the facilities at Pavia, where the
chair was held from 1778 by the young experimenter, Alessandro Volta (1745-1827),

146Tome 11, pp. 128-131.
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were improved with the opening of a purpose-built physics theater [37].'*° In Padua
the new course was entrusted to Giovanni Poleni (1683-1761), a professor who had
long shown an interest in providing visual tuition in the natural sciences [45]. At
that date the Paduan laboratory was purportedly the best equipped in Europe. In the
Institutionum philosophiae experimentalis specimen of 1741 [91], a short booklet,
written in the occasion of the opening of the cabinet of physics, Poleni sustained
that experimental physics should be of support both to physics and mathematics.
The reading of Poleni’s booklet could be still useful for historians because of the
huge amount of citations of works in experimental physics, also of today relatively
unknown authors.

Everywhere the emergence of experimental physics on the one hand, and on the
other hand the consolidation of an approach mathematically founded, especially of
mechanics, shaped a dichotomy, both in the teaching and research, in physics. The
experimental physics was characterized by a low level of theorization and mathemat-
ics used; the theoretical physics, in the form of mixed mathematics, to the contrary
was characterized by a strong theoretical connotation and led to a massive use of
mathematics. There were social barriers to overcome, because experimentalist and
mathematicians belonged to different communities that had little to share with each
other [64]."°° Gradually however experimentalists started to carry out quantitative
studies and consequently called for the help of mathematics to interpreter the results
they obtained. A fundamental role, both from a theoretical and social point of view
to break the division between the two approaches to physics, was the foundation of
the Ecole polytechnique in the revolutionary France, at the end of the 18th century.

The other part of the traditional teaching of natural philosophy, that is natural
sciences, biology and chemistry were generally delivered in the medical faculties.
This in part could be explained by the fact that these sciences, were descriptive in
nature, like botany which already had its place in the teaching of medicine. There were
also similarity with anatomy, where reference to the parts of bodies resembled the
reference to parts of animals, stone, etc. And chemistry was useful to prepare drugs.
As the new courses in the different branches were established, they were occupied
by specialist professors and working scientists. However the connection between
teaching and research was still weak and many scientists were not professors.

As a final comment it can be said that the new science of physics was a creation
of the university world. Left to the new scientific academies, physics might have
remained associated with traditional natural philosophy and may be disappeared.
When the Académie des sciences de Paris was organized into sections in 1699, the
new sciences were divided into six categories: three mathematical (geometry, astron-
omy, and mechanics) and three medical (anatomy, chemistry, and botany). Physics
was not among them. Nearly a century later in 1795, when the academy was reconsti-
tuted as the first section of the Institute, the new classification of scientific knowledge

1495, 64.
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mirrored the developments in the universities. Physics constituted a separate section
and a clear distinction was made between the mathematical sciences to which physics
was considered a part and the experimental or classificatory sciences [37].!>!

2.7 The Technology of Scientific Instruments

Spreading of experimental physics determined a virtuous cycle with the technol-
ogy of physical models and measuring instruments. On the one hand the request of
these objects by the professional researchers and the itinerant lecturers determined
the stabilization of a crafted profession, especially in London, which could offer
increasingly reliable instruments. On the other hand the possibility of using these
instruments enlarged the front of physical research especially in the emerging fields
of electricity, magnetism, chemistry, terminology and meteorology.

A clarification needs to be made, the term scientific instruments even though quite
diffused today, made no sense in the 18th century. A part from that the same words
science and scientists were not in use yet, it also obscures the production and use
of instruments for a wide range of activities that would not be considered scientific
today. Instruments were employed in many everyday, professional and leisure activ-
ities, rather than solely being scientific apparatuses. Early modern instruments were
therefore not classed as scientific, but as optical, mathematical, or philosophical. Or
even more narrowly for use in individual subjects such as astronomy and natural
philosophy or in surveying and navigation. Most mathematical instruments such as
drawing and geometric tools, sextants, and globes had a graduated scale for perform-
ing calculations or for measuring angles and distances; the use of verniers, already
known since the 16th century, was providential. Optical instruments employed lenses
or mirrors and included microscopes, telescopes, eyeglasses. Philosophical instru-
ments were used in the demonstration or investigation of natural phenomena, includ-
ing magnetism, electricity and the attributes of air [8].

Improving instruments meant to improve the easy of use, the endurance and espe-
cially the precision (the figures one could read) and the exactness (that is the proximity
to the unknown ‘exact value’). For what precision is concerned, because the values of
any measurements required reading a graduate scale, its increase required the possi-
bility to divide the scales in alway smaller portion. For what exactness is concerned,
the situation was more complex. It was of course well known that many factors
disturbed the measurement process: the weather, in particular the temperature, the
physiology of human body, the eye in particular, the variation of uncontrolled bound-
ary conditions, the accuracy of crafting. To improve an instrument both precision and
exactness should be increased; the increase in precision only became embarrassing,
because the more precise the measures the easier they where different from each
other, and thus doubts on the exactness arose.

Blpp. 83-84.
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A field where the problem of the accuracy of measurements was present since
the antiquity was astronomy. By the middle of the 18th century at least one statisti-
cal technique was in frequent use here: the arithmetic mean among a collection of
measurements made under essentially the same conditions. Astronomers averaged
measurements they considered to be equivalent, observations they felt were of equal
intrinsic accuracy because the measurements had been made by the same observer,
at the same time, in the same place, with the same instrument, and so forth. The
problem appeared in a different way when previsional models started to be used, in
the 18th century based on Newton’s universal gravitation law. These models gave the
position of a celestial body or a point in the space in different instant of times, with
respect to a limited amount of parameters. The evaluation of these parameters by
means of the direct measure of positions is called indirect measurement; it is usually
reached by introducing a redundant system of equations (that is more equations than
unknowns), that was not easy to solve.

The idea of experimental errors and the application of statistical procedures were
developments of the 19th rather than the 18th century. In this latter century there was
the spread idea that using a good enough instrument the experimental errors could
be reduced to a minimum, close to zero, and that in case of errors the fault fell on the
experimenter who was not very accurate and thus guilty. Attention was thus focused
on the search for always more precise instruments. Moreover, in the 18th century
the experimenters in reporting quantitative data often, in the indirect measurements,
uncritically presented long strings of digits when in fact these were merely products
of their numerical computations starting from direct measurements possibly of not
very high precision (and exactness). Sometimes they announced general conclusions
on the basis of astonishingly small bodies of empirical data. Coulomb, for example,
in his determination of the law of force between electric charges, presented only
three sets of experimental data, see Sect.4.3.9.2, which did not even fit his proposed
inverse-square law very well [64].

Among the first to suggest a systematic solution for indirect measurements were
the ‘mathematician’ Leonhard Euler and the astronomer Tobias Mayer (1723-1762).
Over a period of two years Mayer, made numerous observations useful to evaluate
the characteristic parameters (3) of the orbit of the moon, whose number was much
lower than the number of measurements (27) he made of moon positions. From a
mathematical point of view his problem was to find the solution of a system of twenty
seven linear equations with three unknown only. Using an a hoc method he made
use of all the 27 measurements.

Leonhard Euler was concerning instead in the measurements of the three body
system Jupiter, Saturn and sun. The parameters to be evaluated were six and the mea-
surements available were seventy five sets composed each of seven values (latitudes,
longitudes and so on). He had thus to solve a system of seventy five equations with
six unknowns. Differently from Mayer, Euler worked with small sets of equations
(usually as many as the unknowns) and only accepted solutions when different small
sets of equations yielded essentially the same results [110].!2
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Only at the turn of the 19th century a consistent procedure was found: the least
squares method. The first clear and concise exposition of this method was published
by Adrien Marie Legendre (1752-1833) in 1805 [75].!3 In 1809 Carl Friedrich
Gauss (1777-1855) published his own method of calculating the orbits of celestial
bodies. In that work he claimed to have been in possession of the method of least
squares since 1795. This naturally led to a priority dispute with Legendre [109].

The problem of an accurate time measurement, very important both from the point
of view of pure science and practical applications, was solved in a satisfactory way
in the 18th century. The greatest merit in this field is due to the English horologist
John Harrison (1693-1776) who in 1735 succeeded in making a satisfactory marine
chronometer (controlled by two rockers oscillating in opposite sense, capable of
counterbalancing the movements of the ship) to be used for the determination of
longitude.

Another area where remarkable progress was made is that of optical devices: just
remember that in 1757 the English astronomer and optician John Dollond (1706—
1761) managed to construct an achromatic objective, which represented a milestone
in this field of technology. The achromatism had already been made object a few
years before of extensive studies by Euler that defended against the opinion of New-
ton the possibility of constructing achromatic lenses, but he did not apply his ideas.
Some important improvements were also introduced, in the construction of the micro-
scopes, by the German Ulrich Theodor Aepinus (1724-1802) and by the Dutch officer
Francois Gerardzoon Beeldsnyder (1755-1808). Also the manufacture of reflecting
telescopes, already begun in the 17th century underwent important improvements
especially toward the end of the 18th century by the great astronomer William Her-
schel (1758-1822) who made his famous astronomical discoveries precisely with a
device of this type.

Turning from optics to thermology, it should be remembered that precisely at
the 18th century dated the introduction of the thermometric scales still used today,
due to the Dutch Gabriel Daniel Fahrenheit (1686—1736), the French René Antoine
Ferchault de Réaumur (1683-1757) and the Swedish Anders Celsius (1701-1744).
This introduction was made possible by the discovery that the water boiling tem-
perature is constant if the atmospheric pressure remains constant and the freezing
point is substantially invariant with atmospheric pressure. Very advantageous was
the employment—operated for the first time in a systematic form by Fahrenheit—of
mercury in place of alcohol as thermometric liquid; it allowed the construction of
smaller and more manageable thermometers, with which it was possible to deter-
mine with greater accuracy than before the course of the heating. Among the many
other devices designed for the experimental study of thermology, to remember the
first calorimeter built around 1750 by Joseph Black (1728-1799), professor at the
University of Glasgow, to measure the amount of heat absorbed in the changes in
state, and dilatometers built to determine the dilatations of the metal rods to be used
in the construction of watches.

153The least squares method is referred to in a very clear way in a short appendix with the title: Sur
la méthode de moindres quarrées, pp. 72-25.
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John Harrison had also the merit of having built the first precision scale. Other
scales even more sensitive and accurate were built by the French mechanical engineer
Pierre Bernard Megnie (1751-1807) to order by Lavoisier . They will constitute the
fundamental instrument with which Lavoisier operated his revolutionary discoveries
[56].154

The development of instruments of measure needed both a manual and a theoreti-
cal capacity. Many of the manufacturers that introduced new ideas were ‘physicists’
or in any case had good knowledge of physics. This is an example of a synthesis
between technology and theoretical science. This is also true for the instruments
to be used in electricity and magnetism, where the problem at the beginning was
to decide which magnitudes should be measured. For instance it would have been
impossible to translate the qualitative circulating-vortex theory of magnetism that
was widely accepted during the first half of the eighteenth century into a quantitative
theory and to decide which were its representative magnitudes, since the then avail-
able mathematical hydrodynamics would not have been up to the task. Franklin’s
theory of electricity, despite its success in rendering the Leyden experiment compre-
hensible, was insufficiently coherent to sustain quantification. Only when the basic
principles of electricity had been cleaned up and rendered mutually consistent by
Aepinus, sometimes in ways far removed from Franklin’s own conceptions, did elec-
tricity become a candidate for quantitative treatment and measurements. Yet even
then, because Aepinus could not prove that the law of force between charges was
inverse-square in form, he failed to advance beyond a semi-mathematical formu-
lation. Henry Cavendish (1731-1810) in 1771 and Charles Augustin de Coulomb
(1736-1806) in the 1780 took the process somewhat further, but the development
of a fully quantitative theory of electricity had to await the work of Siméon Denis
Poisson (1781-1840) in the early years of the 19th century [64].!3

2.8 Quotations

B.1 Mr. Boyle est mort, comme vous seaurez déja sans doute. Il paroit assez étrange
qu’il n’ait rien basti sur tant d’expériences dont ses livres sont pleins; mais la
chose est difficile, et je ne I’ay jamais cru capable d’une aussi grande applica-
tion qu’il faut pour establir des principes vraisemblables.

B.2 In questo mentre con la sagacita del suo ingegno invento quella semplicissima
e regolata misura del tempo per mezzo del pendulo, non prima da alcun altro
avvertita, pigliando occasione d’osservarla dal moto d’una lampada, mentre
era un giorno nel Duomo di Pisa; e facendone esperienze esattissime, si accerto
dell’egualitadelle sue vibrazioni, e per allora sovvennegli di adattarla all’ uso
della medicina per la misura della frequenza de’ polsi, con stupore e diletto
de’ medici di que’ tempi e come pure oggi si pratica volgarmente: della quale
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B.3

B4

B.5

invenzione si valse poi in varie esperienze e misure di tempi e moti, e fu
il primo che I’applicasse alle osservazioni celesti, con incredibile acquisto
nell’astronomia e geografia.

[...]

In questo tempo, parendogli d’apprendere ch’ all’investigazione delli effetti
naturali necessariamente si richiedesse una vera cognizione della natura del
moto, stante quel filosofico e vulgato assioma ignorato motu ignoratur natura,
tutto si diede alia contemplazione di quello: et allora, con gran sconcerto di
tutti i filosofi, furono da esso convinte di falsita, per mezzo d’ esperienze e con
salde dimostrazioni e discorsi, moltissime conclusioni dell’istesso Aristotele
intorno alia materia del moto, sin a quel tempo state tenute per chiarissime et
indubitabili; come, tra 1’altre, che le velocitade’ mobili dell’istessa materia,
disegualmente gravi, movendosi per un istesso mezzo, non conservano altri-
menti la proporzione delle gravita loro, assegnatagli da Aristotele, anzi che si
muovon tutti con pari velocita, dimostrando ciocon replicate esperienze, fatte
dall’altezza del Campanile di Pisa con I’intervento delli altri lettori e filosofi
e di tutta la scolaresca.

Hebbe pochissima quantitadi libri, e lo studio suo dependea dalla continua
osservazione, con dedurre da tutte le cose che vedea, udiva o toccava, argo-
mento di filosofare; e diceva egli ch’il libro nel quale si dovea studiare era
quello della natura, che sta aperto per tutti.

Or questo ¢ appunto quello che I’anima va tentando nell’investigazione delle
naturali cose; e a ci0 bisogna confessare che non v’ha miglior mano di quella
ella geometria, la quale dando alla bella prima nel vero, ne libera in un subito
da ogni altro pit incerto e faticoso rintracciamento. 1l fatto &, ch’ella ci con-
duce un pezzo innanzi nel cammino delle filosofiche speculazioni, ma poi ella
ci abbandona in sul bello: non perchela geometria non cammini spazj infiniti,
e tutta non trascorra I’universita dell’opere della natura, secondo che tutte
obbediscono alle matematiche leggi onde 1’eterno Intendimento con liberis-
simo consiglio le governa e le tempera, ma percheé noi di questa si lunga e
si spaziosa via per anche non tenghiamo dietro che pochi passi. Or quivi ove
non ci ¢ piu lecito metter piede innanzi, non vi ha cui meglio rivolgersi che
alla fede dell’esperienza; la quale non altrimenti di chi var