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Introduction 

Pierre Duhem: Life and Works 

Pierre Maurice Marie Duhem was born in Paris on June 9, 1861. His 

father, Pierre-Joseph Duhem, was of Belgian origin, the oldest of eight 

children residing in the northern industrial city of Roubaix. After the 

death of his parents, Pierre-Joseph Duhem abandoned his studies to pro- 

vide for the family, but it is said that, later in life, he was always seen with 

the work of a Roman author under his arm. Pierre Duhem’s mother, Marie 

Fabre, was descended on her mother’s side from the Hubault-Delormes, 

who had settled in Paris during the seventeenth century. Her father’s fam- 

ily had originally come from the southern town of Cabesprine, near Car- 

casonne, and it was there, in a house they still maintained, that Pierre 

Duhem died on September 14, 1916. 

Duhem was well educated. Starting at the age of seven, he was given 

private lessons in a group of four students, in grammar, arithmetic, Latin, 

and catechism. Those were difficult years in Paris, with the Franco-Prus- 

sian War raging until the armistice in February 1871 and the Paris Com- 

mune following in March. The fall of 1872 brought personal tragedies to 

the Duhem family: A diphtheria epidemic killed Duhem’s younger sister 

Antoinette and his recently born brother Jean, leaving only Pierre and 

Antoinette’s twin sister Marie. Duhem continued his education as a demi- 

pensionnaire (or external student) at a Catholic boarding school, the Col- 

lége Stanislas in Paris, in 1872 and for the next ten years. In 1882 he 

entered a prestigious secular institution of higher education, the Ecole 

Normale Supérieure. He was first in his class when he entered the Ecole 

Vii 
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Normale, and he remained first throughout his five years there. He 

received a license in mathematics and another in physics at the end of the 

academic year 1883-1884. In his final year, Duhem was offered a position 

in Louis Pasteur’s laboratory as a chemist-bacteriologist, though he 

refused it because of his desire to work in theoretical physics. 

One of the turning points in Duhem’s career occurred during the aca- 

demic year 1884-1885. Duhem presented a thesis in physics for his doc- 

torate. The thesis, Le Potentiel thermodynamique et ses applications a la 

mécanique chimique et a l'étude des phénomenes électriques, was rejected by a 

panel of three scholars. The speculation was that the panel, chaired by 

Gabriel Lipmann, made a political decision. A version of the thesis was 

published the following year by the prestigious French scientific publisher 

Hermann. Duhem defended another thesis in applied mathematics, Sur 

Paimantation par influence, and received his doctorate in October 1888. 

It would be difficult to fully understand these events without delving 

deeply into the social, cultural, and intellectual context of France at the 

end of the nineteenth century. At a time when French scientists were pre- 

dominantly liberal and antireligious, Duhem’s conservative political and 

religious views were certainly significant factors. The structure of the 

French scientific community was also surely a force in the affair. The spe- 

cific motives generally cited in the case, however, were Lipmann’s “jeal- 

ousy” and the fact that Duhem’s thesis refuted the cherished theses of 

Marcelin Berthelot, a friend of Lipmann, and a power in the French sci- 

entific establishment. It was reported that Berthelot had said: “This young 

man will never teach in Paris.” Berthelot’s edict came true. Duhem spent 

his academic career in provincial universities far from Paris, the center of 

academic life in France. His teaching positions brought him from Lille to 

Rennes and to Bordeaux, but not to Paris. 

Duhem assumed the position of Maitre de Conférences at the Faculté 

des Sciences at Lille in October 1887. There he met Adéle Chayet, whom 
he married in October 1890. Their daughter, Héléne, was born in Septem- 
ber 1891. Tragically, Adéle died in childbirth the following summer. The 
newborn child also did not survive. Duhem did not remarry. He left the 
upbringing of Hélene to his mother, who lived with him after Pierre- 
Joseph died. The situation in Lille soured for Duhem. Never one to back 
off from a dispute, he fought with the dean of his faculty over a minor mis- 
understanding. The misunderstanding escalated to enormous propor- 
tions. Duhem requested and received a change of position at the end of the 
academic year 1893. 
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During these formative years, Duhem worked very hard on his science. 

He published six books: a two-volume work on hydrodynamics, elasticity, 

and acoustics; his lectures on electricity and magnetism, in three volumes; 

and an introduction to physical chemistry. He also began a series of articles 

describing his philosophy of science (see chapters 1 and 2 of this volume). 

In October 1893, Duhem left Lille for Rennes. He remained there for 

only one year, leaving for Bordeaux in October 1894. Duhem was hoping 

for a position in Paris. His friends advised him to accept the position in 

Bordeaux, saying improbably: “The road to Paris goes through Bor- 

deaux.” But the road to Paris got longer and longer. Duhem remained in 

Bordeaux until the end of his life, a little more than twenty years later. 

The prodigious quantity and quality of Duhem’s publications in many 

fields of science, the philosophy of science, and the history of science did 

not change his situation. Very late in life, he was approached about the 

newly created chair in the History of Science at the Collége de France, but 

he refused to be a candidate for it. The proud and stubborn Duhem told 

his daughter: “I am a theoretical physicist. Either I will teach theoretical 

physics at Paris or else I will not go there.” 

Duhem’s productivity during the Bordeaux years was incredible. His 

curriculum vitae, written in 1914 on the occasion of his nomination to the 

Académie des Sciences, lists more than three hundred fifty items, about 

fifty of which were books, including such masterpieces as The Aim and 

Structure of Physical Theory and To Save the Phenomena (see chapter 6 of 

this volume). The main difficulty in interpreting Duhem’s work is not its 

quantity, but Duhem’s habit of using earlier work in new contexts, some- 

times changing it in subtle ways. This practice has passed unnoticed by 

many earlier readers and is one of the main motives for presenting our new 

translations. 

Duhem’s early views reflected late-nineteenth-century positivism. 

Physical theory was no more than an aid to memory,’ summarizing and 

classifying facts by providing a symbolic representation of them, and quite 

different from common sense and metaphysics, especially the mechanical 

theories fashionable at the time (see chapter 1). Duhem’s position was 

immediately attacked by a Catholic engineer, Eugéne Vicaire, on the 

ground that separating physics from metaphysics implied that physics was 

the only real knowledge (another positivistic thesis) and thus conceded too 

much to skepticism. Vicaire had raised an important point for turn-of-the- 

1. For an exposition and criticism of this positivistic view, see Duhem’s review 

of Mach’s Mechanics, chapter 5. 
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century Catholics, because the Church was officially committed to neo- 

Thomism, with its generally rationalist apologetics.” In reply, Duhem 

adopted a quasi-Thomist position: Metaphysics is a real form of knowl- 

edge, more excellent than physics but separated from it in that it has dif- 

ferent objects and is governed by different methods (see chapter 2). This 

immediate response fitted well into the framework of neo-Thomism, 

though it did not go as far as to reunite the disparate forms of knowledge 

into an overall system of subaltern and subalternated sciences. Duhem’s 

mature position was somewhat different and elaborated two key ideas: the 

underdetermination of theory by fact and the natural classification as the 

end point of physical theory (see chapters 3 and 4). The first of these is 

well known, but the importance of the second in Duhem’s thought has not 

been sufficiently appreciated. 

The natural classification will ultimately provide the true ontology of 

nature when it appears at the historical end point of physical theory. The 

degree to which any existing theory reflects the natural classification is not 

to be judged by the mind’s logical faculties. It is not, for example, a ques- 

tion of whether a theory can be reduced to some preferred ontology. At 

present, we lack scientific access to the preferred ontology. Instead, the 

judgment is to be made by the intuitive mental faculty that Blaise Pascal 

had called bon sens. The doctrine of the natural classification, with its cor- 

relative concepts of the geometrical, or logical, mind and the intuitive 

mind, played an important role in Duhem's mature system, from the 4im 

and Structure of Physical Theory to German Science (see chapter 12). 

In his own eyes, Duhem was primarily a physicist.’ Like Ernst Mach, 

Wilhelm Ostwald, and others, he defended the position called energetics 
or energeticism, believing that generalized thermodynamics provided the 
foundation for all of physics and chemistry (see the conclusion of chapter 
5). Duhem spent his whole scientific life advancing energetics, from his 
failed dissertation in physics to his mature treatise Traité d’énergétique 
(1911). Thus, Duhem’s work in the history and philosophy of science can 
be viewed—and has been viewed*—as an attempt to defend the aims and 
methods of energetics. More recently, Niall Martin and others have 

2. See R.N.D. Martin, Pierre Duhem: Philosophy and History in the Work of a 
Believing Physicist (La Salle, Ill.: Open Court, 1991), chap. 2. 

3. His scientific legacy itteludes the Gibbs-Duhem and Duhem-Margules 
equations. 

4. See A. Lowinger, The Methodology of Pierre Duhem (New York: Columbia 
University Press, 1941). 
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argued for the importance of religious motives in Duhem’s work (see espe- 

cially chapter 7),° and it has become clear in the course of Duhem’s writ- 

ings that he expected the end point of science, the natural classification, to 

harmonize with the teachings of the Catholic Church. 

Whatever Duhem’s initial motivation, his historical and philosophical 

work took on a life of its own, ranging over such diverse topics as the rela- 

tions between the history of science and the philosophy of science, the 

nature of conceptual change, the historical structure of scientific knowl- 

edge, and the relations between science and religion. In keeping with ener- 

geticism, Duhem was anti-atomist (or anti-Cartesian; see chapter 10). 

Duhem’s rejection of atomism was based on his instrumentalism (or 

fictionalism), but it must be said immediately that instrumentalism was 

not the end of the matter for Duhem. He thought there was an ultimate 

truth—corresponding to the natural classification—and that some sci- 

ences (particularly thermodynamics) were steps toward it. He proposed 

what would today be called an instrumentalist account, not as an account 

of the ultimate nature of science, but as a means to combat premature 

claims to ultimate truth and to exclude the divisive influence of metaphys- 

ics from science. 

In Duhem’s account, physical theories are not ultimate explanations 

but representations. They do not reveal the true nature of matter but give 

general rules of which laws are particular cases. Theoretical propositions 

are not true or false but “convenient” or “inconvenient.” Duhem’s posi- 

tion on physical theories is therefore inconsistent with atomism, which 

refers the explanation of observable phenomena to imperceptible bodies 

and their motions. In the contemporary debates about light and magne- 

tism, he rejected both James Clerk Maxwell’s work, with its universal sub- 

stratum, and Hendrik Lorentz’s electron theory, which combined the 

worst features of atomism with Maxwell’s position. Duhem strongly 

attacked the use of models by scientists such as Michael Faraday and 

Maxwell. He believed that the excessive use of models would lead to dis- 

continuity with past theories and illicit claims to ontological novelty and 

would, by reintroducing metaphysics into physics, destroy the prevailing 

consensus.° 

5. R.N.D. Martin, op. cit. 

6. See Roger Ariew and Peter Barker, “Duhem on Maxwell: A Case-Study in 

the Interrelations of History of Science and Philosophy of Science,” Philosophy of 

Science Association Volume 1 (1986): 145-156. 
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Duhem’s rejection of atomism was coupled with a critique of inductiv- 

ism, the doctrine that the only physical principles are general laws known 

through induction, based on the observation of facts. His critique forms a 

series of theses collectively known as the Duhem thesis:’ Experiments in 

physics are observations of phenomena accompanied by interpretations; 

physicists therefore do not submit single hypotheses but whole groups of 

hypotheses to the control of experimentation; thus, experimental evidence 

alone cannot conclusively falsify isolated hypotheses. For similar reasons, 

Duhem rejected the possibility of crucial experiments, understood as ways 

of deciding between rival theories that provide parallel explanations of 

large classes of phenomena, on the basis of a single fact. He argued that 

crucial experiments resemble false dilemmas: Hypotheses in physics do 

not come in pairs, so crucial experiments cannot transform one of the two 

hypotheses at stake into a demonstrated truth. 

Duhem as a philosopher weaves together two large patchworks of the- 

ses: (a) the autonomy of physics from metaphysics, entailing fictionalism 

or instrumentalism, the rejection of atomism and Cartesianism, and his 

hostility toward models; and (b) the Duhem thesis—that is, nonsepara- 

bility and nonfalsifiability, entailing the critique of the Newtonian 

method, or anti-inductivism, and the rejection of crucial experiments. 

Both sets of theses are intended as historically grounded claims about the 

workings of science. Both sets are important in understanding Duhem’s 

thought. The first set of theses effectively demarcates physical theory as 

an autonomous domain apart from other domains—that is, it rejects any 

external method—and the second set then operates on the internal work- 

ings of physical theory. Having set apart physical theory, Duhem asserts 

that no internal method leads inexorably to the truth. 

Duhem’s historico-philosophical works were discussed by the founders 

of the twentieth-century philosophy of science, including Mach, Henri 
Poincaré, the members of the Vienna Circle, and Karl Popper. A revival of 
interest in Duhem’s philosophy began with W. V. Quine’s reference in 
1953 to the Duhem thesis. As a result, Duhem’s philosophical works were 
translated into English as The Aim and Structure of Physical Theory (1954) 
and To Save the Phenomena (1969). By contrast, little of Duhem’s exten- 
sive historical corpus—Etudes sur Léonard de Vinci, 3 vols. (1906-1913), 

7. On the various things philosophers have attributed to Duhem under this 
name, and their relation to what Duhem actually said, see Roger Ariew, “The 
Duhem Thesis,” British Journal for the Philosophy of Science 35 (1984): 313-325. 
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and Le Systéme du monde, 10 vols. (1913-1959), for example—has been 

translated. 

In his more properly historical studies, Duhem argued that there are no 

abrupt discontinuities between medieval and early modern science (the so- 

called continuity thesis), that religion played a positive role in the devel- 

opment of science in the Latin West (see chapter 7), and that the history 

of physics could be seen as a cumulative whole, defining the direction in 

which progress could be expected. 

It was while writing The Origins of Statics in 1904 that Duhem came 

across an unusual reference to a then-unknown medieval thinker, Jorda- 

nus de Nemore. His pursuit of this reference, and the research to which it 

led, is widely acknowledged to have created the field of the history of 

medieval science. When Duhem wrote The Evolution of Mechanics in 1903, 

he dismissed the Middle Ages as scientifically sterile. Similarly, Duhem’s 

history of chemical combination, Le Mixte et la combinaison chimique, pub- 

lished in book form in 1902, had jumped from Aristotle’s concept of mixtio 

to modern concepts. The Origins of Statics, however, contained a number 

of chapters on medieval science: One chapter treated Jordanus de Nemore; 

another treated his followers; a third argued their influence on Leonardo 

da Vinci. 

In the second volume (1905-1906), Duhem greatly extended his histor- 

ical scope. As expected, he covered seventeenth-century statics, but he 

also returned to the Middle Ages, devoting four chapters to geostatics, 

including the work of Albert of Saxony in the fourteenth century. The Ori- 

gin of Statics is thus a transition from Duhem’s early conventional histories 

to the later work for which he is best known, the three-volume Etudes sur 

Léonard de Vinci and the ten-volume Le Systéme du monde, in which his 

thesis of the continuity of late medieval and early modern science is fully 

displayed. 

Duhem did not succeed in finishing Le Systeme du monde. He intended 

it as a twelve-volume work on the history of cosmological doctrines, end- 

ing with Copernicus. He completed nine volumes, the first five being pub- 

lished from 1914 to 1919 and the next four having to wait until the 1950’s; 

a tenth, incomplete volume was also published then. After he was finished 

with Le Systéme du monde, he intended to write a three-hundred-page 

summary of his results. He did not have the time to accomplish what 

would have surely been a brilliant volume. Such essays as the ones he 

wrote for the Catholic Encyclopaedia on the history of physics and the sum- 

mary of his main historical discoveries, with his account of his scientific 
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career, remain the best and most concise expositions of his historical views 

(see chapters 8 and 11). 

Unlike his philosophical work, Duhem’s historical work was not sym- 

pathetically received by his influential contemporaries. The continuity of 

medieval and early modern science was rejected by Antonio Favaro, the 

editor of Le Opere di Galileo Galilei, as early as 1916. The next generation 

of historians of science, led by Alexandre Koyré and Anneliese Maier, con- 

structed elaborate metaphysical justifications for their repudiation of con- 

tinuity. Their work influenced Thomas Kuhn and others who made 

“scientific revolutions” a central feature of their historical accounts. We 

have argued elsewhere that much of this work misrepresents Duhem and 

that continuity may be defensible as a historiographical thesis, though per- 

haps not in quite Duhem’s form.® The work of Kuhn and later historically 

oriented philosophers and sociologists of science, however, at least 

attempts to reintegrate the philosophical and historical studies that 

Duhem pursued together but that have been separated for a good part of 

the twentieth century. 

In an appendix to The Aim and Structure of Physical Theory, amplifying 

the article translated here as chapter 3, Duhem makes the connections 

between his history and his philosophy of science very clear. For Duhem, 

the natural classification that will appear at the end point of science is the 

ideal physical theory. The natural classification will also be the only reli- 

able source for cosmology. Earlier cosmologies will be objectionable for 

the same reasons as were earlier physical theories: 

It is not enough for cosmologists to know very accurately the doctrines of con- 

temporary theoretical physics; they must also know past doctrines. In fact, cur- 

rent theory need not be analogous with cosmology, but with the ideal theory 

toward which current theory tends by a continual progress. Therefore, it is not 

up to philosophers to compare physics as it is now with their cosmology, by 

congealing science in some manner at a precise moment of its evolution, but 

rather to appreciate the development of theory and to surmise the goal toward 

which it is directed. Now, nothing can guide them safely in conjecturing the 

path that physics will follow if not the knowledge of the road it has already cov- 

ered. If we perceive in the blink of an eye an isolated position of the ball hit by 

8. Roger Ariew and Peter Barker, “Duhem and Continuity in the History of Sci- 
ence,” Pierre Duhem, Revue tnternationale de Philosophie 46 (1992); Peter Barker 
and Roger Ariew, eds., Revolution and Continuity: Essays in the History and Philos- 
ophy of Early Modern Science (Washington, D.C.: Catholic University of America 
Press, 1991). 
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a handball player, we cannot predict the end point the player aimed at; but if 

our glance follows the ball from the moment the player’s hand moves to strike 

it, our imagination, prolonging the trajectory, marks in advance the point the 

ball will strike. Thus, the history of physics lets us guess at a few features of the 

ideal theory to which scientific progress tends, that is, the natural classification 

that will be, as it were, an image of cosmology.” 

As one can see, the philosophy of science and the history of science are 

inextricably interwoven for Duhem. Thus, we believe that it is appropriate 

to display Duhem’s philosophical ideas and some of his historical ideas in 

a single volume, on the ground that they are mutually supportive. 

Although in our presentation the philosophical papers precede the papers 

on history, the reader will find that many personalities and episodes recur. 

(Indeed, the 1911 “History of Physics” presented here as chapter 8, may 

be used as a handy reference with which to find additional information 

about the scientists, theories, and experiments discussed elsewhere.) We 

have chosen to order the material chronologically, in order to preserve the 

historical development of Duhem’s own thought. We hope this translation 

will stimulate new interest in Duhem’s work and perhaps allow Duhem a 

fairer hearing than he has received so far. But we also believe that the 

material gathered here has independent value as an image of physics—and 

the study of its history and philosophy—as it appeared before the found- 

ing of the relativity and quantum theories. In addition to studying Duhem, 

then, our aim is to further the contextual study of the history of science. 

A Note on the Translation 

Duhem’s prose is not ornate, but it is prolix. Readers familiar with A. A. 

Milne may recall the closing sentence of the story in which Christopher 

Robin and Pooh rescue Piglet from the flood, a sentence so long that, in 

the course of it, Piglet goes to sleep and nearly falls out of a window—a 

sentence longer than the sentence you are now reading, but not yet a sen- 

tence of average length for Duhem. The main challenge facing the trans- 

lator is therefore to dissect Duhem's long French sentences into short 

English sentences. 

9. From “Physics of a Believer,” originally published in Annales de philosophie 

chrétienne I, 4th series (1905), and included as an appendix of The Aim and Struc- 

ture of Physical Theory. 
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We have attempted a translation that, we hope, follows Duhem’s prose 

more closely than some earlier efforts yet is more technically accurate in 

scientific matters. But where an overly literal translation would have 

obscured Duhem’s point as we understand it, we have followed our sense 

of the argument in choosing our words. We have also tried to be consistent 

in our translation of technical terms, with small exceptions dictated by 

style. Duhem overuses the noun ensemble. We have generally translated it 

as “group” and occasionally as “set.” 

Unspecified human beings have been rendered in the plural; for exam- 

ple, “le lecteur Frangats... 11” generally becomes “French readers... 

they.” We have also attempted to avoid the use of the English “one” to 

translate the French on, generally preferring to substitute “we” or “they” 

according to context. 

To enable the interested reader to follow Duhem’s remarks into the 

current literature, we have given the accepted modern version of individ- 

uals' names, following The Dictionary of Scientific Biography (New York: 

Scribner's, 1970-1980) and Thorndike's History of Magic and Experimen- 

tal Science (New York: Columbia University Press, 1923-1958) where 

possible. 

Text enclosed in square brackets, particularly in footnotes, was added 

by the translators. 

Where Duhem quoted from another writer's book and an English 

translation already exists, we have quoted the existing translation and cited 

it in a footnote. With very few exceptions, we have not corrected these 
translations, so that the interested reader may locate the corresponding 
original passages. 
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Some Reflections on the 

Subject of Physical Theories’ 

This article contains the first statements of some of Duhem’s characteristic the- 

ses, but not the so-called Duhem Thesis. At several points in the argument, 

Duhem refers to the teaching of physics. This is not accidental: The article 1s 

based on the opening lectures for his course on mathematical physics and crys- 

tallography at Lille. 

1. On the Aim of Physical Theory 

Placed in contact with the external world in order to understand it, the 

human mind first encounters the domain of facts. It sees that a piece of 

amber, rubbed by a silk rag, attracts a pith ball suspended from a silk 

thread, at a distance; that a piece of glass, rubbed with a woollen rag, does 

the same thing; that a piece of copper, rubbed with the same woollen rag, 

also does the same thing, provided that the piece of copper and the woollen 

rag are both carried by a glass sleeve, etc. Each observation, each new 

experiment, presents a new fact. 

The understanding of a great number of facts forms a confused mass 

that constitutes, properly speaking, empiricism. 

This understanding of particular facts is no more than the first level of 

understanding of the external world. The mind arrives at the understand- 

ing of experimental laws through induction, transforming the facts it has 

come to understand. Thus, the facts that we have just mentioned, and 

1. [“Quelques réflexions au sujet des théories physiques,” Revue des questions sci- 

entifiques 31 (1892): 139-177.] 
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other similar facts it is possible to observe, lead the mind, through induc- 

tion, to this law: When similarly rubbed, all bodies become capable of 

attracting a pith ball suspended on a silk thread. Creating a new word to 

express the general property that this law asserts, the mind says: Through 

suitable rubbing, all bodies are electrified. 

It falls to philosophers to analyze the mechanism of the inductive pro- 

cedure that allows us to pass from facts to laws, and to discuss the gener- 

ality and certainty of the laws thus established. I have no wish to further 

consider, here, the examination of these questions; rather, I wish to study 

the very understanding of facts. 

The understanding of experimental laws constitutes purely experimen- 

tal science and is elevated above empiricism as a law is above particular fact. 

But purely experimental science is not the final stage in understanding 

the external world. Above it is theoretical science. What we propose to study 

is the nature of this science, taking as an example the theory closest to per- 

fection, the one that has received the name mathematical physics. 

Theoretical science has as its aim-to relieve the memory and to assist it 

in retaining more easily the multitude of experimental laws. When a the- 

ory is constructed, the physicist, instead of having to retain (in memory) a 

multitude of isolated laws, only has to store in memory a small number of 

definitions and propositions stated in the language of mathematics. The 

consequences that analysis permits the physicist to logically deduce from 

these propositions have no natural connection with the laws that form the 

proper object of his studies. But they provide him with an image. This 

image is more or less representative. But when the theory is good, this 

image suffices to replace the understanding of experimental law in appli- 

cations that the physicist wishes to make. 

Let us explain all this by analyzing how a physical theory is con- 

structed. 

2. On Definitions in Physical Theory 

In the first place, a physicist who wishes to found a theory that will bring 

together a collection of laws takes the diverse physical concepts on which 

these laws bear, one after another. An algebraic or geometric magnitude 

with properties that represent its most immediate properties is made to 

correspond to each physical’toncept. 

Thus, how do we go about constructing a theory of heat? The most ele- 
mentary laws that we are trying to coordinate through this theory bring 
into play a concept—that of warmth. This concept presents certain imme- 
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diate features: For example, we understand that two bodies of the same 

nature or different in nature might be as warm as each other or that one of 

the two might be more warm or less warm than the other. We understand 

that two parts of the same body may or may not be as warm as each other. 

We know that if body A is warmer than body B and body B is warmer than 

body C, body A is warmer than body C. 

These features, which are essential to the concept of warmth, do not 

permit the measurement of the object of this concept—that is, to regard it 

as a magnitude. 

In fact, for an object to be measurable, it is necessary that the concept 

we have of this object present not only all the features that we have just 

enumerated but also the feature of additivity. But we have not conceptual- 

ized warmth as susceptible to addition. We understand well enough what 

these phrases mean: Body A is as warm as body B; body A is warmer than 

body B. But we do not understand what statements such as these would 

mean: The marmth of body A is equal to the warmth of body B plus the 

warmth of body C; body A is seventeen times warmer than body B or is 

three times less warm than body B. 

Thus, warmth is not conceptualized by us as susceptible of addition. 

For us, this concept is not reducible to a magnitude. 

But if the concept of warmth is not reducible to a magnitude, this does 

not in any way prevent physicists from making a certain magnitude corre- 

spond to it. They call this magnitude temperature. They choose this mag- 

nitude in such a manner that its most simple mathematical properties 

represent the properties of the concept of warmth. 

Thus, warmth is presented as a proper feature of each of the points of 

a body. We conceptualize each point of a body as being equally warm, less 

warm, or warmer, than every other point. To each point of a body we make 

correspond a definite value of temperature. The concept of warmth does 

not imply any concept of direction. We would not understand what was 

meant by this phrase: At the point M in a body it gets warmer following 

the direction MN than following the direction MN'. Temperature will 

thus be a simple algebraic quantity and not a geometric magnitude. 

We make two equal values of temperature correspond to two points 

that are as warm as each other. We make two unequal values of tempera- 

ture correspond to two points that are not equally warm, and in such a 

manner that the higher value of temperature corresponds to the warmer 

point. 

This operation establishes a correspondence between the concept of 

warmth and the algebraic magnitude that we call temperature. There is no 
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sort of natural relationship between these two ideas: warmth and temper- 

ature. Warmth is pleasant or unpleasant to us; it warms us and it burns us. 

A temperature may be added to another temperature; it may be multiplied 

or divided by a number. 

But, by virtue of the correspondence established between these two 

ideas, the one becomes the symbol of the other to such an extent that telling 

me that the temperature of a body has a definite value tells me which bod- 

ies are as warm as or less warm or warmer than this body. 

By virtue of this correspondence, all physical laws relative to warmth 

and stated by propositions of ordinary language are symbolically translated 

by mathematical propositions concerning temperature. 

Thus, instead of saying that all the points of the body are as warm as 

one another, we will say that the temperature has the same value at all 

points in the body. 

Instead of saying that body A is warmer than body B, we will say that 

the temperature of body A has a greater value than the temperature of 

body B. 

The example that we have just developed makes the general charac- 

teristics presented by the definition of a physical quantity quite evident. 

For what we have just said about temperature could be repeated—at 

least in its essentials—about all the definitions of the magnitudes that we 

find at the beginning of any physical theory whatsoever. We thus see that 

physical definitions construct what may truly be called a vocabulary: Just 

as a French dictionary is a collection of conventions making a name cor- 

respond to each object, so, in a physical theory, the definitions are a 

group of conventions making a magnitude correspond to each physical 

concept. 

Among the essential features that such a definition presents, there is 

one that we wish above all to make clear: It is that such a definition is to a 

high degree arbitrary. Although in geometry we can only have a single 

good definition of a given concept—of a right angle, for example—in 

physics we may have an infinity of definitions of a concept, for example, of 

the concept of temperature or the concept of light intensity. 

The physical concept that we are concerned to represent possesses a 

certain number of fundamental properties. The magnitude intended to 

symbolize it must present acertain number of essential features to repre- 

sent these properties. But any magnitude which presents these features 

may be taken for a symbol of the physical concept that concerns us. 

Thus, temperature may present the following characteristics: 
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It has the same value for two equally warm bodies. 

It has a greater value for body A than for body B if body A is warmer 

than body B. 

But any magnitude that presents these two features may be taken as 

temperature. The other properties that serve to complete this definition do 

not matter much. It does not matter that temperature might be defined 

relative to volumes, pressures, electromotive forces, and so on. 

3. On Hypotheses in Physical Theory 

The definition of the various magnitudes capable of symbolizing the con- 

cepts of a theory constitutes the first of the operations from which that the- 

ory will arise. Let us see what series of operations may then develop and 

realize the theory. 

Between the various magnitudes that we now suppose to be defined, we 

will establish a certain number of relations, expressed by mathematical 

propositions. We will name these relations hypotheses. 

Taking these hypotheses as principles, we develop their logical conse- 

quences from them. 

By virtue of the stated definitions, there are some among these conse- 

quences that may be translated into propositions bearing uniquely on 

physical concepts; that is, propositions presenting the form of experimen- 

tal laws. These consequences are given the name experimentally verifiable 

consequences of the theory. 

These experimentally verifiable consequences of the theory form two 

classes: consequences translated by an exact experimental law and conse- 

quences with translations that contradict an experimental law. 

If the experimentally confirmed consequences of the theory form an 

extended and varied group, the theory will have fulfilled the aim that was 

assigned to it. It will allow physicists to forget all the experimental laws 

that they can recover by means of it, remembering only a few definitions 

and a few hypotheses. Such a theory will be a good one. 

If, on the other hand, the theory furnishes only a small number of con- 

sequences verifiable by experiment, it will not have fulfilled its goal of 

coordination. It will not be a good one. 

All this is easy to understand. It is unnecessary to say more about it. But 

there is one point, as delicate as it is important, to which it is necessary to 

return: the choice of hypotheses. How shall we express these propositions 



6 Pierre Duhem 

that are intended to serve as principles for the theory? By what rules shall 

we choose them? 

In principle, we are absolutely free to make this choice as we see fit. To 

the extent that consequences logically deduced from these hypotheses by 

mathematical analysis provide us with a symbol of a great number of exact 

experimental laws, no one has the right to ask us to give an account of the 

considerations that dictated this choice to us. 

This is what Nicholas Copernicus expressed so well at the beginning of 

his book De Revolutionibus, in saying: “It is neither necessary that these 

hypotheses be true, nor even that they be likely, but one thing is sufficient, 

namely, that the calculation to which they lead agrees with observations.” 

But in fact, it is quite certain that this choice is not made by chance. 

There are general methods for establishing the fundamental hypotheses of 

most theories, and classifying these methods classifies the theories at the 

same time. 

The ideal and perfect method would consist in accepting no hypotheses 

except the symbolic translation, in mathematical language, of some of the 

experimental laws from the group we wished to represent. Under these 

conditions, the development of the theory in its entirety would itself be a 

symbolic translation in mathematical language of reasoning capable of 

being formulated in ordinary language. This reasoning would take as prin- 

ciples experimental laws that symbolized its hypotheses. It would have for 

conclusions experimental laws that symbolize the consequences of the the- 

ory. Mathematical analysis would play no other role than to abbreviate and 

assist ordinary language. All the consequences of the theory would present 

the same degree of certainty and accuracy that the experimental laws taken 

for hypotheses do. The experimental laws that appeared as consequences 

of the theory would truly be a logical consequence of the experimental laws 

taken for hypotheses. 

Such a theory would offer absolutely nothing hypothetical. Its author 

would justly be able to pronounce the famous hypotheses non fingo of New- 

ton. 

Let it be said immediately: Physics presents to us several theories that 

approach this ideal more or less. It does not offer us any theories that real- 

ize it completely. Newton may put forward hypotheses non fingo. Ampére 

2. Neque enim necesse est eas hypotheses esse veras; imo, ne versimiles quidem; sed suf 
ficit hoc unum, si calculum observationibus congruentem exhibeant. [This is not Coper- 
nicus, but Osiander in his notorious unsigned preface to De Revolutionibus, and the 
views he is expressing are not those of Copernicus. See chapter 8, section XIl.] 
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may entitle his book Théorie mathématique des phénomenes électrody- 

namuques uniquement déduite de l’éxperience (Mathematical Theory of Elec- 

trodynamic Phenomena Uniquely Deduced from Experiment). In fact, it is 
easy to show that their hypotheses are not simple symbolic translations of 
experimental laws. 

In this course,’ we will take up the theory of Ampére again. We will 

have occasion to study in detail the hypotheses on which it rests. Let us 

leave it aside for the moment and take up the theory of universal attraction. 

What are the experimental laws on which it rests? The laws of Kepler. 

What is the exact translation of these laws into a symbolic language that 

creates the definitions of rational mechanics? “The sun exerts on each 

planet an attractive force in inverse ratio to the square of the distance from 

the sun to the planet. The forces exerted by the sun on different planets 

vary as the masses of these planets. The planets exert no force on the sun.” 

Is this the fundamental hypothesis on which Newton’s theory rests? Not 

at all. Newton corrects the proposition that we have just stated. Then he 

joins to it a new proposition that is not verifiable through experiment. 

Then he generalizes the result obtained. 

As we were saying, Newton corrects the preceding proposition: Instead 

of holding that the planets exert no force on the sun, as in the case of 

Kepler’s laws, Newton states that every planet exerts a force on the sun 

which is equal and directly opposite to the one it receives from the sun. 

Is Newton satisfied with this correction? No. He adds a proposition 

that is not provided by experience: If the sun was replaced by another 

body, the forces exerted on the different planets would be multiplied by 

the ratio of the mass of this new body to the mass of the sun. 

Is this all? Not yet. Newton generalizes the result obtained, and it is 

only through this generalization that he is able to state the fundamental 

principle of his theory: Two material bodies, the dimensions of which are 

negligible in comparison to their separation, are subject to a mutual attrac- 

tion proportional to the product of the masses of the two bodies and in 

inverse ratio to the square of the distance that separates them. 

What has Newton done, then? Has he taken as a hypothesis the sym- 

bolic translation of one or several experimental laws? Not at all. The exper- 

imental laws placed at the beginning of his theory are only the particular 

3. [Duhem is referring to the Course on Mathematical Physics and Crystallogra- 

phy, in the Faculty of Sciences at Lille, of which this forms part. In the present 

paper he does not, as a matter of fact, return to Ampére.] 



8 Pierre Duhem 

consequences, considered exactly or simply approximately, of a particular 

proposition. He has taken this proposition as a hypothesis. 

This is the general procedure employed by all theoreticians. In order to 

formulate their hypotheses, they must choose from some of the experi- 

mental laws in the group that must be covered by their theory. Then, by 

way of correction, generalization, or analogy, they compose a proposition 

having these laws as exact or simply approximate consequences, and it is 

this proposition that they take as a hypothesis. 

All theories rest on hypotheses that are not adequate translations of 

experimental laws. They are the results of a more or less considerable elab- 

oration applied to these laws. Hence, we understand that all the interven- 

ing possibilities between the extremes may exist. At one extreme is the 

hypothesis that almost directly symbolizes an experimental law. This is 

the hypothesis closest to the ideal we spoke about a moment ago. The other 

extreme is a hypothesis so removed from experiment that its symbolic 

meaning is almost completely concealed and almost all physical meaning 

has been lost. 

4. On the Limits of Theory and on 
the Modifications It Can Undergo 

If all the hypotheses that a theory rests on were simply the symbolic trans- 

lations of experimental laws, all the consequences of the theory would be 

translatable into laws with the same degree of certainty and accuracy as the 

degree of certainty and accuracy of the laws taken as hypotheses. But, as 

we have already said, the hypotheses on which a theory rests are never the 

exact translations of experimental laws. All result from a more or less pro- 

found modification imposed on experimental laws by the mind of the the- 

orist. 

Now, from the fact that the hypotheses on which a theory rests include 

something not in the experimental laws that suggested them, it follows 

that the certainty and accuracy of these laws do not entirely reappear in the 

consequences of the theory. The physical laws that symbolize the conse- 

quences of the theory may not be exact. You can be sure that however 

extensive and certain the physical theory may be, when it is pushed suffi- 

ciently far, it always leads to consequences contrary to experiment. 

We have already said this, but the assertion is so important that it is 

worth the trouble of repeating it: A good theory is not a theory with no 

consequences that disagree with experiment. To take this standard would 

mean that there would never be any good theory. It is even probable that 
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the creation of a good theory would surpass the abilities of the human 

mind. A good theory is one that symbolizes an extended group of physical 

laws in a sufficiently accurate manner and meets no contradictions in 

experiment except when we try to apply it outside the domain where we 

intended to make use of it. 

Thus, it follows that the value of a theory has an entirely relative char- 

acter. It depends on the group of laws that the theory must be used to sys- 

tematically classify. A theory such as Poisson’s may be good for classifying 

the laws of the distribution of electricity on the bodies of homogeneous 

conductors, but it ceases to be a good theory if we wish to use it to classify 

laws relating to all conducting bodies, whether homogeneous or heteroge- 

neous. The same holds if we wish to understand the laws of the distribu- 

tion of electricity on conducting bodies and dielectric bodies in a single 

system. 

The value of a theory does not depend solely on the group of laws that 

we hope to summarize by means of this theory. It depends, again, on the 

degree of precision of the experimental methods that serve to establish or 

to apply these laws. In fact, we do not require that a consequence of the 

theory translate a physical law formally identical to the experimental law 

that we intend to represent. We only demand of it that it translate a phys- 

ical law whose recorded deviations from this experimental law are smaller 

than the limit of observational error. It is, in fact, a principle that we must 

never forget: In physics, if the discrepancies between two laws that are dif- 

ferent in form cannot be established by the methods of observation at our 

disposal, these laws must be regarded as identical. 

Hence, certain consequences of a theory might be regarded as conform- 

ing to experimental laws by a physicist who deploys a given means of 

observation, and as contradicting experimental laws by another physicist 

who deploys more perfect means of observation and is capable of recogniz- 

ing deviations that escape the instruments of the former. 

The classical theory of gases, for example, was good for physicists while 

their instruments offered the same degree of precision as those of Gay- 

Lussac. When the inventive genius of Regnault had bestowed upon sci- 

ence much more subtle procedures, this theory became a bad one. 

There is more: The old theory of gases, a bad theory for a physicist 

whose researches lay claim to all the precision required today, may remain 

good for an engineer or a chemist whose researches do not lay claim to an 

accuracy greater than we were content with in the time of Gay-Lussac. 

Thus, a theory cannot be judged if we do not take into consideration the 

limits of the field it is intended to apply to and the degree of experimental 
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accuracy that it supposes. Within the limits of the field in which the theory 

appears to be valuable, if one among its consequences deviates from an 

experimental law sufficiently for the deviation to be recognizable by the 

methods of observation that the theory accepts as controlling it, the theory 

must be condemned. Otherwise it must be approved. 

What we have just said shows that one may, without contradiction, 

consider a theory good and propose to replace it with a better theory. The 

first theory represented a given group of experimental laws with a given 

approximation. The new theory will represent a more extensive group of 

laws or will represent the same laws with greater accuracy. 

In order to replace one theory with a better theory, it is not always— 

indeed it is almost never—necessary to destroy the first entirely. Very 

often it is enough to construct a more complete theory in which the defi- 

nitions and hypotheses of the first theory are recovered in their entirety 

but in which new definitions are introduced and new hypotheses formu- 

lated. It is in this way that, after having treated the theory of the distribu- 

tion of electricity among systems containing only conducting bodies, 

without losing anything from that theory, we may complete it in a manner 

that also covers the laws of distribution on systems made up of conducting 

bodies and dielectrics at the same time. 

Sometimes, a theory cannot be replaced with a better one except by 

means of deeper transformations which alter the meanings and the 

hypotheses on which the first theory rested. It is easy to understand how 

such transformations are possible. 

The definition of a physical magnitude always implies a high degree of 

arbitrariness. This magnitude must present a generally limited number of 

features imposed on it by the very concept that it must symbolize. But any 

magnitude that presents these features is appropriate to symbolize this 

concept. To that extent, to represent the same concept one might in gen- 

eral make use of many extremely different magnitudes. 

The simple changing of definitions would lead to changing hypothe- 

ses. If its concepts are represented by different magnitudes, the same 

experimental law will be symbolized by two different mathematical state- 

ments. But this purely formal modification may not be regarded as a true 

transformation of the hypothesis. It is simply a translation of the same 

hypothesis through the medium of different symbols, and these two 

statements of the same hypothesis in two systems of different symbols do 

not constitute two different hypotheses any more than statements of the 

same proposition in French, Latin, and Greek constitute three different 

propositions. 
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A hypothesis may be modified in a manner that affects its meaning 

more deeply. 

If a hypothesis were simply the symbolic translation of an experimental 

law, it could not be modified except in the manner we have just indi- 

cated—at least to the extent that the experimental law continued to be 

considered accurate. But in reality, as we have said, all hypotheses are 

something other than simple translations of an experimental law. They are 

all the results of a transformation imposed on an experimental law by the 

mind of a physicist. And that is how they are modifiable. Two different 

physicists may subject the same experimental law to different transforma- 

tions. Consequently, they will state two different hypotheses, construct 

two different theories, and lead to different consequences. 

Thus, the closer the hypotheses on which a theory rests are to the ideal 

form that is the simple symbolic translation of an experimental law, the 

more difficult it will be to modify them. Further, in consequence, the the- 

ory will have a chance of lasting as long as the experimental laws that it rep- 

resents, and being modified only by way of extension and growth, without 

being either altered or destroyed. On the other hand, the more hypotheses 

are separated from the experimental laws that led to their conception, the 

more physicists have put themselves into the laws’ statements, and the 

more shaky and subject to demolition the theory will be. Thus, from now 

on, the purely logical considerations that we have just developed indicate 

to us the direction in which theoreticians must direct their efforts if they 

wish to bring to light a viable work. 

5. On Mechanical Theories 

Regrettably, it is not true that the efforts of theoreticians have always been 

directed in the sense that we have just indicated. For many among them, 

their ideal has long been and still is today very different from the one 

toward which we believe it is necessary to steer. To this erroneous ten- 

dency, we must attribute the incessant upheavals that theoretical physics 

has suffered and, consequently, the discredit into which this science has 

fallen in the mind of many physicists. 

This false ideal is mechanical theory. 

Let us try, first, to give a precise account of the nature of what is called 

a mechanical theory. 

We have seen that for each physical concept, a theory must substitute a 

certain magnitude in the form of a symbol. This magnitude is constrained 

to present certain properties, which are an immediate translation of the 
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features of the concept that it symbolizes. But except for these features, 

which are generally few in number, the definition of the concept remains 

absolutely arbitrary. In a mechanical theory, the added condition is 

imposed that all physical magnitudes are composed by means of geomet- 

rical and mechanical elements of a certain fictional system, where these 

magnitudes appear in the laws that we are going to have to relate among 

themselves. And all hypotheses are subject to the condition that they are 

the statements of the system’s dynamic properties. 

Let us take as an example the theory of light. There we will find certain 

concepts, including “color” and “intensity of monochromatic light.” 

These concepts present a certain number of features which the magni- 

tudes that symbolize them must reproduce in any theory. Color, for exam- 

ple, must be symbolized by a magnitude having a determinate value for 

each color and different values for different colors. Intensity must be rep- 

resented by a magnitude that is always positive, having the same value at 

two points of equal illumination and a greater value at point A than at point 

B, if point A is more strongly illuminated than point B. The experimental 

laws of the propagation of light, of interference, reflection, refraction, and 

dispersion, all laws generalized as needed, will be translated by a series of 

hypotheses relating these different magnitudes among themselves. The set 

of these hypotheses forms the point of departure for a physical theory of 

light. 

It is not, therefore, through a simple generalization of experimental 

laws that we would obtain our hypotheses if we wished to create a mechan- 

ical theory of light. We would accept that all of the physical concepts we 

meet in studying the phenomena of light must be represented by mechan- 

ical properties of a certain medium: the aether. We would try to imagine 

the constitution of this medium in such a way that its mechanical proper- 

ties would be able to form a symbol of all the laws of optics. Color would 

then be symbolized by the period of a certain vibratory motion propagated 

in this medium, intensity by the mean kinetic energy of this motion; and 

the laws of propagation of light, reflection, and refraction would result 

from the application to this medium of theorems provided by the theory 

of elasticity. This is how the classical theory of light is constructed. 

Many physicists desire no theory other than a mechanical theory. With 

Huygens, they think that in this way they are “within the true Philosophy, 

in which one understands the cause of all natural effects through mechan- 

ical reasons. This is what we must do, in my opinion, or else renounce all 

hope of ever understanding anything in Physics.” 
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Such physicists demand that every physical magnitude be composed 

only of magnitudes that define the mechanical properties of a particular 

material system. 

But their demands do not always stop there. Other requirements that 

vary from school to school generally come to be grafted onto the earlier 

ones. For some, material systems must be constructed from continuous 

media; for others, from isolated atoms. The first admit attractive or repul- 

sive forces between different material elements; the others reject the exist- 

ence of such forces and want material atoms to be able to act solely by 

contact according to the laws of collision. 

Thus, when we are proposing simply to construct a physical theory, the 

only conditions imposed on the magnitudes we define and the hypotheses 

we state are from experimental laws, on the one hand, and from the rules 

of algebra and geometry, on the other. When we propose to construct a 

mechanical theory, we impose in addition the obligation to admit nothing 

in these definitions and hypotheses but a very restricted number of con- 

cepts of a definite nature. 

The first inconvenience of such a method is that in restricting the num- 

ber of elements that may be used in constructing the representation of a 

group of laws, physicists are left with no other resource than to complicate 

the combinations they make with these elements in order to respond to all 

of the demands of experimentation. 

Let us imagine that two artists are asked to represent the form of the 

same object. One is allowed the use of all the resources provided by the arts 

of drawing. The other is permitted to make only a pencil sketch. Through 

the play of shadows, the first would be able to give a representation of the 

object in a single drawing that the second would equal with great difficulty 

by drawing a great number of profiles. The first artist is the image of the 

physicist who composes a physical theory; the second, of a physicist who 

constructs a mechanical theory. Examine the complexity of the media 

imagined by Sir W. Thomson to give an account of the laws of optics, or 

by Maxwell to represent electrical phenomena, and the fairness of this 

comparison will be understood. 

The method that rejects all nonmechanical theories leads to great com- 

plications. It is also quite possible that it leads to impossibilities. Who 

assures us that all physical concepts and experimental laws may be sym- 

bolized by even a very complicated combination of purely mechanical con- 

cepts? Take the artist that you have forbidden to use any procedure except 

pencil sketching and ask for a rendering of an object’s color that is obvious 

to everyone: It cannot be done. Is it not for an analogous reason that the 
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most complex mechanical theories have not been able, up to now, to give 

a satisfactory account of Carnot’s principle? 

Thus, far from mechanical theory appearing to us as an ideal theory, we 

regard it as a theory hampered by obstacles that impose an insufficiently 

developed form on it and perhaps even make its development impossible. 

We have seen that a theory offers all the more guarantees that it is exact 

and that it will last to the extent that the hypotheses on which it rests are 

closer to simple translations of experimental laws. But among the hypoth- 

eses on which a mechanical theory rests, there are a large number that do 

not arise from experimentation and that flow solely from restrictive con- 

ventions arbitrarily imposed by the physicist. These latter hypotheses are 

the germs that kill all mechanical theories. 

In fact, mechanical theories disappear from science one after another. 

When we compare the consequences of a mechanical theory with 

experimental laws, we find some consequences verified and some conse- 

quences contradicted. When we ascend from these consequences to the 

hypotheses on which the theory rests, we find almost invariably that the 

verified consequences derive from those among the hypotheses that sim- 

ply translate experimental laws, whereas the contradicted consequences 

derive from those hypotheses that impose the mechanical nature of the 

theory. Thus, physicists are led, little by little, to suppress these latter 

hypotheses in order to preserve only the former and to transform a 

mechanical theory into a physical theory. For example, this is how the 

branch of science that was presented for a long time as the mechanical the- 

ory of heat gradually became, under the name thermodynamics, one of the 

most perfect physical theories. 

6. Theoretical Physics Is Not a Metaphysical 
Explanation of the Material World 

If a mechanical theory, far from being an ideal theory, seems almost the 
furthest theory from the ideal, how do we explain the fashion that makes 
it the last word in science for so many physicists? Here we touch the nerve 
center of all the erroneous doctrines of theoretical physics. 

We have sought to precisely delimit the nature and aim of theoretical 
physics. It is, as we have said, a system—a symbolic construction— 
designed to summarize in a small number of definitions and principles a 
set of experimental laws. This is its role, useful but modest. It is all too easy 
to exaggerate it. 
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An invincible urge pushes us to seek the nature of the material things 

that surround us and the basis for the laws that govern the phenomena we 

observe. This urge covers all human beings from the most superstitious 

savage to the most curious philosopher. Why would it not seize with great 

force those whose continuing meditations have the physical world as their 

object? To this urge, join the desire that all human beings naturally possess 

to increase the importance of an object that they have followed long and 

laboriously. You will easily understand how physicists are led to take the 

systems that they have constructed, with a view to symbolically represent- 

ing experimental laws, as a metaphysical explanation of these laws. 

There is more: Not only does everything within them press physicists 

to regard the theories they have constructed as explanations of nature, but 

also the people they live among exert a powerful influence on their ideas 

in the same direction. These people have only two ways of understanding 

physics: Either they demand immediate applications that satisfy their 

material needs or they require an explanation of the physical world that 

satisfies their ambition to understand everything. Thus, prudent scien- 

tists, who define the sense and limits of the laws they state with conscien- 

tious precision, are greeted with mistrust by them. But let someone 

present them with a more or less extensive theory as a metaphysical expla- 

nation of the universe, and they will greet these teachings with blind con- 

fidence. They will rank among the definitively established truths the views 

of a mind that exaggerates the importance of its conceptions to the point 

of falsifying their essential character. They will believe they are contem- 

plating the very structure of the world but will have before their eyes only 

a fragile construction soon to be destroyed to make room for another. 

Physicists are thus brought, as much by their own nature as by their 

environment, not to look for a systematic coordination of laws in a theory, 

but to look for an explanation of these laws. From then on, will their pref- 

erences be brought toward the pattern of theory that we have advocated as 

the ideal form or toward mechanical theory? It is easy to see that mechan- 

ical theory will appear to them as the goal toward which their efforts must 

lead. 

In fact, let us imagine that a researcher has taken care, every time a 

physical magnitude has been defined, to note that this magnitude is used 

only to symbolize a concept that originates in experimentation, by some of 

its characteristics, and that in other ways its definition is entirely open. Let 

us imagine that great care has been taken, every time a hypothesis has been 

stated, to note the limited extent to which it translates an experimental 

law. However extensive, however fertile the theory may be, it will be quite 
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difficult to lose sight of its exclusively symbolic character and to believe 

that an explanation of the laws so represented has been obtained. 

On the other hand, let us imagine a researcher who has wholly invented 

amore or less complicated mechanism whose various properties represent 

a certain number of physical laws. It would be much easier to forget that, 

even if certain properties of the mechanism symbolize certain laws of the 

world, the mechanism itself does not represent the world. A complex con- 

ception has been constructed in order to represent a physical concept. We 

might be able to believe that, insofar as this complex conception represents 

the physical concept, the elements that compose this conception represent 

the causes that give birth to this concept in us. This error is similar to that 

of an engineer who, after constructing a robot, sees it imitating human 

movements and ends by imagining that the robot’s structure represents 

the human organism. 

An example will make this difference quite palpable. 

Let a physicist introduce temperature in her theories as a magnitude 

devoted to symbolizing the concept of warmth and quantity of heat as a 

magnitude devoted to representing the weight of a certain body that a def- 

inite phenomenon is able to heat by a definite quantity. Let her introduce 

the principle of the equivalence of heat and work—that is, Carnot’s prin- 

ciple—as a generalization of experimental law. However rich a harvest of 

consequences that the thermodynamic theory she has conceived brings 

her, she will certainly not take it for a metaphysical system explaining the 

universe. 

On the other hand, let a physicist imagine a system constructed from 

an immense number of tiny bodies vibrating in place. Let him suppose 

that the mean kinetic energy of these tiny bodies is proportional to the 

absolute temperature. Through conveniently chosen assumptions on their 

number, their dimensions, the motions that animate them, and the forces 

that they exert on one another, he is able to deduce the principle of the 

equivalence of heat and work—Carnot’s principle—from the application 

of the theorems of mechanics to these little bodies, and he will be inclined 

to exclaim: “This is how the world is constructed!” 

Therefore, it is because many people wish to be able to say, “This is the 

explanation of the universe,” while showing the combinations that result 

from the play of their own minds, that they are not in the least satisfied 

with a theory if it does not borrow all its elements from mechanics. 

To those who want their theories to explain the nature and causes of 

physical laws, we oppose those who seek only a symbol of these laws in 
physical theory. These latter will not restrict ahead of time the number 
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and nature of the concepts they will be allowed to combine. They will 

admit into their system other magnitudes besides those of geometry and 

mechanics. Once a quantity has been clearly defined, once the rules for 

handling it in reasoning and calculations and measuring it in experiments 

have been precisely set out, they will not deny themselves the fair use of it. 

If the hypotheses made using that quantity allow the satisfactory represen- 

tation of the class of phenomena they study, their minds will be satisfied. 

They will not waste their time and effort in replacing that concept with a 

combination of geometrical and mechanical concepts. 

Thus, in the theory of heat, they will seek to set out in a precise manner 

the rules for reasoning about the concepts of temperature and quantity of 

heat. Then, developing the chain of their deductions in conformity with 

these rules, they will draw consequences from them in the study of vapor- 

ization, liquefaction, dissociation, and solubility. When they see a compli- 

cated and varied multitude of phenomena clarify themselves and relate 

themselves to one another through the theory they have conceived, they 

will believe that they have achieved their aim. Let someone demand that 

they construct, with the aid of the concepts of space, time, and mass, com- 

plex concepts displaying analogous properties to those they attribute to 

temperature and quantity of heat, and they will disdain to satisfy these 

unreasonable requirements. Let someone reproach them, in that case, for 

using occult qualities, and they will not feel themselves affected by this crit- 

icism. They wished to clarify laws, not to reveal causes. 

7. On the Role of Mechanical Theories 
in the History of Science 

The critique to which we have just submitted the theories called “mechan- 

ical” immediately raises a difficulty: If these theories are based on an idea 

of the role of physics that is so completely wrong, how does it come about 

that they have been able to make such great progress in physics? 

This objection deserves a response because it is impossible to deny the 

discoveries that science owes to mechanical theories. Descartes, Newton, 

Huygens, Laplace, Poisson, Fresnel, and Cauchy all assented to the idea 

that physics ought to be purely mechanical, and we owe modern physics 

to them. The theory of light, as it flowed from the genius of Fresnel, has 

been one of the most fertile theories, and it is a mechanical theory. 

The objection is easy to answer. 

It is always at the origin of a science that its role is most badly defined. 

Those who create it are inclined to exaggerate its scope more than are oth- 
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ers. Hence, it is not at all surprising that almost all the creators of physical 

theory have sought to build mechanical theories. But it is not because they 

made use of similar theories that they made an abundant harvest of discov- 

eries. The true situation is that, on the one hand, theories must above all 

show themselves fertile at the origin of theoretical physics, and on the 

other hand, at the origin of theoretical physics, mechanical theories must 

naturally be in favor. The fertility of mechanical theories during the last 

century and at the beginning of the present one is not, therefore, a logical 

consequence of the nature of these theories. There is simply a coincidence 

between their mechanical form, on the one hand, and the multiplicity and 

importance of the discoveries they have produced, on the other. This coin- 

cidence is not accidental at all but follows from the laws that preside over 

the development of science. 

In the same way, during childhood, innocence coincides with the 

acquisition of an enormous mass of knowledge, without one of these 

features being able to be regarded as the consequence of the other. The 

two simply co-occur, and this happens because both derive from the 

laws of development of the human intellect. At the beginning of their 

intellectual development, children learn the most. It is also during this 

initial stage that children are least precisely aware of the value of their 

experiences. 

If the opinion that we put forth here is accurate, to the extent that the- 

oretical physics progresses, the most eminent physicists ought to under- 

stand its nature and aim better and better. Little by little, their preferences 

ought to abandon mechanical theories and direct themselves toward true 

physical theories. The latter must inherit the fertility that the former lose. 

Those who have closely followed the history of science up to our period 

cannot fail to have remarked the decline of mechanical theories and the 

ever-growing importance of purely physical theories. 

Thus, what we have said about the nature of theoretical physics 
explains the changes that the methods proper to treating it have undergone 
in the course of history. 

There is still another historical question that may perhaps be clarified 
by the preceding remarks. 

If physicists seek an explanation of the laws of nature in their theories, 
they should be able to accept as satisfactory only a theory conforming to 
their metaphysical ideas. If philosophers believe that they find in the the- 
ories developed by physicists the physical foundation of material phenom- 
ena, they should be inspired by these theories in the construction of their 
metaphysical systems. A very intimate and powerful mutual influence of 
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physics and metaphysics in each era flows from this. Cartesian metaphys- 

ics impressed its seal not only on Descartes’s physics but also on Huy- 

gens’s, and its essential characteristics reappear in the work of Euler and 

Lagrange. With Newton, a school of physics appeared with, after its 

founder, Laplace, Poisson, and Cauchy as the leading individuals. The 

history of this school, which we might call The School of Molecular 

Attraction, is intimately related to the history of Leibnizian ideas. In our 

own day, certain philosophical schools—that of Herbert Spencer, for 

example—are saturated by ideas borrowed from certain thermodynamic 

theories. This is a point that we limit ourselves to indicating here in pass- 

ing, but a clear view of it illuminates the entire history of physical theory. 

To the extent that we are more aware of the purely symbolic role of phys- 

ical theories, these theories will become more independent of fashionable 

doctrines, and, at the same time, we will give up the misconceived aspira- 

tion to impose our system on metaphysics. Something analogous to what 

took place for mathematical analysis will happen for these physical theo- 

ries. Born from metaphysical and theological doctrines about the connec- 

tions between the infinite and the finite—that is, between the supernatural 

and the natural—mathematical analysis has, in return, exercised an influ- 

ence on metaphysics and theology that has not always been exempt from 

tyrannical aspirations. It required the genius of a Lagrange to discover, 

and the efforts of a century of great mathematicians to prove, that mathe- 

matical analysis had its own subject matter, with its own methods, and that 

it needed neither to accept the constraints of metaphysics and theology nor 

to impose constraints on them. 

8. All the Theories of a Single Class of 
Phenomena Are Not Equivalent 

Weare not at all alone in supporting the ideas that we have just presented, 

and if there is an opinion that we would be happy to be able to invoke in 

support of our own, it is assuredly that of the illustrious analyst who wrote 

the following lines: 

Mathematical theories do not have as their object to reveal to us the true nature 

of things; that would be an unreasonable aspiration. Their unique aim is to 

coordinate the physical laws that experiment makes known to us, but that with- 

out the aid of mathematics we would not even be able to state.* 

4. H. Poincaré, Théorie mathématique de la lumiére, Préface. 
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The same author continues in the following terms: ““The theories pro- 

posed in order to explain optical phenomena through the vibrations of an 

elastic medium are very numerous and equally plausible.” 

In these lines, we believe, a tendency appears that reigns, in our time, 

in all intellectual domains and is beginning to impose itself even on Math- 

ematical Physics. This tendency consists in regarding as equivalent the 

different theories that can be given of a single group of laws and studying 

them all without preferring any among them. We would like, in a few 

words, to indicate how the application of this method to Theoretical Phys- 

ics is illegitimate and how it is possible to avoid its use. 

Assuredly, those who hold that no physical theory is an explanation of 

nature adequate to its object but that it is a system intended to furnish the 

symbol of a group of experimental laws are careful not to believe that only 

one theory might be able to represent a given class of phenomena. To 

believe otherwise would be to believe that two portraits of the same person 

might not differ from each other and at the same time resemble each other. 

But although it is possible to make many different portraits of the same 

person, it does not follow that we might not reasonably prefer one of these 

portraits to others. Similarly, it might be the case that different theories of 

a single class of phenomena are logically acceptable without being equally 

plausible. We may have reasonable motives for preferring one among 

them. First, we suppose that the different theories from which we must 

choose are all logically acceptable, for there are theories that logic con- 

strains us to reject or modify. 

Logic leaves open the choice of hypotheses, but it requires that all the 

hypotheses be compatible among themselves and that they all be indepen- 
dent. A theory does not have the right to appeal to superfluous hypotheses. 
It must reduce their number to a minimum. Further, it does not have the 
right to gather together consequences deduced from incompatible hypoth- 
eses. 

The series of deductions that follows from hypotheses and constitutes 
the development of the theory is subject to the laws of logic in its whole 
extent and in all its rigor. It is not allowed to conceal a gap there,.however 
small it may be. If this gap can be filled, it must be. If it cannot be filled, it 
must, at least, be clearly delimited and marked under the form of a postu- 
late. A fortiori, no contradiction may be tolerated here. 

The comparison of the results of theory with facts is an operation that 
is not subject exclusively to the laws of deductive reasoning. Recognizing 
the degree of approximation that may be regarded as sufficient is some- 
what arbitrary. But if we meet an experimental law that contradicts the 
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consequences of the theory in the domain in which the theory is supposed 

to be applied, then the theory must be rejected or, at least, we must restrict 

the extent of the class of laws that it was supposed to cover. 

To maintain a theory that the facts contradict shows evidence of a 

childlike obstinacy. As for those—and there are some—who conceal or 

knowingly falsify the results of experiments about the facts they are 

charged to observe in order to avoid ruining an idea whose success flatters 

their vanity, it is no longer up to logic to condemn their error but to morals 

or morality to permit their trickery from flourishing. 

The rules that we have just stated are commonplace, or at least they 

ought to be—as they once were. 

The ancient theories of Physics give us complete satisfaction in this regard. 

All our teachers, from Laplace up to Cauchy, have proceeded in the same man- 

ner. Starting from clearly stated hypotheses, they deduced all the consequences 

from them with mathematical rigor, and next compared them with experiment. 

It seems they wished to give the same precision found in Celestial Mechanics 

to each of the branches of Physics. 

For a mind accustomed to admiring such models, it is difficult for a theory 

to be satisfactory. Not only will such a mind not tolerate the least appearance 

of contradiction, but it will require that the model’s different parts be logically 

related one to another and that the number of distinct hypotheses be reduced 

toa minimum.* 

In our time, when the rules of logic seem to be applied with difficulty, 

these requirements appear exaggerated to many minds, and perhaps to 

great minds. 

Let us take an example. Maxwell wrote a treatise on electricity.° In this 

treatise he developed several different theories that are irreconcilable 

among themselves.’ Some of them, like his theory of pressures in the inte- 

rior of dielectrics, even contradict the best established principles of hydro- 

statics and elasticity. He does not concern himself with explaining these 

contradictions or separating the domain of each of these theories. On the 

contrary, he mixes and entangles them. To untangle them becomes a task 

so difficult that an illustrious analyst does not find it beneath his efforts. 

All of this work lacks precise experimental control. The facts sometimes 

5. H. Poincaré. Electricité et optique. 1. Les Théories de Maxwell, Introduction. 

6. [See chapter 4, note 3.] 

7. H. Poincaré, op. cit. 
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even show him to be wrong. Surely physicists will reject such a work? Will 

they not take it apart piece by piece, keeping only the good parts among its 

incoherences, to make them part of a more unified or logically constructed 

work? Not at all. Everyone admires the work of the master. Everyone 

reproduces it in teaching, repeating the incomprehensible things that it 

includes and affirming, meanwhile, with a sort of superstitious respect, 

that they do not understand: To listen to them, it would seem that science 

has the right to propose mysteries for our belief! 

Let us not hesitate to reject this weakness. An illogical theory is not a 

mystery to which reason must bow. It is an absurdity that reason must 

reject without pity. What might be owed to a great physicist matters little. 

A powerful idea may be false. Let us admire the author and condemn the 

idea. 

For a single class of phenomena, however, there may exist several the- 

ories, all founded on clearly stated hypotheses, all logically constructed, 

and all in satisfactory accord with the facts that they claim to represent. 

Optics offers a striking example.* Logically, all the theories are acceptable. 

Does it follow that they are all equivalent? If no logical criterion decides 

between them, does it follow that we cannot have any reasonable motive 

for preferring one to another? 

Three features can serve to facilitate choosing between these different 

theories. They are: 

The scope of the theory. 

The number of hypotheses. 

The nature of the hypotheses. 

Two theories are given. One covers a certain class of phenomena; the 

other covers, in a unique representation, not only that class of phenomena 
but also still other classes to which the mode of representation adopted by 
the first theory cannot be extended. Certainly, we ought to prefer the sec- 
ond. 

Thus, the theory of reflection and refraction given by Fresnel, though 
valid for amorphous bodies, cannot be extended to crystals. The theory 
that MacCullagh and Neumann have given embraces amorphous bodies 
and crystals in a single presentation. The latter ought to be preferred to the 
former. 

8. See F. E. Neumann, Vorlesungen tiber die Theorie der Elasticitat der festen 
Korper und des Lichtathers, and H. Poincaré, Théorie mathématique de la lumiere. 
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Two theories of the same scope may invoke a different number of 

hypotheses: The one that invokes fewer hypotheses is certainly the better. 

Last—and this is the essential point—when two theories are equal in 

scope and visibly invoke the same number of hypotheses, the nature of 

these hypotheses themselves may supply a plausible motive for choosing 

between them. The hypotheses on which the theories rest can be simpler, 

and more natural or can translate experimental results more immediately 

than can those on which the other theory rests. 

Thus, the theory of double refraction imagined by Lamé rests on these 

two hypotheses: 

In all directions, the medium propagates two waves. 

A direction of vibration situated in the wave corresponds to each of 

the waves. 

The meaning of these hypotheses is very clear. We see immediately 

which physical laws they represent. These are generalized, it is true, but 

not concealed. On the other hand, Cauchy’s theory constructs hypotheses 

on the nature of the aether, whose physical sense escapes us. And these 

hypotheses also lack direct experimental verification. We must reasonably 

prefer Lamé’s theory to Cauchy’s. 

Thus, in affirming that Mathematical Physics is not the explanation of 

the material world but a simple representation of the laws discovered by 

experimentation, we avoid the obligation to declare one theory true to the 

exclusion of another for each range of phenomena. We are not condemned 

because of that to adopt all the logically constructed theories of a single 

group of laws. In order to choose between them, we have very specific 

rules which often enough permit us to reasonably prefer one from among 

them to all the others. 

9. On the Role that Mathematics and Experimentation 
Ought To Play in the Construction of Physical Theory 

A physical theory is the systematic representation of a group of experi- 

mental laws. It takes for its point of departure some hypotheses chosen to 

represent certain of these laws. It combines them through mathematical 

reasoning in order to draw conclusions from them which it submits to the 

control of experimentation. 

Experimentation therefore furnishes the material for the definitions 

and the hypotheses on which all theory rests. All results of theory ought to 



24 Pierre Duhem 

be experimental laws. Mathematical analysis is the instrument that puts 

the material in some form in order to draw results from it. This very sim- 

ple rule fixes the relations that the mathematical method and the experi- 

mental method must maintain between themselves in the construction of 

a theory. 

The simplest rules are often those that are violated most freely. So it is 

with the one we have just stated. Few respect it: Some exaggerate the role 

of mathematical method; others, the part of mathematical analysis. 

For the first, physics must be exclusively studied by the experimental 

method. And they do not intend to state that indisputable truth that all 

physical research has experimentation for its beginning and end points. 

They intend to ban the use of mathematics as an instrument in the study 

of physics. They see it as a dangerous and fruitless instrument. It reveals 

nothing or demonstrates nothing except mistakes. The title of physicist 

and the right to teach physics is refused to those who take it up. Facts 

alone—facts brutal and singular—must be reported, taught, and repro- 

duced. Every idea, considered through what makes it an idea, is false and 

to be condemned. 

We will not delay in order to discuss a doctrine that turns the ideal 

physicist into a measuring instrument. 

Few of those who profess this doctrine make their writings or their 

teaching conform to it completely. They make use of mathematics, but 

they want to make use of only certain branches of analysis. They find 

other branches too elevated and thus regard them as useless. When a def- 

inition seems too painstaking to them, or a demonstration too difficult, or 

a calculation too long, they declare that physics can do without it and they 
reject it. 

How will we paint the state of confusion into which these illogical doc- 
trines have plunged the study of natural phenomena? In order to avoid 
long and subtle definitions, magnitudes that have not been sufficiently 
defined are used all the time. In order to flee the complication of precise 
reasoning, or integrals that would require an exact calculus, they make do 
with approximations. Difficulties are concealed. Evasions are used. Some- 
times veritable word games made possible by the lack of precise definitions 
are used to construct a theory. The mind, deceived by this sleight of hand, 
loses all concept of rational methods—or, at least, if it retains some con- 
cept, it abandons the theoretical study of natural phenomena with disgust. 
It takes refuge in works of pure observation, such as chemistry and natural 
history, or in researches of pure logic, such as abstract mathematics. All 
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those who have observed the effect produced by teaching physics on the 

intellect of their students have been able to report this phenomenon. 

The instrument of mathematics is necessary for the study of physics, 

and physicists must be capable of employing all the portions of that instru- 

ment whenever necessary. If a theory calls on analytical considerations 

that are elevated and complicated, it may be good not to present it before 

an audience with too little preparation. But it would be illogical to criticize 

the theory for the complexity of the apparatus used to construct it, unless 

this apparatus can be replaced with another that will be equally solid and 

easier to handle. 

Mathematics is therefore the instrument necessary to construct all 

physical theory. But it is only a means, not an end. If we wish to avoid the 

abuse of mathematical physics, we must never lose sight of this principle. 

The definitions and hypotheses that serve as points of departure for a 

theory ought to follow from the fundamental equations of that theory. 

Mathematical analysis will proceed with great care from this background 

equation (muse en equation) in making precise the conditions and restric- 

tions to which it is subject. General properties of the equations thus estab- 

lished express the relations that make the laws, to which the theory is 

applied, depend on one another. Mathematical analysis will demonstrate 

theorems that state these properties and exactly delimit their import with 

ultimate rigor. 

The consequences of the theory must be submitted to the control of 

experimentation. In general, theory introduces the consideration of quan- 

tities proper to each body, with values that must be determined by mea- 

surement. Right up to the last details, mathematical analysis will discuss 

the particular problems that justify controlled experiments or that serve to 

institute methods of measurement. 

But mathematical analysis may devote itself to demonstrating general 

theorems, even though these theorems do not serve to establish a connec- 

tion between experimental laws at all. Or mathematical analysis may 

exhaust its efforts in resolving particular problems that are useless to the 

experimenter. In this case, it forgets that mathematical analysis ought to 

be no more than an instrument in the study of physics. In putting itself 

forward to the theoretician as an end, it exceeds its role. 

It is not that efforts produced in this way are always wasted. In making 

an instrument better and more complicated than required by the uses to 

which it will be put, it may happen that the instrument is made ready for 

other uses. Thus, the theorems that the analyst deduces from certain equa- 

tions of mathematical physics, though perhaps useless for the theory that 
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furnished the equations, may cast a great deal of light on another theory. 

Celestial mechanics, for example, led to the study of harmonic functions. 

Geometers discovered a great many properties that had no applications in 

celestial mechanics in these functions. But these properties are in contin- 

ual use in theories of heat, electricity, and magnetism. 

Besides, even in the absence of an application, analytical developments 

in a physical theory may possess a beauty that gives a purpose to mathe- 

matics even when it is considered useless. Those who, in perfecting a tool, 

surpass the requirements of utility to the point of attaining beauty and giv- 

ing birth to a work of art have certainly not wasted their time and efforts. 

But if we must admire those who deduce theorems capable of clarifying 

another theory from the equations of a physical theory and also those who 

derive a beautiful analytical system from them, we can only condemn those 

for whom physics is a pretext to make calculations lacking either utility or 

beauty. The cleverness of their constructions, the complexity of their 

combinations, or the subtlety of their intuitions may astonish us for a 

moment. But then we turn away from their researches with the feeling of 

regret that all wasted effort inspires. The latter are mechanical artificers 

who might have been able to construct a practical machine and who have 

invented only a mechanical curiosity. 

10. How Theoretical Physics Is Useful 

We have seen the nature of physical theory, what philosophical signifi- 

cance it is suitable to attribute to its results, and the proportion in which 

experiment and mathematical analysis must be combined in order to con- 

struct it. It remains to indicate precisely the kind of utility possessed by the 

study of this science. 

The aim of physical theory is to relate among themselves, or classify, 

items of knowledge acquired by the experimental method. Without the 

systematic connection that speculation establishes among them, the laws 

given by experimentation form a confused and inseparable mass. The 

human mind needs a thread to guide it in this labyrinth. Theory provides 

that thread. Theory is therefore devoted to coordinating the laws revealed 

by experimentation. It is not devoted to revealing new laws. 

It sometimes happens that, as a consequence of their deductions, theo- 

rists predict an experimental law that had not already been recognized 
through experimentation. Discoveries of this kind strike the mind vividly, 
but they are rare. Most experimental discoveries are rightly due to the 
experimental method. Many physicists criticize a theory for the small 
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number of new facts that it predicts. A more exact knowledge of the proper 

domain of each kind of research would lead them to admire these predic- 

tions. ‘They are the proofs of the fertility of a method that gives more than 

ought to be required of it. 

If theory does not have as its object the discovery of new experimental 

laws, still less does it have as an object the production of inventions useful 

in practical life. Theoretical speculations, experimental researches, and 

practical applications are three distinct domains it is important not to con- 

fuse. Those who explore one of these domains are not required to make 

discoveries in the others. But if these domains are distinct, they are not 

independent. Knowledge of each of them assists knowledge of the others. 

A continual exchange of questions and information should be established 

between the explorers of these different domains. 

Practical needs suggest to experimenters phenomena to be observed 

and laws to be established. The laws established by experimenters provide 

engineers with principles that they are permitted to modify in order to 

perfect their inventions. This shows the continual influence of applied sci- 

ence on experimental science and that of experimental science on applied 

science. 

These laws at which experimenters have arrived are the material on 

which theoreticians work. They classify them. They summarize them in a 

small number of propositions, which permits the mind to see them as a 

group and to take hold of their relationships. And when the efforts of the- 

oreticians have thus condensed a great number of laws into a small number 

of simple symbols that are clear and easy to manipulate, experimenters see 

clearly in every area of physics what is completed and what remains to be 

done. Engineers, taking in at a glance the innumerable laws revealed by 

experimentation, can quickly and surely take hold of those that will be use- 

ful to them. Assuredly, those who have made use of the great progress in 

the electrical industry over the last few years did not create the theory of 

electricity. But if Pacinotti, Gramme, Siemens, or Edison’ has been able to 

manipulate electric current and to place it in the service of human indus- 

try, it is because Ampére, Faraday, Ohm, Kirchhoff, Neumann, and 

Weber have served the human intellect and have shown physicists how to 

manipulate the laws that current obeys. 

Let us remember, therefore, “That it is not useless to attempt to reunite 

facts under a single point of view by connecting them to a small number of 

9, [These figures are connected by their contributions to the design of dynamos. 

Antonio Pacinotti (1841-1911) and Zénobe Théophile Gramme (1826-1901) 
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general principles. This is a means of taking hold of the laws more easily, 

and I think that efforts of this sort can contribute as much as observations 

themselves to the advancement of science.””!? 

independently originated the ring method of armature winding. The alternative 

drum method was invented by Ernst Werner von Siemens (1816—1892) and used 

in his shuttle-wound armature. Siemens was also the first to realize the advantages 

of making the poles of the dynamo conform to the armature core’s shape as closely 

as possible. The work of Edison (1847-1931) contributed to the general recogni- 

tion that Siemen’s armatures were superior for practical purposes. His other 

inventions were so numerous and well known that he became the popular arche- 

type of the nineteenth-century inventor. The list is truly international: Pacinotti 

was Italian, Gramme Belgian, Siemens German, and Edison, of course, Ameri- 

can.] 

10. Fresnel, Oeuvres, 1, p. 484. 



Physics and Metaphysics’ 

As Duhem indicates, he 1s responding to an article by Eugéne Vicaire, a Cath- 

oltc civil engineer, graduate of the Polytechnique and Ecole des Mines and 

member of the Société mathématique de France. Vicaire wrote “On the Objec- 

tive Value of Physical Hypotheses,” opposing the seeming positivism of 

Duhem’s 1892 article “Some Reflections on the Subject of Physical Theories.” 

Vicatre criticized Duhem’s separation of physics and metaphysics for implying 

the positivistic thesis that physics or positive science was the only real knowl- 

edge. He detected in Duhem’s views “the poison of skepticism.” In his reply, 

Duhem argues that metaphysics 1s a real form of knowledge more excellent than 

physics but separated from it in that it has different objects and is governed by 

different methods. Duhem’s answer fits well into the framework of neo-scholas- 

ticism, but it does not go as far as to reunite the disparate forms of knowledge 

into an overall system of subaltern and subalternated sciences. 

Some time ago, we published some reflections on the theories of physics 

in the pages of this Review.’ We devoted ourselves above all to delineating 

the exact role of physical theories, which, in our view, are no more than a 

means of classifying and coordinating experimental laws. They are not 

metaphysical explanations that reveal to us the causes of phenomena. 

1. [“Physique et métaphysique,” Revue des questions scientifiques 34 (1893): 55— 

83.] 

2. P. Duhem, “Quelques réflexions au sujet des théories physique,” Revue de 

questions scientifiques, 2nd series, 1, Jan. 1892 [chapter 1 in this volume]. 

mY) 
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This idea has not been to the taste of all thinkers; several have written 

in rebuttal of our assertion, rising against it in a lively fashion. Most 

recently, one of the most justly celebrated members of our scientific Soci- 

ety, Mr. Vicaire, has devoted an article in the Revue des questions sctenti- 

fiques to attacking it.” 

Without wishing to treat here all the objections raised, explicitly or 

implicitly, by Vicaire against our perspective, we think that his thesis can 

be faithfully summarized in the following manner: 

It is not true that when constructing its theories, positive science has as its object 

simply to classify experimental laws; its proper object is the discovery of causes. To 

deny this is to maintain a suspect doctrine of positivism, and one capable of leading 

to skepticism. That doctrine, condemned by the whole tradition of great physicists, is 

dangerous, for it destroys scientific activity. 

It is this thesis, opposed to our own, that we propose to attack point by 

point. 

In order to avoid all confusion among those of our readers who are 

accustomed to the vocabulary of scholastic philosophy, we would like to 

begin with an important clarification. 

To conform to contemporary usage, we give the name pf/ysics to the 

experimental study of inanimate things, considered in three phases: the 

observation of facts, the discovery of laws, and the construction of theo- 

ries. We regard the investigation of the essence of material things, insofar 

as they are causes of physical phenomena, as a subdivision of metaphysics. 

This subdivision, together with the study of living matter, forms cosmol- 

ogy. This division does not correspond exactly to the peripatetic one. The 

study of the essence of things constitutes metaphysics in peripatetic phi- 

losophy. The study of the motion of material things—that is, the modifi- 

cations that the essence of things undergoes in any passage from potential 

to actual—is physics. Peripatetic physics and metaphysics are unified 

under the name metaphysics in our contemporary speech. Peripatetic 

physics is our cosmology. Peripatetic philosophy gives no special name to 

the science of the experimental study of physical laws and their unifica- 

tion in theories. At the time of Aristotle, a single branch of this science, 

astronomy, possessed a development capable of attracting attention. 

Thus, what we would say in general about physics, understood in the con- 

3. E, Vicaire, “De la Valeur objective des hypothéses physiques,” Revue de ques- 

tions scientifiques 33 (1893): 451-510. 
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temporary sense, corresponds approximately to what the ancients said 

about astronomy. 

I. The Distinction between Physics and Metaphysics 

The human intellect does not have direct knowledge or immediate 

vision of the essence of external things. What we know directly of these 

things are the phenomena that arise from them and the sequence of these 

phenomena. 

From the knowledge of phenomena, we can draw some knowledge of 

the things themselves, because they are the efficient causes of these phe- 

nomena and because knowledge of an effect provides us with some infor- 

mation on the substance that causes this effect, without giving us, 

however, a full and adequate knowledge of that substance. 

Thus, to acquire an understanding of the external world as complete as 

our means of knowledge permits, we must ascend successively two degrees 

of science. We must, in the first place, study phenomena and establish the 

laws of succession they follow. In the second place, we must induce from 

these phenomena the properties of the substances that cause them. 

The second of these sciences has received the name metaphysics. The 

first is divided into various branches, according to the nature of the phe- 

nomena studied. The branch of science which studies phenomena arising 

from inanimate matter today bears the name of physics. 

When, in what follows, we speak of metaphysics, we intend always to speak 

of the part of metaphysics that treats nonliving matter and which, in conse- 

quence, corresponds to physics through the nature of the things tt studies. That 

part of metaphysics is often called cosmology. 

We can summarize what we have just said in the two following defini- 

tions: 

Physics 1s the study of phenomena arising from brute matter and of the laws 

that govern these phenomena. 

Cosmology seeks to understand the nature of brute matter, considered as the 

cause of phenomena and as the foundation (raison d’étre) of physical laws. 

Hence, there exists a distinction in kind between metaphysics and 

physics. 

It is important, however, not to be mistaken about the origin of this dis- 

tinction. It does not follow from the nature of the things studied, but only 

from the nature of our intellects. An intellect which had a direct intuitive 

view of the essence of things—such as, according to the teaching of the 

theologians, an angel’s intellect—would not make any distinction between 
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physics and metaphysics. Such an intellect would not know successively 

the phenomena and the substance—that is, the cause of these phenomena. 

It would know substance and its modifications simultaneously. It would be 

much the same for an intellect that had no direct intuition of the essence 

of things but an adequate—though indirect—view through the beatific 

vision of divine thought. 

IL. That Physics Logically Precedes Metaphysics 

The knowledge that metaphysics gives us of things is more intimate and 

deeper than the one provided by physics. It therefore surpasses the latter 

in excellence. But if metaphysics precedes physics in order of excellence, 

it comes after physics in the order of logic. We cannot come to know the 

essence of things except insofar as that essence is the cause and founda- 

tion for phenomena and the laws that govern them. The study of phe- 

nomena and laws must therefore precede the investigation of causes. In 

the same way, when one ascends a staircase, the highest step is the one 

crossed last. 

In order to avoid any misunderstanding, we must insist on this logical 

priority of physics over metaphysics as an essential point. 

Here, to begin with, is a proposition that it seems to us cannot be con- 

tested: Any metaphysical investigation concerning brute matter cannot be 

made logically before one has acquired some understanding of physics. 

It is quite evident, in fact, that one cannot think of investigating any- 

thing whatsoever about the causes of phenomena without having studied 

the phenomena themselves and having acquired some understanding of 

them. 

But once some knowledge of physics has permitted the first metaphys- 

ical investigations and these investigations have provided some indications 

about the nature of material things, can one not follow the inverse order, 

descending the staircase one has climbed, and, from what one knows about 

the nature of material things, deduce the phenomena which they must 

produce and the laws that these phenomena obey? 

To deny in an absolute manner the possibility of such an intellectual 

path seems to us rash at the minimum. Theoretically, it is possible that the 

knowledge of the nature of things, obtained through metaphysics, permits 

the establishment, by deduction, of a true physics. But practically, the 

method that consists of taking metaphysics as the point of departure in the 

discovery of physical truths appears very difficult and full of danger. It is 

easy to reveal the reason for this. 
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A complete and adequate knowledge of substances carries with it a 

complete and adequate knowledge of the phenomena they can produce. 

The knowledge of causes implies the knowledge of effects. But the reverse 

of this proposition is not true. The same effect can be produced by several 

different causes. To this extent, even the total and complete knowledge of 

a set of phenomena would not give us a complete knowledge of the sub- 

stances through which they are produced. 

Thus, when we ascend from effects to causes in order to obtain a meta- 

physics, starting from some established physical knowledge, as perfect and 

extensive as one would like, we gain a very incomplete and imperfect 

knowledge of the essence of material things. This knowledge proceeds 

more through negation than through affirmation, more by the exclusion of 

some hypotheses that might be made about the nature of things than by 

positive indications of that nature. It is only in certain rare cases, through 

the exclusion of all possible hypotheses except one, that we are able to 

acquire positive proof about the essence of material things. 

To understand this essential point properly, it is important never to 

confuse the truths established by metaphysics with metaphysical systems. The 

truths of metaphysics are propositions few in number and, for the most 

part, negative in form, which we obtain in ascending from observed phe- 

nomena to the substances which cause them. A metaphysical system, how- 

ever, is a collection of positive judgments—although hypothetical for the 

most part—by means of which a philosopher seeks to relate metaphysical 

truths among themselves in a logical and harmonious order. Such a system 

is acceptable provided none of the hypotheses composing it conflicts with 

an established metaphysical truth. But it remains always highly problem- 

atic and never forces itself on reason in an unavoidable fashion. 

What we have just said on the subject of metaphysical truths makes evi- 

dent that these truths can almost never become the point of departure for 

a deduction leading to a physical discovery. When, by depending on 

knowledge of a set of phenomena, we have succeeded in demonstrating the 

impossibility of certain assumptions concerning the substances through 

which the phenomena are produced, in acquiring even some positive indi- 

cations on the subject of these substances, the view we have of them 

remains too general and too little determinate to enable us to foresee the 

existence of a new class of phenomena or to anticipate a new physical law. 

Metaphysical systems present to us a definition of the nature of things 

more detailed and more determinate than that furnished by demonstrated 

metaphysical truths. Because of that, metaphysical systems become capa- 

ble of leading us to physical consequences more easily than can metaphys- 
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ical truths alone. But while a physical consequence deduced from some 

metaphysical propositions participates in the certainty of the latter, a 

physical consequence deduced from a metaphysical system suffers from 

the doubtful and problematic character affecting the system itself and can- 

not be regarded as established. It is no more than an indication that physics 

will have to examine and on which physics will rule. 

In conclusion, if it is not impossible, it is at least extremely difficult to 

deduce a new physical truth from well-established metaphysical truths. As for 

metaphysical systems, they may suggest a proposition in physics, but physics 

alone can decide if this proposition 1s correct or incorrect. 

III. Physics Rests on Principles Evident in Themselves and 
Independent of Any Metaphysical Considerations 

Since it is impossible—if not in theory, then at least in practice—to call 

forth any new physical truth from metaphysical knowledge that we are 

able to acquire about the nature of things, physics must necessarily be able 

to constitute itself through a proper method independent of any meta- 

physics. This method, which permits the study of physical phenomena 

and the discovery of the laws that connect them, without recourse to meta- 

physics, is the experimental method. 

This method employs a certain number of concepts, for example, the 

concepts of physical phenomenon and physical law, body, extension, time, 

and motion. It rests on certain principles, such as the axioms of geometry 

and kinematics and the existence of laws determining the connection of 

physical phenomena. 

To use these concepts, to make use of these principles, it is not neces- 

sary to have constructed a metaphysics. These principles and concepts 

appear to our intellect sufficiently certain and sufficiently distinct in them- 

selves that we should be able, without fear of confusion or error, to put 

them into play through the experimental method. In fact, a good number 

of physicists juggle these concepts and principles with sureness, precision, 

and fruitfulness, as foundations of the science that they deepen and 

develop, without asking themselves for a single instant what a body is or 

what a law is from the metaphysical point of view. 

It is in this sense that one may state the following proposition: The 
experimental method rests on principles evident in themselves and independent 
of any metaphysics. 

It does not follow from this that the foundations of the experimental 
method escape the grasp of metaphysics and cannot become objects of 
study for that science. Apart from any metaphysical investigation, we have 
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the concept of body and the concept of law in a manner distinct enough to 

be able to make a legitimate use of these concepts in all physical investiga- 

tions. Apart from any metaphysical investigation, we know that the phe- 

nomena arising from matter are subject to fixed laws, and this principle is 

so certain that we are able, without hesitation, to dedicate our life to the 

discovery of these laws. But from the fact that we have knowledge of these 

concepts and sufficient confidence in this principle to enable us to make 

use of these concepts and this principle in the course of our experimental 

investigations, it does not follow that this knowledge is absolutely clear and 

complete, or that the foundations on which it rests are known to us, or that 

we have nothing to learn about these questions. For example, we have a 

sufficient idea of body that we would be confident in not taking for a body 

something that was not one. It does not follow from this that we would 

know in a complete and adequate way what a body consists of. It does not 

follow from this that we would be forbidden to investigate, within the 

bounds of possibility, and to weigh through metaphysical examination the 

foundations of the experimental method in order to penetrate its essence 

and foundation. 

But this metaphysical investigation, however important it might be in 

its own right, has no repercussions for the experimental method. In seek- 

ing to give ourselves a metaphysical account of one of these concepts or of 

one of these principles on which physics rests, we would not modify in the 

least the use which is made of this concept or principle in physics. Place 

side by side a philosophical physicist who has used his evenings to delve 

into the metaphysical concept of body and another physicist who is 

devoted exclusively to his science and who has never reflected for five 

minutes on this same concept. Both of them make the same use of this con- 

cept in experimental practice. What is self-evident in this concept is what 

is necessary and sufficient in physics. What metaphysics discovers about 

it afterwards is absolutely useless to those who are, and wish to be, no more 

than physicists. 

Thus, metaphysics aims to give an account of the self-evident foundations 

on which physics rests. But this study adds nothing to their certainty and to their 

clarity in the domain of physics. 

IV. Physical Theories Are Independent 
of Metaphysics and Vice Versa 

All experimental science is composed of at least two phases: the observa- 

tion of facts and their reduction to laws. But in those that, like physics, 

have arrived at a sufficient degree of development, a third phase is con- 
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joined to the two others. This is the theoretical phase. Without it, experi- 

mental laws would form a confused mass impossible to disentangle, where 

the mind would have extreme difficulty in finding its bearings and in dis- 

covering the law it needed to use in each particular case. The aim of theory 

is to classify experimental laws. Between a set of experimental laws taken as 

experimentation has brought them to light and the same set of laws con- 

nected by a theory, there is the same difference as that between a mass of 

documents heaped in confusion and the same documents carefully classi- 

fied in a methodical collection. They are the same documents; they say 

exactly the same thing and in the same way. But in the first case, their dis- 

order makes them useless, for one is never sure of recovering the document 

one needs at the moment one needs it; similarly, in the second case, the 

documents are made fruitful by a methodical grouping which places the 

desired document surely and without effort in the hands of the researcher. 

Physical laws retain exactly the same sense when a theory connects 

them as when they are dispersed and isolated. They teach us no more in 

the first case than in the second. In the first case, however, they are easier 

to encompass and easier to use than in the second. Thus, physical science 

does not change its character or its content in becoming theoretical. It 

becomes more perfect in form, better ordered, simpler, and, in conse- 

quence, more beautiful. It remains the same at its foundation. It remains 

physics; it does not become metaphysics. Jn classifying a group of experi- 

mental laws, physical theory teaches us absolutely nothing about the foundation 

for these laws and the nature of the phenomena that they govern. 

Thus understood, and thus reduced to its true role, physical theory 

becomes like the whole of physics, absolutely independent of metaphysics. 

Since none of the propositions, which taken together constitute a physical 

theory, is a judgment about the nature of things, none of these proposi- 

tions can ever be in contradiction with a metaphysical truth, which itself is 

always a judgment on the nature of things. This essential difference 

between a proposition of theoretical physics and a metaphysical truth 

shows equally that the one can never be identical to the other. /t is therefore 

absurd to seek among the truth of metaphysics either the confirmation or the ref 

utation of a physical theory, at least to the extent that it remains confined to its 

proper domain. 

Reciprocally, since in classifying a set of laws a physical theory adds 

absolutely nothing to the content of those laws, it provides, as points of 

departure for metaphysical investigation, no data other than those that one 

could draw from the same laws before classification or reduction to theory. 

In consequence, insofar as physical laws are the logical point of departure 
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for all metaphysical research on the essence of material things, physical the- 

ories would not be able to exert any direct influence on the progress of this 

research. If such theories serve metaphysics, it is indirectly—in making the 

laws they classify and condense more easily presented to the mind of the 

philosopher. The subordination that a theory establishes among various physi- 

cal laws by classifying them does not oblige us to admit a similar subordination 

among the metaphysical laws of which the physical laws are the manifestation. 

One might summarize the two propositions that we have just estab- 

lished by saying that physical theories and metaphysical truths are indepen- 

dent of one another. 

Since this is the essential point of our discussion, let us give some more 

clarifications, in order to avoid any misunderstanding. 

Let us imagine that we have come to a profound, detailed metaphysical 

knowledge of the essence of material things. The physical laws that follow 

from this essence would appear to us in an order or subordination which 

results from their nature itself. It is certain that this order would give us 

the best classification of these physical laws. It is certain that a complete 

metaphysical explanation of the nature of material things would provide 

us, by the same token, with the best of physical theories. But let us be care- 

ful to note, even when we have knowledge of this physical theory, a repro- 

duction of the metaphysical order, that we would still be free logically to 

adopt another, to connect physical laws in a different order, to accept 

another mode of representation of physical phenomena. No doubt it would 

be unreasonable to reject the first theory, because it is the best. We would 

transgress the law telling us that in every order of things we should choose 

what excels. But we would not violate any principle of logic. We would not 

commit an absurdity. A classification, in fact, is not a judgment. It can be 

convenient or inconvenient, good or bad; it cannot be true or false. 

Besides, the hypothesis under which we have just placed ourselves is 

purely ideal. Our certain metaphysical knowledge, as we have seen, is too 

indeterminate, too negative in character, to indicate for us in what order 

the various physical laws are subordinated one to another, or to give us 

from these laws a classification capable of being erected on physical theory. 

In order to deduce a definite physical theory from metaphysical principles, 

one must depend not only on demonstrated metaphysical truths but also 

ona metaphysical system. And in fact, there is almost no metaphysical sys- 

tem that has not sought to establish physical theories. But a metaphysical 

system, however acceptable, however satisfactory one supposes it to be, is 

always hypothetical to a high degree. It is therefore in no way evident that 

a physical theory deduced from a metaphysical system would be better 
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than another theory established apart from all consideration about the 

essence of things. 

So, to the extent that it remains in its proper domain and confines itself 

only to classifying experimental laws, a physical theory is absolutely inde- 

pendent of all metaphysics. And not only does it not depend on the more 

or less probable metaphysical systems disputed by the philosophical 

schools, but it is also independent of the better established metaphysical 

truths concerning the essence of material things, to the extent that it 

remains equally acceptable not only for those who support the most varied 

metaphysical systems but also for those who deny the best-demonstrated 

metaphysical truths. Encamped in its fort, it need fear only two kinds of 

opponents: physicists who dispute it in the name of experiment or in the 

name of other physical theories, and skeptics who deny the evidence and 

certainty of some of the concepts and some of the principles on which 

experimental science logically depends. Physics has no power to fight the 

latter; it is not equipped for that. It is for metaphysics to show that the 

foundations of the experimental method are firm. The physicist is con- 

strained to admit this truth as evident. In the proper field of his theories, 

the physicist cannot and must not accept conflict except with a physicist. 

V. The Thesis Presented Above Is 

Neither Skeptical Nor Positivistic 

We have just presented the essential thesis, in our view, concerning the 

independence of physical theories and metaphysical investigations. Let us 

try now to dispel some of the objections most often addressed to this thesis. 

Does affirming the natural separation that exists between physical the- 

ories and metaphysical doctrines open a door for skepticism? Does it make 

a concession to positivism? 

It is almost impossible to delimit the correct boundaries of a science, 
those imposed on it both by the nature of the objects it studies and by the 
nature of our minds, without immediately being accused of skepticism. It 
seems to some people that each of the logical methods our reason deploys 
is all powerful, that each of them can engage all subjects and show in them 
the most hidden secrets. In the workshop of human understanding, each 
tool is appropriate, according to them, for the most varied tasks, and our 
intellect resembles a little that chemist who boasted of knowing how to file 
with a saw and saw with a file. What a deadly pretension of dogmatism, 
which engenders the worst errors and furnishes skepticism with its most 
troubling arguments! Question a spirit gnawed by doubt—not that facile 
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and shallow doubt born from laziness and vanity, but the anxious and 

painful doubt that comes from analysis and meditation. Seek the path by 

which the doubt entered this spirit. Ask it how its faith in reason has van- 

ished. Always you will receive a similar response. Always [the spirit] has 

despaired because deductions carefully laid out led it to a manifestly false 

conclusion, or because a demanding investigation has refused to produce 

an expected result. Consider then the source of this error or of this steril- 

ity. Always [it is] an illegitimate extension given to a legitimate method of 

logic. The tool has been prepared for a definite kind of work; the tool user 

wished to give it another. Manipulating it for a long time, using force, 

bringing his dexterity to bear, has had no result or no result except drudg- 

ery. So, rebuffed, he has thrown the tool away and folded his arms. 

Would you wish to lead these discouraged people back to their labors? 

Or would you rather, from the outset, enable them to avoid miscalcula- 

tions and disappointments? Show them the proper use of their tools. Show 

them that the saw is no good except for sawing and the file no good except 

for filing. Matters are the same with the means of understanding that God 

has placed at the disposal of our reason. Nothing is more favorable to skep- 

ticism than to mix up the domains of various sciences. By contrast, nothing 

is more efficient against this tendency toward blurring than the exact def- 

inition of the diverse methods and the precise demarcation of the field that 

each one of them must explore. 

In denying metaphysics the right to govern physical investigations, and 

in denying to physical theories the right to erect themselves into meta- 

physical explanations, are we being positivistic? We hold that the positive 

sciences must be treated by methods proper to positive sciences. We hold 

that these methods rest on principles that are evident in themselves and 

able to function independently of any metaphysical investigation. We hold 

that these methods, which are effective in the observation of phenomena 

and in the discovery of laws, are incapable of capturing causes and reach- 

ing substances. But this is not to be a positivist. To be a positivist is to 

assert that there is no logical method other than the method of the positive 

sciences, that anything that cannot be achieved by this method, anything 

unknowable to positive sciences, is in itself absolutely unknowable. Is this 

what we are maintaining? 

Do you wish to play the game of positivism? Confuse the domain of 

metaphysics with the domain of physics, the metaphysical method with 

the experimental method. Discuss physical theories using reasons derived 

from metaphysical systems. Engulf the theories of positive science in your 

metaphysical systems. The positivist would have no difficulty in demon- 
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strating to you that physical methods are not able to obtain the conse- 

quences that you aspire to deduce from them, and he would conclude from 

this failure that the foundations of metaphysics totter. And the positivist 

would have no difficulty demonstrating to you that your metaphysical 

deductions are able to do nothing in the field of physical theories depend- 

ing upon experimental laws and would conclude from it that metaphysics 

is condemned through its consequences. 

If you do not establish a radical separation between physics and meta- 

physics, if you mix them together, you are bound to recognize that physi- 

cal method is good even in metaphysics. This is to give comfort to the 

cause of positivism. 

VI. The Preceding Thesis from the Viewpoint of Tradition 

Those who argue against the preceding thesis willingly claim that they 

depend on tradition. As they put it, all the great thinkers and all the great 

scientists have considered physical theories as an attempt, or as a step 

toward, the metaphysical explanation of things. All have sought not to 

classify phenomena but to discover their causes. It is the hope of disclosing 

the reasons for physical effects which has given them the courage to pursue 

their investigations, and the fertility of the latter gives us evidence that this 

hope was not an illusion. 

From the historical point of view, nothing is more false than this man- 

ner of envisaging tradition. 

On the subject of the relations between physics and metaphysics, Aris- 

totle and the peripatetic philosophy admitted a thesis which essentially 

agrees with the one we have developed. They made little use of it except 

in astronomy, the only branch of physics which was developed at that 

period, but what they said about the motion of the stars can be extended 

readily to other natural phenomena. 

They clearly separated astronomy, the science of celestial phenomena, from 

investigations of the causes of the motions of the stars and speculations on the 

reality or unreality of these motions. Studies of this type were reserved for 

physics, that is to say that part of philosophy today called cosmology. From then 

on, choosing between astronomical hypotheses was for them a matter of indif- 

ference, and there was nothing inconvenient about adopting the geocentric 

viewpoint, which conformed to the appearances better and was easier to apply 

than the alternative.* 

4. P. Mansion, Sur les principes fundamentaux de la géometrie, de la méchanique et 
de l'astronomie (Paris, 1893). 
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On this subject, Schiaparelli cites a characteristic passage from Posido- 

nius (or his abbreviator, Geminus), preserved by Simplicius, Aristotle’s 

commentator: 

It is unimportant for the astronomer to know what is immovable and what is 

moved. He is able to admit every hypothesis that represents the phenomena, 

for example, the one proposed by Heraclides Ponticus, according to which the 

mean anomaly of the planets in relation to the sun is explained by a motion of 

the earth around the sun, considered as fixed. The astronomer must then have 

recourse to the physicists for the fundamental principles of his investigations. 

All Aristotle commentators adopt the opinion so clearly expressed in 

the passage that we have just cited. Thus, St. Thomas Aquinas, in his 

commentary on Aristotle’s De Caelo, expresses himself in the same way on 

the hypotheses of astronomers: 

The assumptions of those people (the astrologers) are not necessarily true. 

Although they save the appearances by suppositions constructed in this way, 

one ought not to say that these suppositions are true, because one might save 

the appearances concerning the stars equally well by means of some other 

method not yet understood by men. However Aristotle speaks this way about 

the truth of suppositions on the quality of motion. 

It is not only the philosophers of antiquity and the Middle Ages who 

separate purely representational hypotheses without metaphysical import, 

which physicists use to classify facts, from the true explanation of the same 

facts. Astronomers and physicists conform to these principles in their 

writings. 

For example, when Archimedes undertakes to write a mathematical 

theory of floating bodies—the first theory of mathematical physics ever 

composed—he does not seek to understand what liquids are in themselves 

and to uncover the metaphysical foundation of their properties. He con- 

tents himself with stating a proposition which he names a hypothesis, and 

with demonstrating that the physical laws of floating bodies can be 

deduced logically from that hypothesis. That fundamental hypothesis of 

Archimedes can be stated in the following manner: 

5. “Illorum (Astrologorum) autem suppositiones quas adiuvenerunt, non est 

necessarium esse veras: licet enim talibus suppositionibus factis appareant solvere. 

non tamen opportet dicere has suppositiones esse veras, quia forte secundum 

aliquem alium modum nondum ab hominibus comprehensum apparentia circa 

stellas salvatur. Aristoteles tamen utitur huiusmodi suppositionibus ad qualitatem 

motuum tanquam veris.” Ad. Lect. XVII, book 2, ii. 
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Let us suppose a liquid is of such a nature that, its parts lying evenly and being 

continuous, that part which is thrust less is driven along by that part which is 

thrust more; and each of its parts is thrust by the liquid above it in a perpendic- 

ular direction if the liquid is sunk in anything and compressed by anything 

else.° 

One sees clearly, by the very nature of this hypothesis, that it does not 

aspire to be a metaphysical explanation of the properties of liquids. The 

foundation for these properties does not become more apparent in any 

fashion when Archimedes shows that one can draw them all out logically 

from the preceding proposition. Only these properties are thus classified 

and condensed. To this extent, the first theory ever written in mathemat- 

ical physics is at the same time a model for theories in the sense we intend. 

Copernicus proceeds in astronomy as Archimedes did in hydrostatics:’ 

In our time we have recovered a sort of summary or announcement for his book 

the Revolutions, a summary he wrote around 1530. The title of this short work 

is: A little book of Nicolas Copernicus on the hypotheses of the celestial motions put 

together by him. In the preamble, he announces that he is going to explain the 

system of the world better than his predecessors: “If our different assumptions, 

called axioms, are admitted.”? There follow seven postulates, where he asks 

that we concede to him that the sun is stationary, that the earth moves, that the 

stars are at enormous distances, etc. 

In the Narratio Prima of Rheticus,!° a more extended announcement writ- 

ten under the inspiration and no doubt before the eyes of Copernicus, there is 

no question throughout except of hypotheses ancient or new. 

6. “Supponantur humidem habens talem naturam ut partibus ipsius ex aequo 

jacentibus et existentibus continuis expellantur minus pulsa a magis pulsa, et 

unaquaeque autem partium ipsius pellatur humido quod supra ipsius existente 

secundum perpendicularem.” 

7. The following, concerning Copernicus, follows P. Mansion, loc. cit. 

8. Nicolai Copernici de HYPOTHESIBUS motuum coelestium a se constitutis commen- 
tariolus. [This book is now typically known by the abbreviated title Commentario- 
lus. See Noel M. Swerdlow, “The Derivation and First Draft of Copernicus’ 
Planetary Theory: A Translation of the Commentariolus with Commentary,” Pro- 
ceedings of the American Philosophical Society 117 (1973): 423-512.] 

9. Si nobis aliquae PETITIONES, quas axiomata vocant, concedantur. 

10. Georgii Joachimi Rhetici Narratio Prima, Danzig, 1540. [The best modern ver- 
sion is Hugonnard-Roche, H., and Verdet, J.-P., eds. and trans. (1982) Georgii 
Joachimi Rhetici Narratio Prima. Studia Copernicana, XX. Warsaw: Ossolineum, a 
critical edition and French translation, with copious notes. ] 
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Things are the same in the book On the Revolutions. Copernicus leaves the 

ground of astronomy to engage that of physics in the Aristotelian sense, that is 

to say cosmology, in only two chapters. In one (book 1, chapter 7), he presents 

Ptolemy’s reasons 1n favor of the immobility of the earth. In the other (chapter 

8), he tries to show that they are not compelling when taken in the context of 

physics. He concludes modestly: “You see therefore that from all this it is more 

probable that the earth moves than that it stays still...” 

But in the whole of the rest of the work, he writes from the phenomenal 

point of view. He is satisfied with giving systematic explanations of the celestial 

motions, the immobility of the sun being conceded, or on the assumption that 

the earth moves, as he puts it on many occasions. 

The author of the anonymous preface to On the Revolutions, probably Osi- 

ander, has therefore at the same time summarized Thomist tradition and the 

thought of Copernicus, rather than betraying it, as has often been said, in writ- 

ing the following passages: “It is not necessary that these hypotheses be true, 

they need not even be likely. This one thing suffices: that the calculation to 

which they lead agrees with the result of observations. ... Let no one then 

expect from astronomy any doctrine about these hypotheses that is certain. 

Astronomy can give nothing of the sort.” 

At the end of the sixteenth century and the beginning of the seven- 

teenth, the human mind underwent one of the greatest revolutions ever to 

turn the world of thought upside down. The logical rules, delineated by 

the genius of Greece, had been accepted until then with intelligent docility 

by the masters of the Schools, and then with strict servility by scholasti- 

cism during its decadence. At this moment, thinkers rejected them. They 

aspired to reform logic, to forge anew the tools which human reason uses, 

and, with Bacon, to create a novum organum. They shattered the lines of 

demarcation established by the peripatetics between the different 

branches of human knowledge. Distinguo, which served to delimit ques- 

tions exactly and indicate to each method the field proper to it, became a 

term of ridicule used in comedy. Then one saw the disappearance of the 

ancient barrier separating the study of physical phenomena and their laws 

from the investigation of causes. Then one saw physical theories taken for 

metaphysical explanations and metaphysical systems seeking to establish 

physical theories by deductive means. 

11. Vides ergo quod ex his omnibus, PROBABILIOR sit mobilitas terrae quam euis 

quies, praesertim in quotidiana revolutione, tanquam terrae maxime propria. 

12. Neque enim necesse est eas hypotheses esse veras, imo ne versimiles quidem, 

sed sufficit hoc unum si calculum observationibus congruentem exhibeant. . . . 

Neque quisquam, quod as hypotheses attinet, quicquam CERTI ab astronomia 

expectet, cum ipsa nihil praestare queat [emphasis added]. 
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The illusion that physical theories attain true causes and ultimate rea- 

sons for things penetrates in every sense the writings of Kepler and Gali- 

leo. The debates that make up the trial of Galileo would be 

incomprehensible to anyone who did not see there the struggle between a 

physicist who wishes his theories to be not only the representation but also 

the explanation of phenomena, and theologians who maintain the ancient 

distinction and do not admit that Galileo’s physical and mechanical rea- 

sonings might in any way go against their cosmology. 

But the person who made the greatest contribution to breaching the 

barrier between physics and metaphysics is Descartes. 

Descartes’s method calls into doubt the principles of all our knowledge 

and leaves them suspended by this methodical doubt until the moment 

their legitimacy can be demonstrated by a long chain of deductions begin- 

ning with the celebrated “I think, therefore I am.” Nothing could be more 

contrary to the peripatetic idea than such a method, according to which a 

science such as physics rests on self-evident principles whose nature meta- 

physics can unearth but whose certainty it cannot establish. 

The first proposition in physics that Descartes establishes, by following 

his method, gives him, he tells us, knowledge of the very essence of matter. 

“The nature of body consists in this alone—that it is a substance that has 

extension.” The essence of matter being thus known, one should be able, 

through the method of geometry, to deduce from it the explanation of all 

natural phenomena. “I accept no principles in physics,” says Descartes, 

summarizing the method through which he attempts to treat that science, 

“that would not also be accepted in mathematics, in order to be able to 

prove by demonstration everything that I would deduce from them, and 

these principles are sufficient, to the extent that all the phenomena of 

nature can be explained by their means.” 

Such is the audacious formula of Cartesian cosmology. Human beings 

know the very essence of matter, which is extension. They are therefore 

able, logically, to deduce from it all the properties of matter. The distinc- 

tion between physics, which studies phenomena and their laws, and meta- 
physics, which seeks to grasp some information about the essence of 
matter insofar as it is the cause of phenomena and the foundation of the 
laws, no longer has any basis. The mind does not begin from knowledge of 
phenomena to raise itself in turn to knowledge of matter. What the mind 
knows first of all is the very nature of matter and the explanation of phe- 
nomena that flows from it. 

Descartes pushes the consequences of this bold formula to the limit. He 
is not satisfied with asserting that the explanation of all natural phenomena 
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may be deduced from the proposition that “the essence of matter consists 

in extension.” He attempts to give this explanation in detail. He seeks to 

construct the world starting from this definition, and when his work is 

complete, he stops to contemplate it and states that nothing is lacking in it. 

As the title of one of the paragraphs in the Principles of Philosophy tells us: 

“There is no phenomenon of nature which has been overlooked in this 

treatise.” | 

Descartes, however, seems to have been frightened for a moment by the 

boldness of his cosmological doctrine and to have sought to reconcile it 

with peripatetic doctrine. This follows from reading one of the articles of 

the book Principles of Philosophy. Let us quote in its entirety this article, 

which is so relevant to the object that occupies us: 

However, although this method may enable us to understand how all the things 

in nature could have arisen, it should not therefore be inferred that they were 

in fact made in this way. Just as the same craftsman could make two clocks 

which tell the time equally well and look completely alike from the outside but 

have completely different assemblies of wheels inside, so the supreme crafts- 

man of the real world could have produced all that we see in several different 

ways. I am very happy to admit this; and I shall think I have achieved enough 

provided only that what I have written is such as to correspond accurately with 

all the phenomena of nature. This will indeed be sufficient for application in 

ordinary life, since medicine and mechanics, and all the other arts which can be 

fully developed with the help of physics, are directed only toward items that 

can be perceived by the senses and are therefore to be counted among the phe- 

nomena of nature. And in case anyone happens to be convinced that Aristotle 

achieved—or wanted to achieve—any more than this, he himself expressly 

asserts in the first book of the Meteorologica, at the beginning of Chapter 

Seven, that when dealing with things not manifest to the senses, he reckons he 

has provided adequate reasons and demonstrations if he can simply show that 

such things are capable of occurring in accordance with his explanations.'* 

But this sort of concession to the ideas of the schools is manifestly not 

in accord with Descartes’s method. It is only one of the precautions that 

the great philosopher took willingly against the censure of the Church, 

strongly motivated, as one knows, by the condemnation of Galileo. For the 

rest, it seems that Descartes himself might have feared that one might take 

his caution too seriously, for he follows the article we have just cited with 

13. [Principles IV, art. 199.] 

14. [Principles IV, 204.] 
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two others, titled as follows: “Nevertheless my explanations appear to be 

at least morally certain”; “Indeed, my explanations possess more than 

moral certainty.” 

We therefore think that one cannot look at Descartes correctly except 

as the first philosopher who stopped discriminating physics from cosmol- 

ogy, or at least as the one whose writings most clearly and completely 

denied the distinction between these two orders of knowledge. 

The influence of Descartes on the great minds of his century was 

immense. Also we see, following him, that the most powerful physicists 

regard their theories as true explanations of the nature of things and apply 

them through reasons derived from metaphysics. We have cited else- 

where’’ various passages from Christiaan Huygens that show clearly to 

what degree he shared Descartes’s ideas in this regard. 

This influence of Descartes was extremely general. It was not, how- 

ever, entirely universal. We have shown, in the article to which we have 

already alluded, that Pascal did not submit to it without some protest. We 

have shown above all that Newton never abandoned the tradition of the 

schools. He always clearly separated scientific theories intended to coordi- 

nate physical laws and metaphysical investigations intended to make 

known the causes of phenomena. He always maintained the logical priority 

of the first, among which he placed celestial mechanics, over the second. 

By a happy coincidence, in the same journal, Mr. de Kirwan,'’ in com- 

menting on Newton’s idea about action at a distance, came to understand 

the thought of the author of Mathematical Principles of Natural Philosophy 

in the same manner that we did. 

In the eighteenth and nineteenth centuries, the exact concept of the 

relations between physics and metaphysics was more and more obscured. 

Many reasons, among which the more or less direct influence of Des- 

cartes’s ideas plays a preponderant role, tended to confuse theories with 

explanations. One did not need to believe, however, that all trace of the 

distinction that needs to be made between these two kinds of knowledge 

had disappeared from the mind of physicists. The same people whose 

pride of discovery carried the furthest, those who had the most complete 

confidence in the power of physical theories, recognized, when their med- 

15. [Principles IV, arts. 205 and 206.] 

16. P. Duhem, “Une nouyelle théorie du monde organique,” Revue des questions 
scientifiques, 2nd series, 3., Jan. 1893, p. 117. 

17. C. de Kirwan, “Newton et l’action a distance,” Revue des questions scientifiques, 
2nd series, 3., Jan. 1893, p. 169. 
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itations paused on this question, that the theories of which they were so 

proud were perhaps no more than metaphysical explanations. 

In an article to which we have just referred the reader, we have cited 

Laplace among those who regarded the theory of universal attraction as 

the ultimate explanation of natural phenomena. And in fact, if one 

excludes the writings of Poisson, there is perhaps no work that exudes a 

more complete confidence in the power of mathematical theories than the 

Meéchanique céleste (Celestial Mechanics). This confidence, however, is not 

entirely blind. In several places in his Exposition du systéme du monde (Sys- 

tem of the World), Laplace indicates that this universal attraction which in 

the form of gravity or molecular attraction connects all natural phenom- 

ena, is perhaps not the explanation of them—that universal attraction, 

itself depends perhaps on a higher cause. This cause, it is true, Laplace 

seems to cast into a domain that is unknowable, but in any case he recog- 

nizes no less than Newton that research on this cause, if it is possible, con- 

stitutes a problem distinct from that resolved by astronomical theories. 

“This principle, he says, “is it a primitive law of nature? Is it not a general 

effect of an unknown cause? Here the present ignorance of the inner prop- 

erties of matter brings us to a halt, and we remove all hope of responding 

in a satisfactory manner to these questions.”'® “The principle of universal 

gravitation,” he says again, “is it a primitive law of nature? Or is it not the 

general effect of an unknown cause? Can one not lead back the affinities to 

this principle? Newton, more circumspect than many of his followers, said 

nothing about these questions, about which the present ignorance of the 

inner properties of matter prevents us from responding in a satisfactory 

manner.”!” 

We have equally cited Ampére among the number of those who 

thought to find the true explanations of physical phenomena in attractions 

and repulsions of various natures. It is certain that Ampére regards the 

laws established by Newton, by Coulomb, and by himself as furnishing at 

the same time physical theories and metaphysical explanations. But if he 

believes that he possesses the simultaneous solution of the physical prob- 

lem and the metaphysical problem, he does not confuse these problems. 

He encourages those who refuse to recognize the legitimacy of the solu- 

tions that he proposes in the domain of metaphysics to accept them at least 

in the domain of physics: 

18. Laplace, Exposition du systéme du monde, book IV, chap. XVII. 

19. Laplace, Exposition du systéme du monde, book V, chap. V. 
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The principal advantage of the formulas which are thus derived immediately 

from various general facts, given through a sufficient number of observations 

the certainty of which cannot be disputed, is that they remain independent as 

much of the hypotheses that aided their authors in the search for these formulas 

as [also] from those which may later be substituted for them. The expression 

for universal attraction deduced from Kepler’s laws does not depend at all on 

the hypotheses that various authors have tried to make on a mechanical cause 

that they wished to assign to it. The theory of heat rests in reality on general 

facts given immediately by observation, and the equation deduced from these 

facts is confirmed by the agreement of the results one derives from it and those 

given by experiment. [This equation] must be equally accepted as expressing 

the true laws of the propagation of heat, both by those who attribute it to a 

spreading out of caloric particles and by those who to explain the same phe- 

nomena have recourse to vibrations in a fluid spread out through space. It is 

necessary only that the former show how the equation that concerns them 

results from their manner of seeing things and that the latter deduce it from 

general formulas of wave motion. This is not to say anything about the cer- 

tainty of this equation, except insofar as their respective hypotheses can subsist. 

The physicist who accepts neither of these positions admits this equation as an 

exact representation of the facts without worrying about the manner in which 

it follows from one or the other of the explanations of which we have spoken.” 

We could multiply these quotations, but those we have given suffice to 

clarify the idea that we wish to illuminate. Newton, Laplace, and Ampere 

have shown us that even in modern times, which are proud of the devel- 

opments of positive science, the healthy and prudent tradition of the 

schools has never disappeared completely, that those physicists who were 

greatest because of their discoveries have always recognized that mathe- 

matical theories have as their object to coordinate natural laws, and that 

the discovery of causes constitutes a separate problem, logically posterior 

to the former. In consequence, [they have recognized that] this doctrine, 

rather than being pernicious for scientific research, is imposed effortlessly 

on minds that are the most fertile in discovery. 

Should it be said that [this doctrine] has never been misunderstood by 

the great scientists? Assuredly not. The examples of Descartes and Huy- 

gens show us that one may give a prodigious impulse to physical theories 

while being quite wrong about their nature and confusing them with cos- 

mological explanations»that one can even draw a powerful and fertile 

20. André-Marie Ampére, Théorie mathématique des phénoménes électrodynamiques, 

uniquement déduite de Pexpérience, Paris: Hermann, p. 3. 



Physics and Metaphysics 49 

ardor for scientific research from this error, which exaggerates the impor- 

tance of the aim to be attained. But these examples hold nothing that can 

surprise us and that might be capable of breaking down the distinction that 

we have tried to establish between the construction of a physical theory 

and the investigation of metaphysical inquiry into causes. Often illusion 

inflames human activities more than the clear understanding of the object 

pursued. Is this a reason for confusing illusion with truth? Admirable geo- 

graphical discoveries have been made by adventurers seeking the Land of 

Gold. Does this mean that our maps should include El Dorado? 



The English School and 

Physical Theories: On a 

Recent Book by W. ‘Thomson’ 

This article and the next one, entitled “Some Reflections on the Subject of 

Experimental Physics,” form the core of Duhem’s most famous work, The Aim 

and Structure of Physical Theory, which Duhem published as a series of arti- 

cles in 1904 and 1905. The themes of this article are reworked in part I, chapter 

4, of that larger work. 

A collection of scientific lectures given by William Thomson in various cir- 

cumstances and bearing on diverse questions of general physics has just 

been translated into French.” In running through these lectures one expe- 

riences a very strange feeling—the feeling that one really has before one’s 

eyes the work ofa first-rank scientist and that, nevertheless, this work is not 

altogether science, or at least science as we understand it and as we like it. 

We have experienced this feeling to a more or less intense degree every 

time we have opened a book written by one of the physicists of the current 

English school: Maxwell or Lodge, Tait or Thomson.’ It is the special 

1. [“L’Ecole anglaise et les théories physiques,” Revue des questions scientifiques 

34 (1893): 345-378. Duhem uses “English” (Anglais) in the old generic sense to 

cover all inhabitants of the British Isles, although many of the physicists discussed 

in this article are Scottish or Irish by birth. See the biographical sketches in subse- 

quent notes. | 

2. Sir W. Thomson (Lord Kelvin), “Conférences scientifiques et allocutions,” 

trans. L. Lugol, with notes by M. Brillouin, in Constitution de la matiére (Paris, 

1893). 
3. [James Clerk Maxwell (1831-1879) became the first professor of experimental 

physics at Cambridge (1871-1879), although he was born, and spent a great part 

50 
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form in which British genius conceives and realizes physical science that 
causes this feeling of astonishment in French intellects. 

It has seemed interesting to us to analyze the causes of this astonish- 

ment, to investigate the characteristics of the English scientific intellect, 

and to classify the features that distinguish “this great English school of 

mathematical physics, the works of which are one of the glories of the cen- 

tury.” 

No one better personifies this school than W. Thomson. As ingenious 

as Faraday, as bold as Maxwell, he is more complete than either of these 

two geniuses. As skillful an experimenter as the former, he handles geom- 

etry as easily as the latter, and surpasses him in spirit of invention in that 

branch of science. He is not content to encompass the entire field of phys- 

ical theory, and his researches shine in the realm of practical applications. 

Thanks to him, navigators are protected from compass errors and under- 

sea cables carry the thought of one continent to another.’ In addition, the 

Scientific Lectures of W. Thomson supply us with valuable evidence. 

Through them we will take hold of the scientific intellect of the English in 

its highest and most perfect form. 

of his life, in Scotland. His most important work was the Treatise on Electricity and 

Magnetism (1872). 

Oliver Lodge (1851-1940) was the first professor of physics at the University 

College in Liverpool, England, from 1881 to 1900, and thereafter, until his retire- 

ment in 1919, first principal of the University of Birmingham. He was knighted in 

1902. 

Charles Guthrie Tait (1831-1901) became professor of mathematics at 

Queens College, Belfast, Ireland, in 1854, and professor of natural philosophy at 

the University of Edinburgh from 1860 until his death. Tait collaborated with 

Thomson on a multivolume survey of physics, A Treatise on Natural Philosophy, 

which began to appear in 1867. 

William Thomson (1824-1907) became professor of natural philosophy at the 

University of Glasgow, in Scotland, in 1846(!), retiring in 1899, although he 

remained active in physics until his death. He was knighted in 1865 and became 

Baron Kelvin of Largs in 1892. His influence on English physics during the reign 

of Queen Victoria is comparable to that of Helmholtz in Germany. ] 

4. O. Lodge, Les Théories modernes de lélectricité. Essai d’une théorie nouvelle, 

trans. E. Meylan (Paris: Gauthier-Villars, 1891), p. 3. 

5. [Between 1873 and 1878, Thomson redesigned the mariner’s compass. His 

new design compensated for errors introduced by the permanent and temporary 

magnetization of the surrounding ship. Thomson was best known to the public for 
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I 

If one examines with care the most salient features of English physics, 

which distinguish it most clearly from French or German science, one 

soon recognizes that all these features flow from a very deep, very pro- 

nounced aspect of the English mind, an aspect that relates some features 

to others and at the same time explains them. 

To a degree one encounters in no other people of Europe, the English 

possess an imaginative faculty which permits them to represent to them- 

selves a very complex set of concrete things, seeing each in its place, with 

its motion and its life. On reading a typical English novelist—Dickens, for 

example—who has not been struck by the abundance and minuteness of 

the details that overload the least description? To begin with, French read- 

ers feel their curiosity piqued by the vivid depiction of each object. But 

they are unable to see the whole, and the futile effort that they make to 

reconstruct the innumerable fragments of the picture, scattered before 

their eyes, scon causes a tiredness that often repels them. The English, 

however, see the arrangement of all these things without difficulty. With- 

out difficulty their imagination puts each one back in its place, grasps the 

link that unites them, and finds charming what we find tiring. 

This extraordinary power, this abnormal development of the faculty of 

imagining concrete objects, has its counterpart. Among the English, the 

faculty of creating abstract concepts, of analyzing them, of relating them 

by rigorously constructed arguments, seems not to have the strength or the 

sharpness that the same faculty acquires among Germanic peoples and in 

our Latin races. English philosophers are almost wholly concerned with 

applications of philosophy: psychology, ethics, social science. They have 

little liking for more abstract research and do it poorly. They proceed less 
by abstract argument than by the accumulation of examples. Instead of 
connecting deductions, they accumulate facts. Darwin and Spencer do not 
engage in the learned fencing of discussion with their adversaries; they 
crush them by stoning them. 

This extraordinary power to visualize the concrete, an extreme weak- 
ness in grasping the abstract, appears to be the distinguishing feature of 

his work on the transatlantic telegraph cable. After providing a mathematical anal- 
ysis of signal transmission in long undersea cables (1855), he went on to design a 
series of instruments intended to overcome the difficulties that his analysis had 
revealed. The most important of these was the mirror galvanometer. The success 
of the transatlantic cable of 1865 was attributed to his technical expertise; it 
became the basis for his ennoblement and his large personal fortune. } 
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the English intellect. It excels at combining things and at creating [fic- 

tional] people. It can make the former move and the latter live. But it 

seems to be unable to give birth to an idea and to develop it. Such appears 

to be the genius that produced [a] Shakespeare but did not produce a 

metaphysician. 

We will find these two essential traits, these two distinctive marks, 

again and again while analyzing the form in which the English school has 

conceived physics. 

II 

In treatises on physics published in England, one continually finds an ele- 

ment that astonishes French students to a high degree. This element, 

which almost invariably accompanies the presentation of a theory, is what 

British scientists call a mode/. Nothing more aptly captures the fashion, so 

different from our own, in which the English mind proceeds in the con- 

struction of science than this use of models. 

Two electrified bodies are in evidence. French or German physicists, 

whether they are called Poisson or Gauss, conceive that, in the space out- 

side these bodies, one places that abstraction called a material point, 

accompanied by that other abstraction called an electric charge. They then 

give formulae which permit the determination of the magnitude and direc- 

tion of the force on this material point when placed at a given geometrical 

point in the space. Considered at the point in space, the direction of this 

force touches a certain line: the /ine of force. They demonstrate that the 

lines of force end at right angles to the surfaces of electrified conductors. 

They determine the force exerted on each element of such a surface. 

This entire theory of electrostatics, formulated in the clear language of 

analysis and geometry, constitutes a set of ideas and abstract propositions 

related to one another by rigorous logical rules. This set fully satisfies the 

intellect of a French or German physicist. 

Things go differently for the English. These abstract notions of poten- 

tial function, equipotential surfaces, and trajectories at right angles to 

these surfaces fail to satisfy their need to imagine objects that are material, 

visible, and tangible. “But so long as we adhere to this mode of expression 

we cannot form a complete mental picture of the actually occurring oper- 

ations.” It is to satisfy this need that they will create a model. 

6. Lodge, op. cit., p. 16 [Modern Views of Electricity (3rd ed., London: 

McMillan, 1907), art. 12]. 
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There, where the French or German physicist conceives a family of 

lines of force, they are going to imagine a bundle of elastic wires. These are 

stuck by their two extremities to various points on conducting surfaces and 

stretched; they seek at the same time to shorten themselves and to fatten 

themselves, to diminish in length and to increase in cross section. When 

two electrified bodies approach each other [the English] see them drawn 

together by these wires. Such is the celebrated model of electrostatic 

actions imagined by Faraday and admired as a work of genius by Maxwell 

and the entire English school. 

The use of similar mechanical models, recalling the essential features of 

the theory they are trying to present through certain more or less crude 

analogies, is constant in English treatises on physics. Some, like Maxwell’s 

electrical treatise, make only moderate use of them. Others, on the con- 

trary, make a continuous appeal to these mechanical representations. Here 

is a book’ intended to present modern theories of electricity and to outline 

a new theory. Here there is nothing but ropes running over pulleys, wrap- 

ping around drums, running across beads and carrying weights, tubes 

pumping water, others swelling and contracting themselves, cog-wheels 

engaging each other and forming pinions for racks. 

It is far from the case that these models help French readers to under- 

stand a theory; on the contrary, in many cases the French must make a 

serious effort to understand the functioning of the apparatus that the 

author has described, which is sometimes very complicated. This effort is 

often much greater than that required to understand the abstract theory, 

which the model claims to embody in its pure form. 

Yet the English find the use of a model so necessary for the study of 

physics that, for them, designing the model is mistaken for understanding 

the theory itself. It is amusing to see this confusion formally accepted by 

the very person who is the highest expression of English genius today, W. 

Thomson:$ 

It seems to me, he says, that the test of “Do we or not understand a particular 

subject in physics?” is, “Can we make a mechanical model of it?” I have an 

7. Lodge, op. cit. 

8. [Notes of Lectures on Molecular Dynamics and the Wave Theory of Light. Deliv- 
ered at The Johns Hopkins University, Baltimore, by Sir William Thomson, Professor 
in the University of Glasgow. Stenographically Reported by A. S. Hathaway, Lately 
Fellow in Mathematics of The Johns Hopkins University. Baltimore: Johns Hopkins, 
1884. (Reproduced by the “papyrograph” process.) The passages quoted are from, 
respectively, p. 132 and pp. 270-271.] 
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immense admiration for Maxwell’s model of electromagnetic induction. He 

makes a model that does all the wonderful things that electricity does in induc- 

ing currents, etc., and there can be no doubt that a mechanical model of that 

kind is immensely instructive and is a step towards a definite mechanical theory 

of electromagnetism. .. . 

I never satisfy myself until I can make a mechanical model of a thing. If I 

can make a mechanical model I can understand it. As long as I cannot make a 

mechanical model all the way through, I cannot understand, and that is why I 

cannot get the electromagnetic theory. I firmly believe in an electromagnetic 

theory of light, and that when we understand electricity, magnetism and light, 

we shall see them all together as part of a whole. But I want to understand light 

as well as I can without introducing things that we understand even less of. 

This is why I address myself to pure dynamics.” 

Ill 

For physicists of the English school, understanding a physical phenome- 

non is the same thing as constructing a model that imitates the phenome- 

non. Consequently, understanding the nature of material things will be the 

same thing as imagining a mechanism that will represent or simulate the 

properties of bodies by its action. The English school has thus acceded 

entirely to purely mechanical explanations of physical phenomena. 

This is not, to be sure, a characteristic that suffices to distinguish 

English doctrines from scientific traditions that flourish in other countries. 

Mechanical theories have resulted from French genius, the genius of Des- 

cartes. They have long reigned without dispute in France as in Germany. 

What distinguishes the English school is not the attempt to reduce matter 

to mechanism, it is the particular form of its attempts to reach this goal. 

No doubt, wherever mechanical theories have taken root, wherever 

they have been developed, they have owed their birth and progress to a 

failure of the faculty of abstraction, to a victory of imagination over reason. 

If Descartes and the philosophers who followed him refused to admit the 

existence of any property of matter not reducible to geometry or kinemat- 

9. Pp. 270-271, emphasis added by Duhem. [The last sentence is a translation 

of Duhem’s French. The English text (Thomson, Molecular Dynamics and the 

Wave Theory of Light, p. 271) reads, “That is why I take plain dynamics.” Con- 

tinuing, “I can get a model in plain dynamics, I cannot in electromagnetics.” “Plain 

dynamics” here means dynamics limited to the fundamental concepts and relations 

of Newtonian mechanics, and not augmented by additional concepts or relations 

from electricity, magnetism, and so forth. Understood in this way, Duhem’s trans- 

lation of the final sentence makes good sense and provides a better ending. ] 
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ics, it is because any such quality would be occult, and, being conceivable 

only by reason, it would remain inaccessible to the imagination. The 

reduction of matter to extension by the great thinkers of the seventeenth 

century showed clearly that during that period, the metaphysical sense, 

exhausted by the excesses of scholasticism during its decadence, entered 

into the decrepit state in which it still languishes today. 

But in France, as in Germany, while the sense of abstraction could have 

failures, it never completely went to sleep. It is true [that] the hypothesis 

that everything in the material world can be reduced to geometry and kine- 

matics is a triumph of imagination over reason. But after having given in 

on the essential point, reason, at least, reasserts its rights when it attempts 

to deduce the consequences and to construct the mechanism which must 

represent matter. Descartes, for example, and Huygens after him, having 

posited the principle that extension is the essence of matter, took great care 

to deduce from it that matter has the same nature everywhere, that there 

cannot be several different material substances, and that only forms and 

motions could distinguish the different parts of matter from one another. 

By logic, they sought to construct a system that explains natural phenom- 

ena through the intervention of only two elements: the shape of the bare 

parts and the motion with which they are animated. 

In addition, since the faculties of the French and the Germans do not 

permit them to imagine a mechanism when it is at all complicated, the 

French and the Germans demand that all attempts to explain the universe 

mechanically be simple. Any explanation that made a considerable number 

of elementary substances intervene, or that combined them into a compli- 

cated organism, would be rejected by them as improbable from the outset. 

They [would] demand that one reduce matter, in the last analysis, to a 

small number of types of elementary atoms, two or three at most; that 

these atoms have simple geometric forms; that they be endowed only with 

some essential mechanical properties; and that the properties be set forth 

in propositions that are very brief and easy to understand—propositions 

which they would seek, moreover, to justify through metaphysical consid- 

erations. Let one examine all the mechanical explanations imagined by the 

French or the Germans from the doctrine of Descartes right up to the the- 

ories of P. Leray, which we analyzed here a short time ago,'? and one will 

always recognize there, very clearly, the dual tendency toward abstraction 

and simplicity. 

10. P. Duhem, “Une nouvelle théorie du monde inorganique,” Revue des questions 
scientifiques, Jan. 1893. 
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Things are not the same with the mechanical explanations created by 

British intellects. Their powerful imaginative faculty depicts the most 

obscure mechanisms for them without difficulty. Also, they are not afraid 

of attributing a very complex structure to matter. In order to explain the 

dispersion of colored light, W. Thomson considers material molecules to 

be veritable edifices with interacting rigid and elastic elements. His gyro- 

static aether is not very simple, and yet it greatly surpasses in simplicity 

the aether that Maxwell and Oliver Lodge constructed to give an account 

of electromagnetic phenomena. 

It is not only that the constructions through which English physicists 

seek to represent the constitution of matter are complicated, but also their 

constituents do not reduce to geometric forms endowed with a few ele- 

mentary abstract properties. These are not the materials with which Des- 

cartes sought to construct the “machine” of the world, simple shapes 

endowed with the property of exchanging their quantity of motion 

through collisions without losing any of it. No, these are concrete objects, 

similar to those we see or touch: rigid or elastic solids, compressible or 

incompressible fluids. At times, in order to make them more tangible, in 

order to make us better understand that this is not a case of ideas developed 

by abstraction, but rather of bodies equivalent to those we manipulate 

every day, W. Thomson affects to designate them with ordinary names. 

He calls them little wires or bell-pulls. The elementary properties with 

which these bodies are endowed—igidity, elasticity, compressibility, flu- 

idity, and flexibility—receive neither definition nor metaphysical justifi- 

cation. W. Thomson, for example, never asks himself philosophical 

questions such as the following: Can one of the ultimate elements of matter 

occupy a variable volume or not? Is it essentially incompressible, or can it 

be compressed? Still less does he ask himself what one must understand by 

the volume occupied by an atom. The elements which make up matter are 

similar to those which we see around us every day. They may be fluid like 

water, compressible like air, elastic like steel, or flexible like a strand of 

silk. Their nature does not need to be defined philosophically. It suffices 

that their properties fall under the senses. The mechanisms they serve to 

make up are not destined to be grasped by reason; they are destined to be 

seen by the imagination. 

IV 

What we have said about the use of “models” to “illustrate” physical the- 

ories will help us understand the role that the English assigned to mathe- 

matics in the development of the same theories. 
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Certainly, more than one reader may be astonished to hear us speak of 

the role that accrues to the imaginative faculty in mathematical research. 

Mathematics passes as a science that only the faculty of creating abstract 

ideas, joined to the faculty of connecting them in logical reasoning, has the 

power to engender and to develop. This common opinion, however, does 

not seem to me to be completely right, at least unless it is explained. 

Without doubt, all branches of pure and applied mathematics treat 

concepts that are abstract. It is abstraction that furnishes the notions of 

number, line, surface, angle, mass, force, temperature, and quantity of 

heat or electricity. It is abstraction, or philosophical analysis, that sepa- 

rates and makes precise the fundamental properties of these various 

notions and enunciates axioms and postulates. It would be possible to con- 

nect these abstract notions through reasoning that would involve almost 

exclusively the logical faculties of the mind. Euclidean geometry offers us 

an example of a similar connection. Mathematical procedures have pre- 

cisely as a goal to replace this extremely laborious method with another 

which is much easier. Instead of reasoning directly from the abstract 

notions that concern it, considered in themselves, the mathematician prof- 

its from their most simple properties in order to represent them by num- 

bers, that is, to measure them. Then, instead of connecting the properties 

of these notions themselves in a chain of syllogisms, the mathematician 

submits their measures to manipulations according to fixed rules, the rules 

of mathematical analysis. For in mathematical analysis a very important 

part, which one can in the widest sense of the word designate as calcula- 

tion, presupposes, among those who developed it or who use it, a good deal 

less a power of abstraction and the facility of setting their thoughts in 

order than the ability to represent to themselves various and complicated 

combinations that one can form with certain symbols; that is, to see the 

transformations which allow one of these combinations to pass into 

another. The authors of certain analytic inquiries are not at all metaphysi- 

cians. They resemble the engineer who combines multiple wheels, or even 

better, the chess player who brings out a bishop and a knight without look- 
ing at the board. 

After what we have said about the English intellect, one might think 
that the geometers of Great Britain would excel at manipulating the most 
complex algorithms in algebra, just as much as in deepening the very prin- 
ciples on which mathematics rest. Does this expectation not find itself 
confirmed in a resounding manner if one compares the researches of some- 
one like Sylvester to those of someone like Riemann or Weierstrass? 
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For the English, mathematics consists above all of an algebraic mecha- 

nism. What role can it play in the development of physical theory? That of 

a model. Just as, in order to clarify a physical theory, they constructed an 

apparatus with materials that are solid or liquid, elastic or flexible, the 

action of which imitated the principal phenomena that the theory aimed to 

capture, similarly, with the symbols of algebra, they aim to construct a sys- 

tem representing the coordination of the laws that they seek to classify 

through its various transformations. When they construct a model, they 

make it from the materials which seem to them to be the most convenient 

without ever asking themselves if the arrangements they imagine have the 

least analogy in nature with the properties of the bodies that they want to 

reproduce. The same is true even when it is a case of representing the con- 

stitution of matter. Similarly, when they construct a mathematical theory, 

they are little concerned to understand what real elements correspond to 

the algebraic magnitudes that appear in their equations. If these equations 

imitate the interplay of the phenomena well, they are little concerned with 

the route by which they were obtained. 

Those who founded mathematical physics in France or Germany— 

Laplace, Poisson, Ampere, Gauss—took great care to note the facts of 

experience on which they founded it when introducing a physical theory, 

to state the hypotheses they admitted precisely, [and] to define the magni- 

tudes of which they spoke. In this way, these preliminaries, in general so 

carefully attended to, led the reader step by step right up to an equation in 

which the complete theory is condensed. Almost always one looks in vain 

for these preliminaries among English authors. For them the equation 

alone has value. The background of the equation has no interest for them. 

Would you like a striking example of this? 

Maxwell has added a new electrodynamics, the electrodynamics of 

dielectric bodies, to the electrodynamics of conducting bodies created by 

Ampére. This branch of physics results from the consideration of an 

essentially new element, which has been named, improperly in any case, 

displacement current. [The displacement current is] introduced to complete 

the definition of the variable state of a dielectric, a state which the knowl- 

edge of polarization does not determine entirely, just as conduction current 

has been added to electric charge to complete the definition of the variable 

state of a conductor. The displacement current presents strict analogies as 

well as profound differences with the conduction current. Thanks to the 

introduction of this new element, electrodynamics is thrown into disorder. 

Phenomena are announced that experimentation has never revealed. We 

see a new theory develop about the propagation of electric actions in non- 
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conducting media, and this theory leads to an unforeseen interpretation of 

optical phenomena. The displacement current is so new, so strange. Its 

study is so fertile in consequences that are important, surprising, and par- 

adoxical. Surely Maxwell would only introduce this new element into his 

equations after having defined and analyzed it with the most minute care? 

Open the work"! in which Maxwell presented his new theory of the elec- 

tromagnetic field and you will find nothing but these two lines to justify 

introducing the flux of displacement in the electrodynamic equations: 

“The variations of electric displacement must be added to the currents in 

order to obtain the total motion of electricity.” 

This absence of all definition, even when we are concerned with the 

most novel and important elements, allows us to understand how some 

people for whom analysis holds no mystery remain excluded from the 

work of Maxwell and become incapable, in many cases, of saying what he 

really thinks. Maxwell studies the transformation of the equations of elec- 

trodynamics in their own terms, most often without seeking to see behind 

his transformations the coordination of physical laws. He studies them as 

one examines the movements of a mechanism. This is why it is a futile 

effort to seek behind these equations a philosophical idea which is not 

there. It seems to me that this is the sense in which one must interpret the 

remark of Hermann Hertz:’ “To the question ‘What is Maxwell’s the- 

ory?’ I know no more complete and simpler answer than this: Maxwell’s 

theory is Maxwell’s system of equations.” 

V 

The French geometers who constructed the most important theories in 

mathematical physics had a continual tendency to regard them as true 

explanations, in the metaphysical sense of the word. They assumed that 

these theories took hold of the very reality of things and the true causes of 

phenomena. This tendency, springing from Descartes, constantly reveals 

itself in the writings of Laplace, Poisson, Fresnel, Cauchy, and Ampére. 

Occasionally, it is true, these authors are almost afraid of their own bold- 

11. J. Clerk Maxwell, “A Dynamical Theory of the Electromagnetic Field,” 
Philosophical Transactions of the Royal Society 155: 480. 

12. Hermann Hertz, Untersuchungen tiber die Ausbreitung der elektrischen Kraft, 
Einleitende Ubersicht, p. 23Leipzig 1892. [In English, the first physicist to detect 
radio waves experimentally, Heinrich Rudolph Hermann Hertz, is generally 
known as Heinrich Hertz. ] 
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ness, and for an instant, they suspect that their theories are perhaps no 

more than representations and not explanations at all.'> But after occur- 

ring to them for a moment, and revealing to these great minds the true 

import of the method in use in the positive sciences, this prudent thought 

is veiled anew and disappears behind the clouds gathered by a superb and 

absolute confidence in the omnipotence of modern science. 

This tendency to see a metaphysical explanation of the universe in 

mathematical theory is in singular contrast with the tendency of English 

physicists, who never see it as anything but a model. Even when he is writ- 

ing a paper on the constitution of the aether or of matter, W. Thomson 

never forgets that he is not laying hold of the essence of things. He con- 

fines himself to constructing an apparatus capable of simulating certain 

phenomena. This thought is always present in his mind. He returns to it 

every instant. 

This opposition between the French and English tendencies shows 

itself in essential and striking features. 

At the beginning of every theory, French physicists of the late eigh- 

teenth and early nineteenth century present a certain number of hypothe- 

ses which define the most important, essential, and elementary properties 

of matter for them. Then, from these fundamental hypotheses, they seek 

to deduce the explanation of all the phenomena of physics through a logi- 

cally connected chain of precise deductions. Nothing can remain outside 

the chain, for the fundamental hypotheses are supposed to define all the 

primary properties of matter from which flow all the phenomena that we 

observe, as effects flow from causes. This method has produced those 

majestic systems of nature which propose to bring the form of Euclidean 

geometry to physics. Taking as foundations a certain number of very sim- 

ple postulates, they aspire to deduce from them the explanation of the 

material world, down to the last detail. From the time when Descartes 

unrolled the ample chain [of deductions] in his Principles of Philosophy 

right up to the time when Poisson, following Laplace, sought to reduce the 

mechanism of the system of the world to attraction, as much Newtonian as 

molecular, and thus to construct all of Mechanical Physics, such has been 

the perpetual ideal of French intellects. In pursuing this ideal, monuments 

13. [As this passage suggests, for Duhem there is a profound difference between 

representation and explanation. The latter, not the former, must lead back to the 

one correct ontology for science, that provided by the “natural classification” that 

is expected to be the historical end point of physical theorizing. See Duhem, trans. 

Weiner (1954), esp. pp. 296-297. ] 
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have been erected whose grandiose proportions and simple lines still 

enchant, though today they totter on foundations undermined on all sides. 

This unity of theory and the logical chaining together of all the consti- 

tutive parts are such necessary and compulsory consequences of the man- 

ner in which physicists of the French school conceive a theory that to 

disturb this unity or to break this order is, for them, to violate the princi- 

ples of logic. It is to commit an absurdity. 

It is not at all the same for English physicists. 

For them, a mathematical theory is not an explanation of physical laws 

but a model of these laws. [Such a theory] is constructed not to satisfy rea- 

son but to please the imagination. Henceforth, mathematical theory 

escapes the domination of logic. English physicists are permitted to con- 

struct one model to represent one group of laws and another model, 

unconnected with the former, to represent another group of laws, even 

when some laws are common to the two groups. For a geometer of the 

school of Laplace and Cauchy, it would be absurd to give two distinct 

explanations of one law and to maintain that these two explanations are 

true at the same time. For an English physicist, there is no contradiction 

in one law being represented in two different ways by two different mod- 

els. There is more: The complication thus introduced into science causes 

no offense, for [the English] imaginative faculty, which is more powerful 

than our own, does not feel the desire for simplicity and the need for unity 

to the same degree that we do. This faculty finds its way without difficulty 

in labyrinths where ours gets lost. 

Hence, in the theories of the English, we are compelled to judge 

severely these disparities, or incoherencies, or contradictions, because we 

seek a rational system in which the author aspires to give us nothing but a 

work of the imagination. 

In reading these lectures of W. Thomson in The Constitution of Matter, 

take good care to seek in them a set of logically coordinated researches 
showing how different physical laws may be deduced from chosen hypoth- 

eses on the constitution of matter. Great will be your surprise and still 
greater yet will be your disappointment. Here matter is presented to us as 
a set of isolated and immobile material points. Between these points attrac- 
tions exist, and W. Thomson, having announced the idea that the attrac- 
tions can be reduced to Newtonian action, develops the hypothesis which 
distinguishes them [from Newtonian actions]. There, gases are a collection 
of tiny projectiles, animated with prodigious velocities, which collide in 
their mad progress. Further on, a material molecule is a collection of 
spherical concentric envelopes connected by springs. Elsewhere, it is a 
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gyrostatic system constituted by whirlpools in the aether. There is no 
attempt at agreement between these various theories. Each of them is 
developed in isolation, with no concern for the preceding one, covering 
again a part of the field already covered by the preceding model. They are 
pictures, and in composing each one, the artist chooses the objects which 
he will represent and the order in which he will group them, with complete 
freedom. It matters little if one of his figures has already appeared, in a dif- 
ferent pose, for another picture. The logician would be wrong to take 

offense at this. A series of pictures is not a chain of syllogisms. 

This incoherence between the various parts of a theory is not limited to 

W. Thomson. It is yet more striking in the writings of Maxwell. As H. 

Poincaré says in an already famous preface:'* 

The English scientist does not seek to build a unique, definitive and well 

ordered structure. It seems instead that he raises a great number of indepen- 

dent, provisional constructions, between which communications are difficult 

and at times impossible. 

Let us take, as an example, the chapter explaining electrostatic attractions 

by compressions and tensions which might hold sway in a dielectric medium. 

This chapter could be eliminated without the remainder of the book becoming 

less clear and complete. On the other hand, it contains a theory that is sufficient 

unto itself. One could understand it without having read a single line before or 

after. But it is not just independent of the rest of the work: It is difficult to rec- 

oncile with the fundamental ideas of the book, as an extensive discussion will 

show. Maxwell himself does not even attempt such a reconciliation. He limits 

himself to saying, “I have not been able to make the next step, namely, to 

account by mechanical considerations for these stresses in the dielectric.”! 

This example will suffice to make my idea understood. I could cite many 

others. Hence, who would doubt, on reading the pages devoted to the magneto- 

optical rotation,'® that an identity exists between optical and magnetic 

phenomena? 

14. H. Poincaré, Electricité et optique 1. Les Théories de Maxwell et la théorie élec- 

tromagnetique de la lumiere, Introduction, p. viii. 

15. [James Clerk Maxwell, A Treatise on Electricity and Magnetism, 3rd ed., New 

York: Dover, [1891] 1954, vol. 1, art. 111, p. 166.] 

16. [“‘la polarisation rotatoire magnetique.” Faraday discovered that when a beam 

of light is passed through a glass plate in a strong magnetic field, its plane of polar- 

ization is rotated. This effect, known in English as “the magneto-optical rotation,” 

was taken by Maxwell and his followers as evidence not only that the domains of 

magnetism and light were connected but also that magnetism consisted most 
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No doubt what is exact and truly fertile in the work of Maxwell will one 

day take its place in a coherent and logically constructed system, in one of 

those systems in which thoughts are conducted in order, in the image of 

Euclid’s Elements, or of those majestic theories unfolded by the creators of 

mathematical physics. But Maxwell most assuredly was not seeking that. 

For example, regarding Boltzmann’s'’ attempt to construct an equivalent 

system, we ought to see in his attempt not the work of a commentator scru- 

pulously and slavishly faithful to the great physicist, but the work of a Ger- 

man thinker seeking to transform into a logically coordinated combination 

of rational theories what, in the mind of the English author, was nothing 

but a set of models constructed for the imagination. 

When one traverses the works of a great English physicist such as W. 

Thomson or Maxwell, when one sees the appearance of these disparate 

views, contradicting themselves from one year of his life to another and 

from one chapter of his book to another, one takes to musing on those 

innumerable laws and customs that each century adds to English legisla- 

tion—laws and customs that contradict the customs and laws of preceding 

centuries and nevertheless, far from destroying [their predecessors], 

superimpose themselves on them, mixing and confusing themselves with 

them. It is striking to find again, in science just as in law, this careless logic 

before which the French mind, thirsting for simplicity and unity, is stupe- 

fied. In all manner of things, the French demand a system. 

VI 

Here [is] a digression on a subject that seems important to us. 

The geometers, French for the most part, who founded mathematical 

physics, saw the rational explanation, or the metaphysical foundation, of 

the laws discovered by experimentalists in the theories constituting that 

science. From then on, they wanted these theories to be logically con- 

nected. 

Today, this way of understanding the role of theories in mathematical 
physics is in the process of being abandoned. Physicists, more and more, 
at least those who reflect on the meaning of the science they are obliged to 
develop and teach, no longer tend to see in physical theories metaphysical 

importantly of a rotational motion in the luminiferous aether. See Maxwell, Trea- 
tise, vol. 2, arts. 806—-831.] 

17. Boltzmann, Vorlesungen tiber Maxwell's Theorie der Elektricitat und des Lichtes, 
Teil 1, Leipzig, 1891. 
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explanations but only representational systems that classify and coordinate 
physical laws. We have developed the reasons that compel the adoption of 
this idea, in our view, in several earlier papers in this journal.'® 

Now, if we admit that the theories of mathematical physics are not 

metaphysical systems, if we attribute to them only a value as representa- 
tions, if we consider them as methods of classification, why should we still 

require that all these theories be derived with absolute rigor from a small 

number of principles stated clearly and once and for all? Why should we 

not admit that distinct groups of laws may be symbolized by different the- 

ories, the first resting on certain hypotheses, the others on other hypothe- 

ses incompatible with the first? Similarly, why should we not admit several 

different and irreconcilable theories at one time [in order] to give an 

account of one of the same collection of phenomena. Why, in a word, 

should we prefer the logical rigor of French theorists to the logical inco- 

herence of English physicists? 

This thought certainly presented itself to quite a few minds. 

No doubt, there are some for whom this idea leads to skepticism. They 

are not far from placing the method followed by Laplace and Ampére on 

the same level as the method followed by Thomson and Maxwell. Perhaps 

they are even inclined to prefer the latter. Is this not the tendency which 

comes through in the following lines, written by H. Poincaré?!” 

One should not, therefore, expect to avoid all contradictions, but one should 

take sides. Two contradictory theories may in fact each be useful instruments 

of research, provided that one does not mix them, and that one does not look 

there for the essence of things. Perhaps Maxwell's work would be less sugges- 

tive if he had not opened for us so many new and divergent paths? 

Others, on the contrary, those who wish absolutely to attribute an onto- 

logical value to physical theories—Vicaire,” for example—are content to 

show that in regarding physical theories as pure representations, one is led 

to regard logical incoherence in equivalent theories as legitimate, and they 

18. [Chapters 1 and 2 of this volume]; “Notation atomique et hypotheses atomis- 

tiques,” Revue des questions scientifiques (1892); “Une nouvelle theorie du monde 

inorganique,” Revue des questions scientifiques (1893). 

19. H. Poincaré, Electricité et optique. 1. Les Théories de Maxwell et la théorie élec- 

tromagneétique de la lumiere, Introduction, p. ix. 

20. E. Vicaire, “De la valeur objective des hypothéses physiques,” Revue des ques- 

tions scientifiques (1893). 
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are well aware that this consequence, which inspires such violent loathing 

among French minds, comes back as an objection against the ideas from 

which it came. 

The ideas in the process of being born and evolving among physicists 

therefore pose an important problem. This problem may be stated as fol- 

lows: Is logical incoherence legitimate in theoretical physics? Or again, in a 

more explicit way, in the following manner: Js it legitimate to formulate sev- 

eral distinct groups of experimental laws, or even a single group of laws, by 

means of several theories, each of which rests on hypotheses irreconcilable with 

those that support the others? 

To this question, we do not hesitate to respond, as we have already:! IF 

WE RESTRICT OURSELVES TO INVOKING CONSIDERATIONS OF PURE LOGIC, 

we cannot prevent a physicist from representing different sets of laws, or even a 

single group of laws, by several irreconcilable theories. One cannot condemn 

incoherence in the development of physical theory. 

In fact, if we admit, as we have sought to establish, that a physical the- 

ory is nothing but a classification of a group of experimental laws, how can 

we extract, from the laws of logic, the right to condemn a physicist who 

employs different procedures of classification to coordinate different 

groups of laws, or who proposes differing classifications resulting from 

different methods for one group of laws? Does logic forbid naturalists to 

classify one group of animals according to the structure of the nervous sys- 

tem and another group according to the structure of the circulatory sys- 
tem? Would a malacologist be absurd to simultaneously set forth the 
classification of Bouvier, who classified mollusks by the arrangement of 
their network of nerves, and that of Remy Perrier, who based his compar- 
isons on the study of the organ of Bojanus?”” Thus, logically, the physicist 
should have the right to regard matter as continuous in one place and envi- 
sion it as formed from separate atoms in another; to explain capillary action 
by means of attractive forces acting between stationary particles, and to 
endow these same articles with rapid motion to take account of the effects 
of heat. None of these disparities violates the principles of logic. 

Clearly, logic imposes only a single obligation on physicists, and that is 
not to mix their different procedures of classification. When physicists 
establish a certain relationship between two laws [they are obliged] to say 
precisely which among the methods they use justifies this relationship. In 

21. [Chapter 1 of this volume], section 8. 

22. [The excretory organ of a lamellibranch (named for the Alsatian zoologist L. 
H. Bojanus).] 
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a word, [physicists are obliged] as H. Poincaré put it, not to mix two con- 
tradictory theories. 

If we invoke exclusively considerations from the domain of logic, we are 

therefore unable to condemn logical incoherence in physical theories. But 

considerations of pure logic are not the only ones that reasonably direct our 

judgment. The principle of contradiction is not the only one to which we 

would be permitted to have recourse. In order that we should legitimately 

reject a method, it is not necessary that [the method] be absurd. It suffices 

that our aim, in rejecting it, is to prefer a better method. It is by virtue of 

this principle that we are able to solve the difficulty which we are examin- 

ing and to offer the following rule legitimately: Jn physical theory, we must 

avoid logical incoherence BECAUSE IT INJURES THE PERFECTION OF SCIENCE. 

It is better, it is more perfect, to coordinate a set of experimental laws 

in the midst of a single theory, where all the logically connected parts fol- 

low in undeniable order from a certain number of fundamental hypotheses 

stated once and for all, than to invoke, in classifying these same laws, a 

great number of irreconcilable theories, some of which rest on certain 

hypotheses [and] others of which rest on other hypotheses contradicting 

them. It is a truism that everyone admits without needing to remark on it 

that even those such as the English physicists or their imitators, who most 

gladly accept contradictory theories to take account of different laws, nev- 

ertheless prefer a unique theory when they easily see the means to con- 

struct it. This truism provides us with an example of the clear and self- 

evident principles on which the application of the experimental method 

depends, as I have indicated elsewhere.”* 

But although this truism is so clear and so evident that all physicists 

make use of it without hesitation in the course of their researches, it does 

not follow from it that metaphysicians do not have to take it into account; 

not, certainly, in order to increase clarity, which is complete, or certainty, 

which is intuitive, but in order to make us take hold of the relations of this 

principle with other principles that guide our reason and in order to dis- 

arm skepticism when it has thought to undermine the foundation of phys- 

ical theory. 

Why, therefore, is a coherent physical theory more perfect than an 

incoherent collection of incompatible theories, even in the eyes of those 

who do not value physical theories as metaphysical explanations? 

We must evidently judge the degree of perfection of a physical theory 

by the greater or lesser conformity which that theory offers to the ideal and 

23. [Chapter 2 of this volume], section 3. 
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perfect theory. Now we have defined this ideal and perfect theory else- 

where. It would be the complete and adequate metaphysical explanation of 

material things. This theory, in fact, would classify physical laws in an 

order which would be the very expression of the metaphysical relations 

that the essences that cause the laws have among themselves. It would give 

us, in the true sense of the word, a natural classification of laws. 

Such a theory, like everything that is perfect, infinitely surpasses the 

scope of the human mind. The theories which our methods permit us to 

construct are no more than a pale reflection of it. The metaphysical 

method gives us only information that is too general, too lacking in detail, 

and too paltry about the essence of material things to be able to serve in 

classifying physical laws. The experimental method, the only one to which 

we are able to have recourse in pursuit of this goal, does not capture the 

essence of things, but only the phenomena through which things manifest 

themselves to us. It does not allow us to reconcile the laws with one 

another except through exterior and superficial analogies which translate 

the true affinities of the essences from which the laws emanate [and] per- 

haps frequently betray them. 

But however imperfect physical theories are, they can and they should 

tend toward perfection. No doubt they will never be anything but a classi- 

fication, stating analogies between laws but not capturing the relations 

between essences. We can and should always seek to establish them in such 

a way that there would be some probability that the analogies brought to 
light by them would be not accidental agreement, but true relations, show- 
ing the connections that really exist among essences. In other words, we 
can and should seek to render these classifications as far from artificial, as 
natural as possible. 

But if we know little about the relations which material substances have 
among themselves, there are at least two truths of which we are certain: 
These relations are neither indeterminate nor contradictory; therefore, 
whenever physics presents us with two irreconcilable theories about one 
group of laws, or, again, whenever [physics] symbolizes a group of laws by 
means of certain hypotheses and another group of laws by means of other 
hypotheses that are iticompatible with the preceding ones, we are certain 
that the classification which such a physics presents to us does not conform 
to the natural order of the laws, [that is] to the order in which an intelli- 
gence that sees essences would arrange them. By making theoretical inco- 
herences disappear, we would have some chance to approach this order, to 
make [theory] more natural and thus more perfect. 
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Vu 

Let us return to the study of the characteristics that distinguish physicists 
of the English school. 

The need to connect their deductions in a logical chain and to conduct 

their thoughts in an orderly way obliges French or German physicists to 
be prudent and even faint-hearted. They will not tolerate either contradic- 
tions or gaps in their theories. Consequently, it seems to them that any 
proposition not clearly and evidently connected with accepted principles, 

any that is strange, any that is surprising, must be called in question for 

that very reason. 

Matters are completely different with the English. Strange things do 

not frighten them. Surprises do not create doubt for them. They seem, on 

the contrary, to seek out all that is unforeseen and all that is audacious in 

the domain of science. 

Whereas French physicists and, above all, German physicists, when 

they have discovered a new law, like to relate it to accepted principles, to 

show that [the law] follows from them naturally, the English, on the con- 

trary, take pleasure in giving a paradoxical form even to the logical conse- 

quences of the most universally accepted theories. This tendency is 

apparent in the various applications that W. Thomson has made of the 

principles of thermodynamics, and it appears above all very clearly when 

one compares the papers that he has devoted to these questions with those 

written on the same subjects by Clausius. 

The prudent mind of continental physicists is characterized above all 

by their hesitation in engaging certain questions situated on the borders of 

science: the innermost constitution of the material world, what existed 

millions of years ago, what will exist in millions of years. We cannot see 

these questions, so vast, so complex, so troubling, resolved without a 

shiver of skepticism making us tremble. The English ignore these fears. 

The size and dimension of atoms, the constitution of matter, the nature of 

light and electricity, the dissipation of energy, the origin and duration of 

solar heat—here are the problems that attract W. Thomson, Maxwell, 

[and] Tait. Their vigorous imagination deploys itself there with ease in 

audacious leaps that make no obstacle of the bounds of logical rigor. [Their 

imagination] enjoys playing with numbers that are terrifying because of 

their large or small size, just as athletes enjoy the prodigious exercises that 

make them aware of their muscles’ power. 

In the leaders of the English school, in William Thomson, in Maxwell, 

this tendency to treat strange and troubling things knows some limits. It 
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has no limits in their disciples. William Crookes, Oliver Lodge, and Tait 

treat convulsions of the modern imagination that reason no longer holds in 

equilibrium, such as communication of thoughts at a distance, spiritual- 

ism, and magic, with the same confidence, the same tranquillity, with 

which they treat a question in optics or electricity. For them the bizarre 

has every chance of being true. 

This boldness of the English mind presents great dangers for a science 

that is no longer on guard against extravagance. On the other hand, it has 

advantages. It favors invention to a high degree. 

Our need to admit nothing except what can be clearly deduced from 

accepted principles makes us mistrustful of any unexpected discovery. 

This need leads to the bureaucratic mind, hostile to novelties, for which 

continental scientists and their academies are so often reproached. Inven- 

tors find not only around them but also within them this fear of the unex- 

pected, which is a born enemy of inventive genius. Their intellect itself 

refuses to admit the exactness of the new idea that grows within them to 

the extent that their intellectual faculties have not analyzed that idea and 

have not made it enter into a system of logically connected deductions. 

One can therefore understand that inventions hatched on the continent 

may be neither as numerous nor, above all, as audacious as the inventions 

born in England or America. Inventors in England or America would not 

be held back by the same difficulties, or exposed to the same hostilities, as 

those in France or Germany. 

In England, inventors find conditions within and around themselves 

that assure free development and a favorable reception for their ideas. The 

same is true for Thomson, our lecturer. 

Among those who have studied science little, the imagination primes 

the reasoning faculties. The solidity of principles, the rigor of deductions, 

interest them less than do the boldness and strangeness of conclusions. 
Lecturers must therefore address themselves to the imagination of their 
audience and not to its reasoning faculty. This is what makes French sci- 
entists unsuitable in the role of lecturer. They cannot bring themselves to 
state propositions with no logical connection, and when their audience is 
not in a condition to understand the real connection which unites these 
propositions, they prefer to establish false and artificial connections rather 
than to establish none. Besides, they are constrained by the audience itself, 
which demands that they prove everything which has been stated to them, 
that everything is explained to them that has been shown to them, even 
though they would be incapable of understanding the proofs and following 
the explanations. From this [follows] the lack of sincerity and the air of 
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charlatanry in the proceedings that lectures readily take on among the 

French. From this [follows] the scorn that the majority of serious scientists 

direct toward this form of teaching. 

English scientists, on the contrary, have great affinities with their audi- 

ence. As is true of the audience, their imaginative faculty is more devel- 

oped than is their deductive faculty. They feel no need to chain syllogisms 

together. The field their intellect enjoys [is] that of facts, abundant facts, 

living facts, facts complicated if they must be, but as far as possible strange 

facts, unforeseen facts. This also is what is most likely to captivate their 

audience, which demands to see rather than to understand. Thus is 

explained the success of the essays of Tait, of W. Thomson, and the pro- 

digious triumph of Tyndall’s lectures. 

Vill 

I know no matter more appropriate for letting us take hold of the charac- 

teristics of English science than the comparison of the works of Thomson 

with those of Helmholtz. Connections abound between these two 

geniuses. [They share] the same precociousness, making the strokes of 

their writing the strokes of a master. [They possess] the same fertility, 

which forty-five years of continuous scientific production has not 

exhausted. [They display] the same breadth of thought, which embraces 

the most diverse subjects without difficulty and treats them with equal 

originality. [They share] the same renown, which the countrymen of these 

two scientists cite with pride, princes recognize with noble titles, and all 

Europe greets with approbation. And meanwhile, for those who reflect 

while reading their works, what differences, what contrasts between 

Thomson and Helmholtz! The one is the English mind, in all its fullness; 

the other the German mind. 

What is striking, at first approach, in Helmholtz’s work is the logical 

power which gives to the work so majestic a unity and so broad an appli- 

cation. The broad lines of that work may be traced from the first work of 

Helmholtz, from the monograph On the Conservation of Force, which 

would be to science like a manifesto from which a revolution bursts forth. 

Then, with an attention to detail the like of which science offers few exam- 

ples, Helmholtz took up again each of the subjects that he had outlined, 

made its outline more precise, enlarged it, deepened it, and from some- 

thing which seemed to be only a remark, he made a whole branch of sci- 

ence grow. Follow the development of a single one of these topics, 

electrodynamics. At the outset, in Die Erhaltung der Kraft (The Conserva- 



72 Pierre Duhem 

tion of Force), only a few pages are devoted to it. Here are the seeds sown 

by Helmholtz: the central idea of the electrodynamic potential, and a view 

on the relations between electrodynamic actions and the principle of 

energy conservation. Consider now the tree as it develops. The idea of 

electrodynamic potential has become the strong trunk, from which spread 

out like branches the theory of induction, the laws of force between cur- 

rents, the properties of dielectric bodies and of magnetic bodies. The 

insight on the link that the principle of energy conservation establishes 

between ponderomotive and electromotive forces has engendered these 

fundamental articles in On the Role of the Principle of Least Action in Phys- 

ics, which reunites electrodynamics with mechanics, thermodynamics, and 

optics. Thus, it rises up, like a mighty oak, this synthesis which seems to 

have absorbed, elaborated, and made fruitful anything that had a spark of 

life in the electromagnetic works of W. Weber, F. E. Neumann, Maxwell, 

Kirchhoff, and C. Neumann. 

But the whole genius of Helmholtz is not only a power of general appli- 

cation that extends or a force of logic which leads everything back to unity. 

To these two qualities, which he possesses to an eminent degree, must be 

joined still a third: penetrating analysis that dissects and reduces the ques- 

tions submitted to him to their ultimate elements and their irreducible 

principles. From there [flow] his deep researches on the foundations of 

geometry and his meditations, so satisfying to the mind, on the origins of 

the axioms of arithmetic. It is this power of analysis that explains the unity 

and breadth of Helmholtz’s theories. If the oak is unshakable, if its 

branches are robust, if its dense foliage shades a vast prairie, it is because 

its roots penetrate deeply into the soil, assuring a firm point of purchase 

and an abundance of nourishing sap. 

What a contrast with the work of Thomson! The unity, the generality 

of application, the depth of Helmholtz’s theories have disappeared to make 

room for an infinite variety of brilliant, ingenious, sometimes inspired 
views, each of which develops for its own ends and with no regard for the 
others. It is no longer an oak we have before our eyes; it is a spray of flowers 
in a thousand shapes, a thousand colors, the stems of which entangle with- 
out supporting one another. Prudently, Helmholtz ceaselessly surveys the 
ground on which he builds and assures the firmness of his building’s foun- 
dations. Thomson, less concerned with rigorous principles, goes right to 
the most remote consequences, [those that are] the most bold, sometimes 
the most reckless and the most risky. Departing from physics, Helmholtz 
ascends through analysis, from principle to principle, to the verge of meta- 
physics. Thomson descends, from consequence to consequence, to the 
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verge of industrial applications. The former is one of the most profound 
philosophers of our century; the latter is one of its most inventive engi- 
neers. 

IX 

When one asserts, before certain persons, that there is an English manner 

of conceiving physical science, which is very different from the French 

manner or from the German manner, one sees that they are astonished. Is 

not science essentially international? Poincaré pictures for us the surprise 

of a French reader opening Maxwell’s treatise. “What does he understand 

a French reader to be?” exclaims Joseph Bertrand.”* “Why suppose that 

the English or the Germans would be less shocked by the lack of rigor? Did 

two centuries suffice to change the national intellect? Do Newton’s 

descendants today accept imagination in physics and leave to Descartes’s 

compatriots respect for rigor and love of precision?” 

It is beyond argument that logic is unitary. Its principles impose them- 

selves, with the same ineluctable rigor, on the French, the English, and the 

Germans. The prohibitions pronounced by logic extend to all lands, and 

no asylum can protect those who incur them. But if the laws of logic are 

the same at all times and in all countries, if everywhere and always those 

who respect logic are obliged to reason in the same manner, there are, by 

way of return, infinite ways to disobey logic or to sin against it. These vio- 

lations of the laws of logic submit to the influence of the epoch and the 

context in which they are committed. Truth, being impersonal, carries no 

sign of the circumstances in which it was discovered. Error, being human 

work, results from human habits, from human prejudices, from ideas that 

surround humans, from ignorance of the context in the midst of which 

humans live. Error varies with these conditions and is explained by them. 

In the same way, the moral law is the same on either side of the Pyrénées. 

But do violations of this law, do immoral acts taken together, present the 

same general aspects in France and in Spain? Do they not submit to the 

influence of [different] peoples and contexts? 

In the domain of science it is not error alone that carries the special 

mark of the people among whom a doctrine germinated and grew. We have 

often said, and cannot too often repeat, [that] theoretical research is not 

submitted whole to the inflexible laws of logic, in each of its parts, [or] in 

each of the operations which make it up. Certain of the elementary opera- 

24. Joseph Bertrand, Journal des savants, Dec. 1891, p. 743. 
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tions that constitute it—for example, the choice of the hypotheses on 

which each theory rests—escape in many ways from the scope of these 

laws. There, where logic fails to trace a path for physicists from which they 

cannot stray, the special cast of their mind, their dominant [mental] facul- 

ties, the doctrines widespread among their peers, the traditions of their 

predecessors, the habits they have formed, and the education they have 

received [all] serve them as guides, and all these influences reappear in the 

form taken by the theory that they conceive. Thus, it is not difficult to 

understand that a scientific theory can carry the marks of the time and 

place that saw its birth, that the work of Maxwell or of Thomson might be 

essentially English, and that it astonishes the French or the Germans. 

What we have just said explains why the influence of a people to whom 

the author of a theory belongs, the context in which the author lives, and 

the era that sees the author’s work make themselves felt much more in the 

erroneous or simply hypothetical parts of the theory than in the parts to 

which their logical form gives greater certainty. 

In addition, an analogous remark may be made in every case in which 

one seeks to make precise the influence that a people or a context exerts on 

a human work. What in this work are subject to this influence are above all 

defects, those things through which the work participates in the prejudices 

and ignorance of the human community. On the other hand, whatever 

escapes this influence is what makes this work truly original and makes the 

author different from predecessors and contemporaries. It is what ani- 

mates the breath of the mind, for, without regard for contexts or peoples, 

physical barriers or political frontiers, the mind breathes freely. 
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Some Reflections on the 

Subject of Experimental 

Physics’ 

Along with “The English School and Physical Theories, ” this article constitutes 

the core of Duhem’s The Aim and Structure of Physical Theory. /t is the 

article that introduces the so-called Duhem thesis about the underdetermination 

of hypothesis by experiment: Physicists do not submit single hypotheses, but 

groups of hypotheses, to the control of experiment, and thus, experiment alone 

cannot conclusively falsify hypotheses. The various parts of this article are 

reworked and reordered in part II, chapters 4, 5, and 6 of the larger work. 

First Part 
What Is an Experiment in Physics? 

I. An experiment in physics is not simply the observation of a phenome- 

non; it is also the theoretical interpretation of that phenomenon. 

What is an experiment in physics? Here is a question that no doubt will 

astonish more than one reader of the Revue des questions scientifiques. Is it 

necessary to ask the question and is the answer not obvious? To produce 

a physical phenomenon in conditions such that we can observe it exactly 

and minutely, with the aid of appropriate instruments, is that not the 

operation the whole world designates by the words “an experiment in 

physics”? 

1. [“Quelques réflexions au sujet de la physique expérimentale,” Revue des ques- 

tions scientifiques 36 (1894): 179-229. ] 
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Go into the laboratory. Approach a table cluttered with a mass of appa- 

ratus: an electric battery, copper wires wrapped in silk, beakers full of mer- 

cury, coils, a little iron bar carrying a mirror. An observer inserts the 

metallic stem of a rod with an ebonite” head into small holes. The iron 

vibrates and, through the mirror attached to it, reflects a luminous band 

ona celluloid scale, and the observer follows its movements. Here, without 

any doubt, is an experiment. The physicist minutely observes the vibra- 

tions of the piece of iron. Ask him what he is doing. Is he going to reply, 

“I’m studying the vibrations of the little iron bar with the mirror 

attached”? No. He will tell you that he is measuring the electrical resis- 

tance of a coil. If you are surprised, if you ask him what these words mean 

and what relation they have to the phenomena that he has observed, which 

you have observed at the same time, he will reply that your question would 

need too long an explanation, and you will be sent away to take a course on 

electricity. 

In fact, the experiment that you have seen, like all experiments in phys- 

ics, consists of two parts. It consists, in the first place, of an observation of 

certain phenomena. To make this observation, it is enough to be attentive 

and to have sufficiently quick senses. It is not necessary to understand 

physics. In addition, the experiment consists 1n the interpretation of the 

observed facts. To be able to make this interpretation, it is not sufficient to 

be alert and to have a practiced eye. You must know the accepted theories. 

You must understand how to apply them. You must be a physicist. Any- 

one who sees clearly can follow the movements of a spot of light on a trans- 

parent scale and see if it moves to the right or the left, or if it comes to rest 

at such and such a point. There is no need to be very learned to be able to 

do that. But if you are ignorant of electrodynamics, you will not be able to 

complete the experiment. You will not be able to measure the resistance of 

the coil. 

Let us take another example. Regnault studies the compressibility of 
gases. He takes a certain quantity of gas, shuts it in a glass tube, keeps the 
temperature constant, and measures the pressure of the gas and the vol- 
ume it occupies. Here, we might say, is the minute and precise observa- 
tion of certain phenomena, or certain facts. Assuredly, in front of 
Regnault, between his hands, between the hands of his assistants, facts are 
produced. Is it the record of these facts that Regnault has left behind to 

2. [Ebonite, or vulcanite, a hard, black substance made by heating India rubber 
and sulfur, was commonly used as an insulator in nineteenth-century electrical 
experiments. | 
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contribute to the advancement of physics? No. In a viewfinder, Regnault 
has seen the image of a certain surface of mercury come level with a cer- 
tain mark. Is this what he has written down in the record of his experi- 
ments? No, he has written down that the gas occupies a volume having a 
particular value. An assistant has raised and lowered the lens of a cathe- 

tometer’ until the image of another surface of mercury has just come level 

with the crosshairs of an eyepiece. He has then observed the arrangement 

of certain marks on the vernier of the instrument. Is this what we find in 

Regnault’s papers? No, we read there that the pressure supported by the 

gas has a particular value. Another assistant has seen the mercury come 

level with a certain constant mark in a thermometer. Is this what has been 

recorded? No, they noted that the temperature was fixed and attained a 

particular magnitude. Now, what is the magnitude of the volume occu- 

pied by the gas? What is the value of the pressure that it supports? What 

is the magnitude of the temperature it reaches? Are these facts? No, these 

are three abstractions. 

To form the first of these abstractions—the magnitude of the volume 

occupied by the gas—and to make it correspond to the observed fact, that 

is to say, the leveling of the mercury with a certain mark, it was necessary 

to measure volume of the tube. It was necessary to appeal not only to 

abstract notions of arithmetic and geometry, and the abstract principles 

these sciences rest on, but also to the abstract concept of mass and to 

hypotheses of general mechanics and celestial mechanics that justify the 

use of a balance in the comparison of masses. To form the second—the 

value of the pressure supported by the gas—it was necessary to use con- 

cepts that are exceedingly profound and difficult to acquire: pressure, 

cohesive force. It was necessary to call on the aid of the mathematical laws 

of hydrostatics, themselves founded on general mechanics. It was neces- 

sary to bring into play the law of compression for mercury, whose deter- 

mination relies on the most delicate and controversial questions in the 

theory of elasticity. To form the third, it was necessary to define temper- 

ature and to justify the use of the thermometer. All those who have studied 

the principles of physics with some care know how distant the concept of 

temperature is from the facts and how difficult it is to capture. 

Hence, when Regnault made an experiment, he had some facts before 

his eyes. He observed phenomena. But what he has transmitted to us about 

this experiment is not the recitation of the observed facts but some abstract 

3. [An instrument for measuring small differences in height—for example, the 

difference between the surfaces of two mercury columns confined in glass tubes. ] 
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data that accepted theories permitted him to substitute for the concrete 

evidence he had really gathered. 

What Regnault did is what every experimental physicist necessarily 

does. That is why we are able to state the following principle, whose con- 

sequences will be developed in the present study: An experiment in physics 

is a precise observation of a group of phenomena, accompanied by the INTER- 

PRETATION of these phenomena. This interpretation replaces the concrete data 

really gathered by observation with abstract and symbolic representations that 

correspond to them by virtue of physical theories accepted by the observer. 

II. This type of experiment characterizes sciences that have arrived at the 

phase called rational. 

In declaring that the interpretation of facts by means of theories admitted 

by the observer forms an integral part of experimentation in physics and 

that it is impossible, in such an experiment, to dissociate or separate these 

statements of facts and the transformation that theory makes them 

undergo, perhaps we are going to scandalize more than one mind worried 

about the rigor of science. More than one person is going to raise against 

us rules sketched a hundred times by philosophers and experimenters 

from Bacon to Claude Bernard, from the Novum Organum to the Introduc- 

tion a la médicine expérimentale (Introduction to Experimental Medicine). Let 

theory suggest experiments to perform; nothing could be better. Once the 

experimentation has been made and the results have been clearly observed, 

let theory take hold of them to generalize them, coordinate them, and draw 

from them new subjects of experiment; again, nothing could be better. But 

as long as the experiment lasts, theory ought to wait at the door of the lab- 

oratory, remaining silent and leaving the scientists face to face with the 

facts, without bothering them. These should be observed with no precon- 

ceived ideas, gathered with the same minute impartiality whether they 
confirm the predictions of the theory or contradict them. The record that 
the observer will give us of his experiment ought to be a faithful and scru- 
pulously exact image of the phenomena. It should not even allow us to 
guess which system the scientist has confidence in or distrusts. 

This rule is good for certain sciences—for those in which it is possible 
to apply it. 

Here, for example, is a physiologist. He accepts that the anterior roots 
of the spinal cord enclose the motor nerves and the posterior roots enclose 
the sensory nerves. The theory he accepts leads him to imagine an exper- 
iment. If he cuts such an anterior root, it ought to suppress the corre- 
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sponding part of the body’s ability to move without removing its ability to 

feel sensations. When he observes the results and reports them, after hav- 

ing sectioned this root, he must set aside all his ideas concerning the phys- 

iology of the spine, his report must be a brutal tracing of facts. He is not 

permitted to silently pass over a movement, or quiver, contrary to his pre- 

dictions. He is not permitted to attribute it to some secondary cause unless 

a special experiment has made this cause evident. He must, if he does not 

wish to be accused of scientific bad faith, establish an absolute separation, 

a water-tight compartment, between the consequences of his theoretical 

deductions and the results of these experiments. 

This method is appropriate to sciences that are still close to their ori- 

gins—such as physiology, such as certain branches of chemistry—and to 

sciences in which the researcher observes the facts directly, in which he 

reasons immediately about the observed facts. It is not applicable to more 

advanced sciences that have arrived at a state of development in which 

mathematical instruments play an essential role—physics, for example. 

Scientists at the beginning of the century labeled this phase, perhaps 

improperly, with the epithets analytic and rational. 

Today, the number and complexity of experimental facts, and the mul- 

titude of laws that constitute physics, would form an inextricably chaotic 

mass, if the human mind had not found a means to unravel this enormous 

mass of evidence, to classify it and to translate it into clear and concise lan- 

guage. This means is provided by the application of physical theories. We 

have explained elsewhere* how these theories substitute a sort of symbolic 

representation, or schema, formed of elements borrowed from algebra and 

geometry for the properties of bodies whose variations constitute physical 

phenomena and for the experimental laws that govern these phenomena. 

Physical theories are the vocabulary that makes a magnitude correspond to 

every physical property and an equation correspond to every physical law. 

At this point, the use of this vocabulary is indispensable to physicists, 

who would find it impossible to state the least law or to report the least 

observation without it. Take a typical experiment—for example, the 

experiment of Regnault that we spoke about a moment ago. Try to present 

it by ridding your language of all the abstract expressions introduced by 

4. “Quelques réflexions au sujet des théories physiques,” Revue des questions sci- 

entifiques, 2nd series, 1 (1892); “Physique et métaphysique,” Revue des questions sci- 

entifiques, 2nd series, 2 (1893); “L’Ecole anglaise et les théories physique,” Revue 

des questions scientifiques, 2nd series, 2 (1893). [These works are chapters 1, 2, and 

3 of the present volume, respectively. ] 
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physical theories, such as: pressure, temperature, density, optical axis of 

an eyepiece, coefficient of expansion, and so forth. You will realize that 

reporting this single experiment would require a volume so utterly confus- 

ing that it would unhinge the most attentive intellect. Or, rather, you will 

realize that this cannot be achieved. Just as French speakers, accustomed 

to their native language, cannot conceive a thought without at the same 

time stating it in French, so also physicists no longer conceive an experi- 

mental fact without simultaneously making it correspond to the abstract 

and schematic expression that theory gives it. This is why physicists say 

they are measuring the pressure of a gas when they see a black mark on a 

white background through a tube carrying rounded glass spheres. This is 

why they declare that they are determining the electrical resistance of a coil 

when they put copper rods in little holes and look at a line of light moving 

on a scale made of horn. It is a fantasy to pretend to separate the observa- 

tion of physical phenomena from all theory or to boast of having written a 

purely experimental physics article. You might just as well attempt to state 

an idea without using any spoken or written sign. 

Indeed, physicists are not the only people who must call on theories to 

state the results of their experiments. Chemists or physiologists, when 

they make use of the instruments of physics, such as the thermometer, the 

manometer, the calorimeter, or the galvanometer, implicitly admit the 

accuracy of the theories that justify the use of these instruments. These 

theories give meaning to the abstract concepts of pressure, temperature, 

quantity of heat, and intensity of current that replace the concrete readings 

of the instruments. But these theories they use, like the instruments they 

employ, are from the domain of physics. Chemists and physiologists place 

their confidence in physicists by accepting, along with the instruments, 

the theories without which their readings would be stripped of meaning. 

It is the physicist they suppose to be infallible. Physicists, on the other 

hand, are obliged to rely on their own theoretical ideas or those of their 

peers. From the point of view of logic, the difference is of little impor- 

tance. For physiologists and for chemists, as for physicists, stating the out- 

come of an experiment implies, in general, an act of faith in the accuracy 

of a whole group of theories. 

There is more. To the extent that a science progresses and distances 

itself from simple empirical knowledge, or the statement of the crudest 
laws, the role played by theory in the interpretation of the facts of experi- 
ence continues to grow. When a science begins, when it is no different 
from common sense made more attentive, the record of experimental facts 
that it establishes is an exact image of the reality observed. Physiology, in 
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many of its parts, offers us the image of a science in this state. But the more 

a science progresses, the more considerable becomes the depth of the the- 

oretical considerations that separate the concrete fact really found by the 

observer and the abstract, symbolic translation given to it. Take, for exam- 

ple, chemistry in its actual state. Take, in particular, those of its branches 

that are most perfectly developed: the chemistry of carbon compounds and 

organic chemistry. What a difference there is between experimental fact 

and theoretical interpretation, the symbolic translation given to it by a 

chemist! Experiment teaches us that by substituting the acid group CO- 

OH for one H in benzene, we obtain benzoic acid. Measure the distance 

separating this statement from the actual concrete observations that it rep- 

resents, and you will understand that the more a science progresses, the 

more the symbolic translation it substitutes for the experimental facts is 

abstract and distant from the facts. 

III. That an experiment in physics can never condemn an isolated 

hypothesis, but only a whole theoretical group 

The physicist who gives an account of an experiment implicitly recognizes 

the accuracy of a whole group (ensemble) of theories. Let us admit this 

principle and see what consequences we may deduce when we seek to 

appreciate the role and the logical import of an experiment in physics. 

To avoid all confusion, we will distinguish two sorts of experiments: 

applied experiments and testing experiments. 

You are confronted with a problem in physics to be solved practically. 

To produce such and such an effect, you wish to make use of knowledge 

acquired by physicists. You wish, for example, to light an incandescent 

electric lamp. The accepted theories show you the means to resolve the 

problem. But to make use of these means, you must acquire certain infor- 

mation. You must, I suppose, determine the electromotive force of the 

battery at your disposal. You measure this electromotive force. This is an 

applied experiment. It is not the goal of this experiment to determine 

whether the accepted theories are accurate. It proposes simply to make use 

of these theories. To perform the experiment, you make use of instru- 

ments that legitimate these same theories. There is nothing there to offend 

logic. 

But applied experiments are not the only ones that physicists have to 

perform. Science is able to aid in practical matters by means of these alone, 

but applied experiments have nothing to do with science’s origin and 

development. Besides applied experiments, there are testing experiments. 
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Physicists dispute some law or call into doubt some theoretical point. 

How do they justify their doubts? How will they demonstrate the inaccu- 

racy of the law? From the proposition under indictment, they draw out the 

prediction of an experimental fact. They establish the conditions under 

which the fact should be produced. If the fact is not produced, the propo- 

sition will be irrevocably condemned. 

F. E. Neumann assumed that, in a ray of polarized light, the vibration 

is parallel to the plane of polarization. Many physicists called this propo- 

sition into doubt. What did O. Wiener do to transform this doubt into a 

certainty and condemn Neumann’s proposition? He deduced from this 

proposition the following consequence. If a beam of light reflected from a 

glass surface is made to interfere with an incident beam, polarized perpen- 

dicularly to the plane of incidence, it must produce fringes parallel to the 

reflecting surface. He set up the conditions in which these fringes ought to 

be produced and showed that the predicted fringes were not produced. 

From this observation he concluded that the proposition of F. E. Neu- 

mann was false—that ina ray of polarized light, the vibration is not parallel 

to the plane of polarization. 

Such a mode of demonstration seems as convincing, as irrefutable, as 

the reduction to absurdity customary among mathematicians. Moreover, 

this demonstration is patterned after reduction to absurdity, with experi- 

mental contradiction playing in the one the role that logical contradiction 

plays in the other. 

In reality, the demonstrative value of the experimental method is not 

quite so rigorous or absolute. The conditions in which it functions are 
much more complicated than we have supposed. Understanding its results 
is much more delicate and subject to caution. 

Physicists propose to demonstrate the inaccuracy of a proposition. To 

deduce from this proposition the prediction of a phenomenon, to set up 
the experiment that must show that this phenomenon appears or does not 
appear, or to interpret the results of this experiment and report that the 
predicted phenomenon was not produced, they are not limited to making 
use of the disputed proposition. They employ at the same time a whole 
group of theories accepted by them as beyond dispute. The prediction of 
the phenomenon whose nonproduction will cut off the debate does not 
derive from the disputed proposition taken in isolation but from the dis- 
puted proposition joined to this whole group of theories. If the predicted 
phenomenon does not appear, it is not the disputed proposition alone that 
is shown to be wanting—it is the whole theoretical scaffolding used by the 
physicists. Experiment teaches us only that there is at least one error 
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among all the propositions used to predict this phenomenon and to estab- 

lish that it has not appeared. But experiment does not tell us where this 

error lies. Do physicists declare that this error is precisely contained in the 

proposition that they wish to refute and not elsewhere? To do so is to 

admit implicitly the accuracy of all the other propositions they have used. 

To the degree that this confidence is justified, so is their conclusion. 

Let us take, for example, O. Wiener’s experiment. To predict the for- 

mation of fringes in certain circumstances, in order to show that these 

fringes do not appear, Wiener did not merely make use of Neumann’s cel- 

ebrated proposition, which he wished to refute. He did not merely assume 

that, in polarized rays, the vibrations are parallel to the plane of polariza- 

tion; in addition, he used the propositions, laws, and hypotheses that con- 

stitute optics as it is commonly accepted. He assumed that light consists of 

simple periodic vibrations, that at every point the mean kinetic energy of 

the vibratory movement measures the intensity of the light; and that the 

exposure of a photographic plate measures the different degrees of this 

intensity. It is by joining these different propositions and a few others that 

it would take too long to enumerate to Neumann’s that he was able to for- 

mulate a prediction and to recognize that the experiment refuted this pre- 

diction. If, according to Wiener, the refutation addressed only Neumann’s 

proposition, which alone must carry the responsibility of the error that this 

refutation has made apparent, it is because Wiener regards the other prop- 

ositions he invoked as beyond doubt. But this confidence does not impose 

itself as a logical necessity. Nothing prevents us from regarding Neu- 

mann’s proposition as accurate and making some other commonly 

accepted hypothesis of optics carry the experimental contradiction. As 

Poincaré has shown, we may quite well extract Neumann’s hypothesis 

from the clutches of Wiener’s experiment on condition that in exchange, 

we abandon the hypothesis that takes the mean kinetic energy of the vibra- 

tory movement as a measure of the intensity of the light. Without being 

contradicted by experiment, we may leave the vibration parallel to the 

plane of polarization, as long as we measure the intensity of the light 

through the mean potential energy of the medium deformed by the vibra- 

tory movement. 

These principles are so important that it will not perhaps be inappro- 

priate to apply them to a second example. Let us choose again an experi- 

ment regarded as one of the most decisive in optics. 

It is known that Newton devised an emission theory of optical phenom- 

ena. He supposed light to be formed of very small projectiles thrown out 

with great speed by the sun and other light sources. These projectiles pen- 
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etrate all bodies. On account of the different parts of bodies among which 

they move, the projectiles submit to attractive or repulsive actions. When 

the distance that separates the interacting particles is very small, these 

actions are very powerful, and they vanish when the masses between which 

they are acting are appreciably separated. These essential hypotheses, 

joined to several others that we do not mention, lead to the formulation of 

a complete theory of the reflection and refraction of light. In particular, 

they lead to this consequence: The refractive index of light passing from 

one medium to another is equal to the velocity of the light projectile in the 

medium it enters, divided by its velocity in the medium it leaves. 

It is this consequence that Arago chose in order to show that the emis- 

sion theory contradicts the facts. From that proposition, in fact, another 

follows: Light travels faster in water than in air. Through a procedure that 

Arago indicated and that Foucault made practical, awkward though it was, 

let us compare the speed of light in water and the speed of light in air. We 

will find that the former is slower than the latter. We might, therefore, 

conclude, with Foucault, that the emission system is incompatible with the 

reality of the facts. 

I say the emission system and not the emission hypothesis. In fact, what 

the experiment shows to be tainted with error is the whole group of prop- 

ositions accepted by Newton and, after him, Laplace and Biot. It is the 

entire theory from which the relation between the refractive index and the 
speed of light in different media is deduced. But in condemning the sys- 
tem as a whole, in declaring that it is tainted by error, the experiment does 
not tell us where that error lies. Is it in the fundamental hypothesis that 
light consists of projectiles thrown out with great speed by luminous bod- 
ies? Is it in some other assumption concerning the actions that the lumi- 
nous corpuscles undergo on account of the media through which they 
move? About this we know nothing. It would be bold to believe, as Arago 
seems to have thought, that Foucault’s experiment permanently con- 
demns the emission hypothesis itself: the assimilation of a ray of light toa 
swarm of projectiles. Who knows whether one day we will see a new optics 
founded on this supposition arise? 

In summary, physicists can never submit an isolated hypothesis to the 
control of experiment, but only a whole group of hypotheses. When an 
experiment is in disagreement with their predictions, it tells them that at 
least one of the hypotheses which constitute this group is erroneous and 
must be modified, but it does not tell them which one must be changed. 

We are now a good distance from the mechanism of experimentation as 
it is freely imagined by people who are unfamiliar with its functioning. It 
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is commonly thought that each of the hypotheses that physics uses may be 

taken in isolation, submitted to the control of experiment, and then, when 

varied and numerous proofs have established its validity, put in place in an 

almost definitive manner in the totality of science. In reality it is not so. 

Physics is not a machine that lets itself be taken apart. We cannot test each 

piece in isolation and wait, in order to adjust it, for its soundness to have 

been minutely regulated. Physical science is an organism that must be 

taken as a whole. One part of the organism cannot be made to function 

without its most distant parts entering into play, some more, others less, 

but all to some degree. If some trouble, some difficulty, is revealed in its 

functioning, the physicist will be obliged to discover which organ needs to 

be straightened out or modified without it being possible to isolate this 

organ and to examine it on its own. Presented with a watch that does not 

work, the watchmaker takes apart all the little wheels and examines them 

one by one until the one that is bent or broken is found. Presented with a 

sick person, the doctor cannot perform a dissection to establish a diagnosis. 

The doctor must decide the seat of the illness only by inspecting the effects 

produced on the whole body. The physicist charged with reforming a 

defective theory resembles the doctor, not the watchmaker. 

IV. Crucial experiments’ are impossible in physics. 

Let us press this point further, for we are touching on one of the essential 

points of the experimental method employed in physics. 

Reduction to absurdity, which seems to be merely a means of refuta- 

tion, may become a method of demonstration. In order to demonstrate that 

a proposition is true, it is sufficient to drive those who support the contrary 

proposition back to an absurd consequence. We know the profit that 

Greek geometers drew from this mode of proof. 

Those who assimilate experimental contradiction to reduction to 

absurdity think that they may follow a method in physics similar to the 

one Euclid used in geometry. Do you wish to obtain a certain and incon- 

testable theoretical explanation for a group of phenomena? List all the 

hypotheses that may be made to account for this group of phenomena. 

Then, by experimental contradiction, eliminate all of them except one. 

This last one will cease to be a hypothesis and will become a certainty. 

Suppose, in particular, that we are confronted with only two hypotheses. 

5. [Duhem’s expression throughout is the Latin experimentum crucis, which is 

etymologically connected with cross or crossroads.] 
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Search for experimental conditions such that one of the hypotheses pre- 

dicts the appearance of a phenomenon and the other the production of a 

completely different phenomenon. Bring about these conditions and 

observe what happens. To the extent that you observe the first of the pre- 

dicted phenomena or the second, you condemn the second hypothesis or 

the first. The hypothesis not condemned will henceforth be indisputable. 

Debate will be cut off. A new truth will be acquired by physics. Such is a 

crucial experiment. 

Weare confronted with two hypotheses concerning the nature of light. 

For Newton, Laplace, and Biot, light consists of projectiles emitted with 

an extreme velocity. For Huygens, Young, and Fresnel, light consists of 

vibrations, whose waves are propagated in an elastic medium. These two 

hypotheses are the only possibilities entertained. Either a motion is carried 

away by the body that it moves or else it passes from one body to another. 

Follow the first hypothesis: It tells you that light moves more quickly in 

water than in air. Follow the second: It tells you that light moves more 

quickly in air than in water. Set up Foucault’s apparatus. Set the revolving 

mirror in motion. Two spots of light will form: one white, the other green- 

ish. Is the greenish band to the left of the white band? If so, light moves 

more quickly in water than in air and the hypothesis of waves is false. Is 

the greenish band to the right of the white band? If so, light moves less 

quickly in water than in air, and it is the emission hypothesis that is con- 

demned. You compare the position of the two bands. You see the greenish 

band to the right of the white band. The debate is decided. Light is not a 

body: It is a vibratory motion with waves propagated in an elastic medium. 

The emission hypothesis has had its day. The wave hypothesis has ceased 

to be doubtful: It is a new article in the scientific credo. 

What we have said in the preceding paragraph shows how far it would 

be mistaken to attribute to Foucault’s experiment so simple a meaning and 

so decisive an import. Foucault’s experiment does not cut between two 

hypotheses, the emission hypothesis and the wave hypothesis. It cuts 

between two theoretical groups or systems, each taken as a whole, between 

Newton’s optics and Huygens’s optics. . 

But let us accept for a moment that in each of the two systems, every- 

thing was compelled or necessary from logical necessity except one soli- 

tary hypothesis. Let us admit as a consequence that in condemning one of 
the two systems, the facts uniquely condemn the lone doubtful assump- 
tion that one system contains. Does it follow from this that, just as the 
reduction of a theorem to absurdity assures the truth of the contradictory 
theorem, we might find in crucial experiments an irrefutable means of 
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transforming one of the two hypotheses under consideration into certain 
truth? Between two contradictory propositions of geometry, there is no 
room for a third. If the one is false, the other is necessarily true. Is it the 
same for two hypotheses in physics? Will we ever dare to affirm that no 
other hypothesis is imaginable? Light may be a swarm of projectiles; it 
may be a vibratory movement propagating waves in an elastic medium. 

Can it be nothing but the one or the other of these two things? Perhaps 

Arago thought this, but it would be difficult for us to share his conviction, 

since Maxwell has proposed to attribute light to periodic electrical cur- 

rents transmitted within a dielectric medium. 

The experimental method is not able to transform a physical hypothesis 

into an indisputable truth, for we are never certain that we have exhausted 

all the imaginable hypotheses concerning a group of phenomena. Crucial 

experiments are impossible. The truth of a physical theory is not decided 

by the toss of a coin. 

V. Consequences of the preceding principles for teaching physics 

In general, you may imagine that each hypothesis of physics can be sepa- 

rated from the group and submitted to the control of experiment in isola- 

tion. Naturally, from this erroneous principle, false consequences are 

deduced about the method according to which physics should be taught. 

People would like teachers to lay out all the hypotheses of physics in a def- 

inite order: to take the first, to present it, to expound its experimental ver- 

ifications, and, when these verifications have been recognized as sufficient, 

to declare the hypothesis accepted. They would have the same operation 

repeated on the second hypothesis, on the third, and so on in order until all 

of physics would be built up. Physics would be taught in the same way that 

geometry is taught. Hypotheses would be deduced in the same way as the- 

orems. The experimental proof of each assumption would take the place of 

the demonstration of each proposition. Nothing would be proposed that 

had not been sufficiently justified by the facts. Such is the ideal that many 

teachers present and which several perhaps believe they have attained. 

This ideal is false. This manner of conceiving the teaching of physics 

follows from an erroneous conception of experimental science. If the inter- 

pretation of the least experiment in physics supposes the employment of a 

whole group of theories, if even the description of this experiment requires 

a mass of abstract and symbolic expressions for which theories alone fix the 

sense and the correspondence with the facts, it would be wise for physicists 

to undertake the development of a long chain of hypotheses and deduc- 
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tions before attempting any comparison between the theoretical edifice 

and concrete reality. Again, in describing the experiments which verify the 

theories already developed, they would often be obliged to anticipate the 

theories to come. They would not be able, for example, to attempt the 

slightest experimental verification of the principles of dynamics before 

having not only developed the connections among the propositions of gen- 

eral mechanics but also having laid the foundations of celestial mechanics. 

Again, in reporting the observations that verify this group of theories, they 

must suppose the laws of optics to be known, since these alone justify the 

use of astronomical instruments. 

Let teachers therefore develop, in the first place, the essential theories 

of science. No doubt, in presenting the hypotheses on which these theories 

rest, it is good that they indicate what is given from common sense (sens 

commun), the facts gathered by ordinary observation, which have led to the 

formulation of these hypotheses. But let them proclaim loudly that these 

facts, although sufficient to suggest hypotheses, are not sufficient to verify 

them. It is only after having constituted an extended body of doctrine— 

that is, after having constituted a complete theory—that they will be able 

to compare the consequences of this theory with experiment. 

Teaching must make the student take hold of this primary truth: 

Experimental verifications are not the foundation of theory, they are its 

crown. Physics does not make progress in the way geometry does. The lat- 

ter grows by means of the continual addition of new theorems, demon- 

strated once and for all, which are joined to the theorems that have already 

been demonstrated. The former is a symbolic picture, that is continually 

revised to give greater and greater extension and unity. The whole of it 

forms a more and more precise image of the whole of the experimental 

facts. At the same time, each detail of this image, cut off and isolated from 

everything else, loses all significance and no longer represents anything. 

VI. That the result of an experiment in physics is an abstract and symbolic 

judgment 

Beyond the reporting of a phenomenon or of a group of phenomena, all 
experiments in physics consist essentially of an interpretation which 
brings into play an entire group of theories admitted by the observer. This 
interpretation has the goal Of replacing the concrete facts actually observed 
with abstract and symbolic representations. We have already deduced 
some consequences from the first portion of this principle, now let us 
examine the second part. 
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That the result of the operations to which experimenters devote them- 

selves is not a fact but an abstract symbol is obvious to anyone who reflects. 

Open any article whatsoever on experimental physics and read its conclu- 

sions. ‘These conclusions are not solely the repetition of certain facts. They 

are abstract statements to which you would not be able to attach any sense 

if you did not know the physical theories accepted by the author. You read 

there, for example, that the electromotive force of a particular battery 

increases by so many volts when the pressure sustained by the battery 

increases by so many kilograms per square centimeter. What does this 

statement mean? Those who are ignorant of physics and for whom this 

statement seems to be a dead letter may try to see here a simple manner of 

expressing a fact reported by the observer; in technical language incom- 

prehensible to noninitiates but clear to initiates. This would be a mistake. 

It is true that initiates, those possessing the theories of physics, may be able 

to translate this statement into facts and to conduct the experiment with 

the corresponding outcome. But it is a remarkable thing that they are able 

to bring it about in an infinity of different ways. They may exert pressure 

by turning over mercury in a glass tube or by bringing into action a 

hydraulic press. They may measure this pressure with a manometer of free 

air, a manometer of compressed air, or a metal manometer. To understand 

the variation in the electromotive force, they might employ in turn all 

types of electrometers, galvanometers, and electrodynamometers. Each 

new arrangement of apparatus furnishes them with new facts to report. 

They might employ arrangements of apparatus that the author of the 

paper would not have suspected and see phenomena that the author would 

never have seen. Yet all these manipulations, so different that a noninitiate 

would not see any similarity between them, are not different experiments. 

They are only different forms of the same experiment. The facts produced 

are as dissimilar as possible. Yet the reporting of these facts is expressed 

by this single statement: The electromotive force of a particular battery 

increases by so many volts when the pressure increases by so many kilo- 

grams per square centimeter. 

This statement, we see, is not the repetition of certain observed facts 

made in an abbreviated and technical language. It is the transposition of 

these facts into the abstract and schematic world created by physical theo- 

ries. In this world the instrument before me is no longer an assembly of 

pieces of threaded copper, metal wires wrapped in silk and wound around 

a frame, and a little piece of steel suspended on a silk thread, but a tangent 

galvanometer; that is to say, the circumference of a circle carrying a cur- 

rent, with a magnetic needle at the center. In this world a battery is no 
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longer a vase of pottery or glass, filled with certain liquids, in which certain 

solids are immersed, but a conceptual artifact (étre de raison) symbolized by 

certain chemical formulae, a certain electromotive force, and a certain 

resistance. 

VII. On approximation in physical experiments 

Between an abstract symbol and a fact there may be correspondence, but 

there cannot be complete parity. The abstract symbol cannot be an ade- 

quate representation of the concrete fact; the concrete fact cannot be the 

realization of an abstract symbol. The abstract schema through which 

physicists express concrete facts recorded in the course of an experiment 

cannot be the exact equivalent or faithful retelling of their observations. It 

is a consequence of this, as we have seen, that very different concrete facts 

may build upon one another when they are interpreted by a theory and no 

longer constitute a single experiment expressed by a unique symbolic 

statement. Conversely, it also follows from this, as we will see, that a single 

group of concrete facts can in general be made to correspond not just to a 

single symbolic judgment but to an infinity of judgments differing from 

one another and logically incompatible among themselves. 

In order to report the phenomena that appear in an experiment in phys- 

ics, we have no other means than to fall back on the evidence of our senses: 

sight, hearing, or touch. However complicated, however perfect may be 

the instruments employed, their use leads back, in the last analysis, to the 

reports of our senses. But our senses have a limited sensitivity, and this is 

a truth of common sense. What falls below a certain lower limit escapes 

them. Ordinary language, shaped to fit what is given by the senses, lends 

to words a certain vagueness which translates the uncertainties of our per- 

ceptions. 

It is not at all the same with a symbolic language created by physical 

theories. Thanks to the use of mathematical notions, this language 

expresses itself in judgments amenable to limitless rigor and precision. 

Also, there may be no exact equivalence between a fact reported by the 

senses, with the vagueness that a corresponding report carries, and a the- 

oretical judgment stated in a mathematical form that excludes all ambigu- 
ity. In order to translate the uncertainty carried by the limited sensitivity 
of our perceptions into its own language, theory replaces the recitation of 
a group of facts not by a unique abstract judgment but by an infinity of 
judgments among which it leaves us free to choose, or, rather, among 
which we must not choose but must accept the whole group. These judg- 
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ments are different from one another and irreconcilable among them- 

selves. From the point of view of mathematical logic, one of them cannot 

be true unless the others are false. But take one or another of these theo- 

retical propositions. Apply the accepted theories to it and deduce conse- 

quences that the instruments used in physics allow you to translate into 

perceptible facts. The senses would not be able to distinguish between the 

consequences deduced from the one and the consequences deduced from 

the other. This is why, whereas mathematics regards the two propositions 

as excluding each other, physics regards them as identical. 

This essential truth for understanding the experimental method—the 

correspondence of one group of facts to an infinity of different theoretical 

propositions—is expressed in the following proposition: The results of an 

experiment in physics are only approximate. Fixing the approximation that 

the experiment brings with it marks the indeterminacy of the abstract and 

symbolic proposition through which physicists replace the concrete facts 

that they have really observed. It defines the bounds that this indetermi- 

nacy may not cross. 

Let us clarify these general principles by giving an example. 

An experimenter has made certain observations. He has translated 

them into this statement: An increase in pressure of 100 atmospheres 

makes the electromotive force of a gas battery increase by 0.0845 volts. It 

might be equally legitimate to say that it had made this electromotive force 

increase by 0.0844 volts or, again, that it had made it increase by 0.0846 

volts. How can these different propositions be equivalent for physicists? 

For if a number is 845, it cannot at the same time be 844, any more than it 

can be 846. This is what physicists mean in declaring these three judg- 

ments identical to their eyes: Taking the value 0.0845 volts for the change® 

in the electromotive force as a point of departure, if they calculate the devi- 

ation of the needle of their galvanometer by means of accepted theories— 

that is to say, the sole fact that the senses are able to observe—they will 

find a certain value for this deviation. If they repeat the same calculation, 

taking as their starting point the value 0.0846 volts or the value 0.0844 

volts for the change in the electromotive force, they will find other values 

for the deviation of the pointer. But the three deviations calculated in this 

way differ too little to be discriminable by vision. This is why physicists 

will not distinguish the three values of the increase of the electromotive 

6. [Curiously, given the surrounding statements, Duhem here writes of “la dim- 

inution de la force électromotrice.” We have replaced “diminution” with 

“change.” | 
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force, 0.0844, 0.0845, and 0.0846 volts, whereas mathematicians regard 

them as incompatible among themselves. 

Let us suppose that, by means of calculations based on accepted theo- 

ries, all the values of the change in the electromotive force lying between 

0.0840 volts and 0.0850 volts lead to consequences that the readings on the 

instrument used by the physicists cannot distinguish. Physicists would not 

be able to say that this increase is equal to 0.0845 volts, but only that it is 

one of the numbers lying between 0.0840 and 0.0850 volts. Or, rather, this 

increase might be equally well represented by any one of these numbers. 

They present this infinity of possible values to us all at once by writing, for 

example, that 100 atmospheres make the electromotive force of the battery 

increase by 0.0845 + 0.0005 volts. 

The degree of approximation of an experiment depends on two essen- 

tial elements: the nature and accuracy of the instrument employed and the 

theoretical interpretation of the experiment. 

That the degree of approximation of an experiment depends on the 

instrument used in mounting the experiment is shown clearly by the pre- 

ceding explanation. Here are two distinct abstract judgments. Let us ask 

of the accepted theories what consequences follow from these two judg- 

ments when they are applied to a first instrument and what consequences 

follow when they are applied to a second instrument. These two judg- 

ments may be translated in one of the instruments by means of two differ- 

ent facts, but the senses may not be able to distinguish the one from the 

other; and in the other instrument by means of facts which the senses dis- 

tinguish without difficulty. Although they are equivalent for physicists 

who make use of the first apparatus, these two judgments will no longer be 

equivalent for physicists who makes use of the second. This truth is too 

clear for it to be necessary to insist upon it. 

But perfecting an instrument is not the only element that increases the 

precision of an experiment. We may also increase this precision by perfect- 

ing the theoretical interpretation, that is, by eliminating causes of error by 

making appropriate corrections—and this is what remains to be explained. 

VIII. On corrections and causes of error in physical experiments 

To the extent that physics progresses, we see the decreasing indetermi- 

nacy of the group of abstract judgments that the physicist correlates with 

concrete facts. The accuracy of experimental results continues to grow, 
not only because those working on them furnish more and more precise 
instruments but also because physical theories yield more and more satis- 
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factory rules for establishing the correspondence between facts and the 

schematic ideas that serve to represent them. This increasing precision is 

achieved, it is true, through increasing complication, through the obliga- 

tion to observe a series of additional facts at the same time that the princi- 

pal fact is being observed, and through the necessity of submitting the raw 

data of experience to manipulations and transformations that are more and 

more numerous and delicate. These transformations to which we submit 

the immediate data of experience are corrections. 

If physical experiments were simple reports of fact, it would be absurd 

to add corrections to them. When the observer had looked carefully and 

minutely, nothing would remain but to say, “Here is what I saw.” It would 

be inappropriate to reply: “You have seen something, but it is not what 

you were supposed to see. Allow me to make various calculations that will 

tell you what you ought to have seen.” 

On the other hand, the logical role of corrections may be understood 

quite well when we remember that a physical experiment is the reporting 

of a group of facts, followed by the translation of these facts into a symbolic 

judgment by means of rules borrowed from physical theories. 

Before the physicist is an instrument, a set of concrete bodies. This is 

the instrument that the physicist manipulates. It is on this instrument that 

sensory reports are made—that is, readings, the basis of experiment. In 

order to interpret the experiment, the physicist does not think about this 

instrument but about a schematic instrument, which is not an assembly of 

concrete bodies at all, but a group of mathematical concepts of perfect sol- 

ids or perfect fluids having a certain density, a certain temperature, and 

subjected at every point to a certain force represented by a geometrical 

magnitude. 

This schematic instrument is not and cannot be the exact equivalent of 

the real instrument. But we understand that it might be possible to give a 

more or less accurate image of it. We understand that, after having thought 

about a schematic instrument that is too simple and too far from reality, 

the physicist seeks to substitute for it a schema that is more complicated 

but more representative. This passage from one schematic instrument to 

another which better symbolizes the concrete instrument is essentially the 

operation that the word correction designates in physics. 

An assistant to Regnault gives him the height of a column of mercury 

contained in a manometer. Regnault corrects it. Does he suspect that his 

aide has not looked properly, that he has made a mistake? No. He has full 

confidence in the readings that have been made. If he did not have this 

confidence, he could not correct the experiment. He could do nothing but 
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repeat it. So if, for this height read by his aide, Regnault substitutes 

another, it is by virtue of reasoning intended to diminish the difference 

between the abstract manometer, an ideal that exists only in his mind and 

to which his calculations are referred, and the concrete manometer, made 

of glass and mercury, which is before his eyes and on which his assistant 

makes readings. Regnault might be able to represent this real manometer 

through an ideal manometer made of incompressible mercury, which has 

the same temperature everywhere, and is subject at every point on its free 

surface to an atmospheric pressure that is independent of altitude. The 

difference between this overly simple schema and the reality would be too 

great, however, and, in addition, the experiment would be insufficiently 

precise. Hence, he conceives a new ideal manometer, more complicated 

than the first but representing the real and concrete manometer better. He 

supposes the new manometer to be formed of a compressible fluid; he sup- 

poses that the temperature varies from one point to another; and he admits 

that the barometric pressure changes when we go higher in the atmo- 

sphere. All these retouchings of the primitive schema constitute so many 

corrections: a correction for the compressibility of mercury, a correction 

for the unequal heating of the mercury column, and Laplace’s correction 

for the barometric height. All these corrections have the effect of increas- 

ing the precision of the experiment. The physicist who complicates the 

theoretical representations of the observed facts with these corrections to 

enable that representation to come closer to reality is similar to an artist 

who, after having made a sketch, adds shadows to show the model’s relief 

better on a flat surface. 

Those who see nothing but reports of facts in physical experiments do 

not understand the role played by corrections in these experiments. Fur- 

thermore, they do not understand what is meant in speaking of the causes 

of error that make up an experiment. 

To allow a cause of error to remain in an experiment is to omit a possi- 
ble correction which would increase the precision of the experiment. It is 
to be content with an overly simple theoretical representation when we 
could replace it with a more complicated but more perfect image of reality. 
It is to be content with a sketch when we could make a complete picture. 

In his experiments on the compressibility of gas, Regnault allowed a 
cause of error to remain that he did not recognize but that has since been 
noted. He neglected the effect of its own weight on the gas under pressure. 
What might we mean by reproaching Regnault for not having taken this 
effect into account or for having omitted this correction? Might we mean 
that his senses had deceived him while he was observing the phenomena 



On the Subject of Experimental Physics 95 

produced in front of him? Not at all. He is criticized for having overly sim- 

plified the theoretical image of the facts in representing the gas under pres- 

sure as a homogenous fluid, when by regarding it as a fluid with a density 

that varies with the height according to a certain law, he would have 

obtained a new abstract image, more complicated than the first, but one 

that would have reproduced reality better. 

IX. On criticizing a physical experiment; how it differs from examining 

ordinary testimony 

An experiment in physics being something completely different from the 

simple reporting of a fact, we understand without difficulty that the truth 

or certainty of an experimental result must be something of a completely 

different order from the truth or certainty of a reported fact. These types 

of certainty are so different in nature that they are evaluated by means of 

entirely different methods. 

When sincere witnesses affirm the report of a fact, if their minds are 

sound enough not to confuse the play of the imagination with perceptions, 

and if they understand the language they use well enough to express their 

thoughts clearly, then the fact is certain. If I swear to you that on such and 

such a day, at such and such an hour, in such and such a street, I saw a 

white horse, unless you have reason to consider me a liar or subject to hal- 

lucinations, you ought to believe that on that day, at that hour, and in that 

street, there was a white horse. 

The confidence which ought to be accorded to propositions stated by a 

physicist as the result of an experiment is not of the same nature. If phys- 

icists limit themselves to telling us the facts that they have seen, in the 

strict sense of seeing with their own eyes, their testimony should be exam- 

ined according to the general rules appropriate for determining the degree 

of confidence merited by the testimony of individuals. If they are recog- 

nized to be in good faith—and this is, I think, the general case—their tes- 

timony should be accepted as an expression of the truth. 

But to repeat, what physicists state as the result of an experiment is not 

the recitation of reported facts. It is the interpretation of these facts and 

their transposition into the abstract symbolic world created by theories 

that physicists regard as established. 

Thus, after having submitted the testimony of a physicist to the rules 

that establish the degree of confidence merited by the recitation of a piece 

of testimony, you would have completed only one part—the easiest part— 

of the critical appraisal of an experiment. 
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In the first place, ask yourself with great care which theories the phys- 

icists regard as established and which they have employed in the interpre- 

tation of the facts they have reported. Unless you know these theories, it 

will be impossible for you to grasp the meaning they attribute to their 

statements. The physicists would stand before you like witnesses before a 

judge who did not speak the same language. 

If the theories accepted by a physicist are the same as those you accept, 

and if you both agree to follow the same rules in the interpretation of the 

same phenomena, then you speak the same language and you will be able 

to understand each other. But this is not always the case. It is not so when 

you discuss the experiments of a physicist who does not belong to your 

school. It is not the same, above all, when you discuss the experiments of 

a physicist who is separated from you by fifty years, a century, or two cen- 

turies. Then you must seek to establish a correspondence between the the- 

oretical ideas of the author you are studying and your own and to interpret 

anew what was interpreted by means of symbols that were accepted then, 

by means of symbols that you accept now. If you arrive at this point, the 

discussion of that author’s experiment becomes possible for you. This 

experiment will be given in a language alien to your own but one whose 

vocabulary you possess. You will be able to examine it. 

Newton, for example, made certain observations concerning the phe- 

nomena of colored rings. He interpreted these observations by means of 

the optical theory that he had created, the emission theory. He interpreted 

the rings as giving the distance between the “fit” of reflection and the “fit” 

of easy transmission for light corpuscles of each color.’ When Young and 

Fresnel revived the wave theory in order to replace the emission theory, it 

was possible for them to make elements of the new theory correspond to 

elements of the old theory at certain points. They established, in particu- 

lar, that the distance between a “fit” of easy reflection and a “fit” of easy 

transmission corresponded to one-quarter of what the new theory called a 

wavelength. Thanks to this remark, the results of Newton’s experiments 

could be translated into the language of waves. The numbers that Newton 
had given, multiplied by four, gave the wavelengths of the various colors. 

On the other hand, if you are unable to obtain sufficient information 
about the theoretical ideas of the physicists whose experiments you are 
discussing, if you are unable to establish a correspondence between the 
symbols that they adopted and the symbols furnished by the theories you 
accept, if you are unable to translate into your language the propositions 

7. [For an explanation, see chapter 8, section XXIV.] 
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representing the results of their experiments, these results will be neither 

true nor false for you. They will be devoid of meaning, a dead letter. How 

many observations accumulated by physicists of former ages are thus lost 

forever! Their authors neglected to inform us about the methods they used 

to interpret the facts. It is impossible for us to transpose their interpreta- 

tions into our own theories. They have sealed in their ideas in signs for 

which we lack the keys. 

Perhaps these first rules seem naive, and you may be surprised to see us 

insisting on their employment. If these rules are commonplace, however, 

their lack is still more commonplace. How many scientific discussions 

there are in which each of the two sides claims to destroy its adversary 

through the irrefutable testimony of facts and in which contradictory 

observations are opposed to one another: The contradiction never exists in 

reality, which is always self-consistent. The contradiction is between the 

theories that each of the two champions uses to express this reality. How 

many propositions are designated monstrous errors in the writings of 

those who preceded us! Perhaps we might celebrate them as great truths if 

we would only inform ourselves about the theories that gave these propo- 

sitions meaning and take care to translate them into the language of the 

theories advocated today. 

But let us suppose that you have noted the agreement between the the- 

ories accepted by an experimenter and those that you regard as accurate. 

It would have to be the case that you could immediately make your own 

the judgments through which the results of the experiments were stated. 

You must now determine whether the rules imposed by the theories that 

you both accept in the interpretation of the observed facts were correctly 

applied by the experimenter; that is, whether all the necessary corrections 

were made. Often you will find that the experimenter has not taken into 

account all the legitimate possibilities. In applying the theories, an error in 

reasoning or in calculation may have been committed. An indispensable 

correction may have been omitted and a cause of error which ought to have 

been eliminated may have been allowed to remain. 

The experimenter has employed the theories that you both accept in 

order to interpret the observations. The rules prescribed by these theories 

in this interpretation have been correctly applied by the experimenter and 

the causes of error have been eliminated or their effects corrected. This is 

still not enough to enable you to accept these experimental results. As we 

have said, the abstract propositions that the theories make correspond to 

the observed facts are not entirely determinate. An infinity of different 

propositions may correspond to the same facts; an infinity of evaluations 
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may express themselves through different numbers. The degree of inde- 

terminacy possible in the abstract mathematical proposition expressing 

the result of an experiment is precisely the degree of approximation of the 

experiment. You need to know the degree of approximation of the exper- 

iment that you are examining. If the experimenter has indicated it, you 

need to inform yourself about the reasoning used to evaluate it. If the 

experimenter has not indicated it, you must determine it through your 

own analysis. This estimation of the degree of approximation that makes 

up a given experiment is a delicate operation. It is often so complicated 

that an entirely logical order is difficult to maintain. The reasoning must 

make room for that rare subtle quality, that sort of flair which is called 

experimental sense—an endowment of the subtle mind (esprit de finesse) 

more than of the geometrical mind (esprit géomeétrique). 

The mere description of the rules governing the examination of an 

experiment in physics and its acceptance or its rejection suffice to make 

this essential truth apparent: The result of an experiment in physics does 

not possess the same order of certainty as a fact reported by nonscientific 

methods, through the mere sight or touch of a person healthy in body and 

mind. The certainty of an experiment in physics is less immediate. It is 

submitted to disputes that ordinary testimony escapes, and it always 

depends on our confidence in a whole group of theories. 

X. Less certain than the nonscientific statement of a fact, a physical 

experiment is more precise. 

Although the report of a physical experiment lacks the immediate, and rel- 

atively easy to establish, certainty of ordinary, nonscientific testimony, it 

improves on the latter by virtue of the number and the minute precision of 

the details that it makes known to us. 

Ordinary testimony, the reporting of a fact established through com- 
monsense procedures and not through scientific methods, can scarcely be 
certain except on condition of not being detailed, or not being painstaking, 
or only describing the fact roughly, in terms of what stands out most about 
it. In such and such a street of the town, at such and such an hour, I saw a 
white horse. This is all I might be able to assert with certainty. Perhaps, to 
this general assertion, I might be able to add some particularity which 
attracted my attention to the exclusion of other details: something strange 
in the posture of the horse, or an oddity about its harness. But pressing me 
with questions will be of little use. My memories would be confused and 
my answers vague. Soon enough I would be reduced to telling you: “I do 
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not know.” With few exceptions, common testimony has all the more cer- 

tainty the less precise it is, the less it analyzes, and the more it confines 

itself to the roughest and most obvious considerations. 

The record of a scientific experiment is quite different. It is not content 

with making a phenomenon known to us roughly. It claims to analyze it, 

making the smallest detail and the most painstaking particular known to 

us, and marking the rank and relative importance of each detail and pecu- 

liarity. This claim would exceed its powers, as they exceed the powers of 

ordinary observation, if the one were not better equipped than the other. 

The number and the minuteness of the details that accompany and com- 

pose each phenomenon would baffle the imagination, exceed the memory, 

and defy the power of speech if physicists did not have mathematical the- 

ory at their disposal. Mathematical theory is a marvelous instrument of 

classification and expression, and an admirably clear and compact sym- 

bolic representation. Physicists also have at their disposal numerical eval- 

uation, or measurement, which provides them with an exact and brief 

means of estimation with which to indicate the relative importance of each 

particular. As we have already said, if, for a wager, someone undertook to 

describe a real experiment in physics while excluding all theoretical lan- 

guage, that person would fill an entire volume with the most tangled, con- 

fused, and incomprehensible account imaginable. 

Therefore, if theoretical interpretation removes the immediate, indis- 

putable certainty offered by the data of ordinary observation from the 

results of experiment in physics, in return, theoretical interpretation 

allows scientific experiment to penetrate further than common sense in the 

analysis and detailed description of phenomena. 

Second Part 
What Is a Law of Physics? 

I. The laws of physics are symbolic relations. 

Just as commonsense laws (Jois de sens commun) are founded on the obser- 

vation of facts through means natural to humans, physical laws are 

founded on the results of experiments in physics. It goes without saying 

that the profound differences that separate a fact established by nonscien- 

tific means from a fact that results from physical experiment also separate 

commonsense laws from physical laws. Thus, almost everything we have 

said about experiments in physics might be extended to the laws that sci- 

ence states. 
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Let us take a commonsense law, one of the simplest, as it is one of the 

most certain: All humans are mortal. This law, assuredly, relates abstract 

terms among themselves: the abstract idea of humanity in general and not 

the concrete idea of such and such a particular human being; the abstract 

idea of death and not the concrete idea of such and such a form of death. 

Only on condition that it relates abstract terms can the law be general. 

But these abstractions are by no means symbols. They simply extract 

what is general in the concrete realities to which the law applies. Thus, in 

each of the particular cases in which we apply the law, we find concrete 

objects that realize these abstract ideas. Each time we wish to apply the law 

“All humans are mortal,” we find ourselves in the presence of a particular 

individual instantiating the idea of humanity in general and a certain par- 

ticular death instantiating the idea of death in general. 

Matters are not the same for physical laws. Let us take one of these 

laws, Mariotte’s law,® and examine its formulation without concerning 

ourselves, for the moment, with the accuracy of this law. At a constant 

temperature, the volume occupied by a given mass of gas is inversely 

related to the pressure it is subject to—such is the statement of Mariotte’s 

law. The terms it introduces, the ideas of mass, temperature, and pressure, 

are still abstract ideas. But these ideas are not only abstract, they are also 
symbolic. Place yourself in front of a real, concrete case to which you wish 
to apply Mariotte’s law. You are not dealing with a certain definite tem- 
perature instantiating the idea of temperature in general but with some 
warmer or cooler gas. You would not have a certain particular pressure 
instantiating the notion of pressure in general before you but some mer- 
cury in a tube of glass. No doubt a certain temperature corresponds to this 
warmer or cooler gas, and a certain pressure corresponds to this mercury 
ina tube of glass, but this correspondence is of a thing signified by the sign 
that replaces it or of a reality to the symbol representing it. 

Because the abstract terms of a commonsense law are no more than 
what there is of a general nature in concrete, observed objects, the passage 
from concrete to abstract is made through an operation so necessary and 
so spontaneous that it remains unconscious. Placed in the presence of a 
certain man and a certain case of death, I connect them immediately to the 

8. [In English-speaking countries, the following principle is commonly referred 
to as Boyle’s law. Edme Mariotte (c. 1620-1684) was a founding member of the 
Academie des Sciences in Paris. In De Ja nature de l’air (Paris, 1679), he noted that 
the volume of a gas varies inversely with its pressure. Boyle’s formulation of the 
same law appeared perhaps in 1660.] 
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general idea of humanity and to the general idea of death. This sudden, 
unconscious operation yields unanalyzed general ideas, abstractions taken, 
so to speak, en bloc. Without doubt, thinkers can analyze these general, 
abstract ideas. They can seek to deeply penetrate the meaning of the word 
humanity, and the meaning of the word death. This effort will lead to a bet- 
ter grasp of the law’s metaphysical foundation (raison d’étre). But this 
effort is not necessary to understand the law. For that, it is sufficient to 
take the terms which it relates in their obvious sense. Thus, this law is clear 

for all whether or not they are philosophers. 

The symbolic terms connected by a law of physics are no longer 

abstractions that gush spontaneously from concrete reality. They are 

abstractions produced by a slow, complicated, conscientious work of anal- 

ysis, the age-old work that has elaborated physical theories. If you have not 

undertaken this work, if you do not understand physical theories, you can- 

not understand a law or apply it. Depending on whether you adopt one 

theory or another, a law changes its meaning in such a way that it may be 

accepted by one physicist who admits a certain theory and rejected by 

another who accepts another theory. Take a peasant who has never ana- 

lyzed the concept of humanity or the concept of death and a metaphysician 

who has spent his life analyzing them. Take two philosophers who have 

analyzed them and who have adopted different, irreconcilable definitions. 

For all these people, the law “All humans are mortal” will be equally clear 

and equally true. On the other hand, take two physicists who do not define 

pressure in the same manner because they do not admit the same theories 

of mechanics. One, for example, accepts the ideas of Lagrange; the other 

adopts the ideas of Laplace and Poisson. Submit to these two physicists a 

law whose statement brings into play the notion of pressure. They will 

hear the statement in two different ways. To compare it with reality, they 

will make different calculations so that one will find this law verified by 

facts which, for the other, will contradict it. Here is evident proof of the 

following truism: A law of physics is a symbolic relation whose application 

to concrete reality demands that we understand it and that we accept a 

whole group of theories with it. 

II. That a physical law is, properly speaking, neither true nor false 

but approximate 

A commonsense law is a simple, general judgment. This judgment is true 

or false. For example, take this law of common experience: In Paris, the 

sun rises each day in the east, climbs into the sky, then descends and sets 



102 Pierre Duhem 

in the west. Here is a true law without conditions or restrictions. On the 

other hand, let us take this statement: The moon is always full. That is a 

false law. If the truth of a commonsense law is placed in question, we can 

respond to this question with a yes or a no. 

It is not the same with the laws that a fully mature physical science 

states in the form of mathematical propositions. Such laws are always sym- 

bolic. But a symbol is, properly speaking, neither true nor false. It is better 

or less well chosen to signify the reality that it represents. It delineates 

reality in a manner more or less precise and more or less detailed. But 

applied to a symbol, the words truth and error no longer have meaning. 

Thus, to those who ask if such a law of physics is true or false, the logician 

concerned about the strict meanings of the words will be obliged to 

respond, “I do not understand your question.” Let us comment on this 

reply, which may seem paradoxical but the understanding of which is nec- 

essary to those who aspire to know what physics is. 

As practiced by physics, the experimental method does not make a 

single symbolic judgment correspond to a given fact but to an infinity of 

different symbolic judgments. The degree of indeterminacy of the sym- 

bol is the degree of approximation of the experiment in question. Take a 

group of analogous facts. For the physicist to find a law for these facts 

will be to find a formula that contains the symbolic representation of 

each of these facts. The indeterminacy of the symbol that corresponds to 

each fact carries with it, from then on, the indeterminacy of the formula 

which must bring together all these symbols. We can make an infinity of 

different formulas and an infinity of distinct physical laws correspond to 

the same collection of facts. To be accepted, each of these laws must 

make each fact correspond not to the symbol for that fact but to some one 

among the infinite number of symbols that are capable of representing 

the fact. This is what is meant when the laws of physics are said to be 

nothing but approximations. 

Let us imagine, for example, that you might not be content with the 

information supplied by this commonsense law: In Paris, the sun rises each 

day in the east, climbs into the sky, then descends and sets in the west. You 

turn to the physical sciences for a precise law of the motion of the sun seen 
from Paris, a law indicating to the Parisian observer what position the sun 
occupies in the sky at each moment. In order to resolve this problem, the 
physical sciences will not use realities accessible to the senses (the sun such 
as you see it shining in the sky), but symbols through which theories rep- 
resent these realities. Despite the sun's surface irregularities and the enor- 
mous prominences that it carries, those sciences will replace the real sun 
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with a geometrically perfect sphere, and it is the position of the center of 

this ideal sphere which they will seek to try to determine. Or, rather, they 

will seek to determine the position that this point would occupy if astro- 

nomical refraction did not deflect the rays of the sun and if annual aberra- 

tion did not modify the apparent position of the stars. It is therefore only 

a symbol that physical sciences substitute for the single reality accessible 

to the senses offered for your observations, to the shining disk that your 

telescope can view. To make the symbol and the reality correspond, it is 

necessary to take complicated measurements. You must make the edge of 

the solar image coincide with the crosshair of a micrometer. You must take 

multiple readings on divided circles. You also need calculations whose 

legitimacy depends on the theories you accept; on the theory of atmo- 

spheric refraction and the theory of aberration. 

Your formulas will not yet grasp the point symbolically named the cen- 

ter of the sun. What they will grasp are the coordinates of this point, its 

right ascension and declination. And the meaning of these coordinates 

cannot be understood unless the laws of cosmography are understood. 

But, supposing that the corrections for aberration and refraction have 

been made, can we make a single value for the right ascension and a single 

value for the declination of the center of the sun correspond to a definite 

position of the solar disk? Not at all. The optical power of the instrument 

that you use to see the sun is limited. The different observations that make 

up your experiment, and the different readings they require, are limited in 

accuracy. You would not be able to tell the difference between the solar 

disk in one position versus another if the variation were small enough. Let 

us posit that you will not be able to distinguish two points when the angu- 

lar distance separating them is less than one second. It will be sufficient for 

you to determine the position of the sun at a given moment to know the 

right ascension and declination of the center of the sun to within one 

minute. From then on, to represent the movement of the sun, which at 

each instant occupies only a single position, you would be able to give not 

one value for the right ascension and declination but an infinity of values 

for the right ascension and an infinity of values for the declination. At any 

moment, only two acceptable values for the right ascension or two accept- 

able values for the declination may not differ by more than one second. 

Now look for the law of motion of the sun—that is, two formulas that 

permit you to calculate, for every instant during the day, the value of the 

right ascension of the sun’s center and the value of the declination of the 

same point. Is it not obvious that, to represent the change in the right 

ascension as a function of time, you could adopt not one unique formula 
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but an infinity of different formulas, as long as, at any instant, all these for- 

mulae lead you to values of the right ascension differing among themselves 

by less than one second? Is it not evident that things will be the same for 

the declination? Hence you might equally well represent your observations 

on the motion of the sun by an infinity of different laws. These various 

laws are expressed through equations that analysis regards as incompati- 

ble. If any one among these equations is verified, no other can be. Yet, for 

the physicist, all these laws are equally acceptable, for they determine all 

the positions of the sun with an accuracy greater than that available from 

observation. The physicist has no right to say that any of these laws is true 

to the exclusion of the others. 

No doubt, physicists have the right to choose among these laws, and in 

general they will choose between them. But the motives that guide their 

choice will have neither the same nature nor the same imperious necessity 

as those which require the preference of truth over error. They will choose 

a certain formula because it is simpler than the others. The feebleness of 

our minds constrains us to attach great importance to considerations of 

this kind. But we are no longer in an era that assumes that the intelligence 

of the Creator is constrained by the same disability, or one that rejects any 

law expressed in an algebraic equation that is too complicated, in the name 

of the simplicity of the laws of nature. Physicists especially will prefer one 

law to another when the first follows from theories that they accept. For 

example, they will ask the theory of universal attraction to decide which 

formulas they should prefer among all those able to represent the motion 

of the sun. But physical theories are only one means of classifying and 

relating the approximate laws to which experiments are subject. Theories 

cannot, therefore, modify the nature of one of these laws and confer abso- 

lute truth on it. 

Thus, any law of physics is an approximate law. As a consequence, for 

the strict logician, it can be neither true nor false. Any other law that rep- 

resents the same experiments with the same approximation may aspire, as 

legitimately as the first, to the title of the true law or, to speak more rigor- 

ously, the acceptable law. 

III. That all laws of physics are provisional 

The essential character of a law is its permanence. A proposition is not a 
law unless it is true today and will still be true tomorrow. Would it not be 
a contradiction to say that a law is provisional? Yes, if we mean by Jaw 
those laws that common sense reveals to us and that might, in the strict 
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meaning of the word, be called true. Such laws cannot be true today and 
false tomorrow. No, if we mean by /aw the laws that physics states in a 
mathematical form. Such laws are always provisional. We do not mean 
that laws in physics are true for a certain time and false later, for at any 

moment they are neither true nor false. Such laws are provisional because 

they represent the facts to which they apply with an approximation that 

physicists judge sufficient but which will one day cease to satisfy them. 

As we have already noted, the degree of approximation of an experi- 

ment is not something fixed. It increases to the extent that instruments 

become more accurate, that the causes of error are more strictly avoided, 

or that more precise corrections permit their better evaluation. To the 

extent that experimental methods improve, the indeterminacy of abstract 

symbol, brought into correspondence with a concrete fact by an experi- 

ment in physics, will diminish. Many symbolic judgments which have 

been regarded at one time as a good representation of a definite concrete 

fact will no longer be accepted in another period as signifying this fact. For 

example, to represent the position of the sun at a given instant, the astron- 

omers of a certain century might accept all the values of right ascension, or 

all the values of declination, which do not differ from one another by more 

than one second, because their instruments do not permit them to distin- 

guish points with an angular separation of less than one second from one 

another. The astronomers of the following century might have instru- 

ments with an optical power ten times greater. They might require then 

that the different determinations of the right ascension of the sun’s center 

at a given moment, and the various determinations of the declination, do 

not differ from one another by more than a tenth of a second. An infinity 

of measurements, which would have satisfied their predecessors, would be 

rejected by them. 

To the extent that the uncertainty of experimental results diminishes, 

the uncertainty of the formulas used to condense these results is going to 

diminish. One century accepted, as a law of motion for the sun, a whole 

group of formulas which gave the coordinates of the center of that star to 

within one minute at each instant. The following century will impose on 

any law of motion for the sun the condition that the coordinates of the 

sun’s center be known to within a tenth of a second. An infinity of laws 

accepted by the first century thus will be rejected by the second. 

Any physical law, being an approximate law, is at the mercy of progress 

that, by augmenting the precision of experiments, will render the degree 

of approximation of this law insufficient. Physicists must always consider 

it provisional. 
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It is not only because they are approximate that the laws of physics are 

provisional. It is also because they are symbolic relations. There are always 

cases in which their symbols are incapable of representing reality in a sat- 

isfactory manner. 

To study a certain gas, physicists give a schematic representation of it. 

They represent it as a perfect fluid, having a certain density, raised to a 

certain temperature, and subject to a certain pressure. Among these three 

elements—density, temperature, and pressure—they establish a certain 

relationship: the law of compression and expansion of the gas. Is this law 

definitive? 

Place the gas between the plates of a highly charged electric condenser. 

Determine its density, its temperature, and its pressure. The values of 

these three elements will no longer conform to the law of compression and 

expansion of the gas. Will physicists be surprised to find the law is inade- 

quate? Will they place the fixity of the laws of nature in doubt? No. They 

will simply say that the defective relationship was a symbolic relationship 

and that it did not bear on the real gas that they manipulate, but on a cer- 

tain schematic gas defined by its density, temperature, and pressure and 

that, no doubt, this schema was too simple and incomplete to represent the 

properties of the real gas placed in the conditions given now. Then they 

seek to complete the schema, making it more appropriate to express real- 

ity. They are no longer content to define the symbolic gas by means of its 

density, its temperature, and its pressure; they give it a dielectric capacity. 

In the representation of this body, they introduce the intensity of the elec- 

tric field in which it is placed. They submit this more complete symbol to 

new studies and obtain the law of compressibility for a gas endowed with 

dielectric polarization. It is a more complicated law than the one they pre- 

viously obtained. It includes the former as a particular case, but it is more 

comprehensive and will be verified in cases in which the latter fails. 

Is this new law definitive? 

Take the gas to which it applies, and place it between the poles of an 

electromagnet. Here the new law is refuted by experimentation in its turn. 

Do not think that this new refutation surprises physicists. They know that 

they have to deal with a symbolic relation and that the symbol they have 
created, a faithful image of reality in certain cases, might not resemble it in 
all circumstances. So they return to the schema of the gas on which they 
are experimenting without being discouraged. To permit this schema to 
represent the facts, they add some new properties. It is no longer enough 
that the gas has a density, a temperature, a dielectric capacity, a given pres- 
sure, and that it is placed in an electric field of a given intensity. They give 
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it a coefficient of magnetization. They measure the intensity of the mag- 
netic field in which it is placed, and, relating all these elements through a 
group of formulas, they obtain the law of compression and expansion of a 
polarized and magnetized gas. The law is more complicated but more 
comprehensive than those they have already obtained. The law will be ver- 

ified in an infinity of cases in which the former will receive a refutation; 

nevertheless, it is a provisional law. One day, physicists foresee that con- 

ditions will be realized in which this law would find itself in error. On that 
day, it will be necessary to take up again the symbolic representation of the 

gas and add new elements to it. This symbol is like a mechanism whose 

flexibility increases with the number of pieces making it up, and which is 

more strictly applicable to the facts to the extent that it becomes more 

complex. But although this mechanism may well become more and more 

detailed and precise, it will always remain a rough and provisional model 

of reality. 

This task of continual modification, through which the laws of physics 

better and better avoid experimental refutation, plays such an essential 

role in the development of physics that we may be permitted to insist 

somewhat more on its importance and to study its course in a second 

example. 

Of all the laws of physics, the best verified by its innumerable conse- 

quences is surely the law of universal attraction. The most precise obser- 

vations of the motions of the stars have not, until now, been able to show 

it in error. Is it a definitive law? Not at all, but a provisional law that must 

be modified and complicated endlessly to bring it into agreement with 

experimentation. 

Here is some water in a vessel. The law of universal attraction tells you 

the force that acts on each of the particles of this water. This force is just 

the weight of the particle. Mechanics indicates to you what shape the water 

should assume. Whatever may be the nature and shape of the vessel, the 

water must be bounded by a horizontal plane. Look closely at the surface 

bounding this water. Although it is horizontal far from the edges of the 

vessel, the surface stops being horizontal in the vicinity of the glass wall. It 

rises along the length of these walls. In a confined space, it rises very high 

and becomes, to all intents, concave. Here the law of universal attraction 

is in error. To prevent capillary phenomena from refuting the law of grav- 

itation, it must be modified. The inverse square law will have to be 

regarded as an approximate formula. We will have to admit that this for- 

mula expresses the attraction of two distant material particles known with 

sufficient precision, but that the formula becomes incorrect when it tries 
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to express the attraction of two elements that are very close together. We 

will have to introduce an additional term in the equations, which, by com- 

plicating them, makes them appropriate to represent a more extended class 

of phenomena and permits them to encompass, in the same law, the move- 

ments of stars and capillary effects. 

This law will be more comprehensive than Newton’s law. For all 

that, it will not be exempt from all contradiction. In a mass of cases, the 

laws of capillarity will be in disagreement with the observations. In order 

to make this disagreement disappear, it will again be necessary to take up 

the formula for capillary action, modifying and completing it by taking 

account of the electric charges carried by particles of the fluid and of the 

forces acting between these electrified particles. Thus, the struggle will 

continue indefinitely between reality and the laws of physics. For any 

law formulated by physics, experimentation will oppose the brutal refu- 

tation of a fact. But physics will tirelessly retouch, modify, and compli- 

cate the refuted law, in order to replace it with a comprehensive law in 

which in turn the exception raised by the experiment will have found its 

rule. 

Physics makes progress through this unceasing struggle, this effort to 

complete the laws and make them accommodate exceptions. It is because 

a piece of amber rubbed with silk placed the laws of gravity in error that 

physics created the laws of electrostatics. It is because a magnet produced 

effects contrary to these same laws of gravity that physics imagined the 

laws of magnetism. It is because Oersted found an exception to the laws of 

electrostatics and magnetism that Ampére invented the laws of electrody- 

namics and electromagnetism. Physics does not progress in the manner of 

geometry, which adds new definitive and indisputable propositions to the 

definitive and indisputable propositions already possessed. Physics 

progresses because experimentation endlessly causes new disagreements 

between theory and reality and because physicists endlessly retouch and 

modify theory to give it a better resemblance to reality. 

IV. The laws of physics are more detailed than the laws of common sense 

The laws that nonscientific experience permits us to formulate are general 
judgments whose meaning is immediate. In the presence of one of these 
judgments, we may ask: Is it true? In general, the answer is easy. The law 
is recognized as true for all times and without exception. 

Scientific laws founded on experiments in physics are symbolic rela- 
tions, and their meaning would remain unintelligible to anyone lacking 
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knowledge of physical theories. Being symbolic, they are never either true 
or false. Like the experiments they rest on, they are approximate. Though 
sufficient today, the degree of approximation of a law will become insuffi- 
cient in the future through the progress of experimental methods. Thus, a 
law of physics is always provisional. It is also provisional because it does 
not connect realities but symbols and because there are always cases in 
which the symbol no longer represents the reality. Hence, the laws of 

physics cannot be maintained except through a continual work of retouch- 

ing and modification. 

The problem of the certainty of physical laws presents itself in another 

manner, one more complicated and more delicate than the problem of the 

certainty of commonsense laws. We may be tempted to draw from this the 

strange conclusion that knowledge of physical laws constitutes a degree of 

science inferior to the simple knowledge of commonsense laws. To those 

who would seek to deduce this paradoxical consequence from the preced- 

ing considerations, we will content ourselves by repeating for the laws of 

physics what we have said for scientific experiments: A physical law pos- 

sesses certainty that is much less immediate and much more difficult to 

appreciate than a commonsense law. But it surpasses the latter in the 

minute precision of its details. 

“Tn Paris, the sun rises each day in the east, climbs into the sky, then 

descends and sets in the west.” Let this commonsense law be compared 

with the formulas which at every moment reveal, to within one second, the 

coordinates of the center of the sun, and you will be convinced of the accu- 

racy of the former proposition. 

It is the care in minute exactness and precise analysis that distinguishes 

physical science from common sense. It is this carefulness that gives to its 

laws a provisional and approximate character. Everything we have just said 

about this character is, in some way, a commentary on this aphorism of 

Pascal: “Justice and truth are two points so fine that our instruments are 

too blunt to touch them exactly. If they do make contact, they blunt the 

point and press all round the false rather than the true.” 

If, after that, people are still surprised to see the human mind, roughly 

informed about the phenomena of nature by laws that are certainly true, 

asking more detailed knowledge of these same phenomena from formulas 

that are only approximate and provisional, I will content myself by adding 

to their meditations the following apology: 

9. [Pascal, Penseés, la Fuma ed., no. 44; Krailsheimer trans. (Middlesex: Pen- 

guin, 1966), p. 42.] 



110 Pierre Duhem 

A botanist seeking a rare tree met two country people from whom he 

requested information. “There is one of those trees in this wood here,” 

says the first. The other says to him, “Take the third path that you come 

to. Follow it for one hundred paces. You will be at the very foot of the tree 

you are seeking.” The botanist takes the third path, he goes a hundred 

steps, but he does not reach the object of his quest. To touch the foot of 

the tree requires an additional five paces. 

Of the two pieces of information that he received, the first was true and 

the second was false. Even so, which of the two country people has more 

right to his gratitude? 

Conclusion 

From these several reflections concerning the experimental method 

employed in physics, we may deduce many conclusions. I wish to empha- 

size only one of them. 

Metaphysicians are accustomed, especially in our day, to borrow laws 

of physics in order to build up or destroy philosophical systems. The 

slightly superstitious faith that people in our time profess in the power and 

infallibility of positive science, and the reproach frequently and violently 

addressed to philosophers not to remain strangers to the conquests of this 

science both contribute to strengthening that tendency. That this ten- 

dency might be fundamentally legitimate is something that I will be care- 

ful not to deny. But, surely, it remains full of dangers for those who 

imprudently abandon themselves to it, and these are the dangers that I 

want to point out. 

Let philosophers take care not to consider a law of physics as an abso- 

lute truth, partaking of the certainty of the mathematical propositions 

whose form it adopts. Physics knows no absolute truths. Although in mak- 

ing use of the language of mathematics physics shares its infallibility, it 

cannot state its laws in the language of algebra or geometry except on con- 

dition that they are regarded as approximate. 

Let philosophers never regard a law of physics as an unbreakable and 

unlimited truth that will remain eternally true, that will never encounter 

exceptions. Laws are approximate, with an approximation that satisfies us, 
but which will no longer satisfy our successors. Every law of physics 
accepted today is destined to be rejected someday. Laws are symbolic. 
They apply not to reality but to an oversimplified schema. All physical laws 
are essentially provisional. They are always applied to an infinitely small 
number of cases in comparison to the number of cases that escape them. 
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They are unceasingly modified and made more complete to accommodate 

the facts which refute them, but they never exhaust the exceptions. 

Above all, let philosophers not forget the symbolic character of physical 

laws. The magnitudes connected in the equations expressing these laws 

are no more than signs. In order to interpret these signs, we need a key, a 

complicated key made up of physical theories. Philosophers who wish to 

make use of the laws of physics must possess a profound understanding of 

these theories. Lacking this understanding, the significance that they 

attribute to these laws would be no more than nonsense. 
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Analysis of Mach’s 

The Science of Mechanics: 

A Critical and Historical 

Account of Its Development 

The following is Duhem’s extended review of LaMécanique. Etude his- 

torique et critique de son développement, from the fourth German ed. 

(Paris: Hermann, 1904), Emile Bertrand, French translator, by Ernst Mach, 

Emeritus Professor at the University of Vienna. 

Professor Mach’s Mechanics offers some of the most varied reading that 

could be wished for. There one finds mathematical deductions, but as sim- 

plified as possible and devoid of useless displays of formulas; experiments, 

something surprising to a French reader in a treatise on mechanics, yet 

truly essential for understanding that science; some philosophy, but 

stripped of that pedantic jargon which thinks it has achieved depth when 

it plunges into obscurity; some historical pictures, but done in large 

strokes not laden by the minutiae of erudition; finally some polemics, but 

without bitterness or egotism. What was missing from this diversified, 

sober, and living book to seduce French readers? For it to be written in 

French. By translating this work, Emile Bertrand has taken from us any 

pretext for ignoring it any longer. 

1. The work as a whole is dominated by a theory on the nature and 

scope of natural philosophy. We cannot discuss this theory in the Bulletin, 

since it is not a philosophy journal, but neither can we avoid giving a sum- 

1. [“Analyse de Pouvrage de Ernst Mach, La mécanique. Etude historique et cri- 

tique de son développement,” Bulletin des science mathématiques, 27 (1903): 261-283; 

also in Revue des questions scientifiques 55 (1904): 198-217.] 
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mary of it, for its consequences extend to the exposition of the rational 
mechanics presented by Professor Mach and impose on it its design. 

The philosophical doctrine that gets Professor Mach to consider sci- 

ence as an economy of thought took form in him a long time ago. As early as 

1868, he set it forth in a lecture on “The Forms of Liquids.’”” In 1882, he 

gave it a doctrinal formulation ina scholarly work.’ Since then, he has pur- 

sued its consequences in various works, and notably in the one at present 

occupying us. 

My conception of economy of thought was developed out of my experience as 

a teacher, out of the work of practical instruction. I possessed this conception 

as early as 1861, when I began my lectures as Privat-Docent, and at the time 

believed that I was in exclusive possession of the principle—a conviction which 

will, I think, be found pardonable. I am now, on the contrary, convinced that 

at least some presentiment of this idea has always, and necessarily must have, 

been a common possession of all inquirers who have ever made the nature of 

scientific investigation the subject of their thoughts.* 

From the time when Mach formulated his doctrine on the nature of 

natural philosophy, thoughts more or less similar to his have been devel- 

oped in England, Germany, and France in the writings of numerous 

authors. Among these, some were subject more or less directly to the influ- 

ence of the professor from Vienna. Others rediscovered these already dis- 

covered ideas by their own efforts without feeling the beneficial effects of 

his influence; naturally, they did not give the research of their unknown 

predecessor the acknowledgment it rightly deserved.’ 

The immense multitude, the infinite variety of the objects proposed to 

human knowledge would exceed immeasurably the extent and ability of 

human intellects if they needed to conserve in memory a simple copy of 

their personal experience. Furthermore, they would lack the time and 

2. E. Mach, Die Gestalten der Fhissigkeit (Prag: Calve, 1872); E. Mach, Popular- 

wissenschaftliche Vorlesungen (Leipzig, 1896). 

3. E. Mach, Die dkonomische Natur der physikalischen Forschung (Vienna: Gerold, 

1882); E. Mach, Populdr-wissenschaftliche Vorlesungen (Leipzig, 1896). 

4. [Ernst Mach, The Science of Mechanics: A Critical and Historical Account of Its 

Development, trans. Thomas J. McCormack (1893; 6th ed., LaSalle, Ill.: Open 

Court, 1960), p. 591.] 

5. Please allow us to excuse in this way the absence of the name of Mach from 

publications in which we have sometimes put forth thoughts that had more than 

mere similarity with his. 
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means for transmitting the fruits of this experience to contemporaries or 

to posterity. Therefore, before storing the contributions of perception in 

their minds, they must condense them, concentrate them, and extract 

their essence in such a way that they can lodge everything useful in that 

multitude of facts in as small a compartment as possible. This summation, 

this abstraction in the etymological sense of the word, is the proper object 

of scientific work. In every domain, the progress of science has as its aim 

to hold as much reality as possible in as reduced a form as possible; the 

essence of this progress is greater and greater economy of thought. 

According to Mach, this tendency toward economy, considered as the 

directive principle of scientific labor, is particularly distinguishable in the 

domain of physical sciences. 

In nature, there are only facts; the single law which alone will enter into 

science instead of and in the place of multiple facts is the copy, summed 

up by abstraction, of the characters common to all these facts—or, better, 

of those common characters that particularly interest us. 

In speaking of cause and effect we arbitrarily give relief to those elements to 

whose connection we have to attend in the reproduction of a fact in the respect 

in which it is important to us. There is no cause nor effect in nature; nature has 

but an individual existence; nature simply is. Recurrences of like cases in which 
A is always connected with B, that is, like results under like circumstances, that 
is again, the essence of the connection of cause and effect, exist but in the 
abstraction which we perform for the purpose of mentally reproducing the 
facts.° 

Every physical law is therefore the economical summation of an 
immense number of facts; it allows us to know the character that, for one 
reason or another, we consider important, and not the whole of each of 
these facts. 

Thus, instead of noting individual cases of light refraction, we can mentally 
reconstruct all present and future cases, if we know that the incident ray, the 
refracted ray, and the perpendicular lie in the same plane and that sin &/sin B 
=n. Here, instead of the numberless cases of refraction in different combina- 
tions of matter and under all different angles of incidence, we have simply to 
note the rule above stated and the values of n, which is much easier. The eco- 
nomical purpose is here unmistakable. In nature there is no Jaw of refraction, 
only different cases of refraction. The law of refraction is a concise compendi- 

6. [Mach, The Science of Mechanics, p. 580.] 
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ous rule, devised by us for the mental reconstruction in part, that is, on its geo- 

metrical side.’ 

The increasingly ample and general formulas of theoretical physics are 

only condensations, abstract summaries pushed further and further. “Sci- 

ence itself, therefore, may be regarded as a minimal problem, consisting of 

the completest possible presentation of facts with the /east possible expendi- 

ture of thought.” 

2. These ideas on the nature of a formula of mechanics or physics direct 

the method that must serve to prove a similar formula. The latter formula 

claims to be only a condensed representation of experience. The only way 

of testing its validity, the only demonstration of which it must be suscepti- 

ble, therefore consists in pitting it against the facts it wishes to represent; 

it will be better to the extent that it will represent a greater number of facts, 

with greater certainty, and by simpler proceedings. 

The function of science, as we take it, is to replace experience. Thus, on the one 

hand, science must remain in the province of experience, but, on the other, 

must hasten beyond it, constantly expecting confirmation, constantly expect- 

ing the reverse. Where neither confirmation nor refutation is possible, science 

is not concerned. ... Those ideas that hold good throughout the widest 

domains of research and that supplement the greatest amount of experience, 

are the most scientific. 

It is therefore through the comparison of the set of consequences to the 

increasingly numerous facts of experience that the validity of a law can be 

established. But this process of demonstration is not a process of inven- 

tion. It can be used only when the law is clearly formulated; it cannot sug- 

gest its formulation. 

The processes of invention cannot be codified; the inventor of law will 

allow the statement of the law to be suggested by the most varied consid- 

erations. Induction, generalization, and analogy will most often be the pre- 

ferred guides. 

But these factors, which push the inventor to consider such a proposi- 

tion as the statement of a valid law, would not be enough to convince con- 

7. [Mach, The Science of Mechanics, p. 582.] 

8. [Mach, The Science of Mechanics, p. 586.] 

9. [Mach, The Science of Mechanics, pp. 586—587.] 
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temporaries. On the other hand, the latter cannot test the validity of the 

law by submitting all its consequences to the control of facts; that test 

requires experiments that are not yet realized and which only the future of 

science can furnish. We are then led to give the new law a pretended dem- 

onstration. 

Such a demonstration takes as axioms a certain number—the smallest 

possible—of propositions derived from our instinctive knowledge. 

A prudent mind must keep itself on guard against the logical value of 

such demonstrations. 

First, it is extremely difficult to enumerate all the instinctive knowl- 

edge which is really in play in such a deduction; almost no author succeeds 

in making all of it explicit without any omission or repetition. 

Moreover, instinctive knowledge is, after all, only a confused and unan- 

alyzed pile of experimental givens acquired at imprecise periods of intel- 

lectual development. 

[I]nstinctive knowledge enjoys our exceptional confidence. No longer know- 

ing how we have acquired it, we cannot criticize the logic by which it was 

inferred. We have personally contributed nothing to its production. It con- 

fronts us with a force and irresistibleness foreign to the products of voluntary 

reflective experience. It appears to us as something free from subjectivity, and 

extraneous to us, although we have it constantly at hand so that it is more ours 

than are the individual facts of nature. All this has often led men to attribute 

knowledge of this kind to an entirely different source, namely, to view it as 

existing @ priori in us (previous to all experience). ... Yet even the authority 

of instinctive knowledge, however important it may be for actual processes of 

development, must ultimately give place to that of a clearly and deliberately 

observed principle. Instinctive knowledge is, after all, only experimental 

knowledge, and as such is liable, we have seen, to prove itself utterly insuffi- 

cient and powerless, when some new region of experience is suddenly opened 

WDy v6 

It is more in keeping, furthermore, with the economy of thought and with 

the aesthetics of science, directly to recognize a principle (say that of the statical 

moments) as the key to the understanding of a// the facts of a department, and 

really see how it pervades all those facts, rather than to hold ourselves obliged 

first to make a clumsy and lame deduction of it from unobvious propositions 

that involve the same principle but that happen to have become earlier familiar 

to us. . . . In fact, this mania for demonstration in science results in a rigor that 
is false and mistaken. Some propositions are held to be possessed of more cer- 
tainty than others and even regarded as their necessary and incontestable foun- 
dation; whereas actually no higher, or perhaps not even so high, a degree of 
certainty attaches to them. Even the rendering clear of the degree of certainty 
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which exact science aims at, is not attained here. Examples of such mistaken 

rigor are to be found in almost every textbook.'” 

By studying the development of the principles of statics, Mach deploys 

all the resources of an unforgiving logic against this false rigor. This part 

of his book is perhaps the one that will cause the thinking reader to stop 

the longest. 

3. How do we proceed, however, when we want to teach someone 

approaching a science such as mechanics one of these economical formulas 

that contain the concentrated and condensed essence of a number of facts? 

Will we forcefully express the relevant formula and limit ourselves to add- 

ing that the subsequent development of the theory will always show it to 

be in agreement with the facts? According to the preceding ideas, this 

method would be logical, but the most elementary psychology would show 

that it would be deplorable. Students would see only a form devoid of all 

content in the law presented in this fashion; it would remain unknown to 

them. How, then, can we prepare their minds to acquiesce to that propo- 

sition and to capture its sense? By representing a path similar to the one 

the inventor has followed; by examining the few facts the inventor has first 

studied; by reproducing the series of analyses and extensions by which the 

general law was derived. The real introduction to the expression of a prin- 

ciple of physics is a historical introduction: 

The fundamental elements of the notions that mechanics studies are almost 

completely developed by means of research on very simple special cases of 

mechanical phenomena. The historical analysis of these particular problems 

remains, in any case, the most efficacious and most natural means of penetrat- 

ing the essential elements of the principles; one can even say that it is only by 

means of this path that it is possible to achieve a full comprehension of the gen- 

eral results of mechanics. 

Lately, our teaching of physical science in secondary school tends more 

and more to reject historical considerations and to regard them as the 

object of empty and idle curiosity. Those who have tried to promote this 

tendency should meditate on the work of Professor Mach. I do not doubt 

that this reading would shake their conviction; it would contribute, I 

think, to giving them this completely opposite conviction, which the expe- 

10. [Mach, The Science of Mechanics, pp. 93-94.] 
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rience of teaching or of examinations has brought to more than one profes- 

sor: The person who does not know the erroneous principles replaced by 

a law of physics, at least in general, and the efforts it has taken to supplant 

them does not have a complete and penetrating comprehension of that law. 

Moreover, Mach not only thinks that the study of history is of capital 

importance for understanding the science already accomplished, he also 

sees in it a precious guide for the inventor who wishes to open new paths: 

We shall recognize also that not only a knowledge of the ideas that have been 

accepted and cultivated by subsequent teachers is necessary for the historical 

understanding of a science, but also that the rejected and transient thoughts of 

the inquirers, nay even apparently erroneous notions, may be very important 

and very instructive. The historical investigation of the development of a sci- 

ence is most needful, lest the principles treasured up in it become a system of 

half-understood prescripts, or worse, a system of prejudices. Historical investi- 

gation not only promotes the understanding of that which now is, but also 

brings new possibilities before us, by showing that which exists to be in great 

measure conventional and accidental. From the higher point of view at which 

different paths of thought converge we may look about us with freer vision and 

discover routes before unknown."! 

4. Whatever the importance Professor Mach attributes to the historical 

study of science, that study is for him a means, not an end. His object is 

not to revive for us the ideas of the first inquirers, to restore the first 

attempts at the doctrines that their successors have adopted, to follow in 

all its details the evolution by which these attempts have been organized, 

differentiated, and completed a little at a time, in order to become theories 

that are extended and detailed. He leaves these inquiries to the profes- 

sional historian and to the psychologist. If he refers to history, it is only in 
order better to grasp the real and concrete meaning of the economical for- 
mulas that today constitute science. 

The book we have before us does not pride itself on being a complete 
history of mechanics, one in which the progress of each of the branches of 
science is minutely followed from the appearance of the first bud to the 
maturity of the fruits. In the long series of transformations that constitute 
such progress, Mach has chosen only what helps us to understand the 
definitive plan—in the way that a zoologist would ask an embryologist to 
illuminate only the anatomy of the adult form. In making this choice, he 
abbreviates the exposition of the beginnings that are too ancient and too 

11. [Mach, The Science of Mechanics, p. 316.] 
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confused for science to have kept their marks; he sets aside many attempts 

that have not succeeded, many seeds that have been aborted. 

Mach fully justifies his right to choose, to attend only to certain phases 

of scientific development, and to treat history more as a logician than as a 

psychologist. His differences with Wohlwill on the subject of Galileo’s 

ideas suggest the following to Mach: 

It is not to be denied that the different phases in the intellectual development of 

the great inquirers have much interest for the historian, and some one phase 

may, in its importance in this respect, be relegated into the background by the 

others. One must needs be a poor psychologist and have little knowledge of 

oneself not to know how difficult it is to liberate oneself from traditional views, 

and how even after that is done the remnants of the old ideas still hover in con- 

sciousness and are the cause of occasional backsliding even after the victory has 

been practically won. Galileo’s experience cannot have been different. But with 

the physicist it is the instant in which a new view flashes forth that is of greatest 

interest, and it is this instant for which he will always seek. I have sought for it, 

I believe I have found it.” 

Treated according to the method justified by Mach, the history of 

mechanics will appear infinitely interesting to the physicist, to whomever 

searches in the past only for lights capable of illuminating the present. If 

they forget that this is, in fact, the goal the author wished to reach, the his- 

torian and psychologist would no doubt address some objections to him. 

They would criticize some important gaps in his exposition. The name 

of Descartes cannot be found in his history of statics; however, Descartes 

is the first to have clearly distinguished the two notions of force and of 

work, to have indicated the infinitesimal character of the principle of vir- 

tual displacements. 

They would, above all, reproach Mach’s historical pictures for being 

too simple, too clear, too perfectly ordered; the evolution retraced by these 

pictures tends too steadily, too surely, toward the goal it has to attain; in 

reality, the march of the human mind has been more hesitant, more tenta- 

tive. It has strayed many times in the inextricable undergrowth of overly 

complex problems, and many times it has had to clear the brush at the edge 

of the precipice of an unfathomable question. 

They would finally reproach history as conceived by Mach for being 

too sulyective. It bears too deeply the mark of preoccupations that haunt 

the mind of the historian. 

12. [Mach, The Science of Mechanics, p. 333.] 



120 Pierre Duhem 

5. If we forgot that Mach prides himself on being a physicist and logi- 

cian, rather than a historian, doubtless this last reproach would be 

addressed to him when reading the chapter devoted to “Theological, Ani- 

mistic, and Mystical Points of View in Mechanics.” 

From the first lines of the Preface, the author presents his work as a 

“critical explanation animated by an anti-metaphysical spirit.” 

Today the foundations of theoretical mechanics and physics must be 

completely independent of any metaphysical system—a fortiori of any 

theological system. No one with sense, we believe, could contest the valid- 

ity of that principle, which Mach formulates clearly and on several occa- 

sions. 

But the general adherence of scientists to this principle is a wholly 

recent fact. If we proceed backwards, if we cast our eyes toward the past, 

we would recognize that, for a long time, mechanics and physics were 

bound most tightly with metaphysics, theology, and even occult sciences. 

To cite only one example, we would not be able to understand the objec- 

tions raised against Newton’s system by the atomists and Cartesians with- 

out returning to the scholastic metaphysical discussions on form and 

matter, quality and quantity. The very idea of universal attraction had its 

first roots nourished by astrological doctrines. 

This constant action and reaction of philosophical and theological sci- 

ences on mechanics and physics must be constantly present to the mind of 

those who claim to resuscitate the ways of thinking of the creators of sci- 

ence. If they lost sight of them for only a second, they would quickly go 

astray in the midst of the discordances and debates under which the laws 

of natural philosophy have pursued their slow evolution. 

But very often these laws, having achieved their definitive form, dis- 

play themselves deprived of all the philosophical and theological ideas 
whose nourishment was for a long time necessary to their development. 
The adult no longer remembers the womb from which it was born. 

Therefore, those who seek in the history of physical science only a more 
complete knowledge of its material and concrete content can almost always 
break the many links between this history and the history of philosophical 
and theological systems. Mach has kept only a few of these links. Some 
anecdotes show us that more than one of the creators of mechanics had 
religious faith. The list ends in the eighteenth century and terminates with 
Euler. The names of Ampére and Cauchy would have allowed its prolon- 
gation to the nineteenth century. We learn also that several of the great sci- 
entific innovators—among them Kepler—were not able to tear themselves 
away from the superstitions of their contemporaries. The links between 
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science and philosophical ideas brought to our attention by Mach are the 

most fragile; they are not those who, by their vigorous and prolonged 

effort, have impressed a new and permanent direction on the march of 

mechanics. He should have rejected or ignored them so that his exposition 

would have lost nothing in depth and unity. 

6. The itellectual economy that is the essential object of science, accord- 

ing to Professor Mach, attains its supreme degree in the form it gives to 

mechanics. In fact, he reduces this science to a single proposition, as fol- 

lows: 

Two parts of matter whose dimensions are very small determine accelerations on one 

another which are always directly opposed to one another; the magnitudes of these 

two accelerations always stand ina relation that is absolutely fixed for two given 

parts of matter. 

It is easy to see, however, that this statement is not in itself sufficient to 

constitute mechanics. At least two other propositions must be added, of 

which the first has already attracted the attention of the author. Here is 

that first proposition: 

Let A, B, C be three small parts of matter; if only the pair BC 1s considered, the 

accelerations of B and of C are related among themselves by 1; if the pair CA is con- 

sidered, the accelerations of C and of A are related among themselves by B; finally, 

if the pair AB is isolated, the accelerations of A and of B are related among them- 

selves by y. The relation between the three numbers ot, B, Vis 

apy =I 

This relation alone allows us to attach an invariable number to each 

small part of matter—the mass of that particle—so that the relation of the 

mutual accelerations of the two particles is always equal to the inverse ratio 

of their masses. 

The second proposition essential to the constitution of mechanics is the 

following: 

Ina system formed by a certain number of material particles, the acceleration of 

each of these particles can be regarded as the geometric resultant of accelerations, 

each of which is supposedly created by one of the other particles. 

The definition of mass is thus connected by Mach to the Newtonian 

law of the equality of action and reaction. This definition was first indi- 
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cated by the author in a short paper entitled “Uber die Definition der 

Masse.” The idea was too novel; it was received very coldly. Poggendorff 

refused to publish it in his Annales, and it appeared more than a year later 

in Carl’s Repertorium der Experimental Physik. Today it is accepted by a 

great number of those who teach mechanics. 

7. According to the method proposed by Laplace, systematically fol- 

lowed by Poisson, and after him by a throng of students of mechanics, if 

we regard bodies as formed by small masses isolated from one another, the 

postulates proposed by Mach certainly suffice for writing the general 

equations of dynamics. Their sufficiency does not seem as certain or as 

evident to us if we wish, following the example of Lagrange, to treat bodies 

as continuous media whose various parts obstruct one another in their var- 

ious motions and constitute /inks for one another. 

Furthermore, Mach does not conceal his preferences for the method of 

Laplace and Poisson, which he calls the Newtonian method; in fact, we 

would not deny that this method is naturally linked to Newton’s ideas. 

Here, for example, on the subject of the definition of solid bodies, are pas- 

sages that Laplace and Poisson would not have disavowed: 

Nor, where a number of the masses m1, m2 . . . have considerable extension, so 

that it is impossible to speak of a sing/e line joining every two masses, is the dif- 

ficulty, in point of principle, any greater. We divide the masses into portions 

sufficiently small for our purpose, and draw the lines of junction mentioned 

between every two such portions. We, furthermore, take into account the 

reciprocal relation of the parts of the same large mass; which relation, in the 

case of rigid masses for instance, consists in the parts resisting every alteration 

of their distances from one another. On the alteration of the distance between 
any two parts of such a mass an acceleration is observed proportional to that 
alteration. Increased distances diminish, and diminished distances increase in 
consequence of this acceleration. By the displacement of the parts with respect 
to one another, the familiar forces of elasticity are aroused. When masses meet 
in impact, their forces of elasticity do not come into play until contact and an 
incipient alternation of form take place. . . . 

[N]o body is completely at rest, but... in all slight tremors and distur- 
bances are constantly taking place which now give to the accelerations of 
descent and now to the accelerations of elasticity a slight preponderance. ... 
The motion of an elastic bedy might in such case be characterized as vermicu- 
lar. With hard bodies, however, the number of the oscillations is so great and 
their excursion so small that they remain unnoticed, and may be left out of 
account. . . . Here also in the case of sufficient hardness the vibrations may be 
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neglected. Bodies in which we purposely regard the mutual displacement of the 

parts as evanescent, are called rigid bodies." 

Mach gives the following conclusion to the argument from which we 

have just cited some extracts: 

The considerations here developed will convince us that we can dispose by the 

Newtonian principles of every phenomenon of a mechanical kind which may 

arise, provided we only take the pains to enter far enough into details. We lit- 

erally see through the cases of equilibrium and motion which here occur, and 

behold the masses actually impressed with the accelerations they determine in 

one another. It is the same grand fact, which we recognize in the most various 

phenomena, or at least can recognize in the most varied phenomena, or at least 

can recognize there if we make a point of so doing. Thus a unity, homogeneity, 

and economy of thought were produced, and a new and wide domain of phys- 

ical conception opened which before Newton’s time was unattainable. 

Mechanics, however, is not altogether an end in itself; it has also problems to 

solve that touch the needs of practical life and affect the furtherance of other sci- 

ences. Those problems are now for the most part advantageously solved by 

other methods than the Newtonian—methods whose equivalence to that has 

already been demonstrated. It would, therefore, be mere impractical pedantry 

to contemn all other advantages and insist upon always going back to the ele- 

mentary Newtonian idea. It is sufficient to have once convinced ourselves that 

this is always possible. Yet the Newtonian conceptions are certainly the most 

satisfactory and the most lucid; and Poinsot shows a noble sense of scientific 

clearness and simplicity in making these conceptions the sole foundation of the 

science.!* 

We do entirely accept these judgments of the professor from Vienna; 

we do not believe that there was always equivalence between the method 

of Lagrange and the method that Laplace and Poisson have derived from 

Newton’s principles. We believe that the extreme intellectual economy 

that has presided over the constitution of this latter method has impover- 

ished it too much for it to be able to furnish a satisfactory representation 

of all the phenomena of equilibrium and motion. But we have insisted suf- 

ficiently on these considerations elsewhere so that we may be allowed to 

abridge them here.” 

13. [Mach, The Science of Mechanics, pp. 345-351.] 

14. [Mach, The Science of Mechanics, p. 357.] 

15. P. Duhem, L’Evolution de la méchanique (Paris, 1903), part I, chap. 8. 
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8. Let us now come to a singular difficulty raised by the principles of 

dynamics. Newton had already encountered this difficulty; many other 

thinkers have struggled with it after him. For about the last thirty years, 

Carl Neumann and Mach have again drawn the attention of philosophers 

and physicists to it. 

First, it is certain that the re/ative motion of two bodies with respect to 

one another is the only motion that physicists can observe and about which 

geometers can reason. Both groups attribute a precise meaning to this 

proposition: The two bodies A and B move with respect to one another. It 

means that the set of the two bodies A and B does not have the same con- 

figuration at various instants of time. But let us not think about asking 

them whether it is body A that moves, or body B, or both at the same time; 

this question, as with every question concerning the absolute motion of a 

body, has no meaning for them. When they speak about the motion of a 

body, they always suppose that a choice has been made of a point of com- 

parison, of a set of coordinate axes to which this motion is referred. 

Second, it is true that students of mechanics cannot formulate the laws 

obeyed by the motions of a certain number of bodies, unless they are lim- 

ited to considering the relative motions of these bodies. This remark is evi- 

dent if one considers the fundamental proposition of dynamics as Mach 

formulates it. According to that proposition, if the two small determinate 

material parts are separated, their accelerations are directly opposed and 

the relation of these accelerations has an invariable value. Now, for some- 

one who knows only the relative motion of the two particles considered, it 

is impossible to speak of the acceleration of each of these two particles; 

these words are devoid of meaning. The two particles have accelerations 

only if we assume that their combined motion is referred to a certain set of 
coordinate axes. But then these accelerations, their directions, and their 
relation will depend essentially on the coordinate axes that have been cho- 
sen. If the preceding proposition is correct after choosing a certain set of 
axes, it becomes false, in general, when we choose another, moving in an 
arbitrary motion with respect to the first. 

The classic statement of the law of inertia would give rise to similar 
remarks. As this law states, an isolated material point continues in a recti- 
linear and uniform motion. For the geometer, as for the physicist, if a 
material point were alone in the world, it would be absurd to speak of its 
motion; what reference would allow this motion to be recognized? We can- 
not speak of the motion of a material point except by conceiving at the 
same time the existence of a point of comparison from which it is observed. 
But then, if the motion of that point is rectilinear and uniform when it is 
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referred to a given point, it is no longer in general rectilinear and uniform 

when it is referred to another point in motion relative to the first. 

These remarks that we could extend all lead to this conclusion: The 

fundamental statements of dynamics presuppose that all motions are 

referred to a single set of coordinate axes. If they are assumed to be correct 

with respect to a given set of axes, they will still be correct with respect to 

a second coordinate, provided the relative motion of these two axes is a 

uniform translation. Beyond this case, they would generally be false, if we 

refer the motions to a second coordinate. 

We would have been able to develop observations similar to the ones we 

have just made concerning motion if we considered time. Neither the 

geometer nor the physicist would be able to talk about an absolute time but 

only of a time relative to a certain clock. All the statements of dynamics pre- 

suppose that a certain clock has been chosen. If they were true for a certain 

clock, they would no longer be, in general, for another clock, as long as the 

time marked by the latter were not a linear function of the time marked by 

the former. 

Every mechanical system constructed according to the principles that 

Galileo, Huygens, and Newton formulated therefore presupposes the 

choice of a definite set of coordinate axes and definite clock. To this propo- 

sition one can add another which states no more than an approximate law: In 

agreement with experience, a simple mechanical system can be constructed 

by taking a set of coordinate axes that remain effectively linked to the fixed 

stars and a clock that makes diurnal motion sensibly uniform. Those who 

see in physical theories only a mathematical symbol capable of representing 

reality, but without natural relations to that reality, are easily contented with 

what has just been said. They admit without difficulty that in order to con- 

struct this symbol, an appeal must be made to a purely ideal set of coordi- 

nates and to a purely ideal clock. They are not shocked by the fact that 

nothing in reality corresponds to this set of coordinates or to this clock. 

It is not the same for those who want to see in physical theories an 

instance and not a symbol of reality. The latter require that the point of 

comparison to which dynamics refers the motions and the clock on which 

it reads the time correspond, not just approximately but exactly, to real 

objects. 

Some want these objects to be real, but they do not suppose them to be 

material. With Newton they admit the existence of an absolute time and an 

absolute space. They discuss the nature of this time and space as metaphy- 

sicians—like Clarke, who makes absolute time and absolute space the 

attributes of God. 
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Others, more positivistic, require the point to which mechanics refers 

the motions to have material existence. According to Carl Neumann, the 

form of the equations of mechanics postulates the existence of a certain 

body, the absolutely fixed body or a& body. The existence of this body follows 

from the theories of dynamics and the verifications they find in experi- 

ence, in the same way that the existence of the aether results from the suc- 

cess of wave optics. Budde, pushing the same conception further, believes 

that this & body is a medium in which other bodies reside. I have no objec- 

tion to Budde’s point of view [says Mach], but I think that the properties 

of this medium can be discovered by any physical process whatever and 

must not be accepted ad hoc. Today we do not have a sufficient notion of 

the properties of such a medium, or of the conditions of the motions of the 

bodies which reside in it. 

9. All of dynamics is condensed into a very small number of proposi- 

tions. If this dynamics accounted for all the phenomena that the world of 

matter presents to us, the economy of scientific thought would have 

reached its highest degree. 

This mechanical explanation of all the phenomena of physics was long 

regarded as the proper object of science. Mach does not hesitate to regard 

this conception of physics as erroneous: 

The French encyclopaedists of the eighteenth century imagined they were not 

far from a final explanation of the world by physical and mechanical principles; 

Laplace even conceived a mind competent to foretell the progress of nature for 

all eternity, if but the masses, their positions, and initial velocities were given. 

In the eighteenth century, this joyful overestimation of the scope of the new 

physico-mechanical ideas is pardonable. Indeed, it is a refreshing, noble, and 

elevating spectacle; and we can deeply sympathize with this expression of intel- 

lectual joy, so unique in history. 

But now, after a century has elapsed, after our judgment has grown more 
sober, the world-conception of the encyclopaedists appears to us as a mechani- 
cal mythology in contrast to the animistic mythology of the old religions.'® 

Elsewhere, the professor from Vienna takes up the same idea. By con- 
demning the excesses of mechanism, he defines the method according to 
which physics must henceforth progress. Let us cite in full the opening 
two pages of the chapter devoted to “The Relations of Mechanics to Phys- 
ics.” The thoughts expressed there seem to us correct and forceful: 

16. [Mach, The Science of Mechanics, pp. 558-559. 
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Purely mechanical phenomena do not exist. The production of mutual acceler- 

ations in masses is, to all appearances, a purely dynamical phenomenon. But 

with these dynamical results are always associated thermal, magnetic, electri- 

cal, and chemical phenomena, and the former are always modified in propor- 

tion as the latter are asserted. On the other hand, thermal, magnetic, electrical, 

and chemical conditions also can produce motions. Purely mechanical phe- 

nomena, accordingly, are abstractions, made, either intentionally or from 

necessity, for facilitating our comprehension of things. The same thing is true 

of the other classes of physical phenomena. Every event belongs, in a strict 

sense, to all the departments of physics, the latter being separated only by an 

artificial classification, which is partly conventional, partly physiological, and 

partly historical. 

The view that makes mechanics the basis of the remaining branches of 

physics, and explains all physical phenomena by mechanical ideas, is in our 

judgment a prejudice. Knowledge which is historically first, is not necessarily 

the foundation of all that is subsequently gained. As more and more facts are 

discovered and classified, entirely new ideas of general scope can be formed. 

We have no means of knowing, as yet, which of the physical phenomena go 

deepest, whether the mechanical phenomena are perhaps not the most superfi- 

cial of all, or whether all do not go equally deep. Even in mechanics we no longer 

regard the oldest law, the laws of the lever, as the foundation of all the other 

principles. 

The mechanical theory of nature, is, undoubtedly, in an historical view, 

both intelligible and pardonable; and it may also, for a time, have been of much 

value. But, upon the whole, it is an artificial conception. Faithful adherence to 

the method that led the greatest investigators of nature, Galileo, Newton, Sadi 

Carnot, Faraday, and J. R. Mayer, to their great results, restricts physics to the 

expression of actual facts, and forbids the construction of hypotheses behind 

the facts, where nothing tangible and verifiable is found. If this is done, only 

the simple connection of the motions of masses, of changes of temperature, of 

changes in the values of the potential function, of chemical changes, and so 

forth is to be ascertained, and nothing is to be imagined along with these ele- 

ments except the physical attributes or characteristics directly or indirectly 

given by observation." 

10. Mach has applied this method in various works to thermal phenom- 

ena;!* from 1872 on, he gave some indications, reproduced in the present 

work, concerning the use that can be made of it in the study of electrical 

phenomena. The author justly remarks that the method he recommends is 

17. [Mach, The Science of Mechanics, p. 597.] 

18. E, Mach, Die Geschichte und die Wurzel des Satzes der Erhaltung der Arbeit 

(Prague, 1872); Prinzipien der Warmelehre (Leipzig, 1896). 
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the one that Cohn and Hertz have used in some noted reports. It is fitting 

only to observe that Mach limited himself to treating electrostatic phe- 

nomena, while his successors grouped these phenomena and electromag- 

netic effects into the same theory. 

Thermodynamics, as conceived by Kirchhoff and Mach, and electrical 

science, as constructed by Hertz and Cohn, are built on a plan similar to 

the one Mach imposes on mechanics. At the start, a small number of 

hypotheses and equations are directly postulated in all their generality. 

Thus, at the foundation of thermodynamics, we postulate the principle of 

the conservation of energy and the principle of Carnot-Clausius. At the 

foundation of electrical theory, we set down Maxwell’s six equations and 

the expression of electrical energy. Mathematical analysis then derives a 

multitude of consequences from the postulated principles. Finally, these 

consequences are compared with the facts of experience. Concordance 

between the two is the proof that the theory is a good one. 

As satisfactory as the theories so constructed are, they present a defect 

that does not allow them to satisfy the thinking person completely. They 

are isolated from one another. Each of them, issuing from autonomous 

principles, forms a chapter apart, with no link to the other chapters whose 

totality constitutes physics. 

This parceling out of physical science would not be able to satisfy a phi- 

losopher convinced that “Every event belongs, in a strict sense, to all the 

departments of physics.”!? Thus, the professor from Vienna recommends 

the search for analogical links that could hold between the various parts of 

physics: “It is extremely useful to compare the directive concepts of the 

various domains of scientific knowledge among themselves.” 

This inquiry into the analogy between the various chapters of theory 

does not appear to him as the ultimate goal to attain, but as an advance 

toward a higher ideal: 

The pursuit of such resemblances and differences lays the foundation of a com- 
parative physics, which shall ultimately render possible the concise expression 
of extensive groups of facts, without arbitrary additions. We shall then possess 
a homogeneous physics, unmingled with artificial atomic theories.2° 

The economy of thought, in which Mach sees the logical goal of science, 
pushes us, in fact, to substitute for ancient mechanics a science whose 

19. [Mach, The Science of Mechanics, p. 596.] 

20. [Mach, The Science of Mechanics, p. 599.] 
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increasingly general principles give us the summary representation of a set 
of increasingly numerous facts. For some years, we have seen attempts to 
erect such an energetics multiply. 

Mach reproaches Hertz for having treated these attempts “more 

severely than is appropriate”; he himself speaks favorably of them. And 

even if he did not try to give us a project of energetics, we can count him 

among the precursors and promoters of this new doctrine; it is, in fact, the 

natural consequence of the principles he has postulated. 

11. Mach is the resolute adversary of the philosophy, inaugurated by 

Descartes, that claims to reduce all the phenomena of the material world 

to motion. Moreover, the reaction he proposes against Cartesian philoso- 

phy goes farther. Cartesian philosophy had constructed a ditch as deep as 

an abyss between the world of matter, whose essence is extension, and the 

world of mind, whose essence is thought. Mach foresees the time when this 

ditch will be filled. 

Careful physical research will lead, however, to an analysis of our sensations. 

We shall then discover that our hunger is not so essentially different from the 

tendency of sulphuric acid for zinc, and our will not so greatly different from 

the pressure of a stone, as now appears. We shall again feel ourselves nearer 

nature, without its being necessary that we should resolve ourselves into a neb- 

ulous and mystical mass of molecules, or make nature a haunt of hobgoblins. 

The direction in which this enlightenment is to be looked for, as the result of 

long and painstaking research, can of course only be surmised. To anticipate the 

result, or even to attempt to introduce it into any scientific investigation of 

today, would be mythology, not science.”! 

The passage we have just cited would have been favorably received by 

Leibniz; for, according to him, the phenomena that bodies represent “do 

not consist only in bare extension and its change,” but “something that has 

a relation with souls must necessarily be recognized.” The passage would, 

above all, have been welcomed by the ancient scholastics as a return to 

their preferred doctrines; in fact, for them, as for Mach, the force that 

pulls the magnet toward the iron, the a/teration engendered by the pres- 

ence of the magnet in the substantial form of iron, was not essentially dif- 

ferent from the sympathy or appetite which urges us toward a person or a 

thing, since this passion is nothing other than an a/teration created on the 

soul by the presence of the object, the substantial form of man. 

21. [Mach, The Science of Mechanics, p. 559.] 
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Mach is therefore subject, as are many others, to the effect of this great 

current that pushes scientific thought toward the doctrines we once 

thought had been abandoned forever. 

Let us conclude this analysis, which is already too long for this Bulletin 

and too short to grasp the ample and numerous thoughts suggested by 

reading Mach’s book. This book was written to prevent mechanics from 

degenerating into a series of correct and precise, but arid and sterile for- 

mulas. For reasons that are useless to enumerate, since the whole world 

knows them, in French teaching, mechanics has been reduced to a rigid 

dead form, emptied by degrees of all real content. In the introduction that 

he has written for the present work, E. Picard does not hesitate to describe 

the dynamics taught today as a “hierarchical and rigid science.” Let teach- 

ers and students read and ponder over the Mechanics of Professor Mach. 

They will find in it the principles of a resurrection which will revive the 

living, throbbing flesh on the dried bones of that skeleton. 
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From 7o Save the Phenomena: 

Essay on the Concept of 

Physical Theory from 

Plato to Galileo’ 

These two chapters constitute the last two parts of a series of articles originally 

published in 1908 in Annales de Philosophie Chrétiennes and collected into 

a monograph published as SOZEIN TA PHAINOMENA [To Save the Phenom- 

ena]. Duhem’s introduction indicated the main thesis of the work, an extended 

essay supporting his interpretation of physical theory, as discussed in The Aim 

and Structure of Physical Theory: “What is the value of physical theory? 

What relations does it have with metaphysical explanation? These are lively 

questions today, but like many other questions, they are not new. They belong 

to all time. They have been raised ever since a science of nature has existed. The 

form in which they are cloaked may change a little from one century to another, 

because the variable form of these questions derives from the science of the day; 

but one need only remove this covering to recognize that the questions remain 

essentially the same. 

“Until the seventeenth century very few parts of natural science have pro- 

gressed to the point of formulating theories in mathematical language, whose 

predictions, expressed numerically, can be compared with the measurements fur- 

nished by precise observations. Even statics, then called scientia de ponderi- 

bus, and catoptrics, at that time ranked under perspective—our modern 

optics—had barely reached this degree of development. Setting aside these two 

restricted domains, we have before our eyes only one science whose form, already 

quite advanced, has anticipated the look of our modern theories of mathematical 

physics: that science is astronomy. Thus, where we say ‘physical theory,’ the 

1. [SOZEIN TA PHAINOMENA: essai sur la notion de théorie physique de Platon a 

Galilée (Paris: Hermann, 1908), chap. 7 and Conclusion, pp. 109-140.] 
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Greek or Arabic philosophers and the medieval or Renaissance savants said 

‘astronomy.’ 

“The other parts of natural science had not yet reached that degree of per- 

fection in which the language of mathematics serves to express laws discovered 

by precise observations. Positive physics, a science both mathematical and 

empirical, was not yet separated from the metaphysical study of the material 

world—from cosmology. In many instances, therefore, we would today speak of 

metaphysics, where the ancients used the word physics. 

“That is why the question so much discussed today—what are the relations 

between physical theory and metaphysics?—was for two thousand years formu- 

lated in the following way: What are the relations between astronomy and 

physics?” 

From the Gregorian Reform of the Calendar 
to the Condemnation of Galileo 

Astronomical hypotheses are simple devices for saving phenomena: As 

long as they reach that goal, they need not be true or even likely. 

From the publication of Copernicus’s book and Osiander’s preface up 

to the Gregorian reform of the calendar, this opinion seems to have been 

generally accepted by astronomers and theologians. During the half cen- 

tury that follows, however, from the reform of the calendar to Galileo’s 

condemnation, the opinion is relegated to oblivion; indeed, it is even vio- 

lently attacked in the name of a universal realism. This realism sought 

assertions about the nature of things in astronomical hypotheses; thus, it 

required the hypotheses to be in agreement with doctrines of physics and 

with scriptural texts. 

The learned Jesuit Christopher Clavius of Bamberg wrote a lengthy 

commentary on the Sphaera | Sphere] of John of Sacrobosco. The first two 

editions of that book, printed in Rome in 1570 and 1575, did not fully dis- 

cuss astronomical hypotheses. In 1581, Clavius prepared a new edition 

“multis ac varits locis locupletata [enriched in many different places].”* On 

the back of the title page he enumerates the additions that enrich his third 

edition; among these is a “disputatio perutilis de orbibus eccentricis et epicyclis 

contra nonnullos philosophos [a useful disputation about eccentric and epi- 

cyclic orbs against several philosophers].” 

2. Christopher Clavius, Jn Sphaeram Ioannis de Sacro Bosco commentarius nunc 

iterum ab ipso Auctore recognitus, et multis ac variis locis locupletatus (Rome, 1581). 
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This disputatio, entitled “Eccentrici et epicycli quibus phenomena (phain- 

omenois) ab astronomi inventi sunt in coelo [Eccentrics and epicycles, phe- 

nomena which have been devised by astronomers, are in the heavens],” is 

lengthy, taking up twenty-seven pages of very fine print.’ It is also 

extremely interesting because it examines not only the Ptolemaic system 

but also the Copernican hypotheses. Clavius, in any case, was an admirer 

of the work of the astronomer of Thorn: When he mentions astronomical 

inventors, he cites his name several times; he mentions both the De revo- 

lutionibus orbium coelestium [On the Revolutions of the Celestial Orbs] and the 

Tabulae prutenicae [Prutenic Tables]; he goes so far as to call Copernicus 

“that most excellent geometer who, in our time, has restored astronomy, 

and who, in recognition of this, will be celebrated and admired as the equal 

of Ptolemy by all posterity.” Such sentiments give a special weight to 

Clavius’s critique of Copernican hypotheses. 

Another circumstance increases the importance of these criticisms. As 

he tells us,* Clavius, a member of the Society of Jesus, was part of the com- 

mission instituted by Gregory XIII to prepare the reform of the calendar. 

He therefore seems to be an authoritative interpreter of the trends that 

prevailed in Rome at this time. 

Clavius describes, only to reject, the opinion that treats eccentrics and 

epicycles as pure fictions devised solely to save the phenomena: 

Certain authors agree that all phenomena (phainomena) can be defended by 

assuming eccentric orbs and epicycles, but it does not follow, in their opinion, 

that these orbs really exist in nature. They are purely fictional; there may, in 

fact, exist another more convenient method for defending all the appearances, 

even though this method is unknown to us. Moreover, it may very well happen 

that the true appearances can be defended by the said orbs, even though they 

are entirely fictive and not at all the true causes of these appearances. For one 

can infer the true from the false, as Aristotle’s dialectics shows. 

This argument can also be confirmed as follows: In his work entitled De rev- 

olutionibus orbium coelestium, Nicholas Copernicus saves all the phenomena 

(phainomena) in a different way. He assumes that the firmament is fixed and 

immobile. He also assumes that the sun is immobile at the center of the uni- 

verse. As for the earth, he attributes to it a triple motion. Eccentrics and epicy- 

cles are therefore not necessary to save the phenomena (phainomena) of the 

wandering stars.” 

3. Clavius, Sphaera, pp. 416-442. 

4. Clavius, Sphaera, p. 61. 

5. Clavius, Sphaera, pp. 435-436. 
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Clavius refuses to surrender to the force of these arguments. Of those 

who uphold them, he says: 

If they have a more convenient method, let them show it to us. We would be 

satisfied with it and greatly beholden to them. In effect, astronomers attempt 

solely to save all celestial phenomena (phainomena) in the most convenient 

manner, whether by means of eccentrics and epicycles or some other means. 

But since no more convenient method has been found until now than the one 

that saves all the appearances by means of eccentrics and epicycles, it stands to 

reason that the celestial spheres are constituted by orbs of that kind. 

If one objected that the reality of some hypotheses cannot be proved 

from their agreement with phenomena, given that the impossibility of other 

hypotheses capable of saving the same appearances has not been estab- 

lished, Clavius would vigorously reject that objection; he would say that it 

would ruin all of physics, for physics is built entirely by proceeding from 

effects to causes. Sixty years earlier, Luiz Coronel had indicated the neces- 

sity to assimilate the theories of physics with astronomical hypotheses. 

The fact, however, that Copernicus had succeeded in saving the 

appearances by means of a system distinct from Ptolemy’s forces Clavius 

to attenuate his realist assertions—almost to reduce them to those Giun- 

tini had formulated: 

It is not at all surprising that Copernicus should have succeeded in saving the 

phenomena (phainomena) ina different way. The motions of the eccentrics and 

epicycles has enabled him to know the time, magnitude, and quality of the 

appearances, future as well as past. Since he was extremely ingenious, he was 

able to imagine a new and, in his opinion, more convenient method, of saving 

the appearances. . . . Just as, when we know a correct conclusion, we can put 

together a series of syllogisms which derives it from false premises. But far 
from leading us to abandon eccentrics and epicycles, Copernicus’s doctrine 
rather forces us to assume them. Astronomers have imagined such orbs because 
the phenomena have taught them in a manner more than certain that the wan- 
dering stars do not always remain at the same distance from the earth. . . . The 
only thing one can conclude from Copernicus’s assumption is that it is not 
absolutely certain that the eccentrics and epicycles are arranged as Ptolemy 
thought, since a great number of phenomena (phainomena) can be defended by 
a different method. Now, in this question, we have only tried to persuade the 
reader that wandering stars do not always stay at one invariable distance from 
earth in their course; so there must be epicycles and eccentric orbs arranged in 
the heavens, as Ptolemy proposes, or, at least, some cause equivalent to eccen- 
trics and epicycles must be placed there to account for these effects.° 

6. Clavius, Sphaera, pp. 436-437. 
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This conclusion is almost, word for word, the cautiously formulated 

proposition of Guintini. 

Copernicus’s system provides precisely the causes which are equivalent 

to eccentrics and epicycles when accounting for astronomical phenomena. 

It therefore seems that, to conform to the rule he has just laid down, 

Clavius ought to have regarded Copernicus’s theory to be as acceptable as 

Ptolemy’s: 

If the assumption of Copernicus implied nothing false or absurd, one might be 

in doubt whether it is better to adhere to the opinion of Ptolemy or that of 

Copernicus, as long as it is a question of preserving the phenomena (phainom- 

ena). But Copernicus’s position contains many absurd or erroneous assertions: 

it accepts that the earth is not at the center of the firmament; that it moves with 

a triple motion, something I cannot conceive, since according to the philoso- 

phers, a single simple body is entitled to one motion only; that the sun is at the 

center of the world and that it is devoid of motion. All these things are in con- 

flict with the doctrine commonly received by philosophers and astronomers. 

Moreover, as we saw more fully in the first chapter,’ these assertions seem to 

contradict what Holy Scriptures teach us in many places. That is why it 

appears to us that Ptolemy’s opinion should be preferred over Copernicus’s. 

From these considerations the following conclusion results: It is probable 

that there are eccentrics and epicycles; it is equally probable that there are eight 

or ten heavens, for it was by means of the phenomena (phainomenois) that 

astronomers have discovered this number of heavens and these orbits. 

Clavius’s position on astronomical hypotheses can be defined by means 

of the following propositions: 

Astronomical hypotheses must save the phenomena as exactly and con- 

veniently as possible, but this is not sufficient for them to be acceptable. 

One cannot make certainty a condition of acceptability, but at least one 

can require that the astronomical hypothesis be probable. 

To be probable, they must be compatible with the principles of physics; 

in addition, they must not contradict the teachings of the Church or scrip- 

tural texts. 

7. Discussing the Copernican hypothesis of the motion of the earth in the first 

chapter, Clavius, defending the immobility of the globe, expressed himself as fol- 

lows: “The Sacred Scriptures also support this opinion, for in many places they 

affirm that the earth is immobile, while the sun and other stars are in motion 

(Favent huic quoque sententiae Sacrae Literae quae plurimis in locis Terram esse immo- 

bilem affirmant Solemque ac caetera astra moveri testantur).” There followed a list of 

well-known texts. Clavius, Sphaera, p. 193. 
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Thus, two conditions of admissibility are imposed on any astronomical 

hypothesis that wishes to make its entry into science: 

It may not be falsa in Philosophia [false according to philosophy]. 

It must be neither erronea in Fide [erroneous according to faith] nor, 

more important, formaliter haeretica [formally heretical]. 

These are the very criteria by which the Inquisition would judge the 

two fundamental hypotheses of the Copernican system in 1633. It was 

because both of them seemed falsae in Philosophia [false according to phi- 

losophy], one of them ad minus erronea in fide [at least erroneous according 

to faith], and the other formaliter haeretica [formally heretical], that the 

Holy Office prohibited Galileo from upholding them. 

Three years before these two characteristics of any acceptable hypoth- 

esis were suggested in the work published in Rome by the Jesuit Christo- 

pher Clavius, they were formulated and applied at the other end of Europe 

by the Protestant Tycho Brahe. 

Although it was not published until 1588,° by 1578, Tycho Brahe had 

completed the first eight chapters of his book on the comet of 1577.’ Now, 

at the start of book 8, in order to propose a new theory, Brahe explains why 

he believes he must reject both the system of Ptolemy and that of Coper- 

nicus.'” 

By assuming that the rotation of the planet’s deferent is uniform 

around the center of the equant, not around the center of that deferent, 

Ptolemy had adopted “hypotheses that violate the first principles of the 

art.” Brahe therefore took into account “the innovation in the spirit of 

Aristarchus of Samos recently introduced by the great Copernicus”!!: 

This innovation expertly and completely avoids everything superfluous or dis- 

cordant in the system of Ptolemy. It violates no principles of mathematics. But 

it attributes to the earth, that coarse, lazy body, unfit for motion, a motion as 

8. Tycho Brahe, De mundi aetherei recentioribus phaenomenis liber secundus, qui est 
de illustri stella caudata anno 1577 conspecta (Uraniborg, 1588). Our citation of this 
work follows the text reprinted in Tychonis Brahe, mathim: eminent: Dani Opera 
omnia sive Astronomiae instauratae progymnasta in duas partes distributa, quorum [sic] 
prima de restitutione motuum Solis et Lunae, stellarumque inerrantium tractat. 
Secunda autem de mundi aetherei recentioribus phaenomenis agit (Frankfurt, 1648). 

9. Cf. Houzeau and Lancaster, Bibliographie générale de l’astronomie, vol. 1, p. 
596. 

10. Brahe, De mundi aetherei, pt. 2, p. 95. 

11. Brahe, De mundi aetherei, pt. 2, p. 95. 
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quick as that of the ethereal fires and, what is more, a triple motion. In this way 

it stands refuted not only in the name of the principles of physics, but also in 

the name of the authority of the Sacred Scriptures. The latter, in fact, as we will 

show elsewhere more fully, several times affirm the immobility of the earth. . . . 

Therefore, it has seemed to me that serious difficulties followed from both 

kinds of hypotheses (those of Ptolemy and those of Copernicus). Thus I med- 

itated deeply, seeking to discover some hypothesis which would be rigorously 

established in all respects, both from the point of view of mathematics and the 

point of view of physics, one which would not be reduced to using subterfuges 

to avoid theological censure, and finally one which would fully accord with the 

celestial phenomena. 

The principles posited by Osiander in his famous preface now looked 

to Tycho Brahe like mere subterfuges designed to avoid theological cen- 

sure. Astronomical hypotheses should not only save the phenomena; they 

must also agree with both the principles of Peripatetic philosophy and 

Holy Writ, for they do not express mere fictions, but realities. However 

well the hypotheses of Copernicus are adapted to the appearances, they 

must be rejected because they cannot be brought into conformity with the 

nature of things. Tycho Brahe repeated this in the work published one 

year after his death through Kepler’s efforts: “The arrangement which the 

great Copernicus attributed to the apparent circulations of the celestial 

bodies is extremely ingenious and well designed, but it does not, in reality, 

correspond to the truth.””” 

Brahe’s opinions on the nature of astronomical hypotheses spread 

throughout Germany at the end of the sixteenth and the first years of the 

seventeenth century. 

We have before us the manuscript of a small treatise on astronomy, on 

the model of the Sphaera of Sacrobosco, composed in Wittenberg in 1604 

by George Horst of Torgau.'* Despite its elementary, textbook charac- 

ter—or, rather, by virtue of it—this small work is singularly appropriate 

for letting us know how astronomical hypotheses were viewed at the start 

12. Tycho Brahe, Astronomiae instauratae progymnasta, quorum haec prima pars de 

restitutione motuum Solis et Lunae stellarumque innerantium tractat (Uraniborg, 

1589; Prague, 1602), in Brahe, Opera omnia, pt. 1, p. 4. 

13. [Duhem wrote: “durant la fin du XVe siécle et les premiéres années du XVIe 

siécle.” | 

14. George Horst, Tractatus in arithmeticam Logisticam Wittebergaae privatim 

propositus . .. Introductio in Geometriam; Explicatio brevis ac perspicua doctrinae 

sphaericae in quatuor libris distributa (1604). 
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of the seventeenth century at the celebrated Protestant university. It 

allows us to appreciate the extent of the changes in how this subject was 

seen in the fifty years since Melanchthon and Reinhold taught at that uni- 

versity. At the beginning of his little treatise, George Horst says: 

Astronomy is the science of motions that the heavenly bodies undergo, either 

in relation to one another, or in relation to the earth. It is called scientia a potiort 

[better science]; for although it shows only by sight (katopsin) some of the 

objects in the heavens, still it establishes most of its conclusions by means of 

apodictic principles, and it does this in a manner so certain and infallible that 

Pliny .. . rightly said: “it is shameful that anyone might doubt it.” 

The principles of astronomy are of two kinds: true principles and analogical 

principles. The former are arithmetic and geometry. By means of these sci- 

ences, we raise ourselves to the sky, as if with wings, and in our flight we tour 

it in the company of the sun and the other stars. The latter are phenomena 

(phainomena) and hypotheses (hupotheseis). They are called analogical because 

they do not show that in virtue of which (propter quid) something exists or hap- 

pens, but they demonstrate that something happens... . 

Everything that presents itself to observation through sight is called phe- 

nomena (phainomena). 

The hypotheses are assumptions made by the learned, assumptions by which 

they save and excuse the various phenomena (phainomena) produced in the sky. 

In this way, the man of science, who by nature desires to know the cause (tou 

aitiou), as Aristotle says in Metaphysics, book 1, comes to know the causes of 

these celestial changes and to reveal them to others. Among these hypotheses 

we find eccentric orbs, epicycles, and similar objects. 

George Horst attributes absolute, apodictic certainty to these hypothe- 
ses, as he does to the phenomena. To ensure that nothing can cast any 
doubt on this certainty, he takes care to enumerate and to formulate with 
precision all the hypotheses he admits with respect to the sky, water, earth, 
etc. He appends to each hypothesis the reasons that guarantee its truth. 
These reasons are almost always arranged in two series: The author first 
enumerates those furnished by observation and peripatetic physics, and 
then those derived from scriptural texts. 

The immobility of the earth, for example, is confirmed by two kinds of 
arguments, as it was in Melanchthon’s Initia Physicae. But in invoking the 
two kinds of proofs in support of physical truth, Melanchthon left the 
astronomer free to save the phenomena by means of artificial hypotheses 
which were not in conformity with that truth. George Horst understands 
the hypotheses of astronomy as certain and infallible principles; that is 
why he tries to justify them by physical and theological arguments. 
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The adversaries of Copernicus’s system came to rely more firmly on the 

principle that astronomical hypotheses express physical reality. It seems 

that this attitude might have pushed the Copernicans to take the opposite 

position—to maintain, with Osiander, that astronomical hypotheses are 

pure artifacts designed to save the phenomena. In fact, if they acknowl- 

edged that astronomical hypotheses must conform to the nature of things, 

they would be putting their system in great peril. On the one hand, their 

assumptions contradicted precisely those principles of peripatetic physics 

that most philosophers held to be certain, and they would be destroying 

those principles without proposing to replace them with anything; the 

hypothesis of the earth’s motion, for example, was irreconcilable with 

scholastic teaching on the motion of projectiles, and no Copernican had 

attempted to provide a new theory of this motion. On the other hand, the 

motion of the earth and the immobility of the sun seemed formally denied 

by the Sacred Scriptures, and this objection must have appeared singularly 

strong to men who were for the most part sincere Christians, whether 

Catholic or Protestant. 

Therefore, the Copernicans had every conceivable motive to lean toward 

the side recommended by the preface to the De revolutionibus. Yet the oppo- 

site side was the one they embraced. With considerably more passion than 

the Ptolemaists, they took it upon themselves to assert that astronomical 

hypotheses must be truths and that only Copernicus’s assumptions con- 

formed with reality. 

Giordano Bruno is not merely passionate when, in one of his earliest 

writings, he rejects Osiander’s opinion, attacking it most brutally.'° 

He reports that, according to some people, “Copernicus did not 

embrace the opinion that the earth is in motion, since it is an improper 

and impossible assumption; he attributed the motion to the earth instead 

of to the eighth sphere solely with a view toward the ease of calculation.” 

But, says Bruno, the philosopher of Nola, “if Copernicus had affirmed 

the motion of the earth only for this cause and not for some other reason, 

it would seem to be a small thing, even an insignificant one. But it is cer- 

tain that Copernicus believed in this motion, just as he affirmed it, and 

that he proved it with all his might.” Bruno then speaks of “a certain pre- 

liminary epistle affixed to Copernicus’s book by some ignorant and pre- 

15. Michel di Castelnuovo, La Cena de le ceneri. Descritta in cinque dialogi, per 

quattre interlocutori, contre considerationi, circa doi suggetti, all’unico refugio de le 

Muse (1548). Reprinted in Le Opere italiane di Giordano Bruno (Gottingen: Paolo 

de Lagarde, 1888), vol. 1, pp. 150-152. 
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sumptuous ass who wanted, it seems, to excuse the author; or rather, 

even in this book, he wanted other asses to find the lettuce and small 

fruits he had left there so that they would not run the risk of leaving with- 

out lunch.” Having presented Osiander’s preface in such courteous 

terms, Giordano Bruno continues: “Behold the handsome doorman! See 

how good he is at opening the door and letting you enter to participate in 

this most honorable science without which the art of counting and mea- 

suring, geometry and perspective, would be no more than a pastime for 

ingenious madmen. Marvel at how faithfully he serves the master of the 

house!” 

Although his sarcasm is in bad taste, Giordano Bruno was right when 

he denounced the contradiction between Osiander’s preface and Coperni- 

cus’s letter to Pope Paul III. He was right when he claimed that Coperni- 

cus “not only took on the office of the mathematician, who assumes the 

motion of the earth, but also that of the physicist, who demonstrates it.” 

The realism professed by the Nolan philosopher about astronomical 

hypotheses is truly in the tradition of Copernicus and Rheticus. 

Johann Kepler is, unquestionably, the strongest and most illustrious 

representative of that tradition. 

Even in the preface of his first work, the Mysterium cosmographicum, 

printed in 1596, Kepler tells us that six years earlier, at Tiibingen, as assis- 

tant to Michael Maestlin, he was already seduced by Copernicus’s system: 

“{I] even wrote out a thorough disputation on the first motion, arguing 

that it comes about by the earth’s revolution. I had then reached the point 

of ascribing to the same earth the motion of the sun, but where Copernicus 
did so through mathematical arguments, mine were physical, or rather 
metaphysical.”!° 

Kepler was a Protestant but was deeply religious. He would not con- 
sider the hypotheses of Copernicus as conforming to reality if they were 
contradicted by Holy Scripture. Therefore, before advancing on the ter- 
rain of metaphysics or physics, he must first cross that of theology. At the 
beginning of chapter I of Mysterium cosmographicum, he tells us that “it is 

16. Johann Kepler, Prodromus dissertationum cosmographicarum continens muyste- 
rium cosmographicum de admirabili proportione orbium coelestium deque causis 
coelorum numeri, magnitudinis, motuumque periodicorum genuinis et propris, demon- 
Stratum per quinque regularia corpora geometrica (Tubingen: Georgius Gruppen- 
bachius, 1596) in Kepler, Opera, ed. Frisch, vol. 1, p. 106. [Kepler, Mysterium 
cosmographicum, The Secret of the Universe, trans. A. M. Duncan (New York: 
Abaris, 1981), p. 63.] 
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proper to consider right from the start of this dissertation on Nature 

whether anything contrary to Holy Scripture is being said.””” 

Kepler thus indicates the path Copernicans will be required to follow 

from then on. As realists, they want hypotheses conforming to the nature 

of things; as Christians, they acknowledge the authority of the Sacred 

Text. They are, therefore, led to reconcile their astronomical doctrines 

with Scripture and forced to set themselves up as theologians. 

If they had thought of astronomical hypotheses as Osiander did, they 

would have escaped this constraint. But those who faithfully followed the 

suggestions of Copernicus and Rheticus could not abide the doctrine 

expounded in the famous preface. Kepler says: 

I have never been able to agree with those who rely on the model of accidental 

proof, which infers a true conclusion from false premises by the logic of syllo- 

gism. Relying, I say, on this model they argued that it was possible for the 

hypotheses of Copernicus to be false and yet for the true phenomena (phainom- 

ena) to follow from them as if from authentic postulates. . . . 

Nor do I hesitate to affirm that everything which Copernicus inferred a pos- 

teriori and derived from observations, on the basis of geometric axioms, could 

be derived to the satisfaction of Aristotle, if he were alive [. . .], a priort without 

any evasions.'* 

As we saw earlier,'’ Nicolai Reymers [or Ursus] published his De 

hypothesibus astronomicis in 1597. There he took up again the doctrines that 

Osiander had expounded in the preface to On the Revolutions, on the sub- 

ject of astronomical hypotheses. But if we judge by Kepler’s analysis of 

Ursus’s work,”’ the ideas of Copernicus’s editor were disfigured by mis- 

leading exaggerations. We read there, for example, that “hypotheses are a 

fictive description of an imaginary form of the world system and not the 

real and true form of this system””'—an idea that Lefévre d’Etaples devel- 

oped magnificently. But we also read there that “hypotheses would not be 

hypotheses if they were true”; that “the proper object of hypotheses is to 

17. Kepler, Opera, ed. Frisch, vol. 1, p. 112. [Kepler, Mysterium cosmographicum, 

The Secret of the Universe, p. 75.] 

18. Kepler, Opera, ed. Frisch, vol. 1, pp. 112-113. [Kepler, Mysterium cosmo- 

graphicum, The Secret of the Universe, pp. 75—77.] 

19. See To Save the Phenomena, chap. 6. 

20. We were unable to consult the work. 

21. Kepler, Opera, ed. Frisch, vol. 1, p. 242. 
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derive the true from the false.” The author of these assertions was playing 

with words; even if, in ordinary language, the word hypothesis has come to 

mean “doubtful assumption,” philosophers and astronomers have kept its 

etymological meaning—that of a fundamental proposition upon which a 

theory rests. 

To refute Ursus, Kepler composed a work, around 1600 or 1601, which 

was never completed and was not published until recently.” This essay 

has already given us important historical information about the preface 

that opens De revolutionibus orbium coelestium. It will now let us know 

Kepler’s exact opinion concerning the nature of astronomical hypotheses: 

As in every discipline, as in astronomy also, the things we teach the reader by 

drawing conclusions we teach altogether seriously, not in jest. So we hold what- 

ever there is in our conclusions to have been established as true. Besides, for the 

truth to be legitimately inferred, the premises of a syllogism, that is, the 

hypotheses, must be true. For only when both hypotheses are true in all 

respects and have been made to yield the conclusion by the rule of the syllogism 

shall we achieve our end—to reveal the truth to the reader. And if an error has 

crept into one or another of the premised hypotheses, even though the conclu- 

sion may occasionally be obtained, nonetheless, as I have already said in the 

first chapter of my Mysterium cosmographicum, this happens only by chance, 

and not always. ... And just as in the proverb liars are cautioned to remember 

what they have said, so here false hypotheses, which together yield the truth 

once by chance, do not in the course of a demonstration in which they have 

been combined with many others retain that habit of yielding the truth, but 

betray themselves. . . . So since, as I have said earlier, none of those whom we 

honor as authors of hypotheses would wish to run the risk of error in his con- 

clusions, it follows that none of them would knowingly admit among his 

hypotheses anything liable to error. Indeed they would worry not so much 

about the outcome and conclusions of demonstrations, but often more about 

the hypotheses they have adopted: thus all notable authors to date assess them 

on both geometrical and physical grounds and want them confirmed in all 

respects.” 

Are there not distinct, though equivalent, hypotheses? Although they 
are incapable of being true simultaneously, do they not lead to identical 

22. Kepler, Apologia Tychonis contra Nicolaum Raymarum ursum, in Kepler, 
Opera, ed. Frisch, vol. 1, p. 215. 

23. Kepler, Apologia Tychonis contra Nicolaum Raymarum ursum, in Kepler, 
Opera, ed. Frisch, vol. 1, p. 239. [Translated by N. Jardine in The Birth of History 
and Philosophy of Science (Cambridge: Cambridge University Press, 1984), pp. 
139-140.] 
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conclusions? Hipparchus’s theorem, which allows solar motion to be rep- 
resented equally well by an eccentric or by an epicycle rolling on a circle 

concentric with the world, provides a classic example. Is this not proof that 

true conclusions can be deduced from a hypothesis, though no astronomer 

could tell whether the hypothesis is or is not true? 

In Kepler’s opinion, this uncertainty is the lot of those astronomers 

who, in examining hypotheses, call only on mathematical reasons. The 

simultaneous use of reasons from geometry and reasons from physics will 

surely make it vanish: 

If a man assesses all things according to this precept, I doubt indeed whether 

he will come across any hypothesis, whether simple or complex, which will not 

turn out to have a conclusion peculiar to it and separate and different from all 

the others. Even if the conclusions of two hypotheses coincide in the geomet- 

rical realm, each hypothesis will have its own peculiar corollary in the physical 

realm. But practitioners are not always in the habit of taking account of that 

diversity in physical matters, and they themselves very often confine their own 

thinking within the bounds of geometry or astronomy and tackle the equiva- 

lence of hypotheses within one particular science, ignoring the diverse out- 

comes which dissolve and destroy the vaunted equivalence when one takes 

account of related sciences.”* 

The equivalence of two distinct hypotheses therefore can be only a par- 

tial equivalence. If certain conclusions can be equally deduced from two 

irreconcilable hypotheses, it is not by virtue of the differences between 

these two hypotheses but by virtue of what they have in common. 

Here we encounter again the ideas of Adrastus of Aphrodisias and 

Theon of Smyrna. 

Kepler is not content merely to criticize the doctrine maintained by 

Osiander and Ursus. He intends, further, to practice the realism whose 

principles he has proposed. The most considerable monument his genius 

has erected, the Epitome Astronomiae Copernicanae, bears witness to this 

realism. 

Realism is affirmed from the beginning of the first book: “Astronomy,” 

Kepler says, “is a portion of physics.””? And the importance of this apho- 

rism is shown immediately in what the author tells us about the causes of 

hypotheses (de causis hypothesium): 

24. [N. Jardine, The Birth of History and Philosophy of Science, pp. 141-142.] 

25. Kepler, Epitome Astronomiae Copernicanae usitata forma quaestionum et respon- 

sionum conscripta, inque VILI libros digesta, quorum hi tres priores sunt de doctrina phys- 

ica (Lenz: Johannes Plancus, 1614), in Kepler, Opera, ed. Frisch, vol. 6, p. 119. 
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The third part of the astronomer’s baggage is physics. In general, it is not con- 

sidered necessary for the astronomer; and yet the astronomer’s science has a 

great bearing on the object of this portion of philosophy, which, without the 

astronomer, would not reach completion. Astronomers should not, in fact, be 

given absolute license to assume anything whatever without sufficient reason. 

You ought to be able to give probable reasons for the hypotheses you claim to 

be the true causes of appearances. You ought, therefore, at the start, to seek the 

foundations of your astronomy in a higher science, I mean, in physics or meta- 

physics. Then, sustained by these geometric, physical, or metaphysical argu- 

ments that your particular science has provided, you will not be prohibited 

from leaving the limits of that science in order to discourse about the things 

that pertain to these higher doctrines.” 

In the course of the Epitome, Kepler does not miss an occasion to 

support his hypotheses with arguments furnished by physics and meta- 

physics. What physics and what metaphysics! But this is hardly the 

place to tell what strange reveries, what childish fancies Kepler desig- 

nated by these two words. We do not wish to investigate how Kepler 

constructed his astronomy; it suffices for us to know how he wanted it 

constructed. And, as we now know, he wanted the science of the celes- 

tial motions to rest on foundations guaranteed by physics and meta- 

physics, and he required that astronomical hypotheses not be 

contradicted by the Scriptures. 

In addition, a new ambition is asserted in Kepler’s writings: Once 

astronomy is founded on true hypotheses, its conclusions will be able to 

contribute to the advancement of the physics and metaphysics that ini- 

tially supplied its principles. 

At first, Galileo adopted the hypotheses of Ptolemy. In 1656, a small 

treatise on cosmography by the great Pisan geometer was printed in 
Rome;”’ this treatise was included in the second volume of the Padua edi- 
tion of Galileo’s works, published at Padua in 1744.’* A brief note by the 
editor indicates the existence of a manuscript copy of the same work. 
According to this manuscript copy, Galileo wrote the work in 1606 to 
serve as a textbook for the students at Padua. Later editions of Galileo’s 
works reproduce this brief treatise. 

26. Kepler, Opera, ed. Frisch, vol. 6, pp. 120-121. 

27. Galileo Galilei, Trattato della sfera 0 Cosmografia (Rome, 1656). 

28. Galileo Galilei, Opere divise in quattro tomi, in questa nova edizione accresciute 
di molte cose inedite (Padua, 1744), vol. 2, p. 514. 
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It is extremely interesting to compare Galileo’s treatise with the Expo- 

sitio doctrinae sphaericae of George Horst, written two years earlier in Wit- 
tenberg. There are great similarities between motives of the two authors. 
Like Horst, Galileo first speaks of the various factors that go into the com- 
position of astronomy. He points out phenomena, then hypotheses. Like 

Horst, he defines hypotheses: “Certain assumptions about the structure of 

celestial orbs that correspond to the appearances”; Galileo continues: 

“Since we are now at the first principles of this science, we will set aside 

the more difficult calculations and demonstrations, and deal solely with 

hypotheses. We will concentrate on confirming them and establishing 

them by means of the appearances.” 

How does Galileo conceive this confirmation of hypotheses? Will he 

ask them only to save the phenomena, or will he require that they be true or 

at least likely? Like Horst, he will not be satisfied with so little. He also 

wants the foundations of astronomical theory to conform to reality; simi- 

larly, he claims to demonstrate them by means of the classical proofs of 

Scholastic physics. There is only one notable difference between Galileo’s 

demonstrations and those of Horst: Whenever he can, the Protestant pro- 

fessor of Wittenberg University adds the force of scriptural texts to the 

reasons derived from Aristotle’s physics. The Catholic professor at the 

University of Padua never appeals to those texts. 

When Galileo embraced Copernicus’s system, he did so in the same 

spirit that had inspired him when he held Ptolemy’s system. He wanted 

the hypotheses of the new system to be not artifacts for the calculation of 

tables but propositions in conformity with the nature of things. He wanted 

them to be established through physical reasons. One might even say that 

this physical confirmation of the Copernican hypotheses is the center 

toward which Galileo’s most diverse investigations converge. His observa- 

tions as an astronomer and his theories of mechanics even converge toward 

this goal. Furthermore, since he wanted the foundations of Copernican 

theory to be true, and since he did not think that the truth could contradict 

the divinely inspired Scriptures, he was led to reconcile his assertions with 

biblical texts. In time he turned theologian, as his famous letter to Grand- 

Duchess Christina of Lorraine testifies. 

In claiming that the hypotheses express physical truths, and in declar- 

ing that they do not seem to him to contradict Holy Writ, Galileo, like 

Kepler, was plainly in the tradition of Copernicus and Rheticus. He col- 

lided with those who represented the tradition of Tycho Brahe the Protes- 

tant and Christopher Clavius the Jesuit. What they had said around the 

year 1580 the theologians of the Holy Office solemnly proclaimed in 1616. 
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The Holy Office seized on these two fundamental hypotheses of the 

Copernican system: 

Sol est centrum mundi et omnino immobilis motu locali. Terra non est centrum mundi 

nec immobilis, sed secundum se totam movetur, etiam motu diurno. [The sun is the 

center of the world and never moves by local motion. The earth is not the cen- 

ter of the world and not immobile, but is moved as a whole by a diurnal 

motion. ] 

They asked themselves whether these two propositions bore the two 

marks which, by a common accord, Copernicans and Ptolemaists required 

of any admissible astronomical hypothesis: Are these propositions com- 

patible with sound physics? Are they reconcilable with divinely inspired 

Scriptures? 

For the Inquisitors, sound physics was the physics of Aristotle and 

Averroés. It dictated a straightforward reply to the first question: The two 

suspect hypotheses were stultae et absurdae in Philosophia [foolish and 

absurd philosophically]. 

As for the Scriptures, the advisors to the Holy Office refused to accept 

any interpretation that did not have the authority of the Church fathers on 

its side. Hence the reply to the second question was inescapable: The first 

proposition was formaliter haeretica [formally heretical], the second ad 

minus in fide erronea [at least erroneous in faith]. 

The two censured propositions did not present either of the two char- 

acteristics that marked an admissible astronomical hypothesis; therefore, 

both must be totally rejected, not to be used, even for the sole purpose of 

saving the phenomena. Thus Galileo was prohibited from teaching Coper- 

nicus’s doctrine im any way. 

The condemnation brought forth by the Holy Office resulted from the 

clash of two realist positions. This violent collision might have been 

avoided—the debate between the Ptolemaists and the Copernicans might 

have been kept to the terrain of astronomy alone—f certain wise precepts 

concerning the nature of scientific theories and the hypotheses on which 

they rest had been heard. These precepts, formulated by Posidonius, 
Ptolemy, Proclus, and Simplicius, had come down directly to Osiander, 
Reinhold, and Melanchthon by an uninterrupted tradition. But now they 
seemed forgotten. 

There were, however, some voices determined to have them heard once 
again. 
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One of these voices was Cardinal Bellarmine, the same person who, in 

1616, examined the Copernican writings of Galileo and Foscarini. As early 

as April 12, 1615, Bellarmine had written Foscarini a letter full of wisdom 

and prudence. Here are some passages from it: 

It seems to me that Your Eminence and Signore Galileo are proceeding pru- 

dently by limiting yourselves and speaking suppositionally (ex suppositione) and 

not absolutely, as I have always believed that Copernicus spoke. For there is no 

danger in saying that, by assuming the earth moves and the sun stands still, one 

saves all the appearances better than by postulating eccentrics and epicycles; 

and that is sufficient for the mathematician. However, it is different to want to 

affirm that in reality the sun is at the center of the world and only turns on itself 

without moving from east to west, and the earth is in the third heaven and 

revolves with great speed around the sun; this is a very dangerous thing, likely 

not only to irritate all scholastic philosophers and theologians, but also to harm 

the Holy Faith by rendering Holy Scripture false. . . . 

If there were a true demonstration that the sun is at the center of the world 

and the earth in the third heaven, and that the sun does not circle the earth but 

the earth circles the sun, then one would have to proceed with great care in 

explaining the Scriptures. . . . But I will not believe that there is such a demon- 

stration, until it is shown me. Nor is it the same to demonstrate that by suppos- 

ing the sun to be at the center and the earth in heavens one can save the 

appearances, and to demonstrate that in truth the sun is at the center and the 

earth in heaven; for I believe that the first demonstration may be available, but 

I have very great doubts about the second, and in a case of doubt one must not 

abandon the Holy Scripture as interpreted by the Holy Fathers.” 

Galileo knew of the letter addressed by Cardinal Bellarmine to Foscar- 

ini; several writings published between the time when he learned of the 

letter and his first condemnation contained rebuttals to the cardinal’s 

arguments. Reading these letters (whose excerpts Berti was the first to 

publish) enables us to capture vividly the spirit of Galileo’s thought about 

astronomical hypotheses. 

One piece, written toward the end of 1615 and addressed to the con- 

sultants at the Holy Office, warns them against two errors: The first is to 

claim the mobility of the earth to be, in some way, an immense paradox and 

obvious foolishness that has not yet been demonstrated and never will be 

29. This letter was published for the first time in Domenico Berti, Copernico e le 

vicende del sistema copernicano in Italia nella seconda meta del secolo XVI e nella 

prima del secolo XVII (Rome, 1876), pp. 121-125. [Maurice A. Finocchiaro, The 

Galileo Affair (Berkeley: University of California Press, 1989), pp. 67—-68.] 
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demonstrated; the second is to believe that Copernicus and the other 

astronomers who proposed this mobility “did not believe that it was true 

in fact and in nature” but admitted it only suppositionally, insofar as it can 

account more conveniently for the appearances of celestial motions and 

facilitate astronomical calculations.*” 

In affirming that Copernicus believed in the reality of the hypotheses 

formulated in De revolutionibus and in proving, by an analysis of the work, 

that Copernicus did not admit the earth’s mobility and the sun’s immobil- 

ity only ex suppositione, as Osiander and Bellarmine wanted it, Galileo was 

maintaining the historical truth. But what interests us more than his judg- 

ment as historian is his opinion as physicist. Now this is easily conjectured 

from the piece we are analyzing: Galileo thought that the reality of the 

earth’s motion was not only demonstrable but already demonstrated. 

This thought stands out still more clearly in another text; in it not only 

do we see that Galileo thought the Copernican hypotheses could be dem- 

onstrated, but we also learn how he understood the demonstration to have 

been carried out: 

Not to believe that there is a demonstration of the earth’s mobility until it is 

shown is very prudent, nor do we ask that anyone believe such a thing without 

demonstration. On the contrary, we only seek that, for the advantage of the 

Holy Church, one examine with the utmost severity what the followers of this 

doctrine know and can advance, and that nothing be granted them unless the 

strength of their arguments greatly exceeds that of the reasons for the other 

side. Now, if they are not more than ninety percent right, they may be dis- 

missed; but if all that is produced by philosophers and astronomers on the 

opposite side is shown to be mostly false and wholly inconsequential, then the 

other side should not be disparaged, nor deemed paradoxical, so as to think that 

it could never be clearly proved. It is proper to make such a generous offer since 

it is clear that those who hold the false side cannot have in their favor any valid 

reason or experiment, whereas it is necessary that all things agree and corre- 

spond with the true side. 

It is true that it is not the same to show that one can save the appearances 

with the earth’s motion and the sun’s stability, and to demonstrate that these 

hypotheses are really true in nature. But it is equally true, or even more so, that 

one cannot account for such appearances with the other commonly accepted 

system. The latter is undoubtedly false, while it is clear that the former, which 

30. Berti, Copernico e le vicende del sistema copernicano in Italia nella seconda meta 

del secolo XVI e nella prima del secolo XVII, pp. 132-133. [Finocchiaro, The Galileo 
Affair, p. 70.) 
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can account for them, may be true. Nor can one or should one seek any greater 

truth in a position than that it corresponds with all particular appearances.”! 

If we pressed this last proposition somewhat, we might easily make it 

yield Osiander’s doctrine, which Bellarmine upheld—namely, precisely 

the one Galileo is attacking. Thus, logic constrains the great Pisan geom- 

eter to formulate a conclusion directly contrary to the one he had hoped to 

establish. But in the preceding lines, his thought stood out quite clearly. 

The impending debate appears to his mind’s eye as a sort of duel. Two 

doctrines announce themselves, each claiming to be in possession of the 

truth; but one speaks truly and the other lies. Who will decide? Experi- 

ence. The one doctrine it refuses to agree with will be recognized as erro- 

neous, and, by the same fact, the other doctrine will be proclaimed to 

conform with reality. The destruction of one of the two opposing systems 

assures the certainty of the opposite system, just as, in geometry, the 

absurdity of a proposition entails the correctness of its contradictory. 

If anyone doubted that Galileo really held the opinion we are attribut- 

ing to him about the proof of an astronomical system, they will be con- 

vinced, we believe, by reading the following lines: 

The quickest and surest way to show that Copernicus’s position is not contrary 

to Scriptures is, as I see it, to show by a thousand proofs that this proposition 

is true and that the contrary position cannot subsist in any way; consequently, 

since two truths cannot contradict each other, it is necessary that the position 

recognized as true agree with the Holy Scriptures.” 

Galileo’s notions of the value of the experimental method and the art of 

using it are nearly those that Bacon was later to formulate. Galileo con- 

ceives of the proof of a hypothesis along the lines of reduction to absurdity 

31. Berti, Copernico e le vicende del sistema copernicano in Itaha nella seconda meta 

del secolo XVI e nella prima del secolo XVII, pp. 1329-1330. [Finocchiaro, The 

Galileo Affair, p. 85.] 

32. Berti, Copernico e le vicende del sistema copernicano in Italia nella seconda meta 

del secolo XVI ¢ nella prima del secolo XVII, pp. 105-106. [Berti’s footnote: Codice 

Volpicelliano A. DCLVII. V. Vedi intorno a questo e gli altri Codici volpicelliani 

Documenti € note illustrative XI: “Il modo per me speditissimo e sicurissimo per 

provare che la posizione Copernicana non é contraria alle scritture sarebbe il mon- 

strare con mille prove che ella é vera e che la contraria non non puo in modo alcuno 

sussistere onde non potendo le verita contrariarsi, é necessario che quella e le Sacre 

Scritture sieno concordissime.” | 
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proofs in geometry. Experience, by convicting one system of error, confers 

certainty on its opposite. Positive science progresses by a series of dilem- 

mas, each resolved with the help of a crucial experiment (experimentum 

crucis). 

This manner of conceiving of experimental method was bound to 

become extremely fashionable because it is very simple; but it is com- 

pletely false because it is too simple. Grant that the phenomena are no 

longer saved by Ptolemy’s system; Ptolemy’s system will certainly be rec- 

ognized as false. But it does not in any way follow from this that Coperni- 

cus’s system is true, because Copernicus’s system is not purely and simply 

the contradictory of Ptolemy’s system. Grant that Copernicus’s hypothe- 

ses succeed in saving all the known appearances. It can be concluded that 

these hypotheses may be true; but it cannot be concluded that they are cer- 

tainly true. To justify this last proposition would require a proof that no 

other set of hypotheses could be imagined that allow the appearances to be 

saved just as well. And this last demonstration has never been given. 

Indeed, in Galileo’s own time, were not all the observations that could be 

invoked in favor of Copernicus’s system just as well saved by that of Tycho 

Brahe? 

These remarks had often been made before Galileo’s time. Their cor- 

rectness exploded in front of the Greeks the day Hipparchus succeeded in 

saving the sun’s motion equally by an eccentric or by an epicycle. Thomas 

Aquinas had formulated them with the greatest clarity. Nifo, Osiander, 

Alessandro Piccolomini, and Giuntini had repeated them. Once again, an 

authoritative voice was to remind the illustrious Pisan of them. 

Cardinal Maffeo Barberini, who was soon to be elevated to the papacy 

under the name of Urban VIII, met with Galileo after the condemnation 
of 1616 to discuss the Copernican doctrine. Cardinal Oregio, present at 
this meeting, left us an account of it. At this meeting, the future pope, by 
means of arguments similar to those just rehearsed, laid bare the hidden 
error of Galileo’s argument that since celestial phenomena all agree with 
Copernicus’s hypotheses and are not saved by Ptolemy’s system, Coperni- 
cus’s hypotheses are certainly true and, moreover, necessarily in agree- 
ment with Holy Scriptures. 

According to Oregio’s account, the future Urban VIII advised Galileo 

to note carefully whether or not there is agreement between the Holy Scrip- 
tures and what he had conceived about the earth’s motion, with an eye to saving 
the phenomena manifested in heaven and what philosophers commonly regard 
as acquired by observation and minute examination concerning the motions of 
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heaven and the stars. Having agreed with all the arguments presented by that 

most learned man, [Barberini] asked if God would have had the power and wis- 

dom to arrange differently the orbs and stars in such a way as to save all the phe- 

nomena that appear in heaven or that refer to the motion, order, location, 

distances, and arrangement of the stars. 

If you deny this [. . . ], then you must prove that for things to happen oth- 

erwise than you have presented implies a contradiction. In fact, God in his infi- 

nite power can do anything which does not imply a contradiction; and since 

God’s knowledge is not inferior to his power, if we admit that he could have 

done so, then we have to affirm that he would have known how. 

And if God had the power and knowledge to arrange these things otherwise 

than has been presented, while saving all that has been said, then we must not 

bind divine power and wisdom in this manner. 

Having heard these arguments, that most learned man was quieted.** 

The man who was to become Urban VIII had clearly reminded Galileo 

of this truth: No matter how numerous and precise are experimental con- 

firmations, they can never render a hypothesis certain, for this would 

require, in addition, demonstration of the proposition that these same 

experimental facts would forcibly contradict all other imaginable hypoth- 

eses. 

Did these logical and prudent admonitions of Bellarmine and Urban 

VIII convince Galileo, sway him from his exaggerated confidence in the 

scope of experimental method, and in the value of astronomical hypothe- 

ses? We may well doubt it. In his celebrated Dialogue of 1632 on the two 

chief world systems, Galileo declares from time to time that he treats 

Copernicus’s doctrine as a pure astronomical hypothesis without claiming 

it to be true in nature. But these protestations are belied by the accumula- 

tion of proofs of his interlocutor, Salviati, in favor of the reality of the 

Copernican positions; they are undoubtedly mere pretexts for getting 

around the prohibition of 1616. At the very moment when the dialogue is 

about to end, Simplicio, the stubborn and narrow-minded peripatetic on 

whom the thankless task of defending Ptolemy’s system falls, concludes 

with the words: 

33. Oregio, Ad suos in universas theologiae partes tractatus philosophicum praeludium 

completens quatuor tractatus . . . (Rome, 1637), p. 119. The same account is found 

on p. 194 of Oregio’s De Deo uno, written in 1629 (Cf. Berti, Copernico e le vicende 

del sistema copernicano in Italia nella seconda meta del secolo XVI e nella prima del 

secolo XVII, pp. 138-139). [Trans. in Maurice A. Finocchiaro, Galileo and the Art 

of Reasoning (Dordrecht: Reidel, 1980), p. 10.] 
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I admit that your thoughts seem to me to be more ingenious than many others 

I have heard. I do not therefore consider them true and conclusive; indeed, 

keeping always before my mind’s eye a most solid doctrine that I once heard 

from a most eminent and learned person, and before which one must fall silent, 

I know that if asked whether God in his infinite power and wisdom could have 

conferred upon the watery element its observed reciprocating motion using 

some other means than moving its containing vessels, both of you would reply 

that he could have. ... From this I forthwith conclude that, this being so, it 

would be excessive boldness for anyone to limit and restrict the divine power 

and wisdom to some particular fancy of its own. 

Salviati replies: 

An admirable and angelic doctrine, and well in accord with another one, also 

divine, which, while it grants to us the right to argue about the constitution of 

the universe . . . adds that we shall not discover the work of his hands.** 

Through the mouth of Simplicio and Salviati, Galileo perhaps wished 

to address a delicate piece of flattery to the pope. Perhaps he also wanted 

to answer the argument of Cardinal Maffeo Barberini with a joke; that is 

how Urban VIII took it. He gave free reign to the intransigent realism of 
the peripatetics of the Holy Office against the impenitent realism of Gali- 
leo. The condemnation of 1633 was to confirm the verdict of 1616. 

Conclusion 

Many philosophers since Giordano Bruno have reproached Osiander 
harshly for the preface he placed at the beginning of Copernicus’s book. 
The advice given to Galileo by Cardinal Bellarmine and Urban VIII has 
been treated with hardly less severity since its publication. 

The physicists of our day have weighed the value of the hypotheses 
used in astronomy and physics more minutely than did their predecessors. 
They have seen many illusions dispelled that previously passed for cer- 
tainties, and they have now been compelled to acknowledge and proclaim 
that logic was on the side of Osiander, Bellarmine, and Urban VII, not on 
the side of Kepler and Galileo. The former had understood the exact scope 
of the experimental method, and, in this respect, the latter were mistaken. 

34. [Galileo, Dialogue Concerning the Two Chief World Systems, trans. Stillman 
Drake (2nd ed., Berkeley: University of California Press, 1970), p. 464.] 
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Yet the history of the sciences celebrates Kepler and Galileo and ranks 

them as the great reformers of experimental method, whereas Osiander, 

Bellarmine, and Urban VIII are passed over in silence. Is this history’s 

supreme injustice? Could it not be, on the other hand, that those who 

attributed a false scope to experimental method and who exaggerated its 

value worked harder and better toward perfecting it than did those whose 

valuation was measured more precisely and correctly from the start? 

The Copernicans stubbornly stuck to an illogical realism, even though 

everything drove them to give up that error, even though by attributing to 

astronomical hypotheses the right value as determined by so many author- 

itative voices, they could easily have avoided both the quarrels of philoso- 

phers and the censure of theologians. This strange conduct demands an 

explanation. How can it be explained except by the lure of some great 

truth, a truth too vaguely perceived by the Copernicans for them to be able 

to formulate it in its purity, to disengage it from the errors concealing it, 

yet a truth sensed so vividly that neither the precepts of logic nor the 

advice of self-interest could diminish its invisible attraction. What was this 

truth? This is what we want to try to articulate. 

Throughout antiquity and the Middle Ages, physics displayed two 

parts so distinct from each other as to be, so to speak, opposed to each 

other: On the one hand, there is the physics of celestial and imperishable 

things; on the other, the physics of sublunary things subject to generation 

and corruption. 

The objects treated by the first of these two physics are considered to 

be infinitely higher in nature than are those of the second; hence, it is con- 

cluded that the former is incomparably more difficult than the latter. Pro- 

clus teaches that sublunary physics is accessible to humans, whereas 

celestial physics is beyond them and is reserved for the divine intellect. 

Maimonides shares Proclus’s opinion: According to him, celestial physics 

is full of mysteries whose knowledge is reserved for God’s understanding, 

whereas physics, fully constituted, is found in Aristotle’s work. 

Contrary to what the men of antiquity and the Middle Ages thought, 

the celestial physics they had constructed was conspicuously more 

advanced than their terrestrial physics. 

Since the time of Plato and Aristotle, the science of the stars was orga- 

nized on the plan we still impose today on the study of nature. On the one 

hand was astronomy: geometers such as Eudoxus and Calippus con- 

structed mathematical theories by means of which celestial motions could 

be described and predicted, whereas observers judged the degree of agree- 

ment between the predictions resulting from calculations and natural phe- 
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nomena. On the other hand was physics, properly speaking—or, in 

modern terms, celestial cosmology: Thinkers such as Plato and Aristotle 

meditated on the nature of the stars and the cause of their motions. What 

relations held between these two parts of celestial physics? What precise 

boundary separated them? What affinity united the hypotheses of the one 

with the conclusions of the other? These are questions discussed by 

astronomers and physicists during antiquity and the Middle Ages and 

resolved in different ways, for their minds were directed by different 

motives, very similar to the motives that attract modern thinkers. 

It happens that the physics of sublunary things reached this comparable 

degree of differentiation and organization in its own time. In modern 

times, it also divided into two parts, similar to those into which celestial 

physics has been divided since antiquity. The theoretical part constructs 

mathematical systems that give knowledge of the exact laws of phenomena 

by means of their formulas; the cosmological part seeks to fathom the 

nature of bodies, their attributes, the forces to which they are subject or 

which they exert, and the combinations they can acquire from one another. 

In ancient times, during the Middle Ages and in the Renaissance, it 

would have been difficult to make this division. Sublunary physics hardly 

knew mathematical theories. Only two parts of that physics, optics (or per- 

spectiva) and statics (or scientia de ponderibus), had taken on that form, and 

physicists were at a loss when they wanted to assign perspectiva and scientia 

de ponderibus their proper places in the hierarchy of the sciences. Aside 

from these two parts, analysis of the laws presiding over phenomena 
remained rather inexact and purely qualitative; it was not yet freed from 
cosmology. 

In dynamics, for example, the laws of free fall, glimpsed since the four- 
teenth century, and the laws of projectile motion, vaguely surmised in the 
sixteenth century, continued to be involved in metaphysical discussions 
about local motion, natural and violent motion, and the coexistence of the 
source of motion and a moving object. Not until the time of Galileo do we 
see the theoretical part of physics become disengaged from the cosmolog- 
ical part at the same time that its mathematical form is being articulated. 
Until then, these two parts remained intimately united—or, rather, inex- 
tricably entangled. Their aggregate constituted the physics of local 
motion. 

Meanwhile, the ancient distinction between the physics of celestial 
bodies and the physics of sublunary things was gradually obliterated. After 
Nicholas of Cusa and Leonardo da Vinci, Copernicus had dared to assim- 
ilate the earth to the planets. Tycho Brahe, through the study of the star 
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that appeared and then disappeared in 1572, had shown that the stars 

themselves can be generated and corrupted. Galileo, by discovering sun- 

spots and mountains on the moon, had completed the reunion of the two 

physics into a single science. 

Henceforth, when the likes of Copernicus, Kepler, and Galileo 

declared with one voice that astronomy should take as hypotheses only 

propositions whose truth was established by physics, this seemingly single 

assertion contained in fact two distinct propositions. 

In fact, such an assertion can mean that the hypotheses of astronomy 

are judgments about the nature of celestial objects and their real motions, 

that the experimental method, by serving to control the correctness of 

astronomical hypotheses, will come to enrich our cosmological knowledge 

with new truths. This first meaning lies, so to speak, at the very surface of 

the assertion. It became evident first. It is the sense the great astronomers 

of the sixteenth and seventeenth centuries saw clearly, the one they 

expressed formally, and the one that ultimately attracted their support. 

Yet given this meaning, their assertion is false and harmful. Osiander, Bel- 

larmine, and Urban VIII rightly viewed it as contrary to logic. The asser- 

tion had to engender countless misunderstandings in human science 

before it was finally rejected. 

Beneath this first, illogical but visible and seductive meaning, the asser- 

tion of the Renaissance astronomers contained another meaning. The 

requirement that the hypotheses of astronomy agree with the teachings of 

physics was a requirement that the theory of celestial motions rest on bases 

that were equally capable of supporting the theory of the motions observed 

here below. The path of the stars, the ebb and flow of the sea, projectile 

motion, and the fall of heavy bodies were required to be saved by the same 

set of postulates formulated in the language of mathematics. And this 

meaning remained deeply hidden. Neither Copernicus nor Kepler nor 

Galileo perceived it clearly; it remained disguised, yet fertile, beneath the 

clear but false and dangerous meaning the astronomers alone grasped. And 

while the false and illogical meaning they attributed to their principle 

engendered disputes and quarrels, the true but hidden meaning of this 

same principle gave birth to the scientific efforts of those inventors. While 

straining to maintain the truth of the former meaning, they were, unwit- 

tingly, establishing the correctness of the latter. When Kepler tried again 

and again to account for the motions of the stars by means of the properties 

of water currents or magnets, and when Galileo tried to make the path of 

projectiles agree with the motion of the earth or to derive an explanation 

of the tides from this motion, both believed they were proving that the 
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Copernican hypotheses had their foundation in the nature of things. But 

the truth they were introducing little by little into science was that a single 

dynamics must represent the motion of the stars, the oscillations of the sea, 

and the fall of heavy bodies, by means of a single set of mathematical for- 

mulas. They thought they were renovating Aristotle; they were preparing 

for Newton. 

Despite Kepler and Galileo, we believe today, with Osiander and Bel- 

larmine, that the hypotheses of physics are only mathematical artifacts 

devised for saving the phenomena. But thanks to Kepler and Galileo, we 

now require that they save at the same time all the phenomena of the inani- 

mate universe. 



Letter to Father Bulliot, on 

Science and Religion’ 

Duhem’s outspokenness on issues that mattered to him, regardless of his target, 

can be seen clearly in a letter to his mother about his participation at the Third 

International Congress of Catholics, held in Brussels in 1894: “Thus, yester- 

day, I decided to strike a great blow. It was in the session on philosophy. The 

room was full, especially with clerics. A brave churchman just treated an objec- 

tion taken from mechanics. My opinion was solicited concerning the scientific 

aspects of the lecture. Then, I said frankly to all these good Catholic philoso- 

phers that, as long as they continued to talk about science without knowing a 

single word of tt, the freethinkers would have fun at their expense, that, in order 

to talk about questions relating to science and Catholic philosophy, one needs to 

have ten or fifteen years of pure science, and that, as long as they have not 

trained people with deep scientific knowledge, they must keep silent.... The 

idea was launched; it made its way. The whole afternoon nothing else was spo- 

ken of during the congress. I do not regret having come. I believe that the seed 

I have sowed will germinate. It 1s the first time these brave people heard the 

truth spoken. It surprises them a bit, but I am also surprised to see that they, or 

at least several of them, go about it with good will.”’ At the same congress, 

Duhem met the future head of the Department of Philosophy of the Institut 

Catholique in Paris, the Pere 7. Bulhiot. Some years later, in 1911, Duhem 

wrote to Bulliot on the relations of science and religion. The letter allowed 

1. [Héléne Pierre-Duhem, Un Savant frangais, Pierre Duhem (Paris: Plon, 1936), 

pp. 158-169.] 

2. [Héléne Pierre-Duhem, Un Savant frangais, Pierre Duhem, p. 157.] 
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Duhem to synthesize his thoughts on the philosophy of sctence and the history of 

science in ways that he had not previously accomplished. 

Bordeaux, 21 May, 1911 

My Father, 

I have heard that the Catholic Institute of Paris is preparing to organize 

a coordinated set of philosophical classes. This news caused me great joy, 

and I think it will cause great joy for all enlightened Catholics. It is time, 

in fact, that we oppose the numerous and learned teachings of indifferent 

or opposed philosophies with a whole college of chairs in which traditional 

Catholic philosophy is taught in all its power and in its full development. 

I have some thoughts on the subject of the composition of the future 

Institute of Philosophy; I ask your permission to relate them to you. They 

are not advice. Coming from me, that would be impertinent. They are, 

rather, simple information. Living among those who profess doctrines 

contrary to ours, I am well placed to understand their plan of attack against 

us and to see where our defenses must be reinforced, above all. 

The field on which the battle has been waged and where, without any 

doubt it will become more violent, is the incompatibility of the scientific 

mind and the religious mind. 

I do not say: the incompatibility of a given scientific discovery with a 

given religious doctrine. The polemics of the nineteenth century were 

constituted of these particular antagonisms. For example, some used their 
ingenuity to oppose a given geological theory with a given verse of the 
Bible. But these were isolated sorties that prepared for the great fight. The 
latter is much more extensive; the result toward which it leads threatens 
to be much more radical. It concerns denying all religion the right to sub- 
sist, and that in the name of the whole of science. It is claimed, as estab- 
lished, that no sensible person could accept the validity of science and 
believe in the dogmas of religion at the same time. And since the validity 
of science is further affirmed every day by a thousand marvelously useful 
inventions, which only a blind soul could put into doubt, religious faith is 
done for. 

Science, it is said, takes as foundation either axioms that reason cannot 
doubt or facts that have all the certainty of the testimony of the senses. 
Everything it erects on these foundations is constructed with the help of 
rigorous reasoning. And with an overabundance of precautions, experi- 
ence controls each of the conclusions at which it arrives. The whole edifice 
therefore maintains the unshakable solidity of the first foundations. 
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Religious dogmas, on the other hand, issue from vague aspirations and 

intuitions arising from sentiment and not from reason. They are not sub- 

ject to any rule of logic and cannot sustain the examination of any critique, 

however rigorous, even for an instant. 

Hence, everything that had made up the object of religious dogmas will 

be declared absurd and devoid of sense, and we will be content with a strict 

and absolute positivism, a relative of that crass materialism, which comes 

like a forced conclusion. Or else, we will regard an object that escapes the 

demonstrations of science as incapable of being known with even the least 

certainty. We will profess an agnosticism according to which religion is 

only a more or less poetic and consoling dream. But how can people who 

have experienced the firm realities of science allow themselves to be lulled 

by such a dream? 

They are not satisfied with placing into evidence, with the help of logic, 

this antagonism between the scientific mind and the religious mind. They 

also want the history of the development of human knowledge to make this 

evident for less enlightened people. They allegedly show that all sciences 

are born from the fertile Hellenic philosophy, whose most brilliant mem- 

bers abandoned the ridiculous task of believing in religious dogmas to the 

common people. They then depict this terrifying night of the Middle Ages 

during which the schools, enslaved to the conduct of Christianity and 

uniquely solicitous of theological discussions, were not able to glean even 

the least part of the Greek scientific heritage. They display the brilliance 

of the Renaissance in which minds finally liberated from the yoke of the 

Church rediscovered the thread of scientific tradition at the same time as 

the secret of artistic and literary beauty. They are happy to oppose the 

always ascendant progress of science and the always deeper decline of reli- 

gion, beginning with the sixteenth century. They then believe we are 

allowed to predict the approaching death of religion at the same time as the 

universal and incontestable triumph of science. 

That is what is taught from a mass of chairs and what is written in a 

multitude of books. 

It is time that Catholic teaching address this teaching and that it 

respond to its adversaries with the following word: “lies!” These are lies in 

the domain of logic and lies in the domain of history. The teaching that 

claims to establish the irreducible antagonism between the scientific mind 

and the Christian mind is the most colossal, boldest lie that has ever 

attempted to dupe the human race. 

In order to oppose the method that leads to scientific truths and the 

method that leads to religious dogmas, they falsify the description of both 
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these methods. They consider both of them in a superficial manner and, 

as it were, externally. They borrow some features from this quick exami- 

nation and pretend that these features are the very essence of the processes 

they claim to have analyzed. 

How different are these methods to a mind that has really penetrated to 

the heart of the matter and that has captured their living principles! That 

mind is able to recognize both what gives these processes their variety and 

what unifies them. It sees everywhere a single human reason utilize the 

same essential means in order to arrive at the truth. But in each domain, it 

sees reason adapt the use it makes of these means to the special object 

whose knowledge it wishes to acquire. Thus, with the help of common 

operations that properly constitute our intellect, it sees the pursuit of a 

method for mathematical sciences, a method for physics, a method for 

chemistry, one for biology, one for sociology, and one for history. For 

mathematics, physics, chemistry, biology, sociology, and history have dif- 

ferent principles and different objects. In order to reach those objects, we 

must follow, in the same fashion, different routes from different points of 

departure. It then recognizes that in order to attain religious truths, 

human reason uses no other means than those it used to reach the other 

truths. But it uses them in a different manner, because the principles from 

which it departs and the conclusions toward which it tends are different. 

The antagonism announced between scientific demonstration and reli- 

gious intuition disappears while it perceives the harmonious agreement of 

the multiple doctrines by which our human reason forces itself to express 

truths of different orders. 

What can be said about the strange history which we claimed was 

almost confirmed by our insufficient logical analysis? 

From its birth, Greek science was fully impregnated with theology, but 

with a Pagan theology. This theology teaches that the heavens and the 
stars are gods. It teaches that they have no other motion than circular and 
uniform motion, which is perfect motion. It damns the impiety that would 
dare to attribute a motion to the earth, the sacred hearth of divinity. 
Although these theological doctrines furnished natural science with some 
temporarily useful postulates, although they guided its first steps, they 
soon became for physics what apron strings become for a child—namely, 
fetters. If the human mind did not break out of these fetters, it could not 
have surpassed Aristotle in physics or Ptolemy in astronomy, 

Now, how did it break these fetters? The answer is Christianity. Who 
first profited from this freedom just gained in order to rush toward the dis- 
covery of a new science? Scholasticism. Thus, who dared to declare, in the 
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middle of the fourteenth century, that the heavens were not moved by 

divine or angelic intelligences but by an indestructible impulse given by 

God at the moment of creation, in the manner of a ball thrown by a player? 

A Parisian Master of Arts, Jean Buridan. Who, in 1377, declared the diur- 

nal motion of the earth simpler and more satisfying for the mind than the 

diurnal motion of the heaven? Who cleanly refuted all the objections raised 

against the first of these motions? Another Parisian Master, Nicole 

Oresme. Who founded dynamics, discovered the laws of falling bodies, 

postulated the foundations of geology? Parisian scholasticism, at a time 

when the Catholic orthodoxy of the Sorbonne was proverbial throughout 

the world. What role did the highly exalted freethinkers of the Renaissance 

play in the formation of modern science? In their superstitious and rote 

admiration of antiquity, they mistook and disdained all the fertile ideas put 

forth by fourteenth-century scholasticism, in order to take up again the 

least-sustainable theories of Platonic or peripatetic physics. What did this 

great intellectual movement amount to, which, at the end of the sixteenth 

century and the beginning of the seventeenth century, produced the doc- 

trines accepted ever since? A pure and simple return to the teaching of 

Parisian scholasticism during the Middle Ages, so that Copernicus and 

Galileo are the heirs and, as it were, disciples of Nicole Oresme and Jean 

Buridan. Therefore, if this science of which we are justly proud has been 

able to see the light of day, it is because the Catholic Church has been its 

midwife. 

Such are the denials we must issue against the false assertions found 

everywhere, in history as in logic. Do you not believe, my father, that this 

would be one of the most important roles, perhaps even the most impor- 

tant role that the future Institute of Philosophy will have to play? That is 

why I tend to think that two chairs would be particularly appropriate in 

this institute. The one devoted to the analysis of the logical methods by 

which the various sciences progress would show us that we could, without 

contradiction or incoherence, pursue the acquisition of positive knowledge 

and at the same time meditate on religious truths. The other, following the 

development of human science in its path, would lead us to recognize that 

when people cared most of all about the kingdom of God and his justice, 

God gave them in addition the deepest and most fruitful thoughts about 

the things here below. 

_ Would you judge me very bold to have thus communicated my opin- 

ions to you? Surely not, for you know that the only thing that guides me in 

this affair is the desire to see God’s rule reestablished among us. For such 

an aim, boldness is not only permitted, it is commanded. 
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Moreover, at this moment, when in face of the intellectual anarchy fac- 

ing the human mind, I cry out to God: “Adveniat regnum tuum (Thy king- 

dom come),” I seem to hear your prayer echoing mine. May our prayers 

be granted! That is my wish in offering you my very humble respects. 

Pierre Duhem 



5 

History of Physics 

This article attempts to give a complete picture of how the history of physics fits 

together. Readers who follow these issues into the contemporary history of sci- 

ence will find many qualifications to Duhem’s various historical theses. On the 

crucial issue of the indebtedness of seventeenth-century physics to fourteenth- 

century physics, however, recent scholarship has tended to support Duhem’s 

view. The article is also a good source of historical information for the other 

essays in the collection. 

I. A Glance at Ancient Physics 

Although at the time of Christ’s birth, Hellenic science had produced 

nearly all its masterpieces, it was still to give to the world Ptolemy’s astron- 

omy, the way for which had been paved for more than a century by the 

works of Hipparchus. The revelations of Greek thought on the nature of 

the exterior world ended with the A/magest, which appeared about A.D. 

145, and then began the decline of ancient learning. Those of its works that 

escaped the fires kindled by Islamic warriors were subjected to the barren 

interpretations of Muslim commentators and, like parched seed, awaited 

the time when Latin Christianity would furnish a favorable soil in which 

they could once more flourish and bring forth fruit.’ Hence it is that the 

1. [Catholic Encyclopaedia (New York: R. Appleton, 1911) vol.12, pp. 47-67. 

Lightly edited.] 

2. [This article contains many statements that might be corrected in the light 

of modern scholarship. We have chosen to let them stand because of the historical 
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time when Ptolemy put the finishing touches to his Great Mathematical 

Syntax of Astronomy seems the most opportune in which to study the field 

of ancient physics. An impassable frontier separated this field into two 

regions in which different laws prevailed. From the moon’s orbit to the 

sphere enclosing the World extended the region of beings exempt from 

generation, change, and death, of perfect, divine beings, and these were 

the star-sphere and the stars themselves. Inside the lunar orbit lay the 

region of generation and corruption, where the four elements and the 

mixed bodies generated by their mutual combinations were subject to per- 

petual change. 

The science of the stars was dominated by a principle formulated by 

Plato and the Pythagoreans, according to which all the phenomena pre- 

sented to us by the heavenly bodies must be accounted for by combina- 

tions of circular and uniform motions. Moreover, Plato declared that these 

circular motions were reducible to the rotation of solid globes all limited 

by spherical surfaces concentric with the World and the Earth, and some 

of these homocentric spheres carried fixed or wandering stars. Eudoxus of 

Cnidus, Calippus, and Aristotle vied with one another in striving to 

advance this theory of homocentric spheres, its fundamental hypothesis 

being incorporated in Aristotle’s Physics and Metaphysics. The astronomy 

of homocentric spheres could not, however, explain all celestial phenom- 

ena, a considerable number of which showed that the wandering stars did 

not always remain at an equal distance from the Earth. Heraclides Ponti- 

cus in Plato’s time and Aristarchus of Samos about 280 B.C. endeavored to 

account for all astronomical phenomena by a heliocentric system, which 

was an outline of the Copernican mechanics; but the arguments of physics 

and the precepts of theology proclaiming the Earth’s immobility readily 

obtained ascendancy over this doctrine, which existed in a mere outline. 

Then the labors of Apollonius of Perga (at Alexandria, 205 B.C.), of Hip- 

parchus (who made observations at Rhodes in 128 and 127 B.c.), and 

finally of Ptolemy (Claudius Ptolemaeus of Pelusium) constituted a new 

astronomical system that claimed that the Earth was immovable in the 

center of the universe; a system that seemed, as it were, to reach its com- 

interest of the article. However, Duhem’s dismissal of Islamic science, here and 

elsewhere, cannot pass without challenge. For a radically different view, see A. I 
Sabra (1987), “The Appropriation and Subsequent Naturalization of Greek Sci- 
ence in Medieval Islam,” History of Science 25: 223-243; and F. Jamil Ragep 
(1990), “Duhem, the Arabs, and the History of Cosmology,” Synthése 83: 201— 
214.] 
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pletion when, between A.D. 142 and 146, Ptolemy wrote a work called 

Megale mathematike syntaxis tes astronomias, its Arabic title being translit- 

erated by the Christians of the Middle Ages, who named it A/magest. The 

astronomy of the A/magest explained all astronomical phenomena with a 

precision which for a long time seemed satisfactory, accounting for them 

by combinations of circular motions; but of the circles described, some 

were eccentric to the World while others were epicyclic, the centers of 

which described deferent circles concentric with or eccentric to the World; 

moreover, the motion on the deferent was no longer uniform, seeming so 

only when viewed from the center of the equant. Briefly, in order to con- 

struct a kinematical arrangement by means of which phenomena could be 

accurately represented, the astronomers whose work Ptolemy completed 

had to set at naught the properties ascribed to the celestial substance by 

Aristotle’s Physics, and between this Physics and the astronomy of eccen- 

trics and epicycles there ensued a violent struggle which lasted until the 

middle of the sixteenth century. 

In Ptolemy’s time, the physics of celestial motion was far more 

advanced than the physics of sublunary bodies, as, in this latter science of 

beings subject to generation and corruption, only two chapters had 

reached any degree of perfection—namely, those on optics (called per- 

spective) and statics. The law of reflection was known as early as the time 

of Euclid, about 320 B.C., and to this geometer was attributed, though 

probably erroneously, a Treatise on Mirrors, in which the principles of 

catoptrics were correctly set forth. Dioptrics, being more difficult, was 

developed less rapidly. Ptolemy already knew that the angle of refraction 

is not proportional to the angle of incidence, and in order to determine the 

ratio between the two, he undertook experiments, the results of which 

were remarkably exact. 

Statics reached a fuller development than optics. The Mechanical Ques- 

tions ascribed to Aristotle were a first attempt to organize that science, and 

they contained a kind of outline of the principle of virtual velocities, des- 

tined to justify the law of the equilibrium of the lever; besides, they 

embodied the happy idea of referring to the lever theory the theory of all 

simple machines. An elaboration, in which Euclid seems to have had some 

part, brought statics to the stage of development in which it was found by 

Archimedes (about 287-212 B.C.), who was to raise it to a still higher 

degree of perfection. It will here suffice to mention the works of genius in 

which the great Syracusan treated the equilibrium of the weights sus- 

pended from the two arms of a lever, the search for the center of gravity, 

and the equilibrium of liquids and floating bodies. The treatises of 
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Archimedes were too scholarly to be widely read by the mechanicians who 

succeeded this geometer; these men preferred easier and more practical 

writings such as, for instance, those on the lines of Aristotle’s Mechanical 

Questions. Various treatises by Heron of Alexandria have preserved for us 

the type of these decadent works. 

II. Science and Early Christian Scholars 

Shortly after the death of Ptolemy, Christian science took root at Alexan- 

dria with Origen (about 180-253), and a fragment of his Commentaries on 

Genesis, preserved by Eusebius, shows us that the author was familiar with 

the latest astronomical discoveries, especially the precession of the equi- 

noxes. The writings in which the Fathers of the Church comment on the 

work of the six days of Creation, however, notably the commentaries of St. 

Basil and St. Ambrose, borrow but little from Hellenic physics; in fact, 

their tone would seem to indicate distrust in the teachings of Greek sci- 

ence, this distrust being engendered by two prejudices: In the first place, 

astronomy was becoming more and more the slave of astrology, the super- 

stitions of which the Church diligently combated;.in the second place, 

between the essential propositions of peripatetic physics and what we 

believe to be the teaching of Holy Writ, contradictions appeared; thus, 

Genesis was thought to teach the presence of water above the heaven of the 

fixed stars (the firmament), and this was incompatible with the Aristote- 

lian theory concerning the natural place of the elements. The debates 

raised by this question gave St. Augustine an opportunity to establish wise 

exegetical rules, and he recommended that Christians not put forth 

lightly, as articles of faith, propositions contradicted by physical science 

based on careful experiments. St. Isidore of Seville (d. 636), a bishop, con- 

sidered it legitimate for Christians to desire to know the teachings of pro- 

fane science, and he labored to satisfy this curiosity. His Etymologies and 

De natura rerum are merely compilations of fragments borrowed from all 

the pagan and Christian authors with whom he was acquainted. At the 
height of the Latin Middle Ages, these works served as models for numer- 
ous encyclopedias, of which the De natura rerum by Bede (about 672-735) 
and the De universo by Rabanus Maurus (776-856) were the best known. 

The sources from which the Christians of the West imbibed a knowl- 
edge of ancient physics, however, became daily more numerous, and to 
Pliny the Elder’s Natural History, read by Bede, were added Chalcidius’s 
commentary on Plato’s Timaeus and Martianus Capella’s De nuptiis philo- 
logiae et mercurit, these different works inspiring the physics of John Sco- 
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tus Eriugena. Prior to A.D. 1000, a new Platonic work by Macrobius, a 

commentary on the Somnium Scipionis, was in great favor in the schools. 

Influenced by the various treatises already mentioned, Guillaume of 

Conches (1080-1150 or 1154) and the unknown author of De mundi consti- 

tutione liber—which, by the way, has been falsely attributed to Bede—set 

forth a planetary theory making Venus and Mercury satellites of the sun, 

but Eriugena went still further and made the sun also the center of the 

orbits of Mars and Jupiter. Had he but extended this hypothesis to Saturn, 

he would have merited the title of precursor of Tycho Brahe. 

Ill. A Glance at Arabic Physics 

The authors of whom we have heretofore spoken had only been acquainted 

with Greek science through the medium of Latin tradition, but the time 

came when it was to be much more completely revealed to the Christians 

of the West through the medium of Islamic tradition. 

There is no Arabic science.’ The wise men of Islam were always the 

more or less faithful disciples of the Greeks but were themselves devoid of 

all originality. For instance, they compiled many abridgments of 

Ptolemy’s A/magest, made numerous observations, and constructed a great 

many astronomical tables, but they added nothing essential to the theories 

of astronomical motion; their only innovation in this respect—and, by the 

way, an unfortunate one—was the doctrine of the oscillatory motion of the 

equinoctial points, which the Middle Ages ascribed to Thabit ibn Qurrah 

(836-901) but which was probably the idea of al-Zarqali, who lived much 

later and made observations between 1060 and 1080. This motion was 

merely the adaptation of a mechanism conceived by Ptolemy for a totally 

different purpose. 

In physics, Arabic scholars confined themselves to commentaries on 

the statements of Aristotle, their attitude being at times one of absolute 

servility. This intellectual servility to peripatetic teaching reached its cli- 

max in Abu’! ibn Rushd, whom Latin scholastics called Averroés (about 

1120-1198) and who said: Aristotle “founded and completed logic, phys- 

ics, and metaphysics . . . because none of those who have followed him up 

to our time, that is to say, for four hundred years, have been able to add 

anything to his writings or to detect therein an error of any importance.” 

This unbounded respect for Aristotle’s work impelled a great many Arabic 

philosophers to attack Ptolemy’s Astronomy in the name of peripatetic 

3. [See note 2.] 
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physics. The conflict between the hypotheses of eccentrics and epicycles 

was inaugurated by ibn Bajja, known to the scholastics as Avempace (d. 

1138), and Abu Bakr ibn Tufayl, called Abubacer by the scholastics (d. 

1185), and was vigorously conducted by Averroés, the protege of Abu- 

bacer. Abu Ishaq al-Bitrugi al-Ishbili, known by the scholastics as Alpe- 

tragius, another disciple of Abubacer and a contemporary of Averroes, 

advanced a theory on planetary motion wherein he wished to account for 

the phenomena peculiar to the wandering stars by compounding rotations 

of homocentric spheres; his treatise, which was more neo-Platonic than 

peripatetic, seemed to be a Greek book altered or a simple plagiarism. Less 

inflexible in his peripateticism than Averroés and Alpetragius, Moses ben 

Maimon, called Maimonides (1139-1204), accepted Ptolemy’s astronomy 

despite its incompatibility with Aristotelian physics, although he regarded 

Aristotle’s sublunary physics as absolutely true. 

IV. Arabic Tradition and Latin Scholasticism 

It cannot be said exactly when the first translations of Arabic writings 

began to be received by the Christians of the West, but it was certainly pre- 

vious to the time of Gerbert (Sylvester II, about 930-1003). Gerbert used 

treatises translated from the Arabic and containing instructions on the use 

of astronomical instruments, notably the astrolabe, to which instrument 

Hermann the Lame (1013-1054) devoted part of his researches. At the 

beginning of the twelfth century, the contributions of Islamic science and 

philosophy to Latin Christendom became more and more frequent and 

important. About 1120 or 1130, Adelard of Bath translated the Elements of 

Euclid and various astronomical treatises; in 1141, Peter the Venerable, 

Abbot of Cluny, found two translators, Hermann the Second (or the Dal- 

matian) and Robert of Retines, established in Spain. He engaged them to 

translate the Koran into Latin, and in 1143, these translators made Chris- 

tendom acquainted with Ptolemy’s planisphere. Under the direction of 

Raimond (Archbishop of Toledo, 1130; d. 1150), Domenicus Gundissali- 

nus, Archdeacon of Segovia, began to collaborate with the converted Jew 

John of Luna, erroneously called John of Seville (Johannes Hispalensis). 

While John of Luna applied himself to works in mathematics, he also 

assisted Gundissalinus in translating into Latin a part of Aristotle’s phys- 

ics, the De caelo and the Metaphysics, besides treatises by Avicenna, al- 

Ghazali, al-Farabi, and perhaps Solomon ibn Gabirol (Avicebron). About 

1134, John of Luna translated al-Farghani’s treatise Astronomy, which was 

an abridgment of the 4/magest, thereby introducing Christians to the 
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Ptolemaic system; at the same time, his translations, done in collaboration 
with Gundissalinus, familiarized Latins with the physical and metaphysi- 
cal doctrines of Aristotle. Indeed, the influence of Aristotle’s Physics was 

already apparent in the writings of the most celebrated masters of the 

school of Chartres (from 1121 until before 1155) and of Gilbert de la Por- 

rée (1070-1154). 

The abridgment of al-Farghani’s Astronomy, translated by John of 

Luna, does not seem to have been the first work in which the Latins were 

able to read the exposition of Ptolemy’s system; it was undoubtedly pre- 

ceded by a more complete treatise, the De scientia stellarum of Albategnius 

(al-Battani), latinized by Plato of Tivoli about 1120. The Almagest itself 

was still unknown, however. Moved by a desire to read and translate 

Ptolemy’s immortal work, Gerard of Cremona (d. 1187) left Italy and went 

to Toledo, eventually making the translation, which he finished in 1175. 

Besides the A/magest, Gerard rendered into Latin other works, of which 

we have a list comprising seventy-four different treatises. Some of these 

were writings of Greek origin and included a large portion of the works of 

Aristotle, a treatise by Archimedes, Euclid’s Elements (completed by Hyp- 

sicles), and books by Hippocrates. Others were Arabic writings, such as 

the celebrated Book of Three Brothers, composed by the Banu Musa, Optics 

vy ibn al-Haytham (the Alhazen of the Scholastics), Astronomy by Geber, 

and De motu octavae sphaerae by Thabit ibn Qurrah. Moreover, in order to 

spread the study of Ptolemaic astronomy, Gerard composed at Toledo his 

Theoricae planetarum, which, during the Middle Ages, became one of the 

classics of astronomical instruction. Beginners who obtained their first 

cosmographic information through the study of the Sphaera, written 

about 1230 by Joannes de Sacrobosco, could acquire a knowledge of eccen- 

trics and epicycles by reading the Theoricae planetarum of Gerard of Cre- 

mona. In fact, until the sixteenth century, most astronomical treatises 

assumed the form of commentaries, on either the Sphaera or the Theoricae 

planetarum. 

“Aristotle’s philosophy,” wrote Roger Bacon in 1267, “reached a great 

development among the Latins when Michael Scot appeared about 1230, 

bringing with him certain parts of the mathematical and physical treatises 

of Aristotle and his learned commentators.” Among the Arabic writings 

made known to Christians by Michael Scot (before 1291; astrologer to 

Frederick II) were the treatises of Aristotle and the Theory of Planets, 

which Alpetragius had composed in accordance with the hypothesis of 

homocentric spheres. The translation of this last work was completed in 

1217. By propagating among the Latins the commentaries on Averroés 
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and on Alpetragius’s theory of the planets, as well as a knowledge of the 

treatises of Aristotle, Michael Scot developed in them an intellectual dis- 

position which might be termed Averroism and which consisted in a 

superstitious respect for the word of Aristotle and his commentator. 

There was a metaphysical Averroism which, because professing the 

doctrine of the substantial unity of all human intellects, was in open con- 

flict with Christian orthodoxy; but there was likewise a physical Averroism 

which, in its blind confidence in peripatetic physics, held as absolutely cer- 

tain all that the latter taught on the subject of the celestial substance, 

rejecting in particular the system of epicycles and eccentrics in order to 

commend Alpetragius’s astronomy of homocentric spheres. 

Scientific Averroism found partisans even among those whose purity of 

faith constrained them to struggle against metaphysical Averroism and who 

were often peripatetics insofar as was possible without formally contradict- 

ing the teaching of the Church. For instance, William of Auvergne (d. 

1249), who was the first to combat “Aristotle and his sectarians” on meta- 

physical grounds, was somewhat misled by Alpetragius’s astronomy, which, 

moreover, he understood imperfectly. Albertus Magnus (1193 or 1205-— 

1280) followed, to a great extent, the doctrine of Ptolemy, although he was 

sometimes influenced by the objections of Averroés or affected by Alpe- 

tragius’s principles. Vincent of Beauvais, in his Speculum quadruplex, a vast 

encyclopaedic compilation published about 1250, seemed to attach great 

importance to the system of Alpetragius, borrowing the exposition of it from 

Albertus Magnus. Finally, even St. Thomas Aquinas (1227-1274) gave evi- 

dence of being extremely perplexed by the theory of eccentrics and epicy- 
cles, which justified celestial phenomena by contradicting the principles of 
peripatetic physics, and the theory of Alpetragius, which honored these 
principles but did not go so far as to represent their phenomena in detail. 

This hesitation, so marked in the Dominican school, was hardly less 
remarkable in the Franciscan. Robert Grosseteste, or Greathead (1175— 
1253), whose influence on Franciscan studies was so great, followed the 
Ptolemaic system in his astronomical writings, his physics being imbued 
with Alpetragius’s ideas. St. Bonaventure (1221-1274) wavered between 
doctrines which he did not thoroughly understand, and Roger Bacon 
(1214-1292), in several of his writings, weighed with great care the argu- 
ments that could be made to count for or against each of these two astro- 
nomical theories, without eventually making a choice. Bacon, however, 
was familiar with a method of figuration in the system of eccentrics and 
epicycles which Alhazen had derived from the Greeks; and in this figura- 
tion, all the motions acknowledged by Ptolemy were traced back to the 
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rotation of solid orbs accurately fitted in one another. This representation, 
which refuted most of the objections raised by Averroés against Ptolemaic 

astronomy, contributed largely to propagating the knowledge of this 

astronomy, and it seems that the first of the Latins to adopt it and expatiate 

on its merits was the Franciscan Bernard of Verdun (end of thirteenth cen- 

tury), who had read Bacon’s writings. In sublunary physics, the authors 

whom we have just mentioned did not show the hesitation that rendered 

astronomical doctrines so perplexing, but on almost all points, they 

adhered closely to peripatetic opinions. 

V. The Science of Observation and Its Progress: 
Astronomers; The Statics of Jordanus; 

Theodoric of Freiberg; Pierre of Maricourt 

Averroism had rendered scientific progress impossible, but fortunately in 

Latin Christendom it was to meet with two powerful enemies: the unham- 

pered curiosity of human reason and the authority of the Church. Encour- 

aged by the certainty resulting from experiments, astronomers rudely 

shook off the yoke which peripatetic physics had imposed on them. The 

School of Paris in particular was remarkable for its critical views and its 

freedom of attitude toward the argument of authority. In 1290, William of 

Saint-Cloud determined with wonderful accuracy the obliquity of the 

ecliptic and the time of the vernal equinox, and his observations led him to 

recognize the inaccuracies that marred the Tables of Toledo, drawn up by 

al-Zarkali. The theory of the precession of the equinoxes, conceived by the 

astronomers of Alfonso X of Castile, and the Alphonsine Tables, set up in 

accordance with this theory, gave rise in the first half of the fourteenth 

century to the observations, calculations, and critical discussions of Pari- 

sian astronomers, especially of John of Liniéres and his pupil John of Sax- 

ony or Connaught. 

At the end of the thirteenth century and the beginning of the four- 

teenth, sublunary physics owed great advancement to the simultaneous 

efforts of geometers and experimenters—their method and discoveries 

being duly boasted of by Roger Bacon, who, however, took no important 

part in their labors. Jordanus de Nemore, a talented mathematician who, 

not later than about the beginning of the thirteenth century, wrote trea- 

tises on arithmetic and geometry, left a very short treatise on statics in 

which, side by side with erroneous propositions, we find the law of the 

equilibrium of the straight lever correctly established with the aid of the 

principle of virtual displacements. The treatise De ponderibus by Jordanus 
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provoked research on the part of various commentators, and one of these, 

whose name is unknown and who must have written before the end of the 

thirteenth century, drew, from the same principle of virtual displace- 

ments, demonstrations, admirable in exactness and elegance, of the law of 

the equilibrium of the bent lever and of the apparent weight (gravitas 

secundum situm) of a body on an inclined plane. 

Alhazen’s Treatise on Perspective was read thoroughly by Roger Bacon 

and his contemporaries, John Peckham (1228-1291), the English Fran- 

ciscan; he gave a summary of it. About 1270, Witelo (or Vitellio) composed 

an exhaustive ten-volume treatise on optics, which remained a classic until 

the time of Kepler, who wrote a commentary on it. 

Albertus Magnus, Roger Bacon, John Peckham, and Witelo were 

deeply interested in the theory of the rainbow, and, like the ancient mete- 

orologists, they all took the rainbow to be the image of the sun reflected in 

a sort of concave mirror formed by a cloud resolved into rain. In 1300, 

Theodoric of Freiberg proved by means of carefully conducted experi- 

ments, in which he used glass balls filled with water, that the rays which 

render the bow visible have been reflected on the inside of the spherical 

drops of water, and he traced with great accuracy the course of the rays 

which produce the rainbows respectively. 

The system of Theodoric of Freiberg—at least that part relating to the 

primary rainbow—was reproduced about 1360 by Themon, “Son of the 

Jew” (Themo Judaeus); from his commentary on Meteors, it passed down 

to the days of the Renaissance when, having been somewhat distorted, it 

reappeared in the writings of Alessandro Piccolomini, Simon Porta, and 

Marco and Antonio de Dominis; thus, it was propagated until the time of 

Descartes. 

The study of the magnet had also made great progress in the course of 

the thirteenth century; the permanent magnetization of iron, the proper- 

ties of the magnetic poles, and the direction of the Earth’s action exerted 

on these poles or of their action on one another are all found very accu- 

rately described in a treatise written in 1269 by Pierre of Maricourt (Petrus 

Peregrinus). Like the work of Theodoric of Freiberg on the rainbow, the 

Epistola de magnete by Maricourt was a model of the art of logical sequence 

between experiment and deduction. 

VI. The Articles of Paris (1277): The Possibility of Vacuum 

The University of Paris was uneasy because of the antagonism between 

Christian dogmas and certain peripatetic doctrines, and on several occa- 

sions it combated Aristotelian influence. In 1277, Etienne Tempier, 



History of Physics 173 

Bishop of Paris, acting on the advice of the theologians of the Sorbonne, 
condemned a great number of errors, some of which emanated from the 
astrology and others from the philosophy of the peripatetics. Among these 
errors considered dangerous to faith were several which might have 
impeded the progress of physical science, and hence it was that the theo- 
logians of Paris declared erroneous the opinion maintaining that God 
Himself could not give the entire universe a rectilinear motion, as the uni- 
verse would then leave a vacuum behind it, and also declared false the 

notion that God could not create several worlds. These condemnations 

destroyed certain essential foundations of peripatetic physics because 

although in Aristotle’s system such propositions were ridiculously unten- 

able, belief in Divine Omnipotence sanctioned them as possible while 

waiting for science to confirm them as true. For instance, Aristotle’s phys- 

ics treated the existence of an empty space as a pure absurdity; in virtue of 

the “Articles of Paris,” Richard of Middleton (about 1280) and, after him, 

many masters in Paris and Oxford admitted that the laws of nature are cer- 

tainly opposed to the production of empty space but that the realization of 

such a space is not, in itself, contrary to reason; thus, without absurdity, 

one could argue on vacuum and on motion in a vacuum. Next, in order 

that such arguments might be legitimated, it was necessary to create that 

branch of mechanical science known as dynamics. 

VII. The Earth’s Motion: Oresme 

The “Articles of Paris” about equally supported the question of the 

Earth’s motion and furthered the progress of dynamics by regarding vac- 

uum as something conceivable. 

Aristotle maintained that the first heaven (the firmament) moved with 

a uniform rotary motion and that the Earth was absolutely stationary, and 

because these two propositions necessarily resulted from the first princi- 

ples relative to time and place, it would have been absurd to deny them. By 

declaring that God could endow the World with a rectilinear motion, how- 

ever, the theologians of the Sorbonne acknowledged that these two Aris- 

totelian propositions could not be imposed as a logical necessity; 

thenceforth, while continuing to admit that, as a fact, the Earth was 

immovable and that the heavens moved with a rotary diurnal motion, 

Richard of Middleton and Duns Scotus (about 1275-1308) began to for- 

mulate hypotheses to the effect that these bodies were animated by other 

motions, and the entire school of Paris adopted the same opinion. Soon, 

however, the Earth’s motion was taught in the School of Paris not as a pos- 

sibility but as a reality. In fact, in the specific setting forth of certain infor- 
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mation given by Aristotle and Simplicius, a principle was formulated 

which for three centuries was to play a great role in statics: That every 

heavy body tends to unite its center of gravity with the center of the Earth. 

When writing his Questions on Aristotle’s De caelo in 1368, Albert of 

Helmstadt (or of Saxony) admitted this principle, which he applied to the 

entire mass of the terrestrial element. The center of gravity of this mass is 

constantly inclined to place itself in the center of the universe, but, within 

the terrestrial mass, the position of the center of gravity is constantly 

changing. The principal cause of this variation is the erosion brought 

about by the streams and rivers that continually wear away the land sur- 

face, deepening its valleys and carrying off all loose matter to the bed of the 

sea, thereby producing a displacement of weight which entails a ceaseless 

change in the position of the center of gravity. Now, in order to replace this 

center of gravity at the center of the universe, the Earth moves without 

ceasing; meanwhile, a slow but perpetual exchange is being effected 

between the continents and the oceans. Albert of Saxony ventured so far 

as to think that these small and incessant motions of the Earth could 

explain the phenomena of the precession of the equinoxes. The same 

author declared that one of his masters, whose name he did not disclose, 

announced himself in favor of the daily rotation of the Earth, inasmuch as 

he refuted the arguments that were opposed to this motion. This anony- 

mous master had a thoroughly convinced disciple in Nicole Oresme, who, 

in 1377, being then Canon of Rouen and later Bishop of Lisieux, wrote a 
French commentary on Aristotle’s treatise De caelo, maintaining with as 
much force as clarity that neither experiment nor argument could deter- 
mine whether the daily motion belonged to the firmament of the fixed 
stars or to the Earth. He also showed how to interpret the difficulties 
encountered in “the Sacred Scriptures wherein it is stated that the sun 
turns, etc. It might be supposed that here Holy Writ adapts itself to the 
common mode of human speech, as also in several places, for instance, 
where it is written that God repented Himself, and was angry and calmed 
Himself and so on, all of which is, however, not to be taken ina strictly lit- 
eral sense.” Finally, Oresme offered several considerations favorable to the 
hypothesis of the Earth’s daily motion. In order to refute one of the objec- 
tions raised by the peripatetics against this point, Oresme was led to 
explain how, in spite of this motion, heavy bodies seemed to fall in a ver- 
tical line; he admitted their real motion to be composed ofa fall in a vertical 
line and a diurnal rotation identical with that which they would have if 
bound to the Earth. This is precisely the principle to which Galileo was 
afterward to turn. 
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VIUI. Plurality of Worlds 

Aristotle maintained the simultaneous existence of several worlds to be an 
absurdity, his principal argument being drawn from his theory of gravity, 

whence he concluded that two distinct worlds could not coexist and be 

each surrounded by its elements; therefore it would be ridiculous to com- 

pare each of the planets to an earth similar to ours. In 1277, the theologians 

of Paris condemned this doctrine as a denial of the creative omnipotence 

of God; Richard of Middletown and Henry of Ghent (who wrote in about 

1280), Guillaume Varon (who wrote a commentary on the Sentences about 

1300), and, about 1320, Jean de Bassols, William of Ockham (d. after 

1347), and Walter Burley (d. about 1343) did not hesitate to declare that 

God could create other worlds similar to ours. This doctrine, adopted by 

several Parisian masters, required that the theory of gravity and natural 

place developed by Aristotle be thoroughly changed; in fact, the following 

theory was substituted for it. If some part of the elements forming a world 

were to be detached from it and driven far away, its tendency would be to 

move toward the world to which it belongs and from which it was sepa- 

rated; the elements of each world are inclined to arrange themselves so that 

the heaviest will be in the center and the lightest on the surface. This the- 

ory of gravity appeared in the writings of Jean Buridan of Béthune, who 

became rector of the University of Paris in 1327, teaching at that institu- 

tion until about 1360; and in 1377, the same theory was formally proposed 

by Oresme. It was also destined to be adopted by Copernicus and his first 

followers and to be maintained by Galileo, William Gilbert, and Otto von 

Guericke. 

IX. Dynamics: Theory of Impetus; Inertia; 
Celestial and Sublunary Mechanics Identical 

If the School of Paris completely transformed the peripatetic theory of 

gravity, it was equally responsible for the overthrow of Aristotelian 

dynamics. Convinced that in all motion the mover should be directly con- 

tiguous to the body moved, Aristotle had proposed a strange theory of the 

motion of projectiles. He held that the projectile was moved by the fluid 

medium, whether air or water, through which it passed and this by virtue 

of the vibration brought about in the fluid at the moment of throwing and 

spread through it. In the sixth century of our era, this explanation was 

strenuously opposed by the Christian Stoic Joannes Philoponus, accord- 

ing to whom the projectile was moved by a certain power communicated 
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to it at the instant of throwing; however, despite the objections raised by 

Philoponus, Aristotle’s various commentators, particularly Averroés, con- 

tinued to attribute the motion of the projectile to the disturbance of the air, 

and Albertus Magnus, St. Thomas Aquinas, Roger Bacon, Giles of Rome, 

and Walter Burley persevered in maintaining this error. By means of most 

spirited argumentation, William of Ockham made known the complete 

absurdity of the peripatetic theory of the motion of projectiles. Going back 

to Philoponus’s thesis, Buridan gave the name impetus to the virtue or 

power communicated to the projectile by the hand or instrument throwing 

it; he declared that in any given body in motion, this impetus was propor- 

tional to the velocity and that, in different bodies in motion propelled by 

the same velocity, the quantities of impetus were proportional to the mass 

or quantity of matter, defined as it was afterwards defined by Newton. 

In a projectile, impetus is gradually destroyed by the resistance of air or 

some other medium and is also destroyed by the natural gravity of the 

body in motion, which gravity is opposed to the impetus if the projectile is 

thrown upward; this struggle explains the different peculiarities of the 

motion of projectiles. In a falling body, gravity comes to the assistance of 

impetus, which it increases at every instant; hence, the velocity of the fall 

is constantly increasing. 

With the assistance of these principles concerning impetus, Buridan 

accounts for the swinging of the pendulum. He likewise analyzes the 

mechanism of impact and rebound and, in this connection, puts forth cor- 

rect views on the deformations and elastic reactions that arise in the con- 

tiguous parts of two bodies coming into collision. Nearly all this doctrine 
of impetus is transformed into a correct mechanical theory if one is careful 
to substitute the expression vis viva for impetus. The dynamics expounded 
by Buridan were adopted in their entirety by Albert of Saxony, Oresme, 
Marsilius of Inghen, and the entire School of Paris. Albert of Saxony 
appended thereto the statement that the velocity of a falling body must be 
proportional either to the time elapsed from the beginning of the fall or to 
the distance traversed during this time. In a projectile, the impetus is 
gradually destroyed either by the resistance of the medium or by the con- 
trary tendency of the gravity natural to the body. When these causes of 
destruction do not exist, the impetus remains perpetually the same, as in 
the case of a millstone exactly centered and not rubbing on its axis; once 
set in motion, it will turn indefinitely with the same swiftness. It was in 
this form that the law of inertia first became evident to Buridan and Albert 
of Saxony. 
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The conditions manifested in this hypothetical millstone are realized in 

the celestial orbs, as in these, neither friction nor gravity impedes motion; 

hence, it may be admitted that each celestial orb moves indefinitely by vir- 

tue of a suitable impetus communicated to it by God at the moment of cre- 

ation. It is useless to imitate Aristotle and his commentators by attributing 

the motion of each orb to a presiding spirit. This was the opinion proposed 

by Buridan and adopted by Albert of Saxony; and while formulating a doc- 

trine from which modern dynamics was to spring, these masters under- 

stood that the same dynamics governs both celestial and sublunary bodies. 

Such an idea was directly opposed to the essential distinction established 

by ancient physics between these two kinds of bodies. Moreover, following 

William of Ockham, the masters of Paris rejected this distinction; they 

acknowledged that the matter constituting celestial bodies was of the same 

nature as that constituting sublunary bodies and that, if the former 

remained perpetually the same, it was not because they were, by nature, 

incapable of change and destruction, but simply because the place in which 

they were located contained no agent capable of corrupting them. A cen- 

tury elapsed between the condemnations pronounced by Etienne Tempier 

(1277) and the editing of the Traité du ciel et du monde by Oresme (1377), 

and within that time, all the essential principles of Aristotle’s physics were 

undermined and the great controlling ideas of modern science formulated. 

This revolution was mainly the work of Oxford Franciscans such as Rich- 

ard of Middletown, Duns Scotus, and William of Ockham and of masters 

in the School of Paris, heirs to the tradition inaugurated by these Fran- 

ciscans; among the Parisian masters, Buridan, Albert of Saxony, and 

Oresme were in the foremost rank. 

X. Propagation of the Doctrines of the School 
of Paris in Germany and Italy; Peurbach and 
Regiomontanus; Nicholas of Cusa; da Vinci 

The great Western schism involved the University of Paris in politico- 

religious quarrels of extreme violence; the misfortunes brought about by 

the conflict between the Armagnacs and Burgundians and by the Hun- 

dred Years’ War completed what these quarrels had begun, and the won- 

derful progress made by science during the fourteenth century in the 

University of Paris suddenly ceased. The schism, however, contributed to 

the diffusion of Parisian doctrines by driving out of Paris a large number 

of brilliant men who had taught there with marked success. In 1386, Mar- 

silius of Inghen (d. 1396), who had been one of the most gifted professors 
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of the University of Paris, became rector of the infant University of 

Heidelberg, where he introduced the dynamic theories of Buridan and 

Albert of Saxony. 

About the same time, another master, reputedly of Paris, Heinrich 

Heimbuch of Langenstein (or of Hesse), was chiefly instrumental in 

founding the University of Vienna and, besides his theological knowledge, 

brought there the astronomical tradition of John of Liniéres and John of 

Saxony. This tradition was carefully preserved in Vienna, was magnifi- 

cently developed there throughout the fifteenth century, and paved the 

way for Georg Peurbach (1423-1461) and his disciple Johann Muller of 

Konigsberg, surnamed Regiomontanus (1436—1476). It was to the writing 

of theories calculated to make the Ptolemaic system known, to the design- 

ing and constructing the exact instruments, to the multiplying of observa- 

tions, and to the preparing of tables and almanacs (ephemerides) more 

accurate than those used by astronomers up to that time that Peurbach and 

Regiomontanus devoted their prodigious energy. By perfecting all the 

details of Ptolemy’s theories, which they never called into question, they 

were most helpful in bringing to light the defects of these theories and in 

preparing the materials by means of which Copernicus was to build his 

new astronomy. 

Averroism flourished in the Italian universities of Padua and Bologna, 

which were noted for their adherence to peripatetic doctrines. Still, from 

the beginning of the fifteenth century, the opinions of the School of Paris 
began to find their way into these institutions, thanks to the teaching of 
Paolo Nicoletti of Venice (flourished about 1420). It was there developed 
by his pupil Gaetan of Tiene (d. 1465). These masters devoted special 
attention to propagating the dynamics of impetus in Italy. 

About the time that Paul of Venice was teaching at Padua, Nicholas of 
Cusa came there to take his doctorate in law. Whether it was then that the 
latter became initiated in the physics of the School of Paris matters little, 
because in any event it was from Parisian physics that he adopted those 
doctrines that smacked least of peripateticism. He became thoroughly 
conversant with the dynamics of impetus and, like Buridan and Albert of 
Saxony, attributed the motion of the celestial spheres to the impetus which 
God had communicated to them in creating them and which was perpet- 
uated because, in these spheres, there was no element of destruction. He 
admitted that the Earth moved incessantly and that its motion might be 
the cause of the precession of the equinoxes. In a note discovered long after 
his death, he went so far as to attribute to the Earth a daily rotation. He 
imagined that the sun, the moon, and the planets were so many systems, 
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each of which contained an earth and elements analogous to our Earth and 
elements, and to account for the action of gravity in each of these systems, 

he closely followed the theory of gravity advanced by Oresme. 

Leonardo da Vinci (1452-1519) was perhaps more thoroughly con- 

vinced of the merits of the Parisian physics than any other Italian master. 

A keen observer and endowed with insatiable curiosity, he had studied a 

great number of works, among which we may mention the various treatises 

of the School of Jordanus, various books by Albert of Saxony, and in all 

likelihood the works of Nicholas of Cusa; then, profiting by the learning of 

these scholars, he formally enunciated or simply intimated many new 

ideas. The statics of the School of Jordanus led him to discover the law of 

the composition of concurrent forces, stated as follows: The two compo- 

nent forces have equal moments as regards the direction of the resultant, 

and the resultant and one of the components have equal moments as 

regards the direction of the other component. The statics derived from the 

properties which Albert of Saxony attributed to the center of gravity 

caused da Vinci to recognize the law of the polygon of support and to 

determine the center of gravity of a tetrahedron. He also presented the law 

of the equilibrium of two liquids of different density in communicating 

tubes, and the principle of virtual displacements seems to have occasioned 

his acknowledgment of the hydrostatic law known as Pascal’s. Da Vinci 

continued to meditate on the properties of impetus, which he called zmpeto 

or forza, and the propositions that he formulated on the subject of this 

power often showed a fairly clear discernment of the law of the conserva- 

tion of energy. These propositions led him to remarkably correct and 

accurate conclusions concerning the impossibility of perpetual motion. 

Unfortunately, he misunderstood the pregnant explanation, afforded by 

the theory of impetus, regarding the acceleration of falling bodies, and, like 

the peripatetics, he attributed this acceleration to the impulsion of the 

encompassing air. By way of compensation, however, he distinctly 

asserted that the velocity of a body that falls freely is proportional to the 

time occupied in the fall, and he understood in what way this law extends 

to a fall on an inclined plane. When he wished to determine how the path 

traversed by a falling body is connected with the time occupied in the fall, 

he was confronted by a difficulty which, in the seventeenth century, was 

likewise to baffle Baliani and Gassendi. 

Da Vinci was much engrossed in the analysis of the deformations and 

elastic reactions which cause a body to rebound after it has struck another, 

and this doctrine, formulated by Buridan, Albert of Saxony, and Marsilius 

of Inghem, he applied in such a way as to draw from it the explanation of 
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the flight of birds. This flight is an alternation of falls during which the 

bird compresses the air beneath it, and of rebounds due to the elastic force 

of this air. Until the great painter discovered this explanation, the question 

of the flight of birds was always looked on as a problem in statics and was 

likened to the swimming of fish in water. Da Vinci attached great impor- 

tance to the views developed by Albert of Saxony in regard to the Earth’s 

equilibrium. Like the Parisian master, he held that the center of gravity 

within the terrestrial mass is constantly changing under the influence of 

erosion and that the Earth is continually moving so as to bring this center 

of gravity to the center of the World. These small, incessant motions even- 

tually bring to the surface of the continents those portions of Earth that 

once occupied the bed of the ocean, and to place this assertion of Albert of 

Saxony beyond the range of doubt, da Vinci devoted himself to the study 

of fossils and to extremely cautious observations which made him the cre- 

ator of Stratigraphy. In many passages in his notes, da Vinci asserts, like 

Nicholas of Cusa, that the moon and the other wandering stars are worlds 

analogous to ours, that they carry seas upon their surfaces and are sur- 

rounded by air; and the development of this opinion led him to talk of the 

gravity binding to each of these stars the elements that belonged to it. On 

the subject of this gravity he professed a theory similar to Oresme’s. Hence 

it would seem that, in almost every particular, da Vinci was a faithful dis- 

ciple of the great Parisian masters of the fourteenth century—of Buridan, 

Albert of Saxony, and Oresme. 

XI. Italian Averroism and Its Tendencies to 
Become Routine; Attempts at Restoring the 

Astronomy of Homocentric Spheres 

While, through the anti-peripatetic influence of the School of Paris, da 

Vinci reaped a rich harvest of discoveries, innumerable Italians devoted 
themselves to the sterile worship of defunct ideas with a servility that was 
truly astonishing. The Averroists did not wish to acknowledge as true any- 
thing out of conformity with the ideas of Aristotle as interpreted by Aver- 
roés; with Pompanazzi (1462-1526), the Alexandrists, seeking their 
inspiration further in the past, refused to understand Aristotle in a manner 
other than that in which he had been understood by Alexander of Aphro- 
disias; and the humanists, solicitous only for purity of form, would not 
consent to use any technical language whatsoever and rejected all ideas 
that were not sufficiently vague to be attractive to orators and poets. Thus, 
Averroists, Alexandrists, and humanists proclaimed a truce to their vehe- 
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ment discussions so as to combine against the “language of Paris,” the 

“logic of Paris,” and the “physics of Paris.” It is difficult to conceive the 

absurdities to which these minds were led by their slavish surrender to 

routine. A great number of physicists, rejecting the Parisian theory of 

impetus, returned to the untenable dynamics of Aristotle and maintained 

that the projectile was moved by the ambient air. In 1409, Nicoletto Vernia 

of Chieti, an Averroist professor at Padua, taught that if a heavy body fell, 

it was in consequence of the motion of the air surrounding it. 

A servile adoration of peripateticism prompted many so-called philos- 

ophers to reject the Ptolemaic system, the only one which, at that time, 

could satisfy the legitimate exigencies of astronomers, and to readopt the 

hypothesis of homocentric spheres. They held as null and void the innu- 

merable observations that showed changes in the distance of each planet 

from the Earth. Alessandro Achillini of Bologna (1463-1512), an uncom- 

promising Averroist and a strong opponent of the theory of impetus and 

of all Parisian doctrines, inaugurated, in his treatise De orbibus (1498), a 

strange reaction against Ptolemaic astronomy; Agostino Nifo (1473-1538) 

labored for the same end ina work that has not come down to us; Girolamo 

Fracastoro (1483-1553) gave us, in 1535, his book Homocentricorum; and 

Giovanni Battista Amico (1536) and Giovanni Antonio Delfino (1559) 

published small works in an endeavor to restore the system of homocentric 

spheres. 

XII. The Copernican Revolution 

Although directed by tendencies diametrically opposed to the true scien- 

tific spirit, the efforts made by Averroists to restore the astronomy of 

homocentric spheres were perhaps a stimulus to the progress of science, 

inasmuch as they accustomed physicists to the thought that the Ptolemaic 

system was not the only astronomical doctrine possible, or even the best 

that could be desired. Thus, in their own way, the Averroists paved the 

way for the Copernican revolution. The movements forecasting this revo- 

lution were noticeable in the middle of the fourteenth century in the writ- 

ings of Nicholas of Cusa and in the beginning of the fifteenth century in 

the notes of da Vinci, both of these eminent scientists being well versed in 

Parisian physics. 

Celio Calcagnini proposed, in his turn, to explain the daily motion of 

the stars by attributing to the Earth a rotation from west to east, complete 

in one sidereal day. His dissertation, Quod coelum stet, terra vero moveatur, 

although apparently written about 1530, was not published until 1544, 
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when it appeared in a posthumous edition of the author’s works. Calcag- 

nini declared that the Earth, originally in equilibrium in the center of the 

universe, received a first impulse which imparted to it a rotary motion, and 

this motion, to which nothing was opposed, was indefinitely preserved by 

virtue of the principle set forth by Buridan and accepted by Albert of Sax- 

ony and Nicholas of Cusa. According to Calcagnini, the daily rotation of 

the Earth was accompanied by the oscillation which explained the move- 

ment of the precession of the equinoxes. Another oscillation set the waters 

of the sea in motion and determined the ebb and flow of the tides. This last 

hypothesis was to be maintained by Andrea Cesalpino (1519-1603) in his 

Quaestiones peripateticae (1569) and to inspire Galileo, who, unfortunately, 

was to seek in the phenomena of the tides his favorite proof of the Earth’s 

rotation. 

The De revolutionibus orbium caelestium libri sex were printed in 1543, 

a few months after the death of Copernicus (1473—1543), but the princi- 

ples of the astronomical system proposed by this man of genius had been 

published as early as 1539 in the Narratio prima of his disciple, Joachim 

Rheticus (1514-1574). Copernicus adhered to the ancient astronomical 

hypotheses, which claimed that the World was spherical and limited and 

that all celestial motions were decomposable into circular and uniform 

motions; but he held that the firmament of fixed stars was immovable, as 

also was the sun, which was placed in the center of this firmament. To 

the Earth he attributed three motions: a circular motion by which the 

center of the Earth described with uniform velocity a circle situated in 

the plane of the ecliptic and eccentric to the sun; a daily rotation on an 

axis inclined toward the ecliptic; and finally, a rotation of this axis 

around an axis normal to the ecliptic and passing through the center of 

the Earth. The time occupied by this last rotation was a little longer than 

that required for the circular motion of the center of the Earth, which 
produced the phenomenon of the precession of the equinoxes. To the 
five planets Copernicus ascribed motions analogous to those with which 
the Earth was provided, and he maintained that the moon moved in a 
circle around the Earth. 

Of the Copernican hypotheses, the newest was that according to which 
the Earth moved in a circle around the sun. From the days of Aristarchus 
of Samos and Seleucus, no one had adopted this view. Medieval astrono- 
mers had all rejected it because they supposed that the stars were much too 
close to the Earth and the sun, and that an annual circular motion of the 
Earth might give the stars a perceptible parallax. Still, on the other hand, 
we have seen that various authors had proposed to attribute to the Earth 
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one or the other of the two motions which Copernicus added to the annual 

motion. To defend the hypothesis of the daily motion of the Earth against 

the objections formulated by peripatetic physics, Copernicus invoked 

exactly the same reasons as Oresme, and in order to explain how each 

planet retains the various parts of its elements, he adopted the theory of 

gravity proposed by the eminent master. Copernicus showed himself to be 

an adherent of Parisian physics even in the following opinion, enunciated 

accidentally: The acceleration of the fall of heavy bodies is explained by 

the continual increase which impetus receives from gravity. 

XIII. Fortunes of the Copernican 
System in the Sixteenth Century 

Copernicus and his disciple Rheticus probably regarded the motions 

which their theory ascribed to the Earth and the planets, the sun’s rest and 

that of the firmament of fixed stars, as the real motions or real rest of these 

bodies. The De revolutionibus orbium caelestium libri sex appeared with an 

anonymous preface which inspired an entirely different idea. This preface 

was the work of the Lutheran theologian Osiander (1498-1552), who 

therein expressed the opinion that the hypotheses proposed by philoso- 

phers in general, and by Copernicus in particular, were in no way calcu- 

lated to acquaint us with the reality of things: It is neither necessary that 

these hypotheses be true, nor even that they be likely, but one thing is suf- 

ficient; namely, that the calculation to which they lead agrees with obser- 

vation.’ Osiander’s view of astronomical hypotheses was not new. Even in 

the days of Grecian antiquity, a number of thinkers had maintained that 

the sole object of these hypotheses was to “save appearances, sozein ta 

phainomena”; and in the Middle Ages, as well as in antiquity, this method 

continued to be that of philosophers who wished to make use of Ptolemaic 

astronomy while at the same time upholding the peripatetic physics abso- 

lutely incompatible with this astronomy. Osiander’s doctrine was there- 

fore readily received, first by astronomers who, without believing the 

Earth’s motion to be a reality, accepted and admired the kinetic combina- 

tions conceived by Copernicus, as these combinations provided them with 

better means than could be offered by the Ptolemaic system for figuring 

out the motion of the moon and the phenomena of the precession of the 

equinoxes. 

4. Neque enim necesse est eas hypotheses esse veras, imo, ne verisimiles quidem, sed suf- 

ficit hoc unum si calculum observationibus congruentem exhibeant. 
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One of the astronomers who most distinctly assumed this attitude in 

regard to Ptolemy’s system was Erasmus Reinhold (1511-1553), who, 

though not admitting the Earth’s motion, professed a great admiration for 

the system of Copernicus and used it in computing new astronomical 

tables, the Prutenicae tabulae (1551), which were largely instrumental in 

introducing to astronomers the kinetic combinations originated by Coper- 

nicus. The Prutenicae tabulae were especially employed by the commission 

which, in 1582, effected the Gregorian reform of the calendar. While not 

believing in the Earth’s motion, the members of this commission did not 

hesitate to use tables founded on a theory of the precession of the equi- 

noxes and attributing a certain motion to the Earth. 

The freedom permitting astronomers to use all hypotheses qualified to 

account for phenomena, however, was soon restricted by the exigencies of 

peripatetic philosophers and Protestant theologians. Osiander had written 

his celebrated preface to Copernicus’s book with a view toward warding 

off the attacks of theologians, but in this he did not succeed. Martin 

Luther, in his 7ischrede, was the first to express indignation at the impiety 

of those who admitted the hypothesis of solar rest. Melanchthon, though 

acknowledging the purely astronomical advantages of the Copernican sys- 

tem, strongly combated the hypothesis of the Earth’s motion (1549), not 

only with the aid of arguments furnished by peripatetic physics but also, 

and chiefly, with the assistance of numerous texts taken from Holy Writ. 

Kaspar Peucer (1525-1602), Melanchthon’s son-in-law, while endeavor- 

ing to have his theory of the planets harmonize with the progress which the 

Copernican system had made in this regard, nevertheless rejected the 

Copernican hypotheses as absurd (1571). 

It then came to be demanded of astronomical hypotheses that not only, 

as Osiander had desired, must the results of their calculations be conform- 

able to facts but also that they must not be refutable “either in the name of 
the principles of physics or in the name of the authority of the Sacred 
Scriptures.” These criteria were explicitly formulated in 1578 by a Luth- 
eran, the Danish astronomer Tycho Brahe (1546-1601), and it was pre- 
cisely by virtue of these two requirements that the doctrines of Galileo 
were condemned by the Inquisition in 1616 and 1633. Eager not to admit 
any hypothesis that would conflict with Aristotelian physics or be contrary 
to the letter of the Sacred Scriptures, and yet most desirous to retain all 
the astronomical advantages of the Copernican system, Tycho Brahe pro- 
posed a new system which virtually consisted in leaving the Earth motion- 
less and in moving the other heavenly bodies in such a way that their 
displacement with regard to the Earth might remain the same as in the sys- 
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tem of Copernicus. Moreover, though posing as the defender of Aristote- 

lian physics, T'ycho Brahe dealt it a disastrous blow. In 1572, a star, until 

then unknown, appeared in the constellation of Cassiopeia, and in showing 

accurate observations that the new astral body was really a fixed star, 

Tycho Brahe proved conclusively that the celestial world was not, as Aris- 

totle would have had us believe, formed of a substance exempt from gen- 

eration and destruction. 

The Church had not remained indifferent to the hypothesis of the 

Earth’s motion until the time of Tycho Brahe, as it was among her mem- 

bers that this hypothesis had found its first defenders, counting adherents 

even in the extremely orthodox University of Paris. At the time of defend- 

ing this hypothesis, Oresme was Canon of Rouen, and immediately after- 

ward he was promoted to the Bishopric of Lisieux; Nicholas of Cusa was 

Bishop of Brixen and cardinal and was entrusted with important negotia- 

tions by Eugenius IV, Nicholas V, and Pius II; Calcagnini was prothono- 

tary Apostolic; Copernicus was Canon of Thorn, and it was Cardinal 

Schomberg who urged him to publish his work, the dedication of which 

was accepted by Paul III. Besides, Oresme had made clear how to interpret 

the scriptural passages claimed to be opposed to the Copernican system, 

and in 1584, Didacus a Stunica of Salamanca found in Holy Writ texts 

which could be invoked with as much certainty in favor of the Earth’s 

motion. In 1595, however, the Protestant senate of the University of 

Tiibingen compelled Kepler to retract the chapter in his Mysterium cosmo- 

graphicum in which he had endeavored to make the Copernican system 

agree with Scripture. 

Christopher Clavius (1537-1612), a Jesuit and one of the influential 

members of the commission that reformed the Gregorian calendar, 

seemed to be the first Catholic astronomer to adopt the double test 

imposed on astronomical hypotheses by Tycho Brahe and to decide (1581) 

that the suppositions of Copernicus were to be rejected, as opposed both 

to peripatetic physics and to Scripture. On the other hand, at the end of 

his life, and under the influence of Galileo’s discoveries, Clavius appeared 

to have assumed a far more favorable attitude toward Copernican doc- 

trines. The enemies of Aristotelian philosophy gladly adopted the system 

of Copernicus, considering its hypotheses as so many propositions physi- 

cally true—this being the case with Pierre de La Rameé, called Petrus 

Ramus (1502-1572) and especially with Giordano Bruno (about 1550- 

1600). The physics developed by Bruno, in which he incorporated the 

Copernican hypothesis, proceeded from Nicole Oresme and Nicholas of 

Cusa, but chiefly from the physics taught in the University of Paris in the 
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fourteenth century. The infinite extent of the universe and the plurality of 

worlds were admitted as possible by many theologians at the end of the 

thirteenth century, and the theory of the slow motion which gradually 

causes the central portions of the Earth to work to the surface had been 

taught by Albert of Saxony before it attracted the attention of da Vinci. 

The solution of peripatetic arguments against the Earth’s motion and the 

theory of gravity called forth by the comparison of the planets with the 

Earth would appear to have been borrowed by Bruno from Oresme. The 

apostasy and heresies for which Bruno was condemned in 1600 had noth- 

ing to do with the physical doctrines he had espoused, which included in 

particular Copernican astronomy. In fact, it does not seem that in the six- 

teenth century, the Church manifested the slightest anxiety concerning 

the system of Copernicus. 

XIV. Theory of the Tides 

It is undoubtedly to the great voyages that shed additional luster on the 

close of the fifteenth century that we must attribute the importance 

assumed in the sixteenth century by the problem of the tides and the great 

progress made at that time toward the solution of this problem. The cor- 

relation existing between the phenomenon of high and low tide and the 

course of the moon was known even in ancient times. Posidonius accu- 

rately described it; the Arabic astronomers were also familiar with it, and 

the explanation given of it in the ninth century by Albumazar in his Jntro- 

ductorium magnum ad astronomiam remained a classic throughout the Mid- 

dle Ages. The observation of tidal phenomena naturally led to the 

supposition that the moon attracted the waters of the ocean, and in the 

thirteenth century, William of Auvergne compared this attraction with 
that of the magnet for iron. The mere attraction of the moon, however, did 
not suffice to account for the alternation of spring and neap tides, which 
phenomenon clearly indicated a certain intervention of the sun. In his 
Questions sur les livres des meteores, which appeared during the latter half of 
the fourteenth century, Themo Judaeus introduced, in a vague sort of way, 
the idea of superposing two tides, the one due to the sun and the other to 
the moon. 

In 1528, this idea was clearly endorsed by Federico Grisogono of Zara, 
a Dalmatian who taught medicine at Padua. Grisogono declared that 
under the action of the moon exclusively, the sea would assume an ovoid 
shape, its major axis being directed toward the center of the moon; that the 
action of the sun would also give it an ovoid shape, less elongated than the 
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first, its major axis being directed toward the center of the sun; and that 

the variation of sea level, at all times and in all places, was obtained by add- 

ing the elevation or depression produced by the solar tide to the elevation 

or depression produced by the lunar tide. In 1557, Girolamo Cardano 

accepted and briefly explained Grisogono’s theory. In 1559, a posthumous 

work by Delfino gave a description of the phenomena of the tides, identical 

with that deduced from the mechanism conceived by Grisogono. The doc- 

trine of the Dalmatian physician was reproduced by that of Paolo Gallucci 

in 1588 and by that of Annibale Raimondo in 1589; and in 1600, Claude 

Duret, who had plagiarized Delfino’s treatise, published in France the 

description of the tides given in that work. 

XV. Statics in the Sixteenth Century: Stevin 

When writing on statics, Cardano drew on two sources: the writings of 

Archimedes and the treatises of the School of Jordanus. In addition, he 

probably plagiarized the notes left by da Vinci, and it was perhaps from this 

source that he took the theorem: A system endowed with weight is in equi- 

librium when the center of gravity of this system is the lowest possible. 

Nicolo Tartaglia (about 1500-1557), Cardano’s antagonist, shamelessly 

purloined a supposedly forgotten treatise by one of Jordanus’s commenta- 

tors. Ferrari, Cardano’s faithful disciple, harshly rebuked Tartaglia for the 

theft, which nevertheless had the merit of reestablishing the vogue of cer- 

tain discoveries of the thirteenth century, especially the law of the equilib- 

rium of a body supported by an inclined plane. By another and no less 

barefaced plagiarism, Tartaglia published under his own name a transla- 

tion of Archimedes’s Treatise on Floating Bodies made by William of Moer- 

beke at the end of the thirteenth century. This publication, dishonest 

though it was, helped to give prominence to the study of Archimedes’s 

mechanical labors, which study exerted the greatest influence on the 

progress of science at the end of the sixteenth century—the blending of 

Archimedean mathematics with Parisian physics, generating the move- 

ment that terminated in Galileo’s work. The translation and explanation 

of the works of Archimedes enlisted the attention of geometers such as 

Francesco Maurolico of Messina (1494-1575) and Federico Commandino 

of Urbino (1509-1575), and these two authors, continuing the work of the 

great Syracusan, determined the position of the center of gravity of various 

solids. In addition, Commandino translated and explained Pappus’s math- 

ematical Collection and the fragment of Mechanics by Heron of Alexandria 

appended thereto. Admiration for these monuments of ancient science 
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inspired a number of Italians with a profound contempt for medieval stat- 

ics. The fecundity of the principle of virtual displacements, so happily 

employed by the School of Jordanus, was ignored; and, deprived of the 

laws discovered by this school and of the additions made to them by da 

Vinci, the treatises on statics written by overenthusiastic admirers of the 

Archimedean method were notably deficient. Among the authors of these 

treatises, Guidobaldo dal Monte (1545—1607) and Giovanni Battista Bene- 

detti (1530-1590) deserve special mention. 

Of the mathematicians who, in statics, claimed to follow exclusively 

the rigorous methods of Archimedes and the Greek geometers, the most 

illustrious was Simon Stevin of Bruges (1548-1620). Through him, the 

statics of solid bodies recovered all that had been gained by the School of 

Jordanus and da Vinci and lost by the contempt of such men as 

Guidobaldo del Monte and Benedetti. The law of the equilibrium of the 

lever, one of the fundamental propositions of which Stevin made use, was 

established by him with the aid of an ingenious demonstration which 

Galileo was also to employ, and which is found in a small anonymous work 

of the thirteenth century. In order to confirm another essential principle 

of his theory, the law of the equilibrium of a body on an inclined plane, 

Stevin resorted to the impossibility of perpetual motion, which had been 

affirmed with great precision by da Vinci and Cardano. Stevin’s chief 

glory lay in his discoveries in hydrostatics; and the determination of the 

extent and point of application of the pressure on the slanting inner side 

of a vessel by the liquid contained therein was in itself sufficient to entitle 
this geometer from Bruges to a foremost place among the creators of the 
theory of the equilibrium of fluids. Benedetti was on the point of enunci- 
ating the principle known as Pascal’s law, and an insignificant addition 
permitted Mersenne to infer this principle and the idea of the hydraulic 
press from what the Italian geometer had written. Benedetti had justified 
his propositions by using as an axiom the law of the equilibrium of liquids 
in communicating vessels; prior to this time, da Vinci had followed the 
same logical proceeding. 

XVI. Dynamics in the Sixteenth Century 

The geometers who, in spite of the stereotyped methods of Averroism and 
the banter of humanism, continued to cultivate the Parisian dynamics of 
impetus were rewarded by splendid discoveries. Dissipating the doubt in 
which Albert of Saxony had remained enveloped, da Vinci had declared 
the velocity acquired by a falling body to be proportional to the time occu- 
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pied by the fall, but he did not know how to determine that law connecting 

the time consumed in falling with the space passed over by the falling 

body. Nevertheless, to find this law, it would have sufficed to invoke the 

following proposition: In a uniformly varied motion, the space traversed 

by the moving body is equal to that which it would traverse in a uniform 

motion, whose duration would be that of the preceding motion and whose 

velocity would be the same as that which affected the preceding motion at 

the mean instant of its duration. This proposition was known to Oresme, 

who had demonstrated it exactly as it was to be demonstrated later by Gali- 

leo. It was enunciated and discussed at the close of the fourteenth century 

by all the logicians who, in the University of Oxford, composed the school 

of William of Heytesbury, Chancellor of Oxford in 1375. It was subse- 

quently examined or invoked in the fifteenth century by all the Italians 

who became the commentators of these logicians. And finally, the masters 

of the University of Paris, contemporaries of da Vinci, taught and demon- 

strated it as Oresme had done. 

This law, which da Vinci was not able to determine, was published in 

1545 by a Spanish Dominican, Domingo de Soto (1494-1560), an alumnus 

of the University of Paris and professor of theology at Alcala de Henares 

and afterward at Salamanca. He formulated the two laws thus: 

The velocity of a falling body increases proportionally to the time of the 

fall. 

The space traversed in a uniformly varied motion is the same as in a 

uniform motion occupying the same time, its velocity being the mean 

velocity of the former. 

In addition, de Soto declared that the motion of a body thrown verti- 

cally upward is uniformly retarded. It should be mentioned that all these 

propositions were formulated by the celebrated Dominican as if in relation 

to truths generally admitted by the masters among whom he lived. 

The Parisian theory, maintaining that the accelerated fall of bodies was 

caused by the effect of a continual increase of impetus caused by gravity, 

was admitted by Julius Caesar Scaliger (1484-1558), Benedetti, and Gab- 

riel Vasquez (1551-1604), the celebrated Jesuit theologian. The first of 

these authors presented this theory in sucha way that uniform acceleration 

of motion seemed naturally to follow from it. 

De Soto, Tartaglia, and Cardano made strenuous efforts, after the 

manner of da Vinci, to explain the motion of projectiles by appealing to the 

conflict between impetus and gravity, but their attempts were frustrated 

by a peripatetic error which several Parisian masters had long before 

rejected. They believed that the motion of the projectile was accelerated 
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from the start and attributed this initial acceleration to an impulse commu- 

nicated by the vibrating air. Indeed, throughout the sixteenth century, the 

Italian Averroists continued to attribute to the ambient air the very trans- 

portation of the projectile. Tartaglia empirically discovered that a piece of 

artillery attained its greatest range when pointed at an angle of forty-five 

degrees to the horizon. Bruno insisted on Oresme’s explanation of the fact 

that a body appears to fall in a vertical line in spite of the Earth’s motion; 

to obtain the trajectory of this body, it is necessary to combine the action 

of its weight with the impetus which the Earth has imparted to it. It was in 

this way that Benedetti set forth the law followed by such an impetus. A 

body whirled in a circle and’suddenly left to itself will move in a straight 

line tangent to the circle at the very point where the body happened to be 

at the moment of its release. For this achievement, Benedetti deserves to 

be ranked among the most valuable contributors to the discovery of the law 

of inertia. In 1553, Benedetti advanced the following argument: In air, or 

any fluid whatever, ten equal stones fall with the same velocity as one of 

their number, and if all were combined, they would still fall with the same 

velocity; therefore, in a fluid, two stones, one of which is ten times heavier 

than the other, fall with the same velocity. Benedetti lauded the extreme 

novelty of this argument with which, in reality, many scholastics had been 

familiar but which they had all claimed was not conclusive because the 

resistance which the air offered to the heavier stone could certainly not be 

ten times that which it opposed to the lighter one. Achillini was one of 

those who clearly maintained this principle. So that it might lead to a cor- 
rect conclusion, Benedetti’s argument had to be restricted to the motion of 
bodies in a vacuum, and this is what was done by Galileo. 

XVI. Galileo’s Work 

Galileo Galilei (1564-1642) had been in youth a staunch peripatetic, but 
he was later converted to the Copernican system and devoted most of his 
efforts to its defense. The triumph of the system of Copernicus could be 
secured only by the perfecting of mechanics, and especially by solving the 
problem presented by the fall of bodies when the Earth was supposed to 
be in motion. It was toward this solution that many of Galileo’s researches 
were directed, and to bring his labors to a successful issue, he had to adopt 
certain principles of Parisian dynamics. Unfortunately, instead of using 
them all, he left it to others to exhaust their fecundity. 

Galilean statics was a compromise between the incorrect method inau- 
gurated in Aristotle’s Mechanical Questions and the correct method of vir- 



History of Physics 191 

tual displacements successfully applied by the School of Jordanus. Imbued 

with ideas that were still intensely peripatetic, it introduced the consider- 

ation of a certain impeto or momento, proportional to the velocity of the 

moving body and not unlike the impetus of the Parisians. Galilean hydro- 

statics also showed an imperfect form of the principle of virtual displace- 

ments, which seemed to have been suggested to the great Pisan by the 

effectual researches made on the theory of running water by his friend 

Benedetto Castelli, the Benedictine (1577-1644). At first Galileo asserted 

that the velocity of a falling body increased proportionally to the space tra- 

versed; afterward, by an ingenious demonstration, he proved the utter 

absurdity of such a law. He then taught that the motion of a freely falling 

body was uniformly accelerated; in favor of this law, he contented himself 

with appealing to its simplicity without considering the continual increase 

of impetus under the influence of gravity. Gravity creates, in equal peri- 

ods, a new and uniform impetus which, added to that already acquired, 

causes the total impetus to increase in arithmetical progression according 

to the time occupied in the fall; hence, the velocity of the falling body. This 

argument, toward which all Parisian tradition had been tending and 

which, in the last place, had been broached by Scaliger, leads to our mod- 

ern law: A constant force produces uniformly accelerated motion. In Gali- 

leo’s work, there is no trace either of the argument or of the conclusion 

deduced therefrom; however, the argument itself was carefully developed 

by Galileo’s friend, Giovanni Battista Baliani (1582-1666). 

From the very definition of velocity, Baliani endeavored to deduce the 

law according to which the space traversed by a falling body is increased 

proportionally to the time occupied in the fall. Here he was confronted by 

a difficulty that had also baffled da Vinci; however, he eventually antici- 

pated its solution, which was given, after similar hesitation, by another of 

Galileo’s disciples, Pierre Gassendi (1592-1655). Galileo had reached the 

law connecting the time occupied in the fall with the space traversed by a 

falling body by using a demonstration that became celebrated as the “dem- 

onstration of the triangle.” It was literally what was given by Oresme in the 

fourteenth century; and, as we have seen, De Soto had thought of using 

Oresme’s proposition in the study of the accelerated fall of bodies. Galileo 

extended the laws of freely falling bodies to a fall down an inclined plane 

and subjected to the test of experiment the law of the motion of a weight 

on an inclined plane. 

A body which, without friction or resistance of any kind, would 

describe the circumference of a circle concentric with the Earth would 

retain an invariable impeto or momento, as gravity would in no way tend to 
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increase or destroy this impeto. This principle, which belonged to the 

dynamics of Buridan and Albert of Saxony, was acknowledged by Galileo. 

On a small surface, a sphere concentric with the Earth is apparently 

merged into a horizontal plane; a body thrown on a horizontal plane and 

free from all friction would therefore assume a motion apparently rectilin- 

ear and uniform. It is only under this restricted and erroneous form that 

Galileo recognized the law of inertia, and in this, he was the faithful disci- 

ple of the School of Paris. 

If a heavy body that is moved by an impeto which would make it 

describe a circle concentric with the Earth is, moreover, free to fall, the 

impeto of uniform rotation and gravity are component forces. To a small 

extent, the motion produced by this mpeto may be assumed to be rectilin- 

ear, horizontal, and uniform; hence, the approximate law may be enunci- 

ated as follows: A heavy body, to which a horizontal initial velocity has 

been imparted at the very moment that it is abandoned to the action of 

gravity, assumes a motion which is sensibly the combination of a uniform 

horizontal motion with the vertical motion that it would assume without 

initial velocity. Galileo then demonstrated that the trajectory of this heavy 

body is a parabola with a vertical axis. This theory of the motion of projec- 

tiles rests on principles in no way conformable to an exact knowledge of the 

law of inertia and which are, at bottom, identical with those invoked by 

Oresme when he wished to explain how, despite the Earth’s rotation, a 

body seems to fall vertically. The argument employed by Galileo did not 

permit him to state how a projectile moves when its initial velocity is not 

horizontal. 

Evangelista Torricelli (1608-1647), a disciple of Castelli and Galileo, 

extended the latter’s method to the case of a projectile whose initial veloc- 
ity had a direction other than horizontal, and he proved that the trajectory 
remained a parabola with a vertical axis. On the other hand, Gassendi 
showed that in this problem of the motion of projectiles, the real law of 
inertia which had just been formulated by Descartes should be substituted 
for the principles admitted by the Parisian dynamics of the fourteenth 
century. 

Mention should be made of Galileo’s observations on the duration of 
the oscillation of the pendulum, as these observations opened up to 
dynamics a new field. Galileo’s progress in dynamics served as a defense 
of the Copernican system, and the discoveries which, with the aid of the 
telescope, he was able to make in the heavens contributed to the same end. 
The spots on the sun’s surface and the mountains (similar to those on the 
Earth), that hid from view certain portions of the lunar disc gave ample 
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proof of the fact that the celestial bodies were not, as Aristotelian physics 

had maintained, formed of an incorruptible substance unlike sublunary 

elements. Moreover, the role of satellite which, in this heliocentric astron- 

omy, the moon played in regard to the Earth was carried out in relation to 

Jupiter by the “Medicean planets,” which Galileo had been the first to dis- 

cover. Not satisfied with having defeated the arguments opposed to the 

Copernican system by adducing these excellent reasons, Galileo was eager 

to establish a positive proof in favor of this system. Inspired perhaps by 

Calcagnini, he believed that the phenomenon of the tides would furnish 

him the desired proof, and consequently he rejected every explanation of 

ebb and flow founded on the attraction of the sun and moon in order to 

attribute the motion of the seas to the centrifugal force produced by ter- 

restrial rotation. Such an explanation would connect the period of high 

tide with the sidereal instead of the lunar day, thus contradicting the most 

ordinary and ancient observations. This remark alone ought to have held 

Galileo back and prevented him from producing an argument better cal- 

culated to overthrow the doctrine of the Earth’s rotation than to establish 

and confirm it. 

On two occasions, in 1616 and 1633, the Inquisition condemned what 

Galileo had written in favor of the system of Copernicus. The hypothesis 

of the Earth’s motion was declared falsa in Philosophia et ad minus erronea 

in fide; the hypothesis of the sun being stationary was adjudged falsa in 

Philosophia et formaliter haeretica. Adopting the doctrine formulated by 

Tycho Brahe in 1578, the Holy Office forbade the use of all astronomical 

hypotheses that did not agree both with the principles of Aristotelian 

physics and with the letter of the Sacred Scriptures. 

XVIII. Initial Attempts in Celestial 
Mechanics: Gilbert; Kepler 

Copernicus had endeavored to describe accurately the motion of each of 

the celestial bodies, and Galileo had striven to show that the views of 

Copernicus were correct; but neither Copernicus nor Galileo had 

attempted to extend to the stars what they knew concerning the dynamics 

of sublunary motions, or to determine thereby the forces that sustain celes- 

tial motions. They were satisfied with holding that the daily rotation of the 

Earth is perpetuated by virtue of an impetus given once for all; that the 

various parts of an element belonging to a star tend toward the center of 

this star by reason of a gravity peculiar to each of the celestial bodies 

through which the body is enabled to preserve its entireness. Thus, in 
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celestial mechanics, these two great scientists contributed scarcely any- 

thing to what had already been taught by Buridan, Oresme, and Nicholas 

of Cusa. About Galileo’s time, we notice the first attempts to constitute 

celestial mechanics—that is, to explain the motion of the stars by the aid 

of forces analogous to those the effects of which we feel upon Earth. The 

most important of these initial attempts were made by William Gilbert 

(1540-1603) and Johann Kepler (1571—1631). 

To Gilbert we are indebted for an exhaustive treatise on magnetism, in 

which he systematically incorporated what was known in medieval times 

of electrical and magnetic phenomena, without adding thereto anything 

very essential; he also gave the results of his own valuable experiments. It 

was in this treatise that he began to expound his Magnetic Philosophy—that 

is, his celestial mechanics—but the work in which he fully developed it 

was not published until 1651, long after his death. Like Oresme and 

Copernicus, Gilbert maintained that in each star there was a particular 

gravity through which the material parts belonging to this star—and these 

only—tended to rejoin the star when they had been separated from it. He 

compared this gravity, peculiar to each star, with the action by which a 

piece of iron flies toward the magnet whose nature it shares. This opinion, 

held by so many of Gilbert’s predecessors and adopted by a great number 

of his imitators, led Francis Bacon astray. Bacon was the enthusiastic her- 

ald of the experimental method, which, however, he never practiced and 

of which he had an utterly false conception. According to Gilbert, the 

Earth, sun, and stars were animated, and the animating principle of each 

communicated to the body the motion of perpetual rotation. From a dis- 

tance, the sun exerted an action perpendicular to the radius vector which 

goes from the center of the sun to a planet, and this action caused the 

planet to revolve around the sun just as a horse turns the horse-mill to 

which it is yoked. 

Kepler himself admitted that in his first attempts along the line of 

celestial mechanics, he was influenced by Nicholas of Cusa and by Gilbert. 

Inspired by the former of these authors, he attributed the Earth’s rotation 

on its axis to an impetus communicated by the Creator at the beginning of 

time; but, under the influence of Gilbert’s theory, he declared that this 

impetus ended by being transformed into a soul or an animating principle. 

In Kepler’s earliest system, as in Gilbert’s, the distant sun was said to exer- 

cise over each planet a power perpendicular to the radius vector, which 

power produced the circular motion of the planet. Kepler had the happy 

thought, however, of proposing a universal attraction for the magnetic 

attraction that Gilbert had considered peculiar to each star. He assumed 
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that every material mass tended toward every other material mass, no mat- 

ter to what celestial body each one belonged; that a portion of matter 

placed between two stars would tend toward the larger and nearer one, 

though it might never have belonged to it; that, at the moment of high tide, 

the waters of the sea rose toward the moon, not because they had any spe- 

cial affinity for this humid star, but by virtue of the general tendency that 

draws all material masses toward one another. 

In the course of numerous attempts to explain the motion of the stars, 

Kepler was led to complicate his first celestial mechanics. He assumed that 

all celestial bodies were plunged into an aethereal fluid, that the rotation of 

the sun engendered a vortex within this fluid, the reactions of which inter- 

posed to deflect each planet from the circular path. He also thought that a 

certain power, similar to that which directs the magnetic needle, preserved 

invariable in space the direction of the axis around which the rotation of 

each planet is effected. The unstable and complicated system of celestial 

mechanics taught by Kepler sprang from deficient dynamics which, on 

many points, was more akin to that of the peripatetics than to that of the 

Parisians. These many vague hypotheses, however, exerted an incontest- 

able influence on the attempts of scientists, from Kepler to Newton, to 

determine the forces that move the stars. If, indeed, Kepler prepared the 

way for Newton’s work, it was mainly by the discovery of the three admi- 

rable laws that have immortalized his name; and by teaching that the plan- 

ets described ellipses instead of circles, he produced in astronomy a 

revolution greater by far than that caused by Copernicus. He destroyed the 

last time-honored principle of ancient physics, according to which all 

celestial motions were reducible to circular motion. 

XIX. Controversies Concerning Geostatics 

The “magnetic” philosophy adopted and developed by Gilbert was not 

only rejected by Kepler but also badly abused in a dispute over the princi- 

ples of statics. A number of the Parisian scholastics of the fourteenth cen- 

tury, and Albert of Saxony in particular, had accepted the principle that in 

every body there is a fixed, determined point which tends to join the center 

of the World, this point being identical to the center of gravity as consid- 

ered by Archimedes. From this principle, various authors, notably da 

Vinci, deduced corollaries that retained a place in statics. The Copernican 

revolution had modified this principle but little, having simply substituted 

for the center of the universe a particular point in each star toward which 

tended the center of gravity of each mass belonging to this star. Coperni- 
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cus, Galileo, and Gilbert admitted the principle thus modified, but Kepler 

rejected it. In 1635, Jean Beaugrand deduced from this principle a para- 

doxical theory on the gravity of bodies, and particularly on the variation in 

the weight of a body whose distance from the center of the universe 

changes. Opinions similar to those proposed by Beaugrand in his geostat- 

ics were held in Italy by Castelli and in France by Pierre Fermat (1608— 

1665). Fermat’s doctrine was discussed and refuted by Etienne Pascal 

(1588-1651) and Gilles Persone de Roberval (1602-1675), and the admi- 

rable controversy between these authors and Fermat contributed in great 

measure to the clear exposition of a certain number of ideas employed in 

statics, among them that of the center of gravity. 

It was this controversy which led Descartes to revive the question of 

virtual displacements in precisely the same form as that adopted by the 

School of Jordanus, in order that the essential propositions of statics might 

be given a stable foundation. On the other hand, Torricelli based all his 

arguments concerning the laws of equilibrium on the axiom quoted above: 

A system endowed with weight is in equilibrium when the center of grav- 

ity of all the bodies forming it is the lowest possible. Cardano and perhaps 

da Vinci had derived this proposition from the doctrine of Albert of Sax- 

ony, but Torricelli was careful to use it only under circumstances in which 

all verticals are considered parallel to one another, and, in this way, he sev- 

ered all connection between the axiom that he admitted and the doubtful 

hypotheses of Parisian physics or magnetic philosophy. Thenceforth the 

principles of statics were formulated with accuracy; John Wallis (1616— 

1703), Pierre Varignon (1654-1722), and Jean Bernoulli (1667-1748) had 

merely to complete and develop the information provided by Stevin, Rob- 

erval, Descartes, and Torricelli. 

XX. Descartes’s Work 

We have just stated what part Descartes took in the building of statics by 

bringing forward the method of virtual displacements, but his active inter- 

est in the building up of dynamics was still more important. He clearly for- 

mulated the law of inertia as observed by Benedetti: Every moving body is 

inclined, if nothing prevents it, to continue its motion in a straight line and 

with constant velocity; a body cannot move in a circle unless it is drawn 

toward the center by centripetal movement in opposition to the centrifugal 
force by which this body tends to fly away from the center. Because of the 
similarity of the views held by Descartes and Benedetti concerning this 
law, we may conclude that Descartes’s discovery was influenced by that of 
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Benedetti, especially as Benedetti’s works were known to Marin Mersenne 

(1588-1648), the faithful friend and correspondent of Descartes. Des- 

cartes connected the following truth with the law of inertia: A weight con- 

stant in size and direction causes a uniformly accelerated motion. Besides, 

we have seen how, with the aid of Descartes’s principles, Gassendi was 

able to rectify what Galileo had taught concerning falling bodies and the 

motion of projectiles. 

In statics, a heavy body can often be replaced by a material point placed 

at its center of gravity; but in dynamics, the question arises whether the 

motion of a body can be treated as if this body were entirely concentrated 

in one of these points, and also which point this is. This question relative 

to the existence and finding of a center of impulsion had already engrossed 

the attention of da Vinci and, after him, of Bernardino Baldi (1553-1617). 

Baldi asserted that in a body undergoing a motion of translation, the center 

of impulsion does not differ from the center of gravity. Now, is there a 

center of impulsion and, if so, where is it to be found in a body undergoing 

a motion other than that of translation—for instance, by rotation around 

an axis? In other words, is there a simple pendulum that moves in the same 

way as a given compound pendulum? Inspired, no doubt, by reading 

Baldi, Mersenne laid this problem before Roberval and Descartes, both of 

whom made great efforts to solve it but became unfriendly to each other 

because of the difference in their respective propositions. Of the two, Des- 

cartes came nearer to the truth, but the dynamic principles that he used 

were not sufficiently accurate to justify his opinion in a convincing man- 

ner; the glory was reserved for Christiaan Huygens. 

The Jesuits, who at the College of La Fléche had been the preceptors 

of Mersenne and Descartes, did not teach peripatetic physics in its stereo- 

typed integrity, but Parisian physics; the treatise that guided the instruc- 

tion imparted at this institution being represented by the Commentaries on 

Aristotle, published by the Jesuits of Coimbra at the close of the seven- 

teenth century. Hence, it can be understood why the dynamics of Des- 

cartes had many points in common with the dynamics of Buridan and the 

Parisians. Indeed, so close were the relations between Parisian and Carte- 

sian physics that certain professors at La Fléche, such as Etienne Noél 

(1581-1660), became Cartesians. Other Jesuits attempted to build up a 

sort of combination of Galilean and Cartesian mechanics and the mechan- 

ics taught by Parisian scholasticism, and foremost among these men must 

be mentioned Honoré Fabri (1606—1688), a friend of Mersenne. 

In every moving body, Descartes maintained the existence of a certain 

power to continue its motion in the same direction and with the same 
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velocity; this power, which he called the quantity of motion, he measured 

by estimating the product of the mass of the moving body by the velocity 

that impels it. The affinity is close between the role which Descartes 

attributed to this quantity of motion and that which Buridan ascribed to 

impetus. Fabri was fully aware of this analogy, and the momentum that he 

discussed was at once the impetus of the Parisians and Descartes’s quan- 

tity of motion. In statics, he identified this momentum with what Galileo 

called momento or impeto, and this identification was certainly conformable 

to the Pisan’s idea. Fabri’s synthesis was well adapted to make the truth 

clear that modern dynamics, the foundations of which were laid by Des- 

cartes and Galileo, proceeded almost directly from the dynamics taught 

during the fourteenth century in the University of Paris. 

If the special physical truths demonstrated or anticipated by Descartes 

were easily traceable to the philosophy of the fourteenth century, the prin- 

ciples on which the great geometer wished to base these truths were abso- 

lutely incompatible with this philosophy. In fact, denying that in reality 

there existed anything qualitative, Descartes insisted that matter be 

reduced to extension and to the attributes of which extension seemed to 

him susceptible—namely, numerical proportions and motion. And it was 

by combinations of different figures and motions that all the effects of 

physics could be explained according to his liking. Therefore, the power 

by virtue of which a body tends to preserve the direction and velocity of its 

motion is not a quality distinct from motion, such as the impetus recog- 

nized by the scholastics; it is nothing other than the motion itself, as was 

taught by William of Ockham at the beginning of the fourteenth century. 

A body in motion and isolated would always retain the same quantity of 

motion, but there is no isolated body in a vacuum because, matter being 

identical to extension, vacuum is inconceivable, as is also compressibility. 

The only conceivable motions are those which can be produced in the 

midst of incompressible matter—that is, vortical motions confined within 

their own bulk. 

In these motions, bodies drive one another from the place they have 
occupied, and in such a transmission of motion, the quantity of motion of 
each of these bodies varies; however, the entire quantity of motion of all 
bodies that impinge on one another remains constant, as God always main- 
tains the same sum total of motion in the World. This transmission of 
motion by impact is the only action that bodies can exert over one another, 
and in Cartesian as well as Aristotelian physics, a body cannot put another 
in motion unless it touches it, immediate action at a distance being beyond 
conception. 
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There are various species of matter, differing from one another only in 

the size and shape of the contiguous particles of which they are formed. 

The space that extends between the different heavenly bodies is filled with 

a certain subtle matter, the fine particles of which easily penetrate the 

interstices left between the coarser constituents of other bodies. The prop- 

erties of subtle matter play an important part in all Cartesian cosmology. 

The vortices in which subtle matter moves, and the pressure generated by 

these vortical motions, serve to explain all celestial phenomena. Leibniz 

was right in supposing that for this part of his work, Descartes had drawn 

largely on Kepler. Descartes also strove to explain, with the aid of the fig- 

ures and motions of subtle and other matter, the different effects observ- 

able in physics, particularly the properties of the magnet and of light. 

Light is identical to the pressure which subtle matter exerts over bodies, 

and, as subtle matter is incompressible, light is instantly transmitted to any 

distance, however great. 

The supposition by the aid of which Descartes attempted to reduce all 

physical phenomena to combinations of figures and motions had scarcely 

any part in the discoveries that he made in physics. Therefore, the identi- 

fication of light with the pressure exerted by subtle matter plays no part in 

the invention of the new truths which Descartes taught in optics. Fore- 

most among these truths is the law of the refraction of light passing from 

one medium to another, although the question still remains whether Des- 

cartes discovered this law himself or whether, as Huygens accused him of 

doing, he borrowed it from Willebrord Snellius (1591-1626), without any 

mention of the real author. By this law, Descartes gave the theory of 

refraction through a prism, which permitted him to measure the indices of 

refraction; moreover, he greatly perfected the study of lenses and finally 

completed the explanation of the rainbow, no progress having been made 

along this line from the year 1300, when Theodoric of Freiberg had given 

his treatise on it. The reason the rays emerging from the drops of water are 

variously colored, however, was no better known by Descartes than by 

Aristotle; it remained for Newton to make the discovery. 

XXI. Progress of Experimental Physics 

Even in Descartes’s work, the discoveries in physics were almost indepen- 

dent of Cartesianism. The knowledge of natural truths continued to 

advance without the influence of this system and, at times, even in oppo- 

sition to it, although those to whom this progress were due were often Car- 

tesians. This advancement was largely the result of a more frequent and 
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skillful use of the experimental method. The art of making logically con- 

nected experiments and of deducing their consequences is indeed ancient; 

in a way, the works produced by this art were no more perfect than the 

researches of Pierre of Maricourt on the magnet or Theodoric of Freiberg 

on the rainbow. However, if the art remained the same, its technic contin- 

ued to improve; more skilled workmen and more powerful processes fur- 

nished physicists with more intricate and better-made instruments, and 

thus rendered possible more delicate experiments. The imperfect tests 

made by Galileo and Mersenne in endeavoring to determine the specific 

weight of air mark the beginning of the development of the experimental 

method, which was at once vigorously pushed forward by discussions 

about vacuum. 

In peripatetic physics, the possibility of an empty space was a logical 

contradiction, but after the condemnation pronounced at Paris in 1277 by 

Tempier, the existence of a vacuum ceased to be considered absurd. It was 

simply taught as a fact that the powers of nature are so constructed as to 

oppose the production of an empty space. Of the various conjectures pro- 

posed concerning the forces which prevent the appearance of a vacuum, 

the most sensible and, it would seem, the most generally received among 

sixteenth-century Parisians was the following: Contiguous bodies adhere 

to one another, and this adhesion is maintained by forces resembling those 

by which a piece of iron adheres to the magnet which it touches. In naming 

this force horror vacui, there was no intention of considering the bodies as 

animate beings. A heavy piece of iron detaches itself from the magnet that 

should hold it up, its weight having conquered the force by which the 

magnet retained it; in the same way, the weight of too heavy a body can 

prevent the horror vacui from raising this body. This logical corollary of 

the hypothesis we have just mentioned was formulated by Galileo, who 

saw therein the explanation of a fact well known to the cistern makers of 

his time; namely, that a suction pump could not raise water higher than 

thirty-two feet. This corollary entailed the possibility of producing an 

empty space, a fact known to Torricelli, who, in 1644, made the celebrated 

experiment with mercury that was destined to immortalize his name. At 

the same time, however, he anticipated a new explanation of this experi- 

ment: The mercury is supported in the tube not by the horror vacui that 

does not exist but by the pressure which the heavy air exerts on the exte- 

rior surface of the basin... 

Torricelli’s experiment quickly attracted the attention of physicists. In 

France, thanks to Mersenne, it called forth on his part, and on that of those 
who had dealings with him, many experiments in which Roberval and Pas- 
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cal (1623-1662) vied with each other in ingenuity, and in order to have the 

resources of technic more easily at his disposal, Pascal made his startling 

experiments in a glass factory at Rouen. Among the numerous inquirers 

interested in Torricelli’s experiment, some accepted the explanation 

offered by the “column of air” and advanced by the great Italian geometer 

himself; whereas others, such as Roberval, held to the ancient hypothesis 

of an attraction analogous to magnetic action. At length, with a view 

toward settling the difference, an experiment was made which consisted in 

measuring at what height the mercury remained suspended in Torricelli’s 

tube, observing it first at the foot of a mountain and then at the summit. 

The idea of this experiment seemed to have suggested itself to several 

physicists, notably Mersenne, Descartes, and Pascal, and through the 

instrumentality of the last named and the courtesy of Périer, his brother- 

in-law, it was made between the base and summit of Puy-de-Dome, Sep- 

tember 19, 1648. The Traité de Pequilibre de liqueurs et de la pesanteur de la 

masse de l’air, which Pascal subsequently composed, is justly cited as a 

model of the art of logically connected experiments with deductions. 

There were many discussions between atomists and Cartesians as to 

whether the upper part of Torricelli’s tube was really empty or was filled 

with subtle matter, but these discussions bore little fruit. Fortunately for 

physics, however, the experimental method so accurately followed by 

Torricelli, Pascal, and their rivals continued to progress. 

Otto von Guericke (1602—1686) seems to have preceded Torricelli in 

the production of an empty space, since, between 1632 and 1638, he 

appears to have constructed his first pneumatic machine; with the aid of 

this instrument, in 1654 he made the celebrated Magdeburg experiments, 

published in 1657 by his friend Gaspar Schott, S. J. (1608-1660). 

Informed by Schott of Guericke’s researches, Robert Boyle (1620-1691) 

perfected the pneumatic machine and, assisted by Richard Townley, his 

pupil, pursued the experiments that made known the law of the compress- 

ibility of perfect gases. In France these experiments were taken up and 

followed by Mariotte (1620-1684). The use of the dilatation of a fluid for 

showing the changes of temperature was already known to Galileo, but it 

is uncertain whether the thermoscope was invented by Galileo or by one 

of the numerous physicists to whom the priority is attributed, among 

these being Santorio, called Sanctorius (1560-1636), Fra Paolo Sarpi 

(1552-1623), Cornelis van Drebbel (1572-1634), and Robert Fludd 

(1574-1637). Although the various thermoscopes for air or liquid used in 

the beginning admitted of only arbitrary graduation, they nevertheless 

served to indicate the constancy of the temperature or the direction of its 
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variations and consequently contributed to the discovery of a number of 

laws of physics. Hence, this apparatus was used in the Accademia del 

Cimento, which was opened at Florence on June 19, 1657, and was 

devoted to the study of experimental physics. To the members of this 

academy we are especially indebted for the demonstration of the con- 

stancy of the point of fusion of ice and of the absorption of heat accompa- 

nying this fusion. Observations of this kind, made by means of the 

thermoscope, created an ardent desire for the transformation of this appa- 

ratus into a thermometer, by the aid of a definite graduation so arranged 

that instruments could be made everywhere which would be comparable 

with one another. This problem, one of the most important in physics, 

was not solved until 1702, when Guillaume Amontons (1663-1705) 

worked it out in the most remarkable manner. Amontons took as a starting 

point these two laws, discovered or verified by him: The boiling point of 

water under atmospheric pressure is constant. The pressures sustained by 

any two masses of air, heated in the same way in any two constant vol- 

umes, have a relation independent of the temperature. These two laws 

enabled Amontons to use the air thermometer under constant volume and 

to graduate it in such a way that it gave what we today call absolute tem- 

perature. Of all the definitions of the degree of temperature given since 

Amontons’s time, he, at the first stroke, found the most perfect. Equipped 

with instruments capable of measuring pressure and registering tempera- 

ture, experimental physics could not but make rapid progress, this being 

still further augmented by reason of the interest shown by the learned 

societies that had recently been founded. The Accademia del Cimento 

was discontinued in 1667, but the Royal Society of London had begun its 

sessions in 1663, and the Académie des Sciences at Paris was founded or, 

rather, organized by Colbert in 1666. These academies immediately 
became the enthusiastic centers of scientific research in regard to natural 
phenomena. 

XXII. Undulatory Theory of Light 

It was to the Académie des Sciences of Paris that, in 1678, Christiaan 
Huygens (1629-1695) presented his Treatise on Light. According to the 
Cartesian system, light was instantly transmitted any distance through the 
medium of incompressible subtle matter. Descartes did not hesitate to 
assure Fermat that his entire philosophy would give way as soon as it 
could be demonstrated that light is propagated with a limited velocity. In 
1675, Ole Romer (1644-1710), the Danish astronomer, announced to the 
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Académie des Sciences the extent of the considerable but finite velocity 

with which light traverses the space that separates the planets from one 

another; the study of the eclipses of Jupiter’s satellites had brought him to 

this conclusion. Descartes’s optical theory was destroyed, and Huygens 

undertook to build a new theory of light. He was constantly guided by the 

supposition that, in the midst of compressible aether, substituted for 

incompressible subtle matter, light is propagated by waves exactly similar 

to those which transmit sound through a gaseous medium. This compar- 

ison led him to an explanation, which is still the standard one, of the laws 

of reflection and refraction. In this explanation, the index of the refraction 

of light passing from one medium to another equals the ratio of the veloc- 

ity of propagation in the first medium to the velocity of propagation in the 

second. In 1850, this fundamental law was confirmed by Foucault’s 

experiments. 

Huygens did not stop here, however. In 1669, Erasmus Bartolin, 

known as Bartholinus (1625-1698), discovered the double refraction of 

Iceland spar. By using a generalization, as ingenious as it was daring, of the 

theory he had given for noncrystallized media, Huygens succeeded in trac- 

ing the form of the surface of a luminous wave inside a crystal such as spar 

or quartz, and in defining the apparently complex laws of the double 

refraction of light in the interior of these crystals. At the same time, he 

called attention to the phenomena of polarization which accompany this 

double refraction; he was, however, unable to draw from his optical theory 

the explanation of these effects. The comparison between light and sound 

caused Malebranche (1638-1715) to make some effective conjectures in 

1699. He assumed that light is a vibratory motion analogous to that pro- 

duced by sound; the greater or lesser amplitude of this motion, as the case 

may be, generates a greater or lesser intensity, but while in sound each 

period corresponds to a particular note, in light it corresponds to a partic- 

ular color. Through this analogy, Malebranche arrived at the idea of 

monochromatic light, which Newton was to deduce from admirably con- 

ducted experiments; moreover, he established between simple color and 

the period of the vibration of light the connection that was to be preserved 

in the optics of Young and Fresnel. 

XXIII. Developments of Dynamics 

Both Cartesians and atomists maintained that impact was the only pro- 

cess by which bodies could put one another in motion: hence, to Carte- 

sians and atomists, the theory of impact seemed like the first chapter of 
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rational physics. This theory had already enlisted the attention of Gali- 

leo, Marcus Marci (1639), and Descartes when, in 1668, the Royal Soci- 

ety of London proposed it as the subject of a competition; of the three 

important memoirs submitted to the criticism of this society by John 

Wallis, Christopher Wren (1632-1723), and Huygens, the last is the only 

one that we can consider. In his treatise, Huygens adopted the following 

principle: If a material body, subject merely to the action of gravity, 

starts from a certain position with initial velocity equal to zero, the center 

of gravity of this body can at no time rise higher than it was at the outset 

of the motion. Huygens justified this principle by observing that if it 

were false, perpetual motion would be possible. To find the origin of this 

axiom, it would be necessary to go back to De subtilitate by Cardano, who 

had probably drawn it from the notes of da Vinci; the proposition on 

which Torricelli had based his statics was a corollary from this postulate. 

By maintaining the accuracy of this postulate, even in the case in which 

parts of the system clash; by combining it with the law of the accelerated 

fall of bodies, taken from Galileo’s works, and with another postulate on 

the relativity of motion, Huygens arrived at the law of the impact of hard 

bodies. He showed that the quantity the value of which remains constant 

in spite of this impact is not, as Descartes declared, the total quantity of 

motion but that which Leibniz called the quantity of vis viva (living 

force). 

The axiom that had so happily served Huygens in the study of the 

impact of bodies he now extended to a body oscillating around a horizon- 

tal axis, and his Horologium oscillatorium, which appeared in 1673, solved 

in the most elegant and complete manner the problem of the centers of 

oscillation previously handled by Descartes and Roberval. That Huy- 

gens’s axiom was the subversion of Cartesian dynamics was shown by 

Leibniz in 1686. If, like Descartes, we measure the efficiency of a force by 
the work that it does, and if, moreover, we admit Huygens’s axiom and 
the law of falling bodies, we find that this efficiency is not measured by 
the increase in the quantity of motion of the moving body but by the 
increase in half the product of the mass of the moving body and the 
square of its velocity. It was this product that Leibniz called vis viva. 
Huygens’s Horologium oscillatorium gave not only the solution of the 
problem of the center of oscillation but likewise a statement of the laws 
which, in circular motion, govern the magnitude of centrifugal force, and 
thus it was that the eminent physicist prepared the way for Newton, the 
lawgiver of dynamics. 
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XXIV. Newton’s Work 

Most of the great dynamical truths had been discovered between the time 

of Galileo and Descartes and that of Huygens and Leibniz. The science of 

dynamics required a Euclid who would organize it as geometry had been 

organized, and this Euclid appeared in the person of Isaac Newton (1642— 

1727) who, in his Philosophiae naturalis principia mathematica, published in 

1687, succeeded in deducing the entire science of motion from three pos- 

tulates: inertia, the independence of the effects of previously acquired 

forces and motions, and the equality of action and reaction. Had Newton’s 

Principia contained nothing more than this coordination of dynamics into 

a logical system, they would nevertheless have been one of the most impor- 

tant works ever written; but, in addition, they gave the grandest possible 

application of this dynamics in utilizing it for the establishment of celestial 

mechanics. In fact, Newton succeeded in showing that the laws of bodies 

falling to the surface of the Earth, the laws that preside over the motion of 

planets around the sun and of satellites around the planets which they 

accompany, and, finally, the laws that govern the form of the Earth and of 

the other stars, as also the high and low tides of the sea, are but so many 

corollaries from this unique hypothesis: Two bodies, whatever their origin 

or nature, exert over each other an attraction proportional to the product 

of their masses and in inverse ratio to the square of the distance that sepa- 

rates them. 

The dominating principle of ancient physics declared the essential dis- 

tinction between the laws that directed the motions of the stars—beings 

exempt from generation, change, and death—and the laws presiding over 

the motions of sublunary bodies subject to generation and corruption. 

From the birth of Christian physics and especially from the end of the 

thirteenth century, physicists had been endeavoring to destroy the author- 

ity of this principle and to render the celestial and sublunary worlds sub- 

ject to the same laws, the doctrine of universal gravitation being the 

outcome of this prolonged effort. In proportion as the time approached 

when Newton was to produce his system, attempts at cosmology were 

multiplied, so many forerunners, as it were, of this discovery. When, in 

1672, Guericke again took up Kepler’s celestial mechanics, he made only 

one correction therein, which unfortunately caused the disappearance of 

the only proposition by which this work led up to Newton’s discoveries. 

Kepler had maintained that two material masses of any kind attract each 

other, but in imitation of Copernicus, Gilbert, and Galileo, Guericke lim- 

ited this mutual attraction to parts of the same star so that, far from being 
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attracted by the Earth, portions of the moon would be repelled by the 

Earth if placed on its surface. But in 1644, under the pseudonym 

Aristarchus of Samos, Roberval published a system of celestial mechanics 

in which the attraction was perhaps mutual between two masses of no mat- 

ter what kind; in which, at all events, the Earth and Jupiter attracted their 

satellites with a power identical to the gravity with which they endowed 

their own fragments. In 1665, on the pretense of explaining the motions of 

Jupiter’s satellites, Giovanni Alfonso Borelli (1608-1679) tried to advance 

a theory which simultaneously comprised the motions of the planets 

around the sun and of the satellites around the planets. He was the first of 

modern scientists (Plutarch having preceded him) to hold the opinion that 

the attraction which causes a planet to tend toward the sun and a satellite 

to tend toward the star which it accompanies is in equilibrium with the 

centrifugal force produced by the circular motion of the planet or satellite 

in question. In 1674, Robert Hooke (1635-1702) formulated the same idea 

with great precision. Having already supposed the attraction of two masses 

to vary inversely as the square of their distance, he possessed the funda- 

mental hypotheses of the theory of universal gravitation, which hypothe- 

ses were held by Wren about the same time. Neither of these scientists, 

however, was able to deduce therefrom celestial mechanics, as both were 

still unacquainted with the laws of centrifugal force, published at this time 

by Huygens. In 1684, Edmund Halley (1656-1742) strove to combine 

Huygens’s theories with Hooke’s hypotheses, but before his work was fin- 

ished, Newton presented his Principia to the Royal Society, having for 

twenty years silently pursued his meditations on the system of the Worid. 

Halley, who could not forestall Newton, had the glory of broadening the 

domain of universal gravitation by making it include comets (1705). 

Not satisfied with creating celestial mechanics, Newton also contrib- 

uted largely to the progress of optics. From ancient times, the coloring of 
the spectrum, produced by the passage of white light through a glass 
prism, had elicited the wonder of observers and appealed to the acumen of 
physicists without, however, being satisfactorily explained. Finally, a 
complete explanation was given by Newton, who, in creating a theory of 
colors, accomplished what all the philosophers from Aristotle down had 
labored in vain to achieve. The theory advanced by the English physicist 
agreed with that proposed by Malebranche at the same time. Male- 
branche’s theory, however, was nothing more than a hypothesis suggested 
by the analogy between light and sound, whereas Newton’s explanation 
was drawn from experiments, as simple as they were ingenious, its exposi- 
tion by the author was one of the most beautiful examples of experimental 
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induction. Unfortunately, Newton disregarded this analogy between 

sound and light that had furnished Huygens and Malebranche with such 

fruitful discoveries. Newton’s opinion was to the effect that light is formed 

of infinitely small projectiles thrown off with extreme velocity by incan- 

descent bodies. The particles of the medium in which these projectiles 

move exert over them an attraction similar to universal attraction; how- 

ever, this new attraction does not vary inversely as the square of the dis- 

tance but according to another function of the distance, and in such a way 

that it exercises a great power between a material particle and a luminous 

corpuscle that are contiguous. Nevertheless, this attraction becomes alto- 

gether insensible as soon as the two masses between which it operates are 

separated from each other by a perceptible interval. 

This action exerted by the particles of a medium on the luminous cor- 

puscles pervading them changes the velocity with which these bodies 

move and the direction they follow at the moment of passing from one 

medium to another; hence the phenomenon of refraction. The index of 

refraction is the ratio of the velocity of light in the medium which it enters 

to the velocity it had in the medium which it leaves. Now, as the index of 

refraction so understood was precisely the reverse of that attributed to it 

by Huygens’s theory, in 1850, Foucault submitted both to the test of 

experiment, with the result that Newton’s theory of emission was con- 

demned. Newton explained the experimental laws that govern the coloring 

of thin laminae, such as soap bubbles, and succeeded in compelling these 

colors, by suitable forms of these thin laminae, to assume the regular order 

known as “Newton’s Rings.” To explain this phenomenon, he conceived 

that luminous projectiles have a form that may, at the surface of contact of 

two media, either pass easily or be easily reflected, according to the man- 

ner of their presentation at the moment of passage; a rotary motion causes 

them to pass alternately by “fits of easy transmission or of easy reflection.” 

Newton thought that he had accounted for the principal optical phe- 

nomena by supposing that, besides this universal attraction, there existed 

an attraction, sensible only ata very short distance, exerted by the particles 

of bodies on luminous corpuscles, and naturally he came to believe that 

these two kinds of attraction would suffice to explain all physical phenom- 

ena. Action extending to a considerable distance, such as electric and mag- 

netic action, must follow laws analogous to those which govern universal 

gravity; on the other hand, the effects of capillarity and cohesion, chemical 

decomposition, and reaction must depend on molecular attraction extend- 

ing only to extremely small distances and similar to that exerted over lumi- 

nous corpuscles. This comprehensive hypothesis proposed by Newton in 
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a “question” placed at the end of the second edition of his Optics (1717) 

gave a sort of outline of the program which eighteenth-century physics 

was to attempt to carry out. 

XXV. Progress of General and Celestial 
Mechanics in the Eighteenth Century 

This program made three demands: first, that general mechanics and 

celestial mechanics advance in the manner indicated by Newton; second, 

that electric and magnetic phenomena be explained by a theory analogous 

to that of universal gravitation; and third, that molecular attraction furnish 

the detailed explanations of the various changes investigated by physics 

and chemistry. 

Many followed in the path outlined by Newton and tried to extend the 

domain of general and celestial mechanics, but there were three who seem 

to have surpassed all the others: Alexis-Claude Clairaut (1713-1765), 

Jean-Baptiste le Rond d’Alembert (1717-1783), and Leonhard Euler 

(1707-1783). The progress which, thanks to these three able men, was 

made in general mechanics may be summed up as follows. In 1743, by his 

principle of the equilibrium of channels, which was easily connected with 

the principle of virtual displacements, Clairaut obtained the general equa- 

tions of the equilibrium of liquids. In the same year, d’Alembert formu- 

lated a rule whereby all problems of motion were reduced to problems of 

equilibrium and, in 1744, applied this rule to the equation of hydrostatics 

given by Clairaut and arrived at the equations of hydrodynamics. Euler 

transformed these equations and, in his studies on the motion of liquids, 

was able to obtain results no less important than those which he had 

obtained by analyzing the motion of solids. Clairaut extended the conse- 

quences of universal attraction in all directions, and in 1743, the equations 

of hydrostatics that he had established enabled him to perfect the theory 

of the figure of the earth. In 1752, he published his theory of lunar inequal- 

ities, which he had at first despaired of accounting for by Newton’s prin- 

ciples. The methods that he devised for the study of the perturbations 

which the planets produce on the path of a star permitted him, in 1758, to 

announce with accuracy the time of the return of Halley’s Comet. The 

confirmation of this prediction in which Clairaut had received assistance 

from Lalande (1732-1807) and Mme. Lepaute, both able mathematicians, 

placed beyond doubt the applicability of Newton’s hypotheses to comets. 

Great as were Clairaut’s achievements in perfecting the system of uni- 

versal attraction, they were not as important as those of d’Alembert. New- 
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ton could not deduce from his suppositions a satisfactory theory of the 

precession of the equinoxes, and this failure marred the harmony of the 

doctrine of universal gravitation. In 1749, d’Alembert deduced from the 

hypothesis of gravitation the explanation of the precession of the equi- 

noxes and of the nutation of the earth’s axis; and soon afterward, Euler, 

drawing on the admirable resources of his mathematical genius, made still 

further improvements on d’Alembert’s discovery. Clairaut, d’Alembert, 

and Euler were the most brilliant stars in an entire constellation of 

mechanical theorists and astronomers, and after this group came another, 

in which shone two men of surpassing intellectuality: Joseph-Louis 

Lagrange (1736-1813) and Pierre-Simon Laplace (1749-1827). Laplace 

was said to have been born to complete celestial mechanics, if, indeed, it 

were in the nature of a science to admit of completion; and quite as much 

could be said of Lagrange with regard to general mechanics. In 1787, 

Lagrange published the first edition of his Mécanique analytique; the sec- 

ond, which was greatly enlarged, was published after the author’s death. 

Laplace’s Mécanique celeste was published from 1799 to 1805, and both of 

these works give an account of the greater part of the mechanical conquests 

made in the course of the eighteenth century, with the assistance of the 

principles that Newton had assigned to general mechanics and the laws 

that he had imposed on universal gravitation. However exhaustive and 

effective these two treatises are, they do not by any means include all the 

discoveries in general and celestial mechanics for which we are indebted to 

their authors. To do Lagrange even meager justice, his able researches 

should be placed on a par with his Mécanique analytique; and our idea of 

Laplace’s work would be very incomplete were we to omit the grand cos- 

mogonic hypothesis with which, in 1796, he crowned his Exposition du 

systéme du monde. In developing this hypothesis, the illustrious geometer 

was unaware that in 1755, Kant had expressed similar suppositions which 

were marred by serious errors in dynamic theories. 

XXVI. Establishment of the Theory 
of Electricity and Magnetism 

For a long time, the study of electric action was merely superficial, and at 

the beginning of the eighteenth century, it was still in the condition in 

which Thales of Miletus had left it, remaining far from the point to which 

the study of magnetic attraction and repulsion had been carried in the time 

of Pierre de Maricourt (Petrus Peregrinus). When, in 1733 and 1734, 

Charles-Francois de Cisternay du Fay distinguished two kinds of electric- 
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ity, resinous and vitreous, and when he proved that bodies charged with 

the same kind of electricity repel one another, whereas those charged with 

different kinds attract one another, electrical science was brought to the 

level that magnetic science had long before attained, and thenceforth these 

two sciences, united by the closest analogy, progressed side by side. They 

advanced rapidly as, in the eighteenth century, the study of electrical phe- 

nomena became a popular craze. Physicists were not the only ones devoted 

to it; men of the world crowded the salons where popularizers of the sci- 

ence, such as the Abbé Nollet (1700-1770), enlisted as votaries dandified 

marquesses and sprightly marchionesses. Numerous experimentalists 

applied themselves to multiplying observations on electricity and magne- 

tism, but we shall restrict ourselves to mentioning Benjamin Franklin 

(1706-1790), who, by his logically conducted researches, contributed 

more than any other man to the formation of the theories of electricity and 

magnetism. The researches of Henry Cavendish (1731-1810) deserve to 

be placed in the same rank as Franklin’s, though they were little known 

before his death. 

By means of Franklin’s experiments and his own, Aepinus (Franz 

Ulrich Theodor Hoch, 1724-1802) became the first to attempt to solve the 

problem suggested by Newton and, by the hypothesis of attractive and 

repellent forces, to explain the distribution of electricity and magnetism 

over the bodies which they affect. His researches could not be pushed very 

far, as it was still unknown that these forces depend on the distance at 

which they are exerted. Moreover, Aepinus succeeded in drawing still 

closer the connection already established between the sciences of electric- 

ity and magnetism, by showing the polarization of each of the elements of 

the insulating plate which separates the two collecting plates of the con- 

denser. The experiment he made in this line in 1759 was destined to sug- 

gest to Coulomb the experiment of the broken magnets and the theory of 

magnetic polarization, which is the foundation of the study of magnets; it 

was also to be the starting point of an entire branch of electrical science— 

namely, the study of dielectric bodies, which study was developed in the 

nineteenth century by Michael Faraday and James Clerk Maxwell. 

Their analogy to the fertile law of universal gravitation undoubtedly led 

physicists to suppose that electrical and magnetic forces vary inversely as 

the square of the distance that separates the acting elements; but so far, this 

opinion had not been confirmed by experiment. In 1780, however, it 
received this confirmation from Charles Augustin Coulomb with the aid 
of the torsion balance. By the use of this balance and the proof plane, he 
was able to make detailed experiments on the subject of the distribution of 
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electricity over conductive bodies; no such tests had previously been 

made. Although Coulomb’s experiments placed beyond doubt the ele- 

mentary laws of electricity and magnetism, it still remained to be estab- 

lished by mathematical analysis how electricity was distributed over the 

surface of conductive bodies of given shape and how a piece of soft iron 

was magnetized under given circumstances. The solution of these prob- 

lems was attempted by Coulomb and also, in 1787, by Hauy, but neither 

of these two savants pushed his tests very far. The establishment of prin- 

ciples which would permit analysis of the distribution of electricity on 

conductors and of magnetism on soft iron required the genius of Simon- 

Denis Poisson (1781-1840). 

In 1812, Poisson showed how the investigation of the distribution of 

electricity in equilibrium on conductors belonged to the domain of analy- 

sis, and he gave a complete solution of this problem in the case of two con- 

ductive spheres influencing each other, whether placed at given distances 

or in contact. Coulomb’s experiments in connection with contiguous 

spheres established the truth of Poisson’s theory. In 1824, Poisson estab- 

lished, based on the subject of hollow conductors limited either internally 

or externally by a spherical cavity, theorems which, in 1828, were 

extended by George Green (1793-1841) to all kinds of hollow conductors 

and which Faraday was subsequently to confirm through experimenta- 

tion. Between 1813 and 1824, Poisson took up the study of magnetic forces 

and magnetization by impulsion; in spite of a few inaccuracies which the 

future was to correct, the formulae which he established remain at the 

basis of all the research of which magnetism has meanwhile been the 

object. Thanks to Poisson’s memoirs, the theory of the forces exercised in 

inverse ratio to the square of the distance, by annexing the domain of static 

electricity and magnetism, markedly enlarged the field which at first 

included only celestial mechanics. The study of the action of the electric 

current was to open up to this theory a new and fertile territory. 

The discoveries of Luigi Galvani (1737-1798) and Alessandro Volta 

(1745-1827) enriched physics with the voltaic battery. It would be impos- 

sible to enumerate, even briefly, the researches occasioned by this discov- 

ery. All physicists have compared the conductor, the seat ofa current, toa 

space in which a fluid circulates. In his works on hydrodynamics, Euler 

had established general formulae which apply to the motion of all fluids; 

and, imitating Euler’s method, Jean Baptiste Joseph Fourier (1768-1830) 

began the study of the circulation of heat—then considered a fluid and 

called caloric—within conductive bodies. The mathematical laws to which 

he had recourse once more showed the extreme importance of the mathe- 
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matical methods inaugurated by Lagrange and Laplace in the study of uni- 

versal attraction and at the same time extended by Poisson to the study of 

electrostatics. In order to treat mathematically the circulation of electric 

fluid in the interior of conductive bodies, it sufficed to take up Fourier’s 

analysis almost literally, substituting the word electricity for the word heat; 

this was done in 1827 by Georg Simon Ohm (1789-1854). 

Meanwhile, on July 21, 1820, Hans Christian Oersted (1777-1851) dis- 

covered the action of the electric current on the magnetic needle. To this 

discovery André-Marie Ampére (1775-1836) added that of the action 

exerted over each other by two conductors carrying electric currents, and 

to the study of electrodynamic and electromagnetic forces, he applied a 

method similar to that used by Newton when studying universal attrac- 

tion. In 1826, Ampére gave the complete theory of all these forces in his 

Mémoire sur la théorie mathématique des phénomenes électro-dynamiques 

uniquement déduite de l’expérience, a work that can stand the test of compar- 

ison with the Philosophiae naturalis principia mathematica and not be found 

wanting. 

Not wishing to carry the history of electricity and magnetism beyond 

this date, we shall content ourselves with making another comparison 

between the two works we have just mentioned. As Newton’s treatise 

brought about numerous discoveries on the part of his successors, 

Ampére’s memorr gave the initial impetus to researches which have greatly 

broadened the field of electrodynamics and electromagnetism. Michael 

Faraday (1791-1867), an experimentalist whose activity, skill, and good 

fortune have perhaps never been equaled, established in 1831 the experi- 

mental laws of electrodynamic and electromagnetic induction; and 

between 1845 and 1847, Franz Ernst Neumann (1798-1895) and Wilhelm 

Weber (1804-1891), by closely following Ampére’s method of studying 

electrodynamic force, finally established the mathematical theory of these 

phenomena of induction. Michael Faraday was opposed to Newtonian 

doctrines and highly disapproved of the theory of action at a distance; in 

fact, when he applied himself to analyzing the polarization of insulated 

media, which he called dielectrics, he hoped to eliminate the hypothesis of 

such action. Meantime, by extending to dielectric bodies the formulae that 

Poisson, Ampere, and Neumann had established for magnets and conduc- 

tive bodies, James Clerk Maxwell (1831-1879) was able to create a new 

branch of electrodynamics and thereby bring to light the long-sought link 

connecting the sciences of electricity and optics. This wonderful discovery 

was not one of the least important conquests of the method defined and 

practiced by Newton. 
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XXVIII. Molecular Attraction 

While universal attraction, which varies proportionally as the product of 

the masses and inversely as the square of the distance, was being estab- 

lished throughout the science of astronomy, and while, thanks to the study 

of other forces also varying inversely as the square of the distance, electric- 

ity and magnetism were being organized, other parts of physics received 

no less light from another Newtonian hypothesis—namely, the supposi- 

tion that between two material particles, there is an extremely powerful 

attraction distinct from universal attraction while the two particles are 

contiguous but which ceases to be appreciable as soon as the two masses 

which it acts on are separated by a perceptible distance. Among the phe- 

nomena to be explained by such attractions, Newton had already signal- 

ized the effect of capillarity, in connection with which Francis Hauksbee 

(d. 1705) had made interesting experiments. In 1718, James Jurin (1684— 

1750) tried to follow Newton’s idea but without any marked success, and 

it was Clairaut who, in 1743, showed how hydrostatic methods permitted 

the application of this idea to the explanation of capillary phenomena. 

Unfortunately, his able reasoning led to no important result, as he had 

ascribed too great a value to the extent of molecular action. 

Chemical action was also one of the actions which Newton made subject 

to molecular attraction, and John Keill (1671-1721), John Freind (1675— 

1728), and Pierre Joseph Macquer (1718-1784) believed in the fruitfulness 

of this Newtonian opinion. The hypothesis of molecular attraction proved 

a great annoyance to a man whose scientific mediocrity had not prevented 

him from acquiring great influence—we mean Georges-Louis-Leclerc, 

Comte de Buffon (1707-1788). Incapable of understanding that an attrac- 

tion could be other than inversely proportional to the square of the dis- 

tance, Buffon entered into a discussion of the subject with Clairaut and 

fondly imagined that he had triumphed over the modest learning of his 

opponent. Roger Joseph Boscovich, S.J. (1711—1787) published a detailed 

exposition of the views attacked by Buffon and defended by Clairaut, and, 

inspired alike by the opinions of Newton and Leibniz, he conceived a cos- 

mology in which the universe is composed solely of material points, which 

are attracted to each other in pairs. When these points are separated by a 

perceptible distance, their attraction is reduced to mere universal attrac- 

tion, whereas when they are in very close proximity, it assumes a dominant 

importance. Boscovich’s cosmology provided physical theory with a pro- 

gram which the geometers of the eighteenth century, and of a great portion 

of the nineteenth, labored assiduously to carry out. 
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The efforts of Johann Andreas von Segner (1704-1777), and subse- 

quently of Thomas Young (1773-1829), again drew attention to capillary 

phenomena, and with the assistance of the hypothesis of molecular attrac- 

tion, as also of Clairaut’s method, Laplace advanced in 1806 and 1807 an 

admirable theory, which Karl Friedrich Gauss (1777-1855) improved in 

1829. Being a thoroughly convinced partisan of Boscovich’s cosmological 

doctrine, Laplace communicated his convictions to numerous geometers, 

who surrendered to the ascendancy of his genius; we shall only mention 

Claude-Louis-Marie Navier (1785-1836), Poisson, and Augustin Cauchy 

(1789-1857). In developing the consequences of the hypothesis of molec- 

ular attraction, Navier, Poisson, and Cauchy succeeded in building the 

theory of the equilibrium and small motions of elastic bodies, one of the 

finest and most fruitful theories of modern physics. The discredit into 

which the progress of present-day thermodynamics has brought Boscoy- 

ich’s cosmology has, however, affected scarcely anything of what Laplace, 

Gauss, Navier, Poisson, Cauchy, and many others have deduced from the 

principles of this cosmology. The theories they established have always 

been readily justified with the assistance of new methods, the way of 

bringing about this justification having been indicated by Cauchy himself 

and George Green. After Macquer, many chemists used the hypothesis of 

molecular attraction in an attempt to disentangle the laws of reaction 

which they studied, and among these scientists we may mention Torbern 

Bergman (1735-1784) and, above all, Claude Louis Berthollet (1784 

1822). When the latter published his Statique chimique in 1803, he believed 
that the science of chemical equilibria, subject at last to Newton’s method, 
had found its true direction; however, it was not to take this direction until 
much later, when it would be guided by precepts altogether different and 
which were to be formulated by thermodynamics. 

XXVIII. Revival of the Undulatory Theory of Light 

The emission theory of light not only led Newton to conceive the hypoth- 
esis of molecular attraction but also seemed to provide this hypothesis with 
an opportunity for further success by permitting Laplace to find, in the 
emission system, the laws of the double refraction of Iceland spar, which 
laws Huygens had discovered by the use of the undulatory theory. In this 
way, Newton’s optics appeared to rob Huygens’s optics of the one advan- 
tage in which it gloried. At the very moment that Laplace’s discovery 
seemed to ensure the triumph of the emission system, however, the undu- 
latory theory carried off new and dazzling victories, won mainly through 
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the efforts of Thomas Young and Augustin Jean Fresnel (1788-1827). 

Between 1801 and 1803, Young made the memorable discoveries which 

provoked this revival of undulatory optics. The comparison of the aether 

that vibrates in a ray of light to the air that vibrates in a resonant tube led 

him to explain the alternately light and dark fringes that show in a place 

illuminated by two equal beams slightly inclined toward each other. The 

principle of interference, thus justified, allowed him to connect with the 

undulatory theory the explanation of the colors of thin laminae that New- 

ton had demanded of the “fits of easy transmission and easy reflection” of 

the particles of light. 

In 1815, Fresnel, who combined this principle of interference with the 

methods devised by Huygens, took up the theory of the phenomena of dif- 

fraction which had been discovered by Francesco Maria Grimaldi, S.J. 

(1618-1663), and that had remained a mystery to opticians. Fresnel’s 

attempts at explaining these phenomena led him in 1818 to draw up a 

memoir which in a marked degree revealed the essential character of his 

genius—namely, a strange power of divination exercised independently of 

all rules of deductive reasoning. Despite the irregularity of his procedure, 

Fresnel made known very complicated formulae, the most minute details 

of which were verified by experiment, and long afterward justified accord- 

ing to the logical method of mathematicians. Never did a physicist con- 

quer more important and more unthought truths, and yet never was there 

employed a method more capable of leading the common mind into error. 

Up to this time, the vibrations of aether in a ray of light had been supposed 

to be longitudinal, as it is in the air of a resonant tube, but in 1808, Etienne 

Louis Malus (1775-1812) discovered the polarization of light when 

reflected on glass; and, in 1817, when studying this phenomenon, Young 

was led to suppose that luminous vibrations are perpendicular to the ray 

which transmits them. Fresnel, who had conceived the same idea, com- 

pleted an experiment (1816) in collaboration with Arago (1786-1853) 

which proved the view that luminous vibrations are transverse to the 

direction of propagation. 

The hypothesis of transverse vibrations was, for Fresnel, the key to all 

the secrets of optics, and from the day he adopted it, he made discoveries 

with great rapidity. Among these discoveries were (a) the complete theory 

of the phenomena of polarization accompanying the reflection of light on 

the surface of contact of two isotropic media. The peculiarities which 

accompany total reflection of light on the surface of contact of two isotro- 

pic media. The peculiarities which accompany total reflection gave 

Fresnel an opportunity to display in a most striking manner his strange 
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power of divination and thus to throw out a veritable challenge to logic. 

This divination was no less efficient in the second discovery: (b) In study- 

ing double refraction, Huygens limited himself to determining the direc- 

tion of luminous rays in the interior of crystals now called uniaxial 

without, however, being able to account for the polarization of these rays; 

but with the aid of the wave-surface, Fresnel succeeded in giving the most 

elegant form to the law of the refraction of rays in biaxial crystals and in 

formulating rules by which rays polarize in the interior of all crystals, 

uniaxial as well as biaxial. 

Although all these wonderful theories destroyed the theory of emission, 

the hypothesis of molecular attraction was far from losing ground. In fact, 

Fresnel thought he could find in the elasticity of the aether, which trans- 

mits luminous vibrations, the explanation of all the optical laws that he had 

verified by experiment, and he sought the explanation of this elasticity and 

its laws in the attraction which he believed to exist between the contiguous 

particles of this fluid. Being too little of a mathematician and too little of a 

mechanician to go very far in the analysis of such a problem, he left its 

solution to his successors. To this task, so clearly defined by Fresnel, 

Cauchy devoted the most powerful efforts of his genius as an algebraist, 

and thanks to this pupil of Laplace, the Newtonian physics of molecular 

attraction became an active factor in the propagation of the theory of 

undulatory optics. 

Fresnel’s discoveries did not please all Newtonians as much as they did 

Cauchy. Arago could never admit that luminous vibrations were trans- 

verse, notwithstanding that he had collaborated with Fresnel in perform- 

ing the experiment by which this point was verified. Jean-Baptiste Biot 

(1774-1862), whose experimental researches were numerous and skillful 

and who had furnished recent optics with very valuable matter, remained 
strongly attached to the system of emission, by which he endeavored to 
explain all the phenomena that Fresnel had discovered and explained by 
the undulatory system. Moreover, Biot would not acknowledge himself 
defeated or regard the system of emission as condemned until Foucault 
(1819-1868) proved that light is propagated much more quickly in air than 
in water. 

XXIX. Theories of Heat 

The idea of the quantity of heat and the invention of the calorimeter 
intended for measuring the amount of heat emitted or absorbed by a body 
under given circumstances are due to Joseph Black (1728-1799) and Adair 
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Crawford (1749-1795), who, by joining calorimetry with thermometry, 

virtually created the science of heat, which science remained unborn as 

long as the only thing done was the comparison of temperatures. Like Des- 

cartes, Newton held that heat consisted in a very lively agitation of the 

smallest parts of which bodies are composed. By showing that a certain 

quantity of heat is furnished to ice which melts without, however, raising 

the temperature of the ice, that this heat remains in a “latent state” in the 

water resulting from the melting and that again becomes manifest when 

the water returns to ice, the experiments of Black and Crawford led phys- 

icists to change their opinion concerning the nature of heat. In it they 

beheld a certain fluid which combines with other matter when heat passes 

into the latent state and separates from it when heat is liberated again, and, 

in the new nomenclature that perpetuated the revolution brought about by 

Antoine-Laurent Lavoisier (1743-1794), this imponderable fluid was 

assigned a place among simple bodies and named caloric. 

Air becomes heated when it is compressed and cools again when rar- 

efied under the receiver of the pneumatic machine. Johann Heinrich Lam- 

bert (1728-1777), Horace de Saussure (1740-1779), and John Dalton 

(1766-1844) recognized the importance of this already old experiment, 

but it is to Laplace that we are indebted for a complete explanation of this 

phenomenon. The experiment proved to Laplace that at a given tempera- 

ture, a mass of air contains a quantity of caloric proportional to its volume. 

If we admit the accuracy of the law of compressibility enunciated by Boyle 

and Mariotte, this quantity of heat, combined with a given mass of air also 

of a given temperature, is proportional to the volume of this air. In 1803, 

Laplace formulated these propositions in a short note inserted in Berthol- 

let’s Statique chimique. In order to verify the consequences which Laplace 

deduced therefrom concerning the expansion of gases, Louis-Joseph Gay- 

Lussac (1778-1850) began researches on this subject and, in 1807, on the 

variations of temperature produced when a gas contained in a receiver 

enters another receiver previously empty. 

Laplace’s views entail an evident corollary: To raise to a certain number 

of degrees the temperature of a gas of fixed volume, the communication of 

less heat is required than if this gas were expanded under an invariable 

pressure. Hence, a gas admits two distinct kinds of specific heat which 

depend on whether it is heated at constant volume or under constant pres- 

sure, the specific heat being greater in the latter case than in the former. 

Through these remarks, the study of the specific heat of gases was signal- 

ized as one of the most important in which experimenters could engage. 

The institute made this study the subject of a competition which called 
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forth two notable memoirs, one by Delaroche and Bérard on the measure- 

ment of the specific heats of various gases under constant pressure, and the 

other by Desormes and Clément, published in 1812, on the determination 

of the increase of heat due to a given compression in a given mass of air. 

The experiments of Desormes and Clément enabled Laplace to deduce, in 

the case of air, the ratio of specific heat under constant pressure to specific 

heat under constant volume, and hence to test the ideas he had formed on 

the propagation of sound. 

In applying to air the law of compressibility discovered by Boyle, New- 

ton had attempted to calculate the velocity of the propagation of sound in 

this fluid, and the formula which he had established gave values very infe- 

rior to those furnished by experimental determination. Lagrange had 

already shown that by modifying Boyle’s law of compressibility, this dis- 

agreement could be overcome; however, the modification was to be justi- 

fied not by what Lagrange said but by what Laplace discovered. When 

sound is propagated in air by alternate condensations and rarefactions, the 

temperature at each point, instead of remaining unchanged, as Boyle’s law 

supposed, is alternately raised and lowered about a mean value. Hence, 

velocity of sound was no longer expressed by the formula Newton had pro- 

posed; this expression had to be multiplied by the square root of the ratio 

of specific heat under constant pressure to specific heat under constant 

volume. Laplace had this thought in mind in 1803 (Berthollet, Statique 

chimique); its consequences were developed in 1807 by Poisson, his disci- 

ple. In 1816, Laplace published his new formula; fresh experiments by 

Desormes and Clément and analogous experiments by Gay-Lussac and 

Welter gave him tolerably exact values of the relation of the specific heats 

of gases. Henceforth the great geometer could compare the result given by 
his formula with that furnished by the direct determination of the velocity 
of sound—the latter, in meters per second, being represented by the num- 
ber 340.889 and the former by the number 337.715. This agreement 
seemed a strong confirmation of the hypothesis of caloric and the theory 
of molecular action, to both of which it was attributable. It would appear 

that Laplace had a right to say (in 1822): 

The phenomena of the expansion of heat and vibration of gases lead back to the 
attractive and repellent forces sensible only at imperceptible distances. In my 
theory on capillary action, I have traced to similar forces the effects of capillar- 
ity. All terrestrial phenomena depend upon this species of force, just as celestial 
phenomena depend upon universal gravitation, and the study of these forces 
now seems to me the principal object of mathematical philosophy. 
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In 1824, a new truth was formulated from which was to be developed a 

doctrine which was to overturn, to a great extent, natural philosophy as 

conceived by Newton and Boscovich and carried out by Laplace and his 

disciples. Sadi Carnot (1796-1832), however, the author of this new truth, 

still assumed the correctness of the theory of caloric. He proposed to 

extend to heat engines the principle of the impossibility of perpetual 

motion recognized for engines of unchanging temperature, and he was led 

to the following conclusion: In order that a certain quantity of caloric may 

produce work of the kind that human industry requires, this caloric must 

pass from a hot to a cold body; when the quantity of caloric is given, as well 

as the temperatures to which these two bodies are raised, the useful work 

produced admits of a superior limit independent of the nature of the sub- 

stances which transmit the caloric and of the device by means of which the 

transmission is effected. The moment that Carnot formulated this fertile 

truth, the foundations of the theory of caloric were shaken. In the hypoth- 

esis of caloric, however, how could the generation of heat by friction be 

explained? Two bodies rubbed together were found to be as rich in caloric 

as they had been; therefore, whence came the caloric evolved by friction? 

As early as 1783, Lavoisier and Laplace were much troubled by the 

problem, which also arrested the attention of physicists, as in 1798, when 

Benjamin Thompson, Count Rumford (1753-1814), made accurate 

experiments on the heat evolved by friction, and, in 1799, when similar 

experiments were made by Sir Humphry Davy (1778-1829). In 1803, in 

addition to the notes in which Laplace announced some of the greatest 

conquests of the doctrine of caloric, Berthollet, in his Statique chimique, 

gave an account of Rumford’s experiments, trying in vain to reconcile 

them with the prevailing opinion. Now these experiments, which were 

incompatible with the hypothesis that heat is a fluid contained in a quan- 

tity in each body, recalled to mind the supposition of Descartes and New- 

ton, which claimed that heat was a very lively agitation of the small 

particles of bodies. It was in favor of this view that Rumford and Davy 

finally declared themselves. 

In the last years of his life, Carnot consigned to paper a few notes which 

remained unpublished until 1878. In these notes, he rejected the theory of 

caloric as inconsistent with Rumford’s experiments. “Heat,” he added, “is 

therefore the result of motion. It is quite plain that it can be produced by 

the consumption of motive power and that it can produce this power. 

Wherever there is destruction of motive power there is, at the same time, 

production of heat in a quantity exactly proportional to the quantity of 
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motive power destroyed; and inversely, wherever there is destruction of 

heat, there is production of motive power.” 

In 1842, Robert Mayer (1814-1878) found the principle of the equiva- 

lence between heat and work and showed that once the difference in two 

specific heats of a gas is known, it is possible to calculate the mechanical 

value of heat. This value differed little from that found by Carnot. Mayer’s 

pleasing work exerted scarcely more influence on the progress of the the- 

ory of heat than did Carnot’s unpublished notes. In 1843, however, James 

Prescott Joule (1818-1889) was the next to discover the principle of the 

equivalence between heat and work, and he conducted several of the 

experiments which, in his notes, Carnot had requested to have made. 

Joule’s work communicated to the new theory a fresh impetus. In 1849, 

William Thomson, afterward Lord Kelvin (1824-1907), indicated the 

necessity of reconciling Carnot’s principle with the thenceforth incontest- 

able principle of the mechanical equivalent of heat; and in 1850, Rudolf 

Clausius (1822—1888) accomplished the task. Thus, the science of thermo- 

dynamics was founded. When, in 1847, Hermann von Helmholtz pub- 

lished his small work entitled Uber die Erhaltung der Kraft, he showed that 

the principle of the mechanical equivalent of heat not only established a 

bond between mechanics and the theory of heat but also linked the studies 

of chemical reaction, electricity, and magnetism, and in this way physics 

was confronted with the carrying out of an entirely new program, whose 

results are at present too incomplete to be judged, even by scientists.° 
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The Nature of 

Mathematical Reasoning 

This article, published the year Henri Poincaré, the great French mathemati- 

cian and philosopher of science and mathematics, died, 1s a critique of the first 

chapter of Poincaré’s magnum opus, La Science et Vhypothése. Jts interest lies 

not only in Duhem’s critique of so significant a work but also in the degree to 

which Duhem does or does not historicize the study of mathematical and deduc- 

tive reasoning, as he had done with physical theory and induction. 

I 

Until now, we have been accustomed to regard mathematical reasoning as 

the most perfect known model of deductive reasoning; we believed that no 

demonstration is received by arithmeticians or geometers as absolutely rig- 

orous or convincing unless it is reducible to a syllogism or to a terminating 

series containing a limited number of syllogisms. 

Some years ago, in an article that created a sensation, Henri Poincaré 

asserted that this commonly received opinion was erroneous.’ According 

to Poincaré, arithmetic frequently uses a reasoning which is not equivalent 

to a series of syllogisms of /imited number; in reality, it condenses an infinity 

of successive syllogisms. 

The use of this mode of reasoning characterizes mathematical demon- 

1. [“La nature du raisonnement mathématique,” Revue de philosophie 12 (1912): 

531-543.] 

2. H. Poincaré, La Science et ’hypothése, part 1, chap. 1: “Sur la nature du rai- 

sonnement mathématique.” [Science and Hypothesis (New York: Dover, 1952).] 
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stration and distinguishes it from simple syllogistic deduction; at the same 

time it explains how mathematical demonstration enjoys a creative fertility 

that simple syllogistic deduction cannot possess. 

In the past, the mode of reasoning considered by Poincaré was often 

called process of recurrence (procédé par récurrence). Today, in order to 

affirm that it cannot be reduced to simple syllogistic deduction, it is called 

complete induction (induction complete). Modern logicians have devoted all 

their attention to this complete induction. 

Let us recall what this reasoning by recurrence or complete induction 

is like. 

First, we verify that a certain arithmetical proposition, which we call 

proposition P, is true for the number 1. 

Second, we demonstrate by a purely syllogistic path that if it is true for 

any whole number » whatever, it is true for the successive whole number 

(n + 1). 

Thus, we conclude that proposition P is true for all whole numbers. 

Poincaré writes, 

The essential characteristic of reasoning by recurrence is that it contains, con- 

densed, so to speak, in a single formula, an infinite number of syllogisms. We 

shall see this more clearly if we enunciate the syllogisms one after another. 

They follow one another, if one may use the expression, in a cascade. The fol- 

lowing are the hypothetical syllogisms:—The theorem is true of the number 1. 

Now, if it is true of 1, it is true of 2. Now, if it is true of 2, it is true of 3; hence 

it is true of 3, and so on. We see that the conclusion of each syllogism serves as 

the minor of its successor. Further, the majors of all our syllogisms may be 

reduced to a single form. If the theorem is true of 7 — 1, it is true of n. 

We see, then, that in reasoning by recurrence we confine ourselves to the 

enunciation of the minor of the first syllogism, and the general formula which 

contains as particular case all the majors. This unending series of syllogisms is 

I asked at the outset why we cannot conceive of a mind powerful enough to 

see at a glance the whole body of mathematical truth. The answer is now easy. 

A chess player can combine for four or five moves ahead; but, however extraor- 

dinary a player he may be, he cannot prepare for more than a finite number of 

moves. If he applies his faculty to Arithmetic, he cannot conceive its general 

truths by direct intuition alone; to prove even the smallest theorem he must use 

reasoning by recurrence, for that is the only instrument which enables us to 

pass from the finite to the infinite.’ 

3. Poincaré, La Science et ’hypothese, pp. 20-22. [Science and Hypothesis, pp.9-11.] 
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II 

The ancients did not use the mode of reasoning we have just spoken of. It 

seems to have been introduced for the first time in mathematics by 

Francesco Maurolico (Maurolycus). Maurolycus used this process in his 

Arithmeticorum libri duo, written in 1557 and published in Venice in 1575. 

He emphasizes its novelty in the preface. 

If reasoning by recurrence were truly what characterizes mathematical 

demonstration, it would be surprising that mathematicians had waited so 

long to have recourse to it. Complete induction cannot be the sole source 

of mathematical fertility, given that Euclid, Archimedes, Apollonius, and 

Cardano had no need for it in order to produce their discoveries. 

Further, the process of recurrence has absolutely nothing that essen- 

tially distinguishes it from the other forms of deductive reasoning. If one 

believes that it differs essentially from—and that it cannot in any way be 

reduced to—a series of syllogisms, that is because it is ordinarily displayed 

in abbreviated form; we overlook a complement which is easy to establish 

but which is required by absolute rigor. 

Doubtless, as soon as we have these two truths: 

Proposition P is true for the number 1; 

If proposition P is true for the number 2, it is true for the number (n + 1). 

we begin to unroll in our minds the series of “syllogisms in a cascade” 

described by Poincaré; and we immediately recognize that nothing is capa- 

ble of stopping that sorites, that it can be pursued up to whatever number 
we wish to reach, and we conclude directly that proposition P is true of all 
whole numbers. 

Why, then, is this view imposed upon us with such an irresistible weight of evi- 
dence? It is because it is only the affirmation of the power of the mind which 
knows it can conceive of the indefinite repetition of the same act, when the act 
is once possible. The mind has a direct intuition of this power, and experiment 
can only be for it an opportunity of using it, and thereby of becoming conscious 

- 4 of it. 

We agree with Poincaré that, in this way, our reason is persuaded of the 
generality of proposition-R even before a reasoning, fashioned from a lim- 
ited number of syllogisms, has demonstrated this generality. But if the cer- 

4. Poincaré, La Science et ’hypothése, pp. 23-24. [Science and Hypothesis, p. 13.] 
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tainty that we have of this generality is absolute, it is because we know that 

we can convict of a contradiction anyone who would contest the generality 

of this proposition. 

Let us show this reduction to absurdity in detail. 

Il 

We assume that the following two lemmas have been demonstrated: 

Lemma I: Proposition P is made true by the number 1 

Lemma II: If proposition P is true for whole number n, it is still true for the 

immediately succeeding whole number (n + 1). 

We affirm that proposition P is true for all whole numbers. 

Let us assume, in fact, that it is false for a certain whole number, and 

let p be this number; in virtue of lemma I, this number 9 is certainly greater 

than 1, such that (p — 1) is a whole number. 

We can imagine that two cases present themselves: 

Case 1: Proposition P is true for all whole numbers from 1 to (p — 1). 

Case 2: Proposition P is false for one or more of the numbers of which 2 is 

the smallest and (p — 2) is the greatest. 

In case 1, proposition P would be true for whole number (p — 1) and 

false for whole number 9; according to lemma II, this is impossible. 

In case 2, let us enumerate, in order of increasing magnitude, the series 

of (p — 2) whole numbers from 2 to (p — 1). We encounter, one after 

another, all the numbers of this series for which proposition P is false. Let 

q be the one we encounter first. According to lemma I, g is necessarily 

greater than 1, such that (g — 1) is a whole number. Proposition P will 

therefore be true for number (g — 1) and false for g. According to lemma 

II, this is impossible. 

The generality of proposition P is thus established by a reasoning that 

requires only a finite number of syllogisms. 

IV 

We could have substituted, for the reasoning by absurdity we have just 

used, the following demonstration, which differs very little from it: 

If proposition P is not true for all whole numbers, let us consider the 
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infinite or finite set of whole numbers for which it is not true. In that set, 

there is a whole number p which is smaller than all the others. In virtue of 

lemma I, this number f is necessarily greater than 1, such that (p — 1) isa 

whole number. Thence, proposition P, true for number (p — 1), would be 

false for number p—which, by lemma II, would be impossible. 

This demonstration clearly admits the validity of the following THEO- 

REM: Jn any finite or infinite set of different whole numbers, there is one smaller 

than all the others. 

It is assuredly to this demonstration that Poincaré alluded when he 

wrote: 

The views upon which reasoning by recurrence is based may be exhibited in 

other forms; we may say, for instance, that in any finite collection of different 

integers there is always one which is smaller than any other. We may readily 

pass from one enunciation to another, and thus give ourselves the illusion of 

having proved that our reasoning by recurrence is legitimate. But we shall 

always be brought to a full stop—we shall always come to an indemonstrable 

axiom, which will at bottom be but the proposition we had to prove translated 

into another language. We cannot therefore escape the conclusion that the rule 

of reasoning by recurrence is irreducible to the principle of contradiction.° 

According to us, the proposition—Z/n any finite or infinite set of different 

whole numbers, there 1s one smaller than all the others—is not an indemon- 

strable AXIOM, but a theorem that can be demonstrated with the help of a 

finite number of syllogisms, in the following way: 

Let E be the said set and p a number which is an element of this set. 

There can be three cases. 

Case I: p is equal to 1. 

In that case, 1 is the smallest number of set E. 

Case 2: p is greater than 1, such that (p — 1) is a whole number; among the 

(p — 1) first whole numbers, none is an element of set E. 

In that case, p is the smallest number of set E. 

Case 3: p is greater than 1; among the whole numbers that go from 1 to (p — 
1), there is one or more that belong to set E. 

5. Poincaré, La Science et l’hypothése, pp. 22-23. [Science and Hypothesis, p. 12.] 
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In that case, let us enumerate in thought, in order of increasing magni- 

tude, the limited series of numbers that go from 1 to (p — 1); we will 

encounter, one after another all the numbers of this series that are ele- 

ments of set E; the one we will encounter before all the others will be the 

smallest number of set E. 

In all cases, then, there is a whole number smaller than all the others in 

set E. 

V 

Perhaps someone can still object that the preceding demonstrations imply 

a postulate that cannot be justified by means of a limited number of syllo- 

gisms; the postulate would be the following: 

Given any whole number whatever n, the operation that consists in enumer- 

ating in thought, in the order of increasing magnitude, the series of whole num- 

bers from | to n (or in counting mentally from \ to n) is a possible operation. 

That proposition is neither postulate nor axiom; it is a simple truism. 

In fact, all whole numbers are defined as the result of the addition of 

unity to the preceding whole number; thus, the definition of any whole 

number implies enumeration, in order of increasing magnitude, of all the 

whole numbers preceding it. Moreover, when I say n is a whole number, it 

is the same as if I said we can count to n. 

Let us illustrate this conclusion with an example. 

Let us imagine that I pronounce these words: assume the whole number 

represented by unity followed by ten zeros. These words have no meaning 

except in virtue of the following proposition: it is possible to count until one 

reaches a number represented, in decimal enumeration, by unity followed by ten 

zeros. If I did not admit the correctness of that proposition, I could truly 

write unity followed by ten zeroes, but I could not say that this sign repre- 

sents a whole number. 

We therefore are right to consider this assertion as a truism: We cannot 

conceive a whole number so great that we cannot count up to that number, since 

to conceive that something is a whole number is to conceive that one could 

reach that thing by counting. 

VI 

If we are careful to completely exhibit reasoning by recurrence, and not to 

omit the argument by reduction to absurdity, which must complete it, we 

recognize that it is reduced to a series of a finite number of syllogisms. 
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It is true that, in general, the explicit presentation of this complement 

of reasoning by recurrence is neglected in arithmetical or algebraic trea- 

tises. If it is left out in this way, no doubt it is because it is judged too easy 

to imagine for its development to be useful. It is no less true that this com- 

plement is indispensable if one wishes to render reasoning by recurrence 

into an absolutely rigorous process of demonstration. 

Something happens here that is similar to what takes place in a number 

of demonstrations that achieve a limit. A first part of the demonstration 

gives the mind a direct intuition of the truth we wish to prove; but in order 

to transform this intuition into absolute certainty, acquired by rigorous 

deduction, we must have recourse to a demonstration by absurdity. 

We know what care the ancients, and Archimedes in particular, 

brought to this second part of the demonstration; if they ever needed to 

use a process by recurrence, one can believe that they would not have 

neglected to expose the complementary by reduction to absurdity; 

moderns, because of a desire for brevity, have passed over it in silence. 

Vil 

Reasoning by recurrence does not require recourse to that infinite series of 

syllogisms “in cascade” that Poincaré considered. Therefore, the proper- 

ties of mathematical propositions that the noted algebraist attempted to 

explain by means of that unlimited series of syllogisms must be explained 
in another way. 

Now, Poincaré saw in this unlimited series of syllogisms the reason for 

the inexhaustible fertility of mathematics; he also found in it the cause that 
conferred generality to arithmetical propositions. He said on the subject of 
complete induction: 

This instrument is always useful, for it enables us to leap over as many stages 
as we wish; it frees us from the necessity of long, tedious, and monotonous 
verifications which would rapidly become impracticable. Then when we take 
in hand the general theorem it becomes indispensable, for otherwise we 
should ever be approaching the analytical verification without ever actually 
reaching it.° 

If reasoning by recurrence furnishes us a general conclusion, if it allows 
us to affirm that proposition P is true for all whole numbers, we cannot, as we 

6. Poincaré, La Science et ’hypothése, p. 22. [Science and Hypothesis, p. 11.] 
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have said, explain it in the same way as Poincaré did. From where does the 

generality of that proposition arise? Evidently, from the fact that lemma II, 

Tf proposition P is true for number n, it will also be true for the whole number 

(n = 1), is not applied only to such or such particular number, but to what- 

ever whole number one puts in the place of letter 7. And if this lemma pre- 

sents such a character, it owes it to the fact that the reasoning by which it 

has been obtained did not bear on this or that particular number but on the 

general notion of whole number. The abstraction that allows us to con- 

ceive this general notion of whole number is here, as in all circumstances, 

the single cause of the generality noted in some of our judgments. 

Vill 

Let us now see how the fertility of mathematical sciences should be 

explained. The difficulty that had first captured Poincaré’s attention lies 

there. 

The very possibility of mathematical science seems an insoluble contradiction. 

If this science is only deductive in appearance, from whence is derived that per- 

fect rigor which is challenged by none? If, on the contrary, all the propositions 

which it enunciates may be derived in order by the rules of formal logic, how is 

it that mathematics is not reduced to a gigantic tautology? The syllogism can 

teach us nothing essentially new, and if everything must spring from the prin- 

ciple of identity, then everything should be capable of being reduced to that 

principle. Are we then to admit that the enunciations of all the theorems with 

which so many volumes are filled are only indirect ways of saying that A is A? 

No doubt we may refer back to axioms which are at the source of all these 

reasonings. If it is felt that they cannot be reduced to the principle of contra- 

dictions, if we declined to see in them any more experimental facts which have 

no part or lot in mathematical necessity, there is still one resource left to us: we 

may class them among a priori synthetic views. But this is no solution of the dif- 

ficulty—it is merely giving it a name; and even if the nature of the synthetic 

views had no longer a mystery, the contradiction would not have disappeared; 

it would have only been shirked. Syllogistic reasoning remains incapable of 

adding anything to the data that are given it; the data are reduced to axioms, 

and that is all we should find in the conclusions. 

No theorem can be new unless a new axiom intervenes in its demonstration; 

reasoning can only give us immediately evident truths borrowed from direct 

intuition; it would only be an intermediary parasite. Should we not therefore 

have reason for asking if the syllogistic apparatus serves only to disguise what 

we have borrowed? 
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The contradiction will strike us the more if we open any book on mathemat- 

ics; on every page the author announces his intention of generalizing some 

proposition already known. Does the mathematical method proceed from the 

particular to the general, and, if so, how can it be called deductive? 

Finally, if the science of number were merely analytical, or could be analyt- 

ically derived from a few synthetic intuitions, it seems that a sufficiently pow- 

erful mind could with a single glance perceive all its truths; nay, one might even 

hope that someday a language would be invented simple enough for these 

truths to be made evident to any person of ordinary intelligence. 

Even if these consequences are challenged, it must be granted that mathe- 

matical reasoning has of itself a kind of creative virtue, and is therefore to be 

distinguished from the syllogism.’ 

We believe that all these difficulties noted by Poincaré vanish if one 

makes the following remark: 

Mathematics is not derived wholly by syllogistic means from axioms 

alone but from axioms and definitions. The syllogisms with which any 

chapter of mathematical science begins have axioms or else theorems dem- 

onstrated in preceding chapters for major premises; but the propositions 

that serve as minor premises are the definitions of mathematical notions 

one proposes to treat in that chapter. 

For example, the syllogisms one finds at the beginning of the theory of 

fractional numbers have axioms or else theorems demonstrated in the the- 

ory of whole numbers for major premises; but their minor premises are 

propositions taken among those that serve to define fractional numbers. 

And it is because of this that the conclusions state properties of fractional 

numbers. 

Now, in truth, axioms that bear on any part of mathematical sciences 

are of limited number, and even in small enough number. They can all be 

stated explicitly, and one tries to give these explicit statements as com- 

pletely as possible. If mathematics were derived by syllogistic means from 

these axioms alone, it would enclose nothing more than that which would 

be contained virtually in these simple and few propositions, and we would 

be correctly surprised that they would feel the need to produce an unlim- 

ited series of more and more complicate theorems. . 

But mathematics is not virtually contained in axioms alone; it is the 

result produced by the application of axioms to definitions. Now, though 

the axioms of a mathematical science are of limited number—and it is 
impossible for us to increase this number, since it is impossible for us to 

7, Poincaré, La Science et ’hypothése, pp. 9-11. [Science and Hypothesis, pp. 1-3.] 
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order the truth of a new axiom—the definitions themselves form an 

unlimited multitude; it is always possible for us to add to the previously 

defined and studied mathematical concepts new mathematical notions 

obtained by combination, modification, and generalization of the previ- 

ously defined and studied notions. In this direction, nothing comes to ter- 

minate the power that our intellect has of composing new ideas. 

It is therefore to the definitions, and not to the axioms, that mathemat- 

ics owes the power that resides in it of developing an unlimited series of 

truly and always new theorems; it is through definitions, and not through 

axioms, that the creative activity of our intellect manifests itself in mathe- 

matics. 

It is now easy to understand what one means by generalization in math- 

ematics. 

We have demonstrated a proposition A, which states a certain property 

of a mathematical notion a. We compose a mathematical notion 4, which 

includes notion a as particular case. Finally, with respect to this notion J, 

we demonstrate a proposition B that restores proposition A when we sub- 

stitute for notion # its particular determination a. Theorem B is a general- 

ization of theorem A. 

For example, we have demonstrated a certain property of whole num- 

bers. We create the notion of fractional number, which encloses, in partic- 

ular, the notion of whole number. We finally demonstrate a certain 

property of fractional number. This property is such that if we reduce this 

number to being only a whole, it will become identical to the property of a 

whole number that we had first demonstrated. The theorem with respect 

to fractional number is a generalization of the theorem with respect to 

whole number. 

We see clearly that that which renders the generalization of mathemat- 

ical theorems possible is the generalization of definitions. 

We think we have sufficiently established, in the preceding, that math- 

ematical demonstration is pursued syllogistically in the same way as any 

other deductive science. What distinguished it from other deductive sci- 

ences is not the form of the reasoning it uses; it is the nature of the notions 

and propositions to which it applies this reasoning. 
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Logical Examination of 

Physical Theory 

In May 1913, Duhem wrote an account of his works as a submission toward his 

membership to the Académie des Sciences. The report was a lengthy essay 

divided into three parts, the first concerning his scientific, the second his philo- 

sophical, and the third his historical works. This is the second part, a significant 

essay not only because it is Duhem’s overview of his philosophy of science toward 

the end of his life but also because he places his philosophy of science within the 

context of other philosophies at the time: Positivism, Pragmatism, Inductivism, 

and so on. 

Theoretical physics may be treated in the fashion of Cartesians and atom- 

ists. They resolve the bodies perceived by the senses and instruments into 

immensely numerous and much smaller bodies of which reason alone has 

knowledge. Observable motions are regarded as the combined effects of 

the imperceptible motions of these little bodies. These little bodies are 

assigned shapes which are few in number and well defined. Their motions 

are given by very simple and entirely general laws. These bodies and these 

motions are, strictly speaking, the only real bodies and the only real 

motions. When they have been suitably combined and recognized as being 

together capable of producing effects equivalent to the phenomena we 

1. [“Examen logique de la théorie physique,” Revue scientifique 51 (1913): 737— 

740. Same as “Notice sur les titres et travaux scientifiques de Pierre Duhem, 

rédigée par lui-méme lors de sa candidature a l’académie des sciences (mai 918) 

Mémoires de la société des sciences physiques et naturelles de Bordeaux, ser. 7, vol. 1 

(1917), part 2.] 
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observe, it is claimed that the explanation of these phenomena has been 

discovered. 

Our own view, Energetics, does not proceed in this manner. The prin- 

ciples it embodies and from which it derives conclusions do not aspire at 

all to resolve the bodies we perceive or the motions we report into imper- 

ceptible bodies or hidden motions. Energetics presents no revelations on 

the true nature of matter. Energetics claims to explain nothing. Energetics 

simply gives general rules of which the laws observed by the experimen- 

talist are particular cases. 

Alternatively, theoretical physics may be conceived in the manner of 

Newtonians. They reject all hypotheses about imperceptible bodies and 

hidden motions, of which the bodies and motions accessible to the senses 

and instruments may be composed. The only principles admitted are very 

general laws known through induction, based on the observation of facts. 

Energetics does not follow the method of the Newtonians. Energetics 

recognizes without doubt an experimental origin to the principles it 

admits, in the sense that observation has suggested them and experiment 

has many times counseled their modification. But Energetics does not 

regard these experiments, which explain the possible genesis of the prin- 

ciples that Energetics embodies, as capable of conferring any certainty 

whatever on these principles. Energetics regards these principles as pure 

postulates, or arbitrary decrees of reason. When they produce numerous 

consequences conforming to experimental laws, Energetics regards them 

as playing their assigned roles well. Agreement with the teaching of obser- 

vation is not, therefore, as the Newtonian method would require, the 

beginning of physical theory; it has its place at the end. 

Is Energetics being wise when it refuses equally to follow the method 

of Cartesians and atomists and the method of the Newtonians? Does care- 

ful examination of the epistemological methods of physics justify the atti- 

tude that Energetics adopts? To this question we have replied: Yes. 

We have criticized the method of the Cartesians and atomists for not 

being autonomous.’ The physicist who wishes to follow it cannot use 

exclusively the methods proper to physics since, behind perceptible bodies 

and motions which he regards as appearances, he aspires to get hold of 

other bodies and other appearances, which are the only true ones. Here he 

enters the domain of cosmology. He no longer has the right to shut his ears 

2. “Quelques réflexions au sujet des théories physiques,” Revue des questions sci- 

entifiques 1 (1892) [chapter 1 of this volume]; La Théorie physique, son objet et sa 

structure (Paris, 1906). 



234 Pierre Duhem 

to what metaphysics wishes to tell him about the real nature of matter; 

hence, as a consequence, through dependence on metaphysical cosmology, 

his physics suffers from all the uncertainties and vicissitudes of that doc- 

trine. Theories constructed by the method of the Cartesians and atomists 

are also condemned to infinite multiplication and to perpetual reformula- 

tion. They do not appear to be in any state to assure consensus and contin- 

ual progress to science. 

We have criticized the Newtonian method for being impractical.$ 

A science may progress following the Newtonian method while its epis- 

temological methods remain those of common sense. When science no 

longer observes facts directly but substitutes for them measurements, 

given by instruments, of magnitudes that mathematical theory alone 

defines, induction can no longer be practiced in the manner that the New- 

tonian method requires. 

An experiment in physics is not simply the observation of a phenomenon]. . . .] 

An experiment in physics is the precise observation of a group of phenomena, 

accompanied by the interpretation of these phenomena. This interpretation 

replaces the concrete data really gathered by observation with abstract and 

symbolic representations that correspond to them by virtue of physical theories 

accepted by the observer.* 

From this truism follow numerous consequences strongly opposed to 

the idea ofa science in which each principle may be supplied by induction: 

Physicists can never submit an isolated hypothesis to the control of experiment, 

but only a whole group of hypotheses. When an experiment is in disagreement 

with their predictions, it tells them that at least one of the hypotheses which 

constitute this group is erroneous and must be modified, but it does not tell 
them which one must be changed.* 

. “Quelques réflexions au sujet de la physique expérimentale,” Revue des ques- 
tions scientifiques 3 (1894) [chapter 4 of this volume]; La Théorie physique, son objet 
et sa structure. 

4. “Quelques réflexions au sujet de la physique expérimentale,” Revue des ques- 
tions scientifiques 3 (1894) [chapter 4 of this volume]; La Théorie physique, son objet 
et sa structure. 

5. “Quelques réflexions.au sujet de la physique expérimentale,” Revue des ques- 
tions scientifiques 3 (1894) [chapter 4 of this volume]; La Théorie physique, son objet 
et sa structure. 
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Here we are a long way from the mechanism of experiment such as peo- 

ple who are strangers to its functioning readily imagine it. One commonly 

thinks that each of the hypotheses used by physics may be taken in isola- 

tion, submitted to the control of experience, and then, when varied and 

repeated proofs have established its value, placed into the totality of sci- 

ence in an almost definitive fashion. In reality, it is not so; physics is not a 

machine that lets itself be disassembled. We cannot address each piece in 

isolation and wait to adjust it until its soundness has been minutely con- 

trolled. Physical science is an organism one must take hold of in one piece. 

It is an organism in which one part cannot be made to function without the 

parts most distant from it coming into play, some more, some less, all to 

some degree. If some difficulty, some malaise, reveals itself in its function- 

ing, the physicist will be obliged to discover the organ that needs to be 

adjusted or modified without it being possible for him to isolate that organ 

and examine it on its own. The clockmaker to whom one gives a clock that 

does not work takes all the wheels out of it and examines them one by one 

until he finds the bent or broken one. But the doctor to whom one brings 

a sick person cannot dissect the patient to establish his diagnosis; he must 

discover the seat of the illness only through the inspection of effects pro- 

duced on the whole body. The physicist responsible for repairing a rickety 

theory resembles the latter, not the former. 

Physical theory is not an explanation of the inorganic world; still less is 

it an inductive generalization of the teachings of experience. So what is it?® 

Is theory simply, as the pragmatists would like it, a tool that gives us truths 

of empirical knowledge in the easiest manner, permits us to make faster 

and more profitable use of it in our action on the external world, but does 

not teach us anything about this world that we would not already have 

been taught by experience alone? 

Or, on the contrary, does theory teach us about what is real—some- 

thing that experience has not taught us and would not be able to teach us, 

something that would be transcendent to purely empirical knowledge? 

If we were to respond affirmatively to this last question, we would be 

saying that physical theory is true, that it has value as knowledge. If, on the 

6. “Physique et métaphysique,” Revue des questions scientifiques 2 (1893) [chapter 

2 of this volume]; La Théorie physique, son olyet et sa structure. “Sur un fragment, 

inconnu jusqu’ici, de I’ Opus tertium de Roger Bacon,” Archivium Franciscannum 

historicum 1 (1908). “La valeur de la théorie physique, 4 propos d’un livre récent,” 

Revue générale des sciences pures et appliquées (1908) [appendix to Aim and Structure 

of Physical Theory, pp. 312-335]. 
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contrary, it is the first question that constrains us to say yes, we would have 

to say also that physical theory is not ¢rue but simply convenient; that it has 

no value as knowledge but solely practical value. 

When the physicist, turning his attention to the science he is constructing, sub- 

mits the procedures that he has used to a rigorous examination, he discovers 

nothing able to introduce into the edifice the least particle of truth, except 

experimental observation. Of propositions attempting to state the facts of expe- 

rience and of these alone we may say: /t is true: or: It 1s false. Of these alone we 

may assert that they will not permit illogicality, and that of two contradictory 

propositions one at least must be rejected. As for propositions introduced by 

theory, they are neither ¢rue nor false. They are simply convenient or inconve- 

nient. If the physicist finds it convenient to construct two chapters of physics 

with the aid of hypotheses that contradict each other, he is free to do so. The 

principle of contradiction is able to judge truth and falsity decisively. It has no 

ability to decide what is useful and what is not. Therefore, to require physical 

theory to observe a rigorous logical unity in its development would be to exert 

an unjust and insupportable tyranny on the intellect of the physicist. 

When, after having submitted the science that concerns him to this minute 

examination, the physicist returns to his own concerns, when he takes notice of 

the tendencies that direct the steps of his reasoning, he recognizes at the same 

time that all his most profound and most powerful aspirations are crushed by 

the heartbreaking conclusions of his analysis. No, he cannot bring himself to 

see in physical theory only a collection of practical procedures, a bag full of 

tools. No, he cannot believe that physical theory only catalogs knowledge accu- 

mulated through empirical science, without changing the nature of this knowl- 

edge in the least, and without imprinting it with a character that experience 

alone would not be able to engrave at all. If there were no more in physical the- 

ory than critical examination had shown him in it, he would stop devoting his 

time and his efforts to a work of so little importance. The study of the method of 

physical science 1s powerless to show the physicist the reason that leads him to con- 
struct physical theory. 

No physicist, however positivistic we imagine him to be, would be able to 

deny this declaration. But his positivism must be sufficiently rigorous that he 

would not go beyond this declaration, and say that his efforts towards a physical 

theory, which is always more unitary and always more general, are reasonable, 

although critical examination of the method of physical science has not been 

able to discover a reasonable basis for it. Such a basis might be expressed pre- 

cisely in the following propositions: 

Physical theory gives us a type of knowledge of the external world not 
reducible to purely empirical knowledge. This knowledge comes neither from 
experience nor from the mathematical procedures the theory employs. Purely 
logical dissection of the theory would not discover the crack by which this 
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knowledge introduces itself into the edifice of physics, through a route which 

the physicist can no more deny is real, any more than he can describe its course. 

This knowledge derives from a truth other than the truths which our instru- 

ments are appropriate to grasp. The order into which theory places the results 

of observation does not find its full and complete justification in its practical or 

aesthetic aspects. We come to see, on the other hand, that this order is, or tends 

to become, a natural classification. Through an analogy the nature of which 

escapes the grasp of physics, but the existence of which imposes itself on the 

mind of the physicist as certain, we come to know that this order corresponds 

better and better to a certain overarching order. 

In a word, the physicist is forced to recognize that it would be irrational to 

work towards the progress of physical theory if that theory were not the more and 

more clear, and more and more precise reflection of a metaphysics. The belief in an 

order transcending physics is the sole reason for the existence of physical theory. 

The attitude, hostile or favorable by turns, which all physicists take towards 

this declaration is captured in this saying of Pascal: “Our powerlessness to 

prove anything is invulnerable to all Dogmatism; our idea of truth is invulner- 

able to all Skepticism [Pyrrhonisme].”’ 

Separated from the various schools of pragmatists on the subject of the 

value of physical theory, we do not take our stand, in any circumstance, 

among the number of their followers. The analysis we have given of exper- 

iments in physics shows fact to be completely interpenetrated by theoret- 

ical interpretation, to the point that it becomes impossible to express fact, 

in isolation from theory, in such experiments. This analysis has found 

great favor on the side of many pragmatists. They have applied it to the 

most diverse fields: to history, to exegesis, to theology. We do not deny 

that this extension is legitimate to some extent. However different the prob- 

lems may be, it is always the same human intellect that exerts itself to 

resolve them. In the same way, there is always something common in the 

several procedures reason employs. But if it is good to notice the analogies 

between our diverse scientific methods, it is on condition that we do not 

forget the differences separating them. And when we compare the method 

of physics, so strangely specialized in the application of mathematical the- 

ory and by the use of instruments of measurement, to other methods, there 

are surely more differences to describe than analogies to discover. 

We accept that physical theory is able to obtain a certain type of knowl- 

edge of the nature of things; but this knowledge, which is purely analogi- 

7. “La valeur de la théorie physique, a propos d’un livre récent” [appendix to 

Aim and Structure of Physical Theory). 
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cal, appears to us as the terminus of theoretical progress, as the limit which 

theory endlessly approaches without ever reaching it. On the contrary, the 

schools of the Cartesians and atomists place hypothetical knowledge of the 

nature of things at the origin of physical theory. If, therefore, we separate 

ourselves from the pragmatists, it is not to take a place among the Carte- 

sians or the atomists. 

The school of the neo-atomists, the doctrines of which center on the 

concept of the electron, have taken up again with supreme confidence the 

method we refuse to follow. This school thinks its hypotheses attain at last 

the inner structure of matter, that they make us see the elements as if some 

extraordinary ultra-microscope were to enlarge them until they were made 

perceptible to us. 

We do not share this confidence. We are not able to recognize in these 

hypotheses a clairvoyant vision of what there is beyond sensible things; we 

regard them only as models. We have never denied the usefulness of these 

models, dear to physicists of the English school.® We believe they lend an 

indispensable aid to minds more broad than deep, more able to imagine the 

concrete than to conceive the abstract. But the time will undoubtedly come 

when, through their increasing complications, these representations or 

models will cease to be aids for the physicist. He will regard them instead 

as embarrassments and impediments. Putting aside these hypothetical 

mechanisms, he will carefully release from them the experimental laws 

they have helped to discover. Without pretending to explain these laws, he 

will seek to classify them according to the method we have just analyzed to 

understand them within a modified and a broader Energetics. 

8. “L’Ecole anglaise et les théories physiques,” Revue des questions scientifiques 2 
(1893) [chapter 3 of this volume]; La Théorie physique, son objet et sa structure. 
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Research on the History of 

Physical ‘Theories’ 

This, the third part of Duhem’s report to the Académie des Sciences, gives an 

overview of his own historical works. The philosophical interest of this piece lies 

in seeing it as an application of Duhem’s historiographical concerns and as an 

illustration of Duhem’s theses about physical theory and its relation to meta- 

physics. 

All abstract thought requires the control of facts; all scientific theories call 

for comparison with experience. Our logical considerations about the 

proper method of physics cannot be judged rationally unless they are con- 

fronted with the teachings of history. We must now apply ourselves 

toward gathering these teachings. 

During antiquity, the Middle Ages, and the Renaissance, there was 

hardly more than one part of physical theory in which mathematical theory 

had sufficient development and observation had sufficient precision for us 

to discuss their mutual relations; this part is astronomy. 

With regard to the nature and value of astronomical theory, one might 

say that the Greek mind, so admirably supple, penetrating, and varied, 

conceived all the systems that our time has seen flourish again.” But 

1. [Recherches sur l’histoire des théories physiques, Part III of “Notice sur les 

titres et travaux scientifiques de Pierre Duhem, rédigée par lui-méme lors de sa 

candidature a l’académie des sciences (mai 1913),” Mémoires de la société des sciences 

physiques et naturelles de Bordeaux, ser. 7, vol. 1 (1917).] 

2. SOZEIN TA PHAINOMENA—Essai sur la notion de théorie physique de Platon a 

Galilée (Paris, 1908). 
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among these systems, there is one that wins the approbation of the most 

profound thinkers. It can be summarized in the following principle that 

Plato taught to those who wanted to work in astronomy: “When taking 

certain assumptions as our point of departure, one must attempt to save 

what appears to the senses—Tinon upotethenton,|. . .| sozein ta phainom- 

ena.” And this principle spans the Arabic, Jewish, and Christian Middle 

Ages, is repeated at the time of the Renaissance, is explained, specified, or 

contested, up to the day when Andreas Osiander formulates it thus, in the 

preface that he placed at the head of Copernicus’s book: “Neque enim 

necesse est eas hypotheses esse veras, imo, ne verisimiles quidem, sed sufficit hoc 

unum si calculum observationibus congruentem exhibeant.”* For two thou- 

sand years, therefore, the majority of those who reflected on the nature 

and value of the mathematical theory used by the physicists agreed to pro- 

claim the axiom that Energetics came to take as its own: The first postu- 

lates of physical theory are not given as affirmations of certain 

suprasensible realities; they are general rules which would have played 

their role admirably if the particular consequences deduced from them 

agreed with the observed phenomena. 

The method followed by Energetics is not an innovation; it can call 

forth the most ancient, most continuous, and most noble tradition for 

itself. But what should we say about the essential notions and fundamental 

principles of that science? Logic does not require any justification of Ener- 

getics when it defines these notions and posits these principles; logic leaves 

it free to posit its foundations as it wishes, as long as, having reached its 

zenith, the edifice is capable of accommodating without constraint or dis- 

order the laws ascertained by the experimenter. Is that to say that Energet- 

ics defines these notions haphazardly and posits these principles without 

reason? Not at all. Although logic does not impose any constraint upon 

Energetics, the teachings of history are an extremely sure and meticulous 

guide for it; the remembrance of past attempts, and of their happy or 

unhappy fate, prevents Energetics from receiving hypotheses which have 

led older theories to their ruin, or persuades it to adopt ideas which have 

already been shown to be fruitful. Energetics would not be able to prove 

its postulates, and does not have to prove them, but by retracing the vicis- 

situdes they have gone through before they came to have their present 

form, it can gain our confidence for them—that is, it can obtain some 

3. [It is neither necessary that these hypotheses be true nor even that they be 

likely, but one thing is sufficient, namely, that the calculation to which they lead 
agrees with observations. | 
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credit for them at the moment when their consequences would be receiv- 

ing the experimental confirmation we have anticipated. 

We undertook to write the history of the great laws of statics and 

dynamics in order for Energetics to be in the position to understand and 

exhibit the evolution experienced by each of its fundamental principles. 

It was known that important reflections on statics were sketched in the 

manuscript notes of Leonardo da Vinci. Our reading of Leonardo da Vinci 

and Cardano drew our attention to the unexplored statics of the Middle 

Ages; and soon, the act of laying bare all the manuscripts on statics at the 

public libraries of Paris yielded unexpected discoveries in abundance.* 

The Christian Middle Ages had known the writings on statics composed 

by the Greeks; some of these writings came to it directly and others 

through the intermediary of Arabic commentaries. But the Latins who 

read those works were not at all the slavish commentators, devoid of any 

invention, that people were pleased to depict to us. The remains of Greek 

thought that they received from Byzantium or from Islamic science did 

not remain in their minds as ina sterile depository; these relics were suffi- 

cient to awaken their attention, to fertilize their intellect. And from the 

thirteenth century on, perhaps even before that time, the school of Jorda- 

nus opened to students of mechanics some paths that antiquity had not 

known. 

At first, the intuitions of Jordanus de Nemore were extremely vague 

and extremely uncertain; some grave errors were intermixed with some 

great truths. But soon, the disciples of the great inventor refined the mas- 

ter’s thought. The errors were eclipsed and began to disappear; the truths 

became more precise and firmer, and several of the most important laws of 

statics were finally established with complete certainty. 

Specifically, we owe to the school of Jordanus a principle whose impor- 

tance was demonstrated, with ever-growing clarity, during the develop- 

ment of statics. Without analogy to the postulates specific to the lever, of 

which Archimedes’s deductions made use, this principle has only a distant 

affinity to the inexact axiom invoked by Aristotle’s Mechanical Questions. 

It affirms that the same motive force can lift different weights to different 

heights, as long as the heights are inversely proportional to the weights. 

Applied by Jordanus only to the straight lever, this principle allowed one 

of his disciples to ascertain the law of the equilibrium of weights on an 

inclined plane and, by an admirable geometric device, the law of the equi- 

librium of the bent lever. 

4. Les Origines de la statique, vol. 1 (Paris, 1905-1906). 
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Descartes took up almost without change what this anonymous mathe- 

matician of the thirteenth century had written; and henceforth, from Des- 

cartes to Wallis, from Wallis to Bernoulli, and from the former to 

Lagrange, then to Gibbs, the principle of virtual displacements continued 

to be extended. 

Around the year 1360, Albert of Saxony, a master of arts of the Univer- 

sity of Paris, wrote: 

It is not true that every part of a weight tends toward its center becoming the 

center of the world—which would be impossible. It is the whole that descends 

in such a way that its center becomes the center of the world, and all the parts 

tend toward the goal that the center of the whole becomes the center of the 

world; therefore, they do not impede one another. 

This center, this point which, in every weight, tends to place itself at 

the center of the world is, as Albert repeated on several occasions, the cen- 

ter of gravity. 

Therefore, every weight moves as if its center of gravity sought the cen- 

ter of the world—a false idea that, during the seventeenth century, engen- 

dered many errors, engaged the greatest geometers, and yielded only after 

a fierce discussion; but in the meanwhile, it was a fertile idea that imparted 

new truths to statics. In fact, it immediately gave statics the following 

proposition: A system of weights is in equilibrium when the center of grav- 

ity is as low as possible. Torricelli and Pascal one day accepted that prop- 

osition as the foundation of all statics, and it gave rise to the theorem of 

Lagrange and Lejeune-Dirichlet on the stability of equilibrium. 

Leonardo da Vinci, that indefatigable reader, leafed through and 

meditated endlessly on the writings of the school of Jordanus on the one 

hand, and the scholastic questions of Albert of Saxony on the other. The 

former, by acquainting him with the law of the equilibrium of the bent 

lever, led him to the following memorable law, which governs the com- 

position of concurrent forces: With respect to a point taken on one of the 

composing forces or on the resulting force, the two other forces have 

equal moments.” Moreover, Albert of Saxony’s ideas on the role of the 

center of gravity allowed him to discover the rule of the polygon of 

5. “Léonard de Vinci et la composition des forces concourantes,” Bibliotheca 

mathematica 4 (1904); Les Origines de la statique, vol. 2; “La Scientia de ponderibus 

et Léonard de Vinci,” Etudes sur Léonard de Vinci, ceux qu’il a lus et ceux qui l’ont 
lu, ser. 1 (Paris, 1906). 
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support,’ which Villalpand plagiarized.’ Thus, we find the origins of 

several principles essential to statics in the writings composed during the 

thirteenth and fourteenth centuries. 

Was it the same for dynamics? 

The dynamics begun by Galileo—and by those who emulated him and 

his disciples, such as Baliani, Torricelli, Descartes, Beeckmann, and Gas- 

sendi—is not an innovation; the modern intellect did not produce it, sud- 

denly and completely, as soon as the reading of Archimedes revealed the 

art of applying geometry to natural effects. 

Galileo and his contemporaries made use of the mathematical skill, 

acquired in antiquity by the geometers while they practiced their trade, in 

order to render more precise and to develop a science of mechanics, a sci- 

ence whose principles and most essential propositions had been posited by 

the Christian Middle Ages. The physicists who taught this mechanics 

during the fourteenth century at the University of Paris had conceived it 

by taking observation as their guide; they substituted it for Aristotle’s 

dynamics, convinced of its inability to “save the phenomena.” At the time 

of the Renaissance, the superstitious archaism, which delighted equally in 

the wit of the humanists and the Averroist habit of retrograde scholasti- 

cism, rejected this doctrine of the “Moderns.” The reaction against the 

dynamics of the “Parisians” and for the inadmissible dynamics of the Sta- 

girite was powerful, particularly in Italy.’ But, in spite of this hard-headed 

resistance, the Parisian tradition found some masters and savants to main- 

tain it and develop it outside the schools, as well as in the universities. 

Galileo and his followers were the heirs of this Parisian tradition. When we 

see the science of Galileo triumph over the stubborn peripateticism of 

Cremonini, we believe, since we are ill-informed about the history of 

human thought, that we are witness to the victory of modern, young sci- 

ence over medieval philosophy, so stubborn in its mechanical repetition. 

In truth, we are contemplating the well-paved triumph of the science born 

at Paris during the fourteenth century over the doctrines of Aristotle and 

Averroés, restored into repute by the Italian Renaissance. 

6. Les Origines de la statique, vol. 2; “La Scientia de ponderibus et Léonard de 

Vinci,” in Etudes sur Léonard de Vinci, ser. 1. 

7. “Léonard de Vinci et Villalpand,” in Etudes sur Léonard de Vinci, ser. 1; Les 

Origines de la statique, vol. 2. 

8. “La tradition de Buridan et la science italienne au xvi siécle,” in Etudes sur 

Léonard de Vinci: Léonard de Vinci et les précurseurs parisiens de Galilee, ser. 3 (Paris, 

1913). 
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No motion can last unless it is maintained by the continuous action of 

a motive power directly and immediately applied to the mobile. That is the 

axiom on which all of Aristotle’s dynamics rests. 

In conformity with this principle, the Stagirite wanted to apply a 

motive power for transporting the arrow, which continues to fly after hav- 

ing left the bow. He believed he had found this power in the perturbation 

of air; it is air, struck by a hand or a ballistic machine, which supports and 

carries forth the projectile. 

This hypothesis, which seems to push verisimilitude to the brink of 

ridicule, appears to have been accepted almost unanimously by the physi- 

cists of antiquity.” Only one of them spoke clearly against it, and he, living 

during the final years of Greek philosophy, is almost separated from that 

philosophy by his Christian faith; we are referring to John of Alexandria, 

surnamed Philoponus. After having demonstrated what was inadmissible 

about the peripatetic doctrine of projectile motion, John Philoponus 

declared that the arrow continues to move without any motor applied to it 

because the string of the bow has given it an energy that plays the role of 

motive virtue. 

The last Greek thinkers and Arabic philosophers did not even mention 

the doctrine of John the Christian, for whom Simplicius and Averroés had 

only sarcastic comments. The Christian Middle Ages, in the grip of a naive 

admiration for the newly discovered peripatetic science, at first shared the 

Greek and Arabic commentators’ disdain for Philoponus’s hypothesis; 

Saint Thomas Aquinas mentions the hypothesis only to warn off those 

who might be seduced by it. 

But, following the condemnations brought forth in 1277 by Etienne 

Tempier, the Bishop of Paris, against a set of theses upheld by “Aristotle 

and his followers,” there appeared a large movement that liberated Chris- 

tian thought from the shackles of peripatetic and neo-Platonic philosophy 

and produced what the Renaissance archaically called the science of the 

“Moderns.” 

William of Ockham attacked Aristotle’s theory of projectile motion 

with his customary zeal.'” He was, however, content in destroying without 

building; but his critiques restored into repute the doctrine of John 

Philoponus for some of Duns Scotus’s disciples. The energy, the motive 
virtue of which Philoponus spoke, reappeared under the name impetus. 
This hypothesis of impetus—what was impressed into the projectile by 

9. “Nicolas de Cues et Léonard de Vinci,” in Etudes sur Léonard de Vinci, ceux 
qu'il a lus et ceux qui l’ont lu, ser. 2 (Paris, 1909). 

10. “Nicolas de Cues et Léonard de Vinci,” in Etudes sur Léonard de Vinci, ser. 2. 



On the History of Physical Theories 245 

the hand or the machine that launches it—was taken over by a secular mas- 

ter of the Faculty of Arts of Paris, a physicist of great genius.'' Toward the 

middle of the fourteenth century, Jean Buridan took impetus as the foun- 

dation of a dynamics that “accords with all the phenomena.” 

The role that impetus played in Buridan’s dynamics is exactly the one 

that Galileo attributed to impeto or momento, Descartes to quantity of 

motion, and Leibniz finally to vis viva. So exact is this correspondence that, 

in order to exhibit Galileo’s dynamics, Torricelli, in his Lezioni acca- 

demiche, often took up Buridan’s reasons and almost his exact words. 

Buridan took this impetus, which remains without change within the 

projectile unless constantly destroyed by the resistance of the medium and 

by the action of weight contrary to the motion, to be proportional to the 

quantity of primary matter within the body; he conceived and described 

that quantity in terms almost identical to those Newton used to define 

mass. With equal masses, the impetus increases as the speed increases; 

Buridan prudently abstained from further specifying the relation between 

the magnitude of the impetus and that of the speed. More daring, Galileo 

and Descartes affirmed that this relation is reduced to proportionality; 

thus, they obtained an erroneous estimation for wmpeto and for quantity of 

motion, which Leibniz needed to rectify. 

Gravity increases indefinitely, as does the resistance of the medium, 

and it ends up annihilating the impetus of a mobile thrown upward, since 

such a motion is contrary to the natural tendency of that gravity. But with 

a falling mobile, motion conforms to the tendency of gravity. Thus, the 

impetus must be augmented indefinitely and speed must increase con- 

stantly during the motion. Such is, according to Buridan, the explanation 

for the acceleration observed in the fall of a weight, an acceleration that 

Aristotle’s science already understood but for which the Greek, Arabic, or 

Christian commentators of the Stagirite had given unacceptable reasons. 

This dynamics expounded by Buridan presents in a purely qualitative 

but always exact fashion the truths that the notions of vis viva and work 

allow us to formulate in quantitative language. 

The philosopher of Béthune was not alone in professing this dynamics; 

his most brilliant disciples, Albert of Saxony and Nicole Oresme, adopted 

and taught it. The French writings of Oresme allowed it to be understood 

even by those who were not clerics.” 

11. “Jean I Buridan (de Béthune) et Léonard de Vinci,” in Etudes sur Léonard de 

Vinci, ser. 3. 

12. “Dominique Soto et la scholastique parisienne,” in Etudes sur Léonard de 

Vinci, ser. 3. 
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When no resistant medium, when no natural tendency analogous to 

gravity is opposed to motion, the impetus maintains a constant intensity. 

The mobile, to which a motion of translation or rotation has been commu- 

nicated, continues to move indefinitely in the same manner with a constant 

speed. That is the form under which the law of inertia presented itself to 

the mind of Buridan; it is the form under which it was received by Galileo. 

From this law of inertia, Buridan derived a corollary whose novelty we 

should admire.'? The celestial orbs move eternally with a constant speed 

because, according to the axiom of Aristotle’s dynamics, each one is sub- 

ject to an eternal motor of immutable power. The Stagirite’s philosophy 

required that such a motor be an intelligence separated from matter. The 

study of the motive intelligences of the celestial orbs was not only the 

crowning glory of peripatetic metaphysics, it was the doctrine about which 

revolved all the neo-Platonic metaphysics of the Greeks and Arabs; the 

scholastics of the thirteenth century did not hesitate to receive this heri- 

tage of the pagan theologies into their Christian systems. 

Now, Buridan had the boldness to write these lines: 

Since the creation of the world, God has moved the heavens by movements 

identical to those by which they are actually moved. Hence, he has impressed 

upon them some impetus by which they continue to be moved uniformly. In 

effect, these impetuses, encountering no contrary resistance, are never 

destroyed or weakened. . . . According to this imagination, it is not necessary to 

posit the existence of intelligences moving the celestial bodies in an appropriate 

manner. '* 

Buridan expressed this thought in various places; Albert of Saxony for- 

mulated it also'’; and Nicole Oresme, in order to formulate it, made use of 
this comparison: “Violence excepted, the situation is similar to a man mak- 
ing a clock and letting it go and move by itself.” 

If we wanted to draw a precise line separating the period of ancient sci- 
ence from the period of modern science, we would have to draw it at the 
instant when Jean Buridan conceived this theory, at the instant when the 
stars stopped being perceived as moved by divine beings, when celestial 

13. “Nicolas de Cues et Léonard de Vinci,” in Etudes sur Léonard de Vinci, ser. 2 
(Paris, 1909). 

14. “Nicolas de Cues et Léonard de Vinci,” in Etudes sur Léonard de Vinci, ser. 2 
(Paris, 1909). 

15. “Nicolas de Cues et Léonard de Vinci,” in Etudes sur Léonard de Vinci, ser. 2. 
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motions and sublunar motions were admitted as being dependent on a sin- 

gle mechanics. 

This mechanics, both celestial and terrestrial, to which Newton gave 

the form we admire today had been attempting to constitute itself since the 

fourteenth century. The writings of Francis of Mayronnes"” and Albert of 

Saxony’’ during the whole of that century teach us that there were physi- 

cists who maintained that one could construct a more satisfactory astro- 

nomical system than the one in which the earth is deprived of motion, by 

assuming the earth mobile and heaven and the fixed stars immobile. Of 

these physicists, Nicole Oresme developed the reasons for this doctrine’® 

with a fullness, clarity, and precision that Copernicus was far from achiev- 

ing. He attributed to the earth a natural impetus similar to the one Buridan 

attributed to the celestial orbs. In order to account for the vertical fall of 

weights, he allowed that one must compose this impetus by which the 

mobile rotates around the earth with the impetus engendered by weight. 

The principle he distinctly formulated was only obscurely indicated by 

Copernicus and merely repeated by Giordano Bruno.!? Galileo used 

geometry to derive the consequences of that principle but without correct- 

ing the incorrect form of the law of inertia implied in it. 

While dynamics was being established, the laws of falling weights were 

being discovered a few at a time. 

In 1368, Albert of Saxony proposed these two hypotheses: The speed 

of the fall is proportional to the time elapsed from the start, and the speed 

of the fall is proportional to the path traveled.” He did not choose between 

these two laws. The theologian, Peter Tataret, who taught in Paris toward 

the end of the fifteenth century, reproduced literally what Albert of Sax- 

ony had said. The great reader of Albert of Saxony, Leonardo da Vinci, 

after having accepted the second of these two hypotheses, rallied to the 

16. “Francois de Meyronnes O.F.M. et la question de la rotation de a terre,” 

Archivium Franciscannum historicum 6 (1913). 

17. “Un Précurseur frangais de Copernic: Nicole Oresme (1377),” Revue générale 

des sciences pures et appliquées (1909). 

18. “Un Précurseur frangais de Copernic: Nicole Oresme (1377),” Revue générale 

des Sciences pures et appliquées (1909). 

19. “La tradition de Buridan et la Science italienne au xvi siécle,” in Etudes sur 

Léonard de Vinci, ser. 3. 

20. “Sur la découverte de la loi des chute des graves,” Comptes rendus des séances 

de l’Académie des sciences 146 (1908); “Dominique Soto et la scholastique parisi- 

enne,” in Etudes sur Léonard de Vinci, ser. 3. 
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first. But he was not able to discover the law of spaces traversed by a falling 

weight; by a reasoning that Baliani took up, he concluded that the spaces 

traversed in laps of equal and successive times are like the series of whole 

numbers, whereas, in truth, they are like the series of odd numbers. 

The rule that allowed the evaluation of the space traversed in a certain 

time by a mobile moving in a uniformly varied motion had been known for 

a long time, however. Whether this rule was discovered in Paris during the 

time of Jean Buridan or in Oxford during the time of Swineshead, it was 

formulated clearly in the work in which Nicole Oresme posited the essen- 

tial principles of analytic geometry.”! Moreover, the demonstration that 

serves to justify it is identical to the one Galileo gave for it. 

This rule was not forgotten from the time of Nicole Oresme to the time 

of Leonardo da Vinci; formulated in most of the treatises produced by the 

thorny dialectics of Oxford, it was discussed in the various commentaries 

of which these treatises were the object during the fifteenth century in 

Italy, and then in the various works of physics written at the start of the 

sixteenth century by Parisian scholasticism. 

None of the treatises of which we have just spoken, however, contains 

the thought of applying this rule to the fall of weights. We encounter that 

thought for the first time in the Questions on Aristotle’s Physics, published 

in 1545 by Domingo de Soto.” A student of the Parisian scholastics, most 
of whose physical theories he received and adopted, the Spanish Domini- 

can de Soto admitted that the fall of a weight is uniformly accelerated, and 

that the vertical rise of a projectile is uniformly retarded; also, in order to 

calculate the path traversed in each of these two movements, he correctly 

used the rule formulated by Oresme. That is, he knew the law of falling 

weights, whose discovery is attributed to Galileo. Moreover, he did not 

claim the discovery of these laws; rather, he seemed to be giving them as 

commonly received truths. No doubt they were accepted at the time by the 

Paris masters whose lessons de Soto followed. Thus, from William of Ock- 

ham to Domingo de Soto, we see that the physicists of the Parisian school 

posited the foundations of the mechanics that Galileo, his contemporaries, 

and his disciples developed. 

Among those who, before Galileo, received the tradition of Parisian 

scholasticism, there was none who deserved more attention than Leonardo 

21. “Dominique Soto et la scholastique parisienne” and “La Dialectique 

d’Oxford et la scholastique'italienne,” in Etudes sur Léonard de Vinci, ser. 3. 

22. “Dominique Soto et la scholastique parisienne,” in Etudes sur Léonard de 
Vinet, ser. 3. 
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da Vinci. During the time in which he lived, Italy firmly resisted the pen- 

etration of the mechanics of the “moderni,” of the “juniores.” Among the 

university masters, even those who leaned in the direction of the terminal- 

ist doctrines of Paris merely reproduced, in an abridged and often hesitant 

form, the essential assertions of that mechanics; they were far from being 

capable of having it produce any of the fruits of which it was the flower. 

Leonardo da Vinci, on the contrary, was not satisfied in admitting the 

general principles of the dynamics of impetus. He meditated endlessly on 

these principles and turned them every which way, pressing them in some 

fashion to deliver the consequences they enclosed.” The essential hypoth- 

esis of that dynamics was similar to the first form of the law of vis viva; da 

Vinci perceived in it the idea of the conservation of energy, and he found 

some terms of almost prophetic clarity with which to express that idea.”* 

Albert of Saxony had left his reader in suspense between the two laws of 

falling weights, the one correct and the other inadmissible. After some 

tentative steps that Galileo also went through, da Vinci came upon the 

choice of the correct law. He extended it happily to the fall of a weight 

along an inclined plane.”> Through a study of composite impeto, he 

attempted the first explanation of the curvilinear trajectory of projectiles, 

an explanation that was completed by Galileo and Torricelli.2° He 

glimpsed the correction that needed to be brought to the law of inertia 

announced by Buridan, and he prepared for the work that Benedetti and 

Descartes accomplished.”’ 

No doubt, da Vinci did not always recognize the richness of the trea- 

sures accumulated by Parisian scholasticism. He set aside some, which 

would have been complementary to his doctrine of mechanics. He misun- 

derstood the role that impetus must play in the explanation of the acceler- 

ated fall of weights.’* He was unaware of the rule which allows the 

calculation of the path traversed by a body moving of uniformly accelerated 

23. “La tradition de Buridan et la science italienne au xvi siécle,” in Etudes sur 

Léonard de Vinci, ser. 3. 

24. “Nicolas de Cues et Léonard de Vinci,” in Etudes sur Léonard de Vinci, ser 2. 

25. “La Dialectique d’Oxford et la scholastique italienne,” in Etudes sur Léonard 

de Vinci, ser. 3. 

26. “Nicolas de Cues et Léonard de Vinci,” in Etudes sur Léonard de Vinet, ser. 2. 

27. “La tradition de Buridan et la science italienne au xvi siécle,” in Etudes sur 

Léonard de Vinci, ser. 3. 

28. “La tradition de Buridan et la science italienne au xvi siécle,” in Etudes sur 

Léonard de Vinci, ser. 3. 
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motion. It is no less true that the whole of his physics placed him among 

those whom the Italians of his time called the Parisians. 

Moreover, this title was properly given to him. In fact, his principles of 

physics were derived from an assiduous reading of Albert of Saxony and 

probably also from a meditation on the writings of Nicholas of Cusa”’; and 

Nicholas of Cusa was also an initiate of the Parisian mechanics. Da Vinci 

is therefore given his proper place among the Parisian precursors of Gali- 

leo. 

We have just retraced, in broad strokes, the essential laws of equilib- 

rium and motion at their infancy. On occasion, we have described some 

portions of physics at the time when that science had reached adolescence. 

Thus, we have inquired into the sources of the hydrostatic theories of Pas- 

cal,*” detailed the role that Mersenne played in the discovery of the weight 

of air,*' and sketched the genesis of the doctrine of universal attraction.” 

Now, we did not see any essential principles proceed from the desire to 

resolve the bodies we perceive and touch into imperceptible but simpler 

bodies; we saw none that had as its aim to explain sensible motions by 

means of hidden motions. Atomism did not contribute to their formation 

in any way. All of them were born from the desire to formulate some gen- 

eral rules whose consequences “saved the phenomena.” Thus, the history 

of the development of physics has come to confirm what the logical analy- 

sis of the methods used by that science had taught us. From the former and 

from the latter, we have gained a renewal of faith in the future fruitfulness 

of the method of Energetics. 

29. “Nicolas de Cues et Léonard de Vinci,” in Etudes sur Léonard de Vinci, ser. 2. 

30. “Le Principe de Pascal; essai historique,” Revue générale des sciences pures et 
appliquées (1905). 

31. “Le P. Marin Mersenne et la Pesanteur de l’air—Premiére partie: Le P. 
Mersenne et le poids spécifique de l’air,” and “Le P. Marin Mersenne et la Pesan- 
teur de l’air—Seconde partie»Le P. Mersenne et l’expérience du Puy-de-Déme,” 
Revue générale des sciences pures et appliquées (1906). 

32. La Théorie physique, son objet et sa structure. 



Ved 

Some Reflections on 

German Science’ 

In February and March of 1915, in the midst of the French conflict with Ger- 

many during World War I, Duhem gave a series of lectures on German science 

and the German mind, under the auspices of the Catholic Student Association 

of the University of Bordeaux. Duhem then published the lectures as a book, La 

Science allemande, including this article, published earlier that year in La 

Revue des deux mondes. The dedication of the work gives us its purpose: “To 

the Catholic students of the University of Bordeaux: I dedicate these lectures, 

written at their request and given under their auspices. With God’s help, may 

these humble pages preserve and promote the clear intellect of our France in 

them and in all their schoolmates!” (p. 11). 

The first few pages are even more revealing. Duhem refers to the Occupa- 

tion. He talks about a friend telling him that it was not just the territory of 

France that was invaded; foreign thought has reduced French thought to a post- 

tion of servitude. Duhem 1s asked to sound the charge that will liberate the soul 

of the motherland, and he takes on the obligation willingly: “My combat station 

has been assigned to me. I accept it. The station ts without danger; thus, it will 

be without glory. I cannot spill my blood, but I will spill everything my heart 

contains of devotion. I come before you to play my humble part for the national 

defense” (p. 4). 

La Science allemande is evidently an example of wartime propaganda, 

Duhem’s personal contribution to the war effort. But it 1s not a one-dimensional 

example. The book sold very quickly, and there were even inquiries about the 

1. [“Quelques réflexions sur la science allemande,” Revue des deux mondes 25 

(1915): 657-686. Also in La Science allemande (Paris: Hermann, 1915).] 
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possibility of translating it into German. The Germans were not offended by it, 

possibly because, in the climate of the times, Duhem’s book was a rarity; the 

book was actually complimentary about German science, praising such scientists 

as Karl Friedrich Gauss and Hermann Helmholtz. The lasting significance of 

the work lies, however, in its elaboration of the themes of French and English 

minds, from “English School and Physical Theories” and The Aim and Struc- 

ture of Physical Theory, with the addition of the German mind. 

I 

Formerly, we have tried to describe the stamp which impresses so partic- 

ular and salient a character on English theoretical physics. Today we want 

to try, ina similar manner, to uncover the marks proper to the doctrines of 

mathematics or physics made in Germany. 

Such an attempt must guard itself against claiming to come to any rig- 

orous conclusion. Taken in its essence, considered under its perfect form, 

science must be absolutely impersonal. Since no discovery in it would bear 

the signature of its author, neither would anything allow one to say in what 

country the discovery saw the light of day. 

But this perfect form of science could not be obtained except by a pre- 

cise separation of the various methods concurring in the discovery of 

truth. Each of the many faculties that human reason puts into play when 

it wishes to know more and better would have to play its role, without any- 

thing being omitted, without any faculty being overlooked. 

This perfect equilibrium between the many organs of reason does not 

occur in any single person. In each of us, one faculty is stronger and 

another weaker. In the conquest of truth, the weaker will not contribute as 

much as it should and the stronger will take on more than its share. The 

science produced by this poorly apportioned work will not show the har- 

monious proportions of its ideal exemplar. The faulty development of 

some parts corresponds with the excessive growth of some others. It is in 

these deformities alone that we can recognize the turn of mind of the 

author. 

It is these too that will frequently allow us to name the set of people who 

produced a particular theory. 

The body of each person deviates from the ideal type of the human 

body by the exaggerated proportions of one organ, by the diminished pro- 
portions of another. These kinds of small monstrosities that distinguish us 
from one another are also those that physically characterize the various 
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nations: this or that exaggerated or arrested development is particularly 

frequent among this or that people. 

What is said of the body can be repeated of the mind. To say that a peo- 

ple has its own particular mind is to say that, quite frequently, in the rea- 

son of those who make up this people, one faculty is developed more than 

is suitable and another faculty does not have its full breadth and all its 

force. 

Two conclusions follow immediately from that: 

First, judgments about the intellectual form of a people will be able to 

be verified frequently, but they will never be universally true. Not all the 

English are of the English type. Even more so, theories conceived by the 

English will not show all the characteristics of English science. There will 

be some works that could just as well be taken for French and German 

works. In return, there will be some intellects in France that think in the 

English mode. 

Second, if the national character of certain authors is perceived in the 

doctrines they have created or developed, it is because this character has 

molded the way in which these doctrines diverged from their perfect type. 

It is by its defects—and by its defects alone—that science, diverging from 

its ideal, becomes the science of this or that people. One can therefore 

expect that the marks of the genius proper to each nation be particularly 

prominent in works of the second order, the products of lesser thinkers. 

Quite often the great masters possess a reason in which all the faculties are 

so harmoniously proportioned that their perfect doctrines are exempt 

from all individual character, as from all national character. There is no 

trace of the English mind in Newton, nothing of the German mind in the 

work of Gauss or that of Helmholtz. In such works, one no longer sees the 

genius of this or that people but only the genius of Humanity. 

II 

“Principles are felt, propositions proved,” said Pascal,’ who must always 

be cited when we claim to be speaking about scientific method. In every 

science assuming the form we call rational—or, better yet, the form that 

might be called mathematical—we must, in fact, distinguish two strate- 

gies: the one that captures principles and the one that arrives at conclu- 

sions. 

2. [B. Pascal, Pensées, VI, 110 (282), trans. Krailshimer (London: Penguin, 

1966), p. 58.] 
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The method that arrives at conclusions from principles is the deductive 

method followed with the most rigorous precision. 

The method that leads to the formulation of principles is much more 

complex and difficult to determine. 

Are we dealing with a purely mathematical science? Common experi- 

ence is the matter from which induction derives axioms. Deduction draws 

out all the truths contained in these universal propositions. Now, the 

choice of axioms is an operation of extreme delicacy. Axioms must be suf- 

ficient to satisfy all the propositions of science we wish to extract. The 

chain of reasoning must not suddenly have its continuity broken and its 

rigor compromised because a principle necessary for its progress has 

remained hidden in the data of experience and has not yet been formulated 

explicitly. It is equally necessary that there not be too many principles, that 

a simple corollary of other axioms not be given as an axiom. If we follow 

the history of the axioms of geometry from Euclid’s Elements to Hilbert’s 

works, we will see to what extent the choice of principles for a mathemat- 

ical science is a minute and complicated task. 

More complex yet is the choice of hypotheses on which will rest the 

whole edifice of a doctrine belonging to experimental science, of a theory 

of mechanics or physics. 

Here the matter that must provide principles is no longer common 

experience, that which every man spontaneously exercises from the time 

he leaves infancy; it is scientific experiment. Common experience fur- 

nishes autonomous, rigorous, definitive data to the mathematical sciences. 

The data of scientific experiments are only approximate; the continuous 

improvement of instruments perfects them and modifies them endlessly, 

while fortunate discoveries every day come to enlarge the treasury with 

some new fact. Finally, far from being autonomous or immediately intel- 

ligible in themselves, propositions that formulate the result of an experi- 

ment in physics or chemistry have meaning only if accepted theories 

provide their translations. 

Physicists must extract their principles from this inextricable web in 
which the data of sensation lie tangled up, assisted by more and more com- 
plicated instruments, by interpretations furnished by changeable theories 
subject to caution, and sometimes by the very theory they propose to mod- 
ify. In the inspection of this confused mixture, they must guess at the gen- 
eral propositions from which deduction will derive conclusions 
conformable to the facts. 

They would find in deductive method only an extremely rigid and not 
very penetrating helper for accomplishing this work. They need a more 
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supple and less rigid method than that. More so than mathematicians, 

physicists will need a faculty distinct from the geometrical mind in order 

to choose their axioms. They will have to appeal to the intuitive mind. 

Il 

The intuitive mind and the geometrical mind do not proceed in the same 

fashion. 

The procedure of the geometrical mind obeys inflexible rules imposed 

on it from outside. Each of the propositions it unfolds one from the other 

has its place marked in advance by a necessary law. To escape this law, ever 

so little, and to pass from one judgment to another by jumping over some 

intermediary required by deductive method, is, for this mind, to lose its 

power, which consists entirely in rigor. The word /inkage comes to our lips 

as soon as we want to define the order in which syllogisms succeed one 

another. In fact, the chain that ties together such reasoning does not allow 

for any freedom. 

If the geometrical mind owes all the force of its deductions to the rigor 

of its procedure, the penetration of the intuitive mind comes entirely from 

the spontaneous suppleness with which it operates. No unchangeable pre- 

cept determines the path which its free endeavors will follow. Sometimes 

one sees it cross the abyss that separates two propositions with a bold leap. 

Sometimes it slips into and insinuates itself among the numerous objec- 

tions preventing access to a truth. It is not that it proceeds without order, 

but that it prescribes for itself the order it follows; it constantly modifies it 

in light of circumstances and events in such a fashion that no precise def- 

inition could pin down its meanders and unexpected leaps. 

The procedure of the geometrical mind calls forth the idea of an army 

marching past on review. The various regiments are aligned with impec- 

cable regularity. Each person holds exactly the rank allotted to her by a 

strict order. Each feels held there by an iron discipline. 

The procedure of the intuitive mind recalls rather that of the sharp- 

shooter assaulting a difficult position. At one moment, he leaps suddenly; 

at another he creeps stealthily by the obstacles erected on the slope. There, 

also, each soldier follows an order. But no part of this order is explicitly 

formulated except the goal of winning. The free interpretation given by 

each of the assailants about how best to implement this goal makes the var- 

ious motions tend toward the specified aim. 

Does not this comparison between the procedure of the intuitive mind 

and that of the geometrical mind allow us to predict the proper character 
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of German science, what will distinguish it in particular from French sci- 

ence? No doubt, with the greater number of the French who cultivate the 

intuitive mind, science will be marked by its excessive application; not sat- 

isfied with the role given it, impatient with the heavy slowness of the geo- 

metrical mind, the intuitive mind will at times encroach upon the 

prerogatives of the latter. No doubt, we must also expect to see that Ger- 

man science is often deficient in the intuitive mind and concedes to the 

geometrical mind that which is not its legitimate possession. 

Let us glance at some ef the works that have established the reputation 

of German science and see if the predominance of geometrical mind over 

intuitive mind is not easily recognized there. 

IV 

The geometrical mind could be still better called the algebraic mind. 

There is no part of science, in fact, in which the deductive method has a 

greater role than in this vast generalization of arithmetics called algebra or 

analysis. The axioms on which it rests consist of a small number of simple 

propositions about whole numbers and their addition. The intuitive mind 

did not have to make a great effort to disengage them from the most com- 

mon experience. The innumerable truths of which the science of algebra 

is constructed can be derived from these axioms through the most rigorous 

series of syllogisms conceivable. 

The faculty of following without fail the most minute rules of logic in 

the course of long and complicated reasoning is not, however, the only fac- 

ulty that comes into play in the construction of algebra. Another faculty 

takes an essential part in this work. It is the one by which mathematicians, 

in the presence of a complex algebraic expression, easily perceive the var- 

ious transformations allowable by the rules of calculation which they can 

make it undergo and, thus, reach the formulas they wanted to discover. 

This faculty, analogous to that of a chess player preparing a clever move, 

is not a power of reasoning but an aptitude for combining things. 

Among German mathematicians, there are doubtless those who have 

possessed this aptitude for combining the operations of algebraic calcula- 

tion to a high degree. But it is not in this that the analysts from beyond the 

Rhine have excelled. The grand masters of this art—such as Hermite, 

Cayley, and Sylvester—are more easily found in France and, above all, in 

England. It is by its power Of deducing with the most extreme rigor, of fol- 

lowing without the least lapse the longest and most complicated chains of 

reasoning, that German algebra has marked its superiority. It is by this 
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power that Weierstrass, Kronecker, and Georg Cantor, for example, have 

displayed the force of their geometrical minds. 

By this absolute submission of their geometrical minds to the rules of 

deductive logic, German mathematicians have usefully contributed to the 

perfection of analysis. The algebraists who before them had shone in other 

nations had too readily and improperly trusted the intuitions of the intui- 

tive mind. Thus, they had often come to formulate as demonstrated some 

truths that were in fact only conjectured. At times propositions had even 

been hastily given as correct when they were not. German science has 

greatly contributed to ridding the field of algebra of all paralogisms. 

Let us cite only one example out of a thousand. By means of too prompt 

and too hasty an intuition, the intuitive mind believed it knew that every 

continuous function had a derivative. Pressing the geometrical mind 

improperly, it had persuaded the latter to accept some apparent demon- 

strations of that proposition. In forming continuous functions which never 

have derivatives, Weierstrass has shown how dangerous the temporary 

abandonment of rigor could be in the course of an algebraic deduction. 

Thus, the extreme rigor of the geometrical mind has great advantages 

for the progress of algebra. It also presents serious inconveniences. Overly 

cautious of avoiding or resolving objections that are only trifles, it encum- 

bers science with otiose and tedious discussions. It suffocates the spirit of 

invention. In fact, before forging the chain that ought to connect a new 

truth to principles by means of proven links, we must have first perceived 

that truth. The intuition that precedes demonstration in all mathematical 

discovery is an endowment of the intuitive mind. The geometrical mind 

does not know it, and, in the name of rigor, it readily denies it the right to 

function. There are even some geometers in Germany, such as Felix 

Klein, who have come to reassert the place of intuitions proper to the intu- 

itive mind in the domain of algebraic method because they were uneasy 

about the dangers that overly exclusive use of the geometrical mind causes 

for the faculty of invention. 

V 

Algebra subjects reason to the iron discipline of the laws of syllogism and 

rules of calculation. No science is better adapted to the German mind, 

proud of its mathematical rigor but deprived of intuition. So Germans 

tried to give every science a form which, as much as possible, recalled that 

of algebra. For example, in their hands, geometry was reduced to nothing 

but a branch of analysis. 
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By inventing analytic geometry, Descartes had already referred the 

study of shapes traced in space to discussions of algebraic equations. He 

taught us to express each point in space by using three numbers, the coor- 

dinates of the point. For a point to be found on a given surface, it is neces- 

sary and sufficient that its three coordinates satisfy a certain equation. All 

information about the algebraic properties of the equation is, from then 

on, information about the geometrical properties of the surface; the 

inverse is also true. Thus, those who are more skilled at combining formu- 

las than at considering assemblages of lines and surfaces will be great 

geometers by virtue of the fact that they are skilled algebraists. 

Even after Descartes’s work, however, the reduction of geometry to 

algebra was not absolute. In order to attribute three coordinates to a point 

in space, it was still necessary to refer to some geometrical propositions, to 

the most elementary theorems about straight lines and parallel planes. 

Simple as these propositions may have been, they entailed the acceptance 

of all the axioms Euclid required at the beginning of the Elements. Now, 

for those whose geometrical minds suffer from the slightest lack of rigor, 

this adherence to Euclid’s axioms is scandalous. 

The axioms required by a science of reasoning should not merely agree 

among themselves without any shadow of contradiction; they should, fur- 

thermore, be as few as possible in number. Hence, they should be indepen- 

dent of one another. In fact, if one of them could be demonstrated by 

means of the others, it would be deleted from the number of the axioms 

and placed among the theorems. 

Now, are Euclid’s axioms truly independent of one another? This is a 

question that has long worried geometers. Among these axioms is one that 
is the basis for the theory of parallel lines. Many have thought to recognize 
it as a simple corollary of the other postulates formulated by Euclid, so we 
have seen repeated attempts at its demonstration. But a somewhat perspi- 
cacious critic has always discovered a vicious circle in each of these 
attempts. 

The question was given another, more ingenious, slant by Gauss, 
Bolyai, and Lobachevskii. These mathematicians applied themselves to 
unfolding the series of propositions that could be established by accepting 
all the axioms formulated by Euclid, except the parallel postulate. They 
thought, that if one could follow to infinity the series of consequences of 
those axioms without assuming the truth of the dubious postulate, and 
without ever encountering a contradiction, it would be because the adop- 
tion of these principles does not necessarily require the truth of the parallel 
postulate. Henri Poincaré has shown the well-foundedness of this thought 
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conceived by Gauss, Bolyai, and Lobachevskii. He has shown that if the 

non-Euclidean geometry constructed by these mathematicians could ever 

end up with two mutually contradictory propositions, it would be because 

Euclidean geometry itself provided two incompatible theorems. 

To recognize whether all of Euclid’s axioms are truly independent of 

one another is a question under the jurisdiction of the geometrical mind; 

and with Gauss, Bolyai, Lobachevskii and their successors, the geometri- 

cal mind has fully resolved it. But to decide whether Euclid’s postulate is 

true is a question that the geometrical mind, left to itself, cannot answer. 

It must be aided by the intuitive mind. 

The truth of geometry does not consist merely in the absolute indepen- 

dence of the axioms from one another, or in the impeccable rigor with 

which theorems are deduced from axioms. It also, and above all, consists 

in the agreement between the propositions forming this logical chain and 

the knowledge given to our reason about space and the shapes that can be 

traced in it by that lengthy experience called common sense. It belongs to 

the geometrical mind to verify the precision of the deduction by which all 

the propositions are derived from one another. But it has no means of rec- 

ognizing if they are or are not conformable with what we know, prior to all 

geometry, about plane or solid figures. This latter task is the concern of the 

intuitive mind. 

Now, prior to all geometry, one of the first truths we can formulate on 

the subject of space is that it has three dimensions. When the intuitive 

mind analyzes this proposition in order to grasp exactly what is intended 

by it, does it discover that it has this meaning: “To every point in space 

there correspond three numbers that are its coordinates”? Not at all. What 

it finds is that, in attributing three dimensions to space, the nonmathema- 

tician claims to say this: All bodies have length, breadth, and depth. And 

when the assertion is pushed, the intuitive mind recognizes that it is equiv- 

alent to this other assertion: Every body can be contained exactly in a con- 

tainer of determined size, whose shape is called a rectangular 

parallelepiped by the geometer. The geometrical mind then comes along 

to demonstrate that propositions about rectangular parallelepipeds, 

judged true by the intuitive mind, entail Euclid’s celebrated postulate. 

By searching the treasury of truths about the sizes and shapes that the 

most common experience amasses, the intuitive mind comes across these 

propositions: One can represent a plane figure by drawing a solid figure by 

sculpture, and the image can perfectly resemble the model even though it 

is of another size. This is a truth that deer hunters on the banks of the 

Vézére during Paleolithic times never doubted. Now, that shapes can be 
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similar without being equal presupposes the correctness of Euclid’s postu- 

late, as the geometrical mind demonstrates. 

To recognize thus the large part that belongs to the intuitive mind in 

the verification of the axioms of geometry is not to the taste of German sci- 

ence. The latter makes little of the agreement between the propositions of 

geometry and the knowledge derived from common sense, since this 

agreement cannot be ascertained by the geometrical mind. It would have 

the truth of geometry consist exclusively in the rigor of deductive reason- 

ing by which theorems derive from axioms; and, in order not to be exposed 

to compromising this rigor by borrowing some information from sensible 

experience, it would reduce geometry to absolutely nothing more than a 

problem of algebra. 

For it, a point will be by definition the set of three numbers. Let the val- 

ues of the three numbers vary continuously in such a set; then it will be 

said that the point generates a space. The distance between the two points 

will be by definition an algebraic expression consisting of the three numbers 

of the first set and the three numbers of the second set. No doubt, this 

algebraic expression is not taken absolutely at random; it is chosen in such 

a way that some of its algebraic properties are expressed by phrases similar 

to those setting out certain geometrical properties attributed by common 

sense to the distance between two points. But these properties will be as 

few as possible, lest the intuitive mind find in them the pretext for pene- 

trating into the domain of the science to be constructed. Algebraic calcu- 

lations, called geometry, will then be developed. 

Perhaps the intuitive knowledge that reason provides about plane fig- 

ures and bodies might still find a way of insinuating itself into the stitches 

of the deductive net woven by this algebra. A new precaution will be taken 

against this dreaded intuition. Our intuition does not know any space 

without two or three dimensions; to articulate propositions that might 

speak of a space of more than three dimensions would be to utter intu- 
itively meaningless words. These are precisely the kinds of propositions 
that will constantly be formulated. What will be called a point will not be 
a set of three numbers, as was assumed, but a set of m numbers. The value 
of the whole number represented by n will not be specified. That value can 
be greater than three; it can be as great as one wishes. The set of n numbers 
is, it will be said, a point in a space of m dimensions. 

That is how the powerfully geometrical genius of Bernhard Riemann 
went about writing a chapter of profound algebra which he entitled On the 
Hypotheses that Serve as the Foundations of Geometry (Uber die Hypothesen 
welche der Geometrie zu Griinde liegen). 
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We have indicated with what minute care the intuitive knowledge of 

lines and surfaces had been set aside in the composition of that doctrine. 

Is it not astonishing that the corollaries this algebra achieves, which it 

expresses with words borrowed from geometry, run counter to the prop- 

ositions that intuitive knowledge of space regards as the most certain? 

When it affirms, for example, the meeting at a finite distance of any two 

lines whatsoever in the same plane, does it not deny the very existence of 

parallels? 

Riemann’s doctrine is a rigorous algebra because all the theorems it for- 

mulates are exactly deduced from postulates it sets out. Therefore, it sat- 

isfies the geometrical mind. It is not a true geometry since, in positing its 

postulates, it does not bother to make the corollaries agree in all points 

with the judgments, derived from experience, that make up our intuitive 

knowledge of space. Thus, it offends common sense. 

VI 

Riemann’s treatise on the foundations of geometry is one of the most justly 

celebrated works in German science. It seems to be a remarkable example 

of the procedure by which the German geometrical mind transforms every 

doctrine into a kind of algebra. 

This mind assigns extremely unequal shares to the two methods by 

whose help every science of reasoning progresses. It develops, with as 

much breadth as detail, the deduction by which the corollaries are derived 

from principles. It suppresses or reduces to the smallest extent the set of 

inductions and conjectures by which the intuitive mind was able to disen- 

gage principles from the data of experience. 

The hypotheses on which any theory of mechanics or mathematical 

physics rests are fruits whose ripeness has been prepared for a long time. 

The data of common observation, results of scientific experiment assisted 

by instruments, ancient theories now forgotten or rejected, metaphysical 

systems, and even religious beliefs have contributed to them. Their effects 

have intersected and their influences have mixed in so complex a manner 

that a great intuition of mind, sustained by a deep knowledge of history, 

would be required to make out the essential direction of the path that has 

led human reason to the clear perception of a principle of physics. 

Now, let us examine some of the lessons of such a scientific algebra, in 

which Gustav Kirchhoff has set forth the various doctrines of mathemat- 

ical physics. We find no trace of that long and complicated elaboration that 

has preceded the adoption of principles. Each hypothesis is presented ex 
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abrupto, under the very abstract and general aspect which it has taken on 

after many evolutions and transformations, without a word allowing us to 

suspect the indispensable preparation. A Frenchman who had heard 

Kirchhoff in Berlin recently repeated to me the formula by which the Ger- 

man professor used to present each new principle: “We can and will 

posit ... (Wir kénnen und wollen setzen . . .!” Provided that no contradic- 

tion forbids our assumption for the pure logician, we prescribe it as a 

decree of our free will. This act of will, this choice of our pleasure, is sub- 

stituted, so to speak, purely and simply for all the work that, over the 

course of the ages, the intuitive mind had to complete. It leaves nothing 

subsisting in science except that which submits to the rigid discipline of 

the geometrical mind. A theory of physics, beginning with postulates 

freely formulated, is no more than a series of algebraic deductions. 

Kirchhoff is not alone in treating mechanics and physics in this way. 

Those who have followed his lectures imitate his method. For example, 

can one imagine a more absolute algebraism than the one that inspires Hei- 

nrich Hertz when he claims to construct mechanics? The disposition, at a 

given instant, of the various bodies making up the system under study is 

known when the values taken by a certain number 7 of magnitudes is 

known. For fear that experimental intuition might suggest to us some 

property of this mechanical system, we quickly lose sight of and forget the 

bodies that form it, dodge the intuition, and consider only a point whose 

coordinates, in the space of m dimensions, will be precisely these m values. 

We agree that this point, which is itself only an algebraic expression, a 

word of geometric consonance taken to designate a set of » numbers, 

changes from one instant to another, in such a way as to render to a mini- 

mum a certain magnitude represented by an algebraic formula. From this 

convention, so perfectly algebraic in nature, so fully arbitrary in appear- 

ance, we deduce with extreme rigor the consequences that the calculation 

can derive from it and say we are generating mechanics. 

Doubtless, the postulate formulated by Hertz is not as arbitrary as it 

appears. It was arranged in such a way that its algebraic statement summa- 

rized and condensed everything that intuitions, experiments, and discus- 

sions had disclosed to students of mechanics concerning the law of inertia 

and the connections by which bodies inhibit one another in their motions, 

from Jean Buridan to Galileo and Descartes, and from the latter to 

Lagrange and Gauss. But Heinrich Hertz has not preserved the least 

reminder of that previous elaboration in the absolutely precise and rigor- 

ous exposition he gives us of mechanics. He completely and systematically 

abstracts it away, so that the fundamental principle of science takes the 
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imperious form of a decree brought forth by a freely authoritarian alge- 

braist: sic volo, sic jubeo, sit pro ratione voluntas [as I will, so I order; let my 

will substitute for reason]. 

Moreover, such a manner of proceeding can produce very good results 

in certain cases. 

By patiently unraveling the complex knot of operations that have slowly 

produced a hypothesis of physics, the intuitive mind sometimes deludes 

itself about the role it has played. It comes to imagine that it has fashioned 

a work of the geometrical mind. It wrongly takes for a categorical demon- 

stration of a proposition the series of considerations, with transitions deli- 

cately managed, through which it has little by little prepared the mind to 

receive that proposition. Our French physics has too often and too long 

given itself to that pipe dream. It is important to put reason on guard 

against this misapprehension, not to allow it to believe that a principle of 

physics is demonstrated only by making it seductive. It is good to remind 

it that, from the point of view of deductive logic, the hypotheses of physics 

appear as propositions imposed by no reasoning. Scholars formulate them 

as they please, led only by the hope of deriving from them corollaries in 

conformity with the data of experience, and they propose them for our 

acceptance because the condensation of a multitude of experimental laws 

and a small number of theoretical postulates appears to them, in the words 

of Ernst Mach, a fortunate economy of thought. The pure algebraism of 

German theories is marvelously suited for this task. 

But what does that say? Simply that an exposition of physics in which 

the intuitive mind has exaggerated its power is corrected by another expo- 

sition in which the intuitive mind has been driven out with too much 

force—in other words, that an excess often finds its remedy in a contrary 

excess. Belladonna and digitalis neutralize each other’s effects. Neverthe- 

less, they are both poisonous plants. 

Vil 

We risk giving in to a serious eccentricity if we posit the hypotheses of a 

theory of mechanics or physics without any concern for the considerations 

by which the intuitive mind could prepare for our acceptance of them. We 

are liable to produce doctrines that contradict the universally received 

teachings of common sense. 

German science cares little for the requirements of common sense. It is 

not displeased to oppose them directly. Bernhard Riemann’s geometric 

theory has already let us recognize this. At the base of the systems it con- 
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structs with an apparatus so scrupulously designed, German thought 

appears at times to take malicious pleasure in positing some assertions 

which, for the intuitive mind, may be the occasion for scandal, if these 

assertions should contradict the most assured principles of logic. What a 

delicious exercise for a geometrical mind that despises the intuitive mind 

and good sense to place a formally contradictory proposition among the 

axioms and to derive from such a principle a whole set of corollaries by a 

series of absolutely conclusive syllogisms! 

From early on, there were men in Germany who persevered at this task. 

Nicholas of Cusa, the first original thinker to be counted as German, 

wrote his treatise, De docta ignorantia [On Learned Ignorance], before the 

middle of the fifteenth century. In order to provide a basis for the philo- 

sophical edifice he was going to erect, the “German Cardinal” made this 

assertion, whose contradictory character leaps to one’s eyes: In every order 

of things, the maximum is identical to the minimum. Then, on this basis, 

deductive method allowed him to construct a whole metaphysics. 

The nineteenth century produced in Germany an attempt no less 

strange than that of Nicholas of Cusa. Hegel rested his whole philosophi- 

cal system on the assertion of the identity of contraries; and the great suc- 

cess that Hegelianism has known in universities beyond the Rhine marks 

the extent to which the geometrical mind of the Germans, far from being 

shocked by this defiance of common sense, took pleasure in that great feat 

of purely deductive method. 

A being whose nature consists in feeling dominated by an iron disci- 

pline finds its happiness in obeying orders without discussion. The more 

strange, even revolting, the order, the more joyful the obedience. This 

explains the cheerful submission with which the geometrical mind of 

someone such as Nicholas of Cusa or Hegel unfolds the consequences of 

an absurd principle. Moreover, German metaphysicians have not been 
alone in supplying examples of this intellectual submission that discon- 
certs us. We have seen mathematicians unravel entire geometries in which 
one of the least discussible Euclidean axioms was replaced by its contra- 
dictory; and the authors of these deductions seemed to take pleasure in it, 
in proportion to the inconceivability and ridiculousness of the conclusions 
as judged by good old common sense. 

These mathematicians, however, use a geometry in conformity with 
this good old common sense every time they happen to measure a body or 
draw a figure in everyday life. 

A similar inconsistency is not at all rare when the geometrical mind 
claims to do without the help of the intuitive mind. Isolated from common 
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sense, the geometrical mind can truly reason and deduce without end but 

is incapable of directing action and maintaining life. Common sense rules 

as master in the domain of facts. Between this common sense and discur- 

sive science, the intuitive mind establishes a perpetual circulation of truths 

that extracts from common sense the principles from which science will 

deduce its conclusions, and it takes up among these conclusions all that can 

increase and perfect common sense. 

German science does not know this continual exchange. Submissive to 

the rigorous discipline of the purely deductive method, theory follows its 

regular march without any care for common sense. Common sense, on the 

other hand, continues to direct action without theory appearing in any way 

to sharpen its primitive and crude form. 

Does not the idealist philosopher provide raw evidence for this absence 

of all interpenetration between science and life? In his chair at the univer- 

sity, he denies all reality to the external world because his geometrical 

mind has not encountered this reality at the end of a conclusive syllogism. 

An hour later, at the tavern, he finds a fully assured satisfaction in the 

weighty realities of his sauerkraut, his beer, and his pipe. 

With Germans, pure geometers deprived of intuitive mind, life does 

not guide science and science does not illuminate life. Hence, in his mag- 

nificent study L’Allemagne et la guerre [Germany and the War], Emile 

Boutroux could write: 

Their science, an affair of specialists and scholars, has not been able to pene- 

trate their soul and influence their character. ... Apart from notable excep- 

tions, of course, consider in the tavern, in his dealings with ordinary life, in his 

amusements, the learned professor who excels at discovering and gathering 

together all the materials for a study and bringing forth from it, through 

mechanical operations and without the least appeal to judgment and good com- 

mon sense, solutions completely based on texts and on reasonings. What dis- 

proportion there often is between his science and his degree of education! What 

vulgarity of taste, sentiment, and language, what rough behavior is displayed 

by this man, whose authority is inviolable in his specialty! . .. With Germans, 

the scholar and the man are only too often strangers to one another.* 

The same thing holds for German science that holds for German sci- 

entists. The absence of intuitive mind leaves a gaping abyss between the 

development of ideas and the observation of facts. Ideas are deduced from 

3. Emile Boutroux, L’Allemagne et la guerre (Paris, 1914) [first published in 

Revue des deux mondes 23 (15 October 1914): 387-388]. 



266 Pierre Duhem 

one another, proudly contradicting common sense, from which they bor- 

row nothing. Common sense manipulates realities and notices facts by its 

own means without concern for a theory that ignores it or goes against it. 

Such is the spectacle which, quite often, the physics from beyond the 

Rhine presents to us. 

VUl 

German theories of electrical phenomena provide examples of this inco- 

herent duality. 

There is a particularly difficult and complicated doctrine in mathemat- 

ical physics: the theory of electricity and magnetism. The genius of people 

such as Poisson and Ampére had set out the principles of this doctrine with 

wholly French clarity. Before the middle of the nineteenth century, the 

work of these great men had served as a guide for the work that the most 

illustrious German physicists, such as Gauss, Wilhelm Weber, and Franz 

Neumann, had accomplished in order to complete it. All these efforts, 

inspired by the intuitive mind and disciplined at the same time by the geo- 

metrical mind, had built up one of the most powerful and most harmoni- 

ous theories of physics ever admired. For several years now, this doctrine 

has been completely reversed by the exclusively geometrical mind of the 

Germans. 

The origin of this reversal does not reside in Germany; it must be 

sought in Scotland. 

The Scottish physicist James Clerk Maxwell seemed to be haunted by 

two intuitions. 

First, insulating bodies, those Faraday called dielectrics, must play a 

role, with respect to electrical phenomena, comparable to conducting 

bodies. It is reasonable to constitute an electrodynamics for dielectric 

bodies similar to the one Ampére, W. Weber, and F. Neumann consti- 

tuted for conducting bodies. 

Second, electrical actions must be propagated within a dielectric body 

in the same way that light is propagated within a transparent body. The 

velocity of electricity and the velocity of light ought to have the same value 

for the same substance. 

Hence, Maxwell sought to extend the equations of the mathematical 
theory of electricity to dielectrical bodies and to put these equations into 
such a form that the identity between the propagation of electricity and the 
propagation of light could be clearly recognized in them. But the best- 
established laws of electrostatics and electrodynamics in no way lent them- 



Some Reflections on German Science 267 

selves to the transformation dreamed up by the Scottish physicist. 

Throughout his life, one way or another, he tried to reduce these rebellious 

equations so as to extract from them the propositions he had glimpsed and 

which he, with his marvelous genius, conjectured to be close to the truth. 

None of his deductions was viable, however. If he finally obtained the 

desired equations, it was, with each new attempt, at the price of flagrant 

paralogisms—indeed, of serious mistakes in calculation. 

Maxwell’s work was certainly not a German work; to capture the truths 

revealed by his intuition, Maxwell, the most impulsive and boldly intuitive 

mind since Fresnel, imposed silence on the most justified complaints of 

the geometrical mind. The geometrical mind, in turn, had the right and 

duty to let itself be heard. Maxwell had proceeded to his discoveries by a 

path broken by precipices impassable to any reasoning respectful of the 

rules of logic and algebra. It fell to the geometrical mind to trace out an 

easy route by which one could rise to the same truths without lacking any 

rigor. 

This indispensable work was carried out by a German, but by a Ger- 

man whose genius seemed to be exempt from the defects of the German 

mind. Hermann von Helmholtz showed how, without abandoning the 

proven truths long acquired by electrodynamics, without in any way col- 

liding with the rules of logic and algebra, one could nevertheless attain the 

end the Scottish physicist had proposed. For that purpose, it was suffi- 

cient not to impose a velocity rigorously equal to the one Maxwell assigned 

to the propagation of electrical actions; the velocity imposed was very near 

the one Maxwell wanted. 

The intuitive mind and the geometrical mind were satisfied by Helm- 

holtz’s attractive theory. Without denying the electrodynamics con- 

structed by Ampére, Poisson, W. Weber, and F. Neumann, it enriched it 

with everything that was true and fruitful in Maxwell’s views. This theory, 

so satisfying to all harmoniously constituted reason, was proposed by a 

German, and that German, whose discoveries in the most varied domains 

rendered him famous, enjoyed a great and legitimate renown in his own 

land. The theory found no favor in Germany, however. Even Helmholtz’s 

students made nothing of it. It was one of them, Heinrich Hertz, who gave 

to Maxwell’s thought the form that German science perfected from then 

on, the geometrical mind having rigorously driven out the intuitive mind. 

Objections as numerous as they were serious barred the way to the var- 

ious methods by which Maxwell tried to justify the equations he hoped to 

obtain. There was a simple but almost brutal way of clearing away all these 

objections with one blow. The way was no longer to look upon Maxwell’s 
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equations as objects of demonstration, no longer to make of them the terms 

of atheory for which the commonly received laws of electrodynamics must 

serve as principles. It was to posit them at the outset as postulates of which 

algebra had only to unfold the consequences. That was what Hertz did. 

“Maxwell’s theory,” he proclaimed, “is no more than Maxwell’s equa- 

tions.” The German geometrical mind took singular pride in this manner 

of acting. In fact, there was no need to have recourse to the intuitive mind 

to deduce corollaries from equations whose origin is no longer in question; 

algebraic calculation sufficed. 

It goes without saying that this way of proceeding does not satisfy com- 

mon sense. In fact, Maxwell’s equations not only collide with the teachings 

of a learned and complicated physics, they directly contradict truths acces- 

sible to everyone: The mere existence of a permanent magnet is inconceiv- 

able for anyone who regards these equations as universally and rigorously 

true. Hertz explicitly recognized this, and so did Ludwig Boltzmann. Nei- 

ther, however, saw in this a sufficient reason for denying Maxwell’s equa- 

tions the title of axioms. Now, it is not only in physics laboratories that 

one finds permanent magnets, lodestones, needles, bars, and horseshoes 

of magnetized steel. On the bridge of every ship, the binnacle, or ship’s- 

compass stand, contains some magnets; one even comes across them 

among children’s toys. Common sense is assuredly within its rights when 

it prohibits the geometrical mind from denying their existence. 

Permanent magnets are also found among the instruments used by 

physicists who, on Hertz’s advice, treat Maxwell’s equations as orders and 

whose reason obeys these equations without examining their title to such 

an authority. With the help of instruments provided with permanent mag- 

nets, these physicists conduct many experiments. They invoke results of 

these experiments when, in specific cases, they claim to apply the corollar- 

ies of Maxwell’s equations. These results then tell them what value it is 

appropriate to attribute to electrical resistance or to the coefficient of mag- 

netization. But how can they use permanent magnets at the very moment 

when they invoke a doctrine whose axioms make the existence of such bod- 

ies absurd? 

Such inconsistency naturally follows a lack of the intuitive mind. 

Reduced to its own powers, the geometrical mind never knows how to 

apply its deductions to the data of experience. Between the abstractions 

theoreticians consider in their reasoning and the concrete bodies observers 
manipulate in the laboratory, it is the intuitive mind alone that grasps an 
analogy and establishes a correspondence. The link between theoretical 

physics and experimental physics is felt, not concluded. 
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If a theory has been constructed following the laws of a sound method, 

if the geometrical mind and the intuitive mind have played their legitimate 

roles, the connection between the equations that the geometrical mind 

analyzes and the facts that common sense establishes will be convenient 

and solid. It will result from the very operations by which the intuitive 

mind has derived the hypotheses that carry the theory, from the teachings 

of experience. But if the foundations of the theory have not been extracted 

from the bowels of reality by the intuitive mind, if they are algebraic pos- 

tulates arbitrarily posited by the geometrical mind, there will no longer be 

any natural contact between the consequences of theory and the results of 

experience. Deductions, on the one hand, and observations, on the other, 

will be developed in two separate domains. If some passage is established 

from one to the other, it will be done in an artificial way. The legitimacy 

of such transitions will no longer be justifiable once the very principles of 

the theory have been deprived of all justification. Thus will we see the cor- 

ollaries of a deduction being applied to the objects that the very axioms of 

this deduction declared nonexistent. 

IX 

The study of various electrical effects has led to assuming—then, it seems, 

to establishing—that within gases there are very small, very fast-moving 

electrically charged particles, given the name e/ectrons. An electron acts in 

the fashion of an electrical current moving in a conducting body by quickly 

displacing in space the electrical charge it bears. The study of currents is 

a new chapter in electrodynamics. This chapter is still to be written. 

To construct an electrodynamics for electrons, it was possible and 

desirable, it seems, to follow the prudent method Ampére, W. Weber, and 

Franz Neumann had used to construct the electrodynamics of conducting 

bodies. But this method required delicate experiments, penetrating intui- 

tions, and arduous discussions, of which the works of W. Weber, Bernhard 

Riemann, and Clausius gave a first glimpse. It called for much ingenuity 

and much time. Algebraism found a means of proceeding with less bother 

and more haste. The intensity of previously known currents figured in 

Maxwell’s equations. To these were added purely and simply the intensity 

of the convection current due to electron motion, without any change in the 

form of the equations; thus, one had the fundamental postulate of the new 

electrodynamics. As soon as a Dutch physicist, Lorentz, had proposed this 

hypothesis, German savants proceeded with great enthusiasm to deduce 

electron physics from it. 
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Thus, this physics rested completely on a simple generalization of 

Maxwell’s equations, building on a beam known to be worm-eaten and 

therefore rendering the whole monument decrepit. Maxwell’s equations 

contained a formal contradiction with the very existence of magnets and 

had not been cured of this vice when the convection current was intro- 

duced. The new electrodynamics presented itself at the outset as a set of 

corollaries of an inadmissible postulate. 

This theory, vitiated by the very hypotheses that support it, did not 

hesitate, however, to pose as critic and reformer of doctrines considered 

the most solid until then. Rational mechanics, that elder sister of physical 

theories, which all the younger doctrines had until then taken as a guide 

and from which they frequently even tried to derive their principles, was 

itself shaken to its very foundations by this new arrival. In the name of 

electron physics, some proposed to renounce the principles of inertia and 

entirely to transform the notion of mass. That was needed so that the new 

doctrine would not be contradicted by the facts. Not for an instant did 

anyone ask if this contradiction, rather than requiring the overthrow of 

mechanics, did not signal the incorrectness of the hypotheses on which 

electron theory rested and did not mark the necessity of replacing or mod- 

ifying them. These hypotheses were posited as postulates by the geomet- 

rical mind. It unfolded their consequences with an imperturbable 

assurance, triumphant in the very ruins which the conquering theory piled 

up among the old established doctrines. Guided, nevertheless, by the 

experience of the past, instructed by the history of great scientific 

progress, the intuitive mind suspected a poor indication of truth in this 

devastating march. 

Moreover, by that inconsistency to which a reason deprived of intuition 
is so often condemned, the supporters of electron physics did not fail to 
use, in practice, the very theories condemned by the doctrine, when they 
were not unfolding the consequences of their preferred doctrine. Their 
deductions required the rejection of rational mechanics; but, without any 
scruples, they had recourse to the theorems of rational mechanics to inter- 
pret the readings of instruments whose information they borrowed. 

x 

The new physics was not content to enter into conflict with other physical 
theories in general, and with rational mechanics in particular. It did not 
recoil from contradicting common sense. 

A delicate experiment in optics performed by M. Michelson happens 
to disagree with electron physics, as it does with most theories of optics 
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proposed to this day. In that experiment, at least if it is duly confirmed and 

properly interpreted, the intuitive mind advises us to see the proof that, 

until now, no optical theory has been irreproachable and that it is neces- 

sary to revise every theory to some extent. But the geometrical mind of the 

German physicist holds another opinion. It has found a way to bring into 

agreement the equations of electron physics and the results of Michelson’s 

experiment; in order to achieve this, it needed to overthrow the notions 

that common sense provides us regarding space and time. 

The two notions of space and time appear to all men to be independent 

of one another. The new physics unites them with an indissoluble bond. 

The postulate securing this connection, which is truly an algebraic defini- 

tion of time, has been called the principle of relativity. This principle of rel- 

ativity, moreover, is so plainly a creation of the geometrical mind that one 

cannot give it a proper definition in ordinary language without having 

recourse to algebraic formulas. 

At least one can show, by citing one of the consequences of the princi- 

ple of relativity, the extent to which the link it establishes between the 

notions of space and time collides against the most formal assertions of 

common sense. 

Our reason does not establish a necessary relation between the distance 

traversed by a mobile body and the time elapsed. However long a path may 

be, we can imagine it to be described in as small a time as we wish; however 

great a speed, we can always conceive a greater speed. No doubt, this 

greater speed could be unrealizable in fact; it could be that no physical 

means actually existed that is capable of launching a body with a speed 

greater than a given limit. But this impossibility, which seems to be 

imposed on the power of the engineer, would not present any insuperable 

absurdity to the thought of the theorist. 

It is no longer the same if one admits the principle of relativity as it has 

been conceived by the likes of Einstein, Max Abraham, Minkowski, and 

von Laue: A body cannot move faster than the speed at which light is prop- 

agated in the void. And this impossibility is not a simple physical impossi- 

bility, one entailed as an effect by the absence of all means capable of 

producing it; it is a logical impossibility. For someone who holds to the 

principle of relativity, to speak of a speed surpassing the speed of light is 

to utter words devoid of meaning; it is to contradict the definition of time 

itself. 

The fact that the principle of relativity is disconcerting to all the intui- 

tions of common sense is not something that excites the suspicion of Ger- 

man physicists against it. To accept it is to upset all the doctrines that 

speak of space, time, and motion: all the theories of mechanics and physics. 
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Such devastation holds nothing unpleasant for German thought. The geo- 

metrical mind of the Germans will rejoice in reconstructing a whole phys- 

ics based on the principle of relativity over the terrain it has just swept 

clean. If this new physics, disdainful of common sense, goes against all that 

observation and experiment have allowed us to construct in the domain of 

celestial and terrestrial mechanics, the purely deductive method will only 

be more proud of the inflexible rigor with which it will have followed the 

ruinous consequence of its postulate to its end. 

Describing the “order of geometry,” Pascal said: 

It does not define everything, and it does not prove everything [and in that 

respect it is inferior]. But it posits only those things which are clear and con- 

stant to natural light, and that is why it is perfectly true, inasmuch as nature 

supports it when other explanation fails. 

This orderly procedure, the most perfect known to men, consists not in 

defining everything and demonstrating everything, nor in defining or demon- 

strating nothing, but rather in maintaining a proper balance, by not defining 

those things that are clear and known to all men, and by defining all others; 

by not proving those things that are known to all men and by proving others. 

This order is sinned against equally by those who undertake to define and 

prove everything and by those who neglect doing so in matters that are not 

self-evident. 

This is what geometry teaches perfectly. It does not define any such things 

as space, time, motion, number, equality, nor very numerous similar 

thingsueea 

It may perhaps be considered strange that geometry cannot define any of 

the things with which it is principally concerned, for it can define neither 

motion, nor number, nor space. And yet these three things are the ones with 

which it deals particularly. ... But we should not be surprised if we observe 

that this admirable science, in dealing only with the simplest things, makes 

them incapable of definition because of this very quality of simplicity which 

makes them worthy of being the objects of that science. Thus the lack of defi- 

nition is the mark of excellence rather than a defect, because it is not due to any 

obscurity in these things but rather to their extreme clarity which is such that, 

although it does not carry the conviction of demonstration, nevertheless it does 

afford the same full certainty.* 

The exclusively geometrical mind does not want to concede to the intu- 

itive mind the power of drawing from common sense certain knowledge 

4. [Pascal, “The Mind of the Geometrician,” in Great Shorter Works, trans. A. 

Cailliet and J. C. Blankenagel (Westport: Greenwood Press, 1974), pp. 191-195.] 
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contained in it, endowed with that extreme evidence which does not have 

the conviction of demonstration but has all its certainty. It knows no other 

evidence and no other certainty than that of definitions and demonstra- 

tions, so that it comes to dream of a science in which all propositions have 

been demonstrated. And since it is contradictory to define everything and 

demonstrate everything, it wishes at least to reduce all undefined notions 

and undemonstrated judgments to the smallest number possible. The only 

ideas it consents to receive without definition are the ideas of whole num- 

ber, equality, inequality, and the addition of whole numbers; the only 

propositions it readily receives without requiring a demonstration are the 

axioms of arithmetic. When it has developed the full doctrine of algebra 

from such notions and principles as these, it understands well how to 

reduce all of science to nothing but a chapter of that algebra. The ideas of 

space, time, and motion are presented to us by common knowledge as sim- 

ple and irreducible ideas, which cannot be reconstructed with the aid of 

operations bearing on whole numbers. They are, therefore, essentially 

incapable of algebraic definition. But that is no obstacle! The geometrical 

mind refuses to consider the space, time, and motion which all people con- 

ceive clearly and about which they can talk among themselves without ever 

ceasing to understand one another. By operations referring to algebraic 

expressions—that is, in the last analysis, to whole numbers—it fabricates 

for itself its own space, its own time, its own motion. It subjects this space, 

time, and motion to postulates which are arbitrarily arranged algebraic 

equations. And when it has rigorously deduced a long series of theorems 

from these definitions and postulates, according to the rules of calculation, 

it says it has produced a geometry, a mechanics, a physics, although it has 

only developed chapters of algebra. That is how Riemann’s geometry was 

constructed; that is how relativity physics was constructed; that is how 

German science progresses, proud of its algebraic rigidity, looking with 

scorn on the good sense of which all people have received a share. 

XI 

Of that German science, we have still considered only geometry, mechan- 

ics, and physics. They are the parts that use mathematics constantly and, 

therefore, those that most easily take on the algebraic form. But we believe 

that somewhat attentive observers will also find the characteristics we have 

recognized when examining these various chapters of German science if 

they examine the other chapters. 

No one is unaware, for example, of the extraordinary development that 
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the study of chemistry has undergone in Germany. Now, the rise of Ger- 

man chemistry dates from the day that atomic notation issued from the 

notions of chemical type and valence, notions given birth by the works of 

the likes of J.-B. Dumas, Laurent, Gerhardt, Williamson, and Wurtz. 

This notation, in fact, allows one to predict, enumerate, and classify the 

reactions, syntheses, and isomerisms of carbon compounds with the help 

of rules furnished by the part of algebra called analysis situs [topology]. 

Thus, it is the study of carbon compounds—that is, organic chemistry— 

henceforth subject to the control of the geometrical mind—that has pro- 

duced innumerable surges of extraordinary vigor in German laboratories. 

In contrast, mathematical operations of atomic notation are of restricted 

usage in the numerous chapters that make up inorganic chemistry. The 

intuitive mind is still the instrument that unscrambles the complexity of 

reactions and classifies compounds. Thus, these chapters of chemistry 

have not received from German science a tribute comparable to the one 

paid to them by French science. 

We do not wish to venture into the domain of criticism and history; ne 

sutor ultra crepidam [Let the cobbler stick to his last]. It seems, however, to 

our outsider’s eyes, that one could find occasion to make similar remarks 

for these. 

According to the taste of French science, historical studies essentially 

arise from the intuitive mind. The ingenuity and vivid imagination 

belonging to the French perhaps carried them too often to adventuresome 

conclusions and syntheses of fantasy. By extolling minute research into 

sources and the patient verification of texts, and by requiring the produc- 

tion of solid documents to support the least assertion, the geometrical 

mind of the Germans has come, quite happily, to restrain the rashness of 

an overly impulsive intuitive mind. But it has not contented itself with 

reminding the latter that its power would become too fragile if it did not 
support its intuitions with the help of certain proofs; it has wanted to 
exclude it entirely from studies in which, until now, it had reigned 
supreme. We have therefore seen develop that German erudition whose 
method, regulated like clockwork, claimed to lead us from texts to conclu- 
sions by infallible paths “without the least appeal to judgment and good, 
common sense.” By the rigor of its proceedings, by the systematic look of 
its operations, even by the form of its language—unintelligible to the out- 
sider—and the signs it is.often happy to use, this erudition visibly strove 
to copy the look of mathematical analysis. 

Now, studies that require critical sense are precisely those in which the 
absolute and rigid method of algebra is to the greatest extent out of place. 



Some Reflections on German Science HAUS 

It is above all with respect to the examination of a historical text that one 

can say with Pascal: 

Principles are in ordinary usage and there for all to see. There is no need to turn 

our heads, or strain ourselves; it is only a question of good sight, but it must be 

good; for the principles are so intricate and numerous that it is almost impossi- 

ble not to miss some. Now the omission of one principle can lead to error, and 

so one needs very clear sight to see all the principles as well as an accurate mind 

to avoid drawing false conclusions from known principles.” 

In order to retain a clear view of these numerous principles that “are in 

ordinary usage and there for all to see,” is it reasonable to put the inextri- 

cable and tightly woven mesh of German method between the eye of good 

sense and the documents one asks it to read? 

XII 

Should we give a conclusion to these various reflections? A conclusion 

seems to follow so naturally from what has gone before that we feel some- 

what diffident about formulating it; thus, we shall do it very briefly. 

French science and German science both deviate from ideal and perfect 

science, but they deviate in two opposite ways. The one possesses exces- 

sively what the other possesses meagerly. In one, the geometrical mind 

reduces the intuitive mind to the point of suffocation. In the other, the 

intuitive mind dispenses too readily with the geometrical mind. 

Therefore, in order for human science to develop in its fullness and 

subsist in harmonious equilibrium, it is good to see French science and 

German science flourishing side by side without trying to supplant each 

other. Each of them ought to understand that it finds in the other its indis- 

pensable complement. 

Therefore, the French will always find profit in pondering the works of 

German scholars. They will encounter there either the solid proof of 

truths they discovered and formulated before being fully certain of them, 

or the refutation of the errors which a hasty intuition caused them to 

accept. 

It will always be of use to Germans to study the writings of French 

inventors. They will find there, so to speak, the statement of problems that 

their patient analysis should apply itself toward resolving. They will hear 

5. [B. Pascal, Pensées, 512 (1), trans. Krailshimer, p. 211.] 
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there the protestations of good sense against the excess of their geometrical 

mind. 

I think no one from the other side of the Rhine would dare to deny that 

German science in the nineteenth century took its departure from the 

work of great French thinkers; and no one from this side would dream of 

failing to recognize the contributions with which, later on, German science 

has enriched our mathematics, physics, chemistry, and history. 

These two sciences, then, ought to retain harmonious relations with 

each other. It does not follow that they should be placed at the same rank. 

Intuition discovers truths; demonstration comes after and certifies them. 

The geometrical mind gives body to the edifice the intuitive mind con- 

ceived first. There is a hierarchy between these two minds that is similar 

to the one that orders the mason with respect to the architect. Masons do 

useful work only if their work conforms to the architect’s plan. The geo- 

metrical mind does not pursue fruitful deductions if it does not direct 

them toward the end the intuitive mind has discerned. 

On the other hand, the geometrical mind can truly certify a rigor with- 

out reproach for the part of science constructed by the deductive method. 

But the rigor of science is not its truth. The intuitive mind alone judges 

whether the principles of deduction are acceptable, whether the conse- 

quences of demonstration are in conformity with reality. For science to be 

true, it is not sufficient that it be rigorous; it must start from good sense in 

order to end up with good sense. 

The geometrical mind that inspires German science confers on it the 

force of a perfect discipline. But this narrowly disciplined method can only 

lead to disastrous results if it continues to put itself under the orders of an 

arbitrary and foolish algebraic imperialism. If it wishes to do useful and 

beautiful work, it must receive the order it obeys from the principal depos- 

itory of good sense in the world—that is, from French science. Scientia 

germanica ancilla scientiae gallicae [German science is the handmaiden of 
French science]. 

‘SS 
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