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Abstract


Historians often interpret Cartesian physics either as a misguided scientific theory or as a coherent metaphysical system. Its importance for the rise of modern science is thereby marginalized. The aim of the present paper is to challenge this evaluation. I would like to show that despite factual mistakes and the presence of metaphysical elements Cartesian physics played a decisive role in the scientific revolution. I base this re-evaluation of Cartesian physics on Husserl’s notion of the program of the mathematisation of nature. In spite of its purely verbal presentation Cartesian physics was a mathematical rather than a metaphysical physics. It represents a transitory stage in the mathematisation of nature, connecting Galileo with Newton. Descartes’ development of algebra enabled him to reach the level of generality of thought necessary for a mathematical physics, but, since the calculus had not yet been invented, he could not develop it in an explicit form.





While nobody would seriously question the great value of Galileo’s contributions to the development of modern science, things are not nearly so simple with respect to Descartes. It is sufficient to quote the words of Stephen Gaukroger: “With the exception of the work in optics, his contribution to the development of classical physics is minimal. Insofar as kinematics is concerned, Cartesian physics accomplishes considerably less than had been achieved by Galileo in his Two New Sciences, and insofar as Descartes’ physics can be considered a dynamical theory it is often hopelessly confused, particularly in comparison with Newtonian dynamics.” (Gaukroger 1980b, p. 123). The views of Daniel Garber are rather similar: “Descartes’ intellectual program failed, of course; while pieces of the program may have proved important inspirations to later thinkers, as an approach toward understanding the natural world Descartes’ program turned out to be a dead end. But while the design may have been faulty, and the edifice doomed from the start, it is fascinating to contemplate the entire structure as the architect planned it,…” (Garber 1992a, p. 2). I will try to show that such evaluations can be challenged. The fact that “Cartesian physics accomplishes considerably less than had been achieved by Galileo” is its merit, because Galileo’s kinematics was misguided. Descartes realised the fundamental mistake in the orientation of Galileo’s research, something that clearly reveals the depth of his insight. Similarly, I would like to show that the “confusion of Descartes’ physics” is not so hopeless. On the contrary, several of the ingredients of Newtonian physics have their origin in Descartes. Therefore I think neither that “Descartes’ intellectual program failed”, nor that it “turned out to be a dead end”, that, instead, the Cartesian program represents the bridge connecting Galileo and Newton.


A fragment of Cartesian physics is still included in the standard course of mechanics. It is sufficient to open the classical textbook Mechanics (Landau and Lifschitz 1957). The first fifty pages, devoted to an exposition of the Lagrangian formalism, are followed by a chapter on particle collision, in which the Lagrangian function is not mentioned at all, no differential equations are solved, and the whole collision is described entirely in the Cartesian spirit using conservation laws. Of course, besides the Cartesian law of conservation of momentum the law of the conservation of energy is used as well. Momentum, furthermore, is considered not as a scalar quantity, as the Cartesians would have it, but as a vector quantity. But these are just technical details. The general approach of the chapter differs so much from everything, that precedes it as well as from what follows that we can in good conscience declare it to be a Cartesian relict. Thus the evaluation of Cartesian physics by historians of science is not always in accordance with the practice of the scientists themselves, who still include at least part of it into their textbooks.


The tension between the historical evaluation and the scientific practice shows the necessity of a reinterpretation of Descartes’ scientific work. In Kvasz 1999 I have shown that there are at least four different time scales on which it is possible to reconstruct the history of science. History of science can be reconstructed as a succession of experimental discoveries interpreted from the point of view of contemporary science. This approach is in the background of the above quoted citation from Stephen Gaukroger, who is willing to acknowledge only Descartes’ contribution to the discovery of the law of refraction, denying at the same time the scientific value of the Cartesian system. Another possibility is to reconstruct the history of science on the conceptual level as changes of the fundamental categories and explanatory principles that scientists use to conceptualize their empirical data. This approach is in the background of the views of Daniel Garber, who interprets Descartes’ physics as a metaphysical system. In his book Descartes’ metaphysical physics (Garber 1992a) he offers a thorough reconstruction of the Cartesian system, describing it as a mistaken, but nevertheless outstanding, speculative achievement. A third possibility is to reconstruct the history of science on the level of metaphors, as a succession of visions and metaphors that form the basis of the conceptual schemes. This approach is in the background of the reconstructions of Alexandre Koyré, who described the rise of modern science as the transition from the ordered cosmos to the infinite universe (Koyré 1957). But even for Koyré the transition from Galilean mathematical physics to the purely verbal descriptions of the Cartesian system seems to be a step in the wrong direction. Thus even if Descartes brought a new vision of the universe, Koyré did not take into account the connection between this vision and the universe of modern science. Husserl’s reconstruction of Galilean physics, if we are prepared to interpret it radically enough, permits us to understand the positive side of Descartes’ achievements. Husserl introduced the fourth level of reconstruction of the history of science, namely the level of idealization, by showing how physics systematically replaces various aspects of the life-world by mathematical idealities.


Adopting Husserl’s approach I will try to interpret Descartes’ contribution to physics as an idealization. Nevertheless, the Cartesian idealization is not an idealization of isolated phenomena, as was the case by Galileo, but it is rather an idealization of the ontological foundations of the life-world. The life-world has, beside its phenomenal level, also an ontological level. We understand that the objects of our everyday experience possess an ontological unity, despite the great variety of phenomenal aspects we perceive in them. I will try to interpret Descartes’ contribution to the rise of modern science as the replacement of the objects of the life-world by their mathematical representation—extended bodies. Daniel Garber came close to this interpretation, when he remarked: “The bodies Descartes shuffles out of his world in Meditation I, bodies which come up from time to time in the course of the first three Meditations, are the bodies of common sense, bodies known to me through my senses, and, like the piece of wax examined so carefully in Meditation II, endowed with scents, tastes, and tactile qualities. But when in Meditation VI the existence of bodies is proved, and the furniture removed by hyperbolic doubt in Meditation I is replaced, it has undergone a significant transformation. The sensual bodies we started with have been replaced by the lean, spare objects of geometry.” (Garber 1992a p. 75). If we interpret Garber’s words in light of Husserlian phenomenology, we see that Descartes’ replacement is just a further step in the mathematisation of nature.


1 Introduction: ontology and physical description of reality


Galileo made a series of important scientific discoveries by means of his experimental method. Nevertheless, Descartes realised the limited scope of the Galilean project of founding science solely on experiments. In a letter to Mersenne of October 11, 1638 Descartes wrote: “without having considered the first causes of nature, he [Galileo] has merely looked for the explanations of a few particular effects, and he has thereby built without foundations” (Clarke 1992, p. 271). In order to make a phenomenon accessible for experimental investigation, Galileo had to isolate it from the network of its relations with other phenomena. Therefore the laws discovered by Galileo, for instance the law of the free fall, the law of the isochrony of the pendulum, the law of the parabolic trajectory of projectile motion, are all laws describing isolated bodies. Although Galileo succeeded in reducing these phenomena to mathematical relations between physical quantities, what he achieved was that for each phenomenon there was a specific law. Therefore even if the laws discovered by Galileo were true, which Descartes doubted, by Galileo’s method nature would disintegrate into a set of unrelated processes. In opposition to Galileo, Descartes required that science must go beyond the phenomena and grasp the deeper ontological unity of nature. Each time when we observe motion, it is the motion of a body, when we perceive a number, it is the number of certain bodies, when we see a shape, it is the shape of a particular body. Thus from the primary qualities, which were the core of Galilean science, it is necessary to proceed to their ontological foundations, i.e. to the extended body. Thus the method of science must be based on an ontological rather than on a merely phenomenological reduction, and on this ontological level it must lead to a universal description of the laws of nature. Strictly speaking, however, it is impossible to derive from any experiments that beyond particular phenomena there is an ontological unity—similarly, it is impossible to conclude from any correlation between experimental data that there are universal laws underlying these correlations. But on the other hand we cannot deny that modern physics does precisely this. Instead of parameters characterizing the experimental behaviour of a system, physics postulates its state described by the Lagrangian or Hamiltonian function. Similarly it tries to derive all observed correlations between the empirical parameters from some universal law, expressed in the form of Lagrangian or Hamiltonian equations. In other words, science follows Descartes’ intentions of an ontological reduction and universal description of nature.


There is no doubt that this idea is a metaphysical one. In justifying his physical laws Descartes explicitly used metaphysical arguments. It is partially because of this close relation to metaphysics that positivistic historiography ignored Cartesian physics and that many modern historians tend to interpret it as a metaphysical system and not as a scientific theory. I would like to show that Cartesian physics is more than a metaphysical system and that it can be interpreted as a project of mathematical physics. In my view the metaphysical underpinnings of the Cartesian system had only an auxiliary role, due to the circumstance that there was no mathematical language Descartes could use to work out his project. As soon as Newton has created such a language, it became possible to replace Descartes’ metaphysical principles by mathematical ones and to justify them simply by their success.


In modern science the metaphysical foundations are operationalized. Scientists are not aware of the fact that in describing a physical system by its state and the temporal evolution of that state by an universal law, they are using metaphysical principles going back to Descartes. Scientists do not ponder on such questions, they simply write down the equations and start to solve them. Thus it seems that Desmond Clarke is not right when he considers Descartes’ requirement, according to which we have to construct metaphysics before formulating a physical theory, to be an obsolete, scholastic trait of Descartes’ thought (see Clarke 1992, p. 272-273). On the contrary, this feature makes Descartes modern, as he proceeds in agreement with the practice of contemporary scientists. The only difference is that Descartes is fully conscious of the metaphysics and explicitly states it, while modern science has a formal metaphysics, which is taken for granted and therefore perceived by nobody. But to write the Lagrangian function L(q, q') describing the state of a system is a metaphysical move. Strictly speaking, there is no reason why a system should have a state. Thus we are coming back to Husserl and his questioning of the obviousness of modern science. Husserl showed that modern science replaces the phenomena of the life-world by mathematical quantities. A similar process takes place on the ontological level, where science replaces the ontology of the life-world by the description of states. The Cartesian rupture, which separates the state of a system from the ontology of the life-world, is thus similar to the Galilean rupture, which separates mathematical quantities from the phenomena of the life-world. The similarity of these two ruptures can be expressed by the notion of idealization. Thus I would like to interpret the transition from the Galilean to the Cartesian physics as the transition from the phenomenal idealization to the ontological idealization. Descartes moved from the Galilean world of mathematical quantities to the causally determined world of moving extended bodies.


Contemporary history of science has some difficulties in understanding the historical importance of Cartesian physics not only because of this physics’ metaphysical foundations, but also because of its rather deep mistakes. Descartes is accordingly omitted in many expositions of the development of physics and Newton is seen as deriving directly from Galileo. Daniel Garber has accepted this account when he wrote: “Numerous identified themselves as Cartesians, and numerous, like Spinoza, Leibniz, and Malebranche, were deeply influenced by the Cartesian idea of a mechanist system of metaphysics and natural philosophy, while significantly altering the details. But there was another important trend in seventeenth-century thought, a nonmetaphysical and problem-oriented conception of natural philosophy. This is found in Descartes’ near contemporary, Galileo, and in his successor, Newton.” (Garber 1992a, p. 307). I believe that this interpretation of the rise of modern science is contentious. Excluding Descartes from the history of science prevents us from understanding the origins of two central features of modern physics, namely, its ontological homogeneity and descriptive universality.


When Descartes arrived at the idea, that physics should offer a universal description of nature, he did not have at his disposal the mathematics necessary to accomplish this task. Therefore he presented his idea of the universal description of nature only in a verbal form. Many historians of science might have been confused by this circumstance. When they compared the verbal and in many respects totally mistaken Cartesian physics with the Galilean mathematical description of motion, they came to the conclusion that Descartes was, when compared with Galileo, a step backwards to metaphysics. But such an interpretation of the relation between Descartes and Galileo is questionable. Descartes, if he had wanted to, could have worked out the Galilean project much further than Galileo was able to. Descartes was one of the creators of analytic geometry and he introduced the standard algebraic notation, which is still in use. He was well equipped to develop the ideas, which Galileo arrived at by help of a cumbersome symbolism and a rudimentary idea of a co-ordinate system, in a much more elegant way. Nevertheless, Descartes was not interested in the motion of isolated bodies as Galileo was, but rather in the interactions among bodies, a phenomenon Galileo never understood. Despite Galileo’s apparent similarity to Newton, due to his use of mathematical language, he was in fact closer to Aristotle. For all his use of mathematical language Galileo was still developing only a geometric theory of motion. On the other hand, Descartes tried to grasp interactions, and thus despite his verbal formulations he was doing precisely the same thing that Newton did on a higher level, using his new mathematics; he tried to develop a dynamic concept of motion. 


Thus Koyré’s interpretation of Cartesian physics is problematic when he writes that Descartes “in identifying matter with extension he substituted geometry for physics” (Koyré 1939, p. 94). Descartes did not substitute geometry for physics, because the Cartesian extended bodies are not geometrical objects—they interact. It is inconceivable that two geometric triangles could collide or that one circle would rebound from another in accordance with the Cartesian laws of impact. The figures of Euclidean geometry do not have a tendency to move. Euclid never formulated the law of inertia or the law of the conservation of the quantity of motion for his figures. Nevertheless, these are the two basic laws obeyed by all Cartesian bodies. What Descartes substituted for physics was definitely not geometry. Rather, Descartes, in contrast to Galileo, tried to incorporate the notion of interaction into the description of nature. Therefore if one of the above mentioned theories is a geometrical one, it is the Galilean. Similarly problematic is Koyré’s view that Descartes “substituted his concrete physics of motion in a plenum for the abstract physics of motion in a vacuum” (Koyré 1939, p. 100). The transition from Galilean physics of motion in a vacuum to Cartesian physics of motion in a plenum is not a transition from the abstract to the concrete. Descartes was one of the leading mathematicians of his times and surely did not lack the capacity for abstraction. If he had wished to, he could have developed the physics of motion in a vacuum to a much higher level than Galileo could have dreamt of. Why Descartes did not embark on this project is something Koyré did not understand. The reason is simple—Galilean physics lacks the notion of interaction. Thus the transition from Galileo to Descartes was not a transition from the abstract to the concrete, but it was rather a transition from the representation of the world without interactions to a representation of the world in which interactions are incorporated.


The decade 1618-1628 following his encounter with Beeckman was perhaps the most creative period in Descartes’ life. During this period Descartes formulated the basic ideas of his method, created a new algebraic symbolism, laid the foundations of analytic geometry and discovered the law of refraction. His attention was focused on mathematics, mainly on the possibilities opened up by the new algebraic language, which allows us to employ in our calculations an abstract quantity independently of whether it is an arithmetical, geometrical or physical one. Descartes soon realized, that by reaching this level of abstraction it becomes possible to create a radically new method of pursuing the natural sciences. Science need not be bound to the description of concrete, isolated phenomena any more. It can create an abstract, universal representation of reality, described by universal natural laws. Natural science is thus similar to algebra, which uses universal formulas to express the solutions of equations independently of the concrete values of the equation’s coefficients (see Schuster 1980). Descartes’ idea that all physical aspects of a body can be reduced to extension and motion is modeled on the universality of algebraic notation.


Descartes’ mature natural philosophy started to crystallize in the years 1628-1633 when he abandoned the mathematical study of physical phenomena and turned to the development of a general world-view. We can say that he was applying his algebraic method to the world as a whole. This period culminated in 1633 in writing the book Le Monde (Descartes 1662), in which, among other things, he adhered to the Copernican theory of Earth’s motion. In Le Monde Descartes described a model of the world. This model is purely hypothetical, its construction surpassing the horizon of our experience. Scientific theory thus becomes a hypothetical model of reality, and it is no longer just its true mathematical description, as it was for Galileo. Using the words of Desmond Clarke we can say, that for Descartes “to explain any natural phenomenon is equivalent to constructing a model” (Clarke 1992, p. 266).


2 Descartes’ idealization of state


 According to Descartes mathematisation should not just replace the isolated phenomena by mathematical quantities, but it also should reduce their ontological substratum to the mathematical notions of extension and motion, or—using the words of modern science—to the notion of state. Therefore I will call Descartes’ idealization as the idealization of state. Many historians are not quite aware of this process. For instance Stephen Gaukroger writes: “Even if we could establish the essentialist thesis that extension is the only property that we cannot conceive of matter lacking without its ceasing to be matter, what relevance does this have for mathematical physics? More specifically, first, why should physics be based on this conception of matter and not another; second, why must physical concepts be dependent upon an abstraction argument; and third, why should we want an essentialist physics in the first place?” (Gaukroger 1980b, p. 132). Obviously Gaukroger did not notice that here Descartes was not concerned with a metaphysical question, he was not developing any essentialist notion of matter. Descartes’ question was an epistemological one, it was the question of how the quantities determining the state can be distinguished from the remaining physical quantities. The importance of this question for mathematical physics is obvious. Only after solving this question can we start to develop mathematical physics. Thus the problem here does not concern the idea of matter but the idea of its description. Descartes’ argument from abstraction, according to which every quantity we can abstract from a body without destruction of its ontic integrity as a body, does not belong to the quantities that determine the state, is a rather good argument. A body’s state is something it cannot be deprived of. Descartes’ strategy for obtaining the notion of state by a systematic elimination of all attributes, which the body can be deprived of at least in principle, is not so misguided. In our imagination, for instance, we can deprive bodies of their colors and therefore colors do not belong to the quantities determining state. I do not mean to say that Descartes’ solution was correct. Newton showed that, although we are able to imagine a body without mass, the mass must nevertheless participate in the determination of state. Thus Newton changed the criteria determining the state parameters. But if we want to understand Descartes, it is not sufficient to say that he has embarked on some strange essentialist enterprise completely unrelated to physics. We must understand the reason why he was pursuing it, namely, in order to introduce the concept of state.


Descartes’ contribution to physics can be characterized as an ontological homogenization and nomological unification of the world. Husserl characterized Galileo’s intention as the program of mathematisation of nature. But Galileo’s mathematisation of isolated phenomena is not the project of modern mathematical physics. Mathematics does not play a constitutive part in the Galilean project. For Galileo mathematics was only a language suitable for the description of phenomena. It was Descartes who first arrived at the idea of a mathematical physics. As I have already explained, it is not important that Descartes presented his theory only in a verbal form. His theory is a mathematical theory in a deeper sense, not just in the sense of the language employed. When Descartes says that everything can be reduced to extension and motion, it means that mathematics is the ontological foundation of reality. So geometry is not just a language suitable for the description of reality, as it was for Galileo. Reality itself is nothing else but mathematical bodies in motion.  


2. 1 The replacement of Galileo’s notion of motion as a flow by the notion of motion as a state


The examination of the examples of motions studied by Galileo shows that he always studied the motion of a single isolated body. When he studied free fall, the motion of a pendulum, or projectile motion, he always isolated the studied object from its surroundings. This can be seen as a manifestation of Galileo’s notion of motion as an ideal flow. According to Descartes such an idea of motion is totally misleading. For one thing, it can lead us to erroneous conclusions, as for instance Galileo’s belief that inertial motion is circular. This error is a consequence of Galileo’s tendency to isolate the moving body, to exempt it from the influences of its surroundings and to describe how it would move if there were no other bodies and no friction. In his study of motion on a horizontal surface Galileo thus abstracted from friction, air resistance and from the influence of all other bodies. But in this process of abstraction he happened to forget weight. Only on account of that did inertial motion remain circular. If he had really abstracted from everything that surrounds the moving body, the circular motion would become rectilinear. Galileo did not realize that removing the surrounding medium would also destroy the agent, which causes the curvature of the body’s trajectory. He mistakenly assumed that, after the elimination of all surrounding bodies interacting with the studied body, it would preserve the circular form of its trajectory. Thus Galilean physics has a strange feature, namely, it distinguishes different kinds of motion. In a sense it is a survival of the Aristotelian idea that each motion has its specific character and there consequently exist different kinds of motion (free fall, inertial motion, motion on an inclined plane, etc.). Galileo believed that if we eliminate the influence of the surrounding medium each motion will preserve its particular character. Moreover, in a vacuum the motion will manifest its character all the more clearly.


Descartes had the idea that there is only one basic kind of motion, uniform motion in a straight line, and that everything else is the consequence of interaction. Thus according to Descartes Galileo’s theory of motion was erroneous in a fundamental way, because it abstracted from the surrounding medium as well as from the neighboring bodies. In reality we can eliminate neither and therefore we cannot study what would happen after such elimination. Therefore it is very probable that Galileo’s theory of free fall was just as mistaken as was his claim that inertial motion is circular. Galileo claimed that his law of free fall described the falling of a body in a vacuum. But free fall is an accelerated motion, and in the vacuum there is no agent to accelerate the motion, so a body falling in the vacuum would probably move with a constant velocity. It cannot accelerate itself. Acceleration is a consequence of interaction. In order to accelerate the motion of the body there must be something acting on the body, some other body which causes the acceleration. For this reason Descartes rejected Galileo’s theory of the free fall. According to Descartes, if a vacuum were possible at all, all bodies placed in it would move with constant velocities. Accelerated motion is possible only as a consequence of an action. Accelerated motion in a vacuum is nonsense. When Galileo abstracted from the medium, in his imagination he could envision a falling body accelerating its motion. But according to Descartes such an image is absurd, it is a “phenomenon” without any causal substratum. We are able to imagine it, but it cannot exist. As a result, the whole Galilean project is mistaken. Descartes realized that the scientific description of a particular phenomenon must take into account the ontological basis that determines that phenomenon. It is insufficient to restrict science to the phenomena, as Galileo was trying to do. Thus we understand what Descartes meant when he criticized Galileo by saying that “he has thereby built without foundations”. Galileo’s mistake is systematic. He tried to abstract from the influences that disturb the motion, while still supposing that the circular shape of the inertial motion or the acceleration of the free fall would remain. But both these effects are consequences of interaction. As soon as we eliminate interaction, the circular character of the inertial motion as well as the accelerated character of the free fall vanish. What remains is uniform motion in a straight line. 


From the Galilean notion of motion as a geometric flow it is necessary to pass to a dynamic notion of motion as a change of the state. A step in direction of this change of physics from a geometry of flow to a dynamics of interaction was the introduction of the  notion of state by Descartes. The importance of this change cannot be overestimated. Aristotle in the Posterior Analytics asserted that mathematics cannot be used in scientific explanation of natural phenomena. He based his view on the argument that a scientific explanation must be a causal one, i.e. it must be based on the causes, which actually determine the phenomenon explained. According to Aristotle mathematics is unable to provide causal explanations. In their descriptions of nature mathematicians use a system of abstract constructions, as for instance the epicycles and deferents in the Ptolemaic system. These abstract constructions do not exist in reality, and therefore cannot be the causes of the studied phenomena. It would be absurd to maintain that the epicycles and deferents are the causes of the retrograde motion of the planets. They only describe that motion, but they cannot cause it. In other words, mathematics is suitable only for the description of phenomena, but it is unable to deal with the real causes that determine them. According to Aristotle the material cause, i.e. the matter, out of which the particular bodies are made is one of the causes of each phenomenon. Only an explanation taking into account the material substance can be a causal one, i.e. a scientific explanation of the particular phenomenon. Mathematical abstractions are unable to offer causal explanations. Galileo yielded to this Aristotelian argument. What he aimed in his physics was purely a mathematical description of phenomena and he completely gave up the ambition of offering explanations of their causes. In this way he accepted the role Aristotle had allotted to mathematics. He was probably convinced that science can do no more than offer a precise mathematical description of the studied phenomena. 


Descartes did not shrink from the Aristotelian challenge. On the contrary, he welcomed it. According to Descartes a mathematical explanation of phenomena is possible, because the mathematical form, i.e. extension, is the ontological basis of nature. Therefore a mathematical description of the phenomena is the description of the causal basis of the world and a mathematical explanation is a causal explanation. In other words, Descartes raised the geometric form to the ontological level, he converted mathematical form into physical substance. Mathematics does not abstract anything, as Aristotle believed. It grasps the ontological essence of things, because extension and motion form the ontological essence of bodies. Thus according to Descartes not only the particular physical quantities are mathematical. The ontological basis of the physical world is mathematical as well. Descartes thus passed from the Galilean idealization of the particular physical quantities to the idealization of the ontological foundation of the world.


We have thus reached a deeper understanding of the sense in which Cartesian physics is mathematical. It is not mathematical in the superficial sense in which Galilean physics can be called mathematical. For Descartes mathematics is not just a language we can use to describe nature. According to Descartes all that exists is extension and motion and thus the mathematical description of extension and motion is a causal description of the world. The fact that Descartes formulated it by help of ordinary language shows his deep understanding of the possibilities of contemporary mathematics. In comparison to Descartes’ system the Galilean theory of the universe with its search for geometric harmony of circular trajectories is a naive overestimation of the possibilities of geometry. Descartes understood clearly that we have to give up the ancients’ preference for geometry. We have to give up the search for order in the universe, both in the form of a system of natural places as in Aristotle, and in the form of a system of circular motions as in Galileo. Galileo’s views considering triangles and circles to be the letters in which the book of nature is written are naive. It is not only that the book of nature is written in the language of mathematics, but nature itself is embodied mathematics. Therefore the question of the applicability of mathematics in the description of natural phenomena is according to Descartes meaningless. We do not apply mathematics to nature; nature itself is mathematical.


The transition from the epistemological to the ontological use of mathematics is closely connected with the rise of modern algebraic symbolism. It is the algebraic symbolism that makes the creation of a universal description of nature possible. From the algebraic point of view it is unimportant what kind of quantity is represented by a variable. A variable x can stand for the length of a geometric line, for the temperature of water, or for the speed of a stone. Descartes was probably the first who clearly realized the possibilities of this new symbolic language. Algebraic language enables us to pass from the description of appearances to the description of the universal relations that constitute them. On this deeper level, where the objects are stripped of their accidental qualities (where an object is just an X, i.e. something capable of entering into relations with other objects) the world can be mathematicized. To this deeper level, disclosed by the language of algebra, Descartes ascribed an ontological status. 


Thus the Cartesian description of nature is more algebraic than geometrical. It is the Galilean theory that is geometrical. Galileo conceptualized motion as a geometric flow along a trajectory; and the trajectories of all bodies are ordered to form the geometrical harmony of the heliocentric system. Thus it can be said that Galileo only replaced the Aristotelian geometrical hierarchy of places by a similarly geometrical hierarchy of trajectories. The Sun is in the center of the universe, around which the planets are moving in a neat geometrical order. On one hand it is an important step forward, because in the Galilean system motion ceases to be a mere disturbance of order. In contrast to Aristotle, Galileo sees motion as a constitutive element of the order of the universe. But on the other hand the order of the universe is still conceived as a geometrical order. Descartes was the first for whom the universe was not a geometrically ordered system of trajectories, but a dynamic system of interacting bodies.


Aristotle described motion as a geometric transition, i.e. the transition of the body from an initial place to a terminal one. Between the initial and the terminal places Galileo inserted a trajectory connecting them. In this way he transformed motion into a geometric flow, into a continuous “sliding” along a trajectory. In order to give a more precise description of this flow Galileo introduced the distinction between instantaneous and average speed. Descartes described interaction as a collision, i.e. as a dynamic transition, as a transition from an initial to a terminal state. As he did not have the infinitesimal calculus at his disposal, he described this transition using ordinary language. Finally Newton inserted the process of action between the initial and the terminal states. In this way he transformed motion into a dynamic flow. In order to give a more precise description of this flow Newton corrected the Cartesian notion of the quantity of motion and introduced the distinction between volume and mass (expressed by density). 


2. 2 Descartes’ rejection of the Galilean principle of the relativity of motion


While Descartes corrected Galileo’s mistake in the formulation of the principle of inertia, in formulating of the principle of relativity of motion he himself made a mistake. One of the reasons for this mistake may have been his desire to avoid a confrontation with the Church. He believed in the correctness of the Copernican theory, but he hesitated to pronounce it publicly. He begged the question by defining motion as “the transference of one part of matter or of one body from the neighborhood of those bodies that immediately touch it and are regarded as being at rest, and into the neighborhood of others” (Descartes 1644, part II sec. 25). According to this definition we can speak only about the motion of a given body with respect to the other bodies surrounding it, and it is clear that in this respect the Earth is motionless. Nevertheless, the above quoted definition cannot be interpreted simply as Descartes’ concession to the Church, because it is deeply interwoven with the rest of the Cartesian system. Among other things, this definition is of great importance for the theory of collisions. A strange aspect of the Cartesian theory of collisions is that the result of the collision is different depending on which of the colliding bodies is moving and which is in the state of rest. If a light body hits a heavier one, it will, according to Descartes, rebound and move away from the heavy body, which will stay at rest. On the other hand if a heavy body hits a lighter one, the lighter body will be swept along by it, i.e. both bodies will move together. From the point of view of the principle of the relativity of motion this is nonsense, because the both mentioned cases differ only with respect of the coordinate system, from the point of view of which we describe the collision. In the former case we described the collision from the point of view of the coordinate system joined with the heavy body, in the latter case from the point of view of the system joined with the light body. Nevertheless, the choice of the system of reference cannot have any influence on the result of the collision, and particularly on whether the two bodies will move together or separately. Descartes’ theory thus seems to be inconsistent. But we have to remember that the Cartesian universe is filled with fine matter and therefore in the Cartesian physics the notion of rest has an absolute meaning. According to Descartes the question: „which body is at rest?“ must be answered according to the question: „which body does not move with respect to the surrounding medium?“. Therefore the above-described contradiction is not an internal contradiction of the Cartesian system, but rather it indicates the gap separating the Cartesian and Newtonian systems.


After having clarified the asymmetry between rest and motion in the Cartesian system we can turn to Descartes’ discussion of the motion of the Earth. He writes: “Whence it follows that no motion, properly speaking, is found in the Earth or even in the other planets, since they are not transferred from the vicinity of the parts of the heavens which are immediately contingent to them, insofar as those parts of the heavens are regarded as being without motion.” (Descartes 1644, part III sec. 28). We can see that Descartes used his definition of motion to refute the Copernican theory. According to Descartes the Earth is at rest, because it is at rest with respect to its surrounding medium.


2. 3 Descartes’ law of conservation of momentum 


 Descartes stated a law, according to which the total quantity of motion in the universe is constant. In Principia philosophiae he gave a theological justification of this principle: “it is most in harmony with the reason for us to think that merely from the fact that God moved the parts of matter in different ways when he first created them, and now conserves the totality of that matter in the same way and with the same laws with which he created them earlier, he always conserves the same amount of motion in it.” (Descartes 1644, part II sec. 36). Descartes’ notion of the quantity of motion is in many respects close to the modern concept of momentum. Of course, Descartes did not have the concept of mass, which enters into the modern definition of the momentum and used the notion of the size of the body instead. Nevertheless, it might be argued that in his system the size of the body is equivalent to its mass, because his geometrical substance has “constant density”. Another peculiarity of Descartes’ quantity of motion is its scalar character. In spite of this some historians tend to substitute our contemporary expression mv for the Cartesian term quantity of motion. Thus for instance Martial Gueroult writes: “The characteristic of these forces ... is that they ... can be calculated at each instant for each body, according to the formula mv” (Gueroult 1980, p. 198). This may seem questionable, because Descartes did not have the notion of mass, therefore the use of the symbol m is unjustified. But the transcription of Descartes‘ views into modern formalism may help us to understand more clearly what Descartes was actually doing. 


Other historians object to such interpretations. For instance Daniel Garber writes: „It is important here not to read into Descartes‘ conservation principle the modern notion of momentum, mass times velocity. First of all, Descartes and his contemporaries did not have a notion of mass independent of size ... What is conserved is size times speed simpliciter, so that when a body reflects, and changes its direction, then as long as there is no change in its speed, there is no change in the quantity of motion. Descartes‘ conservation principle was extremely influential on later physicists ... Unfortunately, the law turned out to be radically wrong.“ (Garber 1992b, p. 313-314). Nevertheless, this view can be challenged as well. Descartes’ theory can be reconstructed on different levels of complexity: the level of idealization, the level of representation, or the level of objectivization. The replacement of the size of the body by its mass in the definition of the quantity of motion, accomplished by Newton, is an objectivization—the objectivization of density of matter. Another correction of the Cartesian concept of the quantity of motion, introducing its vector character, which was accomplished by Huyghens, is similarly only an objectivization. The fact that these corrections can be achieved at the level of objectivizations indicates that at the level of idealization, which is the topic of this paper, Garber’s objections can be omitted. At this level Descartes’ principle of conservation of quantity of motion is the first conservation law in the history of science. This principle is the precursor of a series of similar laws of conservation. But even more important is the fact that it was the first example of a universal law. It is not a law describing only a particular phenomenon, as were the Galilean laws. Descartes’ law does not split the universe into an infinite number of isolated regularities. On the contrary, this law grasps the unity of the world, describing an aspect of the world which unites the world into a whole—the whole having an invariant quantity of motion. This law cannot be derived from experience, because it is impossible to measure the quantity of motion of the whole universe. Despite this, Descartes asserted that it was invariant. 


2. 4 Descartes’ description of interaction 


 Descartes replaced Galileo’s notion of motion as an ideal flow along a trajectory by the notion of motion as a state. This enabled him to pose the fundamental question of how to describe the changes of this state. The changes of the state result from interactions. The law of the conservation of the quantity of motion required that these interactions consist in transmissions of momentum from one body to another. Thus Descartes radically changed the picture of the world presented by Galileo. The Galilean universe was a kinematic universe, it was an ordered system of inertial circular movements. Galileo lacked any notion of interaction between bodies. In contrast to this the Cartesian is a dynamic universe, a universe of bodies in perpetual interaction. According to Descartes the interactions between bodies have the character of collisions. The first and the second laws of Cartesian physics say that bodies remain in the state of rest or uniform rectilinear motion as long as possible. For a body it can become impossible to preserve its state in two following ways: either two bodies are heading for the same place, or one body is already at rest at a place towards which another body is heading. Then a collision is inevitable. For Descartes collision is the paradigmatic kind of interaction and he describes it by his third law: “When a moving body comes upon another, if it has less force for proceeding in a straight line than the other has to resist it, then it is deflected in another direction, and retaining its motion, changes only its determination. But if it has more, then it moves the other body with it, and gives the other as much of its motion as it itself loses.” (Descartes 1644, part II, sec. 40). 


In his theory of collision Descartes introduced the notion of force: “Here we must carefully note that the force each body has to act on another or to resist the action of another consists in this one thing, that each and every thing tends, insofar as it can to remain in the same state in which it is, in accordance with the law posited in the first place.… That which is at rest has some force for remaining at rest, and as a consequence has some force for resisting all those things which can change that; that which moves has some force for preserving in its motion, that is, in a motion with the same speed and toward the same direction.” (Descartes 1644, part II, sec. 43). Descartes’ notion of force is remarkable because his forces are entirely passive, their purpose is only to preserve the state. Thus in contrast to the Newtonian system, the Cartesian forces are not forces of interaction, they are not forces by means of which one body would act upon the another. The Cartesian force is an inertial force, preserving the state of the body. From the metaphysical foundations of the Cartesian system it follows that it is God who, because of his immutability, preserves a constant quantity of motion in the universe. And it is the immutability of God that is the reason why the Cartesian forces cannot be active. God does not interfere with the world, he only preserves the world as it was at the moment of creation. Even though God is the source of the inertial forces, he is not affected by them. Therefore in Descartes’ philosophy the forces have a very complex ontological status. With respect to God they are the consequences of his immutability, with respect to the world they are its modes. In a letter to More from 1649 Descartes wrote: “Moving force is the force of God Himself conserving as much displacement in matter as He put in it at the first moment of creation … And this force in created substance is its mode, but it is not a mode in God; but this being somewhat above the understanding of the common run of mind, I have not wanted to deal with the question in my writings so as not to seem to support the opinion of those who consider God as a world-soul united to matter.” (Gueroult 1980, p. 199). Thus Descartes’ universe is opened to the action of God. God can act upon the world without being affected by it. Therefore in the Cartesian system the law of action and reaction does not hold, because the forces act only in one direction, from God towards the world. In contrast to this in the Newtonian system God is not the origin of the forces, he only assures their passage through empty space. The forces themselves belong to the world, they are interactions between bodies. Thus while in the Cartesian system forces originate in God and act in the world, the Newtonian forces both originate in and act on bodies.


2. 5 A formal reconstruction of Descartes’ theory of collisions


In the literature we can find several proposals for a formal reconstruction of the Cartesian collision rules (see e.g. Gabbey 1980, Garber 1992a, or Coehlo 2002). The aim of these reconstructions is to help us to understand what was Descartes actually doing, when he formulated his rules. They differ according the degree to which they adhere to the precise wording of the Cartesian system and in what extent they rely on modern formalism. The outcome of the reconstructions is a more detailed and differentiated assessment of the relation of the Cartesian rules to the actual behaviour of solid bodies in collision. In presenting a new reconstruction, I do not mean to question the main results of the previous ones. My aim is rather to pose a new question. I intend to reconstruct not the empirical content of the Cartesian laws (i.e. how far they agree with the facts about collision) but rather their formal relation to the Newtonian system (i.e. how far they agree with the Newtonian description of the collisions). Thus I reconstruct not the content of one system, but the relation between two systems. In this way I hope to be able to give some meaning also to laws that are empirically incorrect, and coud not therefore be properly deal with  by the usual methods of reconstruction. The techniques used in my reconstructions are known as perturbation theory. They were developed during the 19th century in astronomy and later played an important role in the development of various areas of quantum mechanics. Their original purpose was to transfere knowledge about the behaviour of the solutions from a dynamic system, which can be handled by analytic means to a system that is not analytically solvable, but which is in some respects close to the original system. My aim is to use perturbation theory in the reconstruction of the relation between scientific theories. I have already used perturbation theory in my paper Kvasz 1999, and here would like to use it in the reconstruction of Cartesian theory of collision. 


Descartes described the collisions of bodies by his seven rules. From the point of view of contemporary physics these rules look rather strange. Descartes’ fourth rule, for instance, says: “If body C were entirely at rest, and were just a bit larger than B, then whatever the speed with which B moved toward C, it would never move C, but would be repelled by it in the opposite direction, since a resting body resists a greater speed more than it does a smaller one, and this in proportion to the excess of the one over the other. And therefore there would always be a greater force in C to resist, than there would be in B to impel.” (Descartes 1644, part II, sec. 49). We will try to give an epistemological reconstruction of two of the Cartesian collision rules. Our approach differs from the approaches of many renowned historians. Martial Gueroult for instance remarked with respect to the above-mentioned quotation: “This law is false, but we are concerned here not with the scientific truth of Cartesian physics but with the coherence of this physics with the metaphysics which should provide the foundations for it” (Gueroult 1980, p. 224). In my view an epistemological reconstruction of a theory should not be restricted to the description of its historical context and its internal consistency. A reconstruction should offer more. It should not just show that at the time they were formulated the views of Descartes were meaningful and that they are to some extent internally consistent. I believe that in order to be able to play such an important role in the history of science, the theories of Descartes must have had a factually correct core. That means that there must be a class of phenomena for which a great deal of what Descartes said about motion was correct. Thus I do not defend Descartes as a philosopher, as a creator of internally consistent systems of categories. My aim is to defend him as a scientists, to show that his views are factually valid for at least a segment of reality. Therefore we must first of all find a situation, in which the Cartesian collision rules (at least some of them) would be meaningful not just internally, i.e. from the point of view of the Cartesian system itself, but also from the point of view of the Newtonian mechanics. Then we must find a parameter of the Newtonian theory, which when decreased to the limit zero yields a system behaving in accordance with the Cartesian rules. It seems that for the Cartesian theory, such a parameter could be the ratio of the masses of the colliding bodies. Thus I would like to show that Descartes’ theory is a factually correct theory of collision of bodies with enormously different masses.


Let us first take the collision of a light body B moving towards a heavy body C, which is at rest. We will describe the collision using the formulas of the Newtonian mechanics, expressing the laws of conservation of momentum and of energy:


		mB.vB   =   mB.VB   +   mC.VC


		�VLOŽIT Equation.3 ���mB.vB2   =   �VLOŽIT Equation.3 ���mB.VB2   +   �VLOŽIT Equation.3 ���mC.VC2


In these equations we consider the masses mB and mC of the colliding bodies, as well as the velocity vB of the body B before the collision to be known, and our task is to determine the velocities VB and VC after the collision. After elementary transformations we obtain the formulas:


			VB   =   �VLOŽIT Equation.3 ���		VC   =   �VLOŽIT Equation.3 ���.			(1)


This result contradicts the Cartesian assertion, according to which the body C will preserve its state of rest after the collision. The velocity VC is a positive quantity and so Descartes’ assertion is wrong. Nevertheless, let us divide the numerators as well as the denominators in the formulas (1) by  mC  and let us then expand the resulting expressions into a series according to �VLOŽIT Equation.3 ���. We obtain: 


	VB   =   �VLOŽIT Equation.3 ���		VC   =   �VLOŽIT Equation.3 ���


If we now take the limit �VLOŽIT Equation.3 ���, we will obtain precisely what Descartes asserted. The body C will remain at rest, because in the limit case VC will equal zero. On the other hand the body B will rebound, because there is the factor �SYMBOL 45 \f "Symbol" \s 11��1 in the formula for VB, and this factor indicates that the velocity VB of the body B after the collision will be equal to �SYMBOL 45 \f "Symbol" \s 11��vB. That means that the body B will rebound with the same velocity vB and will move in the opposite direction. This shows that even if in the general case the Cartesian assertion is wrong, (for finite values of the ratio �VLOŽIT Equation.3 ��� the resulting speed of the body C will be positive), in the limit case (the ratio �VLOŽIT Equation.3 ��� approaching zero) the system behaves in accordance with the Cartesian theory. Therefore the Cartesian theory of motion is more than just a consistent philosophical system. It is a scientific theory, because at least for a small segment of reality it really holds.


Let us now consider the situation, in which the heavy body B is moving towards the light body C, which is at rest. The solutions (1) are valid, because in the Newtonian system the equations are the same regardless to the masses of the bodies. Nevertheless, what changes is the parameter according to which we expand our solutions into infinite series. It cannot be the ratio  �VLOŽIT Equation.3 ���, because now the body B is heavier, and so this ratio is greater that 1. Instead we have to choose �VLOŽIT Equation.3 ���, and by transformations similar to the above ones we obtain:


	VB   =   �VLOŽIT Equation.3 ���		VC   =   �VLOŽIT Equation.3 ���


We can see that there is a fundamental change in the behaviour of the body C in comparison to the previous case. While in the previous case the body C stayed at rest, now, in the limit �VLOŽIT Equation.3 ���, we obtain a nonzero velocity for both bodies. Thus both bodies would move in the same direction, precisely as Descartes asserted. Nevertheless, there is a difference between our result and Descartes’ prediction. Descartes thought that after the collision both bodies would move with the same velocity, while our result indicates that the lighter body C will move with double velocity compared to the heavy body B. This difference draws our attention to another peculiarity of the Cartesian theory of impact. While in the first case which I have reconstructed, Descartes described the collision as elastic, in the second analysed case he described the collision as totally inelastic. Thus in order to obtain precisely what Descartes said, it would be necessary to introduce an additional term, expressing the energy loss into the second case. This would make our formulas a little bit more cumbersome, but our general result would not change. Thus we can consider the asymptotic validity of the Cartesian theory to be established.


Our reconstruction of Cartesian physics is in a sense a middle position between its assessment by positivist historiography and its philosophical reconstruction. According to the positivist historians, if Cartesian physics was a scientific theory, it must have been an inductive generalisation of the empirical data. But as Descartes’ collision laws are obviously wrong, they cannot be obtained in that way, and therefore Cartesian theory cannot be a scientific theory. Therefore most positivist historians of science do not even discuss it. On the other hand the historians of philosophy tend to consider Descartes’ physics to be a purely metaphysical system, and therefore they restrict their own task to showing its internal coherence. They usually even do not formulate the question of its empirical validity. Thus both these interpretations agree in ignoring Descartes’ scientific aspirations.


But Descartes’ physics is more than just a coherent conceptual system. It is related to reality, but this relation is not so direct as positivists would like it to be. Thus in our reconstruction we are not giving up the question of the empirical validity of the Cartesian system. Nevertheless, we analyse this question not via a direct confrontation of the theory with the experimental data. Rather we confront Descartes’ theory with reality in an indirect way, using its formal reconstruction in the framework of Newtonian physics. Thus we accept Newtonian physics as a true representation of reality and confront the Cartesian physics only with this Newtonian representation. While the positivists use the correspondence theory of truth, and while philosophers like Daniel Garber use the coherence theory of truth, our approach is based on a combination of the two. In the case of the Newtonian theory, which we used in our reconstructions, we adhere to the classical correspondence theory of truth. But in the case of the Cartesian theory we test only its coherence with the Newtonian system. Therefore our result is that Cartesian physics is coherent with a theory that corresponds to reality. Thus the Cartesian theory is true in a stronger sense than the philosophical reconstructions based on the coherence theory of truth can provide. On the other hand our approach protects Descartes against the strict verdict of the positivist historiography, because it does not require a direct correspondence to reality. 
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