









	
 Home

	 Add Document
	 Sign In
	 Create An Account














[image: PDFKUL.COM]






































	
 Viewer

	
 Transcript













Scientific Realism, Empiricism, and Quantum Theory



A Thesis Presented to The Division of Philosophy, Religion, Psychology, and Linguistics Reed College



In Partial Fulfillment of the Requirements for the Degree Bachelor of Arts



Brett G. Holverstott May 2007



Approved for the Division (Philosophy)



Mark Hinchliff



Acknowledgments Thanks to my wife Annelise for her support. Also thanks to Mark Hinchliff, who was very supportive of my goals with the project, and to Randy Mills, for contributing to my understanding of quantum theory, and inspiring my interest in this area. Thanks to Rein and Judy Laik, and my parents for their support.



Table of Contents Introduction



. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .



1



Chapter 1: Philosophic Prehistory of Quantum Theory 1.1 The Philosophy of Ernst Mach . . . . . . . . . . . . . . 1.1.1 Machian Psychology . . . . . . . . . . . . . . . 1.1.2 Rejection of Things-in-Themselves . . . . . . . 1.1.3 Rejection of Unobservables . . . . . . . . . . . . 1.1.4 Rejection of Absolute Space and Time . . . . . 1.2 Influence on Quantum Theory . . . . . . . . . . . . . . 1.3 Mach and Relativity . . . . . . . . . . . . . . . . . . . 1.3.1 Mach and the Special Theory . . . . . . . . . . 1.3.2 Mach and the General Theory . . . . . . . . . . 1.3.3 Einstein’s Objections to Mach’s Principle . . . . 1.4 Mach and “Mach’s Principle” . . . . . . . . . . . . . .



. . . . . . . . . . . .



. . . . . . . . . . . .



. . . . . . . . . . . .



. . . . . . . . . . . .



. . . . . . . . . . . .



. . . . . . . . . . . .



. . . . . . . . . . . .



. . . . . . . . . . . .



5 6 8 8 9 11 13 15 15 17 18 20



Chapter 2: The Observation-Theoretic Dichotomy 2.1 The Syntactic View . . . . . . . . . . . . . . . . . 2.1.1 Origin of the Syntactic View . . . . . . . . 2.1.2 Operationalism . . . . . . . . . . . . . . . 2.1.3 Alternative Formulation . . . . . . . . . . 2.1.4 The Theoretician’s Dilemma . . . . . . . . 2.2 Observable and Theoretical Terms . . . . . . . . . 2.2.1 Carnap’s Definition . . . . . . . . . . . . . 2.2.2 Argument from Context-Dependence . . . 2.2.3 The Myth of the Given . . . . . . . . . . . 2.2.4 Argument from Ambiguity . . . . . . . . . 2.3 Observable and Theoretical Entities . . . . . . . . 2.3.1 Argument from Continuity . . . . . . . . . 2.3.2 Definition via the Hypothetical . . . . . .



. . . . . . . . . . . . . .



. . . . . . . . . . . . . .



. . . . . . . . . . . . . .



. . . . . . . . . . . . . .



. . . . . . . . . . . . . .



. . . . . . . . . . . . . .



. . . . . . . . . . . . . .



. . . . . . . . . . . . . .



23 23 23 25 26 26 28 29 30 32 33 33 34 37



. . . . . . . . . . . . . .



. . . . . . . . . . . . . .



. . . . . . . . . . . . . .



2.4



2.3.3 Definition via the Epistemic Community 2.3.4 Definition via Theories of Observation . 2.3.5 Argument from Scientific Progress . . . . Conclusion . . . . . . . . . . . . . . . . . . . . .



. . . .



. . . .



. . . .



. . . .



. . . .



. . . .



. . . .



. . . .



. . . .



. . . .



. . . .



. . . .



38 39 40 42



Chapter 3: Empiricism and Quantum Theory . 3.1 Quantum Theory . . . . . . . . . . . . . . . . 3.1.1 Formalisms . . . . . . . . . . . . . . . 3.1.2 Realist Interpretations from Science . . 3.1.3 The Statistical Interpretation . . . . . 3.2 Realism and Quantum Theory . . . . . . . . . 3.2.1 Problems for Realism . . . . . . . . . . 3.2.2 Realist Responses . . . . . . . . . . . . 3.3 Critique of Quantum Theory . . . . . . . . . . 3.3.1 Origin and Early Development . . . . . 3.3.2 Evolution and Methods . . . . . . . . . 3.3.3 Instrumentalism and Quantum Theory 3.4 Conclusion . . . . . . . . . . . . . . . . . . . .



. . . . . . . . . . . . .



. . . . . . . . . . . . .



. . . . . . . . . . . . .



. . . . . . . . . . . . .



. . . . . . . . . . . . .



. . . . . . . . . . . . .



. . . . . . . . . . . . .



. . . . . . . . . . . . .



. . . . . . . . . . . . .



. . . . . . . . . . . . .



. . . . . . . . . . . . .



. . . . . . . . . . . . .



. . . . . . . . . . . . .



43 43 43 44 45 46 46 48 50 50 53 57 60



Chapter 4: The Nature of Theories . . . 4.1 The Semantic View of Theories . . . 4.1.1 Models . . . . . . . . . . . . . 4.1.2 Principles . . . . . . . . . . . 4.1.3 Derivative Models . . . . . . . 4.1.4 Theories . . . . . . . . . . . . 4.1.5 Embedding Theories . . . . . 4.2 Scientific Representation . . . . . . . 4.2.1 Suppe’s View . . . . . . . . . 4.2.2 Structural Similarity . . . . . 4.2.3 Intentions . . . . . . . . . . . 4.3 Critique of Constructive Empiricism 4.3.1 Unpacking Observation . . . . 4.3.2 Unpacking Skepticism . . . . 4.3.3 No-Value Argument . . . . . .



. . . . . . . . . . . . . . .



. . . . . . . . . . . . . . .



. . . . . . . . . . . . . . .



. . . . . . . . . . . . . . .



. . . . . . . . . . . . . . .



. . . . . . . . . . . . . . .



. . . . . . . . . . . . . . .



. . . . . . . . . . . . . . .



. . . . . . . . . . . . . . .



. . . . . . . . . . . . . . .



. . . . . . . . . . . . . . .



. . . . . . . . . . . . . . .



. . . . . . . . . . . . . . .



63 64 64 67 70 72 73 73 74 75 76 78 78 78 79



. . . . . . . . . . . . . . .



. . . . . . . . . . . . . . .



. . . . . . . . . . . . . . .



. . . . . . . . . . . . . . .



. . . . . . . . . . . . . . .



Afterword: The Post-Revolutionary Paradigm . . . . . . . . . . . . . . 85 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87



List of Tables 2.1



Observation-Theoretic Dichotomy . . . . . . . . . . . . . . . . . . . . 29



Abstract Ernst Mach influenced both the founders of quantum theory and the tradition of twentieth-century empiricism. The quantum founders distilled Mach’s views into a principle (Mach’s Principle) which held that one should employ only observable quantities in the theoretical description of phenomena. This led them to reject the need for physical mechanism in the realm of the atom, culminating in Heisenberg’s Matrix Mechanics, a purely mathematical description of nature. Implicit to both Mach’s Principle and twentieth-century empiricism is an observation-theoretic dichotomy, which I reject at length. Arguments by Carnap and van Fraassen are contrasted with arguments by Maxwell, Achinstein, Putnam, and Sellars, among others. The terms “observable” and “theoretic” are found to be relational and cannot divide terms or entities predicated by them into exclusive categories. Further, the nature of quantum theory is explored in consideration of its historical evolution and mathematical methodology. It is argued that quantum theory should be viewed as a mathematical algorithm for fitting known data instead of a mechanistic theory of nature, and that these algorithms give rise to an illusion of explanatory success. Finally, a refined version of the semantic conception of theories is offered, with regard to views by van Fraassen, Suppe, and Giere, among others. It is found that van Fraassen’s constructive empiricism is inconsistent with the semantic view. The scientific realist position, however, is consistent with the semantic view, and is found to motivate good theory formation. In light of these results it is suggested that a return to physical mechanism in the realm of the atom is needed for future progress.



Introduction This work contains two interrelated goals: a critique of quantum theory and a critique of van Fraassen’s constructive empiricism, and thus concerns both physics and philosophy. I have tried to make this work accessible to both audiences, but scientists will undoubtedly find chapters 1 and 3 more interesting; philosophers 2 and 4. These two goals are interrelated. Ernst Mach was the wellspring of both quantum theory and the tradition of twentieth-century empiricism. The observation-theoretic dichotomy was a central premise for both. The discussion of quantum theory also serves to weaken the empiricist position; I reverse the role that quantum theory typically plays in the debate between scientific realists and constructive empiricists. In the final chapter I discuss the semantic view of theories. Although the semantic view has implications both for quantum theory and constructive empiricism, my goal was largely constructive: to show that scientific theories are continuous with common sense. To do so I aim at a completely general framework for theories. Scientific Realism Throughout this work I will defend the scientific realist position. This can be summarized as the view that science aims to give us a literally true story of what the world is like; and acceptance of a scientific theory involves the belief that it is true (van Fraassen, 1980). Implicit are three key theses.1 First, scientific realism holds the metaphysical thesis that there exists a world external to the mind, and that this world is independent of consciousness, i.e. that it is objective. The nature of the world and the entities that inhabit it are independent of whether they are perceived or known. Measurements may interfere with a system, but they do so by physical interactions and not by the consciousness of the experimenter. Second, scientific realism holds the epistemological thesis that mature and predictively successful scientific theories are at least approximately true of the world. 1



This discussion is adapted from (Psillos, 1999).
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Thus, the entities described by such a theory exist as the theory describes them, or at least approximately so. Later, I will go into more depth on what I mean by such notions as “mature,” “predictively successful,” and “approximately true,” (as it will be important for our consideration of quantum theory), but I believe that the general notions are fairly adequate. If a scientific theory matches experiment, and especially if it results in novel predictions, we believe that the theory is true. Scientific realists are not without healthy doses of skepticism regarding new and unconfirmed theories, but admit that there are some standards by which we can gauge the truth of a theory. Scientific realists are open to further theory change, with the expectation that further development will likely refine the theory. They might be called “epistemic optimists,” in that they believe that human powers of reason, if used soundly, are well-equipped to discover truth. Scientific realism also holds the semantic thesis that theoretical descriptions should be taken at face-value; that scientific propositions are literal, capable of being true or false, and refer to facts about the world. The central motivation for this view is that theoretical descriptions are naturally used this way in practice. This point is best brought out by contrast: in the early twentieth century, the logical positivists held the view that theory-laden language has no intrinsic meaning, and that it is necessary to explicitly define all theoretical terms in terms of observable terms such that those terms refer to things that can be directly observed and easily confirmed. This is a rather unnatural construal of our language. Overall, the major claims of scientific realism should seem fairly intuitive. Most people hold a realist account of the objects of their ordinary experience, and most scientists hold a realistic account of the things they study. Scientific realism is common sense expanded into the scientific realm. Despite this intuitive appeal, scientific thought in realms such as quantum theory significantly detract from the realist position, making it non-trivial how to defend the realist point of view. Empiricism Classically, empiricism is the doctrine that “all knowledge is derived from experience,” a precept that a scientific realist would agree with. However, we will consider accounts of empiricism that disagree with each of realism’s three key theses. In contrast to the metaphysical claim of scientific realism, phenomenalism is the view that the world and the entities that inhabit it do not exist as things in themselves, but only as perceptual experiences. In particular, we will be considering the views of Ernst Mach, whose views are closely related to phenomenalism,2 although 2



An extensive critique of phenomenalism may be found in (Smart, 1963)
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they are largely influenced by the transcendentalism of Kant and Hegel. Mach, in turn, fed extensively into empiricist lines of thought in the twentieth century, such as logical positivism. As I mentioned before, in contrast to the semantic claim of scientific realism, logical positivism is the view that that discussions involving terms that are not amenable to direct observation have meaning only by virtue of their ability to be translated into terms that can. This view holds that they are merely placeholders for patterns in our perceptual experience. We will consider this view in the discussion of the syntactic view of theories in chapter 2. In contrast to the epistemic optimism of scientific realism, constructive empiricism can be summarized as the view that “science aims to give us theories which are empirically adequate and acceptance of a theory involves as belief only that it is empirically adequate” (van Fraassen, 1980, 12). This precludes metaphysical assertions regarding theoretical entities, since to say that a theory is true is to say that it is empirically adequate, i.e. that it corresponds to observable phenomena. Although constructive empiricists largely agree with the realists as to what the world would be like, were we able to know it, they hold that we must remain agnostic regarding that which cannot be directly observed. Thus, they are able to avoid (as all good empiricists do) ontological commitments regarding matters theoretical, but without limiting theoretical discourse. They are free to speak about theoretical entities and use them, but they need not believe they are the way we think they are. I will consider constructive empiricism in chapter 2, with the observation-theoretic dichotomy, and again at the end of chapter 4, where I offer some criticisms in light of the semantic conception.



Terminology I often speak of models as falling into two categories. First, there are physical models, which, like Bohr’s model of the atom or the structure of DNA, create a visualizable picture of a scenario in order to study it from a theoretical vantage point. I also refer to this kind as mechanistic or theoretical since it seeks to explain how theoretical laws guide the behavior of a scenario which is thought of as a real, physical system (although it may be somewhat idealized). By contrast, mathematical models do not create visualizable pictures of a scenario. Instead, these models are meant to represent experimental data using some equation or mathematical scheme that is fitted to the occasion. For instance, the Rydberg formula and the resulting spectral line series (Lyman, Balmer, etc...) is a mathematical model of the hydrogen atom. I also refer to these as empirical
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or phenomenological because they are not motivated by established theory, but by numerical techniques. Often, techniques which use a combination of theory and experimental curve-fitting techniques are called semi-empirical techniques. Further, the term observable is used throughout this work to refer to that which can be observed (usually directly) with human means of perception. This obviously admits of some vagueness, which I will consider in chapter 2. Specifically, this is not to be confused with the term as it is used in quantum theory, to represent properties of quantum particles that can be determined by some measurement or operation. I refer to something as unobservable or theoretical if it cannot be observed with human perception. Theoretical is also used to describe knowledge of things (observable or unobservable) that involves theory-laden background information; in chapter 2 I argue that all knowledge is theoretical in this way.



Chapter 1 The Philosophic Prehistory of Quantum Theory The most significant breaking point between classical and quantum theory was Heisenberg’s invention of the Matrix Mechanics in 1925. From the discovery of the electron to about 1914, scientists sought a classical model of the electron, and believed such a solution was possible (Pearle, 1982). Electrons in a variety of shapes were considered. Models were tested for relativistic invariance. It was thought that the electron’s electromagnetic properties might give rise to its mass. The most successful model of the bound electron was Bohr’s model, which envisioned the electron as a point-charge orbiting the nucleus at discrete energy levels. Then, suddenly, work in this vein stopped. In an analogy due to Pearle, it reminds one of a house under construction that was abandoned by its workmen upon receiving news of an approaching plague (Pearle, 1982). The reasons were many. Scientists were unable to explain the stability of the electronic orbits with Bohr’s model. A point-electron ought to radiate energy as it orbits, collapsing into the proton within a fraction of a second. Also the frequency of the radiation emitted from the atom did not correspond to the calculated orbital frequency of the electron. Aware of these fundamental theoretical issues, scientist’s attention turned largely to finding empirical patterns in the data (Mehra and Rechenberg, 1982, 134). Over time these techniques required more ad hoc assumptions. For a small group of scientists centered primarily at G¨ottingen, the growing gulf between the mathematics and the consistent visualizability of the underlying physics was indicative of a fundamental shift in the way theories ought to be formulated. They turned to a philosophic principle, that one should employ only observable
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quantities in the theoretical description of phenomena (Mehra and Rechenberg, 1982, 273). This principle, derived from the work of Ernst Mach and made popular by Einstein’s use of Mach’s ideas in his formulation of special and general relativity, motivated the group of scientists to throw out the need for a physical, mechanistic model of the atom. Instead, only observable quantities, i.e. magnitudes derived from experiment, would be considered. This culminated in the invention of Heisenberg’s Matrix Mechanics in 1925. Instead of seeking a physical model of the electron, Heisenberg sought a purely mathematical model; instead of judging it by its soundness with known physical laws, he judged it only by its ability to map onto observed quantities. Mach’s principle, and the implicit recourse to mathematics without a visualizable, mechanistic basis continues to be the standard methodology of quantum theory. We ought to ask several questions: Where did it come from? And is it justified? Below I present Mach’s philosophy and show how it came to influence the quantum founders. In the next chapter, I will relate the principle to a wider debate that has worn through the twentieth century on the meaning of observation and theory.



1.1



The Philosophy of Ernst Mach



The philosophy of Ernst Mach (1838-1916) has been notoriously difficult to classify. During his lifetime Mach was grouped with realists, phenomenalists, transcendentalists, empiricists, and positivists. Mach himself denied affiliations and denied that he had a philosophy per se, instead holding that he was a “weekend sportsman,” who merely adopted philosophic views in his analysis of science. In modern literature Mach is often assumed to be an empiricist; he contributes to the major branches of twentieth century empiricism. While this may be true with regard to the philosophers he influenced, it might not have been accurate during Mach’s lifetime. Mach’s strongest professed tie was to Kant: ...at the age of fifteen, I lighted, in the library of my father, on a copy of Kant’s Prolegomena to any Future Metaphysics. The book made at the time a powerful and ineffaceable impression upon me, the like of which I never afterwords experienced in any of my philosophical reading (Mach, 1914, 30). In particular, Mach sympathized with the view that the structure we see in the natural world is due to our method of cognition rather than nature itself. Mach’s
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subsequent position is best characterized by what he accepted in Kant, such as the divide between phenomena and noumena, and what he rejected, such as the existence of things-in-themselves, and a priori knowledge. I will discuss these below. Being defined in relation to Kant was not at all unusual for a German philosopher of this period. I digress to a historical interlude from Suppe:



In the period between 1850 and 1880 German science was dominated by mechanistic materialism which was a blend of Comptean positivism, materialism, and mechanism. ... In this picture matter is primary, and there is no doubt that a real, objective world exists independent of individual perceivers; science is the discovery of the mechanisms in this objective world whereby animate and inanimate matter behaves and realizes itself. ...By the 1870’s mechanistic materialism began to be challenged– largely as a result of developments in physiology and psychology which cast doubt on its doctrines of the external world and the ability of scientific theory to adequately describe that world. For example, the work of Helmholtz on the physiology of the senses indicated that an adequate philosophy must make provision for the activity of the thinking subject in the growth of scientific knowledge– something mechanistic materialism did not do (Suppe, 1977, 7-8).



In the German scientific community, the reaction to mechanistic materialism took primarily two forms. The most widespread form was a neo-Kantian philosophy of science developed initially by Helmholtz, and more importantly, by Herman Cohen and Ernst Cassirer. This view saw science as an attempt to discover the “general forms or structures of sensations” not structures of the thing-in-itself, but of phenomena, yet which have a “Platonic sort of absoluteness, being a sort of ideal world structure which exemplifies itself in structured phenomena” (Suppe, 1977). Thus, scientific knowledge is seen as absolute, and the popularity of this form of neo-Kantianism would not survive the dual impact of relativity theory or quantum theory. Yet, “By 1900 this sort of neo-Kantianism had become the dominant philosophy of the German scientific community; it was the essence of German scientific common sense” (Suppe, 1977, 7). It was against this backdrop that Mach worked. Mach’s philosophy represented the other major reaction to mechanistic materialism. It was less dominant but also widespread, and had influence especially in G¨ottingen, Berlin, and the Kaiser Wilhelm Institutes, where the new physics would emerge.
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1.1.1



Machian Psychology



In contrast to the dominant form of neo-Kantianism, Mach rejected the existence of absolute structures exemplified in phenomena. Mach instead held that our representations of such things as corporeal substance, natural laws and their mathematical relations, and causality were due to our psychology and means of cognition, not due to something external to the mind. 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 (Mach, 1960, 580). For Mach, economy is necessary for the reproduction of facts in memory, and thus the anticipation of facts received in new experiences. It is impossible to completely reproduce experience in memory, thus we form abstractions that enable us to reproduce “only that side of them which is important to us, moved to this directly or indirectly by a practical interest” (Mach, 1960, 577). Language is merely a means of symbolizing experiences that are broken up into simpler parts, a process which necessarily comes at a loss of precision. Mathematics, which is Mach’s great model for cognition, results in an increase of efficiency without a loss of precision: The object of all arithmetical operations is to save direct numeration, by utilizing the results of our old operations of counting. Our endeavor is, having done a sum once, to preserve the answer for future use” (Mach, 1960, 583). The process of abstraction spares us the burden of repeating a simple task countless times. Just as no there are no operations in mathematics that could not be performed (given enough time) by simple counting, there are no processes of abstraction and anticipation that could not be performed (given enough “brain energy”) by relating directly to phenomena.



1.1.2



Rejection of Things-in-Themselves



In the Prolegomena Kant writes that “things as objects of our senses existing outside us are given, but we know nothing of what they may be in themselves, knowing only their appearances, that is, representations which they cause in us by affecting our
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senses” (Kant, 1951, 36). Thus, while Kant believed in the existence of a world external to the mind, he held that that world is inaccessible. We are forever cut off from the true nature of “things-in-themselves.” But soon after reading the Prolegomena, Mach decided that the role the “thingin-itself” plays in Kant’s philosophy is superfluous (Mach, 1914, 30). This, of course, is one of Hegel’s central criticisms of Kant, but Mach makes no mention of having read Hegel by this point, having been still in his teens at the time of this realization. Kant held that the notion of “substance” was that which persists in a sequence of appearances, or the “foundation of the determination of existence” (Kant, 1951, 54). Mach modifies this view somewhat by holding that a thing is always that which is left over after all the elements have been subtracted. But a thing is nothing more than the sum of its constituents: “Thing, body, matter, are nothing apart from the combinations of the elements...” (Mach, 1914, 6). Thus, to subtract the parts is to have nothing left. Thus Mach rejects that there is anything that persists in our experience. A thing is “one and unchangeable only so long as it is unnecessary to consider the details” (Mach, 1914, 7). When the details are considered, differences are discovered which invalidates the idea of a persistent substance. This move resulted in a metaphysics in which appearances (or phenomena) is all that exists, and sensations are the fundamental constituents of reality. “Bodies do not produce sensations, but complexes of elements (complexes of sensations) make up bodies” (Mach, 1914, 29). Mach uses the word elements to denote such things as awareness of color, sounds, spaces, times, and motor sensations, i.e. sense modalities. He even hesitated to use the word “sensation” as it conjures a Lockean vision of small particles mediating an interaction between the subject and object. For Mach, there is no medium nor object; there is only phenomena.1



1.1.3



Rejection of Unobservables



Unobservable entities share the same fate as laws. In particular, Mach was steadfast in his dismissal of the existence of atoms. Even late in life he had very little belief in atomic theory. The atomic theory plays a part in physics similar to that of certain auxiliary concepts in mathematics; it is a mathematical model for facilitating the mental reproduction of facts (Mach, 1960, 581). 1



An obvious objection to Mach’s view is that one must have a non-sensory mechanism for the functioning of human psychology.
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For Mach, the postulation of unobservable entities only serves the purpose of constructing “direct descriptions” of the phenomena. Such a description is one in which all referents to the unobservable entities are ultimately omitted, leaving simply the resulting mathematical equations and relations which allow us to make predictions. This theme was later pursued by Carl Hempel in his piece on the “Theoretician’s Dilemma” which we will look at in the next chapter. Hempel concludes that if we do not retain the theoretical apparatus of a theory, it is impossible to describe new scenarios by inductive inference (Hempel, 1965, 222). Mach does not explore this idea in depth, however, and the idea is thus little more than a promissory note. Mach’s rejection of the existence of atoms (which was not particularly uncommon in the late nineteenth century2 ) is a natural result of his rejection of substance and his rejection of unobservable entities. However, he does offer two specific arguments against the atomic theory. First, “atoms are invested with properties that absolutely contradict the attributes hitherto observed in bodies” (Mach, 1960, 589). Examples are lacking. If Mach wrote these comments after 1900, he might have used the quantization of energy as an example. However, I don’t believe Mach was referring to this, more likely, he was criticizing the concept of the atom as it was understood in the late nineteenth century: “Structural organic chemistry explicitly requires discrete atoms with fixed mass, fixed spatial orientation of chemical bonds stable in time, and distinct chemical identity” (Fleck, 1963). The discoveries in atomic theory between 1900-1910 allowed physicists to invest the atom with mass and charge, and hold a largely classical vision of its operation. Mass and charge are phenomena common to larger-scale systems, thus during this period it is clear that not all of the properties of the atoms absolutely contradict those of larger-scale phenomena. Second, Mach held that the process of formation of the concept of the atom was “discontinuous” with the phenomena to which it gives rise. Consider the following: the movement of a vibrating rod with a low frequency of vibration can be observed, by touch, sound, and sight. As we increase the frequency of vibration, the movement passes into the unobservable on all three accounts. Yet, we continue to imagine that the rod is vibrating because the concept of the unobservable (high-frequency) vibrating rod is “continuous” with the concept of the visible (low-frequency) vibrating rod (according to Mach). Atoms, however, were not invented via this continuous transition. Instead, they were “especially devised for the purpose in view,” namely, to explain chemical, electrical, and optical phenomena (Mach, 1960, 589). 2



See (Fleck, 1963).
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However, the principle of continuity is not a valid principle for all scientific discovery. The illustration of the vibrating rod extends an existing observable property of an entity into an unobservable domain. Here the entity remains fixed. By contrast, the atomic theory postulated a new entity endowed with certain properties to explain the behavior of molecules. Similar things have been done in biology with the postulation of bacteria and viruses in order to explain the transmission of disease. The cognitive act itself seems little different from trying to guess what is inside a wrapped box before one opens it–one is postulating an entity that cannot be seen based on the evidence one has. Since Mach’s day, there has been an abundance of experimental evidence for the existence of atoms. There are a variety of independent measures of Avagadro’s Constant. We can isolate individual atoms within a penning trap. We can now “observe” atoms in a variety of ways, i.e. with a scanning tunneling microscope. Mach’s rejection of atoms is a dead argument, even though Mach himself might have remained steadfast. In reaction to the progress of science, modern empiricists have moved the discussion down one rung on the ladder, to questioning our knowledge of fundamental particles such as electrons (van Fraassen, 1980). Further, the principle on which Mach’s rejection of atoms is based, that we ought not to believe in the existence of unobservables, has lived on in a variety of forms, often having its most influence over those who were committed to the existence of atoms, such as the founders of quantum theory.



1.1.4



Rejection of Absolute Space and Time



An important aspect of Mach’s thought was his rejection of the notion of absolute space and time. In The Science of Mechanics, Mach’s extensive critique was directed against Newton. However, this was also a key turn away from Kant. Kant held space and time to be pure a priori intuitions that are necessary (Kant, 1951, 30). Otherwise said, our understanding of space and time is knowledge prior to experience, as it makes experience possible. Whatever Mach’s sympathies with Kant’s views early in his career, Mach’s rejection of absolute space and time marked his rejection of all a priori knowledge whatsoever (which also differentiates Mach’s position from Hegel’s). Mach came to the view that all knowledge is empirical, by which he means that our knowledge is invented in response to our sensations in order to make our experience economical. This placed Mach’s philosophy much closer to Berkeley’s, although Mach never publicly acknowledged an influence from Berkeley, probably because Mach did not want to associate himself with Berkeley’s belief in God. Mach’s views were formed
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largely in response to Kant, not Berkeley; and we might expect that Kant’s disdain for idealism in the Prolegomena may also have contributed. However, there are a lot of similarities between Berkeley and Mach’s philosophy, as discussed in an article by Popper (Popper, 1953). Mach’s rejection of absolute space and time would have a strong influence over later scientists. Einstein had read The Science of Mechanics before he worked on the electrodynamics of moving bodies, and later recalled the profound influence the book had on him, particularly in shaking his faith in Newtonian mechanics. Mach, of course, did not anticipate the development of relativity theory (and refused to believe in relativity theory until his death in 1916). His program was philosophic: he stressed that space and time were relative concepts:



When we say a thing A changes with the time, we mean simply that the conditions that determine a thing A depend on the conditions that determine another thing B. The vibrations of a pendulum take place in time when its excursion depends on the position of the earth” (Mach, 1960, 272).



A relative concept is one which can only be understood (and measured ) with regard to other concepts. A passage of time can only be measured with regard to motion. A position or velocity can only be measured with regard to the position or velocity of another object. A mass can only be measured relative to other masses, or relative to its inertial response to other masses in time and space. For Mach, all phenomena (including the perceiving subject) is interdependent. This lead Mach to criticize Newton’s definition of mass as “the quantity of matter,” since this cannot be measured. For Mach, a definition must be operational to be meaningful. There is no thing-in-itself; there is no time-in-itself, position-in-itself, or mass-in-itself independent of the relations we see between mutually dependent phenomena.



It is utterly beyond our power to measure the changes of things by time... we select as our measure of time an arbitrarily chosen motion... which proceeds in almost parallel correspondence with our sensation of time. If we have once made clear to ourselves that we are concerned only with the ascertainment of the interdependence of phenomena, ...all metaphysical obscurities disappear (Mach, 1960, 273-275).
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Influence on Quantum Theory



Mach’s philosophy had influence especially in G¨ottingen, Berlin, and the Kaiser Wilhelm Institutes. A German university in this era was strongly homogeneous; the department head often had full control over the hiring of other professors, and tended to hire those who shared the his interests and positions. Thus, it was not unusual for a German institution to hold a collective philosophical or political position, and the German scientific establishment tended to break into various schools surrounding a few main figures (Suppe, 1977, 7). Soon after the turn of the century, the rise of relativity theory and early quantum theory made new demands on philosophies of science, and both mechanistic materialism and neo-Kantianism opposed the new developments. Only those schools sympathetic to Machian positivism, such as G¨ottingen and Berlin, embraced the new physics. Partly due to the influence of Minkowski3 , it was commonly held at G¨ottingen that the basis for Einstein’s relativity was a philosophical postulate regarding observables. As Heisenberg later recalled: “The idea of having a new theory in terms of observables did indeed originate in G¨ottingen and was closely connected with the interest in relativity theory...” The idea that “real things are those which you can observe, and everything else has no meaning, was very much in the minds of people at G¨ottingen” (Mehra and Rechenberg, 1982, 274). Max Born, a professor at G¨ottingen, seems to have adopted the principle from Minkowski’s lectures on relativity, before applying it to the atom. Born accepted the existence of atoms but began to argue that the interior of the atom had no reality because it was unobservable; that no experiment could give the instantaneous position and velocity of electrons within the atom, only the energies of their stationary states, frequencies, and intensities (Mehra and Rechenberg, 1982, 277). Wolfgang Pauli, who was the godson of Ernst Mach and had extensively read Mach’s philosophical works, had similar opinions. He frequently referred to the principle as “Mach Principle.” This was a synthesis of two elements from Mach’s philosophy: skepticism regarding that which cannot be directly observed, and the requirement that a definition must be operational to be meaningful. It came to take the following form: one should employ only observable [numerical] quantities in the theoretical description of phenomena (Mehra and Rechenberg, 1982, 273).4 3



Due to Einstein’s and Mach’s influence, Minkowski came to hold that space and time “are doomed to fade away into mere shadows” (Mehra and Rechenberg, 1982, 276). 4 This was also expressed by Born as follows: “The principle states that concepts and representations that do not correspond to physically observable facts are not to be used in theoretical
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This principle was particularly convincing for physicists Max Born, Wolfgang Pauli, Werner Heisenberg, and Pascual Jordan, who discussed it frequently as a group. By 1924, the principle was catching on more widely. It appears in a letter to Nature by Hendrik Kramers (based in Copenhagen) on dispersion theory (Kramers, 1924). It appears in a note by Sommerfeld on the theory of periodic systems (Sommerfeld, 1925, 70). Even Bohr’s model of the atom came to be thought of as merely a “computational scheme” for calculating quantum phenomena using a classical framework (Born, 1927, 114). Why did this principle hold such force? After twenty years of failure in atomic theory, physicists were looking for a radical new direction. At an assembly at Bad Nauheim in 1920, Pauli argued for the principle on the basis that “None of the erstwhile theories... has up to now succeeded in solving the problem of the elementary electric quanta in a satisfactory manner; thus it is desirable to look for a deeper reason for this failure” (Mehra and Rechenberg, 1982, 277). The continued failure of mechanistic atomic theory to account for a variety of basic quantum phenomena was a strong reason, to the physicists of the day, to adopt a philosophic principle that eliminated altogether the need for mechanism. This principle allowed physicists “to cosign to oblivion all the known troubles about electron orbits” (Mehra and Rechenberg, 1982, 290). Further, scientists were able to continue working even without a clear theoretical foundation: “Atomic theory in the early 1920’s was a field in which people frequently made arbitrary and ad hoc assumptions in order to fit the empirical data” (Mehra and Rechenberg, 1982, 134). By 1925, there was a large gulf between the variety of empirical (or semi-empirical) equations that had been formulated to fit the data, and a consistent theoretical foundation for those equations. If progress could be made with only a computational scheme, why postulate a physical mechanism? In particular, Werner Heisenberg, with his guiding principle “Der Erfolg heiligt die Mittel” (“Success sanctifies the means”)5 was prone to unconventional techniques: Heisenberg... employed new assumptions–without worrying whether they agreed with the accepted principles of atomic theory–just to arrive at a successful description of the data. Second, he had applied certain mathematical methods without a proper understanding of their physical meaning, a procedure which contradicted the attitude of Neils Bohr. Third, Heisenberg had mixed together assumptions and hypotheses, whose condescription” (Born, 1964). 5 (Mehra and Rechenberg, 1982, 37)
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sistency was not proven at all... Pauli felt that Heisenberg had either forgotten about the real difficulties of atomic theory or had buried them in a formal approach (Mehra and Rechenberg, 1982, 135). Heisenberg spent a great deal of time at G¨ottingen; studying there for a year during 1922-23 as a student and assistant to Born while on leave from the University of Munich, and returning to G¨ottingen as a lecturer after achieving his degree. He was occupying this position when he conceived of the Matrix Mechanics in 1925. The Matrix Mechanics represent a true conceptual break with classical physics. Instead of considering the atom to be a mechanical model with orbiting electrons, Heisenberg sought to banish this concept, and create a mathematical scheme in which there was no reference to underlying physics. When he had represented, for example, the position coordinates of electrons in atomic systems by the Fourier series, and reformulated the latter as patterns of transition amplitudes, each associated with a periodic function containing the correct transition frequency, he had done just the right thing: he had removed a quantity representing the nonobservable motion of the electron, introducing instead a description in terms of observable quantities, i.e. the transition amplitudes and the atomic radiation frequencies (Mehra and Rechenberg, 1982, 287). It was the influence of Machian positivism (due to the popularity of Mach’s philosophy at G¨ottingen and especially among Bohr and Pauli) and Heisenberg’s tendency to look for empirical mathematical solutions, that resulted in the great turn away from traditional physics that the Matrix Mechanics represented.



1.3



Mach and Relativity



Here I will explore Mach’s influence on Einstein’s special and general relativity, with the goal of finding out whether the quantum founders accurately used Einstein’s successes as justification for Mach’s Principle.



1.3.1



Mach and the Special Theory



Einstein’s begins his 1905 paper on relativity with the definition of simultaneity. First, he proposes that judgments of time are actually judgments of simultaneous events. For example, the arrival of a train will be simultaneous with the positions of the hands of my wristwatch when the watch displays 7:00 (Einstein, 1905).
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Next, he argues that this definition of time fails when the events held as simultaneous take place in different locations. Only if the time it takes a light ray to travel from position A to B equals the time it takes a light ray to travel from B to A, are clocks in the two locations synchronized. However, these respective times can change according to the frame of reference of the observer, thus altering judgments of simultaneity. Thus, Einstein performs several Machian feats: • First, he rejects the notion of a universal frame of reference and a corresponding fixed ether; a view similar to Mach’s rejection of the Newtonian concept of absolute space and time. • Second, he ties our knowledge of time to an operational definition, i.e. how we can actually measure elapses in time, with reference to judgments of simultaneous events. • Third, he interrelates our concepts of space, time, and motion by showing that judgments of simultaneity (and thus judgments of time), if they do not occur at the same place, are relative to the motion of the observer. Despite these similarities, there is a key discrepancy between Mach’s views and the special theory, which I will discuss below. In the Analysis of Sensations, Mach makes the following point: Suppose we hold a pencil up in the air; the pencil is straight. Then we place the pencil in the water, and it appears crooked. Conventional belief has it that the pencil merely appears crooked when placed in water, whereas in reality the pencil is straight. However, Mach wishes to change this notion. It is not that he believes the pencil is really crooked when placed in the water, but rather, he wishes to question the dichotomy between appearance and reality. What justifies us in declaring one fact rather than another to be the reality, and degrading the other to the level of appearance? In both cases we have to do with facts which present us with different combinations of the elements [senses], combinations which in the two cases are differently conditioned (Mach, 1914, 29). For Mach, sense experiences are the primary constituents of reality. Regardless of whether the experience is relaying that of a straight or crooked pencil, the appearance is reality. We perceive the pencil as straight in one environment, and crooked in another environment. It is an act of mental invention to postulate that the pencil
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that was straight in one environment is still straight when it appears crooked. This may be an economical, practical distinction, but Mach holds that science ought not to make such distinctions, since there is no real pencil underlying appearances. Minkowski held that Einstein’s central contribution to special relativity was the recognition of the equivalence (or identical treatment) of the “real” and “apparent” time of two electrons at different velocities in uniform motion. The Lorentz Transformations had appeared some years earlier, but Lorentz had given special preference to the “local,” or real time. Thus, it appears on first glance that Einstein’s contribution was simply to tear down an artificial dichotomy between appearance and reality. This, however, would be an inaccurate representation. According to special relativity, physical laws hold constant despite changes in one’s frame of reference. Thus, a magnet in motion relative to a conductor at rest generates an electric field and a corresponding current. Whereas, a conductor in motion relative to a magnet at rest generates an electromotive force in the conductor, giving rise to an identical current as in the previous case. Electricity and magnetism are the same phenomena, when changes in frames of reference are properly considered (Einstein, 1905). In the Analysis of Sensations, Mach holds that there is no reality underlying two contrary appearances. By contrast, the special theory of relativity holds that a single, consistent physical reality underlies two apparently contrary appearances. Thus, although the special theory adopts Mach’s rejection of absolute space and time, and provides operational definitions, it supports the view that physical, universal laws exist objectively, i.e. external to and independent of the mind. Thus, it is not surprising that Mach refused to accept the theory of relativity, until his death in 1916.



1.3.2



Mach and the General Theory



Einstein’s general theory was based on two physical observations: First, the equivalence of gravitational and inertial mass, and second, the observable equivalence of a gravitational field and an accelerating frame of reference. Unlike special relativity, which applied to systems in uniform relative motion, the general theory is held to allow the incorporation of inertial, accelerating frames of reference. The general theory also made use of a vital premise which Einstein explicitly attributes to Ernst Mach in the opening section of the central 1916 paper on general relativity. The premise is illustrated as follows: consider two blobs of fluid floating in space. Each appears to be spinning at a constant angular velocity relative to an observer on
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the other blob, about the axis that joins their centers. The first retains the shape of a sphere, indicating that it is actually at rest, whereas the second is warped into an oblate spheroid, indicating that it is indeed undergoing angular motion. Newtonian mechanics applies to the first blob at rest, but not to the second blob at rest; rather the second blob must be in motion. This raises a problem that Einstein formulates as follows; What is the reason for this difference in the two bodies? No answer can be admitted as epistemologically satisfactory, unless the reason given is an observable fact of experience. The law of causality has not the significance of a statement as to the world of experience, except when observable facts ultimately appear as causes and effects (Einstein, 1916). Thus, although we can use Newtonian mechanics to explain that the first blob is at rest while the second blob is spinning, we cannot use Newtonian mechanics to describe the identical situation of the second blob being at rest, and the first undergoing motion. Einstein deduces that in reality, the answer to this scenario must lie outside the system, such as in the positions of nearby masses whose gravitational fields are influencing the two blobs. Einstein sought to create a theory of gravitation and mechanics in which the two blobs are treated identically, granted there are no outside causes. He attributes to Mach the insight that two systems in inertial, accelerating frames of reference must be looked at equivalently, i.e. neither system is privileged a priori. However, as in the special theory, Einstein holds that physical laws must be independent of the state of motion of the systems, be they in constant uniform motion or in accelerating frames of reference. Thus, although Einstein learn from Mach that our notions of cause must be determinable from observable facts, Einstein uses this notion to reinforce the universal character of natural laws, thus departing from Mach’s program.



1.3.3



Einstein’s Objections to Mach’s Principle



Albert Einstein openly objected to the path that quantum mechanics took through the 1920’s. In response to Pauli’s criticism that continuous descriptions of space or electric fields within the atom are meaningless, Einstein said that “I myself do not believe that the solution to the quanta has to be found by giving up the continuum... how could the relative movement of n points be described without the continuum?” (Mehra and Rechenberg, 1982, 281).



1.3. MACH AND RELATIVITY



19



Pauli’s argument is related to Mach’s views, in that the postulation of the “continuum” (continuous space and continuous electric fields) commits one to something that one cannot measure. One would need a measuring stick smaller than the atom itself, and access to the interior of the atom, in order to perform such measurements. Heisenberg relays a conversation between he and Einstein after Heisenberg’s presentation of quantum mechanics in 1926. Although this cannot be taken to be Einstein’s words verbatim, it stands as Heisenberg’s recollection of Einstein’s position on this issue. In response to Heisenberg’s presentation of Mach’s Principle, Einstein responds:



Einstein: “But you don’t seriously believe,” Einstein protested, “that none but observable magnitudes must go into a physical theory?” Heisenberg: “Isn’t that precisely what you have done with relativity?” I asked in some surprise. “After all, you did stress the fact that it is impermissible to speak of absolute time, simply because absolute time cannot be observed; that only clock readings, be it in the moving reference system or the system at rest, are relevant to the determination of time.” Einstein: “Possibly I did use this kind of reasoning,” Einstein admitted, “but it is nonsense all the same. Perhaps I could put it more diplomatically by saying that it may be heuristically useful to keep in mind what one has actually observed. But on principle, it is quite wrong to try founding a theory on observable magnitudes alone” (Heisenberg, 1971).



Heisenberg and Einstein then enter into a discussion of Ernst Mach, and Einstein stresses a key difference with Mach: “...Mach rather neglects the fact that the world really exists, that our sense impressions are based on something objective” (Heisenberg, 1971). Hence Einstein’s views differ markedly from those of Mach, and the path that the quantum founders took with regards to rejecting physical mechanism within the atom differed markedly from Einstein’s views, and from the philosophy embodied by special and general relativity. Einstein held that the world exists independently of and external to the mind, and the goal of a scientist was to discover that world– in the case of atomic theory, by seeking a physical model of the atom.



20



1.4



CHAPTER 1. PHILOSOPHIC PREHISTORY OF QUANTUM THEORY



Mach and “Mach’s Principle”



Although it is clear that it was the influence of Mach via Minkowski, Born, and Pauli, which resulted in the popular notion of Mach’s Principle, we ought to consider whether Mach would have agreed with the principle and its application. Mach held that sensations are the fundamental constituents of reality. His phenomenalism was blind to context, applying to laws of nature and both macroscopic and microscopic objects. Mach’s denial of the existence of atoms, while noteworthy, is not particularly unique. He similarly denied the independent existence of all physical concepts that pertain to a world beneath appearances. For Mach, these concepts are mental inventions for making our experience economical. Mach’s denial of the existence of atoms, therefore, is more accurately a denial of the need for the concept of “atom” in order to make our experience economical. If Mach did accept atoms late in life (this is rumored to be the case, but not certain), he accepted them only inasmuch as they proved to be a useful mental invention. “Mach’s Principle,” by contrast, was applied in the following way: It is not possible to observe the interior structure of the atom; thus the atom has no interior structure–or if it does, such postulations of structure must not go into a physical theory of the atom. This seems to admit of two interpretations: either the interior structure of the atom does not exist, or the postulation of the interior structure of the atom could never be a useful mental invention. Mach would undoubtedly agree with the first interpretation, to the same extent that he believed atoms, or substances in general, did not exist. Even if the founders of quantum theory interpreted Mach’s Principle this way, they would still be inconsistently applying it. For they held that atoms, by virtue of their observability, do exist. It is only their internal structure which does not exist. In other words, Mach would disagree that the nonexistence of the interior of the atom is due to its unobservability. Mach would likely disagree with the second interpretation. For it is obvious from Mach’s extensive writings on science that he was willing to accept a variety of natural laws (i.e. those of statics, dynamics, and electrodynamics) into his conceptual scheme, so long as these were understood to be useful mental inventions. Mach may have been extremely conservative in what he was willing to grant the status of being useful, and highly skeptical of that which could not be directly observed. But Mach did, nevertheless, accept laws and mechanism as useful mental inventions, and thus it is likely that he would be obliging if a satisfactory mechanism arose that gave great economy to our experience of atomic phenomena. Would Mach have agreed, after twenty-five years of the New Physics, that re-
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sorting to mechanistic models of the atom was a doomed enterprise? Likely. But Mach’s philosophy does not rule out the potential usefulness of such a model. Mach held that mechanistic models of unobservables were useful only to the extent that they resulted in a computational scheme that directly related to observed phenomena, i.e. as “direct descriptions.” The Matrix Mechanics is exactly that: a scheme that uses observable quantities to predict other observable quantities without reference to underlying physics. However, Mach did allow mechanistic models of unobservables to function as “provisional tools” for the creation of direct descriptions. By contrast, Mach’s Principle seems to forbid any use of mechanistic models even as provisional tools. Note that even if the quantum founders believed that the interior structure of the atom did not exist, they might still have gone about constructing a mechanistic model of it, in order to create a direct description. Or, if they believed the interior of the atom did exist, then they might still have cast their principle as a methodological claim based on a degree of epistemic skepticism. The ontological and methodological interpretations do not necessarily follow from one another. A mechanistic model of the atom, if successful, would imply a computational procedure for calculating a variety of properties of the atom that have hitherto been only described with empirical formulas. Thus while a purely operational model is not physical, a physical model may be operational, and when such models occur many come to believe that the model is true. In consideration of the above, Mach’s Principle underwent an evolution that modified it from Mach’s original views. • For Mach, nothing exists but sensations. For Mach’s Principle on the ontological interpretation, nothing exists but that which can be directly observed; and on the methodological interpretation, things that are inferred from observations may also exist. • For Mach, all knowledge is mere mental invention. For Mach’s Principle, all knowledge regarding that which cannot be directly observed is mere mental invention, whether on the ontological or methodological interpretations. • For Mach, a concept must be operational to be meaningful, and an unobservable mechanism may be used as a provisional tool for the creation of direct descriptions. For Mach’s Principle, only purely operational models are allowed (whether for ontological or epistemological reasons) when considering that which cannot be directly observed.
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Inherent in Mach’s Principle is a distinction between that which can be directly observed (“observable”) and that which cannot be directly observed (“unobservable” or “theoretical”). In the context of quantum theory, the distinction is used as either an ontological distinction, or an epistemological one, or both. We ought to ask the question: is this dichotomy viable, in either form? This question will occupy much of our subsequent attention.



Chapter 2 The Observation-Theoretic Dichotomy Throughout the twentieth century, empiricists have supported a dichotomy between that which is observable, and that which is unobservable (or theoretical ). The former refers to that which can be observed with (usually direct) human perception; the latter refers to that which requires experimental devices to observe, and is thus bound up with theoretical claims regarding the functioning of the instruments, etc. Although I do not object to the distinction as it is commonly employed in our language, I object to the raising of the distinction to a dichotomy in the context of scientific methodology. I will argue against this dichotomy, in its various manifestations, throughout this chapter.



2.1



The Syntactic View



The syntactic view of theories is the first dominant view of the nature of theories, popular early in the twentieth century. It is often associated with logical positivism, which is also called “logical empiricism” or “reductive empiricism.” A key feature of the syntactic view was the notion that theoretical terms could be eliminated in the formulation of scientific theories; that we could account for the role they play in a theory by appealing only to acts of observation.



2.1.1



Origin of the Syntactic View



Logical positivism had its roots in the the Vienna Circle, an influential group of mathematicians and philosophers under Moritz Schlick of Vienna University, organized as the “Ernst Mach Society.” The circle adopted Mach’s view that science is
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the economical organization of phenomenal regularities, with two important modifications by Poincar´e (Poincar´e, 1905). First, Poincar´e saw theoretical terms as conventions for referring to observations, or abbreviations of what could be said in an observation language (Suppe, 1977). Theoretical terms are to be explicitly defined in terms of the observation language. For instance, a term such as “mass” might be defined as “that quantity given by certain measurements using scales in a gravitational field.” Second, Poincar´e advocated (as did Hertz) the introduction of mathematics into Mach’s system (Poincar´e, 1905). Recall Mach rejected all a priori notions, but he was unable to account for the prominent role of mathematical relationships in empirical science. Poincar´e introduced mathematics on the basis that it could (like theoretical terms) be used merely as a convention for talking about observations. The Vienna circle, being largely composed of mathematicians, took a strong interest in the work of Frege, Cantor, and Russell, and the recent discovery that mathematics can be expressed as an axiomatized deductive system. The result of these influences was the view that scientific theories ought to be expressed as axiomatized systems in mathematical logic, with scientific language divided into three vocabularies: 1. Logical and mathematical terms. 2. Observation terms, which bear direct relation to observed phenomena. 3. Theoretical terms, which are explicitly defined in terms of the observation terms. The explicit definition takes the form of correspondence rules, which serve the purpose of ensuring that a theoretical term is meaningful by defining it and specifying how to apply it to phenomena. Rudolf Carnap, a member of the Vienna Circle, analyzed and soon abandoned the notion that theoretical terms could be given complete definitions. Consider the following definition: for all x, x can be described by a theoretical term Q if and only if x has an observable response O to certain test conditions S, or: ∀x(Qx ↔ (Sx → Ox)) Then we have a problem because the conditional will be true even if the test conditions S do not occur; suppose we never measure the weight of something, then we are justified in ascribing any weight to it. However, if the conditional is
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interpreted as ’strict’ implication, such that the conditional is false unless the test conditions S occur, then we have another problem: the theoretical term is only applicable when the test conditions do obtain. So ’weight’ will not apply to a thing at all until some weight has been measured. As a result, Carnap opted to understand the conditional as a subjunctive conditional, or counterfactual. This would make the conditional read: “If I performed a measurement, I would recover some value for the weight.” This makes propositions involving theoretical terms dispositional, or analogous to laws of nature. But since laws of nature are neither observable nor explicitly definable in terms of observables, the result (which Carnap appreciated) is that correspondence rules are unable to fully define theoretical terms.1



2.1.2



Operationalism



A parallel attempt to define theoretical terms was developed by P. W. Bridgman, called operationalism (Bridgman, 1945). The salient feature here is that terms must be given an “operational” definition such that a theoretical term applies to a particular case if a certain action we perform yields a certain result in that case. To illustrate: “the water in this beaker has a temperature of 50 degrees” is equivalent to “were I to stick a thermometer in the water, the mercury would rise to the number 50 on the thermometer.” Bridgman allowed not only for experimental (instrumental) procedures but symbolic manipulations, so mathematical relations such as “the water in this beaker is twice the temperature of the water in that beaker” is also susceptible to analysis (Hempel, 1965, 124). The main criticism here is that any change in an experimental procedure results in a new theoretical term. If you have five independent ways of measuring the temperature of a substance, then you have five different concepts of temperature. Bridgman insists on this point, but it goes against much of scientific practice, where different experimental methods are used to test and refine a single physical value. It makes surprising the fact that each experimental method corresponds to nearly the same value for a given physical quantity. And since the operational definition is merely another form of explicit definition, it is susceptible to the same criticisms already addressed to the correspondence rules. Despite this, operationalism continues to have influence today; for instance it formed the basis for B. F. Skinner’s behaviorism in psychology (Skinner, 1953). 1



This discussion is adapted from (Psillos, 1999, 4).
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Alternative Formulation



Carnap abandoned the view that theoretical terms require explicit definition, in favor of the view that theoretical terms ought to be partially defined via sets of reductive sentences that take the form: ∀x(S1 x → (O1 x → Qx)) ∀x(S2 x → (O2 x → ¬Qx)) Where S1 and S2 are test conditions and O1 and O2 are observable responses. In the case that S1 and S2 are equivalent (S1 ≡ S2 ≡ S) and O1 is the negation of O2 (O1 ≡ ¬O2 ), the sets of reductive sentences take on the form of the bilateral reductive sentence: ∀x(Sx → (Ox ↔ Qx)) This avoids the problem we previously encountered where the conditional is true if the test conditions are false (which resulted in the problem that we could specify a weight without measuring it). Here, a theoretical predicate Q applies to x if the test conditions obtain, but not only if these specific conditions obtain. There might be many other ways to test for the applicability of the theoretical predicate. Thus, the theoretical predicate is only partially defined by the reductive sentence; no number of reductive sentences can exhaust the possibilities of the application of Q. Carnap merely wanted scientific theories to express themselves, as much as possible, in the form of the reductive sentences. And reductive sentences do admit of some abstraction since they can apply to classes of phenomena (i.e. any measurement of temperature using a thermometer), but Carnap was forced to admit that theoretical terms themselves are indispensable, and cannot be explicitly defined in terms of observable terms. For the above reasons, it is now unanimously held that theoretical terms are indispensable. A further criticism is that in practice, science may use theoretical terms in a single expression that obtains over a wide range of phenomena. By contrast, the reductive expression of laws requires us to accumulate vast lists of reductive sentences, and modify or add to that list over time. The formulation necessarily changes with each new kind of observation.



2.1.4



The Theoretician’s Dilemma



Although the reductive account of theoretical terms met with failure, a challenge to the indispensability of theoretical terms was found in a theorem by William Craig



2.1. THE SYNTACTIC VIEW



27



in 1951 (Boolos et al., 2002, 260). The theorem was popularized and applied to philosophy by Carl Hempel (Hempel, 1965). Craig’s Theorem is a proof in mathematical logic that shows that given a theory (T) which consists of a vocabulary of theoretical terms (VT ), and a vocabulary of observational terms (VO ), and given that the theory is axiomatized in first order logic, you can construct a new theory (T’) whose observational vocabulary and consequences is identical to T, but which retains none of the theoretical vocabulary of T. Hempel saw this as applicable to the reductive program, in that it seems to show that all theoretical terms in a theory are dispensable, since all observational consequences can be retained without appeal to the theory. Hempel presented this theorem in an essay entitled The Theoretician’s Dilemma (Hempel, 1965, 173). Consider the natural law that: “A solid body floats on a liquid if its specific gravity is less than that of the liquid.” This appeals to the theoretical term “specific gravity,” which can be straightforwardly measured by taking the quotient of the weight to the volume of a substance. Then, we can rephrase this as follows: “A solid body floats on a liquid if the quotient of its weight and its volume is less than the corresponding quotient for the liquid.” As a result, Hempel considers whether “the systematization achieved by general principles containing theoretical terms can always be duplicated by means of general statements couched exclusively in observational terms” (Hempel, 1965, 180,182). In other words, why do we resort to the postulation of theoretical entities if a scientist seeks to create predictive and explanatory connections among observables? The dilemma that confronts a scientist (albeit one who is philosophically inclined) is either to disregard theoretical entities in favor of the predictive relationships; or to retain theoretical entities at the cost of believing in that which is unobservable. Hempel establishes several problems with the view that one may disregard the theoretical entities and only retain the observable relationships. First, even if we begin with a simple and elegant theory, the modified theory via the application of Craig’s Theorem would have an infinite number of axioms. This makes the theory difficult to use and hold in mind. Second, the application of Craig’s Theorem rests on a clear distinction between observational and theoretical vocabularies–a distinction that by many standards is untenable. I shall discuss this at length in the following sections. Third, the application of Craig’s Theorem makes it difficult to combine theories, integrate them, and generate novel predictions. When you combine two theories that have been reduced to the observation vocabulary, the sum is no greater than the sum of its parts. Historically, the combination of electrodynamics and mechanics
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gave rise to relativistic mechanics, a theory that goes beyond the sum of its parts. 2 Finally, and most importantly, a theory that has been reduced to the observational vocabulary looses its value for generating inductive connections among phenomena. In a broader sense, to apply Craig’s Theorem in this context is to assume “explanation is deduction,” that the purpose of a theory is solely to establish deductive connections. This goes back to the Machian program of creating a deductive systematization of experience. But theories also establish inductive connections among phenomena. Hypothesis are proposed, confirmed by a variety of observations, and used to predict new observations. As Hempel concludes: a “satisfactory theory should provide possibilities also for inductive explanatory and predictive use” and couching theoretical formulations in terms of observables cannot achieve this (Hempel, 1965, 222).



2.2



Observable and Theoretical Terms



The syntactic view of theories relies extensively on the premise that observable and theoretical terms can be divided into a mutually exclusive and exhaustive set. In the context of the syntactic view, this dichotomy serves the purpose of telling us how to formally construe scientific theories. However, the dichotomy has also served a variety of other purposes. The dichotomy can be held to have ontological repercussions, or epistemological repercussions. In the former, the dichotomy divides what does exist from what doesn’t exist. In the latter, it divides what we have reason to believe from what we do not have reason to believe. I will try to be clear about which interpretation I am referring to, since philosophers such as Maxwell and Smart often confuse them. Second, the distinction can be held as applying to predicates, or as applying to entities. In the former, predicates such as “red” are observable whereas the predicate “has electric charge” is unobservable. In the latter, entities such as tables are observable, whereas bacteria are unobservable. The logical positivists were primarily concerned with predicates, but recently the debate has shifted to entities due to van Fraassen (van Fraassen, 1980). Under the entity distinction, we can also say whether we have reason to believe an entity exists or whether we have reason to believe an entity exists in the way that our theories construe it. Often, philosophers will speak of the distinction as applying to “terms.” In most 2



This is a feature that the semantic view of theories resolves via the embedding of models. See chapter 4.
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cases they are referring to predicates (and I will use “terms” as synonymous with “predicates”) but often seem to be referring to entities. I will be careful about this distinction also. These categories are not coextensive. The ontological/epistemological distinction does not necessarily coincide with the predicate/entity distinction. For instance, some hold that unobservable entities don’t exist, while others hold that we don’t have sufficient evidence to assert that they do. The former is based on a semi-phenomenalist metaphysics, whereas the latter is based on a degree of epistemological skepticism. One can be a realist, and hold that entities in the world do exist, while doubting our ability to know them. Similarly with predicates: one may believe that there is no such thing as electric charge, or if there were, we would never be able to know this. Table 2.1: Interpretations of the observation-theoretic dichotomy. Ontological Predicates Unobservable predicate phenomenalism. Entities Unobservable entity phenomenalism.



2.2.1



Epistemological Unobservable predicate skepticism. Unobservable entity skepticism.



Carnap’s Definition



Carnap first expressed the dichotomy between “observable” and “unobservable” predicates as follows. For convenience we will label Carnap’s definition C1. C1: An observable predicate is true for an organism if that organism can accept or reject a proposition containing the predicate with the help of a few observations (Carnap, 1936). Intuitively, if we want to know whether the ocean is blue, we merely need to visit the beach. Human beings can see, and seeing (with the proper color-vision) is all that is needed to confirm the applicability of the predicate. Surprisingly, Carnap anticipated many later criticisms of this distinction: This explanation is necessarily vague. There is no sharp line between observable and non-observable predicates because a person will be more
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CHAPTER 2. THE OBSERVATION-THEORETIC DICHOTOMY or less able to decide a sentence quickly, i.e. he will be inclined after a period to accept the sentence. For the sake of simplicity we will draw here a sharp distinction between observable and non-observable predicates. By thus drawing an arbitrary line between observable and non-observable predicates in a field of continuous degrees of observability we partly determine in advance the possible answers to questions such as whether or not a certain predicate is observable by a given person (Carnap, 1936).



In the 1960’s the dichotomy came under intense criticism for a variety of reasons, leading to a general abandonment of the position. Below I discuss several major claims: 1. The distinction does not correspond to scientific use (Achinstein). 2. Meaningful propositions are not “given” in phenomena, thus, all observable predicates are “theory-laden,” (Sellars, Feyerabend). 3. All observable predicates can be used also as theoretical terms (Putnam). Also leveraged against the observation-theoretic distinction were arguments against the analytic-synthetic dichotomy. Some philosophers, such as Quine, believed there to be no substantial difference between the two doctrines; that to refute one was to refute the other (Quine, 1951). This may be a valid point, but I will not engage these arguments here. Rather, I prefer to deal with arguments that directly attack the observation-theoretic dichotomy.



2.2.2



Argument from Context-Dependence



Carnap’s definition is intuitive at first glance, but rather unlike how the terms “observation” and “theory” are employed in scientific scenarios. Carnap requires a rigid, global definition of observable and theoretical terms that separates all terms into two exhaustive and mutually exclusive categories. By contrast, in ordinary scientific use, “observable” and “theoretical” are highly dependent on the level of theoretical knowledge that a scientist (or group of scientists) is willing to accept without controversy. Peter Achinstein brought this point out in 1965: Suppose that an experimental physicist, acquainted with the sorts of tracks left by various subatomic particles in cloud chambers, is asked what he is now observing in the chamber. He might reply in a number
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of ways, e.g., electrons passing through the chamber, tracks produced by electrons, strings of tiny water droplets which have condensed on gas ions, or just long thin lines. ...what the physicist actually claims to have observed will depend upon how much he knows and is prepared to maintain, the knowledge and training of the questioner, and the sort of answer he thinks appropriate under the circumstances (Achinstein, 1970). A scientist might report that he “observed” something theoretical such as an electron passing through a cloud chamber because he is aware of the theory of the behavior of electrons in cloud-chambers, he is willing to maintain that theory, and because his audience is interested in observations made in light of such theory. Similarly, if we are willing to accept optics, observations made through a compound microscope become observable; if we are willing to accept theories of X-ray diffraction, then lattice constants derived from crystal diffraction patterns become observable. Thus, observations are always made with regard to some context of theoretical knowledge. Carnap addresses this concern below: Philosophers and scientists have quite different ways of using the terms “observable” and “non-observable.” To a philosopher, “observable” has a very narrow meaning. It applies to such phenomena as “blue,” “hard,” “hot.” These are properties directly perceived by the senses (Carnap, 1966, 225-226). Thus, Carnap postulates a strict sense of “observable” that applies only to what is directly perceived by the unaided human senses. This definition is meant to be global, or context-independent. Hempel also adopts this terminology in his discussion of the Theoretician’s Dilemma. Let us call this modified formulation C2: C2: An observable property for an organism is a property directly perceived by the unaided senses of that organism. We could still criticize this definition on the basis that it does not reflect how “observable” is used in practice. However, we will momentarily put aside this objection and consider the definition for what it is. The notion of direct perception admits of further problems. Consider the case where something can be temporarily or permanently hidden from view, i.e. the far side of the moon. In response to this argument, later philosophers such as van Fraassen modified the formulation to be what could be observed if the circumstances were right. I will consider this view later since it involves further complications.
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The Myth of the Given



Suppose I accept a proposition containing a directly observable predicate (i.e. “blue”) with a single, direct observation. For instance, suppose I accept “this ocean is blue” while standing on the beach. Carnap would admit that the predicate is observable, and that the proposition in which it exists is therefore amenable to observation. Is the predicate therefore non-theoretical? Here I will argue, following Sellars and Feyerabend, that all observable predicates are “theory-laden” (Sellars, 1963, 127), (Feyerabend, 1981, 17). Perception is an act of perceiving that something is the case. When I stand on the beach and look at the ocean, I sense a patch of blue in my field of vision, and connect this to the knowledge that I am standing on the beach looking at a large body of water. From these facts and perceptions I infer that the “ocean is blue,” that the patch of color is caused by the body of water in front of me. Such an inference is dependent on some knowledge not contained in the sensation of blueness. We could simplify the example somewhat by removing “ocean” or even “water” from our proposition, and merely retaining the demonstrative. We could point and say “that is blue.” Even if we accept this in the case where we are sensing a color, it seems to fail for other observable predicates like “spherical,” in which the person is required to view the object from multiple positions in space. But we need not grant that the demonstrative is non-inferential. The awareness of “that” (i.e. the ocean) is the awareness of an external body separate from the bodies surrounding it, and external to the self. These are inferences. Thus, even at the lowest levels, we cannot escape the role of inference in knowledge. What if we restrict our proposition even further to “I sense a color?” This seems to be free of inferential knowledge, but at what cost? As Sellars points out, the awareness of sensation is not knowledge (Sellars, 1963). The “myth of the given” is the myth that sensations alone can constitute meaningful propositions. They cannot, since inasmuch as a proposition is meaningful, it states a relationship between concepts that are gleaned from background knowledge, and inasmuch as it does so, it requires an act of inference. Thus we are torn between two alternatives: either we observe sensations without forming a meaningful proposition, or we observe a meaningful proposition that depends on acts of inference. Thus, all predicates used in the context of a proposition held to be meaningful are “theory-laden,” as they depend on inferences from background knowledge.
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Argument from Ambiguity



Hilary Putnam offered a variety of criticisms of the observation-theoretic distinction, attacking the premise that observable and theoretical terms form two mutually exclusive categories. Consider the following: • It is possible for theories to be expressed entirely in observable terms, such as Darwin’s theory of evolution. • It is possible for theoretical notions to be couched entirely in the observation language, such as “people too little to see.” • It is possible for theoretical terms to refer to something that is directly observable, such as “satellite” (Putnam, 1973). Further, theoretical terms are often defined via other theoretical terms; as Putnam points out: “There never was a stage of language at which it was impossible to speak of unobservables” (Putnam, 1973). That theoretical terms are theory laden may seem an insignificant point; but to a logical positivist, all theoretical terms admit of definition in terms of observables, not in terms of other theoretical terms. Putnam’s central criticism is that it is possible to extend or alter the meaning of any observable term to use it in a theoretical context. For example, Newton theorized that red light was due to “red corpuscles.” Thus, “if an ‘observation term’ is a term which can, in principle, only be used to refer to observable things, then there are no observation terms” (Putnam, 1973). Of course, to alter the meaning of a term is to give it a new definition, which makes its analysis irrelevant to the original definition. But a term can apply across changes in context: a spherical ball is observable but a spherical electron is unobservable; hence “spherical” in the former is observable, and in the latter is unobservable. Note that this argument applies to any theoretical entity that has properties that pertain to directly observable entities.



2.3



Observable and Theoretical Entities



In 1980, Bas van Fraassen offered a modification to the empiricist program that prompted a fresh wave of debate. His constructive empiricism turns from semantic antirealism to epistemological antirealism: he accepts that theoretical terms have intrinsic meaning and thus abandons the syntactic view of theories, but attacks the realist thesis that a successful theory ought to be asserted as true, or at least approximately true. Instead, he argues that theories and theoretical entities ought
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to be taken only as “empirically adequate” constructs (van Fraassen, 1980, 12). In other words, a theory that corresponds well to observation is not necessarily true, in that the only standard of truth available to us the correspondence to observation (or empirical adequacy). To accept a theory is to accept that it is empirically adequate. Van Fraassen rejects the dichotomy between observable and theoretical terms in favor of a dichotomy between observable and theoretical entities. This new objectoriented approach avoids Putnam’s argument from ambiguity, the criticism that any observable term can be reused in a theoretical context, since any term applied to a theoretical entity becomes theoretical, and any term applied to an observable entity becomes observable. However, the dichotomy is not fully symmetric. A proposition consisting of an observable term applied to an observable entity is an observational proposition, whereas a proposition consisting of any term applied to a theoretical entity is a theoretical proposition. For example, the proposition “This is a red pencil” is observational, whereas “This is a red corpuscle” is theoretical. Further, “That table made of wood” is observational whereas “That table is made of a dried cellular structure” is theoretical, since the proposition involves a reference to a theoretical entity or composition in the use of the predicate. For van Fraassen, an observational proposition ought to be accepted as true, but a theoretical proposition ought not to be accepted as true (or rather, need not be accepted as true). Constructive empiricism shares several features with earlier positivist accounts. There is still a desire to avoid metaphysical assertions regarding matters theoretical. A logical positivist holds that when we assert a theoretical proposition, we are really asserting a series of observational propositions, and nothing more. Whereas, a constructive empiricist holds that when we assert a theoretical proposition, we are really asserting that the proposition is empirically adequate–that it corresponds to a class of observed phenomena, but nothing more. Also common to both views is the need to maintain the observation-theoretic dichotomy in some form. Without such a dichotomy, a logical positivist is unable to decide which terms have intrinsic meaning, and a constructive empiricist is unable to decide which propositions ought to be taken as true.



2.3.1



Argument from Continuity



Consider the following: Deciding whether an entity is observable or theoretic requires a decision on what counts as an act of observation as opposed to an act of inference. Although we might come up with clear examples of what counts as each case, such as seeing with the naked eye versus seeing with a scanning-tunneling microscope,
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there is a continuous range of acts of observation between these extremes. This argument was first offered by Maxwell in 1962, but it expands on a point we have already seen in Carnap: ...there is, in principle, a continuous series beginning with looking through a vacuum and containing these as members: looking through a window-pane, looking through glasses, looking through binoculars, looking through a low-power microscope, looking through a high-power microscope, etc, in the order given. The important consequence is that, so far, we are left without criteria which would enable us to draw a nonarbitrary line between ’observation’ and ’theory’ (Maxwell, 1962, 7). Not only is there a continuous range of acts of observation, but a continuous range of observable to unobservable entities: ...there is a virtually continuous transition from very small molecules (such as those of hydrogen) through ’medium-sized’ ones (such as those of the fatty acids, polypeptides, proteins, and viruses) to extremely large ones (such as crystals of the salts, diamonds, and lumps of polymeric plastic). The molecules in the last-mentioned group are macro, ’directly observable’ physical objects but are, nevertheless, single molecules (Maxwell, 1962, 9). These arguments are two sides of the same coin; if there is a continuous transition between acts of observation and acts of inference, then there is a continuous transition between the entities we consider to be those discernible by acts of observation and acts of inference. So where does an empiricist draw the line? Perhaps it is impossible to draw it. What repercussions does that have for an empiricist position? It is obvious that this is a problem for a logical positivist, since he is committed to a true dichotomy in our set of terms. All observable terms go on this side, all theoretical terms on the other. But in van Fraassen’s case, this is not necessarily so. Van Fraassen is committed to using the distinction between observable and theoretical entities as a measure of whether we ought to believe in said entities. Does belief need a corresponding sharp line? Van Fraassen argues that it does not. He reiterates a point we saw in Carnap: observability is vague. A vague predicate need only admit of clear cases and countercases (van Fraassen, 1980, 16). Recall that van Fraassen is perfectly willing to think about unobservable entities, and even act as though these models are true. He is
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simply not willing to believe that they are true. For the clear cases of observation, we ought to believe; for clear cases of inference, we ought not to believe, and instead merely “use” the theory of an entity as an instrumentalist would. What about the difficult cases in which it is hard to tell whether an entity is observable or theoretical? An example might be something that can be seen well with a non-optical microscope, but which relies on minimal theoretical knowledge, perhaps almost none. About such cases van Fraassen has nothing to say. But we ought to worry about this. Suppose we take the class of all entities which are even the least bit controversial as to whether they can be observed. This is a large class, especially if we allow simple instruments such as microscopes. It seems that van Fraassen has no methodology that can account for them. There is no way of deciding whether one ought to be agnostic, or whether one ought to believe. We might assume that van Fraassen would just remain agnostic about these entities. If he does, then his position amounts to a modification of C1. F1: An observable entity for an organism is an entity directly perceived by the unaided senses of that organism. Although I don’t think this version is susceptible to the same attacks by Sellars and Feyerabend (since we are allowed to use inference), it leaves a huge category of entities for which empiricists must remain agnostic. Truth-assertions regarding entities universally seen to be observable, such as single-celled organisms seen through simple microscopes, or even distant objects seen through eyeglasses designed for the near-sighted, are then rejected. By contrast, scientists only feel they are in limbo regarding a quite small category of highly theoretical entities, in cases where the evidence is quite poor and the theory not well established. Since scientific realists hold that we must have good evidence to believe in theoretical entities, those entities that require minimal theory, or the theory of which is well-established, are held as true. Thus, bacteria, viruses, and DNA all have good evidence. Thus, scientific realism agrees well with practice. I think van Fraassen misconstrues the point that realists make with the argument from continuity. The point is to show that since the line between observation and theory is arbitrary, empiricists do not have a clear methodology. There is no way of deciding the vast category of in-between cases, unless you resort to “good evidence.” But “having good evidence” for something is independent of the exact nature of the human senses. Thus, “having good evidence” can itself be the criterion of belief, instead of “is observable by the human senses.” In effect, this argument shows that the empiricist criterion is incomplete.
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What van Fraassen takes Maxwell to be saying is that there is no difference at all between observable and unobservable entities. Van Fraassen argues that although observable and unobservable are vague, there remains a distinction. A difference in degree still constitutes a distinction. To this I agree, and I think Maxwell would agree. I don’t think Maxwell was trying to show that the distinction is meaningless, only that it is inadequate methodologically. Further, following Achinstein, we might reconstrue the predicates “observable” and “theoretical” as relational predicates that depend on the other theories (or propositions) that one has come to accept. The argument from continuity can thus be seen as further evidence that something cannot be observable or theoretical simpliciter.



2.3.2



Definition via the Hypothetical



According to van Fraassen, “observability” is a relational property that we assign to an entity by virtue of the human means of observation. If we can observe an entity, then it is observable. If we cannot, then it is theoretical. However, this formulation admits of several complications. A point we noted from Achinstein is that directly observable things are capable of being hidden from view. Similarly, there are a variety of things that have never been, or never will be directly observed by man, yet ought to be considered observable. Examples are the moons of Jupiter, and the age of the dinosaurs, respectively. Van Fraassen accepts this and holds the view that: “X is observable if there are circumstances which are such that, if X is present to us under those circumstances, then we observe it” (van Fraassen, 1980, 16). Or:



F2: An observable entity for an organism is an entity that could be directly perceived by the unaided senses of that organism, if the entity is present to the organism. According to this definition, the moons of Jupiter seen through a telescope, and distant objects seen through eyeglasses, are both observable because if we moved closer to the object such that it was “present” to us, we could observe it. However, this definition does not account for dinosaurs; a human being would need to be propelled backwards in time by sixty million years in order to make them “present” to us. Nor does it apply to bacteria; the human being would need to be shrunk down to a microscopic size (Churchland, 1985, 40), (Psillos, 1999, 196).
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2.3.3



Definition via the Epistemic Community



There are also a variety of different perceivers, with different means of detecting that which is present to them. Suppose we only accept as true that which could be sensed by ourselves; then a blind man ought not believe in the existence of colors, and a a deaf man ought not to believe in the existence of sound. If we are able to access the perceptions of others, then we could imagine meeting a new race of beings who have eyes that see with microscopic accuracy, in which case we should believe in the existence of microscopic things (Kukla, 1998, 132). Van Fraassen again accepts this and admits statements of the form: “If the epistemic community changes in fashion Y, then my beliefs about the world will change in manner Z” (van Fraassen, 1980, 18). Thus we can modify van Fraassen’s definition as follows: F3: An observable entity for an organism in an epistemic community is an entity that could be directly perceived by the unaided senses of an organism in that community, if the entity is present to that organism. We might ask what the difference is between using an instrument to see something, and taking the word of an alien being who has become a part of our epistemic community and who is able to see the same thing with naturally-given sense modalities. We might argue that such reports are equivalent; since the physics guiding the behavior of the alien being’s sense modalities would be similar (or for the sake of argument, identical) to the physics guiding the behavior of our instruments. For van Fraassen these kinds of points hold no weight, because it is precisely the accidental context of humanity now that makes his dichotomy objective. Right now, we aren’t in contact with such beings, hence we have insufficient reason to believe that the things that other creatures could see exist. However, this is not sufficient to dismiss some of the counterintuitive results from F3: 1. We ought not ascribe truth to what we see through a microscope, yet we ought to ascribe truth to what an alien being (who has become a member of our epistemic community) would tell us they see through a microscopic eye. 2. We ought to ascribe truth to what we hear through our unaided ear, but we ought not ascribe truth to what we hear through a cochlear implant. These results highlight the insignificance of the accidental properties of human perception in matters of good evidence and truth. We have a developed theory of optics that applies to both cases in (1), and we have a developed theory of hearing
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that applies to both cases in (2), so if we ascribe truth to the first part of each, we ought to ascribe truth to the other. The human senses are, to a scientist, only one of many means of observation. A human eye is simply an apparatus for receiving photons. The human ear is simply an apparatus for receiving sound waves. The difference between “seeing via the human eye” and “seeing via a scanning tunneling microscope” is merely a choice of experimental apparatus. If van Fraassen trusts direct observation, he ought to trust observation with instruments guided by well-formed theories. An instrument is merely a transducer, taking information of one form and transducing it into another form. If the human eye were to change from seeing in the visible to seeing in the ultra-violet, then the instrument would be different, but our knowledge would not.



2.3.4



Definition via Theories of Observation



Van Fraassen allows the notion of “observability” to be informed by the latest scientific theories of human perception: To delineate what is observable, however, we must look to science– and possibly to that same theory–for that is also an empirical question (van Fraassen, 1980, 57). We can coalesce van Fraassen’s position into the following: F4: An observable entity for an organism in an epistemic community is an entity that, according to the best scientific theories, could be directly perceived by the unaided senses of an organism in that community, if the entity is present to that organism. But F4 admits of a vicious circle. The entities that we believe to be observable depend on the best scientific theories of observation. But, the best scientific theories of observation, to be believed, must involve only observable entities. However, whether the entities involved in the scientific theories of observation are held as observable relies upon the best scientific theories of observation. We must remember that, like error, belief must propagate. Thus we conclude from F4 that no theory of any kind may be believed. This result at first appears counterintuitive. Suppose we see a book in front of us; we can immediately conclude that the book is observable. However, that I am observing the book accurately is a contingent proposition that could be defeated
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by a scientific theory of observation in which I am actually seeing some illusion due to the optics of the eye. Thus, we would do better to trust a theory of optics joined with a theory of the anatomy and function of the human eye, before we are willing to trust our observation of the book. So a problem arises. In order for the scientific theories regarding the human eye to be believed, we must first believe that the human eye and its various parts as observable. But we cannot do so because their observability (whether or not we can see them accurately) depends on the very scientific theory that we are constructing. Thus F4 pushes van Fraassen into a position of skepticism of both observable and unobservable entities. Only if we reject F4 are we able to recover belief.



2.3.5



Argument from Scientific Progress



Grover Maxwell (and others) appeal to a historical argument in rejecting the observationtheoretic distinction, that through history, scientists have frequently posited entities which at the time were unobservable, but over time came to be observable with the invention of new experimental techniques. Thus, it must be quite embarrassing for empiricists when an unobservable entity becomes observable (Maxwell, 1962). Van Fraassen counters this by appealing to a different set of historical examples, namely, those in which the entities postulated by scientists have turned out not to exist (van Fraassen, 1980). Realists accept that it is plausible that an entity postulated by science will not stand the test of experiment, and will thus be rejected. A realist simply holds that there exists some test whereby theoretical entities can be confirmed or disconfirmed by experiment. By contrast, an empiricist holds that no experiment, however successful, can justify our belief in such entities. A realist may also argue: “my belief in an entity now does not necessarily imply my belief in an entity for all future times.” Belief may be a function of the latest scientific advances, including those which disconfirm previous beliefs. Beliefs are refundable. I don’t believe this would convince van Fraassen, however, because (unlike a realist) he holds that there is no profit to be had by holding beliefs beyond belief “in empirical adequacy.” I will return to this point later when I discuss models. A stronger form of the empiricist argument is that there exist entities which are unobservable “in principle” or “in theory.” On reflection, there are several things that could be meant by this. First, it could mean that the entity is completely unobservable by any means. An example might be the hypothetical postulation of a kind of neutrino that doesn’t interact with any form of matter (even in the rare instances that neutrinos typically
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do). Perhaps a better example is alternate dimensions that do not interact with our own. Such completely unobservable entities always give scientists alarm, as there are no measurable properties of the entity that can, in theory, be tested. However, such entities are few, and although we may have reason for postulating them, they are not our central concern here. Next, there are entities which are unobservable simply by virtue of our theories regarding them, when combined with theories of human observation. Thus, a ray of ultraviolet light is unobservable by us “in theory” since our theory of the eye coupled with our theory of electromagnetic radiation implies that the eye cannot detect such radiation. This is rather similar to the case of basic unobservability that we have been considering throughout the chapter. The final and most important form of this argument is one that inevitably appeals to quantum theory. For instance, electrons are subject to Heisenberg Uncertainty, and their paths are unpredictably altered by their interaction with photons. As a result it is not possible to know both the position and momentum of the electron. Of course, I am casting this as a mere limitation on measurement, or a limitation on our means of observing the electron using instruments. More correctly, Heisenberg Uncertainty holds that the electron cannot have both a well-defined position and momentum. Surely, if anything, these entities from quantum theory are truly unobservable. This particular argument is much stronger than what Maxwell acknowledges. However, only a simple modification to the argument from scientific progress is needed. Namely, that scientific progress will advance such that it is possible, in theory, to overcome Heisenberg Uncertainty, and thus that Heisenberg Uncertainty will either become a physical limitation only (in which case this reduces to the previous form of this argument), or it will cease to be a limitation altogether. This could conceivably be achieved in a variety of ways. First, we could create a new model of the electron which does not retain, as a feature of its mathematical form, any problem in possessing simultaneous noncommuting operators. Thus our conception of Heisenberg Uncertainty would become a physical limitation only. In such case, we may be able to envision a new kind of sophisticated apparatus that reduces or eliminates the uncertainty in knowing these two values simultaneously. This may be only a promissory note, but in the next chapter I will attempt to substantiate why I think it is likely.
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Conclusion



The debate began with the separation of all “observation terms” and “theoretical terms,” into two rigid, global, exclusive, and exhaustive categories. Criticisms by Achinstein showed that these categories, in common use, were highly dependent on the context of the one making knowledge claims. In response, Carnap constricted the observation category to include only those terms subject to direct observation. Subsequently, Sellars and Feyerabend argued that even direct observation calls upon a variety of background theoretical knowledge. Putnam showed that the two categories of terms could not be exclusive, since any observation term could be used in a theoretical context. For example, “spherical” as describing a basketball was an observable term, whereas “spherical” describing an electron was unobservable. In response, van Fraassen opted to cast the distinction as one between entities instead of terms. Thus, “spherical” in the former becomes observable, and in the latter theoretical. Van Fraassen’s new distinction then came under a series of attacks. Since there is a continuous range of observable to theoretical entities, the distinction is somewhat arbitrary. This, in turn, makes the distinction unable to account for those entities whose categorization is even the least bit controversial. It is also somewhat arbitrary which hypothetical situations are allowed to determine observability, including changes in the epistemic community. Finally, van Fraassen’s distinction is held to be circular, since one must believe in a theory (i.e. regarding photons and the operation of the eye) in order to know which things are observable and unobservable. Belief must propagate. If van Fraassen is not willing to believe in the theory regarding photons, he can’t use it justify a theory of observation and thus what he believes on the basis of observation. Although I have not specifically addressed Mach’s Principle in this chapter, the implications for it should be clear. To reject the existence of the electron or the existence of its internal structure is to commit oneself to a view that would force one to reject the existence of that which can be seen under the simplest of microscopes, or even that seen with the ordinary human eye. Similarly, to reject mechanistic models in the realm of the atom (on the basis of a degree of epistemic skepticism) is to commit oneself to do so in the realm of macroscopic objects, as well. I believe that features of the electron’s internal structure may be inferred from experimental data if a suitable model is found. The promise of such a model has motivated eighty years of attempts by realists to give physical interpretation to the mathematics of quantum theory.



Chapter 3 Empiricism and Quantum Theory Quantum theory plays a key role in the debate between realists and empiricists. Bas van Fraassen attributes the realist position, in part, to a “different appreciation of just how unimaginably different is the world we may faintly discern in the models science gives us from the world that we experientially live in” (van Fraassen, 1985, 258). Quantum theory is commonly held to support empiricist doctrine, and contributed to the position of philosophers such as Quine and Putnam. First, I will very briefly discuss quantum theory and its interpretations. More extensive treatments are ubiquitous in the extant literature. I will also look at reactions to quantum theory by realists, and defend the view that realists ought to reject quantum theory as a valid or complete physical theory in its current form.



3.1 3.1.1



Quantum Theory Formalisms



Since its first moments, quantum theory has been a mathematical formalism in search of an interpretation. A mathematical formalism is a system for expressing and demonstrating the relationships between variables; but an interpretations gives meaning to the variables and to the relationships expressed. To do so, interpretations look to the physical basis of relationships, often giving causal or explanatory accounts that are not primarily mathematical. In the next chapter I will discuss further the nature of theories; but this is a sufficient definition of interpretation for our purposes here. Quantum theory began with two mathematical formulations, Heisenberg’s Matrix Mechanics and Schr¨odinger’s Wave Mechanics, and these were later found by Schr¨odinger to be mathematically equivalent. John von Neumann, in 1926, re-
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alized that a quantum system could be represented as a vector in Hilbert space, which lead to his development of an axiomatized formulation of quantum theory (von Neumann, 1932). Benefits of this analysis included the ability to represent Heisenberg uncertainty relations more naturally, as noncommunting operators. Soon afterward, Paul Dirac published a compact and elegant formalism for quantum theory in which he made use of the Dirac delta function (Dirac, 1930). This mathematical invention gave scientists a way to integrate over a single point to yield an area of unity. Dirac’s formalism became more popular due to its simplicity, but Dirac’s and von Neumann’s formalisms have both been widely used. Other notable versions include Feynman’s spacetime propagator, which is based on the variational calculus and the analogy with minimum energy surfaces.1 The central feature of quantum theory is the wavefunction (ψ), which represents the state of a particle or system. In two dimensions the wavefunction looks like a Gaussian curve, and can be described mathematically in a variety of ways, the most intuitive of which is a wave packet, a superposition of an infinite series of waveforms that coalesce on a localized region. Schr¨odinger’s equation is the standard means by which to find the wavefunction of a given system, and it also guides the timeevolution of the system. While the wave packet has a positive nonzero value over all space (unless confined to a well with infinite potential), it diminishes to nearly zero very quickly, giving rise to its corpuscular nature. When traveling through space like a particle, a wavepacket “rides” on the waveforms that constitute it. The difficulties in visualizing an infinite wavefunction in three-dimensions lead to the now standard use of the 90 percent boundary surface in the display of molecular models.



3.1.2



Realist Interpretations from Science



Schr¨odinger’s initial conception of the wavefunction was an extended volume charge (the “mechanical field scalar”) that was centered on the atom. This interpretation had several problems, the most important of which was the continued experimental support for the notion that the electron was localized over a very small region of space, as if a point. For this and other reasons, Schr¨odinger later rejected his model (and its interpretations) and continued searching for a better theory. Erwin Madelung, searching for a new interpretation of Schr¨odinger’s formalism, conceived of the first hydrodynamic interpretation, in which the wavefunction acted as a continuous, nonviscus, irrotational fluid of electricity moving under conservative 1



Feynman’s formalism was solved for the bound states of the hydrogen atom by Reed thesis student Ann Prinz (Prinz, 1992).
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forces . However, this too admitted a variety of problems, including the conceptual difficulty of reducing fundamental particles to an idealized fluid. A variety of other hydrodynamic interpretations would be offered throughout the twentieth century. For more information see (Jammer, 1974). In 1926-27, Louis de Broglie offered an interpretation he called the “doublesolution” in which a particle is a singularity in a wave field (Jammer, 1974, 4). Here, the particle retains much of its classical nature, but it is “guided” by an extended pilot wave given by Schr¨odinger’s formalism, and thus subject to wave effects such as diffraction. This synthesis of wave and particle views would later be expanded upon by both David Bohm and John Bell. Another major class of interpretations are those that assume the formalism of quantum theory but reject that the wavefunction offers a complete description of a quantum system. Notably the theory of David Bohm postulates hidden variables that guide a quantum system according to deterministic laws (Bohm, 1952). Although Bohm’s work presented a different explanation for quantum phenomena, it was criticized for offering no predictive value outside of the standard interpretation of quantum theory. However, Bohm argued that on a small enough scale, his interpretation might offer predictable discrepancies (Jammer, 1974). None of the above interpretations have had widespread appeal. Why not? Sharing a sentiment from Arthur Fine, those inspired by realist ambitions have hitherto not produced any productively successful physics, i.e. physics that goes beyond the predictive capacities of quantum theory in its standard statistical interpretation (Fine, 1984).



3.1.3



The Statistical Interpretation



The most widely accepted interpretation of the formalism is Born’s statistical interpretation, published in 1926 (Born, 1968). Born sought to account for the empirical results that the electron was a localized particle (corpuscle) but otherwise wanted to take advantage of Schr¨odinger’s formalism. As a result, he interpreted the wavefunction as the probability density of finding a particle within a specific region. Standardly interpreted, particles do not possess discrete dynamical properties such as position, momentum, or energy, until the particle is measured. The probability of measuring a particular value is given by the statistical interpretation of the wavefunction, i.e. it is normalized and the probability is determined by the resulting distribution. Upon measurement, the wave function is said to collapse such as to yield a particular value of the measured dynamical property. Some pairs of properties are governed by uncertainty relations and thus cannot
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be measured simultaneously, nor can they theoretically be said to have simultaneous existence. These relations were derived by Heisenberg in consideration of a traveling Gaussian wave packet; as the position of the packet becomes more well-defined, the momentum of the packet becomes more broad, and visa-versa. In Hilbert Space these can be represented as noncommuting operators.



3.2



Realism and Quantum Theory



3.2.1



Problems for Realism



There are a variety of problems that arise in quantum theory that are held to conflict, or at least potentially conflict, with the scientific realist position. As the literature on these topics is vast, I will confine myself to a brief discussion of the canonical issues that arise.2 The central premise of scientific realism is the existence of an external world independent of consciousness. Yet, the statistical interpretation of the wavefunction poses a problem, in that it offers no description of the state of a system before it is measured. It merely gives statistical information regarding the result of a measurement on the system. A scientific realist is prone to believing that a concrete state must exist before measurement. What actually constitutes this state is open to some discussion, but a realist will typically hold that a singular physical state exists; and that an experiment measures that state. Other varieties of realists hold that mathematical entities, in themselves, exist in reality; and thus the underlying reality is essentially mathematical. Ernan McMullin points to comments by Geoffrey Chew in defense of S-Matrix theory, which is allegedly even more free from “implication of physical meaning” than Quantum Electrodynamics, and may “dispense with any sort of fundamental entities, such as particles or fields” (McMullin, 1984), (Chew, 1973). McMullin also cites Heisenberg, who connected his Matrix Mechanics with Plato’s conception, in the Timeus, that the fundamental constituents of reality are mathematical forms (Plato, in turn, adopted this view from the Pythagoreans). In Physics and Philosophy, Heisenberg writes: ‘All things are numbers’ is a sentence attributed to Pythagoras. ...In modern quantum theory there can be no doubt that the elementary particles will finally also be mathematical forms, but of a much more complicated nature (Heisenberg, 1958, 72). 2



I encourage the reader to consult (Sklar, 1992) and (Albert, 1992).
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Heisenberg believed the mathematical forms that represent elementary particles will turn out to be solutions of some eternal law of motion for matter. His philosophy was a combination of realism regarding mathematics and natural laws, but antirealism regarding the physical nature of entities. Resorting to this view inevitably looses some of the intuitive results of scientific realism, namely the ability to visualize the world. But McMullin is willing to sacrifice this feature, holding that: Imaginability must not be made the test for ontology. The realist claim is that the scientist is discovering the structures of the world; it is not required in addition that these structures be imaginable in the categories of the macroworld (McMullin, 1984). Indeed, an intuitive picture of time-dynamic Maxwellian fields during radiation was equally difficult for the classical physicist to imagine. This is alleviated somewhat by our ability to visualize “slices” of these three-dimensional processes with animated vector fields. But quantum theory is not held to admit even these forms of visualization. The processes are not merely complex but lack a discrete description in space and time. We might naturally suppose that the statistical interpretation of the wavefunction is merely an instrumental theory, as a means of statistical prediction. However, standardly interpreted, it carries with it the notion that the underlying system has no singular physical state. The wavefunction is held to be in a superposition of states until the act of measurement, which “collapses” the wavefunction into a singular state. The evidence for this view is quantum interference phenomena; a wavefunction is held to pass through both slits of a double-slit apparatus, and interfere with itself, before hitting a phosphorescent screen.3 The problem of measurement takes a variety of forms. Some hold that the interaction between quantum reality and our macroscopic instruments is deterministic but highly complex. Others hold that measurement reveals an interaction between the world and human consciousness. This view holds that to know which slit an electron passes through in the double-slit experiment is to influence the behavior of that electron, regardless of the physical characteristics of the particle’s interaction with our experimental apparatus. Although this view is not widely favored, it amounts to a frontal attack on the metaphysical premise of scientific realism, that reality is independent of our knowing it. The Aspect experiments are held to cast acute light on problems with the classical world view (Aspect, 1982). Two particles that interact and become “entangled” 3



I believe this issue may be resolved by accounting for photon mediated interactions between the particle and the slit (see (Mills, 2007)).
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can move far away from one another before they are each measured by an apparatus; yet they exhibit correlations that could only be predicted if they were in causal contact. The respective measurements can be conducted so far apart as to prohibit such contact given the limiting velocity of light. These interactions are called “nonlocal” as they involve perhaps instantaneous communication between the two particles. Such nonlocal interactions are not prima facie worrisome for most scientific realists. The implications are troubling when it is recognized that special relativity is the limiting velocity for any kind of causal propagation, and nonlocality violates special relativity. But the form of interaction between these particles is rather unlike other forms of causal contact, since information cannot be sent from one particle to another. The behavior of the particles is statistical, but correlated such that they are believed to interact during measurement. Thus, some hypothesize that this is an allowed form of superluminous interaction (Griffiths, 1995, 380). Other issues that pose only a weak threat to scientific realism involve the stipulation of probabilistic laws, and thus probabilistic causality. The literature on this topic uses examples such as the decay lifetimes of radioactive isotopes, as well as the propagation of the wavefunction in time. Suffice to say, many scientific realists would be happy to accept probabilistic laws to elude the more serious problems with quantum theory.



3.2.2



Realist Responses



Quantum theory as a whole is troublesome. Faced with explaining the above difficulties, realists have, broadly speaking, two possible reactions. First, realists can try to find some way of integrating quantum theory into the realist framework. There are two main ways of doing this: either admit that the wavefunction is a physical entity (as in the hydrodynamic interpretation) or admit that the wavefunction is a mathematical entity, but one that exists metaphysically. Sharing the former view is Nancy Cartwright, who has called for the abandonment of the “instrumentalist interpretation” of quantum theory, and that “quantum realists should take the quantum state seriously as a genuine feature of reality” (Cartwright, 1999, 232). Sharing the latter is the Ernan McMullin, discussed previously. Often the compromises that realists must make in order to achieve the goal of integrating quantum theory with scientific realism sacrifices the realist position. For instance, it is likely that quantum theory contributed to Hilary Putnam’s evolution from scientific realism to “internal realism” in which propositions are only true relative to some favored descriptive framework or conceptual scheme (Norris, 2000, 165). This sets Putnam in opposition to the semantic claim of scientific realism,
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that propositions are literal and refer to the external (objective) world. The other option for realists is to deny that quantum theory is a valid or complete physical theory in its current form. Implicit is the recognition that philosophers need not accept all scientific claims on authority from scientists; but rather knowledge gleaned from science in general can inform our study of particular sciences. In 1962, Grover Maxwell, who was “well aware of the numerous theoretical arguments for the impossibility of observing electrons” appealed to the history of science and ‘put his head on a block’ to argue that electrons would, in the future, become observable (Maxwell, 1962, 40). In the next year, J.J.C. Smart held that “it is very unlikely that quantum mechanics is in its final form, and may be drastically revised, with some of its fundamental assumptions altered” (Smart, 1963, 44). Realists have a variety of arguments to offer in defense of this position. First, we can argue that almost all scientific knowledge is prone to revision and modification.4 Interpretations of quantum theory, particularly by Bohr, claim that quantum theory will never admit of a classical interpretation. Christopher Norris insightfully points out the contradiction in this view; he calls this a “hybrid realistinstrumentalist doctrine” whereby interpretive problems are raised to the status of a quantum ontology and treated as “pertaining to the ultimate nature of things” and hence are able to block any alternative realist theory (Norris, 2000, 198). We should also keep in mind that quantum theory was subject to a variety of reformulations, which I will expand on below. Thus, quantum theoreticians must be willing to allow that quantum theory is not, in its current state, the last analysis of quantum phenomena.5 Realists may also take an agnostic position. They need not admit that considerations from quantum theory ought to bear on wider philosophic problems in the philosophy of science. Quantum theory may occupy a disproportionately large place in the literature on the philosophy of science, but realists may chose to take quantum theory with a grain of salt. For a realist, the lack of a descriptive model 4



This argument is used by van Fraassen against the “argument from historical progress” in Chapter 2. I remind the reader that although scientific realists hold that our theories closely approximate reality, they are open to theory change. And this view is qualified; realists may have reason to reject merely instrumentalist theories. 5 The view that the realm of the atom must not be classical is often defended by recourse to the no-hidden-variables proof offered by Bell’s Theorem and the Aspect Experiments. However, arguments given by Mills show that this result relies on the assumption that the photon is treated as a point; thus it only dismisses hidden-variables versions of the quantum formalism, and does not apply to all classical theories as such (Mills, 2007). Further, due to the violation of special relativity, the Aspect experiments can be seen as a refutation of the view that the photon can be treated as a point, and thus a refutation of the standard quantum formalism.
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is an even greater indication that quantum theory is weak, or still in the formative process. As Norris writes: From the realist viewpoint... there is something irrational in the very idea that a branch of science so fraught with unresolved puzzles and paradoxes should be thought to require a wholesale change in our basic conceptions of truth, knowledge, and physical reality. After all, it could well be argued that ever since its inception quantum theory has been in a state of more-or-less permanent crisis, a protracted version of what Kuhn describes as ‘pre-revolutionary’ science but without - as yet - any sign of a breakthrough to the new (post-revolutionary) paradigm (Norris, 2000, 196). There are several warning signals. No other field of scientific investigation describes such entities as quantum theory. No other field of physics that has not been tied to quantum theory describes such entities. Not even experts in quantum theory fully understand the theory; as given by public statements in the media, and various articles and texts. The closest philosophic ally to quantum theory is Bridgman’s operationalist psychology and its product, behaviorism. Yet this has been largely overturned by the cognitive revolution that occurred in the 1960’s.



3.3



Critique of Quantum Theory



Here I will further defend the view that quantum theory is not valid or complete in its current form. I will draw upon evidence from the history of quantum theory, and the mathematical methodology of the theory.



3.3.1



Origin and Early Development



In the first chapter I discussed how the philosophic views of Ernst Mach were congealed into “Mach’s Principle” which heavily influenced Born, Pauli, Jordan, and Heisenberg, among others. This principle was as follows: one should employ only observable quantities in the theoretical description of phenomena. The adoption of this principle was motivated by the continued failure of theory to account for basic problems with the classical structure of the electron, such as the problem of stability of the bound electron to radiation. This was combined with the growing trend for scientists to seek empirical mathematical solutions (or “phenomenological” laws), as opposed to theoretical ones. Mach’s Principle offered
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a radical new direction, and a way to discard the need for physical mechanism altogether. This climaxed in the invention of Heisenberg’s Matrix Mechanics, a mathematical formalism that rejected physical mechanism and only used known observable quantities in order to calculate other known observable quantities. Mach’s Principle, and the influence it had (somewhat misleadingly) by appealing to its application in relativity theory, was evoked to explain and defend the turn to instrumentalism. Mach’s Principle, however, was not fully due to Mach. An additional feature was the observation-theoretic dichotomy, and in the second chapter I analyzed this principle as characterized by Carnap and van Fraassen. I argued that the dichotomy (in the context of a scientific methodology) was untenable, and leads to inconsistencies, contradictions, infinite regresses, and counterintuitive results. This, in itself, is only the beginning of quantum theory. And there were effectively two beginnings. An alternative formulation equivalent to the Matrix Mechanics was derived independently by Schr¨odinger, who based his derivation on physicalspatial insight, namely the analogy with wave mechanics. Despite problems with Schr¨odinger’s physical model, his formalism would ultimately be the preferred vehicle for quantum theory, even while its most widespread interpretation today, Born’s statistical interpretation, arguably reduces it to a Machian instrumentalist state. As a side note, I certainly believe it is possible for aspects of theories derived from false physical or philosophical assumptions to be true; this has been occurred frequently in the history of science. True conclusions derived from false premises have been reached, and later scientists corrected the premises without changing the conclusion. I even believe it possible that the mathematical formalism of a theory, without an agreed upon or even realist interpretation, can be true, inasmuch as it is possible that in the future, some satisfactory interpretation can be found. Thus, we must look further than quantum theory’s beginnings. But the Machian assumption underlying Heisenberg’s initial derivation of the Matrix Mechanics did not go away. Rather, the assumption and the formalism to which it gave rise continued to characterize the subsequent development of the theory. First, it prompted biased interpretations of experiments, and second, it was used to justify key logical steps, and obscure possible areas of research.6 For example, in 1927 Heisenberg was confronted with a Wilson cloud chamber and its ability to track the distinct path of an electron via the condensation of water droplets. Heisenberg sought desperately for an interpretation of the phenomena 6



It is fairly common for initial premises to characterize one’s subsequent evidence for a theory; this is called “confirmation bias.” For more information see (Tweney et al., 1981).
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that was consistent with his philosophic views and the extant formalism of quantum theory. The electron was not supposed to have a well defined path. Instead of granting the straightforward classical interpretation that the electron was a particle moving along a defined path, he interpreted the experiment as a “discrete series of imprecisely defined positions” (Jammer, 1974, 57). Further, the Heisenberg Uncertainty Principle has been enormously influential, occupying an easily confused place between that of an observational fact and a theoretical stipulation. In his classic 1927 paper, Heisenberg derived the uncertainty principle from the mathematical model of the electron as a Gaussian wave packet (Heisenberg, 1927). He then performed an experiment to test his theory with a gamma-ray microscope. This relies on the Compton effect, in which there is a discontinuous scattering of the electron as a result of its interaction with a photon. Heisenberg found the relationship between the frequency of the photon and the scattering of the electron to match his uncertainty relations. As Karl Popper later pointed out, the uncertainty principle could have been interpreted as relationships giving the uncertainty in the scattering of an electron with a photon; not necessarily a rejection of the simultaneous possession of position and momentum of the electron itself (Popper, 1959). Heisenberg’s interpretation was motivated by his search to give operationalist expressions for the properties of the electron, and the theoretical formalism that had been set up. Heisenberg uncertainty then came to be held as the bedrock observation upon which quantum theory is built. For a time, it was believed that Schr¨odinger’s equation could be derived from the uncertainty principle; this was later criticized by Popper (Popper, 1959). Popular treatises on quantum theory often stressed the uncertainty principle as a fact of nature, see (Feynman, 1965, 2-8). Further, Heisenberg used the uncertainty principle to justify the atom’s stability to radiation: This stability could be explained simply by those features of quantum theory that prevent a simple objective description in space and time of the structure of the atom (Heisenberg, 1958, 152). Recall that the issue of the stability to radiation is a physical issue, the difficulties of which lead the quantum founders to reject physical mechanism in developing his Matrix Mechanics. Although the issue of quantum theory’s ability to provide for stability are still being explored by quantum theoreticians, the uncertainty relations were given a high status in early quantum theory and were able to push such issues under the rug, so to speak.
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Thus, the anti-realism associated with quantum theory seems to be questionbegging. Mach’s Principle is held to justify a mathematical formalism, the mathematical formalism in turn justifies the interpretations of observations; the observations are then given the status of being the observational facts to which Mach’s Principle and the formalism respond. However, were it not for the prior theoretical commitments (the very same commitments one is attempting to prove) the observations would not be interpreted as they were. Put another way, the rejection of an ontology (i.e. physical mechanism) leads to a phenomenological solution; this solution leads to an ontological interpretation of the scattering experiments; these in turn are used to justify the rejection of ontology. Such chains of reasoning throw interesting light on statements such as the following: ...we were not led to reject a free-standing reality in the quantum world out of a predilection for positivism. We were led there because this is the overwhelming message quantum theory is trying to tell us (Fuchs and Peres, 2000). The historical relationship between quantum theory and positivism is much stronger than is apparent on the surface. Practitioners believe that their view of the quantum world is separable from the positivistic influences of quantum theory, but in fact, quantum theory would not be what it is today, and would not say what it does about the world, if it weren’t for the positivistic predilection of its founding and early nurturing.



3.3.2



Evolution and Methods



It is commonly held that quantum theory is “spectacularly successful: in terms of power and precision, head and shoulders above any theory we have ever had” (Ismael, 2004). Here I will call this into question. Schr¨ odinger’s equation Although Schr¨odinger’s equation gives the stationary states of the hydrogen atom, it is well known that the equation is not relativistically invariant. When Erwin Schr¨odinger first worked out his formulation of the equation, he developed a relativistic version, what is now called the Klein-Gordon Equation. But this gave the incorrect values for the energy levels of hydrogen, so he developed and published a non-relativistic version, which now takes his name. Oskar Klein and Walter Gordon later published the relativistic version despite its inaccuracies.
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As we discussed previously, the Matrix Mechanics were devised by Heisenberg without regard to physical mechanism. Although Schr¨odinger conceived of his account using physical insight, it resulted in a model which is not a wave equation, but a diffusion equation (Mills, 2006b). Further, if the “mechanical field scalar” is interpreted as a volume charge density distribution, it is radiative according to Maxwell’s Equations (Mills, 2006b). Aside from these foundational theoretical problems, Schr¨odinger’s equation was unable to account for electron spin, illustrated by the Stern-Gerlach experiment (Messiah, 1969, 419). It failed to predict the Lamb Shift, fine structure, and hyperfine structure.7 Schr¨odinger’s equation only makes accurate predictions for the energy levels of a one-electron system, and discrepancies begin to arise in one-electron ions of heavier elements (high Z). Multi-electron systems cannot be solved exactly due to the lack of a physical understanding of electron-electron interaction (McQuarrie, 1983, 242). Thus, theoreticians must resort to a variety of approximation methods using adjustable parameters, such as perturbation theory and the variational method (McQuarrie, 1983, 255). However, the recourse to adjustable parameter methods is methodologically worrisome. Unlike classical theories, in which the computation of a physical parameter is derived from the physics of the situation, quantum theory begins with the experimental value and then devises a sophisticated mathematical procedure for matching it. There are a plethora of such techniques. The Hamiltonian may be expanded by thousands of adjustable parameters (McQuarrie, 1983, 291), and the solutions are nonunique (Mills, 2006b). We ought to wonder to what extent this procedure amounts to a curve-fitting technique. With adjustable parameter methods, it is necessary to repeat trialand-error experimentation to find which method of calculation gives the right answer. It is common practice to present only the successful procedure as if it followed from first principles; and do not mention the actual method by which it was found (Mills, 2006b). Dirac’s Equation Dirac’s equation for the bound electron is commonly held to account for electron spin, the electron magnetic moment, and be relativistically invariant. However, Dirac’s equation is unable to account for the Lamb shift, or the electron g-factor. 7



(Messiah, 1969, 419), also see discussions by (Mills, 2006b) and (Cartwright, 1983, 137).
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Further, Dirac’s solution predicts states of negative rest mass and negative kinetic energy. Dirac’s formulation of quantum electrodynamics is commonly held to predict the existence of the positron. But still, it has a variety of well-known problems. The electron mass corresponding to its electrical energy is infinite; it admits solutions of negative rest mass and negative kinetic energy; leads to infinities in the kinetic energy and electron mass due interactions with zero-point field fluctuations. Further, Dirac’s theory was unable to explain particle production and annihilation. In an effort to explain away the infinite number of negative energy quantum states that Dirac’s theory admitted for relativistic electrons, Dirac postulated the “Dirac Sea,” a sea of electrons over all space which occupied these states, and thus, via the Pauli exclusion principle, prevented electrons from falling into theses states. However, this sea is highly susceptible to criticism since it is akin to the ether and posits an absolute reference frame in violation of special relativity (Weisskopf, 1949). Quantum Electrodynamics (QED) In order to explain the Lamb shift, which is the difference in energy between the 2s 1/2 and 2p 1/2 energy levels of the hydrogen atom, modern QED was developed. It is attributed to Richard Feynman, Freeman Dyson, Julian Schwinger, and SinItiro Tomonaga. QED describes the interactions between charged particles as being mediated by photons. These can be described using perturbation theory, which has a pictorial equivalent in Feynman diagrams. The central feature in QED is the introduction of sophisticated renormalization procedures for removing infinities. This feature is also questionable methodologically (as it involves dividing infinities by infinities), and both Richard Feynman and Paul Dirac expressed their discontent. Dirac felt that whereas we can neglect a quantity if it is very small, we ought not to neglect a quantity because it is very large and simply not wanted (Dirac, 1978). However, a fatal blow to QED’s use of perturbation theory is that the power series expansions are divergent (Dyson, 1952). In practice, the series must be arbitrarily truncated to give the wanted value. All the power-series expansions currently used in quantum electrodynamics are divergent after the renormalization of mass and charge... if the series converges, its sum is a calculable physical quantity. But if the series diverges, we have no method of calculating or even of defining the quantity which is supposed to be represented by the series (Dyson, 1952).
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Further evidence that the methods of QED are losing touch with reality is that the values reported by such calculations give a precision that is far in excess of the precision with which fundamental physical constants are known experimentally (Mills, 2006a). Such calculations must inevitably rely on physical constants, and the propagation of error would serve only to diminish precision, especially when the calculation requires hundreds of steps. However, values are reported with up to eight significant figures greater than that of the physical constants. Technological Applications Not only is it common practice to hold that quantum theory has never met experimental problems, but it is common to attribute technological achievements throughout the twentieth century to quantum predictions. Contrary to popular belief, quantum theoreticians predicted that the laser ought to be impossible due to Heisenberg Uncertainty, until confronted with evidence to the contrary (Mead, 2001). Further, the quantum theory of superconductivity was unable to predict new achievements such as high-temperature superconductors. Such discoveries throughout the twentieth century were driven by experimentalists, and quantum theory only subsequently addressed them in order to explain them within the quantum framework. Prerevolutionary Science In contrast to successful classical theories, the foundations of quantum theory have been challenged by every new observation, such as the existence of electron spin, the fine structure, hyperfine structure, the electron g-factor, and the Lamb shift. In response to such observations, quantum theory underwent a series of major reformulations of its founding principles, and diversified into a plethora of subtheories. Theoreticians may now choose among these subtheories and methods when accounting for any given phenomena. For instance, accounts of molecular bonding include valence bond theory, molecular orbital theory, crystal field theory, and density functional theory. It is widely believed that no single, consistent account of chemical bonding is possible8 and theories are used interchangeably in different contexts. Different, inconsistent theories are also developed to account for conjugate properties of the same system. For instance, there are different mathematical models used in finding ionization energies, scattering energies, and excited states of the same system (Mills, 2006b). 8



As gleaned from many conversations with chemists in academia.
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Further, the increasingly sophisticated mathematical techniques employed in adjustable parameter theories and renormalization begs the question of whether quantum theory is simply curve-fitting. That quantum theory often resorts to semiempirical techniques is not surprising given the views that: Contrary to those desires, quantum theory does not describe physical reality. What it does is provide an algorithm for computing probabilities for the macroscopic events (“detector clicks”) that are the consequences of our experimental interventions (Fuchs and Peres, 2000). Note however that since ionization energies and excited state energies are discrete values, no probabilistic calculation is involved. If one omits “probabilities” one arrives at the formulation that “quantum theory provides an algorithm for computing macroscopic events.” A mathematical algorithm without physical basis is also without physical constraints. Even Schr¨odinger’s equation involves an imposed mathematical boundary condition, that the wavefunction goes to zero as the radius goes to infinity. Also, a constant chosen in light of the Rydberg series is inserted into Schr¨odinger’s equation in order to give rise to calculated stationary states of hydrogen. Thus, Schr¨odinger’s equation does not constitute a first-principle prediction, and should be viewed as merely an equation that allows the curve-fitting of a series of discrete values (Mills, 2006b).



3.3.3



Instrumentalism and Quantum Theory



In chapter 2 we briefly looked at an important essay by Carl Hempel on the Theoretician’s Dilemma. Here Hempel considers the instrumentalist claim that physical, general principles might be replaced with a series of instructions that are couched exclusively in observational terms (Hempel, 1965). Hempel finds several problems with such an analysis, problems that we have seen in quantum theory. First, quantum theory contains a growing plurality of axioms, such as its formulations by Schr¨odinger and Dirac, as well as a variety of techniques (initially in QED) for approximation and adjustment to these formulations. This plurality makes quantum theory as a whole difficult to use and hold in mind. Second, we might take the series of revisions and predictive failures in quantum theory as evidence that it has fulfilled its instrumentalist goal of depending only on observable magnitudes. Divorced from natural laws and the need for physical mechanism, quantum theory is unable to extensively rely on inductive inference.
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CHAPTER 3. EMPIRICISM AND QUANTUM THEORY Throughout the history of quantum theory, whenever there was an advance to a new application, it was necessary to repeat trial-and-error experimentation to find which method of calculation gave the right answers (Mills, 2006b).



Yet, the instrumentalist and mathematical nature of quantum theory has made it appear as if it were able to account for phenomena. By resorting to adjustable parameters and approximation methods, one can mathematically produce any value of any experiment. By stipulating an unobservable physical basis for such parameters, such as “exchange integrals” or “virtual particles” one is able to justify these steps in an irrefutable way. After all, if they get the right answer, how could they be wrong? With a sufficiently complex algorithm, any given set of observable magnitudes can be converted into any other given set of observable magnitudes. This may explain the popular belief that quantum theory has been successful throughout the twentieth century, even in spite of its continued failure. This is a general feature of instrumentalist theories that Hempel did not foresee. As a theory expands to account for new phenomena, as its set of axioms increases and sophistication of its instructions increases, an instrumentalist theory is capable of accounting for any phenomena. Just as an argument with contradicting premises can prove any result, a theory with an infinite series of instructions can, in principle, map onto any result. In doing so, an instrumentalist theory acquires the power to account for known phenomena, but it loses predictive value. Thus, instrumentalist theories are not predictively and inferentially successful in the way realist theories are. The Machian influence on early quantum theory has thus been borne out in its history over the last eighty years. Mach held that the purpose of a scientific theory was to create an economical “systematization of experience” in which models, inasmuch as they are useful, only serve to facilitate the creation of “direct descriptions” of observable phenomena, i.e. descriptions not dependent on natural laws or unobservable entities. Yet, quantum theory has posited a variety of unobservables such as virtual particles, hyperdimensions, effective nuclear charge, zero-order vibration, polarization of the vacuum, worm holes, parallel universes, etc. Yet the nature of these unobservables is different than those offered by classical physics. Their purpose seems to be the justification of prior mathematical steps in a computational algorithm. For instance, with the postulation of the Dirac Sea, Dirac was able to explain away the negative energy states that arose in his solution. What is quantum theory? It is a systematic account of experience, not in the
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form of physical laws or physical mechanisms, but in the form of direct descriptions. These descriptions take the form of a structured series of computational algorithms. I say “structured” because the solution to a given quantum system will adhere, as much as possible, to the preexisting quantum formalism, and preexisting methods of approximation. Thus, the computational procedure will branch out and away from the computational “backbone” of Schr¨odinger’s equation or Dirac’s equation. In short, quantum theory is a means for the curve-fitting of experimental data. Given this analysis of the mathematical nature of quantum theory, it becomes highly plausible that quantum theory is wrong, in the sense that the computational methods have created an unfalsifiable algorithm that gives an illusion of explanatory success to purely empirical solutions (i.e. phenomenological Hamiltonians). It is primarily for this reason that quantum theory has managed to survive for eight decades.9 That the methodological defects in quantum theory have not been popularized is not surprising. A physicist is not put in the position of solving problems in quantum theory until he has undergone years of systematic exposure to quantum theory in its standardized textbook form, via an array of idealized systems, usually culminating in the solution to one real system, the hydrogen atom (Cartwright, 1983, 136). Solutions to higher order elements and molecules which require approximation techniques are not usually studied until graduate school. Thus, many of those familiar with quantum theory may not be familiar with these advanced techniques, or realize how far mathematics has departed from reality. We might naturally conclude that quantum theory is still in a tumultuous “prerevolutionary” period of formation in which there are a variety of unsolved problems and increasingly desperate attempts to resolve them with mathematical techniques. A historical analogy may be made between the current state of quantum theory and the state of celestial physics before the Copernican revolution. In the Ptolemaic celestial system, each planet required an epicycle revolving on its deferent (orbit), offset by an equant that was different for each planet. The resulting system was able to map very well onto the observed celestial motions. But the system in all its complexity could map onto any potential celestial motion as observed from the Earth, because mathematically it is equivalent to a Fourier series expansion, which can be used to comprise any given waveform. Similarly, the methods of quantum theory enable it to map onto any set of given experimental values via a “wave equation with an infinite number of solutions 9



An additional reason may be that most attempts at revising quantum theory have not been to replace quantum theory, but to reinterpret the existing mathematical formalism.
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wherein the solutions may be formulated as an infinite series of eigenfunctions with variable parameters... [with] no physical constraints on the parameters” (Mills, 2006b).



3.4



Conclusion



Scientific realism is committed to the view that our best scientific theories are true or approximately true of the world. If quantum theory is held to be successful, then realists must accept quantum theory as true. Yet, quantum theory conflicts with realist doctrine on several points, as discussed previously. Thus realists are in a dilemma over whether or not to accept quantum theory. Andre Kukla draws attention to this: ...if any theory can be successful, its hard to understand why quantum mechanics wouldn’t fit the bill. What more stringent standards for success could one plausibly adopt that those that quantum mechanics has already passed (Kukla, 1998, 16)? The way out of this dilemma is twofold: to criticize quantum theory for being instrumentalist (as has been done frequently in the past) and also to reject the view that quantum theory is successful, even as an instrumentalist theory. We have presented evidence for the following central claims: • Machian assumptions continue to play a role in the justification for quantum theory, and in the interpretations of key experiments that, in turn, are held to be justification for the theory. • The history of quantum theory has largely been one of predictive failure and revision, in contrast to popular notions of predictive success. • The methodology of quantum theory gives rise to an illustion of explanatory success without being explanatory by resorting to curve-fitting algorithms. Scientists and philosophers should continue to explore and examine quantum theory from a critical point of view, not only to draw light on the failings of quantum theory, but to refine our criteria of what it means for a scientific theory to be successful, in order to apply this criteria to other cases. Further, we ought to be worried that quantum theory is often used in philosophy as a canonical formulation of a theory (van Fraassen, 1980), (Cartwright, 1983), since it may contain unique and
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unfavorable characteristics that may then be imposed on other, better formulated theories. A critical stance to quantum theory is a far more feasible option for scientific realists than attempting to adapt realist assumptions to any ontological claims of the theory. Further, the support quantum theory lends to the empiricist position is also eliminated, if not turned on its head. The observation-theoretic dichotomy is more difficult to maintain if Heisenberg uncertainty is little more then scattering relationships during measurement. Further, empiricists may lose the disanalogy between experience and the quantum world, which supports the view that the world is unintuitive, unvisualizable, and unknowable.



Chapter 4 The Nature of Theories What is a scientific theory? We might begin by pointing out the various functions that theories serve, such as explanation, prediction, and the general simplification of the world to a few key natural laws, entities, or mechanisms. Philosophers in the twentieth century have put forward two general accounts: the “syntactic” view of theories, and the “semantic” view. The former was motivated by how theories often canonize our knowledge, similar to how Euclid axiomatized geometry and put its derivations into a canonical form. The latter is motivated by the goal of construing an account more natural to how theories are used; it construes theories as an interconnected locus of abstract relationships that are often only given descriptively. The syntactic view (also called the “received view”) holds that a theory consists of three vocabularies, including logical and mathematical terms, observational terms, and theoretical terms (Suppe, 1977). As we saw in Chapter 2, Carnap attempted to give explicit definition to theoretical terms in terms of observables via correspondence rules, but these rules ultimately failed to capture the full value of theoretical terms. The syntactic view held that a theory was a deductive, axiomatized system in mathematical logic. A “theoretical term” in such a system was analogous to a symbol that could be manipulated according to the axioms of the theory. It had no content outside the rules that governed its manipulation and the rules that governed how to apply the term to phenomena. For the first half of the twentieth century, the syntactic view was the only option on the table. Throughout the latter half of the century the semantic view took form, primarily due to Evert Beth, Patrick Suppes, and Bas van Fraassen. It was developed further by Frederick Suppe and Ronald Giere, among others.1 1



See (Beth, 1960), (Suppes, 1967), (van Fraassen, 1980), (Suppe, 1989), (Giere, 2004).
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The goal of the semantic view is to account for the features of theories that the syntactic view failed to capture. Such features include the following: 1. Theoretical terms are indispensable. They cannot be given explicit definition that reduces them to the observational vocabulary. 2. The values of theoretical quantities may be determined by a variety of experimental methods. New methods can be used without modification to the theory. 3. Often new phenomena can be added to the extension of a theory without modification to the theory. 4. Relationships between theoretical terms may be expressed in a variety of ways. These include a variety of means of mathematical expression. 5. Theories may be integrated with (or embedded into) other theories. Often the new joint theory is greater than the sum of its parts, by yielding new relationships between theoretical terms. 6. Textbook presentations of theories do not speak in terms of axiomatized deductive systems, but often idealized models. 7. Science is continuous with common sense; theories are an extension of everyday knowledge. In general, the semantic view aims to create a natural account of scientific theories. Thus, familiarity with how scientists think, with the progress of science in history, and with the range of kinds of scientific theories also greatly aid our discussion.



4.1 4.1.1



The Semantic View of Theories Models



Particularly in light of (6) above, the semantic view holds that a scientific theory is an abstract model, made up of a series of principles that express relationships between properties of the model (Giere, 2004), (Teller, 2001). Thus a theory is a system of relationships by virtue of their meaning, or semantics, as opposed to a series of relationships by virtue of their linguistic form, or syntax.
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The notion of a model in this account is very similar to how “model” is used conventionally. A scale model of a building is a small replica of the actual building, and while it is similar to the building in many important respects, it contains many differences. For instance, the proportions of the model may be to-scale and reflect the relative proportions of the actual building. But the objective size of the model is different, as is its material of construction, etc. Thus a scale model contains a set of similarities and a set of differences with the object for which it serves as a model. Similarly, an abstract model contains a set of similarities with the object it represents. But the differences between the model and the object are often omitted, or left unspecified. This allows a model to apply to a phenomena without giving a complete picture of that phenomena. For instance, a model of a chair may consist of the property of “being made of some material,” but which material may be left unspecified. Nevertheless, the model is able to be used to represent by virtue of its specified similarities with the object. For instance, consider the Bohr model of the atom. This example has the benefit of being able to be considered both a “theory” of the atom, as well as a “model” in which pre-existing theories are called upon in a specific system. Such a model includes the following: 1. Models of constituent entities such as protons, neutrons, photons, and electrons. 2. Properties associated with each constituent, such as mass, energy, charge, location, velocity, spin, linear momentum, angular momentum, etc. 3. Specific measurements that are given to each property, such as the fundamental constants associated with electron mass and charge. 4. Laws of nature such as Newton’s laws and Maxwell’s equations that guide the behavior of the properties and thus the interactions between the constituents. 5. Mathematical expressions of these relationships such as the equations that give rise to the force balance that determines the orbital radius of the electron. 6. Other descriptive principles such as the quantization of the electron orbits, and the assumption of no radiation within those orbits. Measurement Omission Yet, such features do not give the Bohr model complete definition. This point is brought out by van Fraassen:
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CHAPTER 4. THE NATURE OF THEORIES ‘The Bohr model of the atom,’ for example, does not refer to a single structure. It refers rather to a type of structure, or class of structures, all sharing certain general characteristics. For in that usage, the Bohr model was intended to fit hydrogen atoms, helium atoms, and so forth. Thus in the scientist’s use, ‘model’ denotes what I would call a modeltype. Whenever certain parameters are left unspecified in the description of a structure, it would be more accurate to say... that we described a structure-type (van Fraassen, 1980, 44).



Van Fraassen chooses to characterize a model as “any structure which satisfies the axioms of a theory... in which all relevant parameters have specific values” (van Fraassen, 1980, 43). He differentiates this notion from the above example of the Bohr model. However, as I will return to later, I believe that van Fraassen’s notion is a special case of the “model-type.” Van Fraassen is merely specifying a derivative model which is a special case of a more general model (i.e. it doesn’t add any principles that are inconsistent with with the general model). Thus we must also recognize that an important element of a model is that which it allows to vary: 7. Specifications of what is allowed to vary, such as the number of protons, neutrons, and electrons within any atom. Further features that I will defend in the course of my discussion include the following: 1. Specification of that which the model is intended to represent, or the class of phenomena the model is intended to explain. 2. An infinite class of tacitly assumed features, such as that the electron is inanimate matter, as opposed to a microscopic life form. State-Spaces The Bohr model is a good prototype because, although it represents a highly mathematical system, many of its features are descriptive. Another useful prototype is “a model of a whale,” since this further emphasizes that theories may almost entirely consist of descriptive features, such as anatomical details, migration patterns, social relationships, etc. In this discussion I seek a general account of scientific theories, and choose not to confine myself to specific physical systems.
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Van Fraassen’s early writings on models focus on the idea of a “state-space,” or a mathematical space (such as Hamiltonian space, or 6-n-dimensional phase space) capable of representing the states of physical systems (van Fraassen, 1970). The theory uses a set of physically measurable quantities, and a set of elementary statements about the physical system that express those quantities. Finally, the mapping from the state-space to reality (or rather, to the set of elementary statements) is achieved with a “satisfaction function.” This is satisfied for a real system if and only if there is a field in the state-space which satisfies each elementary statement of the real system (van Fraassen, 1970, 328). While this view may be highly applicable to physical systems, it is difficult to see how this notion would apply to all theories in general. Many theories are highly descriptive and involve little mathematics. A model of a whale may contain mathematical features with regard to how it propels itself through the water, its lung capacity, or the mathematics of its calls, but a model of a whale in general is not a particularly mathematical structure. Thus, van Fraassen’s early theory is not generally applicable. Relational Systems Frederick Suppe holds that a theory is a “relational system.” This consists of “a domain containing all logically possible states of all logically possible physical systems for the theory together with various attributes defined over that domain. These attributes, in effect, are laws of the theory” (Suppe, 1989, 84). I believe this characterization of a theory is more generally applicable, if we ignore some further articulation Suppe gives to his view that lends itself particularly to physical systems. However, I believe that we can recast Suppe’s “domains of possibility” as variable or omitted properties or measurements of a model which, if specified, give rise to classes of derivative models. This lends itself more to psychological realism. Instead of saying that a model consists of all logically possible states (a possibly infinite class that would be difficult to hold in mind), we can say that we mentally omit the measurement on a specific parameter. This gives rise to the same effect, in that we can give that parameter any logically possible value to specify a derivative model.



4.1.2



Principles



Many of the features we discussed with regard to the Bohr model might be organized into principles. For example: “The Bohr model of the hydrogen atom consists of one electron orbiting one proton in a circular fashion.” I would exclude mathematical derivations from being principles, as well as lines of reasoning (i.e. deductions), as
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these illustrate a process of discovering relationships, although they may begin with principles and produce principles as a result. Giere points out that models are often constructed according to explicitly formulated principles (Giere, 2004). These principles are often held to be laws of nature, but a variety of problems arise when considering them as such. There may be no real systems that the laws perfectly describe (for example, Newton’s laws in a relativistic world). It may be better to think of them as being true of a model, and dependent on a variety of relationships that exist within the model. I prefer to avoid discussions regarding natural laws here, and merely allow that a principle is an artful, and often emphasized, proposition that expresses a relationship between properties that constitute a model. Adopting Suppe’s notion of a relational system, we might say that a model is the system of relationships that results from the specification of its principles. Giere insightfully notes that it is not possible to test principles directly. Rather, one must test models that incorporate principles. Whenever one consults a real system, there are often a variety of parameters to keep in mind and a variety of influences to control. A controlled experiment is one in which all relationships are held fixed (or known) except for the relationship that one seeks to test. Thus, experimental design is often the construction of a concrete scenario in which the desired relationship can be studied without interference. In order to do so, one must keep all other aspects of the model in mind.



No Full Formulations I have two main points of disagreement with Giere’s views. One of these concerns whether models may be given complete definition. Giere holds that a model obeys “all and only those characteristics specified in the principles” (Giere, 2004, 745). And the set of principles is seen as a finite set that gives definition to the model. Likewise, Suppe speaks of “full formulations” of a theory on the assumption that such a formulation is possible (Suppe, 1989, 88). By contrast, I hold that the nature of a model as an abstract object requires it to have an innumerable set of principles. A model is not identical with the principles that characterize it. This holds true even in extreme cases of highly abstract models such as that specifying “the class of systems that obey Newtonian Mechanics.” We have already rejected the syntactic view wherein we identify a theory with the linguistic expression of its principles. Here we also reject that a theory is may be given explicit definition in terms of a finite set of principles. A model consists of innumerable relationships, even if one holds only Newton’s Laws (for instance) to be its defining characteristic.
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A complete specification of the above Newtonian model would include not only Newton’s Laws, but additional principles that specifies the meanings of the terms used in the laws, such as “action,” “reaction,” “mass,” “system,” etc. These all require further principles that explain what these terms mean, as their role in the theory is non-trivial. By this I do not mean, as the logical positivists would, that all these terms are theoretical and thus require correspondence rules giving them explicit definition in terms of observables. But rather that it is necessary to be clear on how the terms are applied in the context of the model, and thus, the terms must be seen as part of the model. Discussions of Newton’s mechanics often include elaboration on these terms. Newton himself saw it necessary to discuss the meanings of such terms (many of which Mach criticized). Suppose we then pose that Newton’s laws plus the meanings of the key terms used constitute the model. We could then argue that in order to understand the meanings of the key terms it is necessary to understand the meanings of the other terms used in such definitions. If one were to add the entire Oxford English Dictionary, as well as the Encyclopedia Britannica, this would do little to exhaust the set of principles. Obviously, we don’t say that dictionaries and encyclopedias are part of a model. But the model is abstract, and therefore an abstract object may be related in any way to the rest of our store of knowledge. In practice we isolate only those principles which are of key importance, and leave the rest of the relationships as tacitly understood. But the importance of these principles derives from their role in drawing attention to the most important features of the model, and expressing them in a precise and artful way. A model is characterized not only by explicitly understood relationships, but tacitly understood ones that are evident from the context of the description, the meanings of the terms used, or references to other models. These are essential to the model without being explicitly stated. There are good reasons for this: they occupy the remainder of the infinite set, and they convey information that may already be tacitly understood. This is what makes the communication of models possible. It is only necessary to explicitly specify the model until the rest of the relationships are tacitly assumed. The idea that a model is made up of an infinite set of relationships (some explicit, others tacit) is a unique feature of my view. It has several useful results, as we will see below.
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Derivative Models



Models may contain innumerable derivative models. A model characterized as ”the class of systems that obeys Newtonian Mechanics” allows the derivation of innumerable systems. For instance, there are systems with no mass (in which Newton’s laws are vacuously true), as well as innumerable systems with different distributions of masses. There are systems were all masses are points; others where all masses are rigid bodies such as cubes, etc. Some derivative models are specific cases of the general model (as in the above examples). In such cases the general model must be true of the derivative model. What makes this true? A specific case fills values that are omitted by the general model. Recalling Suppe’s “domains of possibility” we might say that the special case is a logically possible subset of the general model. For instance, the class of systems consistent with Newtonian Mechanics omits the specific distribution of matter in such a system, the total amount of matter, etc. Thus any arrangement of matter would be a special case of the general system. In the Bohr model, a model of the lithium atom would be a specific case of the general model. But derivative models in general need not be specific cases; one might introduce new features (such as electrostatic forces and entities) that partially “override” the Newtonian behavior of the system. By this I mean that were we to take the derivative (Newtonian plus electrostatic) model and subject it to an analysis in terms of the purely Newtonian model, the analysis would show an inconsistency between the two. When we add a variety of new features to a model that were formerly part of another model, we might prefer to call the merging of such models embedding (and the resulting model an embedded or integrative model) as I discuss later. Specific Conditions and Principles A second point of disagreement between my view and that of Giere involves the reliance of a model on specific conditions. For Giere, only when a set of principles is merged with a set of specific conditions is a model born (Giere, 2004, 745). Thus, a set of principles is not a model, but acts as a general template for the construction of more specific models. This yields a “more specific, but still abstract object” that can be used to represent reality. We ought to consider what could satisfy Giere’s notion of specific conditions. In light of our above discussion, we could interpret these as conditions that give rise to specific cases of a general model. The conditions merely fill the values that are omitted by a general model.
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Let us test this hypothesis. Suppose we have a set of principles (what I would call a general model) denoted M1. We then add a specific condition to that set to generate a model, M2. Then, we add a further specific condition to generate M3. If this is possible, then the M2 is not a model, but merely a set of principles. Yet since M2 was derived from M1 it must be a model. The only way we can avoid this contradiction is if we hold that a model has all specific conditions defined, such that it is not possible to add further conditions. On a moment’s reflection, this seems to limit the domain of models to being models of particulars, and is analogous to limiting our natural kind terms to singular terms. I will refer to this kind of model as “saturated.” A model is saturated when all of its specific conditions are fixed, and thus the model represents a particular case. This seems to unnaturally limit our general discussion of models. We need not speak of “this hydrogen atom” when speaking of all hydrogen atoms. Thus, I disagree with Giere’s characterization of the relationship. I hold that there is no intrinsic demarcation between principles and specific conditions, just as there is no demarcation between sets of principles and models. A model gives a class of systems that obey its principles; to add a specific condition is to create a logical subset of that class. The property of being a specific condition is a relational one, and must refer to a class of models that contain the same principles but differ in their “conditions.” Deciding what is a principle and what is a condition is entirely dependent on what one initially takes to be held constant and what one takes to vary. If we ignore context, the modification of a model by adding a single principle generates a new model. Yet, we intuitively perceive hierarchies between models due to our ability to see some models as being specific cases of other models. Returning to Giere’s characterization that models obey “all and only those characteristics specified in the principles” (Giere, 2004, 745), we might point out that a model may give rise to classes of specific cases (derivative models) for which the general model is true. Thus not only does a model have an innumerable class of principles, but it may give rise to innumerable derivative models with different specific conditions.



Idealization In order for a model to represent a real system it must be possible to assign needed specific conditions that pertain to the real system. However, a model may omit properties that pertain to a system it represents, or contain differences (contrary properties) with that system. These are cases of idealization. For instance, a model
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of water in which the water is considered to be an idealized fluid omits the property of being constituted by molecules. It also can be said to contain the contrary property of being an idealized fluid. Idealizations are widely used in science, and quite useful. The specific conditions that are imposed on the system may be fewer than required by the actual system. Although a spring constant is defined as a single number, it is actually a “collective phenomenon,” a phenomenon due to interactions between millions of atoms that constitute the metal of the spring. By giving the parameter in the form of a spring constant instead of the positions and forces between millions of atoms, one is simplifying the model while achieving a highly accurate answer.



4.1.4



Theories



In light of the above, what is the difference between a theory and a model? I believe that “theory” corresponds to the notion of a model in which a set of relationships (some being explicit, others tacit) are held fixed while others are omitted (allowed to vary), giving rise to a class of derivative models. Thus, “theory” is a relational property. Theories are models, but serve particularly as a “model-building toolkit” to generate specific cases that enable us to model specific real systems with which we are concerned. This view is in conflict with that of Suarez, who holds that a theory may be used “non-representationally” as if it had no empirical content (i.e. was a pure form) (Suarez, 1999, 6-7). His justification for this seems to be that theories act on a higher level of abstraction. However, as we saw above, a theory is simply a model which may give rise to classes of derivative models. Thus it is more general than a derivative model, but this does not mean the theory acts as if it has no empirical content; we might say that it has less. Earlier I said that models may represent classes of models. Theories allow the construction of classes of derivative models, but they also represent classes of models which may not be straightforwardly deducible by the explicit principles of the theory. What I have in mind here are the great many methods of idealization that exist within Newtonian Mechanics. Idealizations disobey Newtonian Mechanics, yet they are allowed by Newtonian Mechanics in certain situations. Thus, theories are coupled with methodological claims regarding appropriate methods of approximation (which is in turn coupled with mathematical theory itself), and these give rise to classes of derivative models. This should all appeal to a scientific realist. I have sketched out a theory of models in which scientific theories are merely extensions of our everyday knowledge,
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refined versions of our concepts. Aside from how we speak of models and theories in the context of scientific practice, that scientists seek detailed answers is perhaps the only difference between a model and a concept.



4.1.5



Embedding Theories



Models may be embedded within other models. This is what allows theory change, and the merging of different theories. Consider the model of Newtonian Mechanics, which consists of masses, forces, fields (as in the gravitational field) and laws of motion. Now consider electrodynamics, which consists of new kinds of forces (attractions and repulsions) due to charge, current, and fields. Science embedded electrodynamics within the already existing Newtonian model, even though the results of doing so dramatically altered the Newtonian conception of the world by imposing the speed of light on matter and gravitational interactions. While it is typically understood that past theories such as Newtonian Mechanics have been found “false,” a more accurate way to say this might be that Newtonian Mechanics has been found to be incomplete. All introductory students learn Newtonian Mechanics; even if there is no real system which strictly obeys Newtonian Mechanics, the laws of physics have been built up from the Newtonian framework, especially the terms employed in that framework. We might say that our current view of the universe is an integrative theory with Newtonian Mechanics as a one of its most fundamental embedded theories. Further models have been embedded into the combination of mechanics and electrodynamics, such as General Relativity, the weak and strong nuclear forces, etc. This does not necessarily mean we have a unified account of these forces, only that models may be embedded within other models and used without contradiction. It should be one of the goals of a theory of unification to differentiate between embedded models and unified models, however, this is not my concern here.



4.2



Scientific Representation



Here we ask: by virtue of what does a theory (or model) represent reality? Bas van Fraassen briefly addresses this issue as follows: To present a theory is to specify a family of structures, its models; and secondly, to specify certain parts of those models (the empirical substructures) as candidates for the direct representation of observable
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CHAPTER 4. THE NATURE OF THEORIES phenomena. The structures which can be described in experimental and measurement reports we can call appearances: the theory is empirically adequate if it has some model such that all appearances are isomorphic to empirical substructures of that model (van Fraassen, 1980, 64).



Note that isomorphism requires an exact fit. Giere later relaxed this view such that the empirical substructure of the model need not be perfectly isomorphic with the real system, but only similar (or approximate) (Giere, 1988). This raises the issue of approximate truth and intentions, which we will discuss below. Both van Fraassen and (early) Giere’s views hold that one must, in addition to constructing a model, separately assert a “theoretical hypothesis” that the theory corresponds to some real system (Giere, 1988). By contrast, later views by Giere and Suarez hold that the measure of similarity is guided by an intrinsic intention (or purpose) to represent a certain phenomena, in a certain way (Giere, 2004), (Suarez, 1999). Thus, the model is inseparable from the phenomena that it is designed to represent; if you change the object of the representation, you create a new model.



4.2.1



Suppe’s View



Suppe’s presentation of models in 1989 is unique but more akin to the latter (intentional) view. For Suppe, a theory has an “intended scope” which gives the class of phenomena that the theory intends to characterize (Suppe, 1989, 82). The theory may only intend to characterize a few parameters abstracted from phenomena, giving rise to an idealized system– how the real (or “phenomenal”) system would behave, were it guided by only those parameters. In addition to the intention to represent, Suppe poses a two-pronged criteria that a model must meet for it to represent. First, the class of possible systems described by the theory must include the class of systems that exist in reality (Suppe, 1989, 84). For instance, in order to show that Newtonian Mechanics is true of reality it must be shown that there are no distributions of masses or interactions between masses that cannot be admitted by the theory. This seems to correspond quite well to scientific practice, in that new phenomena not explicable within the theory often drive theory change. However, I believe that the notion Suppe is getting at here is that of completeness. If there exists some phenomena (within the intended domain of the theory) that cannot be described by the theory, we say a theory is incomplete. This is not equivalent to saying that a theory is “empirically false.” An incomplete theory such as Newtonian Mechanics (discussed above) may be a useful idealization that is
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necessary for the continued development of a theory; whereas a theory that is false prompts us to abandon it outright. For Suppe, in addition to completeness a theory must satisfy a “replicating relation” as follows: If P were an isolated [real] system in which all other parameters exerted a negligible influence, then the physical quantities characteristic of those parameters abstracted from P would be identical with those values characteristic of the state at t of the [theoretical model] S corresponding to P (Suppe, 1989, 95). In short, if the abstracted parameters of a real system correspond to the model, than we say that the replicating relation is satisfied. This enables Suppe to say that a theory is empirically true despite idealization from the actual system. this substantially agrees with the characterization by Teller (Teller, 2001) in which similarity is measured via properties that both the model and the real system retain.



4.2.2



Structural Similarity



There are several reasons why we ought to reject the view that structural similarity (or isomorphism) is the means of representation. First, structural similarity is not sufficient for representation. Any two objects in the world have innumerable structural similarities. For instance, a tree branch is structurally similar to tributaries converging on a river; that does not mean that a tree branch (as an object in the actual world) represents the river, or visa versa. Objects cannot themselves be representations unless used by a person. A person must chose to use the object as a representation, chose which other object it represents, and in what way it represents it. This is because any two objects will have innumerable similarities and differences. A representation will only be valid by virtue of one of its similarities. Further, a mental model of a tree branch is not a model of tributaries. This would be to confuse a model of a tree branch with the concept of a branching object. Whereas the concept pertains to both the branch and the tributaries, a model of a branch is only a model of a branch, not a model of all branching objects. The extension of the model of the tree branch is either a specific branch or a class of tree branches, whereas the extension of the model of a branching object is both branches and tributaries, cracks in a window, etc. Thus structural similarities are not sufficient for representation.
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Are structural similarities necessary for representation? There are a variety of ways in which two things are similar but do not necessarily share structural similarities. Suppose I use a blue book to represent a blue ocean. There is a sense in which the structures of the molecules in the water interact with light to produce a blue color, and the same is true for the book. But overall, the book is in almost no way structurally similar to the ocean. To defend that structural similarity is necessary, one would need to show that all properties are similar by virtue of structure. Further, there are symbolic or metaphorical means of representation. A character in the international phonetic alphabet represents a sound. A social security number represents a person. The soaring windows of a Gothic cathedral may represent man’s search for enlightenment. “Structural” similarities in these cases are almost completely absent. Suarez insightfully characterizes the structural similarity view as a new variation on the classic dichotomy between form and content (Suarez, 1999). Interpreted this way, it says the following: “a theory accurately represents a phenomenon if it is possible to lay out an isomorphism between the theoretical structures an the phenomenon, i.e. if the theory and the phenomenon share their form (Suarez, 1999). Although early advocates of the semantic view sought to escape from the view that content is determined by linguistic form, they retained the view in their characterization of structural similarity or isomorphism.



4.2.3



Intentions



A more preferable view would be to hold that similarity pertains to any chosen property, qua that property. The book and the ocean are both blue. Hence, they are similar with regards to the property of blueness; and it is by virtue of that property that I use the book to represent the ocean. In the structural similarity view, the relationship between the representation and reality is external to the model (the content is external to the form). This is troubling from a psychological standpoint, because when scientists construct a model, they do so by laying the model out on the phenomena, if I may use a metaphor. The model is constructed with the phenomena in mind; the similarity between the model and reality is not an afterthought or a coincidental relationship. The model is intended
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for the phenomena, and this intention is intrinsic to (and inseparable from) the model itself. Psychologically, representations contain an intrinsic relationship to the object they represent, in that they are intended to represent that object by the person, in the ways that the person chooses. Note that models themselves do not represent, but that individuals use models to represent. Also, individuals do not use models simpliciter, but they are used to represent something, and in a specific way. If we allow that representation exists by virtue of a chosen similarity, then we must choose to represent; this requires an intention. A model represents a phenomena in an intended way if it is possible to show that the model contains the properties that are instantiated in the specific aspects of the phenomena that the model is intended to represent. Suppose the property of being “harmonic” applies to a model of a simple oscillator. This property is also instantiated in actual simple oscillators (springs, etc), although due to wind resistance and other slight perturbations, the actual oscillator will be slightly inharmonic. Thus, the property that pertains to our model is at least approximately instantiated by the actual oscillator. This view is largely due to Paul Teller (Teller, 2001, 399). Teller discusses that although theories of epistemology vary, our only constraints on integrating an epistemology with a theory of models is to allow that concrete objects have properties, and that properties are parts of models.



Approximate Truth There are two ways of speaking of approximate truth. First, we might say that the idealized model of a harmonic oscillator approximates the actual oscillator within one percent for the duration of one minute. Such statements give error bars with respect to a chosen property. Second, and more importantly, we can say that a model is approximately true of a real system if the model has properties instantiated by the real system, and if the model is intended to represent by virtue of those properties. Note that in either case there is no approximate truth simpliciter, only approximate truth with regard to a property. An error bar is given within a chosen property, a model represents my virtue of (usually) many properties. Although we may be satisfied with a rough error bar, or a model which reflects only some piece of a real system, I do not hold, as does Giere, that the truth of the theory is relative to our intended level of approximation (Giere, 1985). Intentions guide the properties to be compared, not the accuracy of the comparison itself. Such a view would justify believing the truth of a theory known to be false but also known to be useful in
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some way. Rather, error bars and intentions qualify the statements of truth (to what degree, and with respect to what).



4.3



Critique of Constructive Empiricism



As we saw in Chapter 2, van Fraassen’s constructive empiricism holds that we ought to remain agnostic regarding truth assertions in a theoretical context: Science aims to give us theories which are empirically adequate, and acceptance of a theory involves as belief only that it is empirically adequate (van Fraassen, 1980, 12). Here we will consider this claim in light of the semantic view of theories.



4.3.1



Unpacking Observation



Let us first unpack the dependence of van Fraassen’s position on observation: 1. Observable Entity Realism: For an observable entity, asserting a theory is asserting its truth, beyond mere empirical adequacy. 2. Unobservable Entity Empiricism: For an unobservable entity, asserting a theory is asserting its empirical adequacy, not truth. Note that if we reject the observational-theoretic dichotomy, positions (1) and (2) are inconsistent. As we saw in Chapter 2, there are a variety of criticisms against using the dichotomy to delineate the attribution of truth. The properties of “observable” and “theoretical” are relational properties between propositions that depend on the context of knowledge, i.e. between propositions that depend on a chosen theoretical structure, and those that do not. Throughout the twentieth century empiricists tried to maintain that these were properties of propositions simpliciter, but arguments particularly by Achinstein show the context-sensitivity of these properties.



4.3.2



Unpacking Skepticism



We can further differentiate between arguments for van Fraassen’s position that rely on skeptical arguments, and those that rely on “no value” arguments. • Skeptical argument: we are unable to judge the correspondence between a model and reality (due to some failure of justification, etc).
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• “No value” argument: there is never any value in judging the correspondence between a model and reality beyond that it is empirically adequate.



It is interesting that van Fraassen calls on both forms of argument interchangeably (van Fraassen, 1980, 20-21). For instance, in his argument against inference to the best explanation (IBE), he first argues that his replacement of “truth” with “empirical adequacy” defeats IBE, and that this move is justified by the no-value argument. He then offers a second argument, one from underdetermination, which he also holds to defeat IBE. Thus van Fraassen’s position is a confluence of both positions. I would like to put aside van Fraassen’s arguments from skepticism, for two reasons. First, there is a vast literature on the subject, and a sufficient treatment would be outside the scope of this thesis. Second, if we are to reject the observationaltheoretic dichotomy, then van Fraassen’s skeptical arguments apply as much to observables as they do to unobservables. I don’t believe van Fraassen would be willing to maintain full-throttle skepticism, since empiricism is the doctrine that all knowledge is derived from experience. Claims to empirical adequacy would be defeated as much by skepticism as claims to truth. Thus, let us put this line of argument aside and address the issue of value.



4.3.3



No-Value Argument



The “no-value” argument holds that there is never any value in judging the correspondence between a model and reality beyond judging the correspondence between the observational results of the model and the phenomena the model represents. In other words, van Fraassen equates the acceptance of a theory with the believe that it is empirically adequate. However, this equation will not hold if we find value in truth assertions. In The Scientific Image, van Fraassen only briefly discusses what he calls the “pragmatic dimension of theory acceptance,” i.e. the practical differences between a scientist who is a scientific realists, versus one who is a constructive empiricist. Van Fraassen holds that this feature “does not figure overtly in the disagreement between realist and anti-realist” (van Fraassen, 1980, 13), i.e. that a scientific realist is no better off than a constructive empiricist. However, the semantic view of theories and our examination of quantum theory brings several disagreements to light.
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Quantum Theory Giere points out that scientists are overwhelmingly realist; that van Fraassen’s position represents a small subset of scientists. Within this subset, quantum theory is featured prominently (Giere, 1985). Any theory that closely resembles the “syntactic” view of theories (such as geometry) can also be represented also by the semantic view, and can be represented much more accurately. This is because any axiomatized system can be combined with the principle: “theory X is an axiomatized system,” to yield a semantic construal of theory X. It is noteworthy that this principle is not explicitly stated within theory X under the syntactic view. Quantum theory is a theory, and much less able to be construed as an axiomatized system than logical or mathematical systems. As such it can easily be accommodated by the semantic view. In fact, van Fraassen’s prime example in talking about the semantic view is quantum theory, and his notion of a “state space” is influenced by how quantum theory may be represented within a Hilbert space. However, quantum theory rejects physical mechanism and the application of classical laws on the level of the atom. Although “Hilbert space” might seem to map onto reality like other spacetime metrics as those due to Minkowski or Schwartzchild, there are important differences. It has been a long-standing issue to determine just how a vector in Hilbert space can accurately represent a physical particle in fourdimensional spacetime. A quantum particle is most easily thought of as a wavepacket, yet this requires an infinite series of component waves that exist out to infinity. Perhaps the most serious criticism of quantum theory is its failure to embed in pre-existing theories or our notion of four-dimensional spacetime. Quantum entities contain mass and charge; they contain mechanical properties; and these properties ought to be embeddable within our theories that pertain to mass and charge, namely Newtonian Mechanics, relativity theory, and electrodynamics. Quantum theory has yet to offer a physical mechanism whereby it is consistent with these previous theories, or even able to modify these theories via the process of embedding such that the result is consistent. Perhaps the most important lesson from quantum theory is that when scientists think of their theory in instrumentalist terms, they will inevitably use instrumentalist means. I discussed in Chapter 3 that quantum theory resorts to a variety of empirical curve-fitting techniques utilizing renormalization, adjustable parameters, etc. Thus van Fraassen’s explicit position leads to bad science. A constructive empiricist could agree with my critique of quantum theory, but
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allow that it is consistent on the basis of the usefulness of modeling as opposed to empirical curve-fitting. Usefulness implies better empirical adequacy. Thus van Fraassen would be expected to oppose the kinds of techniques that quantum theory has resorted to, since these are not empirically adequate in the broad sense of giving a general account of phenomena with predictive power. No Miracles However, van Fraassen’s position contains no justification for the view that models ought to be empirically adequate. Here I invoke a variation on the “no miracles” argument, that realism is the only position that makes the success of our scientific theories not a miracle. Van Fraassen has responded to this argument with the suggestion that many theories are unsuccessful, and that theories compete for acceptance in an arena of scientific darwinism; thus it is natural that good theories manage to evolve. This may be so, but the fact that creating mechanistic models, as such, is historically more successful than matching phenomena with empirical techniques is inexplicable for a constructive empiricist. One must assume that reality is constituted by things that resemble our models, and that our theories are successful because they latch onto actual regularities. The failure of quantum methods to latch onto regularities with sweeping predictive power strengthens the thesis that models are vital. Prediction If a scientific theory aims to be empirically adequate, it will aim to capture known phenomena within the scope of the theory. However, theories aim not only to account for known phenomena, but to predict classes of yet unknown phenomena. They do so by constructing theories that are likely to be true. If a theory is true, or even approximately true, it will produce a model that extends to all cases of the domain of the theory, and be far more likely to yield predictable results. Thus, the goal of truth is far more empirically adequate than the goal of empirical adequacy. Intention Recall that an intention to represent a specific object (or natural kind, etc) is necessary for scientific representation, not only in order to determine the similarities by virtue of which the model represents, but in order to psychologically build the model by “laying it out on the phenomena.” On this view, the act of constructing a
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model is the act of attending to the thing in reality to which the model refers. The reference to the real system is implicit in the act of constructing, and accepting, a model. When solving a model for a concrete case, one must make a great many preliminary assumptions that effectively assert the truth of the model. For instance, when applying an electromagnetic model to a real system, one must assign a variety of parameters to the real system, such as where the charge and currents lie, before one is in a position to test empirical adequacy. When one asserts that the theory is empirically adequate one is also asserting that these assigned parameters have been correctly determined of reality. Thus one cannot use models to match appearances; one must use it to match that which gives rise to those appearances. Scientists truly intend theories to apply to real systems, not appearances. Suppose we are asked to devise a theory that matches appearances, regardless of whether it is “true.” The path of least resistance toward this goal is to curve-fit the data we are matching. Only if we are asked to discover truth are we justified in thinking comprehensively about what causes the appearances, and subsequently make broad general predictions on a variety of systems. To match appearances is to curve-fit; to match reality is to construct models. To use an analogy, it is said that within a communist system there are no market forces that allow its directors to set prices; that to do so such systems in the twentieth century inevitably relied on outside capitalist markets. The same might be said of constructive empiricism; the only way that empiricists can determine which methods are valuable to science (such as constructing mechanistic models) is by referring to realist scientific communities. An empiricist has few tools with which to proceed in a scientific investigation unless he acknowledges the virtues of thinking in terms of mechanism– a device that he learns from the realist.



Modalities The tension between constructive empiricism and the semantic view becomes acute when we consider modalities. Giere has defended this point well (Giere, 1985, 85). He points out that van Fraassen completely rejects modalities, although he is willing to incorporate them into his semantic structure (the characterization of his “state space”). Here is another case where the constructive empiricist learns from the realist that one ought to speak in terms of modalities, even if one has no means of justifying why their application to reality generates good predictions.
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Dualities Further, a constructive empiricist has no reason to reject pluralities of models that address the same phenomena, so long as each model can be used in its unique scenario to predict experimental values. This point was brought out by J.J.C. Smart in a slightly different context: If we are phenomenalists we shall become dangerously complacent about the present state of physics. If we are phenomenalists why shouldn’t we treat an electron as a wave on Monday’s, Wednesdays, and Fridays, and as a particle on Tuesdays, Thursdays, and Saturdays (Smart, 1963)? This argument applies equally well to constructive empiricism. Only with reference to the successes of theories constructed by realists, for whom these kinds of problems are unacceptable, can empiricists learn how to construct a good theory. Evidence for this is that in quantum theory such problems are widespread (Mills, 2006b). No contradiction or inconsistency arises unless the model is considered physically, and the same model is used to predict conjugate properties of the same system. Thus, while an empiricist well trained in logic may not allow contradictions as such, they may allow the wave-particle duality of quantum theory, or the plurality of mathematical models of the same system. For a realist, a theory that functionally serves to account for known phenomena (e.g. experimental numbers) but contains problems with its mechanistic structure will not be accepted as true until it can be seen how those problems are resolved. For a constructive empiricist there is no reason to continue to refine the theory, especially since yet unknown classes of phenomena cannot serve as a motivation for expanding the theory. Conclusion The scientific realist position is valuable for the art of theory construction. It motivates good theories, and by this I mean mechanistic models with the constraint of internal consistency, and which often yield predictions outside the class of phenomena with which the theory began. Further, there is an intrinsic relationship between scientific realism and the semantic view of theories which is reflected in practice. A good case study is quantum theory, in which scientists speak instrumentally about their field and subsequently reject mechanistic models in favor of phenomenological techniques.



Afterword: The Post-Revolutionary Paradigm J.J.C. Smart commented that: “Unless the real difficulties in quantum mechanics can be dealt with, the philosophical objections to the Copenhagen interpretation, which consist only in exposing the positivistic preconceptions thereof, will be found unsatisfactory by physicists” (Smart, 1963, 41). Further progress has been made; we now have a mechanism by which a flawed theory may appear to be successful, and a clear path forward that points us toward the consideration of mechanistic models as an alternative to empirical techniques. Still, the real work must be done in physics itself, and until a viable alternative is found, quantum theory will continue to enjoy prominence. I believe that such a viable alternative has been found. This alternative is not merely a reinterpretation of the quantum formalism, and thus not a hidden-variables theory, but rather a “first principles” reconstruction of quantum theory from the ground up. It begins with the problem of the nonradiation of the bound electron, considered from a classical point of view. In 1964, George Godeke published an interesting result of Maxwell’s Equations, that an extended distribution of charge may, under certain conditions, accelerate without radiating energy (Godeke, 1964). Godeke derived, for the first time, the general condition of nonradiation for any charge-current distribution. This was derived again by Herman Haus in 1986 (Haus, 1986).2 Godeke’s condition has particular importance for the bound electron since the electron must accelerate in the coulombic field of the proton, and yet not radiate energy. Godeke was lead by his discovery to speculate: Naturally, it is very tempting to hypothesize from this that the existence of Planck’s constant is implied by classical electromagnetic theory augmented by the conditions of no radiation. Such a hypothesis would 2



This condition was also studied by Reed thesis student Tyler Abbot with adviser David Griffiths in 1985 (Abbott and Griffiths, 1985).
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Afterword be essentially equivalent to suggesting a ’theory of nature’ in which all stable particles (or aggregates) are merely nonradiating charge-current distributions whose mechanical properties are electromagnetic in origin (Godeke, 1964).



This suggestion received little attention until Dr. Randell Mills, a former student of Haus at MIT, modeled the bound electron as a spherical shell centered on the nucleus that remains stable due to Godeke’s condition (Mills, 2003). The result was a first-principles atomic model grounded entirely in classical physics that gave rise to the known states of the hydrogen atom, as well as straightforward predictions for a variety of other atomic phenomena, including the electron spin, magnetic moment, fine structure, hyperfine structure, Lamb shift, g-factor, etc. Mills’ theory of Classical Quantum Mechanics has since become the most comprehensive alternative to quantum theory, able to account for multi-electron interaction, chemical bonding of simple and advanced organic molecules, crystalline structures of ionic lattices, metals, and semiconductors, as well as superconductivity (Mills, 2007). Its expansion into high energy physics and cosmology also yields a variety of insights such as derivations of fundamental particle masses. Unlike quantum theory, Mills’ theory yields predictions from simple, closed-form equations containing physical constants only. No semi-empirical techniques, renormalizations, or adjustable parameter methods are used. Data sets with thousands of values giving electron ionization energies, excited state energies, state lifetimes and line intensities, and molecular bond energies and parameters match observation within experimental uncertainty. It is my hope that this essay and the explanation for the origin and survival of quantum theory facilitates criticism of quantum theory and helps pave the way for the active engagement of academia with this new theory.
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such notions as â€œmature,â€� â€œpredictively successful,â€� and â€œapproximately true,â€� (as it will be important for our consideration of quantum theory), but I believe that the. 
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