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Abstract

:

Einstein’s 1919 distinction between “principle theories” and ”constructive theories” has been applied by Jeffrey Bub to classify the Copenhagen interpretation of quantum mechanics (QM) as a principle theory agree with this classification. Additionally, I argue that Bohm’s interpretation of QM fits Einstein’s concept of a constructive theory. Principle theories include empirically established laws or principles, such as the first and second laws of thermodynamics or the principles of special relativity, including the Born Rule of QM. According to Einstein, principle theories offer ”security in their foundations and logical perfection”. However, ultimate understanding requires constructive theories, which build complex phenomena from simpler models. Constructive theories provide intelligible models of physical phenomena. Bohm’s QM, with its added microstructure, presents such a model. In this framework, quantum phenomena appear from statistical ensembles of microparticles in motion, with deterministic particle trajectories guided by the wave function. This reveals how Bohm’s account offers a constructive model for understanding quantum phenomena.
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1. Introduction


Einstein’s distinction between principle theories and constructive theories has been applied by Jeffrey Bub to classify the Copenhagen interpretation of quantum mechanics as a principle theory [1]. It will be argued that quantum mechanics, through Bohm’s interpretation, can be viewed as a constructive theory, providing a structured and comprehensible explanation of quantum phenomena. The ontology of quantum mechanics has been a subject of debate since its formulation nearly a century ago [2,3,4,5]. Among the various interpretations of quantum theory, Bohm’s causal version, which reinstates certain elements of a classical ontology based on particle trajectories, has been overlooked. Quantum mechanics has a long history of diverse interpretations of a specific set of phenomena [5,6,7,8,9,10]. However, a prevalent belief asserts that each scientific formalism must imply a singular physical interpretation. In the context of quantum mechanics, the notion of completeness has primarily led to the mistaken conviction that the Copenhagen interpretation is a logical necessity, inherently derived from the theory’s formalism. This perspective posits that the formal framework neither requires nor admits any added complementary structures to explain the behavior of microsystems. Such conclusions are prevalent in contemporary textbooks and pedagogical approaches. Nevertheless, as will be shown, Bohm’s formulation of the theory serves as a counterexample to this widespread view [11].



According to this perspective, empirical adequacy is the criterion for affirming the physical reality of any phenomenon. The conceptual apparatus and the formalism of the theory are thus relegated to mere symbolic tools, whose primary function is to align theoretical predictions with observational data. Consequently, much of the pedagogical focus in the discipline has been on developing operative mathematical and computational skills. This viewpoint is exemplified by Fuchs and Peres, who assert in a widely discussed opinion piece that “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” [12] (p. 70). However, does quantum mechanics not engage with atoms, nuclei, electrons, quarks, and various entities that are universally acknowledged as having physical status? Or, in practice, do we confine our understanding of quantum objects merely to a set of regularities observed during measurements?



Standard/Copenhagen quantum mechanics, founded on Bohr’s worldview and underpinned by a positivistic or instrumentalist philosophy, asserts itself as a complete theory [13]. This assertion implies that its formalism and interpretation do not accommodate any significant underlying microstructure. Its depiction and explanation of quantum phenomena are reduced to the indistinct representation provided by a wave function. This line of reasoning led, throughout the 20th century, to many “impossibility arguments or proofs” aimed at excluding any deterministic version of quantum mechanics, particularly those involving so-called hidden variables. In contrast, Einstein affirmed that quantum mechanics was an incomplete theory [14]. He argued that, rather than portraying nature as intrinsically indeterministic, it should be possible to restore determinism through a strategy analogous to that of statistical mechanics, involving underlying trajectories. This approach would make statistical descriptions necessary, yet, only due to epistemic limitations in determining the initial conditions of microsystem ensembles [15].




2. Misunderstandings in Quantum Mechanics Ontology


As will soon be clear, this issue was effectively addressed by Bohm [11]. Bohm’s quantum mechanics, also known as the pilot-wave interpretation or causal quantum mechanics, clarifies much of the unintelligible quantum description provided by the standard interpretation. Why, then, is the Copenhagen interpretation the prevailing one?



The primary reason lies in historical contingency; the Copenhagen interpretation, despite numerous struggles, was the first interpretation of quantum mechanics to be established. Once entrenched, many of its conceptual ambiguities were either eliminated or overshadowed by the remarkable predictive success of quantum formalism [16]. In hindsight, this situation is not unprecedented in the history of science. For instance, the problematic concept of action at a distance in classical mechanics was ignored for over two centuries, despite Newton’s profound discomfort with introducing a form of hidden causality to account for gravity, which starkly contradicted the mechanistic philosophy according to which a body cannot act where it is not present [17].



In the realm of quantum mechanics, a series of misunderstandings must also be considered. Primarily, during the debate between Einstein and Bohr, it became widely accepted that Bohr’s perspective had prevailed. Bohr argued that probability and uncertainty are intrinsic to the fundamental structure of physical phenomena, in contrast to Einstein, who considered indeterminism unacceptable in any fundamental theory. This attachment to Bohr’s view was further reinforced by Von Neumann’s adoption of a naïve realist ontology on the existence of certain operators [18], which led him to show, erroneously, the impossibility of a deterministic reinterpretation of quantum theory [19]. This situation is particularly intriguing, given that positivism—the dominant intellectual view at the time—favored an instrumentalist interpretation of the theory. Nevertheless, Von Neumann chose to employ a naïve realist interpretation of quantum formalism, associating each mathematical object within the formal framework with an actual physical entity. In his own words: “In consequence it is not, as it is often assumed, a matter of reinterpretation of quantum mechanics—the actual system of quantum mechanics would have to be objectively false for any other description of elementary processes different from the statistical could be possible” [19] (p. 325).



Indeterminism thus became perceived as a fundamental demand of nature. Kochen and Specker extended this notion further, reinforcing the belief by attributing genuine particle properties to quantum operators using the same approach as Von Neumann [20]. This issue is so subtle that these “impossibility proofs” have been uncritically accepted and used ever since [18]. Furthermore, when Bell proved that non-locality is an inherent feature of quantum predictions—shared by both the Bohmian and Copenhagen interpretations—the prevailing public interpretation, due to a significant semantic error, was that Bell had shown the impossibility of alternative deterministic hidden variable formulations such as Bohm’s. Initially, Bell’s theorem appeared to support the “impossibility proofs.” However, Bell showed that to account for EPR-like correlations between spatially separated particles, any hidden variable theory must inherently be non-local. In other words, the violation of Bell inequalities—an empirical fact—says that the locality condition, a tenet of special relativity, does not hold for the hidden variables associated with those quantum correlations [21]. Many believed that dropping deterministic hidden variables would resolve the issue. However, Bell’s theorems merely delineate the constraints on expected correlations of certain experimental observations. These constraints allow a system to be governed by either deterministic or probabilistic laws, without imposing limitations on the complexity of the formalism or theory. Bell’s arguments reveal that any correct account of quantum phenomena must have a non-local character, irrespective of whether the formalism involves deterministic hidden variables [22]. It is plausible to contend that the anti-metaphysical atmosphere fostered by the Vienna Circle, which significantly influenced Bohr’s scientific perspectives, led to the characterization of hidden variables as metaphysical entities to be excluded from positivist science.



Since Boltzmann, hidden variables have been integral to the statistical interpretation of thermodynamics. These variables stand for the positions and velocities of particles making up a gas, for instance. The fact that such variables are “hidden” due to their non-observability in the macroscopic realm and the practical impossibility of measuring them with absolute precision does not make them an absurd metaphysical concession. Is the wave function not even less visible? Who has detected the mechanism underlying the collapse of a wave function?



Einstein’s distinction between principle theories and constructive theories is introduced to contrast the Copenhagen version of the theory with that of Bohm.




3. Quantum Formalism and Its Interpretation


Let us reconsider the quantum formalism through Schrödinger’s approach, specifically within the non-relativistic context, to clarify its connections with Bohm’s interpretation, particularly the pilot wave model. This discussion focuses on the non-relativistic formulations of both standard quantum mechanics and Bohm’s theory, which rely on fundamental principles to describe physical systems:




	i.

	
State Vector Postulate: The physical state of a system is represented by a vector Ψ within a Hilbert space H.




	ii.

	
Temporal Evolution Postulate: The evolution over time of the state vector Ψ, under the influence of the system’s Hamiltonian H, is governed by Schrödinger’s equation:











  H Ψ = i ħ    ∂ Ψ   ∂ t    ,  



(1)




where i is the imaginary unit, ℏ is the reduced Planck constant, and t denotes time.




	iii.

	
Observable Correspondence Postulate: There exists a mapping between operators A in the Hilbert space H and physical observables a. The only permissible values of the observables are the eigenvalues aj of their corresponding operators, such that:











A Ψj = aj Ψj












	iv.

	
Expectation Value Postulate: The expectation value for a series of observations of the quantity A is computed as <Ψ/A/Ψ>.




	v.

	
Superposition Principle: The physical states are described by a superposition of the eigenstates of the corresponding operator, and the post-measurement state of the system corresponds to the eigenvalues seen in that measurement:











Ψ = ∑k ck Ψk → Ψj,



(2)




where |cj|2 is the probability of obtaining aj as the result of the measurement.



3.1. Copenhagen’s Interpretation


The Copenhagen interpretation of quantum mechanics, shaped under the guidance of Bohr, Heisenberg, and Von Neumann, has become the orthodox standard within quantum theoretical frameworks, as shown by its historical evolution and dominance in the academic literature and scientific practice. Despite ongoing debates on its scope and limitations, the core interpretative tenets of this paradigm can be encapsulated as follows [16]:




	i.

	
Complementarity: Physical properties manifest in complementary or conjugated pairs, causing a dualistic vocabulary to fully describe quantum phenomena. This principle, fundamentally attributed to Bohr, asserts that the stronger the manifestation of one property, the more obscured the other becomes. This “hiding effect” is exemplified by the uncertainty principle, which illustrates the trade-off between causal descriptions (in terms of conservation laws or precise energy and momentum values) and spatiotemporal localization. The wave/particle duality, further highlighted by the double-slit experiment [23], underscores the necessity of describing quantum processes through both corpuscular and wavelike characteristics.




	ii.

	
Completeness: The state vector or probability amplitude encompasses all obtainable information about a system’s state, precluding any alternative deterministic descriptions that might posit well-defined trajectories within a spatiotemporal framework.




	iii.

	
Instrumentalist Positivistic Attitude: The influence of the Vienna Circle is notable in shaping this interpretative stance, promoting an understanding of quantum phenomena that, paradoxically, elevates the wave function to the status of a physical entity, thereby subtly infusing metaphysics into the fundamentally positivistic ethos of the Copenhagen school.









This concise presentation of the Copenhagen interpretation highlights its foundational complexities and philosophical underpinnings. The Copenhagen interpretation of quantum mechanics is beset with several interpretative and ontological challenges. Notably, it features the phenomenon known as the “collapse” of the wave function, which occurs due to the observer’s involvement but lacks a dynamic or causal explanation. Efforts to attribute this collapse to dynamic processes have consistently fallen short, leaving it as an unexplained event that occurs without any clear cause [24,25].



Heisenberg’s notion of “potentia” suggests that probability distributions inherent in the measurement process are influenced by the observer, though he never clarified how this influence is exerted [26]. Dirac viewed the selection of quantum states as a choice of nature, yet he did not elaborate on the underlying process. This situation presents a paradox: Schrödinger’s equation dictates the deterministic evolution of quantum systems when not observed but introduces a random collapse of the wave function upon observation. Despite various theoretical attempts to resolve this—through decoherence, consistent histories, backward causation, etc.—the core dilemma persists.



Additionally, the approach to transitioning to classical mechanics within this interpretation is incorrect. The idea that a Newtonian description should appear as Planck’s constant (h) approaches zero is untenable because h is a constant. While Ehrenfest’s theorem shows that the average position of a particle ensemble follows classical paths, it does not imply that individual microsystems act accordingly.



Despite these unresolved issues, the Copenhagen interpretation keeps several foundational assertions: the necessity of accepting the wave function’s collapse and the related measurement challenges as logical imperatives of the theory; a prohibition against any alternate models using the same mathematical framework; and a portrayal of nature as fundamentally indeterministic, which precludes deterministic interpretations involving hidden variables. Bohm’s interpretation offers a counterexample, challenging established beliefs and showing that what was once thought impossible is possible. The following section shows how Bohm’s version achieves this, as it is a constructive theory in the sense defined by Einstein.




3.2. Bohm’s Interpretation


Bohm’s interpretation of quantum non-relativistic mechanics, also known as the pilot wave representation or causal quantum mechanics, was initially conceived by de Broglie in 1927 and later refined by David Bohm in 1952 [27].



In Bohm’s framework, quantum non-relativistic systems are envisioned as particle systems, with their motion partially delineated by a wave function and governed by Schrödinger’s equation. Unlike the Copenhagen interpretation, which views the wave function as providing a complete system description, Bohm’s approach needs the addition of precise particle positions. These evolve according to an orientation condition that ties particle velocities directly to the wave function, resulting in deterministic particle trajectories influenced by the pilot wave.



The concept of a pilot wave guiding particle trajectories was prefigured by Einstein, who looked to explain photon interference phenomena using a similar theoretical framework oriented by the electromagnetic field. Although inadequate for electromagnetic phenomena, de Broglie resurrected this wave-like formulation, proposing an equation to describe particle motion akin to Bohm’s orientation condition for scalar wave functions. Despite first attempts to apply this to quantum interference, de Broglie faced significant criticism, notably from Pauli, and eventually abandoned his theory in favor of the emerging Copenhagen interpretation [28].



After Heisenberg introduced matrix mechanics in 1927, Schrödinger adopted de Broglie’s foundational ideas to develop his wave mechanics, aiming for a realist interpretation of quantum theory. However, influenced by Born’s probabilistic interpretation and the realization that his mechanical framework paralleled Heisenberg’s, Schrödinger began to question the implications of the Copenhagen interpretation, famously illustrating his concerns with the paradox of Schrödinger’s cat [29]. Bohm revitalized the pilot wave approach, making it a comprehensive alternative for interpreting quantum mechanics as a constructive theory.



Using the same formal apparatus of standard QM, but restating the wave function Ψ(x,t) in an exponential way,


  Ψ = R   e      i S   h      ,  








and by defining a velocity field v (x, t) by the orientation condition,


P = mv = ΔS,



(3)







Schrödinger’s dynamic Equation (1) transforms into


     d p   d t    = − ∇ ( V + U ) ,  



(4)




where V is the classical potential energy and U the quantum potential, given in terms of the wave function as


  U =      h   2     2 m         ∇   2   R   R     











In this interpretation, the classical mechanics archetype is partially restored, as shown by Equations (3) and (4), while quantum deviations manifest in the quantum potential U, which is explicitly non-local. In the pilot wave model, conventional statistical predictions of the Copenhagen interpretation are attainable, assuming Ψ satisfies Equation (1) and the particle momentum conforms to Equation (3).



Bohm’s approach integrates complementary microstructures into the formalism, yielding a deterministic account of quantum mechanical system evolution. To elaborate, although systems in Bohm’s framework evolve following Schrödinger’s equation, the wave function alone provides an incomplete system description. The supplementary information for a complete theory is provided by the particles’ positions, influenced by the quantum potential and evolving as per the orientation condition in Equation (3), which relates to velocity distributions derived from the wave function, the guiding pilot wave.



In Bohm’s model, the ensemble’s evolution is orchestrated by the pilot wave, which directs particles along deterministic paths. This interpretation, as envisioned by Einstein, suggests that the statistical description stems from our ignorance of precise initial conditions and the challenge of controlling such conditions, marking it as an epistemic limitation. Bohm’s theory reimagines the physical system as an ensemble of particles navigating through spacetime, where both the trajectories and the particles have objective reality. Metaphorically, this is akin to electrons surfing atop a wave that propels them forward [30,31].



The role and exact relationship of the quantum potential to the pilot wave have been subjects of debate [32]. This entity introduces significant deviations from expected classical dynamics, highlighting a critical point: while Bohm’s model adeptly recaptures aspects of the classical worldview, it is fundamentally tailored to quantum, not classical, systems. Consider the persistent interpretative dilemmas associated with the double-slit experiment. Contrary to classical expectations of Newtonian trajectories, electrons passing through the slits display an interference pattern reminiscent of diffracting light—a wave-like behavior.



This paradox arises because, from a standard viewpoint, electrons (like any particles) are expected to follow classical paths through the slits, needing the introduction of notions like complementarity, which often serve as a convenient but ambiguous mechanism to selectively acknowledge phenomena. In terms of the double-slit experiment, this results in wave-like behavior when an interference pattern is seen and particle-like behavior when a collection of single-particle impacts patterns emerges [33,34]. Einstein humorously remarked on his wish to believe that the moon exists even when unobserved.



In this context, Bohr’s frank statement in 1960 about the core concept of the Copenhagen interpretation—complementarity—is revealing. He hinted that “no philosopher fully understands what complementary descriptions really mean” [35] (p. 9). To highlight this idea and show the interpretative power of Bohm’s model, a graphic depiction of “the impossible” is reproduced [36]. This illustration (Figure 1) challenges the traditional impossibility claims made by Von Neumann, Kochen, Specker, and others, based on the well-known double-slit experiment.



In Bohm’s interpretation, each particle traverses only one slit, with trajectories characteristic of a chaotic system sensitive to initial conditions, resulting in an “interference pattern” orchestrated by the pilot wave. This is a deterministic system where the slit each particle passes through, and their later impact locations on the screen, are predetermined by the particles’ initial positions. This framework obviates the need for the conventional postulation of wave function collapse, as the particles have definite positions between measurements, and the measurements themselves function as dynamic processes on ensembles or sets of particles.



Bohm’s model explains the mysteries of this key experiment by describing it in terms of non-classical trajectories that yield objective impacts. Despite prevailing notions underpinned by the uncertainty principle that trajectories for quantum systems are implausible, Bohm’s trajectories are visually represented. Heisenberg’s uncertainty relations are thus seen not as a fundamental limitation on the coexistence of certain variables, but rather as practical constraints on the precision with which values of non-commuting observables, such as position and velocity, can be concurrently determined.



Bohm’s interpretation helps a seamless transition from the quantum micro-world to the classical world without resorting to the unrealistic assumption that Planck’s constant h approaches zero. This transition is achieved through the gradual disappearance of quantum deviations as the quantum potential U approaches zero, transforming Equation (4) into the classical dynamic equation as per Newton’s second law. The non-local effects, significant deviations from classical phenomenology, similarly dissipate as U diminishes in the transition to the classical limit [32].



One notable critique of Bohm’s interpretation concerns the lack of reciprocal causality between the subsystems, such as particles, and their guiding pilot wave; the wave influences the subsystems but not vice versa. This perceived inconsistency, challenging classical action–reaction standards, is rationalized within the framework of quantum mechanics where classical conventions may not apply. The essential task is ensuring a coherent transition to the classical limit, as stated. Bohm’s interpretation proposes a non-local, holistic ontology where the particles within a system exert reciprocal influences through the quantum potential. This framework not only encodes mutual particle influences but also reinforces the principle that natural phenomena, particularly in the physical realm, can be understood through processes that are comprehensible in terms of fundamental categories like matter and motion—providing clear, intelligible explanations as expected from constructive theories.





4. Constructive Theories and Locality


Einstein made a thorough contribution to the philosophy of physics by distinguishing between constructive theories and principle theories. Constructive theories begin with a theoretical model or entity to reconstruct or structure an understanding of complex phenomena. For example, the kinetic theory of gases explains macroscopic gas behaviors by modeling the collisions of many molecules. Conversely, principle theories are based on well-established empirical generalizations that act as constraints on any theoretical models trying to describe phenomena. Thermodynamics exemplifies this, with its laws governing phenomena without delving into microstructural explanations like trajectories or individual collisions. In this framework, kinetic theory adheres to these overarching principles [3].



Einstein regarded constructive theories as “complete, clear, and adaptable”, providing detailed explanations and flexibility. Principle theories, meanwhile, offer logical perfection and foundational stability [37]. Einstein considered his special theory of relativity to be a principal theory. However, Brown has proposed interpreting the theory of relativity as both dynamic and constructive [38]. This interpretation by Brown has faced challenges from Janssen [39], who provides a contemporary perspective and insights into the meaning of relativity theory [40].



Bub argued that standard quantum mechanics is fundamentally a principle theory of logical structure [1]. I agree but extend this view: Bohm’s interpretation, with its added microstructure, qualifies as a constructive theory for quantum non-relativistic phenomena. This version starts with a model of microsystems—particles in motion—and reconstructs all non-relativistic quantum phenomena based on the principle that particle trajectories are guided by the wave function. Thus, Bohm’s theory enhances the intelligibility of quantum mechanics by providing a coherent depiction of general phenomena through its structured theoretical model. As Einstein said in 1919, “when we say that we have succeeded in understanding a group of natural processes, we invariably mean that a constructive theory has been found which covers the processes in question” [37] (p.13). Given this, one might expect Bohm’s theory, with its comprehensive and constructive framework, to have intrigued Einstein. However, Einstein met Bohm’s interpretation with notable disinterest and indifference. Because of the EPR argument, for a theory to be considered complete, it should embrace the notion that physical interactions are local. This was the fundamental issue at hand.



A better understanding of physical theories, as expected from constructive theories, is closely tied to a model that incorporates classical ideals such as visualization through individual trajectories, determinism, objectivity (observer independence), and, to a lesser extent, locality. This perspective aligns with the long-standing tradition in the philosophy of science, which values models that provide a clear, comprehensible explanation of phenomena.



Classical explanations in physics are praised for their ability to provide detailed accounts of how individual components of a system interact to produce observed phenomena. This approach offers a more intuitive and visualizable understanding, which is crucial for both conceptual clarity and comprehension. Bohm’s interpretation of quantum mechanics, with its emphasis on particle trajectories guided by a pilot wave, reinstates a classical, deterministic view that aligns closely with the ideals valued in classical physics. Determinism, a cornerstone of classical models, supports the predictability and intelligibility of physical theories. In contrast, the Copenhagen interpretation’s inherent indeterminism presents significant conceptual challenges, making Bohm’s deterministic approach more appealing for those seeking a deeper and more structured understanding of quantum phenomena.



Bohm’s theory enhances visualization and objectivity, two essential elements of Einstein’s constructive theory. Visualization enables scientists to form intuitive representations of physical processes, helping a deeper understanding of complex ideas. The pilot wave model in Bohmian mechanics provides a clear visual representation of particle trajectories, making abstract quantum phenomena more tangible.



Objectivity, the notion that physical theories should describe phenomena independently of the observer, is better supported by Bohm’s interpretation. This approach removes the observer-dependent collapse of the wave function, presenting a more objective view of reality where particles have definite properties and paths, irrespective of measurement. By adhering to these principles, Bohm’s theory exemplifies a constructive theory, offering a robust and intuitively satisfying framework for understanding the natural world.



While locality—the principle that objects are directly influenced only by their immediate surroundings—is not a feature of Bohm’s interpretation due to its inherent non-locality, it is still a significant aspect of classical Newtonian models. The tension between non-local quantum effects and local classical field theories continues to be a fertile ground for theoretical exploration, highlighting the need for a nuanced understanding that reconciles these seemingly contradictory aspects.



These considerations underscore the importance of theories that provide a clear, coherent, and comprehensive understanding of physical phenomena. By incorporating classical ideals, such theories facilitate not only a deeper conceptual grasp but also more effective communication of complex ideas. This approach is reflected in contemporary philosophical discussions on causality and explanation in physics, which emphasize the need for theories that offer intuitive and insightful explanations of natural processes [41,42,43].



Einstein’s commitment to scientific realism demanded more than just philosophical alignment; it required satisfying several criteria for a theory to be considered physically intelligible, criteria that Bohm’s interpretation did not meet [44]. Chief among these was the requirement for spatial separability of physical systems—a principle crucial to Einstein’s critique of quantum mechanics as inherently incomplete. Einstein argued that for physical systems, such as a pair of particles with definite spins, to be regarded as objective, there must be a clear mechanism specifying each element’s physical state without violating the relativistic constraint that causal influences cannot exceed the speed of light [14].



In contrast, Bohm’s theory explicitly features non-local interactions within its quantum potential, starkly violating the principle of separability that Einstein held dear. This violation is much more pronounced in the pilot wave approach, contributing significantly to Bohm’s inclination toward a form of metaphysical holism, which, while controversial, finds physical justification in the holistic nature of the quantum potential [30]. However, it is important to note that there has been a shift in the understanding of non-locality. While classical Newtonian non-locality involved instantaneous action at a distance, quantum non-locality, as seen in entanglement, presents a different picture. In quantum mechanics, entangled particles exhibit correlated behaviors regardless of distance, yet this non-locality does not violate causality or special relativity. No information, matter, or energy is transmitted faster than light; the correlations are instantaneous but cannot be used for superluminal communication or causal influence.



Considering Bell’s theorems, we see that Einstein’s insistence on a local description of quantum phenomena was incorrect. Interestingly, John Bell, often mischaracterized as an opponent of the hidden variables theory, became a dedicated supporter of Bohm’s interpretation of quantum mechanics. This shift is not as paradoxical as it seems, as Bell extensively analyzed issues like separability and locality in relation to hidden variables, bringing clarity to these complex quantum concepts:



“But in 1952 I saw the impossible done. It was in the papers by David Bohm. Bohm showed explicitly how parameters could indeed be introduced into non-relativistic wave mechanics, with the help of which the indeterministic description could be transformed into a deterministic one. More importantly, in my opinion, the subjectivity of the orthodox version, the necessary reference to the “observer,” could be eliminated.



“Moreover, the essential idea was one that had been advanced already by de Broglie in 1927, in his “pilot wave” picture.



“But why then had Born not told me of this “pilot wave”? If only to point out what was wrong with it? More extraordinarily, why did people go on producing “impossibility proofs” after 1952, as recently as 1978? When could Pauli, Rosenfeld, and Heisenberg produce no more devastating criticism of Bohm’s version than to brand it as “metaphysical” and “ideological”? Why is the pilot wave picture ignored in textbooks? Should it not be taught not as the only way, but as an antidote to the prevailing complacency? To show that vagueness, subjectivity, and indeterminism, are not forced on us by experimental facts, but by deliberate theoretical choice?” [45] (p.160).




5. Discussion


Bohr’s later reflections on the opaque nature of complementary descriptions within quantum mechanics align with a broader critique of the Copenhagen interpretation. Unlike Copenhagen’s approach, Bohm’s mechanics, more attuned to classical intuitions, presents a coherent, explanatory, and constructive perspective on quantum phenomena.



Bohm’s mechanics and the Copenhagen interpretation are empirically equivalent; both frameworks adequately model all phenomena encompassed by non-relativistic quantum mechanics, such as spectra, dispersion, superconductivity, tunneling, etc. This equivalence stems from their use of a similar formal apparatus, sharing equations and operational rules that allow for making experimentally verifiable predictions. However, their conceptual portrayals of phenomena significantly diverge. The Copenhagen interpretation, as shown, does not offer a tangible representation of quantum phenomena, highlighting a missed opportunity to fulfill what many consider a fundamental goal of scientific inquiry.



Historically, from the 17th century onward, philosophers of nature transitioned from scholastic discourse to a mechanistic worldview, trying to develop intelligible models that elucidate the underlying mechanics of material interactions, as exemplified by Descartes, Leibniz, and Newton. The scientific revolution reached its peak with Newton’s mathematical unification of celestial and terrestrial mechanics. Since then, a rigorous mathematical formalism has become indispensable in physics. However, an equally important requirement is to have a clear and comprehensible interpretation of physics.



This narrative supports the assertion that scientific theories should not only be empirically adequate and underpinned by robust mathematical formalism but also provide clear, intelligible constructive models of the phenomena they describe. While the demand for intelligibility might seem philosophically or metaphysically oriented, it holds substantial practical value. It undergirds the theory’s goals with solid conceptual foundations, propelling research forward, and by making phenomena comprehensible, it enhances the teachability of the theory and its accessibility to a wider audience. Consider, for instance, the quest for a unified field theory: from a strictly instrumentalist viewpoint, such an endeavor might appear unnecessary given the empirical adequacy of existing theories. The pursuit of such theories is driven by an ideal of intelligibility linked to scientific realism, seeking answers to questions like those concerning the conditions at the core of a black hole. It is driven by the quest for deeper understanding.



In summary, clear and intelligible theories not only ease deeper understanding and further development, but also align with established scientific interpretative ideals such as visualization, causality, determinism, objectivity, and, arguably, non-locality. Various methodologies addressing quantum interpretation, and especially the measurement problem, look to reaffirm these principles, which are often obscured by the Copenhagen interpretation.



The preceding discussion underscores the explanatory and constructive strengths of Bohm’s pilot wave quantum mechanics. Bohm’s interpretation of quantum mechanics, in line with the criteria of a constructive theory, reinstates the trajectories of microsystems, thereby enabling the visualization of quantum processes. This interpretation is deterministic and ensures a seamless transition to classical limits. Moreover, Bohm’s approach to the measurement problem reinstates an objective perspective on physical processes that is still independent of the observer. Despite Bohm’s mechanics being formally and explicitly non-local, it shares this departure from locality with the Copenhagen interpretation, a characteristic that continues to fuel theoretical debates, especially within the realm of unified field theories.



Historically, locality appeared as a desirable explanatory ideal when electromagnetism and, later, the general theory of relativity addressed the issue of the instantaneous transmission of forces or interactions. These theories introduced electromagnetic and gravitational fields as mechanisms for local action. However, Bell has shown that non-locality is a fundamental aspect of quantum predictions, suggesting that nature inherently includes mechanisms of non-local influence [46]. This revelation prompts a reevaluation of one of the most valued scientific principles—locality—and raises the possibility of accepting that an object can exert influence in a location where it is not physically present. In quantum mechanics, this concept of non-locality, though counterintuitive, is compatible with causal principles because no information, matter, or energy is transmitted faster than light. The correlations observed in entangled systems challenge traditional notions of locality but do so in a way that remains consistent with the causality constraints imposed by special relativity. This shift in understanding calls for a reconsideration of how influence and interaction are conceptualized in the quantum realm.



The persistent ontological challenges and discoveries in quantum mechanics, particularly illuminated by Bohm’s interpretation, highlight the necessity of reevaluating quantum mechanics as a constructive theory, as defined by Einstein. Embracing this approach could significantly deepen our understanding of fundamental physics, ensuring it more accurately reflects the ontological insights provided by recent theoretical and experimental advancements [47,48,49].



Bohmian mechanics, as discussed here, is focused on non-relativistic quantum mechanics but has been extended to non-relativistic field theories, keeping its ontological principles of determinism, objectivity, and explicit non-locality through Bohm’s quantum potential [50,51,52]. While traditionally seen as an ontological objective alternative to standard quantum mechanics, recent developments show that Bohmian mechanics is more than a philosophical approach; it is a practical tool for addressing phenomena where indeterminacy and non-local influences are significant [53,54].



In cosmology, by dropping the need for an observer and wave function collapse, Bohmian mechanics is particularly useful for studying the early universe [55,56], where phenomena like quantum nonequilibrium may leave observable traces in the cosmic microwave background radiation [57]. One of the strengths of Bohmian mechanics is its integration with well-established methods from statistical physics. The analogy between quantum and thermal equilibrium allows the application of techniques such as ensemble averaging and molecular dynamics [56]. This approach is especially useful in density functional theory (DFT). In time-dependent DFT (TD-DFT), Bohmian trajectories provide efficient and precise tools for modeling electron dynamics in quantum chemistry and materials science [58].



Bohmian mechanics also addresses non-locality and entanglement, making it a valuable approach for quantum computing [59]. Its trajectory-based model offers intuitive insights into qubit interactions and quantum gates, while the potential discovery of quantum nonequilibrium states promises advances in quantum cryptography and communication [60,61]. These states could also provide insights into quantum gravity and Hawking radiation, addressing issues like the black hole information paradox [62,63].



Bohmian mechanics applies to quantum plasma physics and quantum optics [64,65]. It helps model particle interactions in high-energy environments, critical for fusion technologies, and improves the understanding of photon behavior in quantum optics, helping the development of quantum communication [66].



Incorporating these well-developed statistical physics methods into Bohmian mechanics not only strengthens the conceptual framework but also offers computational efficiency in simulating quantum systems. From density functional theory to quantum cosmology, and from quantum computing to optics, the integration of statistical methods and Bohmian trajectories opens new pathways for exploring complex phenomena with greater precision. The deterministic and explicit non-local structure of Bohmian mechanics, combined with statistical tools, enhances our ability to study quantum systems in a way that is both theoretically rigorous and computationally practical [53,54,67,68,69].
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