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 “For the sake of persons of --- different types, 
 scientific truth should be presented in  
 different forms”  J. C. Maxwell 
 
  Quantum Theory may be the preeminent example of a scientific theory the 
history and current status of which is indicative of what many regard as our 
present confrontation with the limits of science. It is a framework theory (Shimony 
1987 p. 401) more broadly applied and extensively empirically corroborated than 
any other in the history of science. It is widely believed to be, in principle, 
universally applicable to the physical world in essentially its present form (with 
serious qualifications regarding only the general relativistic,  early universe or 
quantum gravity context). And yet, after seventy years of intense analysis and 
argument, it is still not accompanied by an interpretation that is widely convincing 
to those of us who care about such matters. Most of us who embrace one or 
another of the many currently competing interpretations or approaches to 
quantum theory do so as an approach to understanding which seems promising 
rather than as a declaration of where understanding lies as a fait-acompli. To 
claim that one already understands quantum theory, as regards its implications 
for the structure of the world and beyond the merely technical rules for its 
application, is to risk becoming the leader or a follower in a small cult! 
 
      It is fashionable today to claim that the majority of professional physicists 
actually belong to the large cult of the unreconstructed Copenhagen 
interpretation, but that is not my experience. Most physicists are still unaware of 
the strenuous activity that goes on to find genuinely adequate interpretations or 
completions of quantum theory. They may pay lip service to the Copenhagen 
story they imbibed from their quantum theory textbooks and a few of them have 
concocted their own versions which live pretty much in happy private vacuums. 
But when pressed on the issues concerning the conceptual foundations of 
quantum theory they, often as not, will resign themselves to the notion that, 
beyond a point we may have already reached, nature, at the quantum level, is 
not to be understood but merely accepted. Our struggles and differences 
sometimes seem pointless to them.  
 



     Nor have the leading lights of the field offered much more. Thus, commenting 
on the problem of understanding quantum theory, Richard Feynman (1967, 
p.129) wrote: “---the difficulty really is psychological and exists in the perpetual 
torment that results from your saying to yourself, ‘but how can it be like that?’ 
which is a reflection of uncontrolled but utterly vain desire to see it in terms of 
something familiar. ---- I think I can safely say that nobody understands quantum 
mechanics. --- Nobody knows how it can be like that.”  In the frustrating but 
fascinating book “The End of Science” by John Horgan (1996) the author records 
the following observations by Steven Weinberg (pp. 75,76) and Murray Gell-
Mann (p. 215): 
 
     Weinberg on the paradoxes of quantum theory: “I tend to think these are just 
puzzles in the way we talk about quantum mechanics.” – (on adopting the Many 
Worlds interpretation as a way to eliminate these puzzles) “I sort of hope that 
whole problem will go away, but it may not. That may just be the way the world 
is.”, “I think we’ll be stuck with quantum mechanics. So in that sense the 
development of quantum mechanics may be more revolutionary than anything 
before or after.” 
 
    Gell-Mann on the strangeness of quantum theory: “I don’t think there’s 
anything strange about it! It’s just quantum mechanics! Acting like quantum 
mechanics! That’s all it does!” 
 
    In his own book, “Dreams of a Final Theory”, Weinberg (1992, p. 181) offers a 
bit more direction. In the midst of a long list of the injuries done to science by the 
influence of positivism he writes, “The positivist concentration on observables like 
particle positions and momenta has stood in the way of a ‘realist’ interpretation of 
quantum mechanics, in which the wave function is the representation of physical 
reality.” 
 
     And what do we who spend serious effort investigating the conceptual 
foundations of quantum theory have to offer the professional physicist in the 
street (where many of the new ones are these days!)? What can I, for example, 
present to the hungry, as yet unjaundiced eyes, of the advanced physics 
undergraduates and first year graduate students who sign up for my course on 
the competing approaches to quantum theory?  
 
     Well, I have to try to find time to introduce them to Bohmian interpretations, 
Quantum Logic interpretations, Everett Relative State or Many Worlds 
interpretations, Many Minds interpretation(s), Statistical or Ensemble 
interpretations, Modal interpretations, Decoherence interpretations, Consistent 
Histories interpretations, Potentiality or Propensity interpretations, Relational or 
Information theoretic approaches and Dynamical State Reduction completions 
(Have I forgotten any?). With the passage of time some of the divisions between 
these approaches have become blurred. Most of the approaches I’ve listed 
represent camps that display alternatives or even factionalism within their ranks. 



Recently Arthur Fine (1996) surveyed the possible interpretations of Bohmian 
Mechanics itself, defined as the formalism David Bohm developed for mounting 
his interpretation of standard quantum theory. In the same volume Jeffrey Bub 
(1996) showed how both Copenhagen quantum theory and Bohmian Mechanics 
can fall under the umbrella of Modal interpretations as very special cases. 
 
    What are we to make of this situation? Have we reached the limits of 
achievable community wide agreement regarding the interpretation or completion 
of this seemingly fundamental theory? Is it to remain forever the case that we will 
each have to choose a particular approach to quantum theory from among this 
(no doubt growing) spectrum of options on the basis of personal philosophical 
and psychological predilections and aesthetic tastes, essentially unassisted by 
really compelling philosophical argument or scientific considerations. Are we in 
this sense, irreducibly,  as Maxwell put it in my opening quote, “persons --- of 
different types”?  Have we degenerated (as I occasionally find myself gloomily 
thinking) into scholastics debating how many interpretations can dance on the 
head of a formalism?! 
 
    Some perspective may be gained by recalling briefly that interpretational 
disputes over theories are not at all new to physics. Since much of the 
disagreements between champions of different approaches to quantum theory is 
over what really exists in this quantum world, we are reminded of the waxing and 
waning fortunes of the concepts of force and energy as fundamental constituents 
of reality during the eighteenth and nineteenth centuries. This evolution was 
punctuated by Hamilton and Jacobi’s development (Dugas 1988, pp.390-408) of 
the calculationally powerful transformation theory based on energy concepts and 
variational principles and, ultimately abortively, by Hertz’s (1899 (1956)) effort to 
eliminate the force concept altogether from mechanics in favor of geometrical 
constraints in a higher dimensional configuration space. Although force is still 
with us energy has clearly achieved ontological priority in this century by virtue of 
it’s association with symmetry principles,  it’s relativistic amalgamation with mass 
and the central role the energy operator plays in quantum theory. 
 
       Another case in point is the long evolution of the controversy between 
energy conservation as the all-encompassing law of nature and atomism (Scott 
1970). This disagreement, which may be seen as an instance of the clash 
between ontologies of continuity and discreteness became entangled with issues 
of positivism in the late nineteenth century (Myerson 1930 pp. 346-351) (Gillespie 
1960 pp. 495-499). With increasing access to indirect empirical evidence of the 
existence of atoms, such as Brownian motion, atomism won that battle. And 
today, in our quantum theory, continuity and discreteness coexist well enough in 
the eigenvalue spectra of self adjoint operators but not quite so well in the 
dualism of the continuous unitary evolution and the discrete stochastic state 
reduction of the state vector. The desire to eliminate state reduction helps to 
drive most of the approaches to quantum theory I’ve listed. And a new chapter in 
the continuity versus discreteness controversy may now be emerging with the 



current ideas on possible discrete structure of space-time itself coming from the 
quantum gravity research community ( e.g. Baez, 1994 ). 
 
    In my view a rather close analogue to some of the interpretations issues in QT 
is the controversy between the champions of a mechanical foundation for the 
electromagnetic field and those claiming autonomous reality for the field. Here 
Hertz rode the winning bandwagon and his masterful book summarizing his 
researches on electromagnetic waves (Hertz 1893), along with the writings of 
Oliver Heaviside (1893-1912) (who strongly influenced Hertz (Hunt 1991, ch. 4)) 
and finally Einstein’s  kinematical derivation of the Lorentz-Poincare’ 
transformation equations, took the wind out of the sails of the mechanists. The 
sails were becoming becalmed anyway, as Einstein (Schilpp 1949, v.1 p.27) later 
recalled: “One got used to operating with these fields as independent 
substances, without finding it necessary to give oneself an account of their 
mechanical nature; thus mechanics as the basis of physics was being 
abandoned, almost unnoticeably, because its adaptability to the facts presented 
itself finally as hopeless” . Heaviside, who believed in the mechanical ether, 
exemplified this process when he wrote to Hertz (1889): “My experience of so-
called ‘models’ is that they are harder to understand than the equations of 
motion!”.  
 
    The reason I see a close analogy between this example and some of the 
interpretation problems of contemporary quantum theory is that just as ether 
models were driven by the desire to understand the new electromagnetic physics 
in familiar mechanical terms, so I agree with my previous quote from Feynman in 
seeing the Bohmian interpretations, and, to a lesser degree, the modal 
interpretations, to be driven by the desire to understand the new quantum 
physics (except it isn’t very new any longer) in familiar classical terms1.  
 
     A considerable assist to the resolution of each of these historical 
controversies was the continual acquisition, over the years, of new data. Of this 
one would always ask, which of the disputed approaches handles it better, or 
sheds more light on it, or even suggested it? We, however, in our quantum 
morass, reflect the sentiments of David Mermin’s (1990) fictional professor  
Mozart: “All particle physics has taught us about the central mystery is that 
quantum mechanics still works. Perfectly, as far as anyone can tell. What a 
letdown!”. The same could be added concerning  high energy astrophysics and 
the experimental study of the micro-macro transition and, of course, the non-local 
correlations and delayed choice experiments which corroborate quantum theory 
as they violate the Bell inequalities. Will we ever find empirical evidence of the 
limits of applicability of quantum theory in its present form? 
 
      I think we will, but don’t ask me for a time schedule! But why should I think 
we will at all? First of all the dynamical reduction models which treat state 
reduction as a real physical process already deviate from standard quantum 
theory. In fact in the relativistic domain it is difficult to ensure that they don’t 



deviate so much that we can already discard them! I look forward to the 
experimental tests that will emerge to distinguish them from standard quantum 
theory. Furthermore, with the exception of the Statistical or Ensemble 
interpretations in which the state vector for a quantum system only encodes 
epistemic probability data reflecting our ignorance of reality, all of the competing 
interpretations attribute some degree of physical reality to the state vector itself, 
or one of its representations. Now as a consequence of the history of the 
ascendance of the energy concept which I briefly considered, all genuine 
constituents of the physical world have come to be expected to contribute to or 
carry some of the worlds energy. If this is true of the state vector, and why not, 
the simplest way would be for the state vector to appear in the Hamiltonian, thus 
rendering the theory non-linear and the famous cum notorious quantum 
superposition principle approximate! Non-linear modifications of Schrodinger’s 
equation have been considered by several workers and the size of the nonlinear 
modifications have, in some instances, been experimentally determined to be 
less than very small upper bounds (see Shimony 1993, v. 2,   pp. 48-54 for a 
usefull assessment). But that was before Decoherence Theory was developed 
and one wonders if decoherence processes may mask the non-linearity. Finally, 
on behalf of non-linear modifications of quantum theory, it has many times been 
conjectured that just as the successful formulation of a theory of quantum gravity 
may require that general relativity, which is non-linear, become probabilistic so it 
may require that quantum theory, which is probabilistic, become non-linear. We 
can’t really be sure, unfortunately, since Superstring theorists think quantum 
gravity will be found within the framework of their scheme (Davies and Brown 
1988) and Superstring theory sits squarely within linear homogeneous quantum 
theory. Of course, if we can only get non-linear modifications to quantum theory 
through quantum gravity, the way in which that would help our present problems, 
which seem to have nothing to do with gravity, is hard to see. But then Roger 
Penrose (1989, 1994) may come to our aid! Nor do I mean to suggest that non-
linearity and the breakdown of the superposition principle would be a panacea. 
But it would surely be a profound conceptual difference and one would hope that 
not all of the presently competing approaches to quantum theory would survive 
the innovation! I really do think that the discovery of a breakdown of the 
superposition principle, along energy theoretic lines, and possibly supplanting but 
also possibly augmenting the current dynamical reduction theories is a likely 
development. But again, don’t ask for a time schedule2! 
 
     Nor is it impossible that some innovations in the empirically testable content of 
quantum theory itself will emerge from the camps of the non-standard 
interpretations. For example, the liberal wing of the Bohmian camp (Valentini 
1996) is exploring plausible ways of altering Bohmian mechanics to deviate from 
standard quantum theory in exotic circumstances. Also research into the family of 
Modal interpretations frequently leads to theorems concerning the mathematical 
structure of the quantum theory formalism (e.g. Clifton and Bub 1996). These 
theorems, quite apart from the interpretations that motivate them may provoke 



experimental searches into obscure nooks and crannies of the quantum world 
where we may find the limitations of quantum theory.   
 
     Another possibility, more fashionable in character than my mundane energy 
considerations, is that a breakdown of the superposition principle may emerge in 
the domain of complexity, i.e. of complex systems. Since one definition of a 
complex system is one containing many fundamental constituents with a 
significant but not too large number of connections between them (Kaufmann 
1995), macroscopic bodies can belong. But macroscopic bodies are precisely the 
most mysterious in a quantum world for they are the ones that persistently 
display quasiclassical behavior. The Dynamical Reduction completions of 
quantum theory (Pearle 1996) aim at accounting for just this by having 
macroscopic bodies automatically subject to continual rapid fire state reductions 
of the desired sort. The experimental exploration of systems on the fringes of 
complexity (mesoscopic systems?) would seem to be a natural place to look for 
these non-linear processes.  
 
      At the same time it is desirable to continue experimentally pressing the limits 
of the circumstances in which we can observe superposition. Macroscopic 
quantum interference devices, the neutron interferometer, the monitoring of 
individual quantum particles in Penning traps, the observations of early 
deviations from exponential decay of unstable states, etc. continue to provide 
striking manifestations of superposition. How far can this be pushed? Already the 
classic instances of single photons, electrons, protons and neutrons interfering 
with themselves have been greatly surpassed by recent experiments in which 
such massive entities as whole Beryllium atoms and molecules have been 
manipulated into superpositions of mesoscopically distinct states and have 
displayed self interference (Monroe, 1996 ). John Clauser (1997) and 
collaborators have developed interferometric techniques which have them 
anticipating de Broglie interference of small rocks and live viruses! While it is 
extremely unlikely that we will ever see in the laboratory the entangled state of 
Schrodinger’s cat, we may one day see the entangled state of Schrodinger’s 
retro-virus, or maybe even, biological cell. Perhaps, in these directions we will 
find the limits of quantum theory. 
 
    But perhaps not!  What if the worst prevails? What if we never discover any 
breakdown of quantum theory in essentially its present linear homogeneous 
form? What then?!  
 
    It could be that most of the existing interpretations will continue to attract 
adherents indefinitely. Insofar as an interpretation goes beyond quantum theory 
in ways that, as a matter of principle, can not be subject to empirical inquiry 
(which is the case for the conservative wing of the Bohmian interpretation, for the 
Modal interpretations, for the Many Worlds interpretation and some others) 
choosing among them would not involve scientific considerations in any 



significant way. The choices will be overwhelmingly driven by philosophical, 
psychological, and aesthetic considerations3. 
 
   On the other hand it could happen, and this would be my personal hope, that 
these interpretations will come to be seen less as opportunities for untestable 
ontological commitments and more as provocative formal approaches to 
quantum theory that assist in suggesting novel experiments or solving novel 
problems. In this way they would resemble choosing a gauge in 
electromagnetism. A wise or clever choice can be very helpful in “seeing” the 
problem at hand but when the work is done one remembers that a gauge choice 
is just a useful formal freedom, not a metaphysics to be embraced! If and when 
such an attitude would prevail, a natural impulse would then be to reformulate 
quantum theory in a “gauge independent” manner in this sense. Such a 
reformulation would not provide the most potent approach to individual problems. 
Choosing a gauge would remain the way to go for that purpose. But the gauge 
independent formulation would help to delineate the aspects of the theory one 
could safely take seriously, the aspects one could tentatively invest with 
ontological content4. 
 
    The other approaches (Decoherence , Consistent Histories, Potentiality, 
Dynamical Reduction, Information Theoretic) which were motivated from the start 
by concerns for conceptual tightening of standard quantum theory and/or interest 
in various empirical research programmes (and which do not go beyond quantum 
theory in ways that, in principle, can not be subject to empirical inquiry), would 
continue playing those roles and reciprocally be streamlined and amalgamated 
with one another as a result of progress in those research programmes. My 
guess is that the resulting amalgamation would be synonymous with the gauge 
independent reformulation of the previous paragraph. 
 
    In these ways we would gradually get used to quantum theory and come to 
accept a description of it and the world in which it works in terms of ontological 
concepts as closely and usefully tied to the empirically corroborable aspects of 
the formalism as possible. A healthy balance between qualified realism and 
qualified positivism would prevail. That, at least, is my vision5. 
 
 
 
 
 
 
 
 
 
 
 
 



The published version of this paper does not include the following notes which 
are responses to critical comments from my late good friend, Rob Clifton, made 
in a conference paper that was, surprisingly, ultimately withdrawn. While the 
notes are incomplete without Rob’s provocative and insightful comments, I 
nevertheless decided to include them here for the clarifying effect I think they 
may have. 
 
 
 
 
Notes: 
 
1.   Let me conceed to Rob forthwith that I mispoke when I attributed Rob’s “hankering after 
classicality” to the proponents of Modal interpretations. Yet I can not accept Rob’s claim that it 
was just intelligibility that the modalists were after. The real villain was state reduction as a real 
process. But state reduction per se is no less intelligible than its absence! To be sure the 
conditions under which state reduction was to take place were incompletely/ambiguously 
specified in Copenhagen quantum theory. But, as the approaches which model state reduction 
show, the elimination of state reduction is not dictated by considerations of intelligibility. 
      My response to Rob regarding the Bohmians is quite different. To construe the concept of 
“(particles moving continuously under the influence of potentials)” as more intelligible than, say, 
the concept of potentialities (mathematically represented by state functions) evolving 
deterministically except in those circumstances (as yet incompletely specified) when they are 
stochastically actualized, is, I believe, simply erroneous. The former concept is merely more 
familiar. To take it to be (inherently) more intelligible than the latter concept is exactly an example 
of what I meant by being “driven by the desire to understand the new quantum physics – in 
familiar classical terms.” 
      When Rob further attributes nonclassicality to the dynamics of Bohmian models he is using a 
much narrower concept of classical dynamics than I intend. For me, in the present context, any 
theory of point particles moving continuously under the action of potentials, however non-local or 
non-separable the potentials may be, is an instance of dynamics based on an essentially 
classical ontology. And the interesting work of Harvey Brown, to which Rob refers, seems to me 
to go against the grain of Bohmian predilections and undermines some of their raison detre’. No 
doubt they will survive the onslaught. 
 
2.    I must disagree with Rob that “the only basis for believing that the superposition principle will 
break down at the level of our everyday experience is –“ the assumption widely known as the 
eigenvector-eigenvalue link and which Rob called “indeterminacy in superpositions”. The reality of 
state reduction is also demanded by adherence to a concept of the state of a system which 
enables one to extract the statistics for future measurements on a given system from the 
quantum state of that system alone (which quantum state must therefore incorporate the results 
of previous measurements on that system) and without having to refer to the quantum state of a 
supersystem which includes past, present and future measureing apparatus. The quantum 
formalism offers that option and the founding fathers saw fit to incorporate it into the theory via 
the projection postulate. The stochastic nature of state reduction, when contrasted with 
deterministic Schroedinger evolution, and the incomplete specification of just when it occurrs 
drives many to seek its elimination. But with that elimination one also loses the very useful feature 
of the quantum state which I described. 
      While I agree that it is possible (and in many different ways) to render “superpositions and 
determinacy” compatible, all the ways that have so far been offered augment the number of 
features of the theory that are not susceptible to empirical inquiry and yet are to be regarded as 
physically real. While this may not be an intolerable price to pay it is a price that it is unwise to 
ignore because of the “slippery slope” upon which it opens. 



 
3.   On this point Rob refers to van Fraassen’s argument that “any viable interpretation, however 
quirky it may seem, increases our understanding of the theory.” To this I assent when the viable 
interpretations initially offer a novel perspective that could, tentatively, be taken seriously. But I 
dissent if, ultimately, no choice can be effectively made between them as to which, if any, should 
be taken seriously. In the latter case all that is illuminated is our lack of understanding of what is 
really going on. 
 
4.    I agree with Rob that my conjectured “gauge invariant” reformulation of quantum theory could 
not remain neutral between the various ontologies of the no-collapse interpretations. But that 
does not militate against such a reformulation. The reformulation would, in fact, deny the 
ontological commitments of most, if not all, of the previous interpretations, replacing these 
commitments with its own pared back version and granting mere “as if” story status to each of 
them. This would not interfere with their roles as suitable “gauge choices” for better 
understanding particular applications of quantum theory, which, as Rob points out, is already 
emerging. But to Rob’s assertion that such special roles would warrant the champions of each 
interpretation to call for global application of their favored approach, I can not agree. Once the 
“gauge invariant” reformulation was in place such disputes would be like disputes between 
champions of the Coulomb gauge and the Lorentz gauge in classical electrodynamics. 
 
5.    As a parting note and admittedly somewhat outside of the central theme of this dialogue, I 
wish to differ with some early comments of Rob’s concerning Bohr and von Neumann. The 
comments in question have the unfortunate ring of the currently fashionable practice of Bohr 
bashing and I am happy to offer a brief defense. After quoting John Bell’s amusing taunt 
concerning just when the wavefunction collapses Rob argues that “In effect, Bohr lost his nerve to 
carry the doctrine of ‘indeterminacy in superpositions’ to its logical conclusion! Adding insult to 
injury, both von Neumann and Bohr held that the choice of how to divide the world into measurer 
and measured or classical and quantum is largely, if not entirely, arbitrary.” But this was no loss 
of nerve! The doctrine of “indeterminacy in superpositions”, once held, requires state reduction in 
any situation where one had evidence of a definite matter of fact concerning the value of an 
observable. Thus the doctrine gauranteed the incompleteness of Schroedinger evolution. Nor did 
von Neumann and Bohr add “insult to injury” by merely holding that the division of the world into 
measurer and measured was arbitrary. In the presence of the doctrine in question, they deduced 
that result from the theory in hand. The wisdom of the doctrine may be challenged. But once 
embraced, the rest follows.   
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