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EDITOR’S FOREWORD

William (“Bill”) Demopoulos died on May 29, 2017, after an approxi-
mately ten-year battle with lymphoma, leaving behind the manuscript 
On Theories. The argument of the manuscript was essentially complete, 
although the text needed some obvious editorial revisions, especially in 
connection with the Bibliography. More seriously, however, Demopoulos 
felt that a final chapter was needed which would perspicuously explain 
the relationship between the fourth chapter on quantum reality and the 
earlier chapters, particularly the previous two chapters covering molec-
ular reality and Poincaré’s reactions to it. Unfortunately, there was not 
enough time left, at the end, for Demopoulos to make much progress on 
this final chapter, which would have served as the counterpart of his In-
troduction (formerly entitled “Overview of This Study”) at the begin-
ning. So, when time was clearly growing shorter, Demopoulos and I 
agreed that, if needed, I would do my best to prepare the manuscript for 
publication in accordance with his wishes and see it through to press.

All of Demopoulos’s close friends agreed that the last decade of his 
life was extraordinarily productive. It culminated, in particular, with the 
collection of essays Logicism and Its Philosophical Legacy (2013) and the 
present book, On Theories, which, for its part, represents the culmina-
tion of his work in the philosophy of physical science. During this pe-
riod, Demopoulos and I spoke at length by telephone almost every 
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viii  E d i to r ’ s  F o r e w o r d

weekend. And it was from this experience, together with regular visits 
to London, Ontario, that I derived my appreciation of what he was at-
tempting to do in On Theories. As I was considering what I could rea-
sonably accomplish in the wake of his death, however, it quickly became 
clear that I was in no position to write the final chapter that Demopoulos 
might have written had he lived. He did not leave behind even a short 
draft of this chapter, and, more importantly, my own philosophical style 
is very different from his. What I could reasonably attempt, first, was to 
locate Demopoulos’s argument against the background of his more re-
cent work in the philosophy of science (as represented in Logicism and 
Its Philosophical Legacy) and, second, by locating his discussion of 
quantum reality against the background of his ongoing work on the in-
terpretation of quantum mechanics throughout his career. The present 
Foreword is devoted to the first; the concluding Afterword to the second.

Logicism and Its Philosophical Legacy, not surprisingly, focuses cen-
trally on views of the relationship between logic and mathematics in the 
classical logicist tradition that begins with Frege and continues with Rus-
sell, Ramsey, and Carnap. Two of that book’s essays, however, “Carnap’s 
Thesis” (chapter  2) and “On Extending ‘Empiricism, Semantics, and 
Ontology’ to the Realism-Instrumentalism Controversy” (chapter 3), in-
troduce new material concerning the relationship between a priori math-
ematical and empirical physical theories that is especially relevant to 
the argument of On Theories.

“Carnap’s Thesis” proposes a novel understanding of Carnap’s distinc-
tion between a priori and empirical theories drawing on Demopoulos’s 
earlier work on neo-logicism and Hume’s Principle, as discussed in De-
mopoulos’s important edited volume Frege’s Philosophy of Mathematics 
(1995). Already here Demopoulos had suggested that Hume’s Principle 
is not best understood as an analytic truth but rather as a criterion of 
identity, which, in good Fregean style, can be seen as an analysis of the 
concept of natural number but not as a reductive analytic definition of 
this concept within pure logic; this, in the end, is the lesson of the failure 
of Axiom V of the Grundgesetze. The resulting novel understanding of 
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Carnap’s distinction then follows as a kind of corollary. The criterion of 
identity provided by Hume’s Principle applies equally to applied as well 
as pure arithmetic, insofar as any sortal concept whatsoever, and, in 
particular, any empirical sortal concept (such as “people in this room”) 
figures in an account of the application of the concept of number (via 
Hume’s Principle) to any appropriate empirical domain. By contrast, 
criteria of identity for empirical concepts in physics, such as temporal 
simultaneity and physical spatial congruence, are constrained by clearly 
empirical rather than purely logical factors. Temporal simultaneity, for 
example, is determined by empirical methods of measurement (using 
light signals and the like), and so, of course, is physical spatial congru-
ence (as in Einstein’s appeal to practically rigid bodies).

Here we find the germ of the asymmetry Demopoulos emphasizes be-
tween physical theories and logico-mathematical theories in the work 
of Carnap. But the really decisive asymmetry, from the point of view of 
On Theories, emerges in the following chapter 3 of “On Extending ‘Em-
piricism, Semantics, and Ontology’ to the Realism-Instrumentalism 
Controversy” (Demopoulos 2013) (which had previously appeared in the 
Journal of Philosophy in 2011). Demopoulos is here concerned, among 
other things, with replying to an objection to Carnap’s paper raised by 
Penelope Maddy in Second Philosophy: A Naturalistic Method (2007). 
The objection is that Carnap cannot provide a reasonable interpretation of 
the question of whether atoms and molecules exist, since we begin 
with a simpler language for recording scientific observations (say, the 
“thing language”), and we must then extend this language to contain 
theoretical terms (say, “atom” or “electron”) before we can even raise 
the question of the existence of such things. But, according to Carnap 
(Maddy’s objection goes), all choices of language or linguistic framework 
must be purely pragmatic or conventional, which is precisely the mark 
of an external rather than internal question. This (the objection con-
cludes) flies in the face of the fact that the surprising evidence marshalled 
by Einstein and Jean Perrin based on the phenomenon of Brownian 
motion provides a perfectly good internal answer to the question of 
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(atomic and molecular) existence using only our standard methods of 
inquiry.

It appears, however, that this is by no means a powerful objection to 
Carnap’s conception of linguistic frameworks. The concepts of atom and 
molecule, understood in something like our modern usage, have been 
part of scientific language since at least the beginning of the nineteenth 
century. Moreover, increasingly sophisticated theories of these entities 
were developed and applied throughout the nineteenth century. Never-
theless, there was no scientific consensus about their existence or reality 
until the early years of the twentieth century, on the basis of delicate new 
experiments on Brownian motion drawing on the work of Einstein, 
Perrin, and others. And it is especially relevant to the argument of On 
Theories, in particular, that the very sophisticated late-nineteenth- and 
early-twentieth-century work on the kinetic theory of gases by Maxwell 
and Boltzmann yielded theories of the behavior of atoms and molecules 
providing rigorous hypothetico-deductive explanations of observable 
phenomena. But such explanations were standardly taken to be less than 
completely convincing with regard to precisely the question of existence 
or reality. This is because a merely hypothetical explanation of observ-
able phenomena leaves it entirely open as to whether an alternative 
hypothesis (in this case, one not postulating atoms and molecules) 
can provide an equally good or even superior such explanation.

From this point of view, Maddy’s objection that a new language con-
taining the concepts of atom and molecule must first be chosen on prag-
matic grounds, and that such a choice of language must always concern 
an external question for Carnap, turns out to be a red herring. Carnap 
would have no difficulty in appealing to our standard methods for an-
swering such questions on purely internal scientific grounds—and, in-
deed, it appears that precisely this is what happened in the case of the 
surprising new experimental evidence based on Brownian motion. I shall 
come back to the special character of this kind of evidence and the na-
ture of its demonstrative power below. But I first want to note that De-
mopoulos himself, in his very detailed and subtle examination of the 
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application of “Empiricism, Semantics, and Ontology” (Carnap 1950) to 
the realism-instrumentalism controversy, calls attention to problematic 
features of Carnap’s overall position in this philosophical controversy.

What is most problematic, Demopoulos explains, is Carnap’s use of 
the Ramsey-sentence reconstruction as a full and adequate representa
tion of the factual content of a physical theory. Although Carnap’s ex-
plicit use of this representation occurs after the publication of “Empiri-
cism, Semantics, and Ontology” (1950), elements of his earlier treatments 
of such theories (going back at least to Carnap 1939) clearly anticipate 
Carnap’s later Ramsey-sentence reconstruction. The crucial point is that 
the Ramsey-sentence reconstruction divides the vocabulary of a theory 
into two exclusive categories, observational and theoretical, and then ap-
plies existential generalization to all the theoretical terms. The result is 
a representation that captures only the logical structure of the theoret-
ical part, which then draws its factual content from its deductive rela-
tions to the observational part. Carnap takes this representation to be 
neutral between realism and instrumentalism, because, after all, it does 
claim existence for objects in the domain over which the quantifiers in 
the theoretical part range. What is then problematic, however, is that the 
objects whose existence is asserted might just as well be purely mathe-
matical objects (numbers, sets of numbers, and so on), and we of course 
already know that such objects exist on purely logico-mathematical 
grounds. Leaving this problem aside, moreover, the Ramsey-sentence re-
construction takes the meaning of the theoretical part to be effectively 
specified only by the sentences or laws of the theory as a whole (including 
both theoretical and observational terms), so that any change to these 
laws, no matter how small, must change the meanings of the theoretical 
terms—and, indeed, of all of them.

In both Logicism and Its Philosophical Legacy and On Theories, De-
mopoulos finds a fundamental problem with the way in which the log-
ical empiricists (including Carnap, of course) model their philosophy 
of physical science on Hilbert’s axiomatic conception of purely mathe-
matical theories. The Hilbertian conception of the wide generality of 
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mathematical theories rests on the view that mathematical vocabulary 
is abstract, reflecting only the logical structure provided by the axi-
omatization in question. It is in this sense (and only this sense) that the 
mathematical vocabulary is “uninterpreted.” According to the logical 
empiricists, however, while the theoretical vocabulary of a physical theory 
is similarly uninterpreted, such a theory must also possess an observa-
tional vocabulary with a fixed interpretation. It is this (and only this) 
that distinguishes physical theories from abstract mathematical theo-
ries and, accordingly, makes them “partially interpreted.” And what 
provides a partially interpreted theory with an empirical content absent 
from purely mathematical theories are mixed sentences containing both 
theoretical and observational terms, such that definite observational pre-
dictions are then possible.

While both Logicism and Its Philosophical Legacy and On Theories 
challenge the idea of Hilbert’s axiomatic conception of purely mathemat-
ical theories as a model for empirical physical theories, the two offer 
importantly different diagnoses of the underlying problem. The former 
focuses on what Demopoulos calls the structuralist thesis, the view that 
specifically theoretical terms of a physical theory are constrained only 
by their logical structure (see especially chapters 4 and 7 of the Logicism 
volume). The clearest case of this situation arises in Carnap’s use of the 
Ramsey-sentence representation, which, Carnap thinks, exhaustively 
represents the empirical content of the theory in question. The Ramsey 
sentence, however, existentially generalizes over all the theoretical terms, 
so that it is true in a model if and only if the matrix of the theory—
which results from replacing the original theoretical terms by instantial 
variables—is satisfiable in the model. The observational terms of the 
theory, by contrast, are constant terms with fixed interpretations, so 
that this part of the theory is true (or false) in the ordinary sense. Or, to 
put the point in a slightly different way, the theory as a whole is true if 
and only if it is empirically adequate—that is, if and only if the observa-
tional part of the theory is true in the ordinary sense. The situation is in 
this sense analogous to Hilbert’s conception of purely mathematical the-
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ories, which can be understood as substituting consistency (or satisfi-
ability) for truth in this case. However, while this is relatively unprob-
lematic (albeit not completely unproblematic) in the mathematical 
case, it appears to be highly counterintuitive in the case of empirical 
physical theories.

At the beginning of the Introduction to On Theories, Demopoulos 
draws attention to rather different problems with the Hilbertian model—
epistemic and methodological problems rather than semantic ones. 
Thus, after suggesting once again that overemphasis on the logical and 
mathematical aspects of Hilbert’s conception can be philosophically 
problematic for our understanding of empirical physical theories, Demo-
poulos rejects the “method of hypotheses”—which also includes infer-
ence to the best explanation. This method is problematic, Demopoulos 
continues, because “[it] misses altogether the phenomenon of ‘theory-
mediated measurement’ and the special methodological role such mea
surement plays in securing the empirical determination of theoretical 
parameters,” and he also explains (quite rightly) that the recent “interest 
in theory-mediated measurement is largely the result of a reevaluation 
of Newton’s importance as a methodologist” (see endnote 1 of the Intro-
duction, which highlights George Smith’s work on Newton). It is well 
worth our while, therefore, to elaborate further on Newton’s distinctive 
methodology, for his example is what first reveals the special character of 
this kind of evidential support and the nature of its demonstrative power.

Newton’s distinctive methodology is delineated explicitly in the four 
Rules for the Study of Natural Philosophy formulated at the beginning 
of Book 3 of the Principia. The most distinctive of these are the last two, 
which, in the translation of I. B. Cohen and A. Whitman (1999, pp. 795–
796), read as follows:

Rule 3: Those qualities of bodies that cannot be intended and remitted 
[i.e., qualities that cannot be increased and diminished] and that be-
long to all bodies on which experiments can be made should be 
taken as qualities of all bodies universally.
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. . . .

Rule 4: In experimental philosophy propositions gathered from phe-
nomena by induction should be considered either exactly or very 
nearly true notwithstanding any contrary hypotheses, until yet other 
phenomena make such propositions either more exact or liable to 
exceptions.

This rule should be followed so that arguments based on induction 
may not be nullified by hypotheses.

Rule 3 is therefore a principle of universal induction, Rule 4 a principle 
for avoiding the interference of conjectural hypotheses in the inductions 
featured in Rule 3. In order to grasp the full import of these two rules, 
however, we need to take account of the contemporaneous context.

Rule 3 was added in the second edition of the Principia (1713) to 
address the opposition to Newton’s theory of universal gravitation 
expressed by his contemporaries Huygens and Leibniz, while Rule 4, 
added to the third edition (1726), served principally to reinforce the New-
tonian defense in light of continued such opposition. Huygens and 
Leibniz rejected the idea that gravity was a nonmechanical force, oper-
ating by action at a distance rather than action by contact, and they 
proposed instead an aetherial vortex theory that could, in principle, 
explain the celestial orbital motions in a way that was mechanically ac-
ceptable. But this theory, at the time, was merely hypothetical or conjec-
tural, because there was no practicable way to measure the unobserv-
able motions in the aetherial vortex so as to provide an empirical basis 
for deriving the observable celestial motions from the proposed vortex 
theory. The point is that Newton’s law of universal gravitation, despite 
the fact that it failed to offer a mechanical explanation, was grounded 
in a proper empirical argument by induction from the phenomena, 
while the vortex theory, at least at the time, was not even close to such 
a grounding.
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The Newtonian conception of the relationship between induction 
from the phenomena, on the one side, and avoiding contrary evidence 
based on merely conjectural hypotheses, on the other, is richer and more 
intricate than it may first appear. The Newtonian conception of impressed 
force, for example, is that of a certain definite physical quantity: the quan-
titative increase or decrease in the state of motion of a body (its accelera-
tion) in proportion to the mass or quantity of matter of the body in 
question. Both of the other two physical quantities—true acceleration 
(increase or decrease in the state of motion relative to an inertial frame) 
and mass or quantity of matter—are theoretical rather than observa-
tional quantities. Nevertheless, Newton’s argument for the law of uni-
versal gravitation in Book 3 establishes theory-mediated measurements 
derived from phenomena for both. Thus, if we consider the relative mo-
tion of the moon toward the Earth and the similarly relative motion of 
Venus toward the Sun, we then find—in a way that does not beg the ques-
tion of whether the Earth or the Sun is the center of motion of the solar 
system—that the acceleration of Venus toward the Sun (at a given dis-
tance) is much, much larger than that of the moon toward the Earth 
(at the same distance). But it then follows that the quantity of matter 
(active gravitational mass) of the Sun is much, much greater than that of 
the Earth. Therefore, the center of gravity or center of motion of the 
Earth-Sun system is almost (but not quite) at the center of the Sun, 
and the seemingly intractable Copernican problem has now been solved 
empirically—and thus internally—by precisely the theory-mediated 
measurements in question.

In this example, the central mathematical relationship between ob-
servable phenomena (the observable relative motions between primary 
bodies and their satellites in the solar system) and the relevant theoret-
ical quantities (gravitational force, true acceleration, and quantity of 
matter) asserts that the (true) acceleration of a satellite toward its primary 
body arising from the gravitational force exerted by its primary body is 
proportional to the active gravitational mass of the primary body and 
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inversely proportional to the square of the distance between them. What 
is important is that the (true) acceleration of the satellite arising from 
the gravitational force of its primary body depends only on the other two 
theoretical quantities—and is independent, therefore, from the mass 
or other internal properties of the satellite itself. This property—the 
“acceleration-field” property in Howard Stein’s (1967) apt terminology—
is unique to gravitational force and therefore opens the way for a non-
question-begging determination of all three theoretical quantities. This 
determination, in turn, proceeds by successive approximations.

In particular, for the systems comprising Jupiter and its moons, Saturn 
and its moons, and the Sun in relation to the five uncontroversial planets 
(Mercury, Venus, Mars, Jupiter, and Saturn), observable deviations from 
the strict inverse-square acceleration-field property due to perturbations 
by bodies other than the primary body were, at the time, quite negligible. 
The one exception was the motion of the Earth’s moon relative to its pri-
mary body, which exhibited observable (although still very small) de-
viations from the inverse-square proportion. Newton, in the Principia, 
was aware of this, and he (rightly) took these deviations to be due to the 
Sun. However, he was not able fully to calculate this effect of the Sun, 
which was only shown to follow from the inverse-square proportion by 
Euler and Alexis Clairault in the 1740s. Nevertheless, if Newton’s prelimi-
nary solution to the three-body problem did not survive, his method-
ology for articulating and refining such problems within the theory of 
universal gravitation enjoyed a considerably longer life.

Newton’s procedure of successive approximations is essential for the 
move from purely inductive relations among observable phenomena to 
theory-mediated inferences involving the theoretical quantities of grav-
itational force, (true) acceleration, and quantity of matter. Newton be-
gins, in fact, with what he himself calls “Phenomena” at the beginning 
of Book 3 of the Principia: such Phenomena are confined to geometrical, 
kinematical, and optical features of the orbits (where the phases of Mer-
cury and Venus are paradigmatic of the latter), while the three theoret-
ical quantities in question all involve, in addition, causal-dynamical fea-

 EBSCOhost - printed on 2/13/2023 10:06 PM via . All use subject to https://www.ebsco.com/terms-of-use



	 E d i t o r ’ s  F o r e w o r d   xvii

tures. Thus, the Phenomena at the beginning of Book 3 proceed, in the 
first instance, from Kepler’s three laws of planetary motion, now taken 
to apply to the systems of satellites and primary bodies discussed above. 
In deriving the inverse-square acceleration-field property for all these 
systems (with the exception of the Earth-moon system), Newton appeals 
to the spatiotemporal (geometrical-kinematical) features of the relative 
observable motions in accordance with Kepler’s three laws. And, when 
small deviations do appear, as we have seen, Newton than looks for a 
further gravitational source (also observable) capable of making the 
inference, in the words of Rule 4, “either more exact or liable to excep-
tions.” Clearly, if we allow the interference of any “contrary hypotheses” 
not yet derived from “phenomena” in the same approximative sense as 
Rule 4, we open the door for merely conjectural reasoning, as in the 
vortex theory.

In sum, inferences involving theory-mediated measurements, as de-
ployed by Newton, involve all three of the elements noted above. Observ-
able, nondynamical Phenomena governing only relative motions form 
the basis for the inference in question. The causal-dynamical quantities 
of impressed force, true acceleration, and quantity of matter, as mathe-
matically structured by the Axioms or Laws of Motion preceding Book 1, 
form the target of the inference—these three Axioms are what “me-
diate” the inference. And, finally, the inference itself involves a poten-
tially infinite sequence of successive approximations as we iterate the 
process, in accordance with Rule 4, in a chain of such inferences re-
sulting in what we hope will be ever more exact determinations of the 
causal-dynamical theoretical quantities and their emerging inductively 
established relations. The distinctive (inverse-square) acceleration-field 
property of specifically gravitational force is perhaps the most impor
tant of these relations, so let us look at this example in more detail.

The (inverse-square) acceleration-field property is a direct inductive 
extrapolation in accordance with Newton’s Rules 3 and 4. The induction 
begins in the work of Galileo as a constant acceleration for all falling 
bodies near the surface of the Earth (regardless of their intrinsic 
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properties) and continues in the work of Kepler as his third or harmonic 
law for the five primary planets and then (in the hands of contemporary 
astronomers and Newton himself) the satellites of Jupiter and Saturn. The 
harmonic law implies that the inverse-square proportion continues to hold 
from orbit to orbit in any multiple satellite system as a (variable) function 
of distance. It thereby generalizes and corrects Galileo’s original law, 
which only holds (to a very high degree of approximation) for bodies 
near the surface of the Earth. Newton shows this in the so-called moon 
test near the beginning of Book 3, which extends the Galilean law to an 
inverse-square proportionality governing both the (now almost) con-
stant accelerations for bodies falling near the surface of the Earth 
toward its center and the variable acceleration of the moon as we take it 
to be falling (accelerating) toward this same center. The gravitational 
acceleration of the moon toward the center of the Earth exhibits the 
inverse-square acceleration-field property all the way down from its 
actual distance to the surface in a direct line to the center of the Earth, 
where the acceleration in question (at the surface) is then identical to the 
Galilean constant (g) to an extremely high degree of approximation. We 
also know, however, that there is yet another important complication 
here, for the moon also betrays a further (albeit much smaller) accelera-
tion toward the Sun, which must be separated from the first acceleration 
by perturbational methods. And, as we have seen, this leads to the first 
successful development of such methods after Newton, beginning with 
the work of Euler and Clairault in the 1740s on the motion of the moon.

Our direct inductive extrapolation includes a further important prop-
erty of gravitational acceleration fields. The fields of different bodies in 
the solar system vary markedly in their strengths, insofar as they involve 
very different accelerations generated at any given distance: The field of 
the Sun is much stronger than that of the Earth and, more generally, than 
that of any other body in the system; Jupiter’s acceleration field is sig-
nificantly stronger than those of all the other planets; and so on. This 
means that the fields of gravitational force surrounding each body vary, 
from body to body, in direct proportion to the accelerations thereby gen-
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erated at any given distance; if we fix the gravitating body in question, 
the resulting accelerations vary only with the distance from that body 
in accordance with the inverse-square law. Every gravitating body, there-
fore, is associated with a distinct measurable physical quantity of (abso-
lute) gravitational field strength, which we now call “active gravitational 
mass.” This direct inductive extrapolation suffices, by itself, to complete 
the Newtonian resolution of the dispute between geocentrism and he-
liocentrism: The center of active gravitational mass in the solar system 
(i.e., the center of accelerated motion in the system) lies always very close 
to the center of the Sun.

Returning now to the development of perturbational methods, the 
most important contributions after those of Euler and Clairault, con-
tinuing with the motion of the moon and then attacking interplanetary 
perturbations as well, were those of d’Alembert, Lagrange, and Laplace. 
Laplace, in particular, first provided an adequate understanding of the 
so-called great inequality of Jupiter and Saturn—as a consequence, once 
again, of the Newtonian law of universal gravitation. In 1781 William 
Herschel telescopically observed a new planet beyond Saturn, Uranus, 
whose perturbative interactions with both Saturn and Jupiter could also 
be studied with the help of Newton’s law and Laplace’s analytical methods. 
It turned out, however, that what was most important about the discovery 
of Uranus was the way in which it then led to the discovery of Neptune—
first as a hypothetical prediction and later as a (telescopically) observed 
reality.

The story is relatively familiar. In the years 1845–1846, John Couch 
Adams and Urbain-Jean-Joseph Leverrier independently calculated 
where a more distant planet might lie, and what kind of orbital proper-
ties it might have, in order to explain the residual perturbative effects in 
the orbit of Uranus left over from the already known such effects by 
Saturn and Jupiter. In order to obtain quantitative predictions, however, 
each of the two astronomers needed to hypothesize a mass for the new 
planet, together with a size and eccentricity for its orbit. They did the best 
that they could on the basis of the telescopic observations of Uranus 
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available to them, with the result that they each (independently) predicted 
a heliocentric longitude of the new planet for September 23, 1846, be-
tween 326 (Leverrier) and a bit more than 329 degrees (Adams). Johann 
Galle of the Royal Observatory in Berlin, at the request of Leverrier, 
searched for and observed the new planet (very near the ecliptic) at just 
short of 327 degrees of heliocentric longitude, and the real planet Nep-
tune was thereby finally detected observationally.

In order to confirm that Neptune was indeed the gravitational source 
of the residual perturbations in question, we still needed to know, inde
pendently, what the value of its active gravitational mass actually was—
at least to a high degree of approximation. So it was very fortunate, in 
this case, that seventeen days after Galle made the first reliable telescopic 
observations of Neptune in 1846, William Lassell observed its largest and 
nearest satellite, which was later named Triton. Multiple observations of 
Triton’s orbit then yielded the first values of Neptune’s active gravitational 
mass of the same order of magnitude as modern values. In 1898, more-
over, on the basis of years of accumulating more accurate estimations of 
the distance between the two planets and the shape of Neptune’s orbit, 
Simon Newcomb was then able to determine the active gravitational mass 
of Neptune—and therefore the source of its gravitational acceleration 
field—with a value that became standard for the next ninety years (until 
the Neptune flyby of Voyager 2 in 1989).

The discovery of Neptune represented a spectacular success of the 
Newtonian gravitational law. Eventually, however, there was an almost 
equally spectacular failure of this law—insofar as it finally led to the rad-
ically revised theory of gravitation of Einsteinian general relativity. The 
problem with the Newtonian law, in particular, involved a continuing 
failure to find an appropriate Newtonian gravitational source for the very 
small residual perturbations in the motion of the perihelion of Mercury. 
Simon Newcomb, moreover, had extensively investigated this same 
anomalous motion in 1895, and he thus played a central role in both the 
success of Newton’s theory in accounting for the perturbations of Uranus 
and its failure exhaustively to account for the perturbations of Mercury. 

 EBSCOhost - printed on 2/13/2023 10:06 PM via . All use subject to https://www.ebsco.com/terms-of-use



	 E d i t o r ’ s  F o r e w o r d   xxi

But the point I most want to emphasize is that this failure of the Newto-
nian gravitational law involved another spectacular success of the New-
tonian empirical method. Of great importance here, moreover, is the fact 
that the anomalous motion of Mercury’s perihelion is a residual: a phe-
nomenon left over from the previously known perturbations that had 
been successfully derived from the Newtonian gravitational law. It would 
not only have been completely impossible to “observe” this remaining 
anomaly independently of the Newtonian law, but we would also have 
been left without any useful guidance for how to proceed—namely, to 
envision and then find empirical evidence for a radically different kind 
of gravitational source (relativistic space-time curvature). We can there-
fore make a stronger point. Not only did the Newtonian method prove 
its worth once again, but the Newtonian gravitational law continued to 
prove its worth at the same time. For it was only on the basis of this same 
law that we were then led to a better theory capable of accounting for the 
very small residual phenomena remaining in the Newtonian theory.

Newtonian theories like that of universal gravitation aim to address 
the continual accumulation of empirical evidence over time—in such a 
way that they can, and typically do, eventually lead to better theories. The 
goal is not to find the completed final theory, for this could only be a 
theory correct to any arbitrary degree of approximation. On the contrary, 
the point of Newtonian methodology is to exploit a series of successive 
approximations taken always—in accordance with Rule 4—to be capable 
of further refinements. Overarching general theories like the law of grav-
itation, for Newton, can therefore be viewed as essential instruments for 
discovering new and better approximations—which successively take 
their place in the evolving scientific system as well-established (but still 
revisable) results. Among such results, in particular, we find the Newto-
nian resolution of the ancient dispute between geocentric and heliocen-
tric astronomy in terms of the center of gravity of the solar system, the 
discovery of the planet Neptune within this same Newtonian theory, and 
(most dramatically) the further discovery of the precise limits of New-
tonian theory within Einsteinian gravitational theory. That Newtonian 
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theory-mediated measurements can and did result in such a change 
in the gravitational law shows that the “theory” in question need not in-
clude the gravitational law itself.

When we speak of Newtonian theory-mediated measurements, there-
fore, we do not understand the concept of “theory” in the logical sense 
that has dominated recent philosophy of science—as either a fixed and 
completed set of sentences or a fixed and completed class of models. As 
applied to what we now call the “Newtonian theory of universal gravita-
tion,” for example, it would include both the three Laws of Motion and 
the law of universal gravitation. If we take Newton’s gravitational theory 
to be fixed and complete in this sense, it seems that Newtonian theory-
mediated measurements must already presuppose the completed theory 
of universal gravitation. And it then becomes extremely difficult to see 
how Newton could have applied such measurements to establish his 
theory of gravitation in the first place. If, on the other hand, the measure
ments in question presuppose only the three Laws of Motion, for example, 
together with the Newtonian Rules for the Study of Natural Philosophy, 
this difficulty, at any rate, need not arise.

Demopoulos considers the scope of the “theory” in theory-mediated 
measurements in Chapter 2 of On Theories (entitled “Molecular Reality”). 
Section 2.4 on “Perrin’s Argument for Molecular Reality” directly con-
fronts a conception of theory-mediated measurement that is decidedly 
non-Newtonian and must therefore be sharply distinguished from the 
Newtonian conception. In particular, this section considers Bas van 
Frasssen’s (2009) rebuttal to Perrin’s argument for molecular reality 
drawing on Clark Glymour’s (1980) “bootstrapping” account of theory 
confirmation. The rebuttal, briefly, is that it is misleading to take Perrin’s 
experimental investigations of Brownian motion to be evidence for the 
existence or reality of molecules—since these investigations, according 
to van Fraassen, are carried out wholly within Maxwell-Boltzmann mo-
lecular theory and therefore presuppose the existence of molecules. As 
Demopoulos makes clear, however, these investigations of Brownian 
motion were taking place within a historical context of serious uncertainty 
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surrounding the Maxwell-Boltzmann theory based on emerging new 
phenomena in the science of specific heats, for example, indicating a 
failure of the equipartition of energy. Perrin therefore took care, against 
the background of such phenomena, not to rely on the Maxwell-Boltzmann 
theory outside of its already established domain of successful application.

Far from presupposing this theory as a fixed and established edifice, 
Perrin’s argument for molecular reality began with the behavior of the 
microscopically observable Brownian particles themselves and drew 
conclusions about the (then) unobservable molecules by inductive 
extrapolations from the behavior of the Brownian particles. Moreover, 
Perrin left the detailed description of the fundamental properties of 
the molecules—their sizes, shapes, and structures—largely open. Aside 
from being a manifold of discrete elements rather than a continuum, 
where the elements in question are taken to be of relatively small size, 
any more detailed description of their structural properties needed 
to be consistent with the gradually emerging quantum theory. It is no 
wonder, then, that Perrin’s work represented only the tip of the iceberg in 
modern atomic-molecular theory, whose further empirical investigation, 
beginning with the work of Bohr on atomic and molecular structure, 
required more delicate and sensitive experiments. These experiments, 
in particular, involved electromagnetic (rather than thermal and kinetic) 
interactions between the (then) unobservable electrons, protons, and 
neutrons hypothesized in Bohr’s theory and the observable bands of 
emitted radiation that could then be spectrographically studied.

Two points are particularly important here. First, Perrin did not ad-
vance the theory of atomic and molecular structure, a task that was then 
reserved for Bohr. Second, the experiments Bohr made required a new 
piece of technology, the spectroscope, which was not available to Perrin. 
Perrin had neither the Bohrian discoveries in atomic structure nor the 
new instruments for contributing to them. The case of Newton and 
gravitational theory, by contrast, involves both a robust theoretical ap-
paratus and an explicit general methodology—Newton’s Rules for the 
Study of Natural Philosophy (especially Rules 3 and 4)—for further 
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developing the theory in question. And, as it turns out, Newton’s meth-
odology can and does support a radically new theory, the general theory 
of relativity, as a replacement for Newton’s law of gravitation. On Theo-
ries is where William Demopoulos fully responds to the overemphasis 
in the philosophy of physics on mathematical theories and argues 
strongly for Newtonian experimental methodology.
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Introduction

Theories—by which I mean the theories of [modern]* physics—are 
the instruments with which we seek to represent the structure 
and constitution of reality. Beginning from this premise, it is clear 
that any discussion of theories must illuminate the status of the 
abstract principles to which physics appeals when it proposes gen-
eral constraints on physical processes, and it must illuminate 
the status of the existence claims to which physics is led in its at-
tempt to uncover the nature of matter. In addition to an exami-
nation of the character of the theoretical claims that are peculiar 
to modern physics, a discussion of theories should also contribute 
to our understanding of the basis for our confidence in whatever 
truth we take such claims to possess.

The early twentieth-century experimental success of atomism 
established the appeal to unobservable entities as a permanent 
feature of physical theory, and this raised the question of the na-
ture of the support that attaches to claims purporting to be 
about entities that transcend observation. In the case of the log-
ical empiricists, the search for an account of theoretical claims 
which appeal to unobservable entities culminated in the “partial 

*Editor’s note: I shall return later to the meaning of characteristically “modern” physics.
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interpretation” view of theories, one of whose principal goals was 
to address the prima facie challenge to empiricism such claims 
represent by clarifying their empirical status.

The partial interpretation account of theories is arguably the 
first systematic development of a theory of theories. There were 
many influences which shaped this account of theoretical knowl-
edge, but one of the most striking, and the one on which I will 
focus, derived from the perspective afforded by modern logic and 
Hilbert’s work on the axiomatic method. The partial interpreta-
tion account divides the vocabulary of the language of physics 
into “theoretical” and “observational” terms and reconstructs the 
theoretical claims of physics by sentences whose nonlogical vo-
cabulary is exclusively “theoretical.” The account assimilates its 
reconstruction of the theoretical claims of physics to Hilbert’s 
analysis of the statements of a purely mathematical theory. It re-
covers the empirical character of physics from the fact that, on 
this reconstruction, theoretical claims, by contrast with the claims 
of a purely mathematical theory, are related to an “observation 
language” consisting of sentences whose nonlogical vocabulary 
is “observational.” The relation between theoretical and observa-
tion vocabulary, and derivatively, the relation between theoret-
ical and observation sentences, is effected by sentences whose 
nonlogical terms are both theoretical and observational; these are 
the mixed sentences or “correspondence rules” of the partial in-
terpretation account. The interpretation is “partial” because only 
the observation terms are completely understood, and only they 
are interpreted.

I will argue that the partial interpretation reconstruction of 
theories that purport to be about entities which transcend obser-
vation is based on a fundamental misconception regarding the 
character of the theoretical claims these theories express. On the 

 EBSCOhost - printed on 2/13/2023 10:06 PM via . All use subject to https://www.ebsco.com/terms-of-use



	I ntroduction  3

partial interpretation reconstruction, the ascription of truth to 
theoretical claims fails to capture the fact that such claims, if true, 
express salient truths about reality. This is an unintended conse-
quence of the partial interpretation reconstruction of theoretical 
claims. Its reconstruction of ascriptions of truth to observation 
sentences does not exhibit this feature, but it stands in sharp con-
trast with the approach the reconstruction is committed to in the 
case of theoretical claims. We will see that this misconception 
stems from an incorrect assessment of the epistemic warrant that 
theoretical claims involving unobservables enjoy.

Aside from the historical interest of a study of the logical em-
piricist theory of theories, what can be gained by revisiting an ap-
proach which, like the partial interpretation view of theories, is 
generally thought to have been superceded by subsequent devel-
opments? There would be very little to be gained, were it not for 
the fact that the nature of its incorrect assessment of the meth-
odological basis for theoretical claims about unobservable enti-
ties has gone largely unrecognized and persists even in views that 
have sought to replace it. In particular, the notion that the diffi-
culty with logical empiricism derives from its overly “syntactic” 
conception of theories not only fails as a fair representation of the 
partial interpretation view of theoretical knowledge, it also de-
flects attention from the real difficulties that confront the view. 
In particular, the extent to which the inadequacy of the logical 
empiricists’ assessment of the evidential basis for theoretical ex-
istence claims rests on a reliance on the “method of hypothesis”—
hypothetico-deductive reasoning and reasoning by inference to 
the best explanation—has been insufficiently appreciated. It is 
surprisingly easy to show that many of the alternative assessments 
that have been advanced by logical empiricism’s principal critics 
share the central inadequacy of the view they reject.
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The first part of this study traces the development and refine-
ment of the partial interpretation view of theories in the work of 
Ramsey and Carnap. I also describe the bearing of a contribu-
tion of David Lewis on Carnap’s mature formulation of his view. 
I then turn to the exposition of internal difficulties with the par-
tial interpretation account that were raised by John Winnie. The 
presentation of these difficulties rests on considerations of an ab-
stract and logical nature, as does the problem which I argue is 
posed by Hilary Putnam’s “model-theoretic argument.” While it 
may be possible for a proponent of partial interpretation to evade 
the issues raised by Winnie, the difficulty which I argue can be 
extracted from the model-theoretic argument shows that a dif
ferent approach to theoretical knowledge is required. But although 
the logical investigation of this part of the discussion suffices to 
isolate the fundamental misconception in the partial interpreta-
tion reconstruction of theoretical claims, it is too abstract to point 
the way to a better account of the basis for according such claims 
empirical status, or to a more accurate representation of their em-
pirical support. To make progress in these directions, it is neces-
sary to delve more deeply into the sources of the doctrine of 
partial interpretation and to consider particular developments in 
physics that are of central importance to an adequate account of 
theoretical knowledge.

The partial interpretation account of the empirical basis of the-
oretical claims involving unobservable entities supports the log-
ical empiricist conception of the nature of the evidence that 
attaches to theories of molecular, atomic, and subatomic reality. 
The method of hypothesis is, in its turn, naturally suggested by the 
partial interpretation account of how theories acquire their em-
pirical status and the idea that the status of claims which concern 
theoretical parameters is adequately addressed by the inclusion of 
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statements that contain theoretical and observational vocabu-
lary. We will see that the partial interpretation account captures 
only very incompletely what actually underlies our judgment that 
a parameter which applies to unobservable entities is empirically 
well founded. In particular, the method of hypothesis misses al-
together the phenomenon of “theory-mediated measurement” 
and the special methodological role such measurement plays in 
securing the empirical determination of theoretical parameters.

The methodology of theory-mediated measurement is not new. 
But its careful study is. The interest in theory-mediated measure
ment is largely the result of a reevaluation of Newton’s impor-
tance as a methodologist.1 A novel feature of the theory-mediated 
measurement of a hitherto undetermined parameter P, and one 
which distinguishes it from the case of a successful prediction of 
an observation statement, is the manner in which the application 
of the theoretical framework both guides, and is itself guided 
by, experimental design. A theory-mediated measurement of P 
exploits P’s functional relationships with other parameters, par
ameters for which there exist experimental techniques for deter-
mining their values, to infer a value for P. In some instances, the 
parameters that fulfill this role are introduced for the specific pur-
pose of measuring P. An illustrative example which is relevant to 
our concerns is given by John Townsend’s introduction of the 
mobility of gaseous ions and their coefficient of diffusion. These 
parameters were identified by Townsend, who also devised the 
first experimental techniques for measuring them. He showed by 
a theoretical analysis how the quantity ne, which is the product 
of the number n of molecules in a specified volume of air (at a 
prescribed temperature and pressure) and the average charge e 
on an atmospheric ion, functionally depends on the mobility of 
gaseous ions and their coefficient of diffusion. From the empirical 
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determination of the value of ne and knowledge of n, it is possible 
to obtain an empirical determination of e. Townsend’s discovery 
facilitated comparison of ne with its determination by methods 
in which the significance of n is the same, but e is the average 
charge on a univalent ion in electrolysis. This led, ultimately, to 
the discovery that the charge on gaseous and univalent ions is the 
same, and this in turn figured essentially in an extended argu-
ment that concluded with the discovery of the complex structure 
of the atom.2

The functional relations on which theory-mediated measure
ments rest are typically general and independent of the existen-
tial hypothesis which their application supports. A case in point 
is the use of Stokes’s Law, which relates the rate of fall of a spherical 
object to its density and the density and viscosity of the medium 
in which it is immersed. This law was used by J. J. Thomson and 
his Cavendish collaborators to infer the size of a spherical water 
drop from its velocity. The volume of the water drop is of interest, 
because it is indicative of the charge on the ions it contains under 
certain experimentally controlled conditions. Stokes’s Law is of 
course a piece of fluid mechanics, unrelated to the electrons whose 
properties Thomson sought to determine. The use of the law in 
such calculations was not to obtain, as an instance of it, the pre-
diction of a velocity, but the measure of a parameter which when 
combined with an intricate piece of reasoning and experimental 
design, led to the determination of a property of electrons. Thus 
a novel methodological contribution of the consideration of 
theory-mediated measurement is the shift in emphasis it induces 
from the prediction of a parameter value, as a means of confirming 
a hypothesis, to the parameter’s measurement under various as-
sumptions involving its relations to other parameters. The greater 
the variety of independently determinable parameters and func-
tional relationships that yield the same value for a particular con-
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stant or quantity, the more robust is its theoretically mediated 
determination. Robustness is further enhanced when the par
ameters and functional dependencies belong to different branches 
of physics and thus arise in different theoretical frameworks.

Townsend, Thomson, and others carried the analysis of mo-
lecular reality into the domain of the subatomic. But their analysis 
occurred in a theoretical context in which the existence of both 
the molecular and atomic levels—if not that of a subatomic 
level—was taken for granted. This points to why the use of the 
methodology of theory-mediated measurement that Jean Perrin 
exploited in his attempt to secure molecular reality is of partic
ular philosophical interest: Perrin did not assume the reality of 
molecules but sought to establish our epistemic access to the 
observation-transcendent or “theoretical” domain they inhabit 
on the basis of our experience with the observable phenomenon 
of Brownian motion. Theory-mediated measurement plays an es-
sential role in Perrin’s argument to this conclusion, as does the 
robustness of his determination of various parameters, perhaps 
most prominently, Avogadro’s constant. Indeed, the robustness 
of the determination of Avogadro’s constant is a central premise 
in support of Perrin’s interpretation of the constant as the number 
of molecules in a mole.3 But because Perrin was engaged in un-
dertaking the very first steps toward establishing our epistemic 
access to a domain of observation-transcendent entities, his ar-
guments possess a character and subtlety that have a special in-
terest for our study.

The logical empiricists’ conception of evidential support makes 
it difficult to distinguish the methodological basis of atomism, as 
it was developed by the seventeenth-century corpuscularian 
philosophers, from its nineteenth-century articulation in the 
molecular-kinetic theory of heat, or from its subsequent refine-
ment in light of the experimental and theoretical advances of the 
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early twentieth century.4 The difficulty arises from the fact that 
the methodological basis for claims about the constitution of 
matter that appeal to unobservable entities consists of more than 
their correct prediction of observation statements. In the cases 
of greatest interest, it also includes diverse but concordant theory-
mediated measurements of the parameters that qualify these en-
tities. Perrin’s articulation of a framework of assumptions and 
experimental techniques sufficient to enable concordant measure
ments of great accuracy and increasing precision proved decisive 
in establishing molecular reality. Both the design of such mea
surements and Perrin’s deployment of them in support of molec-
ular reality involved an interplay between theory and experiment 
that is not easily captured within the logical empiricist recon-
struction of theories. As a result, the evidentiary importance 
of theory-mediated measurement was largely missed by the re-
construction’s proponents.

The logical empiricists acknowledged that when empirical laws 
are explained within a new theoretical framework, they invari-
ably occur transformed by “corrections from above”—corrections 
mandated by the theoretical principles of the framework into 
which they have been incorporated. But this concession to the role 
of theory in shaping our conception of evidence did not challenge 
the primacy and independence from theory which logical empir-
icism accorded the observation language of its reconstruction. 
Nor did it challenge the logical empiricists’ conception of the 
evidentiary framework of physics. That conception is built on a 
very specific model of predictive success and its role in estab-
lishing existence claims. While the logical empiricist distinc-
tion between what belongs to theory and what to observation 
might be a suitable guide for representing the notion of eviden-
tial support that derives from this model, it is at best a coarse grid 
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with which to capture the contribution of robust theory-mediated 
measurements.

Given their assessment of the evidential support for theoret-
ical existence claims, it is unsurprising that advocates of partial 
interpretation supposed themselves justified in representing the 
realism-instrumentalism controversy as a “practical” question 
about the use of theoretical vocabulary rather than a “theoretical”—
indeed, factual—question about the reality of a collection of un-
observable entities.5 Regarding the question of realism versus in-
strumentalism, Carnap writes that it “should not be addressed in 
the form: ‘Are theoretical entities real?’ but in the form: ‘Shall we 
prefer a language of physics (and science in general) that contains 
theoretical terms, or a language without such terms?’ From this 
point of view the question becomes one of preference and practical 
decision.” 6 Although expressed in the language of  “Empiricism, Se-
mantics, and Ontology,” this application of the distinction between 
theoretical and practical questions to the realism-instrumentalism 
controversy is a consequence of Carnap’s commitment to the 
partial interpretation account of theories, rather than a neces-
sary feature of the view, developed in his essay, that insofar as 
certain traditional philosophical questions about the existence of 
abstract entities are meaningful, they are practical questions of 
framework choice.7

There is an unacceptable asymmetry between the partial in-
terpretation approach to existential hypotheses involving the 
unobservables associated with molecular and atomic reality 
and its approach to theories expressing laws of nature: While 
acknowledging that theories expressing laws always remain open 
to revision and subject to qualification, advocates of partial in-
terpretation do not hold that there is anything inherently prob-
lematic about the assertion that such theories are true. However, 
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theories which include existence claims about unobservables 
were typically treated differently: In order that the assertion of 
such a claim should not be misunderstood and misleadingly in-
terpreted as a claim “about reality,” it was thought necessary to 
qualify it with the proviso that it must be understood in terms of 
our acceptance of a linguistic framework.8 The point of this pro-
viso was that assertions about the reality of unobservable entities 
were held to be the covert expression of a preference for theo-
retical language, and, in the case of particular interest to us, a 
preference for using the theoretical language of atoms and mole-
cules to guide our expectations about observable events.9

It is difficult to trace the source of this asymmetry, but it seems 
plausible to suppose that it stems from the perception that the 
methodology by which hypotheses asserting the existence of un-
observable entities are secured is importantly different from the 
one to which we appeal in securing laws. If we take the classical 
corpuscularian philosophers as our model, the introduction of 
unobservable entities proceeds by the method of hypothesis or 
postulation, and the properties attributed to the postulated enti-
ties might well be accessible only insofar as they fulfill the pur-
poses that are mandated by explanations which appeal to them. 
Our examination of Perrin’s argument for molecular reality will 
show that whatever the extent to which this may have been true 
of early advocates of atomism, it is by no means the only method 
at our disposal. What Perrin called his “connecting link” between 
visible particles and molecular reality is justified on the basis of 
an argument that extrapolates from what is known of Brownian 
particles of various sizes to what should hold for particles which 
though invisible, are only a few orders of magnitude smaller. As 
such, it is no less secure than the inductive extrapolation we make 
when, having determined the value of a parameter from a variety 

 EBSCOhost - printed on 2/13/2023 10:06 PM via . All use subject to https://www.ebsco.com/terms-of-use



	I ntroduction  11

of sources, we conclude that functional dependencies involving 
it which we have yet to discover will agree with what we have 
learned so far. Perrin’s connecting link to molecular reality al-
lowed him to determine with confidence many properties of 
molecules and, in doing so, gave to the assumption of their exis-
tence a security that went far beyond anything possible on the 
basis of merely “hypothetical” reasoning.

The account of theories presented here is continuous with the 
critical use empiricists have traditionally made of the demand 
that the concepts with which we seek to represent reality must 
be empirically well founded. There is a pervasive difficulty with the 
partial interpretation account’s implementation of this demand. 
That implementation was imbedded in a view of the method-
ological basis of existential hypotheses that was transcended by 
the physics community long before the partial interpretation re-
construction was first advanced. The missing element in its ac-
count of this methodology is theory-mediated measurement. 
Because of the conflicting demands that the doctrine of partial 
interpretation places on the notion of a correspondence rule, the 
empirical well-foundedness that derives from theory-mediated 
measurement is only very inadequately captured by this doctrine: 
Correspondence rules must be modest in what they presuppose 
regarding theory and experiment in order to contribute to an 
explanation of the meanings of statements containing terms of 
which we are supposed to have virtually no prior understanding. 
But to represent the methodology by which we actually achieve 
epistemic access to a theoretical domain, it is necessary to appeal 
to principles that incorporate a great deal of knowledge of theory 
and experimental design, and, by implication, an understanding 
of the relevant theoretical vocabulary. How understanding of 
theoretical vocabulary is achieved is a subtle, difficult, and largely 
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empirical question, but it is one which a methodological inves-
tigation of the empirical basis for theoretical claims needs to set 
to one side in order to progress to an appreciation of the meth-
odology by which we achieve epistemic access to theoretical 
domains.

It is not necessary to be a committed scientific realist to be dis-
satisfied with logical empiricism’s representation of the contro-
versy between realists and instrumentalists as a practical one. 
It will emerge from our discussion that one can consistently 
maintain a strict neutrality about the metaphysical questions 
of ontology that Carnap isolated in “Empiricism, Semantics, and 
Ontology,” a reasonable skepticism about the truth of theories, 
and an understanding of the controversy over the ontological 
status of entities that transcend observation as one that concerns 
a question about reality with a perfectly determinate and posi-
tive resolution within physics. But to do so, it is necessary to ap-
preciate how and why the evidentiary framework within which 
theories are situated is capable of generating a much more com-
pelling case for the truth of existence claims involving unob-
servable entities than is possible within the framework favored 
by advocates of partial interpretation.10

By restricting the discussion of realism to antirealist alterna-
tives like “Carnapian deflationism” and deeply skeptical views 
about existence claims involving entities which transcend obser-
vation, it is possible to avoid a number of issues that a more gen-
eral discussion of scientific realism would otherwise require. First, 
it allows us to set entirely to one side any commitment to the view 
that theories are “typically true,” or even “approximately true”—
without, however, precluding the possibility that progress in sci-
ence is cumulative and that theories are often retained as limiting 
cases of the theories which replace them. Second, it divorces our 
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investigation from the program of providing a general explana-
tion of the “success of science” in terms of the notions of truth 
and reference. And third, it makes clear that it is not a part of our 
project to advance a “hermeneutical interpretation” of scientists’ 
pronouncements about “the aim” of science.

What distinguishes the view presented here from various theses 
associated with scientific realism is the contention that to address 
logical empiricist conceptions of the realism-instrumentalism 
debate, together with various skeptical views of existence claims 
involving unobservable entities, it is necessary and sufficient to 
refine our understanding of the method of argument by which 
such claims have, in particularly influential cases, been justi-
fied.11 The two examples on which I focus in order to establish this 
contention are Perrin’s argument on behalf of the molecular hy-
pothesis and the complementary contributions of J. J. Thomson 
involving the corpuscular nature of cathode rays. Modulo the 
usual caveats that apply to the strength of the conclusions that may 
be drawn from an empirical investigation, I hope to show why 
we are justified in supposing that the considerations advanced 
by Perrin and Thomson marked a turning point—a turning 
point distinguished by Poincaré’s conversion to atomism—that 
set the path which culminated in the demonstration of the truth 
of their respective existential hypotheses. It will follow that Per-
rin’s and Thomson’s contributions undermine the thesis that the 
controversy between realists and instrumentalists is at best the 
expression of a mere preference for or against theoretical vocab-
ulary, and it will also follow that their contributions undermine 
various skeptical views of existential hypotheses involving un-
observable entities. The present study is an extended argument 
against logical empiricism’s development of these doctrines and an 
articulation of an alternative account of the epistemological basis 
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of hypotheses regarding the nature and constitution of matter in 
the form of existence claims involving entities which transcend 
observation.

The discussion of Perrin’s and Thomson’s contributions to our 
understanding of the status of existence claims regarding molec-
ular and subatomic reality addresses the realism-instrumentalism 
debate as it was framed by the logical empiricists, and as it was 
somewhat imperfectly addressed by their scientific realist critics. 
But the current interest in realism, at least in the philosophy of 
physics, is dominated by whether it is possible to defend a “realist” 
interpretation of quantum mechanics. The issues this raises 
are very different from those involving the status of existence 
claims about molecules and subatomic particles—so different 
that antirealist participants in this debate can, and, with only a 
small number of exceptions, do concede the atomic constitution 
of matter.

The question that quantum mechanics raises for realism is 
whether the theory is susceptible to an “interpretation,” according 
to which the theory is more than a useful formalism for predicting 
measurement results. The point of an “interpretation” of quantum 
mechanics is to isolate the theory’s conceptually novel contribu-
tion to the development of physical theories. An instrumentalist 
interpretation holds that the conceptual novelty of the theory 
consists in the fact that quantum mechanics can only be under-
stood as a useful formalism for anticipating experimental results. 
By contrast, a realist interpretation rejects this deflationist view 
of the theory.

In addition to interpretations—which do not change the basic 
structure of nonrelativistic quantum mechanics, as represented 
by von Neumann’s Hilbert space axiomatization—there are re-
alist extensions of the theory which supplement it in order to 
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clarify the theory’s compatibility with one or another form of re-
alism. As we will see in Chapter 4, among “extensions,” there is 
a useful distinction to be drawn between realist extensions of the 
theory and realist extensions of the quantum mechanical state of 
a physical system. But for the present, we can ignore this refine-
ment. The acceptability of either modification is rejected by in-
strumentalist conceptions of the theory’s unique contribution to 
the conceptual structure of physics, while to some—but not all—
opponents of instrumentalist interpretations, the theory can be 
understood realistically only under some such modification.

The orthodox interpretation of the theory, developed in dif
ferent ways by Bohr, Heisenberg, and others during the heyday 
of logical empiricism, has always been generally regarded by its 
critics as explicitly positivistic. Today the orthodox interpretation 
is widely dismissed by the philosophy of physics community 
on the ground that it is “merely” an instrumentalist interpretation 
of the theory. I believe that our discussion of Perrin and Thomson 
and the methodology of theory-mediated measurement can be 
exploited to argue that, at least in the case of Bohr’s much-maligned 
thesis regarding the primacy of classical concepts, the situation 
is far subtler than such a characterization suggests. The con-
ception of the evidentiary framework of physics to which the 
appreciation of the methodology of theory-mediated measure
ment will lead us both extends and supports this thesis. The 
thesis of the primacy of classical concepts can be incorporated 
into an interpretation of the quantum theory that is continuous 
with our conception of physical theories as contributions to our 
representation of the structure and constitution of reality.

The quantum theory does indeed make a unique contribution 
to our conception of physical theories, but its contribution does 
not consist in renouncing the basic realist intuition that the 
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instrumental value of theories of physics goes beyond the pre-
diction of measurement results to include the revelation of sa-
lient truths about reality. The conceptual novelty of quantum 
mechanics consists in its isolation of a basic structural feature of 
our theoretical framework that had not previously been recog-
nized as an object for theoretical reflection and revision. In this 
respect, it has a close affinity with special relativity, especially 
under the understanding of relativity to which we have become 
accustomed since Minkowski. Prior to special relativity, it was 
supposed that the universality of the Lorentz group is based on 
the electromagnetic constitution of matter: If matter is funda-
mentally electromagnetic, then the appropriate symmetry group 
is given by Maxwell’s theory, and the phenomena of time dila-
tion and length contraction are to be understood as dynamical 
effects whose source is explained by what Einstein called a “con-
structive theory,”12 in the present case, a constructive theory of 
the constitution of matter that incorporates Maxwell’s laws.

The first step toward the recognition that the structure of 
space-time is an object of theoretical reflection was taken when 
Einstein reconceptualized the universality of the Lorentz group 
by deriving it from a relativity principle and the constancy of the 
velocity of light. For Einstein, the Lorentz group is the symmetry 
group of all inertial motions regardless of the physical constitu-
tion of what is moving. Minkowski’s contribution was to show 
how, from this perspective, the Lorentz group incorporates a con-
ception of the structure of space-time that differs fundamentally 
from the conception implicit in pre-relativistic physics. In par
ticular, time dilation and length contraction are features of the 
Minkowski structure of space-time and do not depend on any 
particular theory of how matter is constituted.13
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Although the flat Minkowski space-time of special relativity 
was later replaced in the general theory by a space-time of variable 
curvature, the significance of the turn to Minkowski geometry is 
preserved by its retention in general relativity as the structure of 
space-time “in the small.” Hence our general point regarding the 
instrumental value of theories, in leading us to salient truths 
about reality, is as true of the principles of the special theory and 
the geometry of space-time as it is of constructive hypotheses 
like the molecular hypothesis and the constitution of matter.

Taking the example of special relativity and Minkowski space-
time as a model, I develop the idea that the conceptual novelty of 
the quantum theory consists in what it reveals about the algebraic 
structure of physical properties and the notion of probability to 
which this structure directs us. This algebraic structure lies at the 
center of von Neumann’s Hilbert space formulation of the theory. 
However, its divergence from classical ideas presents a uniquely 
difficult problem of theoretical interpretation, one that was only 
partially addressed by Bohr’s thesis of the primacy of classical 
concepts. Our review of the dialectic involving Bohr, Einstein-
Podolsky-Rosen, Einstein, and J. S. Bell forms a necessary compo-
nent of the proposal that the contribution of quantum mechanics 
to our representation of physical reality is a principle-theoretic 
one regarding the nature of probability and the algebraic struc-
ture of the properties to which it applies. So also do foundational 
results about Hilbert space that came long after von Neumann’s 
axiomatization. These matters, and the account of the concep-
tual novelty of the theory that they suggest, conclude our study 
of theories.

 EBSCOhost - printed on 2/13/2023 10:06 PM via . All use subject to https://www.ebsco.com/terms-of-use



1	 Logical Empiricist and Related  
Reconstructions of Theoretical  
Knowledge

1.1 The Partial Interpretation Account of Theories

The partial interpretation account of theories holds that the vo-
cabulary of a theory consists of an observational and a theoret-
ical component, where the application of the observation-theory 
distinction is based on whether a vocabulary item is held to apply 
to entities in the intended domain of the theory which are ob-
servable (in which case the item belongs to the observational 
vocabulary) or unobservable (in which case it belongs to the the-
oretical vocabulary).1 In its classical formulation, the distinction 
partitions vocabulary items into just these two classes.2 (The 
possibility of a third class of terms—mixed vocabulary items 
that are understood to apply to both observable and unobserv-
able entities—will be addressed later in this chapter .) Given this 
distinction in vocabulary, the sentences of the language of a 
theory are divided into three classes: one consisting of sentences 
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which are generated from just the observation vocabulary, an-
other of sentences generated from just the theoretical vocabu-
lary, and a third consisting of sentences generated from the 
combined observation and theoretical vocabularies. These are, 
respectively, the observation sentences, theoretical sentences, and 
correspondence rules of the language. A theory is the conjunc-
tion of a selection of theoretical sentences and correspondence 
rules; I will ignore various possible generalizations of the notion 
of a theory that are irrelevant to the conceptual issues on which 
I will focus. There are no special restrictions on the logic of a 
theory, and it may be either first order or higher order.

Historically, the partial interpretation account of theoretical 
knowledge derives from the idea that theoretical terms are intro-
duced by sentences which, taken by themselves, are indistin-
guishable in their epistemic status from the statements of a pure 
mathematical theory. Of chief importance to the partial interpre-
tation account is the notion that theoretical statements share 
with the statements of a mathematical theory the property that 
their interpretation is responsible only to the logical category of 
their constituent nonlogical constants. This view of theoretical 
statements is a consequence of the fact that the partial interpre-
tation account is a continuation and extension to the theories of 
physics of the axiomatic tradition that Hilbert initiated in pure 
mathematics. Especially influential was Hilbert’s contention that 
the primitives of a mathematical theory are whatever satisfies its 
axioms. This contention—that the postulates of a theory “implic-
itly define” its primitive notions—swept away the subjective as-
sociations that characterized an older tradition’s understanding 
of a mathematical theory’s primitives, even in the case of geom-
etry, where they were thought to have a familiar “intuitive” con-
tent.3 The partial interpretation account sought to extend Hilbert’s 
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analysis of mathematical theories to physics by providing an ac-
count of the empirical content of the theoretical statements of 
physics based on the connections between theoretical terms and 
observation terms that are expressed by correspondence rules.

One can see in this brief sketch the two characteristic theses 
of the partial interpretation view: the first, its claim that only the 
observation vocabulary is completely understood; and the second, 
the correlative claim that the interpretation of the theoretical vo-
cabulary is limited by constraints which depend only on the 
logical category of the theoretical terms and whatever restrictions 
the true observation sentences impose on the domain of unob-
servable entities over which the theoretical sentences and corre-
spondence rules are evaluated. I will refer to this second claim as 
the structuralist thesis. We have yet to explain how the partial in-
terpretation view conceives the relation between interpretations, 
true interpretations, and truth.

1.2 �Carnap on Ramsey Sentences and the Explicit 
Definition of Theoretical Terms

Carnap’s mature reconstruction of the language of science4 builds 
on and extends the partial interpretation view of theories. The 
central notion of this account is the Ramsey sentence of a theory: 
the sentence formed by replacing theoretical terms by (new) vari-
ables of the appropriate logical category, then closing the re-
sulting formula by adding an existential quantifier for each of the 
new variables. It is a very short step from the two characteristic 
theses of the partial interpretation account of theories to the 
notion that a partially interpreted theory’s Ramsey sentence cap-
tures its “factual content”: the Ramsey sentence is observation-

 EBSCOhost - printed on 2/13/2023 10:06 PM via . All use subject to https://www.ebsco.com/terms-of-use



	 Logical Empiricist and Related
Reconstructions  21

ally equivalent to the theory in the sense that any argument from 
the partially interpreted theory to a sentence of the observation 
language can be recovered using the Ramsey sentence instead; 
and the Ramsey sentence’s use of variables in place of uninter-
preted theoretical terms simply makes explicit the commitment 
of the partial interpretation account to the structuralist thesis. As 
Ramsey expressed it:

So far . . . ​as reasoning is concerned, that the [transforms 
of the theoretical sentences and correspondence rules in 
the matrix5 of the Ramsey sentence of the theory] are not 
complete propositions makes no difference, provided we 
interpret all logical combinations as taking place within 
the scope of a [single existential] prefix. . . . ​For we can 
reason about the characters in a story just as well as if they 
were really identified, provided we don’t take part of what 
we say as about one story, part about another.6

Carnap’s mature reconstruction refines the doctrine of partial 
interpretation in two principal respects. As we have already noted, 
Carnap explicates the factual content of a partially interpreted 
theory in terms of its Ramsey sentence. But Carnap took things 
a step further by combining his account of the factual content of 
a theory with an explication of theoretical analyticity—analyticity 
relative to a theory—in terms of what has come to be known as 
the Carnap sentence of a theory: the conditional whose antecedent 
is the theory’s Ramsey sentence and whose consequent is the par-
tially interpreted theory. Before Carnap, the distinction between 
the factual and analytic (and hence, nonfactual) components of 
a theory followed the distinction between postulates and defini-
tions. But since this distinction is inherently arbitrary, its utility 
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for a dichotomy that is supposed to reveal our factual commit-
ments may be doubted.

The Carnap sentence is justifiably regarded as analytic because 
it is a kind of “implicit definition” of the theoretical vocabulary, 
one that is provably nonfactual in the sense that the only obser-
vation sentences it logically implies are logical truths. And as John 
Winnie (1970) later showed, the Carnap sentence, like a proper 
definition, satisfies a special noncreativity condition similar to the 
noncreativity condition that is customary for proper explicit 
definitions.7

Carnap advanced the Ramsey sentence not just as a clarifica-
tion of the partial interpretation view of theories but also as a cor-
rect representation of how scientists understand their theoretical 
claims. They intend, Carnap held, an “indeterminate” claim, one 
that may have many interpretations under which it comes out 
true. As scientists understand them, theoretical claims are in-
determinate as to the interpretation of their theoretical vocab-
ulary, and any representative class or relation which makes true 
the Ramsey sentence of the theory to which the claim belongs 
is as acceptable as any other. To narrow down the interpreta-
tion any further than is demanded by the truth of the Ramsey 
sentence would, for Carnap, violate the intentions of the scientist 
who constructed the theoretical system.

In one of his last papers on the subject,8 Carnap converts the 
implicit definition of theoretical terms by the Carnap sentence 
into a sequence of explicit definitions of them. But these explicit 
definitions do not eliminate—and were not intended by Carnap 
to eliminate—the indeterminateness of his earlier account. In-
deed, Carnap formulates his explicit definitions in what he calls 
a “logically indeterminate” language. The language Lε which he 
employs is a standard first- or higher-order language enriched 
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with Hilbert’s epsilon operator and the extensional axioms which 
govern its use. There are just two such axioms. Given a formula 
Fx in one free variable, the first axiom tells us that if there is 
something satisfying Fx, then there is an “ε-representative” of F, 
denoted “εx(Fx),” that is selected by the choice function which 
interprets the epsilon operator. The second axiom tells us that if 
the formulas Fx and Gx are extensionally equivalent, their ε-
representatives are the same.

That it should be possible to apply Hilbert’s epsilon operator 
to the Ramsey sentence reconstruction of theories is a conse-
quence of Carnap’s observation that the Carnap sentence of a 
theory can be derived from a sentence that is in the same form 
as the first of the axioms governing the epsilon operator. This sen-
tence can be understood as asserting that if there is a sequence 
of classes of the appropriate type which satisfies the matrix of the 
Ramsey sentence of a theory, then there is an ε-representative such 
sequence (i.e., a sequence consisting of n ε-representative classes, 
where n is the number of new variables that were introduced when 
the partially interpreted theory was replaced by its Ramsey sen-
tence). Carnap observed that if the theoretical terms Ti(1 ≤ i ≤ n) 
are now explicitly defined as the ε-representatives of such a se-
quence, the Carnap sentence follows.

For Carnap, the principal virtue of his proposal is that it in-
corporates the convenience of having the use of a theoretical vo-
cabulary while retaining all the characteristic indeterminateness 
of that vocabulary, which is the hallmark of the partial interpre-
tation view and of his mature reconstruction in terms of Ramsey 
and Carnap sentences. Carnap writes that the theoretical postu-
lates and correspondence rules “are intended by the scientist who 
constructs the system to specify the meaning of [a theoretical term] 
to just this extent: if there is an entity satisfying the postulates, 
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then [the term] is to be understood as denoting one such entity. 
Therefore the definition [of a theoretical term by means of the ep-
silon operator] gives to the indeterminate [theoretical term] just 
the intended meaning with just the intended degree of indeter-
minacy” (Carnap 1961, p. 163; emphasis added).

1.3 �A Proposal of David Lewis and Two Theorems 
of John Winnie

David Lewis’s (1970) article is sometimes credited with having 
refined Carnap’s and Ramsey’s reconstructions and to have 
improved on Carnap’s approach to the explicit definition of the-
oretical terms by showing how it might be possible to avoid mul-
tiple interpretations of the theoretical vocabulary under which 
the theory comes out true. Lewis maintained that allowing for 
what he calls “multiple realizations” concedes too much to in-
strumentalism. Lewis does not say why multiple realizability is a 
concession to instrumentalism, but let us for the moment grant 
the point and consider how he makes the case that there are 
many theories which, if realizable, are uniquely realized. Lewis is 
clear that he must provide an independent defense of this conten-
tion, since the possibility of there being just one realization ap-
pears to be excluded by two theorems of John Winnie (1967). 
Modulo the conceptually unimportant technical restriction that 
not all theoretical properties and not all theoretical relations are 
universal, Winnie shows that on the partial interpretation view 
of theories, if a theory has one realization, there is always 
another; and if a theory is realizable at all, it is arithmetically 
realizable.

Lewis’s response to Winnie rests on two features of his con-
ception of the language in which theories are formulated. First 
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of all, Lewis follows the partial interpretation account by dividing 
the vocabulary of a theory into two parts, which he calls the 
“O-vocabulary” and the “T-vocabulary” of the theory. However 
Lewis’s “O-T distinction” is not the distinction between obser-
vational and theoretical vocabulary of the partial interpretation 
account. Lewis’s distinction concerns old vocabulary, vocabulary 
which is understood prior to the formulation of the vocabulary-
introducing theory; and the contrast Lewis’s distinction draws 
between old and T- or new vocabulary has nothing to do with ob-
servation or observability. In principle, Lewis’s O-T distinction 
could be completely orthogonal to the observational-theoretical 
distinction of Carnap and the doctrine of partial interpretation. 
A second, related, difference involves Lewis’s notion of an “O-
mixed term.” This is a notion that does real work for Lewis, but 
before explaining it, some further background regarding the par-
tial interpretation view and its relation to Lewis’s O-T distinc-
tion is necessary.

In his exposition of the partial interpretation reconstruction, 
Winnie includes in addition to the observational and theoretical 
predicates a separate category of mixed predicates, predicates that 
apply to both observable and unobservable entities. Lewis has 
the notion of a mixed term, and of special importance are those 
he calls “O-mixed” terms. These are terms which, like Winnie’s 
mixed predicates, can apply to both observable and unobservable 
entities. But their characterization—unlike Winnie’s character-
ization of observational and theoretical predicates—has nothing 
to do with observability. And while Winnie’s mixed predicates 
are distinguished from observation predicates, Lewis’s O-mixed 
terms count as O-terms, and as such, are assumed to be fully un-
derstood whether they apply to observable or unobservable enti-
ties; therefore the interpretation of O-terms—whether they are 
unmixed and refer only to observable entities, or are mixed and 
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refer also to unobservable entities—must be preserved as we pass 
from one realization of a theory to another.

The situation is altogether different for Winnie and for the 
standard view. When Winnie defines the permutation map which 
establishes the existence of alternative realizations, it is only 
the entities in the observable part of the domain that cannot be 
permuted, and it is only the interpretation of the observation 
predicates—predicates which apply only to observable entities—
that must be the same in any intended realization of a partially 
interpreted theory. No such requirement applies to the inter-
pretation of theoretical predicates; nor does it apply to mixed 
predicates.

Since Winnie’s permutation map is the identity on observable 
entities, it is trivially true that observable relations are isomor-
phic to their images under his mapping. But although it is trivi-
ally true that Winnie’s map is an isomorphism between observ-
able relations, it is not part of Winnie’s argument that every 
one-one map from the observable part of the domain onto itself 
can be extended to an isomorphism on the properties and rela-
tions which interpret the observation predicates of the theory. 
However, the situation is different for one-one maps from the un-
observable part of the domain onto itself and the relations which 
interpret the theory’s theoretical predicates.

To establish that a partially interpreted theory has many 
models if it has one model, Winnie requires a map that permutes 
at least one pair of unobservable entities in such a way that it 
changes the image, under the mapping, of the interpretation of 
at least one theoretical predicate. But on the partial interpre-
tation view—and this is the observation Winnie’s proof rests 
upon—the theoretical predicates and relations can always be un-
derstood so that the relations which interpret them must be iso-
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morphic to their images under an arbitrary one-one mapping 
from and onto the unobservable part of the domain. As for the 
mixed properties and relations, they are constrained by the con-
dition that any mapping which defines them cannot be arbitrary 
on the observable part of the domain. Thus, if a partially inter-
preted theory has a model M, it has another model M*, where M* 
is formed by defining its theoretical and mixed properties and re-
lations as the images of the theoretical and mixed properties 
and relations of M under a permutation map which is the union 
of the identity map on observable entities and any suitable (i.e., 
suitable for the purposes of his theorem) one-one mapping from 
and onto the unobservable entities. Since the theoretical and 
mixed properties and relations of M* are defined as the images 
of the theoretical and mixed properties and relations of M under 
this permutation map, it follows that M and M* are by construc-
tion distinct models with isomorphic properties and relations.9 
The admissibility of Winnie’s interpretation of the theoretical 
predicates in M* is evidently a consequence of the second char-
acteristic feature of the partial interpretation view, namely, the 
fact that according to the structuralist thesis, the interpretation 
of theoretical predicates over the unobservable part of the do-
main is restricted by constraints which depend only on their 
logical category. Since the properties and relations of M are iso-
morphic to their images in M* under the permutation map, M* 
is a new model of the partially interpreted theory if M is a model 
of the theory.

To see why this argument does not affect Lewis’s claims about 
uniqueness of realization, let us suppose that electrons and 
protons are unobservable entities, that electrons are (strictly) 
smaller than protons, and that “smaller than” is a term of Lewis’s 
O-mixed vocabulary; any realization must therefore preserve the 
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interpretation of “smaller than.” It follows that the construction 
of a realization which, like Winnie’s, interchanges an electron 
and a proton, is ruled out. In fact, the only case in which Lewis’s 
and Winnie’s notions of realization coincide is the case in which 
Lewis’s O-terms and T-terms have (respectively) only observable 
and only unobservable entities in their extensions, and where 
therefore there are no mixed terms. In such a case, even on Lew-
is’s account, a theory must have more than one realization if it 
has any realization at all. Hence, Lewis’s approach to theories 
and the definition of theoretical terms is at best only “acciden-
tally” affected by Winnie’s results.

To sum up our discussion of Winnie and Lewis, Winnie’s 
mixed predicates form a special category distinct from observa-
tion predicates, and only the observable entities in the interpre-
tation of mixed and observation predicates are unaffected by his 
permutation map. But for Lewis, mixed terms can be classified 
as O-mixed terms, and in order to avoid Winnie’s permutation 
argument, it suffices that there should be a suitably rich collec-
tion of O-mixed terms. In fact it may suffice that there should be 
one term that stands for a relation such that all the various types 
of theoretical entity are comparable in terms of this relation. In 
our example of electrons and protons, it is sufficient that the par-
ticles of one kind are (strictly) smaller along some dimension 
than those of the other—assuming, of course, that smaller than 
along this dimension is picked out by an O-mixed term. It is 
therefore not at all implausible that for Lewis, a realizable theory 
can always be extended by the introduction of O-mixed terms 
and appropriate postulates involving them to a theory that is 
uniquely realizable.

Lewis’s deployment of the Ramsey sentence and a modified 
form of the Carnap sentence shares a strong formal affinity with 
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Carnap’s reconstructions: Lewis’s adoption of the Ramsey sen-
tence suggests a commitment to the idea that a model of our un-
derstanding of new or T-terms—including the case in which the 
new terms are associated with the introduction of a new class of 
entities—is adequate if it captures the inferential connections of 
the statements containing the new terms with the sentences in the 
O-vocabulary. But although Lewis’s old vocabulary may well in-
clude “observation” terms, the connections between T-terms and 
O-terms which Lewis’s mixed statements express is not explic
itly proposed as a connection with observation vocabulary, but 
merely with vocabulary that is understood. And for Lewis, by 
contrast with the partial interpretation or Ramsey-sentence recon-
structions of the logical empiricists, so far as our understanding of 
old vocabulary is concerned, it might be based entirely on our 
grasp of the inferential connections into which its items enter—
independently of whether or not these include inferential con-
nections with observation sentences.10 It is clear therefore that 
despite their formal affinity, the absence of an epistemological 
motivation underlying Lewis’s reconstruction of theories makes 
his account very different from both the partial interpretation re-
construction and from Carnap’s various refinements of it.

Carnap and the advocates of partial interpretation take it as a 
desideratum of an adequate reconstruction of theoretical knowl-
edge that it should address the empirical basis of theoretical claims. 
On the partial interpretation reconstruction, this problem is 
addressed by the provision of an explanation of our understanding 
of theoretical claims in terms of the connection correspondence 
rules establish between theoretical and observation vocabulary. 
Carnap’s and Ramsey’s Ramsey-sentence reconstructions dissolve 
the problem of how we come to understand the meanings of terms 
which apply to unobservable entities by eliminating theoretical 
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terms in favor of variables. But this dissolution of the problem is 
merely an emendation—not a rejection—of the partial interpre-
tation view, an emendation that preserves the structuralist 
thesis. Indeed, Ramsey’s and Carnap’s use of the Ramsey sen-
tence is based on their recognition that the partial interpretation 
view subscribes to this thesis. For if, in addition to whatever re-
strictions the true observation sentences impose on the domain, 
the constraints on the interpretation of theoretical vocabulary 
appeal only to the logical category of the theoretical terms, then 
there can be no objection to their replacement by variables, 
and the problem of accounting for how theoretical terms are 
understood then simply disappears. As for the empirical basis 
for theoretical claims—as opposed to our understanding of theo-
retical vocabulary—and the explanation of their difference from 
the claims of pure mathematics, modulo the elimination of the-
oretical vocabulary, these issues are addressed by Carnap’s and 
Ramsey’s Ramsey-sentence reconstructions much as they are by 
the partial interpretation reconstruction. Instead of appealing to 
the association of theoretical claims with observation sentences 
by the mediation of correspondence rules, the empirical basis of 
such claims is accounted for by the association of the Ramsey-
sentence transforms of theoretical claims with observation sen-
tences that is effected by the Ramsey-sentence transforms of 
correspondence rules.

The centrality of the problem of the empirical basis of theoret-
ical claims to the logical empiricists’ reconstruction of theories 
serves not only to distinguish their approach from Lewis’s. It 
also shows why it is so misleading to characterize their account—
whether partial interpretation, Ramsey sentence, or one of Car-
nap’s later reconstructions—to have incorporated a “syntactic 
view” of theories.11 For the logical empiricists, theories are lin-
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guistic objects. But to call the logical empiricist account “syn-
tactic” misses the fact that it is first and foremost a reconstruction 
of theoretical knowledge that purports to show how observation 
bears on the empirical character and evidential support of theo-
retical claims. Evidently, neither goal can be successfully ad-
dressed without going beyond syntax—as indeed the principal 
logical empiricist reconstructions do by assuming that the obser-
vation language is interpreted.

This contrasts with the situation in mathematical logic, where 
a theory is defined as a set of sentences in a language about which 
we assume only that its syntax and underlying logic are com-
pletely explicit. The notion of a theory which arises in mathe-
matical logic—what I will refer to as the logical tradition’s notion 
of a theory—is also motivated by an epistemological problem 
which is no less fundamental to its notion of a theory than the 
epistemological motivation underlying logical empiricism is to its 
conception of a theory. The logical tradition sought to show that 
a finitary notion of proof suffices for the reconstruction of all 
mathematical reasoning—even reasoning within theories whose 
intended interpretation is over an infinite domain of arbitrarily 
large cardinality. But here the restriction to syntax in the char-
acterization of a theory is entirely natural, since it is essential to 
the successful positive solution of the epistemological problem 
which motivates the logical tradition that a theory should be rep-
resented as a purely syntactic object. Although the logical em-
piricist approach to theories was profoundly influenced by the 
logical tradition, its goals were different: It sought to build a 
platform for the representation of the theoretical claims of 
physics that would be capable of illuminating their content and 
the basis on which they are understood and evaluated. In par
ticular, it sought to show how observation must be a central 
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component of an adequate empiricist solution to this problem. 
The questions that the logical empiricist approach sought to 
address demanded—and were recognized by its proponents 
as demanding—a notion of theory that includes more than the 
purely syntactic conception of the logical tradition.

1.4 Putnam’s Model-Theoretic Argument

We have seen how, by contrast with Lewis, Carnap was prepared 
to accept multiple realizability as a point in favor of partial inter-
pretation and Ramsey-sentence reconstructions. In his “Replies” 
in the Schilpp volume devoted to his work Carnap even went so 
far as to endorse an arithmetical interpretation of the Ramsey 
sentence of a theory as the correct understanding of what, on his 
reconstruction, the sentence asserts.12 In doing so, he might be 
understood to have also anticipated and embraced the content of 
the second of Winnie’s two theorems as an acceptable conse-
quence of his view of the factual content of theories. In light of 
these considerations, let us for the moment set to one side the is-
sues connected with arithmetical interpretations and multiple 
realizability and turn our attention to a closer examination of the 
question: How do theories, whose characteristic feature is that 
their theoretical claims transcend observation, acquire their em-
pirical status? This brings us to Hilary Putnam’s model-theoretic 
argument, by which I mean his first such argument, the one which 
purports to show the incoherence of the idea that an “epistemo-
logically ideal” theory might be false. This argument was first pre-
sented in Putnam’s 1976 American Philosophical Association 
presidential address. However I should emphasize that my interest 
is restricted to the actual argument; I will not address any of Put-
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nam’s uses of his argument, which are all more various than the 
application I will isolate. As I understand its significance, the 
argument shows that the answer to our question given by the doc-
trine of partial interpretation and its close descendants is in-
compatible with the thesis that when theories which transcend 
observation are true, they express salient truths about unobserv-
able entities. The fault with all these views stems from their failure 
to satisfactorily address the basis for our epistemic access to the-
oretical domains.

The model-theoretic argument consists of a simple technical 
argument and an observation. The technical argument establishes 
that any model of a theory’s observational consequences can be 
extended to a model of the theory’s theoretical sentences and 
correspondence rules, where the domain of this extension is the 
standard domain of observable and unobservable entities. The 
argument which establishes this conclusion also supports an ob-
servation, namely, that on the partial interpretation reconstruc-
tion of theories, the conditions under which a partially interpreted 
theory can be shown to be satisfiable suffice to show that the 
theory is true.

Let M be a model of the observational consequences of our 
theory such that the domain of M is the “standard domain” of 
observable entities. To obtain a model of the observation sen-
tences, theoretical sentences, and correspondence rules, we can 
exploit a folklore result reported by van Benthem that assures us 
that there is an “abstract” model N which is an extension of M to 
a model of the whole theory.13 Given N and a single nonlogical 
assumption, it is possible to define a model M* of the theory 
which, like N, is also an extension of M but has as its domain the 
standard domain of observable and unobservable (i.e., theoretical) 
entities. On the “purely contingent” assumption that the domain 
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of M* is of the same cardinality as the domain of N, there is a 
one-one onto mapping which is the identity on the common ob-
servable part of the domain of M* and the domain of N, and is 
arbitrary from the “unobservable” part of N onto the unobserv-
able part of M*. Let the observable relations of M* be the same as 
those of N, and define theoretical relations for M* as the images, 
under this one-one correspondence, of the theoretical properties 
and relations which interpret the theoretical predicates of the 
theory in N. This defines a model M* which extends M by the 
addition of theoretical relations which are defined over the stan-
dard domain of unobservable entities, and which are by defini-
tion isomorphic to the theoretical relations of N; since M* extends 
M if N does, and since N is a model of the theory, so also there-
fore is M*. But since this construction of the theoretical relations 
of M* meets all of the conditions that the partial interpretation 
account is capable of imposing on such relations, the fact that M* 
models the theory suffices to show that the theory is not merely 
true in M*, but true.

The arguments of Winnie and Putnam both exploit the same 
technical idea in their respective definitions of the theoretical re-
lations which interpret the theoretical predicates of a partially 
interpreted theory. But their arguments are most naturally un-
derstood to support conceptually distinct difficulties for the view. 
My use of Putnam’s argument is not directed at the existence of 
multiple realizations; nor does it concern the existence of an arith-
metical model of a partially interpreted theory. My claim is rather 
that Putnam’s argument takes us from a cardinality assumption, 
and the existence of what might well be an arithmetical model of 
the kind explored by Winnie, to the conclusion that, on the par-
tial interpretation view, the fact that a theory is satisfiable over 
the standard domain of observable and theoretical entities suf-
fices to show that it is true.

 EBSCOhost - printed on 2/13/2023 10:06 PM via . All use subject to https://www.ebsco.com/terms-of-use



	 Logical Empiricist and Related
Reconstructions  35

The significance of the model-theoretic argument has been the 
subject of an extensive discussion. But whatever the resolution of 
the many controversies the argument has generated involving 
“metaphysical realism,” “intended” reference, or the “indetermi-
nacy” of reference, it seems clear that the notion that the truth of 
what is asserted about unobservable entities might depend only 
on their number runs counter to one of the simplest and least con-
tentious convictions of “realism” and, indeed, of common sense. 
This is the conviction that if a theory is true, this is because its 
theoretical claims have captured a salient aspect of the reality they 
seek to describe, an aspect that goes beyond any mere question 
of cardinality.

The partial interpretation account of theories claims to recon-
struct the empirical status of a theory’s theoretical statements 
using only the theory’s logico-mathematical framework and the 
apparatus of correspondence rules. But the fact that when we are 
restricted to just these resources the truth of theoretical claims 
reduces to their satisfiability in any sufficiently large model of the 
true observation sentences, shows that the reconstruction has 
failed to correctly represent the nature of the epistemological 
status of a theory’s theoretical claims. It has failed because the 
epistemic basis for such an assertion of satisfiability is entirely dif
ferent from what is required by an assertion of truth. The idea 
that the claim that a theory is true should depend only on a car-
dinality constraint, and a logical argument fails to adequately 
separate the epistemic basis for the truth of the theoretical asser-
tions of an empirical theory from the epistemic basis for the mere 
satisfiability of the “abstract” assertions of a purely mathemat-
ical theory over a given domain.

The conclusion we have just reached should perhaps have been 
anticipated, given the origin of the partial interpretation view 
in Hilbert’s conception of the foundations of geometry. In his 
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correspondence with Frege, Hilbert defended the idea that sat-
isfiability in a sufficiently large domain is a suitable surrogate for 
the “truth” of a mathematical theory. But whatever its plausibility 
for theories of pure mathematics, the methodological demands 
we impose on the theoretical claims of physics cannot be captured 
by so weak a requirement, at least not if we wish to preserve the 
methodological difference between physics and pure mathe
matics. An advocate of partial interpretation might respond to 
this objection by recalling that a physical theory will qualify as 
true not if it is merely satisfiable, but only if it is satisfiable in a 
model which is an extension of a domain that forms the basis for 
a model of the true observation statements. By contrast, the do-
mains which bear witness to the “truth” of a mathematical theory 
need not have any connection with such a model. For an advo-
cate of partial interpretation, the theories of physics are true 
because they are empirically adequate in the sense that they have 
observational consequences, all of which are true; but a theory 
of pure mathematics is not necessarily associated with any obser-
vation language and is not required to be empirically adequate.

However, this response misses the point of the model-theoretic 
argument as we have presented it: Provided the domain over 
which a partially interpreted theory involving unobservable en-
tities is interpreted includes the domain of the model of the true 
observation sentences, it is a consequence of the partial interpre-
tation view that the method of argument by which we are able to 
establish the “truth” of a purely mathematical claim over a given 
domain also suffices to establish the truth of a theoretical claim.

The model-theoretic argument puts us in a position to see 
why—pace Lewis—the multiple realizability which afflicts par-
tial interpretation and Ramsey-sentence reconstructions is largely 
tangential to the question of realism. For suppose that we are 
given a realization of the sort that Putnam’s argument shows is 
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possible. Given such a model, we have seen how, following Lewis 
(1970), we can rule out alternative realizations by supplementing 
the partially interpreted theory with a judicious selection of 
O-mixed terms and appropriate assumptions involving them. 
Notice, however, that this is compatible with the possibility that 
a theory is true only because it has a realization that models its 
observational consequences and is the right size. So in light of 
Putnam’s argument, uniqueness of realization is insufficient to 
ensure the widely held conviction that if our physical theories 
are true, this is because they succeed in isolating salient truths 
about the entities with which they deal, independently of whether 
these entities are observable or unobservable. In any case, when, 
long after his 1970 paper on theoretical terms, Lewis came to ad-
dress Putnam’s argument, he did not appeal to O-mixed terms 
to resolve the problem he took the argument to pose but instead 
based his reply on a distinction among possible realizations.14 
The core assumption of Lewis’s response is that a theory is true 
only if it is true relative to a realization whose properties and rela-
tions are natural. Since there is nothing in Putnam’s construc-
tion of his interpretation of theoretical predicates which requires 
that they should be natural properties and relations, Lewis ar-
gued that the construction fails to show that the theory’s theo-
retical claims are, in the relevant sense, true.

It might be thought that we should adapt Lewis’s reply to the 
model-theoretic argument and supplement the partial interpre-
tation account by restricting the class of admissible realizations 
to those that involve natural relations, thereby distinguishing, in 
the way Lewis proposes, true theories from theories that are 
merely satisfiable in a domain that extends a model of the true 
observation statements. Lewis’s distinction could be further ex-
ploited to characterize true empirical theories as those that are 
not merely satisfiable in some realization or other, but are true 
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because they are true in a realization whose relations are natural. 
But we should be cautious about accepting Lewis’s suggestion as 
an adequate response to the model-theoretic argument or as a 
guide for emending the partial interpretation view.

To begin with, Lewis’s reply to Putnam leaves unresolved the 
problem of how we are able to make significant claims about 
relations that are not “natural.” Even if we have no interest in the-
orizing about such relations, an adequate response to the model-
theoretic argument should nevertheless explain how it is possible 
to do so without the assertion of the truth of such a theory col-
lapsing into an assertion of its satisfiability over a domain—even 
a domain that extends the model of the observational conse-
quences of the “theory” of such a natural relation. Indeed, as 
Fraser MacBride has remarked, on the assumption that we 
achieve knowledge of natural relations only with the progress 
of science—and perhaps only after many distractions involving 
nonnatural relations—anyone following Lewis’s suggestion must 
have an interest in how we manage to make significant, but as it 
happens, misguided claims about nonnatural relations.

But secondly, and more importantly, addressing Putnam’s ar-
gument by appealing to Lewis’s proposal obscures the difficulty 
that the model-theoretic argument raises for partial interpre-
tation and Ramsey-sentence reconstructions. The problem with 
these approaches is not their failure to designate certain prop-
erties and relations as natural, but the fact that they are too 
weak to explain the difference between the epistemological 
status of theoretical and purely mathematical claims. But then 
the partial interpretation framework for addressing how theo-
ries are warranted must also fail to capture the methodology 
by which claims about unobservables are established, and this 
shows that a different approach to these two issues is required. 
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An emendation of the view based on Lewis’s reply to Putnam 
only succeeds in recording the fact that we do distinguish math-
ematical claims from the theoretical claims of physics, but it has 
nothing to contribute to our understanding of the methodology 
by which we make this distinction. Nor does it contribute to our 
understanding of how we successfully gain epistemic access to 
theoretical domains in order to warrant our claims about them.

1.5 �Ramsey on Russell’s Analysis of Matter  
and the Partial Interpretation of Theories

As Michael Friedman and I have noted, Putnam’s argument is 
reminiscent of an objection raised by M. H. A. Newman against 
the causal theory of perception Russell advanced in The Analysis 
of Matter.15 Newman understood Russell to have argued that our 
knowledge of events with which we are not perceptually ac-
quainted is “purely structural” in the sense that in general, we 
can know of them only that they are ordered by relations that are 
structurally similar to the relations that order our percepts—the 
events with which we are acquainted. Newman observed that a 
claim of structural similarity is significant when the relations be-
tween which it is asserted to hold are specified, but is empty 
when it consists of the claim that there is merely some relation 
over a domain to which a given relation is structurally similar: 
Modulo an assumption about cardinality, it is true as a matter of 
logic that for any class, there is always some relation with an as-
signed structure that holds between the members of the relevant 
class. Newman concluded first, that Russell’s theory fails to cap-
ture the conviction that our assertions about the structure of a 
class of unperceived events, if true, are not true merely on the 
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basis of logic and an assumption about their number; and second, 
that the fault lies with Russell’s theory of our knowledge of the 
unperceived part of the world and the notion that our epistemic 
access to it is restricted to its purely structural properties.

In response, Russell claimed that his considered view was dif
ferent from the one Newman criticized. He expressed this in a 
letter to Newman, writing that he had always implicitly assumed 
acquaintance with spatiotemporal relations that hold among un-
perceived events, and that his statements to the contrary were 
unfortunate slips.16 However, Russell’s AoM is so replete with 
explicit endorsements of the thesis that, of the relations that 
order the unperceived parts of the world, we know only their 
mathematical properties, that even if this is not the view he was 
advocating, his remarks to this effect are sufficiently numerous 
to constitute a reasonably complete formulation and articula-
tion of it.17

On the interpretation of the model-theoretic argument that 
Friedman and I proposed, Putnam’s argument is a natural exten-
sion of Newman’s criticism of Russell’s structuralism to partial 
interpretation and Ramsey-sentence reconstructions of theories 
involving entities that transcend observation.18 But more is true: 
These reconstructions are not only systematically related to what 
is standardly, if inaccurately, referred to as “Russell’s structur-
alism”; there is also a clear historical link which connects them.

It is a little-known fact that a preliminary formulation of the 
Ramsey-sentence reconstruction of theories arose in the course 
of Ramsey’s reflections on AoM. These reflections, recorded in the 
fragment, “Physics Says,”19 were occasioned by Ramsey’s reading 
of the book’s first chapter. This is the chapter where Russell dis-
cusses the notion of “interpretation” relevant to his study. The 
fragment is interesting both for what it reveals about Ramsey’s 
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understanding of Russell and for the light it casts on the devel-
opment of his own views. It is clear from internal evidence that 
the fragment was written at roughly the same time as his post-
humously published “Theories,” but I have no archival evidence 
as to its precise date of composition; nor have I been able to as-
certain whether Ramsey was familiar with Newman’s article or 
in contact with him when the fragment was written.

By contrast with Newman, Ramsey clearly understood Russell 
to have allowed that we are acquainted with at least some of the 
spatiotemporal relations that hold among unperceived events, 
thereby confirming the central contention of Russell’s response 
to Newman. Ramsey noticed that for Russell compresence and 
time interval are examples of relations with which we are ac-
quainted and which hold among both perceived and unper-
ceived events. But he immediately adds that these are insufficient 
for carrying out Russell’s “program of logical construction,” and 
that Russell himself has acknowledged that they are not enough.20 
That program would require for its completion the provision of 
logical constructions out of Russellian “events” and the various 
relations among them of all the primitive notions of physics, after 
the manner of the logical construction of the cardinal numbers 
in Principia. AoM sketches how such a construction might go 
only for the case of space-time points.21

Although Ramsey is skeptical about the prospects of pro-
viding such an interpretation, his doubts about the likely suc-
cess of Russell’s program of logical construction are only part 
of the ground—and by no means the most important part—on 
which he bases his rejection of Russell’s notion of interpreta-
tion. His central argument against Russell is that an interpreta-
tion in Russell’s sense can be shown to be unnecessary for expli-
cating either the empirical character of physics, or the meaning 
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of the attribution of truth to its theories. Ramsey argues that an 
altogether different and much simpler solution is available, one 
that dispenses with Russell’s logical constructions in favor of 
Norman R. Campbell’s notion of a dictionary relating observa-
tional and theoretical vocabulary—the respective vocabularies 
of what in “Theories,” Ramsey calls the “primary” and “secondary” 
systems.22

Campbell’s notion of a dictionary is sometimes credited with 
being a precursor to the correspondence rules of the partial in-
terpretation account of theories. In any case, Ramsey certainly 
exploits Campbell’s idea to justify his rejection of Russell’s claim 
that unless we can find a system of logical constructions of the 
primitive notions of physics “which gives a due place to percep-
tions . . . ​we have no right to appeal to empirical evidence” in eval-
uating the truth of its theories.23 Ramsey’s point is, of course, not 
that we can ignore the contribution of perception to the empirical 
status and truth of physics, but that in order to accommodate per-
ception, it is not necessary to provide the logical constructions 
Russell regards as essential.

Ramsey’s argument for this conclusion is very brief. He begins 
(Galavotti 1992, p. 251), by representing Russell as holding “Physics 
says = is true if

(Ǝα, β, . . . ​R, S): F (α, β, . . . ​R, S)	 (1),”

where, following the notational conventions of Principia, Ramsey 
uses Greek letters α, β, . . . ​for class variables and Latin letters R, 
S, . . . ​for variables whose values are relations in extension. Ramsey 
cites AoM (p. 8) as the basis for attributing to Russell this sche-
matic representation of physics. And indeed, what Russell writes, 
when formulating his problem of interpretation—“Given physics 
as a deductive system, derived from certain hypotheses as to un-
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defined terms, do there exist particulars or logical structures 
composed of particulars, which satisfy these hypotheses?”—is 
certainly in keeping with the abstract and schematic represen
tation of a physical theory Ramsey attributes to him. It is also 
in keeping with the idea that for Russell, the truth of physics 
consists in there being an assignment of appropriate objects—
“particulars or logical structures composed of particulars”—to 
these variables.

Ramsey next remarks that “the members of α, β, etc. must not 
be numbers,” which I understand to be an allusion to Russell’s 
distinction, earlier in the chapter, between interpretations of dif
ferent “importance”:

It frequently happens that we have a deductive mathemat-
ical system, starting from hypotheses concerning unde-
fined objects, and that we have reason to believe that there 
are objects fulfilling these hypotheses, although, initially, 
we are unable to point out any such objects with certainty. 
Usually, in such cases, although many different sets of ob-
jects are abstractly available as fulfilling the hypotheses, 
there is one such set which is much more important than 
the others. (AoM, pp. 4–5)

To illustrate what is meant by an “important interpretation” Rus-
sell turns to the case of geometry, where he argues that although 
Euclidean and non-Euclidean geometry are interpretable over 
n-tuples of real numbers, their important interpretation is one 
which understands geometry to be a part of physics, and, there-
fore, true of the points of space or space-time, rather than a de-
velopment of the theory of the real numbers.

Ramsey then observes that since, for a logicist like Russell, 
numbers are logical structures defined in terms of particulars, 
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Russell’s formulation of the problem of interpretation allows for 
the possibility that the members of α, β, etc. are numbers. Ramsey 
recognizes that this would not be in accordance Russell’s in-
tentions in the case of physics any more than in the case of 
geometry:

But the members of α, β, etc. must not be numbers.
Russell says “defined in terms of particulars”, but num-

bers are.

And so, he offers the correction:

Say rather

α = {x: φ (x)} . . .
R = {<x,y>: φ (x,y)}

where the φ’s are nonformal [and where perhaps also] F 
must not be tautological as it is on Eddington’s view.24

I can only conjecture what more Ramsey may have meant by 
these very brief remarks. A recurrent theme in his discussion of 
Principia is that while it captures the generality of mathematics, 
it fails to capture its necessity.25 The representation of physics by 
a general statement like (1) poses the opposite problem of showing 
why, when the theoretical claims of physics are represented with 
complete generality, they are not thereby represented as neces-
sary. The requirements of nonformality and nontautologousness 
are intended to address this issue. To illustrate the point, suppose 
F(α, R) formalizes the theory of the natural numbers under the 
relation less than. It is logically necessary that the numbers under 
less than form an omega-sequence, but it is a contingent fact 
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whether, under an appropriate binary spatial relation, a sequence 
of physical objects forms an omega-sequence. Hence, as I propose 
understanding him to say that if F(α, R) is interpreted as the 
theory of the natural numbers under less than, the proposi-
tional functions which determine α and R are what Ramsey calls 
“formal,” and the theory F(α, R) so interpreted is “tautological.” 
But in the case where the theory is interpreted so that it concerns 
the order type of a sequence of physical objects which are ordered 
by a particular spatial relation, the functions are nonformal, and 
the theory F(α, R) of the arrangement of the objects in space is 
not tautological.

Immediately after offering this correction to Russell’s charac-
terization of an interpretation, Ramsey’s discussion shifts, and he 
asserts—without argument—that it is unlikely that Russell can 
produce a complete system of logical constructions of the primi-
tives of physics because there are too few relations with which we 
are acquainted to effect the required constructions. Ramsey then 
turns from the exposition of Russell to a sketch of his own posi-
tive proposal and an indication of the nature of its divergence 
from Russell’s view:

Say perhaps “partial interpretation” also perhaps some 
restrictions on the interpretation of the other variables, i.e. 
all we know about α, S is not that they satisfy (1).

Any evidence must give us not an interpretation exactly 
but a dictionary; it must be

Physics I perceive p
I perceive p

Therefore Physics

In exact contradiction to Russell ps. [8] ff.26
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Ramsey is here in effect endorsing a view of theories along the 
lines of the partial interpretation reconstruction. To see how and 
why this is asserted by Ramsey to be in exact contradiction to 
Russell, recall that in AoM (pp. 8–9) Russell distinguishes between 
a narrower and a wider notion of truth for physics:

In the narrowest sense, we may say that physics is ‘true’ if 
we have the perceptions which it leads us to expect. [But i]n 
this sense, a solipsist might say that physics is true; for 
although he would suppose that the sun and the moon, for 
instance, are merely certain series of perceptions of his 
own, yet these perceptions could be foreseen by assuming 
the generally received laws of astronomy. . . . ​A man who, 
without being a solipsist, believes that whatever is real is 
mental, need have no difficulty in declaring that physics 
is ‘true’ in the above sense, and may even go further and 
allow the truth of physics in a much wider sense. This 
wider sense, which I regard as the more important is as fol-
lows: Given physics as a deductive system, derived from 
certain hypotheses as to undefined terms, do there exist 
particulars or logical structures composed of particulars, 
which satisfy these hypotheses? If the answer is in the af-
firmative, then physics is completely ‘true.’

The view that we know as “Russell’s structuralism” and the con-
sidered view of AoM both assume that physics is capable of being 
“completely true” and not just capable of anticipating our percep-
tions. In Russell’s considered view, the claim that physics is 
“completely true” requires the logical construction out of percepts 
and other events of the primitive entities of physics. But these 
constructions rest on assumptions that run counter to his “struc-
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turalism,” since they assume that some of the relations which 
order percepts also order events which are not percepts.

In opposition to Russell, Ramsey maintains that the narrower 
sense of “truth” suffices for our understanding of the truth of 
physics: Physics is true just in case it enables us to anticipate what 
we perceive to occur. But such anticipations depend only on a par-
tial interpretation of physics, and this is precisely what is af-
forded by Campbell’s dictionary. The claim that this sense of 
“truth” is sufficient is what is “in exact contradiction to Russell” 
because it contradicts his demand for an interpretation in terms 
of logical constructions capable of securing the “complete” truth 
of physics.

A point that Ramsey made fully explicit only in “Theories” is 
that we are justified in rejecting logical constructions because an 
argument from physics to an observation sentence—to a truth 
of the primary system—is recoverable from a representation of 
physics in the form of (1) provided we include in F both the theo-
retical claims of physics and a Campbellian dictionary relating 
theoretical and observational vocabulary. Once we recognize this 
as the condition of adequacy which an explication of the notion 
of truth appropriate to physics requires, it remains only to show 
that its satisfaction has no need for the complex system of con-
structions of Russell’s notion of interpretation. And, of course, 
the Ramsey sentence of a partially interpreted theory does satisfy 
this condition of adequacy.

This interpretation of the fragment is difficult to resist, if only 
because it renders Ramsey’s proposal so entirely in keeping with 
the nature of his other modifications of Russellian doctrines. It 
is especially reminiscent of the most celebrated among them, 
namely, his simplification of the type hierarchy of the first edi-
tion of Principia. That modification does not eliminate the need 
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for logical constructions, but it greatly reduces their number while 
also simplifying their definition. It, too, rests on the supposition 
that a weaker condition of adequacy suffices, one according to 
which the success of a theory of classes is judged by its ability to 
recover certain known truths of mathematics, while resolving 
only what Ramsey distinguished as the mathematical paradoxes 
to which the logical notion of class gives rise.

The historically surprising upshot of our discussion is that the 
idea of representing physical theories in the schematic form of a 
Ramsey sentence emerged from Ramsey’s critical reaction to the 
program of logical analysis that Russell set forth in AoM. It is 
of course also true that Ramsey’s reflections could not have 
taken the path they did without the notion of a partial interpre-
tation, which emerges in this discussion of Russell and which 
appears to have been suggested to him by Campbell’s notion of 
a dictionary.

Ramsey’s justification of the adequacy of his positive view de-
pends on the thesis that the truth of a theory consists in its suc-
cessful anticipation of truths formulated in the primary system. 
This explicit equation of truth with predictive success relative to 
the primary system is entirely consistent with his later formula-
tion of the task of “Theories” (Ramsey 1929, p. 212): “Let us try to 
describe a theory simply as a language for discussing the facts the 
theory is said to explain.” The only alternative conception of truth 
appropriate to theories that the fragment considers is Russell’s. 
It is, however, instructive that Ramsey’s rejection of Russell’s con-
ception of “complete truth” targets only AoM’s particular imple-
mentation of it in terms of logical constructions. Nowhere does 
the fragment critically address Russell’s general idea that there is 
more to the truth of a theory than its successful anticipation of 
what we will observe. Nor does Ramsey address whether the 
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thesis that truth is more than predictive success can be adequately 
formulated within the framework of his proposed reconstruction: 
Working under the assumption that he had hit upon the right no-
tion of truth for physics, he likely saw no need to do so.

Stathis Psillos (2006, pp. 82–85) has proposed a very different 
account of Ramsey’s discussion of Russell’s schematic represen
tation of theories, one according to which Ramsey anticipated 
Lewis’s recognition of the importance of natural or real proper-
ties and relations: Psillos argues that Russell’s schematic repre
sentation of physics “looks very much like a Ramsey sentence. But 
unlike Russell, Ramsey did not adopt a structuralist view of the 
content of theories.” According to Psillos, Ramsey, unlike Rus-
sell, understood the range of the variables bound by the new ex-
istential quantifiers to be restricted to real—or, as Psillos also says 
in order to stress the connection with Lewis, natural—properties 
and relations: “Ramsey takes theories to imply the existence of 
definite (or real) relations and properties. Hence, it’s no longer 
trivial (in the sense explained above) that if the theory is empiri-
cally adequate, it is true. His Ramsey sentences can be seen as 
saying that there are real properties and relations such that. . . .” 
(Psillos 2006, p. 84).

Psillos’s interpretation of Ramsey hinges on this point. But 
Ramsey’s fragment is entirely explicit about the basis for his re-
jection of the adequacy of (1)—as he is about his own alternative 
proposal in terms of partial interpretation—and nowhere in his 
discussion of theories does Ramsey even mention a view to the 
effect that the range of the variables should be restricted to real 
or natural properties and relations. To address this apparent dif-
ficulty for his interpretation, Psillos turns to Ramsey’s paper 
“Universals” (1925) where Ramsey explicitly distinguishes be-
tween those propositional functions ϕx in which ϕ occurs as a 
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“name” and those in which it occurs as an “incomplete symbol.” 
Ramsey argues that in the former case, ϕ can “stand by itself” as 
the name for an “object,” while in the latter, it can be seen to dis
appear on analysis. Psillos sees in Ramsey’s distinction between 
those properties which have names and those which are neces-
sarily represented by incomplete symbols an anticipation of the 
distinction between natural and nonnatural properties. But as we 
will see, Ramsey’s distinction, in “Universals” between two kinds 
of property does not support this interpretation. In “Universals” 
it is important for Ramsey to show that in atomic or elementary 
propositions we have only “combinations of objects” which are 
indifferent to the distinction between particulars and universals. 
Some properties (Ramsey writes “functions”) must be expressed 
by propositional functions and cannot be named, while others 
need not be expressed by propositional functions. Ramsey argues 
that the distinction between these two cases is ignored by math-
ematical logic, because it treats all properties as merely a means 
to classes and so represents them all by propositional functions; 
in so doing, it makes the distinction between universals and par-
ticulars appear more compelling than it is, and as is well known, 
it is this distinction which “Universals” is concerned to challenge.

To illustrate his distinction between these two kinds of prop-
erty, Ramsey considers the complex property, bearing R to a or S 
to b, and argues that it cannot be expressed by a “simple symbol” 
or “name,” such as ϕ, but demands a variable; thus ϕx = xRa or 
xSb, which, as Ramsey says, “explains not what is meant by ϕ it-
self but that followed by any symbol x it is short for xRa or xSb” 
(1925, p. 130). But not all properties must be expressed by propo-
sitional functions, and those that need not be so expressed can 
serve as the constituents of atomic propositions. In advancing this 
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claim, Ramsey is not raising an objection to propositional func-
tions like xRa or xSb because they are merely extensional or 
because they fail to pick out the neutral objectual constituents of 
elementary propositions. Nor is there anything evidently “unnat-
ural” about such a property: It might be the property of being 
causally connectible to a by a massive particle, or to b by a mass-
less particle—a perfectly reasonable property of events in the con-
text of Minkowski space-time. Ramsey’s point is that by focusing 
on such functions for our conception of a property, we are dis-
tracted from seeing that the distinction between particular and 
universal that is fostered by the notion of a propositional func-
tion may not hold at the level of elementary propositions. As such, 
his isolation of properties that can be named—and that therefore 
do not require a propositional function for their expression—is 
at best a contribution to our understanding of the logical form 
of elementary propositions, one with no obvious bearing on a 
property like that of bearing R to a or S to b along the dimension 
of naturalness or reality.

To recapitulate, Ramsey’s departure from Russell on the no-
tion of interpretation appropriate to physics consists of four prin-
cipal differences:

(1) Ramsey, unlike Russell, holds that it is only necessary to 
show that physics is true in the narrower of the two senses 
Russell distinguished, namely, the sense that corresponds to 
the successful anticipation of our perceptions (empirical ade-
quacy). And by contrast with Russell, Ramsey says very little 
about the domain over which theoretical claims are interpreted, 
except to exclude interpretations which would render the theory 
“tautological.”

 EBSCOhost - printed on 2/13/2023 10:06 PM via . All use subject to https://www.ebsco.com/terms-of-use



52  ON   T H EORIES    

(2) For Ramsey, the philosophical interest of a reconstruction 
of physics consists wholly in its ability to represent all of our rea-
soning with the theory to statements in the primary system. As 
we have since come to learn, the Ramsey sentence has a distin-
guished position among reconstructions which dispense with 
theoretical vocabulary. Unlike a Craig transcription of a theory, 
the Ramsey sentence does not just have the same observational 
consequences as the theory: It is an immediate consequence of 
its logical form that although the Ramsey sentence is strictly 
weaker than the theory, it is satisfiable if and only if the theory is 
satisfiable. And since the Ramsey sentence of a theory preserves 
the interconnections among primary parameters which depend 
on their association with the theory’s secondary parameters, it is 
capable of representing our reasoning with the theory to a degree 
that is unmatched by a Craig transcription.

(3) Ramsey departs from Russell in not holding that the do-
main of an interpretation of a physical theory must consist of log-
ical constructions out of percepts and other events which “have 
spatiotemporal continuity with percepts.” Russell had argued that 
unless its theories can be given such an interpretation, the em-
pirical character of physics is compromised. Ramsey dispenses 
with Russellian constructions in favor of a partial interpretation, 
which he argues suffices to explicate the empirical character of 
physics. This is perhaps his most fundamental departure from 
Russell. For Ramsey, theories are abstract Hilbertian schemes 
which acquire their empirical character through their association 
with our perceptions by the inclusion of a dictionary. But the no-
tion of a dictionary is precisely what is missing from Russell’s 
schematic representation of physics. This is a major break, not just 
with Russell, but also with the whole logicist framework of Rus-
sell and Whitehead.
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(4) Ironically, when understood in accordance with his con-
sidered view, it is Russell who is not a structuralist. Ramsey, 
believing that he had simplified the task of interpretation and re-
lieved it of the cumbersome logicist assumptions which so deeply 
informed Russell’s approach, fully assimilated the structuralism 
exhibited by the subsequent development of the partial interpre-
tation reconstruction into his own account of theories. The dif-
ficulties associated with that reconstruction are obscured in 
Ramsey’s presentation only because his view is developed within 
a framework that equates the truth of physics with its empirical 
adequacy.

1.6 �Constructive Empiricism and Partial 
Interpretation

Van Fraassen’s constructive empiricism is explicitly formulated 
in a “semantic framework,” according to which theories are 
conceptualized not as linguistic objects, as the logical empiri-
cists had supposed, but as classes of models. And by contrast 
with antirealist reconstructions like Ramsey’s, constructive 
empiricism explicitly endorses the distinction between a theory’s 
truth and its empirical adequacy. Indeed, this distinction is es-
sential to one of the main arguments that has been marshaled 
in support of the view over and against scientific realist alter-
natives to it. But despite its many noteworthy differences from 
logical empiricism, constructive empiricism is subject to an ob-
jection that bears comparison with the difficulties which con-
front the partial interpretation reconstruction of theoretical 
knowledge.27

In his original formulation, van Fraassen based constructive 
empiricism on a central tenet and a definition that has its source 
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in his development of the semantic conception of theories. The 
central tenet is that it is always more rational to accept a theory 
which postulates unobservable entities as empirically adequate 
than it is to believe it to be true, and the definition is that to ac-
cept a theory as empirically adequate is to hold that the observ-
able phenomena can be “fitted into” a model belonging to the class 
of models that comprises the theory. In his most recent work, van 
Fraassen has emphasized the importance of a theory’s “empirical 
grounding” rather than its empirical adequacy. I will discuss this 
notion of empirical grounding in some detail in a later section.28 
But for the present, my focus is empirical adequacy and construc-
tive empiricism’s conception of how empirically adequate and 
true theories differ.

Van Fraassen replaces the rough formulation of the explica-
tion of empirical adequacy just cited with a more precise formu-
lation: A theory is empirically adequate if all the phenomena in-
volving observable entities—“the appearances”—are isomorphic 
to the “empirical substructures” of one of its models, where the 
empirical substructures are those parts of the models of the 
theory that have been set aside “as candidates for the . . . ​repre
sentation of observable phenomena.” As van Fraassen (1980, p. 64) 
expresses it:

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 phenomena. The struc-
tures which can be described in experimental and mea
surement reports we can call appearances; the theory is 
empirically adequate if it has some model such that all ap-
pearances are isomorphic to empirical substructures of 
that model.
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Three features of this explication are especially worth noting. 
The first is the emphasis on structures rather than languages, on 
empirical substructures rather than observational sublanguages. 
The second is that empirical substructures are characterized by 
the observability of what their constituents represent; in this re
spect, van Fraassen’s approach retains a fundamental similarity 
to that of the logical empiricists by addressing issues of epistemic 
access from an empiricist perspective that stresses the epistemic 
priority of observation. The third is the characterization of em-
pirical adequacy by the isomorphism of empirical substructures 
with appearances—the structures consisting of observable things 
and events—rather than by the truth of a distinguished set of sen-
tences. This last feature explains why the explication is presented 
as an improvement on an earlier characterization, according to 
which “a theory is empirically adequate exactly if what it says 
about the observable things and events in this world is true” (van 
Fraassen, 1980, p. 12). The earlier account fails to reflect the fact 
“that the explication of [empirical adequacy] . . . ​is intimately 
bound up with our conception of the structure of a scientific 
theory” (ibid.), which, as van Fraassen explains, consists in a the-
ory’s structure as a class of models rather than as a “syntactic” or 
linguistic object. The proposed explication remedies this failing 
by basing the definition of empirical adequacy on structures and 
the relations among them.

The isomorphism which empirical adequacy requires is one 
which holds between the relations of a model of the theory 
and relations among entities which—just because they are 
observable—are unproblematically accessible to us. The emphasis 
on empirical substructures, and the characterization of empirical 
adequacy by isomorphism, represent departures from the logical 
empiricists’ account of theories in terms of theoretical and obser-
vational vocabularies and the several languages these vocabularies 
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generate. These departures are essential to van Fraassen’s program 
of supplanting the language-dependent conception of theories, 
which he takes to have been the major obstacle to a successful 
characterization of empirical adequacy in the logical empiricists’ 
account of theories.

It is therefore worth noting that if we set to one side the issues 
separating their different explications of empirical adequacy, van 
Fraassen’s notion of acceptance, in the sense of the acceptance of 
a theory as empirically adequate, is basically the same as Carnap’s 
notion of acceptance that we quoted earlier (in note 9 of the 
Introduction):

For an observer X to “accept” the postulates of T, means 
here not simply to take T as an uninterpreted calculus, but 
to use T together with specified rules of correspondence 
C for guiding his expectations by deriving predictions 
about future observable events from observed events with 
the help of T and C. (Carnap 1956a, p. 45)

And indeed, it will emerge from our discussion that the differ-
ences between constructive and logical empiricism are much less 
fundamental than proponents of constructive empiricism have 
supposed.

The explication of empirical adequacy receives considerable 
attention in The Scientific Image—and rightly so, given the diffi-
culties that had been urged against earlier empiricist character-
izations of the notion in terms of the observation vocabulary of 
a theory and the sentences that are generated from it.29 But al-
though The Scientific Image has a great deal to say about the 
proper explication of empirical adequacy, it does not contain a 
comparably careful explication of the truth of what a theory 
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which goes beyond the appearances “says about unobservable 
things and events”; nor is there even a statement of the conditions 
such an explication should satisfy. It is only clear that the expli-
cation of truth for theories which go beyond the appearances 
should extend the one given for empirical adequacy to cover both 
what a theory tells us about appearances and what it tells us about 
unobservable entities. A proposal that satisfies this desideratum 
without appealing to any notions other than those employed in 
the explication of empirical adequacy—except that of things and 
events which transcend observation—is to say that an empirically 
adequate theory involving unobservable entities is true if a model 
of the theory which witnesses its empirical adequacy can be ex-
tended to one such that all phenomena—both observable and 
unobservable phenomena—are isomorphic to that model.30 This 
explication is not only appropriately semantic in its representa
tion of theories as classes of models and its characterization of 
their truth in terms of isomorphism, it also preserves a feature of 
constructive empiricism which it shares with the partial interpre-
tation reconstructions of the logical empiricists: In the case of 
appearances, isomorphism is ostensibly “anchored” by the fact 
that appearances are structures which are generated by relations 
which hold between entities that are epistemically accessible to 
us by observation. By contrast with our access to appearances, The 
Scientific Image leaves our epistemic access to unobservable enti-
ties and the relations among them just as indefinite as we found 
it to be on the partial interpretation account of theoretical 
knowledge. But as we will now show, this omission undermines 
constructive empiricism’s use of the central tenet to establish 
its superiority to scientific realism.

To understand why an account of our access to theoretical 
domains is needed—even on a view which, like constructive 
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empiricism, seeks to undermine our confidence in what we be-
lieve we know of the structures they constitute—recall that con-
structive empiricism is presented as an alternative to scientific 
realism that is free of reductionist commitments. Constructive 
empiricism does not deny that theories include representatives of 
unobservables among the elements of their domains; it is merely 
cautiously agnostic regarding theoretical claims about unobserv-
able phenomena. It concedes “that physical theories do indeed 
describe much more than what is observable, but [holds that] 
what matters is empirical adequacy, and not the truth or falsity 
of how they go beyond observable phenomena.”31 Now by the cen-
tral tenet, constructive empiricism is alleged to be preferable to 
any of its scientific realist alternatives, because it is the more ra-
tional position: It accepts some theories as empirically adequate, 
but it refrains from the stronger and unwarranted supposition 
that they are true. But on what would seem to be its own under-
standing of the truth of empirically adequate theories which go 
beyond the appearances, it can be shown that there is no substan-
tive difference between believing a theory true and accepting it 
as merely empirically adequate. This is contrary to the claim that 
when measured against scientific realism, constructive empiricism 
is the more rational position to adopt toward theories which go 
beyond appearances.

To establish this observation, it suffices to show that any theory 
which is empirically adequate according to constructive em-
piricism must contain among the models that comprise it one 
that isomorphically represents both the observable, and the un-
observable, phenomena. But we know from our discussion of the 
model-theoretic argument—a discussion which effectively places 
partial interpretation reconstructions in the context of the se-
mantic view of theories—that to show this, it suffices that the 
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domain of one of the theory’s empirically adequate and partially 
abstract models is in one-one correspondence with the domain 
of observable and unobservable entities. Using the construction 
deployed in the model-theoretic argument, an empirically ad-
equate theory can then be transformed into a true one, since 
the construction ensures that if there is a model belonging to 
the theory that contains an empirical substructure isomorphic 
to the appearances, the theory contains a model that isomorphi-
cally represents the phenomena involving both observable and 
unobservable entities. But this suffices to show that, according 
to constructive empiricism, the theory is not merely empirically 
adequate, but true. This undermines the use of the tenet that it is 
always more rational to accept a theory as empirically adequate 
than to believe it true, because it shows that for constructive em-
piricism, the difference between an empirically adequate theory 
and a true one—and thus the basis for favoring constructive em-
piricism over scientific realism—rests entirely on an assumption 
about cardinality. Since it is obvious that the rationality of this 
choice should not hinge on a question of cardinality, it follows 
that the combination, constructive empiricism plus van Fraas-
sen’s development of the semantic view of theories, is an inher-
ently unstable position.

Van Fraassen has subsequently acknowledged that the use of 
isomorphism, which characterized his earlier formulations, was 
uncritical:

[I]n The Scientific Image constructive empiricism was pre-
sented in the framework of the semantic view of theo-
ries. . . . ​See for instance Chapter 3 section 9, p. 64 where 
I define empirical adequacy using unquestioningly the 
idea that concrete observable entities (the appearances or 
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phenomena) can be isomorphic to abstract ones (sub-
structures of models). (Van Fraassen 2008, pp. 385–386)

It is clear from this passage that, according to van Fraassen’s di-
agnosis, the problem with his earlier formulation concerned the 
explication of empirical adequacy and the fact that isomorphism 
was improperly applied to concrete observable entities and ab-
stract structures. But this misses the key point: The Scientific 
Image fails to explicitly provide an explication of what it means 
for an empirically adequate theory that goes beyond the appear-
ances to be true, and the natural extension of its explication of 
empirical adequacy to address this omission rests on a vacuous 
use of isomorphism. This use is itself a consequence of construc-
tive empiricism’s failure to address our epistemic access to un-
observable entities. Constructive empiricism’s understanding of 
the truth of theories in terms of the isomorphism of structures 
is therefore just as problematic as the partial interpretation ac-
count of theoretical claims. Just as there is nothing in the partial 
interpretation account to exclude the use of a construction ac-
cording to which the truth of theoretical claims reduces to their 
satisfiability in an arbitrary extension of a model of the true ob-
servation sentences, so also, there is nothing in constructive em-
piricism’s understanding of the truth of an empirically adequate 
theory to exclude the use of this same construction to extend a 
model which witnesses the theory’s empirical adequacy to one 
which witnesses its truth. On both views, the truth of an empiri-
cally adequate theory involving unobservable entities—however 
empirical adequacy is explicated—is insufficiently distinguished 
from its satisfiability. This consequence is not the result of a mere 
oversight of either approach. Both views are invested in programs 
that understate the basis for our confidence in the representation 
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of reality to which we are guided by physical theories. But once 
our epistemic access to domains that transcend observation is 
clarified, neither the skepticism about unobservable phenomena 
that is characteristic of constructive empiricism, nor the defla-
tionist view of the controversy between realism and instrumen-
talism that has been so pervasive among advocates of partial 
interpretation, is defensible.

The inadequacy of both partial interpretation and construc-
tive empiricist reconstructions of theoretical knowledge derives 
from their common failure to articulate a plausible account of our 
epistemic access to theoretical domains. In fact, by contrast with 
the logical empiricist tradition it seeks to replace, constructive 
empiricism shows little appreciation of the need to even address 
this issue. Since its inception, constructive empiricism has been 
focused on showing how, when formulated within the semantic 
conception of theories, an empiricist framework can resolve 
the difficulties which beset earlier explications of empirical ade-
quacy.32 But the issues which need to be addressed are more 
substantial than this and concern the scope of the empiricist 
framework which constructive and logical empiricism both share. 
That framework requires a fundamental reevaluation; and when 
measured against the difficulties to which it is subject, the ques-
tions, “Are theories linguistic objects or families of structures?” 
and “Is empirical adequacy a property of observation sentences 
or of empirical substructures?” pale by comparison.

It is interesting to note as a final corollary to the foregoing dis-
cussion that the possibility of transforming an empirically ade-
quate theory into a true one poses a difficulty for van Fraassen’s 
agnosticism regarding unobservable entities that it does not pose 
for Carnap’s metaphysical neutrality regarding theoretical claims. 
This is because it is incoherent to be agnostic about a theory’s 
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truth while accepting it as empirically adequate if an empirically 
adequate theory can always be transformed into a true one. 
Rightly or wrongly—which is not presently at issue—Carnap is 
neutral between accepting a theory as empirically adequate and 
believing it to be true; he can therefore embrace an argument that 
calls into question the distinction between empirically adequate 
and true theories, since the failure of this distinction actually sup-
ports his claim that the question “Realism or instrumentalism?” is 
one of practical decision, rather than one whose answer involves 
theoretical or factual knowledge.33 Hence, when taken in conjunc-
tion with his metaphysical neutrality, Carnap’s reconstructions—
whether his partial interpretation, or Ramsey-sentence recon-
structions. or the account based on Hilbert’s epsilon operator—​are 
all capable of sustaining a challenge to the distinction between 
truth and empirical adequacy in a way that the signature agnos-
ticism of van Fraassen’s constructive empiricism is not.34

The burden of this section has been to show that there are two 
questions about the nature of theoretical knowledge that have not 
been adequately addressed by any of the accounts we have con-
sidered: (1) What is the methodology by which physics gains epis-
temic access to theoretical domains? (2) How are the claims of 
physics about such domains distinguished from the claims of 
pure mathematics? The central idea behind the proposal I will de-
velop in Chapter 2 is that the theoretical claims of physics are 
distinguished by the fact that they purport to be about proper-
ties and relations—more generally, parameters—that are empir-
ically well founded by robust theory-mediated measurements. 
The well foundedness of its parameters makes the theoretical do-
mains of physics epistemically accessible; it accounts for the 
specificity of the theoretical claims of physics, and it distinguishes 
its claims from those of pure mathematics. But the methodology 
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of robust theory-mediated measurements involves considerations 
that have been largely missed by the accounts of empirical ade-
quacy and predictive success that have dominated the partial in-
terpretation and closely related traditions. How the application 
of theory-mediated measurements to domains which transcend 
observation developed, and how it bears on our questions, is the 
subject to which we now turn.
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2	 Molecular Reality

2.1 The Molecular Hypothesis

The molecular hypothesis is the existential claim of the molecular-
kinetic theory of heat that gases and liquids are made up of large 
numbers of extremely small constituent particles which are in 
relative motion and capable of acting on one another, with the 
nature of these “molecular constituents” left unspecified and open 
to further study.1 This hypothesis forms the constructive core of 
the molecular-kinetic theory and is the basis for its reconstruc-
tion of familiar thermodynamic parameters. The principles of 
classical mechanics, together with two key statistical assumptions 
(the equipartition of energy and the Maxwell-Boltzmann distri-
bution law for velocities), form the theory’s principle-theoretic 
components.2 The hypothesis is deliberately formulated very gen-
erally and with few specific commitments. It is not even neces-
sarily committed to the character of the dynamical interactions 
among the molecular constituents of gases and liquids; these may 
involve elastic collisions—as was supposed in the earliest formu-
lations of the kinetic theory and as is suggested by the fact that 
the Brownian motion never stops—but the hypothesis is as flex-
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ible on this point as it is on many questions of molecular struc-
ture, including even the shapes of molecules.

To the extent that a justification of the molecular hypothesis 
has been supposed to be bound up with the fortunes of the 
molecular-kinetic theory, the soundness of the hypothesis has 
been thought to be seriously compromised by the problems con-
fronting that theory.3 But this is a mistake. The molecular hypoth-
esis is detachable as the theory’s constructive-theoretic compo-
nent and is susceptible to a justification that is capable of surviving 
difficulties—even insurmountable difficulties—that attach to the 
principles of that theory. Indeed, the general correctness of the 
molecular-kinetic theory is not even essential to the arguments 
which sought to “derive” the molecular hypothesis from the phe-
nomenon of Brownian motion.4 Both Einstein and Perrin—the 
two principal proponents of the molecular hypothesis on whom 
we will focus—were careful to argue that the considerations that 
establish molecular reality do not depend on special hypotheses 
about the nature of molecules which, given the then-current state 
of knowledge, were often arbitrary.5 Nor do they require the un-
restricted validity of the principles of the kinetic theory: The idea 
that the molecular hypothesis might be true was correctly re-
garded as compatible with granting only restricted validity to 
the kinetic theory’s principle-theoretic components, all of which 
required extensive revision with the discovery of what ultimately 
proved to be quantum-mechanical phenomena.

2.2 Molecular Reality and Brownian Motion

Einstein’s 1905 paper “On the Movement of Small Particles Sus-
pended in a Stationary Liquid Demanded by the Molecular-Kinetic 
Theory of Heat” contains just a passing reference to Brownian 
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motion. Einstein remarks only that “[i]t is possible that the move-
ments to be discussed here are identical with the so-called 
‘Brownian molecular motion’; however, the information avail-
able to me regarding the latter is so lacking in precision, that I 
can form no judgment in the matter” (Einstein 1905, p. 1). It is 
clear from his presentation of his results that Einstein saw as the 
main novel contribution of his paper not the proof of the exis-
tence of molecules—which he appears even at this early date to 
have taken for granted—but the description of the motion of 
particles which, though small, are several orders of magnitude 
larger than molecules. The 1905 paper dealt with the translational 
motion of such particles, and another, published a year later, ex-
tended the account to their rotational motion (Einstein 1906). 
That paper explicitly addressed Brownian motion, as its title (“On 
the Theory of Brownian Movement”) makes clear. Einstein em-
phasized that should his account prove correct, it would estab-
lish a striking difference between the molecular-kinetic theory of 
heat and classical thermodynamics, since it would demonstrate 
that the former theory allows for violations of the second law of 
thermodynamics, even by particles of visible size.6 Einstein also 
observed that the law he derived for the description of the mo-
tion of these small but visible particles could be used to estimate 
the values of many molecular quantities, among them Avogadro’s 
number and the molecular diameter.7

The explanation afforded by the development of the molecular 
hypothesis of what we now know as Brownian motion goes well 
beyond the qualitative idea that the pollen grains first observed 
by the Scottish botanist Robert Brown are bombarded on all sides 
by the molecules of the stationary liquid in which they are sus-
pended. It does so by exploiting the consequences of the notion 
that the Brownian particles and the molecules have the same 
mean kinetic energy. However, it was far from obvious when Ein-
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stein wrote that an explanation of Brownian motion based on 
the ideas of the molecular-kinetic theory could succeed. The ob-
jections were both conceptual and empirical. On the conceptual 
side, the cytologist Karl von Nägeli argued that the effect of the 
molecular bombardment on a pollen grain would be to leave the 
grain stationary and quivering about a fixed position, and could 
not therefore be invoked to account for its characteristic random 
motion.8 And Felix Exner’s attempt to experimentally determine 
the speeds of Brownian particles produced values that were 
too low to be remotely compatible with the assumption that the 
average kinetic energy of Brownian particles is the same as 
the theoretically required value of the average kinetic energy of 
the molecules of the liquid in which they are suspended.

Einstein’s theoretical analysis demonstrated that the motion of 
Brownian particles is not only compatible with the molecular-
kinetic theory but can be fully described within its theoretical 
framework. His theory’s focus on the mean square displacement 
of a Brownian particle rather than its speed was especially pre-
scient since, unlike the particle’s speed, this quantity can be em-
pirically determined; and the law which Einstein derived for it, 
according to which the displacement increases in proportion to 
the time elapsed after the pattern of a random walk, can be shown 
to be in accordance with experimental results.9

In the introduction to his exposition of the experimental basis 
for Einstein’s theory,10 Perrin explained why the speed of a 
Brownian particle was the wrong parameter for Exner to have at-
tempted to measure, and he showed how underestimating the 
extraordinary complexity of such a particle’s actual trajectory—
it approximates a continuous but nowhere differentiable curve—
undermined Exner’s experimental results. Perrin not only con-
firmed Einstein’s theoretical analysis of Brownian motion; he also 
succeeded in setting a course that would eventually lead to the 
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demonstration of the molecular hypothesis, and he did so with a 
comprehensiveness and decisiveness that had eluded earlier work. 
What was it about Perrin’s contribution that warrants its being 
accorded the status of a turning point in the assessment of the 
molecular hypothesis?

There is a subtle difference between questions of methodology 
when they are raised in the context of an empirical investigation 
like Perrin’s and when they are raised in connection with mathe
matics. In the nineteenth century the central philosophical ques-
tion posed by mathematical knowledge was whether the math-
ematical reasoning on which it is based relies on some notion of 
“Kantian intuition.” By the twentieth century this question had 
been transformed into one about the finitary character of math-
ematical reasoning, as emphasized particularly by Hilbert. 
Without in any way disparaging the conceptual interest of the 
study of novel proof techniques in mathematics, the question of 
the finitary character of mathematical proof can be addressed, 
at least initially, without engaging the mathematical innovations 
that characterize historically important proofs. Not only does the 
question of the finitary character of mathematical proof have an 
independent philosophical and methodological interest, but as 
the history of the subject demonstrates, it yielded to a purely log-
ical analysis, culminating in Gödel’s theorem on the complete-
ness of first-order logic. The further analysis of the concept of 
finitism focused on limitations of formal systems, and this led to 
many deep and surprising results—beginning with Gödel’s the-
orem on the incompleteness of first-order arithmetic.* It is, how-

*Editor’s note: The notion of “completeness” has different senses in the two cases. 
Gödel’s initial theorem says that all first-order logical truths can be demonstrated in a 
single recursively enumerable and thus finitary axiomatization, although contingent 
sentences are not logical truths and thus are indemonstrable in such an axiomatization. 
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ever, far from obvious that a similarly general strategy can illu-
minate the methodological issues that confront us in the case of 
empirical theories.

The reconstructive framework of the partial interpretation 
view of theories which appeal to unobservables is an attempt to 
extend the logical analysis that proved so useful in the case of 
mathematical proof by dividing the vocabulary of a theory into 
its observational and theoretical components and proposing that 
the evidentiary basis of such an empirical theory is expressible 
in its observation language. Within this framework, the natural 
condition of adequacy for an empirical theory is the derivation 
of all and only the true statements that are expressible in the ob-
servation language of its partial-interpretation reconstruction. 
We saw earlier that this approach gives rise to certain difficulties 
in connection with its account of the epistemic status of theo-
retical claims and the existence claims associated with them. The 
suggestion that a different approach is needed is borne out by 
the considerations which led Perrin and his contemporaries, 
including the notable skeptics among them, to become convinced 
of the real possibility that a demonstration of the truth of the mo-
lecular hypothesis—insofar as one can speak of demonstrations 
in empirical science—was within their grasp. The considerations 
Perrin put forward to show that the molecular hypothesis con-
forms to experience clearly had a justificatory force that earlier 
attempts at establishing molecular reality lacked. Even if we re-
tain some reservations about the decisiveness that Perrin’s rea-
soning was accorded, it seems essential to an understanding of 

Gödel’s incompleteness theorem concerns axiomatizations of first-order arithmetic, and 
the negative result is that not all arithmetical truths have finitary demonstrations in a 
single such axiomatization (provided that the axiomatization is consistent): There are thus 
always indemonstrable arithmetical truths.
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the methodology by which we assess theories like the molecular-
kinetic theory—and especially the existential hypotheses they 
contain—that we should understand what it was about his rea-
soning which accounted for its favorable reception.

Assuming that Perrin and his contemporaries were consistent 
in the application of the methodological standards to which they 
subscribed, we can immediately exclude an account of Perrin’s 
success that is based on the hypothetico-deductive method or the 
method of inference to the best explanation. The problem with 
these accounts is that they fail to distinguish Perrin’s reasoning 
from the metaphysical atomists of the seventeenth and eighteenth 
centuries who preceded him and whose defense of their existence 
claims regarding atoms was widely regarded as fundamentally 
inadequate. In this connection, editions of Wilhelm Ostwald’s 
textbook on physical chemistry prior to its fourth edition and his 
1907 Monist article are often cited. But the source of dissatisfac-
tion with earlier forms of atomism is already implicit in an ob-
servation of Newton’s: “For if the possibility of hypotheses is to 
be the test of the truth and reality of things, I see not how cer-
tainty can be obtained in any science.”11 Here, Newton’s phrase, 
“the possibility of hypotheses,” should be understood as an allu-
sion to hypothetico-deductive reasoning—so common among the 
corpuscularean philosophers—and the fact that such reasoning 
is capable of capturing only the consistency of a hypothesis with 
experiment.

Perrin brought to the debate about theories of atomic reality—
and indeed to the debate about all theories which purport to de-
scribe a reality that is hidden from observation—a higher stan-
dard of what is required by their conformity to experience than 
is captured by either of these accounts. How is this higher stan-
dard reflected in his argument for molecular reality?
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Perrin’s remarks on the concordance of various methods for 
determining the value of Avogadro’s constant and on the vertical 
concentration of granules in a stationary fluid have attracted a 
great deal of attention in the recent philosophical literature. Two 
passages in particular have been frequently cited in support of a 
probabilistic understanding of Perrin’s intended justification of 
the molecular hypothesis. It has also been argued that a proba-
bilistic reconstruction of these passages explains why, whatever 
his intentions, Perrin’s contribution to securing the molecular 
hypothesis should be seen as carrying the conviction it does. 
Since these passages are also central to my proposal for under-
standing the nature of Perrin’s defense of molecular reality, it is 
necessary that we should consider them in some detail. The pas-
sages clearly show Perrin making an informal appeal to proba-
bility, but, as I hope to show, they do not support a probabilistic 
understanding of his argument for molecular reality, and they 
are incapable of identifying what it is that justifiably made his 
contribution the turning point in the assessment of the molec-
ular hypothesis that it was.

The first of these passages concerns the concordance of various 
determinations of the value of Avogadro’s constant:

Our wonder is aroused at the very remarkable agreement 
found between values derived from the consideration of 
such widely different phenomena. Seeing that not only is 
the same number obtained by each method when the con-
ditions under which it is applied are varied as much as 
possible, but that the numbers thus established also agree 
among themselves, without discrepancy, for all the methods 
employed, the real existence of the molecule is given a 
probability bordering on certainty.12
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To spell this out just a bit more, Perrin’s point is not merely that 
closely agreeing determinations of Avogadro’s constant N are re-
coverable from a variety of empirically determinable parameters 
which are functionally related to it. The functional relations these 
different determinations are based on have their source in an ex-
tensive variety of different branches of physics; and their agree-
ment extends to the determination of N by experimental methods 
and functional relationships that are independent of one another 
and are independent in particular of those determinations of the 
constant based on the kinetic theory.13 This last point is one to 
which we will return when we come to Thomson’s discoveries. 
Perrin’s suggestion is that what ties all these different determi-
nations together—what explains their concordance—is the cen-
tral idea of the molecular hypothesis, namely its interpretation 
of Avogadro’s constant as a measure of the number of molecules 
in a specified volume. Whether or not the extensive agreement 
in the measured values of N is by itself sufficient to constitute an 
argument for molecular reality, or to explain the force that argu-
ment commands,14 it certainly carries prima facie conviction—a 
conclusion Perrin expresses with the assertion that it confers on 
the molecular hypothesis “a probability bordering on certainty.” 
But since the quoted passage occurs near the very end of a mono-
graph devoted to expounding all the extant contributions of 
Perrin and other investigators to the vindication of the molecular 
hypothesis, it is not unreasonable to suppose that the full argu-
ment for molecular reality is more intricate than this summary 
statement suggests. Until we have explored this possibility, it 
would be premature to conclude that Perrin’s argument is ade-
quately represented by a probabilistic reconstruction.

There is a second passage that has attracted the attention of 
probabilistic reconstructions; it occurs in the context of Perrin’s 
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discussion of his vertical concentration experiments. After de-
scribing the results of his measurements of granules showing 
that the “granular energy” is independent of the masses of the 
granules, the differences in the density of the individual granules 
relative to the density of the medium, and independent as well of 
the rapidity with which the concentration of the granules in-
creases with a fall in height, Perrin remarks:

I do not think this agreement [with the hypothesis that the 
mean kinetic energy of the granules is identical with the 
theoretically predicted value of the mean kinetic energy 
of the molecules of the liquid in which they are suspended] 
can leave any doubt as to the origin of the Brownian move-
ment. To understand how striking this result is, it is nec-
essary to reflect that, before the experiment, no one would 
have dared to assert that the fall of concentration would 
not be negligible in the minute height of some microns, or 
that, on the contrary, no one would have dared to assert 
that all the granules would not finally arrive at the imme-
diate vicinity of the bottom of the vessel. The first hy-
pothesis would lead to a value of zero for N′, while the 
second would lead to the value infinity. That, in the im
mense interval which a priori seems possible for N′, the 
number should fall precisely on a value so near to the value 
predicted, certainly cannot be considered as the result of 
chance.15

It is important to observe that in this passage, N′ is the quantity 
3RT / 2W where T is the absolute temperature of the liquid, R is 
the gas constant, and W is the mean kinetic energy of the gran-
ules. N′ will indeed turn out to be equal to N—to Avogadro’s 
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constant. But at this stage of the argument, where Perrin is re-
porting the results of his vertical concentration experiments, N′ 
is merely a quantity that is functionally related to the mean 
kinetic energy of the granules, without necessarily being the mea
sure of a number of anything, still less, a number of molecules.

There is a particular type of probabilistic reconstruction of this 
and other of Perrin’s remarks that I wish to focus on: namely, 
those reconstructions which take Perrin’s argument for molecular 
reality to be based on a comparison of the molecular hypothesis 
with its negation. Psillos has extensively developed a reconstruc-
tion along these lines. Commenting on the second of the two pas-
sages, he writes:

Perrin became immediately convinced that “this agree-
ment can leave no doubt as to the origin of Brownian 
movement. . . . ​[A]t the same time it becomes very difficult 
to deny the objective reality of molecules.” What con-
vinced him, he . . . ​says, was that on any other hypothesis 
(better, on the negation of the atomic hypothesis), the ex-
pected value of N′ from the study of the movement of 
granules suspended in a liquid would be either infinite or 
zero—it would be infinite if all granules actually fell to the 
bottom of the vessel, and zero if the fall of the granules 
was negligible. Hence, on the hypothesis that matter is 
continuous, the probability that the predicted value of N′ 
would be the specific one observed would be zero; on the 
contrary, this probability is high given the atomic hypoth-
esis. This, Perrin noted, “cannot be considered as the re-
sult of chance.”16

Psillos evidently sees Perrin’s argument as showing that his ex-
periments rule out the negation of the molecular hypothesis—
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which is here equated with the hypothesis that matter is contin-
uous—by showing it to have a probability near zero. Psillos does 
not say that Perrin explicitly claimed to rule out the negation of 
the molecular hypothesis, but he does see his remarks as “almost” 
claiming it.17

It is easy to see why it would be desirable to be able to show 
that Perrin pursued the strategy Psillos attributes to him, since it 
would certainly differentiate Perrin’s contribution from less com-
pelling justifications of molecular reality based on hypothetico-
deductive reasoning. There are however serious difficulties with 
a probabilistic reconstruction that targets the negation of the mo-
lecular hypothesis. There is the interpretational difficulty that 
Perrin does not mention the negation of the molecular hypoth-
esis but focuses on his analysis of the distribution of the concen-
trations of granules in a liquid. In the course of his exposition, 
Perrin certainly appeals to our naïve expectations: No one would 
be prepared to deny that the differences will be found to be very 
slight in the concentrations of granules belonging to thin verti-
cally distributed layers that are only a few microns apart; and sim-
ilarly no one would be prepared to deny that all the granules will 
eventually settle near the bottom of the vessel. But the point of 
calling attention to these appeals to naïve expectations is to high-
light a feature of the motion of the granules that is evident only 
when it is subjected to a close experimental analysis. It is not 
merely that the Brownian particles appear to gross observation 
to be in perpetual motion: Their concentration exhibits a fine 
structure which, over the course of a few hundred microns, dis-
plays a rarefaction profile which matches the one that the atmo-
sphere exhibits only over six kilometers.

Each of the several different types of granule Perrin studied 
varies in concentration according to a geometric progression. 
Most importantly, while the concentration of the granules in a 
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thin layer becomes increasingly dense the closer the layer is to the 
bottom of the vessel, the concentration remains stable at every 
level. Without the guidance afforded by his experimental inves-
tigations, only the extreme values for N′ suggest themselves. 
Nearly identical concentrations in closely situated layers would 
yield a value of 0 for N′, and should all the granules eventually 
settle near the bottom of the vessel, this would yield a value of 
infinity for N′. So far as the evaluation of probabilistic reconstruc-
tions is concerned, Perrin’s allusion to our expectations about 
the concentration of granules shares an important point of simi-
larity with his remarks on concordance.

Although he is not, in either of these cases, addressing how we 
should bet on the assumption that the molecular hypothesis is 
false, he is remarking on how limited our expectations are in its 
absence: Without the molecular hypothesis—or as Perrin says, on 
the basis of what “a priori seems possible”—it is remarkable that 
in the interval between zero and infinity, the molecular-kinetic 
theory should predict the observed value of N′. But Perrin is also 
calling our attention to the surprising nature of what his experi-
mental analysis of Brownian motion reveals about the rarefaction 
profile of the Brownian particles. This is a phenomenon that is 
striking whatever its correct explanation.

The assertion that the molecular hypothesis is the only known 
hypothesis that leads to correct expectations about Brownian mo-
tion is of course much weaker than the assertion that it is the 
only hypothesis that enjoys this property. Evidently nothing we 
have said is directed against the soundness or the persuasiveness 
of the methodological practice of eliminating known alternatives. 
On the contrary, the considerations we have raised support it, 
since an argument that addresses our expectations in the absence 
of the molecular hypothesis rests on nothing more than our rec-
ognition that no other hypothesis known to us provides the right 

 EBSCOhost - printed on 2/13/2023 10:06 PM via . All use subject to https://www.ebsco.com/terms-of-use



	 Molecular Reality  77

answers to these questions. Unlike a reconstruction which traces 
the persuasiveness of Perrin’s reasoning to its successful elimina-
tion of the negation of the molecular hypothesis, the exclusion 
of known alternatives is not committed to what might be de-
manded by hypotheses regarding which there is no possibility of 
our forming a definite judgment. For this reason, any such recon-
struction obscures rather than illuminates Perrin’s reasoning 
while raising seemingly intractable problems of its own.18

There may be an interesting probabilistic justification of the 
molecular hypothesis. But if it is made to rest on our ruling out 
the negation of the molecular hypothesis, it is not Perrin’s justi-
fication. Moreover, Perrin was right not to have pursued such a 
strategy, since the nature of our expectations in the absence of 
the hypothesis is clear in a way that our expectations on the basis 
of its negation are not. Involving as it does a quantification over 
all possible theories, to argue on the basis of the negation of the 
molecular hypothesis can hardly be assimilated to reasoning with 
a surveyable collection of alternatives of the sort that are familiar 
in the case of the event spaces of probability theory. Not only is 
such reasoning very different from reasoning which appeals 
only to explicit contrary hypotheses, we have no idea how to 
expand the negation of the molecular hypothesis into an ex-
haustive disjunction of comparably explicit alternative con-
trary hypotheses. This is why a probabilistic reconstruction of 
Perrin’s strategy along these lines fails to be convincing as an 
account of why his justification was rightly accorded the impor-
tance that it was. In short, if the method of hypothesis is based 
on a conception of the evidential support for the molecular hy-
potheses that is too weak, this reconstruction of Perrin’s method 
of argument promises a justification that, by any measure that 
can reasonably be applied to the justification of an empirical hy-
pothesis, is too strong.
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2.3 �The Nature and Status of Perrin’s 
“Connecting Link”

There is a tendency to take Perrin too literally and to approach 
his overview of his experiments with the expectation of finding 
a direct argument for the molecular hypothesis. This tendency is 
encouraged by Perrin’s own exposition, which intersperses the 
description of his findings with conclusions about molecular 
reality and its role in the explanation of Brownian motion. But 
reading Perrin in this way conceals rather than clarifies the struc-
ture of his overall argument. That argument is indeed an argu-
ment for molecular reality.19 But it has a subtlety that is easily 
missed.

In order to appreciate Perrin’s contribution it is necessary to 
recognize that, as striking as Brownian motion is to gross obser-
vation, its fine-structure is more striking still, and even its pre-
cise description was a considerable theoretical and experimental 
achievement. Perrin’s argument for molecular reality is a devel-
opment of the following observation: modulo the fact that the 
granules do not influence one another, even when they approach 
each other as closely as one granular diameter, their motion con-
stitutes a visible model of the molecular-kinetic theory. Perrin’s ex-
periments demonstrate this in precise detail, more specifically, 
they show:

(G) The mean kinetic energy of the granules is the same at 
any given temperature regardless of the character of the 
granules or the character of the liquid in which they are 
suspended.

This is a conclusion drawn at the level of the various kinds and 
sizes of visible granules involved in his experiments.
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But Perrin’s main goal is to secure a premise which affords 
what he calls a “connecting link” between the mean energies of 
the granules and the molecules of the emulsion in which they are 
suspended:

(I) The mean kinetic energy of the molecules, whose inter-
action with the granules—whether by contact or by some 
more complicated force—is held to be responsible for their 
motion, is the same as the mean kinetic energy of the 
granules.

There are essentially three considerations which Perrin ad-
vances on behalf of (I). The first is a plausibility argument de-
rived from van ’t Hoff’s investigations of osmotic and gaseous 
pressure, and the extension to liquids (dilute solutions) of the 
molecular-kinetic theory of gases to which they led. Van ’t Hoff’s 
theoretical investigations show:

(M) At the same temperature all the molecules of all fluids 
have the same mean kinetic energy, which is proportional 
to the absolute temperature.

In particular, this holds as we consider molecules of larger and 
larger size, and it suggests the possibility that it might be gener-
alized further still:

Let us now consider a particle a little larger still, itself 
formed of several molecules, in a word a dust. Will it pro-
ceed to react towards the impact of the molecules encom-
passing it according to a new law? Will it not comport 
itself simply as a very large molecule, in the sense that its 
mean energy has still the same value as that of an isolated 
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molecule? This cannot be averred without hesitation, but 
the hypothesis at least is sufficiently plausible to make it 
worth while to discuss its consequences. (Perrin 1910, p. 20)

Perrin’s formulation is somewhat misleading. When he writes 
that “the hypothesis is sufficiently plausible to make it worth while 
to discuss its consequences,” he does not mean that the only basis 
for (I) is the plausibility argument which is indicated by van ’t 
Hoff’s theory. The theoretical path to (I) is complemented by his 
experimental investigations in two ways. First, while the theoret-
ical argument converges on (I) by the consideration of larger 
and larger molecules, Perrin’s experimental results converge on 
it by the investigation of smaller and smaller granules. But second, 
(I) receives further support from the fact that theory-mediated 
measurements of molecular parameters that are based on consid-
erations altogether different from Perrin’s—because they do not 
appeal to his connecting link involving the mean energy of the 
molecules—yield essentially the same results for the values of 
these parameters as his own.

If one focuses only on the theoretical discussion which moti-
vates (I), one will miss the full force of Perrin’s argument for mo-
lecular reality because the basis for this key premise will have 
been dramatically understated. This, it seems to me, is precisely 
where van Fraassen goes wrong in his account of Perrin.20 In a 
discussion of the paragraph of Perrin’s we have been considering, 
van Fraassen writes:

[W]e should note that the theoretical derivations which 
Perrin assumes are largely dependent also on assumptions 
added to the kinetic theory, in the construction of specific 
models. . . . ​The addition Perrin made to this already 
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almost century-old story follows the same pattern. As 
Achinstein emphasizes, Perrin also introduces an addition 
to the theory, a “crucial assumption, viz. that visible par-
ticles comprising a dilute emulsion will behave like mol-
ecules in a gas with respect to their vertical distribution” 
(Achinstein 2001, p. 246). Note that this is a blithe addi-
tion: Perrin argues for its plausibility, but in terms that 
clearly appreciate the postulational status of this step in 
his reasoning. . . . ​On [its] basis, the results of measure
ments made on collections of particles in Brownian mo-
tion give direct information about the molecular motions 
in the fluid, always of course within the kinetic theory 
model of this situation. (van Fraassen 2009, p. 20)

Van Fraassen (apparently following Achinstein) appears to be 
suggesting that Perrin’s connecting link is a crucial but mere as-
sumption—“a blithe addition” to the molecular-kinetic theory—
which has the same status as the simplifying assumptions about 
the shapes of molecules that enabled earlier theoretical calcula-
tions of molecular parameters. But the plausibility argument 
which is indicated by van ’t Hoff’s theory does not exhaust Per-
rin’s justification for his connecting link; and one of the things, 
as we will see, which separates Perrin’s determination of molec-
ular parameters from many of his predecessors is the care with 
which he avoids the use of the simplifying assumptions which 
are characteristic of the theoretical calculation of molecular-
parameter values. Although it is not a point that Perrin stresses, 
if we put to one side the correct explanation of Brownian motion, 
it is possible to arrive at Perrin’s conclusions about its character 
without at any stage invoking the molecular hypothesis or the 
molecular-kinetic theory.
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To recapitulate, for Perrin it is the combination of two sets of 
considerations that supplies the initial justification for the premise 
that the mean kinetic energy of the molecules is the same as the 
mean kinetic energy of the granules. First, there are those con-
siderations that derive from the extension of the molecular-kinetic 
theory to liquids; and second, there are those that derive from his 
own work with Brownian motion. The connecting link that they 
support is of course central to Perrin’s whole discussion, since it 
is on its basis that he is able to infer of the molecules such char-
acteristics as their number and their masses, estimates of their 
sizes and, in general, the values of many parameters that had been 
without empirical determination. As Perrin put the point in 
Atoms:

If the agitation of the molecules is really the cause of the 
Brownian movement, and if that phenomenon constitutes 
an accessible connecting link between our dimensions and 
those of the molecules, we might expect to find therein 
some means for getting at these latter dimensions. This is 
indeed the case, and we have moreover a choice of methods 
we may employ. I shall discuss first the one that seems to 
me the most illuminating.21

But Perrin’s justification for his connecting link is not exhausted 
by what is theoretically mandated regarding molecules of in-
creasing size and his extrapolation from what he discovered to 
be true of granules of different sizes. The link receives further 
support from the fact that theory-mediated measurements of 
molecular parameters that are based on altogether different 
considerations yield essentially the same molecular-parameter 
values.
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2.4 Perrin’s Argument for Molecular Reality

The application of the molecular hypothesis to the explanation 
of Brownian motion begins with the recognition that, given our 
understanding of the dynamical behavior of continuous media, 
it is not possible to locate the source of the granules’ motion so 
long as we adhere to the assumption that the liquid in which they 
are suspended conforms to our conception of a dynamical system 
with the structure of a continuous fluid. This observation is fol-
lowed by the demonstration that the experiments which reveal 
the character of Brownian motion can be used to exploit the phe-
nomenon as a “means for getting at molecular dimensions” since 
they show it to provide a “connecting link” which allows us to 
empirically determine molecular parameters when we extrapo-
late from the mean kinetic energy of the granules to the mean 
kinetic energy of the molecules of the liquid.

The granular concentration experiments and the experiments 
involving the translational and rotational displacement of the 
granules employ different methods and experimental techniques 
as well as different functional relationships among the relevant 
parameters. Despite the variety of assumptions on which the ex-
periments are based, they agree in the values they disclose for the 
various granular parameters, and they are mutually supporting 
of one another and of the conclusions to which they lead about 
molecular parameters. Moreover, the findings based on the ex-
trapolation to the mean kinetic energy of the molecules are a 
source of information about molecular reality and its empirical 
determination that are susceptible to increasing refinement in a 
way that theoretical calculations of molecular parameters based 
on the classical kinetic theory of gases are not. Those calculations 
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rest on simplifying assumptions, which, like the perfect spherical 
shape of molecules, are at best a convenience. As Perrin remarks 
in his Nobel Lecture (1926, p. 10)

The accuracy of [my] determinations [of molecular par
ameters], so far of several hundredths, can certainly be 
improved: the same does not apply to values obtained from 
the kinetic theory of gases, because here perfecting the 
measurements would not diminish the uncertainties in-
herent in the simplifying assumptions which were intro-
duced to facilitate the calculations.

This point is completely missed by van Fraassen when he writes:

To be realistic we should note that the theoretical deri-
vations which Perrin assumes are largely dependent also 
on assumptions added to the kinetic theory, in the con-
struction of specific models. Most of the work proceeds 
with models in which the molecules are perfect spheres, 
for example, though Perrin (1910, p. 14) notes that other 
hypotheses are needed in other contexts. As long as the 
simple models work, to allow a transition from the empiri-
cally obtained results to values for the theoretical par
ameters, and as long as these values obtained in a number 
of different ways agree with each other and with what is 
theoretically allowed—to within appropriate margins of 
error—this counts as success. (van Fraassen 2009, p. 20)

But in the passage from Brownian Movement and Molecular 
Reality to which van Fraassen refers, Perrin is discussing the as-
sumptions that go into the theoretical calculations, which, in his 
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Nobel Lecture, he is concerned to contrast with his own theory-
mediated determinations of molecular parameters.

With this perspective in mind, let us turn to a somewhat fuller 
reconstruction of Perrin’s argument for molecular reality. Writing 
in 1888 Louis-Georges Gouy successfully excluded virtually all 
the extant alternative explanations of Brownian motion that 
sought to locate its cause in a source external to the fluid in which 
the particles are suspended.22 (It was clear that the explanation 
of Brownian motion cannot reside in the particles themselves, 
since they are observed not to influence one another even when 
they pass as close as one diameter.) After recounting the achieve-
ments of Gouy and his predecessors, Perrin (1910) remarks in his 
section 5 on how microscopic observation of a container into 
which a “continuous fluid” has been poured, and some very small 
colored particles (“colored powders”) have been placed, shows 
that the “coordinated” (i.e., nearly equal and parallel) motions of 
the colored particles gradually gives way to “decoordinated” or 
randomly distributed motions of the particles. After a short time, 
in order to find a region in which the motions of the particles are 
coordinated, it is necessary to consider smaller and smaller por-
tions of the fluid. But when the motion of the fluid appears to have 
ceased, and we imagine it to be in a state of static equilibrium, a 
microscopic examination reveals the incessant motion of the col-
ored particles and shows the equilibrium we thought we had ob-
served to have been illusory.

Closer examination of the motion of the colored particles 
shows it to exhibit a remarkable property: Over time, if in a small 
region the motion of some of the particles stops, it is immediately 
compensated by motion in another small region where it is taken 
up by the particles of that region. Perrin calls this phenomenon 
“recoordination” and argues that it shows the dissemination of 
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motion from one region to another to proceed not “vertically” 
from a small region to its smaller and smaller nested subregions, 
but “horizontally” from a small region of the fluid to another 
comparably small region which is disjoint from it. If the fluid were 
indeed continuous, very general constraints that guide our con-
ception of the motion of a continuous medium would require that 
the dissemination should be wholly vertical. The fact that the mo-
tion is not disseminated vertically but horizontally strongly sug-
gests, again on the basis of very general considerations—in this 
case, principles governing elastic or nearly elastic collisions among 
particles—that the fluid has a particulate structure, with the par-
ticles of the medium imposing a bound on the vertical dissemi-
nation of the motion.

Perrin’s discussion of the source of the phenomenon of 
Brownian motion illustrates the utility of the distinction between 
“principles” governing dynamical processes and “constructive” 
hypotheses about the constitution of the fluid by dialectically 
confronting characteristics of the principle-theoretic components 
of diverse theories in order to arrive at a decision about a con-
structive hypothesis concerning the fluid’s constitution. Reflec-
tion on the phenomenon of Brownian motion and those general 
dynamical principles appropriate to particle motion and the mo-
tion of continuous media then leads us away from one theory of 
the composition of the fluid and toward another.23

Perrin’s argument from Brownian motion to molecular reality 
continues with the observation—made precise by the analysis of 
Einstein and others24—that according to the kinetic theory small 
but visible particles should exhibit the features that the theory at-
tributes to molecular motion. Perrin’s observations of granules 
in Brownian motion dramatically confirmed this prediction. But 
Perrin also showed how, on the assumption that the motion of 
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the granules is the effect of their interaction with the molecules 
of the liquid in which they are suspended—and, in particular, on 
the assumption that the mean kinetic energy of the molecules is 
the same as the mean kinetic energy of the granules—it is pos
sible to devise empirical determinations of parameters that had 
previously resisted such determination.

As noted in Section 2.3, Perrin’s justification for the identifica-
tion of the mean kinetic energy of the molecules with that of the 
granules is based on his experimental demonstration that the 
mean kinetic energy of the granules is independent of their size 
and the earlier theoretical investigations of van ’t Hoff extending 
the kinetic theory of gases to liquids. As Perrin demonstrated, the 
identification has a special importance since it carries with it epis-
temic access to molecular reality. But unlike the role of a corre-
spondence rule, which associates a “theoretical” parameter with 
an “observable” one, Perrin’s connecting link has nothing to do 
with the explanation of our understanding of “mean kinetic en-
ergy” when this term is applied to unobservable entities. It is a 
precondition of his analysis that the term is one we understand, 
and it is taken for granted that our understanding of it does not 
change merely because it is applied to particles too small to be 
visible. What is new is Perrin’s use of the mean kinetic energy and 
the connecting link in which it occurs to address the empirical 
determination of parameters that qualify molecules. From this 
perspective, the central novelty of Perrin’s contribution to our as-
sessment of the molecular hypothesis was his demonstration 
that Brownian motion could be exploited to serve this purpose.

After Perrin, the molecular hypothesis stood in marked con-
trast to both the metaphysical atomists and their inability to se-
cure anything comparable in connection with the properties of 
atoms, and the ether theorists and their failure to empirically 
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determine such theoretically mandated properties as velocity 
relative to the ether. The importance of the fact that molecular 
parameters are empirically well founded by theory-mediated 
measurements does not require that the estimated values to which 
such measurements lead are the “true” values of the parameters; 
what is important is that the methodology by which such param
eter values are obtained should be susceptible of systematic re-
finement by a well understood methodological practice.

The methodological significance of Perrin’s achievement was 
quickly recognized by Poincaré who remarked that in light of Per-
rin’s work there is no denying that we “see” atoms.25 This remark 
should be understood in terms of an analogy of Perrin’s: Just as 
the infrared is an extension of visible light, so also the empirical 
determinability of molecular quantities shows how a combina-
tion of experimental and theoretical reasoning can be regarded 
as an extension of our faculty of vision, an extension in the sense 
that it exhibits the same possibilities of greater resolution and re-
finement.26 As Perrin (1926) noted in his Nobel lecture quoted 
earlier in this chapter, his methods allow for the possibility of sys-
tematically refining the measurement of molecular parameters 
in a way that theoretical calculations based on idealizing assump-
tions do not. It is this feature of Perrin’s contribution to our epis-
temic access to molecular reality that supports a comparison with 
perception and distinguishes it from the hypothetical reasoning 
of the early atomists. And it is this departure from the earlier at-
omistic tradition that attracted Poincaré’s attention and elicited 
his remark.

It is common to suppose that the philosophical question the 
molecular hypothesis raises for realism is how decisively Perrin’s 
investigations of Brownian motion establish the truth of the 
molecular-kinetic theory. But there are at least two difficulties 
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with this way of framing the issue of realism and Perrin’s pos
sible contribution to our understanding of it. First, Perrin’s ex-
periments could not possibly establish the molecular-kinetic 
theory simply because the difficulties with the theory were too 
great. At most, the Einstein-Perrin analysis of Brownian motion 
can be regarded as having shown the limited validity of some of 
its basic principles, such as the equipartition principle. Second, 
it can reasonably be argued that the defense of an existence claim 
like the molecular hypothesis does not proceed by establishing 
the truth of the theories in whose explanations the hypothesis 
forms an integral and indispensable part. The considerations on 
which the molecular hypothesis depends are rather: (i) the diffi-
culty of finding the source of Brownian motion if the fluid in 
which the granules are suspended is assumed to have a contin-
uous structure, (ii) the strength of Perrin’s connecting link trans-
ferring the mean kinetic energy of the granules to that of objects 
of smaller dimensions, and (iii) the justification of the empirical 
well-foundedness of the parameters which characterize molecules. 
Even though the molecular-kinetic theory was highly prob-
lematic, the developments occasioned by the analysis of Brownian 
motion are more than sufficient to have set a course which culmi-
nated in the justification of the molecular hypothesis.

The empirical determinability of any number of parameters of 
the molecular-kinetic theory cannot of course show the theory 
to be true or even empirically adequate. But it can be decisive for 
the justification of the existential claim on which the theory rests. 
Although this is a significantly weaker claim than the conclusion 
that the molecular-kinetic theory is not merely empirically ade-
quate but true, it is clearly favorable to the realist conviction that 
science is capable of capturing salient truths about reality, even a 
reality that transcends our experience. For it tells us that the 
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empirical determinability of molecular parameters is capable 
of establishing molecular reality even if it fails to justify with 
comparable conviction theories about that reality. In this respect 
our use of empirical well-foundedness goes further than the 
view—recently advanced in van Fraassen (2009)—that some-
thing akin to what we have described as theory-mediated mea
surements serve only to show that the molecular-kinetic theory 
is “empirically grounded.” I say “akin to theory-mediated mea
surements,” because van Fraassen is concerned with a special 
case of the bearing of the measurement of certain parameters 
on theories—not with the general phenomenon of theory-mediated 
measurement. The question van Fraassen is addressing is: What 
is the nature of the support that a variety of concordant measure
ments of different parameters can bestow on a theory when it is 
the theory itself that guides the implementation of the measure
ment of these parameters? The conclusion for which he argues is 
that the support that a theory receives in such a case is different 
from the support that attaches to it on the basis of its predictive 
success.

Provided the parameters and the theory meet certain condi-
tions,27 such measurements are capable of showing the theory 
which informs them to be empirically grounded. This is less than 
empirical adequacy because it allows for the possibility that there 
are appearances which the theory does not save. But it is also more 
than empirical adequacy, since a predictively successful theory 
might well fail to be empirically grounded. And most importantly 
for van Fraassen, empirical groundedness, like empirical ade-
quacy, falls far short of truth.

As we noted earlier, Perrin observed that his results are sus-
ceptible to increasing refinement—unlike purely theoretical cal-
culations of parameter values that are based on idealizations 
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which cannot be relaxed without undermining the calculation. 
Recall that the theory-mediated measurements carried out by 
Perrin determine granular parameter values. They proceed within 
the framework of the molecular kinetic theory in the sense that 
they exploit functional relationships between parameters be-
longing to this framework. None of these measurement results 
depend on the molecular hypothesis. The transition to molecular 
parameters is based on Perrin’s extrapolation to the identity of the 
mean molecular kinetic energy of the granules with that of 
the molecules comprising the fluid in which they are suspended. 
The justification for this extrapolation is based on Perrin’s dem-
onstration of the constancy of the mean molecular kinetic ener-
gies of granules of increasingly smaller size, and the concordance 
of the determination of molecular parameter values employing 
this assumption with their determination by methods based 
on considerations that are independent of the framework of the 
molecular-kinetic theory.

The conclusion Perrin’s measurements support is not merely 
the well-groundedness (in the sense of van Fraassen) of the 
molecular-kinetic theory, but the truth of the molecular hypoth-
esis. This point appears not to have been assimilated by either the 
realist or antirealist side of the debate in the recent literature on 
Perrin and Brownian motion. It is certainly true that the consid-
erations advanced by Perrin do not contribute to our confidence 
in the truth of the molecular-kinetic theory; but this was never 
their point. Perrin showed how, by detaching the question of mo-
lecular reality from the truth of this theory, it is possible to un-
dermine skeptical views of molecular reality that appeal to the 
fact that the theories that assume it are sometimes highly prob-
lematic. Given the formulation of a multiplicity of clear and in
dependent criteria for empirically determining the properties of 
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molecules—with all the criteria concordant, and the empirical 
determination of the relevant parameters therefore robust—what 
more could one reasonably require of a demonstration of their 
existence? Only that comparable success in the exploration of the 
epistemic accessibility of the submolecular and subatomic levels 
should also be forthcoming—something that was dramatically 
borne out by the subsequent development of the subject.28

By way of summary, Perrin’s argument for molecular reality 
has five stages. The first stage infers the particulate nature of a 
fluid from the phenomenon of Brownian motion and the princi
ples that are characteristic of the motion of particles and the 
motion of continuous media. This is not yet an inference to an 
explanation of Brownian motion, let alone an inference to its best 
explanation. At this stage, the aim is, as Perrin puts it, to show 
how the phenomenon of Brownian motion might be said to “log-
ically suggest” the particulate nature of the fluid. The second 
stage of Perrin’s argument is directed at securing the basis for ex-
trapolating from our experience with granules of various sizes 
to the value of the mean kinetic energy of the much smaller par-
ticles which, on the molecular hypothesis, constitute the fluid. 
The third stage consists in the exploration of the consequences 
of the connecting link, argued for at an earlier stage, for the em-
pirical determination of a host of molecular parameters. The 
fourth stage consists in recounting the support that the con-
necting link receives from the remarkable uniformity and con-
cordance of the determination of parameter values to which it 
leads with various other determinations of these parameter 
values. The final stage infers from what the earlier stages have 
revealed the explanation of Brownian motion in terms of the 
molecular hypothesis.

As Perrin points out, it would be a mistake to view his argu-
ment for molecular reality as the simple exploration of the em-
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pirical success of the predictions to which we might be led if we 
were to begin with the molecular hypothesis.29 In light of our 
account it is clear why we should reject such a reconstruction 
of Perrin’s argument. First, it leaves out the critical role of the 
confrontation of the phenomenon of Brownian motion with 
our understanding of the motion of continuous media. Second, 
proceeding “hypothetically” is compatible with the use of the-
oretical parameters for which we lack any principled means for 
empirically determining their values. Third, reasoning “hypo-
thetically” makes no provision for the critical importance of the 
separate requirement—dramatically shown to be satisfied by the 
methods Perrin employed—that the various determinations of 
molecular parameters should be concordant. Fourth, hypothet
ical reasoning is not essentially coupled with empirical methods 
that carry with them principles by which they can be indefinitely 
corrected and refined. All of these aspects of Perrin’s reasoning 
are overlooked by hypothetico-deductive reconstructions of it. 
And, at the very least, the second and fourth are ancillary to an 
account that represents Perrin’s methodology as an instance of 
inference to the best explanation. The molecular hypothesis may 
well be the best explanation of Brownian motion, but its true epis-
temological support is far more nuanced than such a character-
ization suggests.

2.5 Thomson and the Constitution of Cathode Rays

There are many investigations that complement Perrin’s conclu-
sions about molecular reality by bringing to bear evidence that 
is wholly unrelated to Brownian motion. An important and rep-
resentative one among them occurred in connection with J. J. 
Thomson’s discovery of the corpuscular nature of cathode rays, 
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representing what we would today describe as the discovery of the 
electron, the first of the subatomic particles of modern physics.30 
Thomson’s discoveries were contemporaneous with Perrin’s and 
are a necessary extension of the molecular hypothesis to the atomic 
and subatomic levels. In addition to extending the molecular hy-
pothesis into the region of the subatomic, Thomson’s investiga-
tions led to a determination of N based on Townsend’s discovery 
that in the process of electrolysis the charge per ion is the same 
as the charge per hydrogen molecule. This determination of N 
does not depend on knowledge of the mean kinetic energy of the 
molecules under study but derives it from knowledge of the charge 
on the electron. It vindicates the robustness of Perrin’s results by 
yielding a determination of N that is entirely independent of 
Perrin’s but is in sufficiently close agreement for the two deter-
minations to count as concordant.31

Thomson’s (1906) Nobel Lecture, “Carriers of Negative Elec-
tricity,” sets out with remarkable clarity the way in which an in-
tricate combination of experimental and theoretical consider-
ations led to the discovery of the corpuscular nature of cathode 
rays and the determination of the value of e.32 His argument for 
the particulate nature of electricity shares the general theory-
mediated-measurement structure of Perrin’s for molecular reality.

The initial consideration that Thomson advances in favor of 
the corpuscular nature of cathode rays is a species of argument 
by analogical extension from our familiarity with the behavior of 
charged particles under the influence of electric and magnetic 
forces. The novelty of Thomson’s contribution to this analogical 
argument consists in his elicitation of the requisite behavior from 
cathode rays under the influence of an electric force by placing 
them in an environment (vacuum tubes—Thomson’s “highly ex-
hausted tubes”) in which the presence of gases is negligible so 
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that the rays are not insulated from the electric field. Given our 
gross experience with the motion of charged objects such as pith 
balls, the behavior of cathode rays when subjected to magnetic 
and (under appropriate conditions) electric forces is suggestive of 
the idea that the rays are composed of corpuscles. But Thomson 
did more than elaborate an argument by analogy. He went on 
to develop a series of arguments, closely similar in their meth-
odological significance to those employed by Perrin in his em-
pirical determination of parameters relevant to the molecular 
hypothesis; with this contribution, Thomson, like Perrin, es-
tablished much more than the mere plausibility of an existential 
hypothesis.

Having determined the velocity of cathode rays, Thomson 
turned his attention to the determination of e / m, the charge-
to-mass ratio of the particles that compose them. As Thomson 
explains, this ratio is central to his argument since its proper 
determination is one of the key components of his response to 
Hertz’s discovery that cathode rays are capable of penetrating gold 
leaf, a discovery that presented a serious difficulty for the view 
that cathode rays are composed of corpuscles. The difficulty arises 
from the fact that since hydrogen atoms, the smallest corpuscles 
then known, are not capable of penetrating gold leaf, electrons 
would have to be several orders of magnitude smaller than even 
the hydrogen atom.

The claim that electrical particles are capable of passing through 
“even the densest matter” can already be found in the writings 
of Benjamin Franklin. Thomson’s achievement was to establish 
their capacity to pass through gold leaf by an independent as-
sessment of their size, rather than by invoking an assumption 
about the electron mass that would enable the corpuscular hy-
pothesis to meet the difficulty raised by Hertz’s discovery. The 
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procedure Thomson used for determining that electrons are vastly 
smaller than hydrogen atoms depends on first learning the value 
of e / m, and then inferring, on the basis of knowledge of e, the 
mass of the electron.

Thomson describes a method for determining e / m that ex-
ploits the behavior of cathode rays under the influence of an 
electric field. A brief theoretical analysis shows the determina-
tion of e / m to depend on an easily measured displacement of a 
patch of phosphorescence where the cathode rays strike the glass 
tube. It is a remarkable fact, which Thomson emphasizes, that, 
using this method, one finds the same value for e / m however 
the rays are produced, and whatever the velocity of the particles 
that compose them—provided only that this velocity does not 
come close to that of light. The value of e / m is found to be inde
pendent as well of the nature of the electrodes and of the gas 
environment of the tubes containing the rays. Thomson (1906, 
pp. 149–150) also remarks on the great variety of other conditions—
conditions not involving cathode rays—under which electrons 
can be obtained: by heating in the case of some substances, and 
by cold the case of others; by alkali metals when these are exposed 
to light; and by radioactive substances, in which they are given 
out in large quantities. In all of these cases e / m has the same con-
stant value.

But although the soundness of Thomson’s argument for the 
value of the electron mass and much else depends fundamentally 
on the correctness of his determination of e / m, Thomson no-
where supposes that the constancy of e / m is the basis for infer-
ring the particulate nature of cathode rays.33 Thomson’s determi-
nation that the charge-to-mass ratio is approximately 1,700 times 
the charge-to-mass ratio for the hydrogen atom raises the ques-
tion of whether its value is a consequence of the smallness of 
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the mass of the electron compared with that of the hydrogen 
atom or of the fact that the charge on the electron is much greater 
than that on the hydrogen atom.34 Thomson seeks to establish the 
first alternative, since a vastly smaller m would address Hertz’s 
discovery.

The reasoning on the basis of which Thomson infers a very 
small value for m depends on a number of subarguments devoted, 
ultimately, to the determination of e. Thomson’s subarguments 
proceed from a variety of experimentally established premises, 
with the choice of premise guided by its ability to be combined 
with a theoretically established connection between measured 
quantities and the quantities whose values are being sought. The 
subarguments are mutually supporting: Some are invoked to 
relax a restriction in the scope of one or another earlier argument, 
while others establish the same conclusion in a different experi-
mental setting, thereby lending greater generality to the argu-
ment. The proof that the large value of e / m is attributable to the 
small value of the electron mass is developed using C. T. R. Wil-
son’s discovery that a charged particle forms a nucleus around 
which water vapor condenses and forms drops. Appealing to 
Stokes’s Law of Fall for the determination of the average size of 
the water droplets enclosing electrons, Thomson arrived at an es-
timate of the value of the charge on each carrier of negative elec-
tricity. And as Thomson notes, a simpler method, deployed by 
H. A. Wilson, yields the same estimate.

In his pursuit of a more precise determination of e, Millikan 
later noted many places where Thomson’s assumptions could be 
questioned.35 The points on which Millikan laid particular stress 
were Thomson’s reliance on Stokes’s Law of Fall and the diffi-
culty one encounters when repeating Thomson’s experiments 
of making it “even approximately true that each droplet contain[s] 
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only a single unit of charge” (Millikan 1917, p. 50). Millikan’s de-
termination of the absolute value of e on the basis of his experi-
ments with oil drops significantly improved on Thomson’s results. 
But important as Millikan’s investigations were in showing that 
the apparent unitary value of e was genuine and not merely a sta-
tistical phenomenon, and that charges increase or decrease by 
unitary steps, its revelation of the need for significant improve-
ments and corrections to Stokes’s Law and to Thomson’s experi-
mental procedures and results did not undermine Thomson’s 
demonstration of the corpuscular nature of cathode rays. Rather, 
it extended and corrected the approximative reasoning which 
guided Thomson’s determination of the electron’s fundamental 
properties. In doing so, Millikan confirmed the incisiveness of 
Thomson’s general methodological conception.

The contribution of Thomson is distinguished by its isolation 
and adept experimental investigation of the phenomena which 
form the basis of the analogical extrapolation to the particulate 
nature of cathode rays. This hypothesis is made compelling by the 
way in which an initially plausible analogical argument is elabo-
rated by considerations that are drawn from a variety of indepen
dent sources and then used to refine our determinations of the 
values of a number of fundamental parameters with what can jus-
tifiably be judged as increasing accuracy and precision. Most 
importantly, Thomson, like Perrin, showed how otherwise seem-
ingly inaccessible quantities are empirically determinable by a 
variety of independent methods, all of which accord with one an-
other. These arguments are not demonstrative and are incapable 
of precluding the possibility of skepticism about the reality of the 
unobservable entities under study.

However the credibility of a skeptical assessment of Thomson’s 
existential hypothesis demands that we focus on the analogical 
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component of the argument to the exclusion of its technical elab-
oration by theory-mediated measurements. Such a focus misses 
what is distinctive about both Thomson’s and Perrin’s contribu-
tions, since it is precisely their articulation of methods for the ro-
bust empirical determination of the parameters that qualify the 
entities they were investigating that separates their work from the 
just-so stories of an earlier atomist tradition and removes any le-
gitimate doubt about the correctness of their existence claims. It 
was precisely his appreciation of this feature of modern atomism 
that informed Poincaré’s mature view of the status of the molec-
ular hypothesis.
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3	 Poincaré on the Theories of 
Modern Physics

3.1 Poincaré on “True Relations”

Poincaré’s discussion of what he refers to as “true relations”—
relations in the form of functional relations connecting various 
physical parameters—occurs in the chapter of Science and 
Hypothesis entitled “The Theories of Modern Physics.” The dis-
cussion is guided by two observations: (1) physical theories are 
often indifferent to the nature of the constitution of the things 
whose behavior they seek to describe; (2) physics thrives on the 
discovery of relations which yield various different but concordant 
determinations of physical parameters; these are the true relations 
Poincaré wishes to highlight. We will see how these two obser-
vations inform Poincaré’s remarks on modern physical theories, 
and in particular, how the emphasis he eventually came to place 
on true relations led him to change his view of the hypotheses 
about which physics should—and should not—be indifferent. In 
addition to being supported by the relevant texts, the account of 
Poincaré I will propose allows us to understand very clearly why 

 EBSCOhost - printed on 2/13/2023 10:06 PM via . All use subject to https://www.ebsco.com/terms-of-use



	 Poincaré on the Theories of Modern Physics  101

he found Perrin’s research on Brownian motion, together with 
certain other discoveries which accompanied it, so decisive for 
the demonstration of molecular reality.

Those of Poincaré’s remarks about the primacy of relations that 
derive from (1) may have been partly suggested by his familiarity 
with Newton’s discovery that for many astronomical calculations 
it suffices to consider just the centers of mass of the bodies whose 
motions we seek to describe. This is not a philosophical thesis but 
a mathematical theorem that depends on demonstrable proper-
ties of the relevant forces, and it evidently allows us to set entirely 
to one side the complexities which questions of the constitution 
of bodies raise. In this case, our ability to ignore the “nature” of 
the objects under study does not rest on a general view about their 
opacity to further study. But although the example of Newton 
may have been importantly suggestive, it is clear that it does not 
exhaust the considerations which led to Poincaré’s emphasis on 
the indifference of physical theory to the constitution of the things 
whose dynamical behavior it seeks to describe.

Poincaré cites three examples to illustrate the thesis that the 
abiding import of physical theories consists in their ability to di-
rect our attention to true relations. The first example concerns 
the isolation and characterization of periodic phenomena. We are 
in possession of a characterization of periodic systems that is gen-
eral and abstract in the sense that it is independent of the me-
chanical or electrical nature of the periodic process to which it 
can be applied. Its discovery was facilitated by theoretical princi
ples of energy conservation and least action, and the character-
ization captures both the periodicity of the motion of a pendulum 
and the periodicity of an electric current. Poincaré cites this ex-
ample to stress that the recognition of the periodic character of 
an electric oscillation is an important advance whatever our view 
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of the source of such oscillations. The example illustrates the fact 
that theoretical advances often abstract overspecific commit-
ments to the nature and constitution of the physical systems and 
the origin of the phenomena to which they can be successfully 
applied. Of the three examples we will be considering, this one 
comes closest to supporting a “structuralist” interpretation of 
him: periodicity is a property that is susceptible to a purely ab-
stract mathematical characterization. But there is a large gap be-
tween the perception that physics benefited from the trend toward 
abstraction that characterized mathematics toward the end of 
the nineteenth century and the thesis that our knowledge of the 
material world is restricted to its mathematical or structural 
properties.

Poincaré next cites an example which illustrates the possibility 
that diverse and even mutually incompatible theoretical starting 
points can agree in the relationship they find between two phys-
ical parameters, namely, the relation between absorption and 
anomalous dispersion.1 Of this example, Poincaré writes:

Numerous theories of dispersion have been proposed. . . . ​
But, what is remarkable, is that all the scientists who came 
after Helmholtz reached the same equations, starting from 
points of departure in appearance very widely separated. 
I will venture to say that these theories are all true at the 
same time, not only because they make us foresee the same 
phenomena, but because they put in evidence a true rela-
tion, that of absorption and anomalous dispersion. What 
is true in the premises of these theories is what is common 
to all the authors; this is the affirmation of this or that re-
lation between certain things which some call by one 
name, others by another. (Poincaré 1902, authorized Hal-
sted translation, p. 141)
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Poincaré’s stress on the agreement in equations is not an abstract 
metaphysical claim about the importance of “pure form” or struc-
ture. As Poincaré notes on the immediately preceding page, the 
point of the equations in which he is interested is to express 
relations; and in the present case, the equations on which everyone 
since Helmholtz converged express the relation between the 
known quantities of absorption and anomalous dispersion.

The sense of this passage is seriously distorted in the unauthor-
ized translation, reprinted in the 1952 Dover edition, where, on 
p. 162, we read:

But the remarkable thing is, that all the scientists who fol-
lowed Helmholtz obtain the same equations, although their 
starting-points were to all appearances widely separated. 
I venture to say that these theories are all simultaneously 
true; not merely because they express a true relation—that 
between absorption and abnormal dispersion. In the 
premises of these theories the part that is true is the part 
common to all: it is the affirmation of this or that relation 
between certain things, which some call by one name and 
some by another.

The sentence I have italicized omits altogether Poincaré’s contrast 
between foreseeing phenomena and isolating true relations, and 
it fails to make clear that what Poincaré is concerned to isolate as 
the common part of these different approaches is the fact that the 
equations they share express the same relation between absorp-
tion and anomalous dispersion. Without this qualification it is 
easy to misinterpret the sentence with which the passage con-
cludes, and to suppose that the parameters whose relation the 
equations express might be represented purely abstractly by vari-
ables of the appropriate type. Poincaré’s point is not this, but is 
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rather the physically interesting observation that despite the fact 
that the nature of light and the refractive medium were differently 
conceived in different theories, all of them nonetheless converged 
on the relation between absorption and anomalous dispersion.

But my primary interest is Poincaré’s last example, since it 
is most closely related to our study of the shift in his evalua-
tion of the molecular hypothesis. It involves the case of a prob-
lematic theory, the classical kinetic theory of gases, leading to 
the nineteenth-century discovery of the correct relation between 
osmotic and gaseous pressure. Poincaré’s point is that the rela-
tion to which the example draws our attention retains its interest 
and importance whatever the status of the molecular model that 
suggested it:

The kinetic theory of gases has given rise to many objec-
tions, which we could hardly answer if we pretended to see 
in it the absolute truth. But all these objections will not 
preclude its having been useful, and particularly so in re-
vealing to us a relation true and but for it profoundly 
hidden, that of the gaseous pressure and the osmotic pres-
sure. In this sense, then, it may be said to be true. (Poin-
caré 1902, authorized Halsted translation, p. 141)

The background to Poincaré’s point may be explained as follows.
When a solution of sugar in water is separated from a pure 

solvent—such as water—by a membrane that allows water but not 
sugar to pass, then water forces its way through the membrane 
and into the solution. This process results in greater pressure on 
the solution side of the membrane; this pressure is osmotic pres-
sure. Once it was known how to measure osmotic pressure, there 
arose the question of how to determine its relation to the concen-
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tration and temperature of the solution. This was a nontrivial 
problem which led eventually to extending the kinetic theory of 
gases to include liquids, a development that figured prominently 
in Perrin’s argument for his connecting link (as we saw in Sec-
tion 2.3). The key to its resolution was van’ t Hoff’s observation 
that with sufficiently dilute solutions the osmotic pressure is the 
same as the pressure which the dissolved substance would exert 
as a gas.

Although the identification of gaseous and osmotic pressure 
is readily suggested by transposing the model of gas pressure (as 
the impact of gas molecules on the sides of a container) to the 
collisions of the molecules of the solution with a semipermeable 
membrane, its justification did not require this hypothetical pic-
ture, but was made compelling by focusing on the behavior of the 
relevant parameters without appealing to their atomistic interpre-
tation. Thus it was first discovered that the relation between os-
motic pressure and the volume of the dissolved substance—sugar 
in our example—at a fixed temperature satisfies Boyle’s equation, 
pV = constant. Then it was discovered that the constant in the re-
lation between pressure and concentration varies with tempera-
ture in accordance with Gay-Lussac’s law, pV / T = constant, and 
that this constant is independent of the nature of the solvent and 
the dissolved substance. Finally it was recognized that this con-
stant can be so represented that it has a value very close to that of 
the universal gas constant. On the basis of these considerations 
it was concluded that “the osmotic pressure is exactly the same as 
the gas pressure which would be observed if the solvent were re-
moved, and the dissolved substance were left filling the same space 
in the gaseous state at the same temperature.”2 It is also possible 
to express the general significance of the identification of osmotic 
and gaseous pressure as a discovery that stands whatever the 
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fortunes of the hypothetical model: Every mole of any nonelec-
trolytic dissolved substance in a dilute solution has the same 
characteristic energy regardless of the nonelectrolytic substance 
or the nature of the solvent.

There are three lessons that can be drawn from the example 
of osmotic and gaseous pressure. First, if we focus on the argu-
ment for their identification that is independent of the molecular 
model of gases and liquids, it is clear that its appeal to the fact 
that osmotic pressure, like gaseous pressure, satisfies the equa-
tions of Boyle and Gay-Lussac, is not in aid of the idea that our 
knowledge of these parameters, insofar as it rests on their inclu-
sion in certain equations, is “wholly structural.” The value of these 
equations does not consist in their expression of mere “mathe-
matical forms” which are shared by gases and liquids, but in what 
they express about the relations between the known physical par
ameters which enter into them. Second, reservations about the 
identification of osmotic and gaseous pressure had nothing to do 
with the nature of our knowledge of pressure but were concen-
trated entirely on the molecular model of gases and liquids. The 
reasons for such reservations were many, but certainly an impor
tant one among them was the fact that a commitment to this 
model is not needed to motivate the identification. Third, the 
principal significance of the discovery of the identity of gaseous 
and osmotic pressure is that it enables the empirical determina-
tion of the relation of osmotic pressure to many other properties 
of solutions; indeed, this is the problem that eluded [Wilhelm] 
Pfeffer and [Rudolf] Clausius and that was solved by van ’t Hoff.3 
From the perspective afforded by these considerations, it is clear 
that Poincaré’s emphasis on relations is not the expression of any 
particular philosophical position regarding our knowledge of the 
properties of bodies.
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We have established that there were two sources for Poincaré’s 
emphasis on relations: (1) physical theories are often indifferent 
to the nature of the constitution of the things whose behavior 
they seek to describe, and (2) physics thrives on the discovery of 
relations which yield various independent and concordant deter-
minations of physical parameters. We must now consider how 
Poincaré’s emphasis on the importance of physics’ discovery of 
such true relations led him to modify his view of atomistic con-
cepts like those involved in the molecular hypothesis.

In “Hypotheses in Physics,” 4 Poincaré took his analysis of the 
value of atomistic theories as possibly suggestive guides for future 
research a step further and argued that the question of the atomic 
constitution of matter concerns “an indifferent hypothesis,” 
meaning by this that it is a hypothesis whose assumption is at best 
a heuristic aid which complements the cognitive style with which 
some theorists approach their calculations.5 But in his (1912a) 
essay, Poincaré came to recognize that, in assigning this meth-
odological status to the atomic hypothesis, he had conflated the 
question of whether we might dispense once and for all with 
continuity with the more restricted question of whether the mo-
lecular and atomic hypotheses can ever achieve the status of sci-
entific fact.6 By its very formulation, the former question seems 
to invite a picture of unstable vacillation between alternative 
resolutions.7 But Poincaré argued that this is not the situation 
with the latter question in light of the justification the molecular 
hypothesis acquired with the recent discovery of appropriate re-
lations. The principal one among these relations is the identity of 
the mean kinetic energies of the Brownian particles and the mol-
ecules comprising the fluid in which they are suspended. It af-
forded a means of empirically determining the values of molec-
ular parameters that had previously been lacking. And as we 
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learned from our discussion of Perrin, Thomson, and others, the 
concordance between this determination of Avogadro’s constant 
and the determinations of it that are afforded by its relation to 
parameters of a wholly different character was a key premise in 
the argument that molecular reality no longer rests on merely hy
pothetical reasoning.

The robustness of the empirical determination of N on which 
Poincaré laid such stress required the discovery of its functional 
relation to a variety of empirically determinable parameters, all 
of which are concordant in the values they yield for N. These re-
sults were compelling precisely because of the independence of 
the sources of evidence they employed. As Poincaré saw, this con-
trasts with the case where the novelty of a phenomenon is only 
apparent, as it is when its connection with those phenomena for 
which the hypothesis was originally adduced is so close that any 
hypothesis which accounts for the one, “must by this very fact ac-
count for the [other. . . .] This is not so when experience reveals a 
coincidence which could have been anticipated and could not be 
due to chance, and particularly when a numerical coincidence is 
involved. Now, coincidences of this type have, in recent times, 
confirmed the atomistic concepts.”8 Such coincidences are the 
true relations which, Poincaré argued, constitute the legacy of 
modern physical theories.

Like others before him, Poincaré was adamant in questioning 
the persuasiveness of the hypothetical reasoning that is charac-
teristic of the method of hypothesis: Such reasoning can yield 
only an assessment of the molecular hypothesis as an indifferent 
hypothesis. What Poincaré argues cannot be assigned to chance 
is the robustness of the empirical determination of N and of those 
molecular parameters which are functionally dependent on it. 
The isolation of the relations that established the well-foundedness 
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of the properties of molecules—the isolation of the relations 
which facilitated the determination of their properties by robust, 
theory-mediated measurements—revealed a surprising connec-
tion between Poincaré’s views by showing how relations involving 
a variety of independent parameters bear on the accessibility of 
molecular reality. It changed Poincaré’s evaluation of the molec-
ular hypothesis and led him to elevate the hypothesis from the 
status of an indifferent hypothesis to the level of scientific fact:

Since we have a second means to count molecules, abso-
lutely independent from that of M. Perrin, let us compare 
them; this time we find 650 thousand billion billion. This 
is a surprising agreement, quite unexpected. You can well 
understand that a few thousand billion billion doesn’t 
make a difference.

This time, there is cause for wonder, especially since 
more than a dozen entirely independent processes that I 
would not be able to enumerate without tiring you lead us 
to the same result. If there were more or fewer molecules 
per gram, the brightness of the blue sky would be entirely 
different; incandescent bodies would radiate more or ra-
diate less, and so on. (Poincaré 1912a, p. 224)

There then follows Poincaré’s often-quoted remark, to which we 
called attention in Section 2.4, that there is no denying that we 
see molecules.

As we saw in our discussion of Perrin, well-foundedness is a 
desideratum that the application of hypothetico-deductive rea-
soning and the method of inference to the best explanation simply 
overlook. And although the satisfaction of this desideratum does 
not suffice to establish the molecular-kinetic theory, Poincaré 
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argued that it provided an adequate basis for securing molecular 
reality. This recognition did not rest on a change of view about 
proper scientific methodology—still less on a conversion from 
one philosophical persuasion to another—but is wholly explained 
by Poincaré’s consistent application of his ideas about the limita-
tions of the method of hypothesis and the need for theoretical 
parameters to be empirically based in true relations.

3.2 Robustness versus Consilience

It is important to distinguish a justification of the molecular hy-
pothesis which, like the one presented here, appeals to the robust-
ness of theory-mediated measurements of molecular parameters, 
from one which appeals to Whewell’s consilience of inductions.9 
The manner in which we are able to obtain information about 
molecular parameters like N—and the way in which the infor-
mation so obtained is held to bear on the truth of the molecular 
hypothesis—is very different in these two accounts. A justifica-
tion in terms of consilience begins from the premise that when 
the molecular hypothesis enters into a variety of theoretically dif
ferent calculations of the same predicted value of N, its confir-
mation is different in kind from the confirmation it receives from 
its occurrence in a single calculation. In this respect, consilience 
constitutes an enhancement of the method of hypothesis, rather 
than a challenge to it.

It is not my purpose to reject consilience-based arguments in 
favor of the molecular hypothesis, or to argue that consilience 
played no role in the eventual acceptance of the molecular hy-
pothesis by Poincaré and other of its critics.10 But it is not the 
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decisive justification of the molecular hypothesis that, I have 
been urging, was suggested by the discovery of robust, theory-
mediated measurements. Moreover, this justification has certain 
strengths which are not shared by alternatives which appeal to 
consilience.

An account of Whewell’s views on consilience that raises ex-
actly the issues I wish to highlight is given by Laudan:

If, instead of being able to predict only phenomena of the 
same kind as the hypothesis was invented to explain, we 
can explain and predict with its help, cases of a different 
kind (relative of course, to other theories), then we have in-
dubitable evidence for the truth of our theory:

These instances in which this [consilience] has oc-
curred, indeed, impress us with a conviction that the 
truth of our hypothesis is certain. No accident could 
give rise to such an extraordinary coincidence. No false 
supposition could, after being adjusted to one class 
of phenomena, exactly represent a different class, where 
the agreement was unforeseen and uncontemplated. 
That rules springing from remote and unconnected 
quarters should thus leap, to the same point, can only 
arise from that being the point where truth resides.11

Laudan then comments that in the conclusion of this passage 
Whewell

seems to be suggesting that this attitude is logically justi-
fied, that it is simply impossible in principle that any hy-
pothesis could achieve a consilience unless it were the true 
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hypothesis for explaining the phenomena under investi-
gation. But neither in this passage nor elsewhere does 
Whewell offer any valid argument to support his logical 
(as opposed to his psychological) claim.12

In support of his assessment, Laudan presses the point that it 
is not possible to transform an argument based on the predictive 
success of a hypothesis—even predictive success in the form of 
consilience—into a logical demonstration of its truth. This un-
doubtedly correct observation would have to be taken into ac-
count in any assessment of the utility of a consilience-based 
justification for an existence claim. But the cogency of the justifi-
cation existential hypotheses receive from robust theory-mediated 
measurements does not rest on the possibility of turning a non-
demonstrative inference into a demonstrative one. The fact that 
the parameters that qualify the hypothetical entities are empiri-
cally determinable sets them apart from entities whose proper-
ties are accessible to us only on the basis of the predictive success 
of the explanatory hypotheses in which they occur. Consilience 
may be a significant refinement of the notion of predictive suc-
cess that is appealed to by scientific realists in support of their 
view that successful prediction would be miraculous if the theory 
were not true. But this just highlights the difference between the 
goals of scientific realism—and the method of argument by which 
it seeks to achieve those goals—and our use of robust theory-
mediated measurement to establish existential hypotheses.

The fact that we can empirically determine the properties of 
molecules by robust theory-mediated measurements shows them 
to be epistemically accessible in a way that hypothetical entities 
which are merely explanatorily successful are not. As we argued 
earlier, this is precisely what Poincaré should be understood as 
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having conveyed with his rhetorical remark that in light of Per-
rin’s discoveries, there is no denying that we see molecules. Con-
silience of inductions, like hypothetico-deductive reasoning and 
inference to the best explanation, misses the distinctive contri-
bution of theory-mediated measurement to the justification of the 
molecular hypothesis: Molecular reality is secure because such 
measurements show molecules to be epistemically accessible 
rather than merely indispensable to the explanatory hypotheses 
in which they occur.

3.3 Poincaré and Scientific Realism

The representation of Poincaré as an early advocate of a scientific 
realist defense of science rests largely on an interpretation of cer-
tain of his appeals to chance. One appeal which has been cited in 
support of this interpretation occurs in “Hypotheses in Physics”:

We have verified a simple law in a considerable number of 
particular cases. We refuse to admit that this coincidence, 
so often repeated, is a result of mere chance and we con-
clude that the law must be true in the general case.

Kepler remarks that the positions of the planets ob-
served by Tycho are all on the same ellipse. Not for one 
moment does he think that, by a singular freak of chance, 
Tycho had never looked at the heavens except at the very 
moment when the path of the planet happened to cut that 
ellipse. . . . ​[I]f a simple law has been observed in several 
particular cases, we may legitimately suppose that it will 
be true in analogous cases. To refuse to admit this would 
be to attribute an inadmissible role to chance.13
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According to the scientific realist interpretation, this passage 
shows Poincaré to be endorsing the notion that the best expla-
nation of the predictive success of a theory like Kepler’s is that 
it is approximately true, since its success would otherwise be a 
miracle—“a singular freak of chance.” In light of our reconstruc-
tion of the nature of Poincaré’s argument for the molecular hypoth-
esis as a justification that allows for reservations about the truth 
of the theories of which it is a part, there should be a far less 
tendentious and more compelling interpretation of the passage. 
And indeed there is: Poincaré’s remark is entirely captured by the 
claim that, on the assumption that Tycho’s sampling of planetary 
positions is fair, ordinary inductive reasoning suffices to account 
for the methodological basis of what is nondemonstrative in 
Kepler’s derivation of his law.

Given Poincaré’s consistent hostility to the method of hypoth-
esis, the scientific realist suggestion—that for Poincaré, the truth 
of a hypothesis can be inferred from its predictive success—is 
even less plausible in cases like the molecular hypothesis, and 
similar constructive components of theories, than it is in the case 
of Kepler’s law. Scientific structural realists have attempted to ad-
dress this point by distinguishing an inference to structure from 
one to content or ontology, and then characterizing the realism 
they advocate as a combination of realism about structure and 
agnosticism about ontology. Poincaré was certainly deeply skep-
tical of the possibility of forming a scientific judgment about 
atomism, which is of course an ontological and contentual as-
sumption even when it is glossed as the assertion that matter has 
a granular structure. So his eventual change of view—focused as 
it was on an ontological or contentual question about the consti-
tution of matter—should be deeply puzzling on a structural re-
alist interpretation of him. And it counts against both structural 
and nonstructural scientific realist interpretations that Poincaré’s 
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rejection of his earlier skepticism did not rest on his having come 
to embrace the thesis that the predictive success of the molecular 
hypothesis would be miraculous were it not true.

The basis for Poincaré’s mature view of molecular reality was 
the same as Perrin’s: Once it could be shown to be epistemically 
accessible by robust theory-mediated determinations of the prop-
erties of molecules, molecular reality was on the path to being 
secured. But this is a justification of the molecular hypothesis that 
can be maintained in the face of serious questions about the truth 
of our theories of molecular reality. It would therefore be a mistake 
to represent Poincaré as having mounted a defense of science that 
was a pre-echo of scientific realism. Poincaré’s view is more nu-
anced than this and combines both realist and nonrealist aspects. 
It is realist insofar as it fully supports the reality of entities that 
transcend observation; but it does so on the basis of experimental 
and theoretical advances within science that are related to mea
surement. By not resting on the supposition that the predictive 
success of theories would be miraculous were they not at least 
approximately true, Poincaré’s position differs from standard con-
ceptions of scientific realism. It is, however, important to empha-
size that his methodological remarks avoid certain aspects of 
realism without falling victim to the then-emerging positivist 
consensus—represented perhaps most prominently by Mach—
that theory should be reduced to observation. Mach expressed 
this thesis with a distinction between theories that use only “di-
rect descriptions”—by which he meant abstract principles which 
employ only descriptions of what is observable—and theories that 
incorporate “indirect descriptions,” which go beyond what is ob-
servable. It is, according to Mach,

not only advisable, but even necessary, with all due recog-
nition of the helpfulness of theoretic ideas in research, yet 
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gradually, as the new facts grow familiar, to substitute for 
indirect descriptions direct description, which contains 
nothing that is unessential and restricts itself absolutely to 
the abstract apprehension of the facts.14

Poincaré nowhere commits himself to Mach’s view of the pre-
ferred relation of theory to observation or to what is typically rep-
resented as Mach’s view of the prominence of observation. And 
to the extent that for Poincaré, the value of theories is “instru-
mental,” this must include their instrumental value in revealing 
relations which guide us to a representation of the constitution 
of a reality that lies hidden from observation.

3.4 Russell and Poincaré

In his review of Science and Hypothesis, Russell said of Poincaré 
that he holds “[q]uestions concerning the real, as opposed to the 
relation of real things, . . . ​to be illusory and devoid of meaning 
(pp. xxiv, 163).” He then continues

Certainly we have much more belief in the accuracy of our 
perceptions of relations than in that of our perceptions of 
qualities. When we see green in one place and red in an-
other, we are willing to believe that secondary qualities are 
subjective, but not that the fact of difference between what 
is in the two places is an illusion. It is only by holding fast 
to relations as perceived that science manages, on an em-
pirical basis, to construct a world so different from that of 
perception. Why we should trust in our perception of re-
lations I do not know; but it is a fact that we do so. But I 
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do not see how it can be maintained that questions as to 
the qualities of real things are unmeaning. The proposition 
amounts to this, that if a really exists, a statement about a 
has no meaning unless it asserts a relation to a b which also 
really exists. The fact seems to be, not that such proposi-
tions are unmeaning, but that, except in psychology, they 
are unknowable. We may even push the theory further, 
and say that in general even the relations are for the most 
part unknown, and what is known are properties of the 
relations, such as are dealt with by mathematics. And this, 
I think, expresses substantially the same view as that which 
M. Poincaré really holds.15

The passages Russell cites show Poincaré to be at the very least 
equivocal between the unknowability of certain questions and 
their meaninglessness. In the first passage (p. xxiv), Poincaré 
writes that “the aim of science is not things in themselves, as the 
dogmatists in their simplicity imagine, but the relations between 
things; outside those relations there is no reality knowable.” While 
in the second (p. 163) he defends the exclusion of the question of 
the truth of “the images we have formed to ourselves of reality,” 
on the ground that such “questions which we forbid you to investi-
gate, and which you so regret, are not only insoluble, they are 
illusory and devoid of meaning.” Both passages are part of a 
broader polemic against certain “dogmatists.”16

The view Russell attributes to Poincaré is evidently very close 
to one he himself favors. Russell’s own theory arises from reflec-
tion on what can be inferred about the causal sources of the ob-
jects of perception on the basis of our perceptual experience. 
Coming as he does from the tradition of British empiricism, Rus-
sell is skeptical about the thesis that we can know of the qualities 
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of material objects that they are the same as the properties that 
qualify our experience of them. The passage we have quoted from 
his review considers whether this doubt should not also apply 
to the relations between material objects. The relation Russell 
chooses, in order to illustrate that such doubts are not always 
warranted, is the relation that holds between two “places” when 
what qualifies something in one of the places is different from 
what qualifies something else in the other. Notice that this is a 
purely logical relation, and that since, for Russell, mathematics 
is just a development of logic, this concession does not contra-
dict what Russell proposes as the central tenet of his theory, 
namely, that what can be known of the material world is only its 
mathematical properties. But Russell’s main point in this passage 
is to argue for an emendation to what he takes to be Poincaré’s 
view that relations between material objects are unlike their qual-
ities in being knowable. Russell proposes that Poincaré “push 
[his] theory further, and say that in general even the relations are 
for the most part unknown, and what is known are properties of 
the relations, such as are dealt with by mathematics.”17 This is 
Russell’s structuralist reconstruction of Poincaré.

Russell’s assimilation of Poincaré’s views to his own version of 
structuralism receives considerable textual support from Poin-
caré’s paper, “Science and Reality.” The paper occurs as the final 
chapter of The Value of Science (Poincaré 1905), which was pub-
lished in the same year as Russell’s review. In this paper, Poin-
caré appeals to the example of the relations of sameness and dif-
ference to illustrate the possibility of making objective assertions 
about phenomena that are themselves irreducibly subjective. The 
point of Poincaré’s remarks is not to draw a contrast between the 
attribution of relations and the attribution of qualities to phys-
ical objects, but to exhibit the possibility of an objective compar-
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ison of a relation that holds between my sensations with the rela-
tion that holds between the sensations of another, however 
subjective the sensations themselves. Here is the relevant passage:

The sensations of others will be for us a world eternally 
closed. We have no means of verifying that the sensation 
I call red is the same as that which my neighbor calls red.

Suppose that a cherry and a red poppy produce on me 
the sensation A and on him the sensation B and that, on 
the contrary, a leaf produces on me the sensation B and 
on him the sensation A. It is clear we shall never know 
anything about it; since I shall call red the sensation A and 
green the sensation B, while he will call the first green and 
the second red. In compensation, what we shall be able to 
ascertain is that, for him as for me, the cherry and the red 
poppy produce the same sensation, since he gives the same 
name to the sensations he feels and I do the same.

Sensations are therefore intransmissible, or rather all 
that is pure quality in them is intransmissible and forever 
impenetrable. But it is not the same with relations between 
these sensations. (Poincaré 1905, authorized 1913 Halsted 
translation, p. 348)

It is therefore not surprising that in a Letter to the Editor of Mind, 
published a year after Russell’s review, Poincaré should have con-
curred with Russell’s understanding of him:

I have said that questions related to the qualities of real 
things are unmeaning because for a question to make 
sense, we need to be able to conceive of an answer that 
would make sense. Now this answer could only be made 
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with words and these words would only be able to express 
psychological states, i.e. subjective secondary qualities, 
that would not be those of real things. At the end of the 
paragraph he devotes to this question, Mr. Russell says: 
“We may even push the theory further, and say that in gen-
eral even the relations are for the most part unknown, 
and what is known are properties of the relations, such as 
are dealt with by mathematics. And this, I think, expresses 
substantially the same view as that which M. Poincaré 
really holds.” Russell is not deceiving himself. That is my 
thought.18

It should, however, be abundantly clear from our earlier discus-
sion that Poincaré’s views regarding the qualities of experience—
even when expanded to include the qualitative dimension of re-
lations as we experience them—are entirely orthogonal to his 
views on true relations. Those views represent a contribution to 
our understanding of the character of contemporary develop-
ments in physics—most significantly, to our appreciation of the 
epistemic status of the molecular hypothesis—rather than a gen-
eral theory of our knowledge of the external world in the tradi-
tion of Russell’s causal theory of perception. This point has been 
missed in the current tendency to see in Poincaré’s remarks on 
true relations an anticipation of Russell’s structuralism, or of 
structural realism.

 EBSCOhost - printed on 2/13/2023 10:06 PM via . All use subject to https://www.ebsco.com/terms-of-use



4	 Quantum Reality

4.1 Bohr on the Primacy of Classical Concepts

By the “primacy of classical concepts” for our understanding of 
quantum mechanics I mean—and I take Bohr to have meant—
their primacy in the description of experimental results pertinent 
to the development and confirmation of the theory. This is clear 
from his earliest writings on the “new” quantum theory. It is, for 
example, completely explicit in his 1927 essay, “The Quantum Post
ulate and the Recent Development of Atomic Theory”:

The quantum theory is characterized by the acknowl
edgment of a fundamental limitation in classical physical 
ideas when applied to atomic phenomena. The situation 
thus created is of a peculiar nature, since our interpreta-
tion of the experimental material rests essentially upon 
classical concepts.1

Bohr’s thesis is not about the primacy of classical concepts in the 
theoretical claims of any system of future physics. Their primacy 
is evidentiary.
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There is a general point about evidentiary frameworks that 
emerged from our analysis of the discoveries of Perrin and 
Thomson involving molecular and subatomic reality that bears 
on the initial or prima facie plausibility of the primacy of clas-
sical concepts in Bohr’s sense: A framework within which ex-
periments are designed and their results reported and assessed 
must contain standards that enable agreement regarding the co-
gency and intended significance of experimental results. But this 
requirement can be satisfied only if the concepts of the eviden-
tiary framework have clear and generally agreed-upon criteria of 
application and only if the principles which employ them are 
reliable and of sufficient “validity.” The “validity” the principles 
enjoy may well be limited and not universal; nor need it reflect the 
truth of the presuppositions of the framework within which the 
principles are formulated. This notion of limited validity may be 
illustrated by a case that is familiar from our earlier discussion.

Stokes’s Law of Fall expresses the relation of the rate of fall of 
a spherical object to its density and the density and viscosity of 
the medium in which it is immersed. The law guided Perrin’s and 
Thomson’s determinations of the properties of the molecular and 
subatomic constituents of matter, even though it was thought un-
likely that the relation it expresses could be expected to hold for 
spherical objects of the dimensions required by their applications 
of it. Nevertheless, Stokes’s law isolates what, in Poincaré’s termi-
nology is a “true” relation—within a limited domain—between 
the rate of fall of spherical objects, density, and viscosity that is 
preserved under a change of application from the continuous 
media for which it was initially devised to discrete media. Despite 
its limitations, it served as a reliable guide to the determination 
of the molecular diameter and the charge on an electron. It illus-
trates the fact that the presuppositions of the principles which 
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underlie an evidentiary framework might be false—and even 
known to be false—and the principles themselves of only limited 
validity, without losing their effectiveness for probing the evi-
dence for a theoretical claim, or refining the determination of a 
theoretical parameter. This process is an iterative one involving 
an intricate interplay of experimental design and successive 
corrections of those “true relations” that are essential to securing 
more refined approximations to the values of theoretically signifi-
cant parameters.

This conclusion is perfectly general, although it hardly es-
tablishes Bohr’s specific insistence on the primacy of classical 
concepts, it bears on its initial plausibility when the thesis is 
understood as a claim about the role of classical concepts in the 
evidentiary framework of quantum mechanics. So understood 
it is clear that Bohr’s thesis is altogether different from the idea 
that it is tied to a dogmatically conservative view regarding 
the necessity—perhaps even the a priori necessity—of classical 
physics. Understood as a thesis about the epistemic framework 
within which physical theories are evaluated, the thesis of the pri-
macy of classical concepts is entirely compatible with the idea 
that the principles and presuppositions of the classical framework 
are radically mistaken and incapable of providing an adequate 
theoretical basis for physics. Insofar as Bohr’s thesis has some-
times been rejected because of the pervasive bias that the con-
cepts framing our methodological practices must be based on a 
framework of assumptions which are true, it has been rejected for 
the wrong reasons. Only the limited validity of the principles of 
classical physics is required for the classical framework to play the 
evidentiary role Bohr claimed for it.2 But this is not the only 
reason for the dissatisfaction which Bohr’s thesis of the epistemic 
primacy of classical concepts has elicited. In a letter of October 13, 
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1935, Schrödinger stated his difficulty with Bohr’s thesis very 
forcefully:

You have repeatedly expressed your definite conviction 
that measurements must be described in terms of classical 
concepts. For example, on p. 61 (94–95) of the volume pub-
lished by Springer in 1931: “It lies in the nature of physical 
observation, nevertheless, that all experience must ulti-
mately be expressed in terms of classical concepts, ne-
glecting the quantum of action.” And ibid p. 74 (114): “the 
invocation of classical ideas, necessitated by the very na-
ture of measurement.” And once again you talk about “the 
indispensable use of classical concepts in the interpreta-
tion of all proper measurements.” True enough, shortly 
thereafter you say: “The removal of any incompleteness in 
the present methods of atomic physics . . . ​might indeed 
only be effected by a still more radical departure from the 
method of description of classical physics, involving the 
consideration of the atomic constitution of all measuring 
instruments, which it has hitherto been possible to disre-
gard in quantum mechanics.”3

This [last passage] might sound as if what was earlier 
characterized as inherent in the very nature of any phys-
ical observation as an “indispensable necessity,” would on 
the other hand after all just be a, fortunately still permis-
sible, convenient way of conveying information, a way we 
presumably sometime will be forced to give up. If this were 
your opinion, then I would gladly agree. . . .

[But] I think that the fact that we have not adapted our 
thinking and our means of expression to the new theory 
cannot possibly be the reason for the conviction that 
experiments must always be described in the classical 
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manner, thus neglecting the essential characteristics of the 
new theory. It may be a childish example [; I use it] only 
to say briefly what I mean: after the elastic light theory was 
replaced by the electromagnetic one, one did not say that 
the experimental findings should be expressed—just as 
before—in terms of the elasticity and density of the ether, 
of displacements, states of deformation, velocities and 
angular velocities of the ether particles.

It is clear that Schrödinger readily concedes the practical utility 
of the appeal to classical concepts in the characterization of mea
surements relevant to the quantum theory. His question concerns 
the necessity of such an appeal and the basis for Bohr’s belief 
that the invocation of classical ideas is required by the very na-
ture of measurement.

Bohr’s response to Schrödinger is contained in his letter of Oc-
tober 26, 1935 (Bohr 1935b / 1996, pp. 511–512; all italics Bohr’s):

My emphasis of the point that the classical description of 
experiments is unavoidable amounts merely to the seem-
ingly obvious fact that the description of any measuring 
arrangement must, in an essential manner, involve the ar-
rangement of the instruments in space and their functioning 
in time, if we shall be able to state anything at all about the 
phenomena. The argument here is of course first and fore-
most that in order to serve as measuring instruments, they 
cannot be included in the realm of application proper to 
quantum mechanics.

This reply reiterates the claim that only a classical description of 
a measurement arrangement is capable of capturing its epistemo-
logical function in an experiment without fully explaining why 
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this must be the case. Insofar as Bohr can be understood to have 
addressed Schrödinger, his answer must be bound up with the 
idea that a quantum-mechanical description, unlike a classical 
one, leaves out the arrangement of the instruments in space and 
their functioning in time. Bohr appears to be claiming that this 
is something any description of measuring instruments must in-
clude in order to play the epistemic role they do. Beginning from 
this perspective, I take Bohr’s allusion to the functioning of the 
instruments in time and their arrangement in space to be a point 
about the completeness that attaches to a classical description by 
virtue of its inclusion of both spatial arrangement and dynam-
ical behavior. The kind of completeness that attaches to classical 
descriptions is given up in the transition from classical to quantum 
mechanics. A classically complete description of the systems under 
investigation by the new theory is replaced by a form of descrip-
tion which, though incomplete relative to classical expectations, 
exhibits “complementarity.” But for reasons of epistemic acces-
sibility, the descriptions of the instruments with which we probe 
these systems and evaluate the theory’s claims about them must 
retain their classically complete character.

Rather than attempt a detailed interpretation of Bohr’s diffi-
cult and complex view, I intend to develop an analysis of classi-
cality that, although not explicit in Bohr’s writings, supports a 
thesis of the epistemic primacy of classical concepts for our un-
derstanding of quantum mechanics. In the course of presenting 
this analysis, I will sometimes compare it with explicit formula-
tions of Bohr’s to support the claim that the analysis is at least 
“Bohrian” in spirit. But I do not advance this analysis as a piece 
of Bohr interpretation, and I do not claim Bohr’s authority on its 
behalf.

On the explication of classicality that I believe is relevant to our 
understanding of quantum mechanics, the central characteristic 
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of a framework or theory whose concepts are classical is the com-
mutativity of the algebra of physical concepts—the parameters, 
physical magnitudes, and dynamical variables—with which it 
characterizes physical systems. Equivalently, classicality consists 
in the Boolean character of the algebra of all the properties or 
propositions that are associated with each physical system. On 
this view, classicality is a characteristic that attaches to the inter-
relations of the physical concepts of a theory, rather than to the 
concepts themselves. As a consequence, Schrödinger’s attempt to 
undermine the thesis of the primacy of classical concepts by ap-
pealing to the possibility of introducing into physics new and 
hitherto unfamiliar concepts misidentifies the source of the dif-
ference between the classical and quantum-mechanical frame-
works and what is essential to the claim that classical concepts 
retain their epistemic primacy—their primacy in the evidentiary 
framework—when we pass from classical to quantum mechanics. 
On my reconstruction, the fundamental difference between clas-
sical and quantum mechanics, so far as the thesis of the primacy 
of classical concepts is concerned, does not lie in the concepts 
themselves but in how they are interrelated by the functional 
relations that hold among them.

Although this idea of classicality is not one that Bohr explic
itly articulated, the noncommutativity of the “quantum for-
malism” is something to which he frequently alludes when he 
remarks on the role of the quantum of action in the commuta-
tion relations between classically conjugate parameters. Comple-
mentarity is clearly central to his view of the theory, and Bohr 
invokes it to address the significance of the fact that of two con-
jugate parameters which together comprise a classical represen
tation of a system, quantum mechanics allows us to probe only 
one of them at a time. Significantly, the theory imposes no restric-
tion on which parameter we might probe, and it allows complete 
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freedom in our choice of which of two complementary descrip-
tions to apply. Thus the point of complementarity may well have 
been to address the noncommutativity of the algebra of physical 
concepts—the so-called observables that quantum mechanics 
associates with a physical system. In any case, the emphasis on 
noncommutativity is a feature of my explication of classicality 
that is not without parallel in Bohr. But Bohr was also concerned 
to show that despite the limitation noncommutativity imposes 
on what we can experimentally discover about a quantum-
mechanical system—despite the fact that it leads to a representa
tion that is incomplete relative to classical mechanical expecta-
tions—the quantum-mechanical representation is, in a more 
basic and important sense, complete. As I indicated earlier, the 
completeness of classical descriptions, by contrast with the 
complementarity of the quantum-mechanical case, informs his 
reply to Schrödinger on the epistemic primacy of classical con-
cepts and their unique position in the evidentiary framework of 
the quantum theory. The nature of the completeness that attaches 
to quantum-mechanical descriptions and the controversy sur-
rounding it is a topic to which we will return.

The thesis of the primacy of classical concepts is naturally 
paired with the idea that measurements probe quantum systems 
in order to elicit their effects on systems which are conceptual-
ized as classical. Notice that I do not say “are classical.” If quantum 
mechanics is true, then all physical systems are quantum me-
chanical. However this is compatible with holding that the evi-
dentiary framework of quantum mechanics is classical. We ex-
trapolate from such effects to the values of the observables of the 
measured system, and we apply the mathematical framework of 
quantum mechanics to guide our conditional expectation of the 
likelihood of occurrence of other possible effects, should we un-
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dertake to determine another of the system’s observables. The to-
tality of such possible effects has a structure which is determined 
by the system of functional relations among the observables of a 
quantum system. This structure is represented by the noncom-
mutative algebra of Hermitian operators acting on a Hilbert 
space, an algebra which is not embeddable in a commutative al-
gebra, and for which there is no possible truth-value assignment 
to the subalgebra of properties or propositions associated with the 
operators of the algebra. The absence of such a truth-value assign-
ment is completely alien to the conceptual framework of clas-
sical physics, and to the evidentiary framework with which the 
quantum-mechanical effects elicited by measurement interactions 
are recorded, and their methodological significance assessed.

The shift in the algebraic structure of observables and proper-
ties which marks the transition from classical to quantum me-
chanics is a radical departure, even by the standard set by the 
transition from Newtonian ideas that characterized the special 
and general theories of relativity. In the case of special relativity, 
it is possible to define within Minkowski space-time a unique rel-
ative simultaneity relation—simultaneity relative to an inertial 
frame. Taken by itself, each such frame is “classical” in the sense 
that its hyperplanes of simultaneous events are related as they are 
in Newtonian space-time, with spatial and temporal quantities 
definable relative to an inertial frame as they are in the pre-
relativistic or Newtonian case. Each of the space-times of this 
totality is itself a classically complete collection of kinematic pos-
sibilities. But Minkowski space-time is distinguished from New-
tonian space-time by the fact that the totality of such possible 
“Newtonian” frames comprises a non-Newtonian spatiotemporal 
structure. The discovery of this structure is arguably the main 
conceptual innovation of special relativity.
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Bohr expressed something close to this view of the nature of 
the conceptual shift introduced by special relativity when he 
wrote that

[a]lthough in [special relativity] use is made of mathe-
matical abstractions such as a four-dimensional non-
Euclidean metric, the physical interpretation for each 
observer rests on the usual separation between space 
and time, and maintains the deterministic character of 
the description.4

The important point of similarity is the emphasis Bohr gives to 
“the usual separation between space and time,” which he attri-
butes to each “observer,” where an observer is evidently intended 
to be interchangeable with an inertial frame of reference. Such a 
separation is of course characteristic of pre-relativistic concep-
tions of space and time. So understood, Bohr is calling attention 
to the fact that in the special relativistic case, it is possible to model 
the kinematic possibilities as they are represented by classical 
physics.

In the case of quantum mechanics, each observable is repre-
sented by a Boolean algebra of possible properties corresponding 
to the possible values of the observable, and this is reflected in 
the Boolean algebra of possible effects that are elicited by mea
surement interactions involving the determination of the value 
of the observable. The totality of all possible observables of a 
quantum system, as well as that of their associated measurement 
effects, comprises a nonclassical structure whose discovery con-
stitutes the principal conceptual novelty of the quantum theory. 
But by contrast with Minkowski geometry and special relativity, 
where each space-time associated with an inertial frame is clas-

 EBSCOhost - printed on 2/13/2023 10:06 PM via . All use subject to https://www.ebsco.com/terms-of-use



	 Quantum Reality  131

sically complete with respect to the kinematic possibilities it 
contains, the classical components of the quantum-mechanical 
representation of the possible properties of a physical system are 
restricted to those possibilities that are associated with only one 
of two classically conjugate observables. This yields a description 
of the properties of a physical system that is incomplete relative to 
our classical conception of a physical state in a way that contrasts 
with special relativity and the complete representation of kine-
matic possibilities associated with each Newtonian frame.

The case of general relativity affords yet another perspective 
on the uniqueness of the transition from classical to quantum 
mechanics. In a paper devoted to the exposition and reevaluation 
of Kant’s doctrines in light of developments in twentieth-century 
physics, Michael Friedman recounts the famous eclipse observa-
tions of 1919:

[T]he space of the observatory is so small relative to the 
corresponding space of the cosmos (here extending well 
beyond the solar system) that it is, for all intents and pur-
poses, infinitesimally small; so its geometry, even according 
to the general theory of relativity, remains Euclidean. In 
this sense, it is still reasonable to view the use of this ge-
ometry as an a priori constitutive presupposition of the 
empirical observations that serve as tests for the theory, 
even though the global (cosmic) space employed by the 
theory is measurably non-Euclidean.5

Friedman concludes from this that “a generalized and extended 
version of the Kantian conception of causal necessity, involving 
both its conceptual and intuitive components, remains a viable 
option.” If we replace Friedman’s allusion to causal necessity with 
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the claim that the Kantian conception, in the form of the assump-
tion of a flat or Euclidean spatial geometry, remains a viable option 
for the evidentiary framework of relativity, then there is an in
teresting connection with how I am suggesting we should un-
derstand Bohr’s thesis of the primacy of classical concepts for the 
evidentiary framework of quantum mechanics. The assumption 
of flatness in the “infinitesimally small” is generally conceded to 
be viable even if the space of a region of the dimensions of So-
bral observatory is non-Euclidean “in reality,” Euclidean only for 
all practical purposes. Of course, what is viable is not the claim 
that space is flat or Euclidean, but the claim that the intuitive and 
conceptual components of our evidentiary framework are, as in 
the Kantian conception, Euclidean. Epistemic “necessity” can at-
tach to our current intuitive and conceptual components, in this 
sense, even when they fail to capture the true geometrical struc-
ture of space.

There is an important and not widely known fact about gen-
eral relativity, Newtonian gravitation theory, and the geometry 
of space, that was independently discovered by David Malament 
and Jürgen Ehlers.6 In its Trautman-Cartan formulation, Newto-
nian gravitation is recoverable as a limit of general relativity, as c 
goes to infinity, only if in this limit, the geometrical structure of 
space is Euclidean. The epistemic interpretation of Friedman’s 
point does not depend on this fact. It is, however, of some interest 
for Friedman’s formulation as a point about Kant and causal ne-
cessity, since it shows that the idea that space is Euclidean—even 
the idea that it is in a relative sense causally necessary that it is 
Euclidean—is supported by the Malament-Ehlers theorem that 
the space of Newtonian gravitation theory is Euclidean in an 
appropriate classical limit of the general-relativistic theory of 
gravitation.

 EBSCOhost - printed on 2/13/2023 10:06 PM via . All use subject to https://www.ebsco.com/terms-of-use



	 Quantum Reality  133

By contrast, the thesis of the primacy of classical concepts 
in the case of quantum mechanics is a purely epistemic claim 
about the Boolean character of the evidentiary framework of 
the theory. The relation of quantum mechanics to the Boolean 
structure of the possible states of a physical system in classical 
mechanics might be radically different from the relation of the 
general-relativistic theory of gravitation to the geometry of 
space in Newtonian gravitation without calling into question 
the epistemic primacy of the classical framework. Both the Eu-
clidean structure of space and the Boolean structure of the pos
sible states of a physical system are pervasive features of our 
evidentiary framework. But even if it is not recoverable as an ap-
propriate limit of quantum mechanics, the evidentiary frame-
work of quantum mechanics would nevertheless retain its Boolean 
character. Let us consider another, more familiar, point of com-
parison between the transition from classical mechanics to 
general relativity and the transition from classical mechanics to 
quantum mechanics.

In general relativity if we focus on spatiotemporal structure, 
rather than spatial structure, we find that each tangent space is a 
complete representation of the local geometry of space-time. But 
while each of the tangent spaces is flat or “classical,” the totality 
of all the tangent spaces is not flat. Now one might argue that 
quantum mechanics displays an analogous feature: The algebra 
of quantum-mechanical propositions is representable as a family 
of “locally” classical (i.e. Boolean) algebras, but the algebra as 
a whole is not Boolean. Yet this comparison can be seriously 
misleading if one overlooks an important difference between 
the quantum-mechanical and the relativistic cases: None of the 
Boolean subalgebras of the non-Boolean structure is a classically 
complete algebra of possible propositions in which the states of 
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physical systems as we experience them can be located. That is to 
say, in the quantum-mechanical case, none of the “locally” clas-
sical algebras has the completeness vis á vis classical possibilities 
for the combination of properties or propositions that is exhib-
ited by the completeness of the local spatiotemporal geometry of 
the tangent spaces of the spatiotemporal manifold of general 
relativity.

An insistence on the primacy of the classical level for the de-
scription of the evidentiary framework of quantum mechanics 
involves considerations that are fundamentally different from 
what occurs in the curved space-times of general relativity. In the 
latter case, we can appeal to the idealization that is possible in “in-
finitely small” regions, and we can even support this idealization 
for the Euclidean geometry of space within general relativity by 
appealing to the Ehlers-Malament theorem relating the gravita-
tion theory of general relativity to Euclidean space and the 
Trautman-Cartan formulation of Newtonian gravitation. But the 
representation of the algebra of quantum-mechanical proposi-
tions by a collection of Boolean algebras does not translate into a 
representation of this algebra as a collection of classical possibili-
ties in the way in which the relativistic conception of the global 
geometry of space-time can be conceptualized as a totality of lo-
cally flat space-time. For the analogy to succeed, it isn’t enough 
that the subalgebras should be Boolean, they must also be classi-
cally complete structures of possibilities among properties in the 
way that the local space-times are classically complete structures 
of spatiotemporal possibilities. I believe it is the failure of the 
analogy at just this point that marks the uniqueness of the con-
ceptual shift exhibited by the quantum-mechanical transition 
from classical ideas.
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We can express the situation in Bohr’s terms as follows: Each 
Newtonian frame is “visualizable” as a totality of kinematic pos-
sibilities. But in the case of quantum mechanics, where the struc-
ture of possible properties is so restricted that it allows the 
application of only one or another of two classically conjugate 
parameters, we are not in a position to view the space of possible 
properties as the properties of a single visualizable entity. We can 
visualize the effects quantum systems have on the instruments 
which probe them, provided these instruments are conceptual-
ized within the evidentiary framework of classical mechanics. 
The classical framework is not recoverable as an appropriate limit 
from the framework of quantum mechanics, but this fact does not 
compromise its methodological role as the evidentiary framework 
of quantum mechanics. The radical disparity between the alge-
braic structure of the classical and quantum-mechanical frame-
works is not a problem that must be overcome, but is rather the 
true basis for the uniqueness of quantum mechanics in the evo-
lution of physical theories that Bohr sought to highlight by his 
insistence on the methodological primacy of classical concepts.

I am aware of two recent discussions of Bohr that are similarly 
sympathetic to the idea that experiments must be described using 
classical concepts. But by contrast with the view presented here, 
these approaches impose as a condition of adequacy the require-
ment that the classical framework should be recoverable as an ap-
propriate approximation from quantum mechanics. Let us briefly 
consider these two discussions.

(1) Camilleri and Schlosshauer (2015, pp.  73–83) emphasize 
the distinction between the mandatory use of classical concepts 
as opposed to classical theories. They note that
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[w]hile Bohr often left it to his readers to decipher the 
precise meaning of ambiguous phrases such as “classical 
description,” in his more deliberate moments he did take 
care to distinguish between the use of classical concepts 
(such as position and momentum) and classical dynam-
ical theories. In his reply to the EPR [Einstein-Podolsky-
Rosen] paper, for example, Bohr emphasized the necessity 
of using “classical concepts in the interpretation of all 
proper measurements, even though the classical theories 
do not suffice in accounting for the new types of regulari-
ties with which we are concerned in atomic physics.”7

Camilleri and Schlosshauer use the distinction between theories 
and concepts to observe that we are not committed to the approx-
imate truth of classical physics by the claim that experiments 
must be described using classical concepts. This is a point on 
which we have also insisted. However, Camilleri and Schlosshauer 
go on to argue that in order to ensure the coherence of his em-
phasis on classical concepts, Bohr must show that classical 
mechanics is recoverable from quantum mechanics as an ap-
proximation, since, without such a demonstration, classical con-
cepts cannot serve the role Bohr assigned them in measurement:

Bohr’s epistemological explanation for why we must use a 
classical description . . . ​begs the question of what dynam-
ical features of a macroscopic system entitle us to neglect 
the “quantum effects.” Bohr . . . ​appears to simply assume 
that there exists a macroscopic “region where the quantum-
mechanical description of the process concerned is ef-
fectively equivalent with the classical description” (Bohr, 
1935b, p. 701). Thus we are led to ask: How is it that clas-
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sical physics can be employed, at least to a very good 
approximation, under certain dynamical conditions (typ-
ically those corresponding to measuring scenarios)? 
This is a salient question, given that, strictly speaking, the 
world, as Bohr recognized, is nonclassical. (Camilleri 
and Schlosshauer 2015, p. 79)

(2) Klaas (N. P.) Landsman (2008, pp. 173–190) develops a re-
lated, but more abstract point which is focused on the recovery 
of the algebraic structure of the observables of classical mechanics 
in the macroscopic limit:

Bohr time and again stresses that measurement devices 
must be described classically ‘if these are to serve their 
purpose.’ We take this to mean that, although such devices 
are ontologically quantum-mechanical by nature, they be-
come a tool (in fact, the only tool) for the description of 
quantum phenomena as soon as they are epistemically 
treated as if they were classical. Thus the so-called Heisen-
berg cut, i.e., the borderline between the part of the world 
that is described classically and the part that is described 
quantum-mechanically, is epistemic or (inter)subjective in 
nature and hence movable. . . . ​As always, the mathemat-
ical implementation of Bohr’s philosophical ideas is am-
biguous; as far as his doctrine of classical concepts is 
concerned, we read it as saying that a quantum system de-
scribed by a noncommutative algebra A of observables is 
empirically accessible only through commutative algebras 
associated with A. . . . ​The simplest kind of commutative 
algebras associated with A are its (unital) commutative C* 
subalgebras; in this paper we need a more subtle limiting 
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procedure to ‘extract’ a commutative C* algebra of mac-
roscopic observables.8

Landsman is certainly right to insist that for Bohr, the Heisen-
berg cut is epistemic: The demand that the evidentiary frame-
work of quantum mechanics must be expressed “classically” in 
no way commits us to the privileged status of classical physics in 
a description of reality. But although classical concepts may be, 
and presumably are, replete with false presuppositions, this does 
not compromise the acceptability of their deployment in the 
framework within which experiments are formulated and exper-
imental results reported and evaluated.

Contrary to Camilleri and Schlosshauer, Bohr’s “effective 
equivalence” of classical and quantum descriptions of the pro
cess or measurement commits us only to the idea that what we 
describe as occurring at the level of quantum effects can be trans-
ferred to quantum-theoretical predictions about the values of the 
observables of the systems that are being measured. If this were 
not possible, the results of measurement could not be under-
stood to bear on the theory’s predictions.

It would indeed be a defect if the objects we employ as mea
suring instruments were not susceptible to a quantum-mechanical 
representation; Landsman suggests that it would be an acceptable 
solution to show that this holds in an appropriate limit in which 
a measuring instrument is represented as infinitely many constit-
uent quantum systems. The difficulty with this proposal is that it 
fails to establish a relevant connection to the use of the instru-
ment in measurement. In any actual measurement the instrument 
is a quantum system of finite complexity; but by hypothesis such 
systems fail to be classical.
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What both Landsman, and Camilleri and Schlosshauer, miss 
is that even if there are good reasons for seeking an account of 
classically described systems within quantum mechanics, the 
ability of such systems to fulfill their function as measuring in-
struments within the evidentiary framework of quantum me-
chanics neither depends upon nor requires the recovery of their 
classical description as a quantum-mechanical approximation. By 
comparison with these proposals, Bohr’s thesis of the primacy of 
classical concepts derives its strength from the clarity with which 
it confines the use of classical concepts to the evidentiary frame-
work while acknowledging the uniqueness of the relation in 
which classical and quantum-mechanical forms of representation 
stand to one another.

4.2 �Complementarity, Completeness, and  
Einstein’s Local Realism

It will be useful to have a minimal account of Bohr’s notion of 
complementarity and the position it occupies in his thinking 
about quantum mechanics, even if the account preserves what ap-
pears to be a deliberate ambiguity in Bohr’s understanding of 
the nature of the impossibility of simultaneously determining the 
values of conjugate parameters: Is the impossibility merely epis-
temic, the result of a limitation—whatever its source—in our 
ability to know the values of conjugate parameters? Or does it re-
flect an indeterminacy in the factual situation we seek to de-
scribe? We will attempt to address this ambiguity at a later stage 
of our discussion. Bohr begins from the assumption that com-
plementarity represents the major conceptual innovation of the 
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quantum theory. But as we noted earlier, it is also key to under-
standing his conception of the theory’s completeness. For Bohr, 
the theory is incomplete only relative to our classical expectation 
that it should be possible to simultaneously determine the values 
of all the parameters that can qualify a physical system. By com-
plementarity, quantum mechanics allows us to probe only one of 
two classically conjugate parameters at a time, and the classical 
expectation of a complete description, given by the simultaneous 
determination of the values of two classically conjugate par
ameters, is precluded. But by complementarity, it is also the case 
that the theory imposes no restriction on which of the classically 
conjugate parameters that apply to a quantum-mechanical system 
we might probe. Because of our freedom to probe any parameter, 
a complementary description exhibits a kind of completeness, 
even though it is not the completeness with which we are familiar 
from our classical experience. Since for Bohr complementarity is 
the main conceptual innovation of quantum mechanics, it should 
be preserved in any account of the theoretical domains with 
which the theory deals. So for Bohr the kind of completeness 
which quantum mechanics allows is in some sense the “best 
possible.”

We can distinguish two very different kinds of response to the 
claim that the completeness quantum mechanics exhibits cannot 
be improved upon. I will refer to these two responses as the 
“Bohmian” and “Einsteinian” responses. The distinction between 
these two responses is “dialectical” in the sense that it is intended 
to serve an expository purpose in the argument I intend to de-
velop, although it abstracts from important aspects of the histor-
ical views suggested by the terms which identify them.9 The 
Bohmian response interprets the quantum state or wave function 
ontically as a physical property of the system; it proposes to com-
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plete quantum mechanics by supplementing the wave function 
with a component which represents a system of possible particle 
configurations and a dynamics which describes the evolution of 
this expanded state. This may represent a departure from Ein-
stein’s view of the quantum state as “statistical.” But leaving the 
interpretive question aside, for the Einsteinian response, the 
essential point of the comparison of quantum mechanics and 
its hypothetical completion with the relation between classical 
statistical mechanics and classical mechanics is the idea that 
whatever else may be true of the states of classical statistical me-
chanics, they represent our ignorance of the classical phase point 
of the system. The response seeks to understand the quantum-
theoretical statistical description given by the wave function along 
similar lines.

Since in classical theories such expectations regarding com-
pleteness are satisfied as a consequence of the commutativity of 
their algebras of observables, a natural approach to formulating 
an Einsteinian completion of quantum mechanics is to recover 
it from an underlying commutative theory. The fact that Einstein 
was sensitive, from an early date, to the limitations of von Neu-
mann’s argument against hidden variables—the same limitations 
that were later emphasized by Kochen and Specker—shows him 
to have seriously reflected on the possibility of such a completion 
of the theory.10 There are in addition several published remarks 
which suggest that this is a path he might well have favored.11 
As is now well known, such a development of the Einsteinian 
response is subject to seemingly insurmountable difficulties in 
light of certain limitative results—in the form of no hidden vari-
able theorems—of the 1960s. But however slim the prospects of 
such an Einsteinian extension of quantum mechanics, I hope to 
show that the exploration of the possibility of such an extension 
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has illuminated the theoretical status of a central principle-
theoretic component of the quantum theory itself, one that will 
play a key role in the interpretation of the theory I will propose. 
For this reason, the impossibility of such an extension of the 
theory will be a major focus of our attention.

From the point of view of the discussion which follows, the in-
terest of the Bohmian response consists in its sharp contrast 
with the Einsteinian response and the clarification of the latter 
response this contrast affords. The Bohmian response represents 
an attack on the problem of completeness that is unaffected by 
those no-hidden-variable theorems that appeal to the algebraic 
structure of the quantum theory. The theory, to which a Bohmian 
completion of the quantum state leads, is advanced as an empiri-
cally equivalent alternative, one that is not bound by the alge-
braic constraints that Einsteinian completions of the theory aim 
to satisfy.12 This is because the Bohmian response is entirely con-
centrated on completing the quantum state by pairing the wave 
function with a system of possible particle trajectories to yield an 
“ontology” which is otherwise only partially specified by the wave 
function. As an alternative that is predicated on supplementing 
the quantum state, rather than extending the quantum theory, the 
only condition that a Bohmian alternative recognizes as a reason-
able one is that it should recover the quantum theory’s correct 
experimental predictions from an internally consistent theory 
which is formulated within the framework of an “intelligible” on-
tology. Unlike the Einsteinian response, neither the success nor 
failure of the Bohmian program would illuminate the nature of 
the quantum theory’s divergence from classical mechanics over 
the algebraic structure of the observables with which these the-
ories characterize physical systems.

I am not aware of any writings of Bohr’s that explicitly address 
Bohm’s theory. Of Einstein’s reaction to Bohm’s theory, we know 
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that in a letter to Max Born13 he dismissed it as “too cheap” a so-
lution, although the sense in which he regarded the solution it 
offers as too cheap is a matter of speculation.14 In any case, in so 
far as Bohr’s views on the completeness of quantum mechanics 
were directed at excluding an alternative which is predicated on 
the assumption that quantum mechanics is incomplete, it was 
Einstein’s view that concerned him. Bohr would agree with the 
“naturalness,” if not the plausibility, of an approach which sought 
to satisfy our classical expectations of completeness by recovering 
the characteristic features of quantum mechanics from an exten-
sion of the theory along the lines of the Einsteinian response. 
But whatever the difficulties, as we now understand them, of im-
plementing a program of the sort advocated by the Einsteinian 
response, Einstein’s belief that the quantum-mechanical descrip-
tion of reality is not complete rested on more than “physical in-
tuition.” In his paper with Podolsky and Rosen,15 there is an 
argument for this conclusion, one which was effectively addressed 
only some thirty years after its publication.

Following later simplifying developments, it is customary to 
describe the argument of the EPR paper in terms of directional 
properties, such as electron spin or photon polarization for a pair 
of correlated electrons or photons, rather than the properties 
actually dealt with in the original paper—a practice we will also 
follow. In the case of such correlated systems, knowledge of, for 
example, a directional property of one of the two systems implies 
knowledge, with probability one, of the parallel directional prop-
erty of the other system, as well as knowledge, with probability 
less than one, of directional properties of the second system that 
are not parallel to the directional property of the first system. 
Since it cannot be the case that every measurement on the first 
system disturbs the second system—in particular, this must fail 
if the measurement occurs when the two systems are sufficiently 
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far apart in space—two conclusions follow: (1) An explanation of 
the probabilistic character of the quantum-mechanical descrip-
tion in terms of interference by measurement cannot be right; (2) 
Since the perfect nature of the correlation holds for any of the 
possible parallel directional properties which we might freely 
choose to measure, one can hardly avoid the conclusion that the 
paired system has the directional property which the correlations 
require it to have with probability one.

By a disturbance interpretation of quantum mechanics, let us 
mean an interpretation which maintains first, that there are prop-
erties which measurements uncontrollably disturb, and second, 
that the uncontrollability of such disturbances explains why the 
probabilistic description of quantum mechanics cannot be im-
proved upon. It is clear from our brief sketch that the EPR ar-
gument contains an objection to a disturbance interpretation’s 
account of the probabilistic character of the quantum-mechanical 
description of reality and the justification it offers for the claim 
that the quantum-mechanical description cannot be improved 
upon. This objection was explicitly drawn by Einstein in a letter 
to Karl Popper,16 in which Einstein cites Heisenberg as a (not en-
tirely consistent) representative of what Einstein characterizes 
as a statistical interpretation that concedes the incompleteness of 
the quantum-mechanical description but appeals to a disturbance 
interpretation to argue that the quantum-mechanical description 
is nevertheless satisfactory, and that the theory is capable of 
serving as a basis for theoretical physics. Although Einstein finds 
Heisenberg’s interpretation problematic, it is not the primary 
target of his and EPR’s discussions of completeness.

Nor is the primary target of the paper the closely related “sta-
tistical” interpretation of Born, who also concedes the incom-
pleteness of quantum mechanics but dismisses the demand for a 
more complete theory on the ground that such a demand is the 
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result of a metaphysical prejudice. Born’s view emerges especially 
clearly in his correspondence with Einstein and his commentaries 
on their letters. Born writes of Einstein’s letter of September 15, 
1950, that Einstein

calls my way of describing the physical world [by which 
Born means his celebrated statistical or probabilistic in-
terpretation of the wave function] ‘incomplete’; in his eyes 
this is a flaw which he hopes to see removed, while I am 
prepared to put up with it. I have in fact always regarded 
it as a step forward, because an exact description of the 
state of a physical system presupposes that one can make 
statements of infinite precision about it, and this seems ab-
surd to me.17

And commenting on a letter of December 3, 1953, Born again con-
flates Einstein’s concerns about the completeness of the quantum-
mechanical description with a preoccupation with its exactness 
and a commitment to infinitely precise measurements; Born con-
cludes by rejecting Einstein’s view as “metaphysical nonsense.” 
In his letter to Popper, Einstein dismisses the relevance of what 
is essentially Born’s view with the remark:

Altogether I really do not at all like the now fashionable 
[modische] “positivistic” tendency of clinging to what is 
observable. I regard it as trivial that one cannot, in the range 
of atomic magnitudes, make predictions with any desired 
degree of precision.18

The feature of the statistical interpretations of both Heisenberg 
and Born that Einstein is concerned to emphasize and contrast 
with the view that is his principal target is that, like a disturbance 

 EBSCOhost - printed on 2/13/2023 10:06 PM via . All use subject to https://www.ebsco.com/terms-of-use



146  ON   T H EORIES    

interpretation, Born’s and Heisenberg’s statistical interpretations 
assume that there are properties which the quantum state speci-
fies only with probability. But Einstein and EPR set out to show 
that there exist properties which are left out of the quantum-
mechanical description (and that, according to the disturbance 
interpretation, measurements disturb), without simply assuming 
this from the outset. The view that Einstein and EPR are mainly 
concerned to oppose denies this assumption. That there are such 
properties is held to follow from EPR’s well-known criterion of 
reality19 and the fact that they can be predicted on the basis of 
the quantum theory of correlated systems with probability one. 
Once this is recognized, EPR argue, the theory itself can be ap-
pealed to in support of the conclusion that more is true about a 
system than is contained in its quantum-mechanical description—
even if the theory does not predict with probability one the simul-
taneous values of classically conjugate parameters. EPR infer the 
incompleteness of the quantum-mechanical description of reality 
from the theory’s failure to include in its characterization of the 
state of the system all the properties which they take their argu-
ment to have shown the system should be understood as having.

Bohr’s views are less straightforward. The emphasis on com-
plementarity does not obviously exclude being combined with a 
disturbance interpretation of the theory. There are, however, nu-
merous places where Bohr explicitly cautions against an under-
standing of the uniqueness of quantum mechanics along these 
lines. For example, writing in 1958 in what is perhaps his clearest 
discussion of the subject, we find the following disclaimer:

In the treatment of atomic problems, actual calculations 
are most conveniently carried out with the help of a 
Schrödinger state function, from which the statistical laws 
governing observations obtainable under specified condi-
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tions can be deduced by definite mathematical operations. 
It must be recognized, however, that we are here dealing 
with a purely symbolic procedure, the unambiguous phys-
ical interpretation of which in the last resort requires a 
reference to a complete experimental arrangement. Disre-
gard of this point has sometimes led to confusion, and in 
particular the use of phrases like ‘disturbance of phenomena 
by observation’ . . . ​is hardly compatible with common lan-
guage and practical definition.20

Such remarks suggest that Bohr might be among those who 
understand the reality of a property of a quantum system as in 
some sense contingent on its measurement. But the ellipsis con-
ceals Bohr’s inclusion of the phrase “creation of physical attributes 
of objects by measurements” as among those phrases that are 
“hardly compatible with common language and practical defini-
tion.” Our quotation is from a relatively late paper. By his inclu-
sion of an explicit rejection of the “creation of physical attributes 
of objects by measurements,” Bohr may well have been influenced 
by further reflection on the EPR argument and Einstein’s views, 
since only the caution against the assumption of a “mechanical 
disturbance” appears in the closely similar passage of his orig-
inal response to EPR.21 But a fuller understanding of Bohr’s po-
sition will have to await our reconstruction of the framework of 
Einstein’s and EPR’s discussion, and of the difficulties to which 
it has been discovered to be subject.

In the penultimate paragraph of their paper, EPR single out 
an assumption of their argument (1935, p. 780; italics in the 
original):

one would not arrive at our conclusion if one insisted 
that two or more physical quantities can be regarded as 
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simultaneous elements of reality only when they can be 
simultaneously measured or predicted. On this point of 
view, since either one or the other, but not both simulta
neously, of the quantities P and Q can be predicted, they 
are not simultaneously real. This makes the reality of P 
and Q depend upon the process of measurement carried 
out on the first system, which does not disturb the second 
system in any way. No reasonable definition of reality 
could be expected to permit this.

EPR are unapologetic in their dismissal of any response to 
their argument that would exploit this gap. But many years 
later, Einstein returned to the issue the assumption raises, and, 
in his (1949) Reply, gave a more careful statement of what is at 
stake. This discussion was evidently influenced by Bohr’s re-
sponse to the EPR paper, since Bohr is effectively identified as 
the advocate of the “definition of reality” that EPR had rejected 
as unreasonable:

Of the “orthodox” quantum theoreticians whose position 
I know, Niels Bohr’s seems to me to come nearest to doing 
justice to the problem. Translated into my own way of put-
ting it, he argues as follows:

If the partial systems A and B form a total system which 
is described by its ψ-function ψ  /  (AB), there is no reason 
why any mutually independent existence (state of reality) 
should be ascribed to the partial systems A and B viewed 
separately, not even if the partial systems are spatially sep-
arated from each other at the particular time under consid-
eration. (1949, pp. 681–682, Einstein’s italics)
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Setting to one side the question of the accuracy of Einstein’s 
characterization of Bohr’s position, how are we to understand 
Einstein’s thesis of the mutually independent existence of the two 
partial systems of an EPR-correlated pair? And what is its relation 
to the prohibition against action at a distance? The thesis is given 
a more elaborate statement in his 1948 Dialectica article,22 which 
appeared a year before the Reply. As I understand it, the thesis is 
informed by two ideas, the first a general formulation of Einstein’s 
realism, and the second, an account of how a philosophical idea of 
such generality should be understood so that it can be concretely 
applied in a discussion of the foundations of physics.

Einstein’s realism, as he explains it in the Dialectica article, is 
based on the notion that things possess what he calls a “being 
thus,” or “state of reality,” by which I take him to mean that the 
fact of their reality is independent of our ability to know them. 
This is perhaps the essential mark of realism as it has come to be 
understood in the philosophical tradition.23 In this respect, Ein-
stein’s understanding of realism is closer to the traditional doc-
trine than it is to scientific realism, which is narrowly focused on 
whether the theories of physics are true or approximately true. 
As we saw in our discussion of molecular reality, a preoccupa-
tion with scientific realism can easily lead one to understate the 
basis for existence claims involving the constitution of matter. In 
the present case, scientific realism lacks an evident connection 
with the issues that motivate Einstein’s interest in the complete-
ness of the quantum-mechanical description of reality. This con-
trasts with the traditional understanding of realism as the inde
pendence of reality from our capacity to know it. By the condition 
of mutual independence, the traditional notion has an almost im-
mediate application to Einstein’s concerns in a way that scientific 
realism does not. For, in order that the stress which Einstein’s 
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realism places on the separation of reality from our possible 
knowledge of it is have a useful application in the discussion of 
the interpretation of quantum mechanics, it is necessary to specify 
the physically important type of knowledge that the reality of 
things should be understood to be independent of. This point is 
addressed by the remarks on Bohr in the Reply and their further 
development in the Dialectica article. They transform realism 
from an abstract philosophical claim into a thesis with conse-
quences for measurement, and indeed into a thesis with conse-
quences for the measurement of one or another parameter of two 
correlated but no longer interacting systems. When elaborated 
and applied to the case of EPR-correlated systems, Einstein’s re-
alism is directly opposed to the view he attributed to Bohr: Ein-
stein’s realism requires that the values of a parameter (or the 
holding of a property) of one of two correlated systems cannot 
be affected by the kind of measurement performed on the system 
with which it is paired—nor can it be affected by whether a mea
surement is or is not performed on the paired system—once the 
interaction has ceased and the two systems are sufficiently far 
apart in space.

What we will refer to as Einstein’s local realism is just the for-
mulation of his realism given above together with its elaboration 
in terms of this understanding of the mutually independent ex-
istence or being thus of two previously interacting, but now no 
longer interacting, spatially separated systems. Notice that local 
realism is a condition that is imposed at the operational or “sur-
face” level of measurable parameters, and it is in this respect like 
the no-signaling condition formulated in Bub (2016, p. 76). We 
will return to this point in the next section.

Einstein’s goal, and the goal of the EPR paper, is to show the 
incompatibility of local realism with the view that quantum me-
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chanics is complete. The difference between Einstein’s and EPR’s 
presentations is partly one of emphasis: for EPR the criterion of 
reality is isolated and accorded a central position in their argu-
ment, while in the case of Einstein, local realism and its analysis 
dominate his discussion. Despite such differences, it is clear from 
his letter to Popper that Einstein accepted the argument of the 
EPR paper and that he concurred with its goal of establishing the 
incompatibility of the criterion of reality with the completeness 
of quantum mechanics. However, the letter also shows him to 
have taken EPR’s conclusion a step further by combining it with 
his local realism to argue for an epistemic (or, as Einstein puts it, 
“statistical”) interpretation of the wave function, and perhaps—
although this is an extrapolation—for the program of completing 
the theory along the lines of what I have characterized as the Ein-
steinian response. In this letter and in the Reply, Einstein takes 
the development of such an epistemic understanding of the wave 
function to be the evident lesson of the possibility of assigning 
many different wave functions to a system on the basis of mea
surements carried out on the system with which it is paired.24 This 
view of the significance of the EPR argument for the under-
standing of the wave function is contrasted with the position 
Einstein attributes to Bohr: By denying local realism, Bohr is free 
to argue that the quantum-mechanical description is complete 
as it stands, since there is nothing “in reality” that it can be said 
to have missed.

In his Dialectica paper, Einstein also formulated a principle of 
local action:

For the relative independence of spatially distant things (A 
and B), this idea is characteristic; an external influence on 
A has no immediate effect on B.25
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Einstein remarks that this principle is applied consistently only 
in field theory. He then adds that “[f]ield theory has carried 
[it] out . . . ​to the extreme, in that it localizes within infinitely 
small (four-dimensional) space-elements the elementary things 
existing independently of one another that it takes as basic, as 
well as the elementary laws it postulates for them.”26 But although 
Einstein was evidently partial to field theory, there is no sugges-
tion that the introduction of the principle of local action is a 
disguised argument for a field-theoretic approach, still less for 
an approach that takes as basic, “infinitely small (four-dimensional) 
space-elements.”

The point of Einstein’s introduction of the principle of local ac-
tion receives some further clarification in the very next para-
graph when he remarks of the principle of local action that its 
“complete suspension would make impossible the idea of the ex-
istence of (quasi-) closed systems and, thereby, the establishment 
of empirically testable laws in the sense familiar to us.”27

This statement echoes an earlier comment (made prior to the 
introduction of the principle of local action) that was advanced 
in support of his local realism: “Without such an assumption of 
the mutually independent existence (the ‘being-thus’) of spa-
tially distant things, an assumption which originates in everyday 
thought, physical thought in the sense familiar to us would not 
be possible.”28 Taken together, these remarks might appear to jus-
tify the equation of local realism with the principle of local ac-
tion and the prohibition of action at a distance. But to equate local 
realism with the principle of local action would give a misleading 
representation of the relation between these two theses.

Local realism receives support from the principle of local ac-
tion and the rejection of action at a distance, but it has a more 
fundamental and even conceptual status than either of these 
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principles. When Einstein introduces his local realism, he does 
so by locating it among ideas that are characteristic of “the realm 
of physical ideas independently of the quantum theory” that have 
their origin in everyday thinking (ibid). Having this fundamental 
status, it would be surprising if local realism were not satisfied 
by Newtonian mechanics, even if the theory of Newtonian grav-
itation assumes the existence of an action at a distance force. Not 
only is Newtonian mechanics one among the ideas of physics in
dependently of the quantum theory, but the notion that there 
are quasi-closed systems of the sort that local realism requires is 
compatible with an action at a distance theory like Newton’s just 
because that theory allows for the kind of approximative reasoning 
that the concept of a quasi-closed system rests upon. Local realism 
is therefore a constraint on theory construction that is satisfied 
by Newtonian mechanics and by the conception of theory testing 
that emerged from the Newtonian tradition of theory-mediated 
measurement.* For Einstein the physical idea with which it is most 
closely associated is not the denial of action at a distance, but the 
rejection of action at a distance theories that preclude quasi-closed 
or isolated systems. Although Einstein’s allusion to “spooky ac-
tions at a distance”29 is invariably represented as an outright re-
jection of action at a distance theories like Newton’s, it is clearly 
compatible with the more nuanced rejection of only those action 
at a distance theories which would preclude the notion of a 
quasi-closed system. More importantly, and independently of 

*Editor’s note: The ambiguity of “modern” in the editor’s note to the first page of the 
Introduction of this volume concerns whether both Newton’s theory (of gravity) and rela-
tivistic gravity (general relativity) satisfy the same constraints, or whether only what 
eventually emerged from the Newtonian tradition satisfies the relevant constraints. It 
turns out that the Newtonian methodology is compatible with both; see the Editor’s 
Foreword.
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the question of Einstein interpretation, Einstein was evidently 
correct to separate the two theses, since for theories which deny 
the possibility of quasi-closed systems, the principle of local ac-
tion would be “completely suspended,” and in this case, there 
would also be a conflict with local realism.

The “orthodox quantum theoreticians”—by which Einstein 
meant those physicists who followed Bohr in their justification 
of why quantum mechanics is complete—are committed to an 
understanding of the theory as one in which the principle of local 
action is “completely suspended.” Local realism figures centrally 
in Einstein’s objection to what he understood to be Bohr’s pro-
posal for understanding quantum mechanics so that, despite its 
statistical character, it is nevertheless complete. According to this 
proposal the EPR argument involving separated systems does not 
call into question the completeness of the quantum-mechanical 
description of reality because there is no real factual situation at 
the distant location until an intervention has been made involving 
the system with which it is paired. Einstein rejected quantum me-
chanics under its “orthodox” interpretation because such an in-
terpretation makes the theory utterly anomalous among extant 
physical theories.

4.3 Bell’s Theorem and Einstein’s Local Realism

Einstein maintained, on the basis of the EPR paper and closely 
related considerations, that the quantum-mechanical description 
of the EPR correlations is incomplete because of its failure to in-
clude a description of the “real factual situation” of each of the 
two correlated systems. In this section, we will consider the pos-
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sibility of completing the quantum-mechanical description in ac-
cordance with Einstein’s local realism.

A great deal of attention has been devoted to showing where 
EPR’s argument against the completeness of the quantum theory 
fails, but by far the most important objection to the argument is 
the one raised by Bell’s theorem.30 Bell focused on the possibility 
of what he characterized as a complete, locally causal account of 
the EPR correlations. His analysis revealed that such an account 
of the correlations leads to a condition of “factorizability.” He 
then proved a theorem showing that factorizability implies an 
inequality that is incompatible with the quantum-mechanical 
probabilities exhibited by these correlations. Bell’s discussion is 
of special interest to us because of its bearing on Einstein’s local 
realism and the difficulty of combining it with an account of 
the correlations that is more “complete” than the one given by 
quantum mechanics.

Before turning to Bell’s analysis of local causality, let me con-
clude this preliminary discussion with a formulation of Bell’s the-
orem that is due to Itamar Pitowsky.31 Pitowsky’s formulation 
will prove to be of fundamental importance when we come to 
consider the significance of the EPR correlations for under-
standing the basic conceptual innovation of the quantum theory.

Let F be a finite set {A, B, C, . . .} of Hermitian operators acting 
on a finite-dimensional Hilbert space H. The operators in F rep-
resent a family of dynamical variables with possible values cor-
responding to the eigenvalues of the operators. A quantum state 
ρ assigns a probability distribution Pρ to the possible values of the 
dynamical variables represented by the operators in F. For each 
possible value a1, a2, . . . ​of A we have Pρ(a1|A), Pρ(a2 |A), . . . ​, i.e., 
Pρ(a|A) is the probability ρ assigns to the property, A’s having the 
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value a, or equivalently, to the proposition that A has the value 
a. Similarly, for each value b1, b2, . . . ​of B we have Pρ(b1|B), 
Pρ(b2|B),  . . . ​, etc. (The set F may be so chosen that the probabili-
ties associated with this finite set completely characterize ρ as a 
state on H, but we make no use of this fact here.)

As observed by Kochen and Specker, there always exists a clas-
sical probability measure (the product measure),

Pρ(a, b, c, . . . ​ | A, B, C,  . . .) = Pρ(a|A)Pρ(b|B)Pρ(c|C) . . . ​,

on the operators in F, provided we ignore algebraic relations 
among them and assume that the dynamical variables they rep-
resent are all independent of one another.

Suppose, however, that we require of Pρ that it satisfy the fol-
lowing two conditions:

(1)	 Pρ(a, b, c, . . . ​| A, B, C, . . .) is a probability measure defined 
on all eigenvalues of all the operators A, B, C,  . . . ​in F;

(2)	 If A, A′, A′′, . . . ​in F commute, then Pρ(a, a′, a′′, . . . ​| A, A′, 
A′′, . . .) coincides with the quantum-mechanical proba-
bility assigned by ρ.32

Then Bell’s theorem tells us that there is an F and a ρ such that Pρ 
does not exist; in this case, the operators in F are local operators 
acting on a tensor product of Hilbert spaces; and Kochen and 
Specker’s theorem tells us that there is an F such that for any ρ, 
the distribution Pρ does not exist.

Pitowsky33 has shown that the existence of Pρ is equivalent to 
the requirement that the numbers

{Pρ(a, a′, a′′, . . . ​ | A, A′, A′′, . . .): A, A′, A′′, . . . ​in F commute}
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satisfy a finite family of linear inequalities, which George Boole 
called “conditions of possible experience.” The nonexistence of Pρ 
implies the failure of at least one such inequality. Bell’s original 
formulation of his theorem consisted in the derivation of such an 
inequality for the case where ρ is the EPR state. The requirement 
that Pρ should satisfy a certain finite system of linear inequali-
ties like the one derived by Bell is equivalent to the requirement 
that Pρ should be representable as a weighted sum of two-valued 
measures.34

Hence, although the theorem of Bell and that of Kochen and 
Specker make very different claims regarding F, ρ, and Pρ, they 
both expose the incompatibility of the probabilities of quantum 
mechanics with the special status that two-valued measures enjoy 
in classical probability theory—probability theory understood as 
a part of the theory of measure over a Boolean algebra.

To briefly recapitulate, even if there exists what Einstein and 
EPR would regard as a complete account of the marginal prob-
abilities and the perfect correlations of the EPR state for parallel 
directional properties, this is less than what EPR need to estab-
lish the conclusion that quantum mechanics is incomplete. It is 
also necessary to show that it is possible to have an account within 
classical probability theory that encompasses the conditional 
probabilities of all pairs of propositions involving the directional 
properties of the two correlated systems—including those prop-
ositions which contain directional properties that are not parallel. 
Bell’s theorem implies that EPR’s understanding of the 0–1 con-
ditional probabilities of parallel directional properties and their 
measurement cannot be extended to the “off” 0–1 conditional 
probabilities associated with directional properties of the two sys-
tems that are not parallel; hence, the quantum-mechanical prob-
abilities associated with all pairs of directional properties are not 
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representable as weighted averages over a collection of two-valued 
measures. By the correspondence between two-valued measures 
and two-valued homomorphisms or truth-value assignments, 
such an account of the correlations is naturally interpreted as a 
necessary component of a completion of the quantum-mechanical 
description by one that records what Einstein understands as the 
real factual situation of each of the paired systems: The real fac-
tual situation corresponds to all those propositions that are 
mapped onto “truth” by a truth-value assignment. It is trans-
parent from Pitowsky’s formulation that Bell’s theorem shows 
that, even if we set to one side Einstein’s concern with recording 
the real factual situation at each location, the idea that the 
quantum theory of a pair of correlated systems can be understood 
against the background of classical probability theory is called 
into question because it is based on too restrictive a metatheo-
retical framework to encompass theories which employ prob-
ability assignments of the kind we encounter in cases like the 
EPR correlations.

Thus far we have focused on Bell’s theorem and its relation to 
classical probability theory and a plausible construal of Einstein’s 
notion of the real factual situation of the two component parti-
cles. Let us now to turn to Bell’s analysis of local causality and its 
bearing on Einstein’s local realism.35

Although the framework of Bell’s discussion does not neces-
sarily preclude the possibility of a preferred foliation of space-
time—i.e., a foliation associated with a privileged inertial frame—
it does assume a significant amount of causal structure that we 
associate with Minkowski space-time: The spatiotemporal frame-
work preserves the separation of regions effected by the light cone 
structure of Minkowski space-time; the causal connectibility of 
events is understood in terms of the possibility of sending a mas-
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sive or massless particle from the location of one event to that of 
the other event; the causal relation among events agrees with the 
relation of temporal precedence, so that e is a possible cause of f 
only if e temporally precedes f; and the relation neither causally 
precedes is not transitive. The causal structure provides the con-
ceptual background for Bell’s assessment of the prospects for a 
locally causal and “appropriately complete” account of the EPR 
correlations.

Bell’s discussion of the EPR correlations is expressed in the 
framework of an experimental analysis, rather than in terms of 
directional properties or dynamical variables. At the surface level 
of experimental results, we imagine two spatially separated ex-
perimental arrangements, each consisting of a polarizer and a 
counter. We denote by A and B the outputs of the counters at the 
two spatially separated locations. A and B take values +1 (Yes) or 
–1 (No) according to whether or not a photon passes through the 
polarizer to which the counter is connected. The polarizers are 
set at various angles a and b, relative to some standard direction 
in which they are parallel. On this analysis, the measurement out-
comes recorded by the counters replace the values of dynamical 
variables of the algebraic analysis; hence, instead of the notion 
of a directional property of photons, we consider the directional 
settings of the polarizers. This “operationalizes” the discussion, 
but its point is not to give a reductive analysis of the correlations. 
The discussion aims, rather, to minimize conceptual commit-
ments in order to make the analysis free of assumptions that 
might be seen as prejudicial to a locally causal account; this 
applies especially to assumptions that derive from the mathe-
matical structure of Hilbert space and that dominate algebraic 
analyses of the problem of hidden variables. Bell’s goal is to rep-
resent the correlations as empirically given phenomena and to 
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investigate the possibility of a complete, locally causal account 
of them.

Moving from the surface level of counter outputs and polar-
izer settings to the level of underlying parameters, Bell introduces 
the variables c and λ. The variable c ranges over any relevant par
ameters in the causal pasts of the settings of the polarizers and 
the recording of outputs by the counters. More precisely c ranges 
over parameters of a spatiotemporal region that crosses the back-
ward light cones of the polarizers and counters in an area in 
which their backward light cones do not overlap. And λ ranges 
over whatever parameters are necessary to complete the quantum-
mechanical description “in the way envisaged by EPR.” That 
notion of completeness may correspond to the existence of a 
truth-value assignment along the lines of our discussion of Bell’s 
theorem, but Bell’s discussion does not assume this: Bell’s use of 
“completeness” is pre-analytic and intuitive. This is in keeping 
with the theoretical neutrality of Bell’s description of the corre-
lations as empirically given phenomena.

Given these preliminary expository remarks, Bell explains the 
overall logic of his argument as follows:

Let

{A, B | a, b, c, λ}

denote the probability of particular values A and B, 
given values of the variables listed on the right. By a stan-
dard rule, the joint probability can be expressed in terms 
of conditional probabilities:

{A, B | a, b, c, λ} = {A | B, a, b, c, λ} {B | A, a, b, c, λ}.
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Invoking local causality, and the assumed completeness 
of c and λ in the relevant parts of [the spatiotemporal re-
gion that crosses the backward light cones of the two spa-
tially separated regions], we declare redundant certain of 
the conditional variables in the last expression, because 
they are at space-like separation from the result in question. 
Then we have

{A, B | a, b, c, λ} = {A | a, c, λ} {B | b, c, λ}.	 (10)

Now this formulation has a very simple interpretation. 
It exhibits A and B as having no dependence on one an-
other, nor on the settings of the remote polarizers (b and 
a respectively), but only on the local polarizers (a and b re-
spectively) and on the past causes, c and λ. We can clearly 
refer to correlations which permit such factorization as 
“locally explicable.”36

Thus, on Bell’s explication, Einstein’s local realism requires a lo-
cally causal and complete description of the correlations; and, by 
the above argument, (10) is a necessary component of such a de-
scription in terms of the underlying parameters c and λ. Recall 
from our discussion in Section 4.2 that Einstein’s realism requires 
a condition of “mutual independence”: The value of a parameter 
(or the holding of a property) of one of two correlated systems 
cannot be affected by the kind of measurement performed on the 
system with which it is paired—nor can it be affected by whether 
a measurement is or is not performed on the paired system—once 
the interaction has ceased and the two systems are sufficiently far 
apart in space. As we remarked, Einstein’s local realism is a con-
straint that is imposed at the surface or operational level of the 
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measurable parameters that characterize the two component sys-
tems and that are related by the correlations situating Einstein’s 
mutual independence condition in the context of a locally causal 
and complete theory. On the assumption that a locally causal 
completion should appeal only to parameter values prior to a 
measurement of a directional property, and assuming that the 
setting of each of the polarizers can be freely chosen by the ex-
perimenter,37 knowledge of the underlying parameter values 
should afford an explanation of the correlations that traces their 
source to the values that the underlying parameters assume in the 
disjoint union of appropriate regions of the causal pasts of the 
paired systems. But then knowledge of the underlying parameter 
values must “screen off” or make redundant any information that 
the measurement of a directional property of the first system can 
contribute to the conditional expectation of a measurement of the 
corresponding directional property of the second system. As Bell 
shows, any explanation in terms of underlying parameters that 
satisfies these conditions must also satisfy a condition of factor-
izability. By Bell’s theorem, this in turn implies that the correla-
tion involving parallel properties cannot be extended to a locally 
causal account that encompasses all of the probabilities exhib-
ited by the correlations of the EPR state. On Bell’s analysis, fac-
torizability is not an assumption of the argument against local 
realism, but a consequence of the analysis of what is required 
when local realism is extended to the underlying parameters of a 
locally causal completion of the quantum-mechanical account of 
the EPR correlations. Hence its justification does not appeal to 
assumptions about the “separability of properties” as Howard 
(1985, 1989) has maintained, or to assumptions that are peculiar 
to Einstein’s “field-theoretical program,” as Teller (1989) has ar-
gued. Such considerations are as extraneous to Bell’s analysis as 
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they are to Einstein’s understanding of local realism. As Bell 
noted, “[v]ery often such factorizability is taken as the starting 
point of the analysis. Here we have preferred to see it not as the 
formulation of ‘local causality,’ but as a consequence thereof.”38

We have seen that in his analysis of local causality, Bell relies 
on only a pre-analytic and nontechnical sense of “completeness” 
when he requires that events in the backward light cones of each 
of the paired systems must be specified completely. This sense of 
“completeness” suffices to exclude the possibility that the traces 
of events in these regions might supplement whatever else might 
be used for calculating the probability of an outcome of a mea
surement on one system, conditional on a measurement of the 
system with which it is paired: Completeness ensures that any 
local causal influence has been “screened off,” or “shielded against,” 
in Bell’s terminology. Shielding implies that factorization is jus-
tified as a premise in the derivation of the Bell inequality. But 
although the notion of completeness that enters into Bell’s 
analysis of local causality is a nontechnical one, a notion of “clas-
sical” completeness is an essential part of the content of Bell’s 
theorem. This emerges from Pitowsky’s formulation of the the-
orem, which is based on the observation that the satisfaction of a 
Bell inequality by a probability measure Pρ is equivalent to Pρ 
being representable as a weighted sum of two-valued measures. 
The equivalence follows from Pitowsky’s account of the EPR, and 
other correlations, by the notion of a correlation polytope, and 
the duality of the representation of such polytopes in terms of 
their facet inequalities (such as the Bell inequality) or in terms 
of their extremal points (two-valued measures, in the case of the 
correlation polytope corresponding to the EPR correlations).39 We 
can therefore conclude from the theorem establishing Bell’s in
equality that EPR require that the probabilities exhibited by the 
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EPR state should be representable as weighted averages of two-
valued measures. But this is the paradigm of a classical complete-
ness condition. The combination of Bell’s analysis of local cau-
sality together with Bell’s theorem therefore yields an argument 
against the idea that the quantum-mechanical description of 
reality can be completed by a locally causal and classical theory, 
where, by a classical theory we mean one whose probability mea
sures are representable as averages of two-valued measures. By 
exploiting the correspondence between two-valued measures and 
two-valued homomorphisms, this conclusion can be taken a step 
further, and it can be argued that EPR require that the probabili-
ties of the EPR state must be representable as weighted averages 
of truth-value assignments. On the assumption that a truth-value 
assignment captures Einstein’s idea of a “real factual situation,” 
it follows that Bell’s analysis of local causality together with Bell’s 
theorem argues against the possibility of completing the quantum-
mechanical description of reality by a locally causal theory in 
which probabilities are represented as averages over real factual 
situations.40

The justification of Bell’s use of factorizability—or conditional 
statistical independence—can be clarified by the distinction be-
tween parameter and outcome independence. Parameter indepen
dence asserts the independence, relative to λ and c, of the prob-
ability of the outcome of a measurement, at one location, of the 
orientation of the polarizer at the other location; and outcome in
dependence asserts the independence, relative to λ and c, of the 
probability of the outcome of a measurement at one location, of 
the outcome of a measurement at the other location. As is well 
known, conditional statistical independence is equivalent to the 
conjunction of parameter and outcome independence. Parameter 
independence is conceptually very closely related to “the no-
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signaling condition”; indeed, the no-signaling condition is just 
parameter independence without the relativity to the underlying 
parameters λ and c.41 Like Einstein’s mutual independence con-
dition, no-signaling applies at the surface or operational level of 
measurement results. It differs from Einstein’s requirement of 
mutual independence by formulating a requirement on marginal 
probabilities rather than parameter values: According to the no-
signaling condition, the marginal probability for the directional 
properties of either of two correlated systems cannot be affected 
by the kind of measurement performed on the system with which 
it is paired—nor can it be affected by whether a measurement is or 
is not performed on the paired system—once the interaction has 
ceased. Parameter independence simply extends the no-signaling 
condition—which, like Einstein’s mutual independence condi-
tion, concerns the surface or operational level of the measure
ment of directional properties—to a condition which holds at 
the level of the underlying parameters that might be introduced 
to complete the quantum-mechanical description of the correla-
tions we observe at the operational level of the measurement of 
directional properties.

Examples of stochastic hidden-variable theories that exhibit 
parameter independence and outcome dependence have attracted 
some interest because without outcome independence the deri-
vation of a Bell inequality is blocked. Given its close connection 
to the no-signaling condition, it is natural to suppose that a rel-
evant notion of locality is captured by just parameter indepen
dence. It can then be argued that a stochastic hidden-variable 
theory which satisfies parameter independence is an appropri-
ately local theory even though it does not yield a locally causal 
account of the correlations. The theories envisaged by this ap-
proach treat the correlations as irreducibly stochastic, and so, 
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not causally explicable—whether in terms of local or nonlocal 
causes.42 Such theories may be local, because they satisfy param
eter independence, even though the correlations they allow are 
nonlocal in the sense that they hold independently of the distance 
separating the correlated systems.

Whatever other interest it may have, the possibility of a sto-
chastic theory which exhibits parameter independence but out-
come dependence is largely irrelevant to Einstein’s conception of 
local realism and the bearing of Bell’s analysis on the EPR argu-
ment against the completeness of quantum mechanics. Einstein 
did not object to the quantum theory merely because it is a sta-
tistical theory. He objected to the idea that as a statistical theory 
quantum mechanics might nevertheless serve as the basis of the-
oretical physics.43 But preserving parameter independence while 
rejecting outcome independence in order to allow for an irreduc-
ibly stochastic theory of the correlations only succeeds in re-
placing one statistical theory by another. By its very nature, such 
a theory leaves the correlations unexplained, and for this reason, 
it cannot, in Einstein’s view, serve as the basic theory of physics 
any more than the “statistical” quantum theory. This objection 
to stochastic hidden-variable theories does not invoke Einstein’s 
local realism. And indeed, as we have seen, Einstein’s appeal to 
local realism is not part of an objection to the quantum theory, 
but to a certain interpretive proposal for maintaining the theo-
ry’s completeness.

As a contribution to the evaluation of hidden-variable alterna-
tives to quantum mechanics, Bell’s analysis of the problem of 
completing the quantum-mechanical description along the lines 
envisaged by Einstein’s local realism is very compelling; it is in
dependent of the algebraic structure of the quantum theory, and 
it requires only the recovery of the empirical predictions to which 
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the theory leads us. Given certain generally accepted assumptions 
about the causal structure of space-time, on Bell’s analysis, the 
experimental predictions by themselves resist an explanation 
that conforms to Einstein’s local realism. By contrast, Kochen 
and Specker’s approach to the problem of hidden variables 
explicitly relies on the algebraic structure that the theory as-
cribes to the possible properties of a physical system. Kochen and 
Specker assume—without an extended argument or analysis—
that a hidden-variable theory should be required to preserve 
this structure.

Even if we reject Kochen and Specker’s approach to hidden-
variable alternatives to quantum mechanics, their results remain 
important for what they reveal about the status of the theory’s 
algebraic structure. If the algebra of properties that quantum me-
chanics associates with a physical system were embedable into a 
Boolean algebra, it might reasonably be argued that the contri-
bution of the algebraic structure is merely pragmatic and conve
nient, rather than factual and principled. The non-embedability 
of the quantum algebra of observables into a Boolean algebra—
and, a fortiori, of the quantum algebra of properties into a Boolean 
algebra—blocks this interpretation of its significance for the 
theory. The algebraic structure of the theory—and the proba-
bility assignments to which it leads—is arguably the theory’s dis-
tinctive conceptual innovation.

Kochen and Specker’s theorem, showing that there exists a 
finite family of possible properties of a quantum-mechanical 
system that has no classical truth-value assignment, raises the 
question of the appropriate notion of completeness in a founda-
tional discussion of the quantum theory. The theorem suggests 
that the claim that the quantum theory is complete should be 
understood as a claim about the “completeness” of the set of its 
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“statistical” states. On this analysis, for the theory to be complete, 
the set of quantum-mechanically generated statistical states must 
contain every positive real-valued measure on the algebra of prop-
erties of a quantum-mechanical system that is a classical proba-
bility measure on the Boolean subalgebras of the algebra. Glea-
son’s (1957) theorem tells us that the theory is complete in this 
sense, even though its statistical states are not, in general, repre-
sentable as weighted averages of two-valued measures—as they 
are in classical theories. In the evidentiary framework, probability 
is conceptualized entirely classically: When we consider many 
repetitions of an experiment in order to evaluate the frequency 
of occurrence of a particular measurement outcome, we take a 
ratio of outcomes that is favorable to a theoretical prediction of 
its probability to be confirmatory of the theory.44 But although 
the classical conception of probability is applicable to the evalu-
ation of measurements involving a single property (or collection 
of properties associated with a family of mutually commuting 
observables—a qualification I will henceforth implicitly assume), 
the theoretical framework that comprises the quantum theory’s 
probabilistic predictions for all possible properties has a radically 
different character, one that does not admit a description in terms 
of the classical conception of probability.

In light of the completeness of the theory, established by 
Gleason’s theorem, the principle by which the quantum theory 
generates its probabilistic predictions is clearly of theoretical sig-
nificance. The geometrical character of this principle is espe-
cially evident in the case of the EPR correlations. Here the rela-
tive angles of directions in physical space by which the spin or 
polarization properties are distinguished are encoded in Hilbert 
space and in the principle by which a probability is assigned to 
one directional property, conditional on another’s having been 
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assigned probability one. Bell’s theorem shows that in the case of 
the EPR state, the totality of these theoretically derived proba-
bility assignments cannot be interpreted as ratios of classical 
truth-value assignments. Rather they reveal a conception of prob-
ability that separates the conceptual connection between prob-
ability and truth. This contrasts with the evidentiary framework, 
where it is assumed that probabilities can always be conceptu-
alized entirely classically, as the ratios of possible truth-value 
assignments.

The present “algebraic” or “probabilistic” approach to the cen-
tral conceptual innovation of the theory suggests an account of 
Bohr’s reply to EPR that is very different from the position attrib-
uted to him by Einstein. Recall that Einstein understood Bohr to 
have denied the mutual independence of the subsystems involved 
in the EPR correlations and to have held that there is no real fac-
tual situation associated with either subsystem until a measure
ment interaction has taken place involving one of the paired 
subsystems. As EPR remarked (Einstein, Podolsky, and Rosen 
1935, p. 780), such a position “makes the reality of [the subsystem’s 
properties] depend upon the process of measurement carried out 
on the first system, which does not disturb the second system in 
any way. No reasonable definition of reality could be expected to 
permit this.” But this unnecessarily saddles Bohr with a commit-
ment to a philosophical thesis regarding the real factual situa-
tion in Einstein’s sense. Give the persistent ambiguity in Bohr’s 
formulations of complementarity between indeterminism and 
indeterminacy—an ambiguity we noted at the beginning of Sec-
tion 4.2—Bohr should be understood to have set aside Einstein’s 
question about the real factual situation and to have pursued the 
question of whether it is possible to extend EPR’s account of the 
marginal probabilities and the perfect correlations to one that 
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encompasses all the quantum-mechanical probabilities that are 
exhibited by the EPR state. In doing so, Bohr was indirectly ap-
pealing to a conception of completeness that transcends Ein-
stein’s particular focus on the real factual situation, one that was 
only fully clarified with the formulation and proof of Gleason’s 
theorem.

What Bohr explicitly says in his original response to EPR is 
very suggestive. Bohr observes that without an extension of their 
argument to “the . . . ​conditions which define the possible types 
of predictions regarding the future behavior of the system,” the 
conclusion that the quantum-mechanical description is essen-
tially incomplete is not justified. Here is the full passage from 
which this remark is taken:

Of course there is in a case like that just considered no 
question of a mechanical disturbance of the system under 
investigation during the last critical stage of the measuring 
procedure. But even at this stage there is essentially the 
question of an influence on the very conditions which de-
fine the possible types of predictions regarding the future be
havior of the system. Since these conditions constitute an 
inherent element of the description of any phenomenon 
to which the term “physical reality” can be properly at-
tached, we see that the argumentation of the mentioned 
authors does not justify their conclusion that quantum-
mechanical description is essentially incomplete.45

The understanding of this passage turns on the explication 
of the nature of the “influence on the very conditions which de-
fine the possible types of predictions regarding the future behavior 
of the system,” and of the claim that these conditions “constitute 
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an inherent element of the description of any phenomenon to 
which the term ‘physical reality’ can be properly attached.” I take 
the focus of this passage to be the quantum-theoretical derivation 
of probabilistic predictions about the future behavior of a phys-
ical system. Bohr’s point is that these predictions are derived from 
“conditions” that are inherent in a theoretical description of the 
phenomena that captures something physically real. But what are 
these conditions? From our perspective, the conditions isolated 
by Bohr are given by the theory’s representation of the algebraic 
structure of the possible properties of a system, since this plays a 
fundamental role, and indeed defines—in the sense that it uniquely 
determines—the theory’s probability assignments. This structure 
constitutes the key principle that distinguishes quantum me-
chanics from classical mechanics. On this explication, the fault 
in EPR’s discussion lies in their not having appreciated the full 
extent of the theoretical involvement of the algebraic structure 
in the derivation of the theory’s probability assignments. In the 
case of Einstein, this is especially ironic, given the centrality of 
the principle-theoretical components of theories to his widely 
quoted semi-popular remarks about the nature of the innovations 
of the theory of relativity.46

Subsequent developments have made it possible to formulate 
the importance of the algebra of properties of a quantum system 
for understanding the probabilistic character of the theory more 
clearly and more definitively than Bohr was able to do. Unlike 
Bohr, we can appeal to the completeness that Gleason’s theorem 
established regarding the set of the theory’s statistical states, and 
to Bell’s theorem, showing that the incompleteness, which EPR’s 
concentration on just the marginal and 0–1 conditional proba-
bilities suggests, is illusory. Bell’s theorem shows that our clas-
sical expectations regarding completeness are misplaced, while 
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Gleason’s theorem directs us to the concept of completeness that 
is appropriate for a probabilistic theory like quantum mechanics.

By comparison with Bohr, Einstein’s philosophical views about 
quantum mechanics require little interpretation or reconstruc-
tion. Einstein consistently argued for the development of a theory 
which would recover quantum mechanics, together with its prob-
abilistic predictions, from a “description of the real factual 
situation,” while clearly preserving the mutual independence 
of spatially separated and no longer interacting systems. If by a 
“description of the real factual situation” we understand one that 
arises within the representation of the possible properties of a 
system of the sort that is familiar from classical physics—or more 
generally, from classical probability theory—then this appears 
to be excluded. By Kochen and Specker’s theorem, we cannot 
recover the theoretical structure of quantum mechanics from a 
commutative theory, and by Bell’s theorem, we cannot recover the 
probabilistic predictions of quantum mechanics in the implicit 
probability theory of classical physics. Only such a theory is ca-
pable of meeting Einstein’s requirements. In light of these results, 
quantum mechanics marks a unique departure from our prior 
experience with conceptually revolutionary transitions from the 
theories of classical physics.

4.4 Quantum Mechanics and Reality

It was clear almost since its inception, but especially in light of 
Minkowski’s contribution, that special relativity was about a new 
conception of the structure of space-time. On this understanding 
of the significance of the special theory, the phenomena of length 
contraction and time dilation are accounted for by the transition 
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from a theory of space-time in which spatial and temporal dis-
tances have an absolute significance, to a spatiotemporal frame-
work in which these notions are no longer absolute, but where 
contraction and dilation are traceable to the structure of space-
time rather than the material constitution of rods and clocks. The 
space-time perspective differs from Lorentz’s recovery of uni-
versal Lorentz invariance from an underlying theory of the con-
stitution of matter as basically electromagnetic, a theory whose 
symmetry group is therefore the symmetry group of Maxwell’s 
theory.47 What is distinctive about the Einstein-Minkowski view 
is that it does not recover the universality of Lorentz invariance 
from an underlying theory of the constitution of all matter, but 
takes the Lorentz group to be the appropriate relativity group 
regarding all motions—whatever the constitution of what is 
moving—with the consequence that the structure of space-time 
is represented as Minkowskian rather than Newtonian. The or-
thodox view of the theory as a theory of space-time structure came 
about remarkably early in the evolution of our understanding 
of special relativity.48

Nothing comparable has attended our understanding of the 
nature of the departure of quantum mechanics from classical 
modes of thought. The proposal we have advanced for under-
standing the novelty of the quantum theory assimilates the con-
ceptual shift that quantum mechanics exemplifies to the kind of 
change with which we are familiar from special relativity. The 
quantum theory introduces the concept of a probability that is 
based on a change in the structure of the algebra of properties 
on which probabilities are defined, a change from the structure 
of a Boolean algebra to an algebra of properties exhibited by its 
Hilbert space representation. The theoretical understanding of all 
the peculiarities of the probabilities with which the quantum 

 EBSCOhost - printed on 2/13/2023 10:06 PM via . All use subject to https://www.ebsco.com/terms-of-use



174  ON   T H EORIES    

phenomena present us rests on novel features of this algebraic 
structure, just as, in special relativity, the phenomena of time 
dilation and length contraction trace back to novel features of the 
structure of Minkowski space-time. This is the sense in which, on 
the present proposal, the nature of the transition from classical 
mechanics, like that from Newtonian mechanics to relativity, is 
principle-theoretic rather than constructive. Both transitions in-
volve a reconceptualization of a fundamental principle-theoretic 
assumption—involving geometric structure in one case, and al-
gebraic structure in the other—rather than a reconceptualization 
of a constructive-theoretic component of our understanding of the 
constitution of matter.

How are we to understand probability in quantum mechanics 
if, as we have argued, the quantum-mechanical concept is fun-
damentally different from the classical one? Pitowsky (2006) has 
shown that the epistemic concept, according to which the princi
ples of probability are justified by their coherence, carries over to 
a justification of all but one of the principles which characterize 
the quantum-mechanical concept. The exception is a principle 
that is required by the fact that the algebra of properties—in the 
language of probability theory, the “space” of “events” to which 
probabilities are assigned—is not a Boolean algebra, but is the 
generalization of a Boolean algebra of properties that is effected 
by Hilbert space.

For our immediate purposes, there are two especially salient 
features of this generalization: The generalization is representable 
as a family F of Boolean algebras with the property that the in-
tersection of any two algebras in the family is also an algebra of 
the family; and there are events e, represented by minimal non-
zero elements of the algebra (algebraic atoms), that belong to al-
gebras Bi and Bj in F, but there is no algebra Bk in F that contains 
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Bi and Bj. The generalization assumes that e is the same property 
or event whether it is regarded as a member of Bi or of Bj. We will 
refer to this feature as the noncontextuality of the quantum-
mechanical representation of the possible properties of a physical 
system, or equivalently, as the noncontextuality of its represen
tation of the space of events.

It is characteristic of the epistemic concept of probability that 
it leads to a purely normative justification of the axioms of the 
classical theory. On the epistemic interpretation of probability, 
the justification of the axioms is normative because, among other 
things, it assimilates the status of the probability axioms to the 
principles of logic: If our reasoning is not in accordance with the 
principles of logic, we have no assurance that we will not be led 
to a false conclusion from true premises. Adherence to logical 
principles assures us of the soundness of our reasoning. According 
to the epistemic justification of the axioms of probability, our bet-
ting on the outcomes of a game of chance will incur a sure loss if 
our bets do not conform to the classical probability axioms. Ar-
ranging our rational expectations in conformity with the axioms 
of probability assures us of their coherence.

Following Pitowsky, in a quantum probability framework, bet-
ting behavior is not restricted to a single Boolean algebra of pos
sible outcomes, but involves a finite family of Boolean algebras 
that do not themselves form the basis of a representation of a 
single Boolean algebra. In slightly greater detail, Pitowsky asks 
us to imagine a family of “games,” each of whose possible out-
comes generates a Boolean algebra, and to consider only fami-
lies of games whose associated algebras have the character of a 
family of Boolean algebras that represent the structure of the 
properties of a quantum-mechanical system. Pitowsky associates 
with such a family a quantum gamble. In a quantum gamble bets 
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are placed on the possible outcomes of each game in the family. In 
order that our bets should conform to the probabilities of quantum 
mechanics, it is necessary that they should respect the noncon-
textuality of the quantum-mechanical representation of events; 
this requires that our bets should assign the same probability to 
an event e in each of the games (of the gamble) of which e is a 
possible outcome, even though the possible outcomes of a gamble 
may belong to different games—different Boolean algebras of 
events. A gamble is “taken” when the “croupier” chooses one game 
from the family and returns all bets on the other games, after 
which the selected game is played.

In Pitowsky’s quantum gambles, unless one’s bets conform to 
a possible quantum-mechanical assignment of probabilities, one 
can be assured of incurring a loss in a “larger” quantum gamble. 
This is the content of his Corollary 7 (Pitowsky 2006, p. 227) which 
Pitowsky labels “completeness”: Let F0 be the set of all the alge-
braic atoms belonging to the games of the family F0 of a partic
ular gamble, and let p0 be a probability assignment to the atoms 
in F0 that contradicts every possible quantum-mechanical assign-
ment of probabilities to these atoms. Then there is a finite family 
F of games which includes F0 and is such that p0 cannot be ex-
tended to a quantum-mechanical probability measure on the set 
F of algebraic atoms belonging to the games in F. When we re-
call that a quantum-mechanically generated probability assign-
ment (or “statistical state”) is a classical probability assignment 
on Boolean subalgebras of the algebra of events, the corollary tells 
us that any probability assignment to the algebraic atoms of F0 
that contradicts all possible quantum-mechanical probability 
assignments must fail to be coherent on some finite extension of 
the gamble.

Quantum probabilities are therefore like classical probabilities 
in being susceptible to a “Dutch book” justification, but it is only 
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because of the empirical success of quantum mechanics that the 
principle of noncontextuality can be regarded as a reasonable 
constraint on our betting behavior. The justification for betting 
in conformity with noncontextuality rests on the conviction that, 
by virtue of its recovery of the observed relative frequencies, 
quantum mechanics has isolated the true nature of the algebraic 
structure of the properties associated with a physical system. The 
theory of probability implicit in quantum mechanics is therefore 
not a purely normative theory, the source and justification of 
whose principles consists entirely in the coherence they give to 
our rational expectations. Nor is it like logic in having an a priori 
justification. The theory contains the principles of the classical 
theory, but it is distinguished from it by the presence of the 
principle of noncontextuality. Unlike the principles of classical 
probability, the truth of noncontextuality rests on more than a 
purely normative justification. The source of the principle and its 
justification derive from the truth of the empirical theory that in-
troduced it. And this gives the concept of probability in quantum 
mechanics a physical content that would be missed on a purely 
epistemic interpretation of the concept.

The notion of a quantum gamble illustrates how quantum 
probabilities, like classical probabilities, are manifested in rela-
tive frequencies—albeit in a restricted sense. By hypothesis, the 
physical system employed in a quantum gamble is used just once, 
and is then discarded or destroyed. Nevertheless, it is possible to 
record the frequency of outcomes of a gamble by repeating any 
one game belonging to the gamble using many distinct but “iden-
tically prepared” devices. The expectation is that the totality of 
such repetitions will yield a frequency of outcomes that tend 
toward their quantum probability, and this will hold when the 
process is repeated for the probability assignments to the out-
comes of each game in the gamble. Hence, applied singly to the 
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outcomes of each game of the gamble, relative frequency plays the 
same evidentiary role in the evaluation of the probability assign-
ments of a quantum gamble as it does in the evaluation of clas-
sical probability assignments.

On our proposal for understanding its key conceptual contri-
bution, is there a sense in which the quantum theory is a locally 
realistic theory? Recall that Einstein’s local realism adds to the 
traditional philosophical idea of realism—the idea that the nature 
of reality is independent of our capacity to know it—a principle 
of mutual independence. In Einstein’s formulation, once their in-
teraction has ceased and two EPR-correlated systems are suffi-
ciently far apart in space, the value of a parameter of one of the 
two systems cannot be affected by the kind of measurement per-
formed on the system with which it is paired, nor can it be af-
fected by whether a measurement is or is not performed on the 
paired system.

Einstein’s principle of mutual independence is formulated 
within the conceptual framework of classical physics, and more 
generally, within the framework of classical probability theory. 
But the quantum theory is an “irreducibly statistical theory” that 
cannot be represented within a classical probabilistic framework. 
A similar situation arose in connection with completeness. It was 
natural for Einstein to have supposed that unless the quantum-
theoretical description of a physical system includes real factual 
situations, it cannot be held to be complete. But as we have ar-
gued, the conceptual novelty of the theory consists in its de-
parture from a probabilistic framework in which probability 
assignments are always representable as weighted averages of 
two-valued measures to one in which this is no longer true. In 
fact, this may be taken as an explication of what is meant by the 
claim that the theory is irreducibly statistical. If therefore we are 
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to have a useful metatheoretical concept of completeness for 
theories like quantum mechanics, it cannot be uncritically im-
ported from the classical context.

Earlier we argued that there is a concept of completeness that 
generalizes the classical concept and which was shown by Gleason 
to apply to the quantum theory. This concept does not require 
that an irreducibly statistical theory should derive its probability 
measures from a level of description that corresponds to Einstein’s 
real factual situations. Rather, completeness in the generalized 
sense established by Gleason requires that the quantum theory 
should generate all possible positive real-valued measures that are 
classical probability measures on Boolean subalgebras of the 
algebra of properties that the theory associates with a physical 
system. The justification for interpreting the theorem as a result 
about probability assignments—for regarding it as interpretable 
as a theorem about our applied concept of probability, and not 
merely a theorem of pure mathematics—is given by Pitowsky’s 
explanation of how the concept of quantum probability agrees 
with the epistemic understanding of probability in terms of the 
notion of a fair betting quotient.

Bell’s account of a “locally explicable” correlation extracts cer-
tain salient features of the causal structure of Minkowski space-
time, which then act as a set of constraints on a locally causal 
explanation of a correlation between spatially separated systems. 
Bell understood his theorem to suggest that since special relativity 
is committed to this causal structure and to the thesis that the 
Lorentz group acts transitively in the class of all inertial frames, 
special relativity is in tension with the prediction of elementary 
quantum mechanics. By contrast, we have argued that Bell’s the-
orem exposes the failure of the classical theory of probability to 
account for quantum correlations of the kind exhibited in the 
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EPR state. The quantum theory calls into question what should 
be required of the probability theory that replaces the classical 
theory in order that the new theory might be correctly judged 
complete. The notion of completeness to which we are led is very 
different from the one deployed by Einstein or EPR, since the ap-
propriate concept of completeness is independent of whether 
probability measures are representable as averages over real fac-
tual situations in the sense of truth-value assignments. Indeed, 
the quantum theory’s irreducibly statistical character consists in 
the fact that its probability measures are not in general repre-
sentable as averages over real factual situations in the sense of 
truth-value assignments. In the context of special relativity, the 
irreducibly statistical nature of the implicit probability theory of 
quantum mechanics is virtually forced by the phenomena of 
quantum correlation and the causal structure of Minkowski 
space-time. Insofar as special relativity has isolated the true causal 
structure of space-time and the significance of the universality 
of the Lorentz group, Bell’s theorem shows that the class of appro-
priate theories of correlations like those exposed by EPR must 
include one which incorporates among its principles the gener-
alized probability theory implicit in quantum mechanics.†

The conclusion we have just reached is related to a discussion 
of S. Popescu and D. Rohrlich.49 Following a suggestion of Aha-
ronov, Popescu, and Rohrlich (1994, p. 384) “propose two axioms 
for quantum theory, nonlocality and relativistic causality, which 
together imply quantum indeterminacy.” Their “nonlocality” is 
essentially the content of Bell’s theorem and their “relativistic cau-

†Editor’s note: It turns out that special-relativistic causal structure is not the “true” 
one, insofar as gravitation turns out to be constrained by general relativity—see my Edi-
tor’s Afterword.
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sality” is what I have referred to as Bell’s analysis of local causality. 
Together, these axioms tell us that the probabilities of quantum 
mechanics cannot be captured by the classical concept of prob-
ability or, as Popescu and Rohrlich say, they exhibit “quantum 
indeterminacy.” It would be gratifying if one could argue that 
Bell’s theorem shows that the appropriate theory of correla-
tions like those exposed by EPR must be one which incorporates 
among its principles the generalized probability theory implicit 
in quantum mechanics, rather than the weaker conclusion that 
the appropriate theory must be one of a class of theories which 
includes the generalized probability theory of quantum mechanics 
among its members. Unfortunately, this stronger conclusion is 
not justified, for as Popescu and Rohrlich argue,

From our brief exercise with nonlocal correlations, how-
ever, we learn that our two axioms do not determine 
quantum theory: a theory that allows nonlocal correlations 
but preserves relativistic causality might not be quantum 
mechanics but a “superquantum” mechanics. Thus, we 
have identified a class of theories, to which quantum me-
chanics belongs, that yield nonlocal correlations while 
preserving causality (ibid).

If nonlocality and relativistic causality uniquely determined 
the correlations permitted by quantum mechanics, this would be 
significant, not so much as a novel axiomatization of the quantum 
correlations, but as a deduction from phenomena, in Newton’s 
sense, of the quantum theory of correlated systems. The nonlocal 
correlations permitted by quantum mechanics are distinguished 
by the fact that they are among those forced by relativistic cau-
sality; but they are also distinguished by the fact that they are 
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accounted for by a theory that, despite its irreducibly statistical 
character, is complete in an entirely nonarbitrary sense. Whether 
the theories of superquantum correlations fall under a compa-
rably convincing concept of completeness is an interesting and, 
so far, entirely open question.

In order to evaluate whether quantum mechanics is a locally 
realistic theory, Einstein’s mutual independence condition should 
be generalized to accommodate the theory’s irreducibly statistical 
character: Einstein’s formulation refers to the values of parameters, 
or equivalently, the holding of properties. As in the case of com-
pleteness, we require a probabilistic explication of mutual inde
pendence, an explication formulated at the surface or operational 
level of the experimental predictions of the theory, without an 
appeal to parameters which are invoked to “complete” the 
quantum-mechanical description in conformity with a classical 
understanding of completeness. But this is precisely the point of 
the no-signaling condition which tells us that the marginal 
probability for the directional properties of either of two corre-
lated systems cannot be affected by the kind of measurement per-
formed on the system with which it is paired—nor can it be af-
fected by whether a measurement is or is not performed on the 
paired system—once the interaction has ceased. No-signaling is 
not simply a condition which is arbitrarily imposed on the mar-
ginal probabilities of the properties of separated systems: It is 
arguably the natural probabilistic generalization of Einstein’s mu-
tual independence condition for an irreducibly stochastic theory 
like quantum mechanics. By contrast, the condition of param
eter independence extends the no-signaling condition from a 
condition that refers to the surface or operational level of the mea
surement of directional properties to one that refers to the values 
of the underlying parameters that are introduced to effect an 
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Einsteinian completion of the quantum-mechanical description 
of the correlations. Given its close similarity to Einstein’s mutual 
independence condition, the fact that the theory satisfies 
no-signaling may be invoked to justify the claim that quantum 
mechanics is a local theory, albeit a local theory of nonlocal 
correlations, correlations that hold independently of the distance 
separating the correlated particles.

The question of whether, on our understanding of it, the theory 
is realistic is subtle. One component of the question of realism is 
addressed by the question of its completeness. As a consequence 
of its irreducibly statistical character, the theory is not complete 
in Einstein’s sense, but it is complete in the generalized sense of 
completeness. It is possible to argue against both our under-
standing of the completeness of the theory and the idea that our 
interpretation of it is a realist interpretation on the ground that 
it fails to preserve the classical spelling out of completeness in 
terms of Einstein’s idea of real factual situations. But this would 
be to miss what we maintain is the theory’s essential conceptual 
point. On our view, the theory’s contribution to our representa
tion of physical reality consists in its identification of a structural 
principle as a new object of theoretical reflection: Just as special 
relativity understands the phenomena of dilation and contraction 
in terms of features of Minkowski space-time, rather than the as-
sumed effect of the electromagnetic character of the constitu-
tion of matter, the probabilities exhibited by the EPR correlations 
are understood as a consequence of the Hilbert space structure 
of the properties of physical systems, rather than the effect of 
unknown nonlocal causes. In neither case are the phenomena 
made any less surprising to classical modes of thinking. But that 
was never the point of achieving a theoretical understanding 
of them.
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There are certain components of Einstein’s realism that are pre-
served on our understanding of the theory’s distinctive concep-
tual innovation. Despite the limitative results we have discussed, 
no one can seriously suppose that the interpretational problems 
of quantum mechanics call into question the existence of atomic 
and subatomic reality. Similarly, no one can seriously suppose 
that the theory challenges the fact that elementary particles have 
various properties independently of our knowledge of them: That 
an electron is a spin-half particle, that it carries an electric charge 
and has a rest mass, are just some among the many propositions 
involving properties of elementary particles which we can un-
equivocally assert to be true, true independently of any mea
surement interaction—true even from the perspective of a “de-
tached observer.”50

The controversy between Einstein and the orthodox quantum 
theoreticians over quantum mechanics and realism concerns 
the properties which are the subject of the correlations and 
no-hidden-variable theorems, properties which are not constant 
over time, but are associated with dynamical variables that are 
subject to change. Einstein understood the “orthodox quantum 
theoreticians” to deny the reality of states of affairs involving such 
properties in the absence of measurement, so that they might ad-
dress what he believed EPR had exposed as an incompleteness in 
the quantum-mechanical description of reality. The present ac-
count does not rest on such a denial, since it takes the concep-
tual point of the theory to consist entirely in what it reveals about 
probability when it is applied to the values of parameters that are 
not constant over time. On this account, the quantum-mechanical 
description of reality is not complete in the sense Einstein re-
quired because the probability measures of the theory are not in 
general representable as averages over two-valued measures; and 
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by the correspondence between two-valued measures and truth-
value assignments, neither are they representable as averages over 
real factual situations—assuming that this idea of Einstein’s is ad-
equately explicated by the notion of a truth-value assignment.

While it is certainly possible to extrapolate from facts about 
how the theory does and does not arrive at its probability assign-
ments to a claim about real factual situations, understanding the 
conceptual innovation of quantum mechanics does not require 
such an extrapolation. What we do know on the basis of the lim-
itative and experimental results is that the theory’s ability to an-
ticipate phenomena like the EPR correlations is indissolubly 
bound up with the way the algebraic structure it imputes to phys-
ical properties informs its generation of probability measures. 
Because of the prominence that the quantum theory assigns to 
the algebra of properties, the theory’s contribution to our repre
sentation of the structure and constitution of reality is a decid-
edly structural and principle-theoretic one. In this respect, our 
proposal for how best to understand the nature of the theory’s 
contribution to our representation of reality is familiar from the 
case of relativity and the structure of space-time. What is unfa-
miliar is the idea that the algebraic structure of the possible prop-
erties of a physical system should emerge as an object of theoretical 
reflection and revision.
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EDITOR’S AFTERWORD

At the end of my Foreword I connected Demopoulos’s discussion of the 
role of theory-mediated measurements in Perrin’s famous argument for 
molecular reality with the earlier use of such measurements by Newton 
in his famous argument for the theory of universal gravitation. I empha-
sized the approximative and iterative character of both arguments, 
which eventually resulted in revolutionary new theories as replacements 
for the original (now “classical”) theories. Newton’s theory of universal 
gravitation eventually gave way to general relativity in a number of ap-
plications in astronomy and astrophysics; classical mechanics eventually 
gave way to quantum mechanics as the most appropriate description (so 
far) of molecular, atomic, and subatomic reality. It is by no means sur-
prising, therefore, that Demopoulos frames his concluding discussion in 
the fourth chapter on quantum reality in terms of Bohr’s mature con-
ception of the primacy of classical concepts, which, according to Demo-
poulos, find their rightful place in the evidentiary framework within 
which the evolving new theoretical framework (namely quantum me-
chanics) is subject to experimental investigation. This conception, in 
Demopoulos’s hands, is thus a natural continuation of the role of theory-
mediated measurements in both Newton’s argument for universal grav-
itation and Perrin’s argument for molecular reality.

Demopoulos emphasizes, however, that there is an equally important 
discontinuity in the transition to quantum reality. The latter essentially 
involves what Bohr called complementarity: The idea that a quantum 
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description of reality is always essentially partial or perspectival, insofar 
as the theoretical representation of physical quantities can, as a matter 
of principle, never assign precise values to all such quantities at once 
(noncommutativity). In the evidentiary framework, moreover, it is sim-
ilarly impossible, as a matter of principle, that we can precisely measure 
all such quantities at once (no simultaneously available exact measure
ments for the totality of quantities). These ideas are characteristic of 
quantum reality, and the problem, for both Demopoulos and Bohr, is 
to make sense of them in a clear and precise way. The most important 
problem for Demopoulos, moreover, is to find nonetheless an equally 
clear and precise sense of reality in the quantum-mechanical case. I be-
lieve that he has indeed found a satisfactory solution to this problem. 
But his solution has only become completely clear to me by considering 
the development of his ideas on this subject over time, beginning with 
his earliest philosophical work in the 1970s and concluding with the pre
sent book in 2021.

Demopoulos joined Jeffrey Bub at the University of Western Ontario 
in the years 1972–1974. He began a fruitful collaboration there with Bub 
on the logical interpretation of quantum mechanics, inspired by Hilary 
Putnam’s “Is Logic Empirical?” first published in 1968. Putnam there sets 
up an analogy between the non-Euclidean space-time structure of 
general relativity and the nonclassical (non-Boolean) algebraic structure 
fundamental to quantum mechanics. In both cases, Putnam argues that 
the structure in question is in no way conventional or nonfactual, but 
rather represents a discovery about the fundamental structure of the 
physical world. Putnam also argues, however, that quantum mechanics 
on the logical interpretation is perfectly consistent with the existence of 
precise values for all physical quantities at once, whether or not they can 
be simultaneously measured. Bub and Demopoulos basically followed 
Putnam’s example—and also the earlier example of David Finkelstein’s 
“The Logic of Quantum Physics” appearing in 1962–1963—although the 
Bub-Demopoulos approach is considerably more abstract and rigorous, 
as well as more thoroughly developed.
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The Bub-Demopoulos approach focuses primarily on the algebraic 
structure of the system of (closed) subspaces of a Hilbert space, whether 
considered as a nondistributive ortho-normal lattice in the work of Jauch 
and Piron or as a partial Boolean algebra in that of Kochen and Specker 
(1967). Bub published The Interpretation of Quantum Mechanics in 1974, 
with a more concise exposition jointly authored by Demopoulos and Bub 
appearing as a thirty-page article under the same title in the same year. 
It was Demopoulos alone, however, who provided a rigorous defense of 
the existence of simultaneous precise values characteristic of the “or-
thodox” quantum-logical interpretation in “Completeness and Realism 
in Quantum Mechanics,” presented in 1975 and published in 1977. Fol-
lowing the partial Boolean algebra approach of Kochen and Specker, De-
mopoulos considered a finite number of triples of mutually orthogonal 
rays in three-dimensional Hilbert space, where each such triple repre-
sents the three distinct values of a spin quantity in three-dimensional 
physical space. We thereby represent a finite system of disjunctive values 
of spin quantities, where each particular orthogonal triple of rays gener-
ates a classical Boolean algebra of subspaces. The entire system of such 
triples, however, does not generate a Boolean algebra but rather a partial 
Boolean algebra. Nonetheless, each orthogonal triple spans the whole 
Hilbert space in question and thus yields the value of 1 for each corre-
sponding triadic disjunction, so that the conjunction of all such triadic 
disjunctions also yields the value of 1. The conjunctive proposition is thus 
valid (or at least true) in the partial Boolean algebra approach, where each 
disjunctive proposition then “says” that one and only one of the possible 
spin values obtains. So, it appears, we have simultaneous precise and de-
terminate values for all such spin quantities.

Demopoulos soon became disenchanted with this solution, however, 
and he therefore left behind the quantum-logical interpretation of the 
theory for the project of quantum-logical axiomatization of the theory 
in the spirit of the Kochen and Specker partial Boolean algebra ap-
proach. The main problem with quantum logic to which Demopoulos 
then repeatedly appeals is that the above quantum-logical proposition is 
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contradictory in classical propositional logic. To assert that this propo-
sition is nonetheless true in quantum logic, therefore, appears to involve 
a concept of truth that is well-nigh unintelligible. And, in any case, it is 
clear that this proposed change of logic is considerably more problem-
atic than the case of intuitionistic logic, which is strictly weaker than 
classical logic rather than incomparably stronger. It seems that Michael 
Dummett’s work on intuitionistic logic in the theory of meaning and 
truth contributed to Demopoulos’s evolving and changing perspective 
on the significance of quantum logic. In particular, although Demo-
poulos refers briefly to Dummett’s Frege: Philosophy of Language (1973) 
in “Completeness and Realism in Quantum Mechanics,” by the time of 
his more general discussion of realism and truth in “The Rejection of 
Truth-Conditional Semantics in Putnam and Dummett” (1982), Demo-
poulos has considered the full panoply of Dummett’s seminal works of 
this period—from the (first) Frege book (1973), through The Logical 
Roots of Metaphysics (1975, as the William James Lectures), “What Is a 
Theory of Meaning II” (1976), Elements of Intuitionism (1977), and Truth 
and Other Enigmas (1978).

From 1982 to 2004 Demopoulos published little on the interpretation 
of quantum mechanics. During this period he rather focused on new 
foundational work in linguistics, computational models of the mind, and 
learnability—and also on his abiding interest in the history of analytic 
philosophy. His 1995 book Frege’s Philosophy of Mathematics (mentioned 
in my Foreword) is of special significance. Nevertheless, Demopoulos re-
turned to the relationship between classical and quantum mechanics on 
a couple of occasions—first in a paper on “Elementary Propositions and 
Independence” co-authored with his colleague John L. Bell (1996) and 
then in “The Algebraic Basis of Quantum Logic” (2000), appearing as a 
review of Quantum Logic in Algebraic Approach by Miklos Redei.

In 2004, however, Demopoulos outlined a new approach to the inter-
pretation of quantum mechanics in “Elementary Propositions and Es-
sentially Incomplete Knowledge: A Framework for the Interpretation of 
Quantum Mechanics.” Following the 1996 paper with Bell, it begins with 
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the Wittgensteinean idea of the logical independence of all elementary 
propositions in the Tractatus. This idea is now reinterpreted in terms of 
atomic propositions in a free partial Boolean algebra consisting of a 
family of four-element Boolean algebras comprising only 0, p, not-p, and 
1 for each elementary proposition. A free partial Boolean algebra repre-
sents the minimal logical structure that all elementary propositions must 
have, simply as propositions, and can thus be attributed to them a priori. 
The point for Demopoulos is that, whereas the full partial Boolean al-
gebraic structure of Kochen and Specker represents the possible dis-
tribution of knowledge in quantum mechanics given by (generalized) 
probability measures defined on this structure, the distribution of truth 
over elementary propositions attributing values to fundamental phys-
ical quantities involves only the corresponding free partial Boolean al-
gebra. Thus, while quantum mechanics is essentially incomplete with 
respect to the distribution of knowledge (since there are no generalized 
probability measures assigning either zero or one to all propositions at 
once), it can nonetheless remain complete with respect to the distribu-
tion of truth and falsity over elementary propositions.

Demopoulos explains this situation by appealing to the contrast be-
tween two-dimensional and three-dimensional Hilbert spaces. Two-
dimensional Hilbert spaces represent the quantity spin-1/2, which has 
only two possible values in any given direction in three-dimensional 
physical space (up or down, left or right, and so on). What corresponds 
to this in the two-dimensional Hilbert space is a family of orthogonal 
rays. Each Boolean subalgebra spans the whole space, and no distinct 
subalgebras (generated by distinct orthogonal rays) have an elementary 
proposition in common. In the three-dimensional example considered 
by Kochen and Specker, by contrast, we consider a spin-1 quantity, com-
prising a family of three orthogonal spin directions (with possible direc-
tional values of 1, 0, and –1) in both Hilbert and physical space. Here, 
however, we have the phenomenon of contextuality, insofar as two distinct 
Boolean subalgebras can easily have a ray in common in both Hilbert 
and physical space—consider, for example, a rotation of less than 90° of 
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any three-dimensional orthogonal triple around one of its axes. The el-
ementary proposition corresponding to the fixed axis can have distinct 
truth values in the context of distinct (rotated) Boolean subalgebras, 
but it must receive the same probability relative to any such Boolean 
subalgebra.

The partial Boolean algebra generated in the two-dimensional Hilbert 
space is degenerate. Although not itself a Boolean algebra, it is still ho-
momorphically embeddable into a Boolean algebra and thus admits a 
consistent assignment of 1 and 0 (truth or falsity) to all elementary prop-
ositions. In three dimensions, by contrast, this is not possible, precisely 
because of the noncontextuality of quantum probabilities. This provides 
Demopoulos with a wedge between truth and knowledge in quantum 
mechanics, because the noncontextuality of quantum probabilities rests 
on nothing more nor less than empirical facts concerning the distribu-
tion of statistical information in different Boolean subalgebras corre-
sponding to different choices of ideal measuring instruments. The sta-
tistical information is invariant under all such choices—as a matter of 
empirical fact—while the actual measured values are not. The minimal 
conception of a free partial Boolean algebra, however, involves only the 
necessary logico-combinatorial features of any proposition as such (0, p, 
not-p, and 1). And, because comeasurability in general is an empirical 
rather than logico-combinatorial relation, this is compatible with Demo-
poulos’s conceptual wedge between truth and knowledge in quantum 
mechanics.

Demopoulos elaborates on this conception in “On the Notion of a 
Physical Theory of an Incompletely Knowable Domain,” published in a 
volume in honor of Bub in 2006. It provides a more detailed and explicit 
treatment of three-dimensional spin values in both Hilbert and phys-
ical space, together with the corresponding treatment of probabilities. 
Nevertheless, the implications for quantum-mechanical reality are the 
same. As far as truth and falsity are concerned, we have determinate 
values for all physical quantities simultaneously. Our knowledge of 
these values, however, remains incomplete due to the logically neces-
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sary absence of two-valued probability measures over the totality of 
Boolean subalgebras—which, in turn, follows from the general noncon-
textuality of quantum probabilities.

Demopoulos abandons the divergence between knowledge and truth 
in “Effects and Propositions,” appearing in a special issue of Foundations 
of Physics, again dedicated to Bub, in 2010. Demopoulos does not say so 
explicitly, but his change of mind perhaps has to do with a kind of va-
cuity afflicting both the original defense of value determinacy in “Com-
pleteness and Realism in Quantum Mechanics” (1977) and the more re-
cent attempt radically to separate the concepts of knowledge and truth 
(2004–2006). The (1977) paper on completeness allows us to “say” in a 
quantum-logical proposition that all values of physical quantities are de-
terminate, but it does not make it possible to say anything more specific 
about the distribution of these values. All that we have, in the end, is a 
conjunction of quantum-logically valid formulas, each of which is a 
quantum-logical exclusive disjunction. The radical separation of knowl-
edge and truth in the later period (2004–2006), by contrast, is made 
possible by a definitive separation of the concepts of elementary propo-
sition and quantum probability. Nevertheless, we can still say nothing 
specific about the distribution of truth values over all elementary prop-
ositions going beyond the quantum probabilities themselves—which, as 
we know, are (classically) logically inconsistent with simultaneous deter-
minate values. Both of Demopoulos’s earlier approaches to quantum 
determinacy, for this reason, now appear to be purely formal and thus 
vacuous.

In any case, “Effects and Propositions” represents his definitive rejec-
tion of value determinacy as the hallmark of reality in quantum me-
chanics. The question remains, therefore, of how to understand such 
reality now. Demopoulos first distinguishes between eternal and dynam-
ical properties of particles. The former are exemplified by properties 
like the spin, mass, and charge of the electron. Such properties charac-
terize the kind of particle in question and do not change over time due 
to dynamical interactions between particles. The dynamical properties 
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of particles—positions, momenta, specific directional spin values, and 
so on—do change over time, and it is precisely these properties for which 
we cannot have simultaneous determinate values at any time. Moreover, 
the fact that dynamical properties are relative to particular measurement 
contexts seems incompatible with their objectivity, insofar as invariance 
over different measurement contexts (different perspectives) is a criterion 
of objectivity in general. So we cannot have both determinacy and ob-
jectivity for the dynamical properties of particles. The solution Demo-
poulos proposes is to distinguish, in principle, between the eternal and 
dynamical properties of particles. The latter are not propositions—
properties belonging to particles—at all. They rather characterize the 
effects of dynamical interactions between the particles themselves and 
the classically describable instruments with which we measure them. 
Since any single such instrument in a given context yields only commea
surable effects, we have both objectivity and determinacy for them. 
And, for the totality of effects, we have objectivity for all probabilities 
defined over this totality due to the noncontextuality of quantum 
probability.

The framework of effects, in this way, is close to the approach of De-
mopoulos’s final interpretation in the present book. This becomes clearer 
in a second paper on the framework of effects appearing two years later, 
in a volume in honor of the memory of Itamar Pitowsky edited by Yemima 
Ben-Menahem and Meir Hemmo, entitled Probability in Physics. The title 
of Demopoulos’s 2012 paper is “Generalized Probability Measures and 
the Framework of Effects,” and it begins, in the first sentence, with a 
reference to A.  M. Gleason’s well-known theorem, “Measures on the 
Closed Subspaces of a Hilbert Space” (1957), according to which all prob-
abilities employed in quantum mechanics (via either pure or mixed 
states) are generalized probability measures on these closed subspaces. 
The generalization in question is from a Boolean algebra (a field of sets 
in classical probability theory) to the partial Boolean algebra of subspaces 
of a vector space—which, due to Gleason’s theorem, is entirely incom-
patible (in three-dimensional and higher-dimensional spaces) with two-
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valued probability measures defined over all such subspaces. As we shall 
see, the central idea of the present book becomes what Demopoulos will 
call the “completeness” of quantum probabilities, now taken to be the 
core of quantum reality.

The view developed in the fourth chapter of this book is a reconstruc-
tion of Bohr’s mature position, arrived at in his ongoing debate on the 
status of quantum mechanics with Einstein. The Bohr-Einstein debate 
culminates in the fundamental paper by Einstein, Podolsky, and Rosen 
(1935) on the “completeness” of quantum mechanics (EPR), supplemented 
by Bohr’s (and Einstein’s) subsequent objections and replies. Since Ein-
stein’s conception of local realism is Bohr’s target here, Demopoulos 
provides a novel description of J.  S. Bell’s analysis of this realism—
which, in Demopoulos’s account, figures essentially in Bell’s now-famous 
theorem on local hidden variables. The point is that Bell’s analysis and 
theorem together provide a strong rebuttal to EPR by showing that Ein-
stein’s local realism, so understood, is incompatible with the quantum-
mechanical probabilities and thus with quantum mechanics itself. 
Demopoulos concludes by arguing on this basis for the significance of 
Gleason’s theorem in establishing the necessarily probabilistic complete-
ness of quantum mechanics, which thereby provides the theory with its 
objective empirical reality.

The EPR argument is familiar. We begin with two correlated quantum 
systems, which, over time, become separated from one another at arbi-
trary distances. The correlation between the two systems in their joint 
state is preserved over time, so that, in particular, the correlation between 
certain eigenvalues of the two systems remains perfect throughout. One 
can always infer from a measurement of one system the correlated eigen-
value of the other with “certainty” (probability = 1). At this point, how-
ever, EPR introduces its “criterion of [physical] reality” (see Chapter 4 in 
this book): “If, without in any way disturbing a system, we can predict 
with certainty (i.e., with probability equal to unity) the value of a phys-
ical quantity, then there exists an element of physical reality corre-
sponding to this physical quantity. . . . ​Regarded not as a necessary, but 
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merely as a sufficient, condition of reality, this criterion is in agreement 
with classical as well as quantum-mechanical ideas of reality.” Without 
begging any questions between classical and quantum conceptions of 
reality, therefore, it follows that the quantum state cannot be a complete 
description of quantum reality. This is because the (correlational) joint 
state that mediates the inference from measurements on one of the two 
systems to eigenvalues of the other (now spatially separated) system is 
assumed to remain, which is incompatible with the supposedly resulting 
eigenstate of the target system. (The latter gives probability = 1 for the 
eigenvalue in question, while the original joint state continues to give 
probability = ½.)

The EPR argument, understood in this way, is offered as a reductio of 
the completeness of quantum mechanics—one that works for both clas-
sical and quantum conceptions of physical reality. But Bell’s rejoinder, 
some thirty years later, is offered, on Demopoulos’s account, as a reductio 
of the combination of Einstein’s local realism and classical probability 
theory. What, then, is Einstein’s local realism? Here Demopoulos makes 
a decisive move by taking local realism, for Einstein, as a condition that 
holds for both Newtonian and relativistic causality—even if we take 
Newtonian gravitational force to be an immediate action at a distance. 
Thus, in the penultimate paragraph of Section 4.2, Demopoulos explains 
that Einstein’s local realism belongs to “ ‘the realm of physical ideas in
dependently of the quantum theory’ that have their origin in everyday 
thinking.” Demopoulos continues in the same paragraph (emphasis in 
the original): “Not only is Newtonian mechanics one among the ideas of 
physics independently of the quantum theory, but the notion that there 
are quasi-closed systems of the sort that local realism requires is com-
patible with an action at a distance theory like Newton’s just because that 
theory allows for the kind of approximative reasoning that the concept of 
a quasi-closed system rests upon. Local realism is therefore a constraint 
on theory construction that is satisfied by Newtonian mechanics and by 
the conception of theory testing that emerged from the Newtonian tra-
dition of theory-mediated measurement.”
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This conception of local realism is central to Demopoulos’s overall 
view, and it allows us to connect his final interpretation of quantum me-
chanics with the Newtonian tradition of theory-mediated measurement—
as noted at the beginning of this Afterword and developed at some 
length in my Foreword. In particular, the discussion in the Foreword 
supplies ample illustrations of the two key notions in Demopoulos’s 
conception of local realism. In the case of quasi-closed systems, for ex-
ample, we find that in Newton’s account of the solar system the moons of 
Jupiter and Saturn illustrate this concept extremely well. Although the 
gravitational field of the Sun is determinative of the orbital motions of 
both systems as a whole (the systems comprising both the central bodies 
and their moons), the perturbations of the orbits of the moons around 
their central bodies due to the Sun are negligible. The action of the grav-
itational field of the Sun on the two central bodies determines their or-
bits around the Sun quite well (with the exception of small perturbations 
of the same two bodies exerted reciprocally by Jupiter and Saturn on one 
another), but the Sun adds nothing of any consequence to the orbits of 
these moons around their central bodies. In the case of the Earth-moon 
system, by contrast, it quickly became clear that the Earth’s gravitational 
field alone is quite insufficient, and it is for precisely this reason that 
Newton then introduced a perturbation of our moon by the Sun—
although he did not succeed in calculating it exactly.

Thus, while the two systems of moons orbiting around Jupiter and 
Saturn respectively are indeed quasi-closed in the required sense, the 
same is by no means the case for the Earth-moon system. The difference 
between these two kinds of examples depends on the much greater rela-
tive distances of Jupiter and Saturn from the Sun in comparison with that 
of the Earth-moon system—such that, in particular, the directions of at-
traction of the moons of Jupiter and Saturn are thus always very close to 
being parallel with one another. The Earth-moon system, by contrast, is 
relatively much closer to the Sun, so that the successive directions of at-
traction of the moon in its orbit are considerably further from paral-
lelism. Moreover, the much greater distances of Jupiter and Saturn from 
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the Sun, together with the much greater masses of these two central 
bodies relative to the Earth, implies that the attraction of the relevant 
moons by their two central bodies (which are of course much closer to 
them than is the Sun) dominates the Sun’s now relatively weak attrac-
tion, leaving only a negligible error.

These considerations make it clear that the two concepts of quasi-
closed system and approximative reasoning are indissolubly linked in 
the Newtonian tradition of theory-mediated measurement. Indeed, as we 
saw in my Foreword, the approximative reasoning delineated in Rule 4 
of the Principia (third edition) is essential to the Newtonian method: 
“In experimental philosophy propositions gathered from phenomena by in-
duction should be considered either exactly or very nearly true . . . ​, until 
yet other phenomena make such propositions either more exact or liable 
to exceptions.” And, as we saw in the sequel, this model of “experimental 
philosophy” is constantly applied in the perturbational analysis of orbital 
motions throughout the development of Newtonian astronomy, from the 
three editions of the Principia, the following more-refined work of Euler 
and Clairault, the subsequent analyses of Laplace, the nineteenth-century 
discoveries of Uranus and Neptune, and finally the discovery of general 
relativity via extremely small perturbations of the orbit of Mercury. We 
also saw that, whereas only the last case involved what turned out to be 
an exception to the Newtonian law of universal gravitation (including the 
more limited inverse-square law), the Newtonian method proposed in 
Rule 4 continues to remain in full force throughout. In particular, in the 
absence of this method (and the Newtonian laws that had led us safely 
up to this point), we would have had no conception of the precise mag-
nitude of the needed relativistic correction eventually provided by Ein-
stein’s gravitational theory.

The circumstance that the Newtonian method of theory-mediated 
measurement outlived the details of the Newtonian theory of universal 
gravitation demonstrates the difference between theoretical and eviden-
tiary frameworks with particular force and clarity. Indeed, we do not in 
general want the evidentiary framework to presuppose the corresponding 
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theoretical framework, for this raises obvious doubts about the extent to 
which the results of the experiments in question (belonging to the evi-
dentiary framework) yield only circular arguments in support of the the-
oretical framework. So it is all to the good that the Newtonian tradition 
of theory-mediated measurements clearly and explicitly avoids such 
doubts. In this sense, as Demopoulos repeatedly emphasizes, a theory-
mediated measurement is quite distinct from a typical theoretical pre-
diction, understood as a logical consequence of the theory in question.

Demopoulos explains in Section 4.1 that Bohr’s doctrine of the pri-
macy of classical (i.e., non-quantum-mechanical) concepts should be 
taken to characterize the evidentiary framework specifically. For this 
reason, moreover, although Demopoulos takes Bohr to be an insightful 
analyst of the evidentiary framework, he explicitly criticizes a paper 
of Camilleri and Schlosshauer—entitled “Niels Bohr as Philosopher of 
Experiment”—for making it a rational requirement that what happens 
in the evidentiary framework must ultimately be reducible to the rele-
vant theoretical framework (i.e., quantum mechanics). This is manifestly 
not true for Newtonian mechanics, and it need not be true for quantum 
mechanics either. Of course, quantum theory in the broad sense has a 
much more extensive explanatory scope, as well as considerably more 
accurate predictions, than Newtonian theory ever had. So quantum 
theory in this sense is a better candidate for a “theory of everything” than 
Newtonian theory ever was. Nevertheless, there cannot be a rational re-
quirement that quantum theory—or any other physical theory taken to 
be fundamental—must actually have such an all-encompassing scope. To 
think otherwise is to yield to the temptation of confusing a hopeful sci-
entific commitment with an established scientific fact.

More generally, an evidentiary framework is always relatively auton-
omous from its corresponding theoretical framework in the real world. 
In particular, an evidentiary framework realized in actual experiments 
is always afflicted by a necessary lack of perfect exactness at any finite 
stage of experimental investigation in accordance with Newton’s Rule 4. 
Moreover, there are always contingencies in the design and successful 
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application of an evidentiary framework (via one or another experimental 
apparatus) relative to any given stage of scientific and technological de-
velopment. In his crucial Section 4.3, “Bell’s Theorem and Einstein’s Local 
Realism,” therefore, Demopoulos takes it to be a virtue that Bell’s analysis 
of Einstein’s local realism precedes Bell’s theorem on hidden variables. 
What is important, in particular, is that Bell’s analysis takes place at 
the “operational” or “phenomenal” level of experimental results, while 
avoiding as far as possible the theoretical representation of microscopic 
dynamical variables in Hilbert space (appealing, for example, to direc-
tional settings of polarizers instead of directional properties of photons). 
This move represents a profound reversal of Demopoulos’s discussion of 
hidden variables in his earlier work on the interpretation of quantum me-
chanics, which, unlike his final discussion in this book, always gave pre
cedence to the Kochen and Specker partial Boolean algebra approach 
over the “operational” or experimental approach of Bell. And, as we have 
also seen, the corresponding reversal is based on Demopoulos’s assimi-
lation of the Newtonian tradition of theory-mediated measurement in 
the interim.

Bell’s operational analysis of Einstein’s local realism appeals to the 
rules of special relativistic causation, according to which the light-cone 
structure of Minkowski space-time is a constraint on Einsteinian local 
causality: There can be no causal action of one system on another out-
side the region common to the past-directed light cones of the two sys-
tems. I already said, however, that Demopoulos takes both relativistic and 
Newtonian causality to satisfy the relevant causal constraints in Bell’s 
empirical analysis—but how is this even possible if Newtonian gravita-
tion operates instantaneously? The relevant point here, however, is that 
we did not know in the seventeenth century, and we do not know the 
exact situation even now, whether Newtonian gravity is really instanta-
neous or merely propagates very rapidly (as does light and electromag-
netic interaction more generally). Moreover, Newtonian gravitational 
interaction is much weaker than electromagnetic interaction in any case, 
so that the relative weakness of the former, independently of its speed of 
propagation, suffices to establish a lack of relevant causal influence for 
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cases in which electromagnetic interaction predominates. Thus, for ex-
ample, if we consider the first experimental evidence (Roemer in 1762) 
that irregularities in the orbits of the moons of Jupiter during eclipses 
(by Jupiter viewed from the perspective of the Earth) are due to the finite 
speed of light propagation, we find that even the gravitational action of 
the Sun is quite insufficient to explain these irregularities (which follows 
from the fact that the system of Jupiter and its moons is quasi-closed rela-
tive to specifically gravitational interaction).

Bell is well within his rights, therefore, to take Einsteinian local cau-
sality to be uncontroversially relativistic. How, then, does he construct a 
reductio of EPR? He focuses on another pillar of Einstein’s overall view: 
that the statistical nature of quantum theory should, in accordance with 
(local) realism, follow the example of classical statistical mechanics. Such 
realism demands, in particular, that every quantum-mechanical prob-
ability measure be representable by a weighted average of two-valued 
measures defined over all relevant possibilities. And what Bell’s theorem 
shows (in Itamar Pitowsky’s formulation) is that the satisfaction of a Bell 
inequality by a probability measure is equivalent to that measure being 
classical, that is, as precisely such a weighted average of two-valued mea
sures. According to Bell’s theorem, therefore, there can be no classical 
completion of the quantum probabilities consistent with Einstein’s local 
realism.

The point is more subtle than it first appears, however, because Bell 
does not appeal directly to Hilbert space as the realization of a classical 
completion. Indeed, if he did, the Kochen and Specker no-hidden-
variable proof would already have answered the question directly by the 
fact that the relevant Hilbert space representation admits no two-valued 
probability measures all by itself, quite independently of Einstein’s local 
realism. This is why Bell does not appeal to Hilbert space in either his 
analysis or his theorem, but rather to a more abstract and less theoreti-
cally committed conception of hidden parameters subject to minimal 
and relatively uncontentious conditions. Bell’s contributions thus con-
tinue with his method of making only uncontroversial assumptions as 
far as possible—among which Einsteinean local causality plays a clear 
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and ineliminable role. Only so, from Bell’s point of view, can we construct 
a legitimate reductio of EPR.

Demopoulos’s novel account of the upshot of Bell’s contributions—
in both Section 4.3 and the concluding Section 4.4 on “Quantum Me-
chanics and Reality”—considers all the subtleties in considerable detail, 
and I urge the reader to study this final section carefully. What appears 
to be most important here is that there are other types of correlational 
representations that are stronger than those of quantum mechanics it-
self—and, in particular, that allow nonlocal correlations while preserving 
relativistic (local) causality. The Hilbert space representation is one of the 
theories consistent with Bell’s work but by no means the only one. Nev-
ertheless, it is the only such theory that exhibits the completeness of its 
possible probability measures derived from Gleason’s theorem. And this 
kind of completeness, as we saw in my earlier discussion of what Demo-
poulos called “the framework of effects” in the years 2010–2012, does in-
deed justify the objective reality of the quantum probabilities.

The objective reality of these probabilities, and their completeness, 
rest on noncontextuality. And the latter, in turn, rests on nothing more 
nor less than empirical facts concerning the distribution of statistical in-
formation in different Boolean subalgebras corresponding to different 
choices of ideal measuring instruments. A statistical quantum state is in-
variant under all such choices, while the actual measured values are 
not. Moreover, as Demopoulos explains, quantum noncontextuality can 
be seen to embody a natural generalization of relativistic local causality 
for an irreducibly statistical theory like quantum mechanics (that is, a 
statistical theory admitting no two-valued measures defined on all 
events). Quantum mechanics is therefore itself a local theory—although, 
as Demopoulos himself emphasizes, it is a local theory of nonlocal correla-
tions. In this sense, therefore, the completeness of quantum probabilities 
deriving from Gleason’s theorem also yields a generalized statistical 
version of relativistic local causality.

That the version of local causality under consideration is irreducibly 
statistical represents the crux of the matter. In Bell’s version of the EPR 
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thought experiment, however, we are attempting to infer a value of a di-
rectional spin value of one particle from a value obtained by an experi-
mental measurement (via a polarizer) of the other. But the introduction 
of the measurement apparatus (the polarizer) picks out one particular 
Boolean subalgebra of commeasurable properties, and the resulting 
measured values are therefore thoroughly contextual—relative, that is, 
to this Boolean subalgebra. By contrast, the irreducibly statistical state 
defined on the entire partial Boolean algebra is thoroughly noncontex-
tual, so that relativistic local causality in the statistical sense is inconsis-
tent with an assignment of determinate directional properties to the 
correlated systems.

Thus, once again, the statistical sense of completeness appropriate to 
the quantum probabilities does not admit a representation of all proba-
bility measures as weighted averages of two-valued measures. To be sure, 
we can and must test the probability measures assigned by the theory via 
the statistical frequencies of measured values relative to one or another 
experimental apparatus, and these statistical frequencies must provide 
either confirmation or disconfirmation for the corresponding theoret-
ical probability measures. If we are lucky, moreover, the resulting statis-
tical frequencies must converge, as it were, toward noncontextuality. But 
this does not mean, of course, that noncontextuality holds for the indi-
vidual values measured in the context of one or another experimental 
apparatus.

As Bohr himself might have said, we must therefore renounce the 
inference to complete and determinate individual dynamical values of 
quantum systems—which inference, in general, is incompatible with 
quantum theory. In return, however, we are rewarded with a complete 
and noncontextual quantum theory of probability, where the measures 
in question are themselves both complete and objective as empirical 
realities. Gleason’s deep mathematical theorem on the possible general-
ized measures on a Hilbert space provides us with a correspondingly 
deep insight into the radically new algebraic structure of the physical 
micro-world.
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As we have seen, however, there remains an ineliminable divide be-
tween the empirical features of the physical world and the purely math-
ematical structures that are taken to represent this world. Demopoulos’s 
conception here strongly emphasizes the importance of this divide, and 
that is why he gives priority to Bell’s analysis of Einstein’s local realism 
from an explicitly empirical “operational” point of view, as opposed to 
the purely formal analyses appealing to Hilbert space and the partial 
Boolean algebras of Kochen and Specker. This shift in viewpoint from 
the approach of Kochen and Specker to that of Bell signals the most 
important advance in Demopoulos’s intellectual journey. As we have also 
seen, moreover, this same advance represents his most important engage-
ment with the methodological insights of Newton and his followers in 
this book. For it is here, in particular, that we find the most subtle and 
developed discussions of the various cases of approximative reasoning 
applied to gravitational and electromagnetic interactions (both classical 
and relativistic), which then turn out to bring us to quantum theory and 
its distinctive probabilistic structure.

Newtonian empirical methodology, as epitomized in Rules 3 and 4, 
therefore appears to be still very much alive, even though our funda-
mental physical theories have continued to change after the formulation 
of quantum mechanics in the 1920s and, in particular, have introduced 
more and more complex mathematical structures that could not have 
been foreseen in advance. This development is not to be deplored but 
rather to be celebrated, for it leads to open-ended creativity freed up by 
and embodied in the continuous cumulative interweaving of theory and 
experiment. Of course we do not and cannot know what may come next 
in this development, but it turns out to be extremely advantageous in 
driving the potentially infinite growth of fundamental physics in the real 
world through an iterative sequence of approximations following New-
ton’s last two methodological rules.
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NOTES

Introduction

1. This reevaluation was spearheaded by the work of George Smith. See, for 
example, Smith (2002) and the references cited therein. My understanding 
of  these developments is indebted to discussions with Robert DiSalle and 
Michael Friedman.

2. See Millikan (1917, pp. 33–42) for a discussion. The derivation of the rele-
vant functional relation between ne and the ratio of the mobility to the coeffi-
cient of diffusion is reviewed in Millikan’s Appendix A.

3. In addition to Perrin’s experiments based on Brownian motion and car-
ried out within the framework of the kinetic theory of gases, there were 
theory-mediated measurements of Avogadro’s constant based on such diverse 
considerations as those belonging to electro-chemistry and theory of radiation, 
as well as much else besides.

4. This observation can also be urged against philosophers of the period 
who are not identified with the partial interpretation view of theories. For ex-
ample, Quine evidently believed that our methodological practice is incapable 
of sharply distinguishing between early corpuscularianism and the molecular 
hypothesis investigated by Perrin:

Physical objects [and by extension, molecules and atoms] are conceptually im-
ported . . . ​as convenient intermediaries—not by definition in terms of expe-
rience, but simply as irreducible posits comparable, epistemologically, to the 
gods of Homer. . . . ​The myth of physical objects[, atoms, and molecules] is 
epistemologically superior to most in that it has proved more efficacious than 
other myths as a device for working a manageable structure into the flux of 
experience. (Quine 1951, p. 44)
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But by the early twentieth century, it became clear that the molecular hy-
pothesis was not “comparable, epistemologically” to the early corpuscularian 
philosophy, let alone to positing the gods of Homer, and it is important that we 
understand why.

5. This use of “practical” and “theoretical” derives from Carnap’s “Empiri-
cism, Semantics and Ontology,” here cited as Carnap (1956b, pp. 205–221).

6. Carnap (1974, p. 256); see also Braithwaite (1953, p. 80) and Nagel (1961, 
chapter 6).

7. As an example of a view of traditional ontological questions which he re-
jects, Carnap (1956b, p. 215) cites Bernays (1935), according to which the use of 
real-number variables for the representation of spatiotemporal coordinates is 
enough to make a committed Platonist of someone who uses the language of 
physics. There are different ways of extending the ideas of “Empiricism, Seman-
tics and Ontology” to the realism-instrumentalism controversy. For a discus-
sion of various alternatives, see Demopoulos (2011b), reprinted in Demopoulos 
(2013).

8. Feigl (1950) is a significant exception to this tendency.
9. Compare Carnap (1956a, p. 45), where the asymmetry is expressed as one 

that holds between existential hypotheses and statements about the past:

It may be useful . . . ​to distinguish two kinds of the meaningful use of “real,” 
viz., the common sense use and the scientific use. Although in actual prac-
tice there is no sharp line between these two uses, we may, in view of our 
partition of the total language L into the two parts LO and LT , distinguish 
between the use of “real” in connection with [the observational part] LO, and 
that in connection with [the theoretical part] LT . We assume that LO contains 
only one kind of variable, and that the values of these variables are possible 
observable events. In this context, the question of reality can be raised only 
with respect to possible events. The statement that a specified possible observ-
able event, e.g., that of this valley having been a lake in earlier times, is real 
means the same as the statement that the sentence of LO which describes this 
event is true, and therefore means just the same as this sentence itself: “This 
valley was a lake.”

For a question of reality in connection with LT , the situation is in certain 
respects more complicated. If the question concerns the reality of an event 
described in theoretical terms, the situation is not much different from the 
earlier one: to accept a statement of reality of this kind is the same as to ac-
cept the sentence of LT describing the event. However, a question about the 
reality of something like electrons in general (in contradistinction to the ques-
tion about the reality of a cloud of electrons moving here now in a specified 
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way, which is a question of the former kind) or the electromagnetic field in 
general is of a different nature. A question of this kind is in itself rather am-
biguous. But we can give it a good scientific meaning, e.g., if we agree to un-
derstand the acceptance of the reality, say, of the electromagnetic field in the 
classical sense as the acceptance of a language LT and in it a term, say ‘E,’ and 
a set of postulates T which includes the classical laws of the electromagnetic 
field (say, the Maxwell equations) as postulates for ‘E.’ For an observer X to 
“accept” the postulates of T, means here not simply to take T as an uninter-
preted calculus, but to use T together with specified rules of correspondence 
C for guiding his expectations by deriving predictions about future observ-
able events from observed events with the help of T and C.

10. This applies in equal measure to the conception of the evidentiary 
framework implicit in the views of some of logical empiricism’s severest critics. 
Thus, for example, Penelope Maddy (2007) locates her disagreement with the 
program of logical reconstruction in its various accounts of the basis for our ac
ceptance of what she calls “rules of evidence.” In the case of the molecular 
hypothesis, such rules take the form (2007, p. 72): “If such and such results from 
this Perrin experiment, then there are atoms in the solution.” According to 
Maddy, advocates of logical reconstruction like Carnap take the view that our 
acceptance of such a rule “is a purely pragmatic matter, a conventional choice 
of one language over another,” by contrast with her own view, according to which 
“the development of the Einstein-Perrin evidence [is] of a piece with [our] stan-
dard methods of inquiry, [requiring] careful examination and justification of 
the usual sorts” (ibid). But Maddy offers no analysis of what was distinctive about 
the reasoning Perrin marshaled in favor of the molecular hypothesis except to 
say that it was based on “careful and meticulous work.” And insofar as her no-
tion of a rule of evidence suggests an account of the evidentiary framework 
within which that hypothesis was evaluated, it is indistinguishable from purely 
hypothetical reasoning; Maddy’s account therefore exhibits many of the same 
omissions of the program of logical reconstruction that she rejects.

11. It is also what distinguishes the present view from “entity realism,” the 
view defended by Ian Hacking (1983). Entity realism addresses the issue of what 
Hacking calls “realism-in-general” by exposing the philosophical principle it 
takes to underpin particular cases of realism. According to entity realism, 
realism about a special class of entities is justified when we can successfully 
manipulate the entities. As Hacking (1983, p. 22) puts it in an allusion to an ex-
tension of the idea behind Millikan’s oil droplet experiments: “If you can 
spray them, then they are real.” So stated, entity realism is empty without an 
account of why our interventions are correctly represented as manipulations of 
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the entities in question. Entity realism simply takes for granted that an account 
can be found in our canonical methods of proof and evidence. However, the 
philosophical problem is to identify the nature and structure of successful 
applications of these methods so that the relevant existence claims can be rec-
ognized as justifiably compelling. This is precisely the issue Hacking’s entity 
realism fails to address.

12. In his semipopular essay “What Is the Theory of Relativity?,” published in 
The London Times, November 28, 1919: see Einstein (1919).

13. This is evidently the idea that Einstein (1919) sought to emphasize by con-
trasting the principle-theoretic character of the special theory with a construc-
tive theory like the kinetic-molecular theory of gases. I therefore disagree with 
Harvey Brown’s (2005) proposal that the theory should be understood as telling 
us that dilation and contraction depend on the constitution of rods and clocks: 
“A moving rod contracts, and a moving clock dilates, because of how it is made 
up and not because of the nature of its spatio-temporal environment” (Brown 
2005, p. 8; italics in the original). Minkowski space-time is the expression of the 
dynamical symmetry group of Maxwell’s theory because of what the dynam-
ical laws of electromagnetism tell us about motion, not because of what, on 
some possible extension of Maxwell’s theory, they might tell us about the consti-
tution of matter.

1. �Logical Empiricist and Related Reconstructions of 
Theoretical Knowledge

1. The partial interpretation account of theories is identical with the view 
Hempel (1970, p. 146) calls “the standard conception” and Putnam (1962, p. 240) 
calls “the received view.” It can be found in Braithwaite (1953) and Carnap 
(1956a); it is implicit in Ramsey (1929) and presaged in Schlick (1918).

2. See Carnap (1956a, pp. 41–42, 46–48).
3. In this connection, see Freudenthal (1962) and Hallett (2008).
4. Expounded in Carnap (1963) and extended in various ways to be de-

scribed below in Carnap (1961). The publication date of Carnap (1963) is a poor 
guide to the work’s date of composition, since the publication of the volume in 
which it appeared was delayed for many years.

5. By the matrix of a Ramsey sentence is meant the formula which results 
when the “new” existential quantifiers are deleted.

6. “Theories,” Ramsey (1929), reprinted in Braithwaite (1931, p. 232). A recur-
sive axiomatization of the Lo-consequences of a first-order theory T in Lo * Lt 
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by its Lo-sentences is called a Craig transcription of T; every first-order theory 
whose Lo-consequences are recursively enumerable has a Craig transcription. 
The Ramsey sentence of a theory, like one of its Craig transcriptions, eliminates 
theoretical vocabulary, but unlike a Craig transcription, it retains the connec-
tions between observable properties and relations which are mediated by their 
association with theoretical properties and relations. This is why the difficulties 
which Hempel (1965, pp. 214–216) showed to be a necessary feature of the elimi-
nation of theoretical vocabulary by reconstructions based on the notion of a 
Craig transcription are not difficulties for Ramsey-sentence-based reconstruc-
tions. For further discussion, see Demopoulos (2011a, section 2) or Demopoulos 
(2013, chapter 7.2) and Putnam (2012).

7. For an exposition of these matters, see Demopoulos (2007). See also Gupta 
(2009).

8. Carnap (1961).
9. It is here that the restriction noted earlier regarding the nonuniversality 

of all the theoretical properties and relations of the theory must be assumed 
to ensure the distinctness of M and M*.

10. See Gupta (2013, especially section  11) for a critical perspective on 
“inferential-role” models of meaning.

11. The characterization of the logical empiricist view of theories as syn-
tactic was first advanced by Bas van Fraassen; see especially van Fraassen 
(1980).

12. See Carnap (1963, p. 963): “I agree with Hempel that the Ramsey sentence 
does indeed refer to theoretical entities. . . . ​However, it should be noted that 
these entities are not unobservable physical objects like atoms, electrons, etc., 
but rather (at least in the form of the theoretical language which I have chosen 
in [Carnap 1956a, section VII] purely logico-mathematical entities, e.g. natural 
numbers, classes of such, classes of classes, etc.” This is also the understanding 
of the theoretical terms belonging to a partially interpreted theory that, in his 
survey of possible positions regarding existential hypotheses, Feigl (1950) calls 
“(Va) Formalistic Phenomenalism or Syntactical Positivism.” In this paper, Feigl 
sought to stress the continuity between traditional approaches to the problem 
of our knowledge of the external world and various views of theories and the 
nature of theoretical knowledge. As its title suggests, the paper’s focus is the 
status of the existence claims that are central to modern physical theories of 
the constitution of matter.

13. “Abstract” in the sense that its proof does not exclude the possibility that 
part of the domain of the model is arithmetical. The main result in van Benthem 
(1978) is this:
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Lemma 3.2. For any Lo-structure M, if M is a model of the Lo-consequences 
of T, then there exists an Lo * Lt-structure N such that N is a model of T and the 
reduction of N to Lo is an elementary extension of M.

Here Lo and Lt are first-order languages with equality, all of whose vocabulary 
is, respectively, observational and theoretical. (Lo * Lt is the language generated by 
the observational and theoretical vocabulary of Lo and Lt.) Note that the lemma 
assumes that the vocabulary of the theory consists only of theoretical and obser-
vational terms. We will soon consider the effect of adding mixed terms.

14. Lewis’s response is developed in Lewis (1983, 1984). See also Merrill 
(1980), which Lewis cites as having influenced his reply. Psillos (1999, pp. 67–68) 
has argued that Lewis’s requirement of uniqueness is an anticipation of his later 
appeal to natural relations in his reply to Putnam. But it is clear from our earlier 
discussion that for Lewis, all the heavy lifting to establish unique realizability is 
done by assumptions which are independent of the requirement that the prop-
erties and relations interpreting the O- and T-vocabularies are natural, or that 
they “carve nature at its joints.”

15. Russell (1927); hereafter AoM. Newman’s objection is presented in 
Newman (1928). Demopoulos and Friedman (1985) is reprinted in Demopoulos 
(2013).

16. “What I did realise [on reading your article] was that spacio-temporal 
[sic] continuity of percepts and non-percepts was so axiomatic to my thought 
that I failed to notice that my statements appeared to deny it.” From Russell’s 
letter to Newman of April 24, 1928, reprinted in volume 2 of his Autobiography 
(1968, pp. 176–177). The reevaluation of Russell’s causal theory which follows was 
prompted by discussions with Anil Gupta.

17. We will see in Chapter  3 that Russell’s formulations were equivocal 
from his earliest writings on this topic.

18. Lewis, citing a preprint of Demopoulos and Friedman (1985), remarks 
that Putnam’s argument was anticipated by Newman. However, it is unclear 
whether Lewis read Newman’s paper, since he mistakenly identifies as “a point 
of mathematical detail” missing from Newman’s presentation the failure to ob-
serve the argument’s dependence on a nonlogical assumption of cardinality: See 
Lewis (1984, p. 224, n. 9). But it is abundantly clear from Newman’s discussion 
that this is not a point he missed. The only thing absent from Newman’s discus-
sion is the model-theoretic framework which its extension to the partial inter-
pretation view of theories utilizes. Putnam’s later modifications of his original 
argument do not have the same natural connection with Newman’s observation, 
but they pursue the consequences for the theory of reference of the possibility 
of permuting the domain over which the language is interpreted.
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19. In Galavotti (1992), a selection of Ramsey’s unpublished writings. 
Ramsey’s discussion here comprises pp. 251–252.

20. Uncharacteristically, Ramsey gives no reference for this remark which 
suggests that it is based on personal communication with Russell. Discussions 
with Ramsey are acknowledged in the Preface to AoM.

21. Russell’s construction is discussed in Demopoulos (2003b), and at 
greater length in Bostock (2012).

22. See Campbell (1920). For a concise account of Campbell’s views on 
theories, see Buchdahl (1964).

23. AoM, p. 7, cited by Ramsey in Galavotti (1992, p. 251).
24. Galavotti (1992, p. 251) with a trivial change of class-abstract notation. 

For a discussion of Eddington which places him in the context of issues raised 
by Russell’s structuralism, see Solomon (1989). I have little to contribute to the 
discussion of Eddington except to say that although I agree with Solomon that 
Eddington was attracted to the idea that fundamental physical principles are a 
priori, I find it implausible that he would have regarded an argument like New-
man’s as a suitable basis for such a claim.

25. Ramsey’s views on Principia are discussed in Demopoulos (2013, 
chapter 11) as is his notion of tautologousness, which is much wider than truth-
table decidability.

26. Galavotti (1992, p. 252). I have corrected Ramsey’s page reference to AoM 
(“ps 90 ff”), which is obviously incorrect.

27. This objection was first raised in Demopoulos (2003a), reprinted as 
chapter 6 in Demopoulos (2013); it is also discussed in chapter 4 of that book. 
The present discussion refines and clarifies these earlier presentations.

28. See Section 2.4 in the next chapter.
29. Especially by Putnam (1962) in his celebrated essay “What Theories 

Are Not.”
30. My use of “phenomena” is nontechnical and follows standard physical 

practice, which allows for subatomic, and hence unobservable, phenomena. 
This involves a slight departure from van Fraassen, for whom “phenomena” is 
sometimes restricted to observable phenomena, as in his assertion that the aim 
of science is to save the phenomena—a claim that is clearly intended to be inter-
changeable with the assertion that its aim is to save the appearances.

31. Van Fraassen (1980, p. 64).
32. That this is the main point of van Fraassen’s use of the semantic view of 

theories has been missed by Halvorson (2012, 2013), who argues against con-
structive empiricism’s endorsement of the semantic conception by appealing to 
the utility of the logical notion of a theory as a set of sentences in a formalized 
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language. But van Fraassen can certainly concede the utility of the logical no-
tion while maintaining the superiority of constructive empiricism’s explication 
of empirical adequacy over one given in terms of vocabulary. For a response 
to other aspects of Halvorson’s criticisms of the semantic view of theories, see 
Glymour (2013).

33. This contrast between Carnap’s Ramsey-sentence reconstruction and 
constructive empiricism was first observed by Friedman (2012).

34. It should be noted that there are two inequivalent ways of developing the 
model-theoretic argument against the partial interpretation reconstruction. An 
empirically adequate theory might be capable of being shown to be true, 
because the argument establishes that it is true in an expansion of the intended 
model of the true observation sentences; or the argument might only show that 
it is true in an extension of this model. It can be plausibly argued that Carnap’s 
neutralism about the realism-instrumentalism controversy requires that a par-
tially interpreted theory should be true in an expansion—rather than in an ex-
tension—of the model of the true observation statements; otherwise it is not clear 
that the disagreement between realists and instrumentalists is correctly repre-
sented as a disagreement over the acceptance of theoretical vocabulary. For a 
discussion of this point, see Demopoulos (2013, chapter 4, section 3).

2. Molecular Reality

1. My formulation of the molecular hypothesis basically follows Maxwell 
(1875, pp. 36–49).

2. This classification of the propositions of the molecular-kinetic theory 
into constructive and principle-theoretic components is not intended to be 
exhaustive. Among other things, it does not cover the many propositions 
which express functional dependencies among the thermodynamic and other 
parameters of the theory; nor does it attempt to offer a useful classification of 
them.

3. See van Fraassen (2009) for a forceful presentation of this view.
4. This is argued in detail in G. Smith and R. Seth (2020), Brownian Motion 

and Molecular Reality: A Study in Theory-Mediated Measurement.
5. For example, by contrast with Perrin, J. Loschmidt’s estimate of Avoga-

dro’s number rested on the assumption that when liquefied, the molecules of a 
gas are closely packed spheres. See Perrin (1910, section 11). A related point is 
emphasized in his Nobel Lecture (Perrin 1926, p. 10), quoted later in this chapter. 
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The issue is raised in Chalmers (2011, pp. 713–715) and discussed in some detail 
by Smith and Seth (2020).

6. See Einstein (1905, pp.  1–2). As noted in Renn (2005, p. 25), Boltzmann 
held that such a possibility was excluded by a kind of limit argument, which 
would imply that there could not be a molecular-kinetic-theoretical explanation 
of Brownian motion (Boltzmann 1964, p. 318):

In the molecular theory we assume that the laws of the phenomena found in 
nature do not essentially deviate from the limits that they would approach in 
the case of an infinite number of infinitesimally small molecules. . . . ​It is in-
dispensable for any application of the infinitesimal calculus to molecular 
theory; indeed, without it, our model which strictly deals always with a large 
finite number, would not be applicable to apparently continuous quantities. 
This assumption will seem best justified to those who have carefully consid-
ered experiments for the direct proof of the atomic constitution of matter. 
Even in the smallest neighborhood of the tiniest particles suspended in a gas, 
the number of molecules is already so large that it seems futile to hope for any 
observable deviation, even in a very small time, from the limits that the phe-
nomena would approach in the case of an infinite number of molecules.

I am indebted to Melanie Frappier for bringing Renn’s paper to my attention.
7. The term “molecular diameter” may seem to imply a commitment to the 

shape of molecules. However, this is not how the term was always used. As 
Maxwell expresses it, “the molecular diameter” refers to the distance between 
the centers of mass of two molecules when they act on one another so as to have 
“an encounter.” The volume of a sphere having this diameter is what is meant by 
“the volume of the molecule,” etc. See Maxwell’s (1875, p. 41). This is also true of 
Perrin’s usage of the term “molecular volume”: see Perrin (1916, p. 77).

8. Von Smoluchowski (1906, p. 762), explains the fallacy in Nägeli’s argument; 
his discussion is reviewed in von Plato (1994, p. 130). Perrin’s long quotation from 
Father Carbonnelle (Perrin 1910, p. 4) addresses the same objection, noting that 
the surface of the suspended particles must be below a certain minimum in order 
that the molecular collisions cease to balance one another, but I have been unable 
to verify whether Carbonnelle was specifically addressing Nägeli.

9. What is measured and found to be random is the direction of the particle’s 
displacement in the horizontal plane, the plane orthogonal to the direction of 
gravity: Provided the time interval is not too small, the displacement is doubled 
when the duration of the displacement is quadrupled, increased tenfold when 
the duration is increased a hundredfold, and so on.
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10. Perrin (1910, sections 13 and 28).
11. See Cohen and Schofield (1978, p. 106).
12. Perrin (1916, pp. 206–207).
13. These are summarized by Perrin (1910, section  42) and Perrin (1916, 

section 120).
14. Compare Norton (2000, p.  73): “The agreement of all these different 

methods for estimating N is to be expected if matter has atomic constitution. If, 
however, matter were not to have atomic constitution, then it would be very im-
probable that all these estimates of a nonexistent quantity would turn out to 
agree.”

15. Perrin (1910, p. 46).
16. Psillos (2011, p. 17). I have substituted ‘N′’ for ‘N’ to accord with the text 

of Perrin’s discussion of the vertical concentration experiments.
17. Not all probabilistic reconstructions take this path. As noted by van 

Fraassen (2009, p. 6, n. 7), the probabilistic reconstruction set forth in Achin-
stein (2001) does not attribute such a strategy to Perrin but claims only to repre-
sent the fact that the molecular hypothesis has a probability strictly greater than 
one-half. This may indeed be all that is needed to capture Perrin’s remark that 
the kinetic theory’s correct prediction of N′ cannot be attributed to mere chance. 
But it is far too weak to capture the epistemic weight Perrin’s investigations were 
accorded.

18. The difficulty associated with the elision of the distinction between the 
elimination of alternatives and the elimination of known alternatives is discussed 
at length in Stanford (2009). While I agree with Stanford on the importance of 
the distinction, the skeptical conclusions regarding the molecular hypothesis 
that he draws from his discussion seem to me wholly unwarranted.

19. This is not a claim about Perrin’s intentions, but a claim about what was 
ultimately established by the scientific developments he initiated. Neverthe-
less, it seems undeniable that the claim correctly captures what Perrin un-
derstood to be the main upshot of his contributions to the investigation of 
Brownian motion. I therefore disagree with van Fraassen (2009), who inter-
prets Perrin as having only been concerned to show the empirical determin-
ability of various parameters of the molecular-kinetic theory, so that the 
theory could be seen to be “empirically grounded.” I do however fully endorse 
van Fraassen’s remarks, directed against Maddy and others, regarding the dif-
ficulty with maintaining that the molecular-kinetic theory was even empiri-
cally adequate, let alone true.

20. I am indebted to Michael Friedman for bringing this passage of van 
Fraassen’s to my attention.

 EBSCOhost - printed on 2/13/2023 10:06 PM via . All use subject to https://www.ebsco.com/terms-of-use



	 NOTES      TO   P A G ES   8 2 – 9 4    215

21. Perrin (1916, p. 89; emphasis added). This remark is followed by an exposi-
tion and discussion of his vertical concentration experiments with granules.

22. Gouy’s contributions are summarized by Perrin (1910, pp.  4–6; and 
1916, pp. 83–85).

23. I am indebted to Robert DiSalle for discussions regarding Perrin’s argu-
ment in light of the distinction between principle and constructive compo-
nents of theories.

24. In particular M. von Smoluchowski (1906); for a discussion of von 
Smoluchowski and a comparison of his investigations with those of Einstein, see 
von Plato (1994, chapter 3.4).

25. See Poincaré (1912a); p. 224 of the translation in Demopoulos, Frappier, 
and Bub (2012). Poincaré’s views on this and related methodological issues are 
discussed in greater detail in Chapter 3.

26. Perrin’s analogy is drawn in Atoms (Perrin 1916, p. 106).
27. See van Fraassen (2009, section 3.2). Van Fraassen remarks on the fact 

that his notion of groundedness is a development of Clark Glymour’s idea of 
bootstrapping, which is the central idea of Theory and Evidence (Glymour 1980).

28. Reichenbach (1920, chapter 4) was concerned with the problem of for-
mulating a notion of truth for systems of equations expressing functional de-
pendencies among various parameters without appealing to their correspon-
dence with reality. He sought to explain the truth of such systems of functional 
dependencies in terms of uniqueness of coordination: a system of equations is 
true if it is concordant in the values it predicts for the parameters with which it 
deals; i.e., for any parameter of interest, the system of functional dependencies 
determines a single (and hence, “uniquely coordinated”) value for it (Reichen-
bach 1920, p. 43). In this respect, Reichenbach’s views anticipate van Fraassen, 
who cites with approval the focus on unique coordination when expounding the 
notion of empirical grounding: See van Fraassen (2009, p. 12). It is worth re-
marking that Perrin’s interpretation of the significance of the concordance of 
various determinations of Avogadro’s number would have been entirely missed 
had he followed Reichenbach, for whom the mere fact of concordance suffices 
as a complete account of the truth of a system of functional dependencies.

29. See Perrin (1910, p. 7).
30. Thomson himself avoids the use of “electron” for the carrier of negative 

electricity, and he adheres to the traditional terminology established by G. 
Johnstone Stoney, according to which the term refers to the natural unit of elec-
tricity. Considerations in favor of this terminology are given in Millikan (1917, 
pp. 25–27). Smith (2001, p. 57) suggests that Thomson also wished to distinguish 
his carriers of negative electricity from the electron theory of Larmor.
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31. The pairing of Thomson’s and Perrin’s contributions to the vindication of 
atomism goes as far back as the fourth edition of Ostwald’s textbook (1909), where 
they are together singled out for special emphasis when Ostwald withdraws his 
earlier characterization of the molecular hypothesis as a mere convenience.

32. Thomson’s Nobel Lecture is an elegant reconstruction of his contribu-
tions and those of his Cavendish collaborators.

33. Norton (2000, pp. 76–77) claims that Thomson proposes to derive the 
corpuscular nature of cathode rays from the mere concordance of values of e / m, 
and he then proceeds to criticize him for this. But this is not the structure of 
Thomson’s argument in his Nobel Lecture. Nor does he argue this way in 
Thomson (1897).

34. This is not the currently accepted figure (which I believe is closer to 
1835), but what is important is that it is the correct order of magnitude.

35. Summarized in his Nobel Lecture (Millikan 1924), “The Electron and the 
Light-Quant from the Experimental Point of View,” and discussed at greater 
length in Millikan (1917, especially chapters 3 and 4).

3. Poincaré on the Theories of Modern Physics

1. Normally waves of lower frequency advance through a medium with 
greater speed than waves of higher frequency because of the relation between 
the velocity of the waves and the refractive index of the medium. When a me-
dium exhibits anomalous dispersion, the speeds of, for example, red and violet 
light are reversed.

2. The quotation is from the English translation of the first (1893) edition of 
Nernst’s textbook, quoted by Smith and Seth (2020, p. 64), to whom my discus-
sion is indebted; see also van ’t Hoff’s (1901) Nobel Lecture.

3. Compare van ’t Hoff (1901).
4. Chapter 9 of Science and Hypothesis (Poincaré 1902).
5. Referring to the atomic hypothesis, Poincaré writes: “Hypotheses of this 

sort have therefore only a metaphorical sense. The scientist should no more in-
terdict them than the poet does metaphors; but he ought to know what they are 
worth. They may be useful to give a certain satisfaction to the mind, and they 
will not be injurious provided they are only indifferent hypotheses” (Poincaré 
1902, p. 142 of the Halsted translation).

6. “Continuity” is a somewhat inadequate term for expressing Poincaré’s 
idea: It is not merely the use of continuous mathematics in physics that is at issue, 
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but the nature of the underlying medium as well. But it would be incorrect to 
express Poincaré’s thought with “the continuum” in place of “continuity,” given 
the constructive nature of his view of infinity. As noted in Demopoulos, Frap-
pier, and Bub (2012, p. 223), Poincaré uses a neologism which, as Melanie Frap-
pier has observed, translates virtually directly as continuism; this seems intended 
to address these considerations, and it contrasts simply with its contrary, at-
omism. By contrast with the preoccupation of contemporary analytic metaphy-
sicians with the existence of a “fundamental level,” Poincaré’s interest in the 
continuism-atomism debate is motivated by the place of continuity, in all its 
manifestations, in current and future physics.

7. But see the final paragraph of the introduction in Demopoulos, Frappier, 
and Bub (2012), which indicates how the question has acquired a subtlety in 
contemporary physics that Poincaré could not have envisaged.

8. Poincaré (1912b, p. 90).
9. See, e.g., Krips (1986, pp. 46–47), who argues that “[Poincaré’s] reason for 

accepting the existence of atoms can be seen as a special case of what Whewell 
called ‘consilience of inductions,’ i.e., an hypothesis gains support because it fig-
ures essentially as part of several different explanations of . . . ​the same phe-
nomenon.” Krips’s exclusive focus on consilience of inductions is encouraged 
by the unauthorized translation of the passage from Science and Hypothesis that 
we remarked on earlier. The passage is quoted by Krips (1986, p. 58) and plays 
an important role in his account. It will be recalled that the unauthorized trans-
lation fails to capture Poincaré’s separation of mere predictive success from the 
discovery of true relations.

10. In the text surrounding our quotations from his (1912a) and (1912b), 
Poincaré recognizes the distinctive confirmation value of independent sources 
of evidence for the molecular hypothesis and to this extent showed his appre-
ciation of the importance of considerations deriving from consilience.

11. Laudan (1981, pp.  168–169; all italics Laudan’s). To his quotation from 
Whewell’s Philosophy of the Inductive Sciences (vol. 2, p. 65), Laudan adds a foot-
note, in which he remarks that “[i]n a similar vein [Whewell] observes [on 
p. 285 of the same work] that ‘when the explanation of two kinds of phenomena, 
distinct and not apparently connected, leads us to the same cause, such a coin-
cidence does give a reality to the cause, which it has not while it merely accounts 
for those appearances which suggested the hypothesis.’ ”

12. Laudan (1981, p. 169, Laudan’s italics).
13. Quoted by Worrall (2012, p. 81). Worrall’s quotation is from the Dover 

edition of Science and Hypothesis, pp. 149–150; for the authorized Halsted edition, 
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see p. 133. There is no essential difference between the translations of this pas-
sage in the two English editions.

14. Quoted by Laudan (1981, p. 209).
15. Russell (1905, pp.  76–77, Russell’s italics). Russell’s review appeared in 

1905 in Mind. I am indebted to Stathis Psillos for reminding me of Russell’s re-
view and for calling my attention to the fact that it contains what is likely the 
earliest formulation of his structuralism.

16. The remark Russell quotes from Poincaré’s Preface is directed at Édouard 
le Roy.

17. Russell’s statement is ambiguous. When he writes “the relations are for 
the most part unknown,” does he mean that most relations between material 
objects are unknown? Or does he mean that every such relation is for the most 
part unknown—that is, unknown aside from its mathematical properties? I 
take him to be claiming the latter, but nothing in my discussion hinges on this 
choice, since I intend to show that Poincaré’s views about relations are orthog-
onal to both claims. It is interesting to note that this ambiguity appears at a very 
early stage of Russell’s thinking about these issues and, as we noted earlier (in 
Section 1.5), it persists in his exposition of his views as late as AoM.

18. Poincaré (1906, p. 142). Translation from the French by Melanie Frappier. 
I am indebted to Stathis Psillos for calling my attention to Poincaré’s letter.

4. Quantum Reality

1. Bohr (1927  /  1961, p. 53). I have silently deleted the definite articles that are 
grammatically unnatural in English from the phrases, “the classical physical 
ideas” and “the classical concepts.”

2. The general philosophical point which underlies this observation has 
been given a very accessible formulation and defense in Gupta (2011, pp. 164–
195). The observation is of course compatible with the possibility that the pre-
suppositions on which the evidentiary framework rests approximate those of a 
preferred framework whose principles we believe to be true. We will return to 
this point and consider in some detail the relation between the conceptual frame-
works of classical and quantum mechanics.

3. The 1931 Springer volume to which Schrödinger refers was published by 
Cambridge University Press in 1934, in English translation, under the title 
Atomic Theory and the Description of Nature. I have inserted in parentheses after 
Schrödinger’s page numbers the pages where these quotations appear in the 1961 
Cambridge edition.
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Editor’s note: There are two passages cited by Schrödinger not occurring 
above. The first comes from Bohr (1935a, p.  701): “the indispensable use of 
classical concepts in the interpretation of all proper measurements.” The 
second (and last) passage is also connected to Bohr, and, indeed, it clearly 
once had a place in Bohr (1935a). One can see this from Bohr’s (1935b) answer 
to the “Einstein paper” (i.e., EPR), where he [Bohr] says that he has revised it 
for the final version of Bohr (1935a). Thus Bohr (1935b / 1996, 511) [in the sev-
enth volume of Bohr’s complete works]: “As far as my answer to the Einstein 
paper is concerned, I believe that it has already appeared, and you will see 
that on several points I have tried to express myself more clearly, and I hope 
that also your first objection concerning the measuring device has thereby 
been answered. Furthermore, I have left out the reference to the possible sig-
nificance of the atomic constitution of all measuring instruments for the so-
lution of the still unexplained difficulties in electron theory. The reason is 
that together with Rosenfeld I am just about to finish a paper about the mea
suring problems in electron theory in which this question will be elucidated 
somewhat more fully35.” One should compare “the consideration of the atomic 
constitution of all measuring instruments” (Schrödinger letter) with “the 
possible significance of the atomic constitution of all measuring instruments 
for the solution of the still unexplained difficulties in electron theory.” And, 
finally, if one follows up footnote 35 at the end of the quote from (1935b / 1996, 
511) above, one arrives at the Introduction by Kalckar at the beginning of the 
seventh volume and sees quite clearly that the problem bothering Bohr and 
Rosenfeld, together with Heisenberg and Pauli, involved an attempt to shed 
light on quantum electrodynamics beginning in the early 1930s and extending 
into the 1950s.

4. Bohr (1958 / 1996, p. 389).
5. See Friedman (2017, p. 209). He there notes that “the 1919 observatory at 

Sobral in Brazil was less than 10 cubic meters in volume; the stars observed be-
longed to the Hyades cluster, the center of which is approximately 150 light-
years from the earth. In general, in any Riemannian manifold of any curvature 
and dimension, geometry in the infinitesimally small (of the tangent space at 
any point) is nonetheless flat or Euclidean.”

6. See Malament (1986), which refers to Ehlers (1981).
7. Camilleri and Schlosshauer (2015, p.  74). The citation of Bohr is from 

(1935b, p. 701). Thanks to Jeffrey Bub for calling my attention to the Camilleri 
and Schlosshauer paper and to the discussion of Landsman considered below.

8. See Landsman’s 2018 reprint (http://arxiv​.org​/pdf​/0804​.4849​.pdf pp.  2–3); 
all italics are Landsman’s.
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9. Compare the Harrigan and Spekkens (2010, pp.  125–157) discussion of 
ontic and epistemic interpretations of the wave function.

10. Shimony (1993, p. 89) reports a 1938 discussion between Peter G. Berg-
mann, Valentine Bargman, and Einstein “during which Einstein took von Neu-
mann’s book from the shelf and pointed to premise B2 of von Neumann’s the-
orem (in section 1 of chapter IV): ‘If R, S,  . . . ​are arbitrary quantities and a, b, . . . ​
real numbers, then Exp(aR + bS + . . .) = aExpI + bExp(S) +. . . .’ Einstein then said 
that there is no reason why this premise should hold in a state not acknowledged 
by quantum mechanics if R, S, etc. are not simultaneously measurable.”

11. See especially the following passage (Einstein 1949, pp.  671–672; italics 
added):

The attempt to conceive the quantum-theoretical description as the complete 
description of the individual systems leads to unnatural theoretical interpre-
tations, which become immediately unnecessary if one accepts the interpre-
tation that the description refers to ensembles of systems and not to individual 
systems. . . . ​There exists, however, a simple psychological reason for the fact 
that this most nearly obvious interpretation is being shunned. For if the sta-
tistical quantum theory does not pretend to describe the individual system 
(and its development in time) completely, it appears unavoidable to look else-
where for a complete description of the individual system; in doing so it would 
be clear from the very beginning that the elements of such a description are 
not contained within the conceptual scheme of the statistical quantum theory. 
With this one would admit that, in principle, this scheme could not serve as 
the basis of theoretical physics. Assuming the success of efforts to accomplish 
a complete physical description, the statistical quantum theory would, within 
the framework of future physics, take an approximately analogous position to 
[that of] statistical mechanics within the framework of classical mechanics. I 
am rather firmly convinced that the development of theoretical physics will 
be of this type; but the path will be lengthy and difficult.

12. The view to the contrary has been a constant source of confusion in the 
literature about hidden-variable alternatives to quantum mechanics. Kochen 
and Specker (1967) misrepresent the significance of their investigations and of 
Bohm’s contribution when they claim that their results exclude a theory like 
Bohm’s. See the concluding paragraph of section 4 of their paper.

13. See Einstein’s letter (May 12, 1952), in Born (1971d, p. 193).
14. See Myrvold (2003, section  3.1) for an account of early objections to 

Bohm’s theory, including the one that Einstein advanced in his contribution to 
Born’s Festschrift. Einstein’s objection turns on the fact that Bohm’s theory vio-
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lates “the well-founded requirement, that in the case of a macro-system the 
motion should agree approximately with the motion following from classical 
mechanics” (Einstein 1953, p. 39), translated and quoted by Myrvold, p. 10; or 
as Bohm (1953, p. 16) expresses the condition: “microscopic theories must al-
ways become identical with previously accepted macroscopic theories, when 
one considers sufficiently large dimensions.”

15. See Einstein, Podolsky, and Rosen (1935, pp. 777–780).
16. See Einstein (1935). Yemima Ben-Menahem has emphasized how this 

letter makes clear Einstein’s agreement with the basic argument of the EPR paper 
and the importance of the conclusion about completeness it sought to establish. 
This runs counter to claims by Don Howard and Arthur Fine that Einstein dis-
agreed fundamentally with the EPR paper. The main piece of historical evidence 
cited in support of such claims is Einstein’s admission, in a June 1935 letter to 
Schrödinger, that the paper was written by Podolsky. But aside from what Ein-
stein regarded as the paper’s unnecessarily distracting technical presentation, 
his major dissatisfaction with Podolsky appears to have had little to do with the 
content of the paper, but to have stemmed from an interview Podolsky gave to 
the popular press prior to the paper’s publication. On Einstein’s view of the EPR 
argument, see Ben-Menahem (2015), and her (2017, pp. 80–88, n. 12). For the epi-
sode involving Podolsky, and Einstein’s reaction, see Bub (2016, p. 44).

17. Born (1971c, p. 189).
18. Einstein (1935, p. 458; emphasis added).
19. EPR’s criterion of reality:

If, without in any way disturbing a system, we can predict with certainty (i.e., 
with probability equal to unity) the value of a physical quantity, then there 
exists an element of physical reality corresponding to this physical quantity. 
It seems to us that this criterion, while far from exhausting all possible ways 
of recognizing a physical reality, at least provides us with one such way, when-
ever the conditions set down in it occur. Regarded not as a necessary, but 
merely as a sufficient, condition of reality, this criterion is in agreement with 
classical as well as quantum-mechanical ideas of reality. (EPR, pp. 777–778)

20. Bohr (1958, pp.  312–313); reprinted in (1996, pp.  393–394; emphasis 
added).

21. See Bohr (1935b, p. 700): “Of course there is in a case like that just consid-
ered no question of a mechanical disturbance of the system under investigation 
during the last critical stage of the measuring procedure.”

22. Einstein (1948); reprinted with an English translation in Born (1971b, 
pp. 168–173).
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23. For example, it lies at the center of Michael Dummett’s many discussions 
of realism and anti-realism; see especially Dummett (1987).

24. The argument that is spelled out in what Einstein in his letter to Popper 
explicitly represents as the main idea of the EPR paper concludes that the pos-
sibility of assigning more than one ψ-function to a system, on the basis of a mea
surement performed on the system with which it is paired, is incompatible with 
the ψ-function being a complete description of the system’s state of reality. Howard 
(1989, pp. 232–233) claims that this argument is unique to Einstein and without 
parallel in EPR; but the argument is alluded to on p. 779 of the EPR paper.

25. I have used the translation of Howard (1985, p. 185) because it is more 
natural than the one given by Born (1971b, p. 171), who translates Einstein’s 
“Prinzip der Nahewirkung” slightly archaically as the “principle of contiguity.” 
(“Unmittelbaren,” which Howard translates as “immediate,” is italicized by 
Einstein.)

26. Quoted and translated in Howard (1985, p. 188).
27. Ibid.
28. Quoted and translated in Howard (1985, p. 187).
29. See Einstein’s letter to Born of March 3, 1947; reprinted in Born (1971a, 

pp. 157–158).
30. Bell (1964). For an illuminating discussion of why EPR’s argument is in-

conclusive for purely logical reasons, and therefore, independently of develop-
ments stemming from Bell’s theorem, see Stairs (2011).

31. Pitowsky’s characterization was expressed in correspondence. I re-
corded it once before, in section 4 of Demopoulos (2010, pp. 368–389).

32. Condition (2) addresses Einstein’s criticism of von Neumann’s analysis of 
the problem of hidden variables, which is noted in footnote 10 above.

33. Pitowsky (1994).
34. This is a consequence of the Weyl-Minkowski theorem concerning the 

dual representation of convex polytopes in terms of their facets or their vertices 
and the representation of correlations by the notion of a correlation polytope. 
These concepts are explored in Pitowsky (1989, chapter 2).

35. The exposition that follows is based on Bell (2004).
36. Bell (2004, p. 243). I have omitted some of the equation numbers.
37. The notion of free choice appealed to here is uncontentious and standard 

in the literature. For a discussion, see Norsen (2009); see also the discussion in 
Bell, Shimony, Horne, and Clauser (1985). Norsen (2009, pp. 283–284) contains 
a passage quoted from Bell, et. al. (1985).
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38. Bell (2004, p. 243).
39. The duality of these representations applies even when the correlation 

polytope is not a simplex; however, when it is a simplex, the representation in 
terms of two-valued measures is unique. I am indebted to Jeffrey Bub for this 
observation.

40. Tim Maudln has long argued that no classical completeness assumption—
indeed, no assumption of “classicality”—informs Bell’s argument against EPR. 
As an observation about what we have isolated as Bell’s analysis, this is correct. 
But Maudlin misses the connection with classical completeness that is implicit 
in Bell’s theorem and therefore overlooks the role of classicality in Bell’s overall 
argument, which consists of both his analysis and theorem. See for example 
Maudlin’s contribution to his controversy with Reinhard Werner: https​.//arxiv​
.org​/abs​/1408​.1828 and https​.//arxiv​.org​/abs​/1411​.2120.

41. This characterization of the connection between parameter indepen
dence and no signaling is emphasized by Bub (2016, pp. 76–77).

42. See the “toy example” of a stochastic theory of “quantum-like” correla-
tions in Myrvold (2016, section 4.1); sections 4.2 and 4.3 of his paper discuss its 
possible significance.

43. See the extended passage from Einstein’s Reply quoted above in Sec-
tion 4.2, note 11..

44. The sense in which quantum probabilities are manifested by relative fre-
quencies in the probabilistic predictions of particular measurement results is 
subtle. For a general discussion of some of the methodological issues, see sec-
tion 3 of Pitowsky (1994). We will return to the bearing of relative frequencies 
on the confirmation of the probability assignments of the quantum theory in 
Section 4.4.

45. Bohr (1935b, p. 700; italics Bohr’s).
46. See notes 12 and 13 above.
47. See Michel Janssen (2002, p. 499):

According to [Lorentz’s] electromagnetic program, the common origin under
lying universal Lorentz invariance is that all matter is made of electromag-
netic fields and is thus governed by Maxwell’s equations. Since Maxwell’s 
equations are Lorentz invariant, all systems in motion must contract. The pro-
gram initially showed promise, but did not pan out.

48. It is however not without its critics; as I noted in the Introduction, it has 
been challenged by Harvey Brown (2005): compare note 13 in the Introduction.
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49. Popescu and Rorlich (1994). I am indebted to Jeffrey Bub for calling my 
attention to this paper.

50. The expression is Wolfgang Pauli’s. See his letter to Born of March 3, 
1954, in Born (1971, pp. 217–218). See also the important and insufficiently cited 
discussion of the respects in which realism is preserved in quantum mechanics 
by Yemima Ben-Menahem (1988).
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