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“Every description of natural processes must be based on
ideas which have been introduced and defined by the
classical theory.”

— Niels Bohr, 1923t

“There must be quite definite and clear grounds, why you
repeatedly declare that one must interpret observations
classically, which lie absolutely in their essence. .. . It
must belong to your deepest conviction—and | cannot
understand on what you base it.”

— Erwin Schrodinger to Niels Bohr, 13 October 1935

1. Introduction

There was a time, not so very long ago, when Niels Bohr's influence and stature & a
philosopher of physics rivaled his standing as a physicist. But now there are signs of a growing
despair—muchinevidenceduring the 1985 Bohr centennial—albout our ever being ableto makegood
sense out of his philosophical views? | would not beg the question of whether or not Bohr's
philosophy of physics can be given acoherent interpretation, but | think that the despair is premature.
What has come unraveled is the illusion of understanding given to us by Bohr's self-appointed
spokespeople in various philosophical camps—the logical positivists are chiefly to blame—who
sought vindication for their own views more than an accurate reading of Bohr's. And this does not
imply that understanding isimpossible. What isneeded at the present junctureisreally quite simple.
We need to return toBohr's own words, filtered through no preconceived philosophical dogmas. We
need to apply the aritical tools of thehistorian in order to establishwhat those words were and how

they changed over time. We need to assume, at least provisiondly, that Bohr's words make sense.
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And we need to apply the synthetic tool s of the philosopher in order to reconstruct from Bohr'swords
a coherent philosophy of physics. The present paper isintended as a contribution to these efforts.

The chosen starting point is, by design, somewhat unorthodox: Bohr's doctrine of classical
concepts. Partly, the choiceisdictated by the fact that the doctrine of classical conceptsturns out to
be more fundamental to Bohr's philosophy of physics than are better-known doctrines, like
complementarity. But equally importantisthe need to find fresh perspectives on Bohr, new questions
to put to the evidence of hiswords. Answersto the old questions areinevitably suspect, because we,
asinheritorsof at |east two generations of misinterpretation, cannolonger easily distinguish areading
of Bohr's own words from a reading of the misreadings of those words.

Another good reason for starting with Bohr' sdoctrine of classical conceptsisthatitis, & first

reading, so very puzzling. Hereisatypical statement of the doctrine:

It must above all be recognized that, however far quantum effects transcend the scope of classical
physical analysis, the account of the experimental arrangement and the record of the observations
must always be expressed in common language supplemented with the terminology of classical
physics. (Bohr 1948, p. 313)

Does this mean that classical physics has a privileged epistemological status? Does it imply that
experimental arrangementsare to be described in terms fundamentally different from those applied
to other physical systems? Isit merelyarestriction onthe observationd vocabulary of physics? Does
it preclude theintroduction of new descriptive predicates, such as® spin,” “strangeness,” “color,” and
“charm”? Interpretations of the doctrine and the larger philosophy of physicstowhich itis central
run the gamut from a “positivism of higher order” (Feyerabend 1958), through Kantianism (von
Weizsacker 1963), “neo-Kantianism” (Murdoch 1987), or “transcendental philosophy” (Honner
1987), tocritical realism (Folse1985) and “ objectiveanti-realism” (Faye 1991). Somecommentators
see in Bohr's doctrine of classical concepts the assertion that we are trapped inside a linguistic

framework that imposesiits structure upon our description of the world (Petersen 1968); others take
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it to be avindication of Oxford ordinary language philosophy (Bergstein 1972); and still others see
it ashaving an“ affinity” with P. F. Strawson'sargument for theindispensability of thecommon-sense
conceptual scheme (Murdoch 1987). In the end, however, all of these interpretations are equally
unconvincing, and often for the same reason. They assume, uncritically, that we know exactly what
Bohr intended regarding: (i.) what aclassical descriptionis, and (ii.) where aclassical descriptionis
to be employed; the only question is where the doctrine of classical concepts places Bohr in the
philosophical tradition. But both assumptions turn out to be wrong.

My aim in the present paper isto develop anew interpretation, or better, a reconstruction of
the doctrine of classical concepts that seeksto be faithful to Bohr's words and, at the same time, to
make both physical and philosophical sense. At the heart of this reconstruction are proposals
regarding both of the supposeadly non-prablematic issues. one regarding what it means to describe
asystem clasdcally, and one regarding where a classical description, isto be employed. Asregards
the latter, it iswidely assumed that Bohr's intention was that a classical description be given to the
measuring apparatus in its entirety, a quantum description being given, presumably, to the observed
object in its entirety. On this view, the classcal/quantum distinction would coincide with the
instrument/obj ect distinction; hence, its designation in what follows asthe * coincidence interpreta-
tion” of the doctrine of classical concepts. | will argue, instead, that the two distinctions cut across
one another, that Bohr required a classical description of some, but not necessarily all, features of the
instrument and, more surprisingly, perhaps, aclassical description of some features of the observed
object as well. More specifically, | will argue that Bohr demanded a classical description only of
those properties of the measuring instrument that are correl ated, in themeasurement interaction, with
the properties of the observed object that we seek to measure; and that thisimplies, aswell, aclassical
description of the associ ated measured properties of the observed objectitself. A quantumdescription
would be possible for theremaining propeties of instrument and object, the properties not crucially

involved in the measurement. The properties requiring a classical description will vary from one
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experimental context to another, butinamanner determined by physical considerationsalone, indeed,
by quantum mechanics itself.

My claim about the nature of a classical description is that Bohr did not mean simply the
application of classical physicsthe—physicsof Newton, Maxwell, Boltzmann, and Einstein—insome
combination appropriateto the occasion. | will argueinstead tha aclassical description, inthe sense
of “classical” relevant to Bohr's concerns, isadescription in terms of what physicistscall “ mixtures”
(as opposed to what are termed “ pure cases’), a formal device that permits us to proceed as if the
systems being described were in well-defined, if unknown, intrinsic states, at least with regect to
those properties requiring a classical description. The device of mixtures also permitsoneto givea
classical, ignorance interpretation to any statistics that oneencounters. Which mixtureto employin
a given classical description will depend upon the kind of measurement being performed, the
“appropriate mixture” being one constructed out of simultaneous eigenstates of all the observables
measurablein a given experimental context. Thus conceived, a classical description is akind of
special case of aquantum mechanical description, specid inthe senseof agreeing withthelatter when
employedin the appropriate experimental context, though disagreeing with the quantum mechanical
description when employed more generally. It follows that the distinction between classical and
guantum modes of description, being just the distinction between appropriate mixtures and pure
cases, isimplicitin quantum mechanicsitself, and thusisnot amark of somefundamental ontological
or epistemological distinction.

The interpretation of Bohr's doctrine of classical concepts proposed here is termed a
“reconstruction,” because one can no longer pretend merelyto interpret Bohr swordsasif they stand
there unadorned, waiting for an informed and sympathetic eye to read their author'sintentions. The
history of misreadings of Bohr has so obscured his intentions that one must first deconstruct the
misreadings, so that one can then reconstruct both Bohr's words and their meanings. But another
reason for speaking of a“reconstruction” isthat thereare placeswhere oneisforced to go beyond the

record of Bohr'swords, to ask what Bohr would have said, in certain contexts, consistent with what
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he sayselsewhere. Such interpolationis necessary because Bohr dd not always choose hisexamples
and illustrations as we might have wished, and we can now confront his words with new examples
that bring out better their intended meaning. In what follows, the placeswhere interpretation passes

over into reconstruction will be carefully noted.*

2. Objectivity and Unambiguous Description. Why Are Classical Concepts Important?

Thelogical basis of Bohr's philosophy of physicsisanovel thedsabout objectivity. Most of
Bohr's physicist colleagues, especially the realists among them, assumed that a necessary condition
for scientific objectivity is the mutual independence of the scientist, as knowing subject, from the
object of investigation. But Bohr made abreak with thistraditional conception of objectivity, arguing
that the most important necessary condition for objectivity is what he termed the “ unambiguous
communicability” of the scientist's descriptions of experiments and their results.

In the early twentieth century, one of the foremost proponents of the idea tha objectivity
requires independence was Max Planck. A typical expression of his views is found in his essay,

Positivismus und reale Aussenwelt:

Positivian, when carried through consistently, denies the idea and the necessity of an obj ective
physics, that is, a physics independent of the individuality of the researcher. 1t isforced to do that
because, on principle, it recognizes no other reality than the experiences of theindividual physicist.
| need not say that once this is established, the question whether positivism suffices for the
construction of physical science is unequivocally answered, for a science that denies to itself, in
principle, the title of objectivity, thereby passes judgment on itself. The foundation that positivism
providesfor physicsis,indeed, firmly established, but it istoonarrow; it must be broadened through
an addition, the significance of which consists in the fact thatas far as possible science is freed from
the contingencies that are introduced through reference to particular human individuals. (Planck

1931, p. 234; my emphasis)
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Planck's point is clear and noncontroversial: Scientific objectivity requires a measure of independ-
ence, both for theories and for observations, from the individual scientist. But Planck goes on to

make quite another claim. The previous quotation continues:

Andthisisdone by means of afundamental step into the metaphysical, demanded not by formal logic,
but by the healthy human reason; that is to say, by means of the hypothesis that our experiences do
not themselves constitute the physical world, rather that they only give us information about another
world that stands behind them and is independent of us, in other words, the hypathesis that a real
external world exists. (Planck 1931, p. 234; my emphasis)

Theindependence demanded in thefirst part of thequotationissociological: The content of science
must beinvariant from one researcher to another, unaffected by shifts of perspective. But the second
part of the quotation advances a much stronger, metaphysical independence claim, to the effect that
the putative obj ectsof scientific description and explanation bel ong to aworl dexisting independently
of the scientist, independent not in the trivial sense of being there whether or not human observers
exist, but in the sense of being the way it iswhether or not it is observed and regardless of who does
the observing. Talk of an “independent reality,” without qualification, is ambiguous between the
sociological and metaphysical meanings, and the shift from one to the other in Planck's agument
verges on equivocation.

Rarely is the nature of this metaphysical independence clearly explained. Planck cetainly
supplies no such account. But there is, arguably, a necessary physicd condition for metaphysical
independence, a condition made explicit by Einstein in a late essay, “Quanten-Mechanik und

Wirklichkeit”:

If one askswhat is characteristic of therealm of physical ideasindependently of the quantum-theory,
then above all thefollowing attracts our attention: the concepts of physics refer to ared external
world, i.e., ideas are posited of things that claim a “real existence” independent of the perceiving
subject (bodies, fields, etc.), andtheseideas are, on the one hand, brought into as securearel ationship
as possible with sense impressions. Moreover, it is characteristic of these physical thingsthat they
are conceived of as being arranged in a space-time continuum. Further, it appearsto be essential for
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this arrangement of the things introduced in physics that, at a specific time, these things claim an
existenceindependent of one another, insofar asthesethings“liein different partsof space.” Without
such an assumption of the mutually independent existence (the “being-thus’) of spatially distant
things, an assumption which originates in everyday thought, physical thought in the sense familiar
to us would not be possible. Nor doesone see how physical laws could be formulated and tested
without such a clean separation. (Einstein 1948, p. 321)

Elsewhere, | have labeled Einstein's principle of the “ mutually independent existence. . . of spatially
distant things’ the separability principle (Howard 1985; see also Howard 1989). It asserts that all
spatio-temporally separated physical systems, whether interacting or not, are to be regarded as
possessing separate, intrinsic states. These staeswill, of course change asaresult of interaction, but
they are always separately definable.

Why is separability a necessary condition for metaphysical independence? It is because,
whatever else they might be, the observing scientist and the observed object are both physical
systems, and so the observation interaction, like all physical interactions, must obey the separability
principle.® For if observer and observed wereto lose their separate physical identities, then it could
hardly be claimed that they are independent in the strong, metaphysical
sense.

A fundamental difference between classical physicsand guantum mechanicsis, precisely, the
latter's denid of separability: According to the quantum theory, two previously interacting systems
are to be described by a single, non-decomposable joint state, regardless of their spatio-temporal
separation, until one of the two undergoes a subsequent interaction with another system. Since an
observation isaphysical interaction, and since quantum mechanics purportsto describe all physical
interactions, it follows that quantum mechanics denies the primary necessary physical condition for
themetaphysical independence of observer and observed that Planck andEinstein believedto underlie
scientificobjectivity. | believethat Bohr understood quite well thisline of reasoning, and that he saw
its entailing the need for an alternative andysis of objectivity.® It wasin developing this alternative

that Bohr articulated the doctrine of classical concepts.
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In order to grasp Bohr's point, think again about Planck on objectivity. Entirely apart from
what we now know about the invalidity of the physical presuppositionsunderlying Planck's analysis
of objectivity, Planck's argument can be faulted for the ambiguity inits conception of independence.
And the cogency of the shift, hardly avalid inference, from sociological to metaphysical independ-
ence can be questioned: Is the assumption of the metaphysical independence of observer and
observed the only way to guarantee the shareable, public character of sdence?

In a sense, Bohr answvers both “yes” and “no.” Bohr acknowledges the need for apublic
science, one independent and hence objective in the sociological sense; however, he chooses to
ground such objectivity not upon the nature of the observer-observed relation, but upon the
unambiguouscommunicability of scientific theoriesand of theresultsof scientific observations: “Our
task must be to account for [human] experience in a manner independent of individual subjective
judgment and therefore objective in the sense that it can be unambiguously communicated in the
common human language” (Bohr 1963b, p. 10; my emphasis). Bohr regarded the doctrine of classical
concepts as a direct consaguence of his dodrine of objectivity, holding that the use of classical
concepts(inamanner yet to be spelled out) isanecessary condition for unambiguouscommunicabil -

ity. More often than not, the argument isgiven in the condensed form typical of Bohr. For example:

Faced with the question of how under such circumstances [the investigation of atomic systems] we
can achieve an objective description, it is decisive to realize that howvever far the phenomena
transcend the range of ordinary experience, the description of the experimental arrangement and the
recording of observations must be based on common language. (Bohr 1963b, p. 11; my emphasis)

The brevity of such statements misleads by concealing a complicated train of thought. Bohr seems
simply to be saying that in order to communi cate we must use common language, which appears so
obviously true that we wonder how it could enlighten us about so difficult a matter as the

interpretation of quantum mechanics.
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A rare, more complete version of the argument is found in Bohr's 1937 address, “Natural

Philosophy and Human Cultures’:

The elucidation of the paradoxes of atomic physics has disclosed the fact that the unavoidable
interaction between the objects and themeasuringinstrumentssets an absol ute limit to the possibility
of speaking of a behavior of atomic objects which isindependent of the means of observation.

We are here faced with an epistemologcal problem quite new in natural philosophy, where
all description of experienceshasso far been based upon theassumption, already inherent in ordinary
conventions of language, that it is possible to distinguish sharply between the behaviour of objects
and the means of observation. Thisassumptionisnotonly fullyjustified by all everyday experience
but even constitutes the whole basis of classical physics. . . . AsSsoon aswearedealing, however, with
phenomena like individual atomic processes which, due to their very nature, are essentially
determined by the interaction between the oljects in question and the measuring instruments
necessary for the definition of the experimental arrangement, we are, therefore, forced to examine
moreclosely the question of what kind of knowledge can be obtained concerning the objects. In this
respect we must, on the one hand, realize that the aim of every physical experiment—to gain
knowledge under reproducible and communicable conditions —leaves us no choice but to use
everyday concepts, perhaps refined by the terminology of classical physics, not only inall accounts
of the construction and manipulation of themeasuring instruments but also in the description of the
actual experimental results.

On the other hand, it is equally important to understand that just this circumstance implies
that no result of an experiment concerning a phenomenon which, i n principle, lies outside the range
of classical physics can be interpreted as gving information about independent properties of the
objects. (Bohr 1938, pp. 25-26; my emphasis)

Notice the order of topics in this passage, Bohr starts and ends with reminders that classical
assumptionsabout the mutual independence of observer and observed, or better, about the separability
of instrument and object, must be rejected when dealing with quantum phenomena, that is, with
phenomena lying “outside the range of classical physics, where one encounters the unavadable
interaction between the obj ects and the measuring instruments.” But then, Bohr goesonto claim that
the assumption of suchindependenceis, nevertheless, “inherent in ordinary conventionsof language”
and “even constitutes the whole basis of classical physics,” and that, moreover, the demand for

unambiguous communicability—“to gain knowledge under reprodudble and communicable
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conditions’—"leaves us no choice” but to use the ordinary language and classical concepts founded
on the literally false assumption of independence in describing the design and results of our
experiments. Savor theirony! Physics forcesus, in principle, to deny theindependence of observers
and quantum objects; philosophy, in the guise of the demand for objectivity and, thus, unambiguous
communicability, compels us, in principle, to reintroduce the assumption of independence in our
choice of a descriptive language.

What exactly isBohr'sargument for the necessity of dassical concepts? Clearly, Bohr regards
the use of classical modes of description as necessary for an unambiguous and hence objective
account of any phenomenon; equally clearly, he regards the assumption of observer-observed
independenceasan inherent feature of suchclassical descriptions. Butistheuse of dassical concepts
necessary because objectivity requires the physical independence of instrument and doject and it is
classical physics—not quantum mechanics—that is based upon the independence or separahility
assumption? Or arewe compelled to employ ordinary language, supplemented by classical physical
terminology, simply because communicationrequiresthe use of the common language, in which case
the assumption of observer-observed independence would be just an incidental consequence of our
having to communicate in our accustomed tongue? Some of Bohr's remarks suggest this latter

Interpretation, as when he says:

Just the requirement that it be possible to communicate experimental findings in an unambiguous
manner implies that the experimental arrangement and the results of the observation must be
expressed in the common language adapted to our orientation in the environment. Thus, the
description of quantum phenomena requires a distinction in principle between the objects under
investigationand the measuring apparatus by means of which the experimental conditionsare defined.
(Bohr 1961, p. 78)

But to read Bohr as saying merely that we have to speak our mother tongue is to interpret the

necessity of cl assical conceptsasaconti ngent, histori ca necess ty—wehaveto useclassical concepts
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because we happen to spesk a languagein which those concepts are at home. And such a reading
leaves open the possibility that, as our language devel ops, we might outgrow this dependence
The former interpretation—that we must use classical concepts because they embody the
instrument-object separability assumption—is preferable, because Bohr intended the necessity of
classical concepts to be an enduring one, not to be overcome at a later stage in the evolution of
language. Reflect on the meaning of the term, “unambiguous,” in Bohr's phrase, “ unambiguous

communicability.” In one essay, Bohr writes:

Theargument issmply that by theword* experiment” werefer toasituation wherewe can tell others
what we have done and what we have learned and that, therefore, the account of the experimental
arrangement and of the results of the observation must be expressed in unambiguous languagewith
suitable application of the terminology of classical physics. (Bohr 1949, p. 209)

Classical physical concepts facilitate an unambiguous description, because, by assuming the
separability of instrument and object, they enable usto say that this definite object POSSESSES this
definite property. If instrument and object were not regarded as independent, we would not be
justified in regarding measurement results as reports about the intrinsic properties of the observed
object alone. But then, as Einstein warned us, it would not be clear “how physical laws could be
formulated and tested without such a clean separation.” If this is why classical concepts are
necessary, then the necessity will be abiding.

Our conclusion, then, isthat, for Bohr, classical concepts are necessary because they embody
the assumption of instrument-objed separability, and that such separability must be assumed, in spite
of itsdenial by quantum mechanics, in order to securean unambiguous and thus obj ective description
of quantum phenomena In this regard, Bohr agrees with Planck and Einstein. But what these
classical concepts are, where and how they are to be employed, and how the seeming contradiction

between quantum mechani cs and the demands of unambi guous communicationisto be resolved—all
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of thishasyet tobe explained. Let usturn first tothe second of these questions. Where are classical

concepts properly employed?

3. Instruments and Objects of Investigation. Where and How Are Classical Concepts to Be
Employed?

Thecommon view, for which thereis, primafacie, considerabletextual evidence, isthat Bohr
demands: (i.) that there be “ adistinction in principle between the objects under investigation and the
measuring apparatus,” and (ii.) that the measuring i nstrument be described “in common language
supplemented with the terminology of classical physics.” In one of many such remarks, Bohr links

these two claims;

The essentially new feature in the analysis of quantum phenomenais, however, the introduction of
afundamental distinction between the measuring apparatus and the objects under investigation. This
isadirect consequence of the necessity of accountingfor the functions of the measuring instruments
in purely classcal terms, excluding in principle any regard to the quantum of action. (Bohr 1958b,

pp. 3-4)

If one spells out the implicit assumption that the measuring instrument, in its entirety, is to be
described classically, then one gets what | called above the “coincidence interpretation”: the
classical/quantum and i nstrument/obj ect distinctionscoincide. Itisalsocommonly assumed that Bohr
has a criterion for where to draw the two coincident distinctions: The measuring instrument is
distinguished fromthe object bath by itsrelaive* size,” and bythe occurrencewithinitof irreversible

amplification effects. Typical of Bohr's remarks supporting this view is the following:

Inactual experimental arrangements, thefulfillment of such requirements| describingunambiguously
the apparatus and results of measurement] is secured by the use, as measuring instruments, of rigid
bodies sufficiently heavy to allow a completely classical account of their relative positions and
velocities. In this connection, it is also essential to remember that all unambiguous information
concerning @omic objectsis derived from the permanent marks—such as aspot on a phatographic
plate, caused by the impact of an electron—Ileft on the bodies which define the experimental
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conditions. Far from involvingany special intricacy, the irreversible amplification effects on which
the recording of the presence of atomic objeds rests rather remind us of the essential irreversibility
inherent in the very concept of observation. The description of atomic phenomena has in these
respects a perfectly objective character, in the sense that no explidt reference is made to any
individual observer and that therefore . . . no ambiguity is involved in the communication of
information. (Bohr 1958b, p. 3)

To summarize, then, the common view of Bohr's position is that measuring instruments are to be
described entirely by classical concepts and are to be distinguished from objects of investigation by
their size and by their being the locus of the irreversible amplification effects characteristic of all
observations.

But the cluster of ideas making up this common view cannot be the whole story, because, by
itself, thisview givesriseto too many difficulties. First, the coincidenceinterpretation introduces a
new dualism into our ontology, and, in consequence, a new interaction problem. Instruments obey
classical laws, objectsof investigation obey quantum mechanical laws; but they must interact in order
for a measurement or observation to be made. How is oneto give a physical explanation of this
interaction whenthetwo systemsare described by fundamentally different physicd theories? Another
problem derivesfrom thefact that, according to Bohr, the placement of theinstrument/object division
isvariable, depending less upon physics and more upon the pragmatics of observation, that isto say,
upon the aims and interests of the experimenter in agiven situation. Onewould liketo think that the
classical/quantum distinction corresponds to an objective feature of the world, like the vague
distinction of “size” just mentioned; but if the instrument/object and classical/quantum distinctions
coincide, then the latter inherits the variability of the former, leaving Bohr open to a charge of
subjectivism, if not also of inconsistency. Finally, the “size” criterion itself is open to criticism,
because, aswe shall see, theinstrument/objed division it entailsisdifferent fromthe one Bohr draws
in his detailed comments on certain experiments; indeed, in some cases, subatomic particles
themselves must be considered as part of theinstrumentation. “ Size” might be asufficient condition

for the instrument/object distinction, but it cannot be a necessary one?
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| want to argue that the common view, built around the coincidence interpretation, is not the
wholestory. Bohr's many remarks suggesting this point of view cannot beignored, but Bohr makes
other remarks about measurement that point to a more profound rethinking of the nature of classical
descriptions and of their rolein accounts of observation, to a conception that might comprehend the
core of the coincidence interpretation, while simultaneously refining and correcting it. Since
important evidence for thisaternative view comesfrom Bohr's comments on the two-dlit diffraction
experiment, it isto this belabored but still poorly understood example that we next turn.

Consider the experimental arrangement illustrated below infigure 1. Ontheleft, we have asource
of monochromatic radiation, that can be regarded as a beam of particles with a predsely defined
component of momentum in thex-direction, p.. 4 and B represent diaphragmsnormal to theincident
radiation and containing one and two dits, respectively; C represents a photographic plate. We
assume, to beginwith, that 4, B, and C are firmly attached to acommon support, an arrangement that

yields a characteristic interference pattem on the plate, illustrated on the right.

NI

Source
Fig. 1.

The Two-Slit Experiment

Imaginethe intensity of the beam reduced to a point whereonly one particle at atime passes

through the apparatus, and consider the possibilitiesfor usingthe apparatus, inparticular digphragm



-15-

A, to measure either the particle's position along the y-axis or the y-component of its momentum. If
A, B, and C are firmly connected through a common support, which defines a spatial frame of
reference, then diaphragm 4 provides uswithafairly accurate measurement of the particle's position
along the y-axis, relative to thisreference frame, at the moment of its passage through the dlit. The
uncertainty in this measurement, aq,, will beidentical to the slit width. Thisarrangement cannot be
used, however, to determine the particle's momentum in the y-direction, because the momentum
imparted to the diaphragm by itsinteraction with the particleisimparted al so to the entireapparatus,
through the common support that defines the frame of reference. We are thus prevented from
studying the momentum of diaphragm A4 relative to this frame, and studying the momentum of the
apparatus as a whole, relative to some other reference frame, would be of no interest.

If, on the other hand, we detach diaphragm 4 from the common support, so that it can move
freely in the y-direction, then a measurement of the particle's momentum becomes possible (but we
destroy the interference pattern). Prior to the particle's passage through the dlit, we measure the
y-component of diaphragmA4'smomentum, and after the particle's passagewe measureit again. Both
measurements can, in principle, be carried out to any degree of accuracy. A straightforward
application of thelaw of conservation of momentum allowsus, then, to infer the particle'smomentum
after it passes the dlit, provided that we knew its momentum in the y-direction before passage. But
thisexperimental arrangement precludes an accurate determination of the particle's y-position when
it passes through the dlit, because the y-position of the diaphragm is made imprecise by the
diaphragm's movement in response to its interaction with the particle.

Bohr usesthe two-dlit experiment primarily to illustrate the rd ationship of complementarity,
by the example of the phenomena associated with two experimental arrangements—daphragm 4
either fixed or movable—that reveal equally essential properties of the object under investigation,
though the two arrangements are mutually exclusive (see, for example, Bohr 1935, p. 699). But our
immediate concern is with theinstrument/object and classical/quantum distinctions. Thus, we ask:

In each experimental arrangement, which elements are to be considered parts of the object of
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investigation, and which as parts of the measuring instrument? And, furthermore, what manner of
description—quantum mechanical or classicd—is to be employed for each element?
In one of his most detaled discussions of the two-dlit experiment, this in his reply to the
Einstein, Podolsky, and Rosen (EPR) incompleteness argument (Einstein, Podolsky, and Rosen
1935), Bohr says the following:

Theprincipal differencebetween thetwo experimental arrangementsunder considerationis, however,
that in the arrangement suited for the contrd of the momentum of the first diaphragm [movable
diaphragm A], thisbody can no longer he used as a measuring instrument for the same purpose as in
the previous case [fixed diaphragm A], but must, as regards its position relative to the rest of the
apparatus, betreated, likethe particletraversing thedlit, asan object of investigation, in the sensethat
the quantum mechanical uncertainty relations regarding its position and momentum must be taken
explicitly into account. (Bohr 1935, p. 698; my emphasis)

Thisis an important passage, because it is the earliest evidence that Bohr did not believe that the
measuring instrument must be described entirelyin classical terms. Ironically, however, it has been
used as evidence for the coincidence interpretation.

For example, in oneof the more careful analysesof Bohr'sremarksonthetwo-slit experiment,

Erhard Scheibe interprets the quoted passage asfollows:

Thistherefore presentsatypicd caseinwhich apart of the experimental arrangement [diaphragm 4]
that isinitially described in classical termsis convertedinto the object and thus must be described
in guantum-mechanical terms, whereasthe requirement of classical descriptionisapplied to different
partsof the experimental arrangement, in this case the parts usedin measuring the momentum of [4].
The quantum-mechanical description of [4] isexpressed . . . precisely in thefact that the uncertainty
relation in the y direction for [4] is taken into account. (Scheibe 1973, p. 48)

Thekey to Scheibe's analysisis his assumption of the coincidenceinterpretation, which implies that
the instrument must be described, inits entirety, in classical terms. For when Scheibe reads that the
position of diaphragm4 must be described quantum mechanically, he concludesimmediately that the

diaphragm, as awhole, must now be part of the object.
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Bohr's remarks might at first seem compatible with Scheibe's interpretation, but not upon
closer scrutiny. Look again at the first italicized phrase in the quotation from Bohr. Bohr does not
say simply that digphragm 4 can no longer he used as a measuring instrument, as Sche be suggests.
Rather, he says that it can no longer be used as ameasuring instrument “for the same purpose as in
the previous case” (emphasis mine). What Bohr means to say, in my opinion, is that the movable
diaphragm 4 is still to be regarded as part of the instrumentation for the purpose of measuring the
particle's momentum, but not for measuring its position. Look also at the second italicized phrase.
Bohr says that, in the second arrangement, 4 will be considered an object of investigation, but this
only “as regards its position” (emphasis mine). Bohr's words actually suggest something quite
different from the coincidence interpretation of the doctrine of classical concepts. In both
experimental arrangements diaphragm 4 will be regarded as part of the instrumentation, but for
different purposes. And in neither arrangement will the whole of diaphragm 4 be given a classical
description. In the secondarrangement, the position isdescribed quantum mechanically; in thefirst,
we may infer, the momentum will be so described. What will be described classically are, by
implication, only those properties of diaphragm 4 that are correlated with the observed systeminthe
measurement. This means that, in the first arrangement, with fixed diaphragm 4, the digphragm's
position would be described classically, since it is corrdated with the photon's position, and in the
second arrangement, with movable diaphragm 4, the diaphragm's momentum would be described
classically, because it is the property correlated with the photon's momentum.

A likely cause of confusion is Bohr's invocation of the uncertainty relations. His words
suggest, without implying, that in the second arrangement—the momentum measurement—the
movable diaphragm 4 as a whole isto be described quantum mechani cally, because the “ uncertainty
relationsregarding itsposition and momentum must betaken explidtly into account” (my emphasis).
Proponents of the coincidence interpretationwould ask why the quantum uncertainty in diaphragm
A's momentum must be taken into account, if, with respect to its momentum, 4 is to be described

classically, as| have just suggested. Scheibe, for example, stresses this agument.
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But the role of the uncertainty reldions is not as simple as one might think. Clearly, the
guantum mechanical uncertainty relation for theparticle's position and momentum must hold in both
arrangements But what about the digophragm? In atrivial sense, thequantum mechanical uncertainty
relations apply inboth arrangements, because, in principle, any system, regardless of itssize, can be
described quantum mechanically. However, the question is not whether the diaphragm can be so
described, but when and how it should be. The facts regarding uncertainty are these: In the first
arrangement, the position measurement, there will be a negligible classical uncertainty in the
diaphragm'’s position, owing to the high, but limited accuracy with which we can measureits position
relative to the common support to which it is attached. At the same time, there will be a
non-negligible guantum uncertainty in the diaphragm's momentum, non-negligible from the point of
view of our using itsmomentum to infer the momentum of the particle, together with acorresponding
gquantum uncertainty in the diaphragm'’s position. In the second arrangement, the momentum
measurement, there will be a negligible classical uncertainty in the diaphragm's momentum, again
owing to margins of error in measurements of the diaphragm’'s momentum. And, at the same time,
there will he a nonnegligible guantum uncertainty in its position, non-negligible from the point of
view of our using thisposition to infer the particle's position, together with acorresponding quantum
uncertainty in thediaphragm'smomentum. With regard to theuncertainty rel ations, thetwo situations
are thus symmetrical.

If one wonders why Bohr did not explain matters more clearly, one should remember that
Bohr's immediate aim in the quoted passage is the elucidation not of the doctrine of classica
concepts, but of the doctrineof complementarity (the quoted words are taken from hisreplyto EPR).
He wants to argue that position and momentum together constitute an example of a pair of
complementary attributes; and hisway of showing thisisto demonstrate that, while they are equally
essential attributes, the arangements suited to measure them—fixed or movable diaphragm A—are
mutually exclusive, inthe sensethat, for clear-cut physical reasons, the two arrangements cannot be

realized simultaneously (digphragm A cannot be both fixed and movable simultaneously), nor will
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either alonesufficefor the determination of both parameters. The non-negligiblequantum uncertainty
in A's position in the second arrangement is what demonstrates that arrangement's unsuitability for
ameasurement of the particle'sposition. But, of course, uncertanties comein pairs, and, therefore,
the quantum uncertainty in 4's position must be coupled with an uncertainty in 4's momentum. The
latter cannot be grea enough to invalidate the second arrangement's usefulness for measuring
momentum—nhencethereferenceto anegligible classical uncertainty in A'smomentum—abut it must
be large enough to ensure satisfaction of Heisenberg's principle.

My alternative interpretation of Bohr's doctrine of classical concepts hdds that ameasuring
instrument, which, on the coincidence interpretation, would be described entirely in classical terms,
need only be described classically with respect to those of its properties that are correlated in the
measuring processwith the properties of theobject that we seek to measure. Further evidencefor this
interpretation comesfrom Bohr'smost careful published remarks on the measurement problem, which
arefound in alittle-known paper of Bohr'sfrom 1939, “ The Causality Problem in Atomic Physics,”
where Bohr says:

We must recognize that a measurement can mean nothing el se than the unambiguous comparison of
some property of the object under investigation with a corresponding property of another system,
serving as ameasuring instrument, and for which this property is directly determinable according to
its definition in everyday language or in the terminology of classical physics. (Bohr 1939, p. 19; my
emphasis)

A few pages later, Bohr adds:

In the system to which the quantum mechanical formalism is applied, it is of course possible to
include any intermediate auxiliary agency employed in the measuring process. Since, however, all
those properties of such agencies which, according to the aim of the measurements have to be
compared with the corresponding properties of the object, must be described on classical lines, their
gquantum mechanical treatment will for this purpose be essentially equivalent with a classicd
description. (Bohr 1939, pp. 23-24; my emphasis)
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With regard to the second system, the one serving asthemeasuring instrument, Bohr doesnot say that
all of itspropertiesare directly determinable accordingto their classical definition; rather he saysthat
the property of the instrument corresponding to the measured property of the object, must be so
determinable. This means that the only essential use of classical methods of descriptionwill be in
connection with that property of the instrument that is correlated with the property of the object that
the instrument is designed to measure. Whether to describe the remainder of the instrument's
properties classically or quantum mechanically is basicdly a practical matter, though even in this
respect one's freedom in drawing the classical/quantum distinction is not without limitation.

What the textual evidence suggests, therefore, is that when Bohr talks about the need to
describethemeasuringinstrument in classical terms, he doesnot mean that thew#ole instrument need
be so described. But what, then, can he possibly mean by a classical description? Surdy, it cannot
bejust a straightforward application of the physics of Newton, Maxwell, Boltzmann, and Einstein.®
Classica mechanics, d ectrodynamics, statisticad mechanics, and even relativity theory cannot be
appliedtojust oneof apair of conjugateparameters, like position or momentum; one cannot construct
aclassical phasespace out of position alone. But wha else could beintended by talk of a“classical”
description? And, what kind of “classical” description could be, as Bohr remarks, at the end of the
last quoted passage, “essentially equivalent” to a quantum mechanicd description. In the sense
intended by the correspondence principle, quantum mechanics might agree with Newtonian
mechanics or with Maxwell's electrodynamicsin the limit of large quantum numbers, but that is not
an “essential” equivalence. Moreover, the kind of convergence between quantum and classical
descriptions demanded by the correspondence principle is a wholesale convergence, not an
equival ence between selected sets of properties. Whatever Bohr means, it must be something quite

different from what we commonly take him to mean.

4. Of Mixtures and Pure Cases. What Makes a Classical Description Classical?
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Some of our original questions about the doctrine of clasdcal concepts are still to be
answered; along the way we have accumul ated afew new ones; and there are some that we only now

pose:

(1) How does the use of classical concepts guarantee a description that is unambiguous?

(2) How do classical concepts embody the separability principle?

(3) Why does Bohr so often say that * the unambiguous account of proper quantum phenomenamug,
in principle, include a description of all relevant features of the experimental
arrangement” (Bohr 1958b, p. 4)?

(4) In the description of a measwring instrument, why isthe only essential use of classical concepts
in the account of those parameters of the instrument that are correlated with the
measured property of the object?

(5) How can one give a classical description of only one, out of apair of conjugate parameters?

(6) How can aclassical description be *essentially equivalent” to a guantum mechanical one?

My strategy for finding an interpretation of the doctrine of classical concepts that answers
these questionswill beto look for aformal model that makes sense of Bohr's position, by explaining
the difference between aclassical and aquantum description, filling in, where necessary, the gapsin
Bohr'swords, but in away that remainstrueto Bohr's own words--a// of Bohr' swords. Thevery fact
that the model isaformal one meansthat it goes beyond what onewill find in Bohr'swritings, which
isonereasonwhy, as| said above, thisinterpretationismore accuratel y described asareconstruction.
But areconstruction is what is needed.

Our search for this formal model will he aided by the use of another Gedankenexperiment,
first suggested by David Bohm (Bohm 1951, pp. 615-619). Consider the following situation (see
figure 2). A spin-zero particle with positive parity decays at time ¢, into two electrically neutral
spin-1/2 particles, L and R, that have the same intrinsic parity, by means of a parity conserving
interaction. Collimators select pairs of decay products traveling in opposite directions without

affecting their spins, and a pair of Stern-Gerlach gpparatuses that can be rotated around their
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longitudinal axesenable usto measurethe spins, along either thez- or y-axes, of those decay products

s-
L

Fig. 2. The Bohm Gedankenexperiment

that pass through the collimators.

If the decay interaction conserves spin, then the state of the composite system, L+R, at some time,
t,>t,, 1S represented according to the orthodox quantum mechanical interaction formalism as a

superposition in the tensor product space H* « H* of the Hilbert spaces of the separate systems:

(L, R) =27 (L) (R) - w (L) (R)), (1)



-23-

where °,(L) represents the state of sydem L wherein the spin along the z-axis is +1/2; v° (L)
representsthe state of L corresponding to az-spin of -1/2; and likewise for «*,(R) and «* (R). The
basis states, v°,(L) and ”,(R), are the eigenstates of the spin operators, s’(L) and s*(R), respectively.
We can regard the Bohm experimental arrangement as adevice for measuring the spin of one
of the decay products, say system L. Of course, it is a needlessly complicated and indirect way to
measure a particle's spin, but then we are doing philosophy, not physics, so a little artificial
complication is perhaps a virtue. The possibility of using the Bohm arangement for a spin
measurement is secured by the fact that the measured spin of systam R isareliableindex to the spin
of system L, sincethe principle of spin conservation embodied in (1) impliesthat if, for example, one
measuresthe z-spin of system R and finds avalue of +1/2, any subsequent measurement of thez-spin
of L would reveal avalueof -1/2 (assuming that L undergoesno other interactionsin the meantime).™
Unfortunately, nowhere in his published writings does Bohr discuss the Bohm
Gedankenexperiment as an example of quantum mechanical measurements. My approach, then, is
to ask what Bohr would have said about it, consi stent with hisother remarks about measurement. Our
topic being Bohr' s doctrine of classical concepts, let us begin by comparing the quantum and

“classical” accounts of the Bohnm Gedankenexperiment.
No doubt the most non-classical feature of the orthodox quantum mechanical account of
interactionsisitsnonseparability. What this meansisthat no factorizable state function of theform,
(L,R) = (L) - (R), where (L) and (R) are separate state functions for the systems, L and R,
can reproduce all of the statistical predictions derivable from a state function of the form of (1). A
factorizabl e state function would be appropriate were the interaction a separable, “classical” one,
where the interacting systems are assumed always to possess separate, intrinsic states. Another
important, non-classical feature of the quantum account of interactions is that it precludes our
assuming that the interacting systems arein definite, but unknown states. Quantum superpositions
are, in this sense, characterized by an objective indefiniteness that is resolved only when, by means

of a new measurement, the superposition is reduced to one of its component basis states. And the
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existence of this objective indefiniteness implies that quantum statistics cannot be understood as
resulting from anignorance of objectively definite, but unknown properties of asystem, which means
that thereisafundamental difference between quantum datistics and classical Boltzmann stdistics.
For our purposes, the important differences betweenthe* classical” and quantum mechanical
descriptions of the Bohm experiment are best brought out, though, by using the density matrix
formalism.** Consider an ensemble £ of N identicaly prepared composite systems, L+R, each of
which results from adecay interadtion of the sort postuated in the Bohm experiment. According to
the orthodox quantum theory, which denies the general validity of the separability principle, this

ensemble is a pure case described by the density matrix:

W, = Y(v (LYw (R - v (L)u,(R)) )
(o (L) e (R) - ar (L) ar (R)).

If, on the other hand, the separability principleholds, then both components of the composite
system must be regarded as assuming separate, definite statesimmediately after the decay at time ¢,,.
Moreover, the conservation of spinimpliesthat these separate states are correlated, in the sense that,
if system L goesinto state «° (L), then R goes into «°.(R). But that means that we can divide the
ensembleE intotwo sub-ensembles, £7, and £7 , where E7, consistsof the N, elementsof theoriginal
ensemblein which systam L isin state . (L), and £° consists of the N (=N°,) elementsin which

system L isinstatew” (L). E°, and E° will each be purecases, described by the dendty matrices:

L= (L (Rpar (L) e (R), ©)
and

W2 = w7 (Lyar (R (L) o (R), @)
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respectively. When such adivision of an ensembleisfeasible, the entire ensembleisamixture of the

elements of the sub-ensembles, which in this case is described by the density matrix:

We, = (LYu (RPN, INai (L) o (R)

5)
+ 4 (L) (RPN INw (L) 4 (R).

The subscript, “cl,” in WF,, is intended as a reminder that a description in terms of mixtures is
“classical” in at least those two senses alluded to above where the “non-classical” character of the
guantum mechani cal description wasdiscussed: () mixturesembody the separability assumption, and
(b) they license an ignorance interpretaion of the resulting statistical predictions.

For awide range of possible measurements, thetwo descriptions, interms of W, and W*,,
yield exactly the same predictions. They agree, in particular, about all possiblemeasurements, bath
separate and joint measurements, of thez-spinsof L and R. But differences emerge if we ask about
spin measurements along other axes. For example, the probability of finding ay-spin of -1/2 for
system L, given that we have already found that value for the y-spin of R, is 0 accordingto W, as
one expects from spin conservation. W-_, however, yields a probability of 0.5, which, in fact, turns
out to be the wrong value, as we find when we perform the experiment, because, of course spinis
conserved.

But while WF, gives the wrong result for joint measurements of the y-spin of L and R, there
is another mixture whose dendty matrix yields the correct value. W-,, was constructed upon the
division of theensembleE into sub-ensembles, £7, and £, corresponding to thetwo possi bledefinite
values of thez-spin of L. We could just as well assumethat £ isdivided into sub-ensembles £, and
E’ , corresponding to the two possible definite values of the y-spin of L. The density matrix for this

mixture would be:

v = (L (RPN INw (L) o (R)
(6)



-26-
+u (Lpu’ (RPN INw (L) o . (R).

W, yieldsthe same values asW ,, for all separate and joint measurements of y-spins, whereasW-,,

did not. But W”_,isno better than W- ,asa*“classical” alternativetoW ,, because W” , disagreeswith

gm?

W, for other measurements. In particular, if we have measured thez-spin of R, obtaining avalue of
-1/2, W,,, implies a probability of O for finding the z-spin of L to be -1/2, whereas W’,, implies a
probability of 0.5.

Onemight simply regard the differences between the predictions derived from W, and W* ,,
along with the discrepancies between each of these setsof predictions and those derived fromWw,,,
as demonstrating the futility of any attempt to describe decay events, or quantum interactions,
measurement interactions included, along “classical” lines. Not only are both of the “classical”
descriptions incompatible with the quantum mechanical one, they are also mutually inconsistent.

However, to argue thus would be to misudge the lesson that nature is teaching us here. The
interesting fact about mixturesisthat, within a specific experimental context, what one might call the
mixture “appropriate” to that context gives al of the correct predictions for the results of
measurements possible in that context. Thus, for a specific orientation of the Stern-

Gerlach apparatuses, say along they-axis, a mixture constructed out of y-spin basis states gives the
right predictions for all measurements of y-spin.

Thisfact isbut a special caseof a general relationship between mixtures and pure cases. |If
wedefinean experimental context asaset of compatible (and, thus, co-measurabl €) observables, then
in every such context there exists a mixture appropriate to the context that yields all of the same
predictionsfor measurements possiblein that context asareimplied by thepure casethat isotherwise
the proper quantum mechanical description. The mixture is appropriate in the sense that it will be

amixtureover aset of basis statesthat are simultaneous eigenstates of all of the observables defining

the context, that is, of al of the observables measurable in that context.*?



-27 -

Itisupon thisdisarmingy simple mathematical fact—the equival ence, context by context, of
pure cases and mixtures—that | build my interpretation of Bohr's doctrine of classical concepts. |
claim that we make the clearest sense out of Bohr's stress on the importance of aclassical account of
experimental arrangementsand of the resultsof observation, if we understand aclassical description
to be one in terms of appropriate mixtures.

More specifically, | would reconstruct the doctrine of classical concepts as follows. Given
any measurement interaction, adescriptionintermsof apure caseiscorrect, inthesensethat it yields
all of theright predictions. Thisisthe proper quantum mechanical account of the interaction, and
such an account can always be given for all aspects of the interadion, including all parts of both
instrument and object. Such a description reflects the essential nonseparability of the quantum
mechanical interaction formalism, the nonseparability that Bohr stresses as a fundamental |esson of
the quantum mechani cal account of theinstrument/object interaction; it reflects, too, thenon-classical
character of quantum statistics. On the other hand, precisely because of its nonseparability, a
descriptioninterms of apure case does not permit usto distinguish instrument and object in the way
that Planck and Einstein thought necessary to ensure objectivity. But hereiswhere the concept of an
appropriate mixture finds its place. Once we specify the kind of measurement being performed, an
appropriate mixture can be constructed that gives al of the right predictions for the parameters
involved in such ameasurement; and, at leag with respect to those parameters, we can separate the
states of the instrument and the object and give a purely classical, ignorance interpretation of their
statistics. Theproper “classical” description, then, isadescriptionintermsof an appropriate mixture.
Of course, different “classical,” descriptionswould haveto be givenin different contexts, but that is
entirely consistent with Bohr'sremarks, quoted at the end of section three, to the effect that “all those
properties of such agencies which, according to the aim of the measurements have to be compared

with the corresponding properties of the object, must be described on classical lines.”
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5. Does the Reconstruction Work?

For this reconstruction of Bohr's doctrine of classical conceptsto be acceptable, it must give
satisfactory answerstoall of the questions collected at the beginning of this section. Let usexamine
them, one by one. First, how do classical concepts guarantee that a description employing them will
be unambiguous? From Bohr's point of view, a quantum mechanical description is ambiguous
precisely because of its nonseparability. 1n one essay, he speaks of “the essential ambiguity involved
in a reference to physical atributes of objects when dealing with phenomena where no sharp
distinction can be made between the behavior of the objectsthemselves and their interaction with the
measuring instruments” (Bohr 1949, p. 234). Bohr'sworry seemsto bethat if we cannot separatethe
state of the instrument from the state of the object, then we cannot regard measurement results as
reflecting intrinsic properties of the object, independent of its interaction with the instrument. But
then a*“classical” description interms of an appropriate mixture resolves the ambiguity by alowing
us to assume that instrument and object are separable, at least with regard to the properties at issue
in the given measurement. We can thus say, unambiguously, that t4is definite system possessed this
definite property.

Our second question has already been answered: How do classical concepts embody the
separability principle? The answer is that a mixture is constructed upon the assumption that the
ensemble it describes can be divided into two or more sub-ensembles; and for an ensemble of
previously interacting pairs of sygems, such adecompositionis possibleif and only if the joint state
of each pair can be factorized as aproduct of definite, separate staes, if and only if, that is, the joint
state can be “disentangled.”*

Our third question wasthis: Why does Bohr say that in the description of a prope’ quantum
phenomenon, all features of the experimental arrangement must be specified? The answer given by
the appropriate mixtures reconstruction of the doctrine of classical conceptsis clear. Only after the
total experimental context is specified, only, that is, after we have said exactly what kind of

measurement is being performed, can we select the appropriate mixture. In the quantum universe,



-29-
one cannot assume tha observed objeds have a separdae identity independent of any particular
context. Itisonly within aspecific context, determined by the total experimental arrangement, that
the object's separate identity can be affirmed. As Bohr himself says in a comment on the EPR
paradox:

In fact, the paradox finds its complete solution within the frame of the quantum mechanical

formali sm, according to which no well-defined use of the concept of “state” can be made asreferring
to the object separate from the body with which it has been in contact, until the external conditions
involvedin the definition of this concept are unambiguoudly fixed by a further suitable control of the
auxiliary body. (Bohr 1939, p. 21)

The fourth question asked why, in the description of a measuring instrument, the only
essential use of classical methodsof description isinthe account of that parameter of theinstrument
that iscorrelated with the measured property of the olject. Theansweristhat only in connectionwith
these properties need we assume the separability of instrument and doject. And the appropriate
mixture reconstruction reflectsthisfad by itscontext dependence: A different mixtureisappropriate
to every different context, inthe sensethat an appropriate mixtureyields the correct predictions only
for those parameters measurable in that context. All other parameters—of both object and
instrument—are correctly described only quantum mechanically, in terms of the pure case density
matrix.

Our fifth question was: How can one give aclassical description of only one out of apair of
conjugate parameters? The answer, now, issimple. An appropriate mixture describes correctly only
those observabl es that determine the experimental context. By definition, the conjugates of these
observables are excluded, though in a context where the | atter are observable, they too can be given
acorrect “classical” description, in terms of their own appropriate mixture.

The sixth and final question probed the connection between quantum and classical
descriptions. How can a classical description be “essentially equivalent” to a quantum mechanical

one? Bohr'scorrespondence principle iswhat first comesto mind, but it cannot provide the answer,
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for two reasons. First, the correspondence principle asserts that quantum and classical descriptions
agree in the limit of large quantum numbers, that, is, in phenomena where the quantum of adion is
negligible. But the Bohm experiment isnot such acase, certainly not if weregard one of the particles
asacrucial part of theinstrumentation for measuring the spin of the other particle, indeed, the success
of this and many other measurements depends upon the occurrence of subtle quantum effects.
Second, what the correspondence princi ple saysabout therel ationshi p between classical and quantum
descriptions is that they give approximately the same predictions in the limit of large quantum
numbers. But approximate agreement is hardly essential equivalence. The appropriate mixtures
model givesaquitedifferent answer. A guantum mechanical description,intermsof apure case, and
a“classical” description, in terms of an appropriate mixture, give exactly the same predictions for
those observables measurablein the context that determinesthe appropriate mixture. Moreover, this
equivalenceisaconsequence of the quantum mechanical descriptionitself. Think back now to what
Bohr said about the rel ation between quantum and classical descriptions. Hedid not say that they are
equivalent in all respects. Indead, he said:

Since, however, al those propertiesof such agencieswhich, according to the aim of the measurement,
have to be compared with correspondingproperties of the object, must be described on classical lines,
their quantum mechanical desaription will for this purpose be essentially equivalent with aclassical

description. (Bohr 1939, pp. 23-24)

That is, the quantum and classical descriptions must be equivalent for those instrument parameters
crucially involved in the measurement. But that is exactly what the appropriate mixtures model
implies.

The appropriate mixtures interpretation of the doctrine of classical conceptsthus answersall
of the questions posed at the beginning of this section, and it is consistent with Bohr's remarks on

observation and classical concepts. But there is no evidence of Bohr's ever having considered
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explicitly such amodel. Thisisnot surprising, given his notorious aversion to the employment of
formal methods in the solution of what are, properly, philosophical problems, but it does limit the
claimsthat can be made on behalf of thismodel asadivining of Bohr'sintertions. Thisis, again, why
| speak only of areconstruction of Bohr's views: The appropriate mixtures model is true to Bohr's
words, but goes beyond those words where necessary in order to clarify the direction in which they
were tending.

L et me concludewithtwofinal considerationsregarding thedoctrineof classical conceptsand
itsreconstruction by means of gopropriate mixtures. First, thereisan asyet unnoted consequence of
this reconstruction that is, at the very least, surprising and that might even be taken as a reason for
rejectingit. Consider again the mixture appropriate to z-spin measurements, W- ,, and notice that the
basisstatesu’, (L) and «7, (R) occur withinit in exactly the sameway. The point isthat such amixture
treats both instrument and object identically, so it isas much a*classical” description of the object
asof theinstrument. | can find nothing in Bohr's published writings that contradicts thisimplication
of the appropriate mixturesreconstruction. But neither can| find any confirmation for it. Still, I find
it consistent with one feature of Bohr's larger philosophy of physics, that being his stress on the fact
that the new features of the quantum mechanical account of measurements affect the instrument and
the object equally. For example, in the famous “Como” lecture, where he first introduced the

complementarity interpretation, Bohr writes:

Now the quantum postulate implies that any observation of atomic phenomena will involve an
interaction with the agency of observation not to beneglected. Accordingly, an independent reality
in the ordinary physical sense can neithe be ascribed to the phenomena nor to the agencies of
observation. (Bohr 1927, p. 54)

But if the quantum description affects both instrument and object equdly, then the alternative

classical description should do the same. Inaclassical description, we ought to be able to ascribe an
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independent reality toboth object and instrument, as we do, implicitly, when we describe their state
as amixture.

Finally, now, we must pose a question that has been in the background all along, but could
not be posed in a clean way until we had developed a reconstruction of the doctrine of classical
concepts. |Isthe doctrine of classical concepts corred? My opinion isthat it isnot. | believe that
Bohr concedes too much to the world view of classical physics, the world view of Planck and
Einstein, when he says that unambiguous communicability and, hence, objectivity, require our
distinguishing the instrument from the object after the manner of classical physics. Even when Bohr
qualifieshisconcession by pointing out that such adistinction can be effected not wholesal e, but only
context by context, he still concedestoo much. Hewasworried, | think, that quantum mechanics, by
itself, affords no objective criterion for individuating physical systems. In this, however, he was
wrong. Therecent workinspired by Bell'stheorem has taught usthat, for practical purposes, at least,
a perfectly objective criterion is available precisely in the absence of the peculiar non-classical
guantum correlations whose existence underlies the quantum mecdhanical violations of the Bell
inequality.** However, the fuller consideration of thisissue would carry us beyond the scope of the

present paper, whose aim is not to criticize Bohr, but merely to understand him.
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NoTES
! Bohr 1923, p. 117, as quoted in Pais 1991, p. 196, from the English translation, Bohr 1924, p. 1.
2 As quoted in Moore 1989, p. 313.
® For abrief discussion of this attitude of despair, see Howard 1987.
* One serious shortcoming of the following analysis, which | hopeto correct in the future, isthat no
effortismade hereto place Bohr'sviewsontheroleof classical conceptsand complementarity, more
generdly, intheir proper historical context, especially asregardstherelevant philosophical context.
Much nonsense has been written about alleged philosophical influences on Bohr by thinkers like
Seren Kierkegaard and William James. Happily, however, some progress is finally being made
toward amoreadequate historical understanding of the philosophical context inwhich Bohr worked.
| would recommend, in particular, Chevalley 1991, 1992a, 1992b, and Faye 1991.
> It is preferable to speak only of instrument and object, rather than of observer and observed, in
order to avoid confusion about the role of a human observer's subjective consciousness. Much of
theliterature on Bohr goesastray in assuming that observation isarel ation between aphysical object
and a conscious subject, an assumption fostered by Bohr's occasiond talk of the * subject-object”
relationship, especially where heisseeking psychological andogies to complementarity. But when
it comesto observation in physics, Bohr isexplicit in insisting, time and time again, that the crucial
guestions concern the relation between measuring instruments and observed objects, a relation
located entirely within the physical realm, and thatall talk of “subjeds’ shouldbe avoided. He says,
furthermore: “ Since, in philosophical literature, reference is sometimes made to different levels of
objectivity or subjectivity or evenreality, it may be stressed that the notion of an ultimate subject as
well as conceptions like realism and idealism find no place in objective description as we cave
defined it” (Bohr 1955, p. 79). Surely, one can aways include the human observer, as another
physical system, in the instrumentation, but the important point is that, in Bohr's view, human
consciousness plays no rolein elucidating the observational gtuation in quantum mechanics.

® For more on the historical background to debates about separability and the independence of
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physical systemsin the context of the developing quantum theory, see Howard 1990.

"Here | have focused almost exclusively onthe physical reasonsfor Bohr's linking of separ ability,
obj ectivity, and unambiguous communicability. There is also an interesting historical and
philosophical context for thislinkage. Oneimportant part of that context istheneo-Kantiantradition
of Erkenntnistheorie in which Bohr and most of his contemporaries learned their philosophy of
science. Catherine Chevalley has made agood start at exploring thistradition asit relatesto Bohr;
see Chevalley 1991, 1992a, 1992b; see also Faye 1991. Another part of the context is the turn-of-
the-century debate about what was then termed “Das Gesetz der Eindeutigkeit” (the law of
“univocity” or “non-ambiguity”); for more on this debate, see Howard 1992.

8 Doesthis mean that Bohr's talk of the size of our instrumentsin ordinary experiments and of the
central placeof irreversibility in observationisjust amistake? No. Themistakeisoursin supposing
that heintended sizeandirreversibility asnecessary criteriafor classifying asystemasaninstrument.
My hypothesisisthat Bohr meant these criteriatobe employed instead in characterizing the closure
property necessary for the definition of aquantum mechanical phenomenon. Bohr says, in one essay:
“The circumstance that such marks are due to irreversible amplification effects endows the
phenomenawith a peculiarly closed character pointing diredly to theirreversibility in principle of
the very notion of observation” (Bohr 1958¢c, p. 98). For afuller discussion of the concept of a
“phenomenon,” whi ch plays acentral rolein Bohr's philosophy of physics, see Bohr 1949, pp. 237-
238, and Howard 1979, pp. 178-204. That Bohr did not seeirreversibility as playinga crucial role
inthe solution of the measurement problem isevident from hisremarksin aletter to Pauli of 16 May
1947, where Bohr writes. “Here, | have in mind such considerations about the complementary
relationships between thermodynamica and mechanical concepts as | tried to indicate in my old
Faraday lecture. Just as such considerations offer aconsistent attitude to the well-known paradoxes
of irreversibility in thermal phenomena, so it appears to me that, notwithstanding the obvious
quantitative relationship between such phenomena and the irreversibility of observations, we may

more adequately regard thermodynamical considerations and the essence of the observational
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problem as different complementary aspects of the description” (Bohr 1985, p. 454).
°In at least one place, however, Bohr does seem to suggest that the physics of Newton and Maxwell
iswhat he has inmind. A note of 11 February 1930 includes these words: “By classical physical
theories we mean the usual mechanics and el ectrodynamicswhich have shown in awonderful way
how to explain ordinary phenomena; these theories aretied very closely to our ordinary attitudesto
nature” (“ Kvanteteorien og de klassiskefysiske Teorier,” Niels Bohr Scientific Manusaipts, Niels
Bohr Archive, Reel 12, p. 1; as quoted in Honner 1987, p. 62). But even this remark is not
inconsistent with the interpretation of the notion of “classical concepts,” developed below.
19 As a model of a messurement, the Bohm experiment enjoys at least two advantages over the
two-dlit experiment. For one thing, only discrete spin observables areinvolved, in contrast to the
continuous position and momentum observabl es; thisavoidsinessential mathematical complications.
But more importantly, the fact that, at the time of the spin measurements, the decay products may
even be separated by a space-like interval, and the fact that no physical interaction takes place
between L and R after the decay itself, together imply that any novelties of quantum mechanical
observation revealed by consideration of the model cannot be the result of any “ disturbance” of the
object by theinstrument (of L by R), contrary to the suggestionsof many commentators, startingwith
Helsenberg (see Heisenberg 1930, pp. 20ff.). For Bohr's criticism of the disturbance analysis, see,
for example, Bohr 1958b, p. 5. Thereis, of course, the possibility of a non-local, or superluminal
disturbancein such an experimental arrangement; but such disturbances must be excluded if we are
to preserve consistency with specid relativity.
1 For afuller account of such an analysis of the Bohm experiment, see, for example, d'Espagnat
1976, pp. 76-91.
12 For amore detailed statement and proof of this claim, see Howard 1979, pp. 382-386.
13 “Entanglement” is Arthur Fine'strand ation of Schrodinger's wonderfully apt expression for non-
decomposable joint states, “Verschrankung”; see Fine 1986, p. 67.

14 But such a criterion of individuation is not without its problems; see Howard 1989, pp. 248-249.
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