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Abstract

The Bohr and von Neumann views on the measurement process in quantum mechanics have been interpreted
for a long time in somewhat controversial terms, often leading to misconceptions. On the basis of some
textual analysis, I would like to show that — contrary to a widespread opinion — their views should be taken
less inconsistent, and much closer to each other, than usually thought. As a consequence, I claim that Bohr
and von Neumann are conceptually on the same side on the issue of the universality of quantum mechanics:
hopefully, this might contribute to a more accurate history of the measurement problem in quantum
mechanics.

1 Introduction

The role played by the notion of measurement in the development of the Bohrian interpretation
of quantum mechanics hardly needs to be emphasized. Over and above the subtleties in the
exegesis of the Bohr writings, in the Bohrian conceptual framework it is the measurement
context that appears to provide a meaning for physical experience and, within this experience,
for the meaningful attribution of properties to quantum systems. Still, the Bohr writings
themselves do not contain any explicit and detailed — albeit theoretical — model of the
measurement process. The opening lines of his 1928 complementarity article express effectively
his overall attitude to address foundational problems in non-formal ways!, an attitude on which
a leading interpreter has aptly commented: “A thorough formal theory of measurement, either
in classical or quantum physics was, to his mind, out of the question, since any axiomatization
would depend on primitive descriptive concepts drawn from the language justified by ordinary

experience.” (Honner , p. 65).

1 “T shall try, by making use only of simple considerations and without going into any details of technical
mathematical character, to describe to you a general point of view which I believe is suited to give an impression of
the general trend of the interpretation of the theory from its very beginning” (Bohr 1934, p. 52).



In any case, it was rather clear from the 1928 paper onwards that the Bohrian interpretation
of quantum mechanics would have reserved for the measurement process a special role. This
circumstance would have soon induced physicists to investigate the relation between the
classical realm and the quantum one: in the early days of quantum mechanics, a measurement
started to be conceived as a very special sort of interaction between pairs of systems, one
member of which is described by classical physics while the other is described by quantum
physics. How is this classical-quantum relation supposed to be accounted for? The first
textbooks on quantum mechanics of the twentieth century appeared few years after the Bohr
complementarity paper: Die Physikalischen Prinzipien der Quantentheorie by Werner
Heisenberg and The Principles of Quantum Mechanics by P.A.M. Dirac, both published in
1930. Both texts aspired to provide a general framework, as rigorous as possible, for quantum
mechanics but neither included an explicit analysis of the measurement process in terms of the
universality of quantum mechanics: in light of the ‘quantumness’ of the natural world at the
microscopic scale, why should quantum mechanics not govern all natural processes, including
macroscopic instruments involved in a typical quantum measurement? If it does, what are the
presuppositions for the theory to account for the measurement process and what the
consequences for the interpretation of the theory itself?

In retrospective, it is the Bohrian doctrine concerning this relation that in fact appears to be
the first to address this issue. As a matter of fact, however, the issue of whether or not according
to Bohr quantum mechanics should be taken to be universal has been a matter of dispute in the
Bohrian scholarship. Bohr repeatedly argues in his works that we cannot do without classical
concepts in accounting for the experimental evidence in quantum measurements, but does this
acknowledgment imply that the Bohrian overall foundational outlook legitimates a non-
universalistic interpretation of quantum mechanics? According to an old-fashioned reading, it
does. Moreover, in this reading the classical/quantum ‘cut’ in the description of measured
systems vis-a-vis measuring instruments appears to suggest a truly ontological ‘cut’ between a
classical world and a quantum world.

This reading has been rather popular for a long time, especially in the community of physics
proper rather than in the community of history and philosophy of physics but, to be fair, the
historico-philosophical scholarship on Bohr had been questioning more and more this reading,
in favour of a classical/quantum cut of a purely pragmatic or epistemological character. The
alleged unavoidability of classical concepts, in order to describe what goes on ordinarily at the
end of an experiment in a laboratory, need not imply that quantum mechanics is not universal,
and is rather to be justified by the constraints of communication and inter-subjectivity.
According to Dugald Murdoch, for instance “Bohr’s point is that it is a necessary condition of
unambiguous and objective communication that the experimental apparatus be describable in

common-sense ordinary-language terms” (Murdoch 1987, p. 100) and, in more recent times,



Dennis Dieks argued that “[...] the idea that Bohr denied the universal validity of quantum
mechanics is mistaken. Indeed, from his earliest writings on Bohr argues from the assumption
that quantum theory is universal, in the sense of applicable to both micro and macro systems
[...] the quantum description remains ontologically primary, even when we use (as we must)
classical concepts to describe macroscopic objects.” (Dieks 2017, pp. 312-313).

The aim of the present paper, however, is not to adjudicate the problem whether the Bohrian
interpretation of the classical/ quantum relation should be read in pragmatic or ontological
terms. Our question is different, and more historically-oriented. The quantum physics
community had to wait for Die Mathematische Grundlagen der Quantenmechanik by Jon
(John) von Neumann in 1932 to see an entire chapter explicitly devoted to the development of
a formal model of a quantum measurement. In the von Neumann treatment (although, as we
will see, in a non completely transparent way), he explicitly confronts the implications of the
assumption that — in the context of a measurement of a physical quantity on a quantum system
S with an apparatus A — the laws of QM govern both S and A, an assumption that, without
additional requirements, entails the emergence of the measurement problem: now, did ever
Bohr discuss explicitly the issue of the universality of quantum mechanics on the background
of the von Neumann formal context? More generally what is the connection, if any, between the
Bohr view of quantum measurement and the framework for the quantum measurement process
that von Neumann elaborated in his 1932 treatise? It is this point that will be the target of the
present paper; the analysis of this point — an analysis that, to my knowledge, is still lacking —
might contribute to the project of a more documented history of the measurement process in
the development of quantum mechanics. Moreover, the connection Bohr-von Neumann turns
out to be interesting also because von Neumann himself has been long credited with a view
whose textual support is controversial, namely the view according to which the infamous
‘collapse’ of the wave function is a genuinely physical process. In particular, I conjecture that
the Bohr claim on the role of classical concepts as a pragmatic recipe, necessary to account for
the emergence of a definite outcome at the end of a measurement process, in fact resonates
quite closely with a literal understanding of the relevant sections of the von Neumann treatise
on the measurement process; in this vein, the views of both Bohr and von Neumann turn out
to have suffered from specular misunderstandings and misconceptions and, according to the
analysis carried out in the present paper, they appear to be much closer than many have thought
in the past. According to my interpretation, the Bohr view of the quantum measurement would
turn out to be perfectly consistent with the universality of quantum mechanics, taken for
granted by von Neumann, showing also on the Bohr side a growing awareness that the times
were ripe for addressing the idea that the measurement process — as a natural process in itself

— was to be conceived as an entirely quantum process.



The plan of the paper is the following. In section 2 I will review the ways in which Heisenberg
in Die Physikalischen Prinzipien der Quantentheorie and Dirac in The Principles of Quantum
Mechanics deal with the measurement process in quantum mechanics in their textbooks. This
section is focused on these works since they can be taken to represent what was considered at
the time the state of the art, as far a systematic formulation of quantum theory was concerned.
As will be argued, the theoretical landscape provided by these two works does not seem to show
a clear awareness of the implications that may follow for the foundations of the theory from
treating measuring instruments as quantum systems in their own right. The reasons for this
lack of awareness are different in the two books: the role of a Copenhagenish view acting on the
background in the case of Heisenberg, the pragmatic attitude toward foundational issues in the
case of Dirac. In the section 3, I will shortly recall the main elements of the Bohr analysis of the
quantum measurement process, with an emphasis on two particular points. First, Bohr appears
to be the first to specifically and thematically address the relation classical/quantum in the
quantum measurement process as a foundational issue in its own right. Second, the Bohrian
conceptual framework can be interpreted so as to support a coexistence of the use of the
language of classical physics on one side — in order to account for the outcomes of the quantum
measurement process — and the universality of quantum mechanics as a theory governing the
whole physical world on the other. This claim of coexistence paves the way to a comparison of
the views of Bohr and von Neumann — in the section 4 — in spite of the surprisingly meager
evidence concerning the actual interactions between the two. After recalling the von Neumann
model of the measurement process (sketched in Die Mathematische Grundlagen der
Quantenmechanik), for the comparison I will rely essentially on a single paper — “The causality
problem in atomic physics” — that Bohr presented at a conference held in 1938 in Warsaw: this
conference was attended also by von Neumann and appears to be the only public exchange
between them. As I will attempt to argue, the Bohr 1938 paper appears to show that Bohr
himself is aware of the possibility to rely on the von Neumann model of the measurement
process in order to justify more robustly the above mentioned coexistence of the use of a
classical language vis-a-vis the universality of quantum mechanics: this circumstance makes
the Bohr analysis of the quantum measurement in the Thirties much less alien to the direction
that the history of the quantum measurement process would have taken later than previously

thought. I will finally draw some conclusions in the final section.

2 The Measurement Process in the Textbooks of Werner
Heisenberg and Paul A. M. Dirac



In the present section I will shortly review the attitude toward the measurement process in
quantum mechanics that surfaces in two very influent textbooks, appeared in the heroic times
of the birth and consolidation of quantum mechanics: Werner Heisenberg’s Die Physikalischen
Prinzipien der Quantentheorie and Paul A.M. Dirac’s Principles of Quantum Mechanics, both
published in 1930. Since the authors are among the giants of the twentieth century theoretical
physics, a warning is in order. The aim of this section is limited to hint to a pair of highly
qualified instances, where the quantum measurement process is interpreted on the background
of a classical/quantum interaction in which the measuring apparatus side is still taken to belong
unquestionably and intrinsically to the classical realm. Given this state of affairs, the
‘quantumness’ of the quantum measurement process is confined to the circumstance according
to which the measuring apparatus ‘disturbs’ the quantum system, waiting to be measured, to
an extent which is unconceivable in classical terms. The analysis I propose in the present
section is meant to emphasize two points, both functional to the Bohr and von Neumann
contributions, considered in the next sections. First, both texts employ (although at a different
degree) a ‘disturbance’ view of the quantum measurement, a view that might have been
considered close in spirit to some passing remarks in the Bohr 1928 complementarity paper but
that, in fact, is inconsistent both with other main principles of quantum mechanics and with
the mature views of Bohr, concerning in particular the context-dependence of properties for
quantum systems in general. Second, the endorsement of this view by Heisenberg and Dirac
clearly shows that their interpretation of the measurement process leave the issue of the
universality of quantum mechanics totally unqualified, namely, that at that stage neither of
them takes the issue of describing quantum-mechanically both the measured system and the
measuring apparatus to be a genuine issue, that is, a problem that needs to be addressed in
order to assess the scope of the evolving quantum theory. Only in the Bohr analysis of the
classical/quantum interaction, no matter how controversial and involved it might appear, the
issue starts officially to occupy the position it deserves in the debate on the foundations of
quantum mechanics.

Heisenberg’s Die Physikalischen Prinzipien der Quantentheorie derived from a set of
lectures that Heisenberg delivered at the University of Chicago in 1929. Already from the

Preface Heisenberg emphasizes his intellectual debt to Niels Bohr:

The lectures that I gave at the University of Chicago in the spring of 1929 afforded me the
opportunity of reviewing the fundamental principles of quantum theory. Since the conclusive
studies of Bohr in 1927 there have been no essential changes in these principles, and many new
experiments have confirmed important consequences of the theory [...] On the whole the book
contains nothing that is not to be found in previous publications, particularly in the investigations
of Bohr. The purpose of the book seems to me to be fulfilled if it contributes somewhat to the
diffusion of that “Kopenhagener Geist der Quantentheorie”, if I may so express myself, which has



directed the entire development of modern atomic physics. (Heisenberg 1930, Preface, emphasis
added).2

In the introductory chapter Heisenberg refers to several issues that have deep implications by
the foundational point of view and that testify the above mentioned Bohrian inspiration of the
whole enterprise. First, the emphasis on common language: a tool which is indispensable on
one side, in order to describe and effectively handle the experimental results of physical
procedures but whose expressive limitations, on the other side, may lead us to insurmountable

problems.

The experiments of physics and their result can be described in the language of daily life. Thus if
the physicist did not demand a theory to explain his result and could be content, say, with a
description of the lines appearing on photographic plates, everything would be simple and there
would be no need of an epistemological discussion. Difficulties arise only in the attempt to classify
and synthesize the results, to establish the relation of cause and effect between them — in short, to
construct a theory. (Heisenberg 1930, p. 1)

Second, a new formulation of what are the general conditions that a satisfactory theoretical
scheme for quantum phenomena should obey. In the opening sentence of the celebrated 1927

paper that contains the first formulation of the uncertainty relations, Heisenberg had written:

We believe to have understood a physical theory intuitively if we can imagine the experimental
consequences of the theory qualitatively in all simple cases, and if, at the same time, we have
recognized that the application of the theory will never contain internal contradictions.”
(Heisenberg 1927, p. 172)3

This characterization of what we require from a physical theory when we are confronted with
the new quantum phenomena is somehow recalled in the 1930 book, but with a new, interesting

twist. At the end of the section 1 of the Introduction Heisenberg writes:

2 In the 1938 paper that we will discuss in detail in the section 4, Niels Bohr explicitly writes that in this book “typical
examples of measuring processes [...] have been treated in detail” (Bohr 1938, p. 100).

3T use here the translation included in a paper by R.F. Werner and T. Farrelly, devoted to a thorough analysis of the
1927 Heisenberg paper (Werner, Farrelly 2019, p. 463); the widespread English translation of the Heisenberg paper,
due to J.A. Wheeler and W.H. Zurek and contained in their 1983 collection of classic papers on the foundations of
quantum mechanics (Wheeler, Zurek 1983), mistakenly cancels both from the title and the opening sentence the
German adjective anschaulich (‘intuitive’) which, on the contrary, is highly loaded from a conceptual point of view.
On the connotation of anschaulich in the opening sentence of the Heisenberg paper, Werner and Farrelly aptly
comment: “This quotation, which Heisenberg also used in his later years, is remarkably modern. The term
Anschauung (literally ‘looking at something’) is stripped here of almost all connotations of imagining a scene or a
picture. Like the ‘internal virtual images’ of Hertz and Galilei’s geometrical figures as letters in the book of nature, it
can just as well refer to an intuition about an algebraic or logical structure. Whether this widening of the concept of
Anschaulichkeit convinced Heisenberg’s contemporary critics, however, is questionable.” (Werner, Farrelly 2019,
PP- 463-464). On the Heisenberg conceptual shift concerning the notion of Anschaulichkeit, see also the section 3.4
of Camilleri 2009, entitled “Redefining Anschaulichkeit” (and the related bibliography therein).



The program of the following considerations will therefore be: first, to obtain a general survey of
all concepts whose introduction is suggested by the atomic experiments; second, to limit the range
of application of these concepts; and third, to show that the concepts thus limited, together with
the mathematical formulations of quantum theory, form a self-consistent scheme. (Heisenberg
1930, p. 4, emphasis added).

According to the most qualified scholarship, the italicized passage testifies of a change of
perspective with respect to the 1927 paper, induced by the discussions that Heisenberg had with
Bohr between the 1927 paper and the 1930 book. Kristian Camilleri, for instance, argues
convincingly that the 1927 Heisenberg paper assumes a sort of verificationist criterion of
meaning, which — given the fixation of a value for the position [momentum] of the particle at a
given time t — would make the notion of momentum [position] of that particle at t simply
meaningless (Camilleri 2009, p. 94) 4. Still according to Camilleri, Heisenberg changes his
mind as a consequence of the reading of the Bohr 1927 paper and the ensuing exchange of ideas
with Bohr himself, so that, starting already from the 1930 book, Heisenberg agrees on the
indispensability of classical concepts in quantum mechanics, which is a major claim of Bohr.
So, according to the italicized passage, it is not that some classical concepts — the most notable
of which are position and momentum - are just deprived of meaning by the new quantum
theory; rather, the new quantum theory shows that the range of application of our familiar
notions of some classical concepts, notions whose meaning we continue to have a good grasp
of, is irreducibly restricted.s

Moreover, the Heisenberg 1930 book suggests an oscillation between two views that appear
in a mutual tension, if not inconsistent: one of these views, as we shall see, emerges clearly in
the formulation chosen by Dirac in his 1930 book. In fact Heisenberg, on one side, appears to
suggest the endorsement of what has been called a ‘disturbance view’ of measurement,
“according to which it is only the perturbation brought about by the act of observation that
precludes us from knowing the precise position and momentum [of the quantum particle at
hand]” (Camilleri 2009, p. 105). In a thorough analysis proposed already in 1981, Harvey Brown
and Michael Redhead had described this view as follows:

In the case of the microscope experiment, [...] an incoming light particle (which may be considered
the measuring system) collides with an electron (the object system), the collision being governed
by the classical laws of conservation of energy and linear momentum. In both cases, the light
particle is endowed with quantal fluctuations which correspond to the use of the Einstein-de
Broglie relations for the energy and momentum for these systems. The electron may be effectively
considered a classical particle, which in interaction with the quantal measuring agent gains

4The chapter 5 of Camilleri 2009 analyzes in detail the different steps through which Heisenberg adopts the Bohrian
view concerning the applicability of classical concepts in quantum theory (Camilleri 2009, pp. 85-107).

5 According to Camilleri, this is apparent in the different way of presenting the gamma-ray microscope situation in
1927 and in 1930 (Camilleri 2009, pp. 104-5).



quantal fluctuations, as witnessed by the final indeterminacy relations obtained for it. (Brown,
Redhead 1981, p. 2)

This view appears to be in fact at work in the Heisenberg 1930 book. In the very first pages of
the Introduction, distinguishing relativity and quantum theory in an important respect,

Heisenberg writes:

Although the theory of relativity makes the greatest of demands on the ability for abstract thought,
still it fulfills the traditional requirements of science in so far as it permits a division of the world
in subject and object (observer and observed) and hence a clear formulation of the law of causality.
[...] Particularly characteristic of the discussions to follow is the interaction between observer and
object; in classical physical theories it has always been assumed either that this interaction is
negligibly small, or else that its effect can be eliminated fro the result by calculations based on
“control” experiments. This assumption is not permissible in atomic physics; the interaction
between observer and object causes incontrollable and large changes in the system being
observed, because of the dicontinuous changes characteristic of atomic processes. (Heisenberg
1930, pp. 2-3)°

In a subsequent section (entitled Illustrations of the uncertainty relations) Heisenberg again
characterizes the constraints induced by the relations in terms of limitation to the knowledge

of properties which, in principle, are possessed by the quantum particle:

The uncertainty principle refers to the degree of indeterminateness in the possible present
knowledge of the simultaneous values of various quantities with which the quantum theory deals;
it does not restrict, for example, the exactness of a position measurement or a velocity
measurement alone. Thus suppose that the velocity of a free electron is precisely known, while the
position is completely unknown. Then the principle states that every subsequent observation of
the position will alter the momentum by an unknown and undeterminable amount such that after
carrying out the experiment our knowledge of the electronic motion is restricted by the uncertainty
relation. (Heisenberg 1930, p. 20).

Furthermore, in a section devoted the Bohrian notion of complementarity, Heisenberg
indicates the possibility of observing a physical event without disturbing it appreciably as the
mark of classical physics (relativity included), suggesting that this is exactly the most

fundamental novelty introduced by quantum theory:

[...] the resolution of the paradoxes of atomic physics can be accomplished only by further
renunciation of old and cherished ideas. Most important of these is the idea that natural
phenomena obey exact laws — the principle of causality. In fact, our ordinary description of nature,
and the idea of exact laws, rests on the assumption that it is possible to observe the phenomena

6 The relativity/quantum theory relation is another point on which the 1927 uncertainty paper and the 1930 book
diverge: in the former Heisenberg shapes the discussion on his interpretation of the 1905 Einstein paper, suggesting
essentially that his analysis on the uncertainty relation does for quantum theory what the Einstein analysis of
simultaneity did for relativity, whereas in the latter the two theories are made to diverge essentially on the observer-
observed relation: in this respect, relativity would be ‘classical’ and quantum theory would be ‘non-classical’ (on the
point see again Camilleri 2009, pp. 94-95).



without appreciably influencing them. To co-ordinate a definite cause to a definite effect has sense
only when both can be observed without introducing a foreign element disturbing their
interrelation. The law of causality, because of its very nature, can only be defined for isolated
systems, and in atomic physics even approximately isolated systems cannot be observed. This
might have been foreseen, for in atomic physics we are dealing with entities that are (so far as we
know) ultimate and indivisible. (Heisenberg 1930, pp. 62-63).

On the other hand the disturbance view, which was not at all shared by Bohr 7, appears to
coexist for Heisenberg with a different view, expressed in certain places, according to which the
very idea that quantum particles do have a definite position and momentum before
measurement is to be rejected. In the chapter 2 of the 1930 book Heisenberg refers to the
indeterminateness in the value of velocity of an electron, as a consequence of a precise
determination of the value for its position, as “an essential characteristic of the electron”
(Heisenberg 1930, p. 14, emphasis added), whereas in a paper published in 1931 on
Monatshefte fiir Mathematik und Physik (but based on a lecture given in December 1930,
Camilleri 2009, p. 106) Heisenberg argues that “the uncertainty relations hence should not
simply be conceived of as the impossibility of of precisely knowing or measuring the position
and velocity [of an electron]; the uncertainty relations signify that an application of the words
“position, velocity” loses any reasonable meaning beyond specified limits.” (Heisenberg 1931,

p- 367, quoted from Camilleri 2009, p. 106).

The role of a disturbance view of measurement is also apparent in the 1930 Dirac book The
Principles of Quantum Mechanics. In the section 1 (The need for a quantum theory) of the
chapter 1, Dirac shortly describes the wave/particle duality and, emphasizing that this dual
nature is not confined to light but is typical of any material particle, recalls that “we have here
a very striking and general example of the breakdown of classical mechanics — not merely an
inaccuracy in its laws of motion, but an inadequacy of its concepts to supply us with a
description of atomic events.” (Dirac 19584, p. 3, emphasis in the original). According to Dirac,
the need of a new theory in order “to account for the ultimate structure of matter” is based not
only on experimental evidence but also on “general philosophical grounds”, namely the

necessity to provide (what Dirac takes to be) an absolute criterion to distinguish big and small:

So long as big and small are merely relative concepts, it is no help to explain the big in terms of
the small. It is therefore necessary to modify classical ideas in such a way as to give an absolute
meaning to size.” (Dirac 19584, p. 3).

7 “Indeed Bohr himself in his later writings retreated from the disturbance doctrine as an explanation of the
uncertainty relations, emphasizing the wholeness of a quantal phenomenon involving the specification of the
experimental arrangement in classical terms, rather than mechanical transmission of uncontrollable disturbance as
the source of the characteristic features of the theory. This shift was apparently due to difficulties of understanding
the Einstein-Podolsky-Rosen discussion in terms of a disturbance theory.” (Brown, Redhead 1981, p. 3)



In the case of Dirac, it is his search for an absolute criterion for the determination of size that
motivates the adoption of a disturbance view of observation and measurement in quantum

mechanics. This is how such view plays the desired role in the Dirac presentation:

In order to give an absolute meaning to size, such as is required for any theory of the ultimate
theory of matter, we have to assume that there is a limit to the fineness of our powers of
observation and the smallness of the accompanying disurbance — a limit which is inherent in the
nature of things and can never be surpassed by improved technique or increased skill on the part
of the observer. If the object under consideration is such that the unavoidable limiting disturbance
is negligible, then the object is big in the absolute sense and we may apply classical mechanics to
it. If, on the other hand, the limiting disturbance is not negligible, then the object is small in the
absolute sense and we require a new theory for dealing with it. (Dirac 19584, pp. 3-4, emphasis in
the original).8

As we stressed above in the case of the Heisenberg 1930 book, this disturbance view is clearly
in tension with the claim, also based on the principles of quantum mechanics, according to
which quantum particles do not have definite properties before measurement. In the Dirac
1930 book this tension is apparent, for instance, in the description of the particular features
that quantum theory displays when applied to the phenomenon of the superposition of
polarization states for photons, presented in the section 2 (The polarization of photons) of the
same chapter 1.

Dirac describes a now familiar situation: a beam of light is directed toward an apparatus (a
tourmaline crystal), that is designed to transmit entirely light polarized perpendicularly to a
given axis and to absorb entirely light polarized parallel to that axis. The notorious problem is
how to describe what happens when the polarization of the incident beam is neither

perpendicular nor parallel to the given axis:

A beam that is plane-polarized in a certain direction is to be pictured as made of photons each
plane-polarized in that direction. This picture leads to no difficulty in the cases when our incident
beam is polarized perpendicular or parallel to the optic axis. We merely have to suppose that each
photon polarized perpendicular to the axis passes unhindered and unchanged through the crystal,
and each photon polarized parallel to the axis is stopped and absorbed. A difficulty arises, however,
in the case of the obliquely polarized indicent beam. Each of the incident photons is then obliquely
polarized and it is not clear what will happen to such a photon when it reaches the tourmaline.
(Dirac 19584, p. 5)

8 This passage is followed in the Dirac book by a remark on the implication of the preceding discussion on the idea
of causality, which is essentially a reproduction (nearly word-by-word) of the remark on causality by Heisenberg in
the 1930 book we quoted above, taken from a section devoted to the Bohrian notion of complementarity.

10



Dirac takes it necessary to specify what it means to raise a question in terms of ‘what will

happen’ to the single photon, and this allows him to express explicitly an article of operational
faith:

A question about what will happen to a particular photon under certain conditions is not really
very precise. To make it precise one must imagine some experiment performed having a bearing
on the question and inquire what will be the result of the experiment. Only questions about the
results of experiments have a real significance and it is only such questions that theoretical
physics has to consider. (Dirac 19584, p. 5).

In the situation at hand, we imagine to send a single photon at a time toward the crystal and
observe whether it passes or not. Since the experiment assumes a ‘real significance’ only in

statistical terms, the experiment will be repeated many times:

According to quantum mechanics the result of the experiment will be that sometimes one will find
a whole photon [...] on the back side and other times one will find nothing. [...] If one repeats the
experiment a large number of times, one will find the photon on the back side in a fraction sin a
[where a is the angle to the axis at which the photon is polarized] of the total number of times.
Thus we may say that the photon has a probability sin? a of passing through the tourmaline and
appearing on the back side polarized perpendicular to the axis and a probability cos? a of being
absorbed. These values for the probabilities lead to the correct classical results for an incident
beam containing a large number of photons. (Dirac 19584, pp. 5-6)

Now it is quite clear that here Dirac is adopting a completely operational attitude, putting into
brackets the question of whether the photon does possess or not a definite polarization property
before the experiment. This attitude is reinforced by the methodological remark that follows
the above statement. Dirac recalls that the result of an experiment “is not determined, as it
would be according to classical ideas, by the conditions under the control of the experimenter”,

but he emphasizes:

Questions about what decides whether the photon is to go through or not and how it changes its
direction of polarization when it does go through cannot be investigated by experiment and
should be regarded as outside the domain of science.” (Dirac 19584, p. 6, emphasis added).

This attitude should then lead us to think that — according to Dirac — what quantum mechanics
suggests us to do is just collecting the outcomes of experiments and making up the relevant
statistics on that basis, refraining from ascribing any definite property whatsoever to photons
in states that are neither perpendicular nor parallel to the given axis. Surprisingly, few lines
later, Dirac says something that hardly coheres with the above. Introducing the crucial notion
of superposition of states, Dirac present it not as a tool to succintly describe the state of photons

that give rise to the above mentioned statistics, but as a situation in which the single photon

11



does have a property — albeit weird and highly ‘non-classical’ — that of being simultaneously in

a perpendicular and parallel polarization state, although each only to a partial extent:

The further description provided by quantum mechanics runs as follows. It is supposed that a
photon polarized obliquely to the optic axis may be regarded as being partly in the state of
polarization parallel to that axis and partly in the state of polarization perpendicular to that axis.
(Dirac 19584, p. 6, emphasis added).

Given this attribution, it is then natural to describe the outcome of measurement via a kind of

‘realistic’ collapse process:

When we make the photon meet a tourmaline crystal, we are subjecting it to an observation. We
are observing whether it is polarized parallel or perpendicular to the optic axis. The effect of
making this observation is to force the photon entirely into the state of parallel or entirely into the
state of perpendicular polarization. It has to make a sudden jump from being partly in each of
these two states to being entirely in one or other of them. (Dirac 19584, p. 7, emphasis added).

Clearly, should Dirac not interpret the pre-measurement photon as having a property, though
weird and not amenable to any classical intuition, he could not talk meaningfully of a jump’
determined by the collapse, whose action is that of turning the weird <partly perpendicular +
partly parallel>-property into one of the two familiar <perpendicular>-property and
<parallel>-property. Interestingly, with a further oscillation, some pages later Dirac seems to
be willing to deflate what, according to the above passage, appears as a peculiar physical
process. In the section 4 of the chapter 1, aptly entitled Superposition and indeterminacy, Dirac
addresses a possible sceptical reaction to the weirdness of the above process. According to this

reaction,

a very strange idea has been introduced — the possibility of a photon being partly in each of two
states of polarization, or partly in each of two separate beams — but even with the help of this
strange idea no satisfying picture of the fundamental single-photon has been given. (Dirac 19584,
p- 10, emphasis added).

The Dirac reply is tranchant, and entirely on the operational side:

In answer to the first criticism it may be remarked that the main object of physical science is not
the provision of pictures, but is the formulation of laws governing the phenomena and the
application of these laws to the discovery of new phenomena. If a picture exists, so much the better;
but whether a picture exists or not is a matter of only secondary importance. In the case of atomic
phenomena no picture can be expected to exist in the usual sense of the word ‘picture’, by which
is meant a model functioning essentially on classical lines. (Dirac 19584, p. 10, emphasis added).9

9 Following this very passage, Dirac makes this remark: “One may, however, extend the meaning of the word ‘picture’
to include any way of looking at the fundamental laws which makes their self-consistency obvious. With thi
extension, one may gradually acquire a picture of atomic phenomena by becoming familiar with the laws of quantum
mechanics.” (Dirac 19584, p. 10, emphasis in the original). As we can see, it is a remark extremely close to the spirit
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3 Bohr and the Role of Classical Physics: What It Takes

With his usual wit John S. Bell once defined Dirac as “the most distinguished of ‘why
bother?’ers” (Bell 20042, p. 213). Although Bell referred to a popular article published by Dirac
on Scientific American in the Sixties (Dirac 1963), even back at the time of his Principles of
Quantum Mechanics, Dirac was far from taking the conceptual foundations of quantum
mechanics as an issue worth pursuing. In this respect, the adequacy of quantum mechanics was
not threatened in Dirac’s view by questions like the status of the measurement process, so that
the oscillations we have pointed out in the previous section could hardly become relevant.
Heisenberg, on the contrary, had a different attitude toward the foundational questions, but in
fact this turned out not to be sufficient to let the issue of the universality of quantum mechanics
to occupy the center of the stage. Still in his Nobel Lecture (December 11th, 1933) Heisenberg

writes:

Bohr has shown in a series of examples how the perturbation necessarily associated with each
observation indeed ensures that one cannot go below the limit set by the uncertainty relations. He
contends that in the final analysis an uncertainty introduced by the concept of measurement itself
is responsible for part of that perturbation remaining fundamentally unknown. (Heisenberg 1933,

p- 298)

In a passage he appears to be well aware of the universality issue for quantum mechanics, but
the very possibility of investigating seriously the implication at least of the universality as a

working hypothesis is immediately closed:

Since in connection with this situation it is tempting to consider the possibility of eliminating all
uncertainties by amalgamating the object, the measuring apparatuses, and the observer into one
quantum-mechanical system, it is important to emphasize that the act of measurement is
necessarily visualizable, since, of course, physics is ultimately only concerned with the systematic
description of space-time processes. The behaviour of the observer as well as his measuring
apparatus must therefore be discussed according to the laws of classical physics, as otherwise there
is no further physical problem whatsoever. Within the measuring apparatus, as emphasized by
Bohr, all events in the sense of the classical theory will therefore be regarded as determined, this
also being a necessary condition before one can, from a result of measurements, unequivocally
conclude what has happened. In quantum theory, too, the scheme of classical physics which
objectifies the results of observation by assuming in space and time processes obeying laws is thus
carried through up to the point where the fundamental limits are imposed by the unvisualizable

of the opening sentence of the Heisenberg 1927 uncertainty paper we mentioned above, which treats intuition in a
way that is similar to the way in which Dirac treats picture.
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character of the atomic events symbolized by Planck’s constant. (Heisenberg 1933, p. 298,
emphasis added). 1©

Passages like this show that a major role has been played by the assumption of the
indispensability of classical concepts and language, in order for the completion of a quantum
measurement process to make sense, and we have reviewed how crucial in this direction the
Bohr’s influence on Heisenberg has been in the transition from the 1927 uncertainty paper to
the 1930 book. So, putting aside the ambiguities and the oscillations induced by conceptions
like the disturbance view, how should we interpret this notion of ‘indispensability’ in the overall
Bohrian conceptual framework?

As recalled in the Introduction, the already convoluted view of Bohr concerning
measurement in quantum mechanics has been long associated with a more or less tacit
assumption, according to which the recourse to classical concepts and language, in order to
account for the occurrence of definite outcomes after the measurement, is grounded on a truly
ontological ‘cut’ between the classical and the quantum realms. For instance, John S. Bell voiced

this attitude when he wrote:

The founding fathers were unable to form a clear picture of things on the remote atomic scale.
They became very aware of the intervening apparatus, and of the need for a 'classical’ base from
which to intervene on the quantum system. And so the shifty split.» (J.S. Bell, Against
measurement, in Speakable and Unspeakable in Quantum Mechanics, CUP 20042, p. 228)

Still in 1998 we find a strong emphasis on such a classical/quantum cut in a work by a notable
scholar like Peter Mittelstaedt. In his book The Interpretation of Quantum Mechanics and the
Measurement Process, referring to the methodological assumptions of the Copenhagen
interpretation, he attributes to Bohr “the hypothesis of the classicality of measuring

instruments” an hypothesis whose character and implications are described as follows:

This means that the apparatuses that are used for testing quantum mechanics must not only truly
exist in the sense of physics, but these apparatuses must also be macroscopic instruments that
are subject to the laws of classical physics. Consequently, the experimental outcomes of
measurements are events in the sense of classical physics and can be treated by means of classical
theories like mechanics, electrodynamics, etc. In this way, the strange and paradoxical features of
quantum mechanics disappear completely in the measurement results, which can be thus
described by means of classical physics and ordinary language. (Mittelstaedt 1998, p. 2, emphasis
added).

10 This is how Ernst Cassirer expresses the Heisenberg view in his 1936 book on determinism and indeterminism in
modern physics: “[...] in the description of atomic phenomena a line has to be drawn between the observer’s
measuring apparatus and the object of observation. On both sides of this line, on the one which leads to the observer
as well as on that which contains the object of observation, all processes are sharply determined: on this side by the
laws of classical physics by which the measuring apparatus is to be described, on the other by the differential
equations of quantum mechanics. But at the line itself there appears an uncertainty, since the influence of the means
of observation on the object to be observed must be considered as a not completely controllable disturbance.”
(Cassirer 1956, p. 128).
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In more recent times, this reading is developed by Henrik Zinkernagel. For intance, in his 2015

paper he refers to a passage in which Bohr argues that

[...] in each case some ultimate measuring instruments, like the scales and clocks which determine
the frame of space-time coordination — on which, in the last resort, even the definitions of
momentum and energy quantities rest — must always be described entirely on classical lines, and
consequently kept outside the system subject to quantum mechanical treatment.” (Bohr 1938, p.
104, emphasis in the original).

According to Zinkernagel, one can make sense of this argument only under the assumption that

quantum mechanics actually fails to be universal:

A way to understand Bohr’s requirement is that we need a reference frame to make sense of, say,
the position of an electron (in order to establish with respect to what an electron has a position).
And, by definition, a reference frame has a well-defined position and state of motion (momentum).
Thus the reference frame is not subject to any Heisenberg uncertainty, and it is in this sense (and
in this context) classical. This does not exclude that any given reference system could itself be
treated quantum mechanically, but we would then need another — classically described — reference
system e.g. to ascribe position (or uncertainty in position) to the former. (Zinkernagel 2015, p.
430).

A wide consensus has been growing in the years, however, according to which this view can
hardly be maintainted. As a matter of fact, even one of the textbooks that has been often
considered among the most ‘orthodox’ in the Bohrian tradition — Quantum Mechanics. Non-
Relativistic Theory by Lev Landau and Evgenij LifSits, an influent treatise on non-relativistic
quantum mechanics, whose first edition goes back to 1947 — suggested a more nuanced reading
of the role of classical physics in the Bohrian analysis of the quantum measurement process.
After emphasizing that “the importance of the concept of measurement in quantum mechanics

was elucidated by N. Bohr”, Landau and LifSits write:

It is in principle impossible, however, to formulate the basic concepts of quantum mechanics
without using classical mechanics. [...] In this connection the “classical object” is usually called the
apparatus and its interaction with the electron is spoken of as measurement. However it must be
emphasized that we are here not discussing a process of measurement in which the physicist-
observer takes part. By measurement, in quantum mechanics, we understand any process of
interaction between classical and quantum objects occurring apart from and independently of any
observer. [...] Thus quantum mechanics occupies a very unusual place among physical theories: it
contains classical mechanics as a limiting case, yet at the same time it requires this limiting case
for its own formulation. (Landau, Lifshitz 1956, pp. 2-3).

11 A recent interpretation of quantum mechanics that reads Bohr in a non-universalistic fashion, in order to support
its own account of the measurement process, is the most up-to-date version of the Bub information-theoretic
interpretation (Bub 2018).
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Not only the apparatus is indicated as “classical” in quotation marks (suggesting that this
indication is just a facon de parler); equally important is the reference to the status of classical
mechanics as a “limiting case for its own formulation”, namely, as a tool whose essential role is
simply that of making the very formulation of quantum mechanics possible.

That the recourse to classical physics is unavoidable in order for quantum mechanics to be
about anything at all, in Bohr’s view, is already apparent from a passage taken from the very

1928 complementarity paper:

According to the above considerations 