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PREFACE

This volume contains proceedings from the International School of History
of Science, Sixty-Two Years of Uncertainty: Historical Philosophical
and Physical Inquiries into the Foundations of Quantum Mechanics
convened at the Ettore Majorana Centre for Scientific Culture, Erice, Sicily, 5-15
August 1989. In response to the high state of enthusiasm from the sixty-one
participants there were six to eight lectures each day, beginning at 9:00 AM and
often ending at 7:00 PM. Vigorous discussions took place at every opportunity,
even including the delightful excursions.

The papers presented here are by the twelve invited lecturers (in some
cases with coauthors) with a contribution from Philip Pearle.

All of us attending the conference express our appreciation to the
exemplary staff of the Ettore Majorana Centre, and particularly to the Centre's
Director, Professor Antonino Zichichi, for superb hospitality which made this
conference a memorable intellectual and cultural experience. It is a pleasure to
acknowledge financial support from the North Atlantic Treaty Organization
(NATO) Scientific Affairs Division.

Arthur I. Miller, Director

International School of History of Science

Ettore Majorana Centre for Scientific
Culture

Erice, Sicily
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OPENING REMARKS

Arthur I. Miller

Department of Physics
Harvard University
Cambridge, MA 02138
USA

and

Department of Philosophy
University of Lowell
Lowell, MA 01854

USA

In these brief opening remarks I should like to convey my principal reason
for convening this meeting. We read often that in 1927 the formalism and
interpretation of nonrelativistic quantum mechanics was firmly settled and etched
in stone under the rubric Copenhagen Interpretation. Most physicists relegate
the ensuing Bohr-Einstein debates to heroic tales about the distant past of our
culture. Yet sixty-two years after publication of Werner Heisenberg's uncertainty
principle paper there is a not so small group of scholars who rightly consider that
certain fundamental issues of quantum mechanics remain unsettled.

So, about two years ago I thought that it would be useful to convene a
different sort of meeting, one which brings together scholars who would consider
taking an interdisciplinary approach to fundamental issues in quantum
mechanics. The issues that remain unsettled are important because they bear
directly on our scientific and, so too, philosophical understanding of the world in
which we live. And these issues bear on the problem of the construction of
knowledge itself. For is it not the case that more than any other theory in the
history of recent science, quantum mechanics has radically changed our notion of
what constitutes physical reality? For example, atomic entities can be
simultaneously wave and particle which defies our modes of mental representation
of physical objects; the time-dependent Schrodinger equation describes the
evolution in space and time of a probability function and not the space coordinates
as in Newtonian physics; the measurement operation links inextricably object and
measurement apparatus, forever altering the object; and there are long-range
correlations between particles emitted from a common source. These results,
among others, are radically counterintuitive to those associated with any other
physical theory and to the way in which we interpret visually and linguistically
the world in which we live. How did these nonclassical and therefore nonintuitive
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notions enter physical theory? What were the early reactions to them? Are these
early reactions connected with present interpretational problems? Proper
treatment of these questions seem just the proper grist for the combined mill of
historians, philosophers and physicists. As Abner Shimony has noted (1989)
owing to developments particularly in quantum mechanics, the "twentieth
century is one of the golden ages of metaphysics.”

During the next few days we will hear much about important technical
developments toward better understanding the foundations of quantum
mechanics. But, as we all know, we ought not lose sight of conceptual analysis.
For has it not been the case throughout the history of science that great advances
have been made along this route? As Werner Heisenberg wrote in his first
epistemological study of the quantum mechanics in September (1926), "Let us
turn. from the mathematical elaboration of the theory to the physical
significance of this formalism, that is, to a discussion of statements that can be
made concerning the reality and the laws of particles.”

So, for example, ought we to accept as axiomatic that there are long-range
correlations and there are things such as collapse of the wave function with
apparently superluminal speed, and that is that? As John Bell put it as long as we
do not understand the "wave packet reduction..we do not have an exact and
unambiguous formulation of our most fundamental physical theory"(1987).

Perhaps we shall have to be content with axiomatics. But curious creatures
such as we try to "understand” these phenomena better by in some way exploring
how we can extend our modes of intuition into the subatomic realm. Surely we will
have to widen our circle of inquiry to include disciplines other than physics such
as history and philosophy both broadly defined to include cognitive psychology as
well.

So, with some sense of alternatives or lack thereof for the present quantum
mechanics, I look forward to our exploring together over the next few days
interdisciplinary approaches to the interpretation of our most fundamental
physical theory.

REFERENCES

Bell, J., 1987, Collected Papers on Quantum Philosophv: Speakable and Unspeakable

in Quantum Mechanics, Cambridge University Press, Cambridge.
Heisenberg, W., 1926, Die Quantenmechanik, Die Naturwissenschaften, 14, 899.
Shimony, A., 1989, Search for a World View which can Accommodate our
Knowledge of Microphysics, in Philosophical Consequences of Quantum
Theory: Reflections on Bell's Theorem J.T. Cushing and E. McMullin eds.,
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IMAGERY, PROBABILITY AND THE ROOTS OF WERNER HEISENBERG'S

UNCERTAINTY PRINCIPLE PAPER

Arthur I. Miller

Department of Physics
Harvard University
Cambridge, MA 02138
USA

and

Department of Philosophy
University of Lowell
Lowell, MA 01854

USA

I should like to set the stage for this meeting by exploring how the concept of
probability was transformed by developments in atomic physics during 1913-1927.
In outline I will proceed as follows: I will begin with a survey of the visual imagery,
causality and probability of classical physics; then I turn to Niels Bohr's 1913
theory of the atom and the emergence in 1924 of nonclassical notions of probability;
the contrast between the quantum and wave mechanics in 1926; Max Born's theory
of scattering; Werner Heisenberg on fluctuations, discontinuity and probability;
transformation theory and word meanings; the uncertainty principle paper; and

then conclude with Niels Bohr's concept of complementarity.*

We will find a connection between physicists’' changing conceptions of mental
imagery of phenomena and concepts of probability that at first were imposed on
atomic phenomena and then emerged from the new atomic physics. These
conceptual changes affected the roots and contents of Heisenberg's uncertainty
principle paper (Heisenberg, 1927). In conclusion we inquire whether we can
better understand this connection with concepts from theories of mental
representation of knowledge.

1. VISUAL IMAGERY, CLASSICAL CAUSALITY AND PROBABILITY

Prior to and into the first decade of Bohr's 1913 atomic theory, physicists dealt
with physical systems in which the usual space and time pictures of classical
physics were assumed trustworthy, for example, electrons that are supposed to move
"like billiard balls and light that behaves like water waves. In the German scientific
miltieu this visual imagery was accorded a reality status higher than viewing merely

* The secondary literature on the history of atomic physics is enormous. Here I will
take the liberty to refer the reader to the bibliographies in Hendry (1984), Jammer
(1966, 1974) and Miller (1986, 1988).
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with the senses and was referred to as "customary intuition [gewohnliche
Anschauung]" Customary intuition is the visual imagery that is abstracted from
phenomena that we have actually witnessed in the world of sense perceptions. The
concept of customary intuition was much debated during 1923-1927 by physicists
like Bohr, Heisenberg, Pauli and Erwin Schrodinger, all of whom used this term with
proper Kantian overtones, and all of whom lamented its loss in the new quantum
mechanics.

Customary intuition is associated with the strong causality of classical
mechanics. According to the law of causality since initial conditions can be
ascertained with in-principle perfect accuracy, then a system's continuous
development in space and time can be traced with in-principle perfect accuracy.
Any limitations to the accuracy of meaurements are assumed not to be intrinsic to
the phenomena, that is, they are assumed to be systematic measurement errors that
can be made to vanish. Thus, in classical physics we have the connection pictures-
causality-conservation laws.

In the first decade of the 20th century the consensus among physicists was that
a method would be found to extend our intuition from classical physics into the
domain of the atom. They believed that laws governing the behavior of individual
atoms would not be statistical. For example, Ernest Rutherford's law for how many of
a large number of atoms undergo radioactive decay in a certain time period is a
statistical law in the sense of classical physics, where statistics and probability were
interpreted as reflecting our ignorance of the underlying dynamics of individual
processes. Rather, some complex form of the causal Newtonian mechanics would in
time be formulated for Rutherford's model of the atom as a nucleus surrounded by
electrons.

How important imagery was (and still is) to physicists is clear from Bohr's
seminal papers of 1913 (Bohr, 1913). Despite his theory's violation of classical
mechanics, Bohr emphasized that the mathematical symbols from classical
mechanics permitted visualization of the atom as a miniscule Copernican sytem.
Although suitably quantized laws of classical mechanics are used to calculate the
electron’s allowed orbits, or stationary states, classical mechanics cannot depict or
describe the electron in transit. So in transit the orbital electron behaves like the
Cheshire cat, that is, the quantum jump or "essential discontinuity,” is
unvisualizable. In contrast, classical electrodynamics could not at all account for
the characteristics of radiation emitted in the transition.

2. THE CORRESPONDENCE PRINCIPLE

In 1918 Bohr proposed a method to extend classical electrodynamics into the
realm of the atom by means of what he would call in 1920 the “correspondence
principle.” This principle is based on Einstein's A and B coefficients from his 1916-
1917 quantum theory of radiation. The A and B coefficients are the probabilities for
an atom to make transitions that are spontaneous or induced by external radiation,
respectively. Einstein assumed the statistical laws for these processes to be like that
of "radioactivity.” So the A and B coefficients reflected ignorance of the mechanism
of individual atomic transitions. Consequently, for Bohr, Einstein's A and B
coefficients were just the prescription for dealing with the unvisualizable "essential
discontinuities.”

Bohr's procedure goes as follows (Bohr, 1918): Orbits very far from the
nucleus are very close together. Hence, in transitions between orbits whose
principal quantum number n » | the quantum frequency of the emitted radiation vq
is nearly equal to the classical frequency v¢ of the electron’s revolution in either of
these orbits, that is

Vq=Vc=Z‘l’k\'K (1)
k



where the classical frequency is the sum of higher harmonics and the ¢ are
integers.

For the purpose of studying the response of atoms to radiation, classical
electrodynamics represents the atom as comprised of harmonically bound electrons.
The atom’s dipole moment is

P(t) = .Cqp..cs exp(2nilwi + ... + ws)) (2)
T

where wi =vit are angle variables and the coefficients of the fourier expansion
Cq1.. s are functions of action variables J{. So, the spectrum of emitted radiation
from an atom predicted by classical theory differs completely from the one
measured and the one predicted by Bohr's atomic theory.

According to classical physics, from Eq.(2) the rate at which radiation is
emitted is

dEq]..ts  (2nve)d ’
dt = 3C3 ‘ C‘[ln»'(‘sl (3)

Bohr drew upon the correspondence principle (Eq. (1)) to rewrite Eq. (2) as

P(t) = 2 Uq exp(2aivgt) (4)
q
where the summation is over all quantum jumps, and then to express the rate at

which radiation is emitted for a spontaneous transition between stationary states i
and k as

dEix , ., (2avg)t
dt = hvj Ajk = 3(:3 eZ |Cq|2 (5)

In this way the magnitude squared of the suitably quantized amplitude for the atom's
dipole moment became proportional to Einstein's A coefficient with its classical
meaning.

3. THE HARMONIC OSCILLATOR REPRESENTATION, DISPERSION AND NON-CLASSICAL
PROBABILITY

By 1923 the picture of a planetary atom was beginning to whither away.
Besides its lack of success in dealing with atoms more complex than hydrogen, the
problem of dispersion altered dramatically Bohr's theory of the atom because the
response of atomic electrons to incident light could not always be correlated with
their simple motion in Keplerian orbits. In 1923 Bohr proposed that "fundamental
difficulties” facing his theory all had as their common denominator the problem of
the interaction of light with atoms (Bohr, 1923).

The key point was to reconcile essential discontinuities of atomic physics with
the inherent continuity of classical electrodynamics. One approach that Bohr
suggested involved the light quantum and maintaining energy and momentum
conservation in individual processes. But this was an unsatisfactory solution
because the "picture [Bild] of light quanta precludes explaining interference.” This
had been the principal criticism against the light quantum ever since its invention
by Einstein in 1905. Yet the undeniable usefulness of the light quantum for
explaining certain phenomena reinforced Bohr's belief that a contradiction-free
description of atomic processses could not be arrived at by "use of conceptions




borrowed from classical electrodynamics.” Since in classical physics the
conservation laws are linked with a continuous space-time description then,
continued Bohr, these laws may "not possess unlimited validity.” Presently,
however, he was not prepared to take this step.

Bohr's guide in the atomic domain would be the correspondence principle,
upon which he based the “coupling mechanism.” According to Bohr's coupling
mechanism atoms respond to incident light like an ensemble of harmonic oscillators
each of which emits continuous radiation with the frequency of a possible atomic
transition. Consequently, according to the coupling mechanism atoms and radiation
are in stationary states. This method permitted Bohr to renounce the "so-called
hypothesis of light quanta.” Yet to Bohr the coupling mechanism was only a first
approximation for treating radiation because it ran counter to the accepted dualistic
picture of light and matter in which there are source particles and spreading
spherical waves of radiation.

In 1924 the coupling mechanism provided Bohr, Hendrik Kramers and John C
Slater the means to avoid interpreting the Compton effect in terms of light quanta
(Bohr, Kramers and Slater, 1924). To Bohr the tension between the two conceptions
of light would have to be resolved on the basis of the wave theory. For although
there are essential discontinuities in atomic physics, our "customary intuition
[Anschauung]” requires that light be a wave phenomenon. In order to exclude light
quanta Bohr, Kramers and Slater resorted to combining the most exreme
consequence of the first method of 1923 (renouncing energy conservation) with the
oscillators in the coupling principle, to which they referred as "virtual oscillators.”
Besides emitting real radiation in spherical waves in response to incident radiation,
the virtual oscillators were assumed to emit a field carrying only the probability for
inducing atomic transitions. The virtual radiation field of one atom could induce an
upward atomic transition in another atom without the source atom undergoing the
corresponding downward transition, thereby violating energy conservation and
causality in individual processes. In this way they were able to reconcile
discontinuous atomic transitions with the continuous radiation field. Bohr
considered such a radical version of his theory necessary in order to avoid the
paradoxical circumstance of an entity being both wave and particle simultaneously.

Bohr, Kramers and Slater interpreted the Compton effect as follows: Each
illuminated electron in the target crystal emits coherent secondary wavelets that
can be understood as the usual sort of light scattered from a virtual oscillator. But as
a consequence of the virtual radiation field the scattered electron has a probability
of having momenta in any direction. In this way the Compton effect can be
understand as a continuous process.

Bohr, Kramers and Slater did not use the term "picture” of the atom to mean
visualization. The reason is that it is impossible to visualize an electron in a
stationary state as represented by as many oscillators as there are transitions to and
from this state. Rather, they meant the term "picture” to refer to the interpretation
of the mathematical framework. The picture of the Copernican atom had been
imposed on the 1913-1923 Bohr theory owing to Bohr's use of the language
(semantics) of "ordinary mechanics” (Bohr, 1913). The 1924 Bohr, Kramers and
Slater version of Bohr's theory started the movement toward defining the image of
atomic theory to be synonymous or given by its mathematical scheme. Another
advance of Bohr, Kramers and Slater is that they raised the concept of probability
from a strictly mathematical entity to one that actually produced physical
phenomena such as atomic transitions.

Heisenberg, among others, was much impressed by the "intermediate kinds of

reality” (AHQP, 13 February 1963)" offered by the virtual oscillator representation

* Quotations from AHQP (Archive for History of Quantum Physics) are taken from
interviews of Werner Heisenberg by Thomas S. Kuhn.



for example, it freed atomic electrons from their planetary orbits and transformed
the concept of probability into a causative agent. This situation augured to
Heisenberg that "cheap solutions would not be found” (AHQP, 13 February 1963).
While subsequent work on dispersion by Born, Heisenberg and Kramers used virtual
oscillators, neither violations of energy nor momentum conservation were well
received.

By interpreting Eq. (4) as the virtual oscillator representation for a bound
electron, Kramers set out a program in which Bohr's theory contained only
measurable quantities, that is, no reference to the bound electron's orbit. The
intensity of a spectral line is given by the magnitude squared of the amplitude in Eq.
(4) and the line's measured frequency is vq. The Kramers-Heisenberg paper
(Kramers, 1925), completed in December 1924 with their famous dispersion relation,
turned out to be the high water mark of the Bohr theory. No further progress was
made.

In mid-1925 fundamental conceptual problems focused on lack of visualization
of atomic phenomena: owing to the virtual oscillator representation bound
electrons had lost their localization and visualizability; owing to Bose-Einstein
statistics (as it was interpreted in 1926) free electrons had lost their
distinguishability and individuality too; and then there was the wave-particle
duality of light and matter. Lack of visualizability entailed linguistic problems as
well. For example, the defining equation for a light quantum is E = hv. Although
the quantity E connotes localization, vis a "radiation frequency defined by
experiments on interference phenomena” (Bohr, Kramers and Slater, 1924).

4. QUANTUM MECHANICS AND WAVE MECHANICS IN 1926

Faced in 1925 with experimental refutation of the Bohr-Kramers-Slater version
of his atomic theory, and the possibility that the light quantum might be real, Bohr
reluctantly renounced "intuitive pictures” of atomic processes, while accepting the
conservation laws for individual atomic processes (Bohr, 1925).

Suffice it to say that the virtual oscillator representation was central to
Heisenberg's invention of the new quantum mechanics or matrix mechanics in
June 1925, based "exclusively on relations between quantities which in principle
are [empirically] observable” (Heisenberg, 1925).

Although renunciation of the picture of a bound electron had been a
necessary prerequisite to Heisenberg's invention of the new quantum mechanics,
the lack of an "intuitive” {anschauliche] interpretation was of great concern to
Bohr, Born and Heisenberg. This concern emerges from their scientific papers of
the period 1925-1927 (see Miller, 1986).

With publication in early 1926 of Erwin Schrodinger's wave mechanics the
quest for some sort of visualization of atomic processes intensified and took a
subjective turn in the published scientific literature. Schrodinger (1926) wrote that
he formulated the wave mechanics because he “felt discouraged not to say
repelled..by lack of visualizability [Anschaulichkeit]” of the quantum mechanics.
He offered a visual representation based on the customary intuition of atomic
processes occurring without discontinuities as wave phenomena.

To summarize: In mid-1926 there were two seemingly dissimilar atomic
theories. Heisenberg's quantum mechanics was corpuscular based and yet
renounced any visualization of the bound corpuscle itself. Its mathematical
apparatus was unfamiliar to most physicists. Wave mechanics was a continuum
theory based on matter as waves. Its familiar mathematical apparatus led to a
calculational breakthrough and its claim to restore customary intuition was
welcomed by many physicists including Einstein.



Heisenberg thought otherwise. On 8 June 1926 he wrote to Wolfgang Pauli
(1979): "The more I reflect on the physical portion of Schrodinger's theory the
more disgusting I find it...What Schrodinger writes on the visualizability of his
theory...I consider trash. The great accomplishment of Schrodinger's theory is the
calculation of matrix elements.”

5. BORN'S THEORY OF SCATTERING

The tension between the quantum and wave mechanics increased with the
appearance of Born's quantum theory of scattering in mid-1926. To Born (1926b)
neither scattering problems nor transitions in atoms can be understood using
quantum mechanics which denies "exact representation of processes in space and
time,” or wave mechanics which denies visualization in phenomena with more than
one particle. Problems concerning scattering and transitions require the
“construction of new concepts,” and for his vehicle Born chose to use wave
mechanics which allows for at least the possibility of visualization.

One new concept Born proposed is from unpublished speculations of Einstein,
namely, that light quanta are guided by a wave field (ghost field) that carries only
probability, providing the means to account for interference using light quanta.
Born boldly assumed the "complete analogy” between a light quantum and an
electron in order to postulate the interpretation that the "de Broglie-Schrodinger
waves,” that is, the wave function in three dimensional space, is the "guiding field"”
for the electron. He attributed physical reality to the magnitude squared of
Schrodinger's wave function as had Einstein for the intensity of the ghost field.
Born (1926a) went on to propose that |l|!|2 is the probability for a scattered electron to

be found within a differential element dQof solid angle.

6. TOWARD AN INTERPRETATION OF P AND Q

Pauli (1979) supplied some key observations on Born's results in a letter of 19
October 1926 to Heisenberg who was in Copenhagen:

--- Born's probability interpretation for scattering should be generalized to the
statement that the quantity ly(qy...qf)I2dq]...dqf is the probability that the
coordinates qk of a particle will be between qg and qk + dqg. So, "we must look at
this probability as in principle observable.”

--- Next there is a "dim point": "The p's must be taken as controlled, the q's as
uncontrolled.” He arrived at this conclusion from noting that in Born's scattering
theory off-diagonal matrix elements are calculated using wave functions related by
fourier transforms. Consequently, wrote Pauli, "One can see the world with p-eyes
and one can see it with g-eyes, but if one opens both eyes together one can go
astray.”

Pauli went on to express the need for systematic means to relate matrix
elements and wave functions in their various representations.

Pauli's letter was studied in Copenhagen by Bohr, Heisenberg and P.A M. Dirac.
The problem at hand was to relate Born's scattering theory to quantum mechanics
and then to demonstrate that Schrodinger's theory possesses discontinuities just like
quantum mechanics.

On 28 October 1926 Heisenberg wrote to Pauli that concerning the so-called
"dim point I should like to believe that your p-waves have just as great a physical
reality as the q-waves. The equation pgq-qp = h/2ni thus corresponds always in the
wave representation to the fact that it is impossible to speak of a monochromatic
wave at a fixed point in time (or in a very short time interval)... Analogously, it is
impossible to talk of the position of a particle of fixed velocity.”



In summary thus far, by 28 October 1926 Heisenberg and Pauli recognized the
impossibility to measure q and p exactly in the same experiment. They connected
this result to the commutation relations (see, too, discussion of these letters in
Hendry, 1984).

On 4 November 1926 Heisenberg wrote to Pauli (1979) that "in general every
scheme that satisfied pq - qp = h/2ni is correct and physically useful, so one has a
completely free choice as to how to fulfill this equation, with, matrices, operators, or
anything else.” Heisenberg concluded that the "problem of canonical
transformations in the wave representation is as good as solved.” But this would
have to await Dirac's transformation theory.

7. HEISENBERG ON FLUCTUATIONS, DISCONTINUITY AND PROBABILITY

Meanwhile, since June 1926 Heisenberg had been enraged over the successes of
Schrodinger's wave mechanics and Born's assessment of the quantum mechanics as
an incomplete theory that required a new hypothesis introduced, no less, with wave
mechanics. In response Heisenberg wrote, "Fluctuation Phenomena and Quantum
Mechanics,” (completed 6 November 1926}, which he recalled as having received
little attention but "for myself it was a very important paper” (AHQP, 22 February
1963) . It is a paper written by an angry man in which Born's theory of scattering
is not cited and Schroédinger is sharply criticized.

Heisenberg (1926a) set out show that a probability interpretation for the
canonical transformation matrix emerges naturally from quantum mechanics; and
that atomic phenomena cannot be understood without discontinuities. For help in
demonstrating these points Heisenberg turned to Einstein’s (1909) paper on
fluctuation phenomena in which Einstein argued that fluctuations implied
discontinuities which meant corpuscular concepts. Heisenberg reversed Einstein's
line of reasoning thus: Since corpuscular atomic systems exhibit discontinuities,
that is the existence of stationary states, and since quantum mechanics provided
"quantitative description” of such systems, then one should be able to deduce
fluctuations from quantum mechanics. Heisenberg studied two identical atoms, one
in a state n, the other in a state m, coupled by a symmetrical interaction. In earlier
papers he had demonstrated that this system behaves like two coupled oscillators. As

Pauli had suggested, Heisenberg assumed that the time mean or average value f of
the operator f in the state o is given by its diagonal matrix elements, and so

[(E0) =ElSasl? £(E) =5 f(En) + 5 (Em) (6)
3

and so either atom is one-half of the time in state n or m, where S is a unitary
transformation matrix. Since

> 1Sasl2 = 1, (7)

then IS is the probability for occurrence of f(Ep) or f(En). Consequently, whereas
in classical mechanics two coupled oscillators exchange energy continuously, such
is not the case in quantum mechanics where only two energy states Eq and Ep have
a "physical meaning.” Therefore, concluded Heisenberg, a probability
interpretation emerges naturally from quantum mechanics and can be understood
only if there are quantum jumps or discontinuous energy changes.

8. TRANSFORMATION THEORY AND WORD MEANINGS

Despite the success of the new quantum mechanics (e.g., calculations of the
anomalous Zeeman effect and helium atom spectrum), the physical meaning was
unclear of the intermediate manipulations that produced results to be compared



with experiment. That is, the mathematical symbols of the quantum mechanics
(syntax) did not yet possess unambiguous meanings (semantics).

During the latter part of 1926 into the spring of 1927 at Copenhagen, Bohr and
Heisenberg struggled to find a physical interpretation of the quantum mechanics.
Heisenberg's review paper of September 1926 "Die Quantenmechanik” enables us to
glimpse their struggles. He stressed that our "customary intuition” cannot be
extrapolated into the atomic realm because the "electron and the atom possess not
any degree of physical reality as the objects of daily experience. Investigation of
the type of physical reality which is proper to electrons and atoms is precisely the
subject of quantum mechanics” (1926b). In Heisenberg's view fundamental
problems in quantum mechanics had moved into the realm of philosophy. After
repeated warnings throughout this paper against intuitive interpretations for
quantum mechanics, Heisenberg concluded that “there has been missing in our
picture [Bild] of the structure of matter any substantial progress toward a
contradiction-free intuitive (anschaulich] interpretation of experiments.” What
could he have meant by a "contradiction-free intuitive interpretation”? Any reply
would have to await Dirac's transformation theory.

On 23 November 1926 Heisenberg reported to Pauli (1979) that Dirac "has
managed an extremely broad generalization of my fluctuation paper.” This is Dirac's
transformation theory paper (1926) that provided the mathematical framework
missing from Heisenberg's and Pauli's attempts to relate measurements of
canonically conjugate variables. Central to Dirac's paper is that Born's probability
amplitude is the transformation function between different representations, for
example, position and energy. Actually Heisenberg had discovered this property of
the transformation matrix for the discrete case in his fluctuation paper (1926a).
Heisenberg's thoughts toward a contradiction-free interpretive framework for
quantum mechanics began to crystallize. Throughout he remained focused on the
mathematical formalism of the quantum mechanics with its essential discontinuities
and nonvisualizability. For both Bohr and Heisenberg linguistic (semantic)
difficulties persisted of the same sort as in mid-1925, as Heisenberg described in this
letter to Pauli: "That the world is continuous I consider more than ever as totally
unacceptable. But as soon as it is discontinuous, all our words that we apply to the
description of facts are so many ¢ numbers. What the words ‘'wave' or '‘corpuscle’
mean we know not any more" (see Miller, 1989a).

9. THE UNCERTAINTY PRINCIPLE PAPER

By the end of February 1927 Heisenberg found the connection between
measurement of kinematical quantities and Bohr's insistence since 1913 on how
unclear the terminology from classical physics becomes when used in a theory of
phenomena for a realm beyond sense perceptions. Heisenberg described these
results in his paper (completed March 1927) “On the Intuitive [anschauliche]
Contents of the Quantum-Theoretical Kinematics and Mechanics” (1927). How
important was the concept of intuition to Heisenberg is indicated by its inclusion
into the title of this classic paper in the history of ideas. This is the paper where he
found the new "intuitive interpretation of the various phenomena,” for which he
had searched (Heisenberg, 1926b) by redefining the concept of "intuition."

Heisenberg's line of argumentation is: "The present paper sets up exact
definitions of the words position, velocity, energy, etc. (of an electron).” How can
we accomplish this? From our experience with the general theory of relativity we
know that the means to extend "intuitively based” concepts (in the classical
meaning of this term) into large space-time regions is "derivable neither from our
laws of thought nor from experiment.” Presently, attempts to obtain an intuitive
interpretation of quantum mechanics are full of contradictions because of the
"struggle of opinions concerning discontinuum and continuum theory, particles
and waves," which implies that "it is not possible to interpret quantum mechanics in
the customary kinematical terms.” The "necessity of revising kinematical and
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mechanical concepts appears to follow directly from the basic equations of quantum
mechanics; particularly”

pq - gp =h/2ni (8)

from which we "have good reason to be suspicious about uncritical application of
the words 'position’ and 'momentum’.”

Consequently, may we not say that Heisenberg has redefined the concept of
intuition [Anschauung] with the equations of quantum mechanics? After all, the
Kantian notion of intuition entails a visualization that had led physicists astray.
Heisenberg separated intuition from visualization by basing all deliberations on
unvisualizable particles and essential discontinuities. The means to extend the
concept of intuition into small regions of space-time is the mathematics of quantum
mechanics because it gives restrictions on perception-laden terms such as position
and momentum. What are these restrictions? They are the uncertainty relations
which Heisenberg goes on to develop with thought experiments. These experiments
illustrate his view that concepts such as position of an electron and stationary state
of an atom derive meaning from experimental measurement.

Among the well known thought experiments is the I'-ray microscope
experiment which provides a rough derivation of the uncertainty principle for
position and momentum

p1a1 " h, (9)

where pl and g1 are errors in determination of momentum and poesition.

Heisenberg offers as a substantiation of Eq. (9) that "[p1q1 ~ hl is the precise
expression for the facts which one previously tried to describe by dividing phase
space into cells of size h." In fact, in a letter to Pauli (5 November 1926), written
prior to Dirac's transformation theory, Heisenberg had speculated on a relation such
as Eq. (9) by analogy with statistical mechanics. In this letter Heisenberg also
related to Pauli discussions with Bohr on the possibility that the essential
discreteness of quantum mechanics isa glimpse of the discreteness of the space-
time metric, which means the impossibility of measuring jointly or separately
momentum and position to any arbitrary degree of accuracy.

Heisenberg provides a more rigorous derivation of Eq. (9) with Dirac's
transformation theory, to which he gives the following intuitive interpretation in
terms of principal axis transformations from classical mechanics. A matrix
associated with an operator is diagonal in a reference system that is along a
principal axis. The type of experiment performed on a physical system specifies a
certain direction that may or may not be along a principal axis. If not, then there is
a certain probable error or inaccuracy denoted by the transformation formulae to
principal axes. For example, measuring the energy of a system throws the system
into a state where the position q has a probability distribution given by the
transformation matrix which can be interpreted as the cosine of the angle of
inclination between two principal axes. Consequently, experiments divide physical
quantities into "known and unknown (alternatively: more or less precisely known
variables).” The relationship of results from two experiments that effect different
divisions into known and unknown can only be a statistical one. This was evidently
a key point in discussions between Bohr and Heisenberg because it concerns puzzles
that swirl about the definition of a stationary state.

To pursue this point further Heisenberg analyzes a Stern-Gerlach experiment
in which a beam of atoms collimated with a single slit passes through two successive
inhomogeneous magnetic field regions F] and F2. Before entering F] the atomic
beam is prepared in the stationary state n with energy En. The probability for a
transition into a state f after passing through F2 depends on whether an experiment
was actually performed between F{ and F2 to determine the stationary state of atoms



in this region. If such an experiment was actually performed then the probability
for a transition from state n to state f is

FlenmtZldm 2 (10)
m

where cam (dmf) is the probability for transition between stationary states n and m
(m and f). If no actual experiment was performed between F1 and F2, then the
transition probability from n to f is

Izcnm dmflz (11)
m

which is different from Eq. (10) owing to interference terms.

With emphasis on particles and discontinuities, Heisenberg preferred not to
interpret Eq.(11) as an "interference of probabilities,” but due to the difference
between experimental setups. He attributes a collapse of the wave function
interpretation to Eq. (10): “'state m' we select from the abundance of various
possibilities (cnm) a single one,” thereby limiting the possibilities for all
subsequent experiments. The stationary state measurement destroys the phase
relationships of the cpm as must be the case because the phase and energy of a
stationary state are canonically conjugate quantities.

Reverting from Eq.(11) to Eq.(10) means assuming that the stationary state
measurement between F| and F2 has actually been done, introducing unknown
phases into each term in Eq.(11). Phase averaging reduces Eq. (11) to Eq.(10).
Consequently, phase averaging relates the two experiments statistically through the

quantity |dmf|2 and not |Ecnm dmflz, in agreement with Heisenberg's intuitive

m
interpretation of Dirac's transformation theory. Actually in the end result the
interference terms would vanish anyway because a third Stern-Gerlach setup is
required with pole faces along the beam's direction of motion in order to measure
the stationary states after F2. Heisenberg goes on to give an example of such a
measurement which, however, needed corrections by Bohr: Heisenberg neglected
tn include the wave-particle duality of matter (see Bohr, 1928 and Heisenberg, 1930).

What conclusions does Heisenberg draw from these deliberations?

Since the uncertainty relations placed limits on the accuracy to which initial
conditions could be determined then invalid is the causal law from classical
mechanics which required both visualization and the continuous development of
physical systems.

The wave function collapse interpretation of the measurement process reveals
the "deep meaning of the linearity of the Schrodinger equations." Any attempts at
replacing them with nonlinear equations are "hopeless.” Unfortunately,
Heisenberg did not elaborate on this point here or in any extant correspondence.

From where does the quantum theoretic statistics emerge? Heisenberg
preferred an interpretation that he attributes to Dirac, namely, that the "statistic is
induced by our experiments." However, Heisenberg cautions, we should not
conclude that quantum mechanics is “an essentially statistical theory in the sense
that only statistical conclusions can be drawn from specified data.” For example,
exact conclusions can be drawn from the conservation laws of energy and
momentum. But owing to the uncertainty relations, speculations that there "is a
‘real’ world hidden behind the perceived statistical world [are] fruitless and sterile.
Physics should describe formally only the connection of perceptions.”
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During the month of February 1927 when Heisenberg wrote the uncertainty
principle paper Bohr was away from Copenhagen on vacation. Upon return Bohr
was critical over Heisenberg's neglect of the wave-particle duality of matter and
light which led Heisenberg to conclude that observational uncertainties were rooted
exclusively on the presence of discontinuities. In this way, for example, Heisenberg
had reached erroneous conclusions for the I'-ray microscope experiment, among
other Gedanken experiments. In a Note Added in Proof Heisenberg (1927)
acknowledged comments of this sort, although he made no move to correct them in
the uncertainty principle paper itself.

10, COMPLEMENTARITY

On 16 September 1927 at the International Congress of Physics at Como, Italy,
Bohr presented his complementarity view, honed in heated discussions with
Heisenberg (see, too, Holton, 1973; Jammer, 1966). Since our customary intuition
cannot be extended into the atomic domain, then the "classical mode of description
must be generalized” (Bohr, 1928). Our usual “causal space-time description”
depends on the smallness of Planck's constant. But in the atomic domain Planck's
constant links the measuring apparatus to the system under investigation in a way
that "is completely foreign to the classical theories.” This is how intrinsic statistics
enter quantum theory. In the atomic domain the notion of an undisturbed system
developing in space and time is an abstraction and "there can be no question of
causality in the ordinary sense of the word,” that is, strong causality. Instead of
renouncing the causal law like Heisenberg, Bohr linked causality to the predictive
powers of the conservation laws of energy and momentum and not to space-time
pictures which are relegated to the role of restricted metaphors.

Bohr went on to reason that just as the large value of the velocity of light had
prevented our realizing the relativity of time, the minuteness of Planck's constant
rendered paradoxical the wave-particle duality of matter and light. Since Planck's
constant places restrictions on the use of our language in the atomic domain, then
S0 too on our customary intuition or visual imagery, which enables us to describe
only things that are either continuous or discontinuous but not both. Rather,
stressed Bohr, the wave and particle modes of light and matter are neither
contradictory nor paradoxical, but complementary in the extreme, that is, mutually
exclusive. Yet both modes or sides are required for a complete description of the
atomic entity. Heisenberg's uncertainty relations turned out to be a particular case
of complementarity because, for example, the quantities p and x are not mutually
exclusive.

Although Heisenberg agreed with the complementarity principle's restrictions on
metaphors from the world of perceptions, he remained wary of them owing to their
previous disservices. In a letter of 16 May 1927 to Pauli, Heisenberg wrote that there
are "presently between Bohr and myself differences of opinion on the word
"intuitive [anschauliche]" This divergence of opinion widened through
Heisenberg's subsequent scientific work (see Miller, 1985, 1988).

CONCLUSION

Can we not interpret the results from this historical case study to be indicative
of a switch of Heisenberg's mental representation of knowledge? This switch went
beyond merely inverting the Kantian notion of perception in which Anschauung is
accorded a higher status than Anschaulichkeit. Let me summarize this case study
using terminology from concepts of mental representation. Until 1924 Bohr and
Heisenberg focused on the content of a mental representation -- that is, what is
being represented, which in this case is the Anschauung or the visualization from
classical physics that was imposed on atomic theory. Starting in 1924, owing to the
Bohr-Kramers-Slater version of Bohr's atomic theory, Bohr and Heisenberg began
to shift toward emphasis on the format of a representation by permitting the
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mathematics of the theory to give a purely descriptive representation of the atomic
domain. (The format of a mental representation is its encoding.) Yeteven after
Heisenberg's invention of the new quantum mechanics physicists lamented over
loss of visual imagery. In 1927 Heisenberg redefined the concept of intuition by
separating it from visualization -- that is, "intuition” had no visual content. Rather,
visualizability or Anschaulichkeit displaced Anschauung. Whereas Anschauung isa
product of our cognitive apparatus, Anschaulichkeit pertains to intrinsic properties
of subatomic entities that are, to use Einstein's terminology, "out there" regardless of
whether we set up experimental apparatus. Bohr continued to advocate the
usefulness of restricted Anschauungen.

Suffice it to say that in the course of his scientific research in nuclear physics,
in 1932 Heisenberg found a clue to the depictive mode of visualizability, a mode that
would in time enable us to imagine things we have not seen, needless to say, within
the restrictive framework of our sense perceptions (see Miller, 1985, 1986, 1989a,
1989b). As Heisenberg recalled of his own research: "The picture changes over and
over again, its so nice to see how such pictures change” (AHQP, 11 February 1963).

In conclusion, could not the circle of inquiry in fundamental problems of
quantum mechanics be widened to include an analysis of "intuition”? Such an
analysis could elucidate apparently "unintuitive" content of the theory such as long
range correlations.
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AGAINST "MEASUREMENT”

J.S. Bell
CERN, Geneva

1.INTRODUCTION

Surely, after 62 years, we should have an exact formulation of some serious part of
quantum mechanics? By “exact” I do not of course mean “exactly true”. I mean only that the
theory should be fully formulated in mathematical terms, with nothing left to the discretion
of the theoretical physicist... until workable approximations are needed in applications. By
“serious” I mean that some substantial fragment of physics should be covered. Nonrelativistic
“particle” quantum mechanics, perhaps with the inclusion of the electromagnetic field and a
cut-off interaction, is serious enough. For it covers “a large part of physics and the whole of
chemistry” . I mean too, by “serious”, that “apparatus” should not be separated off from the
rest of the world into black boxes, as if it were not made of atoms and not ruled by quantum
mechanics.

The question, “....should we not have an exact formulation....?”, is often answered by
one or both of two others. 1 will try to reply to them:

Why bother?

Why not look it up in a good book?

2.WHY BOTHER?

Perhaps the most distinguished of “why bother?”’ers has been Dirac 2. He divided the
difficulties of quantum mechanics into two classes, those of the first class and those of the
second. The second class difficulties were essentially the infinities of relativistic quantum field
theory. Dirac was very disturbed by these, and was not impressed by the “renormalization”
procedures by which they are circumvented. Dirac tried hard to eliminate these second class
difficulties, and urged others to do likewise. The first class difficulties concerned the role of
the “observer”, “measurement”, and so on. Dirac thought that these problems were not ripe
for solution, and should be left for later. He expected developments in the theory which would
make these problems look quite different. It would be a waste of effort to worry over much
about them now, especially since we get along very well in practice without solving them.

Dirac gives at least this much comfort to those who are troubled by these questions: he
sees that they exist and are difficult. Many other distinguished physicists do not. It seems to
me that it is among the most sure-footed of quantum physicists, those who have it in their
bones, that one finds the greatest impatience with the idea that the “foundations of quantum
mechanics” might need some attention. Knowing what is right by instinct, they can become
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a little impatient with nitpicking distinctions between theorems and assumptions. When they
do admit some ambiguity in the usual formulations, they are likely to insist that ordinary
quantum mechanics is just fine “for all practical purposes”. I agree with them about that:

ORDINARY QUANTUM MECHANICS
(as far as I know)
IS JUST FINE
FOR ALL PRACTICAL PURPOSES.

Even when I begin by insisting on this myself, and in capital letters, it is likely to be
insisted on repeatedly in the course of the discussion. So it is convenient to have an abreviation
for the last phrase:

FOR ALL PRACTICAL PURPOSES = FAPP

I can imagine a practical geometer, say an architect, being impatient with Euclid’s fifth
postulate, or Playfair’s axiom: ....of course in a plane, through a given point, you can draw
only one straight line parallel to a given straight line...at least FAPP. The reasoning of such
a natural geometer might not aim at pedantic precision, and new assertions, known in the
bones to be right, even if neither among the originally stated assumptions nor derived from
them as theorems, might come in at any stage. Perhaps these particular lines in the argument
should, in a systematic presentation, be distinguished by this label

........................................ QED FAPP

I expect that mathematicians have classified such fuzzy logics. Certainly they have been
much used by physicists.

But is there not something to be said for the approach of Euclid? Even now that we
know that Euclidean geometry is (in some sense) not quite true? Is it not good to know
what follows from what, even if it is not really necessary FAPP? Suppose for example that
quantum mechanics were found to resist precise formulation. Suppose that when formulation
beyond FAPP is attempted, we find an unmovable finger obstinately pointing outside the
subject....to the Mind of the Observer, to God, or even only Gravitation? Would not that be
very very Interesting?

But I must say at once that it is not mathematical precision, but physical, with which I

will be concerned here. T am not squeamish about delta functions. From the present point of
view, the approach of von Neumann’s book is not preferable to that of Dirac’s.

3.WHY NOT LOOK IT UP IN A GOOD BOOK?

But which good book? In fact it is seldom that a “no problem” person is, on reflection,
willing to endorse a treatment already in the literature. Usually the good unproblematic
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formulation is still in the head of the person in question, who has been too busy with practical
things to put it on paper. I think that this reserve, as regards the formulations already in
the good books, is well founded. For the good books known to me are not much concerned
with physical precision. This is clear already from their vocabulary.

Here are some words which, however legitimate and necessary in application, have no
place in a formulation with any pretension to physical precision:

system
apparatus
environment
microscopic, Macroscopic
reversible, irreversible
observable
in formation

measurement

The concepts “system”, “apparatus”, “environment”, immediately imply an artificial
division of the world, and an intention to neglect, or take only schematic account of, the
interaction across the split. The notions of “microscopic” and “macroscopic” defy precise
definition. So also do the notions of “reversible” and “irreversibile”. Einstein said that it is
theory which decides what is “observable”. I think he was right.... “observation” is a com-
plicated and theory-laden business. Then that notion should not appear in the formulation
of fundamental theory. Information? Whose information? Information about what ?

On this list of bad words from good books, the worst of all is “measurement”. It must
have a section to itself.

4 AGAINST “MEASUREMENT”

When I say that the word “measurement” is even worse than the others, I do not have
in mind the use of the word in phrases like “measure the mass and width of the Z boson”.
I do have in mind its use in the fundamental interpretive rules of quantum mechanics. For

example, here they are as given by Dirac *:

“... any result of a measurement of a real dynamical variable is one of its eigenvalues...”

“.... if the measurement of the observable.... is made a large number of times the average
of all the results obtained will be.... ”?

“.... ameasurement always causes the system to jump into an eigenstate of the dynamical
variable that is being measured.... ”

It would seem that the theory is exclusively concerned about “results of measurement”,
and has nothing to say about anything else. What exactly qualifies some physical systems
to play the role of “measurer”? Was the wavefunction of the world waiting to jump for
thousands of millions of years until a single-celled living creature appeared? Or did it have
to wait a a little longer, for some better qualified system... with a Ph.D.? If the theory is
to apply to anything but highly idealized laboratory operations, are we not obliged to admit
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that more or less “measurement-like” processes are going on more or less all the time, more
or less everywhere? Do we not have jumping then all the time?

The first charge against “measurement”, in the fundamental axioms of quantum mechan-
ics, i1s that it anchors there the shifty split of the world into “system” and “apparatus”. A
second charge is that the word comes loaded with meaning from everday life, meaning which is
entirely inappropriate in the quantum context. When it is said that something is “measured”
it is difficult not to think of the result as referring to some preexisting property of the object
in question. This is to disregard Bohr’s insistence that in quantum phenomena the apparatus
as well as the system is essentially involved. If it were not so, how could we understand, for
example, that “measurement” of a component of “angular momentum”.... in an arbitrarily
chosen direction.... yields one of a discrete set of values? When one forgets the role of the
apparatus, as the word “measurement” makes all too likely, one despairs of ordinary logic....
hence “quantum logic”. When one remembers the role of the apparatus, ordinary logic is just

fine.

In other contexts, physicists have been able to take words from everyday language and
use them as technical terms with no great harm done. Take for example the “strangeness”,
“charm”, and “beauty” of elementary particle physics. No one is taken in by this “kiddy
talk”.... as Bruno Touschek called it. Would that it were so with “measurement”. But in
fact the word has had such a damaging effect on the discussion, that I think it should now
be banned altogether in quantum mechanics.

5. THE ROLE OF EXPERIMENT

Even in a lowbrow practical account, I think it would be good to replace the word “mea-
surement”, in the formulation, by the word “experiment”. For the latter word is altogether
less misleading. However the idea that quantumn mechanics, our most fundamental physical
theory, is exclusively even about the results of experiments would remain disapponting.

In the beginning natural philosophers tried to understand the world around them. Trying
to do that they hit upon the great idea of contriving artificially simple situations in which
the number of factors involved is reduced to a minimum. Divide and conquer. Experimental
sclence was born. But experiment is a tool. The aim remains: to understand the world.
To restrict quantum mechanics to be exclusively about piddling laboratory operations is to
betray the great entreprise. A serious formulation will not exclude the big world outside the
laboratory.

6. THE QUANTUM MECHANICS OF LANDAU AND LIFSHITZ

Let us have a look at the good book ”Quantum Mechanics”,by L.D.Landau and E.M.
Lifshitz *. I can offer three reasons for this choice:

1) It is indeed a good book.

2) It has a very good pedigree. Landau sat at the feet of Bohr. Bohr himself never wrote
a systematic account of the theory. Perhaps that of Landau and Lifshitz is the nearest to
Bohr that we have.

3) It is the only book on the subject in which I have read every word.

This last came about because my friend John Sykes enlisted me as technical assistant
when he did the English translation. My recommendation of this book has nothing to do
with the fact that one percent of what you pay for it comes to me.
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LL emphasize, following Bohr, that quantum mechanics requires for its formulation ” clas-
sical concepts”.... a classical world which intervenes on the quantum system, and in which
experimental results occur:

«..It 1s in principle impossible.... to formulate the basic concepts of quantum mechanics
without using classical mechanics.” (LL2) '

“...The possibility of a quantitative description of the motion of an electron requires
the presence also of physical objects which obey classical mechanics to a sufficient degree of
accuracy.” (LL2)

“....the “classical object” is usually called 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....in which the physicist-observer takes part. By measurement, in quantum mechanics,
we understand any process of interaction beteween classical and quantum objects, ocurring
apart from and independently of any observer. The importance of the concept of measurement
In quantum mechanics was elucidated by N.Bohr.” (LL2)

And with Bohr they insist again on the inhumanity of it all:

“.... Once again we emphasize that, in speaking of “performing a measurement”, we refer
to the interaction of an electron with a classical “apparatus”, which in no way presupposes
the presence of an external observer.” (LL3)

“....Thus quantum mechanics occupies a very unusual place among physical theories: it
contains classical mechanics as a limiting case, yet at the same time 1t requires this limiting
case for its own formulation....” (LL3)

“....consider a system consisting of two parts: a classical apparatus and an electron.... The
states of the apparatus are described by quasiclassical wavefunctions ®,(£), where the suffix
n corresponds to the "reading” g, of the apparatus, and £ denotes the set of its coordinates.
The classical nature of the apparatus appears in the fact that, at any given instant, we can
say with certainty that it is in one of the known states ®, with some definite value of the
quantity g; for a quantum system such an assertion would of course be unjustified.” (LL21)

“....Let ®q(£) be the wavefunction of the initial state of the apparatus....and¥(q) of the
electron....the initial wave function of the whole systemn is the product

U(g)®0(¢)

....After the measuring process....we obtain a sum of the form

S Au(@)®.(6)

where the A,(q) are some functions of q.” (LL22)

“The classical nature of the apparatus, and the double role of classical mechanics as both
the limiting case and the foundation of quantum mechanics, now make their appearance. As
has been said above, the classical nature of the apparatus means that, at any instant, the
quantity g (the “reading of the apparatus”) has some definite value. This enables us to say
that the state of the system apparatus + electron after the measurement will in actual fact
be described, not by the entire sum.... but by only the one term which corresponds to the
“reading” g, of the apparatus,
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An(g)®n(€)

It follows from this that A,(g) is proportional to the wave function of the electron after
the measurement.... ” (LL22)

This last is (a generalization of) the Dirac jump, not an assumption here but a theorem.
Note however that it has become a theorem only in virtue of another jump being assumed....
that of a “classical” apparatus into an eigenstate of its “reading”. It will be convenient later to
refer to this last, the spontaneous jump of a macroscopic system into a definite macroscopic
configuration, as the LL jump. And the forced jump of a quantum system as a result of
“measurement”..... an external intervention .... as the Dirac jump. I am not implying that
these men are the inventors of these concepts. They have used them in references that I can
give.

According to LL (LL24), measurement (I think they mean the LL jump)

“.... brings about a new state.... Thus the very nature of the process of measurement

involves a far-reaching principle of irreversibility....causes the two directions of time to be
physically non-equivalent, i.e. creates a difference between the future and the past.”

The LL formulation, with vaguely defined wave function collapse, when used with good
taste and discretion, is adequate FAPP. It remains that the theory is ambiguous in principle,
about exactly when and exactly how the collapse occurs, about what is microscopic and what
1s macroscopic, what quantum and what classical. We are allowed to ask: is such ambiguity
dictated by experimental facts? Or could theoretical physicists do better if they tried harder?

7. THE QUANTUM MECHANICS OF K.GOTTFRIED

The second good book that I will look at here is that of Kurt Gottfried ®. Again I can
give three reasons for this choice:

1) It is indeed a good book. The CERN library had four copies. Two have been stolen...
already a good sign. The two that remain are falling apart from much use.

2) It has a very good pedigree. Kurt Gottfried was inspired by the treatments of Dirac and
Pauli. His personal teachers were J.D.Jackson, J.Schwinger, V.F.Weisskopf, and J.Goldstone.
As consultants he had P.Martin, C.Schwartz, W.Furry, and D.Yennie.

3) I have read some of it more than once.

This last came about as follows. I have often had the pleasure of discussing these things
with Viki Weisskopf. Always he would end up with “you should read Kurt Gottfried”. Always
I would say “I have read Kurt Gottfried”. But Viki would always say again next time “you
should read Kurt Gottfried”. So finally I read again some parts of K.G., and again, and
again, and again.

At the beginning of the book there is a declaration of priorities (KG1):

“....The creation of quantum mechanics in the period 1924-28 restored logical consis-
tency to its rightful place in theoretical physics. Of even greater importance, it provided
us with a theory that appears to be in complete accord with our empirical knowledge of all

nonrelativistic phenomena....”

The first of these two propositions, admittedly the less important, is actually given rather
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little attention in the book. One can regret this a bit, in the rather narrow context of the
particular present enquiry....into the possibility of precision. More generally, KG’s priorities
are those of all right-thinking people.

The book itself is above all pedagogical. The student is taken gently by the hand, and
soon finds himself or herself doing quanturmn mechanics, without pain,... and almost without
thought. The essential division of KG’s world into system and apparatus, quantum and
classical, a notion that might disturb the student, is gently implicit rather than brutally
explicit. No explicit guidance 1s then given as to how in practice this shifty division is to be
made. The student is simply left to pick up good habits by being exposed to good examples.

KG declares that the task of the theory is (KG16)

“....to predict the results of measurements on the system...”

The basic structure of KG's world is then

W=5+R

where S is the quantum system, and R is the rest of the world... from which measurements
on 5 are made. When your only interpretative axioms are about measurement results (or
findings(KG11)) you absolutely need such a base R from which measurements can be made.
There can be no question then of identifying the quantum system S with the whole world W.
There can be no question... without changing the axioms... of getting rid of the shifty split.
Sometimes some authors of “quantum measurement” theories seem to be trying to do just
that. It is like a snake trying to swallow itself by the tale. It can be done... up to a point.
But it becomes uncomfortable for the spectators even before it becomes painful for the snake.

But there 1s something which can and must be done... to analyse theoretically not
removing the split, which can not be done with the usual axioms, but shifting it. This is
taken up 1n KG’s chapter IV: “The Measurement Process... ”. Surely “apparatus” can be

seen as made of atoms? And it often happens that we do not know, or not well enough,
either a priori or by experience, the functioning of some system that we would regard as
“apparatus”. The theory can help us with this only if we take this “apparatus” A out of the
rest of the world 12 and treat it together with S as part of an enlarged quantum system S':

R=A+R
S+A=5
W=5+R

The original axioms about “measurement” (whatever they were exactly) are then applied not
at the S/A interface, but at the A/R' interface... where for some reason it is regarded as
more safe to do so. In real life it would not be possible to find any such point of division
which would be exactly safe. For example, strictly speaking it would not be exactly safe to
take it between the counters, say, and the computer... slicing neatly through some of the
atoms of the wires. But with some idealization, which might “...be highly stylized and not do
Justice to the enormous complexity of an actual laboratory experiment...” (KG165), it might
be possible to find more than one not too implausible way of dividing the world up. Clearly
it is necessary to check that different choices give consistent results (FAPP). A disclaimer
towards the end of KG’s chapter IV suggests that that, and only that, is the modest aim of
that chapter (KG189):
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“....we emphasize that our discussion has merely consisted of several demonstrations of
internal consistency....”.

But reading reveals other ambitions.

Neglecting the interaction of A with R’, the joint systemn S’ = S + A is found to end, in
virtue of the Schrodinger equation, after the “measurement” on S by A, in a state

¥ = Z cn ¥,

where the states ¥,, are supposed each to have a definite apparatus pointer reading g,. The
corresponding density matrix is

p= Z Z e U W

At this point KG insists very much on the fact that A4, and so S’, is a macroscopic system.
For macroscopic systems, he says, (KG186)

“..trAp = trAp for all observables A known to occur in nature....”

where

p=3_ leal 0,0,

i.e. p is obtained from p by dropping interference terms involving pairs of macroscopically

different states. Then (KG188)

“....we are free to replace p by p after the measurement, safe in the knowledge that the
error will never be found....”

Now while quite uncomfortable with the concept “all known observables”, I am fully
convinced ® of the practical elusiveness, even the absence FAPP, of interference between
macroscopically different states. So let us go along with KG on this and see where it leads:

“...If we take advantage of the indistinguishibility of p and p to say that p is the state
of the system subsequent to measurement, the intuitive interpretation of ¢, as a probability
amplitude emerges without further ado. This is because ¢, enters p only via [cn,|?, and
the latter quantity appears in p in precisely the same manner as probabilities do in classical
statistical physics...”

I am quite puzzled by this. If one were not actually on the lookout for probabilities, I

think the obvious interpretation of even g would be that the system is in a state in which the
various ¥’s somehow coexist:

¥, ¥; and ¥, ¥} and.......

This is not at all a probability interpretation, in which the different terms are seen not as
coexisting, but as alternatives:
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W, ¥ or UoW3 or.........

The idea that elimination of coherence, in one way or another, implies the replacement
of “and” by “or”, is a very common one among solvers of the “measurement problem”. It has

always puzzled me.

It would be difficult to exagerate the importance attached by KG to the replacement of
p by p:

“....To the extent that nonclassical interference terms (such as c,ck,,) are present in the
mathematical expression for p .... the numbers c,, are intuitively uninterpretable, and the
theory is an empty mathematical formalism....” (KG187).

But this suggests that the original theory, “an empty mathematical formalism”, is not just
being approximated.... but discarded and replaced. And yet elsewhere KG seem clear that
it is in the business of approximation that he is engaged, approximation of the sort that

introduces irreversibility in the passage from classical mechanics to thermodynamics:

“..In this connection one should note that in approximating p by p one introduces
irreversibility, because the time reversed Schrodinger equation cannot retreive p from p.”

(KG188)

New light is thrown on KG’s ideas by a recent recapitulation”, referred to in the following
as KGR. This is dedicated to the proposition that (KGR1)

“.... the laws of quantum mechanics yield the results of measurements...”
These laws are taken to be (KGR1):

“1) a pure state is described by some vector in Hilbert space from which expectation
values of observables are computed in the standard way; and

2) the time evolution is a unitary transformation on that vector.” (KGR1)
Not included in the laws is (KGR1) von Neumann’s

«

. infamous postulate: the measurement act “collapses” the state into one in which
there are no interference terms between different states of the measurement apparatus....”

Indeed, (KGR1)

“the reduction postulate is an ugly scar on what would be a beautiful theory if it could
be removed....”

Perhaps it is useful to recall here just how the infamous postulate is formulated by von
Neumann #. If we look back we find that what vN actually postulates (vN347,418) is that
“measurement”.... an external intervention by R on S... causes the state

$=) cndn

to jump, with various probabilities, into
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@y or ¢q or.....

From the “or” here, replacing the “and”, as a result of external intervention, vN infers
that the resulting density matrix, averaged over the several possibilities, has no interfer-
ence terms between states of the system which correspond to different measurement results
(vN347). I would emphasize several points here:

1) Von Neumann presents the disappearance of coherence in the density matrix, not as
a postulate, but as a consequence of a postulate. The postulate is made at the wavefunction
level, and is just that already made by Dirac for example.

2) T can not imagine von Neumann arguing in the opposite direction, that lack of in-
terference in the density matrix implies, without further ado, “or” replacing “and” at the
wavefunction level. A special postulate to that effect would be required.

3) Von Neumann is concerned here with what happens to the state of the system that has
suffered the measurement....an external intervention. In application to the extended system
S'(= S + A) von Neumann’s collapse would not occur before external intervention from R’.
It would be surprising if this consequence of external intervention on S’ could be inferred
from the purely internal Schrodinger equation for S’. Now KG’s collapse, although justified
by reference to ”all known observables” at the S’/R' interface, occurs after measurement by
A on S, but before Interaction across S'/R'. Thus the collapse which KG discusses is not
that which von Neumann infamously postulates. It is the LL collapse rather than that of von
Neumann and Dirac.

The explicit assumption that expectation values are to be calculated in the usual way
throws light on the subsequent falling out of the usual probability interpretation “without
further ado”. For the rules for calculating expectation values, applied to projection operators
for example, yield the Born probabilities for eigenvalues. The mystery is then: what has
the author actually derived rather than assumed. And why does he insist that probabilities
appear only after the butchering of p into p, the theory remaining an “empty mathematical
formalism” so long as p is retained? Dirac, von Neumann, and the others, nonchalantly
assumed the usual rules for expectation values, and so probabilities, in the context of the
unbutchered theory. Reference to the usual rules for expectation values also makes clear what
KG’s probabilities are probabilities of. They are probabilities of “measurement” results, of
external results of external interventions, from R’ on S’ in the application. We must not drift
into thinking of them as probabilities of intrinsic properties of S’. independent of, or before,
“measurement”. Concepts like that have no place in the orthodox theory.

Having tried hard to understand what KG has written, I will finally permit myself some
guesses about what he may may have in mind. I think that from the beginning KG tacitly
assumes the Dirac rules at S'/R'. The Dirac von Neumann jump is included here. It is
required to get the correlations between results of successive measurements. Then, for “all
known observables”, he sees that the “measurement” results at S'/R’ are

AS IF

the LL jump had ocurred in S’. This is important, for it shows how, FAPP, we can get away
with attributing definite classical properties to “apparatus” while believing it to be governed
by quantum mechanics. But a jump assumption remains. LL derived the Dirac jump from
the assumed LL jump. KG derives, FAPP, the LL jump from assumptions at the shifted split
R'/S" which include the Dirac jump there .

It seems to me that there is then some conceptual drift in the argument. The qualification
“as if (FAPP)” is dropped, and it is supposed that the LL jump really takes place. The drift is
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away from the “measurement”(... external intervention...) orientation of orthodox quantum
mechanics towards the idea that systems, such as S’ above, have intrinsic properties ....
independently of and before observation. In particular the readings of experimental apparatus
are supposed to be really there before they are read. This would explain KG’s reluctance to
interpret the unbutchered density matrix p, for the interference terms there could seem to
imply the simultaneous existence of different readings. It would explain his need to collapse
p into p, In contrast with von Neumann and the others, without external intervention across
the last split S'/R’'. It would explain why he is anxious to obtain this reduction from the
internal Schrodinger equation of S'. (It would not explain the curious reference to “all known
observables”....at the S’/R' split. I have not been able to grasp all his ideas in a crystal clear
way.) The resulting theory would be one in which some “macroscopic” “physical attributes”
have values at all times, with a dynamics that is related somehow to the butchering of p into
p... which is seen as somehow not incompatible with the internal Schrodinger equation of the
system. But the retention of the vague word “macroscopic” would reveal limited ambition
as regards precision. To avoid the vague “microscopic”“ macroscopic” distinction... another
shifty split.... I think one would be lead to introduce variables which have values even on the
smallest scale. If the exactness of the Schrodinger equation is maintained, I see this leading
towards the picture of de Broglie and Bohm.

8. THE QUANTUM MECHANICS OF N.G.van KAMPEN

Let us look at one more good book, namely Physica A153(1988), and more specifically
at the contribution: “Ten theorems about quantum mechanical measurements”, by N.G.van
Kampen ?. This paper is distinguished especially by its robust common sense. The author
has no patience with

«

. such mind boggling fantasies as the many world interpretation....” {vK98)

He dismisses out of hand the notion of von Neummann, Pauli, Wigner,.... that “measure-
ment” might be complete only in the mind of the observer:

“....] find it hard to understand that someone who arrives at such a conclusion does not
seek the error in his argument.” (vK101)

For vK
“...the mind of the observer is irrelevant.... the quantum mechanical measurement is
terminated when the outcome has been macroscopically recorded....” (vK101)

Moreover, for vK, no special dynamics comes in to play at “measurement”:

“.... The measuring act is fully described by the Schrodinger equation for object system
and apparatus together. The collapse of the wavefunction is a consequence rather than an
additional postulate...” (vK97)

After the measurement the measuring instrument, according to the Schrodinger equation,

will admittedly be in a superposition of different readings. For example Schrodinger’s cat will
be in a superposition

|cat >= allife > +b|death >

And it might seem that we do have to deal with “and” rather than “or” here, because of
interference:
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“...for instance the temperature of the cat...... the expectation value of such a quantity
G ....is not a statistical average of the values Gy; and Ga4 with probabilities |a|? and [b|?, but
contains cross terms between life and death....” (vK103)

But vK 1s not impressed:

“The answer to this paradox is again that the cat is macroscopic. Life and death are
macrostates containing an enormous number of eigenstates [{ > and |d >.....

leat >= Za,ll > +Ebdld >
1 d

....the cross terms in the expression for < G >.... as there i1s such a wealth of terms,
all with different phases and magnitudes, they mutually cancel and their sum practically
vanishes. This is the way in which the typical quantum mechanical interference becomes
inoperative between macrostates.... ” (vK103)

This argument for no interference is not, it seems to me, by itself immediatly convincing....
Surely 1t would be possible to find a sum of very many terms, with different amplitudes
and phases, which is not zero? However I am convinced anyway that interference between
macroscopically different states is very very elusive. Granting this, let me try to say what
I think the argument to be, for the collapse as a “consequence” rather than an additional
postulate.

The world is again divided into “system”, “apparatus”, and the rest:

W=S+A+R =5+R

At first, the usual rules for quantum “measurements” are assumed at the 5'/R' inter-
face.... including the collapse postulate, which dictates correlations between results of “mea-
surements” made at different times. But the “measurements” at S'/R’ which can actually be
done, FAPP, do not show interference between macroscopically different states of §’. It is as
if the “and” in the superposition had already, before any such measurements, been replaced
by “or”. So the “and” has already been replaced by “or”. It is as if it were so.... so it is so.

This may be good FAPP logic. If we are more pedantic, it seems to me that we do not
have here the proof of a theorem, but a change of the theory .... at a strategically well chosen
point. The change is from a theory which speaks only of the results of external interventions
on the quantum system, S’ in this discussion, to one in which that system is attributed
intrinsic properties .... deadness or aliveness in the case of cats. The point is strategically
well chosen in that the predictions for results of “measurements” across 5’/ R’ will still be the
same.... FAPP.

Whether by theorem or by assumption, we end up with a theory like that of LL, in which
superpositions of macroscopically different states decay somehow into one of the members. We
can ask as before just how and how often it happens. If we really had a theorem, the answers
to these questions would be calculable. But the only possibility of calculation in schemes like
those of KG and vK, involves shifting further the shifty split.... and the questions with it.

For most of the paper, vK’s world seems to be the petty world of the laboratory, even
one that 1s not treated very realistically:

«

. In this connection the measurement is always taken to be instantaneous ....” (vK100)
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But almost at the last moment a startling new vista opens up... an altogether more vast

one:

“Theorem IX: The total system is described throughout by the wave vector ¥ and has
therefore zero entropy at all times....

This ought to put an end to speculations about measurements being responsible for increasing
the entropy of the universe. (It won’t of course.)” (vK111)

So vK, unlike many other very practicle physicists, seems willing to consider the universe
as a whole. His universe, or at any rate some “total system”, has a wavefunction, and that
wavefuntion satisfies a linear Schrédinger equation. It is clear however that this wavefunction
cannot be the whole story of vK’s totality. For it is clear that he expects the experiments
in his laboratotries to give definite results, and his cats to be dead or alive. He believes
then in variables X which identify the realities... in a way which the wavefunction.... without
collapse.... can not. His complete kinematics is then of the de Broglie Bohm “hidden variable”

dual type:

(¥(t ), X ()

For the dynamics, he has the Schrodinger equation for ¥, but I do not know exactly what
lie has in mind for the X, which for him would be restricted to some “macroscopic” level.
Perhaps indeed he would prefer to remain somewhat vague about this, for

“Theorem IV: Whoever endows v with more meaning than Is needed for computing
observable phenomena is responsible for the consequences....”(vK99)

9. TOWARDS A PRECISE QUANTUM MECHANICS

In the beginning, Schrodinger tried to interpret his wavefunction as giving somehow the
density of the stuff of which the world is made. He tried to think of an electron as represented
by a wavepacket...... a wavefunction appreciably different from zero only over a small region
in space. The extension of that region he thought of as the actual size of the electron.....his
electron was a bit fuzzy. At first he thought that small wavepackets, evolving according to
the Schrodinger equation, would remain small. But that was wrong. Wavepackets diffuse,
and with the passage of time become indefinitely extended, according to the Schrodinger
equation. But however far the wavefuncton has extended, the reaction of a detector to an
electron remains spotty. So Schrédinger’s “realistic” interpretation of his wavefunction did
not survive.

Then came the Born interpretation. The wavefunction gives not the density of stuff,
but gives rather (on squaring its modulus) the density of probability. Probability of what,
exactly? Not of the electron being there, but of the electron being found there, if its position
1s “measured”.

Why this aversion to “being” and insistence on “finding”? 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.

The kinematics of the world, in this orthodox picture, is given by a wavefunction (maybe

more than one?) for the quantum part, and classical variables..... variables which have
values.... for the classical part:
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The X’s are somehow macroscopic. This is not spelled out very explicitly. The dynamics
1s not very precisely formulated either. It includes a Schrodinger equation for the quantum
part, and some sort of classical mechanics for the classical part, and “collapse” recipes for
their interaction.

It seems to me that the only hope of precision with this dual (¥, z) kinematics is to
omit completely the shifty split, and let both ¥ and z refer to the world has a whole. Then
the z's must not be confined to some vague macroscopic scale, but must extend to all scales.
In the picture of de Broglie and Bohm, every particle is attributed a position z(t). Then
instrument pointers..... assemblies of particles, have positions, and experiments have results.
The dynamics is given by the world Schrodinger equation plus precise “guiding”equations
prescribing how the z(t)'s move under the influence of ¥. Particles are not attributed angular
momenta, energies, etc., but only positions as functionsof time. Peculiar “measurement”
results for angular momenta, energies, and so on, emerge as pointer positions in appropriate
experimental setups. Considerations of the KG and vK type, on the absence (FAPP) of
macroscopic interference, take their place here, and an important one, in showing how usually
we do not have (FAPP) to pay attention to the whole world, but only to some subsystem,
and can simplify the wavefunction.... FAPP.

The Born-type kinematics (¥, X) has a duality that the original ”density of stuff” picture
of Schrodinger did not. The position of the particle there was just a feature of the wavepacket,
not something in addition. The Landau Lifshitz approach can be seen as maintaining this
simple nondual kinematics, but with the wavefunction compact on a macroscopic rather
than microscopic scale. We know, they seem to say, that macroscopic pointers have definite
positions. And we think there is nothing but the wavefunction. So the wavefunction must be
narrow as regards macroscopic variables. The Schrodinger equation does not preserve such
narrowness (as Schrodinger himself dramatized with his cat). So there must be some kind of
”collapse” going on in addition, to restore macroscopic narrowness when momentarily it is
violated In the same way, if we had modified Schrodinger’s evolution somehow we might have
prevented the spreading of his wavepacket-electrons. But actually the idea that an electron
in a ground-state hydrogen atom is as big as the atom (which is then perfectly spherical) is
perfectly tolerable.... and maybe even attractive. The idea that a macroscopic pointer can
point simultaneously in different directions, or that a cat can have several of its nine lives
at the same time, is harder to swallow. And if we have no extra variables X to express
macroscopic definiteness, the wavefunction must be narrow in macroscopic directions in the
configuration space. This the Landau-Lifshitz collapse brings about. It does so in a rather
vague way, at rather vaguely specified times.

In the Ghirardi-Rimini-Weber scheme '* this vagueness is replaced by mathematical
precision. The Schrédinger wave function even for a single particle, is supposed to be unstable,
with a prescribed mean life per particle, against spontaneous collapse of a prescribed form.
The lifetime and collapsed extension are such that departures of the Schrodinger equation
show up very rarely and very weakly in few-particle systems. But in macroscopic systems,as
a consequence of the prescribed equations , pointers very rapidly point, and cats are killed or
spared.

The orthodox approaches, whether the authors think they have made derivations or
assumptions, are just fine FAPP........ when used with the good taste and discretion picked up
from exposure to good examples. At least two roads are open from there towards a precise
theory, it seems to me. Both eliminate the shifty split. The deBroglie-Bohm type theories
retain, exactly, the linear wave equation, and necessarily add complementary variables to
express the non-waviness of the world on the macroscopic scale. The GRW type theories have
nothing in their kinematics but the wavefunction. It gives the density (in a multidimensional
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configuration space!) of stuff. To account for the narrowness of that stuff in macroscopic
dimensions, the linear Schrodinger equation has to be modified, in the GRW picture by a
mathematically prescribed spontaneous collapse mechanism.

The big question, in my opinion, is which, if either, of these two precise pictures can be
redeveloped in a Lorentz invariant way.

«_...All historical experience confirms that men might not achieve the possible if they had
not, time and time again, reached out for the impossible.”

Max Weber
“....we do not know where we are stupid until we stick our necks out.”

R.P.Feynman
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AN EXPOSITION OF BELL'S THEOREM

Abner Shimony

Departments of Philosophy and Physics
Boston University
Boston, MA

The purpose of this lecture is to give a self-contained demonstration
of a version of Bell's theorem and a discussion of the significance of the
theorem and the experiments which it inspired. The lecture should be compre-
hensible to people who have had no previous acquaintance with the literature
on Bell's theorem, but I hope that explicitness about premisses and conse-
quences will make it useful even to those who are familiar with the litera-
ture.

All versions of Bell's theorem are variations, and usually generaliza-
tions, of the pioneering paper of J.S. Bell of 1964, entitled "On the
Einstein-Podolsky-Rosen Paradox.'" All of them consider an ensemble of pairs
of particles prepared in a uniform manner, so that statistical correlations
may be expected between outcomes of tests performed on the particles of each
pair. If each pair in the ensemble is characterized by the same quantum
state @, then the quantum mechanical predictions for correlations of the
outcomes can in principle be calculated when the tests are specified. On
the other hand, if it is assumed that the statistical behavior of the pairs
is governed by a theory which satisfies certain independence conditions (al-
ways similar to the Parameter and Outcome Independence conditions stated be-
low, though the exact details vary from version to version of Bell's theo-
rem), then it is possible to derive a restriction upon the statistical cor-
relations of the outcomes of tests upon the two particles. The restriction
is stated in the form of an inequality, known by the collective name of
"Bell's Inequality." Each version of Bell's theorem exhibits a choice of @
and of the tests upon the two particles such that the quantum mechanical
predictions of correlations violates one of the Bell's Inequalities. The
theorem therefore asserts that no physical theory satisfying the specified
independence conditions can agree in all circumstances with the predictions
of quantum mechanics. The thecrem becomes physically significant when the
experimental arrangement is such that relativistic locality prima facie re-
quires that the independence conditions be satisfied. Because such arrange-
ments are in principle possible (and, in fact, actually realizable, if cer-
tain reasonable assumptions are made), one can restate Bell's Theorem more
dramatically as follows: no local physical theory can agree in all circum-—
stances with the predictions of quantum mechanics.I shall now present a sche-
matic arrangement which will allow the foregoing sketch to be filled out in
detail.
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Fig. 1. An ensemble of particle pairs 1+2 is emitted
in a uniform manner from the source. Particle
1 enters an analyzer with a controllable para-
meter a, and the possible outcomes are s
(m =1,2,...). Particle 2 enters an analYzer
with controllable parameter b, and the possible
outcomes are t_ (n=1,2,00.)

Figure 1 shows a source from which particle pairs, labeled 1 and 2, are
emitted in a uniform manner. The complete state of a pair 1+2 is denoted by
k, where k belongs to a space K of complete states. No assumption is made
about the structure of K, except that probability measures can be defined on
it, Because of the uniform experimental control of emission, it is reason-
able to suppose that there is a definite probability measure w defined over
K which governs the ensemble of pairs; but the uniformity need not be such
that w is a delta~function, i.e., that every pair of the ensemble is in the
same complete state k., Particle 1 enters an analyzer with a controllable pa-
rameter a, which the experimenter can specify, for instance, by turning a
knob. Likewise, particle 2 enters an analyzer with a controllable parameter
b. The possible outcomes of the analysis of 1 are sp(m = 1,2,...), and for
mathematical convenience all these values are assumed to lie in the interval
[-1, 1]. The possible values of the analysis of 2 are tp(n = 1,2...), and
these values are assumed to lie in the same interval. It will be assumed that
when the parameters a and b and the complete state k are all specified, then
the probabilities of the various single and joint outcomes of analysis are
well-defined. Specifically,

pl(m/k,a,b) is the probability of the outcome s_ of the analysis of
particle 1, given the complete state k and the parame-
ters a and b;

pz(n/k,a,b) is the probability of the outcome t, of the analysis
of particle 2, given the complete state k and the pa-
rameters a and b;

p(m,n/k,a,b) is the probability of joint outcomes sy and t., given the
complete state k and the parameters a and b;

pl(m/k,a,b,n) is the probability of the outcome Sh of the analysis of
particle 1, given the complete state k, the parameters
a and b, and the outcome t, of the analysis of parti-
cle 2;

pz(n/k,a,b,m) is the probability of the outcome t_ of the analysis
of particle 2, given the complete state k, the parame-

ters a and b, and the outcome Sh of the analysis of
particle 1.

The general principles of probability theory, with no further assumptions, im-
pose the following product rule:

p(m,n/k,a,b) = pl(m/k,a,b)p?/n/k,a,b,m) = p2(n/k,a,b)pl(m/k,a,b,n).
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We now have sufficient notation to make explicit the independence conditions
which were mentioned in the sketch above, and which were first made expli-
cit by Jarrett (1984).
Parameter Independence:
pl(m/k,a,b) is independent of b, and hence may be written as pl(m/k,a),
pz(n/k,a,b) is independent of a, and hence may be written as pz(n/k,b).
Outcome Independence:

pl(m/k,a,b,n) = pl(m/k,a,b),

p2(n/k,a,b,m) = pZ(n/k,a,b).

]

The conjunction of Parameter Independence and Outcome Independence implies
the following factorization, which is crucial in the argument ahead:

p(m,n/k,a,b) = pl(m/k,a)p?(n/k,b). )

Eq. (1) is often called "Bell's locality condition," but even though T
have used this nomenclature myself, I now think that it is misleading,
and a more neutral name is preferable.

Expectation values can be defined explicitly in terms of the outcomes

Su and tn and appropriate probabilities:

El(k,a) = % pl(m/k,a)sm is the expectation value of the outcome of
analysis of particle 1, given complete state
k and parameter a;

Ez(k,b) = g pz(n/k,b)tn is the expectation value of the outcome of

analysis of particle 2, given complete state
k and parameter b;

E(kya,b) = % n p(m,n/k,a,b)s t . 1is the expectation value of the pro-
’ b duct of the outcomes of analysis of
the two particles, given k, a, and b.

These definitions, together with Eq. (1), immediately yield the following:
E(k,a,b) = E!(k,a)E2(k,b). (2)

I shall now state and prove a simple mathematical lemma, which will
bring us close to one of Bell's Inequalities.

Lemma: if x', y', x", and y" all belong to the interval [-1, 1], then S
m_n

belongs to the interval [-2, 2], where § = x'y' + x'y" + x"y' - x"y".

The proof I shall now give will not be the inelegant one which I presented
in Erice, but the:elegant argument which N.David Mermin suggested after the
lecture. The first step is to note that S is linear in each of its four va-
riables and hence takes on its extreme values at corners of the domain, i.e.
at (x',y',x",y") = (£1,+l,+1,+1). Clearly, at a corner the value of S must

be an integer between —4 and 4. But S can also be written as

S - (Xl + xll)(y' + yll) - ZXHY”-

Since the two quantities in parentheses can only be O or +2, and the last
term is +2, S cannot have values +3 or +4 at the corners. Q.E.D.
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The lemma is agplied to our physical problem by identifying x' with
El(k,a"), y' with E“(k,b'), x" with El(k,a"), and y'" with EZ(k,b"). Since
each of the outcomes s and t, lies in [-1,1]1 , so also do these four expec—
tation values, so that the conditions of the lemma are satisfied. The conclu-
sion of the lemma is then also satisfied, and when Eq. (2) is combined with
the conclusion, the result is

-2 < E(k,a',b") + E(k,a"',b") + E(k,a",b") - E(k,a",b") = 2. (3)

Now integrate Inequality (3) over the space K, using the probability dis-
tribution w throughout as a weighting, and we obtain

1 " "
-2 < Ew(a',b') + E (a',b") + E (a",b") - E_(a",b") < 2, (4)

where we have used the normalization condition

=1
d/;dw , (s)

and we have defined the ensemble expectation value Ew(a,b) as
E (a,b) =J/”E(k,a,b)dw. (6)
w K

Inequality (4) is Bell's Inequality, or, more accurately, it is_the version
of Bell's Inequalities which emerges in the present exposition.

It is noteworthy that except for the assumption that probability mea-
sures can be defined on K there are no assumptions about the structure of
the space K of complete states and no characterization of the complete
states k. Also, no assumptions have been made about the probability measure
w over K, except that the same w is used in integrating each of the terms in
Inequality (4). Physically this one assumption would not be justified if the
choice of the parameters a and b affected the emission of particle pairs by
the source. That the w governing the ensemble of particle pairs emitted by a
source is independent of the parameters of the analyzers is an independence
condition distinct from Parameter Independence and Outcome Independence,
which were used above, but somewhat similar to Parameter Independence.

In order to complete the proof of Bell's Theorem it is essential to
find a realization of the schema of Figure 1 in which the quantum mechanical
predictions are in conflict with Inequality (4). One realization which is
easy to analyze takes particles 1 and 2 to be photons propagating respective-
ly in z and -z directions and prepared by the source in the polarization
state

B = 27 (Dug(2) + uy(Dug(2)], 7

and takes the analyzers to be linear polarization filters placed perpendicu-
lar to the z—-axis in the paths of photons 1 and 2 respectively. The parame-
ter a is the angle from the x-axis to the transmission axis of the first po-
larization filter, and b is similarly defined for the second filter. In

Eq. (7) u (1) is a normalized vector representing quantum state of linear
polarizat¥on along the x-axis for photon 1; and u (1), u_(2), and u_(2)
have analogous meanings. § is a superposition of aYstate in which both I

and 2 are polarized along the x-axis and another state in which both 1 and
2 are polarized along the y-axis. Obviously, @ is a quantum state in which
neither photon 1 nor photon 2 has a definite polarization with respect to
the x-y axes, and yet the results of polarization measurements with res-
pect to these axes is strictly correlated, for if photon 1 passes through

a filter with transmission axis along x, so also will photon 2; and if
photon 1 fails to pass through such a filter, photon 2 will likewise fail.
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The two outcomes of analysis of photon 1 are passage and non-passage
through the polarization filter, and these outcomes will conventionally be
assigned the numerical values 1 and -1 respectively (these are the sy of
Fig. 1). Likewise, passage and non-passage of photon 2 through its filter
will be assigned 1l and -1 respectively (the t, of Fig. 1). 1In order to cal-
culate the quantum mechanical expectation value of the product of the out-
comes, which will be the counterpart of the expectation value of Eq. (4),
it is essential to find an appropriate self-adjoint operator S, correspond-
ing to analyzing photon 1 with a filter having a transmission axis at the
angle a, and an analogous self-adjoint operator Tp corresponding to anal-
yzing photon 2. S, is determined by the requirements that it be linear

on the two-dimensional space of polarization states of photon 1 and have
eigenvalues 1 and -1 respectively for states of linear polarization along
the directions specified by a and a+w/2 respectively:

Saqug = ugy, (8)

Sala+n/2 = ~Yatn/2- (9

The states u, and uyzyq/ are obtained by rotating uy(l) and uy(l) by the
angle a:

u, = cosauy(l) + sinauy(l), (10)

Ugpn/2 = —sinauX + cosauy(l). (11)

It is then straightforward to compute the effect of Sa on ux(l) and uy(l):
S, u (1) = cos2au (1) + sinZauy(l), (12)
Sauy(l) = sin2aux(1) - cosZauy(l). (13)

The operator Tb is constructed in the same way, and
Tqu(Z) = costuX(Z) + sin2buy(2), (14)
Tbuy(Z) = sin2bux(2) - sianuy(Z). (15)

The quantum mechanical counterpart of Eq. (6) is obtained by taking the

expectation value of the operator product S5,Tp in the quantum mechanical

state @ of Eq. (7):

Egla,b) = <B[S,T,[8> = b<u, (1)u, (2) + ug(Duy(2)]
[cosZaux(l) + sinZauy(l)] [costuX(Z) + sianuy(Z)] +
[sin2aux(1) - cosZauy(l)] [sianuX(Z) - costuy(Z)]> =
cos2(b - a). (16)

If we now choose a', b', a", b" to be respectively n/4, n/8, 0, and 37/8,
then

Eg(a',b') = Eﬁ(a',b") = Eg(a",b') = —Ew(a",b") = 0.707, (17)

and therefore

Eg(a',b') + E¢(a‘,b") + EQ(a",b') Eg(a",b") = 2.828,

in disaccord with Inequality (4) (Bell's Inequality). Q.E.D.
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More than ten experimental tests of Bell's Inequality have been per-
formed by examining the correlation of linear polarizations of photon pairs,
as outlined in the preceding paragraph, and several other tests have also
been carried out.” In all these experiments the analyzers are separated by
distances of the order of a meter or more, so that no obvious mechanism
would exist whereby Parameter Independence or Outcome Independence would
be violated. But it is also highly desirable to exclude the possibility of
a mechanism which is not obvious, and this exclusion can :be achieved only
if the events of analysis have space-like separation and hence cannot be
directly connected causally according to Relativity Theory. Only the expe-
riment of Aspect, Dalibard, and Roger (1982) has realized this desideratum.
In their experiment the choice between the values a' and a" of the analyzer
of photon 1, and between the values b' and b" of the analyzer of photon 2,
is effected by acousto-optical devices which switch from one value to the
other in 10 nanoseconds; whereas the switch-analyzer assembly for photon 1
is separated from that for photon 2 by about 13 meters, which can be tra-
versed by a relativistically permitted signal in no shorter time interval
than 40 nanoseconds. One would therefore antecedently expect both Parameter
and Outcome Independence to hold, and moreover the distribution w over the
space K of complete states to be independent of the parameters. Aspect et al.
found, however, that their measured expectation values E(a,b) violated In
eq. (4) by 5 standard deviations, but were in good agreement with the pre-
dictions of quantum mechanics. If one disregards certain loopholes (which
will be discussed below), then this experiment constitutes a spectacular
confirmation of quantum mechanics at a point where it seems to be endang-
ered, as well as a spectacular demonstration that there is some nonlocality
in the physical world.

Since Bell's Inequality is violated by the results of Aspect et al.,
and the Inequality follows from Parameter and Outcome Independence together
with the independence of w from the parameter values, one of these three
premisses must be false, and it is important to locate the false one. The
natural way to obtain this information is to examine the implications of
quantum mechanics, which after all was brilliantly confirmed by Aspect
et al., as well as by most of the other experiments inspired by Bell's The-
orem.

Outcome Independence is violated by the quantum mechanical predictions
based upon @ of Eq. (7). Suppose that the angles a and b of the two polari-
zation filters are both taken to be 0, i.e., their transmission axes are
both along the x direction. The conditional probability of photon 2 passing
through its filter if photon 1 passes through its filter is 1, but it is
0 if photon 1 fails to pass through its filter. Since these two conditional
probabilities are different from each other, it is impossible for both of
them to equal the unconditioned probability that photon 2 will pass through
its filter -(which, in fact, is obviously %*). Thus Outcome Independence, as
defined above, is violated. It should be noted that a violation of Outcome
Independence is predicted on the basis of any quantum state which is "en-
tangled"” (in Schrodinger's locution), that is, not expressible as a pro-
duct of a quantum state of particle 1 and a quantum state of particle 2.
For any entangled state of a two-particle system can be written in the

form

v =2 cjui()v;i(2), (18)
1

where the u_ (l) are orthonormal, the v (2) are orthonormal, the sum of the
absolute sq&ares of the expansion coefficients ¢, is unity, and the sum con-
tains at least two terms with non-zero coefficiefits. By constructing self-
adjoint operators S and T of which the u, and the v, are eigenstates with
distinct eigenvalues, one obtains a violdtion of Outcome Independence.
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The quantum mechanical predictions do not violate Parameter Independence
if the Hamiltonian of the composite system can be written in the form

Heor = Hp + Hp, (19)

where Hj is the Hamiltonian of particle 1 alone (in the environment to which
it is exposed), and Hy is the Hamiltonian of particle 2 alone (in the envir-
onment to which it is exposed), with no interaction Hamiltonian, and with no
influence of particle 1 upon the environment of particle and conversely. If
the composite system l+2 is prepared at the initial time O in the state $(0),
then the state P(t) at a later time t is determined by the Hamiltonian of

Eq. (19) and also $(0). 1t is straightforward to prove4 that the expectation
value of any self-adjoint operator S on the space of states of particle 1

is independent of Hy, and the expectation value of any self-adjoint operator
T on the space of states of particle 2 is independent of Hj. Now the choice
of a parameter a of the analyzer of particle 1 is effectively the choice of
the Hamiltonian of particle 1, and likewise concerning the choice of para-
meter b. Outcome Independence follows. This general argument may be made
more intuitive by considering the special case of a pair of photons with @

of Eq. (7) as the state at time 0. At time t photon 1 impinges upon a polar-
ization filter with one of two orientations of its transmission axis:

(i) a = 0, or (ii) a = /4. 1In either case, the filter upon which photon

2 will impinges will be taken to have its transmission axis along the x
direction, i.e., parameter b is 0. We calculate the probability that photon
2 will pass through the filter in each of the two cases.

(i) Photon 1 has probability } of passing through the filter with a = 0,
in view of Eq. (7), and if it does so the term uy(l)uy,(2) is picked out of
the superposition, so that the conditional probability that photon 2 will
pass through its filter is 1. Photon 1 also has probability 3 of not pass-—
ing, in which case the term uy(l)uy(Z) is picked out, and the conditional
probability that photon 2 will pass its filter is 0. The net probability

of passage of photon 2 is -1 + %-0 = 3.

(ii) It is useful to rewrite Eq. (7) in the equivalent form

0 = 27 lugr (Dugr (2) + ugr (Duygr ()], (74)

where x' is the direction in the x-y plane making an angle 7/4 to both the
x and y directions, and y' is perpendicular to x' in the x-y plane. (The
equivalence of Eq. (7A) to Eq. (7) follows from Egs. (10) and (1ll) and their
counterparts for photon 2.) There is probability 3} that photon 1 will pass
through its filter, picking out the term uy'(l)uy'(2), in which case the
conditional probability that photon 2 will pass through its filter is
cos?n/4. There is also probability % that photon 1 will not pass through
its filter, in which case the term uy'(l)uy'(Z) is picked out, and the con-
ditional probability that photon 2 will pass through its filter is cos?3n/4.
The net probability of passage of photon 2 is %-% + }-} = 3. The equality
of the net probabilities of passage in cases (i) and (ii) illustrates
Parameter Independence.

Since the standard quantum mechanical treatment of polarization corre-—
lation assigns the same quantum state to all photon pairs of the ensemble
of interest (either the @ of Eq. (7) or an appropriate variant of it), there
is no question of a quantum mechanical violation of the third premiss util-
ized in deriving Bell's Inequality (i.e., that the distribution over the
complete states is independent of the parameters a and b).

It is very interesting now to consider the relation between violations
of Parameter Independence and Outcome Independence and relativistic locality.
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Suppose that a violation of Parameter Independence occurred in the situa-
tion schematized by Fig. 1 because for some k and m

Pl(m/k,a,b') # pl(m/k,a,b"). (20)

Then one binary unit of information can be transmitted from the location

of the second analyzer to the location of the first analyzer by making the
choice between b' and b" at the fromer location, in the following way.
Aspect shows the choice between b' and b" can be made extremely quickly.

We can also suppose (as a thought experiment) that a large number of pairs
of particles 1+2 are prepared in a time which is short compared to the time
needed to choose between b' and b'", and also that the complete state of each
of these pairs is k. Then the difference in probability in Inequality (20)
will with near certainty, by the law of large numbers, produce a clear dif-
ference between the statistics of occurrence of the value s_ conditional
upon the two choices of the parameter b, Hence with near ce?tainty an ob-
server of the outcomes s can infer whether the choice made at the other
analyzer was b' or b'". BY the hypothetical arrangement, this binary unit of
information is transmitted at superluminal speed between the two analyzers.
Hence, in principle a violation of the relativistic upper limit upon the
speed of a signal can be obtained by exploiting failure of Parameter Inde-
pendence in a situation where the analyses of the two particles are events
with space-like separation., If there is a violation of Outcome Independence,
a binary unit of information can alsc be transmitted, but it is easy to

see that the transmission is slower than the speed of light. Suppose that
for some k and m

pl(m/k,a,b,n') # pl(m/k,a,b,n"). 21

Again prepare a large number of pairs 1+2 in the state k, and for each
pair analyze particle 2 with the same parameter setting b. While the analy-
sis is being performed, particle 1 is to be placed "on hold," e.g., by
being kept in a circular light guide. An antecedent agreement is made that
particle 1 will be released only if the result of analysis of particle 2 is
t_, or t_, but not both, and that a uniform decision will be made for all
tﬂe pairg 1+2. An observer of the statistics of s can then infer with
near certainty whether the choice has been made tofrelease particles 1 of
which the partners are analyzed with result t_, or with result t ,,, since
the difference in probability in Inequality (91) will, by the laW of large
numbers, produce a difference in the statistics with near certainty.The
transmission of a binary unit of information in this way, however, will be
subluminal, because the analysis of particle 2 must be completed, then the
result of the analysis must be transmitted to the ring where particle 1 is
"on hold," then particle 1 must be released, then it must propagate towards
its analyzer, and finally it must be analyzed. Clearly, this complex process
takes longer than a straight radar signal between the two analyzers.

In an experimental arrangement like that of Aspect et al. a violation
of either Parameter Independence or of Outcome Independence produces some
tension with the relativity Theory. But the violation of Parameter Indepen-
dence seems to be the more serious of the two, because it entails the possi-
bility in principle of superluminal signalling. The fact that quantum mecha-
nics does not violate Parameter Independence but does violate Outcome In-
dependence is most remarkable on two counts: it does show that quantum
mechanical entanglement can be responsible for a kind of causal relation
between two events with space-like separation, but also that quantum me-
chanics can "co-exist peacefully” with relativity theory because of the im-
possibility of exploiting entanglement for the purpose of superluminal com-
munication. By using the locution ''peaceful coexistence" I do not wish to
convey the impression that there is nothing problematic in the state of af-
fairs which has been exhibited. A deeper analysis is certainly desirable.
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It is possible that a deepened.understanding of space-time structure will
be required in order to clarify quantum mechanical nonlocality. Or it may
be that the concept of "event,'" which has been borrowed from pre-quantum
physics, will have to be radically modified. However, I have not yet seen
a promising development of -either of these suggestions.

Because the implications of Bell's Theorem and of the experiments which
it inspired are philosophically momentous, it is important to pay attention
to the loopholes in the experimental reasoning.

The first loophole is due to the periodicity of the switches which As-
pect et al., employed to choose between a' and a" and between b' and b". The
switches are not randomly turned off and on, but rather operate periodically
with a total period of 20 nanoseconds. Even though relativity theory does
not permit a direct causal connection between contemporaneous settings of
the switches (where 'contemporaneous' must of course be understood relative
to some definite frame of reference, such as that of the laboratory), the
periodicity may enable clever demons located in one analyzer to infer the
contemporaneous setting of the other switch and to regulate the outcome of
analysis of the particle accordingly. The attribution of such a process of
inductive reasoning to the demons would not violate relativity theory. In
order to block this loophole it would be necessary to operate the switches
stochastically. It has been suggested by Clauser, for example, that each
should be controlled by the arrival of starlight gathered by a telescope
pointed to a distant galaxy. Blocking the periodicity loophole seems to be
experimentally feasible in principle, but it would greatly complicate an
experiment that is already difficult and delicate. It remains to be seen
whether any experimenter is sufficiently motivated to make the great ef~-
fort that would be required. See also Zeilinger (1986).

The second loophole is due to the fact that actual particle detectors
are not 100% efficient. In the foregoing discussion of Fig. 1 it was tacitly
assumed that that if the outcome of analyzing particle 1 is s_ (e.g., the
particle passes into channel m), then this fact can be known With certainty
because the particle detectors are ideally efficient; and likewise con-
cerning the analysis of particle 2. In the polarization correlation tests
of Bell's Inequality the photodetectors were less than 20% efficient, and
therefore fewer than 4% of the photon pairs that jointly pass through their
respective filters are actually detected., It is not inconceivable that the
passage rates satisfy Bell's Inequality, but that the counting rates agree
with the predictions of quantum mechanics (in disaccord with the Inequality)
because of peculiarities in the way that the complete states k determine
the probability of detection. There are, in fact, several models” which
preserve Parameter Independence and Outcome Independence and nevertheless
yield counting rates in agreement with the predictions of quantum mechanics.
Inefficiency of the particle detectors is crucial for these models.

The following argument shows that the detection loophole can be blocked
in a polarization correlation experiment if technology improves and photo-
detectors of efficiency greater than 0.841 are constructed. The foregoing
realization of the schema of Fig. 1 can be modified by taking the analyzers
not to be polarization filters, which allow photons polarized along the
transmission axis to pass but absorb those polarized in the perpendicular
direction, but rather Wollaston prisms, which allow the first set of pho-
tons to emerge in one ray (the "ordinary ray") and the second to emerge in
another (the "extraordinary ray"). Then three outcomes of analysis of pho-
ton 1 can be distinguished: detection in the ordinary ray, detection in
the extraordinary ray, and non-detection; and the values of s assigned
to these three outcomes can be conventionally taken to be 1, -1, and O.

The outcomes t_ of analysis of photon 2 will likewise have three values
1, -1, and 0, with analogous interpretations. If Parameter and Outcome
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Independence are satisfied, and the distribution w is independent of the
parameters, then Bell's Inequality (Inequality (4)) follows. The expression
for the quantum mechanical expectation of the product of s_ and t_ is equal
to the expectation value of the operator product S_T , which was given by
Eq. (16), multiplied by the probability of joint detection of a pair of pho-
tons emerging from the respective Wollaston prisms. If, for simplicity, we
assume that the four photodetectors intercepting the ordinary and extra-
ordinary rays from the two Wollaston prisms have the same efficiency n,

then the probability of joint detection is n2. Hence the expectation value
of present interest is

Eget(a,b) = n2c082(b—a). (22)

For the choice of angles made before Eq. (17) we have

E;EC(a',b') +ESST @b+ ESRE,Y) - ESSC (a0 = 2.82807.  (23)

Disaccord with Bell's Inequality results provided that

n> 0.841. (24)

Mermin and Schwarz (1982) and Garg and Mermin (1987) have shown that the
detection loophole can be blocked if a less stringent constraint is placed
upon the efficiency of the photodetectors, namely,

n> 0.828, (25)

but their arguments are more complex than the simple one just given and
depend upon some additional (but empirically testable) symmetry assumptions.

Finally, I wish to point out that even though I have used polarization
correlation to discuss Bell's Inequality, there is nothing about the Inequa-
lity that is intrinsically restricted to polarization experiments. That
should be obvious, in fact, from the generality of Fig. 1 and of the proof
given of Bell's Inequality. In my lecture on two-particle interferometry I
shall show how an experiment performed on a pair of photons with entangled
momentum states can test the Inequality.

FOOTNOTES

lThis version of Bell's Inequality was first derived by Clauser2 Horne,
Shimony, and Holt (1969) in the special case where pl(m/k,a,b) and p“(n/k,a,b)
are allowed to have only the values 1 and 0 (so called 'deterministic' hid-
den variables theories). A derivation without this restriction was first
given by Bell (1971) and in another way by Clauser and Horne (1974). The
procedure in my lecture, making use of the simple mathematical lemma, was
inspired by Clauser and Horne, although their lemma was different. Alain
Aspect pointed out to me after the lecture that a proof exactly like mine,
with the same lemma, is in the unpublished part of his doctoral thesis (1983).

2summaries of experiments up to 1978 are given by Clauser and Shimony
(1978) and later ones by Redhead (1987), pp. 107ff. Two important recent
tests of Bell's Inequality, using photon pairs produced by parametric down-
conversion are Ou and Mandel (1988) and Shih and Alley (1988).

3See, for example, von Neumann (1955), pp. 431-4.

4Eberhard (1977); Ghirardi, Rimini, and Weber (1980); and Page (1982).
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5Clauser and Horne (1974), and Marshall, Santos, and Selleri (1983).
The earlier model of Pearle (1970) achieves agreement with quantum mecha-
nics only if the probability that a pair will be detected once it has
passed through the pair of filters has a rather special form g(b-a), and
the constant function (specifically with value nz, as discussed above) is
not of his required form; hence his model does not achieve all that those
of Clauser and Horne and of Marshall et al. have established.
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1. INTRODUCTION - WAVE PARTICLE DUALITY IN TEXT-BOOKS

1.1 Gedanken experiment

Many introductory courses in Quantum Mechanics -whether or not they choose an histor-
ical perspective- begin with an “experiment” exhibiting the wave-particle duality of the
behaviour of matter [1]. This experiment is usually presented as in Fig. 1.a and Fig. 1.b.

The first setup (Fig. 1.a) shows that the rate of detection N(z) is modulated according
to a sine law, i.e. it exhibits an interference pattern. Such a phenomenon can be interpreted
by invoking a wave that passes through both holes : it is well known that the resulting
intensity then depends on the “path difference”

A = [STy D] - [ST, D] (1)

and leads to a modulation depending on the interference order

A
=5 (2)

where )\ is the wavelength of the considered wave. The “particles” emitted by the source
thus have a wave-like behaviour.

The second “experiment” is not always explicitly presented [2]. Its purpose is to
prove that the source S really emits particles (if it was not the case, the discussion would
be pointless). The particle-like behaviour is evidenced by the absence of coincidences,
although the detectors D; and D, are fired at the same rate. The natural image for this
behaviour is that of a particle that passes either through hole T} or through T3, but not
through both holes.

Sixty-Two Years of Uncertainty 45
Edited by A. 1. Miller
Plenum Press, New York, 1990



T

[
—
o

!

' NGO

)

(% TI [Caincidence }={N¢]
2T 0, [Ii;l

Fig. 1 . Ideal wave — particle duality experiment. A source s
emits indepent particles, one at a time. The particles fall

on a screen with two holes Tyand T 5. In the experiment (a),

the movable detector D measures the detection rate as a function
of its position and reveals the existence of an inter ference
pattern. In experiment (b), the two detectors Dy and D,, just
after the holes Ty and Ty, feed singles an coincidence counters :
no coincidence is detected.

The amazing thing is of course that the source and the screen with the holes are the
same for both experiments. We thus have the same “objects” passing through the screens.
But in Fig. 1.b, we describe this object as a particle passing in only one hole, while in
Fig. 1.a the object is described as a wave split between the two holes. This is the essence
of wave-particle duality, on which we will comment later.

Now, a question arises : are the experiments of Fig. 1.a and Fig. 1.b only gedanken
experiment, or are there real experiments corresponding to these setups ?

1.2. Experiments with massive particle

It is well known that interferences have been already observed with electrons [3] and with
neutrons [4]. We can thus conclude that experiment of Fig. 1.a has been realized with
objects (electrons, or neutrons) that we definitely consider as particles [5]. However, to our
knowledge, nobody has tried an experiment such as the one of Fig. 1.b. Moreover, for most
of the experiments that we know about, it is likely that the experiment of Fig. 1.b would
not have had conclusive results, since the sources (electron gun, or neutron reactor) deliver
a flux of particles with a certain probability of two particles being present simultaneously,
and thus a non zero rate of coincidences is expected [6].
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1.3. Experiments with light

The concept of wave-particle duality first emerged about light [7], and it is natural to look
for such experiments in the domain of optics. The wave-like behaviour of light, even with
extremely feeble sources, has been evidenced as early as 1909, and 1t has been confirmed
repeatedly (Table I).

Table 1

Feeble light interference experiments. All these experiments have been realized with attenuated light
from a usual source (atomic discharge).

Author Date Experiment Detector Photon  Interferences
flux (s~ 1)
Taylor (a) 1909  Diffraction Photography 106 Yes
Dempster et al. (b) 1927 (i) Grating Photography 102 Yes
(ii) Fabry Pérot Photography 10° Yes
Janossy etal. (¢) 1957  Michelson interferometer Photomultiplier 10° Yes
Griffiths (d) 1963  Young slits Image interferometer 2X10%  Yes
Scarl et al. (e) 1968  Young slits Photomultiplier 2x10%  Yes
Donstovetal. (ff 1967 Fabry Pérot Image intensifier 103 No
Reynolds et al. (g) 1969  Fabry Pérot Image intensifier 102 Yes
Bozec et al. (b) 1969  Fabry Pérot Photography 102 Yes
Grishaevetal. (i) 1969 Jamin interferometer Image intensifier 103 Yes

(a) G.L Taylor, Proc. Cambridge Philos. Soc. 15 (1909) 114.

(b) A.J. Dempster and H.F. Batho, Phys. Rev. 30 (1927) 644.

(c) L. Janossy and Z. Naray, Acta Phys. Hungaria 7 (1967) 403.

(d) H.M. Griffiths, Princeton University Senior Thesis (1963).

(¢) G.T. Reynolds et al., Advances in electronics and electron physics 28 B (Academic Press, London,
1969).

() Y.P. Dontsov and A.L. Baz, Sov. Phys. JETP 25 (1967) 1.

(g) G.T. Reynolds, K. Spartalian and D.B. Scarl, Nuovo Cim. B 61 (1969) 355.

(h) P. Bozec, M. Cagnet and G. Roger, C.R. Acad. Sci. 269 (1969) 8383.

(i) A. Grishaev et al., Sov. Phys. JETP 32 (1969) 16.

All these experiments consisted in the observation of interferences, or diffraction, with
strongly attenuated light emitted by a usual source (thermal source, discharge lamp, laser).
We can thus conclude that experiments of the type of Fig. 1.a have been realized with light.

When it comes to the particle-like behaviour of the light, one usually reads that the
features of the photoelectric effect are a clear evidence of the existence of light quanta, as
was first argued by Einstein [7]. In fact, a second thought to this question reveals that
there is another possible interpretation for the photoelectric effect, in which light is not
quantized [8]. In this interpretation, the light is taken as a classical electromagnetic wave,
but the detector is quantized. More precisely, the detector is an atom with a stable ground
state and a continuum of excited ionized states, separated from the ground state by a gap
Wr (Fig. 2). The atom-light interaction is described by the hamiltonian
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H[ = E.D (3&)

with

E = & cos wt (3.b)

the electric field of the wave, and D the electric dipole operator of the detector. All the
well known features of the photoelectric effect (existence of a threshold, kinetic energy of
the electron equal to iw — Wr,... ) are easily derived from this model. In this point of
view, they are thus related to the quantization of the detector. This discussion shows that
the existence of the photoelectric effect is certainly not sufficient to prove the particle like
character of the light [9].

-

Fig. 2 . Model of detector for the photoelectric ef fect. The
model considers an atom with a ground state and a continuum of
excited ionized state. The interaction of the detector with a
classical electromagnetic field (no photons involved) leads to

all the known features of the photoelectric ef fect.

If one is really committed to demonstrating the particle-like character of the light, an
experiment such as the one of Fig. 1.b is thus required. But there is no experiment of this
type corresponding to the wave experiments of Table 1. We can thus conclude that the
wave-like behaviour of light has been clearly evidenced (even with extremely attenuated
light), but that the particle-like behaviour is far from having been so unquestionably
demonstrated.

2. PARTICLE-LIKE BEHAVIOUR OF LIGHT : POSSIBILITY OF AN EXPERIMENT

2.1 Anticorrelation on a beam-splitter

The arrangement of Fig. 3, which is a straight forward modification of the scheme of
Fig. 1.b, would be ideal to evidence a particle-like behaviour.

If light is really made of quanta, a single quantum should either be transmitted or
be reflected by the beam splitter, but it should not be split. As a consequence, the
coincidence counter should never register any joint detection. On the opposite, for a
semi-classical model that describes the light as a classical wave, this wave is split on the
beam splitter, and there is a non-zero probability of joint detection on both sides of the
beam-splitter. The observation of an anticorrelation (zero coincidence) would thus be a
convincing demonstration of the particle-like behaviour.

What do we expect if we send light on such an apparatus ? In fact, it all depends of
the kind of light which is used.

48



PMT L Coincidence
Pc
Incident / | N - p
> 7 > ] T
light  /gs /pMT

Fig. 3 . Ezperiment for evidencing a particle — like behaviour.

The light is detected on both sides of the beamsplitter by two
photomultiplier tubes : Pp and Pr are probabilities of single
photodetection ; Pc 1s the probability of coincidence. This
scheme 1s stmilar to Fig. 1.b.
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2.2 One photon state versus quasi-classical state of the light

In order to make predictions on the issue of the experiment of Fig. 3, we resort to the
Quantum Theory of Light [10] [11]. The result crucially depends on the quantum state
of the light. For a one-photon state |y} = [n = 1) (that is to say an eigenstate of the
operator “number of photons”, with the eigenvalue equal to 1) a complete anticorrelation
is predicted. As a matter of fact, a single photon can only be detected once, and the
probability of a joint detection is rigourously zero. One photon states would thus entail a
particle-like behaviour.

But usual sources do not emit one-photon states. For instance, a pulsed laser emits a
quasi-classical state (also called a “coherent state”) [10] :

For such a state, the probability to have n photodetections, P(n), is a Poisson distri-
bution

Ial’.’n

P(n) = e~lel® (4)

This formula allows to interpret | « |? as the average number of photons.
<n>=lal’ (5)

For such a state, it is clear that the probability of a double detection, P(2), is different
from zero, so that coincidences will be observed and there is no particle-like behaviour. It
is remarkable that this property remains true even for very feeble light, where the average
photon number |a|? is smaller than 1.

Now, all the usual sources (thermal lamps, discharge lamps, lasers) emit a mixture of
quasi-classical states, even when they are strongly attenuated. There is thus no possibility
to observe a particle-like behaviour with usual sources. It is interesting to notice that
all the sources used for the experiments quoted in Table I are of this type. Had the
authors of these experiments tried the experiment of Fig. 3, they would not have observed
a particle-like behaviour.

In order to observe a particle-like behaviour, we thus need a special source, producing
one-photon states. But another question then arises : how will we evidence the particle-
like behaviour ? We need to be able to define the meaning of a zero coincidence rate (in
experimental Physics, there is no absolute zero ; one has to define a threshold under which
a quantity is taken null). In other words, we need a criterion to discriminate between a
particle-like behaviour and a behaviour compatible with the semi-classical description.

2.3 Particle-like behaviour inequality

When contemplating the possibility of an experiment (even with ideal apparatus), it is
clear that Fig. 3 is not definite enough. The notion of a coincidence is meaningfull only
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if we define a gate : there will be a coincidence only if two detections happen during the
same gate. Since on the other hand the experiment must be repeated in order to be able
to define probabilities (of single or joint detections) we are led to the scheme of Fig. 4,
based on a source emitting light pulses well separated in time. Each time a light pulse is
emitted,

/
TRIGGER [k — (S - , M

Ny

Fig. 4 . Scheme of a more realistic experiment to evidence a
particle — like behaviour of the light. The source s emats light
pulses. The detections are allowed only during gates
synchronized with the light pulses.

a gate generator produces an electronic gate of duration w, which enables the counters to
monitor a detection during the gate ; a coincidence is registered if both detectors are fired
during the same gate. :

Data are accumulated for a large number of light pulses. At the end of a run, the
process has been repeated N; times (number of gates). One has monitored N counts on
the transmitted arm, Ng counts on the reflected arm, and N¢ coincidences. The relevant
probabilities are immediately derived from these measurable numbers

Ng Nr
Pp = —=— Pr = — .
R , T v, (6.a)
N¢

A semi-classical description of such an experiment predicts some coincidences, since
the wave packet is split in two parts on the beam splitter. Both detectors may thus be
fired simultaneously, and it is easy to show [12] that the probability of a joint detection
obeys the inequality
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Pc > Pg.Pr (7

In order to demonstrate this inequality, it is enough to make the following assumptions :

- a wave packet is split on the beam splitter ;

- the probability of a photodetection on a detector depends only on the intensity of
the light impinging onto this detector : it is proportional to this intensity ;

- the intensity of the light is a positive quantity, so that some Cauchy-Schwarz in-
equalities can be derived.

From (7) and (6), one can then derive an inequality for the numbers of counts [12]

N,.N¢
Ngr.Np

B = > 1 (8)

This inequality must be satisfied if the experiment under consideration can be described
by a semi-classical theory of the light. On the other hand, for a one photon state, we
expect (if the Quantum Theory of the light is correct) no coincidence, that is to say a clear
violation of this inequality. We thus have a way to characterize the particle-like behaviour
of the light, namely the violation of inequality (8).

It is interesting to calculate the prediction of the Quantum Theory of light in the case
of a quasi-classical state. Taking into account the Poisson distribution (eq. (4)), it is easy
to show that in this case the inequality (7) (or (8)) is never violated. For a very attenuated
pulse, with an average photon number smaller than 1, one finds the marginal value, i.e.

Pc = Pr.Pr orequivalently g =1 (9)

(very weak quasi-classical pulse).

The prediction (9) supports our claim that all the experiments of Table I, realized
with very attenuated usual sources, would not have shown a particle-like behaviour. In
order to observe such a behaviour, it has been necessary to use a special source emitting
light in a state close to a one-photon state.

3. EXPERIMENTAL OBSERVATION OF A PARTICLE-LIKE BEHAVIOUR [12]

3.1. Source of one photon pulses

Suppose that an atom is brought at time ¢y into an excited resonance level, decaying to the
ground state with a life time 7. Because of energy conservation, only one photon is emitted,
and we get a one-photon pulse starting at time ¢y and decaying with a time constant 7.
In a discharge lamp, a collection of atoms are excited at random times : when taking
the average over to, one finds [13] that the light is now described by a density matrix
which corresponds to a mixture of quasi-classical states. The one-photon character has
disappeared. This is a usual source.
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In order to keep the one-photon character, it is thus necessary to know the excitation
time ¢, for each pulse, and to avoid the overlap of several pulses. The second condition
is clearly achieved by attenuating the source, but the first one, which is essential, was
overlooked in previous discussions.

We have been able to meet these requirements by use of a source designed to test Bell’s
inequalities [14]. This source is based on calcium atoms in a moderate density atomic beam
[15], excited to the upper level of a two photon cascade (Fig. 5).

422.7 nm

Fi19.5 . Radiative cascade in Calcium, used to produce the
one — photon pulses. The atom 1s excited to its upper level by a
two photon ezcitation with two lasers. It then reemits photons
vy and vs.

A first photon v; is then emitted, and the atom in brought into the resonant excited level
|r} at the time ¢y of emission of v; : a one-photon pulse, corresponding to the photon v,,
will then be emitted. This pulse decays with a time constant 7 ; its starting time ¢y can
be known by detection of v;.

3.2. Experiment with one-photon pulses

In fact, we have exactly followed the scheme of Fig. 4, the detection of v; allowing to
act the gate generator, and v; being the one-photon light pulse. The gate duration w is
taken equal to w = 2 7 (r = 4.7 ns) in order to have an almost complete overlap of
the gate with the corresponding light pulse. If the excitation rate A, of the cascades is
kept much smaller than w ™!, we are in an almost ideal situation to realize the experiment
of Fig 4. If N.w is not very small compared to 1, there is some chance that two pulses
are emitted during the same gate, and the state is no longer a pure one-photon state :
the probability of having two photons is not exactly zero, and some joint detections are
expected. However, for M,w small enough, a clear violation of the inequality (7) is still
predicted [11].

The results of the experiment are summarized in Fig. 6, which presents a plot of
the quantity (3, defined in eq. (8), as a function of the reduced excitation rate M w. As
expected, when M,w is small enough, there is a very strong violation of the inequalities
(7) and (8), that is to say that we observe a clear particle-like behaviour.
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3.3. Experiment with a usual source

In order to support the discussion of § 2 on usual sources, and also to check the quite
sophisticated detection system used in the experiment above, we have replaced the one
photon source by a pulsed light emitting diode. The driving electric pulse was shaped in
order to get a light pulse decaying in about 6 ns, and the gate generator of Fig. 4 was
triggered by this electric pulse. We could then keep all the detection system (including the
various delays, and gate duration) as it was in the above experiment. By adjustement of the
pulse generator frequency, and by attenuation of the light pulse with a neutral density, we
could achieve singles rates of the same order as in the above experiment. The coincidence
rates have then been found much higher than in the experiment with one-photon states.

! 1 1 { 1 i
@ .5 1 x = o

Fig.6 Correlation parameter § as a function of the reduced
ezcitation rate Now. A value of 8 smaller than 1
(anticorrelation) is the evidence of a particle — like behaviour.
The solid line is the quantum theory prediction taking into
account the posstbility of two pulses being excited during the
same gate. For a pure one — photon state,  would be exactly zero.

More precisely, the coefficient 3 has always been found equal to 1, within one standard
deviation.

We thus have an experimental confirmation that the light emitted by a usual source
behaves according to the semi-classical description. In order to fully appreciate the meaning
of this experimental result, it is interesting to note that in this experiment the average
energy per pulse impinging on the photodetector is about 1072 photon per pulse ! So,
even when very attenuated, the light emitted by a usual source doesn’t have a particle-like

behaviour.
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4. INTERFERENCES WITH A SINGLE PHOTON

We return now to the source delivering one-photon pulses, that have shown a particle-like
behaviour (§ 3.2). It is then tempting to check whether these light pulses may also behave
like a wave, i.e. allow to observe interferences. The quantum theory of light predicts indeed
that interferences will happen, even with one photon pulses.

We have thus kept the same source and the same beam splitter as in Fig. 4, but the
detectors on both sides of the beam splitter have been removed, and the two beams are
recombined on a second beam splitter (Fig. 7).

PM
e

nd AR
}y" d PMz

SINGLE-PHOTON Afff(
/s

INPUT / AT

Fig. 7  Single photon inter ference experiment. The source and
the beam — splitter are like in Fig. 4, but we have now a Mach—
Zehnder inter ferometer. The detectors are gated as in Fig. 4,
synchroneously with the light pulses.

We now have a Mach-Zehnder interferometer : the detection rates in the two outputs (1)
and (2) are expected to be modulated as a function of the path difference in both arms
of the interferometer. To guarantee that we are still working with one-photon pulses, the
detectors PM1 and PM?2 are gated synchroneously with the pulses, as they were in the
experiment of § 3.2.

The interferometer has been carefully designed and built to give high visibility fringes
with the large étendue beam produced by our source (about 0.5 mm? rad?). The reflecting
mirrors and the beam splitters are A/50 flat on a 40 mm diameter aperture. A mechanical
system driven by Piezzoelectric transducers permits to displace the mirrors while keeping
their orientation exactly constant : this allows to control the path difference of the inter-
ferometer. Preliminary checks with usual light have then shown a strong modulation of
the counting rates of PMz; and PMz, when the path difference is modified. For a source
shaped as the one photon pulses source, the measured visibility is

V = 987% + 05% (10)
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Fig. 8 Number of detected counts in outputs (1) and (2) as a
function of the path dif ference. The four sets of curves
correspond to di f ferent counting times at each path d:f ference.
This experiment has been realized in a one — photon pulse
regime (8 = 0.2). Note that inter ferograms in outputs (1) and
(2) are complementary.




which is very close to the ideal value V' = 1. We have then run this interferometer with
the one-photon source.

Fig. 8 presents the results of such an experiment. The number of counts during a
given time interval are measured as a function of the path difference. In the first curves,
the counting time at each position was 0.01 s, while it was 10 s for the last recordings.
This run was performed with the sources at a regime corresponding to an anticorrelation
parameter 3 = 0.2 that is to say in the one photon regime. These recordings clearly show

i

the interference fringes building up “one-photon at a time”.
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Fig. 9 Observed visibility of the fringes as a function of
the regime of the source. This visibility keeps close to 1 even
in the almost pure one — photon regime.

When data have been accumulated long enough, the signal to noise ratio is high
enough to allow a measurement of the visibility of the fringes. We have repeated such
measurements for various regimes of the source, corresponding to the different values of
shown on Fig. 6. The results, presented on Fig. 9, show that the visibility of the fringes
keeps close to 1 -within the experimental uncertainties-even in a regime where the source
emits almost pure one-photon pulses. As predicted by the quantum theory of light, single
photon pulses do interfere. To our knowledge, this is the first experiment of this kind
performed with light.

5. WAVE-PARTICLE DUALITY

We now rephrase the usual discussions on wave-particle duality, but we can do it about a
real experiment instead of a gedanken experiment.

We first performed the experiment of Fig. 4, showing a clear anticorrelation on both
sides of the beam splitter, and we claimed that it corresponds to a particle-like behaviour.
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Indeed, if we want to visualize what happens in this experiment, the only possible image
is that “something” is either reflected, or transmitted, on the beam-splitter, but it is not
split : this corresponds to the behaviour of a classical particle,

The experiment of Fig. 7 showed interferences, and we claimed that it corresponds
to a wave-like behaviour. Indeed, the detection rate in any output depends on the path
difference between both arms. The only image [16] that we can find is that “something”
is split on the first beam splitter, and recombined on the second one : this corresponds to
the behaviour of a classical wave.

Now 1t has to be stressed that both experiments have been performed with the same
source and the same beam spliter. In both experiments, we have the same light pulses
impinging on the beam-splitter. But the images that we have to use for these light pulses
are not compatible, and this is why we are led to say that there is “duality” : the light
pulses are wave and particle.

Of course, this is just semantics, and giving a name to this incompatibility doesn’t
solve any problem. At this stage, we can however make a remark in the spirit of Bohr’s
complementarity : for a given experimental arrangement, only one behaviour will appear.
For instance, with the device of Fig. 4, the light pulses assume a particle-like behaviour ;
but with the apparatus of Fig. 7, they assume a wave-like behaviour. And the crucial point
is that both apparatus are mutually incompatible : it is impossible to design an experiment
in which one could test simultaneously the wave-like and the particle-like character of the
light pulses. The selected behaviour depends on the selected apparatus.

This last statement may appear to be an issue to the problem. However, when taken
litterally, new questions arise immediately : when does the system (the light pulse) “make
the choice” to behave like a wave or like a particle ? Is it on the first beam splitter ? If it
is so, this choice must depend on the kind of arrangement that will be encountered later
on the path, and that might be changed afterwards (“delayed choice” experiment {17]).
With such a description, we are immediately facing the problem of non-locality, and the
image is certainly not very comfortable.

We do not know any image built from classical physics (and/or from our everyday
experience) that can logically answer the question of a consistent description of the light
pulses in these two experiments. On the other hand, we know that the quantum formalism
describing the light pulses in the same for both experiments ; the mathematics are not
ambiguous.

The problem then only arises when we ask the question of what image we must choose
to describe the light (wave, or particle ?). Is it “a foolish question” [18] ? We do not think
so, because our experience of Physics is that images are useful for imagining new situations.
But we have to be extremely careful with images in quantum mechanics !
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"NICHT SEIN KANN WAS NICHT SEIN DARF," OR THE PREHISTORY OF EPR, 1909-1935:

EINSTEIN'S BARLY WORRIES ABOUT THE QUANTUM MECHANICS OF COMPOSITE SYSTEMS*

Don Howard

Department of Philosophy
University of Kentucky
Lexington, Kentucky

1. INTRODUCTION

The story of Einstein's misgivings about quantum mechanics and about
his debate with Bohr has been told many times——by the participants them—
selves,! by their colleagues and contemporaries,? and by historians and phi-
losophers of science of later generations.? So the question arises: Why
tell the story yet again? The answer is that there is more to be said. I
will argue that the standard histories have overlooked what was from early
on the principal reason for Einstein's reservations about quantum mechanics,
namely, the non-separability of the quantum mechanical account of interac-
tions, something ultimately unacceptable to Einstein because it could not be
reconciled with the field-theoretic manner of describing interactions.*
Showing the significance of this issue for Einstein is important not only
for the sake of setting right the historical record, but also because it
makes Einstein's critique of quantum mechanics far more interesting—-from
the point of view of the physics involved-—than if we see it resting merely
on a stubborn old man's nostalgic attachment to classical determinism.

*The quote used in the title is taken from a letter of Wolfgang Pauli
to Werner Heisenberg, 15 June 1935 (Pauli 1985, p. 402), in which Pauli
takes issue with the EPR argument. Pauli himself took the quote from a poem
by Christian Morgenstern, '"Die unmdgliche Tatsache,”" reprinted in the col-
lection, "Alle Galgenlieder" (Berlin, 1932), p. 163.

1See Bohr 1949 and Einstein 1946.

2See, for example, Ehrenfest to Goudsmit, Uhlenbeck, and Dieke, 3 No-—
vember 1927 (quoted in Bohr 1985, p. 38); see also Rosenfeld 1967.

3The accounts by Harvey Brown (1981), Arthur Fine (1979), Clifford
Hooker (1972), Max Jammer (1974, 1985), Abraham Pais (1982), and John
Stachel (1986) are those most highly to be recommended. Though he is not a
historian, Bernard d'Espagnat has written insightfully about the Bohr-
Einstein controversy, displaying an especially good understanding of the
technical issues involved in Einstein's critique of the quantum theory and
his dispute with Bohr; see d'Espagnat 1976, 1981.

4To my knowledge, Fine (1986) is the only author who has so far hinted
at the importance of this worry in Einstein's thinking about quantum mechan-—
ics prior to 1935,
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Acccording to the standard accounts, Einstein's critique of the quantum
theory first took the form of doubts about its correctness. More specifi-
cally, he is supposed to have sought through a series of thought experiments
to exhibit violations of the Heisenberg uncertainty relations. Contemporary
witnesses and later commentators describe dramatic encounters between Ein-—
stein and Bohr at the 1927 and 1930 Solvay meetings, where, one by one, Bohr
found the flaws in Einstein arguments, culminating in his stunning refuta-
tion of Einstein's "photon box" experiment, a refutation that turned, ironi-
cally, upon Bohr's showing how a relativistic correction overlooked by
Einstein saves the day for the uncertainty relations. In this version of
history, it was only after Bohr had beaten down these attacks on the cor-
rectness of the quantum theory that ERinstein reformulated his critique in
terms of doubts about the theory's completeness, the mature version of this
latter critique being found in the 1935 Einstein-Podolsky-Rosen (EPR) paper.

There is, of course, some truth to the standard history, even though it
was written by the victors, for Einstein did at one time have doubts about
the uncertainty relations. But it is far from being the whole story, and in
many crucial ways it is just plain wrong. It is not true that Einstein be-—
gan to doubt the theory's completeness only after Bohr had parried his at-
tempts to prove it incorrect. FEinstein expressed public worries about in-
completeness as early as the spring of 1927, and there are hints of such
worries earlier still. But more importantly, from a very early date, at
least 1925, Einstein was pondering the curious failure of classical assump—-
tions abouut the independence of interacting systems made vivid in the new
Bose-Einstein statistics. Earlier still, certainly by 1909, Einstein had
recognized that the Planck formula for black—-body radiation cannot be de-
rived if one assumes that light quanta behave like the independent molecules
in the gases described by classical statistical mechanics. And by spring
1927, Einstein had recognized that quantum mechanics (or at least Schro-
dinger's wave mechanics) fails to satisfy the kind of separability principle
that he regarded as a necessary condition on any adequate physical theory, a
condition clearly satisfied by field theories like general relativity.

Einstein did worry as well about the failure of determinism, about the
peculiar consequences of indeterminacy, and about the curious nature and
role of measurement in quantum mechanics. But these were not, for Einstein,
fundamental problems. They were, instead, symptoms corollary to the one
basic problem of the quantum mechanical denial of the independence of inter-
acting systems. And the main purpose of the famous series of thought exper-
iments devised by Einstein, at least by the time of the 1930 photon-box
thought experiment, was to show that the non—separable quantum theory neces-
sarily yields an incomplete description of physical events if one seeks to
apply it to systems assumed to satisfy a strict separability principle.

There is obvious irony in the circumstance that Einstein could not ac-
cept the non-separability of the quantum theory, because quantum non—sepa-
rability is the almost inevitable issue of a line of development initiated
by Einstein's recognition that the Planck formula cannot be derived from the
assumption of mutually independent light quanta and furthered essentially by
Einstein's elaboration in 1924-1925 of Bose-Pinstein statistics, where the
necessary denial of the independence of interacting systems emerges with
special clarity. The history of quantum mechanics up to 1926, which is of-
ten described as a search for a way consistently to marry the wave and par-
ticle aspects of light quanta and material particles, is, I think, better
described as a search for a mathematically consistent and empirically cor-
rect way of denying the mutual independence of interacting quantum systems.
Particles are naturally imagined as satisfying the separability principle,
and hence as being mutually independent. So too the waves familiar to us
from hydrodynamics, acoustics, and electrodynamics, but not the kind of
"waves' that interfere in the manner necessary to generate the right quantum
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statistics, the "waves'" that Schrbdinger discovered must be located in con-
figuration space, "waves' whose chief virtue is that the "wave" function for
a joint system need not be decomposible into separate "wave' functions for
the component systems. Einstein opened the line of research that led to
Schrédinger's "wave" mechanics, but he could not accept the conclusion, for
it was incompatible with his own deep commitment to the separable manner of
describing interactions implicit in field theories like general relativity.

The first hints that something is seriously wrong with the standard
histories of Einstein's critique of quantum mechanics emerged from a reexam—
ination of the EPR argument initiated by Arthur Fine and since pursued by
myself and others. This re—examination revealed that Einstein did not write
the EPR paper, did not like the argument it contained, and from the summer
of 1935 on espoused a rather different argument for incompleteness, one that
turns crucially upon the just-mentioned, characteristically field-theoretic
assumption about the independence of interacting systems, the assumption
Einstein himself here dubs the "Trennungsprinzip" [separation principle].

Elsewhere I have written at length about Einstein's real argument for
the incompleteness of quantum mechanics, about some of the systematic ques-—
tions raised by the problem of the compatibility of quantum mechanics and
field theory, and about Einstein's views on this question after the appear—
ance of the EPR paper in 1935. Here I want to fill in the story for the
period before the EPR paper. I am quite deliberate in seeking to do so with
the benefit of hindsight, that is to say that, knowing how central the issue
of the separability or independence of interacting systems became in Ein-
stein's later discussions of quantum mechanics, I use that insight as a heu-~
ristic in trying to understand his earlier struggles with the problem, my
working hypothesis being that the worry was similar from early to late.

In what follows, I will first review briefly what I have elsewhere
written about Einstein's post—~EPR critique of the quantum theory. Then I
will turn to a careful retelling of the story of Einstein's worries about
quantum mechanics from 1905 to 1935. I will start with Einstein's tanta-—
lizing remarks about the failure of separability at the time of his papers
on Bose—Einstein statistics. I will then explore the background to these
remarks in his earliest papers on the quantum hypothesis, from 1905 to 1909.
Returning to the 1920s, I will outline Einstein's growing misgivings about
the new quantum mechanics from 1925 to 1927, culminating in his first ex—
plicit criticism of the failure of separability in wave mechanics in the
spring of 1927. The paper concludes with a review of the history of Ein-
stein's famous Gedankenexperimente critical of quantum mechanics, my aim be-—
ing to show that from the start his principal goal was to demonstrate how a
non—separable quantum mechanics is necessarily incomplete when applied to
systems assumed to be separable.

2. EINSTEIN ON LOCALITY AND SEPARABILITY AFTER EPR

The Binstein-Podolsky-Rosen (1935) paper is still commonly taken to
represent the definitive statement of Einstein's mature misgivings about the
quantum theory. 1In brief, the argument found there is this. Pirst, a com-
pleteness condition is asserted as a necessary condition that must be satis-—
fied by any acceptable scientific theory: "every element of the physical
reality must have a counterpart in the physical theory" (EPR 1935, p. 777).
Then a sufficient condition for the existence of elements of physical real-
ity (the famous EPR reality criterion) is laid down: "If, without in any
way disturbing a system, we can predict with certainty (i.e. with probabil-
ity equal to unity) the value of a physical quantity, then there exists an
element of physical reality corresponding to this physical quantity” (Ein-
stein, Podolsky, and Rosen 1935, p. 777). And then, finally, by means of a
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rather complicated argument, it is shown that in an EPR-type thought experi-—
ment involving previously interacting systems, elements of physical reality
exist corresponding to both of two conjugate parameters for one of the two
interacting systems, since the value of either could have been predicted
with certainty and without physically disturbing the system on the basis of
measurements carried out on the other system. But quantum mechanics holds
that conjugate parameters, like position and linear momentum along a common
axis, cannot have simultaneously definite values. Quantum mechanics is,
thus, incomplete, since it fails to satisfy the completeness condition.

That is the standard account of Einstein's incompleteness argument.
But that account is seriously wrong. Einstein did think quantum mechanics
incomplete, but for reasons significantly different from those advanced in
the EPR paper. He repudiated the EPR argument within weeks of its publica-
tion; and from 1935 on, all of his discussions of incompleteness take a
quite different form from that found in the EPR paper. He continued to be
concerned with the peculiar way in which quantum mechanics describes inter-
acting systems; but he never invoked the EPR completeness condition, he
never invoked the reality criterion, and he never invoked the uncertainty
relations. Moreover, what he does say makes far clearer than the EPR paper
the connection between his critique of quantum mechanics, on the one hand,
and his commitments to field theories and realism, on the other.

Einstein's own incompleteness argument first appears in correspondence
with Erwin Schrddinger in June of 1935, barely one month after the publica-
tion of the EPR paper; it was repeated and refined in a series of papers and
other writings between 1936 and 1949.5 1In outline, it is this. A complete
theory assigns one and only one theoretical state to each real state of a
physical system.® But in FPR-type experiments involving spatio—temporally
separated, but previously interacting systems, A and B, quantum mechanics
assigns different theoretical states, different "psi-~functions,"” to one and
the same real state of A, say, depending upon the kind of measurement we
choose to carry out on B. Hence gquantum mechanics is incomplete.

The crucial step in the argument involves the proof that system A pos-—
sesses one and only one real state. This is held to follow from the con-
junction of two principles that I (not Einstein himself) call the locality
and separability principles. Separability says that spatio—temporally sepa-
rated systems possess well-defined real states, such that the joint state of
the composite system is wholly determined by these two separate states.
Locality says that such a real state is unaffected by events in regions of
space-time separated from it by a spacelike interval.?” Einstein argues that
both principles apply to the separated systems in the EPR-type experiment
(if they are allowed to separate sufficiently before we perform a measure-
ment on B). It follows that system A has its own well-defined real state
from the moment the interaction between A and B ceases, and that this real
state is unaffected by anything we do in the vicinity of B. But quantum
mechanics, again, assigns different states to A depending upon the parameter

5The principal published texts are Einstein 1936, 1946, 1948, and 1949;
another important source is Born 1969. For detailed references, see Howard
1985 or 1989.

6This is a curious conception of completeness, more akin to what is
called in formal semantics "categoricity." For more on the background to
the concept of the categoricity or "Eindeutigkeit" of theories in Einstein's
work prior to the development of general relativity in 1915, see Howard
1988. A future paper will explore the issue in the years 1915 to 1935.

"What Einstein calls the "Trennungsprinzip" in his 1935 correspondence
with Schrédinger combines both separability and locality. Einstein does not
himself make the distinction clearly until 1946; see Howard 1985.
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chosen for measurement on B. Thus, Binstein claims that the incompleteness
of quantum mechanics—--in the special sense of its assigning different theo-
retical states to one and the same real state——follows inevitably if we in-—
sist upon the principles of locality and separability.

Understanding that this was Einstein's real incompleteness argument is
crucial to reconstructing the pre-history of the EPR experiment, and this
for two reasons. First, because I want to argue that as early as 1927 and
in virtually all of his later thought experiments critical of the quantum
theory prior to 1935, it was the problem of non—separability that Einstein
was really trying to articulate. And, second, because once we see that this
was the real issue, we understand at last why Einstein's commitment to the
program of field theories forced him to repudiate quantum mechanics. For as
Einstein himself later explained, both locality and separability, but espe—
cially the latter, are built into the ontological foundations of field theo-
ries. The argument is simple. In a field theory, the fundamental ontology,
the reality assumed by the theory, consists of the points of the space-time
manifold and fundamental field structures, such as the metric and stress-
energy tensors, assumed to be well defined at each point of the manifold.®
Implicitly, therefore, any field theory assumes (i) that each point of the
manifold, and by extension any region of the manifold, possesses its own
real state, say that represented by the metric tensor, and (ii) that all in-
teractions are to be described in terms of changes in these separate real
states, which is to say that joint states are exhaustively determined by
combinations of the relevant separate states, just as the separability prin-
ciple demands. If this is correct (and I think it is), and if the quantum
mechanical account of interactions denies separability, then there can be no
reconciliation of the two. Moreover, Einstein had not inconsiderable (if
not ultimately compelling) arguments--methodological, epistemological, and
metaphysical—-—for retaining both locality and separability, which helps to
explain his dogged commitment to the field theory program as an alternative
to gquantum mechanics.

For what follows, the point about the explanation of interactions in
accordance with the separabilty principle bears elaboration. In one sense,
two interacting systems even under a classical description are not indepen—
dent of one another, since various correlations (if only momentum and energy
conservation) are called into being by the interaction. But if the two sys-—
tems are separable, always possessing well-defined separate states that ex—
haustively determine any joint properties——as is the case in classical me-—
chanics, electrodynamics, and general relativity--then they are independent
in the sense that each possesses its own separate 'reality," if you will.
And this independence manifests itself in the fact that all of the correla-
tions between them can be explained in terms of their separate states. In
the interesting case of statistical correlations of the kind to be consider—
ed below, this means that all joint probabilities for measurement outcomes,
given the joint state of the two systems, always factorize as the product of
separate probabilities for the individual measurement outcomes on the two
systems, given, for each system, its own separate state.? The non—-separa-
bility of the quantum mechanical account of interactions manifests itself
precisely in the fact that joint probabilities do not thus factorize.

8Tt is important to note, however, that on Einstein's understanding of
a field-theoretic ontology (at least that of general relativity), the points
are not given independently of the structures defined upon them. The legacy
of his wrangling with the "hole argument” ("Lochbetractung') was his regard-
ing the points of the manifold as being only implicitly defined as the in-~
tersections of world lines. For details, see Stachel 1989.

%Por more detail, see Howard 1989, pp. 239-241.
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3. BOSE-EINSTEIN STATISTICS AND THE BOHR-KRAMERS—-SLATER THEORY: 1924-1925

The full story of Rinstein's struggle with the quantum goes back to
1900, when, as a student, he first read Planck's papers on irreversible ra-—
diation processes and began to think about the manner in which light and
matter interact. And it was in 1909 that Einstein first asserted in print
that the quantum hypothesis is incompatible with classical assumptions about
the independence of interacting systems. But I want to start with what was
happening at the beginning of 1925, when Einstein for all intents and pur-
poses ceased contributing to the development of the quantum theory, and took
on the role of the theory's chief critic.

A few months earlier, in June of 1924, Binstein received from the Ben-
gali physicist Satyendra Nath Bose a letter and an accompanying manuscript
with a strikingly new derivation of the Planck radiation law. What was
novel in Bose's derivation--Einstein called it "an important advance" (Ein-
stein 1924a, p. 181)--was that it made no explicit use of the wave-—theoret-—
ical arguments until then standard, proceeding instead on the assumption
that a volume filled with light quanta can be treated by methods standard in
the kinetic theory of gases, except that a new kind of statistics is requir-
ed, statistics fundamentally different from classical Boltzmann statistics.
Einstein was so impressed that he translated Bose's paper himself and ar-
ranged for its publication in the Zeitschrift fiir Physik. Bose's approach
made it possible for the first time to understand how, in calculating the
probabilities, W, that enter the Boltzmann equation, S = kelog(W), the quan-
tum approach makes different assumptions about equiprobable cases than are
made classically. Not that all of this was immediately apparent. For Ein-
stein wrote to Ehrenfest on 12 July about Bose's paper: '"Derivation elegant,
but essence remains obscure" (EA 10-089). But the essence was soon to be-—
come clearer when Einstein applied Bose's idea not to a photon gas, but to a
quantum gas of material particles.

Einstein went on to write three papers on the subject; they represent
his last great substantive contribution to quantum mechanics. What is not
now realized is that what they showed him about quantum mechanics may have
forever dulled his enthusiasm for the topic. The first of these papers was
presented to the Prussian Academy on 10 July 1924 (Einstein 1924b), the sec-
ond, containing the prediction of the low—temperature phase transition since
known as "Bose-Einstein condensation," was presented on 8 January 1925 (Rin-
stein 1925a), and the third on 29 January (Einstein 1925b). The signifi-
cance of all three is limited, for spin was not yet clearly understood, the
exclusion principle had yet to be articulated by Pauli, and it would take
two more years before the respective roles of Permi-Dirac and Bose-Einstein
statistics were clearly distinguished. But such limitations are not imme-
diately relevant to the story of Einstein's doubts about the quantum theory.

What is relevant is a question raised by Ehrenfest. Section §7 of the
second paper is titled: "Comparison of the Gas Theory Developed Here with
That Which Follows from the Hypothesis of the Mutual Statistical Indepen-
dence of the Gas Molecules." It begins thus:

Bose's theory of radiation and my analogous theory of ideal gases
have been reproved by Mr. Ehrenfest and other colleagues because in
these theories the quanta or molecules are not treated as structures
statistically independent of one another, without this circumstance
being especially pointed out in our papers. This is entirely correct.
If one treats the quanta as being statistically independent of one an-
other in their localization, then one obtains the Wien radiation law;
if one treats the gas molecules analogously, then one obtains the clas-
sical equation of state for ideal gases, even if one otherwise proceeds
exactly as Bose and I have. (Einstein 1925a, p. 5)
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After showing how, following Bose's method, one counts the number of "com-
plexions" corresponding to a given macrostate, that is to say how one dis-
tributes particles over the cells of phase space, Einstein adds:

It is easy to see that, according to this way of calculating, the dis-
tribution of molecules among the cells is not treated as a statistical-
ly independent one. This is connected with the fact that the cases
that are here called "complexions" would not be regarded as cases of
equal probability according to the hypothesis of the independent dis-
tribution of the individual molecules among the cells. Assigning
different probability to these 'complexions" would not then give the
entropy correctly in the case of an actual statistical independence of
the molecules. Thus, the formula [for the entropy] indirectly expres-
ses a certain hypothesis about a mutual influence of the molecules——for
the time being of a quite mysterious kind--which determines precisely
the equal statistical probability of the cases here defined as "com—
plexions." (Einstein 1925a, p. 6)

Exactly what BEinstein meant by his comment about the connection between
the failure of statistical independence and "a quite mysterious kind" of
"mutual influence" of one molecule upon another is spelled out in a letter
to Schrddinger of 28 February 1925 (evidently written before Schrédinger had
seen Einstein's second gas theory paper):

In the Bose statistics employed by me, the quanta or molecules are not
treated as being independent of one another. . . . A complexion is
characterized through giving the number of molecules that are present
in each individual cell. The number of the complexions so defined
should determine the entropy. According to this procedure, the mole-
cules do not appear as being localized independently of one another,
but rather they have a preference to sit together with another molecule
in the same cell. One can easily picture this in the case of small
numbers. [In particular] 2 quanta, 2 cells:

Bose-statistics independent molecules
1st cell 2nd cell 1st cell 2nd cell
l ' i 1
ist " _ 1st case I I -
case .
2nd case 1 11
2nd
case - - 3rd case 1I 1
3rd = 4th case - I IIX
case - [ ]

According to Bose the molecules stack together relatively more often
than according to the hypothesis of the statistical independence of the
molecules. (EA 22-002)

And in a P.S., Einstein adds that the new statistics are really not in con—
flict with those employed in his 1916 papers on transition probabilities,
where the standard Maxwell-Boltzmann distribution was employed (Einstein
1916a, 1916b), because it is really only in relatively dense gases where the
difference between the statistics of independent particles and the Bose-
Einstein statistics will be noticeable: "There the interaction between the
molecules makes itself felt,— the interaction which, for the present, is
accounted for statistically, but whose physical nature remains veiled."
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In many modern textbooks and histories of the subject, the principal
innovation embodied in Bose-Einstein statistics is described in terms at
first glance quite different from those we have just found Einstein using.
The new statistics are said to be those appropriate to "identical” or "in-
distinguishable"” particles. What is meant is clear. In the two-particle,
two—cell case cited by Einstein we cannot tell which of the two particles is
which, that is to say, we cannot keep track of their individual identities,
as we can in classical Boltzmann statistics; hence, cases two and three in
the classical statistics must be regarded as just one case (case two) in
Bose—-Finstein statistics, weighted equally with the other two remaining
cases. But the "identical particles" vocabulary is misleading, for in the
important case two in Bose-Einstein statistics, the two particles are by no
means identical: they occupy different cells of phase space and so differ in
position or momentum. They are arguably identical in cases one and three,
since they occupy the same cell. But these cases have their counterparts in
the Boltzmann statistics. The interesting difference appears in just those
cases where the particles are not identical. What is important is the fact
that we cannot track the individual identities of Bose-Einstein particles.
We cannot say, as we could classically, "Here is particle A" at time to, and
"Here is particle A," at some later time, ti; the particle observed at t;
might just as well be particle B. Classically, we can track individual
identities, which possibility leads to Boltzmann statistics. (Notice how
Einstein uses numerical labels, I and II, to suggest the separate indentifi-
ability of the classical particles, representing the Bose-Einstein particles
by unlabeled dots.) It is equally misleading to speak here of "indistin-—
guishable' particles. PFor even in Bose-Einstein statistics we know that in
case two there are different particles, we just cannot tell which is which.

Another common way of characterizing the novelty of Bose-Einstein sta-
tistics is to say that such statistics are appropriate for material parti-
cles evincing the wave—like aspect shortly before suggested in de Broglie's
dissertation (1924). As we shall see, it is wrong to credit the idea of
material particles possessing simultaneously a wave-like aspect wholly to de
Broglie, since Einstein was well-known even at the time to have toyed with
such ideas since at least 1921, motivated by considerations of symmetry and
unity——if massless photons have a dual nature as both waves and particles,
then massive particles should as well. But otherwise this charactization of
the innovation represented by Bose-Einstein statistics is not incorrect, in-—
asmuch as the novel way of counting complexions in Bose-Einstein statistics
can be regarded as necessitated by the possibility of interference between
the particles (the particles interfere precisely because we cannot tell
which is which), such interference being perhaps most easily visualized with
wave—theoretical models. Einstein himself pointed to this way of conceiving
Bose—Finstein statistics in his second gas theory paper (Einstein 1925a, pp.
9-10); and in an important preliminary to his own development of wave me-
chanics, Schrddinger later elaborated this suggestion in an attempt to find
a plausible wave-theoretical physical interpretation of the statistics
(Schrédinger 1926a). Still, it is striking that Einstein himself did not
emphasize this way of viewing the new statistics. He preferred to emphasize
the fact that the particles are not treated as statistically independent
systems and that such a failure of statistical independence is a symptom of
a physically mysterious interaction between the particles.

Why did Einstein prefer this way of characterizing what was novel in
his new statistics? Of course he understood the connection between his work
and deBroglie's ideas, a connection equally obvious to most of his contem-
poraries. What point was he trying to make by stressing instead the failure
of statistical independence and the existence of mysterious interactions?
Might his way of characterizing the situation even tell us something about
his understanding of the significance of wave-theoretical models?
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An important clue to Einstein's thinking is provided in a talk entitled
"On the Ether" that Einstein gave to the Schweizerische Naturforschende
Gesellschaft in September 1924, after he had received and assimilated Bose's
paper. At the end of his talk he turned to Bose's work. After explaining
that Bose had replaced the customary wave—theoretical derivations of the
Planck radiation law with a derivation employing the methods of statistical
mechanics, Einstein remarked: "Then the question obtrudes whether or not
diffraction and interference phenomena can just be connected to the quantum
theory in such a way that the field-like concepts of the theory merely rep—
resent expressions of the interactions between quanta, in which case the
field would no longer be ascribed any independent physical reality" (Ein-
stein 1924c, p. 93). What is interesting here, aside from Einstein's scep-~
ticism regarding the reality of matter waves (and even the wave nature of
photons!), is his suggestion that the effects commonly regarded as symptoms
of a system's having a wave—like nature, that is, diffraction and interfer—
ence, are really better understood as reflecting interactions between gquan-
ta. Thus, where others see waves, Binstein sees evidence of the physically
mysterious interactions between quantum systems that he believed underlie
classically unexpected statistical correlations between such systems. For
FEinstein, it is quanta, both light quanta and material particles, together
with their curious interactions, that are real. The device of wave-theo-
retical representations is merely an artifice, a convenient tool, a vivid
image, for helping us to think clearly about quantum interactions and sta-
tistical correlations.

One additional idea that will later loom large for Einstein had not yet
come to the fore in his remarks about Bose-Einstein statistics, which is
that the kinds of statistical dependence evinced in Bose-Einstein statistics
can obtain even between spacelike separated systems or events. But there is
other evidence that this problem too was already on Einstein's mind, as the
concluding paragraph of the just—quoted talk indicates. For in a seemingly
abrupt shift, Binstein turns back to the main topic of the talk, the ether,
by which he meant the space-time manifold plus metric, remarking that even
if the quantum theory develops into a real theory, "we will not be able to
dispense with the ether in theoretical physics, that is, with the continuum
endowed with physical properties; for the general theory of relativity, to
whose fundamental aspects physicists will indeed always cling, excludes an
immediate distant action, but every local-action theory assumes continuous
fields, and thus the existence of an 'ether'" (Einstein 1924c, p. 93).

Recall how a continuous field theory like general relativity incorpo-—
rates the principle of local action. In effect, such a theory treats every
point in the field, every point of the space—time manifold in the case of
general relativity, as a separable, independent system, possessing its own
physical state represented by the fundamental field parameter, which would
be the metric temsor in general relativity. Within this framework, action
is explained in terms of a change in the fundamental parameter being propa-
gated from point to point across the field, which is to say that the value
of the fundamental parameter at any point is always wholly determined by the
field equations and by the values of that parameter at all immediately adja-
cent points. What is not allowed is for the value of the fundamental param—
eter at one point to be immediately functionally dependent upon values at
distant points. It is the restriction to local action so conceived that
Einstein had in mind when he said that all "local-action theories" assume
continuous fields. General relativity, through its incorporation of the
first-signal principle, is even more restrictive in this regard than classi~
cal field theories, like Maxwellian electrodynamics, that impose no upper
bound on signal velocities. For in general relativity, even the admissible
varieties of local action are constrained to occur only between points of
the manifold that are timelike separated.
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It is important to keep in mind Einstein's basic commitment to the sep-—
arable field-theoretic ontology and its associated locality constraints, be-—
cause it helps to understand why the Bose-Finstein statistics would appear
puzzling to Einstein. For the field-theoretic way of explaining interac-
tions requires us to assign separate states to spatially separated systems.
These states would determine separately the probabilities for each system's
behavior, and it would follow that joint probabilities would have to be de-
termined wholly by these separate probabilities, which is to say that the
joint probabilities would have to factorize. But that does not happen in
Bose—Einstein statistics, which is why Einstein found them so mysterious.

Einstein's gas theory papers were not the first investigations to make
acute various questions about the statistical correlations that obtain be-
tween interacting systems. In fact, Einstein had been worrying about the
general problem of probability relations between interacting systems for a
long time. Such concerns had most recently come to the fore in his reaction
to the Bohr-Kramers-Slater (BKS) theory (Bohr, Kramers, and Slater 1924).
The English version of the BKS paper appeared in April 1924, the German ver-—
sion on 22 May. We remember it today for its use of virtual fields deter-
mining the probabilities of individual atomic emissions (and absorptions),
and for its suggestion that, in consequence of the merely probabilistic de-
termination of transition events, energy and momentum are conserved only on
average, over large numbers of quantum events, and not in individual events.
Einstein, of course, opposed the BKS theory because of its abandonment of
strict energy—-momentum conservation, but that is far from the whole story.

As we will see, there is irony here. FEinstein turns out eventually to
repudiate quantum mechanics in part because of its denial of the statistical
independence of distant systems. But one of the main things that troubled
him about the BKS theory was precisely its assumption of the statistical in-—
dependence of atomic transitions (absorption or emission of energy quanta)
in distant systems, or rather its failure to assume correlations sufficient
to guarantee strict energy-momentum conservation in individual events.

In the BKS theory, each atom is assumed to be the source of a virtual
radiation field with components corresponding to all of that atom's possible
transitions. The radiation field serves two purposes. Pirst, it determines
the probabilities for emissions and absorptions by the atom from which the
field originates, that is to say, the transition probabilities introduced by
Einstein in his 1916 quantum theory papers (Einstein 1916a, 1916b). Second,
it serves as the vehicle through which that atom communicates with surround-
ing atoms. It accomplishes this by helping to determine the probabilities
for absorption and induced emission in these other atoms, depending upon
whether or not it interferes constructively or destructively with the vir-
tual radiation field emanating from each of the latter. But as BKS them-
selves stress, the correlations engendered by this communication between
atoms are quite weak:

In fact, the occurrence of a certain transition in a given atom will
depend on the initial stationary state of this atom itself and on the
states of the atoms with which it is in communication through the vir-
tual radiation field, but not on the occurrence of transition processes
in the latter atoms. . . . As regards the occurrence of transitions

. we abandon . . . any attempt at a causal connexion between the
transitions in distant atoms, and especially a direct application of
the principles of conservation of energy and momentum, so character-—
istic for the classical theories. (Bohr, Kramers, and Slater, p. 165)

Or again,
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By interaction between atoms at greater distances from each other,
where according to the classical theory of radiation there would be no
question of simultaneous mutual action, we shall assume an independence
of the individual transition processes, which stands in striking con-
trast to the classical claim of conservation of energy and momentum.
Thus we assume that an induced transition in an atom is not directly
caused by a transition in a distant atom for which the energy differ—
ence between the initial and the final stationary state is the same.
On the contrary, an atom which has contributed to the induction of a
certain transition in a distant atom through the virtual radiation
field conjugated with the virtual harmonic oscillator corresponding
with one of the possible transitions to other stationary states, may
nevertheless itself ultimately perform another of these transition<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>