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PREFACE

This book is the final outcome of two projects.

My first project was to publish a set of texts written by Schrodinger at
the beginning of the 1950's for his seminars and lectures at the Dublin
Institute for Advanced Studies. These almost completely forgotten texts
contained important insights into the interpretation of quantum
mechanics, and they provided several ideas which were missing or
elusively expressed in Schrodinger's published papers and books of the
same period. However, they were likely to be misinterpreted out of their
context. The problem was that current scholarship could not help very
much the reader of these writings to figure out their significance. The
few available studies about Schrddinger's interpretation of quantum
mechanics are generally excellent, but almost entirely restricted to the
initial period 1925-1927. Very little work has been done on Schrodinger's
late views on the theory he contributed to create and develop. The
generally accepted view is that he never really recovered from his
interpretative failure of 1926-1927, and that his late reflections (during
the 1950's) are little more than an expression of his rising nostalgia for
the lost ideal of picturing the world, not to say for some favourite
traditional picture. But the content and style of Schrodinger's texts of the
1950's do not agree at all with this melancholic appraisal; they rather set
the stage for a thorough renewal of accepted representations. In order to
elucidate this paradox, I adopted several strategies. To begin with, I
wished to understand the historical roots of the widespread view
according to which Schrodinger was somehow “conservative” in his
approach of quantum mechanics. The results of this inquiry can be found
in paragraphs 1-2 to 1-6. Then, I attempted a rational reconstruction of
Schrodinger's interpretation of the quantum theory in the long term,
from 1924 to 1958. In the light of this reconstruction, it appeared that the
whole chronological perspective had to be reverted in order to capture
the internal logic of his successive positions during this period (see
paragraph 1-9). Instead of considering that Schrodinger's interpretation
of the 1950's is a late reminiscence of that of 1926, I thus tried to work
out the idea that the interpretations of 1926 are an early and simplistic
way of coming close to the interpretation of the 1950's while bypassing
the careful epistemological analysis which eventually established it on
firm grounds. Once this perspective has been adopted, studying
Schrodinger's interpretation of quantum mechanics is tantamount to
following the development by fits and starts of a coherent methodological
program. True, some elements of this program were not explicitly
formulated at the beginning; but evidence that part of it was nevertheless
being carried out by Schrodinger very early, and that the conceptual

vil



VIII Schrodinger’s philosophy of quantum mechanics

background he needed to carry it out was already at his disposal in the
1920's and 1930's, is provided in chapters 2 and 3. The historical
inaccuracy of the reconstruction is then only partial, and it is compensated
by an insight into the philosophical motivations of Schrodinger's mature
interpretation of quantum mechanics.

The key point in order to grasp the subtleties of Schrodinger's thought
process is to make sense of his apparently conflicting attitudes towards
realism. Whereas his philosophical writings reveal strong affinities with
Mach's positivism and with German idealism of the beginning of the
nineteenth century!, Schrodinger expressed an almost naive realist
position in his seminal papers on wave mechanics of 1926, and then a
more sophisticated scientific realist attitude in his writings of the 1950's.
However, these positions are not as incompatible as they seem, provided
naive realism and sophisticated scientific realism are not mixed up with
metaphysical realism. In paragraphs 1-5, 2-1, 4-2 and 5-9, this point is
developed at length by reference to modern minimal versions of realism
such as Putnam's internal realism, or Blackburn's quasi-realism. But here,
I would like to show more rapidly how a proper appraisal of
Schrédinger's realism may account for his slight but decisive
interpretative shift between 1926 and 1950.

In order to do so, commenting on some remarks of Hume's and of
Kant's will prove very useful. Hume and Kant were both willing to take
into account the recent birth of Newtonian physics in their philosophical
system. And both of them rejected (though in a different way and for
different reasons) any dogmatically realist interpretation of classical
mechanics. But they both recognized at the same time that for a man-in-
the-street or a working physicist, keeping on with realism or adopting
their (empiricist or transcendentalist) position would make very little
difference.

In a well-known paragraph of his Treatise of human nature, Hume
emphasizes that, according to him, there is no “radical cure’ to our
skeptical doubts about the existence of material bodies in an external
world beyond the sense impressions. However, he says, in everyday life
we use a substitutive “remedy”, that is “carelessness and inattention”. With
this unrefined but powerful remedy, we very soon forget our doubts and
come back to the standard situation where the existence of material bodies
is a presupposition of discourse. This existence “(...) is a point which we
must take for granted in all our reasonings”. Therefore, even from an
empiricist standpoint, one must recognize that in the course of his careless
and inattentive life, the man-in-the-street can (or even should in many
circumstances) behave and speak as if he were a realist about material
bodies.

IE. Schrodinger, My view of the world, Cambridge University Press, 1964
2D. Hume, A Treatise of Human Nature, (ed. L.A. Selby-Bigge), Oxford University Press, 1960; Book I,
part IV, section I
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As for Kant, he insists in the Transcendental aesthetic section of his
Critique of pure reason that space is not a concept abstracted from our
outer experiences, but rather the a priori form of all outer intuitions. It is
only this way that one can understand how it is possible to have a
knowledge of the necessary propositions of geometry. But in paragraph
13 of his Prolegomena, Kant also accepts that, with respect to any possible
experience, everything remains exactly as if (“als ob”) space were an
intrinsic feature of things and of their relations. Here again, the critical
attitude, which is essential from the meta-standpoint of the philosopher,
proves mostly irrelevant from the ordinary standpoint of the man-in-the-
street or the scientist. The latter can (or should in certain circumstances)
adopt a realist attitude about space, time, substance and causality, and
forget that these are only a priori forms of intuition and thought.

Now, this succession of reflexivity and objectifying directedness, of
philosophical critique and realist posture, is exactly what one witnesses in
Schrédinger's  writings of the years 1925-1926. In spite of his
philosophical affinities with Mach's positivism, he did not see why, as a
scientist, he could not behave towards the new theoretical entities
(especially y-waves) exactly as if they were real; so much so that nothing
prevented the “as if” itself from being completely wiped out. After all,
Schrodinger thought, it was exactly this path that physics and science in
general had always followed in the past. But, as he soon realized, the
structure of quantum phenomena is not such that this traditional strategy
can be adopted without harm.There were then two alternatives left. Either
one retreated to a purely instrumentalist conception of theories, or one
invented a new variety of self-conscious realist attitude towards
theoretical entities: a variety of realism in which the process of
objectification is still recognized as such, even when a set of objectified
entities has been picked out. After a short hesitation in 1930, Schrodinger
chose the second alternative, and he developed it more and more
systematically until the 1950's. But few thinkers were able to follow him
in this highly elaborated approach, and they generally misunderstood his
position.

This has been, in outline, the contents of the first four chapters of this
book, which were initially intended to be an introductory essay to
Schrodinger's unpublished writings of the 1950's. The essay was entitled:
Schrodinger's interpretation of quantum mechanics in the 1950's. But its
excessive length, and various editorial ups and downs, led me to cut it off
from Schrodinger's texts. These texts were published separately by Ox
Bow Press!, with a much shorter introduction. The former introductory
essay then became part of a new and more ambitious project, which was
no longer restricted to providing a reconstruction of Schrodinger's route
towards his mature interpretation of quantum mechanics. It rather aimed

IE. Schrodinger, The interpretation of quantum mechanics (Dublin seminars 1949-1955 and other
unpublished texts), edited and with introduction by M. Bitbol, Ox Bow Press, 1995
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at gaining a better appraisal of the philosophical motivations of
Schrodinger's views on quantum physics!. The first step in this direction
consists in elucidating the structure of these views from a modern
standpoint, by confronting them with some recent interpretations of
quantum mechanics. In paragraph 4-4 and 4-5, a systematic comparison
between Schrodinger's approach of the measurement problem and some
current no-collapse conceptions (especially Everett's and Van Fraassen's)
is undertaken. The second step consists in putting Schrodinger's
interpretation of quantum mechanics in a broader philosophical context.
In chapter 5, Schrodinger's complete rejection of corpuscularian entities,
and his adoption of wave entities instead, is seen to be a natural byproduct
of his phenomenalistic conception of material bodies. Then, in chapter 6,
his combination of thorough criticism of the idea of “wave packet
collapse”, and growing skepticism towards any attempt at making
macroscopic experimental events an emergent feature of some universal
y-function, is analyzed. Schrodinger's mature position on the
measurement problem is characterized as a “parallelism” between the
continuous and uninterrupted time-development of a holistic wave-
function and the succession of discontinuous experimental events. The
only link which is assumed between these two series is Born's
probabilistic rule. Schrodinger's and Bohr's positions are systematically
compared at this stage (Paragraphs 6-1 to 6-3). It is found that their
disagreement stems from a slight but crucial difference between Bohr's
dualistic analysis of the measurement process (functional cut between a
classical and a quantum fraction of the measurement chain), and
Schrédinger's parallelist conception of the relation between the stochastic
evolution of experimental oucomes and the unitary evolution of -
functions. This parallelism is finally confronted (in paragraphs 6-4 to 6-
8) with another kind of parallelism which is currently the subject of
intense philosophical discussions: parallelism between the intentional and
causal accounts of action. It is shown that both parallelisms reflect the
same fundamental and well-documented difference between two attitudes,
neither of which is reducible to or completely intertranslatable with the
other: the attitude of intersubjective understanding and the attitude of
objectifying explanation.

I am especially indebted to Robert S. Cohen for permanent
encouragements and lasting patience. At many stages of this work, the
impetus came from him. As my manuscript took shape, my friend
Michael Lockwood made many fruitful criticisms and helped me to edit
several chapters. His permanent and warm interest in Schrodinger's ideas

IThis work was prepared by my previous introductory essays (in French) on two philosophical writings
of Schrodinger's. See M. Bitbol, L'élision, in: E. Schrodinger, L'esprit et la matiére, Seuil, 1990 and M.
Bitbol, La Cléture de la représentation, in: E. Schrodinger, La nature et les grecs, Seuil, 1992.
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and in mine were an invaluable support. Mara Beller read very carefully
the first four chapters and offered significant suggestions about them,
with her typically lucid and original approach of the history of quantum
mechanics. Bernard d'Espagnat, Rom Harré, and Mioara Mugur-
Schéchter, have provided many basic reflections and discussions which
were the departure point of several parts of my work during the past five
years. I am grateful to Rachel Zahn and Roland Sypel for having
carefully edited my manuscript, at various stages of its completion. They
have helped me clarify my text and develop some important points. I also
owe gratitude to Ruth Braunizer, for her permanent hospitality and
friendship, and for her permission to consult as frequently as I wish the
remarkable archive in her possession about her father Erwin
Schrodinger.

Work on this volume has been performed partly in the libraries of the
university of Oxford, and partly in Linacre college, Oxford, of which I
am a visiting senior member. The effectiveness of my thought and writing
have been much enhanced by this busy, friendly and highly stimulating
environment. Other parts of the book were written in connection with my
institution in Paris: The Institut d'Histoire et Philosophie des sciences et
des Techniques, which depends both of the CNRS and the University Paris
I / Panthéon-Sorbonne. There, I was helped and motivated by the high
standard and great expectations of my best graduate students, especially
Léna Soler.

Finally, I wish to aknowledge my indebtedness to Annie and Anne-
Florence, my wife and our daughter, who bore patiently and usually
cheerfully the “carelessness and inattention” which is too often the
correlate of my academic work.



CHAPTER 1

THE CONTROVERSY BETWEEN SCHRODINGER AND THE
GOTTINGEN-COPENHAGEN PHYSICISTS IN THE 1950’s

When surveying the literature, one often gets the impression that
Schrodinger held, in succession, four distinct interpretations of quantum
mechanics, and that, except for the one he borrowed from the
Copenhagen group, these interpretations all fell into a complete and
deserved oblivion. People generally recognize the great importance of his
contributions to the interpretation of quantum mechanics. But what they
regard as important here are, as a rule, only the lines of argument and
ingenious thought-experiments by which Schrodinger challenged the
current orthodoxy, thus forcing his contemporaries to clarify their
positions. On the face of it, none of Schrodinger's own positive
suggestions appear to have had any lasting influence. Let us then begin
with a brief statement of this widespread view of Schrodinger's
philosophy of quantum mechanics, especially as originally stated in the
writings of such contemporaries as Heisenberg and Born, before we
subject it to critical scrutiny.

1-1 Schrodinger's successive interpretations of quantum mechanics
according to the current views

Schrodinger's first interpretation of quantum mechanics was sketched
out in January and February of 1926, in the pioneering papers entitled
“Quantization as a problem of proper values I and II”1. It amounted to
taking the y-function at face-value and treating it as a direct description
of wave-like processes occurring within the boundaries of atoms.
However, in the early spring of 1926, Schrodinger realized that this way
of dealing with the wave-mechanical formalism could yield only the
proper modes of the vibrating system, providing no hint of a satisfactory
account of the radiative processes (especially the line intensities). As soon
as he had demonstrated the mathematical equivalence of his wave
mechanics with Heisenberg's, Born's and Jordan's matrix mechanics,
Schrodinger came to the conclusion that the y-function must be thought
of merely as an intermediate-level concept (hilfbegriff), and that the
correct description of the atomic processes is actually given by the
product -eyy*, considered as an electric charge density. This new
approach was only partially successful, however, and it did not remove all
the difficulties that plagued the original wave interpretation. The onset of
Born's probabilistic interpretation of vy, the strong criticisms coming
from the Gottingen-Copenhagen physicists, their elaboration of a full-

IE. Schrodinger, “Quantization as a problem of proper values” (I and II), in: Collected papers on wave
mechanics, Blackie and son, 1928. For a valuable assessment on the possibility of holding this
Schrodinger's initial position nowadays, see J. Dorling, “Schrodinger's original interpretation of the
Schrodinger equation: a rescue attempt”, in: C.W. Kilmister (ed.), Schrédinger, centenary celebration of a
polymath, Cambridge University Press, 1987



2 Schrodinger’s philosophy of quantum mechanics

blown synthetic apprehension of quantum mechanics whose two corner
stones were Heisenberg's ‘“uncertainty relations” and Bohr's
complementarity principle, put an end to these initial attempts of
Schrodinger to make sense of the wave function. From 1928 on,
Schridinger resigned himself to teaching quantum mechanics according to
the mainstream “Copenhagen interpretation”. The year 1935 marked a
noticeable turning point. A few weeks after the publication of the
Einstein-Podolsky-Rosen paper and the burst of correspondence with
Einstein which followed, Schrodinger published both his “cat-paper” and
a more technical article concerning the “entanglement” of wave-
functions?. In these two papers, Schrodinger expressed a skepticism about
the current interpretation of quantum mechanics, which was grounded in
a deep understanding of the issues involved, even though he admitted his
inability to offer any satisfactory alternative. Finally, in the late forties
and the early fifties, he became increasingly self-assertive, and declared
his attachment to an idiosyncratic conception of quantum mechanics
which, to many, appeared as a mere revival of his first 1926 wave-
interpretation.

It is no exaggeration to say that this later development was unanimously
rejected by the scientific community. True, some isolated physicists of
renown, such as Einstein and de Broglie, welcomed both Schrodinger's
renewed “realist” approach and the valuable support which he was now
giving to their own struggle against the current “dogma” (as they called
the cluster of Copenhagen-like interpretations commonly accepted at that
time). But they did not approve, let alone accept, Schrodinger's wave-
interpretation. Moreover, the apparent convergence of the three thinkers
on the issue of “realism” was mostly epistemological, partly verbal, and
certainly not metaphysical; for they did not even agree about the meaning
of the word “reality”. As for the former Géttingen-Copenhagen
physicists, their reception of Schrodinger's late interpretation of quantum
mechanics was quite hostile. Pauli went as far as denouncing
Schrodinger's “neurotic” regression?, and accusing him of entertaining the
“(...) dream of a way back, back to the classical style of Newton-Maxwell,
that is hopeless, off the way, bad taste (...) and not even a lovely dream”™.
Many physicists rejected Schrodinger's proposals, without even bothering
to examine his arguments with any care. Viewing them as a futile attempt
to resuscitate the original 1926 wave conception, which had been
convincingly refuted by the end of 1927, they thought it sufficient to

! The two papers are: A. Einstein, B. Podolsky and N. Rosen, “Can quantum-mechanical description of
physical reality be considered complete?” Phys. Rev. 47, 777-780, 1935; E. Schrodinger, “Die
gegenwirtige Situation in der Quantenmechanik”, Naturwissenschaften, 23, 807-812, 823-828, 844-849,
1935. They are both reprinted, in English translation, in: J. A. Wheeler and W.H. Zurek, Quantum
mechanics and measurement, Princeton University Press, 1983.

2E. Schridinger, “Discussion of probability relations between separated systems”, Proc. Cambridge Phil.
Soc., 31, 555-563, 1935

3Quoted by: K.V. Laurikainen, Beyond the atom, Springer-Verlag, 1988, p. 31

4W. Pauli, letter to M. Born, quoted by M. Bom, “The interpretation of quantum mechanics”, Brit. J.
Phil. Sci., 4, 95-106, 1953. Reprinted in: M. Born, Physics in my generation, Pergamon Press, 1956
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rehearse the former objections and quickly return their attention to more
fruitful tasks.

1-2 Born's and Heisenberg's criticism of Schrodinger's late
interpretation of quantum mechanics

Max Born was more closely involved than anyone else in the debate
with Schrodinger. In November 1952, he was due to hold a series of
lectures at the university of London, and he expected Schrodinger to be
one of the main participants in the public discussion. As it turned out,
Schrodinger was unable to attend, due to ill health, but the elements of the
controversy were recorded in two articles published by the British
Journal of Philosophy of Science!, as well as in Born's edition of the
Born-Einstein letters2. Let me first try to summarize Born's account of
Schrodinger's position:

1) It is an essentially “conservative attitude towards quantum
mechanics™; an attempt to recover the “classical physics of clearly
comprehensible events™4,

2) It tends to dismiss the “statistical concept of quantum mechanics™s
and to reinstate determinism, in agreement with Einstein's views,

3) It leads one to the discarding of the very concept of a particle, to
asserting that “there are no particles and there are no energy quanta’s,

4) Schrodinger considers that “particles are narrow wave packets’”,

5) Schrodinger “(...) insists that there is something behind the
phenomena, the sense impressions, namely waves moving in a still scantily
explored medium”3; he tends to forget the multi-dimensional character of
the y-functions and to insist on waves in ordinary 3-dimensional space,
which are supposed to rescue the “Anschaulichkeit” (picturability) of the
theoretical description; he “believes that his waves constitute the final
deterministic solution™.

With such a simplified account of Schrodinger's views in mind, it was
not very difficult to refute them. Here are Born's main arguments:

1') Schrodinger's regressive trend towards classical pictures is just a
matter of philosophical incapacity, an absence of “willingness to sacrifice
traditional concepts and to accept new ones, like Bohr's principle of
complementarity”’1°.

1E. Schrodinger, “Are there quantum jumps?”, Brit. J. Phil. Sci., 3, 109-123, 233-242, 1952; M. Bom,
“The interpretation of quantum mechanics”, loc. cit.

2M. Bom (ed.), The Born-Einstein letters, Mac Millan, 1971

3M. Bom (ed.), The Born-Einstein letters, op. cit. p. 196

4M. Bom, in: Physicalische Blitter, 17, 85-87, 1961

SM. Bom (ed.), The Born-Einstein letters, op. cit. p. 195

SM. Bom, “The interpretation of quantum mechanics”, loc. cit. p. 96
"™™. Bom (ed.), The Born-Einstein letters, op. cit. p. 202

8M. Bom, “The interpretation of quantum mechanics”, loc. cit. p. 100
9M. Born (ed.), The Born-Einstein letters, op. cit. p. 195

10M. Born, “The interpretation of quantum mechanics”, loc. cit. p. 105
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2") By his insistence on the deterministic evolution of the y-function
according to his own equation, Schrodinger tries to sweep under the
carpet the last stage of any experiment, namely the detection which
“produces countable events”!.

3") The complete elimination of the particle notion is precluded, for
one still has to speak in terms of particles in order to account for certain
experimental situations (such as scattering experiments, photo-ionisation,
etc.). One has to fall back on a particulate description in order “to
describe the discontinuous recording of a Geiger counter’. At any rate,
the reference to particles is essential in order to interpret the number n in
3n-dimensional y-functions; namely to interpret it as the number of
particles in the system under investigation.

Moreover, a radical elimination of the atomistic picture would break
the continuity? of our concepts, both from a historical standpoint and
from a methodological one.

-Historical: quantum mechanics arose from the modern revival of the
atomistic frame of thought, and it would be “presumptuous” to overthrow
it without having a powerful substitute.

-Methodological: “(...) if (Schrodinger) wants to connect his results
with experimental facts, he has to describe them in terms of physical
apparatus. These consist of bodies, not of waves. Thus, at some point, the
wave description, even if it were possible, would have to be connected
with ordinary bodies™*

These are the reasons why Born, in spite of recognizing that they could
be assigned no precise trajectories and that they lacked individuality, still
considered particles to be one of the two main (complementary) “aspects
of phenomena”. His paper “physical reality”s, published in 1953, the same
year as his rebuttal of Schrédinger's position, was partly intended as a
strong defence of the concept of a particle, as one may recollect from the
following sentence: “I maintain that we are justified in regarding these
particles as real in a sense not essentially different from the usual meaning
of the word”.

4") “(W)ave packets representing solutions of the Schrodinger equations
do not propagate without change of shape, but disperse”s.

5") Born agreed with Schrodinger that one cannot be content with just
describing experimental results, but he did not believe that what is
“behind the phenomena” can be reduced to a wave-like process.
Schrodinger's attempt at recovering the “Anschaulichkeit” of the
theoretical description by means of the wave-concept seemed to him

IM. Born, “The interpretation of quantum mechanics”, loc. cit. p. 104

2M. Bom, “The intérpretation of quantum mechanics”, loc. cit. p. 102

3This argument was obviously intended to be ironical. It mimics Schrédinger's insistence on historical
and representational continuity.

“M. Born, “The interpretation of quantum mechanics”, loc. cit. p. 99

SM. Bomn, “Physical reality”, Phil. Quart., 3, 139-49, 1953. Reprinted in: M. Bomn, Physics in my
generation, Pergamon Press, 1956

SM. Bom (ed.), The Born-Einstein letters, op. cit. p. 202
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especially hopeless: “one generally (...) needs waves in spaces of many
dimensions, which are something entirely different from the waves of
classical physics, and impossible to visualise”!; “(...) this means that the
claim of simplicity and of ‘Anschaulichkeit’ , the possibility of seeing the
process in space, is illusory”2. Born recognized in a footnote? that
Schrodinger did not baldly assert the 3-dimensional visualisability of the
original y-functions of wave mechanics, and that 3-dimensionality was
saved “with the help of second quantization”, but he emphasized the
abstract character of the latter formalism and pointed out that
“Anschaulichkeit” could not therefore be preserved in this way either.

This represents the most detailed, if not the most accurate, attempt at
refutation of Schrodinger's late interpretation of quantum mechanics.
Heisenberg took essentially the same line in the eighth chapter of his book
Physics and Philosophy 4, but he restricted himself to a criticism of points
3) and 5) of Schrodinger's alleged conception:

3") Schrodinger cannot account for the “element of discontinuity that is
found everywhere in atomic physics; any scintillation screen or Geiger
counter demonstrates this element at once™s. At this point, Heisenberg
introduced a personal view into the debate. To Schrodinger's contention
that wave functions represent “objective reality”, he opposed the idea that
they are only meant to describe some kind of Aristotelian potentia. The
appearance of a discontinuous event should thus be construed as a
“transition from the possible to the actual”.

5") Schrodinger “(...)overlooks the fact that only the waves in
configuration space (...) are probability waves in the usual interpretation,
while the three-dimensional matter waves or radiation waves are not”.

These arguments were supposed to put an end to Schrddinger's late
attempt at interpreting quantum mechanics. Unfortunately, the conception
they tended to refute had actually little in common with the one
Schrodinger was trying to promote, and they were therefore mostly
irrelevant. Of course, in order to provide a precise demonstration of the
latter statement, we shall have to go much farther in our historical and
philosophical analysis of the debate on the interpretation of quantum
mechanics. But the major reasons for which Born's and Heisenberg's
criticisms of Schrodinger's views were almost entirely misplaced may
easily be outlined. In providing a preliminary account of these reasons,
we shall also be indicating the lines along which our examination of
Schrodinger's late interpretation of quantum mechanics will proceed.

Libid.

gM. Born, “The interpretation of quantum mechanics”, loc. cit. p. 98
ibid.

4W. Heisenberg, Physics and Philosophy, Harper and Brothers, 1958

5W. Heisenberg, Physics and Philosophy, op. cit. p. 143
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1-3 Historical flaws in the Born-Heisenberg critique of Schrodinger's
late interpretation of quantum mechanics

To begin with, Born's and Heisenberg's own texts display symptoms of
their inability to perceive (or to recognize) the changes that occurred
between the original wave interpretation of 1926 and Schrodinger's
position in the 1950's. This can be seen most clearly when one compares
points 3) and 4), in Born's account of Schrodinger's conception.
According to point 4), Schrodinger's interpretation of quantum mechanics
assumes that particles are something, since they are at least narrow wave
packets moving in ordinary 3-dimensional space. But according to point
3), the same interpretation is based on a complete dismissal of the
concepts of particle and of energy quanta. Schrodinger can hardly have
held both views simultaneously. Rather, he was obliged to choose between
two distinct approaches: (i) trying to provide the corpuscular
representation (especially its continuous trajectories in ordinary space)
with some counterpart in his wave picture, and (ii) eliminating it from the
outset. The first approach is typical of Schrédinger's initial work on wave
mechanics, whereas the second one was arrived at after a long period of
reflection (which began in the late thirties and culminated in the fifties),
about the ontological inconsistency of entities which are in principle
incapable of being individuated, and whose identity through time is
doubtful. This transformation was recorded by Schrodinger himself in his
1952 paper “Are there quantum jumps?”’. There, he began with some
loose statements expounding what would happen “(...) if we picture the
particle as a composite wave-phenomenon (usually called a ‘wave-
parcel’)”; and he then listed some traditional objections to this way of
“picturing” particles. He finally gave the following reply to widely
expressed doubts about the ability of pure wave models to represent
particles: “I am aware of these questions. They are no longer as
embarassing as they were, before we had gained the insight we have now
gained into what a particle certainly is not, it is not a durable little thing
with individuality”!. In other texts of the same period, Schrodinger went
even further, avoiding any mention of wave packets and claiming that
what we call “particles” reduce to series of events which sometimes give
us the illusion of continuous trajectories (see paragraph 4-2). Born was
not completely unaware of this situation, for he did not try to criticize the
model of wave packets in his 1953 paper2. But his inability to understand
how one could merely reject one of the two “complementary aspects of
phenomena” led him to overlook the important transition from particles
as wave-crests to no particle at all. In the later comment he added to his
correspondence with Einstein, he thus reverted to an irrelevant criticism
of the original wave packet notion.

1E. Schrodinger, “Are there quantum jumps?”, loc. cit.
2 M. Bom, “The interpretation of quantum mechanics”, loc. cit.
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Another element of chronological confusion can be detected in Born's
and Heisenberg's arguments against the attempt to recover a picture of
events in ordinary 3-dimensional space. Both authors seem to think that
Schrodinger was willing simply to ignore the necessity of using a 3n-
dimensional w-function when dealing with composite systems. But
Schrédinger had actually been one of the most clear-headed exponents of
what, in his own terminology, we now call the “entanglement” of the sub-
systems in a composite system!. As far back as the beginning of 1927, he
was fully aware of the far-reaching holistic implications of the multi-
dimensional character of y-functions2.. How could anyone think that he
just reverted to a naive representation of phenomena as comprised of
waves propagating and meeting in 3-dimensional space? Well, on a closer
analysis, there may seem to be some good reason for such a
misinterpretation. When they criticized Schrédinger's views, Heisenberg
and Born were relying exclusively on the paper of 1952, entitled “Are
there quantum jumps?”; and in this paper one can read some loose
statements in which collision problems are dealt with as if they concerned
two (or more) plane waves in ordinary space. True, Schrodinger tries to
correct this elementary picture by admitting that “this model is obsolete”,
or by explaining that one has to rely on the “auxiliary concept, familiar to
quantum physicists, of wave parcels in more that three dimensions”; but
his insistence on the idea that the 3-dimensional wave picture is less
inappropriate than the corpuscular one, and that “the means used now to
depict the physical situation still follow the pattern to which it belonged”,
could create a confusion in the mind of his readers.

This is why it is very important to compare the article of 1952 with
other texts of the same period. Only in this way can we keep clear the
distinction between what was merely intended by Schrodinger as a
partially acceptable metaphor and what was regarded by him as an up to
date theoretical advance.

It is when he refers to another paper of 19533, where Schrodinger
explicitly adopts the second quantization point of view, that Born makes
the transition to a comparative study of Schrodinger's writings. Properly
conducted, such a study would suggest that, when he makes assertions
about three-dimensional theoretical entities, Schrodinger is not just
dreaming of a way back to the 1926 original wave picture. Rather, he has
a precise idea according to which any statement couched in the n-
“particle” 3n-dimensional y-function language may be translated into a
statement belonging to the second quantization language (nth level of
excitation of a three-dimensional “vacuum” state). But still, Born's
account remains historically inaccurate. For Schrodinger's approval of

1E. Schridinger, “Discussion of probability relations between separated systems”, Proc. Camb. Phil.
Soc., 31, 555-563, 1935

2E. Schrodinger, “The exchange of energy according to wave mechanics”, in: Collected papers on wave
mechanics, Blackie & son, 1928, p. 137-146

3E. Schrodinger, “The meaning of wave mechanics”, in: A. George (ed.), Louis de Broglie physicien et
penseur, Albin Michel, 1953
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the second quantization scheme was by no means new in 1953. It was
already expressed in the first 1944 edition of his Statistical
Thermodynamics t, and it dates back to 1927, namely to the publication
of Jordan's first paper on quantized matter waves. This is attested to by a
letter Schrodinger wrote to Jordan during the summer 1927: “I am
particularly interested in your remark fon coupling quantized light and
quantized matter waves]. Indeed, as far as I understand it, it is also my
opinion”2. Schrodinger's approval of second quantization is not surprising
since, as O. Darrigol® rightly pointed out, this approach was only a
conceptual development of his own early theory of gases. Such a kinship
was recognized by Jordan himself, in a letter to Schrodinger: “the ideas
that I set out in the last paragraph of my work on Fermi gas [quantized
matter waves coupled with light waves] have, as I claimed, an earlier
origin (...) At that time I had given a lot of thought to Einstein's gas
theory and I had specified the representation in a way similar to your
work (...): the number of atoms in a cell corresponds to the quantum
number of a cavity-mode oscillator”s. The only aspect of the quantized
matter waves theory which did not suit Schrodinger was stylistic: it was
its exclusive use of the same type of non-commutative algebra as the one
which pervaded matrix mechanicss. A slight mathematical transformation,
a simple shift of attention from the commutation relations to the state
vectors in Fock space, proved sufficient to win Schrédinger's warm and
unconditional acceptance of the second quantization formalism. This being
granted, it becomes obvious that when BornS insists on the “abstract”
character of second quantization, and on the idea that “anschaulichkeit”
cannot be rescued by these means, he completely misses the point. It was
not second quantization in itself but its algebraic formulation which
Schrédinger considered as excessively abstract and “unanschauliche”. One
could reasonably assume (see paragraph 2-2 for more details) that,
according to him, it was just as unproblematic to provide second
quantization with a continuous formulation as it had been to provide
matrix mechanics with a continuous equivalent, namely wave mechanics.

1-4 Misunderstandings about the concept of particle

Let us provisionally set aside the historical issues, and focus on the deep
philosophical misunderstanding that is revealed by some of the criticisms
Born and Heisenberg tried to formulate against Schrodinger's late
interpretation of quantum mechanics. As we saw earlier, Born blamed

YE. Schrodinger, Statistical Thermodynamics, Cambridge University Press, 1944, chapter VII.

2E. Schrodinger, letter to P. Jordan, July 28, 1927; quoted by: O. Darrigol, “The origin of quantized
matter waves”, H.S.P.S., 16, 197-239, 1986

30. Darrigol, “The origin of quantized matter waves”, loc. cit.

“Letter of P. Jordan to E. Schrodinger, summer 1927, quoted by: O. Darrigol, “The origin of quantized
matter waves”, loc. cit.

SE. Schrodinger, in: Electrons et photons, 5th Solvay conference (1927), Paris 1928, p. 208

SM. Bomn, “The interpretation of quantum mechanics”, loc. cit.
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Schrodinger for refusing to account for the corpuscular aspect of
phenomena. But Schrodinger had retorted in advance by arguing that
there is nothing in experimental physics which has to be interpreted in
terms of corpuscular entities: “it is fair to state that we are not
experimenting with single particles, any more than we can raise
Ichtyosauria in the zoo. We are scrutinizing records of events long after
they have happened”!. This remark was not completely ignored by Born.
However, according to him, to consider it as a decisive rebuttal of the
concept of particle would amount to adopting a positivistic trend of
thought. It would amount to considering any attempt at going beyond
elementary experimental event as a pure “construct” of the mind. The
charge of positivism, which had so often been used by Schrodinger and
Einstein against the prominent figures of the Gottingen-Copenhagen
group was thus ironically sent back by Born. As we shall see later, this
awkward reciprocity in philosophical accusation is symptomatic of the
fact that almost no creator of quantum mechanics could dispense with
positivist-like arguments, at one stage or another of his investigation.
Therefore, what makes the difference is not the fact of making some use
or no use of such arguments, but the way one clings to them or further
elaborates upon them; and for the physicists who make further
elaborations, it is the strategy by which they surmount the initial tabula
rasa in order to obtain either an innovative picture of the situation or a
complementary set of mutually exclusive classical representations with but
a symbolic status. The disagreement between Born and Schrédinger about
the concept of particle is precisely of the latter sort. Born accepted that
“the particles have no individuality”, that “their position can be
determined only with a restricted inaccuracy”2. But he thought this was
not exclusive of a corpuscularian representation with restricted validity.
Such a representation was at least helpful in accounting for the language
physicists still use, and must use according to Born, when they speak of
scattering phenomena. Schrodinger, on the other hand, believed that there
was no possibility of further elaborating on the ruins left by the concept
of particle. According to him, a particle which has no well-defined
trajectory and no individuality is no particle at all, for reasons I shall
discuss later (in chapter 4 and 5). His own attempt at surmounting the
positivist or operationalist fabula rasa thus radically rules out the
corpuscularian categories.

It is now time to distentangle two criticisms: the first one concerns the
relinquishment of the particle concept, and the second one is directed
towards the inability of Schrodinger's wave interpretation to deal with the
discontinuous aspect of phenomena. These criticisms were neatly
distinguished by Heisenberg, but they were handled more or less as a
single one by Born. For Born insisted that, in order to account for
scintillations on screens or discontinuous recordings of a Geiger counter,

IE. Schrodinger, “Are there quantum jumps?”, loc. cit.
2M. Born, “The interpretation of quantum mechanics”, loc. cit.
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one has imperatively to use a corpuscularian mode of description. And
when he commented about Schrodinger's “omission” to interpret the
square modulus of the y-function as a probability, Born could not help
adding that this was the “probability of the appearance of particles”. He
acknowledged Schrodinger's refusal to make use of the particulate
concepts and to consider that the source of the discontinuity on a screen is
already contained in the impinging beam. However, since Born could not
see how it was then possible to figure out the “countable events”! which
are displayed by the instruments, he considered that elimination of any
reference to particles meant the renouncement at tackling the
experimental discontinuities. He thus mixed two elements in his
reasonings: the bare fact of discontinuity, and the Copenhagen
interpretation of this discontinuity in terms of a particulate aspect of
phenomena. Having proved himself unable to avoid such an
intermingling, be once more missed his target. Schrodinger's
interpretation can indeed be accused of being unable to afford any account
of the experimental discontinuities, but the charge must at least be
formulated in terms which preserve its self-consistency and not according
to a ready-made Bohrian complementary mode of using ordinary
language. The self-consistent formulation of the charge is well-known
nowadays: how can pure unitary quantum mechanics (namely wave
mechanics) cope with the measurement problem? How do its macroscopic
superpositions connect themselves with well-defined experimental events?
This is actually a very delicate question, and Schrodinger recognized he
had no solution at hand, and no precise idea about how he could find a
satisfactory one. But his attitudes, his suggestions, as well as his first
sketches, paved the way towards many modern approaches to the
problem. The very agnosticism he manifested on that respect proved quite
fruitful. The “mystical attitude” with which Born reproached
Schrodinger, the hope “that the future will solve this riddle in a
satisfactory way™?, at least prevented any premature burial of the
problem. But it did more: it prompted Schrodinger and his successors to
formulate the program according to which that any physical situation,
macroscopical as well as microscopical, could be tackled entirely by
means of pure unitary quantum mechanics. That at no stage of the
description must a discontinuous change be imposed upon y-function,
provided one incorporates enough degrees of freedom within it (or
provided one encompasses a sufficient number of sub-systems within the
system under study). That at no intermediate level of the processes,
between the initial preparation and the moment the rules of empirical
correspondence are worked out, has the concept of a discontinuous change
any role to play. The connection with facts does not have to appear
within the field of the formal developments; the theoretician is only asked
to show how it can be made compatible with the formalism. This newly

libid.
2ibid.
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established distance between the description and the experimental facts,
which Schrodinger! so strongly insisted upon, is the basis of every
contemporary no-collapse interpretation of quantum mechanics. But
Schrodinger's contribution to a satisfactory analysis of the measurement
problem was not only negative. He also developed the quantum theory of
measurement pioneered by Von Neumann? for its own sake, and he
emphasized very convincingly the significance of considering
macroscopic superpositions as conjunctions of statements, rather than
disjunctions? (see chapter 4 for further developments).

This is enough to anticipate the implicit answer Schrodinger gave to
one of Born's strongest objections against his interpretation of quantum
mechanics, namely its inability to ensure a continuity between the wave-
like properties of the atomic domain and the body-like structure of the
measuring apparatuses. Whereas Born suggested that this continuity could
not be established without extrapolating the body-like mode of description
down to the atomic scale, a strategy which, when taken at face value,
comes very close to Bohm's hidden variable theory, Schrodinger
preferred to extrapolate his wave-like model up to the macroscopic scale.
He decided to perform an upward extension of the new theoretical
picture, rather than a downward extension of the familiar presuppositions
of everyday speech and action. In order to reach this aim, Schrodinger
went very far in his ontological inquiry. On the one hand he undertook
such an extreme phenomenalist deconstruction of the concept of ordinary
thing (or “body”)* that he considerably weakened the obligation to
consider localized and permanent bodies as cornerstones of our ontology,
even at the macroscopical level (see chapter 5). And on the other hand he
tried to figure out how the appearance of ordinary things could be
accounted for by the wave mechanical formalism’, adopting a strategy
which has some features in common with the one which is carried out
nowadays under the name of “decoherence’s.

IE, Schrodinger, Science and Humanism, Cambridge University Press, 1951, p. 39-41

2E. Schrodinger, “Probability relations between separated systems”, loc. cit.; E. Schrodinger, “The
present situation in quantum mechanics”, in: J.A. Wheeler & W.H. Zurek (eds.), Quantum theory and
measurement, op. cit.; E. Schrodinger, Transformation and interpretation in quantum mechanics, (Dublin
seminar 1952), in: E. Schrodinger, The interpretation of quantum mechanics (Dublin seminars 1949-1955
and other unpublished texts), edited and with introduction by M. Bitbol, Ox Bow Press, 1995. The
relevant chapters of J. Von Neumann's book Mathematical foundations of quantum mechanics are included
in Wheeler's and Zurek's collection.

3E. Schrodinger, Dublin seminar, July 1952 colloquium (in: E. Schrodinger, The interpretation of
quantum mechanics (Dublin seminars 1949-1955 and other unpublished texts), op. cit. p. 19-20), and E.
Schrédinger, “Are there quantum jumps?”, loc. cit.

4See E. Schrodinger, Nature and the Greeks, Cambridge University Press, 1954, Chapter VII; E.
Schrodinger, William James lectures (c. 1954), 3rd lecture, (in: E. Schrodinger, The interpretation of
guanmm mechanics (Dublin seminars 1949-1955 and other unpublished texts), op. cit. p.145-149).

E. Schrodinger, The problem of matter in quantum mechanics, Notes for seminar 1949, (in: E.
Schrodinger, The interpretation of quantum mechanics (Dublin seminars 1949-1955 and other unpublished
texts), op. cit. p. 97).
6See W.H. Zurek, “Environment-induced superselection rules”, Phys. Rev. D26, 1862-1880, 1982; B.
d'Espagnat, “Towards an empirical separable reality?” Found. Phys. 20, 1147-1172, 1990. As we shall
see later on (paragraphs 4-3, 4-5, 6-8), Schrédinger's final views on the measurement problem were
however quite unlike the theories of decoherence.
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1-5 Misunderstandings about the concept of “reality”

Finally, we have to assess the criticisms Born and many other members
of the former Gottingen-Copenhagen directed against the general
epistemological attitude of Schrodinger, as well as against his
metaphysical outlook. Did Schrédinger adopt an essentially “conservative
attitude” towards physical theories? Did he attempt to recover a classical
picture of the world? Did he tend to come back to determinism? Did he
try to discover something “behind the phenomena” and to identify this
something with his y-waves? Let us proceed from the last question to the
first, for this is the order of increasing intricacy. To begin with, it is not
very difficult to rule out a statement according to which Schrodinger held
some variety of metaphysical realism!. No conception was more alien to
his thought than that of a hidden “reality” underlying the phenomena. In
his essay “What is real?”, which was written in 1960, he rejects from the
outset the assertion that, in addition to our experience, “there must also,
externally to it, or alongside it, exist an object of which it is the idea and
by which it is caused’2. The reason for such a position is that the
distinction between a Lockean idea and a real object seems to him “a
completely superfluous duplication which offends against Occam'’s
razor™. The same remark can be transposed to the duplication between
the internal agreement of a linguistic community and the real object
which such an agreement is about. Accounting for the mutual
understanding between distinct human subjects by invoking “a real world
of bodies which are the causes of sense impressions and produce roughly
the same impression on everybody” is considered by Schrédinger as no
“explanation at all; it is simply to state the matter in different words”4. It
is only translating the intentional statement “everybody agrees on
something” into the metaphysical statement “there exists something which
causes everybody's agreement”. And moreover, this translation is
inappropriate, because it means extrapolating incorrectly the concept of a
causal link from the field of phenomena, where it can be established by
transcendental deduction, to the limbos which separate the thing-in-itself
and the phenomena. Accordingly, his strong commitment against Kant's
“sublime, but empty, idea of thing-in-itself”s, very akin to the post-

1See, for instance: Y. Ben-Menahem, “Struggling with realism: Schrédinger's case”, in: M. Bitbol and O.
Darrigol (eds.), Erwin Schrodinger, Philosophy and the birth of quantum mechanics, Editions Frontieres,
1993. M.F Melgar (“The philosophy of Erwin Schridinger: a diachronic view of Schridinger's thought”,
Found. Phys., 18, 357-371, 1988) has underlined the disarray of most commentators when they are
confronted to the question “was Schrodinger a realist or an idealist?”. See also chapter II-2 of M. Bitbol,
L'élision, in: E. Schrodinger, L'esprit et la matiére, Seuil, 1990.

2E. Schrodinger, My view of the world, Cambridge University Press, 1964

3 E. Schrodinger, My view of the world, op. cit. p. 64

4ibid. p. 68

SE. Schrodinger, Mind and Matter, in: What is life? and Mind and matter, Cambridge University Press,
1967, p. 137.
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kantian trend of thought, had been life-long. As soon as 1925!, and even
earlier?, he elaborated his own blend of idealistic monism, by joining
Mach's influence and Schopenhauer's elaboration of vedantic spirituality.
True, his vocabulary, especially in his scientific papers and his
correspondence, was pervaded by a realist tinge. For instance he uses
repeatedly the word “real” in the original series of papers about quantum
mechanics: “we have often previously spoken in such an intuitive concrete
way of the “y-vibrations’ as something quite real. But there is something
tangibly real behind this conception also, namely the very real
electrodynamically effective fluctuations of the electric space-density’.
See also his insistence on the reality of what quantum mechanical
statements refer to, in a letter to Einstein of November 18, 1950: “A
probabilistic assertion presupposes the full reality of its subject™.
However, before claiming that there is an internal incoherence in
Schrodinger's thought, or a gap between his philosophical writings and
his scientific papers, one has to examine the definition he gave of the
word “reality”, especially in the texts wherein he expressed his realism in
physics. As Schrodinger further explained to Einstein (in the above-
mentioned letter): “the metaphysical significance of this reality does not
matter to us at all. It comes about for us as, so to speak, the intersection
pattern of the determinations of many - indeed of all conceivable -
individual observers. It is a condensation of their findings for economy of
thought”s. The “real world around us”, the reality of the physicist, is
scarcely considered by Schrodinger as any more than a construct out of
Machian elements, namely ‘“sense perceptions, memory images,
imagination, thought”s. A construct which has been hypostasized as an
object, after Heraclitus introduced the principle of objectivation as a
definite feature of the western way of understanding nature’. The “real
world around us” is only a construct, then; but the importance of this
construct must not be “questioned in the least” in so far as “without (it)
we cannot achieve a single step in practical life”’s. Indeed, “(I)f we wanted
to give up this mode of thought before we have found an equivalent that
at least gives the same thing”, the findings of the individual subjects
“would fall apart without any connections™. The two faces of
Schrodinger's attitude towards the concept of “reality” can thus be
characterized as follows. Fully recognize that the “real objects which

1E, Schrodinger, The seek of the road, in: My view of the world, op. cit.

M. Bitbol, L'élision, in: E. Schrosdinger, L'esprit et la matiére, précédé de L'élision par M. Bitbol, Seuil,
1990.

3E. Schrédinger, “Quantization and proper values, IV”, in: Collected papers on wave mechanics, Blackie
and son, 1928

4E. Schrodinger to A. Einstein, November 18 1950, in: K. Przibram, Letters on wave mechanics, (Tr.
M.J. Klein), Philosophical Library, 1967 p. 37

Sibid. p. 38

SE, Schridinger, Nature and the Greeks, op. cit. p. 92

7E. Schrodinger, Nature and the Greeks, op. cit.

8E. Schrodinger, My view of the world, op. cit. p. 64

9E. Schrodinger to A. Einstein, November 18 1950, in: K. Przibram, Letters on wave mechanics, (Tr.
M.J. Klein), op. cit. p. 38
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surround us” are nothing else than constructs, but take these constructs
very seriously, since they are a precondition for our life. And conversely,
when you have found a clear and adequate theoretical construct, do not
diminish its significance by calling it just a product of our minds, or a
mere symbolic pattern; think it is exactly the same type of structure as the
one you are accustomed to call “a real object”.

Therefore, according to Schrédinger, the disagreement between the
Gottingen-Copenhagen group and himself did not bear at all on the
metaphysical issue of the “existence” of some external reality, but on the
necessity to provide quantum mechanics with at least a full “equivalent” !
of the everyday life construct called “reality”. His problem was just to
find a good candidate for this position. For several reasons I shall
expound later on, and in spite of his explicit renouncing the consideration
of the y-function as a flat description of observed facts?, the latter
theoretical entity was still considered by him as the best possible choice in
the 1950's: “as long as the state vector plays the role it does, it must be
taken to represent the ‘real world in space and time’”3.

At this point, one can see most clearly that it was just Schrodinger's
extreme anti-(metaphysical) realism which provided him with such a high
capacity to accept awkward theoretical constructs as proper substitutes for
the ordinary concept of reality. It was his very anti-(metaphysical)
realism that led him to adopt norms of clarity and of completeness which
are overtly intellectual when he had to state the requirements of his strong
epistemological (or “methodological™) realism. Would it be absurd to
think that, by contrast, some spurious remnants of metaphysical (macro)-
realism have been the actual reason for Gottingen-Copenhagen physicist's
reluctance towards Schrodinger's light-hearted tendency to endow new
theoretical constructs (y-functions) with the status of “real entities”?
Think for example of Born's assertion that (macroscopic) physical
apparatus “consist of bodies, not of waves”: consist, and not appear to
consist. Think of Heisenberg's remark that “the ontology of materialism
rested upon the illusion that the kind of existence, the direct ‘actuality’ of
the world around us, can be extrapolated into the atomic range. This
extrapolation is impossible, however”s: the extrapolation into the atomic
range is impossible, but the “kind of existence” of the objects of daily life
remains almost unquestioned. Of course, the members of the Gottingen-
Copenhagen group were very far from being just naive realists, even
about the macroscopic bodies. However, the type of pragmatic analysis to
which they submitted the concept of “real objects” of daily life prevented
them from going very far in their ontological inquiry. Heisenberg's

libid.

2E. Schrodinger, Science and Humanism, op. cit. p. 40

3E. Schrodinger, “Might perhaps energy be merely a statistical concept?”, Nuovo cimento, 9, 162-170,
1958

4L. Wessels, Schrodinger’s interpretations of wave mechanics, Ph. D. dissertation, Indiana University,
1975

SW. Heisenberg, Physics and philosophy, op. cit. p. 145
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Bohrian views according to which the usual concepts of “object” and of
“actual occurrence of an event” are unsurpassable tools for unambiguous
communication! did not prompt him to assess the constitution of the
concept of “real object”, nor did it suggest him putting ordinary bodies
and scientific constructs on the same footing, as Schrédinger did2. And
Born's stress on the priority of the observational invariant (or Gestalt )3
over the variable perceptual elements, rather than the other way round,
progressively led him to endow the invariant with a sort of unconditioned
existence, and to extend the latter towards the micro-world. Surprisingly
enough for those who are accustomed to consider Schrodinger as a
“realist” and Born (as well as Heisenberg and Bohr) as “positivists™,
Born's reference to something “behind the phenomena” thus proves much
closer to his own position than to Schrodinger's.

1-6 Misunderstandings about “causality”

Now what about Schrodinger's alleged dream of coming back to
determinism? At the beginning of the twenties, Schrodinger was known as
a very strong supporter of F. Exner's ideas according to which
macroscopic causal laws may perfectly well arise from statistical
regularities of large numbers of stochastic micro-events. In his Zurich
conference of 1922 entitled “What is a natural law?”, he pointed out that
Boltzmann's statistical mechanics had already showed that “chance is the
common root of all the rigid conformity to Law that has been observed,
at least in the overwhelming majority of natural processes, the regularity
and invariability of which have led to the establishment of the postulate of
universal causality”s. This being granted, there is no decisive argument
for thinking that the micro-world is actually ruled by deterministic laws.
Since every regularity observable in nature can be explained statistically,
the assertion that the basic microscopical processes underlying these
regularities are ruled by causal law clearly “goes beyond the reach of
experience”s. The conclusion of these remarks is not that micro-causality
is impossible, but that it is “not at all very probable”, for it involves a
kind of unnecessary duplication of the type of law (causal or statistical).
According to the kind of empiricist perspective Schrodinger explicitly
adopts, the focus then shifts from the laws to our biased perception of
them. The relevant questions to be asked, Schrodinger says, are about our
lasting preference for causality, rather than on causality itself: “Whence

libid. p. 144
2E. Schrodinger, William James lectures (c. 1954), 3rd lecture (in: E. Schrodinger, The interpretation of
quantum mechanics (Dublin seminars 1949-1955 and other unpublished texts), op. cit. p. 149). See
chapter 5.

3M. Bomn, Natural philosophy of cause and chance, Oxford University Press, 1949, p. 125, 209; M.
Bom, “Physical reality”, Phil. Quart., 3, 139-149, 1953

4These were exactly the terms they used in order to qualify each other, during their life-long controversy.
ZE. Schrodinger, Science and the Human temperament, G. Allen & Unwin, 1935, p. 109

ibid. p. 118
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arises the widespread belief that the behaviour of molecules is determined
by absolute causality; whence the conviction that the contrary is
unthinkable? Simply from the custom, inherited through thousands of
years, of thinking causally, which makes the idea of undetermined events,
of absolute, primary casualness, seem complete nonsense, a logical
absurdity”!. In so far as micro-causality is just a belief, and moreover a
belief which is quite unlikely to be true, “the burden of proof falls on
those who champion absolute causality, and not those who question it”2,

In order to account for Schrodinger's later rejection of Born's
probabilistic interpretation of quantum mechanics, some prominent
historians of science® thus attempted to demonstrate that Schrédinger
changed his mind completely in 1926, about the issue of determinism.
They based their statement on a letter to Wien (August 25, 1926), where
Schrodinger appears to acknowledge his own intellectual shift: “today I
would no longer care to assume, together with Born, that such an
individual event is ‘absolutely random’ that is, completely undetermined. I
no longer think that there is much to be gained by means of this
assumption (which four years ago I staunchly started to defend)”’s. But,
quite recently, Y. Ben-Menahems has argued very convincingly against
the idea that this letter represents the landmark of a radical and lasting
change in Schrodinger's views about determinism. She especially based
her statement on the numerous post-1926 texts (going from two
conferences of 1929 and 1931 to his last paper of 1958%) where
Schrodinger stuck to his ideas of 1922. In 1929, for instance, Schrodinger
still insisted that: “(...) from the point of view of the physicist, chance lies
at the root of causality””. The argument in favour of continuity of
thought is all the more compelling since Schrodinger's adherence to
Exner's conceptions survived several changes of attitude towards the
interpretation of quantum mechanics. Ben-Menahem's case can even be
strengthened if one adds to her list a short paper of 1944%, wherein
Schrodinger urged physicists to promote statistical thought from an
ancillary status to the role of leader, and a very detailed philosophical
investigation of 1948 in which he reiterated his agnosticism about the
underlying determinism of micro-events.

libid. p. 115

2ibid. p. 118

3W.T. Scott, Erwin Schrodinger, University of Massachussetts Press, 1967 p. 50; V.V. Raman & P.
Forman, “Why was it Schrodinger who developed de Broglie's ideas?”, HSPS, 1, 291-314, 1969

“In: K. Przibram, Letters on wave mechanics, (Tr. M.J. Klein), op. cit.

Y. Ben-Menahem, “Struggling with causality: Schrodinger's case”, Stud. Hist. Phil. Sci., 20, 307-334,
1989

SE. Schrodinger, “The law of chance” (1929) and “Indeterminism in physics” (1931), in: Science and the
Human temperament, op. cit.; E. Schrodinger, “Might perhaps energy be a merely statistical concept?”,
Nuovo cimento, 9, 162-170, 1958

7E. Schrodinger, “The law of chance” in: Science and the Human temperament, op. cit. p. 36

8E. Schrodinger, “The statistical law of nature”, Nature, 153, 704, 1944

9E. Schrodinger, “Die Besonderheit des Weltbilds der Naturwissenschaft”, Acta Physica Austriaca, 1, 201-
245, 1948
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However, this is not sufficient. Once one has realized there is no actual
discontinuity in Schrédinger's very open attitude towards indeterminism,
the reasons for his initial rejection of Born's probabilistic interpretation
of quantum mechanics still remain to be understood. Ben-Menahem faces
the difficulty by having recourse to the very text which was considered by
other historians (and which appears at first sight) as the clearest proof of
Schrodinger's change of position. The relevant sentence is “I no longer
think there is much to be gained by means of this assumption”. It is
echoed in a paper written some months later: “I am averse to this (Born's
probabilistic) conception, not so much on account of its complexity as on
account of the fact that a theory which demands our assent to an absolute
primary probability as a law of nature should at least repay us by freeing
us from the old ‘ergodic difficulties’ and establishing us to understand the
one-way course of natural processes without further supplementary
assumptions”!. Schrodinger then rejected Born's interpretation not
because he disliked indeterminism as such, but because he thought it did
not “repay” us with any further understanding of the “one way course of
natural processes”, and there was accordingly little “to be gained” by this
mean.

But why did he think so? Let us suppose, as Born did in his original
papers of 19262, that the fundamental entities of the theory are particles as
well as individual processes called ‘quantum jumps’. If it is taken at face
value, this view implies that the only significance of the y—function is that
its square modulus |\y 2 represents the density of probability for a
particle to be? within a certain element of volume, and that the values

Com | 2 Obtained from the coefficients Cam Of the linear superposition

Vo= ComWm Tepresent the probability of a particle performing a ‘quantum
m

jump’ from a well-defined energy-level E, to another level E,,. However,

if one strictly adheres to this view, if one considers that the probabilities

calculated from the wy-functions only reflect our (compensable or

incompensable) ignorance about discontinuous processes?, no possibility is

1E. Schrodinger, “The exchange of energy according to wave mechanics” (1927), in Collected papers on
wave mechanics, op. cit. p. 146

ZM. Bomn, “On the quantum mechanics of collisions” in: J.A. Wheeler and W.H. Zurek, Quantum theory
and measurements, op. cit.; M. Bom, “Das Adiabatenprinzip in der Quantenmechanik”, Z. Phys. 40, 167-
192, 1926. Mara Beller (“Bom's probabilistic interpretation: a case study of ‘concepts in flux’”, Stud.
Hist. Phil. Sci., 21, 563-588, 1990) however pointed that, in 1926, Born did not insist so much on
particles as on quantum jumps. His strong corpuscularian commitment was developed much later (see his
gaper “Physical reality” op. cit., 1953).

In his original paper on collisions, Born refers to the probability for an electron “to be thrown out” in a
certain direction. Later on (in his Atomic physics, Blackie & son, 1944), he maintains a certain
ambiguity about the epistemological status of quantum probabilities. Are they probabilities of a particle
to be or to be found in a given element of volume? At page 139 of his book, we read that “ |\|!E [2dv is
the probability that the electron (regarded as a corpuscle) is in the volume element dv”; and at page 140,
that “ I\yn [2dv is the probability that the electron will be found in the volume element dv”. See
discussion in §2-4
4M. Jammer, The philosophy of quantum mechanics, op. cit. p. 43
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left to account for the diffraction and interference patterns which are so
widely observed in Davisson and Germer's-like experiments. True, one
can modify slightly Born's initial interpretation (as Born himself did) by
insisting that |\|} |2 is not the only computational tool to be used, and that
the “probability amplitude” y retains an importance through the cross-
product terms which appear when one takes the square of its modulus.
But the question now becomes: can one still speak of a probabilistic
theory in the usual sense of the expression?

Schrodinger did not think so. As he wrote to Planck in a letter of July
1927, “What seems most questionable to me in Born's probability
interpretation is that (...) the probabilities of events that a naive
interpretation would consider to be independent do not simply multiply
when combined, but instead the ‘probability amplitudes interfere’ in a
completely mysterious way (namely, just like my wave amplitudes, of
course)”’l. In order to contend that quantum mechanics is a probabilistic
theory of individual events occurring in nature, one would have first to
show that quantities that have the mathematical properties of ordinary
probabilities can be associated to any kind of event. This is not
nevertheless true, as long as these probabilities are taken to refer to
physical events taken in abstracto, before an effective experimental
arrangement is even mentioned; for in such case one has to take
interference of y-amplitudes into account. This is only true in so far as
one restricts attention to the measurement results themselves, namely to
experimental events rather than to putative events occurring before an
experiment or between two experiments; for in these circumstances
additivity of |\ul2 values holds. In other terms (borrowed from Bohr
and Reichenbach?), the rules of the standard theory of probabilities apply
to phenomena, not to inter-phenomena.

One may of course single out the concept of “actual experimental
result” (of a position measurement, for instance) and say that y has no
other significance than providing the density of probability |\|1 |2 that
such results are effectively obtained; but then the very assertion that
quantum mechanics is a probabilistic theory of individual bodies called
“particles” and of the discontinuous individual changes they undergo
becomes void, for it goes beyond the strict level of the experimental
results to which the quantum description is admittedly confined. This
argument lies at the core of Schrodinger's later interpretation of quantum
mechanics?, but it was already implicit in his initial rejection of Born's
VIEWS.

Let us summarize: even though Schrodinger did not eliminate from the
outset the possibility that the individual processes are basically

IE. Schrodinger, Letter to Planck, July 4, 1927, in: K. Przibram, Letters on wave mechanics, op. cit. p.
20

2H. Reichenbach, Philosophic foundations of quantum mechanics, California University Press, 1946
3See for instance the appendix to the 1952 edition of E. Schridinger's “Statistical thermodynamics”, op.
cit.
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indeterministic, he thought that the development of quantum mechanics
did not favour this view. Not only for the general reason that “however
considerable finally the success achieved by the employment of an
indeterministic picture may be, it is unlikely that we shall ever be able to
demonstrate the impossibility of finding any deterministic model of
nature capable of doing justice to the facts”!, which is but the mirror
image of Schrodinger's previous remark that it is unlikely that we shall
ever be able to demonstrate the impossibility that the ultimate microscopic
laws of nature are indeterministic. But also because quantum mechanics
can be called an “indeterministic theory” only in the restricted
epistemological sense of lack of predictibility of experimental results?
given a maximal set of information about the experimental preparation.
Quantum mechanics is only indeterministic in so far as the link between
two successive experiments is concerned, but it gives no univocal
indication about what happens between these two experiments.

Now, can we supplement quantum mechanics by attempting to describe
what Reichenbach calls the “interphenomena”? Even if we try to do this,
we are bound to recognize that indeterminism provides no clue by itself.
No attempt at filling the gaps between two subsequent experiments with a
local model of particles undergoing stochastic ‘quantum jumps’ or
travelling along single well-defined trajectories (be they randomly
determined by the initial conditions) can lead to a successful calculation of
the probability of the final observation. No attempt at picturing the
intermediate processes as indeterministic and discontinuous rather than
deterministic and continuous has proved able as such to account for
certain (wave-like) aspects of the phenomena. In other words, it is by no
means sufficient to acknowledge the stochastic character of the micro-
events in order to recover all the effects predicted by quantum mechanics.

The latter remarks can also be expressed more explicitly, in terms of
“hidden variables”. It is widely acknowledged that local stochastic hidden
variable schemes are just as able to yield Bell-type inequalities as local
deterministic hidden variable models are. Both types of models are
incompatible with quantum predictions. It is therefore by no means
sufficient to introduce stochasticity alone in hidden variable models for
accounting for all the quantum predictions. One has to accept in addition a
version “non-locality”® which is most conveniently described in terms of
some wave formalism.

On the other hand, as Schrodinger progressively succeeded to
demonstrate in example after example, it is not even necessary to retain
the idea that the intermediate events, if any, are stochastic. Taking the
quantum formalism at face value and figuring out the processes which

IE. Schrodinger, “Indeterminism in physics”, in: Science and the human temperament, op. cit. p. 45.

2. .

ibid. p. 43

30ne must evoke at this point Bohm's theory. It accounts perfectly for all quantum predictions, but it
does so at the cost of accepting a contextuality of trajectories which make them inaccessible in principle
to any experimental assessment. Schrodinger's insistence on operational criteria for the continuity of
trajectories is definitely incompatible with such an extreme option.
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take place between two successive observations as a continuous wave
which propagates in a 3n-dimensional space according to a deterministic
law of evolution, always provides one with the proper probabilistic link
between the initial and the final experiments (or between a preparation.
and an experiment).

The indeterminism of the micro-processes being thus neither sufficient
nor necessary to account for the distinctively non-classical phenomena
which are manifest at the atomic scale, it can be dispensed with. It can be
dispensed with because there is little (not to say nothing) “to be gained by
means of this assumption”. This was, in substance, the major reason
Schrodinger had to be so reluctant towards the probabilistic interpretation
of quantum mechanics. Such a reason did not prevent him from accepting
eventually that the y-function can be used as a tool to calculate the
probability of experimental events, but it definitively disqualified the idea
according to which the y-function is only a statistical description of some
underlying random processes which concern corpuscular entities. So
much for Schrédinger's “determinism”.

1-7 Schrodinger's “over-revolutionary” attitude

Last but not least, we must address the accusation of “conservatism”
which was so often issued against Schrodinger. Did he value so much the
classical modes of thinking that he was unable adopt the new ideas of the
Gottingen-Copenhagen group? Some of his statements at the very
beginnings of wave mechanics, as well as his age (he was 39 years old in
1926), may support the portrait of an old-fashioned physicist struggling
to restore a classical field-like theory against Heisenberg's revolutionary
algebra of observables. Wasn't it Schrodinger who wrote in his 1926
paper “Quantization as a problem of proper values II”: “(...)we cannot
really alter our manner of thinking in space and time, and what we cannot
comprehend within it we cannot understand at all”'? Wasn't it he who
expressed his preference for the wave-mechanical ideas over the matrix-
mechanical scheme in these terms: “To me it seems extraordinarily
difficult to tackle problems of the above kind, as long as we feel obliged
on epistemological grounds to repress intuition in atomic dynamics, and
to operate only with such abstract ideas as transition probabilities, energy
levels, etc.”2? Wasn't it Schrodinger again who was praised by the entire
establishment of classical physics for his ability to bring back atomic
processes within the boundary of formerly accepted theoretical models3?
All this is true, of course, but does not demonstrate in the least that

IE, Schrdinger, “Quantization as a problem of proper values 11", in: Collected papers on quantum
mechanics, op. cit. p. 27

2E. Schrodinger, “On the relation between the quantum mechanics of Heisenberg, Born and Jordan, and
that of Schridinger”, in: Collected papers on quantum mechanics, op. cit., p. 59

3See the letter of July 28, 1926, where W. Heisenberg reported to W. Pauli the outcome of Schrodinger's
conference in Munich. In: N. Bohr, Collected works, E. Riidinger (gen. ed.), vol. 6, J. Kalckar (ed.),
North-Holland, 1985, p. 10.
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Schrodinger was personally attached to classical concepts, let alone to
classical theories as such. For reasons that we shall discuss at length in the
next chapter (section 2-5), he was a strong supporter of some
methodological requirements of clarity and  spatio-temporal
representation. These requirements happen to be fulfilled by most parts of
classical physics, but they exceed by far the strict domain of classical
theories and even the general principles on which they are grounded.
They allow an impressive range of variations which may go well beyond
the traditionally accepted types of theories. Therefore we should not be
surprised if, except for this nucleus of epistemological ideals, Schrodinger
proved to be extremely open-minded, and even sometimes revolutionary,
as to the conceptual content of the newly formulated quantum theory. In
1924, for instance, he immediately supported the ideas expressed in the
Bohr-Kramer-Slater paper, finding no obstacle in its indeterministic
features, and not even in its renouncement of the principles of
conservation of energy and momentum!. Later on, from 1926 to 1935, he
often stressed some features of quantum mechanics which, in spite of their
being scarcely recognized as such due to the insistence of the Gottingen-
Copenhagen group on epistemological changes, appeared radically new to
him. Let us give some prominent examples of these new characteristics.

One of them was the superposition principle, which Schrodinger first
expressed in terms of multiple excitation of the proper vibrating modes of
the atoms?, but that he soon came to single out and to recognize as one of
the most puzzling distinctive features of quantum mechanics?. Some of its
consequences carried quantum mechanics very far away from both
classical particle mechanics and classical vibration theories:

(1) The principle of superposition does not agree with classical particle
mechanics, for (in terms which are strongly reminiscent of Feynman's
path integral concept): “the true laws of quantum mechanics do not consist
of definite rules for the single path, but that in these laws the elements of
the whole manifold of paths of a system are bound together by equations,
so that apparently a certain reciprocal action exist between the different
paths”4.

(ii) The particular form taken by the principle of superposition in
relation to the Schrodinger equation does not agree with classical
vibration theories either, for, in quantum mechanics, the proper
frequencies become additive when two or more systems are combined
into one composite system’. According to Schrodinger, then, quantum

IM. Jammer, The conceptual development of quantum mechanics, Mc Graw Hill, 1966, p. 184

2E. Schrodinger, “Quantization and proper values-I”, in: Collected papers on quantum mechanics, op. cit.,
p. 11

3E. Schrodinger, “The fundamental ideal of wave mechanics” (Nobel lecture, 1933), in: Science and the
Human temperament, op. cit. p. 152

4E. Schrodinger, “Quantization and proper values-II", in: Collected papers on quantum mechanics, op.
cit., p. 26

5 E. Schrodinger, “The exchange of energy according to wave mechanics”, in: Collected papers on
quantum mechanics, op. cit., p.140; the fact that this additivity of frequencies does not fit with classical
vibration theories was stressed much later in: E. Schrodinger, “Are there quantum jumps?”, loc. cit. p.
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mechanics does not only depart from classical particles theories, but also
from classical wave theories.

Another very important new characteristic of the theory is highlighted
by the previous reference to composite systems: quantum mechanics has a
holistic descriptive structure. Schrodinger had already caught a glimpse
of it in his 1926 paper about Einstein's theory of gas!; he then began to
provide it with a precise mathematical form (namely the appearance of
linear superpositions of products of eigenfunctions) in 19272 and finally,
in 1935, he stated: “I would not call that one but rather the characteristic
trait of quantum mechanics™? (see sections 2-2 and 2-3 for more details).

With these examples in mind, Schrodinger claimed more strongly than
any other physicist that the gap between quantum mechanics and classical
theories hindered any partial rescue of the classical concepts as well as
any attempt at preserving the remnants of the natural ontological
attitude * towards material bodies which are incorporated in classical
thought. The situation appeared to him “exciting, novel, revolutionary™
in a way that few of his colleagues were able to appreciate. As soon as
1928, he explained to Bohr that one of the major reasons of his persistent
skepticism towards the current interpretation of quantum mechanics was
that, even though the classical corpuscular concepts were altered beyond
any possibility of recognition, they were not completely abandoned: “If
you want to describe a system, e.g. a mass point, by giving its p and q,
then [according to the uncertainty relations] you find that the description
is possible only with a limited degree of exactness. This is very
interesting, for it seems to me a limitation on the applicability of the old
phenomenal concepts. But it seems to me imperative to require the
introduction of new concepts, in which these restrictions no longer
exist”s. This argument was reproduced at the end of the series of lectures
he gave in London in 1928: “It seems to me that this statement [i.e. that
the result of measuring a classical variable will be one of the proper value
of the corresponding observable] contains a rather vague conception,
namely that of measuring a quantity (...) which relates to the classical
picture of the atom, i.e. to an obviously wrong one. Is it not rather bold
to interpret measurements according to a picture which we know to be
wrong? May they not have quite another meaning according to the picture

116, and also in: E. Schrodinger, Dublin seminar, July 1952 colloquium (in: E. Schrdinger, The
interpretation of quantum mechanics (Dublin seminars 1949-1955 and other unpublished texts), op. cit. p.
25)

1E, Schrédinger, “Zur Einsteinschen Gastheorie”, Phys. Z., 27, 95-101, 1926

2E. Schrodinger, “The exchange of energy according to wave mechanics”, in: Collected papers on quantum
mechanics, op. cit., p. 141

3E. Schrodinger, “Discussion of probability relations between separated systems”, Proc. Camb. Roy.
Soc., 31, 555-563, 1935

4The expression is borrowed from A. Fine (The shaky game, University of Chicago Press, 1986)

5E. Schrodinger, Science and humanism, op. cit. p. 11

SE. Schrodinger, letter to N. Bohr, May 5, 1928, (Tr. L. Wessels, Schrodinger’s interpretations of wave
mechanics, op. cit. p. 340), in: N. Bohr, Collected works, vol. 6, op. cit., p. 463; Einstein warmly
approved Schrodinger's call to relinquish the classical concepts of position and momentum in a letter of
May 31, 1928; N. Bohr, Collected works, vol. 6, op. cit., p. 51.
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which will finally be forced upon our minds?’t. The same trend of
thought was then developed at lengh in a paper of 19342 and in the
second and in the third paragraph of the “cat-paper”. There, Schrodinger
noticed how strange was an interpretation of quantum mechanics wherein
the old classical concepts were still used as a guideline for defining
observables, in spite of the fact that the relations classical physics
establish between these observables are admittedly inadequate®. He then
concluded: “Does one not have the impression that at issue here are
fundamentally new characteristics, which have only their name in
common with the classical properties?”4.

The names of these characteristics are retained, due to their relation to
certain experimental procedures which must eventually be described in
classical terms, as Bohr emphasized repeatedly and as Schrodinger
accepted with qualifications (see §4-4, point (8), and §6-3). But in order
for them to be the very same concepts as in classical mechanics, they
would also have to be nodes into the same network of lawlike relations as
in classical physics. And this is obviously not true.

The previous texts, as well as many others, strongly support the non-
conventional position of the few scholars who have carefully studied
Schrodinger's views on quantum mechanics. These historians of physics
rightly claim that, far from being conservative, Schrodinger adopted an
over-revolutionary attitude towards the conceptual content of quantum
mechanics. As Y. Ben-Menahem puts it, “the Copenhagen interpretation
appeared to him as a rather contrived effort to retain the classical
foundations while confining the revolutionary element of the theory to its
probabilistic interpretation™. Or, according to L. Wessels' nice
metaphors, Schrodinger proved the only physicist who, confronted with
the clear impossibility of pouring the new wine of atomic phenomena into
the old bottles of classical physics, suggested blowing entirely new bottles.
Schrodinger's extremely innovative line of thought was not very easy to
hold because, as we already noticed, the experimental devices and results
have still, at some stage, to be described in agreement with the natural
ontological attitude, or even in agreement with those classical concepts
which incorporate the relevant elements of the natural ontological
attitude. But it had both the merit of coherence and the aptitude to
circumscribe most precisely the difficulties within the framework of the

IE. Schrodinger, Four lectures on wave mechanics, Blackie & son, 1928, p. 52

’E. Schrodinger, “Uber die Unanwendbarkeit der geometrie im Kleinen”, Naturwissenschaften, 22, 518-
520, 1934:

“Current quantum mechanics erroneously keeps the concepts of the classical mechanics of mass points,
e.g. energy, momentum, position (...) but the price it has to pay for this is that a system in an exctly
defined state cannot be ascribed definite values of those quantities. This shows that the concepts are
insufficient. The concepts have to be given up, not their exact definitions.”

3E. Schridinger, “The present situation in quantum mechanics”, in: J.A. Wheeler & W.H. Zurek (eds.),
Quantum theory and measurement, op. cit. §2

4ibid. § 3

5Y. Ben-Menahem, “Struggling with causality: Schrodinger's case”, loc. cit.

SL. Wessels, Schrodinger's interpretations of wave mechanics, op. cit. p. 113
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new theory, by identifying them with the well-known measurement
problem.

1-8 Modernity and post-modernity

Our answer to the first-order question: “did Schrodinger adopt a
conservative attitude in the interpretation of quantum mechanics?” is thus
a definite “no”. But we are left with a second-order question: “why were
the Gottingen-Copenhagen physicists so eager to claim Schrodinger's
reluctance towards conceptual changes?”. The reasons for this claim can
now be more easily understood. Schridinger's conception of the radical
changes imposed by quantum mechanics did not fit at all with the current
views. He therefore began many of his papers by a strong criticism of the
way his colleagues conceived these changes:

(1) Schrédinger rejected Bohr's complementarity from the outset! and
never abandoned his extreme skepticism about this concept?, even though
(see paragraph 6-2) he also felt the necessity to find a proper equivalent
to it in his own framework of thought.

(i1) After the very short period (at the beginning of the thirties) when
he accepted teaching the dominant conceptions, he criticized more and
more vehemently Heisenberg's idea that quantum mechanics has in some
way forced us to break down the “barrier between subject and object™. In
Schrodinger's metaphysics, subject and object are not two pre-given
entities facing each other, which had to wait for quantum mechanics in
order to merge. They were One from the outset, and every branch of
science, including quantum mechanics, is based on a procedure called
objectivation which consists in withdrawing every subjective element
(qualia and values) from the primeval Unity. It is only after this
withdrawal that one can isolate a common structure which deserves the
name of “object”.

Moreover, talking of an interaction between subject and object when
interaction between apparatus and object is at stake, seemed to him utterly
inappropriate. Something like Gilbert Ryle's category mistake. “For the
observing mind is not a physical system, it cannot interact with any
physical system. And it might be better to reserve the term ‘subject’ for
the observing mind™. In modern termsS, one would say that Schrodinger
felt very strongly the need of a clear distinction between the “Cartesian
cut” (between res cogitans and res extensa) and the “Heisenbergian cut”
(between apparatus and object).

IE. Schrodinger, Letter to N. Bohr, October 23, 1926, N. Bohr, Collected works, vol. 6, op. cit., p. 459
Zgee for instance E. Schridinger, Science and humanism, op. cit. p. 66. For more details, see § 6-1

3E. Schrodinger, Science and humanism, op. cit. p. 47, E. Schrodinger, “Der Geist der
Naturwissenschaft”, Eranos Jahrbuch, 14, 491-520, 1946

4E. Schrédinger, Science and humanism, op. cit. p. 53

SH. Atmanspacher “Is the ontic/epistemic distinction sufficient to describe quantum systems
exhaustively?”, in: K.V. Laurikainen, C. Montonen, & K. Sunnaborg, Symposium on the foundations of
modern physics 94, Editions Fronti¢res 1994
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(iii) He did not accept at all Jordan's contention that free-will was
rescued by the inderministic features of quantum mechanics, not because
he did not like indeterminism as such, but because, in good agreement
with Cassirer's Kantian analysis!, he thought that the determination of
natural processes has absolutely nothing to do with the practical concept
of free will. He insisted particularly on what he called the “moral
objection” to Jordan's thesis: “(...) this haphazard side of the goings-on in
the material world is certainly (says Cassirer) the very last to be invoked
as the physical correlate of man's ethical behaviour.

(iv) Finally, he did not think that “the impossibility of a continuous,
gapless, uninterrupted description in space and time (is) really founded in
incontrovertible facts™. The relations between the said continuous
description and the facts had only to be redefined, as we have already
suggested, and as we shall explain at length in chapter 4 of this essay.

Being so alien to the Gottingen-Copenhagen conception of the
conceptual changes brought about by quantum mechanics, it is not
surprising that Schrodinger was considered by the physicists of that group
as hostile to the very idea of change.

But there is another way to apprehend the reasons for the deep and
persistent  misunderstanding between Schrodinger and the Gottingen-
Copenhagen physicists about the issue of “conservatism”. A way which
goes well beyond the quarrels on particular points, and parallels the
major trends of the Weltanschauung of our century. My thesis is that the
creators of quantum mechanics can be divided not in fwo groups (the
classicists and the modernists), but in three groups (the classicists, the
modernists and the post-modernists). Whereas the usual classification puts
de Broglie, Einstein and Schrodinger on the classical side, and the
members of the Gottingen-Copenhagen group on the modern side, my
classification is both more refined and more time-sensitive: de Broglie,
Einstein (mostly) and Schrodinger (in 1926 only) played the role of the
classicists; Heisenberg, Pauli, Dirac, Born, Jordan and Bohr (mostly)
were the modernists; finally Schrodinger after 1926 (as well as Einstein
and Bohr for some scattered aspects of their later thought) adopted a post-
modernist attitude. I shall advocate the idea that the background reason
why the Gottingen physicists accused Schrodinger of conservatism lies in
the obvious difficulty for any modernist thinker to acknowledge a
distinction between true old-fashioned classicists and somehow over-
revolutionary post-modernists. Now, I have of course to justify this
reordering and to explain the use of a vocabulary which is borrowed to
the historians of contemporary art. The easiest strategy consists in-

IE. Cassirer, Determinismus und Inderterminismus in der modernen Physik, Gotheborgs Hogskolas
Arsskrift 42, 1937; Determinism and indeterminism in modern physics, Yale University Press, 1956

2E. Schrodinger, Science and humanism, op. cit. p. 62

3ibid. p. 49
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focusing our attention on painting, for, after all, the problem of
representation is at stake.

Classical (or “Raphaélite”) painting has two distinctive features: the
figurative ideal, and the use of linear perspective in order to organize the
figuration of three-dimentional sceneries on two-dimensional surfaces.
According to one of the first theoreticians of perspective, Leon-Battista
Alberti, the aim was to transform the painted surface into “(...)an open
window through which one can see”’!. Nothing was to be seen on the
surface, but the surface had rather to be made transparent in order to give
access to the represented part of the (mythological or real) world. By
contrast, modern painting, from impressionism to abstract art, tended
more and more insistently to revert the attention from what is represented
to the painting itself, to its internal structure, to its patches of colour. One
may even detect symptoms of over-reaction in modern pictural art: not
only did the artists renounce representing an object, but they often
claimed that their work tended to express their subjectivity, that its
meaning was conditioned by an external written commentary, or that the
painting had no other significance than being the trace of the performance
of the painter (J. Pollock's action painting). They condensed and
expressed in their way some of the most important shifts which affected
the western outlook during the past three centuries. According to the
usual classifications of philosophical doctrines, we could say that they first
documented a transition from unproblematic realism to idealism (be it
transcendental), and then from a philosophy of consciousness to a
philosophy of language or to pragmatism. They first performed
something like the cartesian discovery of the subject, and then took either
the linguistic turn or the pragmatic turn. But the theories of painting did
not stop at this point. Almost at the same time as the climax of
deconstructive undertaking associated with abstract painting, an opposite
trend began to develop; a trend which resulted in a bundle of (sometimes
very strange) reconstructive attempts. The surrealists resumed
representing fragments of worlds on their canvas, but the disposition of
the fragments was intended to prevent any assimilation of the whole work
to a mere imitation of the coherent universe of common experience.
Magritte's most characteristic paintings were precisely aimed at showing
that no representation could ever naively revert to the previous ideal of
mimicry. His demonstration sometimes used pure pictorial techniques
(painted pictures within the frame of the actual painting), or an
association of pictorial and verbal elements (for instance his very famous
“this is not a pipe” written beneath a coloured shape that anyone would
identify with a pipe). Later on, some painters could even revert to a
quasi-classical style, in so far as the confusion with genuine “Rapha¢lite”
painting was not to be feared any longer. This is how the so-called “post-

IL.B. Alberti, De Pictura (1435), Latin text and French translation by J.L. Schefer, Macula Dédale,
1992, p. 115
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modern” trend arose. Here are then some of the characteristic features of
post-modern painting:

(1) It makes use of the methods and conventions of classical art, except
for a host of little details which reveal that it has fully integrated the
teachings of the modern deconstructive process.

(i1) Its theoretical framework is akin to that of modern (impressionist,
cubist or abstract) art, for here also the representational content of the
work is considered as less important than its presentational aesthetic
qualities and also sometimes less important than its expressive value.

(ii1) Its effects on the inattentive spectator are quite close to that of
classical painting, for the representational rules and functions are
retained. But on the other hand, the link between the representation and
the represented content, as well as between the represented content and
what appears in the world, is broken, or just not taken seriously (see
Magritte's “this is not a pipe”).

(iv) In short, the post-modern reconstructive endeavour is a perfectly
self-aware process. It makes extensive use of the material of colours and
shapes left by the tabula rasa of modern painting, as well as of its
theoretical understanding of the polyvalent status of art. It can by no
means be mistaken for the (semi-unconsciously) constructive procedures
of classical figurative art.

This definition of post-modernism and of its relations with both
modern art and Raphaélite painting can be used, almost without
modification, to characterize Schrodinger's interpretation of quantum
mechanics and its relations to both Gottingen-Copenhagen views and
classical physics. The modern trend in physics arose from a progressive
loss of confidence in the spatio-temporal pictures, which appeared as the
main outcome of the crisis of Bohr's early theory of quanta from 1920 to
19251 It culminated in 1925 with matrix mechanics, which relied upon
Heisenberg's “reduction to the observables”, and which consisted in a
generalized use of the correspondence principle. Its mottos were: do not
try to provide physical theories with any representational content;
concentrate on the operational referents of the symbols; and try to bring
out what the instrumental procedures reveal about (or express of) the
scale and the linguistic-pragmatic features of the community of observers.
In a word, physical theories were not supposed to retain their figurative
role any longer, but to focus on their expressive content. In comparison
to such an extremely coherent deconstructive line of thought, Bohr's later
reconstructive attempts appear both fragmentary and utterly incomplete.
The old corpuscular and undulatory pictures were both retained by Bohr
from the second half of 1926 on, but only as mutually exclusive symbolic
tools within the generalized scheme of complementarity.

As for Schrodinger, his reconstructive attitude manifested itself very
early, in 1924 when he approved the Bohr-Kramers-Slater paper, and in

1See for instance W. Heisenberg, Physics and Beyond, encounters and conversations, George Allen &
Unwin, 1971 (chapters 4, 5)
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1925 when he began to recast de Broglie's concept of matter waves for
the sake of the statistical theory of gases. At this point, however, very few
details could distinguish Schrodinger's undertaking from a mere rehearsal
of the classical ideal. True, one could guess that his early taste for
representation was not underpinned by a naive realist doctrine which
would amount to assimilate the picture to what is “really happening out
there”; such a simplistic view is ruled out by those chapters of the essay
“The seek of the road” (written in 1925)! where Schrodinger
acknowledged his adherence to Mach's doctrine of elements-sensations
and to a blend of idealistic monism, thus showing that he had no
metaphysical reason to reject the tabula rasa of the modern physicists, and
no a priori reluctance to use it as a methodological premise. But even
though he was by no means committed to a primitive conception of
physical theories as “reflection of nature”, he left a very important series
of epistemological questions unadressed, at least until the last months of
1926. And by leaving them unadressed he favoured the view that he was
not fully aware of the implications of his reconstructive attempt, thus
coming very close to a “classicist”.

Here is a short list of these questions. Will it prove acceptable, after the
“reconstruction” has been completed, to revert to the forgetful attitude
which was so often adopted by the classical physicists? Will it be possible
to hide the circumstance that these pictures are primarily intellectual
constructs? Will it appear as unproblematic as during the past centuries to
speak as if the physical theories were faithful (and even “true”) models of
some reality-in-itself?

It is clear, from the series of bare claims he made about the “reality” of
y-waves (or of the density of electric charge -eyy*), that Schrodinger
would have bet it was the case in the beginning of 1926. He believed that,
exactly as in the time of classical mechanics, physical theories could
perfectly well be worked out as if they were just mimicking natural
processes, irrespective of the metaphysical foundations one had previously
ascribed to them, and also irrespective of Kant's critical assessment.
However, from October 19262 on, he became gradually aware that things
were not so simple, namely that the preliminary intellectual and
operational scaffoldings of physical theories would not be as easy to
sweep under the carpet as they had been previously. His reconstructive
attempts then became increasingly self-conscious. They acquired more
and more features in common with post-modernism and went farther and
farther from the old classical ideals. By 1929, he had acknowledged
explicitly an irreducible distance between representation and appearances
which is typical of the post-modern trend of thought: “(...) very likely,
the wave-corpuscle contradiction is the manifestation of an important new

lin: E. Schrodinger, My view of the world, op. cit.

2After his discussions with Bohr in Copenhagen in September 1926; Letter of E. Schrodinger to N. Bohr,
October 23, In: N. Bohr, Collected works, E. Riidinger (gen. ¢d.), vol. 6, J. Kalckar (ed.), North-Holland,
1985
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fundamental principle: the non-identity of what is detailed in space-time,
on the one hand, and of what is observable on the other”'. Bohr's
strategy, which involved couples of complementary symbolic (wave-like
and corpuscle-like) pictures, was replaced by a clear and “new”
distinction between the picture and the events, between the (wave-like)
content of an unique continuous representation and the discontinuous
observable events. The representative function was fully retained, as
against the modern trend of the Gottingen-Copenhagen physicists, but the
link between the represented content and the experimental phenomena was
seriously altered, far from the classical ideal and in good agreement with
the post-modern prescriptions. The concept of interpretation, in the
minimal sense of set of correspondence rules between the formalism and
the experiments, accordingly became a central concern of Schrodinger's
later work on quantum mechanics2 In so far as no isomorphism between
the theoretical constructs and their experimental counterparts could be
invoked any longer, the correspondence rules were to be made explicit. In
1928-1929, Schrodinger had thus adopted one of the most important
features of the post-modern turn, namely the dissociation between the
representative function, the represented content and the appearances. He
would retain it until the end of his life. In 1950, he gave this dissociation
its most lucid exposition: “we do give a complete description, continuous
in space and time without leaving any gaps, conforming to the classical
ideal - a description of something. But we do not claim that this
‘something’ is the observed or observable facts; and still less do we claim
that we thus describe what nature (matter, radiation, etc.) really is. In
fact, we use this picture (the so-called wave picture) in full knowledge
that it is neither”3.

Unfortunately, this major change in his attitude was generally not
recognized by his colleagues. In 1935, Einstein still criticized his initial
“realist” interpretation of the wave function, as if Schrodinger were still
supporting it. Schrodinger had to explain to him at length that he did not
cling to his old views any longer, namely that he had already abandoned
several years earlier the idea according to which the y-function is a direct
representation of reality . He even expounded his cat-paradox as a device
to show that one cannot “(...) naively accept as valid a ‘blurred model’
[namely the wy-function itself, taken at face value] for representing
reality”s.  Still, this did not prevent many other misunderstandings.
Rather, this promoted misunderstandings of an opposite kind. One or two

1E. Schrodinger, “Neue Wege in der Physik”, elektrotechnische Zeitschrift, 50, 15-16, 1929

2E. Schrodinger, Transformation and interpretation in quantum mechanics, (in: E. Schrodinger, The

interpretation of quantum mechanics (Dublin seminars 1949-1955 and other unpublished texts), op. cit. p.

50)

3E. Schrodinger, Science and Humanism, op. cit. p. 40

4E. Schrodinger, letter of august 19th 1935 to A. Einstein, quoted and translated by A. Fine, The shaky
ame, op. cit.

§E. Schrédinger, “The present sitation in quantum mechanics”, in: J.A. Wheeler & W.H. Zurek (eds.),

Quantum theory and measurement, op. cit., §5
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years later, commenting on Schrodinger's “cat-paper”, several authors!
thought that Schrodinger had simply joined the modernist program, since
he appeared to claim that the y-function was to be considered as a mere
catalog of information, and not as “representing reality”. But here again,
things were much more intricate. Schrédinger did not just assimilate -
functions to catalogs of information; he rather tried to use this conception
as a minimal interpretative skeleton, and then to work it out up to the
point where it would clearly display its deficiencies. Later on, in 19522, in
texts which are currently supposed to reflect his move back to realism of
the y-functions after the skeptical period of the 1930's, he would resume
his analysis of y-functions as catalogs of information exactly in the same
spirit and often with the same wordings as in 1935.

This being recognized, the difficulties so many physicists and
philosophers experienced in grasping Schrodinger's position are not
entirely negative. We can learn something from them. Their very mutual
discrepancies provide us with further indirect evidence of Schrodinger's
post-modern attitude after 1928. These authors were confronted with a
thinker who, on the one hand, formally went on making an extensive use
of the methods of classical physics and who, on the other hand,
demonstrated his perfect assimilation of Heisenberg's original tabula rasa,
using it systematically as a preliminary step of his own further
elaborations. When he insisted on the first aspect, he was considered as
“classical” (by the modernists), whereas when he developed the second
aspect, he was regarded as a “modernist” (by the exponents of classicism).
His re-constructive undertaking was identified by some of his colleagues
with the constructive procedure used unproblematically by classical
physicists, whereas his insistence on the phenomenal material of the re-
construction was considered by others as a sign of allegiance to the
Copenhagen interpretation. No one could figure out Schrodinger's ideas
in their full extent. No one could make sense of them all without invoking
a series of complete about-faces in his attitude; something like:
“Schrodinger was first an exponent of classicism (in 1926), then of
modernism (from 1928 t01935), then of classicism once more (especially
in the 1950's)”.

1-9 The continuity of Schridinger's attitude towards quantum
mechanics (an outline)

As we indicated at the beginning of this chapter (section 1-1), this
chronological division of Schrodinger's interpretation(s) of quantum
mechanics has become common wisdom among most physicists and

1y, Lentzen, “The interaction between subject and object in observation”, Erkenntnis, 6, 326-333, 1936;
H. Margenau, “Critical points in modern physical theory”, Philos. sci., 4, 337-370, 1937

%E. Schridinger, Transformation and interpretation in quantum mechanics, (in: E. Schrodinger, The
interpretation of quantum mechanics (Dublin seminars 1949-1955 and other unpublished texts), op. cit.,
p. 78)
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historians of physics. But our previous analysis suggest a very different
view. The idea of a series of about-faces in Schrodinger's attitude after all
arose from a complete inability to understand the bonds which unite the
two sides of his thought: the monistic idealism in metaphysics and the
methodological realism in epistemology; the deconstructive phenomenalist
analysis and the reconstructive undertaking; the extreme audaciousness
about conceptual content and the demand of permanent intellectual
standards. If these various aspects of Schrodinger's philosophy of physics
were properly articulated, the apparent necessity of ascribing each one to
a particular period in order to avoid contradictions would disappear.
Nothing could then prevent one from perceiving the continuity and
coherence of Schrodinger's conception of quantum mechanics from 1925
to the end of his life. That there is such a continuity has already been
demonstrated by Y. Ben-Menahem, in connection with the problem of
causality!. Our task is then to generalize her analysis in order to show that
it extends to the whole of Schrodinger's interpretation of quantum
mechanics.

Of course, we shall by no means try to demonstrate that there has been
no change at all in Schrodinger's attitude towards quantum mechanics.
Continuity does not mean immobility. Continuity here means that the
successive steps of Schrodinger's thought about quantum mechanics can
quite easily be considered as successive statements of, partial retreat from,
reorganizations and further elaborations of, a single epistemological
project. Such an approach may well be taken at first sight as a kind of
rational post-factum reconstitution, but even if so, it will prove its
usefulness and likelihood as the discussion proceeds.

Along with this line, we shall divide our study of Schrodinger's
interpretation of quantum mechanics into three parts. In the first part
(chapter 2), we shall try to identify the various components of
Schrodinger's epistemological project, as they were stated very early
(especially from 1924 to 1926 in so far as atomic physics physics is
concerned). In the course of expounding this project and its earlier
statements, we shall also bring out its permanent import on Schrodinger's
thought. In the second part (chapter 3), we shall study the analytical and
skeptical aspect of Schrodinger's approach of quantum mechanics. This
aspect was of course dominant during the years 1928-1935, but it was not
completely absent from earlier texts, and it was still fully acknowledged
in the texts of the 1950's. The characteristic style of the analytical trend
of thought consisted in pushing the instrumentalist (deconstructive)
interpretation of quantum mechanics to its ultimate consequences; the
skeptical element intervened when some loose current irterpretations of
these ultimate consequences were found to yield inconsistencies. Finally,
in the third part (chapter 4), we shall describe at length the major shifts
which gave Schrodinger enough confidence to overcome his purely

1Y, Ben-Menahem, “Struggling with causality: Schrodinger's case”, loc. cit.
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skeptical attitude and to undertake the reconstruction he was so eager to
promote. These shifts were already foreseen in 1928 (and sometimes even
earlier), some of them were worked out in the 1930's, but it was only in
the 1950's that they were gathered and clearly perceived as such. They
include: the complete relinquishment of the concept of particle (rather
than its identification with wave packets); the full acceptance of the
consequences of the holistic features of quantum mechanics; the
establishment of a post-modern distance between the experimental results
and the represented content of theoretical representations (rather than
identifying the theoretical representation to a direct description of events
occurring in space-time); and, last but not least, the correlative strategy
consisting to postponing indefinitely the solution of the measurement
problem, or pushing it towards the edges of theoretical thought (as we
shall see, Schrodinger also formulated some possible solutions of the
measurement problem, but their interest lies more in their general
guiding principles than in their admittedly unconvincing details).

With this half-historical, half-methodological, framework in mind, it
will prove quite easy to delineate the actual relationship between
Schrodinger's original wave interpretation of quantum mechanics as it
was formulated in January 1926, and his renewed wave interpretation of
the 1950's. It will be easy to show that, despite the striking superficial
similarity between the initial and the final wave-interpretations, the final
one is by no means a rehearsal of the initial one. The wave interpretation
of the 1950's has fully incorporated all the teachings of the analytical-
skeptical period and, in almost every part of it, its meaning is deeply
altered by the shifts which were listed above. Conversely, taking into
account Schrodinger's ever-lasting metaphysical anti-realist commitment,
his original 1926 wave interpretation will appear as a (too) hasty attempt
at fulfilling his methodological realist demands, or alternatively as a (too)
early realization of his reconstructive project, several years before he had
completed his thorough analysis of the phenomenal material which was to
be used for the (re)-construction. As we have already mentioned,
Schriodinger's attempt of 1926 was pervaded by the implicit assumption
that, quite apart from any remnant of metaphysical realism, it will prove
acceptable, as in classical mechanics, to hide the instrumentalistic
scaffoldings of the theoretical construct. By contrast, his late
interpretation of quantum mechanics can be construed as a recognition
that this creed was illusory. The reconstruction was still considered
possible, but the scaffoldings had to be retained, made apparent, and given
the status of a permanent element of the finished building, through the
interpretative scheme (or, more precisely, through an explicit statement
of the empirical correspondence rules).

This being admitted, we shall be able to challenge the current appraisal
of Schrodinger's interpretation of quantum mechanics, which was so
deeply conditioned by the criticisms of the Gottingen-Copenhagen group.
It will appear in chapter 4 that, far from being the last conservative
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attempt of an old-fashioned physicist, Schrédinger's frame of thought
paved the way towards several of the most advanced attempts at
interpreting quantum mechanics. Schrodinger's radical criticism of the
corpuscularian concepts, together with his motivated preference for a
second-quantized Fock space representation over the usual trick of
conceptually labelable but experimentally indistinguishable particles, is
just beginning to receive the philosophical attention it deserves!. His
strategy of providing the wave-mechanical formalism with its full
development, of postponing indefinitely the solution of the measurement
problem, of refusing to consider any interruption of the unitary evolution
of the y-function, and of ascribing the state vector the status of a
conjunction of occurrences rather than of a disjunction, is closely akin, as
we shall see (paragraphs 4-4 and 4-5), to many contemporary no-collapse
interpretations including Everett's and Van Fraassen's. Finally, his
insistence on descriptive holism will be found to share many important
features with modern quantum cosmological studies?.

But actually, Schrodinger's conception afforded something more than a
mere outline of several subsequent interpretations of quantum mechanics.
It provided some of them in advance with a proper philosophical ground.
To appreciate the importance of this contribution, we must remind
ourselves that one of the recurrent criticisms some contemporary no-
collapse interpretations such as Everett's interpretation have to face is
their being oblivious of the extensive philosophical work which was
performed by the physicists of the Gottingen-Copenhagen school. They
are accused of entertaining a very straightforward and somewhat
primitive version of realism, which does not take fully into account the
series of difficulties which were documented by the epistemologically-
inclined creators of quantum mechanics. In short, they are described as
philosophically naive. Now, as we have already begun to show,
Schrodinger was by no means a newcomer in philosophy. His own
methodological realism even appears as epistemologically more advanced
and more self-conscious, in some respects, than most blends of the
Copenhagen interpretation. Having pushed the deconstructive step
associated with the major scientific revolution he had contributed to
promote to its ultimate consequences, Schrodinger was fully prepared to
go one step further and to look for a way to recovering the use of the
concept of real entities in physics. The present-day no-collapse “realist”
interpretations of the (universal) y-function are then entitled to avail
themselves of Schrodinger's preliminary foundational work in order to
show that they are not doomed to be associated with a metaphysical, or
pre-reflective, version of realism.

IM. Redhead & P. Teller, “Particle labels and the theory of indistinguishable particles in quantum
mechanics”, Brit. J. Phil. Sci., 43, 201-218, 1992; M L. Dalla Chiara and G. Toraldo di Francia,
“Individual, Kinds and Names in Physics”, in: Corsi et al. (eds.) Bridging the Gap: Philosophy,
mathematics and physics, Kluwer, 1993

2D. Deutsch, “Quantum theory as a universal physical theory”, Int. J. Theor. Phys., 24, 1-41, 1985; J.D.
Barrow and F. Tipler, The anthropic cosmological principle, Oxford University Press, 1986, p. 458 f.



CHAPTER 2
SCHRODINGER’S THEORETICAL PROJECT

Even though this essay is primarily devoted to an assessment of the
most sophisticated version of Schrodinger's interpretation of quantum
mechanics, namely at the beginning of the 1950's, we cannot avoid
analyzing in some detail the ideas he defended during the mid-twenties. It
was indeed during this early period that Schrodinger first formulated his
life-long methodological requirements for a theory of atomic processes.
But of course, the perspective we shall adopt is quite different from that
of most historians of the beginnings of quantum mechanics. Our task goes
beyond identifying an initial version of Schrodinger's requirements and
inserting it within the intellectual context of the time. We also have to
track successive statements of these requirements in later texts, and to
comment retrospectively on their significance. The very vocabulary we
use when we speak of a “theoretical project”, and of the “methodological
requirements” which are constitutive of it, has a retrospective tinge. For,
after all, little had to be said about the project as long as it appeared to be
immediately realized by wave mechanics, and few of the methodological
requirements had to be made explicit when they were considered as
unproblematically fulfilled by the current theory. It was only when the
initial wave (and electrodynamic) interpretations of quantum mechanics
happened to be seriously challenged that both the project and the
requirements were isolated from their first theoretical embodyment, and
that they began an independent career as guiding principles for an
anticipated new interpretation.

2-1 Reality and virtuality (1924)

A few months after the issuing of the celebrated Bohr, Kramers and
Slater paper! about the quantum theory of interaction between radiation
and matter, Schrédinger published an article in which he expressed his
warm approval2. The main purpose of the BKS paper was to show, at
least programmatically, that it is possible to reconcile the quantized
properties of atoms with the continuity of electromagnetic fields. Or, in
other terms, that it is conceivable to avoid using Einstein's notion of light-
quanta, which “in its most extreme form denies the wave constitution of
light” and is thus unable to account for the interference phenomena. But
one of the most important advantages of Einstein's light quanta is their
ability to carry discrete amounts of energy that can then be directly
transferred to atoms during a ‘quantum jump’. By contrast, it was quite
difficult to figure out how the continuous flux of energy of a classical
radiation field can possibly be connected with discontinuous atomic

IN. Bohr, H.A. Kramers and J.C. Slater, “The quantum theory of radiation”, Phil. Mag. 47, 785-802,
1924, in: B.L Van der Waerden (ed.), Sources of quantum mechanics, North Holland, 1967

2E. Schrodinger, “Bohrs neue Strahlungshypothese und der Energiesatz”, Die Naturwissenschaften, 12,
720-724, 1924
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transitions; at some moment during the process, the sum total of the
energies of the emitter, the absorber, and the field, had to diverge from
the initial energy of the emitter and the absorber. BKS thus decided to
give up the detailed energy and momentum balance, and to work out the
resulting ideas up to their ultimate consequences. They considered that the
atoms (or rather their “virtual oscillators”) communicate with one
another through a spatio-temporal mechanism which is “virtually
equivalent with the field of radiation” of classical electromagnetism. The
virtual radiation field did not bear energy by itself but it was supposed to
“induce” transitions between the stationary states of the atoms. The
induction, in turn, was not individual, but statistical. In other words, the
radiation field did not provoke directly a transition; it just generated a
non-zero probability of transition. On the one hand, the energy and
momentum conservation laws were violated by the individual processes,
but on the other hand the values of the probabilities of transition were
chosen in such a way that the overall balance of energy and momentum
was in good statistical agreement with the conservation laws.

Almost every element of the BKS program was greeted by
Schrodinger. He fully approved the relinquisment of Einstein's light-
quanta, and he was especially interested, from a philosophical point of
view, by the idea that the conservations laws were only statistical. As he
wrote to Bohr, the renunciation of causality “touches me extraordinarily
sympathetically. As pupil of the venerable Franz Exner, I have been on
intimate terms for a long time with the idea that probably no microscopic
lawfullness, but perhaps ‘absolute accidents’ forms the foundation of our
statistics, and that perhaps even the energy and momentum principles are
only statistically valid”t. The notion of a purely statistical status of the
energy and momentum conservations law, as well as the criticism of
Einstein's concept of light quanta, exerted a strong attraction on him.
Such an attraction is made manifest by the recurrence of these ideas
throughout his life. His last paper, in 1958, was devoted to an analysis of
the idea that energy is conserved only statistically2. And, in a letter of
1957 to B. Bertotti3, he wrote: “(...) in 1922, Einstein was given the
(Nobel) prize, (...) for a rather trifling story about photoelectric effects,
based on I daresay the only mistake he made in his life, viz. that the
energy of electromagnetic radiation is lumped up in ‘energy quanta’, now
termed photons”. With such a deep and lasting adhesion to the general
trends of the BKS paper, no wonder that Schrodinger defended it so
eagerly. Even the original remark he made in his paper of 1924, that “the
average squared fluctuation of the enmergy of a gas of Bohr atoms
interacting in the BKS manner via the virtual fields would increase

1E. Schrodinger to N. Bohr, May 24, 1924, AHQP; quoted and translated by O. Darrigol, “Schrodinger's
statistical physics and some related themes”, in: M. Bitbol & O. Darrigol (eds.), Erwin Schrodinger,
Philosophy and the birth of quantum mechanics, op. cit.

2E, Schrodinger, “Might perhaps energy be merely a statistical concept?”, loc. cit.

3E. Schrédinger to B. Bertotti, December 27, 1957, in: B. Bertotti & U. Curi (eds.), Erwin Schrodinger
scienziato e filosofo, 11 poligrafo, 1994, p. 156
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linearly in time”!, which could have been taken as an unpleasant, not to
say self-defeating, feature of the BKS theory, was not considered by him
as a serious reason to abandon it. The linear increase of fluctuation could
indeed, as he remarked, be distributed over an ever increasing number of
atoms.

In this context, it is especially important to realize that there was
nevertheless one point on which Schrédinger did not agree with Bohr,
Kramers and Slater. This point was mentioned in his letter to Bohr: “I
cannot really go along with you when you keep calling these waves
‘virtual’ (...) For what is the ‘real’ radiation if it is not that which ‘causes’
transitions, i.e. which conveys the transition probabilities?”2. In view of
this criticism, Schrddinger did not mention in his own paper that the BKS
radiation field is supposed to be “virtual”’; he even assumed, unlike BKS,
that this field is able to carry energy. The latter feature, namely the
ability to carry energy, seems to introduce a very large difference
between Schrodinger's ideas and the content of the BKS paper. 1
personally take it as circumstantial rather than fundamental. A field which
transports energy is generally considered as “real” because, according to
the laws of conservation, it may have effects. Its energy can in principle
be transferred to an experimental device, and thereby detected. But the
converse is not true. One can perfectly conceive, as BKS did, a field
which has energetical effects without carrying energy. Now, according to
Schrédinger, the crucial criterion for calling a theoretical entity “real” is
its being ascribed the capability of “causing” effects (be it in a restricted
probabilistic sense), and not its being energetically homogeneous with the
effects it produces. The circumstance that Schrodinger associated a certain
amount of energy with the BKS radiation field is therefore symptomatic
of his reasonably strong confidence in the epistemological status of this
field, rather than of his incapacity to conceive a non-energetically loaded
effective field. It is symptomatic of his preference for theoretical entities
which are both “effective” and “factual”® (namely isomorphic with the
effects they are able to produce), rather than of his definite rejection of
entities which are only “effective”.

As Max Jammer rightly pointed out, the ideas developed in the BKS
paper set the stage for the subsequent debate on the status of the -
function. “According to Heisenberg, Born's statistical interpretation of the
Schrodinger's wave function had its ultimate root in the Bohr-Kramers-
Slater paper”.

BKS indeed provided the model of a statistical linkage between a
continous theoretical entity (the radiation field), and a discontinuous
process (the atomic transition). A model which Born found very easy to

1Quoted and translated by O. Darrigol, “Schrodinger's statistical physics and some related themes”, loc.
cit.

2E. Schrodinger to N. Bohr, May 24, 1924, AHQP; quoted and translated by L. Wessels, Schrodinger’s
interpretations of wave mechanics, op. cit. p. 73

3See M. Jammer, The conceptual development of quantum mechanics, op. cit. p. 184 (footnote)

4ibid. p. 187 (footnote 137)
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project onto the problem of the linkage between the continuous -
function and the discontinuous outcomes of particle collisions. Just as in
the BKS situation there was no light-quantum which in any individual case
caused an atomic transition, “from the standpoint of quantum mechanics
there is no quantity which in any individual case causally fixes the
consequence of a collision”. Just as in the BKS situation, the intensity of
the radiation field did not provide any answer to the question ‘which
atomic transition occurs, and at which moment’ but only to the question
‘what is the probability for such transition to occur’, wave mechanics does
not provide any answer to “the question ‘what is the state after the
collision’, but only to the question, ‘how probable is a specified outcome
of the collision’”2. The articulation between the continuous and
discontinuous concepts is thus identical in both cases. But this does not
solve, as such, the problem of the epistemological status of the y-wave.
For, after all, the epistemological status of the BKS radiation field was
itself unclear. Concerning the status of the y-wave, one could choose
between three options (at least). Let us list them according to an order of
increasing “reality”:

(1) The y-wave is but a conceptual tool allowing one to deal statistically
with ensembles of particles. Both Einstein and Born took this option3. The
only true difference between them was about the prospect of a future
“completion” of the quantum-mechanical statistical description®.

(i) Just as in the BKS paper the radiation field is considered as
“virtual”, the y-wave has “some intermediate kind of reality”s; it plays the
role of a “virtuality”, or of “potentia”. This is basically Heisenberg's late
position: “(...) The paper of Bohr, Kramers and Slater revealed one
essential feature of the correct interpretation of quantum theory. The
concept of probability wave was something entirely new in theoretical
physics since Newton. Probability in mathematics or in statistical
mechanics means a statement about our degree of knowledge of the actual
situation. In throwing dice we do not know in fine details of the motion of
our hands which determine the fall of the dice and therefore we say that
the probability for throwing a special number is just one in six.The
probability wave of Bohr, Kramers, and Slater, however, meant more
than that; it meant a tendency for something. It was a quantitative version
of the old concept of ‘potentia’ in Aristotelian philosophy. It introduced
something standing in the middle between the idea of an event and the
actual event, a strange kind of physical reality just in the middle between

;M. Born, “On the quantum theory of collisions”, loc. cit.

ibid.

3See for instance M. Born (ed.), The Born-Einstein letters, op. cit. p. 186 f.

“Einstein expressed his hopes about a future complete theory on several occasions. See e.g. A. Einstein,
B. Podolsky, and N. Rosen, “Can quantum-mechanical description of physical reality be considered
complete?” loc. cit.; M. Born (ed.), The Born-Einstein letters, op. cit. p. 173. Born, instead, noticed:
“(Einstein) calls my way of describing the world ‘incomplete’; in his eyes this is a flaw which he hopes
to see removed, while I am prepared to put up with it”, ibid. p. 189

5W. Heisenberg, AHQP, interview on February 15, 1963, quoted by M. Jammer, The conceptual
development of quantum mechanics, op. cit. p. 187
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possibility and reality”'. The interference effects, as well as Von
Neumann's so-called “no-hidden variable theorem” which appeared to
preclude interpretation (i) in the strong version defended by Einstein,
could not, according to Heisenberg, be accounted for by making
“cheaper” assumptions.

(i11) The y-wave is plainly “real”. This happened to be Schrodinger's
position in the beginning of 1926 and in the 1950's. But of course, the
content of the word “real” was not exactly identical in the two
occurrences. In the first months of 1926, Schrodinger still considered that
the y-wave is “real” in the strongest and most common sense, namely that
it is both “effective” and “factual”; that it does not only “cause” events to
occur but represents itself the network of the natural events; that
therefore the y-function is a faithful picture of the events occurring in
space-time. Several years later, from the end of the 1940's on,
Schrodinger gave up this prescription of faithful picturing of the events
occurring in space-time. Even though he still thought that the y-function
can be considered as a picture “of something” in abstracto, he insisted that
“the (observable facts) are not in one-one correspondence with (this wave
picture)’2. And he thus explicitly precluded the idea that the y-wave is
directly endowed with “factuality”. However, this was according to him
no obstacle to construing the y-waves as “real”. Just as, in his early
comment about the BKS paper, he was led to ascribe full “reality” to a
theoretical entity in so far as it is “effective”, he came to consider in the
1950's that “effectivity” was already a good reason (even if by no means
the only one, as we shall see in chapter 4) to call the w-waves “real”.
Commenting on de Broglie's concept of “guiding wave”, he noticed:
“Something that influences the physical behaviour of something else must
not in any respect be called less real than the something it influences -
whatever meaning we give to the dangerous epithet ‘real’”s.

This is indeed a crucial sentence, which may help us to understand quite
efficiently the basic metaphysical assumptions underlying the different
conceptions about the “reality” of the y-waves, and the originality of
Schrodinger's position. Its key word is “less”. Schridinger just could not
understand why one should call the “effectively guiding” y-wave less real
than the supposedly “guided” particles. He willingly acknowledged that it
is “useful to recall at times that all quantitative models or images
conceived by the physicists are, epistemologically, only mathematical
devices for computing observable events”s. He did recognize that “the
wave functions are mental material (...)”s or that they are elements in a

IW. Heisenberg, Physics and Philosophy, op. cit. p. 40-41
2E. Schridinger, Science and Humanism, op. cit. p. 41
iE. Schrodinger, “What is an elementary particle?”, Endeavour, 9, 109-116, 1950

ibid.
SE. Schrodinger, Transformation and interpretation in quantum mechanics, (Dublin seminar 1952, in: E.
Schrodinger, The interpretation of quantum mechanics (Dublin seminars 1949-1955 and other unpublished
texts), op. cit., p. 82)
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“model of our thoughts”!. But such a remark could not lead one to put
waves (of whatever kind) and particles on a different footing. The use of
“mental material” to perform “thought experiments (...) is precisely the
same pattern physics has always followed, also when one worked with
atoms, molecules, electrons and light waves. The armoury has been
enhanced and the analytical methods have changed, that is all”2. As we
noticed in section 1-5, Schrodinger considered that atoms, molecules and
the like are just as much theoretical constructs as w-waves. The
macroscopic things are themselves, according to him, but constructs of
the mind, made out of pure perceptual and intellectual Machian
“elements™. This being admitted, there seems to be no reason left to
consider that y-waves are less real than particles or than anything else
whose “reality” is never doubted in everyday life.

We here again bump into an apparently very paradoxical feature of
Schrodinger's thought. His enduring “realism” about y-waves (or BKS
radiation field) is associated with the most extreme metaphysical anti-
realism. This is not to say either that Schrodinger wavered between
realism and anti-realism, or that he adopted some intermediate position.
This plainly means that his realist vocabulary and attitudes are rooted into
an uncompromising version of metaphysical anti-realism; that his being so
eager to defend the “reality” of y-waves arises from a very acute critique
of the constructive procedures which yield the entities of physics and of
daily life. But how can this possibly happen? How can an apparently
realist attitude be grounded on an underlying anti-realist doctrine?

S. Blackburn's recent work on what he calls “quasi-realism”s
completely clarifies this issue. Basically, the quasi-realist is “someone
who, starting from an anti-realist position finds himself progressively
able to mimic the thoughts and practices supposedly definitive of
realism™. The quasi-realist, however, does not content himself with a
half-convinced mimicry: he “becomes an embarrassingly enthusiastic
mimic of traditional realist sentiments, and in his very zeal, we might
expect him to differ from the real realist””. Why is it so? Let us consider
for instance two sentences (p;) and (p,), which state the principle of
causality following respectively an anti-realist approach and a realist
approach:

libid. p. 81
2E. Schrodinger, Transformation and interpretation in quantum mechanics, (in: E. Schrodinger, The
interpretation of quantum mechanics (Dublin seminars 1949-1955 and other unpublished texts), op. cit.

. 82)

See E. Schrodinger, William James lectures (c. 1954), 3rd lecture (in: E. Schrodinger, The interpretation
of quantum mechanics (Dublin seminars 1949-1955 and other unpublished texts), p. 145-149; E.
Schrodinger, Nature and the Greeks, op. cit. chapter 7. An analysis of Schrédinger's conception of the
“thing” of everyday life is provided in chapter 5.
4The idea of an “intermediate position” is defended by Y. Ben-Menahem, “Struggling with realism:
Schrodinger's case”, in: M. Bitbol & O. Darrigol, (eds.), Erwin Schrodinger, Philosophy and the birth of
guantum mechanics, op. cit.

S. Blackburn, Essays in Quasi-realism, Oxford University Press, 1993
Sibid. p.15
7ibid. p. 28
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(p1) “Inquire into nature as though every event had a cause”

(p2) “It is the case that every event has a cause”

It is clear that a “real realist” has strong reasons to prefer (p,) over
(p1). But has an anti-realist any good reason to prefer (p;) over (p,)? S.
Blackburn's answer is flatly: no. For after all, the very attempt .at
rejecting (p,) after having accepted (p;) can but have one sound
motivation, namely the belief that “in reality it is not the case that every
event has a cause”. If one instead adopts a fully consistent anti-realist
position, there is nothing more involved in (p,) than in (p;). The quasi-
realist kind of anti-realist can thus accept (p,) without any problem, as his
realist colleague does; and he is even willing to accept propositions
expressed by (py)-like sentences in situations where the realists cannot. His
zeal in calling all sorts of entities “real” is then just what makes him so
(paradoxically) different from the “real realist”. Last but not least, a
correlative characteristic of the quasi-realist is that, not without some
good reasons, he is “often charged with ‘scientism’ at this point, or in
other words with confining genuine reality to an ontology and a set of
features delineated by some favoured fundamental science, such as
physics™1.

In view of such a description, I think Schrédinger can be categorized as
one of the most typical quasi-realist thinker of the twentieth century2. His
“realist” zeal, to begin with, is not to be insisted upon any longer.
Schrodinger's absolute lack of precautions about the “unreal” or the
“virtual” character of the y-waves (and of the BKS radiation field) was
motivated by the remark that, in so far as we have to inquire into nature
as though there were (3-dimensional or 3n-dimensional) interfering
waves, in so far as “we must think in terms of spherical waves emitted by
the source™, there is no good a priori reason for depriving them of the
epithet “real”; except of course if we are “real realists” who seriously
believe that tables, chairs (and particles) are real in a sense no mind-
construct can be. Secondly, in the same way as Blackburn's archetypal
quasi-realist, Schrodinger focused his notion of “reality” on scientific
constructs. Even the ordinary “thing” was identified by him to a kind of
scientific theory by which the infant begins to orient himself in the
world*. The extreme difficulty most commentators have had in tackling
Schrodinger's position about realism could thus serve as a perfect
illustration of Blackburn's warning: “in the philosophy of these things, it
is not what you end up saying but how you get to say it, that defines your
‘ism’’s. It is not Schrédinger's extensive use of the concept of reality

libid. p. 8

2M. Bitbol, “Quasi-réalisme et pensée physique”, Critique n°564, 340-361, 1994

3E. Schrodinger, Science and Humanism, op. cit. p. 47

4B, Schridinger, William James lectures (c. 1954), (in: E. Schrodinger, The interpretation of quantum
mechanics (Dublin seminars 1949-1955 and other unpublished texts), op. cit. p. 145-149); and chapter 5
for further developments and analysis.

58. Blackburn, Essays in Quasi-realism, op. cit. p. 7
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which defines his ‘ism’; it is Aow he got to insist on it. Now, as we have
repeatedly showed (especially in section 1-5), his insistence arose from
anti-realist premises. Schrodinger therefore sides unambiguously with
anti-realists, and even with the anti-realists of the most accomplished
kind, namely quasi-realists.

Here we see most clearly, from the point of view of philosophical
positions, what we had previously (§1-8) outlined in terms of an artistic
metaphor. A quasi-realist thinker like Schrodinger is a post-modernist in
philosophy. He opposes the dogmatism of the classicist and the naively
representationalist attitudes of the realist, but he does not see why the
anti-realist should confine us to the immanence of experimental
manipulations and facts. Schrodinger considers that, in his opposing
classical realism, the modern anti-realist tends to overreact and to become
just as dogmatic as his opponent. After all, if we do not believe that
reality is already given with all its structures out there, we become free to
shape out representations and systems of references, at least in so far as
they do not contradict the results of our experimental activity. Moreover,
these representations and systems of references play a role, as regulative
principles, in the process of scientific research. Such a regulative function
of representations is so important that it cannot be dispensed with.

This was the basic idea which guided Schrodinger throughout his
career, implicitly at first, and then more and more explicitly.

2-2 Holism and wave-packets (1925)

Holism was already part of Schrodinger's methodological project when
he first attempted to formulate his own version of the theory of atomic
phenomena in the mid-twenties. But this project could not reach its
complete development as long as it was associated with the belief that a
proper theory of microscopic phenomena must offer some exact
counterpart to the notion of localized re-identifiable body. The holistic
project could not be consistently worked out as long as its generic
concepts had to coexist with at least some equivalent of the concept of
permanent localized individuals. Schrodinger realized this difficulty
progressively, and by the summer of 1926 he became fully aware of it.
However, it was not before the end of the thirties and the beginning of the
forties that he was able to accomodate a world-picture which was plainly
deprived of any remnant of corpuscle-like entities. The major
philosophical step which allowed this transformation is what we have
called Schrédinger's post-modern turn. From then on, the theory was no
longer supposed to be a reflection of natural phenomena, but only to
provide one with a model connected to the phenomena through a set of
correspondence rules. Accordingly, Schrodinger's priority was no longer
to display a direct equivalent of the particles in the wave-mechanical
formalism, but only to show that this formalism, together with its
correspondence rules, is compatible both with certain sets of
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discontinuous observations and with the appearance of permanent body-
like behaviour at the macroscopic scale. It is the need of this important
shift that delayed Schrodinger's complete reappraisal of his own initial
wave interpretation until the beginning of the fifties.

Let us then begin to scrutinize the conflict between Schrodinger's
holistic framework of thought and his persistent corpuscular
representations. The import of holism on Schrodinger's theoretical
attitudes can already be detected during the prehistory of quantum
mechanics, in his 1924 paper about the BKS theory. Here, after having
suggested that the linear increase of the energy and momentum fluctuation
with time could be compensated by transferring it to an ever-increasing
number of molecules, he wrote: “a certain stability of world events sub
specie aeternitatis can only exist through the connection of each individual
system with the rest of the world. A separated individual system would
be, from the point of view of the whole, chaos”!. But it was not until 1925
that he began to develop his own stringent version of wholeness, where
the very concept of individual atomic system would progressively
dissolve. That year, Schrodinger wrote a paper? wherein he criticized
Planck's attempt at taking into account the indistinguishability of N
molecules by dividing the Boltzmann-Gibbs statistics by the number N! of
their permutations. He explained that a proper “statistical grounding™ of
the numerical consequences of indistinguishability would rather lead one
directly to the Bose-Einstein statistics. But the new method of counting
which was involved in the Bose-Einstein statistics, namely equiprobability
of the various distributions of the numbers of molecules in energy cells,
did not fit with the idea of an independent distribution of the individual
molecules. Einstein therefore introduced, in his second paper on the new
statistics®, the notion of a “mysterious” kind of mutual interaction
between molecules (or light-quanta) which would explain the discrepancy
of his formula with respect to the standard case of equiprobability of the
distributions of individual molecules in cells. Schrodinger very soon
realized the problem. In the absence of a detailed understanding of
Einstein's “interactions”, however, he suggested that it was more
appropriate to consider the gas as a whole from the outset than to correct
the molecular picture retrospectively: “one can also take the view that
such a thorough-going independence of gas molecules from one another
does not exist quantum mechanically (...), that certain quantum states with
completely determined energy levels are to be attributed not to the single

1E. Schrodinger, “Bohrs neue Strahlungshypothese und der Energiesatz”, loc. cit.; translated by O.
Darrigol, “Schrédinger’s statistical physics and some related themes”, in: M. Bitbol & O. Darrigol (eds.),
Erwin Schrodinger, Philosophy and the birth of quantum mechanics, op. cit.

2E. Schrodinger, “Bemerkungen iiber die statistische Entropiedefinition beim idealen Gas”, Berlin
.;\kademie der Wissenschaft Sitzungsberichte, 1925, 434-441

ibid.

4A. Einstein, “Quantentheorie des einatomigen idealen Gases”, Berlin Akademie der Wissenschaft
Sitzungsberichte, 1925, 3-14, §7
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molecules, but to the body of gas as a whole”!. Accordingly, the ordinary
Boltzmann-Gibbs statistics, which had been dismissed for molecules,
could be now applied to the individualized energy states of the whole gas.

But Schrédinger had not really abandoned the molecular picture at this
stage. He believed that it would prove possible in the future to derive
energy levels of each single gas molecule from the energy level
distribution as a whole. And he still accepted the idea that the holistic
treatment of the gas could prove to be a “temporary” trick aimed at
compensating for our lack of knowledge on the detailed processes which
take place at the microscopic level.

By the end of 1925, however, after having thought about de Broglie's
matter wave concept?, he started thinking that the methods which were so
efficient to deal with the gas as a whole also provided him with a clue for
understanding microscopic phenomena. As M.J. Klein? rightly noticed, it
was his work on quantum statistics, rather than his scattered interest in
atomic physics, that paved the way towards wave mechanics. As a first
step, taking very seriously the idea of an inversion of the roles between
the concepts “variety of the energy states” and “variety of the bearer of
these states”, Schrodinger proposed to replace the idea that n; molecules
are present in a state € by the idea that the s-th degree of freedom of the
whole gas is in its ns-th level. The whole system was then considered as
an aggregate of harmonic oscillators in various quantized states of
excitation rather than as a set of molecules. Despite this momentous
advance, Schrodinger thought that the corpuscularian picture could still
arise as, so to speak, a by-product of the quantized matter wave scheme.
He did not content himself with replacing the plural molecular
representation by a global hohlraum oscillator representation; he wanted
the first one to appear as a consequence of the second one. Or, in more
metaphoric terms imitated from the expressions he used in the
introduction to his paper, he did not restrict his theory to a description of
a system of standing waves; he wished to single out, near the crest of the
waves, some “froth” which could be considered as a satisfactory “ersatz”
of the molecules. The latter result could be obtained by considering the
“signal” resulting from the superposition of a great number of waves with
a quite narrow range of frequencies. Having realized this, Schrodinger
formulated his celebrated idea of representing each particle by a wave
packet, in the fifth paragraph of his paper about Einstein's gas theory. But
at this point, he had to deal with three major difficulties.

1) The region of constructive interference of the waves composing the
wave packet had to be made narrow enough (in the three dimensions of

IE. Schrédinger, “Bemerkungungen iiber die statistische Entropiedefinition beim idealen Gas”, loc. cit.;
translated by L. Wessels, Schrodinger's interpretations of wave mechanics, op. cit. p. 37

Zsee V.V. Raman and P. Forman, “Why was it Schrodinger who developed de Broglie's ideas?”, HSPS,
1,291-313, 1969, for a detailed study of Schridinger's reception of de Broglie's work.

3M.J. Klein, “Einstein and the wave-particle duality”, The natural philosopher, 3, 3-49, 1964

4E. Schrodinger, “Zur Einsteinschen Gastheorie”, Phys. Zeits., 27, 95-101, 1926
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space) to fit the actual size of the particle. This result could in principle
be reached, according to Schrodinger, by a method due to Debye and Von
Laue. The method consists in combining waves whose propagation vectors
have slightly distinct directions.

2) The classical wave theories predicted that wave packets would
undergo a fast dispersion process, thus departing from the requirement
that corpuscles are permanently well localized. Schrodinger fully
acknowledged the problem in the very paragraph where he had proposed
the wave-packet concept. But he hoped that a forthcoming new
propagation law would allow him to circumvent the obstacle.

3) The necessity of superposing waves with a (quasi-) continuous
spectrum of frequency, in order to obtain a wave packet for each
molecule present in the gas, is flatly inconsistent with Schrodinger's
representation of the whole gas as a discrete system of standing waves.
The latter flaw was pointed out and carefully discussed by L. Wessels:
“For each gas molecule a large number of waves is required in the
construction of a relatively small wave packet, while according to the
restriction on the energy distribution (...), the greatest number of
frequencies that could possibly appear in the gas at any one time is just the
number of gas molecules itself” 1.

These problems reflected the extreme difficulty, and perhaps the
intrinsic impossibility, of reconciling the corpuscularian representation
with the holistic standing wave model of the gas. Far from being solved
by the advent of wave mechanics and its propagation law (the Schrédinger
equation), they reocurred in it and became increasingly acute.
Schrodinger's major move during the last weeks of 1925 and the
beginning of 1926 consisted in transposing the type of standing wave
model which proved so fruitful in the case of a whole gas, to the
description of the atom. The confinement in a box had just to be replaced
by a confinement in a potential. But at the same time, some of the most
striking features of the gas theory disappeared. The atomic theory was no
longer concerned with describing the population of each vibrating mode
in terms of an excitation number; it just aimed at dealing adequately with
the proper vibrations themselves. In other terms, it reverted to a first
quantization scheme, whereas the former gas theory was already much in
the spirit of the forthcoming second quantization. Being a standing wave
model, and having purposely departed from de Broglie's model of
progressive waves on closed orbits, Schrodinger's atomic theory was
nevertheless bound to inherit the major conundrum of the gas theory2.
How could one represent the particles and their motion? Was it reasonable
to hope that the old picture of electrons running on Keplerian orbits

IL. Wessels, Schrodinger's interpretations of wave mechanics, op. cit. p. 146-147

2According to L. Wessels (in: “Schrodinger's route to wave mechanics”, Stud. Hist. Phil. Sci., 10, 311-
340, 1977), one of the reasons Schrodinger did not use the language of matter waves but rather a formal
condition on Hamilton's equation for particles in his first paper on wave mechanics, was that he did not
know whether the difficulties linked with the concept of wave packets could be met by his newly
formulated theory.
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round the nucleus would be retained in any way? In the second paper of
his series “Quantization as a problem of proper values™, Schrodinger still
thought he could find a compromise between the fruitfulness of the
standing wave model and the persistence of a corpuscularian
representation. On the one hand, one had to acknowledge that for closed
orbits “whose dimensions are of the order of the wave length”, the notion
of a “system path” is meaningless, for “the wave group not only fills the
whole path domain all at once, but also stretches far beyond it in all
directions”. On the other hand, the concept of a particle travelling on an
orbit still retained its relevance when the de Broglie's wave length is
much smaller than the curvature radius of the orbit. In the latter case one
could indeed rely on the fact that the wave packets obey “the same laws of
motion as a single image point of the mechanical system”, and that they
therefore “give, so to speak, an equivalent of the image point”. But even
this compromise proved utterly unsatisfactory. The three difficulties met
by the wave packet concept in the gas theory here combined to form an
inextricable complex. As Lorentz pointed out in his very long letter to
Schrodinger of May 27, 19262, the dispersion of the wave packet (and
thus the loss of identity of the particle) occurs very soon, unless one
assumes that its dimensions are large compared to the wave length. But
then, the requirement that the dimensions of the wave packet be very
small in comparison with the curvature radius of the orbit is not fulfilled
any longer. In the same spirit, Schrodinger had to postulate that the wave
packet extends “over a large number of wave lengths, if it is to be
approximately monochromatic”, for “the wave group must move about as
a whole with a definite group velocity and correspond to a mechanical
system of definite energy”s. Then, again, the risk was to increase the
dimension of the wave packet until it exceeds the size of the orbit.
Lorentz's objection thus showed that the dimension requirement (1) of the
wave packet representing the particles is inconsistent with the non-
dispersion requirement (2); and Schrodinger's own postulate indicated
that the dimension requirement (1) is inconsistent with the discrete energy
scheme of the model (3).

Schrodinger was fully aware of these problems, even before having
received the letter of Lorentz¢. In his answer to Lorentz, he thus enclosed
a paper, entitled “The continuous transition from micro- to macro-
mechanics™s, wherein he demonstrated that, at least in the case of a

IE. Schrédinger, “Quantization and as a problem of proper values 11", in: Collected papers on wave
mechanics, op. cit. (see p. 19 f.)

2H.A. Lorentz to E. Schrodinger, May 27, 1926, in: K. Przibram (ed.), Letters on wave mechanics, op.
cit. p. 47

3E. Schrodinger, “Quantization and as a problem of proper values 117, in: Collected papers on wave
mechanics, op. cit. p. 20

4E. Schrodinger to H.A. Lorentz, June 6, 1926, in: K. Przibram (ed.), Letters on wave mechanics, op.
cit, p. 59: “You see from the text of the note, which was written before [ received your letter, how much I
too was concerned about the ‘staying together’ of these wave packets”

SE. Schrodinger, “The continuous transition from micro- to macro-mechanics”, in: Collected papers on
wave mechanics, op. cit. p. 41
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harmonic oscillator, the proper vibrations add up to form a wave packet
which “does not spread out into larger regions as time goes on”. The two
former inconsistencies appeared to be solved at the same time. No other
frequencies than those of the finite set of proper vibrations were
required, and moreover the dispersion phenomenon was completely
eliminated even though the wave packet retained reasonable dimensions (a
few wavelengths). But this remarkable result was rapidly challenged, due
to its complete lack of generality. Lorentz showed that what had been
demonstrated by Schrodinger in the case of the harmonic oscillator did
not hold any more in the case of the hydrogen atom'. Several months
later, Heisenberg made the same point in his celebrated “uncertainty
relations” paper?, which incorporates a section entitled “the transition
from micro- to macro- mechanics”. Heisenberg did not work out the
complete calculation, as Lorentz did, for it was sufficient to notice that
the stability of wave packets is incompatible with the fact that the
radiation frequencies of the hydrogen atom are never integer multiples of
the basic frequency. Then, one had to admit, with Heisenberg, that
“Schrodinger's reasoning is only viable in the case of the harmonic
oscillator treated by him; in all other cases a wave packet spreads out in
the course of time over the whole immediate neighbourhood of the atom”.
Schrodinger's early compromise between holism and the concept of
localized spatio-temporal continuant had thus failed. The only thing which
survived, out of his work about the transition from micro to macro-
mechanics, was the very fact of the permanence of wave packets for the
case of harmonic oscillators, which proved extremely important in recent
years for the study of “coherent states” (in lasers, for instance)?.

But then, what was it which prevented Schrédinger from discarding
immediately the concept of corpuscular spatio-temporal continuant and
from pushing the holistic model to its ultimate consequences? We already
know the answer, in contemporary terms: before Schrodinger could
abandon the last remnants of the corpuscular representations, he had to
solve the measurement problem, or at least to show that its solution was
not urgent. In other terms, more appropriate to the historical situation, he
had to deal with the experimental discontinuities which are traditionally
associated with the corpuscularian picture. As Lorentz noticed, “if we
decide to dissolve the electron completely, so to speak (...)”, this has an
important disadvantage. The disadvantage is this: “(...) how am I to
understand the phenomena of photoelectricity and the emission of
electrons from heated metals? The particles appear here quite clearly and
without alteration; once dissolved, how could they condense again?”4.

1H.A. Lorentz to E. Schrédinger, June 19, 1926, in: K. Przibram (ed.), Letters on wave mechanics, op.
cit. p. 70

ZW. Heisenberg, “The physical content of quantum kinematics and mechanics” in: J.A. Wheeler & W.H.
Zurek, Quantum theory and measurement, op. cit. p. 72

3F, Steiner, “Schrodinger's discovery of coherent states”, Physica B 151, 323-326, 1988

4H.A. Lorentz to E. Schrodinger, May 27, 1926, in: K. Przibram (ed.), Letters on wave mechanics, op.
cit. p. 48
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Schrodinger's  attempts to deal with discontinuities without any
corpuscularian representations, by transferring them from the object of
physics to the interaction between this object and the measuring apparatus,
date back to 1927!. I shall postpone (until chapter 4) the discussion of
these early attempts at establishing a relation between the discontinuities
and the measuring interactions. It is sufficient at this point to indicate that
they by no means solve the measurement problem, but rather constitute its
first statement. Having realized that, Schrodinger gloomily acknowledged,
in his Nobel lecture of 1933, that “the wave theory cannot meet this case
(i.e. the apparent particle tracks in a cloud chamber), except in a very
unsatisfactory way”2. But later on, after he had completed his critical
analysis of the current Copenhagen interpretation of quantum mechanics,
and after he had carefully circumscribed the measurement problems, his
appraisal of the situation began to reverse. He insisted more and more on
the inconsistencies of the corpuscularian concept of localized and
individualized spatio-temporal continuant!, whose intervention was still
considered indispensable by his Gottingen-Copenhagen colleagues (at least
as a symbolic tool). Besides, he grew ever more convinced that the
solution of the measurement problem was not at all crucial for a
consistent treatment of concrete physical problems.

Feeling that he was thus delivered from the obligation to find a direct
equivalent of permanent corpuscle-like entities in his theoretical pictures,
Schrodinger reverted to the initial holistic themes and developed them
ever more consistently. This new trend of thought, characteristic of the
end of the thirties and the beginning of the forties is easily perceptible in
two fields of investigation: statistical thermodynamics and unified field
theories.

Let us begin with statistical thermodynamics. Here, Schrodinger
basically redeveloped his 1925-26 idea of dealing with the gas as if it
were a whole vibrating system, of exchanging the role of the states and
the bearers of the states, and of considering the Bose-Einstein (and Fermi-
Dirac) statistics as a quite tricky consequence of the fact that the only
individuals of the vibrating system are its proper modes rather than the
excitations of these modes (the “particles”). A major consequence of these
remarks was that one had to abandon the Boltzmann counting method for
the bearers of the states, and rather use the Gibbs method for the whole
system. These ideas were first sketched in an unpublished manuscript of
1938: “The habit of speaking of a ‘new statistics’ has arisen from insisting
upon the Boltzmann-Maxwell method, where it does not suit the purpose

IE. Schrédinger, “Tte exchange of energy according to wave mechanics” in: Collected papers on wave
mechanics, op. cit. p. 140 f.

2E. Schrodinger, “The fundamental idea of wave mechanics”, in: Science and the Human temperament,
op. cit. p. 153

3Especially in the two 1935 papers: E. Schrdinger, “The present situation in quantum mechanics” loc.
cit. and “Discussions of probability relations between separated systems”, loc. cit.

4See Schrodinger's notes entitled “principium individuationis”, 1939, AHQP, microfilm 42, section 9
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and rarely does”!. They were then developed in his seminar lectures of
the Dublin institute for advanced studies in January-March 1944, entitled
“Statistical thermodynamics™. There, Schrodinger first explained why he
thought the Boltzmann method is not appropriate: “(The Boltzmann
method) suffices only for dealing with a very restricted class of physical
systems - virtually only with gases. (...) In a solid the interaction between
neighbouring atoms is so strong that you cannot mentally divide up its
total energy into the private energies of its atoms. And even a ‘hohlraum’
(an ‘ether block’ considered as the seat of electromagnetic-field events)
can only be resolved into oscillators of many - infinitely many - different
types, so that it would be necessary at least to deal with an assembly of an
infinite number of different assemblies, composed of different
constituents”. In view of this weakness, one must revert to the Gibbs
method, which “is applicable quite generally to every physical system”
irrespective of its internal constitution, because its “ N identical systems
are mental copies of the one system under consideration’.

Two important distinctive features of the 1944 lectures, when
compared to the 1925-26 papers, are:

(i) the complete relinquishment of the concept of wave packet, and,

(ii) the exclusive stress put on the field quantization formalism* which,
for all statistical purposes, is equivalent to Schrodinger's initial quantized
matter waves model.

True, the latter feature, namely the extreme confidence in the field
quantization formalism, is somewhat surprising. How could Schrédinger
be content with an abstract device which had apparently lost any contact
with his former concrete picture of a discrete set of standing waves in a
box? As I suggested at the end of section 1-3, the reason for his persistent
adherence to the second quantization and the field quantization schemes is
that he believed the gap between them and the wave picture is not as wide
as it looks; he thought nothing prevented one from considering second
quantization as an algebraic formulation of some concrete and continuous
model, just in the same way matrix mechanics can be considered as the
algebraic formulation of wave mechanics. By 1944, he had gained a very
precise idea of what this concrete and continuous formulation could be.
This breakthrough was related to his work in cosmology and unified field
theory, which in turn had been initiated by his quite enthusiatic reception
of Eddington's 1936 books. The basic idea he borrowed from Eddington
amounts to considering the “particles” as proper modes of vibration of the

1E. Schrodinger, “The so-called new forms of statistics”, 1938, AHQP, microfilm 42, section 7

2E. Schrodinger, Statistical thermodynamics, Cambridge University Press (1st edition 1944; second
edition 1952)

3ibid. p. 3

4ibid. p. 49

5A. Eddington, Relativity theory of protons and electrons, Cambridge University Press, 1936; After his
first enthusiasm had died away, Schrodinger noticed several mistakes in Eddington's reasonings: “it is
unfortunately not very hard to find major errors in this ingenious book”, E. Schrodinger to A. Einstein,
July 19, 1939, in: K. Przibram (ed.), Letters on wave mechanics, op. cit. p. 33
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closed universe as a whole: “Einstein's finite universe is in itself the
natural and wall-less box, which engenders atomicity by the necessary
discreteness of its proper modes of vibration”!. Schrodinger's initial
picture of quantized matter waves was not only retained and extended
beyond the domain of a gas sample, but the boundary conditions it needed
(the “box”) was made completely “natural” by invoking the finiteness of
the universe. Accordingly, holism acquired very strong explanatory
virtues, for in Eddington's model “the conditions prevailing in our
laboratory experiments are essentially determined by the state of the
universe as a whole”. The reference of quantum mechanics to the whole is
made imperative, according to Schrodinger, by the fact it has “to abandon
the idea of individuality in different particles of the same kind”.
Conversely the theory of the whole (namely general relativity) must also
deal with the detailed structure of matter, for it “has quite unexpectedly
provided the only sound means for explaining atomicity”2. This is by far
the most radical move one can conceive towards the completion of a
program which had already been outlined by Einstein and which was
praised by Schrodinger, namely the “amalgamation between matter and
space-time”, or in other words the disappearance of any difference of
nature between the stage (space-time) and the actors (matter)3.

Schrodinger's work, from 1937 to the fifties, was therefore mostly
devoted to these exciting developments of unified field theories. He
studied the proper vibrations of the universe in the static case and in the
expanding case!, with the explicit twofold motivation that “wave
mechanics imposes an a priori reason for assuming space to be closed; for
then and only then are its proper modes discontinuous and provide an
adequate description of the observed atomicity of matter and light.
Einstein's theory of gravitation imposes an a priori reason for assuming
space to be, if closed, expanding or contracting”. He then started a
thorough correlative study of spatio-temporal affine connections which
turned out to be extremely close to Einstein's own investigationss.

But, as A. Riigers cogently pointed out, there was one fundamental
difference between Einstein's and Schrodinger's perspectives. This
difference bears on the description of matter. Einstein was not satisfied
with his own way of dealing with the problem of matter (the corpuscular
“sources of the field”) in general relativity. According to him, the right-
hand member of the gravitational field law, namely the momentum-
energy tensor Ty, was but a “provisional means of representing matter’”,

1E. Schrodinger, “World structure”, Nature, 140, 742-744, 1937

2ibid.; see also E. Schrodinger, “Sur la théorie du monde d'Eddington”, Nuovo cimento, 15, 246-254,
1938

3ibid.; see a full exposition of this idea in: E. Schrodinger, Nature and the Greeks, op. cit. p. 14

4E. Schrodinger, “The proper vibrations of the expanding universe”, Physica, 6, 899-912, 1939

SE. Schrodinger, “The final affine laws”, Proc. Roy. Irish Acad. 51A, 163-171, 1947

SA. Riiger, “Atomism from cosmology: Erwin Schrodinger work on wave mechanics and space-time
structure”, HSPS, 18, 378-401, 1988

TA. Einstein, The meaning of relativity, (1921), Princeton University Press, 1974, p. 82
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in so far as “in reality, matter consists of electrically charged particles”.
In order to go beyond this preliminary step, and in order to account for
matter in geometrical terms, one would have to analyze first the regions
of very intense fields which are the most natural counterpart of particles
in a pure field theory. In 1945, Einstein thought he had virtually found
the solution of this problem!. By contrast, Schrodinger was not very
eager to look for particle-like solutions of the field equations. On the one
hand he felt almost sure that this attempt would fail: “we know that the
classical interaction of such dainty little (geometrical) toys is altogether
not competent to describe the actual electromagnetic interaction of the
ultimate constituents of matter’2. On the other hand, he did not even
believe that this was necessary. The proper “theory of everything”, whose
program is defined in the introduction of his book Space-time structure,
was not supposed to display any “ersatz” of the classical little individual
re-identifiable bodies, but only to account for “atomicity” in the wider
sense, namely to yield integers: “In so far as any progress in the more
complex features of this interaction (...) has been made at all, it rests not
on very complex classical solutions of the type alluded to above, but on
much simpler ones, to wit plane sinusoidal waves which are just simple
enough to be subjected to quantum mechanical considerations. (...) This
way is not likely to lead over very complicated ‘particle-like’ solutions’.
Thus, in contrast with the 1925-26 gas theory which associated wave-
packets with particles, the “cosmological gas theory” of 1938-50 was
consistently holistic and plainly a-corpuscular. As Schrodinger explained
most clearly to Einstein, his ultimate purpose was not to substitute
something for the particles but to replace them by proper modes of
vibration of the whole universe: “I believe that one has to introduce
matter into the abstract general theory of relativity, which contains theT;,
only as ‘asylum ignorantiae’ (to use your own expression), not as mass
points or something like that, but rather, shall we say, as quantized
gravitational waves”4.

2-3 Holism and the three dimensions of space (1926)

The conflict between Schrédinger's holistic views and his residual
corpuscularian representations also manifested itself in another way.
When a system of n particles is considered, y is a function in a 3n
dimensional space. But then, what is the link between this y and the
properties of each particle? Schrodinger had all the elements of this
problem close at hand. In the first paper of his series “Quantization as a
problem of proper values”, he had already performed a general

A Einstein, “A generalization of the relativistic theory of gravitation”, Ann. Math. Princeton, 46, 578;
47, 146,731, 1945
§E. Schrodinger, Space-time structure, Cambridge University Press, 1950, p. 116

ibid.

4E. Schrodinger to A. Einstein, July 19, 1939, in: K. Przibram (ed.), Letters on wave mechanics, op. cit.
p. 33
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derivation of his equation for a many-particle system, and this involved a
y-function in a 3n dimensional g-space. Then, in the second paper of the
series, he made very clear that the wave-surfaces are surfaces in a g-
space, and that he considered his theory as a mechanical equivalent of
wave-optics in g-space!. The transition was not from 3-dimensional
particle mechanics to 3-dimensional wave propagation, but from 3n-
dimensional Hamiltonian mechanics to 3n-dimensional wave mechanics,
or in other words from the motion of the image-point of a mechanical
system in g-space to wave propagation in the same g-space. Now, there is
a major difference between Hamiltonian mechanics and wave mechanics.
From Hamilton's equations, one may calculate the (q,p) coordinates of the
image point. These in turn can be separated in such a way that the i-th
group (qu; 9ai> 3i> P1is P2i> P3i) corresponds to the coordinates of the i-th
particle of the system. In wave mechanics, the Schrodinger equation only
enables one to calculate the amplitude of the 3n-dimensional y-function.
And this 3n-dimensional amplitude is not unambiguously connected, in
general, to the amplitude of n 3-dimensional wave-functions respectively
associated to the n particles of the system. Schrodinger was also fully
aware of this problem, to which he gave the first clear statement in June
1926: “(...)the difficulty of projecting the waves in g-space, when there
are more than three coordinates, into ordinary three dimensional space
and of interpreting them physically there”2. True, this sentence was
written after Lorentz had raised the point in a letter of may 27, 1926. But
in his answer to Lorentz, Schrodinger mentioned: “I have been very
sensitive to this difficulty for a long time (...)”%. At this point,
Schrodinger still thought that the problem could be solved in a
straightforward manner. The end of the quoted sentence does not leave
any doubt regarding this: “(I) believe that I have now overcome it”.

The solution he proposed arose from his second (electrodynamic)
interpretation of wave mechanics. Since the physical meaning had no
longer to be sought in the amplitude of the y-function itself, but rather in
the product ywy*, the problem no longer consisted in calculating n 3-
dimensional wave-amplitudes from W, but rather in calculating n 3-
dimensional densities of charge from ywy*. This result was obtained by a
simple integration procedure:

pi=-¢ f f ff llf\ll*dl'l...dl'i.ldl'i“...dl'n

I Ii-1Tisl Tn

IE. Schrodinger “Quantization as a problem of proper values 11", in: Collected papers on wave mechanics,
op. cit. p. 18

2E. Schrodinger to H.A. Lorentz, June 6, 1926, in: K. Przibram (ed.), Letters on wave mechanics, op.
cit. p. 55

3ibid.
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In this formula, p; represents the electric charge density of the i-th
particle; the sum p=) p; then represents “the electric charge density in real

1

space” for the system of n particles. However, as we shall point out in the
next section, the electrodynamic interpretation making use of the product
yy* could not by itself account for all the phenomena. The wy-wave
amplitude still retained a role at a certain stage, and Schrddinger soon
recognized this new obstacle. Accordingly, when he worked out a more
refined analysis of the “difficulty” of projecting the 3n-dimensional -
waves in ordinary space, he did not consider that the problem had just
been solved in a satisfactory way by his integration method. Having
demonstrated that the eigenfunctions of the wave equation for a system
consisting of two particles are products ¢,y,, of the eigenfunctions ¢, for
the first particle and of the eigenfunction vy, for the second particle, and
that the general solution of the wave equation is a linear superposition of
these products (with c-coefficients)!, he complained in a letter to G. Joos
that: “there are states of the combined system (i.e. c-distributions of this
system) which just cannot be split into a c-distribution of the first system
plus a c-distribution of the second. It is horribly trivial mathematically.
An arbitrary linear combination of the products of eigenfunctions cannot
in general even be represented as the product of two linear
combinations”2. In his paper, he recognized he had to “(...) apply the
many-dimensional form of ‘wave mechanics’ (...) instead of that four-(...)
dimensional form which correspond more closely at the root of the
matter, but which is meanwhile only prospective in character, because we
do not yet understand how to formulate the problem for more than one
electron by means of it”3. The strange point was that even though the
necessity of introducing non-factorizable linear combinations of ¢,
products arises from the presence of coupling terms between the two
parts of the system, this “entanglement” of the wave-functions persists
after the interaction has vanished.

At the end of the hyper-creative years 1925-1928, Schrodinger was
thus doomed to claim the irreducible holistic character of the wave-
mechanical formalism, in connection with the 3n-dimentionality of the -
wave: “The y-function is in general (...) not a function of time and place,
but it is a function of one, two, three ... places if the classical model of the
system is made of one, two, three mass points. This is a very remarkable
and deep-lying circumstance, which - I should mention - already makes
the conception of the y-function as a collection of local states difficult”.

I'This demonstration is given in: E. Schrisdinger, “The exchange of energy according to wave mechanics”
(1927), in: Collected papers on wave mechanics, op. cit. p. 140

ZE. Schrodinger to G. Joos, November 17, 1926, AHQP, microfilm 41, translated by L. Wessels,
Schrodinger's interpretations of wave mechanics, op. cit. p. 325.

3E. Schrodinger, “The exchange of energy according to wave mechanics” in: Collected papers on wave
mechanics, op. cit. p. 137:

E. Schrodinger, “Die Erfassung der Quantengesetze durch Kontinuierliche Funktionen”,
Naturwissenschaften, 26, 486-489, 1929; translated by O. Darrigol, “Schrédinger's statistical physics and
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In 1935, Schrodinger went one step further in his clear statement and
analysis of the “entanglement” problem, in reaction to the Einstein-
Podolsky-Rosen argument. In the very first sentences of his paper
“Discussion of probability relations between separated systems”, he
noticed that “When two systems, of which we know the states by their
respective representatives, enter into temporary interaction due to known
forces between them, and when after a time of mutual influence the
systems separate again, then they can no longer be described in the same
way as before, viz. by endowing each of them with a representative of its
own. I would not call that one but rather the characteristic trait of
quantum mechanics, the one that enforces its entire departure from
classical lines of thought”. And he then summarized the situation in the
following vivid manner: “the best possible knowledge of a whole does not
necessarily include the best knowledge of all its parts, even though they
may be entirely separated and therefore virtually capable of being ‘best
possibly known’, i.e. of possessing, each of them, a representative of its
own”2. Another “disconcerting” consequence of the holistic features of the
wave mechanical formalism is what Schrodinger called the distant
“steering” of a system, namely the fact that the y-function “arrived at for
one system depends on the programme of observations to be taken with
the other one™.

But although Schrodinger was certainly one of the most lucid analysts
of the quantum mechanical holistic paradoxes in the mid-thirties4, he
appeared very skeptical concerning the possibility of incorporating them
within a consistent world view. He still wondered whether the
“entanglement” is not just a “convenient calculational trick”, due to an
unwarranted application of the non-relativistic formalism to situations
which do not fall in its range of validity: “the conceptual joining of two
or more systems into one encounters great difficulties as soon as one
attempts to introduce the principle of special relativity into quantum
mechanics™. And he deemed that the reason for this postulated
inadequacy of the non-relativistic formalism is that the “entanglement”
seems to involve something like an “unretarded actio in distans” which
can only take place if the whole system is small enough “to be able to
neglect the time that light takes to travel across the system’s.

some related themes”, in: Erwin Schrodinger, Philosophy and the birth of quantum mechanics, op. cit. p.
259

IE. Schrodinger, “Discussion of probability relations between separated systems”, loc. cit; see a
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How are we to understand this Schrodinger's reluctance to accept all
the consequences of wave mechanics? I think that, here again, we see the
pre-1937 Schrodinger struggling in order to force a remnant of the
corpuscularian representations into the holistic framework of wave
mechanics. For, after all, the rebuttal of an instantaneous “acfio in
distans” (namely just the type of non-local effect that Einstein, Podolsky
and Rosen! had ruled out from the onset) only makes sense if one
considers that nature is made of localized parts of a system which may
somehow communicate through their y-state. If one drops the localized
interacting parts and retains exclusively the y-functions themselves, the
very idea that the entanglement reflects some kind of permanent
possibility of action of one part onto another becomes utterly irrelevant.
Instead of mutual action, one should speak of “organicity” (like Bohm)
or, more conventionally, of non-separability. As M. Lockwood pointed
out, “it is crucial (...) to distinguish between non-local interactions and
non-local entangled or correlated states”2. Accordingly, one of the
available moves, in order to defuse the problems which are associated
with the entanglement of y-functions, consists in replacing completely the
semi-classical idea of interacting parts by the wave-mechanical description
of a system as a whole. No plurality of objects, each of them having to be
in a state: one overall state, full stop.

But this is exactly what Schrodinger himself did when he first
formulated his own version of the gas theory. In his celebrated paper on
the Einstein's gas theory?, he already mentioned that the Bose-Einstein
statistics seems to be underpinned by some unknown interaction between
localized molecules, but that it would be much closer to “the true essence
of the new theory” to treat the gas as a whole, and to describe it as a
system of quantized standing waves in which the excitation number of a
degree of freedom replaces the number of molecules in the corresponding
state. This radical inversion of roles between the states and the bearer of
the states, between the whole and the parts, had just to be transposed to
the theory of atomic phenomena.

Now, the formalism of second quantization was perfectly suited for that
purpose. It is thus not very surprising that, after he had completely
integrated second quantization in his own system of thought in 1937-40,
and after he had accordingly brought his criticism of the concept of
individual corpuscle to its ultimate consequences, Schrodinger did not
insist any longer on the possible disappearance of the entangled features
of the quantum-mechanical description of phenomena in a future

A, Einstein, B. Podolsky and N. Rosen, “Can quantum-mechanical description of physical reality be
considered completc?’, Phys. Rev., 47, 777-780, 1935; in: J.A. Wheeler and W.H. Zurek (eds.),
Quantum theory and measurement, op. cit. p. 140: “(...)since at the time of measurement, the two
systems no longer interact, no real change can take place in the second system in consequence of anything
that may be done to the first system”

2M. Lockwood, “What Schrodinger should have learnt from his cat”, in: M. Bitbol & O. Darrigol (eds.)
Erwin Schrodinger, Philosophy and the birth of quantum mechanics, op. cit. p. 381

3E. Schrédinger, “Zur Einsteinschen Gastheorie”, Phys. Z., 27, 95-101, 1926
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relativistic theory. He rather pointed out that this entanglement (or the
multi-dimensionality of the y-function) is just an appropriate expression
of the fundamental lack of individuality of the so-called “particles™; a
perfectly appropriate formal counterpart of the priority given to the
whole over the artificially isolated parts.

As for the apparent contradiction between the non-locality of a holistic
wave-function and the locality of the macroscopic phenomena, it was
virtually resolved by what I have called Schridinger's post-modern turn.
Indeed, according to Schrodinger (in the 1950's), the continuous wave-
mechanical description is no longer supposed to provide a faithful
reflection of “observable facts”? (or macroscopic phenomena), but only to
be connected to them by means of a set of (probabilistic) correspondence
rules. If the non-local wave-mechanical formalism eventually results in
the successful probabilistic prediction of local macroscopic phenomena as
well as of their (possibly EPR-like) correlations; and if, conversely,
fulfilling the demand of descriptive locality, namely of locality of the
entities which play a role in the formalism, yields inadequate predictions,
then not only there is no true contradiction between the non-locality (or
rather the a-locality) of the wave function and the locality of the observed
macroscopic phenomena, but the latter is a predictive consequence of the
former. In B. d'Espagnat's terms the underlying a-local quantum-
mechanical representation yields the “appearance of a local world™,
whereas no local formalism can yield an appropriate and exhaustive
account of the appearances which are generated in our surrounding local
world by a certain class of experimental manipulations; this is enough to
ensure harmony in so far as “empirical reality” is concerned.

2-4 Wave interpretation versus electrodynamic interpretation: a
prehistory of the empirical correspondence rules

Two interpretations of wave mechanics were put forward by
Schrodinger during the first months of 1926: the pure wave interpretation
and the electrodynamic interpretation. Both of them proved unable to
account for the whole range of atomic phenomena. Both of them were
successively relinquished by Schrodinger himselft. But in this section, I
shall show that a certain combination of the two interpretations works;
and that this combination is nothing else than a very sober version of
contemporary quantum mechanics with its correspondence rules. The

IE. Schrodinger, July 1952 colloguium, (in: E. Schrodinger, The interpretation of quantum mechanics
(Dublin seminars 1949-1955 and other unpublished texts), op. cit. p; 32)

2E. Schrodinger, Science and Humanism, op. cit. p. 41

3B. d'Espagnat, “Appearance of a local world”, Phys. lett., A 171, 17-20, 1992; Veiled reality, Addison-
Wesley, 1995

4E. Schrodinger, “Quantization as a problem of proper values, IV”, in: Collected papers on wave
mechanics, op. cit. p. 120 (Schrdinger relinquishes the pure wave interpretation and adopts the
electrodynamic interpretation); E. Schrodinger, Four lectures on wave mechanics, op. cit. p. 52 (here,
Schrodinger aknowledges that the electrodynamic interpretation is “surely not quite satisfactory™)
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reason why Schridinger did not realize this possibility will be discussed at
the end of the section.

Schrodinger's first interpretation of wave mechanics consisted in taking
the y-function at face value, and considering it as a faithful description of
the processes which take place within the atoms: “we should try to connect
the function Wy with some vibration process in the atom, which would
more nearly approach reality than the electronic orbits, the real existence
of which is being very much questioned today”!. This, at least, allowed
one to account for Bohr's energy levels and quantization rules by a quite
familiar standing wave model, and also to give correct predictions about
the frequencies of the lines in certain situations where the old theory of
quanta had failed. But several difficulties were still to be solved at this
point. How is one to explain that the only observed frequencies are the
differences between the oscillation frequencies of the proper modes rather
than the latter frequencies themselves? How does the transition from some
proper mode to another produce radiation? And how is it possible to
calculate wave-mechanically the main characteristics of the lines, namely
their intensity, their polarization, and their bandwidth? In order to
answer the first question, Schrodinger proposed to consider that the
proper frequencies have such large orders of magnitude that they are
unable to “set the aether in motion”2. Radiation is thus produced not by
the proper vibrations of the atoms, but by the beats resulting from the
combination of two distinct proper vibrations: “one only needs to imagine
that the light wave is causally related to the beats, which necessarily arise
at each point of space during the transition”s. The characteristic frequency
of these beats, namely “the number of times per second the intensity
maximum of the beat-process repeats itself” is just identical to the
difference of the proper frequencies. However, this circumstance is a
purely mathematical one which does little to make us understand why one
can only observe these differences and not neighbouring frequencies as
well. As Lorentz pointed out, “no instrument (resonator, grating) whose
operation is completely determined by linear equations would respond to
these beats as it would to vibrations of frequency v;-v,”4. Moreover, no
answer was given to the last question, namely the one bearing on the
intensity, the polarization and the bandwidth of the lines.

A new perspective arose from Schriodinger's study of the equivalence
between matrix mechanics and wave mechanicss. Heisenberg, Born and
Jordan had succeeded in accounting for the intensities of the lines through

IE. Schrodinger, “Quantization as a problem of proper values, I”, in: Collected papers on wave
mechanics, op. cit. p. 9.

2E. Schrodinger, Letter to W. Wien, February 22, 1926, AHQP, Microfilm 41

3E. Schrédinger, “Quantization as a problem of proper values, I”, in: Collected papers on wave
mechanics, op. cit. p. 10

4H.A. Lorentz to E. Schrodinger, May 27, 1926, in: K. Przibram (ed.), Letters on wave mechanics, op.
cit. p. 49

SE. Schrodinger, “On the relation between the quantum mechanics of Heisenberg, Born and Jordan, and
that of Schrodinger” in: Collected papers on wave mechanics, op. cit. p. 45. See also “Quantization as a
problem of proper values, III"”, in the same volume.
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their matrix elements ay. Comparing the wave-mechanical expression for
these matrix elements, and the classical expression of the z-component of
the electric moment of a dipole which involves the electric charge density
p, it was quite natural to assume that:

]
p=-eRe[y a—gtL 1, and later on that:

p=-eyy*,

where Y=Y ¢,y e2miExth
k

This being assumed, one had only to apply the laws of classical
electrodynamics to the density p=-eyy* in order to calculate the main
characteristics of the emitted radiation: “the intensity and polarization of
the emitted light is thus intelligible on the basis of the Maxwell-Lorentz
theory”L.

Everything seemed to be clarified at this point:

(I) The appropriate frequencies v,—v, were the only ones which
intervened in the expression of yy*. This was enough to meet Lorentz'
objection, in the very way Lorentz himself had suggested in his letter of
may 27, 1926: replace the “beats” Y+ by the “combination tones”
YWk

(2) The Schrodinger equation yielded a continuity equation for -eyy*,
which was perfectly isomorphic to the usual continuity equation for
charge density.

(3) The Stark effect, the intensities, and the polarizations of the lines
were accounted for by means of a classical electrodynamic calculation,
using p=-eyy* as a source term.

(4) The stability and the lack of radiation of the atom in a proper state
was explained. Indeed, “if only a single proper vibration is excited, the
current component disappears and the distribution of electricity is
constant in time”2. No accelerated charge could account for radiation in a
proper state.

In spite of these startling successes, however, the pure electrodynamic
interpretation soon showed its limits. The attempt at picturing the events
which occur inside the atoms as classical electric charge density currents
proved just as unsatisfactory as the pure wave representation:

(1") If one tries to take seriously the idea that the electron is but a cloud
of electricity centered by the nucleus, the problem of the stability of this
cloud must be addressed. True, the electromagnetic stability of the atom

libid. p. 47; see also p. 60: “(y) is perfectly capable of entering into the unchanged Maxwell-Lorentz
equations between the electromagnetic field vectors as the ‘source’ of the latter”

2E, Schrodinger, “Quantization as a problem of proper values, IV”, in: Collected papers on wave
mechanics, op. cit. p. 123



58 Schrédinger’s philosophy of quantum mechanics

can be explained by the stady state of the cloud, but one has then to
explain how the cloud itself can be in a steady state. Unfortunately, this is
not possible, as Schrodinger soon recognized himself. This impossibility
was stated in a letter to Lorentz of June 1927, where Schrodinger wrote
that if the cloud of electricity were ruled by classical electrodynamics,
then the electron could not even “hang together”!.

(2') The cloud picture is not consistent with the necessity of solving the

Schrodinger equation with a potential corresponding to point-charge
. . e?
sources. As Lorentz pointed out, “if one alters the term T » one runs the

risk of losing the correct eigenvalues for E2.

(3") As L. Wessels noticed, there is a striking asymmetry between the
way Schrodinger dealt with the characteristics of the emission lines and
his study of the effect of incident radiation: “in calculating radiation
intensities, he applied classical electrodynamics to the charge cloud
determined by wave mechanics (...). But in determining the effect of
radiation falling from without, Schrodinger did not correspondingly
calculate the effect of such radiation on the charge cloud already
present”™s. He first solved his equation for W, using the point charge
potential, and “only then did he turn to his electrodynamic interpretation
to guide calculation of the intensity and frequency distribution of the
secondary radiation thereby produced”+. Similarly, when he attempted to
describe the Compton effects, he could not avoid using extensively the
wave formalism, thus confining his electrodynamic interpretation to some
peculiar features of the behaviour of the electrons.

I think that these difficulties of the electrodynamic interpretation of
quantum mechanics all merge into one. Let me describe it. As we have
noticed previously, it is just as inappropriate to consider that the events
occurring within the atom are described by an electric cloud -eywy* ruled
by the laws of classical electrodynamics, as it is to consider that they are
described by a semi-classical vibration process. All the calculations must
be performed by using the wave formalism (namely the Schrodinger
equation) with point-source potentials, whereas the square modulus of the
wave function must only be calculated at the very last stage, in order to
bridge the gap between the formalism and the “observed facts” (such as
line intensities, polarization etc). Much attention has to be paid in order
not to mix up the two stages of the process, and thus to avoid the series of
misgivings which led to the final dismissal of Schrdédinger's
interpretation(s) of quantum mechanics from 1927 on. Schrodinger was

IE. Schrodinger to H.A. Lorentz, June 23, 1927, AHQP, microfilm 41

2H.A. Lorentz to E. Schrodinger, June 19, 1926, in: K. Przibram (ed.), Letters on wave mechanics, op.
cit. p. 71

3L. Wessels, Schrodinger's interpretations of wave mechanics, op. cit. p. 265. This asymmetry can
ieadily be detected by comparing §5 and §9 in: Four lectures on wave mechanics, op. cit.

ibid.

SE. Schrodinger, “The Compton effect”, Ann. der Phys., 82, 1927; in: Collected papers on wave
mechanics, op. cit. p. 124
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right to hold on to the principle of superposition throughout the
calculation of the wave function, thus derivating the proper interference
effects. But he was wrong to take it at face value during the last stage of
the experiment, and to perform his final -eyy* assessment as if the terms
of the superposition still retained actual “simultaneous existence”, with the
status of terms of a distribution of charge whose electromagnetic
radiation is ruled by Maxwell-Lorentz equations. At any rate, this latter
conception was clearly dismissed by an experiment performed by E.
Gaviola in 1929'. Even though this experiment could still have been
accomodated with a moderate version of Schrodinger's electrodynamic
interpretation, namely one in which the proper boundaries were chosen
between the intermediate W-calculation and the final -eyy* assessment, it
was taken as a refutation of Schrodinger's conception, and accordingly as
a proof of Born's interpretation (see below).

To summarize, the wave-like picture, by which the atomic processes
were supposed to be described in Schrodinger's two first papers on wave
mechanics, and which cannot be dispensed with in intermediary
calculations, is not isomorphic to the “observed facts”. Conversely, the
electrodynamic picture, which is perfectly adapted, with some
precautions, to yield many important features of the “observed facts”,
cannot be used for the calculations between them. Hence a new type of
dissociation between the theoretical representation and the facts, and the
correlative necessity to consider the electrodynamic picture as a set of
empirical correspondence rules rather than a proper description of
whatever fraction of the atomic processes.

It is widely accepted that it was Born, with his probabilistic
interpretation of quantum mechanics, who first realized the necessity of
ascribing to yy* the status of an empirical correspondence rule rather
than that of a faithful (and even ‘mimetic’) description of microscopic
phenomena. But actually, things are much more intricate. Interpreting a
certain expression as a density of probability does not by itself solve all
the problems.

Firstly, the difficulty of stating explicitly the boundary between the
situations where one must use a W-calculation, and those where a yy*-
calculation is appropriate, proved to be just as considerable within Born's
framework of thought as it was in Schrodinger's. In his paper about the
collision theory, Born started to identify the probability with a certain
component of ¥, and it was only in a short footnote added in proof that he
mentioned the squared component of the y-function as a better candidate
for the role of probability of a certain outcome of the collision?. Then,
after Pauli's contribution?, Born's probabilistic interpretation focused on

IL. Wessels, Schrodinger's interpretations of wave mechanics, op. cit.; also: EM. Mac Kinnon,
Scientific explanation and atomic physics, The University of Chicago Press, 1982, p. 260

2M. Born, “On the quantum mechanics of collisions”, in: J.A. Wheeler and W. H. Zurek, Quantum
theory and measurement, op. cit. p. 52

3W. Pauli to W. Heisenberg, October 19, 1926, quoted by O. Darrigol, From c-numbers to g-numbers,
University of California Press, 1992, p. 335
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yy*dt. y itself was only an intermediate mathematical fiction allowing
one to formulate the probability laws which rule the motion of the
particles. This choice being made, the necessity of performing
calculations on V itself rather than directly on ywy*, became somewhat
mysterious (the only clue being the correspondence between the
probability and the intensity of a classical wave). And it was even made
much more obscure by the subjective interpretation of probabilities which
was adopted more or less explicitly by Born from the outset. If yy*
merely reflects our ignorance about the particle motion, about its going
here (event e) or there (event €'), why is it that the probability p(e or e')
is not equal to the sum of the probabilities p(e) + p(e'), but rather
contains interference terms?

Secondly, a probabilistic interpretation must state most clearly what
yy*dt is the probability of. As it appears from the previous discussion,
Born was manipulating at least four definitions of the type of event which
yy*dt is supposed to be the probability of, sometimes mixing them or
leaving some ambiguity about the one he was referring to:

(i) The outcome of an experiment, namely the only acceptable
definition of an event in an operationalistic framework of thought. In this
case, the dividing line between the domain where -calculations have to
be performed and the situations where yw* probabilistic evaluations can
be used, is very easy to draw. y-calculations apply between experiments
(or between a preparation and an experiment), whereas yy* probabilistic
evaluations are only relevant for experimental outcomes.

Even though Born sometimes comes very close to such an
operationalistic definition of the type of event to which the yny*
probabilistic evaluation apply, it is difficult to find it in isolation when
going across his writings. For instance, in a sentence like “One gets no
answer to the question ‘what is the state after the collision’, but only to the
question ‘how probable is the specified outcome of the collision™, the
word outcome could either mean the intrinsic direction of particle
scattering, thus pointing to case (ii) below, or a spot on a scintillation
screen, thus restricting the conception of what probabilities are about to a
set of operationally defined experimental outcomes.

(ii) The particle intrinsic scattering direction, or its intrinsic motion:
“@,m(c,B,y) gives the probability for the electron, arriving from the z-

direction, to be thrown out into the direction designated by the angles

IM. Born, “On the quantum mechanics of collisions”, in: J.A. Wheeler and W. H. Zurek, Quantum
theory and measurement, op. cit. p. 54
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o,B,y (...)"'. And, more generally: “the motion of particles is ruled by the
laws of probability (...)”2.

(iii) The particle intrinsic location : “ |1u | 2dv is the probability that the
electron (regarded as a corpuscle) is in the volume element dv™3.

(iv) The particle location (or motion) as it is found in an appropriate
experiment . “ |\y |2dv is the probability that an electron will be found
precisely in the volume element dv’4 The idea that an experimental
outcome consists in finding a particle in such and such volume of the
(p.,q)-space is popular but it is quite ambiguous: it implies referring to
particles, but it also restricts the scope of probabilities to what is found
experimentally about them. It is somehow intermediate between the
purely operational interpretation of definition (i), and the two quasi-
classical corpuscularian interpretations ((ii) and (iii)).

Schrodinger had no a priori reluctance to accept the first (purely
operational) definition of the set of events. As many physicists, he was
perfectly aware of the fact that, when discrete experimental events are at
issue, the concept of intensity (or more precisely of line intensity), is but
a way to express the probability of these events. And since, in
Schrodinger's electrodynamic interpretation, -eyy* is the appropriate
quantity which enables one to calculate the line intensities, nothing really
new is added if it is rather said: ywy* is the appropriate quantity which
enables one to calculate the probability of the corresponding spots on a
scintillation screen. In the first paragraph of his paper of spring 1926 on
the relations between Heisenberg's matrix mechanics and his wave
mechanics, Schrodinger aknowledged explicitly a correspondence
between: (a) the transition probabilities (which can be considered,
according to the most prudent interpretation, as the projection in the
matrix-mechanical model of the probabilities of the experimental events),
(b) the intensities of the spectral lines, and (c) the amplitudes of
oscillation of the electric moments of the atomic dipoless. As we have
mentioned in §1-6, the only true concern of Schrodinger was about the
attempt at going one step further and interpreting yy* as the probability

libid. p. 54. Mara Beller (“Born's probabilistic interpretation: a case study of ‘concepts in flux’”, loc. cit.)
has rightly pointed out the importance of Bom's having focused his original probabilistic interpretation
on the energy and momentum variables rather than on position variables.

2M. Bom, “Quantenmechanik der Stossvorginge”, Zeitschrift fiir physik, 38, 803-827, 1926

3M. Bom, Atomic Physics, op. cit., p. 139

4ibid. p. 140

3E. Schrédinger, “On the relation between the quantum mechanics of Heisenberg, Born and Jordan, and
that of Schrodinger” in: Collected papers on wave mechanics, op. cit. Schrodinger's further
investigations on probabilities are to be found in: E. Schrédinger, “Sur la theorie relativiste de I'€lectron
et linterprétation de la mécanique quantique”, Ann. Inst. H. Poincaré, 2, 269-310, 1932, and E.
Schrodinger, “The foundations of the theory of probability”, Proc. R.IA.,, 51A, 51-66, 141-146, 1947. A
very interesting comment on the 1932 paper can be found in: J.C. Zambrini, “Probability in quantum
mechanics according to Schrédinger”, Physica B 151, 327-331, 1988.
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of some stochastic microscopic process occurring between the preparation
and the detection stage of the experiment. In May-June 1926, the
electrodynamic interpretation was aimed at avoiding any recourse to such
intermediate stochastic processes which were so strongly suggested by a
(too) straightforward realist interpretation of the transition probabilities
as the probabilities of some quantum jumps occurring by themselves in
the atoms. At that time, the only way Schrodinger could challenge an
ontological interpretation of the transition probabilities was to replace it
by an ontological interpretation of the density -eyy*: “(...)one obtains for
an atom with many electrons exactly what Born-Heisenberg-Jordan
designate as the transition probability, with the new and plausible meaning
‘component of the electric moment’”t. Later on, after the formulation of
Born's probabilistic interpretation of quantum mechanics, a proper
analysis of Schrodinger's criticisms shows that they were once more
directed against the spurious attempt at describing the intermediate
microscopic events by means of a stochastic model, whereas they did not
preclude the simple use of yy* as an algorithm to calculate the
probability (or intensity) of the final discrete outcome of a spectroscopic
study. Indeed, the major problem Schrodinger raised was that, if yy*
only represents the probability of an underlying “definite” microscopic
configuration, and if, accordingly, “it does not relate to a single system at
all but to an assemblage of systems”, then we are offered “no explanation
whatever why the quantities ay; yield all the information which they do
yield”2. By contrast, the electrodynamic representation, which applies to
each individual system, provided one with a satisfactory explanation of
the empirical content of Heisenberg's matrix elements, namely their
ability to yield the intensities (or equivalently the probabilities of the final
discrete experimental events).

Schrodinger was thus confronted very early with one of the central
dilemmas of quantum mechanics. Its best known expression was given by
Bohr at the fall of 1927: the description of phenomena in space-time and
the causal description are “complementary’. As we shall see in paragraph
6-2, one of the plausible interpretations of this original version of Bohr's
complementarity was that the description of phenomena in space-time
means the attempt at reconstituting particle paths from sequences of
measurements submitted to the uncertainty principle, whereas the causal
description refers to the (deterministic) wave-mechanical law of
evolution. In terms that Schrddinger could have used in 1926, one would
formulate this idea as follows: we need not one but two representations of
the atomic phenomena. The first one, namely the electrodynamic
representation, is directly related to the “observed facts”, but it does not

IE. Schrodinger to H.A. Lorentz, June 6, 1926, in: K. Przibram (ed.), Letters on wave mechanics, op.
cit. p. 56

2E. Schrodinger, Four lectures on wave mechanics, op. cit. p. 52

3N. Bohr, Atomic theory and the description of nature, Cambridge University Press, 1934; see also a clear
exposition in: W. Heisenberg, The physical principles of the quantum theory, The University of Chicago
Press, 1930, p. 65.
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provide the link between subsequent observed facts; in a word, it is
“factual” but not “effective”. The second one, namely the wave
representation, is perfectly able to provide a link between the observed
facts, but not to account for certain facts; it is “effective” but not
“factual”. As long as Schrodinger wanted to merge the “effective” and the
“factual” into a single representation, according to the classical ideal, the
persistent duality of the models had to be considered as a symptom of
failure. But as soon as he accepted, according to the post-modern turn, to
dissociate completely the representation from what it is usually supposed
to be a representation of (namely the facts), the aim was no more to unify
two representations but to define a relation between them. One of the two
initial representations (the “effective” wave-representation) accordingly
gained a privileged status, whereas the other one (the “factual”
electrodynamic representation) was considered as nothing more than a
formulation of the sought link with the observed facts. In other words,
the expressions which were once considered typical of the electrodynamic
interpretation were ascribed the status of an empirical correspondence
rule.

The 1952 Dublin seminar, entitled Transformation and interpretation
in quantum mechanics !, is partly devoted to an analysis of this link (that
we call the empirical correspondence rules, and that Schrodinger called
“the interpretation” in a restricted sense of the word): “The wave-
function, characterizing the state of the system, and the operator,
characterizing the experimental device, together are supposed to give a
certain information on the observed value. We shall discuss this
connection - which we call the interpretation - in detail”2. This connection
can be expressed in two ways: one could either (i) take (the expression of
the expectation value of the experimental results + the Bohr
correspondence principle about observables) as a compound axiom, and
derive the probability algorithm in a diagonal frame as a theorem; or,
alternatively, (ii) take the probability algorithm in a diagonal frame as an
axiom and derive the expression of the expectation value as a theorem.
For most contemporary authors, the two procedures are allowed, and
they can indifferently be used according to the type of calculation one
wishes to perform3. Schrodinger rather insisted on their epistemological
differences and chose to focus on the first one for reasons which are
deeply connected to his own interest in the quantum theory of
measurement (see §4-3).

At any rate, the initial conflict between the wave-interpretation and the
electrodynamic interpretation was solved at this point. It retrospectively
appears as a (too) concrete projection of the methodological requirement
concerning the link between the representation and the observed facts.

lin: E. Schrodinger, The interpretation of quantum mechanics (Dublin seminars 1949-1955 and other
unpublished texts), op. cit. p. 39

Zibid. p. 50

3B. d'Espagnat, Conceptual foundations of quantum mechanics, W.A. Benjamin, 1976, p. 30 £.



64 Schrodinger’s philosophy of quantum mechanics

2-5 The lack of pictures

Schrédinger's desire to draw a clear picture of the atomic processes,
that is to say his alleged incapacity to renounce the images in physics, are
often ascribed to his attachment to the bild-conception tradition of german
physics which prevailed during the second half of the nineteenth century!.
His very insistence on the idea that the theoretical picture does not
necessarily mimic the observed facts has a (somewhat weaker)
counterpart in Hertz' and Boltzmann's? writings. To begin with, Hertz
thought that the aim of physics was to reduce natural processes to
mechanics. This implied ascription of a preeminent role to pictures in
physics, which was clearly explained in the very first page of the
introduction of Hertz' well-known treatise of mechanics: “The most direct
and in a sense the most important problem which our conscious
knowledge of nature should enable us to solve is the anticipation of future
events, so that we may arrange our present affairs in accordance with
such anticipations. (...) In endeavouring thus to draw inferences as to the
future from the past, we always adopt the following process. We form for
ourselves images or symbols of external objects; and the form we which
we give them is such that the necessary consequents of the images in
thought are always the images of the necessary consequents of the things
pictured™. In this sentence, however, one finds some interesting
reservations. It is not said that pictures are required at any cost, but
rather that we always adopt, as a rule, a procedure involving the use of
pictures. Moreover, Hertz insisted that no other similarity had to be
sought between the picture and the things it pictured than the set of
relations (or chains of consequences) it enabled one to anticipate. As for
Boltzmann, he insisted even more directly that: “It is precisely the
unclarities of the principles of mechanics that seem to me to derive from
not starting at once with hypothetical mental pictures but trying to link up
with experience from the outset”™. A picture which has not been freed
from the necessity of strict mimicry of the experimental facts is thus,
according to Boltzmann, in great danger of becoming “unclear”.

Schrodinger's life-long praise of the notion of cultural tradition in
sciences, and his repeated references to Boltzmann's epistemology, makes
the historical interpretation of his position quite compelling. But, here,

lsee e.g. S. d'Agostino, “Continuity and completeness in physical theory: Schrodinger's return to the
wave conception of quantum mechanics in the 1950's”, in: M. Bitbol and O. Darrigol (eds.), Erwin
Schrodinger, philosophy and the birth of quantum mechanics, op. cit. p. 339

28, d'Agostino, “Boltzmann and Hertz on the Bild-conception of physical theory”, History of Science, 28,
380-398, 1990.

3H. Hertz, The principles of mechanics, Mac Millan, 1899

4L. Boltzmann, Theoretical physics and philosophical problems, (B. Mac Guinness, ed.), Reidel, 1974, p.
225

SE. Schridinger, “Ist Naturwissenschaft milieubedingt?”, in: Uber Indeterminismus in der Physik, Barth,
Leipzig, 1932; Trad.: Science, Theory and Man, Dover, 1957, E. Schrodinger, “Are there quantum
jumps?”, loc. cit.
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we cannot content ourselves with asserting the historical influences to
which he was submitted. Several questions have to be addressed about the
personal way Schrodinger was carrying his burden of tradition, in order
to sketch a coherent view of his own position. Was this burden recognized
by him through direct reference to history, or did it (also) take other,
more cryptic, forms? Was he completely dominated by this tradition, or
did he submit it to critical scrutiny? And, finally, what were the original
views he arrived at, by combining historical influences in some unique
proportions?

Let us begin with some bare statements of Schrodinger's need for
pictures. His boldest expression of this need is contained in a paper of
1948 about the historical and cultural significance of science: “The picture
is not only a permissible tool, but also a goal”!. Such an order of
priorities clearly departs from Mach's conception of the theoretical
picture as a tool for the purpose of economy of thought. It is rather
strikingly reminiscent of the views Boltzmann expressed in his popular
lectures: “I am of the opinion that the task of theory consists in
constructing a picture of the external world. (...) (The guiding star of the
physicists) was not practical gain but the picture of nature within the
intellect”2. This stress put on pictures as a final aim played, at any rate, an
important role in the history of quantum mechanics, by prompting
Schrodinger to formulate wave mechanics, in spite of his being perfectly
aware of matrix mechanics. For he was just looking for something matrix
mechanics could not provide: “I naturally knew about this theory, but I
was discouraged, if not repelled, by what appeared to me as a very
difficult method of transcendental algebra, and by the want of
anschaulichkeit” 3.

These assertions, which amount to considering the picture as an aim by
itself, or which apparently recommend recovering anschaulichkeit at any
cost, sound quite dogmatic. They sound as if Schrodinger had imitated for
his own sake, some centuries later, the “fathers of modern science” who,
by reviving Greek science and philosophy, took over “pre-conceived ideas
and unwarranted assumptions”. In his case, everything looks as if he took
over the pre-conceived ideas and unwarranted assumptions about
anschaulichkeit of the previous generation of classical physicists. And
everything also looks as if these preconceived ideas were deeply rooted in
the most affective layer of his view of the world.

The impression that his taste for pictures was at least partially
grounded in a deep-lying and emotively loaded presupposition, is
supported by an oft-quoted sentence from the second paper of his series

IE. Schrodinger, “Die Besonderheit des Weltbilds der Naturwissenschaft”, Acta Physica Austriaca, 1, 201-
245, 1948; English translation in: E. Schrodinger, “On the peculiarity of the scientific world-view”, What
is life? and other essays, Doubleday anchor, 1957

21. Boltzmann, Theoretical physics and philosophical problems, op. cit. p. 33

3E. Schrodinger, “On the relation between the quantum mechanics of Heisenberg, Born and Jordan, and
that of Schrodinger” in: Collected papers on wave mechanics, op. cit. p. 46 (footnote)

4E. Schrodinger, Nature and the Greeks, op. cit. p. 16
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“Quantization as a problem of proper values”: “it has even been doubted
whether what goes on in the atom could ever be described within the
scheme of space and time. From the philosophical standpoint, I would
consider a conclusive decision in this sense as equivalent to a complete
surrender. For we cannot alter our manner of thinking in space and time,
and what we cannot comprehend within it, we cannot understand at all”.
This conservative statement is all the more striking since Schrodinger
insisted repeatedly on the historical relativity of so many human forms of
thought?, and since he later insisted “that one is very easily deceived into
regarding an acquired habit of thought as a peremptory postulate imposed
by our mind on any theory of the physical world™. What is then the
nature of the deeply entrenched presupposition which led Schrédinger to
make an exception and to reject any mobility of our manner of thinking
(Denkformen), when our tendency to draw spatio-temporal pictures is at
stake? There are two possibilities. Either this presupposition had
historical roots, or it had metaphysical roots. Either Schrédinger thought
this manner of thinking is made almost immutable because it represents
one of our most venerable legacies (a legacy which was, moreover, part
of his own weltanschauung), or he held it is completely immutable, due to
a compelling metaphysical reason.

In favour of the first possibility, there are several texts where
Schrédinger grounds his own conception of quantum mechanics in the
necessity to unify the various parts of our cultural inheritance. In August
1926, he wrote a letter to Wien where he explained: “Bohr's standpoint,
that a space-time description is impossible, I reject a limine. Physics does
not consist only of atomic research, science does not consist only of
physics, and life does not consist only of science™. And much later, in
1952, he rejected the current (non-figurative) interpretation of quantum
mechanics by arguing that it takes the risk of “getting severed from its
historical background”, just in the same way as abstract (non-figurative)
painting has shaken off “the indebtedness to our predecessors”s. Following
this trend of thought, the loss of pictures in physics is logically
conceivable, however culturally disastrous. But accordingly, valuing
pictures in physics appears just as metaphysically weak as it is historically
sound.

One is thus led to wonder whether Schrodinger's resistance to the
relinquishment of pictures could not have had a deeper, and
metaphysically stronger, reason. A metaphysical reason which nothing
prevents us however from considering as an hypostasized version of the

IE. Schrodinger,” “Quantization as a problem of proper values (I’ in: Collected papers on wave
mechanics, op. cit. p. 26-27

2E. Schrodinger, Nature and the Greeks, op. cit. p. 17, E. Schrodinger, “Ist Naturwissenschaft
milieubedingt?”, loc. cit.

3E. Schrodinger, Science and Humanism, op. cit. p. 48

4E. Schridinger to W. Wien, August 26, 1926, quoted and translated by W. Moore, Schrodinger, Life and
thought, Cambridge University Press, 1989, p. 226.

SE. Schrisdinger, “Are there quantum jumps?”, loc. cit. p. 109
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historical reason, or in other terms as an unconscious burden of culturally
relative tradition under metaphysically absolutized disguise, for after all it
also derives from some wide-ranging philosophical inheritance. This
reason is indeed related to the “doctrine of identity” that Schrodinger
borrowed from the Indian Vedanta, that he also related to some trends of
western mysticism, and that he shared with Schopenhauer. According to
this monistic doctrine, everything happens on the surface of “this one
thing - mind or world”!; there is nothing like a world-in-itself acting on
our senses; there is no ontological duplication (even though there can be a
methodological one), between a representation and what it is supposed to
reflect: “the story is occurring only once, not twice”2. With such a strong
sense of the identity between the world and the world-picture, it becomes
clear that the latter is not something which could be suppressed without
harm. One may easily conceive an alteration of some of the historically
inherited “special features” of our scientific world-picture3, but certainly
not a breaking of its general (spatio-temporal) frame*. For to modify this
frame is to modify the world itself. Here, the loss of pictures in physics is
not only culturally dangerous; it appears to be metaphysical nonsense.

Having reached Schrodinger's highest point of resistance to the loss of
pictures in physics, we must now realize that he by no means contented
himself with proclaiming repeatedly his position from a sort of historical
or metaphysical stronghold. However deeply he may have been persuaded
of the metaphysical inevitability of picturing the world in general, he
fully acknowledged the necessity of giving epistemological justifications
to our need for pictures in each particular science and at each particular
stage of history. For, after all, the observed discontinuous facts and the
theory, which have a distinct methodological status, were both, according
to his own metaphysics, only part of the overall picture of the world. It
was thus not a priori obvious that the theory itself had to be a true
picture, in the same sense as the overall one in which it was embedded.
The only thing Schrodinger's metaphysics made definitely impossible to
believe was that the discontinuity of the experimental events is a reflection
of some discontinuous processes occurring “out there”, and that it is
therefore in principle vain to look for a continuous theoretical picture to
which the experimental events be connected. All things considered, the
special issue of pictures in physics was left quite open by Schrodinger. In
spite of his personal and philosophical reluctance to do so, he then
considered very seriously the possibility of dispensing with pictures at
some stage of physics. Let us see how he proceeded.

IE. Schrodinger, Mind and maiter, op. cit. p. 157; see also p. 138 for another striking version of this
identity: “The reason why our sentient, percipient and thinking ego is met nowhere within our scientific
;vorld—picture can easily be indicated in seven words: because it is itself that world picture”

ibid. p. 156
3E. Schrodinger, Mind and matter, op. cit. p. 88
4see M. Bitbol, La Cléture de la représentation, in: E. Schrodinger, La nature et les grecs, Seuil, 1992, p.
27-33 for a more detailed discussion.
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Although he did not very much appreciate the light-heartedness with
which positivist thinkers jettison the venerable attempt at understanding
nature by moulding a picture, Schrodinger underlined that, nevertheless,
the mere unification of the observed facts into a system of mathematical
relations “(...) is so striking and interesting, that for our eventual
grasping and registering them the term ‘understanding’ seems very
appropriate”l. He even pointed out that there might exist, in some
situations, very sound reasons for preferring a non-figurative theory over
a figurative theory. In March 1926, he was trying to compare
Heisenberg's matrix mechanics and his own wave mechanics. If he had
been so dogmatic about the necessity of pictures in physics, he could have
contented himself with proving that matrix mechanics can be derived
from wave mechanics. Together with the fact that wave mechanics
allowed a figurative interpretation, this would have prompted him to
declare both the mathematical derivativeness of matrix mechanics and the
epistemological superiority of wave mechanics. But he did not adopt this
straightforward strategy. He rather pointed out that “(...) there might
perhaps appear to be a superiority in the matrix representation because,
through its stifling of intuition, it does not tempt us to form space-time
pictures of atomic processes, which must perhaps remain
uncontrollable”2. He thus felt obliged to perform the demonstration the
other way round, i.e. to show the possibility of deriving wave mechanics
from matrix mechanics, in order to make it clear that the wave-functions
“(...) do not form, as it were, an arbitrary and special ‘fleshy clothing’
for the bare matrix skeleton, provided to pander to the need for
intuitiveness™. In so far as the (proper) wave-functions can be
constructed from given matrices, just as the matrices can be constructed
from the (proper) wave-functions, one cannot contend any longer that
wave mechanics is an ad hoc device for creating pictures.

This very lucid requirement of reciprocal equivalence shows that,
unlike the later proponents of hidden variable theories, Schrodinger did
not consider it satisfactory to add an empirically void “clothing” to the
structure of quantum mechanics just for the sake of recovering the
classical ontology or for the sake of satisfying the desire of pictures. What
he wished to demonstrate was rather that there exists an adequate picture
and a (non-classical) ontology which arises quite naturally from
unmodified quantum mechanics itself. He did not want to recover pictures
at any cost, but only to show that the present situation of physics was not
as averse to space-time picturing as the Gottingen-Copenhagen physicists
had believed. According to him, the only reason why his Géttingen-
Copenhagen colleagues thought they were bound to abandon the dream of
framing a picture of the physical processes in space-time, was that the

'E. Schrodinger, Nature and the Greeks, op. cit. p. 90
2E. Schrodinger, “On the relation between the quantum mechanics of Heisenberg, Bom and Jordan, ad
ghat of Schrodinger”, in: Collected papers on wave mechanics, op. cit. p. 58

ibid.



Schrodinger’s theoretical project 69

corpuscularian representation, with its well-defined trajectories of
individual material points, had failed: “all these assertions systematically
contribute to the relinquishing of the ideas of ‘place of the electron’ and
‘path of the electron’”!. This failure had been incorporated in both matrix
mechanics and wave mechanics, but it did not preclude a priori the
possibility of outlining another, non-corpuscularian type of image. The
wave-picture was, of course, considered by Schrodinger as the most likely
candidate for replacing the particle-picture. But there was a persistent
obstacle to this replacement, quite similar to the one which hindered a full
development of Schrédinger's holistic views until the late thirties. This
obstacle was the necessity, as long as the link between micro- and macro-
mechanics had not been clarified, to retain something of the old
corpuscularian representation (for instance the concept of wave-packet) in
order to make sense of localized and discontinuous experimental
phenomena.

The problem was thus not only one of replacement of an image by
another, but one of accomodation of a picture with the other one: “(...)it
seems to me that the only reason for the iconoclastic uproar is the
following: the corpuscle concept has, it is true, become the unquestioned
and inalienable possession of the physicist who continuously uses it as a
mental construct (...) but (...) it leads to considerable embarassment
because we have not yet succeeded in fusing it with the wave concept™.
However, when the concept of corpuscle came to be “questioned”
systematically by Schrodinger, the difficulty of the “fusion” faded away,
and the attention reverted to the perspective of truly replacing every
previous pictures by the wave picture. The link between micro- and
macro-mechanics accordingly took a new (and completely non-
corpuscularian) aspect, which associated a clear statement of the empirical
correspondence rules and an attempt at solving the measurement problem.

This association of a thorough criticism of the atomistic pictures with a
promotion of the wave picture, provides us with a very striking example
of Schrodinger's own way of associating Mach's positivistic influence
with Boltzmann's Bild-conception of physical theories. Schrodinger
considered that Mach's philosophy had in some way come closer than any
other one to a proper metaphysical foundation of physics. For he accepted
that the world is essentially a construct out of an enriched set of Machian
“elements™. And he also acknowledged that positivism may help to fight
against the tendency manifested by many physicists to confuse a

1E. Schrédinger, “Quantization as a problem of proper values 17, in: Collected papers on wave mechanics,
op. cit. p. 26

2E, Schrodinger, “Die Besonderheit des Weltbilds der Naturwissenschaft”, Acta Physica Austriaca, 1, 201-
245, 1948; English translation in: E. Schrédinger, “On the peculiarity of the scientific world-view”, What
is life? and other essays, op. cit.

3E. Schrodinger, Nature and the Greeks, op. cit. p. 92, Mind and matter, op. cit. (chapter 1, first
sentence). By saying so, Schridinger was quite close from Boltzmann himself who claimed that “(...) not
only matter, but also other people are for me mere mental symbols, just an expression of equations
between complexes of sensations” (L. Boltzmann, Theoretical physics and philosophical problems, op.
cit. p. 15)
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descriptive achievement with a proper understanding of the phenomena!.
But on the other hand, he believed that Mach's metaphysics and
methodological criteria were but an analytical step before fulfilling
Boltzmann's epistemological requirements. His mixture of positivist-like
acuteness in discriminating the empirical and the theoretical sides of the
scientific problems, and of determination to overcome this purely
analytical stage of thought, was thus deservedly praised by Einstein? who
had to use the same two-step strategy in order to clear up the field of
concepts on which he was to build the theory of relativity.

We must now look more closely at how Schrodinger managed to
articulate his positivistic trends with the high standards he wished to
impose onto theories. Firstly, he thought that Boltzmann's urge for clear
‘pictures’ did not contradict Mach's warnings: “Boltzmann's idea consisted
in forming absolutely clear, almost naively clear and detailed ‘pictures’ -
mainly in order to be quite sure of avoiding contradictory assumptions.
Mach's ideal was the cautious synthesis of observational facts that can, if
desired, be traced back to the plain, crude sensual perception (pointer
reading). (...) However, we decided for ourselves that these were just
two methods of attack and that one was quite permitted to follow one or
the other provided one did not lose sight of the important principles that
were more strongly emphasized by the followers of the other one,
respectively™. The prescription to picture complemented the positivist-
like cautiousness, by encompassing a proper recognition that the
“elements” which are used in our construction of the world are not only
bare sensations but also images and thought, and that “imagination and
thought take an increasingly important part (...) as science, knowledge of
nature, progresses”’4.

Secondly, Schrédinger had sound reasons to believe that Boltzmann's
“clear pictures” are the most efficient instruments theoretical physicists
can make use of. His major argument in favor of the latter statement was
stated again and again in his writings: these pictures are the only “mental
help”, the only “tool of thought, at our disposal to be “quite sure of
avoiding contradictory assumptions”® when we synthesize observational
facts. Boltzmann's tendency of being “childishly precise” about his models
cannot be taken as a symptom of his inability to recognize that the
experimental evidence is forever incomplete; it is rather an expression of
his having understood that “(...) without an absolutely precise model,

1E. Schrodinger, Nature and the Greeks, op. cit. p. 89

ZA. Einstein to E. Schrodinger, August 8, 1935. French translation in: A. Einstein, Qeuvres choisies, I,
Quanta, Seuil, 1989, p. 238

3E. Schrodinger to A.S. Eddington, March 22, 1940 (in: E. Schrodinger, The interpretation of quantum
mechanics (Dublin seminars 1949-1955 and other unpublished texts), op. cit. p. 121)

4E. Schridinger, Nature and the Greeks, op. cit. p. 92

SE. Schrodinger, Science and Humanism, p. 22

SE. Schrodinger to A.S. Eddington, March 22, 1940 (in: E. Schrodinger, The interpretation of quantum
mechanics (Dublin seminars 1949-1955 and other unpublished texts), op. cit. p. 121)
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thinking itself becomes imprecise, and the consequences to be derived
from the model become ambiguous”!.

2-6 The lack of continuity

How can one obtain the required absolute precision in our theoretical
models, and a perfect clarity in our pictures? According to Schrddinger,
this result can but be reached if the model goes well beyond the
previously observed facts: “(...)the desire for having a clear picture
necessarily led one to encumber it with unwarranted details”2. One must
integrate in the model not only the actual experimental results, but an
infinity of possible results; one must perform a systematic “completion in
thought™ of the recorded observations. And the only acceptable proof
that this process of completion in thought has been completed is the
disappearance of any gap in the picture, namely its continuity.

This continuity condition was already stated by Schrodinger in 19294,
when the prospect of forming a satisfactory continuous picture of atomic
phenomena seemed quite remote: “(...)we are bound to supplement our
immediate observations, in order not to be left with a patchwork of
individual facts instead of reaching some sort of ‘weltbild’’s. It was then
reformulated more assertively in 1950, after a post-modern distance
between the observed facts and the represented content of the picture had
been established: “(...) from an incomplete description - from a picture
with gaps in space and time - one cannot draw clear and unambiguous
conclusions; it leads to hazy, arbitrary, unclear thinking - and this is the
thing we must avoid at all costs!”é. According to Schrodinger, there was
thus no doubt that the gaps in our pictures had to be filled in. The only
problem was that, at the birth of quantum mechanics, nobody could figure
out how this aim was to be reached.

The most natural way of filling the gaps, when what is observed
consists, for instance, of a series of dots in a cloud (Wilson) chamber, is
bare interpolation’. One is thus tempted to insert more and more
imaginary dots between the actual dots, and to make them smaller and
smaller until they form something like a continuous trajectory. But,
Schrodinger says, Heisenberg's uncertainty relations have demonstrated
that this is just impossiblet. The process of making the dots smaller and
smaller, as well as closer and closer, would only result in their increasing
dispersion. It would lead to a cloud of points which by no means looks

IE. Schrodinger, Science and Humanism, p. 25
Zibid. p. 24
3E. Schrodinger, “Might perhaps energy be a merely statistical concept?”, loc. cit. p. 169
4E. Schridinger, “Conceptual models in physics and their philosophical value” and “Indeterminism in
ghysics”, in: Science and the human temperament, op. cit. p. 62, 121, 124, 128, 131
E. Schrédinger, “Indeterminism in physics”, in: Science and the human temperament, op. cit. p.62
SE. Schrodinger, Science and Humanism, p. 40
;E. Schrodinger, “Indeterminism in physics”, in: Science and the human temperament, op. cit. p. 60
ibid.
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like a corpuscular trajectory. In other terms, no deterministic link
between the observed dots, in which the former infinitesimal fragment of
trajectory (together with the local potential) fixes univocally the later
infinitesimal fragment of trajectory, can be established. The only link
between the observed dots is a probabilistic one.

The alternative solution is then to fill in the gaps by means of the very
continuous theoretical entity which serves as a tool for calculating the
probabilistic link between the observed dots, namely the y-wave. But this
procedure sounds utterly unnatural, due to the obvious heterogeneity
between the extended wave-like filling material and the point-like
observed facts. As Heisenberg first pointed out in his celebrated 1927
paper, if it is to fit with each observed dot, the y-wave must be “reduced”
to a wave packet whose size is of the order of magnitude of the precision
with which the corresponding position measurements have been
performed!. Thus, even if a kind of g-space continuity between the cloud
chamber dots is established by means of the y-wave, one still has to cope
with the temporal discontinuity implied by the successive “reductions” of
the y-wave. As I shall explain at length in chapter 4, Schrodinger did not
retain the idea of the “reduction” of the y-wave, and accordingly did not
recognize the necessity of a temporal discontinuity in our theoretical
picture either. His strategy consisted in doing much more than just filling
in the gaps between the observed dots. It consisted in ascribing an absolute
priority to the continuity of the y-wave picture over the discontinuity of
the dots. In short, his quite bold prescription could be formulated thus: if
the observed facts do not fit with the continuity of the picture, then just
eliminate the facts from the picture (even if it means pushing the concept
of fact to the edges of the scientific thought, and relating the facts
indirectly to the picture through the correspondence rules ...).

But, at this point, an embarassing question arises: is this purely
continuous theory, completely freed from the obligation of incorporating
something of the experimental discontinuities in the course of the time-
development of its entities, able to account for the experimental effects
which prompted the introduction of the quantum of action by Planck?

Here, we are reaching one of the most surprising chapters of the
history of quantum mechanics, a chapter where the emotionally rooted
convictions and the sociological predominance of the Gottingen-
Copenhagen group managed to mould the opinion of the majority of
physicists during a full half-century, even against the clearest theoretical
evidence.

During the first half of 1926, Heisenberg's reaction to Schrddinger's
wave mechanics had been extremely negative. After having attended
Schrodinger's conference in Munich, in July 1926, he wrote his
impressions to Pauli: “Schrédinger throws overboard everything which is
‘quantum theoretical’: namely, the photoelectric effect, the Franck [-

IW. Heisenberg, “The physical content of quantum kinematics and dynamics”, in: J.A. Wheeler and W.H.
Zurek, Quantum theory and measurement, op. cit. p. 74
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Hertz] collisions, the Stern-Gerlach effect, etc. It is not then difficult to
establish a theory. However, it does not agree with experience”. A few
months later, the conviction that wave mechanics would prove unable to
account for properly “quantum theoretical” effects was expressed directly
by Bohr and Heisenberg to Schridinger, during the latter's visit to
Copenhagen?. According to Bohr, they managed to convince Schrodinger
that “(...) a continuity theory in the form indicated in his last paper at a
number of points leads to expectations fundamentally different from those
of the usual discontinuity theory”. Actually, Schrodinger felt both quite
embarassed by Bohr's contentions and not fully convinced. In his letter to
Bohr, written a few weeks after his stay in Copenhagen, he acknowledged
that “(...) the psychological effect of these objections - in particular the
numerous specific cases in which for the present my views apparently can
hardly be reconciled with experience - is probably even greater for me
than for you™s. However, he did not believe that this incompatibility was
something which hindered the very possibility of using continuous
pictures: “I do not consider it inconceivable to construct pictures that
actually reproduce the above circumstances”s. He even suspected that the
difficulties which Bohr had indicated were really no more than apparent,
and he did not therefore renounce finding a clue to reconcile pure wave
mechanics with the most striking discontinuous aspects of atomic
processes. One of his priorities in the following years was then to
formulate wave-mechanical accounts of all the known “quantum
theoretical” effects. The task did not prove untractable, even though it
was considerably delayed by the long maturation which eventually led
Schrodinger to find an appropriate articulation between the “effective” y
and the “factual” yy*.

In 1927, he provided a wave-mechanical demonstration of Planck’s
radiation laws. He insisted at the end of paragraph 4 of his paper that this
result was obtained without using the postulate of quanta properly
speaking.

He also gave during the same year a wave-mechanical account of the
Compton effect’, by considering it as a phenomenon of diffraction of high
frequency electromagnetic waves on a moving grating of electronic
charge distribution. The resulting directions of propagation, and the
Doppler effect, proved equivalent to the values Compton was able to

Iw. Heisenberg to W. Pauli, July 28, 1926, quoted in: J. Mehra and H. Rechenberg, The historical
development of quantum mechanics, 5-2, Springer-Verlag, 1987, p. 822

2W. Heisenberg, Physics and beyond, encounters and conversations, George Allen and Unwin, 1971, p.
75

3N. Bohr to R. Fowler, October 26, 1926, quoted in: J. Mehra and H. Rechenberg, The historical
development of quantum mechanics, 5-2, op. cit. p. 226

4In: N. Bohr, Collected works, E. Riidinger (gen. ed.), vol. 6, J. Kalckar (ed.), North-Holland, 1985, p.
12

Sibid. p. 13

6E. Schrodinger, “The exchange of energy according to wave mechanics”, in: Collected papers on wave
mechanics, op. cit. p. 143-145

TE. Schrédinger, “The Compton effect”, in: Collected papers on wave mechanics, op. cit. p. 124
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predict previously by using a corpuscular model. Actually, Schrodinger's
calculation looks highly unsatisfactory by present days standards due to
his reluctance to use 3n-dimensional y-functions for composite systems,
and to his recurrent taste for 3-dimensional waves and charge density
clouds. But at any rate, by providing a semi-classical wave alternative to
Compton's original semi-classical calculation in terms of particles,
Schrodinger had demontrated that one has no reason to consider the
Compton effect as a convincing proof that corpuscularian representations
cannot be dispensed with at one stage or another of the account of
microscopic phenomena. As more recent work on that topic! has shown,
the multiplicity of calculations which are able to yield satisfactory
prediction of Compton's parameters (provided they incorporate
conservation of energy and momentum) can rather be cited as a typical
case of underdetermination of theories by experiments, than as a
definitive evidence of the “photon nature of light”.

One may add to these preliminary achievements of Schrodinger's at
least two wave-mechanical calculations performed by other physicists. In
the late 1926, G. Wentzel proposed a wave-mechanical treatment of the
photo-electric effect2. And later on, in 1929, N.F. Mott published a
deservedly well-known paper entitled “The wave mechanics of a-ray
tracks™?. In this article, Mott did not limit himself to giving a remarkably
sober wave-mechanical account of the particular problem of the tracks in
cloud chambers; he defined a general method allowing one to account for
any kind of discontinuous phenomena by the continuous formalism of
wave mechanics. The principles he used are the following:

(1) define the degrees of freedom of a relevant composite system
(possibly including part of the measurement device);

(2) solve the Schrodinger equation for the multi-dimensional wave-
function of this composite system;

(3) postpone indefinitely (until the “act of observation”, for all
practical purposes) the reference to the discontinuities: “the wave
mechanics unaided ought to be able to predict the possible results of any
observation that we could make on a system, without invoking, until the
moment at which the observation is made, the classical particle-like
properties of the electrons or o-particles forming that system”.

The teaching of this series of papers, and especially of Mott's paper,
which avoids some pitfall's of Schrodinger's initial interpretation of wave
mechanics, is unambiguous: it is perfectly possible to account for typically
“quantum theoretical” effects without introducing any intermediate
temporal discontinuity. One just has to use extensively the
multidimensional wave-mechanical formalism (with its eigenfunction

IR. Kidd, J. Ardini, & A. Anton, “Compton effect as a double Doppler shift”, Am. J. Phys., 53, 641-
644, 1985; J. Strnad, “The Compton effect: Schrodinger's treatment”, Eur. J. Phys., 7, 217-221, 1986
2G. Wentzel, “Zur Theorie des photoelektrischen Effekts”, Z. Phys., 40, 574-589, 1926

3N.F. Mott, “The wave mechanics of o-ray tracks”, Proc. Roy. Soc. Lond., A126, 79-84, 1929; in: J.A.
4Wheeler and W H. Zurek, Quantum theory and measurement, op. cit. p. 129

ibid.
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scheme) for a sufficiently large system, and to restrict the probabilistic
scheme to the connection between the final outcome of the calculation and
the relevant experimental events. At no intermediate point between the
preparation of the experiment and the experimental events have
discontinuities and probabilistic considerations to be introduced.
Moreover, since the criteria which must be used to stop the time-
development of the y-function are purely practical, nothing prevents one
from prolonging it indefinitely, and from taking into account more and
more degrees of freedom. In other terms, the temporal discontinuities are
by no means an integral part of the predictive power of quantum
mechanics; they just have to be related to the formalism, whenever it is
suitable in practice!.

Schrodinger did not work out this idea in its full generality before the
late forties and the beginning of the fifties. But as soon as he came to
realize its perfect coherence and soundness, he resumed very actively his
early attempt at giving a wave-mechanical account of the “quantum
theoretical” effects. He focused his attention once more on Planck’s
radiation law, which he managed to demonstrate for his Dublin seminar
lectures of 1949, in a section characteristically entitled “Planck-black-
body-radiation (without discontinuity!)”2. At the end of the sub-section
about the Bose-Einstein statistics, he points out that his derivation does not
rely either on the idea that each system is always in an eigenstate of some
observable, or on the related idea that systems jump from one eigenstate
to another: “(...) on (the ordinary) photon view one implicitly admits that
not only the whole body of radiation but every simple “oscillator” (or
proper mode) is always in a state of sharp energy. We have assumed
nothing of the kind. The concept of eigenstates and of their degeneracy
(or multiplicity) is given, and it is unavoidable in quantum mechanics. It
takes the role of the permutation number in Boltzmann's original
reasoning”. Atomicity, namely discreteness of the level scheme of
continuous wave processes, here again replaced atomism, namely
discontinuity of the processes and entities themselves. Accordingly, in the
1952 edition of his book Statistical Thermodynamics (whose first edition
dates back to 1944), he inserted an important “appendix” where he
purported to demonstrate that “the thermodynamical functions depend on
the quantum-mechanical level-scheme, not on the gratuitous allegation
that these levels are the only allowed states”, and that they do not depend
either on the view that “(...) a physical process consists of continual jump-
like transfers of energy parcels between microsystems™. Finally, the same
year 1952, Schrodinger wrote a paper wherein he gave an outline of a

IFor a philosophical analysis of the pragmatic aspects of the interpretation of quantum mechanics, see:
M. Bitbol, Mécanique quantique: une introduction philosophique, Flammarion, 1996; M. Bitbol, De
l'intérieur du monde (in preparation).

2E. Schrodinger, Notes for seminar 1949, (E. Schrodinger, The interpretation of quantum mechanics
(Dublin seminars 1949-1955 and other unpublished texts), op. cit. p. 115)

3E. Schrodinger, Statistical thermodynamics, Cambridge University Press, 1952 (introductory “note on
second edition”)
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wave-mechanical account of the Franck-Hertz experiments!. This account
is also contained in a series of lectures given at the Dublin institute for
advanced studies?.

With these results in mind, the repeated reminder, by the members of
the former Gottingen-Copenhagen group, that Schrodinger's preference
for a continuous picture in quantum mechanics did not allow him to yield
the properly “quantum theoretical” effects, sounds utterly surprising. It
sounds all the more surprising since these physicists speak as if they had
not really understood the reason why the first Schrodinger's attempt had
failed. Let us read for instance Rosenfeld's commentary on Born's
probabilistic interpretation, written in 1971: “Would this formal
equivalence (between matrix mechanics and wave mechanics) clinch the
issue in favor of Schrodinger's contention that the proper quantal
concepts can altogether dispensed with? Far from it, Heisenberg had at
once seen that this contention was untenable: Schrodinger's way of
treating the charge density as a classical source of radiation would even
prevent him from obtaining Planck's law for the distribution of thermal
radiation”. It was indeed impossible to obtain Planck's law by a classical
electrodynamic theory applied to the charge cloud, namely to the
“factual” expression Yy *; but it was not impossible to obtain Planck's law
by making calculations on the level scheme displayed by the “effective”
continuous Y-function, as Schrodinger had demonstrated in his 1927
paper and in his 1952 appendix. Thus, in a certain sense, the “proper
quantal concepts” could be dispensed with. And in another sense, they
were retained by wave mechanics in the form Schrodinger had given
them in his first paper of 1926, namely in the form of a system of
eigenfunctions (the “level scheme”). As for the mathematical equivalence
between wave mechanics and matrix mechanics, it had only to be
complemented with a full recognition of the status of yy* as an empirical
correspondence rule in order to become a full physical equivalence.

There is then no conflict between wave mechanics and matrix
mechanics concerning the status of Rosenfeld's “quantal concepts”.
Actually, the common framework which one may sketch out when these
two initial versions of quantum mechanics have carefully been worked
out, is likely to prove closer to Schrodinger's position than to
Heisenberg's. As Mara Beller cogently pointed out, it was not only wave
mechanics, but also matrix mechanics which “undermined the
fundamental role of a priori stationary states and ‘irreducible’ quantum
jumps”4. Matrix mechanics, as wave mechanics, incorporates a level

1E. Schrédinger, “Are there quantum jumps?” loc. cit.

2E. Schrodinger, July 1952 colloquium, (in: E. Schrodinger, The interpretation of quantum mechanics
(Dublin seminars 1949-1955 and other unpublished texts), op. cit. p. 27)

3L. Rosenfeld, Commentary on Bom's probabilistic interpretation, in: J.A. Wheeler and W.H. Zurek,
Quantum theory and measurement, op. cit. p. 50

4M. Beller, “Schrodinger's dialogue with Gottingen-Copenhagen physicists”, in: M. Bitbol and O.
Darrigol, Erwin Schrodinger, Philosophy and the birth of quantum mechanics, op. cit. p. 286. One must
notice that Bohr was much more prudent (and more consistent) in this respect than either Heisenberg or
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scheme, not the necessity of considering that microscopic objects jump
from one level to another. Quantum mechanics in general, not only wave
mechanics, is alien to the concept of “quantum jump”. If the “quantum
jumps” were really indispensable in order to derive the Planck's radiation
law, no interpretation of quantum mechanics could be sufficient as such to
perform this derivation. One would not only have to interpret the
formalism, but to add something to it, namely the idea that “quantum
jumps” really occur. It is thus on this metaphysical issue of the “reality”
of quantum jumps between two observations that the debate actually
centered. According to Mara Beller, “(...) the whole controversy gains
intelligibility only when we assume that not only Schrodinger but also
Heisenberg (sincere or not) had some very strong opinions about the way
unobservable processes really occur in nature”!. Now, on this ontological
issue, I believe Schrodinger's position was much more consistent than that
of his opponents. Schrodinger could argue that, since the “quantum
jumps” are not necessary in order to predict any observable effect, and
since they are not even an integral component of the quantum mechanical
formalism, they can be dispensed with in virtue of the Ockham's razor
rule. His own strategy of ontologizing the entities of the most economical
(and at the same time adequate) physical theory, could by no means lead
him to ontologize the “quantum jumps” (or to endow them with
“reality”), for the said quantum jumps are just an additional “convenient
metaphor™? serving to illustrate the level-scheme of quantum mechanics.
Schrodinger's ontological elimination of “really occurring quantum
jumps” reflects a sound version of the principle of economy of thought.
His asserting the unreality of quantum jumps was not grounded on bare
beliefs, but on a certain set of consciously manipulated criteria allowing
one to endow theoretical entities with “reality” and to avoid postulating
unnecessary levels of “reality” (see chapter 4 for more details about these
criteria).

By contrast, Heisenberg's insistence in 1927 on the essential character
of the discontinuities for the theoretical description of fluctuation
phenomena® had much weaker justifications. Firstly, as we have already
noticed in previous paragraphs, it proved quite easy for Schrodinger to
demonstrate that these discontinuities can perfectly be dispensed with,
even when one has to account for the fluctuations of energy between two
interacting atoms*. Secondly, as Schrédinger pointed out somewhat
ironically, Heisenberg's underlying idea that systems occupy one level and

Born. According to Bohr in 1929, “(...) it might be said that the concepts of stationary states and
individual transition processes within their proper field of application possess just as much or as little
‘reality’ as the very idea of individual particles. In both cases we are concerned with a demand of causality
?omplementary to the space-time description (...)".
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3W. Heisenberg, “Schwankungerscheinungen und Quantenmechanik”, Z. Phys., 40, 501-506, 1927
4E. Schrodinger, “The exchange of energy according to wave mechanics”, in: Collected papers, op. cit. p.
137-146
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then jump to another level (or that they undergo temporal discontinuities,
from one eigenstate of the Hamiltonian to another), is definitely
inconsistent with both the structure of quantum mechanics and the
epistemological decision to limit physics to the description of “observable
facts”. It is “irreconciliable with the very foundations of quantum
mechanics™?, for it jettisons the principle of superposition which indicates
that there are available states which are nor eigenstates. And it is
inconsistent with the decision to limit physics to the description of
“observable facts” because it surreptitiously tells something about what
the systems “really” do when no observing subject and no measuring
apparatus interfere with them: “(The assumption that each gas-molecule is
always in one of its stationary states) is in violation of that precious
principle that the same school of physicists is so anxious to put across,
namely that we must never admit anything to be except what we have
measured”’2.

The strategy sketched in the sentence just quoted, namely that which
consisted in displaying internal contradictions within the position of the
Gottingen-Copenhagen physicists, is a constant feature of Schrodinger's
attitude, from 1927 until his death. Einstein adopted the same strategy to
some extent (see the EPR paper), but he did not go as far as Schrodinger
in the perfect assimilation of the basic positions of his opponents.
Schrodinger was able to imitate these positions with such plausibility that
many authors thought he had been sincerely converted to them. At the end
of certain pages of careful and apparently convincing analysis of the
epistemic interpretation of the y-function, even somebody well-informed
might be quite surprised to read the following remark: “I actually do not
think this is to be the appropriate way of looking at things. I have
explained it here (...) because one can only with some clarity say one
disagrees with a view, after one has explained it”3.

The next chapter is then devoted to an evaluation of Schrodinger's
original way of proving (or at least favouring) his interpretation of
quantum mechanics by a reductio ad absurdum.

IE. Schrodinger, Statistical thermodynamics, op. cit., p. 89

Zibid. p. 90, 93; see also Notes for seminar 1955 (E. Schrodinger, The interpretation of quantum
mechanics (Dublin seminars 1949-1955 and other unpublished texts), op. cit. p. 109)

3E. Schrodinger, Transformation and interpretation in quantum mechanics, (E. Schrodinger, The
interpretation of quantum mechanics (Dublin seminars 1949-1955 and other unpublished texts), op. cit. p.
82)



CHAPTER 3
THE ANALYTICAL STANCE

The period going from 1928 to 1935 looks like a puzzle for the
Schrodinger scholars. One usually considers that, after having realized the
failure of his early interpretative Tattempts, Schrodinger accepted the
broad lines of the Copenhagen interpretation and reverted more and more
of his scientific attention to non-quantum mechanical branches of physics.
However, the idea that Schrodinger agreed with the current views on
quantum mechanics does not fit very well with his increasing tendency to
depart from quantum mechanical studies. According to L. Wessels!, the
reason why he devoted his work to other theoretical fields was that, at
bottom, he could not accept the loss of any physical picture. His behaviour
could well prove, even against some of his explicit assertions, that his
acceptance of the Copenhagen interpretation was, to say the least, very
critical. But I think we can go beyond this opposition between texts and
scientific behaviour by reading carefully the papers in which Schroédinger
expressed his positions during the period 1928-1935, and by classifying
them according to their expected audience.

One of the most striking expressions of Schrodinger's allegiance to the
dominant views is contained in a lecture he delivered in Munich, in May
1930, at the Deutsches Museum. Here, developing on his favourite theme
of interpolation (or completion in thought), he explained: “when we
interpolate the actual measurement by the best possible means, they are
embedded in continua (...) that do not represent the natural object in
itself, but rather the relation between subject and object”2. This was meant
as an acknowledgement of what he had rejected completely four years
earlier, namely that the y-function represents a relation between subject
and object, or alternatively “(...) the knowledge that we possess at any
given time of the observations actually carried out”. Now, what about
pictures? Did Schrodinger accept the relinquishing of pictures during
these years, just as he had renounced the ascription of a status of “reality”
to the y-waves? Not so. According to him, it was only the epistemological
status of the wave picture which had to be revised: “We feel it as a painful
limitation of our right to truth and clarity, that our symbols and formulas
and the pictures connected with them do not represent an object
independent of the observer but only the relation of subject and object.
But is this relation not basically the one true reality that we know?”. The
pictures have not been lost as such, according to Schrodinger, but our
conception of what they represent has changed. They do not represent
what they appear to represent, namely “real” waves in g-space, but only

L. Wessels, “Erwin Schrodinger and the descriptive tradiiion”, in: R. Aris, H.T. Davis, and R.H.
Stuewer (eds.), Springs of scientific creativity, University of Minnesota Press, 1983, p. 265

2E. Schrodinger, “Die Wandlung des physicalischen Weltbegriffs”, in: E. Schrodinger, Gesammelte
abhandlungen, Verlag der osterreichischen Akademie der Wissenschaften, Friedrich Wievweg & Sohn,
1984, vol. 4, p. 600-608; quoted and translated in: W. Moore, Schrddinger, life and thought, Cambridge
University Press, 1989, p. 250
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our relation to nature, or even our own cognitive status with respect to
nature.

This proposition written in 1930 looks like an exact antithesis of his
previous and later “realist” views. But things are much more intricate. In
order to see this, we have to revert our attention to the last sentence of the
previous quotation. In the light of Schrodinger's philosophical writings,
this sentence expresses a personal thought, not one that was merely
borrowed from his colleagues. The idea that we have no access to
something “out there” but only to an extended set of neutral “clements” is
part of his most deeplv entrenched metaphysical views. Nothing therefore
prevented him from going very far, and even farther than any other
contemporary physicist, in the process of ontological deconstruction, until
he had landed on the surface of the bare subject-object relatedness. But
the problem is that he could not stop at this point. For him, the fact that
the “only true reality that we know” is the pure Schopenhauerian object-
for-a-subject relation rather than either subject or object, cannot be
construed as an achievement of physics, but rather as its metaphysical
ground: “Subject and object are only one. The barrier between them
cannot be said to have broken down as a result of recent experience in the
physical science, for this barrier does not exist”!. Schrodinger's lecture in
Munich, in may 1930, is thus not to be taken as the manifestation of a first
about-face which would be followed by another about-face in the fifties.
It is rather the extreme point of an indispensable preliminary
deconstructive process, before the ontological reconstruction might
eventually take place. It represents the indispensable preliminary
recognition of the Unity between subject and object, before a new step in
the ever renewed objectivation process is taken.

As for the idea that the y-waves do not mimic a natural process but
rather express a subject-object relation, it can very well appear
retrospectively as a forerunner of what I have called the post-modern
dissociation. In the 1930 text, Schrodinger opposed an intentional attitude
(towards the transcendent object of physics) and a semi-reflective attitude
(towards the immanence represented by the subject-object relation). In
1950, he rather dissociated rwo intentional attitudes: the first one directed
towards the processes supposed to be contributing to the “observed facts”,
and the second one directed towards the objects which appear to be
referred to by the theoretical entities (namely the 3-n dimensional waves
in g-space or the states in Fock space).

True, the reflective (or semi-reflective) move was eventually discarded
in the clearest way: “(The state vector) must not be regarded as ‘hovering
in empty space’ between subject and object”™. But this early move also
opened the way for a later recognition of the impossibility of merging the
“factual” interpretation scheme and the “effective” theoretical entities.

IE. Schrodinger, Mind and Matter, op. cit. p. 137
IE. Schrodinger, “Might perhaps energy be merely a statistical concept?’, Nuovo cimento, 9, 1958, p.
169; in: E. Schrodinger, Gesammelte abhandlungen, op. cit., vol. 1, p. 509.
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The gap between transcendent nature and immanent subject-object
relation had only to be replaced by a gap between the processes which
express themselves in experiments and what y-waves appear to refer to; a
gap between the hypothetical ground of the phenomena and the quasi-real
(in Blackburn's sense) or internally real (in Putnam's sense) entities of
modern physics.

That Schrodinger's reconstructive project was actually latent in the
years 1928-1934, and not just abandoned, can be seen in many other texts
of the same period. In his conference “Conceptual models in physics and
their philosophical value™ of December 1928, he developed at length the
concept of “completion in thought”. And he argued that the possibility of
ascribing a “real existence” to some theoretical entity depends on its
ability to serve as a “scaffolding” for both actual and virtual observed
facts. True, the very applicability of the concept of virtual observations
(we would say “counterfactual experimental propositions”) is doubted in
certain cases. But, according to Schrédinger, the only conclusion to be
derived from this is that the object referred to in quantum mechanics “is
not a material point”2. By contrast, one may figure out a new, non-
corpuscular representation such that the unavailable virtual observations
are not conceived as missing, but just eliminated and irrelevant: “I
definitely believe that the elimination ought to be possible without leading
to the consequence that no visualizable scheme of the physical universe
whatever will prove feasible”. The project of restoring a figurative depth
in physics, and of framing a new ontology, was thus still alive at the end
of 1928. And it was again expressed in Schrodinger's Nobel lecture of
1933: “It is by no means a new demand to claim that, in principle, the
ultimate aim of exact science must be restricted to the description of what
is really observable. The question is only whether we must henceforth
forego connecting the description, as we did hitherto, with a definite
hypothesis as to the real structure of the Universe. To-day there is a
widespread tendency to insist on this renunciation. But I think that this is
taking the matter somewhat too lightly”4. This quotation, with its two
steps, summarizes the whole situation. On the one hand, Schrodinger
acknowledges the necessity of performing the Machian fabula rasa as
completely as possible; and on the other hand he claims that he has not
renounced the possibility of building something new on the ruins of the
classical representations. One can only guess that, in such a difficult
position, Schrodinger had to choose the aspect on which he would put
emphasis according to his audience. Y. Ben-Menahem's suggestions, that

IE. Schrésdinger, “Conceptual models in physics and their philosophical value”, in: Science and the
human temperament, op. cit.

2E. Schridinger, “Indeterminism in physics”, in: Science and the human temperament, op. cit. p. 58

3E. Schrodinger, “Conceptual models in physics and their philosophical value”, in: Science and the
human temperament, op. cit. p. 132

4E. Schrodinger, “The fundamental idea of wave mechanics” in: Science and the human temperament, op.
cit. p. 153

5Y. Ben-Menahem, “Struggling with causality: Schrodinger's case”, loc. cit.



82 Schradinger’s philosophy of quantum mechanics

he taught orthodoxy to his students because he had nothing better to
propose, whereas he expressed more overtly his doubts and his projects
when he was due to speak to more specialized audience, is quite
convincing. More fundamentally, in the sort of low-water point he had
reached, the only strategy which was available to him consisted in’
analyzing so carefully the phenomenal material ordered by the quantum
description that, hopefully, the necessity for a reconstructive attempt
would manifest itself from within. As we shall see, this methodologically
phenomenalist attitude was not just a temporary mood. It was prolonged
even after Schrodinger had re-elaborated his “realist” interpretation of
quantum mechanics in the 1950's, and it has thus to be considered as the
permanent foundation of his intentional directedness towards the entities
of this theory.

3-1 The ontological significance of the uncertainty relations

Schrodinger never attempted, as Einstein occasionally did in his
celebrated discussions with Bohr, to challenge the general applicability of
the uncertainty relations. He had no reason to do so, for these relations
are an integral part of his own wave mechanics. He would rather use the
uncertainty relations as a weapon against two ontological elements which
were still operating, although with lots of qualifications, in the current
views on the interpretation of quantum mechanics. These two elements
are quantum jumps and corpuscularian categories.

Let us then begin with quantum jumps. The basic argument was already
formulated in a letter of May 5, 1928 to Bohr!. There, Schrodinger
mentioned: “It seems to me that there is a very strange relation between
Heisenberg's uncertainty relation and the claim of discrete quantum states.
On account of the former, the latter can really not be experimentally
tested”. The argument was grounded on the uncertainty relation for action
and angle variables (J and w):

AJ.Aw=h

In order to lose all knowledge of an angle variable whose period is 1, it
is enough to put Aw=1. But “then you have AJ=h, i.e. just equal to the
difference in J-values of neighbouring quantum states”. The traditional
picture of steady states corresponding to some well-defined value of J is
thus made irrelevant by the action-angle uncertainty relation.
Accordingly, the idea of a quantum jump whereby an object undergoes a
sudden change from one steady state to another becomes pointless. In his
answer to Schridinger, Bohr did not attack the very structure of the
argument, but he noticed that one of its assumptions, namely the
limitation of the angular uncertainty to one period, is unacceptable: “In
the interpretation of experiments by means of the concept of stationary
states, we are indeed always dealing with such properties of an atomic

IIn: N. Bohr, Collected works, vol. 6, op. cit. p. 47
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system as depend on phase relations over a large number of consecutive
periods”t. The concept of steady state then retains its pertinence, provided
one completely renounces any knowledge bearing on the value of the
phase variables of the system. In his Frankfurt lecture of December 1928,
Schrodinger acknowledged that Bohr's critical remark was perfectly
sound. True, it was not correct to limit the phase uncertainty to one
period. But this did not rescue in the least the idea that systems can be said
to occupy steady states: “The physical meaning of having to admit an
uncertainty of the angle variable, much greater than the period, is
obviously that sharp quantization is not a property which the system can
be said to possess at a definite moment” 2. Here again, the level scheme is
a permanent long-term feature of quantum mechanical descriptions, but
certainly not the ascription of one particular level of this scheme to the
system at every instant. The argument was made even more
straightforward by using the Energy-time uncertainty relation:

AE.At=h

Just as it was meaningless to enquire what is the “action” of the system
in a definite period, it is meaningless to enquire “(...) what is the energy
of a sytem at a definite instant (...)”3. And consequently, asking
“(...)whether energy actually passed by jumps or in a steady flow from
one atom to another, naturally becomes illusory”. This line of thought
was followed by Schrodinger throughout his subsequent career. In his
very last paper of 1958, he repeated the argument in a virtually
unchanged version: “(...) the levels are just so densely packed as to
disallow one to distinguish unequivocally between neighbouring levels, on
account of the uncertainty relations that hold between the pairs of
conjugate variables™.

Now, what are we to think of this argument? Its validity has recently
been challenged on account of its tacitly assuming a conception of the
energy variable as c-number rather than as g-number (i.e. operator)s. But
I think this remark essentially amounts to Bohr's objection, and it can thus
be answered in the same way. In both cases, one insists on the discreteness
of the energy levels, with the explicit or implicit assumption that At is
arbitrarily large. Explicit in Bohr's case, and implicit when one insists on
replacing c-numbers by g-numbers. Conceiving energy as an operator
indeed yields a “level scheme”, namely the set of all the eigenstates of the
operator, which are to be construed as the long-term steady-states of the
object; it can by no means have among its consequences that a system
occupies one of these states at every given instant. Thus, if one keeps in

IN. Bohr to E. Schridinger, May 23, 1928, in: N. Bohr, Collected works, vol. 6, op. cit. p. 49

2E. Schrodinger, “Conceptual models in physics and their philosophical value”, in: Science and the
human temperament, op. cit. p. 130

3ibid. p. 127

4E. Schridinger, “Might perhaps energy be merely a statistical concept?”, Nuovo cimento, 9, 1958, p.
164; in: E. Schrodinger, Gesammelte abhandlungen, op. cit., vol. 1, p. 504

30. Darrigol, “Schrodinger's statistical physics and some related themes”, in: M. Bitbol & O. Darrigol
(eds.) Erwin Schrodinger, Philosophy and the birth of quantum mechanics, op. cit. p. 271
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mind that Schrodinger's argument was not taken as purporting to show
that quantum jumps do not exist, but only to bring out that nowhere in
quantum mechanics can one find the slightest indication in favour of these
jumps, it remains perfectly acceptable. .

The second line of attack for the sake of which Schrodinger used
uncertainty relations, was directed against the concept of particle.
According to Heisenberg, “(...) the uncertainty relation specifies the limits
within which the particle picture can be applied”!. By contrast,
Schrodinger tended to demonstrate that, even within these limits, the
particle picture is completely inappropriate.

In order to reach his target, Schrodinger made a quite original analysis
of the retrospective significance of Heisenberg's uncertainty relations. Let
us first recall what was Heisenberg's position about the retrospective
value of his relations. According to him, the uncertainty relations state
that any measurement of one variable V alters the value of the canonically
conjugate variable V' of an undeterminable amount, such that after
carrying out the measurement of V with a certain accuracy AV we cannot
predict the value that we shall find for V' with an accuracy better than
Bhv . Then he concludes: “This formulation makes it clear that the
uncertainty relation does not refer to the past™. It is even very easy to
demonstrate that the relations can be violated, for times previous to the
first measurement. But now comes the difficult part of the argument,
namely the evaluation of the epistemological significance of the
retrospective violation of the uncertainty relations. According to the
positivistically inclined young Heisenberg “(...) this knowledge of the past
is of a purely speculative character, since it can never (...) be subjected to
experimental verification™. Such a methodological claim was obviously
rejected by Einstein and the supporters of hidden variable theories, who
rather tended to consider the asymmetry between prediction and
retrodiction as a proof of the incompleteness of quantum mechanics. As
for K. Popper, he criticized Heisenberg's insistence on verification,
arguing that the retrospective ascription of values to a pair of canonically
conjugate variables can perfectly make sense, provided one ascertains it is
not experimentally falsified *.

The three positions (namely Heisenberg's, Einstein's and Popper's) are
distinct, but they share at least one common presupposition. This
underlying presupposition is that the sequence of measurements, as well as
the retrospective or prospective ascription of values, bear on a single
well-defined object.

IW. Heisenberg, The physical principles of the quantum theory, The University of Chicago Press, 1930,
.15
ibid. p. 20
3ibid.
4K. Popper, The logic of scientific discovery, Hutchinson, 1968, chapter XI; scc also K. Popper,
Quantum theory and the schism in physics, Hutchinson, 1982, section 3, seventh these.
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Let us now describe Schrodinger's approach, as it is outlined in his
1931 conference “Indeterminism in physics”, and then developed at length
in his Dublin seminars! of the years 1949 and 1955. Schrodinger's
departure point is that Heisenberg's insistence on the “alteration” (or
“disturbance”) of a variable by measuring its canonically conjugate
variable somehow paves the way to the supporters of hidden variable
theories: “To this, one would say that it is all right, but if one accepts it,
one grants to Einstein that quantum mechanical description is
incomplete™. If we say that a value is “disturbed”, it looks as if there
existed some unknown value, but our measurement devices are not
refined enough to enable us to reach them without shuffling everything.
The latent complicity between Heisenberg's positivist-like statements and
Einstein's program of replacing quantum mechanics by a complete theory
of the behaviour of individual objects, is made even more evident when
one considers the discussion about retrospective variable ascriptions with
arbitrary precision: “If it is possible to obtain simultaneous accurate
values of location and velocity, albeit belatedly, then a description that
does not allow one to express them is deficient™. In other terms, the
completeness of quantum mechanics could by no means be rescued by a
positivist-like prohibition against a theory which would include non-
verifiable value ascriptions. This was already pointed out by Schrodinger
in 1928: “In the adequate conceptual scheme, it should no longer appear
as if our possibilities of experience were limited through unfavourable
circumstances”™.

An edict of prohibition calls for its transgression. The only possibility
left, in order to demonstrate that quantum mechanics is a satisfactory and
exhaustive description, is to sketch out an interpretation of its symbolism
such that the question of what is the velocity of a particle between two
measurements does not even have to arise: “(W)hat is in principle
unobservable should not at all be contained in our conceptual scheme, it
should not be possible to represent it within the latter”s. But if the concept
of a particle travelling between two small spatial domains K and K' is
maintained, the question necessarily arises. On the one hand, a precise
position measurement on the particle P in the domain K yields the
prediction of a very wide range of velocities for P; and on the other hand,
when the particle has been detected after a time At in the spatial domain
K', one can retrospectively ascribe to P a quite sharp value of the

velocity, namely AL and also a precise direction of motion. Isn't it

1E, Schrodinger, Notes for seminar 1949; Notes for seminar 1955, (E. Schrodinger, The interpretation of
guantum mechanics (Dublin seminars 1949-1955 and other unpublished texts), op. cit. p. 104 and 110)

E. Schrodinger, Notes for seminar 1955, (E. Schrodinger, The interpretation of quantum mechanics
gDublin seminars 1949-1955 and other unpublished texts), op. cit. p. 110)

ibid.
4 E. Schrodinger to N. Bohr, May 5, 1928, in: N. Bohr, collected works, op. cit. vol. 6, p. 47
5 ibid.
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'

tempting to assert that the particle P actually had the velocity % , but

that quantum theory could not predict it? The only option which remains,
in order to dismiss the hidden variable program without relying on
positivist-like interdicts, is thus to deny that there is anything like a
particle P travelling between K and K': “Before the second measurement,
it is ubiquitous in the cloud (it is not a particle at all)”’1. Or, in other more
provocative words: “You have not found a particle at K', you have
produced one there!”2. Indeed, if this is so, the location K is not relevant
for the “particle” detected at K', and there is no reason left to ascribe it

. KK . -
the velocity At - In this way, the predictive statement at K does not

conflict any longer with a retrodictive statement at K', for the
retrodictive statement has merely disappeared.

Schrodinger's recapitulation of what was at stake in the debate is worth
quoting in its entirety: “Einstein was inclined to infer from these or
similar considerations that quantum mechanical description is incomplete.
I am inclined to avoid the incongruity by what I think is the only
alternative, viz. there is no meaning in saying that I have observed at (K')
the same particle (as at K). After an emission process, there is a
probability of spotting a particle at (K') after time (At) or anywhere else
at any other time. This probability (of what Margenau calls a firefly-
event) is controlled by the wave-function™?.

Here we have an excellent example of Schrodinger's most characteristic
attitude in the philosophy of physics. Whereas the current debate was
centered on epistemological issues (i.e. uncertainty versus indeterminacy,
verification versus falsification, completeness versus incompleteness), he
chose rather to orient it towards ontological issues. He did not think that
the relevant question was about particles' having a well-defined position
and velocity or not, in the case we cannot in principle predict them
simultaneously, but about the very nature of the entity to which the two
values (or the two domains of values) are ascribed. He believed that the
issue was not about our ability to know something about pre-existent little
bodies, but about our considering them or not as the basic components of
the phenomenal world. Accordingly, he transformed the positivist-like
prohibition which says ‘do not ask anything about the past trajectory of
the particle because it cannot be submitted to experimental verification’,
into an ontological description: ‘there is no reason to inquire about the
previous trajectory of the “particle” detected at K', for there was no such
particle before its detection at K' (or even more radically, because there
are no particles at all)’. More is to be said about this shift from

IE. Schrodinger, Notes for seminar 1949 (E. Schrodinger, The interpretation of quantum mechanics
(Dublin seminars 1949-1955 and other unpublished texts), op. cit. p. 106)

2ibid.

3E. Schrodinger, Notes for seminar 1955 (E. Schrodinger, The interpretation of quantum mechanics
(Dublin seminars 1949-1955 and other unpublished texts), op. cit. p. 114)
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epistemology to ontology in the next section, and also about the general
ontological issues in sections 4-1 and 4-2, as well as in chapter 5.

3-2 The state vector as a catalog of information

Schrodinger did not confine his simultaneous rejection of hidden
variable theories and of the epistemological interpretation of quantum
mechanics to a discussion about the significance of the uncertainty
relations. He expressed it in all its generality, in connection with the status
of the y-function.

Let us begin with Schrodinger's criticism of the hidden variable
program, and with his correlative reluctance to consider the y-function as
a mere expression of our (incomplete) knowledge of some underlying
microscopic state of the individual system. A few weeks after having read
the Einstein-Podolsky-Rosen paper, he wrote a long letter to Einstein,
wherein he presented a personal version of Von Neumann's “no-hidden
variable” theorem!. But Einstein replied that he felt unable to understand
it at all. Schrodinger then sketched a simpler argument, that he explained
to Einstein in a letter of October 4, 19352, and that he then published in
section 4 of his “cat-paper. This argument is based on the
incompatibility between the observed quantization of the angular
momentum and the idea that each system actually possesses a certain value
of this variable, out of all the values which are made possible by the
classical definition of angular momentum. More generally, “(...) if I wish
to ascribe to the model at each moment a definite (merely not exactly
known to me) state (...), then there is no supposition as to these numerical
values to be imagined that would not conflict with some portion of
quantum theoretical assertion”*. Later on, in his Dublin seminars of 1952,
Schrodinger became more and more caustic against the hidden variable
program; he called the idea that a system actually possesses a well-defined
value of a variable, even though our most appropriate theoretical
description has no room for it, the “belief in predestination”s (namely the
belief that each system is predestined to yield a certain value when the
corresponding observable is measured on it). According to him, this idea
is incompatible with the quantum predictions: “Is it still a more or less
irrelevant question of philosophical attitude whether we choose to accept
the ‘belief” or reject it? No. If our previous assumptions as regards the
actual behaviour of nature are adequate, the ‘belief’ is definitely

IE. Schrodinger to A. Einstein, August 8, 1935, in: A. Fine, The shaky game, The University of
Chicago Press, 1986, p. 79

Zibid. p. 81

3E. Schrodinger, “The present situation in quantum mechanics”, in: J.A. Wheeler and W.H. Zurek,
Quantum theory and measurement, op. cit.

4ibid. p. 156

SE. Schrodinger, Transformation and interpretation of quantum mechanics, (E. Schrodinger, The
interpretation of quantum mechanics (Dublin seminars 1949-1955 and other unpublished texts), op. cit. p.
78)
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inadequate; it may and must be rejected on physical grounds”. The -
function was thus bound to represent something else, not to say something
more, than our incomplete knowledge of the hidden microscopic
individual states. Yet, Schrodinger knew that a return to his own original
conception of 1926 according to which the y-function reflects faithfully a
sort of “blurred” atomic reality was precluded. His celebrated cat-paradox
was precisely aimed at demonstrating this impossibility: “That prevents us
from so naively accepting as valid a ‘blurred model’ for representing
reality’’2,

In such a difficult situation, Schrodinger was doomed to explore as
thoroughly as possible the epistemological solution which was put
forward by the “reigning doctrine™. At first sight, this epistemological
solution looks very much like the incompleteness interpretation, for it
also considers the y-function as a catalog of information. But a crucial
corrective is added, which embodies the difference between the reigning
(epistemological) doctrine and the incompleteness interpretation: if I have
obtained a maximal amount of information by my experiments, then “I
can turn aside as meaningless any further questioning about the actual
state”™. The positivist-like prohibition here again operates, and it is
justified by a variety of metaphysical monism, whose basic prescription
was stated by Schrodinger in the following terms: “(...) no distinction is
to be made between the state of the natural object and what I know about
it’s.

In his reflections about the monistic-epistemic interpretation of the -
function, Schrodinger did not try to dismiss it from the outset. Instead, he
went as far as possible with it and showed that when pushed to its ultimate
consequences, this interpretation had eventually to free itself from the
epistemological considerations which served as its departure point. As we
shall see below, Schrodinger was here again suggesting an ontological
conversion of epistemological requirements, namely a projection of the
epistemic limitations onto an appropriate system of intentionally aimed at
entities.

From a historical point of view, it is important to underline that in his
Dublin lectures of 1952 he adopted the same attitude towards what I have
called the monistic-epistemic interpretation of the y-function as in his
1935 cat-paper. In both cases, he first apparently adopted a blend of the
current interpretation, then evaluated its consequences, and finally
inserted it within an appropriate ontological frame. This suffices to rule
out the dominant chronological account according to which his insistence
on the epistemic interpretation of the y-function reflected a high level of
allegiance to the Copenhagen views in 1935, and that his interpretation of

libid. p. 79

2E. Schrodinger, “The present situation in quantum mechanics”, in: J.A. Wheeler and W.H. Zurek,
Quantum theory and measurement, op. cit. p. 157

Jibid.
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the 1950's consisted in reverting entirely to his former conception of the
y-function as a faithful description of the atomic processes. His cat-paper
of 1935 was already oriented towards a criticism of the monistic-
epistemic interpretation of the y-function; and his Dublin lectures, which
contain the very same analysis of the monistic-epistemic interpretation as
the cat-paper, can by no means be considered as a return to his original
“‘blurred model’ for representing reality”. These lectures rather
represent the highest point of a process leading on the one hand to
retaining all the important features of the monistic-epistemic
interpretation of the w-function, especially its explicitly stated distance
between the theoretical model and the observed facts, and on the other
hand to removing the epistemological tinge from it. Schrodinger's
interpretation of the wy-function in the 1950's is thus utterly different
from his wave interpretation of 1926; it arose as what we have called an
ontological conversion of the monistic-epistemic interpretation rather
than as a return to some former pre-reflective ontology; it must be
construed as an extreme achievement of the modern, non-figurative, anti-
realist, Copenhagen conception, leading to its transformation into a post-
modern quasi-realist interpretation, and not as a pre-modern
straightforward realist view. The fact that this final result was
surprisingly close to the original wave interpretation just indicates that in
1926 Schrodinger was formally separated by a hair's breadth from his
mature conception; he would only have had to distinguish carefully
between W as the “effective” entity, and wyy* as the “factual”
correspondence rule. But, conceptually and culturally, it was a very long
way, and Schrodinger's accomplishment is all the more considerable.

At this point, we must give further precisions about what Schroédinger
considered as his most decisive argument against the epistemological
element which is an integral part of the Copenhagen interpretation of
quantum mechanics. This argument is present in both the 1935 cat-paper
and the 1952 Dublin lectures. It has exactly the logical structure of a
reductio ad absurdum. Let us suppose that the y-function is but a catalog
of information (or an expression of our knowledge). This catalog,
according to the positivist-like prohibition rule, is maximal. But then, if
the catalog is maximal, any change in it must combine deletions with
additions. “In the catalog not just new entries, but also deletions must be
made. Now knowledge can well be gained, but not lost. So, the deletions
mean that the previously correct statements have now become incorrect.
A correct statement can become incorrect only if the object to which it
applies changes”. As a consequence, Schrodinger considers that the -
function must represent the state of some object. This is not to say that the
y-function can no longer be considered as knowledge of some sort. But
one must not forget that this knowledge bears the mark of its being
knowledge of something. “Undeniably our knowledge is different in both

libid. p. 159
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cases and undeniably this our knowledge, and nothing else, is laid down in
the wave function. But this does not mean that nothing is different. For in
both cases our knowledge is in accordance with the actual behaviour of
the system, which is different. No ‘metaphysics’ is dragged in if we call it
a real difference”t. And also: “(...) knowledge is only knowledge in virtue
of its agreeing with some reality. If my knowledge changes while the
corresponding reality remains the same, it either was a mistake or it
becomes a mistake. There cannot be two ‘knowledges’ referring to the
same reality”2.

In other terms, the claim that the y-function represents knowledge, and
has therefore a somewhat epistemic status, is not false but irrelevant.
What defines knowledge is its aboutness, its being part of an intentional
attitude. One must take seriously the thing (or the state of affairs) it
appears to be directed at. As the argument of maximality has shown, there
is no better reason for not considering seriously the intentional
directedness in the case of a y-function, than there is in the case of a
classical state or of a proposition of ordinary language. It is this
semantical circumstance (not any metaphysical creed) which forces us to
say not only that a certain y-function bears information on experimental
facts, full stop, but also that it is “(...) the marvellous tool that is supposed
to embody all facts concerning the behaviour of the system, not only the
values of those observables that have sharp values, but also the statistics of
those that have not”3. Accordingly, “Quantum mechanics must regard (the
y-function) as the full counterpart of the complete classical description of
the system™4.

We can perceive once more, at this stage, the sound foundations of
Schrodinger's return to a “realist” interpretation of the y-function in the
1950's. This doctrinal outcome was not at all motivated by a bare
rejection of the anti-realist account of quantum mechanics, and by the
naive claim that there exists something “out there” which the physical
theories must take as their natural object. It was rather obtained as the
end-product of a thorough internal analysis of the anti-realist tabula rasa,
leading one to disclose the intentional component which pervades its end-
product.

1E. Schrodinger, Transformation and interpretation of quantum mechanics, (E. Schrédinger, The
interpretation of quantum mechanics (Dublin seminars 1949-1955 and other unpublished texts), op. cit. p.
80)
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CHAPTER 4

TOWARDS A NEW ONTOLOGY

Schrodinger has often been reproached for having formulated (or re-
formulated) a wave-interpretation of quantum mechanics in the 1950's,
without even trying to ground it in some calculations. People usually
regret that he limited himself to generalities or philosophical
considerations. L. Wessels notices that “(...)unlike de Broglie, who at
about that same time returned to the task of constructing a precise
mathematical theory based on his own pilot wave interpretation,
Schrodinger did not attempt to work out his new wave picture in detail.
Where in 1925 such an idea had been the starting point the creation of a
new physical theory, it now gave rise only to philosophical polemic™.
However, there is an obvious difference between de Broglie's and
Schrodinger's positions, which should not have escaped the commentators.
De Broglie was bound to formulate new mathematical laws, in order to
rule the classical-like entities of the “sub-quantal” realm which were
supposed by him to be incompletely (only statistically) described by
quantum mechanics. By contrast, Schrodinger strongly rejected the idea
that quantum mechanics is incomplete in the sense advocated by Einstein
and de Broglie. He had no reason at all to “work out his new wave
picture in detail”, for this picture was mathematically identical to a second
quantized version of his original wave mechanics, and it had thus already
been worked out. The only loophole of the theory, according to him, was
its lack of integration within the relativist framework. Accordingly, from
the early thirties to the late forties, he thoroughly investigated the
relations between quantum theory, special relativity and general
relativity. But, in spite of some suggestions in this direction during the
early thirties, he progressively aknowledged that the actual problems of
interpretation of quantum mechanics had little to do with this theory's
being coherently integrated in a relativistic framework or not.
Schrodinger therefore had only to cope with two questions which are
bound to be discussed from a purely philosophical viewpoint:

(1) Can one frame a new ontology in strict correspondence with the
symbolic system of standard quantum mechanics?

(2) How is it possible to connect the entities of the new ontology with
the “things” and the “experimental facts” of our familiar environment?

The first question can only be solved after a proper philosophical
analysis of the ascription of an ontological status has been performed. As
for the second question, no doubt it is greatly clarified by some
preparatory calculations belonging to a quantum theory of measurement;
but Schridinger suspected that its ultimate answer, if any, might well
prove to be, once again, of a purely philosophical nature.

L. Wessels, “Schrodinger and the descriptive tradition”, in: R. Aris, H.T. Davis, and R.H. Stuewer
(eds.), Springs of scientific creativity, op. cit. p. 265-269
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Let us then begin with shaping the new ontology. The preliminary step
towards a new ontology consists in dismantling more carefully than ever
the traditional ontology of localized bodies, and in seeing whether its
elements can be transferred as they stand to a novel system of entities.
The next section is therefore aimed at completing our study of
Schrodinger's thorough criticism of the corpuscularian categories.

4-1 The fading of the concept of particle

What is a particle? It is a small localized body whose constitutive
features are the following:

(i) it can be ascribed permanent properties which embody virtual
observations expressed by counterfactual empirical propositions,

(i1) it has individuality,

(ii1) it can be re-identified through time.

These three basic features are usually distinguished as a result of their
expressing functionally distinct elements of speech. Ascription of
properties corresponds to predication; individuality corresponds to
indexical reference by demonstrative pronouns like “this”; and
reidentifiability corresponds to reference by names, for, as Kripke rightly
pointed out, naming involves implicit reliance on an initial act of baptism
and on the possibility of monitoring the trajectory of the body from this
act of baptism on. Yet, the three basic features of bodies are not
necessarily independent from one another. True, one may consider, as
Duns Scot did, that individuality goes beyond any ascription of universal
properties, thus leading to separate (i) and (ii). But it has also been
proposed in the history of philosophy that a body is individualized by the
complete set of its properties. The latter conception is logically linked to
Leibniz' principle of the identity of indiscernibles, for if two bodies have
exactly the same properties (namely if they are strictly “indiscernible”),
and if the only feature which individualizes them is their properties, then
they must be considered “identical”. Conversely, the very idea that one
can ascribe a property fo a particular something (i) appears to presuppose
the individuality of this something (ii). And asserting the permanence of a
property (modulo some possible disturbances) (i) must assume the
reidentifiability of its bearer (iii). Indeed, the expression “permanent
property of something” is likely to be grounded in the following
procedure: the same outcome is obtained again and again when a given
experimental procedure is applied repeatedly on the same thing. Finally,
it may perfectly be argued that the individuality of something reflects at
least partly its history, through some kind of mark of the past on it, thus
making individuality (ii) depend somehow on temporal identity (iii).

Our strategy will thus consist in studying the three listed ontological
features in sequence while mentioning, whenever necessary, their deep-
lying inter-relations.
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The concept of virtuality was very soon recognized as a corner-stone in
the debate on the interpretation of quantum mechanics. As early as 1926,
Einstein challenged Heisenberg's positivist-like strict adherence to the
effectively performed experiments. He believed that one could not
dispense with introducing some version of the modal category of the
possible in the reasonings, and only retain the actual !, lest one loses the
very content of the notion of a real object on which experiments are
performed. In a conference of 1928, Schrodinger went even farther than
Einstein in his stressing the decisive importance of virtualities as a basic
ontological constituent. Whereas Einstein considered the “virtual” or the
“foreseeable” as a component of reality, Schrodinger defined reality as a
construct made out of a proper combination of actual and virtual
material: “That is the reality which surrounds us: some actual perceptions
and sensations become automatically supplemented by a number of virtual
perceptions and appear connected in independent complexes, which we
call existing objects” 2.

This sentence, together with other similar ones (see a systematic study
in chapter 5), defines Schrodinger's peculiar use of modalities in these
circumstances. Firstly, the “virtual” perceptions, observations, or
experimental results which constitute a real object are not exclusive of
one another. They are associated in “complexes”; they are construed as
co-existent; in short, they are listed like a conjunction rather than like a
disjunction. Secondly, the justification of their being linked in such a way
is that they are experimentally accessible at any moment. The virtualities
are conceived by Schrodinger as the modal expression of expectations?. A
virtual observation is not only an observation which could have been
made, but an observation which can be made in the future provided the
appropriate experimental conditions are fulfilled.

Of course, one has to qualify this condition of permanent accessibility
to the virtual observations, in order to make it applicable to the most
familiar situations of daily life. An ideal accessibility presupposes that no
change whatsoever happens between the instant when the actual
observation is made and the instant when the conditions of the expected
observation are fulfilled. However, immutability usually does not obtain.
Some disturbances may occur, or the system may be submitted to an
evolution law which modifies its state in the interval. It is thus
indispensable to modulate the condition of accessibility. An observation
O, is considered as virtually coexistent with the actual observation O,, if
there exists a certain observation O, which can be made in the future and
which is connected with O, by some operator of evolution involving
relevant disturbance factors. In other terms, an observation is considered
as virtual and coexistent with the actual observation, if it can be

'W. Heisenberg, Physics and beyond, op. cit. chapter §

2E. Schrodinger, “Conceptual models in physics and their philosophical value”, in: Science, theory and
man, op. cit.

3ibid. p. 120
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performed in the future modulo a certain evolution factor. Let us
consider, for instance, a classical material point. Its position q(tp) having
been measured at time t,, one has the right to say that the momentum
value p(to) is virtually coexistent with q(to) provided a measurement of
the momentum can be performed at any time t>to, and the result p(t) is
connected to (q(to), p(ty)) through an appropriate operator of evolution.

From this condition, it becomes clear that the condition of accessibility
of virtual observations is deeply connected with the possibility of
interpolating between actual observations. The two modes of “filling with
thought”, namely in coexistence and in succession, depend on each other.
In view of this connection, the fact that any interpolation of the trajectory
of microscopic bodies is submitted to Heisenberg's uncertainty relations
gave Schrodinger a good reason to be pessimistic about “(...)whether in
this case, in principle, virtual observations are at all conceivable, on
which the real existence of these objects can be based”!. True, the idea
that particles have some underlying properties of the usual sort, even
though they are disturbed? in an uncontrollable way by the measurement,
could still be sustained at this early stage of the debate about the meaning
of quantum mechanics. And such a possibility would have been sufficient
to maintain, at least formally, the concept of virtuality in spite of the
uncertainty relations: the value of any observable could have been
considered as virtually coexistent with the effectively measured value of
another incompatible observable, modulo an evolution factor involving
appropriate (but uncontrollable) disturbance terms. But Schrédinger
found it increasingly difficult to accept this very artificial conception. As
we mentioned in section 3-2, he had formulated his own version of no-
hidden-variable theorems in 1935, and he claimed in the 1950's that the
“belief” according to which the particles possess virtual values of every
observables, is not justified.

Of course, we know nowadays that such Von-Neumann-like no-hidden-
variable theorems do not rule out any hidden variable theory, but only a
very restricted class of such theories. We also know that further theorems
about hidden variables, such as Bell's or Kochen's and Specker's, only
rule out certain classes of theories: namely the local and non-contextual
hidden variable theories. Some hidden variable theories, such as Bohm's,
belong to the class of those theories which are ruled out by none of the
listed theorems. Could then Schrédinger have changed his mind about the
possibility of ascribing simultaneously values to all observables to
particles, in view of Bohm's theory? I guess he would not have been
convinced. For on the one hand, even though he was perfectly aware of
the ancestor of Bohm's theory, i.e. de Broglie's pilot wave theory, he
showed no sign of attraction towards it. On the other hand one may guess
that Schrodinger would have shown very little enthusiasm for Bohm's

libid. p. 121
2For a criticism of the disturbance conception of measurements, see E. Schrodinger, “What is an
elementary particle”, loc. cit. p. 111
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type of hidden variable theories, due to the fact that this theory stands
quite far from the epistemological standards he was eager to maintain.
Completion in thought could not mean for him completion by something
which is in principle out of reach of any kind of experimental assessment.
But the contextuality of Bohm's theory prevents one in principle from
testing experimentally the claim it makes, namely that the value of all the
relevant properties of a particle are simultaneously determined at any
time. There is thus no reason to think that Schrodinger would not have
applied the same kind of Ockham's razor to this theory as the one he was
ready to apply to his own wave mechanics in 1926: do not add empirically
empty “clothing” to the structure of quantum mechanics just for the sake
of satisfying the desire of pictures.

When specifically directed to the observables q and p, Schrodinger's
remarks about uncertainty relations and his rejection of hidden variable
theories led him to the conclusion that the particles cannot even be
ascribed anything like a continuous trajectory: “Observations are to be
regarded as discrete, disconnected events. Between them there are gaps
which we cannot fill in”!. More precisely, we cannot fill them in
according to a trajectory pattern.

At this point, the over-revolutionary attitude of Schrodinger arises. Is
it coherent to keep on speaking of “particles” if they have nothing like a
trajectory? Schrodinger's answer is a definite no. When he asked “what is
a particle which has no trajectory or no path?’2, it was just a somewhat
ironical way of emphasizing that “(...)the particles, in the naive sense of
the old days, do not exist” 3. Some years later, he confirmed most clearly
this equivalence between no trajectory and no particle at all in a letter to
Henry Margenau: “To me, giving up the path seems giving up the
particle”. The reason for this strict implication is to be found in
Schrodinger's combined meditation about individuality and trans-
temporal identity. The “individual sameness” of the macroscopic bodies
which surround us is ascertained, according to him, by their “form or
shape (German: Gestalt)” 5, including some imperceptible details which
distinguish them permanently from other bodies of the same kind. The
elementary particles can also be ascribed a form, even though it is likely
to be non-sense in their case to say that this is the form of some material
substratum. But the said form can but define their species; it does not help
to single out each one of them and to identify it through time. Instead, one
must revert to another criterion in order to ascertain the individuality and
identity of the particles. The alternative criterion, in classical mechanics,
is merely their having distinct positions at a given instant, these positions
being connected to distinct past histories through different continuous

IE. Schrodinger, Science and Humanism, op. cit. p. 27

iE. Schridinger, “L'image actuelle de la matiére” in: Gesammelte abhandlungen, op. cit., vol. 4, p. 507
ibid. p. 506

4E. Schrédinger to H. Margenau, April 12, 1955, AHQP, microfilm 37, section 9

SE. Schrodinger, Science and Humanism, op. cit. p. 19
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trajectories. As Schrédinger himself noticed in his letter to Margenau,
this criterion was already proposed by Boltzmann in his Vorlesungen
iiber die Principe der Mechanik of 1897!: “The discontinuity removes the
univocal identification. Would you believe it, that Boltzmann, in his
Principe der Mechanik, right in the beginning, underlines this point in
what he calls his Ertes kinematisches Grundgesetz. This was a few years
before Planck's great discovery, I think about in 189772,

In quantum mechanics, however, we already know that the particles, if
any, cannot be ascribed a trajectory. The ultimate criterion of permanent
individuality thus collapses. True, there is still a possibility to rescue
something of the old concept of individual and trans-temporally
reidentifiable body. It is to say, as most contemporary physicists do, that
two groups of circumstances are to be distinguished: the circumstances
where the range of uncertainty of two trajectories overlap, and the
circumstances where they do not overlap. In the first case, the particles
have no definite individual identity, whereas in the second case, they have
one3. But Schrodinger rejected this expedient from the outset. According
to him, “Even if you observe a similar particle a very short time later at a
spot very near to the first, and even if you have every reason to assume a
causal connection between the first and the second observation, there is no
true, unambiguous meaning in the assertion that it is the same particle you
have observed in the two cases. The circumstances may be such that they
render it highly convenient and desirable to express oneself so, but it is
only an abbreviation of speech; for there are other cases where the
‘sameness’ becomes entirely meaningless; and there is no sharp boundary,
no clear-cut distinction between (the two types of circumstances), there is
a gradual transition over intermediate cases”. Even if two “particles” are
experimentally located very far away from each other, even if their Ax
do not overlap, there is still a small probability that an “exchange” has
occurred between them. The distinction can thus be performed in
practice, but its possibility is ruled out in principle: “1 beg to emphasize
this and I beg to believe it: It is not a question of our being able to
ascertain the identity in some instances and not being able to do so in
others. It is beyond doubt that the question of ‘sameness’, of identity,
really and truly has no meaning”s. In principle, there is nothing like two
distinct particles. There is thus nothing like an individual and trans-
temporally reidentifiable particle; and, Schrodinger concludes, there is
thus nothing like a particle: “(...) I must warn of a misconception which
the preceding sentences may suggest, viz. that crowding only prevents us
from registering the identity of a particle, and that we mistake one for the

18ee: L. Bolizmann, Theoretical physics and philosophical problems, (B. Mac Guinness, ed.), op. cit. p.
230-231.

2g, Schrodinger to H. Margenau, April 12, 1955, AHQP, microfilm 37, section 9

3 See e.g. M. Bom, “Physical reality”, loc. cit.

4 E. Schrodinger, Science and Humanism, op. cit. p. 17

5 ibid. p. 18
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other. The point is that there are not individuals which could be confused
or mistaken one for another. Such statements are meaningless’.

The final claim that the difficulties in identifying a given particle and
distinguishing particles from one another makes the very concept of
individual particle meaningless is not explicitly justified, but it is not
difficult to figure out a sound reason for it. Indeed, if one cannot ascribe
with certainty a given droplet in a cloud chamber to a given particle,
then, one cannot in general ascribe the droplet to another given particle
either. The absence of a criterion for ascertaining the sameness of one
“particle” is all-pervasive and challenges the very possibility of making
sense of the concept of an individual particle. Each observation must
eventually be considered as an isolated event, not to be related to any kind
of spatio-temporal continuant; the particle itself accordingly dissolves in
one or several scattered events: “When you observe a particle of a certain
type, say an electron, now and here, this is to be regarded an isolated
event”2. It is only the superficial linear appearance of some gatherings of
events (i.e. tracks in Wilson cloud chamber) which tend to remind one of
the trajectory of a particle. But, according to Schrodinger this must be
considered as an illusion: “(...) it is better to regard a particle not as a
permanent entity but as an instantaneous event. Sometimes these events
form chains that give the illusion of permanent beings”. Just the same
type of illusion as the one which is widely know in psychology under the
name “phi-effect”, where two static spots of light being successively (and
very quickly) switched on, they are seen as a single moving spot.

4-2 An ontology of state vectors

In so far as our previous analysis has left us with but scattered events,
or long strings of trajectory-like separated events, the question of their
lawlike connection arises. We know that the pure corpuscularian
representation can by no means afford the sought connection. This is so
because, even if the concept of trajectory could be maintained, it would
only provide us with a longitudinal linkage between the events, whereas
quantum phenomena also display a transversal linkage which manifests
itself through the interference patterns*. Are we then compelled to adopt
something like Bohrian complementarity, between a symbolic particle
picture expressing the longitudinal linkage of events, and a symbolic wave
picture expressing their transversal linkage? Schrodinger did not think so.
Waves can do both jobs at once. Indeed, while the concept of particle path
only bears longitudinal linkage, the concept of (possibly multi-
dimensional) wave synthetizes the two types of linkages: “In a wave

IE. Schrodinger, “What is an elementary particle”, loc. cit. p. 116

2 E. Schrodinger, Science and Humanism, op. cit. p. 17

3ibid. p. 27-28; also in “What is an elementary particle?”, loc. cit. p. 115: “(...) in favourable
circumstances, long strings of successively occupied states may be produced (...). Such a string gives the
impression of an identifiable individual, just as in the case of any object in our daily surrounding”

4E. Schrédinger, “L'image actuelle de la matidre” in: Gesammelte abhandlungen, op. cit., vol. 4, p. 506
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phenomenon you have - not always, but in many cases - the two
complementary features of wave - (or phase-) surfaces and of wave-
normals or rays”!. It is not even useful to reconcile the remnants of the
particle picture with the wave picture, for one is only left with two
elements which are definitely non-corpuscular: a set of scattered
experimental events and a wave-like structural linkage (longitudinal and
transversal) between them. The longitudinal connection “(...) is in a time-
like direction and is thus of the ordinary causal type. The other one, the
transversal, is a relation between simultaneous world-points or at any rate
such at a space-like interval, so that there can be no causal relationship
between them. It is a relationship of common structure pointing to a
common origin”2,

Up to this point, however, the multi-dimensional wave-functions
remained abstract entities, embodying the twofold quantum mechanical
law-like connection between otherwise isolated experimental events. In
some texts, Schrodinger even wrote that “The wave functions are mental
material for building analytical pictures of real objects in one's mind and
performing thought experiments on them’™. This is apparently tantamount
to making a sharp distinction between the real objects on one side and the
wave functions treated as pure “mental material” on the other. But, as we
already know, this kind of epistemological dualism was nothing more, for
Schrodinger, than a convenient way of speaking. The status he ascribed to
pictures and especially to “analytical pictures” went much beyond that of a
mere characteristic of the mind as opposed to some reality lying out
there. For there is no way we can speak of “reality”, except by means of
our analytical pictures.

Schrodinger thus found that y-waves also have many characteristics
which fully support their being ascribed reality. One could say, in other
terms, that he endowed them with an ontological significance. Of course,
we must be very careful about the connotations of these words “reality”
and “ontology”. We already know in what essentially immanent sense
ascribing “reality” to a set of entities was acceptable to Schrodinger. As
for the word “ontology”, it was usually given by Schrodinger a
transcendent sense which made it inappropriate, according to him, in any
discourse about theoretical entities. This can be seen in a text of 1958
where he rejected explicitly the project of “framing ontologically” the
elements of our physical pictures, after having implicitly ascribed a
metaphysical meaning to the adverb “ontologically”. But, as we shall see,

1E. Schrodinger, July 1952 colloquium 1952, (E. Schrodinger, The interpretation of quantum mechanics
(Dublin seminars 1949-1955 and other unpublished texts), op. cit. p. 20). See chapter 6 for more details
about Bohr's and Schrodinger's views on “complementarity”.
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3E. Schrodinger, Transformation and interpretation in quantum mechanics, (E. Schrodinger, The
interpretation of quantum mechanics (Dublin seminars 1949-1955 and other unpublished texts), op. cit. p.
82)

4Schrodinger explicitly rejected the project of “framing ontologically” the elements of our physical
pictures, if “ontologically” is taken in the metaphysical sense, see e.g. “Might perhaps energy be a
merely statistical concept”, in: Gesammelte abhandlungen, op. cit., vol. 1, p. 508
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Schrodinger could also easily have accepted, in a Quinean spirit!, that an
ontology corresponds to a system of objective references able to organize
the experimental domain without having recourse repeatedly to statements
about our sense organs or our instruments. He would only have added, as
a scientist, a strong commitment (expressed by his frequent use of the
word ‘real’, see §5-9) to the system of objective references which is
suggested by the structure of the most advanced theory of modern
physics.

Let us then list Schrédinger's non-metaphysical criteria for ascribing
“reality” to y-waves (and/or for considering them as elements of a
Quinean “ontology”):

(1) Wave-functions are so defined that they do not share the major
defect of the corpuscularian representation, namely that the latter “(...)
constantly drives our mind to ask for information which has obviously no
significance”2. For instance, the corpuscularian representation drives our
mind to ask for the precise value of the momentum of a particle at the
very instant when the position observable has been measured; and the fact
that one cannot answer this question is ascribed to the measuring devices'
being mutually incompatible. By contrast, a wave-function is perfectly
defined when only one of the two canonically conjugated observables
(position or momentum) has been ascribed a precise value. No mention of
our instruments is required in order to prevent one from asking
meaningless questions. In his oft-quoted letter to Bohr of May 5, 1928,
Schrodinger already emphasized that “in the adequate conceptual scheme
it should no longer appear as if our possibilities of experience were
limited through unfavourable circumstances™. Of course, Schrédinger
did not ignore that the very definition of a wave function is relative to a
certain measuring device. At any rate, he did not ignore this in the
1950's, for in his paper “What is an elementary particle?” he forcefully
emphasized that the states “(...) are not absolutely defined (...)”+. But in
the framework of Schrodinger's idealistic monism, associated with a
quasi-realist attitude, this does not at all prevent one from ascribing an
“ontological” status to the wave function. For defining an ontology here
must be taken in a restricted (Quinean) sense of choosing an appropriate
system of references, not in the sense of an act of picking out some set of
intrinsically defined objects. In this context, defining an ontology simply
means adopting an intentional attitude (towards what appears to be
referred to by the selected entity) rather than insisting on a reflective
attitude (towards the experimental means of attestation). In order to avoid
being compelled to adopt the latter reflective or epistemological attitude,
one only has to make sure that the newly defined ontology does not leave

Iw.V. Quine, The roots of reference, Open Court, 1974, p. 88

2E, Schrodinger, “What is an elementary particle?” loc. cit. p. 111

3E. Schrodinger, letter to N. Bohr, May 5, 1928, in: N. Bohr, Collected works, vol. 6, op. cit., p. 47
4E. Schrodinger, “What is an elementary particle?” loc. cit. p. 115
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(4) Relativity. “Relativity of states” gave its name to Everett's
interpretation of quantum mechanics. Its principle was stated thus: “All
statements about the subsystems (...) become relative statements, i.e.
statements about the subsystem relative to a prescribed state for the
remainder (since this is generally the only way a subsystem even possesses
a unique state); and all laws are correlation laws”!. Under closer
examination, it appears that this insistence on the relativity of states and
on the correlations provides the only acceptable link between the idea that
many branches coexist and the fact that our lives and our social agreement
about the actual surrounding macro-world are only concerned with one
branch. As S. Saunders? cogently pointed out, Everett's interpretation
relies on an indexical conception of actuality. This indexical character of
actuality can easily be displayed through an analogy with the more
familiar characteristics of time. In Everett's interpretation, the specific
connection between actuality and the variously possible outcomes
exhibited by the branches of a holistic superposition follows just the same
pattern as the connection between now and the various possible tensed
propositions referring to a given event. At each step of Mc Taggart's
well-known regress, the contradiction between two tensed propositions
such as e is past and e is future can be removed provided one says
explicitly relative to which events f and f each proposition is true: e is
past relative to f and e is future relative to f'. Likewise, in a quantum
superposition, the contradiction between the factual propositions
corresponding to each term can be removed provided one says relative to
which other factual proposition each given proposition is true:
“‘Observable X has value r; observable X has value s’ are inconsistent.
But introducing a new observable Y, we may say instead ‘X has r relative
to u of Y; X has s relative to v of Y’ and there is no longer a
contradiction”s.

This strategy is very close to Schrodinger's in his 1935 cat-paper. In
paragraph 10 of this paper, Schrodinger returns to the cat paradox that he
first explained in paragraph 5. In paragraph 10, he explains the relevance
of the paradox for the measurement problem, whereas in paragraph 5 he
just took it as a reductio ad absurdum of the most straightforward realist
reading of the y-function. He then mentions that after the entanglement
between the object, the apparatus, and the cat wave functions have taken
place, the “catalogue of information” of the apparatus (and of the cat) is
very incomplete, for it does not even indicate which result has been
recorded by the apparatus; nor does it indicate the biological state of the
cat. But the global “catalogue” at least affords a list of conditional
statements of the following form: if the pointer observable of the

1H. Everett, “Theory of the universal wave function” in: B.S. De Witt and N. Graham, The many-worlds
interpretation of quantum mechanics, op. cit. p. 118
28, Saunders, “Time and quantum mechanics”, in: M. Bitbol & E. Ruhnau (eds.), Now, time ad
guantum mechanics, Editions Frontidres, 1994

ibid.
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prediction? Wouldn't it be more prudent to look for entities which are
directly connected with sharp values of the observables? And if this is
found to be impossible, wouldn't it be wiser to forego any ontological
reconstruction? Schrodinger was not impressed at all by this argument,
for he did not think that there is a crucial difference between a statistical
prediction and a sharp prediction: “the statistics of (the observable) A
must be regarded as a well-defined characteristic of the first state, just as
the value of A naturally is in the second state (i.e. in the case when the
state is an eigenstate of A)”1. He might even have argued, as he did in his
1922 Ziirich conference? and in a paper of 19483, that sharp predictions,
far from being necessarily primitive, can perfectly reflect regularities
arising from a stochastic background. Giving them an ontological priority
over statistical predictions is not justified, at least not any more than the
other way round.

When analysed in the light of such remarks about statistics,
Schrédinger's attempt at ontologizing wave-functions becomes much
more understandable.

As a preliminary step, it has to be realized that one of the basic
difficulties which is met in quantum mechanics is objectivation of the
properties and entities under investigation. The major criteria of
objectivity are stability, repeatability, independence of each type of
perception or experimental results from the idiosyncratic situation of the
scientist who perform the experiment. These results must in particular be
such that they can be given a reasonable amount of independence with
respect to the spatial location of the experiment, and to the history of the
measurement chain. But, usually, in the quantum domain, these criteria
are not fulfilled. Measuring a given variable yields an outcome which
cannot be reproduced if an intermediate measurement of some other
incompatible variable is performed. It is only in special cases, when
measurements of the same observable or of commuting observables are
performed, that exact reproducibility of the results is to be expected. In
every other situation, each discrete experimental outcome has to be
regarded as an isolated occurrence depending on a set of uncontrollable
factors pertaining to singular and irreproducible instrumental
circumstances. This is in particular true of position and momentum
measurements, which, when measured in alternation, play a crucial role
in the definition of the individuality and temporal reidentifiability of
classical particles. Thus, unless one invokes either disturbance theory or
contextuality of determinations in Bohm's sense, which are both
tantamount to deflecting the reproducibility criteria in such a way that
they become only applicable in abstracto to in principle inaccessible
processes, one has to recognize that the process of objectivation has failed
to a certain extent in the quantum domain.

libid. p. 80
2E. Schrodinger, “What is a law of nature?”, in: Science and the human temperament, op. cit.
3E. Schrodinger, “Die Besonderheit des Weltbilds der Naturwissenschaft”, loc. cit.
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The consequence of the previous remarks is the following. If one sticks
to the domain of experimentally accessible processes and events (rather
than having recourse to hidden processes), objectivation of the type of
entities which may be thought of as directly producing each discrete
experimental event and of their properties is precluded. Now, in the
standard interpretation of quantum mechanics, the role of producing
discrete experimental event is ascribed to the entities called particles.
Therefore, under the no-hidden variable hypothesis, particles and their
properties cannot be construed as objective features of the world; except,
for all practical purposes, in very special cases of large spatial separation
and/or of iteration of measurements of a single variable.

By contrast, once a preparation has been defined, the staristical
distribution of each observable is a reproducible characteristic,
irrespective of the order of measurement of several (possibly conjugate)
other observables, in addition to the first. As Schrodinger insisted, “The
statistics of A is repeatable in any case”!. The statistics of any observable
measured after a preparation associated with a certain wave-function has
been defined, is stable, repeatable, and reasonably independent from
contingent intermediate conditions. In other terms, the statistics of
observables, or even better the generator of these statistics, viz. the wave-
function associated with the preparation, can be considered as an objective
feature of the world. First-level entities, namely localized entities such as
particles which may be considered as directly producing localized events,
cannot be objectivized, but second-level entities, namely entities
embodying statistical (or, exceptionnally, sharp-valued) regularities of
these events, can perfectly be objectivized. y-waves are objective, and this
is certainly a good basis for their being ontologically construed, as
Schrédinger tended to think?2.

(4) However, the project of ontologization of y-waves has further
obstacles to overcome, once their objectivity has been recognized.
According to Heisenberg “One may call the waves in configuration space
‘objective’ when one wants to say that these waves do not depend on any
observer; but one can scarcely call them ‘real’ unless one is willing to
change the meaning of the word™. In order for the y-waves to become
elements of a new ontology, construed in a reasonably strong sense and

IE. Schrodinger, Transformation and interpretation in quantum mechanics, (E. Schrodinger, The
interpretation of quantum mechanics (Dublin seminars 1949-1955 and other unpublished texts), op. cit. p.
80)

2Unexpectedly, Born was not very far from this position either. A few sentences in his Waynflete lectures
of 1948 could almost have been written by Schrodinger: “I personally like to regard a probability wave,
even in 3N-dimensional space, as a real thing, certainly as more than a tool for mathematical calculations.
For it has the character of an invariant of observation; that means it predicts the results of counting
experiments, and we expect to find the same average numbers, the same mean deviations, etc., if we
actually perform the experiment many times under the same experimental condition. Quite generally, how
could we rely on probability predictions if by this notion we do not refer to something real and
objective?’. M. Bom, Natural philosophy of cause and chance, Oxford University Press, 1949, chap. IX
3W. Heisenberg, Physics and philosophy, op. cit. p. 130
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not only in the weak Meinongian sense of system of (possibly non-
existent) objects, they would not have only to be ‘objective’, but also
‘real’. But what does one mean by ‘real’, if any recourse to a transcendent
world of things-in-themselves is precluded? Heisenberg insisted that the
etymology of ‘reality’ is related to the latin word ‘res’, namely to the
‘things’ of everyday life which are located in ordinary three-dimensional
space; in order for a y-wave to be ‘real’, it would then have to be
represented in ordinary three-dimensional space, which is not the case in
general since y-waves are rather extended in configuration space. One
could at this stage invoke second-quantized formalisms where it is no
longer necessary to use Wy-functions in configuration space, since second
quantization is performed on a y-function in ordinary 3-dimensional
space. But this is quite secondary. For, in spite of the importance
Heisenberg gives to it, the latin etymology of ‘reality’ only covers a small
part of the semantic domain of this word. After all, something which can
be represented in three-dimensional space (say a unicorn) is not
necessarily real; and it is only by convention that one could restrict
domain of real entities to the set of those which are contained in ordinary
three-dimensional space, rather than to the larger set of those which
manifest themselves in this space. Another component of the meaning of
the concept of ‘reality’, already suggested by the latter idea of
manifestation in ordinary space, has yet to be analyzed.

The reason why the latin etymology of ‘realitit’ was so much insisted
upon by Heisenberg is that the German language he uses has another, non-
latin, word for some aspects of what native English speakers would
subsume under the concept of ‘reality’. This other word is ‘wirklichkeit’.
At the end of chapter VIII of his “Physics and philosophy”, Heisenberg
uses extensively the predicate ‘wirklich’, which is translated by ‘actual’ in
the English version, in good agreement with the German etymology of
the word which derives from the verb ‘wirken’ (‘to do work, to have
effect’). He specifically applies this predicate ‘wirklich’ to the ‘real’ things
and processes of the macroscopic scale which are describable in terms of
classical concepts. Thus, being ‘real’ in the sense in which a thing of
everyday life is, does not only mean being located in ordinary space, but
also being ‘wirklich’, or ‘actual’, by opposition to ‘having no effect’,
‘virtual’ or ‘potential’. This supports P. Heelan's interpretation of
Heisenberg's statement about the reality of y-function: “A wave function,
(Heisenberg) says, is ‘objective but not real’, for ‘real’ or ‘actual’ implies
an empirical content while ‘objective’ does not”!. According to this view,
the strongest argument of Heisenberg against the ‘reality’ of y-functions
is therefore that they have no empirical content of their own, namely that
they only express a set of potentia for empirical appearances which are
discrete, spot-like, and thus definitely closer to the expected empirical

1p, Heelan, Quantum mechanics and objectivity, Martinus Nijhoff, 1965, p. 150
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content of a particle than of a wave (be it in ordinary space or in
configuration space).

This challenge can be answered in two distinct ways. Firstly, one may
try to insist that the above-mentioned set of potentia is behaving in such a
way that its virtualities manifest themselves not only through their being
actualized in such-and-such an experimental event exclusive of any other
event, but also by modulating as a whole the characteristics or distribution
of events. In this case, one could argue that the y-functions have at least
an indirect distinctive empirical content: the global modulation effect
which typically takes the form of an interference-like distribution of spots
on a screen. Secondly, one may perfectly conceive new kinds of
experiments in such a way that the whole distribution involved by -
functions becomes available at once. In this case, y-functions could be
said to have direct empirical content, thus putting Heisenberg's contention
of ‘irreality’, in the sense of a missing (empirical) ‘actuality’, under
strong pressure.

Let us begin with the first line of argument, which was explicitly
developed and almost completely worked out by Schrodinger. According
to him, the wave-functions embody virtualities which are not exclusive of
one another, and which must be construed as co-existent. Quantum
mechanics directly indicates “simultaneous happenings” on a wave-
surface, rather than “alternatives™; it is this circumstance which gives rise
to interference patterns. Consequently, the said (virtual) “happenings” are
to be listed in the form of a conjunction rather than in the form of a
disjunction. Schrodinger noticed very early that the use of conjunctions of
coexistent (virtual) happenings was the crucial feature which distinguishes
wave mechanics from particle mechanics: “We are confronted with the
profound logical antithesis between

Either this or that (particle mechanics)
(aut-aut)
and
This as well as that (wave mechanics)
(et-et) 2.

Later on, in 1952, he emphasized the significance of these conjunctions,
quite consistently with his former definition of reality as a construct made
of simultaneous occurrences: “Here ‘real’ is not a controversial
philosophical term. It means that the wave acts simultaneously throughout
the whole region it covers, not either here or there. (..) So the
epithet ‘real’ means the momentous difference between ‘both-and’ (et-et)

'E. Schridinger, July 1952 colloquium, (E. Schrodinger, The interpretation of quantum mechanics
(Dublin seminars 1949-1955 and other unpublished texts), op. cit. p. 19)

2E, Schrodinger, “The fundamental idea of wave mechanics” (Nobel lecture, 1933), in: Science and the
human temperament, op. cit.
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and ‘either or’ (aut-aut)” 1. A few years later, in a letter to B. Bertotti,
Schrédinger made clear that it was exactly his wish to priviledge the idea
of a wave considered as the object of experimental investigation, rather
than the idea of a wave considered as the state of (a more or less
corpuscular object, which made him so eager to retain the concept of
frequency rather than the concept of energy as fundamental. He also
mentioned that this shift from energy to frequency must be associated
with a shift from disjunctions to conjunctions of ‘happenings’: “(...) in one
case (sharp frequencies) one means the physical nature of the object in
question, in the other (sharp energies) one means the state of the physical
object. (...) why not keep the original meaning (or word) frequency,
when the superposition or simultaneity gives us no trouble at all, while
the word energy, by old habit, seems to demand an ‘either-or’ and thus
entails the probability language”2.

There was a very important difficulty, however, which Schrodinger
fully recognized. Whereas his conception of reality involved an aggregate
of simultaneously occurring virtual and actual happenings, the actual
happenings of quantum mechanics could not be treated on the same
footing as the virtual ones. The wave formalism articulated conjunctions
of (virtual) happenings, but on the other hand, whenever actual facts are
concerned, there is no way by which one can avoid making use of
disjunctions: “The expectation-catalog of the object has split into a
conditional disjunction of expectation-catalogs”3. This difficulty is
intricate indeed, and it is obviously related to the measurement problem.
Schrodinger therefore treated it as he treated the measurement problem
itself (see section 4-3); essentially by postponing its solution and by
proclaiming the priority of general laws over particular facts. But here,
he had an excellent justification to give for his agnostic attitude about
particular facts. Questions about particular facts are not only less
interesting than questions about general laws; the standard quasi-
corpuscular answer to the former questions make the latter more
puzzling. Indeed, “explanation” of scattered spots on a screen by the
representation of particles hitting the screen either here or there, is
obtained at the cost of blurring completely what makes the specificity of
the quantum law of evolution, namely interference effects: “if you accept
the current probability views (aut-aut) in quantum mechanics, the single
event observation becomes comparatively easy to tackle, but all the rest of
physics (...) is lost to sight”.

Let us then come to the second line of argument about the ‘reality’ of
the y-function. Is it possible to find experiments in which central features
of the statistical distribution associated with y-functions become directly

1E. Schrodinger, “Are there quantum jumps?” loc. cit. p. 242

2E. Schrodinger to B. Bertotti, July 30, 1958, in: B. Bertotti & U. Curi (eds.), Erwin Schrodinger
scienziato e filosofo, op. cit. p. 156

3E. Schrédinger, “The present situation in quantum mechanics”, in: J.A. Wheeler & W .H. Zurek (eds.),
Quantum theory and measurement, op. cit. p. 162

4E. Schrodinger, “Are there quantum jumps?” loc. cit. p. 242
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available? This possibility exists, but it had not been fully realized until
very recently. In a paper entitled “Meaning of the wave-function”,
Aharonov et al.! develop the concept of what they call “protective
measurements”. They start applying the standard quantum theory of
interactions between a system characterised by the state vector |y) and a
measuring apparatus. But, in the case on which they focus, the interaction
Hamiltonian is not assumed to act during a very short time and with a
strong intensity, as in the usual Von Neumann account. Rather, it is
supposed to act during a very long time (less than one second, in practice)
and with a very low intensity. This procedure gives rise to what one may
call an “adiabatic” measurement. The most interesting feature of adiabatic
measurements is that they can give direct access, through appropriate
pointer observables, to the expectation value (A)=(y|A|y) of any
observable A. Moreover, they do so without leading to any entanglement
of the state vector of the system with the state vector of the apparatus.
After an adiabatic measurement has taken place, the state vector of the
system can again be factorized, although the state vector of the apparatus
has been modified due to the interaction hamiltonian. As for the state
vector of the system, it is left unchanged, apart from the normal unitary
evolution connected with the system hamiltonian alone. In other terms,
the interaction hamiltonian has no additional effect on state vector of the
system, and the evolution of this state vector proceeds exactly as if no
measurement had taken place at all. As a consequence, it is perfectly
possible to perform adiabatic measurements of expectation values on
other observables B which do not commute with A, without in any way
changing the result one would obtain if one repeated the adiabatic
measurement of the expectation value of A. Measurements of expectation
values of observables are compatible, even when measurements of the
observables themselves are not.

Many other distributional features of |\|!) can be assessed by adiabatic
measurements, such as for instance the standard deviation AA :

(AA)=(y | (A - (A2 ),

And, if one chooses |x)(x| as the observable, one may also measure
directly:

(o lw=lwl
namely the square of the modulus of the wave function.

To summarize, adiabatic (or “protective”) measurements are able to
provide direct access to those distributional features of the y-function
which are usually construed as arising from the statistics of many

1y, Aharonov, J. Anandan, & L. Vaidman, “Meaning of the wave function”, Phys. Rev. A47, 4616-
4626, 1993; see also M. Dickson, “An empirical reply to empiricism: protective measurement opens the
door for quantum realism”, Philosophy of science, 62, 122-140, 1995
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individual events. Moreover, each value obtained by means of an adiabatic
measurement bearing on one observable is reproducible irrespective of
any other adiabatic measurements which could be performed in the
meantime. Thus, the distributional features of the w-function
simultaneously fulfill the criteria of objectivity and of direct empirical
accessibility. y-functions are both ‘objective’ and experimentally ‘actual’.
These are further non-metaphysical arguments for ascribing an
ontological status to y-functions.

Such considerations on protective measurements are quite recent, and
they were thus inaccessible to Schrodinger. However, his insistance on
basing the empirical correspondance rules on expectation values rather
than on individual probabilities (see paragraph 2-4 and 4-3 for more
details) is not unrelated to what has just been said. Expectation values are
distributional characteristics of the w-functions themselves, whereas
individual probabilities refer to what y-functions enable one to predict
about isolated experimental events. Focusing on expectation values means
directing attention towards W-functions in configuration space, whereas
focusing on individual probabilities means directing attention towards
scattered (experimental) events in the spatio-temporal framework of the
laboratory, and towards the kind of spatio-temporal continuants which are
supposed to produce these events, namely particles.

From a phenomenological standpoint, one would express this as
follows: the intentionality structure which is fulfilled! by providing
distributional characteristics such as expectation values or standard
deviations identifies itself with y-function; whereas the intentionality
structure which is fulfilled by providing values of the observables
themselves (especially position and momentum observables) is likely to be
corpuscle-like. By choosing a formulation of the empirical
correspondance rules that is based on the expectation values, Schrodinger
clearly inclined towards the choice of wy-functions as intentionality
structures, leaving to future generations the task of showing how those
intentionality structures could be fulfilled directly in appropriate
experiments. Aharonov's protective measurements provides the proper
tool for this direct experimental filling-out of y-function intentionality
structure.

Actually, another set of considerations which were already available
during Schrodinger's lifetime could have provided him with a good
argument. As P. Heelan mentions?, Einstein once developed a calculation
about the probability distribution of a particle's position in a box. He

1See e.g. E. Husserl (1913), Ideas (general introduction to pure phenomenology), Engl. Tr. G. Allen &
Unwin, 1931, §136: “We have yet to note that the expression ‘fulfilment’ (Erfiillung) has still another
ambiguity which lies in a quite other direction: at one time it is ‘fulfilment of intention’, as a character
which the actual thesis takes on through the special mode of meaning; at another it is precisely the
peculiarity of this mode itself or the peculiar property of the meaning in question, to conceal ‘rich
resources’ which motivate in accordance with reason”. Sometimes ‘Erfiillung’ is also translated ‘filling-
out’. See also chapter 5.

2See P. Heelan, Quantum mechanics and objectivity, op. cit. p. 118.
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assumed that this distribution is initially uniform. In this case, Einstein
noticed that even if one lets the Planck constant tend to 0, the probability
distribution of a particle in a box does not tend towards the extremely
localized peak which would be associated with a classical trajectory; it
remains perfectly uniform throughout. But is this result a shocking
feature of quantum mechanics? Does it prove that quantum mechanics
does not automatically enable one to recover the classical picture of the
world when h tends to 0? Not exactly so. This result just proves that when
h tends to 0, the limit of a quantum distribution of probabilities (with
interference effects) is not a deterministic evolution but a classical
distribution of probabilities (with no interference effects). It proves that
the classical limit of quantum statistics is not classical mechanics but
classical statistics. In order to recover the deterministic evolution of the
position of a classical particle, one should not have considered the
probability that such and such sharp value of the position is found in a
measurement, but the expectation value of the measured position, which is
related, via the Ehrenfest theorem, to the classical trajectory of a particle.
Thus, the proper connection between quantum and classical mechanics is
not to be sought in probability ascriptions for each value of (possibly
incompatible) observables, but in the (systematically compatible)
expectation values of these observables. When h tends to O, the
expectation values and their law of evolution remain unchanged, whereas
the standard deviations are kept within an interval whose rate of
expansion is smaller and smaller. After all, continuous monitoring of
conjugate variables of a macroscopic object by (proportionally) low-
energy interaction, is definitely more akin to adiabatic measurement of
expectation values than to instant measurement of sharp values.

Let us push these considerations a little further. As we have just seen,
from an experimentalist standpoint, the most natural extrapolation of
macroscopic value-ascriptions is not microscopic value ascription, but
expectation value ascription (and more generally ascription of values to
distributional characteristics). Therefore, the most natural extrapolation
of the macroscopic ontology in the microscopic realm, is not an ontology
of bearers of sharp values but an ontology of bearers of distributional
characteristics. In a word, the most natural extrapolation of the
macroscopic ontology in the microscopic realm, is not an ontology of
particles but an ontology of y-waves.

(5) The y-waves are individuals. They are individuals by virtue of
their having a form, namely a wave-length and a (frequency or
amplitude) modulation : “(...) waves can easily be marked, by their
shape or modulation. If you hear a good friend speaking on the wireless
at New-York, you can tell with dead certainty that the wave which hits
your receiver is the same which his voice has modulated many 1000 miles

IE. Schridinger, “L'image actuelle de la matidre” in: Gesammelte abhandlungen, op. cit., vol. 4
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away. (...) These are trivial macroscopic examples. But the waves of
quantum mechanics exhibit the same feature. They have to be treated as
individuals”!. The major difference between these quantum mechanical
individuals and the particles of classical mechanics thus bears on location.
The particles have, by definition, a well-defined location in ordinary
space at any instant, and it is this location, combined with their past
locations (namely their trajectory), which classical physicists took as the
criterion of their permanent individualisation. By contrast, the quantum
mechanical individuals are entities extended in 3n-dimensional g-space.
An interesting particular case is that of steady states (or standing waves),
which are completely ubiquitous in the volume they occupy but which are
individualized by their form. It is this case which was insisted upon by
Schrodinger: “the proper modes have to be regarded as distinguished
from one another, they have to be treated as true individuals™, even
though nothing like location or trajectory could serve as a criterion of
permanent individualisation.

Schrodinger's motivation for focusing on proper modes (or eigenstates)
is to be found in quantum statistics, and in the fact that only eigenstates,
not particles, obey the Maxwell-Boltzmann method of counting. In his
paper “What is an elementary particle?”, Schrodinger gave a very simple
and very clear illustration of how the new (Bose-Einstein and Fermi-
Dirac) statistics could be obtained®. Let us first suppose that we distribute
a certain amount of money between several persons. Provided this amount
of money is divided in finite quantities, the number of different
distributions is given by the Bose-Einstein formula. Let us then suppose
that we distribute “vacancies in a football team” between several persons.
Once it has been noticed that one person cannot be offered more than one
vacancy, it becomes clear that the number of different distributions is
given by the Fermi-Dirac formula. The surprise comes when the
metaphor is translated in terms of the relevant physical entities. The
persons (individuals) stand for the states, not the particles; and the
amounts of money or football club vacancies (non-individuals) stand for
the particles. “The example may seem odd and inverted. One might think,
‘why cannot the people be the electrons and various clubs their states?
That would be so much more natural.” The physicist regrets, but he
cannot oblige. And this is just the salient point: the actual statistical
behaviour of electrons cannot be represented by any simile that represents
them by identifiable things”¢. With this illustration, one understands that
quantum mechanics strongly suggests a kind of ontological inversion. In
the classical paradigm, the particles were ascribed the grammatical status

IE. Schrodinger, July 1952 colloquium (E. Schrodinger, The interpretation of quantum mechanics
(Dublin seminars 1949-1955 and other unpublished texts), op. cit. p. 32)

Zibid. p. 32

3E. Schrodinger, “What is an elementary particle?” loc. cit.; see also “The nature of the elementary
particles”, in: Notes for seminar 1949, (E. Schridinger, The interpretation of quantum mechanics (Dublin
seminars 1949-1955 and other unpublished texts), op. cit. p. 102-103)

4E. Schrodinger, “What is an elementary particle?” loc. cit.



110 Schrodinger’s philosophy of quantum mechanics

of subjects of propositions and the states acted as predicates of the
particles; but in the quantum paradigm, it is much more natural to
consider states as subjects and the numbers of each variety of quanta in
these states (or their statistical distributions) as predicates, in good
agreement with the Fock-space second-quantized representation.

Let us summarize what has been said so far. y-waves remove the need
to have explicit recourse to epistemological considerations in the
formulation of quantum mechanics; they are ruled by the law of evolution
of this theory; they bear coexistent virtualities; they are characterized by
mutually compatible distributional characteristics which are natural
extrapolations of macroscopic compatible determinations; and they are
reidentifiable individuals. These circumstances support their being
ascribed the status of entities of a new ontology. As we mentioned
previously, the only weakness of this approach is related to the
measurement problem: the actual sharp-value ascriptions cannot be united
with the virtual ones in a single conjunction of coexistent occurrences,
accordingly, it remains quite difficult to say that they inhere in a single
“real” entity. A strategy which proved efficient was to shift attention
from sharp values to distributional characteristics. But it is also true that
this strategy can be perceived as a way of getting round the obstacle
rather than facing it.

4-3 The “blind spot” of quantum mechanics

We must now confront the issue which is the key to any comprehensive
interpretation of quantum mechanics: the measurement problem. We have
seen throughout the present essay that this was the one crucial difficulty
over which almost every interpretative option considered by Schrodinger
stumbled.

Among the premises of Schrodinger's treatment of the measurement
problem, there is the repeated rejection of any descriptive discontinuity.
According to him, the idea of the “reduction of the wave packet” (or
“wave packet collapse”) initially suggested by Heisenberg in 1927!, could
not prove an acceptable account of what occurs during a measurement.
But is there any alternative left? Schrodinger's arguments against the
concept of “wave packet collapse” may at least help us to outline, by
contrast, the most likely features of this sought alternative.

In the 1950's, Schrodinger stated most clearly his reluctance to include
the reduction (or collapse) of the wave packet among the elements of the
physical description: “Another disconcerting feature of the probability
interpretation was and is that the wave function is deemed to change in
two entirely distinct fashions; it is thought to be governed by the wave

1w, Heisenberg, “The physical content of quantum kinematics and dynamics” (1927), in: J.A. Wheeler
and W.H. Zurek (eds.), Quantum theory and measurement, op. cit. p. 74: “Thus, every position
determination reduces the wavepacket back to its original extension A~
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equation as long as no observer interferes with the system, but whenever
an observer makes a measurement, it is deemed to change into an
eigenfunction of that eigenvalue of the associated operator that he has
measured”!. His strong no-collapse commitment relied on a requirement
of internal coherence of the theory, and of uniformity of its law of
evolution: “If one accepts this law - and it is universally accepted as a
general law - one must stick to it. It must not be occasionally infringed
upon by a man making a measurement”?, for “To my mind it is patently
absurd to let the wave function be controlled in two entirely different
ways, at times by the wave equation, but occasionally by direct
interference of the observer, not controlled by the wave equation™.
Another reason Schrodinger had to be so suspicious of the concept of
collapse of the wave packet is that he could not see how this single effect
could be produced by so many distinct experimental devices: “(...) there is
usually more than one method for measuring the same thing, there is
often a long list of different methods. It is highly improbable that they
should all have precisely the same effect on the physical object in
question”.

Accordingly, Schrodinger insisted upon formulating the probabilistic
correspondence ruless in such a way that they automatically rule out
discontinuous transitions from one eigenstate of an observable to another
eigenstate, either between two measurements or during measurement
processes.

As we already noticed in section 2-4 and section 4-2, Schrodinger knew
one can choose between two (formally) equivalent formulations of the
correspondence ruless.

The first formulation requires two elements:
(i) an expression for the expectation value of an observable A, namely

(wlA ly), and

(ii) the “axiom of correspondence”, according to which if we associate
an operator A to the class of experimental apparatuses able to measure the
variable a, then an operator f(A) has to be associated to the class of
experimental apparatuses able to measure the variable f(a).

1E. Schrodinger, “The meaning of wave mechanics”, in: A. George (ed.), Louis de Broglie physicien et
enseur, op. cit.,, p. 18
E. Schrodinger, Transformation and interpretation in quantum mechanics, (E. Schrodinger, The
interpretation of quantum mechanics (Dublin seminars 1949-1955 and other unpublished texts), op. cit. p.
83)
3ibid.
4ibid. p. 82
50r the “interpretation”, in the restricted sense Schrodinger ascribed to this word.
SE. Schrodinger, Transformation and interpretation in quantum mechanics, (E. Schrodinger, The
interpretation of quantum mechanics (Dublin seminars 1949-1955 and other unpublished texts), op. cit. p.
53)
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As for the second formulation of the correspondence rules, it is
founded on a “statistical axiom in the diagonal frame” of A. It amounts to
focusing attention on the basis of eigenvectors |ai> of A, and giving

directly Born's probability: | (a; | w) |

Schrédinger was aware that the two formulations are equivalent!. For
in the first formulation, it is always possible to choose a variable f(a) such
that, when the value of the original variable a is equal to a;, the
corresponding operator f(A) is such that: f(A) | a)= | a;), and f(A) | a)=0
for any j#i. The operator f(A) is called the projector on iai>:
f(A)=| a;)(a; | . This being done, one can obtain Born's probability by
calculating the expectation value of f(A):

(w Ay Ty = (ulata vy =1 ¢a; 1wy |2

But Schrodinger then emphasized that, although the two formulations
are formally equivalent, they are not physically equivalent: “the second is
shorter, but decidedly more artificial. You have to swallow a greater
lump at a time. You have to assume explicitly that the system can never be
found in a non-eigenstate, when this quantity is measured!”2. The first
formulation does not share this defect, for it does not incorporate any
mention of the eigenstates.

Now, Schrodinger's last reference to (and criticism of) “finding a
system in an eigenstate when a quantity is measured” is quite ambiguous
in its context. Does this expression mean finding that the system was in an
eigenstate of A before the measurement, or rather finding that it has been
projected into an eigenstate of A by the measurement? If the first meaning
were retained, the quoted sentence would belong to the long list of
Schrodinger's  criticisms of the concept of quantum jump (which
presupposes that a system is always in some eigenstate of the relevant
observable, and that it jumps from one eigenstate to another either
spontaneously or under stimulation by a radiation field). But if the second
meaning were retained instead, Schrodinger's attack on the formulation of
the correspondence rules founded on a statistical axiom in the diagonal
frame of observables would appear to have a much wider (and much
more controversial) scope. After all, asserting that the system has been
projected into an eigenstate of A by the measurement embodies nothing
less than the basic requirement of any measurement theory, namely the
repeatability of any given outcome3. Indeed, if the state of the system has
been projected into the eigenstate which corresponds to the measured
value a; (or, equivalently, if the wave-packet has been reduced), a further

1 About this equivalence see B. d'Espagnat, Conceptual foundations of quantum mechanics, op. cit. p. 30;
%3. d'Espagnat, Veiled reality, Addison-Wesley, 1995

ibid.
3E. Schrodinger, “The present situation in quantum mechanics” in: J.A. Wheeler and W H. Zurek (eds.),
Quantum theory and measurement, op. cit. p. 158
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measurement performed on the same system gives a; with probability 1.
In this case, Schrodinger's reluctance to accept the second formulation of
the correspondence rules seems to threaten repeatability.

Actually, it would threaten it, if the wave packet collapse was not only
a sufficient condition, but also a necessary condition for repeatability.
But, as Van Fraassen has convincingly demonstrated!, the wave packet
collapse is not a necessary condition for experimental repeatability to be
accounted for by quantum mechanics (see §4-5). Schrodinger was
therefore fully entitled to dissociate the condition of repeatability, which
he recognized as an integral part of scientific methodology?, from the
questionable concept of wave packet collapse.

Having found acceptable the dissociation between wave packet collapse
and repeatability, we must now enquire about its significance. Isn't there a
philosophical viewpoint from which this dissociation appears merely
pointless? And in this case, can't we use the wave packet collapse as a
convenient procedure allowing one to express repeatability? Let us first
state the above-mentioned philosophical viewpoint. Then, we shall try to
understand why Schrodinger thought that even in this case the dissociation
between wave packet collapse and repeatability is not as pointless as it
appeared to be at first sight.

If one retains the epistemic interpretation of w, there seems to be no
reason to reject the concept of “wave packet collapse” as a
straightforward way to impose the methodological requirement of
repeatability upon the formalism. If the wave-function expresses nothing
else than our knowledge, if an initial measurement of the observable A on
a given system has given the result a;, if we know that further
measurements of A on this system can but yield the outcome a; again and
again, and if we realize that probability calculations about the outcome of
further measurements of other observables B are to be performed by
using the corresponding eigenstate of observable A, rather than the inital
wave function, then why not claim that the wave “of knowledge” has been
reduced by the first measurement? Schrodinger's rather negative answer
to this question is related to his attitude towards the quantum theory of
measurement, which we shall describe more carefully in subsequent
paragraphs, but which can easily be outlined at this stage.

In his 1935 cat-paper, Schrodinger tried to work out as completely as
possible all the consequences of the conception of the wave-function as a
“wave of knowledge”, or rather, to use his own vocabulary, as a
“catalogue of information”. From this viewpoint as from any other, the
difficulty which has to be discussed is that the pure wave-mechanical
account of the interaction between the system and the first measuring

IB. C. Van Fraassen, Quantum mechanics, an empiricist view, Oxford University Press, 1991, p. 252
2E, Schrodinger, E. Schridinger, “The present situation in quantum mechanics”in: J.A. Wheeler and
W.H. Zurek (eds.), Quantum theory and measurement, op. cit. §8; and also Transformation and
interpretation in quantum mechanics, (E. Schrodinger, The interpretation of quantum mechanics (Dublin
seminars 1949-1955 and other unpublished texts), op. cit.)
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apparatus does not yield a “collapse” of the system's wave function, but
rather an entanglement of this wave function with the wave function of
the apparatus. Following the indications of the wave-mechanical
formalism, the wave function of the system disappears in the melting pot
of the wave function of the whole during the measuring interaction. The
basic effect of a measurement, in that respect, is to lead one to a holistic
catalogue of information for the compound system (system-+apparatus),
and not to a sudden change of the symbols used to account separately for
the catalogue of information of the system and for the catalogue of
information of the apparatus. True, one can perfectly well use the
information provided by the actual outcome of the measurement (which is
a definitely non-theoretical element) in order to extract a new wave
function for the system alone out of the combined wave function.
However, this is by no means a change of the initial wave function of the
system; this is a redefinition of it; this is a renewed decision to separate
the elements of information which had been entangled by the measuring
process: “(...)it would not be quite right to say that the y-function of the
object which changes otherwise according to a partial differential
equation, independent of the observer, should now change leap-fashion
because of a mental act. For it had disappeared; it was no more. Whatever
is not, no more can it change. It is born anew, is reconstituted, is
separated out from the entangled knowledge that one has (...)"!.

One can perfectly well reconstitute a system's wave-function by a
“mental act”, in order to predict as economically as possible the outcomes
of subsequent measurements performed on this system, but it would be a
category mistake (in G. Ryle's sense?) to mix this choice (or “mental act”)
with the objective description of what occurs to the catalogue of
information of the composite system (system+apparatus). Even if one
holds on to the epistemic interpretation of the wy-function throughout,
even if y-functions are construed as merely catalogues of knowledge, one
has to distinguish carefully between objective knowledge and the
contingent (possibly subjective) choice which consists in retaining part of
this knowledge for further practical purposes. From the point of view of
objective knowledge, one only needs one kind of “change”: the one which
is ruled by the Schrédinger equation, and which usually leads to entangled
wave functions for composite systems. Indeed, it is perfectly possible to
derive directly from such entangled wave functions, by general
application of the empirical correspondence rules, and without any
further “collapsing” manipulation, all the knowledge we have about the
measured system; namely a list of probabilities that such and such result is
obtained at the end of the measurement interaction. Moreover, it is also
possible to derive joint probabilities for sequences of measurements, by
application of the empirical correspondence rules on entangled wave

1E, Schrisdinger, “The present situation in quantum mechanics” in: J.A. Wheeler and W.H. Zurek (eds.),
Quantum theory and measurement, op. cit. p. 162
2G. Ryle, The concept of Mind, Hutchinson, 1949
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functions corresponding to composite systems involving apparatuses for
measurement of (possibly conjugate) observables A, B, C, ... . Nothing
else is required than holistic wave functions of ever increasing composite
systems in order to make predictions. By contrast, the “wave function
collapse” cannot be ascribed the status of objective “change”: it is the
outcome of a deliberate choice. The choice to pick out part of the
composite system, to assign a wave-function to this part, and to describe
exclusively the evolution of the latter, in order to avoid carrying the
burden of the complex overall wave-function. What makes it obvious that
this choice cannot partake in the objective description is that it is made at
the cost of cutting off part of the information made available by the wave
function of the composite systems; i.e. the residual (possibly negligible
but never absent) interference terms.

In his 1952 seminar entitled “Transformation and interpretation in
quantum mechanics”, Schrodinger resumed his reflections on the
epistemic interpretation of the wave function, trying once more to take it
quite seriously and to analyze its consequences. The question about the
status of the so-called collapse of the wave function was raised from the
start of the seminar. There, Schrodinger noted that one would like to
know “(...) to what extent (these changes) mean physical changes in the
object or only changes in our knowledge about the physical object™.
However one has to be careful about what one means by “our knowledge”
in this case. Even though Schrodinger recognized that “(...)undeniably
(...) our knowledge, and nothing else, is laid down in the wave function™?,
he also warned that this formulation may be misleading. For “knowledge”
is usually contrasted with “what is to be known”; and, as a rule, what is to
be known is taken as much more extended than the knowledge we have of
it. Insisting that the wave function only represents our knowledge thus
prompts one to ask questions about what is beyond this (possibly
incomplete) knowledge. And this in turn means becoming committed to
the hidden-variable-like “belief” according to which systems already
possess values of every variable, even though quantum mechanics implies
that there is no experimentally available (simultaneous) knowledge of
them.

If this consequence is to be avoided, knowledge has to be ascribed
intentional directedness towards a representation which automatically
embodies the maximal information which is available in experiments, and
nothing more: namely, towards the representation which is just provided
by wave mechanics (or pure unitary quantum mechanics). Once this is
done, making a distinction between knowledge and what is known cannot
mean opposing a wave function and a speculative set of intrinsic
properties; it just means opposing the partial knowledge possessed by a

IE. Schrodinger, Transformation and interpretation in quantum mechanics, (E. Schrodinger, The
interpretation of quantum mechanics (Dublin seminars 1949-1955 and other unpublished texts), op. cit. p.
39)

2ibid. p. 80
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particular subject or a particular group, and the maximal knowledge
embodied by a sufficiently inclusive wave function; or in other terms, it
means opposing subjective knowledge to “reality” in the minimal,
internalist, sense favoured by Schrédinger. Thus, unless one wants to.
refer to cases where we happen to know less than the maximal
information, namely to cases where the appropriate representation is
provided by proper mixtures rather than pure states, there is no point
insisting that quantum mechanical symbols only deal with our knowledge.
And, similarly, unless one wants to refer to an additional voluntary act,
performed in order to pick a certain restrictive amount of information
out of the available one, there is no point insisting that the collapse of the
wave function occurs but that it is only a change of our knowledge. For
the collapse does not occur by itself, as a result of a change of our
knowledge; we make it occur in our calculations in order to restrict our
attention to the part of our knowledge we consider relevant in a given
situation. “(They say) one must not call it a physical change, it is only a
change in our knowledge. 1 consider this an unfair subterfuge - or
plainly: non-sense”!.

From a modern point of view, it is possible to see the previous remarks
in a slightly different light. Traditional discussions on the collapse of the
wave packet usually mix two steps; namely transition from the global
wave-function of the composite system to a statistical mixture, and
transition of the statistical mixture to a single event. The transition from a
global pure state to a mixture can be accounted for, at least approximately
(and using additional hypothesis which are to be discussed in paragraph 4-
4), by pure wave-mechanical decoherence formalisms. Such a transition
was implicitly assumed in Schrodinger's 1935 analysis of the
measurement process when he pointed out that, after the measuring
interaction, the catalogue of predictions represented by the global Y-
function has been broken up into a conditional disjunction of predictions,
whereas it had previously to be considered as a conjunction. Once the
decoherence has taken place, the ignorance interpretation of the wave-
function becomes (approximately) acceptable. And it then becomes just as
unproblematic as in the classical theory of probability to modify this
statement of ignorance by taking into account the newly acquired
knowledge; i.e. to impose a transition from the overall mixture to a
partial pure state corresponding to the observed pointer position on the
apparatus, and then to factorize this pure state into a new state for the
system and a new (pointer) state for the apparatus. But here again it
would be a category mistake to confuse the reduction with the transition
from an entangled pure state to a mixture. The reduction expresses the

libid. A similar remark was made recently by S. Y. Auyang, How is quantum field theory possible?,
Oxford University Press, 1995, p. 115: “Consider Heisenberg's suggestion that the wavefunction
represents not a microscopic system but our knowledge of it. The proposition sounds both indisputable
and absurd. (...) All sciences are our knowledge, but the content of the sciences are features of the
objective world”.
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intervention of a particular state of knowledge, whereas the transition to a
mixture (namely the transition from a conjunction to an approximate
disjunction) expresses a generic precondition of any possible knowledge.
For any possible knowledge just consists in determining which term of a
disjunction obtains.

Let us now conclude this discussion about the collapse of wave function
by adopting a wider philosophical standpoint. True, projecting some
epistemic elements onto the screen of an “objective world” in order to
form new “properties”, or new entities bearing these properties, is an old
and well-tested procedure!. And we know that Schrodinger made an
extensive use of this procedure when he tended to call ‘real’ an entity
(namely the wy-wave) whose dependence on the definition of the
experimental context was fully recognized by him. So, why did
Schrodinger find himself so eagerly opposed to projecting the sudden
changes of our knowledge onto the quantum mechanical description? The
reason is simple. After having projected this type of epistemic element
onto the description, there is no way in which it can be forgotten and
gradually absorbed into an all-comprehensive objective picture. Indeed
the sudden change of knowledge about the value of a quantum observable
is not uniformly reproduced, in general, under similar experimental
circumstances, and it is thus not predictable. The decision about what to
project must be taken each time, with no hope, in general, that it can be
fixed in advance by such and such preliminary observation. The choice
which consists in picking out part of the composite system can by no
means be incorporated within a law-like sequence of events. It retains
throughout its volitional status of choice, as well as the mark of its
empirical motivation. The projection is a failure, because it is too obvious
that it is just a projection; and also because, as we have pointed out, it is
the projection of an isolated element of knowledge rather than of generic
(or at least reproducible) features of knowledge. To recapitulate, one
must be careful, when an ontological reconstruction is undertaken, to
project only those epistemic elements which are both shared by any
knowing subject, and which can be attached permanently (modulo an
evolution law and some disturbance processes) to the entity referred to.
Since, in the situation dealt with by quantum mechanics, the singular act
of becoming aware of an experimental outcome does not fulfill the second
condition, it must not be construed as a constitutive element of the newly
ontologized entity (namely the wy-wave). The ‘“experimental fact”
accordingly remains an outsider, something whose irreducibly epistemic
character prevents one from assigning it a counterpart within the system
of entities of the new ontology. An experimental fact can of course be
probabilistically related to the theoretical description by means of the
correspondence rules; but the theory can by no means mimic the
experimental fact or take charge of its Humean projection.

ID. Hume, A Treatise of Human Nature, Book 1, part 111, section XIV, (ed. L.A. Selby-Bigge), Oxford
University Press, 1960; see a discussion in: S. Blackburn, Essays in Quasi-Realism, op. cit. p. 55.
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Hence Schrodinger's dominant attitude towards quantum mechanics:
push that description of the entities which can be construed both
objectively and repeatably to its limit; don't bother about its connection
with experimental outcomes until the very last stage of the description;
postpone the necessity of making this connection explicit for as long as
you can. “(O)ne must, to repeat this, hold on to the wave aspect
throughout”i. At most, one may rely on some loose stopping criteria
which are sufficient for all practical purposes: “quantum mechanics stops
as soon as anything reaches your senses (that has been said by
Schopenhauer long ago)”?, or “(...) not until this inspection, (...) does
anything discontinuous, or leaping, take place. One is inclined to call this
a mental action (...)”’s.

As a consequence Schrodinger appeared as one of the very few
quantum physicists who felt motivated to formulate a genuine quantum
theory of measurement. He began his undertaking very early in the
history of quantum mechanics. In 1926, he was already invoking the
peculiarities of the interactions between the radiation and the receiver in
order to account wave-mechanically for the selective observation of the
differences between the eigenfrequenciest. But the first step towards the
modern quantum theory of measurement was made by Schrodinger in
19275, and this paper served as a paradigm of what he was intending to do
throughout his career. Even though it contains no explicit reference to the
measurement problem, Schrodinger quoted it repeatedly in subsequent
articles (of 1936 and 1952) which were devoted to the quantum theory of
measurements.

The immediate purpose of the 1927 paper was to account for the fact
that “physical systems” (possibly an emitter and a receiver or, in view of
later developments, an object and a measuring apparatus) “influence each
other only when they agree in respect of a ‘difference of level’””. The

IE. Schrédinger, “The meaning of wave mechanics”, in: A. George (ed.), Louis de Broglie physicien et
penseur, op. cit. p. 26

2E, Schrodinger, Short notes for Dublin seminar, May 4, 1949; quoted in: E. Schrodinger, The
interpretation of quantum mechanics (Dublin seminars 1949-1955 and other unpublished texts), op. cit. p.
98

3E. Schrodinger, “The present situation in quantum mechanics”in: J.A. Wheeler and W.H. Zurek (eds.),
Quantum theory and measurement, op. cit. p. 162

4E. Schrodinger to W.Wien, February 22, 1926, quoted and translated by L. Wessels, Schrodinger’s
interpretations of wave mechanics, op. cit. p. 167

SE. Schrodinger “The exchange of energy according to wave mechanics”, in: Collected papers on wave
mechanics, op. cit.

SE. Schridinger, “Probability relations between separated systems”, Proc. Camb. Phil. Soc., 32, 1936, p.
451; E. Schridinger, “Are there quantum jumps?™; loc. cit.; July 1952 colloquium, (E. Schrodinger, The
interpretation of quantum mechanics (Dublin seminars 1949-1955 and other unpublished texts), op. cit.).
In the two last cases, and as in the original 1927 paper, the idea that a quantum jump of energy Eyj=hvy-
hv) happens in the receiver (possibly belonging to a measurement apparatus) in order to compensate for a
quantum jump of equal energy in the emitter was replaced by a concept of resonance between two
oscillators O and O'. The condition of resonance is:

VE-V]=V]-VK -

7E. Schrodinger “The exchange of energy according to wave mechanics”, in: Collected papers on wave
mechanics, op. cit. p. 140
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paper was also intended to show that “without quantum postulates” one
can arrive “at an effect which is exactly the same as if the quantum
postulates were in force”!. In order to obtain this result, Schrédinger had
to solve his equation for the two interacting systems together, “united into
one system” (let us call this interaction the “first-order measurement of
energy” on one of the two systems by the other one). Then, the general
solution of the compound equation was not a simple product of the proper
wave functions Wy and ¢, for each system, but the linear superposition:
Y=c,ydr+c,¥d;. In modern terms, one would say that this calculation
enables one to bring out a correlation between the two systems. And,
from an experimental standpoint, “correlation” means that whenever a
(second-order) energy measurement performed on the y-system gives Ey
(resp. Ex), then a (second order) energy measurement performed on the
0-system gives E; (resp. E)).

Accordingly, Schrodinger's calculation shows a definite relation
between the results of two second-order measurement but it gives no
indication whatsoever about their actual result. The description of the
composite system is continuous and purely wave-mechanical, but it by no
means clarifies the relation between the superposition ¥ and the fact that
only one of the two pairs of values (E,E;) or (Eg,E;) obtains whenever a
(second-order) energy measurement is performed. In short, wave
mechanics provides us with a discrete scheme of levels and processes, but
definitely has nothing to say about the singularity of an observed discrete
phenomenon.

According to Bohr, this was due to a major methodological flaw in the
calculation in Schrodinger's 1927 paper: “In the resonance problem
mentioned, we are concerned with a closed system”2. In other terms, Bohr
here emphasized that reference to the second-order measurements was
unavoidable; that these measurements could themselves be described
quantum mechanically, but that this would then call for reference to
third-order measurements, etc.; and that the notion of a discrete
experimental event would arise only by considering an open quantum
system undergoing an unanalyzable interaction with an apparatus
described in classical terms for the sake of unambiguous communication.
It is thus clear that, even in retrospect, one cannot regard Schrodinger's
paper of 1927 as having provided a solution of the measurement problem.
However, this paper outlined some of the major themes of the
measurement problem by means of some elegant statements. This would
enable Schrodinger to consider it as his first contribution to the subject.

By discussing Schrodinger's earlier step towards a quantum theory of
measurement, we have already identified two of the major themes which
enter into the measurement problem: holism and infinite regress.

libid. p. 141
2N. Bohr, “The quantum postulate and the recent development of atomic theory”, Nature, 121, 580-590,
1928, in: J.A. Wheeler and W .H. Zurek (eds.), Quantum theory and measurement, op. cit.
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Schrodinger's later work shows that he was fully aware of the
significance of these themes. Let us begin with holism. In the late twenties
and the early thirties, the debate about quantum mechanics concentrated
on Heisenberg's uncertainty relations. The dominant “explanation” of
these  relations arose  from the  Heisenberg  microscope
gedankenexperiment. According to Heisenberg!, as well as Bohr in his
early papers?, the uncertainty relations are the expression of an unknown
and (in principle) undeterminable disturbing influence exerted on the
object by the very act of measurement. But in his 1931 paper on
indeterminism, Schrodinger was certainly reflecting quite skeptically
about this disturbance theory of the uncertainty relations when he wrote:
“The question at issue is this: given any physical system, is it possible, at
any rate in the theory, to make an exact prediction of its future
behaviour, provided that its nature and condition at one given point of
time are exactly known? It is assumed of course that no external and
unforeseeable influences act upon the system from without; but such
influences can always be eliminated, at least theoretically, if all bodies,
fields of forces and the like capable of acting upon the system are
included within it. (...) in order to do so the system under consideration
has to be extended to comprehend the entire universe™. In principle,
therefore, a holistic move should enable one to dissolve a disturbance
theory of measurement. But is it possible to do so in every case? Is this
possible within the framework of quantum mechanics? In 1931, it was too
early for Schrodinger to provide a definite answer; but at least the quoted
paragraph shows that the general form of the solution was clearly
understood by him.

Similar holistic ideas were developed by Bohr in 19354, in reaction to
the EPR criticism of the disturbance concepts; and in the same year they
were also given a precise quantum mechanical formulation by
Schrodinger, in his theory of entangled wave-functionss.

But on the other hand, the holistic stance had to be reconciled with the
methodological requirement that parts of the world be isolated in order to
define a “something” on which the measuring procedure is exerted and
repeated. In Schrodinger's words, “(...) it is possible to imagine a finite,
self-contained system, and in practice this abstraction is invariably made
use of whenever a law of physics is enunciated”s. Thus, after a proper
description of the entanglement has been worked out, it is necessary to
think about the procedures of disentanglement. However, a procedure of
disentanglement can but be grounded on the outcome of a measurement;

IW. Heisenberg, The physical principles of the quantum theory, op. cit. p. 20

ZN. Bohr, “The quantum postulate and the recent development of atomic theory”, loc. cit.

3E. Schrodinger, “Indeterminism in physics”, in: Science and the human temperament, op. cit. p. 43-44
4N. Bohr, “Can quantum-mechanical description of physical reality be considered complete?”, Phys. Rev.
48, 696-702, 1935, in: J.A. Wheeler and W.H. Zurek (eds.), Quantum theory and measurement, op. cit.;
see an interesting comment in: J. Faye, Niels Bohr, his heritage and legacy, Kluwer, 1991, p. 205

5E. Schrodinger, “Discussion of probability relations between separated systems”, (1935) loc. cit.

SE. Schrodinger, “Indeterminism in physics”, in: Science and the human temperament, op. cit. p. 44
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as we mentioned previously, it amounts to selecting part of the composite
system and to ascribing it a wave function in good agreement with the
result of an actually performed experiment. Unfortunately, if we are to
remain consistent, this measurement must itself be described as a
quantum-mechanical interaction governed by the Schrodinger equation,
and it thus leads to further entanglement between the wave function of the
second-order measurement apparatus and the wave function of the
previous composite system. Hence the spectre of an infinite regress,
whose seed was already present in the paper of 1927, but which was
explicitly stated in 1935: “(...)this procedure will be called the
disentanglement. Its sinister importance is due to its being involved in
every measuring process and therefore forming the basis of the quantum
theory of measurement, threatening us thereby with at least a regressus at
infinitum, since it will be noticed that the procedure itself involves
measurement”!. Schrodinger's study, in 19362, of the concept of improper
mixture (in the sense of d'Espagnat?), could but confirm the difficulty. In
1935-1936, the conclusion of these studies was therefore essentially
negative: the measurement version of the cat paradox, namely the fact that
“our knowledge (about the biological state of the cat) has evaporated into
conditional statements’, had received no solution within the framework
of the quantum theory of measurement.

In the 1950's, however, Schrodinger decided to resume his studies of
the quantum theory of measurement. He had renewed reasons to do so.
The correspondence rules, which Schrodinger was analyzing more
seriously than ever before, required a rationale. Accordingly, his
preference for the expectation value version of the correspondence rules
over the statistical algorithm in the diagonal frame was not just a matter
of taste. It was motivated inter alia by the fact that the expectation value
version of the correspondence rules fitted very well with the idea that
each observable operates “(...) as a possible perturbing addition to the
hamiltonian™s, thus referring indirectly to a quantum theory of
measurement. But, since 1935, the quantum theory of measurement had
not progressed very much. In 1963, when Margenau listed the major
advances in this fields, he could but quote Von Neumann (1932),
Schrodinger (1935), London and Bauer (1939), and himself in 1936-
1938. Schrodinger thus felt very lonely in his late undertaking: “(...)
quantum physicists bother very little about accounting, according to the
accepted law, for the supposed change of the wave-function by

1E. Schrodinger, “Discussion of probability relations between separated systems”, (1935) loc. cit.

2E. Schrodinger, “Probability relations between separated systems”, (1936) loc. cit.
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53)

6H. Margenau, “Measurements in quantum mechanics”, Annals of physics, 23, 469-485, 1963
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measurement. I know of only one attempt in this direction (...) You find
it in John Von Neumann's well-known book”!. Schrédinger made some
isolated developments in this direction, especially in his 1952 lectures
entitled Transformation and interpretation in quantum mechanics; but he
very soon gave them up.

The reason for this ambivalent attitude towards the quantum theory of
measurement, made of felt necessity and of renunciations, was that
Schrodinger had not formulated a very clear idea of what was to be
expected from it.

On the one hand, he had still hoped that the quantum theory of
measurement could show how a perturbing operator turns “(...) the wave
function as time goes on into an eigenfunction of the observable which is
measured”’2, according to his reading of Von Neumann's 1932 attempt.
And on the other hand, he realized the difficulties of this program: “I do
not believe any real measuring device is of this kind”’3, namely of the kind
that would force any wave function to transform into an eigenfunction of
the observable that is being measured. He therefore suggested more and
more insistently that such a program was not really worth pursuing, for
the principle of superposition and the law of (wave-like) evolution are
overwhelmingly more important than the mention of isolated facts. In this
latter perspective, the aim of a quantum theory of measurement would not
consist in displaying an equivalent of the observed discontinuities, but
rather in showing that one can dispense with giving these discontinuities
any descriptive counterpart.

To make these points more precise, we may consider that Schrodinger
adopted two distinct (and somehow contradictory) attitudes toward the
measurement problem:

(1) He sometimes suggested (but quite discreetly and with a strong note
of skepticism) that the measurement problem would not prove intractable,
provided a proper handling of quantum mechanical descriptions had been
achieved.

According to this trend of thought, he looked in 1952 for a kind of
compromise, based on the second quantization scheme, between (i) the
current conception that discontinuous experimental events are produced
by particles and that wave packet collapses occur, and (ii) his own no-
particle and no-collapse position: “If, in the present case, you wish to

IE. Schrodinger, Transformation and interpretation in quantum mechanics, (E. Schrodinger, The
interpretation of quantum mechanics (Dublin seminars 1949-1955 and other unpublished texts), op. cit. p.
83); see also E. Schrodinger, “The meaning of wave mechanics”, in: A. George (ed.), Louis de Broglie
physicien et penseur, op. cit., p. 18: “I know only of one timid attempt (J. Von Neumann, in his well-
known book) to put this ‘change by measurement’ to the door of a perturbing operator introduced by the
measurement, and thus to have it also controlled solely by the wave equation”

g, Schrodinger, Transformation and interpretation in quantum mechanics, (E. Schrodinger, The
interpretation of quantum mechanics (Dublin seminars 1949-1955 and other unpublished texts), op. cit. p.
83)

3ibid.
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avoid the paradox while keeping as closely as possible to the ‘particle-
language’ you need only accept that the number N of particles is not

sharp but has a spread of \/ﬁ . This means that the wave contains proper
modes not only for N=1, but also for N=2,3,..., the lower one being very
strong. Then, according to recognized rules, the ‘finding of particles at B’
leaves the conditions for finding one somewhere else unchanged: the wave
does not collapse, the paradox is avoided™.

In another text of the same period?, Schrodinger attempted to give a
hint of a method which would allow one to bridge directly the continuous
theoretical entities and the discontinuous experimental events without any
concession to the “natural” ontology of localized bodies. However, the
picture arrived at was by no means satisfactory. It consisted in ruling out
the representation of an interaction between particles and apparatuses
construed as systems of particles, but to retain the representation of an
interaction between the (wave-like) system and the (wave-like) apparatus
instead: “One must regard the ‘observation of an electron’ as an event that
occurs within a train of de Broglie's waves when a contraption is
interposed in it which by its very nature cannot but answer by discrete
responses”. It is quite obvious that this sentence was by no means intended
as a solution of the difficulty, but as a metaphor of the kind of result
which should eventually be reached. The problem is that this metaphor
proved misleading, because it favoured the image of colliding de
Broglie's waves in ordinary space rather than focusing on the appropriate
holistic y-function in 3n-dimensional configuration space. It was also
misleading because it retained the causal scheme of an interaction between
the particle and the apparatus, merely projecting this scheme onto the
interaction between the wave-object and the wave-apparatus. Schrédinger
could not go much farther than replacing sentences like “the particle
‘causes’ a macroscopically observable change in the apparatus” by
sentences which sounded like “the wave-object ‘causes’ a macroscopically
observable discrete change in the wave-apparatus”. But what was really
needed was a full acceptance of the parallelism between the time-
development of the holistic wave-function (object+apparatus) and the
sequence of macroscopic events, rather than a new blend of the old idea
of a causal interaction which takes place between objects and apparatuses
in order to produce the events. This concept of parallelism is
systematically developed in paragraphs 4-4 and 4-5, and then in chapter 6.
It is shown that many aspects of Schrddinger's reflection on quantum
mechanics point towards this direction.

(2) Much more frequently (and in his most lucid writings),
Schrodinger behaved as if he thought, rather, that indefinitely postponing

IE. Schrodinger, July 1952 colloquium, (E. Schrodinger, The interpretation of quantum mechanics
(Dublin seminars 1949-1955 and other unpublished texts), op. cit. p. 35)

2E. Schrodinger, “The meaning of wave mechanics”, in: A. George (ed.), Louis de Broglie physicien et
penseur, Albin Michel, 1953, p. 26
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the solution of the measurement problem within a perfectly self-consistent
quantum theory of measurement including the apparatus in the wave-
mechanical description, was tantamount to ascribing it some (intrinsically
elusive) kind of solution!.

The latter attitude fits perfectly with Schrodinger's critical attitude
towards science, and towards objective knowledge in general.
Schrodinger was one of the few physicists who overtly recognized the
impossibility of any scientific description’s encompassing all of its own
presuppositions. He often emphasized that sciences are ultimately
embedded in human culture as well as in human practices, and that they
rely on certain tacitly admitted assumptions which pre-exist to them?2.
Accordingly, he had no difficulty in aknowledging that there may remain
some fundamental lacunae in physical theories, which just reveal the
unavoidable dependence of science on its pragmatic background. He
considered that any attempt at filling the lacunae in a systematic way, with
the hope that none would remain, is more akin to dogmatic theology (or
to scientism, which is a modern form of dogmatism) than to genuine
science?.

In quantum mechanics, one of the lacunae is quite obvious, according to
Schrédinger: it is the fact that linear operators are associated with
measuring devices by means of Bohr's correspondence principle. One has
to take this association for granted “(...) though it remains the most
delicate point, not to say the blind spot of the theory, which cannot be
filled by pure mathematics”4. It would be an illusion to think that quantum
mechanics, which incorporates such a blind spot in its foundations, as
regards the structure of the macroscopic instruments which allow its
experimental confirmation, could then conversely account for the said
structure. Quantum mechanics can at most display its asymptotic
compatibility with the appearance of a macro-world made of localized
bodies in motion. Decoherence theories would just have to be conceived,
according to that perspective, as a way of demonstrating this
compatibility; and not, as some modern authors have claimed and as the
Schriodinger of 1926 still hoped, as a way of displaying emergence of the
macro-world out of a continuous wave background.

IThis attitude evokes the idea of a Godelian incompleteness of quantum theory, as H. Primas tends to
think: “The proposition ‘the cat is in a definite biological state’ is endophysically undecidable”. H.
Primas, “A propos de la mécanique quantique des systtmes macroscopiques”, in: M. Bitbol and O.
Darrigol (eds.), Erwin Schrodinger, Philosophy and the birth of quantum mechanics, Editions Fronticres,
1993, p. 401
2E. Schrodinger, “Quelques remarques au sujet des bases de la connaissance scientifique”, Scientia, 57,
181-191, 1935; see a comment in; F. Nef, “A propos d'une controverse entre Carnap et Schrodinger”, in:
M. Bitbol and O. Darrigol, Erwin Schrodinger, Philosophy and the birth of quantum mechanics, op. cit.
Also: M. Bitbol “L'alter-ego et les sciences de la nature;Autour d'un débat entre Schrodinger et Carnap ™
in: A. Soulez & J. Sebestik (eds), Science et philosophie en France et en Autriche, 1880-1930, To be
ublished.
E. Schriddinger, Nature and the Greeks, op. cit., chapter 1
4E. Schrodinger, Transformation and interpretation in quantum mechanics, (E. Schrodinger, The
interpretation of quantum mechanics (Dublin seminars 1949-1955 and other unpublished texts), op. cit. p.
70)
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Schrodinger's account of how the bits of matter of daily life, and the
elements of the macroscopic world in general, must be construed quantum
mechanically, makes this point very clear. According to him, the
surrounding bodies are nothing other than complex observables: “Here I
wish to put forth the opinion that the fundamental conceptions of wave
mechanics, when regarded from the angle of the epistemological basis of
the matter concept, disallows us to regard matter as constituted of
particles. It has no direct relation to the particle-concept in quantum
mechanics, nor indeed to the wave concept, but to the concept of
observable. (...) Matter in the meaning of the philosopher really consists
of (observables) - not of the particles”. In 1949, Schrodinger thus
conceived matter neither as an aggregate of particles, nor (in contrast
with his 1926 views) as some sort of wave packet, nor even (clearly
departing from some straightforward interpretations of the decoherence
theories) as some emergent feature of a global wave-function. Matter was
instead related by Schrodinger to the limiting concept of an observable.
Since the construction of observables, and in particular of those
observables which define the macroscopic material bodies, is admittedly
conditioned by a pre-quantum knowledge (the pragmatic background of
everyday life and classical physics), it can by no means be said that the
quantum account of macroscopic bodies is self-sufficient. The blind spot
again manifests itself at this point.

To conclude this paragraph, 1 think that Schrodinger's late
interpretation of quantum mechanics is a remarkably well designed and
convincing system of explanations, but with a missing keystone. This
eagerly sought keystone is nothing more and nothing less than a proper
solution of the measurement problem. Now, what Schrodinger suggested
repeatedly is that the handling of the measurement problem (with its end-
product discontinuities) can be postponed without any harm, that the
absence of a solution to it does not make any difference, that it does not
manifest itself unless one undertakes a thorough reflective investigation.
In other words, the metaphor of the blind spot, which was applied by
Schrodinger to the necessity of using the correspondence principle in
order to find suitable expressions for the observables, appears to be even
more appropriate to feature out the measurement problem in its entirety.
For the measurement problem looks very much like the blind spot in our
retina, which does not reveal itself by any black hole in our visual field,
even though it can be revealed by an accurate ophtalmological
investigation. The measurement problem doesn't even have to be raised
when quantum mechanics is used as a predictive tool, for it is enough in
this case to obtain the relevant overall wave function, and then calculate
probabilities by applying the Born formula at some relevant stage of the

IE. Schrodinger, “The problem of matter in quantum mechanics”, Notes for seminar 1949, (E.
Schrodinger, The interpretation of quantum mechanics (Dublin seminars 1949-1955 and other unpublished
texts), op. cit. p. 98)
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measurement process. It only reveals itself when a careful investigation of
the possible descriptive meaning of the wave function is carried out.

4-4 Neo-Schrodingerian views on the measurement problem: I-
Everett's interpretation

There exist nowadays several no-collapse interpretations of quantum
mechanics which are all strikingly reminiscent of one or another feature
of Schrodinger's views. Our task in the following two paragraphs is to
review them carefully and to evaluate their achievements in the light of
Schrodinger's own attempt at providing a satisfactory treatment of the
measurement problem.

The first conception we shall examine is Everett's relative-state
interpretation, for Everett himself claimed that his theory was just a
development of Schrddinger's. According to Everett, the relative-state
interpretation is “(...) based on pure wave mechanics”!. Sometimes he
even calls it “the wave interpretation”, because “this view also
corresponds most closely with that held by Schrodinger”. The only
difference he points to between his interpretation and Schrodinger's is
that his “(...) picture only makes sense when observation processes are
treated within the theory”. It is only when observations processes are
included within the wave-mechanical description that “(...) Heisenberg's
criticism of Schrodinger's opinion - that continuous wave mechanics
could not seem to explain the discontinuities which are everywhere
observed - is effectively met. The ‘quantum-jumps’ exist in our theory as
relative phenomena (i.e., the states of an object-system relative to chosen
observer states show this effect), while the absolute states change quite
continuously”s. Our task is then to evaluate Everett's claim of striking
similarities and slight differences between his interpretation of quantum
mechanics and Schrédinger's. In order to do so in an orderly way, we
shall list the distinctive features of Everett's interpretation and then
compare each of these features with corresponding statements arising
from Schrodinger's mature position, say from 1935 to the 1950's. This
list of 10 items will be given according to an approximate order of
decreasing agreement between Everett and/or the Many-worlds theorists
on the one side, and Schrédinger on the other.

(1) No-collapse. This is obviously the major point of formal agreement
between Everett and Schrédinger, even though it is by no means the most
specific. In Everett's interpretation, “(...) the wave function itself is held
to be the fundamental entity, obeying at all times a deterministic wave

1H. Everett, “Theory of the universal wave function” in: B.S. De Witt and N. Graham, The many-worlds
interpretation of quantum mechanics, Princeton University Press, 1973 p. 109

2ibid. p. 115

3ibid.

4ibid.

Sibid.
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equation”!. And according to Schrodinger the law of evolution of
quantum mechanics holds at all times; it cannot be infringed occasionally
when a measurement is performed (see §4-3).

(2) Conjunction. The idea that the terms of a superposition have to be
taken as coexistent, and to be expressed by a conjunction rather than a
disjunction, is also common to Schrodinger and Everett. In Everett's
terms, “All branches exist simultaneously in the superposition after any
given sequence of observations”2, which is tantamount to saying that “(...)
all elements of (the) superposition are equally ‘real’”. As for
Schrodinger, his clearest expression of the idea that a superposition
expresses a conjunction of coexisting terms rather than a disjunctive list
of probabilities is to be found in the text of the July 1952 Dublin seminar.
This passage is so strikingly akin to Everett's position (and sometimes
even of its many-worlds metaphoric expressions), that it is worth quoting
extensively: “Nearly every result (the quantum theorist) pronounces is
about the probability of this or that or that ... happening - with usually a
great many alternatives. The idea that they be not alternatives but all
really happen simultaneously seems lunatic to him, just impossible. He
thinks that if the laws of nature took this form for, let me say, a quarter
of an hour, we should find our surroundings rapidly turning into a
quagmire, or sort of a featureless jelly or plasma, all contours becoming
blurred, we ourselves probably becoming jelly fish. It is strange that he
should believe this. For I understand he grants that unobserved nature
does behave this way - namely according to the wave equation. The
aforesaid alternatives come into play only when we make an observation
- which need, of course, not be a scientific observation. Still it would
seem that, according to the quantum theorist, nature is prevented from
rapid jellification only by our perceiving or observing it. (...) The
compulsion to replace the simultaneous happenings, as indicated directly
by the theory, by alternatives, of which the theory is supposed to indicate
the respective probabilities, arises from the conviction that what we really
observe are particles - that actual events always concern particles, not
waves. Once we have decided for this, we have no choice. But it is a
strange decision”+. However appealing these sentences may appear to
supporters of an interpretation of quantum mechanics based on the
simultaneous existence of branches, or even of worlds, they must be taken
with some prudence. For nowhere does Schrodinger tell us very clearly
which wave function the statement of coexistence applies to. Is it the wave
function of the object, of the composite system (apparatus+object), of the

libid.

2H. Everett, “Relative state formulation of quantum mechanics”, in: B.S. De Witt and N. Graham, The
many-worlds interpretation of quantum mechanics, op. cit., p. 146

3H. Everett, “Relative state formulation of quantum mechanics”, in: B.S. De Witt and N. Graham, The
many-worlds interpretation of quantum mechanics, op. cit., p. 116

4E. Schrodinger, July 1952 colloquium, in; E. Schrodinger, The interpretation of quantum mechanics
(Dublin seminars 1949-1955 and other unpublished texts), op. cit. p. 19-20
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more extended composite system (observer+apparatus+object), or even of
the whole universe? Only in the two latter cases would the analogy
between Schrodinger's and Everett's coexistences be complete.

Things sometimes look as if Schrédinger had chosen to favour these
two cases, but his way of expressing this option is quite ambiguous. On
the one hand, from his standpoint, nothing prevents the application of the
statement according to which terms of a superposition are to be construed
as “simultaneous happenings” rather than “alternatives” to any wave-
function. His allusion to “we ourselves” and to “nature” turning into
“jelly” or prevented from “jellification”, is perfectly compatible with a
holistic conception of the wave function, including observers and the
whole universe. On the other hand, however, in his explanation of the
motives of those quantum theorists who believe that wave functions just
correspond to disjunctive statements of probabilities, Schrédinger tends to
refer restrictively to wave functions of objects. According to him the
problem here is only to decide between a particle conception and a wave
conception of “what we really observe”, namely of objects. Besides, when
he writes in subsequent paragraphs of the same text about the two modes
of linkage provided by the y-wave, he again points implicitly towards the
system-object, rather than towards any composite system. These two
modes of linkage between events are, respectively, the transversal (wave-
like) linkage and by longitudinal (particle-like) linkage.

(3) Holism. According to what has just been said, there appears to be a
noticeable difference of emphasis between Schrodinger and Everett when
holistic description is at stake. However, this difference is not very easy to
appreciate in a single instance, and we thus have to evaluate it from a
more general standpoint. To begin with, Everett's motivation and
methods are consistently and thoroughly holistic. The motivation for his
interpretation, as he states it in his paper of 1957, is cosmological: “(in
the case of a closed universe), there is no place to stand outside the system
and to observe it. There is nothing outside it to produce transition from
one state to another”. His method thus consists in including each time both
the apparatus and the observer within the relevant composite system to be
described by a wave function. Actually, this is just a minimal composite
system. When pushed to its ultimate consequences, Everett's interpretation
prompts one to look for a wave mechanical description of the whole
universe!l.

As for Schrodinger, we have seen in previous chapters that he was
quite familiar with holistic considerations, even in the framework of pre-
quantum physics. He was also the physicist who developed the first
quantum account of composite systems as early as 1927, and who
emphasized the concept of entanglement of wave functions in a series of
papers published in 1935. He did not hesitate to apply the formalism of

ID. Deutsch, “Quantum theory as a universal physical theory”, Int. J. Theor. Phys., 24, 1-41, 1985
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entangled wave functions, which was suited for describing the interaction
between any two (or more) systems, to the interaction between system-
object and system-apparatus. But on the other hand his use of wave
mechanics was usually less daring than his own advances could have
allowed. He generally limited his non-formal discussions of wave-
functions to the wave-functions of system-objects, rather than to more
holistic wave-functions including the apparatus; and he often treated the
system-apparatus as a kind of background which merely determines the
structure of a certain observable. Such was the case for instance when he
wrote in 1952 “The wave-function, characterizing the state of the system,
and the operator, characterizing the experimental device, together are
supposed to give a certain information on the observed value”!. In
addition, when he wished to provide a wave-mechanical description of the
apparatus also, he tended to adopt (though admittedly as a metaphor) the
simplifying and faulty device which consists in ascribing separate wave-
functions to the object and the apparatus in order to account for the
interaction between them.

This tendency to exclude (in practice) the apparatus from the wave
mechanical description, or to separate its wave mechanical description
from that of the object, was even stronger when the observer was at stake.
In the 1935 cat-paper, Schrodinger found himself compelled to evoke the
role of the “living subject” or of a “mental act” at the last stage of the
measuring process. But he made no attempt whatsoever to encompass the
said living subject within the wave-mechanical description. The problem
is that even though he had just stated the concept of entanglement, even
though he had insisted that the measurement problem could not be tackled
properly without making extensive use of this concept, even though he
recognized that it is “(...) the characteristic trait of quantum mechanics’?,
he was still wondering in the conclusion of the cat-paper whether it would
not prove to be just a convenient trick for carrying out calculations,
reflecting the non-relativistic character of quantum mechanics. Later on,
when Schrodinger gave the observer a role in his account, it was always
to disentangle a holistic wave function; not to have this observer caught
up in the entanglement.

To recapitulate, holism was perfectly acceptable to Schrodinger; it
figured repeatedly, in his gas theory of 1925-26, in his quantum theory of
composite systems of 1935, and then in his cosmological theory of
atomism in 1937-39; he even regarded it as privileged from a
philosophical standpoint; but it never became a systematic and
comprehensive tool of thought for the interpretation of quantum
mechanics, as it came to be in Everett's interpretation.

1E. Schrodinger, Transformation and interpretation in quantum mechanics, in: E. Schrodinger, The
interpretation of quantum mechanics (Dublin seminars 1949-1955 and other unpublished texts), op. cit. p.
50

2E. Schrodinger, “Discussion of probability relations between separated systems”, loc. cit.
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(4) Relativity. “Relativity of states” gave its name to Everett's
interpretation of quantum mechanics. Its principle was stated thus: “All
statements about the subsystems (...) become relative statements, i.e.
statements about the subsystem relative to a prescribed state for the
remainder (since this is generally the only way a subsystem even possesses
a unique state); and all laws are correlation laws”. Under closer
examination, it appears that this insistence on the relativity of states and
on the correlations provides the only acceptable link between the idea that
many branches coexist and the fact that our lives and our social agreement
about the actual surrounding macro-world are only concerned with one
branch. As S. Saunders? cogently pointed out, Everett's interpretation
relies on an indexical conception of actuality. This indexical character of
actuality can easily be displayed through an analogy with the more
familiar characteristics of time. In Everett's interpretation, the specific
connection between actuality and the variously possible outcomes
exhibited by the branches of a holistic superposition follows just the same
pattern as the connection between now and the various possible tensed
propositions referring to a given event. At each step of Mc Taggart's
well-known regress, the contradiction between two tensed propositions
such as e is past and e is future can be removed provided one says
explicitly relative to which events f and f each proposition is true: e is
past relative to f and e is future relative to f'. Likewise, in a quantum
superposition, the contradiction between the factual propositions
corresponding to each term can be removed provided one says relative to
which other factual proposition each given proposition 1is true:
“‘Observable X has value r; observable X has value s’ are inconsistent.
But introducing a new observable Y, we may say instead ‘X has r relative
to u of Y; X has s relative to v of Y’ and there is no longer a
contradiction™.

This strategy is very close to Schrodinger's in his 1935 cat-paper. In
paragraph 10 of this paper, Schrodinger returns to the cat paradox that he
first explained in paragraph 5. In paragraph 10, he explains the relevance
of the paradox for the measurement problem, whereas in paragraph 5 he
just took it as a reductio ad absurdum of the most straightforward realist
reading of the y-function. He then mentions that after the entanglement
between the object, the apparatus, and the cat wave functions have taken
place, the “catalogue of information” of the apparatus (and of the cat) is
very incomplete, for it does not even indicate which result has been
recorded by the apparatus; nor does it indicate the biological state of the
cat. But the global “catalogue” at least affords a list of conditional
statements of the following form: if the pointer observable of the

1H. Everett, “Theory of the universal wave function” in: B.S. De Wit and N. Graham, The many-worlds
interpretation of quantum mechanics, op. cit. p. 118
28, Saunders, “Time and quantum mechanics”, in: M. Bitbol & E. Ruhnau (eds.), Now, time aud
guantum mechanics, Editions Frontigres, 1994

ibid.



Towards a new ontology 131

apparatus has value u and the cat is alive, then the object is characterized
by the value r of observable X; if the pointer observable of the apparatus
has value v and the cat is dead, then the object is characterized by the
value s of observable X. The (major) difference between Everett and
Schrodinger is that, according to Schrodinger, this relativization
exacerbated the difficulty instead of providing any hint of a proper
solution. For he insisted that after entanglement and conditionalization
have occurred, it is still necessary to decide which one of the conditionals
obtains. The reason for this discrepancy is likely to be found in the wide
gap between Everett's and Schrodinger's theories of mind (see
monadology, point (9) below).

(5) Realism. Realism appears to be another point of agreement between
Schrodinger, the supporters of the many-worlds interpretation, and
Everett. But, actually, this agreement is more verbal than genuine. Some
of the most enthusiastic many-worlds theorists are metaphysical (or naive)
realists, whereas, from a metaphysical standpoint at least, Schrodinger
appeared to be an anti-realist of the most extreme kind: namely a post-
Machian “idealistic monist”, according to his own wording. His
methodological realist commitment in science arose from this
metaphysical anti-realist ground, and it had many points in common with
Blackburn's quasi-realism (see § 2-1) and also with Putnam'’s internalism.

As for Everett himself, he drew a close connection between ‘reality’
and objective description!, which sounds quite close to what Schrodinger
was inclined to think. But he also insisted that pure wave mechanics is an
objective description in so far as the wave function is “(...) in one-one,
rather than statistical, correspondence to the behaviour of the system™.
This idea is definitely non-Schrédingerian; at any rate it is far from
Schrodinger's mature views. For in the 1950's Schrodinger held on to a
statistical (or at least distributional) link between the wave-representation
and the facts, through the empirical correspondence rules. And he also
pointed out (see §4-2) that well-defined statistics can be considered as an
objective feature of systems deriving from a certain experimental
preparation, just as much as a sharp value can.

(6) Parallelism. One of the most interesting features of Everett's
interpretation of quantum mechanics is the kind of parallelism it displays
between the time-development of the wave function of a composite system
(including the observer), and the sequence of experimental results as it is
recorded in each observer's “memory bracket”. If each memory bracket
is “capable of the interpretation ‘the observer has experienced the
succession of events A, B, ... , C”3, then this parallelism can even be

IH. Everett, “Theory of the universal wave function” in: B.S. De Witt and N. Graham, The many-worlds
interpretation of quantum mechanics, op. cit. p. 111

2ibid. p. 109

3ibid p. 144
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identified with “psycho-physical parallelism”. But this subjective
interpretation of the “memory bracket” is not indispensible, and one can
refer to intersubjective communication about events instead. Parallelism is
not necessarily psycho-physical; it can be construed as parallelism
between the evolution of the wave-function and a set of sequences of
intersubjectively acknowledged facts2. The first interpretation of the
memory bracket can be called mentalistic, whereas the second may be
referred to as pragmatic.

At any rate, there is one important point which holds irrespective of
whether one gives a mentalistic or pragmatic interpretation of Everett's
“memory bracket”. It is that even though there are as many brackets as
there are terms in the superposition, each memory bracket is
characterized by a content which is consistent with the following two
basic epistemological requirements: reproducibility of experiments and
agreement of observers about experimental results. True, reproducibility
and agreement are not causally explained by any consideration about a
transcendent object provoking uniform effects in the apparatus or in the
brain of the observers, but they are implied by the very holistic structure
of the theory supplemented with the interpretative device of “memory
brackets”.

This non-causal account, which was referred to as parallelism (see
chapter 6 for more details), is a very peculiar way of dealing with
reproducibility and agreement. It may seem to be totally at odds with the
traditional conception of metaphysical realists according to which
agreement about something is due to causal interactions between the thing
“out there” and the receptive structures of instruments or sense organs,
whose end results are either uniform experimental outcomes or sense-
data. The non-causal account of reproducibility and agreement, on the
other hand, sounds very much in tune with an internalist position in
Putnam's sense. For, according to an internalist position, the concept of a
“transcendent object causing alterations in us” is but an unwarranted
extension of the immanent causal relations. Showing that the very
structure of physical theories automatically ensures that facts will agree
with our basic methodological requirements of reproducibility and
intersubjective agreement, as can be done by using Everett's concept of
“memory bracket”, is thus the most a community of human scientists can
hope for. We shall call this position the “structuralist” (and internalist)
version of parallelism.

But actually, it was very soon considered that Everett's way of
displaying reproducibility and agreement could also be made consistent
with a metaphysically realist position, provided the metaphysical realists
leave aside dualism and causal interactionism, and adopt monism and

libid. p. 117; see more comments in paragraph 6-7 of the present essay.

M. Bitbol, De liniérieur du monde (in preparation); M. Bitbol, “Quantum mechanics, facts, and
presence”, in: M. Bitbol & E. Ruhnau (eds.), Now, time and quantum mechanics, Editions Fronti¢res,
1994
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emergentism instead. One can for instance regard the whole universe as
corresponding to a single wave function from which a certain range of
macroscopical appearances emerge, each one in one world; and that the
memory brackets display these emerging features as they appear in each
world. Let us then call this the “emergentist” version of parallelism.

Schrodinger's attitude towards this crucial issue of parallelism is not
very easy to define. Moreover, it changed during his lifetime. To begin
with, the idea of causal interaction between a transcendent object and
(technological or biological) receptive structures was obviously difficult
to reconcile with Schrodinger's criticism of metaphysical realism and of
the concept of thing-in-itself. True, he suggested from time to time a
model of interaction between a wave-object and a wave-apparatus (see §4-
3) which is strongly reminiscent of the causal view. But this pseudo-causal
model was formulated with a lot of qualifications, as a metaphor intended
as a corrective to the corpuscularian metaphor and as a tactical concession
to the spontaneous metaphysics of the physicists, rather than as a
description to be taken seriously.

I thus think the dominant trend in Schrodinger's thought was
parallelism, under its two forms: emergentism and structuralism;
emergentism in his earliest attempt at interpreting quantum mechanics,
and structuralism in his later views. In 1926, his concept of wave-packet
was just meant to display how macroscopic discontinuous and corpuscle-
like features could emerge out of a holistic wave-like background. Later
on, he developed instead a conception which is definitely closer to the
structuralist version of parallelism than to the emergentist version.
However, it did not prove easy for him to make this view fully explicit
and developed, because the kind of parallelism it tended to promote had
no special symbol (such as Everett's memory brackets) to be displayed in.
Schrodinger's structural parallelism is thus dispersed and fragmentary,
and we can but analyze its two main components.

The first component is the strict separation between the wave-
mechanical description and the domain of (macroscopic) facts.
Schrodinger advocated such a separation in what we have called his post-
modern turn. According to his statements in Science and Humanism, there
is on the one hand the wave-picture, and on the other hand the
experimental facts about which the wave picture provides information. 1If
one leaves aside the representative function Schrodinger ascribes to wave-
functions, the distinction he makes is just as strong as the category
distinction an instrumentalist would make between W construed as a
probabilistic tool and the random events to which a probability is
assigned. At any rate, such a radical cut enables one to characterize a
structural version of parallelism as opposed to an emergentist version; for
the latter would rather show how macroscopic facts arise from the
holistic wave background.

The second component of Schrodinger's structural parallelism pertains
to any version of parallelism. It consists in displaying a one-one
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correspondence, not of course directly between wave functions and facts,
but between the time-development of holistic wave-functions and the
mutual correlation of certain facts. Schrodinger's best account of this kind
of correspondence is to be found in his 1935 cat-paper, where he noticed
that after the measurement interaction has taken place, the overall
“catalogue of information” splits into a disjunction of conditional
propositions, and that each one of these propositions displays a strict
internal correlation between facts which was not there initially (i.e.
before the measurement interaction has taken place).

But did Schrédinger ever express jointly these two constitutive features
of what we called his structural parallelism? He did so at least once, in
Science and Humanism, expressing both separation and correspondence in
a single short paragraph: “(...) what is the use of such a (wave-
mechanical) description, which, as 1 said, is not believed to describe
observable facts or what nature really is like? Well, it is believed to give
us information about observed facts and their mutual dependence”!.

In the first sentence, Schrodinger evokes separation. He reminds the
reader of his previous statement according to which wave-mechanical
description is not a straighforward description of facts, and even less of a
description of what nature really is. In the second sentence he emphasizes
that wave functions however provide:

(1) information about facts (generally of a probabilistic nature),

(ii) information about the mutual dependence of facts.

But saying that information about the mutual dependence of facts can
be found in the wave function is but a loose way of expressing a one-one
correspondence between the correlation of facts and the end-product of
unitary evolution of certain wave-functions. Everett's additional
contribution consisted in creating a remarkably efficient symbolism,
namely memory brackets, in order to display this correspondence.

(7) No decoherence. Neither Everett nor Schrodinger had anything to
say about the decay of interference terms in the wave-functions of
composite systems. But they both made an assumption which ensures that
measurement interactions lead to disappearance of the off-diagonal terms
in the reduced density matrix of the object. Indeed, they both developed
the wave-function of the composite system created by the measuring
interaction in such a way that the relative states of the measured
observable eigenstates are mutually orthogonal; and one can prove that,
starting from an entangled wave-function for a composite system, the
reduced density matrix for one sub-system is diagonal if the relative states
corresponding to the other sub-system are mutually orthogonal2.

(8) Preferred Basis. The designation of a preferred basis is obviously a
very important problem for many-world versions of Everett's

IE. Schridinger, Science and humanism, op. cit., p. 41
2B. Van Fraassen, Quantum mechanics, an empiricist view, op. cit. p. 204
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interpretation of quantum mechanics. For if there is no intrinsic reason
for the wave function of composite systems to develop according to a
certain basis rather than according to any other one, then how can it be
said that splitting of the universe into several unambiguously defined
worlds happen spontaneously? Incidentally, this is a problem for other
blends of realist interpretations of quantum mechanics as well. In
spontaneous collapse interpretations, such as Ghirardi's, Rimini's and
Weber's, the question arises of the “collapse basis”, namely of the basis
according to which spontaneous collapse occurs!. And in some realist
versions of the modal interpretation (e.g. Dieks™), one has to provide an
unambiguous development of the wave function, for the wave function is
supposed to describe the system as being in a well-defined value state
corresponding to one of the terms of this development.

So, we have to evaluate briefly some recent attempts at solving the
preferred basis problem, before we come to Everett's and Schrodinger's
positions.

One straightforward solution relies on the condition of bi-
orthogonality. According to E. Schmidt's theorem?3, each composite state-
vector can be decomposed as a linear superposition of tensorial products
of two state-vectors, in such a way that state-vectors belonging to the
same Hilbert sub-space but to different terms of the superposition are
mutually orthogonal. Dieks has therefore proposed that bi-orthogonality
be the criterion enabling one to fix unambiguously a basis for
decomposing a holistic state-vector into a linear superposition of tensorial
products of two state-vectors (one for the object and the other for the
apparatus). In Dieks' version of the modal interpretation, it follows that
bi-orthogonality is also the criterion enabling one to consider that the
system is some well-defined value-state corresponding to one term of the
superposition¢. Moreover, since this criterion works not only at the end of
the measuring interaction process, but also at any time between the
beginning and the end of the interaction, one can say, according to Dieks,
that systems can always be ascribed a well-defined value-state. At each
time, they can be ascribed a value-state for an instantaneous observable
whose set of eigenstates is the set of orthogonal state-vectors defined by
the instantaneous bi-orthogonal decomposition. The two difficulties which
hinder this strategy are that the choice of bi-orthogonality has to be
justified on meta-theoretical grounds, and that there are cases where the
bi-orthogonal decomposition is not unique.

Another proposal was Deutsch's kinematic independence, according to
which each term of the superposition has to evolve independently of the

IM. Dickson, “What is preferred about the preferred basis?”, Found. Phys., 25, 423-440, 1995

ID. Dieks, “Modal interpretation of quantum mechanics, measurements, and macroscopic behavior”,
Phys. Rev. A49, 2290-2300, 1994

3E. Schmidt, “Zur Theorie der linearen und nicht linearen Integral Gleichungen (I)”, Math. Annalen, 63,
433-476, 1907

4D. Dieks, “Resolution of the measurement problem through decoherence of the quantum state”, Phys.
Lett. A-142, 439-446, 1989
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other terms!. Bi-orthogonality can be derived from kinematic
independence, whereas kinematic independence cannot in general be
derived from bi-orthogonality. In addition, kinematic independence offers
a criterion of decomposition of holistic state vectors into superpositions of
tensorial products of any number of state vectors, rather than only two.
Unfortunately, this criterion shares most defects of bi-orthogonality, in so
far as it (admittedly) relies on a meta-theoretical criterion, and it
sometimes leads to non-unique decompositions2. No wonder that
decoherence theories, which were initially developed in order to provide
one with a self-sufficient solution to the measurement problem, have been
hailed as a possible rescue for many-worlds versions of Everett's
interpretation. For, as Saunders puts it “In the light of recent
developments in measurement theory, in particular the theory of
decoherence in open systems, (...) there are strong grounds to suppose
that a ‘pointer basis’ (or ‘preferred basis’) can be derived from quantum
mechanics™. A demonstration of how a preferred basis can be derived
from a decoherence formalism has been given by Zurek's group*.

Two questions remain open at this stage.

(1) Why combine Decoherence with Many-worlds, rather that retaining
Decoherence alone? An obvious answer is that decoherence was designed
to solve the problem of the transition of the composite system
(object+apparatus) from a pure state to an (approximate) mixture,
whereas Everett's interpretation and/or its many-worlds versions are also
able to address the problem of the transition from the (approximate)
mixture to the appearance of a single well-defined outcome. Gell-Mann's
and Hartle's theory of decoherent histories represents an interesting
attempt at merging the two approaches into one’. But there are also other
quite different approaches of decoherence, much less sympathetic to
Everett's views. R. Omnes, for instance, insists that the only problem
which has to be addressed is the one of transition from a pure state to a
mixture liable to an ignorance interpretation. According to him, the
problem of actuality, i.e. of appearance of a single result, which is
specifically addressed by Everett, goes beyond the field of physicse.

(i) Is decoherence a satisfactory answer to the preferred basis
problem? It is partly satisfactory because decoherence theories can be
framed in such a way that they ensure uniqueness of the basis. But in so
far as it does not dispense with metatheoretical arguments, it fails to

ID. Deutsch, “Quantum theory as a universal physical theory”, loc. cit.

2S. Foster & H. Brown, “On a recent attempt to define the interpretation basis in the many-worlds
interpretation of quantum mechanics”, Int. J. Theor. Phys., 27, 1507-1531, 1988.

38. Saunders, “Decoherence, Relative states, and Evolutionary adaptation”, Found. Phys. 23, 1553-1587,
1993

41.P. Paz & W.H. Zurek, “Environment-induced decoherence, classicality, and consistency of quantum
histories”, Phys. Rev. D48, 2728-2737, 1993

SM. Gell-Mann & J.B. Hartle, “Classical equations for quantum systems”, Phys. Rev., D47, 3345-3382,
1993

SR. Omnes, The interpretation of quantum mechanics, Princeton University Press, 1994
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represent the proper theoretical breakthrough which was the aim of every
serious attempt at solving the preferred basis problem. In Saunders'
terms, “unless quantum mechanics is supplemented with a new hypothesis,
decoherence is approximate and interest-relative”. It is approximate
because interference terms do not disappear during the decoherence
process, but are only made very small For All Practical Purposes. And it
is interest-relative, because decoherence cannot be worked out without
some supplementary assumptions which are all tantamount to
presupposing that every physical process must eventually result in an
acceptable macroscopic world for people to speak about and live in.
Zurek's essential assumption, namely coarse-graining of the world into
object, apparatus and environment, is admittedly anthropomorphic. As
for Gell-Mann and Hartle, their having recourse to what they call
“Information Gathering and Utilizing Systems” for setting the criteria of
selection of sets of decoherent histories, is obviously meant to provide one
with a physicalist equivalent of the anthropocentric account. Lockwood's
reference to the “consciousness basis” and Saunders’ Darwinian
arguments® have at least clearly stated the biocentric and anthropocentric
features that most physicists (be they supporters of decoherence theories
or of the many-worlds interpretation) have desperately attempted to avoid
or to hide.

At this stage, we can come back to Everett's original conceptions about
the preferred basis, and then to Schrodinger's. As we mentioned
previously, Everett's strategy of decomposition of the state vector of a
composite system (object+apparatus+observer), at the end of the
measuring interaction, consisted in starting from the basis of eigenstates
of the relevant observable (each eigenstate being a possible state of the
object), and then assuming that the relative states are also mutually
orthogonal. The mutual orthogonality of the relative states derives from
the condition that the corresponding measurement is a ‘“good”
measurement, namely one which is capable to discriminating adjacent
values of the measured variable®.

One problem with this approach is that Everett could not justify, on a
purely wave-mechanical basis, his initial preference for the observable
eigenstates. The main argument he gave is clearly interest-relative, for it
relies on the condition that the apparatus coordinate be definite in each
relative stateS. However, Everett tried to give his choice a universal
significance, by generalizing the concept of a bi-orthogonal

1S. Saunders, “Decoherence, Relative states, and Evolutionary adaptation”, loc. cit.

2M. Lockwood, Mind, Brain, and the Quantum, B. Blackwell, 1989; “‘Many-minds’ interpretations of
quantum mechanics”, Brit. J. Philos. Sci. (forthcoming)

38. Saunders, “Decoherence, Relative states, and Evolutionary adaptation”, loc. cit.; S. Saunders, “Time
and quantum mechanics”, in: M. Bitbol & E. Ruhnau (eds.), Now, time and quantum mechanics, op. cit.
4H. Everett, “The theory of the universal wave function” in: B.S. De Witt and N. Graham, The many-
worlds interpretation of quantum mechanics, op. cit. p. 47. See also B.S. De Witt, “Many-universes
interpretation of quantum mechanics” ibid. p. 157

SH. Everett, “‘Relative state’ formulation of quantum mechanics”, in: B.S. De Witt and N. Graham, The
many-worlds interpretation of quantum mechanics, op. cit. p. 143-144
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decomposition (that he calls the canonical representation). He noticed that
the condition of bi-orthogonality can be imposed at any instant during the
measuring interaction, and not only at the end of this interaction!. This
could have prompted him to consider, as Dieks did several years later,
that the criterion of bi-orthogonality thus defines at each time an
instantaneous observable A(t), whose eigenvectors are those belonging to
the object side of the bi-orthogonal decomposition. But Everett was quite
reluctant to do so, and he even criticized explicitly any attempt at
identifying A(t) with an observable. He insisted that an observable should
not depend on time, but only on initial conditions. The only real
observable is therefore A(0), namely the limit of A(t) when t—o. At any
given instant t, the interaction between the apparatus and the object can
but approximate the limiting conditions which makes it equivalent to a
measurement of the observable A(eo)=A. It is, therefore, clear that,
according to Everett, bi-orthogonality was not sufficient by itself to
define the sought-after preferred basis. A meta-theoretical element,
enabling one to define the observable A which correspond to given initial
conditions in a measurement, still had to be introduced somewhere. This
meta-theoretical element was likely to be, according to Everett, a
condition of permanent “definiteness” of the pointer states of the
apparatus after a measurement.

Schrodinger expressed this absolute need for a meta-theoretical element
even more strongly. True, Schrédinger was the quantum physicist who
rediscovered, as early as 1935, the Schmidt theorem about bi-orthogonal
decompositions2. He was also the first physicist who pointed out in the
same paper the role of bi-orthogonal decompositions in the interpretation
of entangled state vectors: “The biorthogonal development is the one
which give us true insight into the entanglement. (...) one can say that the
entanglement consists in that one and only one observable (or set of
commuting observables) of one system is uniquely determined by a
definite observable (or set of commuting observables) of the other
system”. But Schrodinger never tried to use bi-orthogonal decomposition
of the state vector of composite systems (object+apparatus) as a criterion
enabling one to define a basis of decomposition independently of our
previous knowledge of observables and of their associated basis of
eigenvectors. He rather insisted repeatedly, in his 1952 lectures entitled
“Transformation and interpretation in quantum mechanics™, that the
association of linear operators called “observables” with measuring
devices cannot be obtained as an outcome of the theory itself. In lecture 4
of this series, he mentioned, in a strikingly Bohrian style, that the
“assumption of correspondence” between measuring devices and

TH. Everett, “The theory of the universal wave function”, in: B.S. De Witt and N. Graham, The many-
worlds interpretation of quantum mechanics, op. cit. p. 54.

2E. Schrodinger, “Discussion of probability relations between separated systems™, op. cit.

3E. Schrodinger, Transformation and interpretation in quantum mechanics, in: E. Schrodinger, The
interpretation of quantum mechanics (Dublin seminars 1949-1955 and other unpublished texts), op. cit.
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observables “(...) is a loan from classical physics. It is suggested by the
fact that many of our operators are loans from classical physics, they are
functions taken from classical physics, ‘translated’ into operators”. And
in lecture 7, as we already mentioned at the end of §4-3, he claimed that
the association of linear operators and measuring devices has to be taken
for granted, though it “cannot” arise from “pure mathematics”2.

At the time when these lectures were written, Schrodinger's conviction
that the observables and the associated basis of eigenstates are not
derivable from the theory itself, let alone from any method using “pure
mathematics”, could have been considered over-pessimistic. Nowadays,
however, after so many failed attempts at finding intrinsic criteria of
decomposition of state vectors according to a preferred basis, it appears a
quite reasonable attitude. Most likely, the search for intrinsic criteria for
defining a preferred basis will be replaced in the coming years by a
discussion of the appropriateness of meta-criteria (be they transcendental
or naturalized, mentalistic or pragmatic, anthropic or Darwinian).

At any rate, in view of Schrodinger's claim that the privileged status
accorded to the basis of eigenstates of an observable cannot be justified
within the framework of the theory, it is very likely that his reluctance to
embrace any version of the many-worlds interpretation of quantum
mechanics in spite of coming so close to it, is partly due to his early lucid
perception of the preferred basis problem.

(9) Monadology. As M. Lockwood® rightly points out, Everett's
original interpretation of quantum mechanics is much closer to what one
calls nowadays a “many-minds” or “many-observer states” theory4, than
to a genuine many-worlds view. “For (Everett) never speaks of dividing
or differentiating worlds or universes, but only of the ‘branching’ and
‘splitting’ of ‘observer states’”s. In his 1957 paper, Everett insisted that
“throughout all of a sequence of observation processes, there is only one
physical system representing the observer”, thus ruling out the
straightforward many-worlds interpretation of his views; yet, he said,
“there is no single unique state of the observer” after a measurement
interaction has taken place, and in each state, the observer has to be
construed as perceiving a particular experimental outcome. As we
mentioned in point (6), this link between multiplicity of observer states
and multiplicity of perceptions is justified by the principle of “psycho-
physical parallelism”.

In Leibnizian terms, one could say that Everett chose to picture the
universe as a single world with a plurality of observer-branch monads
(which may each involve several observers with correlated states), rather

libid. p. 51
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than as a plurality of worlds. As it was the case for monads, observer-
branches can be said to have access to the universe from their particular
viewpoint, and to lack “windows” to communicate with each other. And,
as it was the case also with monads, one may speak of a mutual agreement
between the observer-branches in spite of their lack of communication,
provided an external viewpoint (God's viewpoint or the theoretician's
viewpoint) is adopted. The only important difference from Leibnizian
monads is that observer-branches do not agree with each other about
single events, but only about statistics. Agreement about statistics is the
only point about which some kind of “pre-established harmony” between
most observer-branches would have to be invoked (though this is
obviously not the kind of vocabulary most present-day philosophers
would be eager to promote).

However, both this monadological conception of the world and the
physicalist conception of mind which is more or less explicitly associated
with it, are definitely foreign to Schrédinger's thought.

In his Mind and Matter, Schrodinger stated a problem which has
obvious relations with what is at stake in Everett's interpretation of
quantum mechanics. This problem is: “(...) the arithmetical paradox; the
many conscious egos from whose mental experiences the one world is
concocted”!. The very formulation of the problem seems to require a
monadological solution. But the terms in which Schrodinger presents this
kind of solution leaves no doubt about his absolute lack of sympathy for
it: “One way out is the multiplication of the world in Leibniz's fearful
doctrine of monads: every monad to be a world by itself, no
communication between them; the monad ‘has no windows’, it is
‘incommunicado’. (...) I think there are few to whom this suggestion
appeals, nay who would consider it as a mitigation at all of the numerical
antinomy’’2,

In addition, Schrodinger was extremely opposed to any version of a
physicalist conception of mind. For, as he wrote in a paper of 19463, the
Mind is basically Subject, and as a subject it cannot be taken as an object
at all. In this text, his conception of the Mind appears to stem from
Schopenhauer's abstract concept of the pure knowing subject, and to have
affinities with Wittgenstein's metaphor of the eye in the visual field in the
Tractatus (5.633). But a quite different influence on Schrédinger's
conception of the Mind is also manifest in certain texts: it is the influence
of the original Vedantic doctrine of identity according to which the Mind
(my mind) is just “(...)identical with the whole and therefore cannot be
contained in it as a part of it”4.

So, it can be said that Schrodinger wavered between two possible
explanations of the necessary absence of the Mind in our world picture:

YE, Schrodinger, Mind and Matter, op. cit. p. 128
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4E. Schrodinger, Mind and Matter, op. cit. p. 128
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either the Mind plays the role of the (self-invisible) eye in this world
picture (Wirtgenstein), or it is just identical with this world picture
(Advaita Vedanta). But whatever option is adopted, it has the twofold
consequence that Mind cannot be an object of (scientific) study, and that
the Mind is functionally unigue.

Thus, Schrodinger's solution of the “arithmetic paradox” could only be
spiritualist and monist. When he stated what this solution should be
according to him, Schrodinger referred explicitly to the doctrine of the
Upanishads according to which there is only one Mind, not one for each
body, let alone one for each possible brain state. In order to illustrate the
kind of mind-body relation he was contemplating, he quoted the following
sentence by a Persian mystic of the middle ages, Aziz Nasafi: “The
spiritual world is one single spirit who stands like unto a light behind the
bodily world and who, when any single creature comes into being, shines
through it as through a window”. Such a conception has obviously
nothing to do with Everett's combination of monadology and latently
physicalist conception of the Mind.

One must note, nevertheless, that although Schrddinger's monistic
philosophy of mind is clearly different from Everett's monadological
treatment of minds, it is not incompatible with Everett's theoretical
framework as such. As I showed a few years ago?, it is perfectly possible
to reconcile Schrodinger's cluster of monistic conceptions of mind with
something like the many branches theory, provided some slight
interpretative moves are made.

One has only to suppose that Everett's holistic wave function describes
every thing , but not everything. In this case, one may consider that there
i1s something which remains definitely outside the quantum description,
just as it remains outside any description of the objective world. This
something is the Mind in a very abstract sense; that is Schrodinger's Mind
identified with the pure placeless, timeless and disembodied knowing
subject (as in his paper of Eranos Jahrbuch of 19463), or Wittgenstein's
“metaphysical subject”, which is just as absent from the objective world as
the eye in the visual field. This being granted, the next two steps consist in
formulating a perspectivist analysis of physical systems (the physical
systems display themselves through a multiplicity of aspects seen from the
different standpoints an observer may adopt), and in making a far-
reaching substitution: here, it is the abstract Mind which is going to play
the role usually ascribed to an observer, whereas the observer's body
becomes part of the described physical system. Carrying out this
substitution analogically, one would say that the composite system
(object+apparatus +observer's body) gives rise to “aspects” that the Mind
perceives by changing its point of view relative to the system, just as an

IE. Schrodinger, Mind and Matter, op. cit. p. 129
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ordinary observer can see several aspects of an object by moving around
1t.

But this seems absurd. If the Mind is placeless, how could it change its
point of view? If it has no sense organs, how could it perceive at all?
Fortunately, Everett's formalism offers a very straightforward
generalization of the concept of point of view. Once the wave function of
the overall ‘real system’ has been defined, it displays, at any given time,
the set of memory states which result from the interaction between the
object in the restricted sense, the apparatus, and the observer's brain.
Rather than saying that this interaction results in a branching off of the
world or of the observer's mind, we could rather consider that it
confronts the One Mind with all its own possible states in a given
situation. Take then the concept of “point of view” in its most figurative
sense, the one you use when you notice, for instance, that your point of
view on life is determined by your past experiences. This kind of “point
of view” represents in some way no less than your personal identity.
Now, in this figurative sense, the set of memory contents displayed in
Everett's expression of the state vector of the composite system can be
identified with the set of all the “points of view” Mind has the possibility
to adopt on the system.

At this point, we must stress one important difference between this
position and Everett's. Everett considers, in good agreement with his
physicalist conception of the mind, that in each branch there is a (relative)
state which describes the observer as definitely perceiving a particular
object state. In each branch, there is something like a physicalistically
construed mind which perceives the world from his own point of view.
As previously emphasized, we may say that Everett's branches represent
a quite exact equivalent of Leibnizian monads. But in the monistic-
spiritualistic conception, even though there are still many points of view,
there are not as many perceptions, let alone as many minds, as points of
view. There is only One Mind which may adopt any one of the available
points of view. Here, one cannot speak of a plurality of monads
construed as substantialized points of view with a physicalistically based
awareness of their own, but rather of a plurality of structural positions
the Mind may happen to occupy. To use the beautiful metaphor
Schrédinger borrowed to the Persian mystic Aziz Nasafi, each particular
Everett's branch, with its memory content, can also be considered in such
a conception as a window through which the One Mind has the possibility
to shine. Let us call this combination of Everett's formalism and
Schrodinger-like monistic-spiritualistic outlook “the One Mind - many
points of view interpretation”.

However, even with the previous qualifications, the idea that Everett's
formalism can be interpreted as a technique for displaying the whole set
of figurative points of view the One Mind may adopt when faced with a
composite system including an observer's body, is not devoid of
difficulties.
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It is at least clear that these difficulties are definitely distinct from
those faced by the many-worlds conception of the same formalism.
Whereas the many-worlds interpretation sounds like an imaginative
fantasy whose challenge is to justify the necessity of generating many
unobservable situations, “the One Mind - many points of view
interpretation” threatens other elements of the set of our most intimately
rooted beliefs. These are the problems we shall now address.

To begin with, there seems to be something odd in the contention that
Everett's writing of the state of a compound system displays a set of
“possibilities”, namely the set of the possible states of the One Mind.
After all, a debate took place between physicists who contended that a
measurement yields transition from several possibilities to a single
actuality, and Everett, according to whom all the elements of the
superposition are actual relative to the corresponding observer's state. But
to understand Everett's position, one must recognize that his primary
concern was not to eliminate the concept of “possibility” from the
interpretation of quantum mechanics. It was rather to avoid considering
any physical transition from the possible to the actual. And, since actuality
is considered as the most obvious characteristic of an experimental result,
Everett had but one solution to eliminate the necessity of considering a
transition: it was to spread out actuality somehow onto every term of the
superposition.

Now in “the One Mind - many points of view interpretation”, the last
stage of an experiment, namely its epistemic level, amounts to the
following event: Mind identifies itself to one of those points of view on
the compound system which were made available by the measuring
interaction. This identification is definitely not a physical process. It does
not involve anything which changes the state vector describing the real
system. It is not tantamount to a physical transition from the possible to
the actual. Thus, although the modal concept of “possibility” has not been
eliminated from “the One Mind - many points of view interpretation”,
and although actualisation retains a special status in this interpretation (for
it means identification of the One Mind to one of the available points of
view), no physical transition from the possible to the actual is involved.

However, at this stage, the reasoning remains incomplete. For, if
Mind identifies itself irreversibly to one of its possible points of view,
what difference other than purely verbal is there between the usual
physical actualisation and this peculiar type of actualisation we have called
“identification” of the One Mind to a certain point of view? Don't they
both ascribe a particular status to one term in the superposition? To clear
up the non-trivial difference between the two concepts, we need a precise
spatio-temporal analysis of “identification”. This analysis is likely to
eliminate radically the possibility of speaking of “identification” as if it
were a “process” able to occur reversibly or irreversibly. But before
performing this analysis, we must study another related difficulty.
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A problem in “the One Mind - many points of view interpretation” is
that the perspectival description of the world it involves lacks a meta-level
from which the points of view can be described. Even though the
theoretician ascribes himself a (purely formal) meta-position, his picture
does not include any “point of view of points of view” which would be
able, as the Leibnizian God, to encompass the whole series of monads.
Indeed, as soon as the Mind identifies itself with a point of view, it can
but identify itself with a particular one among those made available by the
time development of the composite system which includes the observer's
body. However, this being granted, the mere insistance on the
“particularity” of a point of view sounds artificial. Since no point of view
is available from which all the other points of view would be seen as
equivalent, the point of view Mind adopts, when adopted, is not one
among others; it is the point of view, self-referred to as my point of view.

Let us retain that the Mind, having no point of view of its own, can
but adopt particular points of view and identify itself completely with
each of them. The Mind is by itself point-of-view-less, just as it is
placeless and timeless. The aporia is then the following: the Mind is not
within the world since, even if it can identify itself to any available point
of view which partake of the world, it does not reduce to this point of
view. Nor does the Mind stand outside the world, since it has no point of
view of its own, independent from the points of view the world can offer.
The Mind can only be considered as an empty space in the triadic relation:
“point of view of ( ) on a ‘real universe’”. One can thus see in what
sense the Mind may be said to retain its necessity, even though the ‘real
universe’ admittedly gathers all that falls under the categories of
knowledge: the Mind holds a key role in the very constitutive relations of
this knowledge. It has a functional status.

Let us now come back to the problem of the spatio-temporal analysis
of “identification”. Let us suppose that Everett's holistic wave functions
represent a faithful description of the objective world. In a perspectivist
framework, this means that they correctly list the available points of view
at a given time and that they enable one to calculate the set of possible
points of view associated to a particular compound system at time t, given
this set at time t'. The last step of an experiment, namely awareness, or
“identification” of the Mind to a particular point of view, cannot however
be included in this description. “Identification” fo a given point of view
does not pertain to the description of points of view, and moreover, since
it involves a timeless entity (the One Mind), it has nothing to do with any
temporal process. Using once more, but in a slightly different version,
the metaphor Schrodinger borrowed to Aziz Nasafi, it is appealing to
fancy the Mind as a beam of light (of heavenly, non-disturbing light, of
course!) illuminating a particular point of view, whereas the others
remain in the darkness. But this is again misleading. No objective element
can give any distinct character to a point of view the Mind has adopted,
since every relevant objective element is already included in the spatio-
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temporal description afforded by the wave function. In fact, the Mind is
the only entity concerned by “identification”.

The strangest point is that, in this conception, nothing prevents the
Mind from identifying itself to this and that point of view, here and there,
before and after. The Mind has no spatio-temporal location, and it cannot
be aware of any “change” occurring while it performs the odd trip we
have just sketched. Indeed, if it identifies itself to a given point of view,
this implies that it adopts the whole associated memory content. It can
never remember a “previous” point of view, for all its available
“memories” are confined to the particular point of view it occupies
“presently”. Of course, the words “previous” and “presently” have no
other significance than that of elements in an analogical picture of what
we have called identification. Mind has no history; and present, past and
future are meaningless for it. Having a history would mean holding traces
of a past. But all the possible traces are included in the description of the
objective world, where they appear as (figurative) points of view. The
only history Mind can have pertains to the point of view it identifies itself
to.

The difference between physical actualisation and mental actualisation
or “identification” is thus considerable. Physical actualisation is an
irreversible process, by which one of the possible points of view is
selected and given a distinctive status, so that any further description of
possible points of view is dramatically affected by it. “Identification” has
no import on physics at all, it does not modify the becoming of the set of
possible (figurative) points of view. Again, it is pure awareness.
“Identification” provides a connection between the objective world
unfolding in space-time, and the placeless and timeless Mind.

But this connection is of a very special nature. For instance, it would
be absurd to state that “identification” of Mind with a given point of view
has occurred at a given time; for temporal location pertains to the
objective world. But it would be no less absurd to infer from this
impossibility that “identification” never occurs, since awareness would
then prove impossible. How can we reconcile these two constraints
bearing on the time of identification, if we are to remain in the
framework of Schrodinger's monistic-spiritualistic conception? In his
philosophical writings Schrodinger has given a very precise statement of
his doctrine about the relation between the Mind and time. This statement
can be used in order to cla