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FOREWORD

Considering the great variety of facts, theories, forms
of 1life that has existed at any time in the history of West-
ern thought and that has become quite overwhelming today,
scientists and philosophers have adopted the one or the other
of the following three points of view:

1. Positivism: things are what they are - all we can do
is to collect what exists and to order it.

2. Realism: things are not what they seem to be but there
is. an underlying reality. It is the task of the scientist (phi-
losopher) to discover this reality and to explain everything
on its basis.

Positivism and realism are well known in the 20th centu-
ry - but they have great ancestors. Thus some early Greek
thinkers assembled 'wonderful facts' such as earthquakes,
solar eclipses, the periodic rising of the Nile and tried to
explain them, using different explanations for different facts.
The procedure is quite old; it can still be found in Herodotus
and in part of the Hippocratic‘corpus. Today we have the ten-
dency to collect facts and increase the precision of measure-
ments without any theoretical rationale. Facts, it is assumed
by those who follow the trend, have value in themselves no
matter how well they fit into or clash with abstract concep-
tions and no matter what their (theoretical, or 'social')
significance.

Positivism was criticised already in antiquity. "To know
a lot" writes Heraclitus "does not teach reason". Anaximander
developed a comprehensive point of view that explained the
origin and structure of the world: the world is an ordered
arrangement, it is a cosmos and it is uniform - the same laws
are valid throughout. Dreams, gods, Tartarus have no room in
this world, they become homeless and the question arises how
belief in them can be accounted for. The question becomes
urgent in the case of Parmenides who showed, by an intricate
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and forceful argument that there can be neither motion nor
difference. For now not only gods and dreams but the entire
world of commonsense turns out to be unreal.

It is interesting to see how certain features of this
extreme view survive even today. Thus the theory of rela-
tivity gives what one might call a static account of motion
and leaves essential properties to the consciousness of the
observer while there are many physicists who claim that im-
portant differences (quantum theory vs. the laws and facts
of classical mechanics, chemistry, bioiogy) are in fact non
existent. It is also well known how often philosophers and
physicists have tried to understand quantum theory in clas-
sical terms. Modern realism differs from Parmenides in trying
to reduce appearance to the underlying reality instead of
throwing it out. It agrees with him in assuming that real is
what can be so reduced.

In antiquity the two traditions just described were soon
joined by a third which, for want of a better term, I shall
call

3. the structural approach. According to this approach
positivism and realism neglect phenomena which, far from
being passing fancies of nimble minds are relied upon and
used by them even when they propose radical views such as
those of Parmenides. Positivism assumes that facts have no
structure - hence all we can do is to collect them and parcel
them off in convenient ways. Realism assumes that there is
only one kind of structure to be considered. Commonsense and
the work of scientists and philosophers are built in a dif-
ferent ways; they are split into domains each domain being
held together by certain principles. If we want to maintain
the forms of life on which our science and our existence as
rational human beings depends then we must take these prin-
ciples into account and use them as boundary conditions of
research.

The foremost ancient exponent of the structural view
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was Aristotle. Aristotle rejected positivism on the grounds
that we know not only facts but also principles. The prin-
ciples may not cover all there is but there are sizeable
domains held together by the same set of principles. It is
the task of the philosopher-scientist to identify the domains
and to formulate the principles appropriate to them. Aris-
totle rejected realism by simply pointing to the results of
a research of this kind: there are different domains guided
by different principles none of which can be pushed aside or
'reduced' to other principles. However, there may exist a
general theory of being which permits us to bring order into
the principles discovered.

Realism and especially the mechanical philosophy played
an important role in the rise and the development of modern
science. Helmholtz still maintained that an explanation was
satisfactory only if it used mechanical models. Mach, Duhem
and, following them, Einstein then looked for theories of a
different kind (called "theories of principle" by Einstein)
which covered large areas but without giving a detailed ac-
count of the systems concerned while Einstein and especially
Bohr introduced the idea that such theories may be context-
dependent, different theories being valid in different do-
mains. Combining these ideas with abstract mathematics such
as various algebras, lattice theory, logics then led to a
powerful revival of the structural approach. Thus the search
for a generalized quantum theory is exactly in Aristotle's
spirit: we do not take it for granted that the quantum the-
ories we have are the best way of dealing with everything,
looking either for new interpretations or suitable approxima-
tion methods to solve hairy cases; we rather try to identify
domains and theories suited for them and then look for ways
of relating these theories to each other.

Professor Primas explains the structural approach and
demonstrates its power in the domain of chemistry. In doing

so he reviews major standpoints and problems of modern science
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and philosophy of science; he shows how some of the problems
can be solved by the structural approach. Freeing researchers
from the agnosticism of the positivists and the dogmatism of
the realists he liberates their imagination and prepares a
fruitful collaboration of science, philosophy and abstract
(non numerical) mathematics. In the past these subjects were
often separated, or combined in a one sided manner. Professor
Primas rejoins them and points the way to a new philosophy of
nature that is not only useful and exact but also contains a
metaphysics, i.e. a comprehensive picture of the world and
man's place in it.

Berkeley Paul Feyerabend



PREFACE

The purpose of this book is to provide a deeper insight into the
modern theories of molecular matter. It incorporates the most important
developments which have taken place during the Tast decades and reflects
the modern trend to abstraction. At the present state of the art we have
acquired a fairly good knowledge of "how to. compute" small molecules us-
ing the methods of quantum chemistry. Yet, in spite of many statements
to the contrary and many superficial discussions, the theoretical basis
of chemistry and biology is not safely in our hands.

It is all but impossible to summarize the modern developments of
the theory of matter in nontechnical language. But I hope that I can give
some feeling for the problems, the intellectual excitements and the wor-
ries of some theoreticians. I know very well that such an enterprise is
a dangerous adventure and that one says that a clever scientist should
take care of his reputation by barricading himself behind the safe wall
of his speciality.

This volume is not meant to be a textbook; in many respects it has
complementary goals. For good and bad reasons, most textbooks ignore the
historical and philosophical aspects and go ahead on the basis of crude
simplifications; many even 1ie like the devil and do not shrink from naive
indoctrination. Some sections of this book can be read as commentaries on
our standard texts, they are intended to stir the waters with controversy.
These parts certainly reflect the tastes, the inclination and the pre-
judices of the author.

Since all our textbooks are ultraconservative and strictly censor
new developments, these notes are in part also a progress report, intended
to increase the chemist's information about what the theoreticians have
been up to in the last decades. Modern theoretical developments like quan-
tum logics and algebraic quantum mechanics are now sufficiently mature to
demand the interest of more than a few specialists. I tried to inform
rather than to instruct, to give the gist of arguments rather than routine
details, and I hope the reader will obtain an overall view of the subject.
One or the other reader may deplore the lack of detail or think that I make
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excessive demands on his previous knowledge. In that case, he is urged

to consult the references where he is likely to find more complete infor-
mation. The references to the bibliography - which is extensive but far
from complete - are by name of the authors and date. A few sections are
on a technically more difficult level and are marked by the symbol #,

and some sections I wrote for my own benefit. My feelings will not be
hurt if the reader chooses to skip them. I shall be delighted if there
are at Teast a few sections in which he finds some inspiration.

The modern theory of matter reveals an amazing continuity of phi-
losophical and scientific problems. There is no novel idea in contemporary
research which could not be ultimately be traced to the ancients. Our
dominant mode of explanation is still Pythagorean mathematization; 1ike
Plato we try to understand reality in terms of some underlying mathemat-
ical structure. Most words in the scientist's and philosopher's vocabulary
have changed their meaning over the past few hundred years. Yet the ques-
tion raised in Platon's dialogue Paumenides two thousand years ago are
still our questions, all that has changed is our approach. Our mathemat-
ical tools are much sharper and our empirical knowledge has vastly in-
creased while the style of modern research has become distinctly unbalanced

and irresponsible.

One of the worst features of modern science is the high degree of
specialization and the exclusion of all historical and philosophical as-
pects. It is bad that the contemporary research programs force so many re-
searchers in one area to be totally ignorant of most other areas. The ways
of thinking, experiencing and behaving, the mode of activity exhibited by
contemporary science strikingly reminds one of what Shapiro (1965) has
called the paranoid style. It is characteristic of this style that bridges
between related problems are broken down so that things remain neatly and
rigidly separated. Scientists who cultivate a paranoid research style are
usually extremely acute and intense, show an exorbitant respect for compart-
mentalizations and computers, and firmly demand complete autonomy for their
narrowly fixed ideas. They like over-precise and rigid formulations but
are not able to see the associated narrowing of interests. The separation

of philosophy and science has led to the so-called realistic world view



and to the blindness of many experts who are entirely unaware of the ab-

stracting and isolating nature of modern science.

Basically, experiment and theory work together beautifully and
complement each other perfectly. If the reader is not convinced of the
paranoid tendencies of modern science, he should ponder on the wisdom of
separating experiment and theory. This dissociation poses most severe
sociological and psychological problems and may easily have disastrous
consequences for the development of science. The most striking character-
istic of modern theoretical science is the tendency to go to higher and
higher levels of abstraction. Much to the dismay of the experimentalists,
the theoreticians move away from specific problems and turn to compara-
tive studies of theoretical structures. In the words of Marshall Stone
(1966), the "abstract" of today becomes the "concrete" of tomorrow. Now-
adays, mathematics is the most important language of theoretical science
but few scientists can indulge in the Tuxury of keeping up with the in-
creasing mathematical character of our most fundamental theories. This
deplorable separation of experiment and theory forces the experimentalists
to discuss so-called "medels" of the phenomenon under investigation, us-
ing rather superficial and unreflected ideas about abstraction, idealiza-
tion and approximation. Since the new developments in theoretical chem-
istry require a broader mathematical training than is customary in our
present-day chemical education, most chemists do not realize that new
well-founded concepts and powerful mathematical techniques are available
for the design and interpretation of experiments. Here, I do not refer to
the useful bust vastly overrated methods of numerical quantum chemistry.
Quantum chemistry is but a narrow subfield of theoretical chemistry and

numerical quantum chemistry is nothing but a powerful tool.

Much of the material covered in this volume has been presented in
lectures that I gave at the Swiss Federal Institute of Technology (ETH)
in Ziirich during the last ten years. I owe a special obligation to my
students who criticized the lectures as well as the notes. Some of the
conceptually difficult material was distributed privately several years
ago in form of lecture notes. In turn I received encouragement and con-
structive critique from many people, yet I find it impossible to list

Xl
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them all in a fair way. However, I would Tike to single out the influence
of the late Joseph Maria Jauch (1914-1974). I had the benefit of many most
stimulating conversations and correspondences with Professor Jauch on in-
terpretation problems of quantum mechanics which have been essential in
shaping my views. In particular, Jauch convinced me in a long and tough
discussion in May 1970 that the concept of classical observables (or "es-
sential observables", as he called them) was the missing link between

physics and chemistry.

Without the action of a friendly pressure group the various lecture
notes and manuscripts would never have been transformed into the present
shape. There existed a variety of preliminary versions, but again it is
not possible to enumerate all the people who read and criticized them. I
am greatly indebted to all of them. I would Tike to mention at Teast my
former and present coworkers Dr. Peter Brand, Dr. Peter Pfeifer, Wolfgang
Gasche, Dr. Ulrich Miiller-Herold, Werner Gans, Guido Raggio, Eberhard
Miiller and Anton Amann. Their feedback was always stimulating and very
essential, their original contributions have been indispensable.

A special word of thanks is due to Miss H.Rohrer who not only did
an impressive and beautiful job with the final version but also drew up
and typed many drafts with skill and humor and has devoted enormous energy
to improve presentation and style.

Finally, I wish to express my sincere thanks to Paul K. Feyerabend
who managed to find time to read the final manuscript. He even took the
pains of going meticulously through the script, correcting a staggering
number of linguistic errors, making many stylistic improvements, and there-
with teaching me that "anything goes" is not a rule that can be applied to
the English language. Any remaining errors are of course my responsibility
alone.

Zlrich Hans Primas



1, OPEN PROBLEMS OF PRESENT-DAY THEORETICAL CHEMISTRY

"Some Like to understand what they believe 4in.
Otherns Like to believe in what they understand."
Stanislaw Lec, 1959

1.1 THE OVERPRODUCTION OF TRUTH

"Knowledge of any kind {8 a thing %o be hononed and prized", says Aristotle
(384-322 B.C.) in the opening sentence of his On the Soul. According to
the Auger report "the number of scientific jowwnals and periodicals, which was about
100 at the beginning of the nineteenth century, reached 1'000 in 1850, mone than 10'000
Ain 1900, approaches 100'000 in 1960 and - if this rate of growth nemains constant -
should be in the nedighbouthood of a million at the end of the century’ (Auger, 1961,
p.15). Linus Pauling (1958) guessed "that about 100'000 new chemical facts
are being discovered each yearn, at present", Stanislaw Ulam (1976, p. 288)
estimated that contemporary mathematicians produce one or two hundred
thousand theorems a year. Due to this explosive development of research,
science has split into many different sciences. Chemistry has split into
many disciplines only tenuously connected. No researcher can keep abreast
with the work in his own narrow subfield. Nobody can digest even the most
outstanding results of science, to say nothing of integrating them into
our culture. "The man of knowledge in our time {5 bowed under a burden he never imag-
ined he would even have: the overproduction of truth that cannot be consumed. For cen-
tunies men Lived in the belief that truth was &Lim and efusive and that once he §ound
At the troubles of mankind would be over. And here we are in the closing of the 20th
century, choking on twuth" (Ernest Becker, 1973). This is something to worry
about. The widely accepted tale "knowledge is good for mankind" has be-

come suspicious.

Due to the overproduction of truth we are actually losing ground
in the more fundamental aspects of science. Qur preoccupation with triv-
ial research and shallow truths make the public disinterest in scientif-

ic questions understandable. Unintegrated knowledge is boring for the
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nonspecialist. What matters is insight. It is not enough to have knowl-
edge, the knowledge has to become an inner experience with each of us,
it has to become part of our culture. We have an enormous amount of sci-

entific data but we have not yet found simple words for great ideas.



1.2 CHEMICAL THEORIES

The ambitious goal of any chemical theory is to understand the
underlying order in the bewildering variety of chemical phenomena. Since
Robert Boyle (1627-1691) in his famous work "The Sceptical Chymist"
(first published in 1661) established chemistry as a separate science
founded on unbiased experimental observations, the philosophically naive
view of chemistry as a.purely empirical science has become increasingly
popular. On the other hand, the forefather of modern chemistry is famous
for his creative speculative reasoning, and since his time chemistry be-
longs to the heavily theory-loaded natural sciences., Chemistry like any
science is the result of intuition and imagination, not of empirical
facts and logic alone. Every creative scientist forms in his mind pic-
tures outlining phenonema by omitting everything he considers as
acceidental or irrelevant. This freedom of thought implies a freedom in

constructing phenomena and is characteristic for any theory.

There is a curious perversion associated with the "overproduction
of truth" in chemistry: nowadays the specialization goes so far that we
have a branch called "theoretical chemistry". Moreover, there are indica-
tions that we are approaching a situation where the representatives of
the other branches of chemistry scarcely know what theoretical chemists
are doing. Does it matter? Yes, since there is no chemistry without the-
ory. The vitality of chemistry as a science is conditioned by the connec-
tions of its branches. The progressive compartmentalization leads to a
badly fragmented state of chemistry. This situation.calls for high-level
abstractions of great simplifying, unifying and predictive power. The
most important task of contemporary theoretical chemistry is to stimulate
the mutual understanding of the various branches of chemistry and its

netghboring sciences.

Ideally, theoretical reflexions should also strengthen the em-
bedding of science in our own history and culture. For example, up to
the present time, a fair and competent appraisal of alchemy and ancient
chemistry is missing. Folkloristic history often refers with sardonic
humour to ancient chemical theories, even though many of these theories
were profound, imaginative and fruitful. It is easy to make alchemy
appear ridiculous if one lives in the splendid isolation of a modern

scientist. However, it would be both fair and scholarly not to forget
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that Robert Boyle was deeply influenced by alchemical thoughts, that
Isaac Newton was passionately concerned with alchemical transmutations,
that the psychological and religious implications of alchemy were Carl
Gustav Jung's major preoccupations during the last thirty years of his
life, and that Wolfgang Pauli proposed to revive the alchemical idea of

a unitary psycho-physical language within the framework of modern physics
(compare Heisenberg, 1959, p.663). The ideas of alchemy and ancient chem-
istry were neither vague nor crazy but they have been overshadowed by de-
ductive Newtonian mechanics. Only after the modern theory of matter had
exposed the monism of the mechanical view as philosophically naive and
empirically untenable, did the way become free for a new appreciation

of ancient theories.

The philosophical revolution triggered by the advent of quantum
mechanics is a singular event in the history of science. The classical
way of looking at phenomena is no longer defensible, the subject of sci-
ence can never again be the same. Nevertheless, present-day theoretical
chemistry is still under the spell of the Newtonian approach to under-
standing. Of course, Newton's equations of motion have been replaced by
quantum mechanical ones. Yet, the monism of Newtonian physics simply has
been replaced by a new monism governed by the Schrddinger equation. Many
contemporary quantum chemists see no reason to revise their philosophical
views but still adhere to the old dream of an objective single frame of
reference that permits us to eliminate the pluralism of chemical the~
ories and to deduce (at least in principle) all chemical phenomena

from a single unifying principle.



1.3 "WE CAN CALCULATE EVERYTHING"

This dogma of modern numerical quantum chemistry (Clementi,

1973) has its own origin in the following famous statement by P.A.M.
Dirac (1929%a) dating from the pioneer time of quantum mechanics: "The
underlying physical Laws necessary for the mathematical theony of a Larger part of
physics and the whole of chemistry are thus completely known, and the difficulty is
only that the application of these Laws Leads to equations much too complicated to
be s0fuble." As we know today, this claim is not correct in at least two
respects. Firstly, the formalism of pioneer quantum mechanics of 1929
is a very special case -of modern (generalized) quantum mechanics which
we now regard as fundamental for every theory of molecular matter (com-
pare fig.l). Secondly, the interpretative problems had not been solved
in a satisfactory way in 1929 (compare fig.2). At that time, the con-
ceptual problems of reducing chemical theories to the epistemological-
ly very differently structured quantum mechanics were not discussed,
and Dirac viewed the problem of reduction only as a very complicated

mathematical problem.

The discovery of the electric nature of chemical forces by quan-
tum mechanics took the valence problem out of its chemical isolation and
made it accessible to an exact mathematical treatment. The last fifty
years taught us a lot about the relation between chemistry and the Schré-
dinger equation, and have led to a penetrating understanding of chemical
structures. Since the advent of electronic computers, numerical quantum
chemistry has been a tremendous succes. Nowadays we have a number of mas-
terful analyses of electronic wavefunctions. Many calculations have been
extremely sophisticated, designed by some of the foremost researchers
in this field to extract a maximum of insight from quantum theory. For
simple molecules, outstanding agreement between calculated and measured
data has been obtained. Yet, the concept of a chemical bond could not
be found anywhere in these calculations. We can calculate bonding ener-
gies without even knowing what a chemical bond is!

Remark: In fact, even today many thoughtful theoreticians struggle for a more pro-
found understanding of the phenomenon of chemical bonding. Compare e.g. Platt, (1961),
Ruedenberg (1962, 1975), Bader and Preston (1961), England et al. (1971), Bader
(1975), Woolley (1976a), Runtz et al. (1977), Kutzelnigg (1978), Bader et al. (1979a,b)

There is a danger to be sidetracked into purely numerical problems

and to forget the original impetus of our enterprise: understanding the
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Fig.l Comparison of the formalism in pioneer quantum mechanics with the Hilbert space
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Fig.2 Comparison of the interpretation in pioneer quantum mechanics with the individu-

al and ontic interpretation of modern nonrelativistic quantum mechanics
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behavior of matter. We should not confuse a useful theoretical tool
with theory. Numerical quantum mechanics is a most important tool for
chemistry but it cannot replace thinking. The final explanation of em-
pirical facts is not achieved by merely calculating measurable quanti-
ties from first principles. The ultimate objective of a theory is not
to determine numbers but to create a large, consistent abstract struc-
ture that mirrors the observable phenomena. We have understood a phe-
nomenon only when we can show that it is an immediately obvious and
necessary part of a larger context. The vision of some theoreticians
has been narrowed down to problems that can be formulated numerically.
Some even take no notice of genuine chemical and biological patterns

or deny them scientific significance since they are not computable by
their methods. Such a one-sided view of numerical quantum chemistry

is by no means the inevitable penalty for the attempt to reduce chem-
istry to physics. Rather, it is the result of the utilitarian character
of contemporary research which lost all philosophical ambitions and has

only a very restricted insight into its own limitations.

The important concepts of chemistry have never been well-
treated by ab-initio quantum chemistry so that quantum mechanics has
not become the primary tool in the chemist's understanding of matter.
Brute-force numerical quantum chemistry can hardly do justice to the
qualitative features of chemistry. But without insight into the quali-
tative concepts we are losing chemistry. The allegedly basic methods
often fail to illuminate the essential function of a molecule or a re-
action that is evident to the experimental scientists. As a result
practical chemists had to look for inspiration elsewhere and generated
the ad-hoc semiempirical methods of quantum chemistry. This approach
"has become a part of the chemical structure theony, which has an essentially empir-
Leal (dnductive) basis; it was suggested by quantum mechanics, but it is no Longer
just a branch of quantum mechanics" (Linus Pauling, 1959, p.388). Despite
the erudition, imagination and common sense used to create the semi-
empirical methods of quantum chemistry, the success of this craft re-
mains a central enigma for the theoreticians. The models of semiempiri-
cal quantum chemistry are built upon an inadequate conceptual basis,
and their mathematical foundation is so wobbly that they are a source
of frustration. Moreover, they give us an image of matter that does
not conform to what we are led to expect from the first principles of
quantum mechanics. But experimentalists are not at all impressed by

such scruples. And properly so.
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Some contemporary theoreticians have attempted to narrow the
scope of scientific inquiry by requiring operational definitions and
first-principle underpinnings for all concepts. In theoretical chemistry,
there is a distinct tendency to throw out typically chemical variables,
admitting that they have served a noble purpose in the past but asserting
that they are now obsolete. The premise underlying such a view is that
the only valid meaning of any chemical concept is one which can be un-
equivocally defined in terms of present-day ab-initio quantum chemistry.
This method of problem solving by rejection has been proposed for such
concepts as valence, bond, structure, localized orbitals, aromaticity,
acidity, color, smell, water repellence etc. A particularly powerful
variant is the method of problem solving by dissolving definitions. Using
this procedure we can easily solve even the "problem of life" by claiming
that the distinction between living and non-living entities is a pre-sci-
entific idea, obliterated by modern research. But some people consider
such a line of action as unfair and shallow. We need a creative approach
to the rich field of chemistry, not just a critical one that bids us to
dismiss most problems of chemistry as meaningless. The task of theoreti-
cal chemistry is to sharpen and to explain chemical concepts and not to

reject a whole area of inquiry.



10 1. Open Problems

1.4 SOME PUZZLES OF MOLECULAR QUANTUM MECHANICS

Viewed from a classical point of view, quantum mechanics is a
strange and counterintuitive theory. Probably not all scientists using
quantum mechanics as a tool have been aware of all its logical and phil-
osophical consequences. It is both worthwhile and amusing to review
briefly some old puzzles of molecular quantum mechanics. The practitio-
ners of quantum chemistry are only rarely concerned with these problems
for they know how to avoid a paradoxical situation. This know-how be-
longs to our background knowledge but lacks the benefit of a theoret-
ical justification: it is distressingly easy to find what one wants
by ad-hoc methods, and remarkably difficult to derive it from truly
first principles. To explain and to understand necessitates the
use of consistent theoretical concepts and a proper interpretation of
the mathematical formalism. Therefore we must try to resolve also those
paradoxes of quantum mechanics that raise philosophical questions even
though such questions do not trouble gquantum chemists engaged in de-

seribing and computing.

Being accustomed to the classical mode of describing natural
phenomena and to the use of dialectics, not all readers may realize
the theoretical significance of the following examples. We claim that
these examples are not simply irrelevant riddles but bewildering enig-
mas that defy straightforward explanations. Paradoxes are often a
source of new insights, and it is therefore not wise to push them aside
as minor difficulties. Contrary to what some experts assume we are con-
vinced that these paradoxes can be resolved in terms of modern guantum
mechanics based on quantum logic. If we intend to attack new problems
in the theory of molecular matter, such as theoretical molecular biol-
ogy, molecular evolution, or a theory of the hierachical structures in
the molecular world, then we must replace much of the background knowl-
edge used in working quantum chemistry by a unified research program

based strictly on quantum logic.
QUESTION 1: Do isolated quantal systems exist at all?
Quantum mechanics casts severe doubt on the existence of 7so-

lated systems. In contrast to classical theories, quantum mechanics

predicts an entanglement of a system with its surroundings under the
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influence of even extremely weak interactions. That is, an interac-

ting system is never represented by a product state but by a non-triv-
ial linear combination of product states. If this is true, then it be-
comes very difficult to explain what we mean by a "system". This holis-
tic character of quantum mechanics is well established; it is experimen-
tally confirmed that even noninteracting systems can be entangled in

the sense of Einstein, Podolsky and Rosen (1935) and Schrédinger

(1935a,b; 1936) (compare also the detailed discussion in sect.3.7).

QUESTION 2: Is the Pauli principle a untiversal and itnviolable fact

of nature?

This question was posed by Margenau (1966). Although the
Pauli principle is usually claimed to be an inviolable law, we
know very well that we never need to consider all the electrons of
the universe. In the face of the experimentally established corre-
lations in noninteracting systems, the usual "explanation" by refer-

ence to vanishing exchange integral loses much of its weight.

QUESTION 3: Does quantum mechanics apply to large molecular systems?

Many scientists have suggested that quantum mechanics is not
sufficient for describing large or complex molecular systems.
Ludwig (1955, 196la) proposed the existence of correlations in macro-
molecules that are stronger than those required by quantum mechanics.
Elsasser (1961b, 1962, 1969) claimed that the laws of organisms have
components (so-called "biotonic laws") that are not deducible from the
principles of quantum mechanics. Wigner (1961, 1962a) thought that it
is "LikelLy that the present Laws and concepts of quantum mechanics will have to
undergo modifications before they can be applied to the problem of Life". Jgrgensen
(1974) suggested that "quantum mechanics is only applicable to neproducible small
systems with assembly properties”. On the other hand there is no empirical
evidence for a limited validity of quantum mechanics, no clear-cut

failures are known.
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QUESTION 4: Is the superposition principle universally valid?

Accepting the unrestricted validity of the superposition princi-
ple, one is led to grotesque situations, as exemplified by Schrddin-
ger's (1935b) cat paradox. A coherent superposition of the states of
a living and a dead cat must obviously be excluded from the theory.
This paradox is closely connected with the so-called "measurement
problem of quantum mechanics". Replacing the theoretical discussion
of the measurement process by the pragmatic reduction postulate re-
quires at least a reinterpretation of the superposition principle of

quantum mechanics.
QUESTION 5: Why do so many stationary states not exist?

This puzzle is a reinforced molecular version of question 4. In
fact, already relatively small molecular systems do not exhibit sta-

tionary states allowed by traditional quantum chemistry.

Example: What is the reason that we can buy in the drug store D-alanine (state
vector TWD>),L—alanine (state vector IWL)) and the racemate (density operator
|WD)<WD| + |WL)(WL|), but not the coherent superpositions (]WD) + IWL>) and

- ?
(1) - 1¥)) =
According to the traditional view, the last mentioned states are supposed

to represent the ground state and an excited state, respectively.

QUESTION 6: Why are macroscopic bodies localized?

According to quantum mechanics localized states do exist as
quasistationary states. However, traditional quantum mechanics also
shows that after a sufficiently long time, the localized character
of a state vector is completely lost. Hence: the question why do bil-
lard balls exist? This puzzle was posed by Einstein (1948; 1949, p.282;
1953b) . In the famous Born-Einstein controversy about this problem,
Born (1969, letters 80-89 and 105-116) completely missed Einstein's
point; the question is therefore still open. ’
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QUESTION 7: Why does quantum mechantics fail to account for chemical

systematics?

Ab-initio quantum chemistry correctly describes <ndividual small
molecules; nevertheless it fails to describe the classes of structur-
ally diverse but functionally related molecules which are omnipresent
in chemistry (compare e.g. Hartmann, 1964; Jgrgensen, 1974). We claim
that this puzzle is the molecular version of Einstein's problem of
question 6.

Preliminary example: Localized orbitals are related to the concepts of the working
chemist but, natural orbitals, as a rule, are not. Dilemma for the theoretician:
natural orbitals are elegant and mathematically well-defined; all current defini-
tions of localized orbitals are ad hoc and graceless. Related puzzle: It seems to
be an empirical rule that - without external influence by an experimenter - simple
quantal systems are in eigenstates of the Hamiltonian but complex quantal systems

are in coherent or localized states.
QUESTION 8: Why can approximations be better than the exact solutions?

It is well known that the lowest energy solution of the Hartree-
Fock approximation does not necessarily have the symmetry of the exact
ground state of the corresponding Schrédinger equation. However, in
some most interesting cases, the "wrong" symmetry type SCF-solution
does represent a physically relevant situation that cannot be encom-
passed by the original Schrddinger equation. What is the proper ex-

planation for this unexpected success of the Hartree-type method?
QUESTION 9: Why is the Born-Oppenheimer picture so successful?

Deep conceptual problems are hidden in the seemingly simple sep-
aration of the electronic and nuclear motion in a molecule. Using mod-
ern singular perturbation theory, the mathematical methods used in the
Born-Oppenheimer approximation can be put on a sound footing. That is,
we understand the computational methods used in the adiabatic approx-
imation. Nevertheless, we hardly understand why the Born-Oppenhei-
mer picture is compatible with the concepts of quantum mechanics.

First example: We describe the six degrees of freedom of the ground state of
the helium atom (considered as 3-particle problem with the center-of-mass mo-

tion separated) as a problem of two interacting particles in an external Cou-
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lomb potential. However, in the case of the molecule H; we discuss the very
same type of differential equation in an entirely different way, and split the
6 degrees of freedom into 1 vibrational mode, 2 rotational modes, and 3 elec-
tronic type degrees of freedam. This qualitatively different description does
by no means follow from a purely mathematical discussion. Second example: The
statement "the three nuclei in the molecule C3 form an equilateral triangle"
is considered to be a meaningful proposition (which may prove to be true or
false). The similar statement "the three electrons of the lithium atom form an
equilateral triangle" is neither a true nor a false proposition but meaning-
less. Question: Which fundamental principles are responsible for this qualita-

tively different behavior of electrons and nuclei?

QUESTION 10: Is temperature an observable?

There are equilibrium systems having a well-defined temperature.
The temperature of such systems can be measured, using a single sys-
tem only with an arbitrarily small perturbation of the thermodynamic
state of the system. Is there a quantum mechanical description of a
single system such that the temperature is represented by an observ-
able having a dispersion-free value in an equilibrium state? Tradi-
tional quantum statistical mechanics does not fulfill this desidera-
tum, firstly because it refers to an ensemble (e.g. it does not refer
to a steam engine but to an infinite ensemble of noninteracting steam
engines), and secondly, because temperature is not represented by an

observable (i.e. a self-adjoint operator acting on a Hilbert space of
states).

All the ten puzzles mentioned are connected with the incapability
of traditional quantum chemistry to deal with the classical properties of
molecular matter. However, the experts in axiomatic quantum mechanics
have known for many years, that there are no reasons to insist on the
traditional formulation of quantum mechanics which excludes classical

observables by an ad-hoc irreducibility postulate.

Hints: Later in this essay we will return to these questions so that some short
hints should suffice for the moment. Question 1 is philosophically the deepest
problem, it can be solved by reflecting about the way in which we recognize.patterns

in our world. Disentangling a system from its surroundings creates new phenom-
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ena which can be discovered by a pattern cognition method that rejects the Ein-
stein~Podolsky-Rosen correlations between the object and its surroundings as
irrelevant. An appropriate generalization of quantum mechanics settles ques-
tions 2,3, and 4. Quantum logic provides a natural way for introducing
classical observables. Classically inequivalent states obey neither the super-
position principle nor the Pauli principle. The existence of classical observ-
ables implies the existence of superselection rules (i.e. a restricted
validity of the superposition principle) which explains the phenomena of
question 5. Questions 5 or 6 are related to the emergence of classical observ-
ables via the interaction of the system with its environment. When we are deal-
ing with interactions, we are always interested in stability properties. We
call those quantities robust that persist under slight perturbations of the
system. In the alanine example, the vectors ]WD> and |WL7 represent robust
quantal states, while the eigenstates are dynamically unstable so that a su-
perselection rule between |WD> and [WL) evolves dynamically. Similarly, in the
Einstein example only the localized states are robust. Questions 5, 6, and 7
refer to mathematically ill-conditioned problems which can be discussed only
with an appropriate regularization method. In general, a natural orbital ana-
lysis is a mathematically ill-conditioned problem while the calculation of
localized orbitals is a robust procedure. Evidently, chemical systematics,

referred to in question 7, deals only with robust properties. The regulariza-

tion methods of ill-conditioned problems are related to the methods of deter-
mining classically inequivalent states. Interestingly, a modified Hartree ap-
proximation is a good method for calculating classically inequivalent

states, or in other words, the Hartree (or Hartree-Fock) approximation can
regularize an ill-conditioned Schrédinger problem, In this sense, the Hartree
method is indeed better than the exact method (question 8). The Born-Oppenhei-
mer picture mentioned in question 9 is also related to the emergence of new
classical properties (the classical concept of "molecular structure"); it is
more complicated because it involves a "weak superselection rule" which is not
strictly valid. Thermodynamics (question 10) refers to a description which

is independent of the existence of elementary objects so that the appropri-.
ate algebra of observables should be continuous. In fact, modern formulations
of thermodynamics use a global type III;-W*-algebra of observables which has
no atoms but where the temperature as well as the chemical potential are in-

deed classical observables.
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1.5 NEW POINTS OF VIEW ARE NEEDED

Contemporary quantum chemistry has had a remarkable historical
success in the description of molecular phenomena but cannot be the basis
of chemistry because it is an <ncomplete theory. It is based on the Co-
penhagen interpretation of quantum mechanics which suggests a dialectical
view, presupposing the classical level of description and assuming an
irreducible duality between the observed micro-system and the macroscopic
measurement apparatus (Bohr, 1958; Fock, 1957). This is not a good start-
ing point for the discussion of chemical problems. Every chemical and
molecular-biological system is characterized by the fact that the very
same object simultaneously involves both quantal aqnd classical proper-
ties in an essential way. A paradigmatic example is a biomolecule with
its molecular stability, its photochemical properties, its primary,

secondary and tertiary structure.

The most serious deficiency of pioneer gquantum mechanics is its
inability to deal in a candid way with classical systems, and that it
does not allow a logically consistent and useful theory of laboratory
measurements. The orthodox interpretation of quantum mechanics (von Neu-
mann, 1932; London and Bauer, 1939; Wigner, 1963) is troubled by the so-
called measurement problem of quantum mechanics, that is by the proper
way of including an objective macroscopic level into quantum mechanics.
We cannot claim to have a valid theory if the interpretative problems
of quantum mechanics are not resolved. These aspects have to be accounted
for in a fundamental theory of matter worthy of the name. What we need
is not a radical departure from the quantum mechanics of the pioneer
time 1925-1935 but a generalization that encompasses classical theories
(like Newtonian mechanics, electrodynamics, thermodynamics, chemical
kinetics) as well as the traditional quantum mechanics of atoms and

small molecules.

Current quantum chemistry tends to give the impression that the
major difficulties in applying quantum mechanics to complex molecular
systems are computational. However, the main stumbling block for the de-
velopment of a theory of large and complex molecular systems is not com-
putational but conceptual. Fundamental difficulties arise already at the
stage where a model of a complex system has to be chosen. The concept of

an isolated system is fundamental for every scientific inquiry but it is
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by no means unproblematic. For example, if we want to discuss the meta-
bolism of a cell from a fundamental point of view, the main problem
is not computation but the theoretical characterization of a cell.

To start with, we have to regard a cell as an isolated object. Iso-
lating a cell is a bold idea yet indispensable if a cell is to become
the referent of a theory. Our ability to describe objects cannot go
farther than our theoretical ability to isolate them. Theoretical
isolation means abstraction, and abstraction generates the relevant
patterns for a scientific inquiry. The creation of physical reality
by abstractions is a deep conceptual problem that cannot be discussed
independently of more general philosophical problems. We have to
understand what a phenomenon is, how we recognize it, and how we com-

municate about it.

Today, philosophical discussions are banned from our top sci-
entific journals. According to Albert Einstein (1944, p.289) "a {ateful
"fear of metaphysics' arose which has come to be a malady of contemporary empiristic
philosophizing; this malady is the counterpart to that earlier philosophizing in
the clouds, which thought it could neglect and dispense with what was given by the
senses". If we want to start new things rather than trying to elaborate
and improve old ones, then we cannot escape reflecting on our basic

conceptions.



2. ON THE STRUCTURE OF SCIENTIFIC THEORIES

"Science never makes an advance until
philosophy authorizes and encourages
it to do s0"

Thomas Mann, 1936

2.1 A GOOD THEORY SHOULD BE CONSISTENT, CONFIRMED, AND INTUITABLE

Scientific method is one of many possible approaches to under-
standing the world. Science does not deal with every aspect of reality
but only with a carefully selected part of reality. Science does not
provide any premises for aesthetical, moral or political conclusions.
There are complementary approaches such as the fine arts, poetry or
religious experiences which are no less important than science.

The aim of science is to tell the truth, even if it is not the whole
truth. The scientific approach depends in a complex way on culturally
determined tacit presuppositions specifying what is essential and what is
not. The most fundamental presupposition of science is that instead of
considering the whole universe at once we may, as a reasonable approxi-
mation, regard it as consisting of parts on which we can do experiments.
The basic structural pattern of scientific experience is the subject-
object relation which in turn is based on the assumption of the sepa-

rability of subject and object.

Every scientific theory mediates between the external world and
a contemplating subject. We therefore have to consider two mappings:
(i) a mapping of the external world into the formal framework
of the theory
(ii) a mapping of the formal framework of the theory into cer=-

tain psychic structures of the subject.

Accordingly, every theory involves three classes of referents: objects,

abstractions, and minds. Knowledge would be impossible without them.
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Philosophers of science often reduce the role of scientific theo-
ries either to hypothetico-deductive systems (Duhem, Quine) or to an op-
erationalistic viewpoint (Bridgeman). These aspects are important but
one-sided and cannot do justice to the structure of scientific theories.
There is much more to be said about scientific explanation and the crea-
tion and change of theories. Every theory is supposed to offer a system-
atic conceptual pattern for the observed data. Nevertheless, the final
aim of a scientific theory is not to summarize data but to under-
stand reality. Neither deductivism nor operationalism cares whether a
theory is intelligible, intuitable, fertile - although the beauty of
a theory has always been of overwhelming importance for the theoreti-
cians. To articulate these criteria we need normative rules which are

outside the domain of deductionism and operationalism.

A more fruitful approach is the study of the sign relations in sci-
ence. The general theory of signs was initiated by the American phi-
losopher Charles Sanders Peirce (1839-1914) and is called semiotics. The
three members of a semiotic triad are the sign, its object, and its in-
terpreter. A sign is defined as "something which stands to somebody fon something
in some nespect on capacity" (Peirce, Collected Papers, Vol.2, paragraph 228).
The something for which the sign stands is called the objecet or the ref-
erent. The somebody to whom the sign stands is its Znterpreter. According
to Morris (1938), the three dimensions of semiotic analysis are the se-
mantic, the syntactic and the pragmatic dimension. Semantics deals with
relations of signs to their objects, syntactics deals with the formal
relations of signs to one another, and pragmatics deals with the re-

lations of signs to their interpreters.

We consider a scientific theory to be a semiotic system consisting

of the following three parts:

(i) syntactics, realized as a mathematical formalism dealing with
the logico-mathematical structure of the theory;

(ii) semantics, realized by an interpretation that deals with the
relation of the mathematical symbols to the ob-
jects which they denote;

(iii) pragmatics, consisting of regulative principles of a norma-
tive kind, describing the relation of the theoreti-
cal terms to their interpreters and the possible

contexts of use.
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Given the formalism of a theory, we are within certain limits free
to choose its interpretation (that is, the semantics and the pragmatics).
If the interpretative rules and the regulative principles of different

theories are not the same, then these theories have no common vocabulary.

Seen in this way, every theory has a double task: it mirrors
both some aspects of outer reality and some aspects of inner reality.
There are basically three ways to judge scientific theories. First
of all, a theory has to be logteally consistent, that is, its for-
malism must be free from essential logical contradictions. Secondly, a
theory has to be empirically well-confirmed, it must not contradict em-
pirical facts in a serious way. Thirdly, a theory has to be <ntuitable,
that is, its main concepts should be knowable through intuition, by in-
sight without rational thought. To characterize this "inner perfection"
(as Albert Einstein, 1949, p.23, calls it), the theoreticians often use
the vague but important terms "naturalness" and "mathematical simplici-
ty". The first point is concerned with the intrinsic consistency of the
syntax of the theory (without considering the relations to the external
or internal world), the second point refers to the relations of a theory
with the external reality, ‘while the third point refers to the relations

of the theory with the inner reality.

A good theory should neither neglect nor favor one of the three
aspects of the semiotic triad, it ought to be consistent (in the sense
of syntactics), confirmed (in the sense of semantics) and intuitable (in
the sense of pragmatics) (compare fig.3). Modern physical theories have
a highly developed syntactical formalism and a predominantly operational
semantic interpretation. In the spirit of our time, logical consistency
and empifical confirmation are considered the most important virtues of
a theory. But the meaning conveyed by the theory is seldom an inner ex-
perience with us. Alchemy on the other hand, failed mainly because
of the dictatorship of chemical facts but the alchemist "experienced the
presence of pre-existing ideas in physical matter" (Jung, Coll. Works, vol.l2,
par.346). The general intellectual trend of our scientific and technical
culture does not give much weight to the role of intuition so that prag-
matics is a badly neglected aspect of contemporary science. One therefore
often hears the remark that modern theories cannot be described in intu-
itive and imaginative terms. Nevertheless, most creative scientists will

probably disapprove of the following statement in the anonymous preface
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(due to Andreas Osiander) to Copernicus' "De Revolutionibus": "It is not
necessary that these hypotheses be true; they need not even be £ike the twuth; it suf-
§ices when they Lead to caleulations which agree with observations." (in: Coperni-
cus, 1543): a theory that is merely logically consistent and gives ac-
curate predictions is not yet a good theory. We want much more: we want

to see something never seen before.
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2.2 NO THEORY CAN BE PROVED TO BE FREE FROM INNER CONTRADICTIONS

Modern science is based on the platonic faith in a mathematical
order in nature, or, as Galilei says "The great book 0f nature is wiitten in
the mathematical fanguage,... without whose help it is impossible to comprehend a
single wond of {t" (Galilei, 1623, sect.6). Sinée that time a most cre-
ative interaction has taken place between pure mathematics and the sci-
ences. Contemporary science is becoming increasingly mathematized, and
the language of mathematics. now has a dominating influence upon modern
theoretical research. The cause for this development is, to use the
wording of a famous essay by Eugene Wigner, "the unreasonable effective-
ness of mathematics in the natural sciences". "The miracle 0§ appropriateness
04 the Language of mathematics forn the formulation of the Laws of physics <8 a wonder-
gul gift which we neither understand non deserve” (Wigner, 1960).

An obvious advantage of expressing the syntax of a theory in
the language of mathematics is the simplicity of checking its consisten-
cy. The syntax of a theory must be free from essential contradictions.
Note that it would be too much to require that the formalism of a theory
should be shown to be free from contradictions. Kurt Gddel's (1906-1978)
famous incompleteness theorem says that it will never be possible to
show by mathematical means that mathematics does not contain contra-

dictions.

References: For an introduction for these advanced areas of logic one may consult
the lucid text by Boolos and Jeffrey (1974). The basic papers on undecidable pro-
positions are easily accessible in an anthology edited by Davies (1965).

That is, no theory that permits formalization can be shown to
be free from inner contradictions with the means of this theory itself.
An information-theoretic version of Gddel's incompleteness theorem,
due to Chaitin (1977), says that it is possible to prove that a
specific object is of computational complexity greater than n only if
n is less than the computational complexity of the axioms being employed
in the demonstration. Furthermore, we should not forget that the mathe-
matical formalism of modern scientific theories uses such mysterious
artifices as "real numbers", or mathematical conventions such as the
"gaxiom of choice" that can never be corroborated. In short, freedom
from logical contradictions is essential for the trivial aspects of a

theory - but it should not be overstressed.
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What is the axiom of choice? The axiom of choice can be formulated as follows:
"Given a collection of nonempty subsets of a set, there is a set that contains
just one member from each of these"”, The axiom of choice is obviously true for
finite collections. However, according to a deep result by Paul Cohen, the axiom
is independent for infinite sets: we can adopt the axiom of choice, or replace it
by the statement: the axiom of choice is false. Modern functional analysis - hence
modern quantum mechanics - considers the axiom of choice to be true. That is fine,
but then we accept the so-called Banach-Tarski paradox: "Using the axiom of choice,
it is theoretically possible to divide a sphere as large as the sun into little
solid pieces and then without any compression or distortion of these pieces, to
rearrange them, leaving none out, into a sphere of the size of a pea”.
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2.3 EXPERIMENTS CAN NEITHER PROVE A THEORY TRUE NOR FALSE

A popular fable pretends that there is a "scientifie method", con-
sisting of a set of rules which, if followed, will lead to scientific
discoveries. A modern version of this fable goes as follows: The method
of science "consists of applying the following steps to every problem in science,
formally and explicitly and regularly: 1) Devising alternative hypotheses; 2) Devising
a cweial experiment (on several of them), with alternative possible outeomes, each
0f which will, as nearly as possible, exclude one on mone of the hypotheses; 3) Carry-
Aing out the experiment s0 as to get a clean result; 1') Recyeling the procedure, mak-
4ing subhypotheses on sequential hypotheses to nefine the possibilities that remain;
and 80 on" (Platt, 1964). The fact that even successful and thoughtful
scientists cannot tell what they are actually doing shows that scien-
tific research is an art characterized by specific skills and not by a
set of rules. As stressed by Michael Polanyi there are things we know
but cannot tell. "This is stnikingly true for oun knowledge of skills., 1 can say
that 1 know how to ride a bicycle on how to swim, but this does not mean that 1 can
tell how 1 manage to keep my balance on a bicycle on keep agloat when swimming. I may
not have the slightest idea of how I do this, or even an entirely wrong or ghossly
imperfect idea of it, and yet T go on cycling or sudiming merrily" (Polanyi, 1962).
Or, as Imre Lakatos (1922-1974) put it, a scientist knows about sci-

ence just as much as a fish knows about hydrodynamics.

The logical positivists of the Vienna Circle claimed that a propo-
sition was worthy of consideration by scientists if and only if a meth-
od for testing and verifying it could be described. The so-called Receiv-
ed View of the positivistic philosophy of science holds that theories are
tested by their predictions. If sufficiently many of these predictions
are true, the theory is considered as confirmed. If any of these predic-
tions are false, the theory is considered as falsified. Even if these
statements are qualified in some ways, the Received View has been shown
to be defective beyond repair. A general consensus that this positivis-
tic analysis of scientific knowledge is inadequate now seems to hold among
most philosophers of science. It is not only naive and philosophically

untenable but also historically false.

Reference: For a survey and critique of the mainstream of thought in the philosophy
of science from 1930 to 1969, compare Suppe (1974).
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The first attack against the Received View was due to Karl
Popper. He used Hume's argument against the possibility of logical in-
duction to show that scientific theories cannot be verified by any fea-
sible empirical evidence. The critique of the verifiability theory in
his now classical Logik der Forschung showed conclusively that there is
no such thing as the verification of general propositions by empirical
research. No matter how many tests a theory has passed, it is always
possible to find a weakness that leads to its rejection. "Theories are not
verifiable, but they can be 'comroborated' (Popper, 1935; on p.251 in the En-
glish edition of 1959).

Popper considered empirical falsifiability to be the conditio
sine qua non of a scientific theory. However, his much discussed thesis
that "it must be possible forn an empinical scientific system to be refuted by ex-
perience” (l.c.,p.41) is not tenable. Even Popper admits that scientists
do not regard a theory as falsified if it conflicts with a single experi-
mental result. Every falsification is fallible, a falsification never

implies the rejection of a theory.

Example: The ground state of the hydrogen molecule has been studied with great skill
and accuracy by our best experimentalists. Herzberg and Monfils (1960) have determi-
ned the dissociation energy of H, experimentally to be Dy=36'113,6 em™!
mated error of less than 0,3 can~!. At about the same time Kolos and Roothaan (1960)
carried out a very precise ab-initio calculation of the ground state energy of Hj
and found an astonishingly good agreement between the calculated and observed disso-
ciation energy, in spite of the fact that some corrections had been neglected. An
improved double precision ab-initio calculation with a 100-term James-Coolidge-type
expansion by Kolos and Wolniewicz (1968) gave a clamped-nuclei total energy of E =

= -1,174'474'983'0178 atamic units. Correcting for all known relativistic and radia-
tive effects, they arrived at a theoretical dissociation energy of Dg=36'117,3 cm‘l,
i.e. 3,7 am~" lower than the experimental value, or one order of magnitude larger
than the experimental error. At this time the theoretical and experimental results
were considered as definitely inconsistent. This discrepancy gave rise to a

furious theoretical activity, all kinds of feasible and almost impossible effects
were considered, without changing the discrepancy. The situation was serious

since the Helium atam (which has the same type of interactions as Hj) was in perfect
agreement with the theory. Quantum mechanics was falsified, nobody was happy but
probably not one of the experts troubled his head about rejecting quantum mechanics!
Later experimental work showed "fhat previous work wias mone strongly afgected by
overlapping Lines and Lack of nesolution than was suspected at the time" (Herzberg,
1970). The improved experiment gave Dy=36'118,3 !
ment with theoretical value.

As clearly seen by Pierre Duhem (1861-1916), no experimentum crucis
exists. "The physicist can never subject an isolated hypothesis to experimental test
but only a whole group of hypotheses; when the experiment is in disagreement with his

with an esti-

(Herzberg, 1970), in good agree-
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predictions, what he Learns 45 that at Least one of the hypotheses constituting this
group is unacceptable and ought to be modifdled, but the experiment does not designate
which one should be changed" (Duhem, 1908; on p.187 in the English edition
of 1954). Empirical data can never disprove a theory. "Any statement can be
hetd true come what may, if we make drastic enough adjustments elsewhere in the system”
(Quine, 1953, p.43). Of course, an attempt to maintain a view in the
face of recalcitrant experience may run the risk of making the research
program look "epicyclic", piling one complication upon another.

On the other hand, falsifications are an important source for theoret-
ical and experimental innovations. "Nature may shout NO, but human ingenwity -
contrany to Weyl and Popper - may always be able to shout Louder" (Lakatos, 1974,
p.249).

Recent criticisms of falsificationism also deny that falsifica-
tions play the decisive role in the growth of science that Popper and
his believers attribute to them. Hilary Putnam (1962) argued that sci-
entific theories cannot be overthrown by experiments and observations
alone, but only by alternative theories. Under the influence of Norwood
Russell Hanson (1958), and Thomas S. Kuhn (1958), this view is widely
accepted nowadays. Even modern logical positivists admit that it is
"always possible fo 'save' a theony when it encounters recaleitrant data" (Sneed,
1971, p.289) and that "a theory s not that kind of entity of which one could
neasonably say that it is faksified on nefuted" (Stegmiiller, 1975).
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2.4 PRECONCEPTIONS AND PRIOR CONCEPTIONS

Another popular fable is the idea that a scientific discovery be-
gins with "hard facts" or "unprejudiced observations". Scandalously, there
is no such thing as an observation unprejudiced and uncorrupted by past
experience. Science certainly depends on observations in a crucial way
but a scientific inquiry never starts from facts and observations alone
(as claimed by the logical positivists of the Vienna Circle). The meaning-
ful content of any theory is always larger than its empirical content. As
underlined by Pierre Duhem (1908), observations are interpretations of
phenomena depending upon the acceptance of a particular theory. That is,
theories are prior to experiments, or in the new-fashioned terminology
of Norwood Russell Hanson (1958), all facts are theory-laden. "We now real-
dize with special clanity, how much in evron are those theonists who believe that theony
comes inductively grom experience" (Einstein, 1936).

We cannot help being prejudiced by our ancestors, we can never
avoid cultural, social and political preconceptions. Tacit presuppo-
sitions are the basis of understanding between the members of
any social group. Judgements that are endorsed by every member of a
group facilitate mutual understanding witZin this group but hamper the
unterstanding between different social groups. Scientists are no ex-
ception, they share the culture of their society. A scientist who does
not want to become incapable of imagining a perspective other than
his own cannot dispense with philosophical reflections which puri-

fy and free his mind.

The scientific judgement of many scientists is distorted by the in-
fluence of untenable philosophies. If this is admitted, why not rid sci-
ence of all metaphysical elements, why not reject all philosophical
questions? Because "not to engage in philosophical contemplations" always
means to unwittingly adopt an unreflected and most likely untenable
philosophical position. For example, the logical positivists took
over Wittgenstein's (Tractatus, 1922) rejection of metaphysics as
meaningless, since there was no way of verifying it empirically,

But logical positivism was still a philosophy, also not a well-
grounded one. It is (or at least, it should be) the function of a philos-
ophy of science to disclose hidden assumptions and.tacit preconceptions

which limit our awareness and act as barriers to our understanding. It
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is not possible to get rid of prior conceptions but we can try to con-

vert tacit preconceptions into intentional prior conceptions.

As Jean Piaget has pointed out, many philosophers have assumed a
definite psychology of perception in their epistemologies. It emerges
from Piaget's (1970) experimental researches that even the simplest forms
of perceptual invariants (like the notion of an object) require a defi-
nite learning process. When an individual receives a set of stimuli from
its environment, he assimilates the stimuli to the structures of his
existing knowledge. We can interpret phenomena only in terms of this
existing knowledge; at the same time our ideas about the external world

are in constant change.

It is mainly due to modern movement in the philosophy of science
(Hanson, 1958; Feyerabend, 1958b, 1970a~-c; Kuhn, 1962) that many scientists
again acknowledge that "facts" are not inescapable basic data of exis-
tence but always dependent of the observer, his culture, theories and
preconceptions. "Facts contain {deofogical components, older views, natural inter-
pretations, which have vanished from sight on perhaps never were formulated in an ex-
plicit mannen. These components are highly suspicious, §inst because of thein age,
because of thein anchaic onigin, and, secondly, because thein very nature protects
them grom critical examination and always has protected them from such an examination"
(Feyerabend, 1970a, p.310). Since facts are partly created by the the-
ories we hold, every child and every scientist requires a long time to
"see" the facts. Whether a long training is more like "objective learn-
ing" (without any intervention of normative principles) or more like an

indoctrination, is a rather delicate problem.

Example: Increasing emphasis is being laid on the teaching of science in elementary
schools. One reason for teaching science even in the pre-elementary-school years
has been summarized by Robert Karplus (1964) as follows: "What about the often
heard necommendation that science instruction be postponed until the youngstens
have neached the intellectual matwiity of the middle teens? At this siage, unfon-
tunately, educational effonts reach only the fraction of the student body which is
favonably disposed toward science education because of earlier favorable experience
at hmﬂg on at school. Forn the others, many of whom form a strong dislike forn sci-
ence, At 4is too Late. Their spontaneous inteflectual development just does not keep
pace with the expectation of the school on does not proceed in the direction of
modenn science". Learning the truth or indoctrination of an ideology?

Every social group (e.g. the scientific community) shares a par-

ticular set of tacit preconceptions and explicit prior conceptions,
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called a paradigm by Thomas S. Kuhn (1962), A paradigm is a world view,
a set of beliefs and assumptions structuring recognition of problems,
meaningfulness of questions and the acceptability of explanations. A
paradigm firmly establishes a conceptual scheme capable of being applied
in a uniform manner to most varied phenomena. The members of every par-
ticular social group not only accept a common paradigm but require all
who wish to be recognized as accepted members to operate within the
framework of the paradigm. Of course, there is never a unanimous agree-
ment about "facts" (more precisely: about the paradigms generating
"facts"), the traditional solution is to regard a dissenting minority as
cranks. In the words of Michael Polanyi: "There must be all times a predominant-
Ly accepted scientific view of the nature of things, in the Light of which research is
jodntly conducted by membens of the community of scientists. A strong presumption that
any evidence which contradicts this view 45 invalid must prevail. Such evidence has to
be disneganded, even if it cannot be accounted fon, in the hope that it will eventually
turn out to be false orn iwmelevant” (Polanyi, 1963).

Example: It is a preconceived idea of experimental science that experiments are
possible and that they can be repeated. That's a bold idea! For any experiment,
there is a division of the world into the experimental system and its enviromment
(including the observer!). The first tacit precoenception i's that such a division
can be enforced and is harmless or can be corrected for (possible objection: the
interdependence of all parts of the world is destroyed). The second assumption is
that the required initial conditions can be brought about by an appropriate inter-
vention of the experimenter (possible objection: the experimenter separates parts
which should remain united). Thirdly, the unlimited repeatability of an experiment
under identical conditions is considered to be constitutive for .a scientific empir-
icism (possible objection: every experiment whatsoever has to be an irreversible
process and therefore cannot be repeated under exactly the same conditions).

Not everybody accepts the paradigm of experimental science, many knowing and pro-
found thinkers belong to the dissenting minority. Recommended reading: Johann Wolf-
gang von Goethe's essay "Der Versuch als Vermittler von Objekt und Subjekt".

The upshot that there is no neutral observation language, that
every observation is theory-laden is of crucial importance for the mod-
ern theory of molecular matter. What counts as a "fact" is determined by
some theory or viewpoint. Adopting different prior conceptions we will
in general observe different facts. Each viewpoint creates its own re-

ality.

Example: As discussed by Niels Bohr (1932) in his Faraday lecture, thermodynamic
concepts stand in a complementary relation to a complete and detailed mechanical
description. The introduction of thermodynamical concepts, such as temperature and
entropy, requires a point of view incompatible with the mechanic¢al point of view.

Adopting an obsolete view on the reduction of physical theories, some philosophers of
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science fail to see that point mechanics and themodynamics both represent legiti-
mate but mutually incompatible viewpoints, and make the entirely unsubstantiated
claim that "the classical thermodynamics of CLausius, Kelvin and Carathiodony is
sdmply an inconrnect theory of the workd"” (sklar, 1976).

The temperature T and the energy E are incompatible physical quantities so that
they cannot have simultaneously a sharp value, In fact, the theory of thermodynam-
ical fluctuations gives the inequality

1 .
A(T)AE >k

where k is Boltzmann's constant, and AX denotes the standard dewviation of a fluctuat-
ing quantity X. As we know from the modern theory of K-flows, the striking analogy
of this thermodynamic inequality with the Heisenberg-type inequalities is by no means
superficial. The mechanical equivalent is the time-energy- inequality, relating the
deviation AE of an enexgy.measurement with the measuring time At by

At - AE = h/2

where h is Planck's constant divided by 2m.

The view that the objects one observes, and the properties that
they possess are constituted in part by the adopted viewpoint con-
tradicts the naive ontological vision of a worid of independently
existing objects but is perfectly compatible with the objectivity of
scientific knowledge. This situation is well known from quantum mechan-
ics where "evidence obtained under different experimental conditions cannot be com-
prehended within a single picture, but must be rnegarded as complLementary 4in the
sense that only the totality of the pnenomena exhausts the possible information about
the objects" (Bohr, 1949, p.210). Niels Bohr has advocated to use "the word
phenomenon to rnefen exclusively to observations obtained under specified circumsitances,
incuding an account of the whole experiment" (Bohr, 1948). In a wider context,
we propose to define a phenomenon to refer to an observation under spec-—

ified circumstances and prior conceptions.
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2.5 THERE IS NO INSIGHT WITHOUT INNER PICTURES

One does not attain a real understanding of a theoretical argument
by merely checking its formal proof. It is necessary to see through the
technicalities, to grasp the essential idea and to have intuitive in-
sight. Intuition, as an immediate grasping of evidence, as a way of com-
ing to knowledge independently of deduction, is of utmost importance

for every scientist.

The possibility to "understand" scientific theories in an intuitive
way requires the existence of appropriate mental structures which are con-
ceptual but to which we have no conscious access (Pylyshyn, 1973). This
introspectable imagery is often described in terms of "inner pictures"
but is itself neither verbal nor pictorial. We say that a good theory
should be intuitable and we mean that it should be knowable through intu-
ition, by an inner experience allowing an immediate grasping. The word
"intuitable" corresponds to the German expression anschaulieh which has
nothing to do with pictures or representations in the sense of mechan-
ical models (as Margenau, 1950, p.327, erroneously assumes). Both an-

schaulich and intuitable refer to imner pictures.

Intuitive direct awareness is hardly teachable, it depends on un-
predictable bursts of imagination. If we grasp or solve a problem
with a single flash of insight, the psychologists speak of akal! reac-
tions, "Unsere Sprache hat die Interjektion 'aha' eigens fir die Kundgabe solcher
Erlebnisse geschaffen" (Biihler, 1918). Aha-reactions owe little to logic or
reason, they are overwhelming, they have a high degree of inevitability
and aesthetic appeal. In his delightful book "A Mathematical Apology', the
mathematician Godefrey Harold Hardy stresses the importance of the aes-
thetic side of theories: "The mathematician's patterns, Like the painter's on
poet's, must be beautiful ; the ideas, Like the colouns orn words, must §it togethen
in a hamonious way. Beauty {5 the §inst test: there is no permanent place in the
workd for ugly mathematics." (Hardy, 1967, p.85). This criterion applies to
scientific theories as well. Paul Adrien Maurice Dirac expressed it in
the following way: "We may thy to make progress by following in Hamilton's foot-
steps, taking mathematical beauty as our guiding beacon, and setting up theories which
are of intenest, in the §inst place, only because of the beauty of their mathematics.
We may then hope that such equations will ultimately prove thein value in physics,

basing this hope on the belief that Nature demands mathematical beauty in her Laws.,"
(Dirac, 1964).
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There is a close connection between aha-reactions and the psycho-
logical process that creates new ideas. This creative process is
quite mysterious. Carl Friedrich Gauss (1777-1855) reports in a letter
to Wilhelm Olbers about the work on his famous Disquisitiones Arithme-
ticae: "Dieser Mangel hat min alles Uebrige, was ich fand, verleidet; und seit 4 Jah-
nen wind selten eine Woche hingegangen sein, wo ich nicht einen oder den andern ver-
geblLichen Vernsuch, diesen Knoten zu Lisen, gemacht hitte - besonders Lebhaft nun auch
wiedern in den Letzten Zeit. Aber alles Balten, alles Suchen {st umsonsit gewesen, trhau-
nig habe ich fedesmal die Peder wieder niederlfegen milssen, Endlich vor edin paar Tagen
i81's gelungen - aber nicht meinem mihsamen Streben, sondenn bLoss durch die Gnade Got~
tes michte ich sagen. Wie den BLitz einschligt, hat sich das Ritsel gelost; ich selbst
wire nicht im Stande, den Leitenden Faden zwischen dem, was ich vorher wusste, dem,
womit ich die Letzten Vernsuche gemacht hatte, - und dem, wodurch es gelang, nachzu-
weisen." (Gauss, 1805). Aha-reactions are creative acts of the human mind.
The spontaneous innate ability to form concepts and ideas by creative
imagination is a unique feature in man, distinguishing him from the rest

of nature.

The essential ingredients of a theory are not made up by our con-
scious mind. Ideas are produced by our unconscious, the German word
Einfdlle characterizes them as the things that fall into our conscious-
ness. This origin of ideas explains the impression of incorrigibility
they convey until it can be realized or justified by the conscious mind.
Every creative process has an integrating tendency, it brings a new unity
into existence but it does not seem to serve any immediate biological pur-
pose. We know very little about the nature of the creative process; it

stems from the unconscious and develops according to its own logic.

References: There are two famous and most interesting studies by the mathematicians
Henri Poincaré (1913, pp.383-394) and Jacques Hadamard (1945) of their own creative
activities. Collections of personal experiences of the creative process have been
edited by Kankeleit (1959) and by Dalenius et al. (1970). A valuable study of the
conscious and unconscious in science and art is due to Koestler (1964). An illumi-
nating description of the role of intuition and imagination in Chinese thinking and

of the oriental approach to science has been given by the eminent Japanese physicist
Hideki Yukawa (1973).

Following Carl Gustav Jung (1875-1961), we use "the term idea o ex-
press the meaning of a primondial i{mage”, where by image we "do not mean the
psychic neflection of an external object, but a concept derived grom poetic usage,
namely, a figure of fancy on fantasy-image" (Jung, Coll. Works, vol.6, par.

732, 743). The image does not correspond to something outside but is
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real in its own way. "The real", says Jung, "is what works" (Coll. Works,
vol.7, par. 353).

But what is then the referent of imagination? Imagination is the
realm of soul. For depth psychology the referent of images is un-
conscious but has still objective existence. The "unconscious psy-
che, common to all mankind, does not consist merely of contents capable of becoming
conscious, but -ef Latent predispositions towarnd identical reactions" (Jung, Coll.
Works, vol.13, par.ll). For the inborn mode of psychic apprehension,
Jung has proposed the term grchetype (Jung, Coll. Works, vol.8, par.270
ff, and vol.6, par.624). The word archetype comes from the Greek and
means the prime imprinter. "The archetypal representations (images and ideas)
mediated to us by the unconscious should not be confused with the archetype as such”
(Jung, Coll. Works, vol.8, par.417). We do not experience the archetypes
themselves, they remain hidden but they express themselves by archetypal
motives in ideas and imaginations, and exercise a formative influence
upon human thought and behavior. The archetypes are the operative agents
of the soul and put us into an imaginative style of discourse. They are
the ultimate psychic realities; they are metaphysically real because
they are capable of producing observable effects. Archetypes are "psychic
nealities, neal because they work" (Jung, Coll. Works, vol.7, par.l151). How-
ever, archetypes are not necessarily psychic structures, the psyche
is just the place where they become manifest. Together with the in-
stincts, the archetypes make up that psychic stratum which Jung calls
the collective unconscious (Coll. Works, vol.8, par.229). The collec-
tive unconscious by its very nature is the common property of all human
beings, regardless of their culture.

An activated archetype exerts a fascination, it attracts to itself
the contents of consciousness "$o that the subject is gripped by it as though
by an instinet". "Its passing over into comsciousness is felt as an {llumination, a
revelation, on a 'saving idea'". In the long run, archetypes "mould the desti-
nies of individuals by unconsciously ingluencing thein thinking, feeling and behavion,
even 4if this influence is not necognized until Long aftermwards” (Jung, Coll. Works,
vol.5, par.225, 450, 467).

If archetypes appear unconsciously in projections, they contribute
to myth-formations and preconceptions. Projection is a psychic process

by which a subjective content becomes alienated from the subject and is
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embodied into the object (cf. Jung, Coll. Works, vol.6, par.783). A pro-
jection is never conscious, it can only be recognized if it is dissolved.
The recognition of the archetypal nature of a preconception removes

its magical effect and turns it into a neutral prior conception. The dis-
solution of a projection gives insight into the driving forces of the un-
conscious but does not imply that we have dissolved the forces. To dis-
card archetypal images "would be a distinet Loss. Our task is not, therefone, %o
deny the archetype, but to dissolve the profections, in onder to nestore thein contents
fo the individual who has involuntarnily Lost them by profecting them outside himself"
(Jung, Coll. Works, vol.9.1, par.160).

By absorbing more and more unconscious content, the consciousness
extends its frontiers, and this process leads to a continuous develop-
ment of the ego. The emancipation from the power of the unconscious leads
to empirical science by creating the external objective world. In
this evolution there is the danger of overemphazising consciousness,
of identifying consciousness with thinking, leading to the exaggeration
that the external objective world is the only reality (compare the
analysis by Erich Neumann, 1954, pp.341 and 384 ff). Forgetting that
constituents of reality are also to be found in the unconscious has
a sterilizing effect on creativity. An overemphasis on consciousness
leads to the one-sidedness characteristic of the self-confident
expert, strong-willed and incapable of seeing anything that tran-
scends his narrow sphere of competence. A typical symptom of such a
one-sided overexpansion of the ego is the absence of any genuine creative

activity.

Archetypal images play a crucial role as intuitive concepts for
physical phenomena. For example, the archetypal notion of magie power is
a concept found all over the world and is used as an intuitive concept
for the physical notion of energy (compare Jung, Coll, Works, vol.7,
par.151). That numbers have an archetypal foundation is an old conjec-
ture of many mathematicians, so that Jung defines number psychologically
as an archetype of order which has become conscious (Jung, Coll. Works,

vol.8, par.870).

The assimilation of unconscious archetypal contents leads to ideas
expressing the meaning of archetypal image in abstract form. If the

transpersonal content of ideas is repressed, then the symbols degenerate
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into mere signs, archetypal ideas into mere formal concepts. Such a
rationalization is destructive, the ideas lose their compelling signif-
icance and living force, and are emptied of meaning. An example is the
nominaliem in mathematical number theory, that is, the view that there
are no abstract entities whatsoever represented by numbers. One of the
greatest creative mathematicians, Kurt Gédel (1906-1978) has not accepted
this formalistic view but has maintained that "clfasses and concepts may ...
be conceived as neal objects ... existing independently of our definition and con-
stwetions" (Gddel, 1944, p.137). Clearly, Gddel does not assume that
these mathematical classes and concepts exist in outer reality but

he still holds that they exist independently of our minds. Most
mathematicians consider the idea of an a priori meaning of mathe-

matics as perfectly self-evident although they admit it only reluctantly.
Jean Dieudonné describes Bourbaki's attitude towards the meaning of
mathematics as follows: "On foundations we believe in the reality of mathematics,
but of cowtse when philosophers attack us with thein paradoxes we rush Zo hide behind
formatism and say: 'Mathematics is just a combination of meaningless symbols', and
then we bring out Chaptens 1 and 2 on set theony. Finally we are Left in peace to go
back to owr mathematics and do it as we have always done, with the feeling each mathe-
matician has that he {s working with something real", (Dieudonné, 1970). Without
its archetypal background, mathematics would be idle chatter or mere

desire for amusement.

The dynamics of scientific evolution is governed by activated
archetypes determining the typical mode of action and the currently val-
id paradigms. Since the archetypes cannot be evoked by the ego's will,
the large-scale development of science is determined by the dynamics of
the collective unconscious, a transpersonal reality. The fact, stressed
by Thomas S. Kuhn and Paul K. Feyerabend, that the development of scien-
tific theories owes little to logic or reason is not surprising when we
accept that "the soul has a Logic of its own and an experience of its own not to be
sedzed by Languages appropriate to physical phenomena on the one hand and to mental
processes on the othen" (Christou, 1963). The paradigms change because modi-
fications occur in the collective unconscious. The existence of such
changes is a historical fact (compare e.g. Erich Neumann, 1954). Whether
they occur spontaneously or in reaction to the evolution of conscious-

ness or to social and political changes is largely an open question.

Every myth, every great work of literature and art, every new con-
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ception and every theory has an unconscious core of meaning expressing
archetypal truths. "AZL the most powerful ideas in history go back to archetypes.
... In thein present fonm they are variants of archetypal ideas, created by consciously
applying and adapting these ideas to neality. Fon it is the function of consciousness
not only to necognize and assimilate the external wonld through the gateway of the
senses, but to trhanslate into visible reality the workd within us." (Jung, Coll.
Works, vol.8, par.342). The rich mathematical symbolism of modern scien-
tific theories expresses both aspects of the outer reality and archetypal
aspects of the collective unconscious. That is, the syntactics of a the-
ory reflects both the structure of matter and the structure of psyche.

An explanation of this astounding parallelism of inside and outside
worlds could be "the fact that 'psyche' and 'matten' are not basically incommensu-
rable in nature, but may perhaps be qualities of one and the same existential being"
(Jung, 1960).
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2.6 ARE THEORIES DANGEROUS?

The current revulsion from science is more than an irresponsible
repetition of contemporary fashions, it may be a reaction against the-
ories expressing an unduly narrow world view. Many contemporary sci-
entists are troubled by grave doubts about the usefulness and responsi-
bility of the scientific endeavor. Our current knowledge allows us to
do miraculous things but we are quite ignorant about whether to do so
is morally defensible. The problems created by the combination of sci-
ence and technology are tremendous. That we are in trouble is also seen
by our experts: "Any attempt to find automatically safe channels for the present
explosive variety of progress must Lead to frustration. The only safety possible is
nelative, and Lies in an intelligent exercise of day-to-day judgement. ... We can
specify only the human qualities required: patience, f§lexibility, intetligence."
(von Neumann, 1955a). Are our most intelligent leading experts unaware
of the need for insight and wisdom? The separation of analytical in-
tellect and synthetic imagination has disastrous effects, it leads to
a dangerous remoteness of science from the mainstream of human thinking.
These are the reasons why science has lost prestige and why faith and

admiration for science have strongly diminished.

The legendary image of a scientist as a humble searcher for truth
is more and more replaced by the image of a scientist as a well-paid
brillant expert, speaking an unintelligible professional jargon, highly
competent in a narrowly defined domain but arrogantly extending his
competence into fields in which he knows nothing, and neglecting the
fact that science is only a small subdivision of human knowledge. Jo-
hannes Kepler (1571-1630), who asked: "God, whom 1 can almost touch with my
hands when observing the universe, do 1 find him also in myseld?", was probably a
humble searcher for truth. The modern expert, fascinated in creating
"neutrhon bombs destroying only Life, not property” cannot be said to be search-
ing for truth about nature. Know-how has replaced wisdom which is cer-

tainly a factor contributing to the revulsion from science.

The well-known claim that "science as Long as it Limits itself Zo the
study of the Laws of nature has no moral on ethical quality" is said to be evident.
But is it true? Lack of awareness of moral content is no proof of its
nonexistence. The scientific revolution of the last few centuries caused
enormous moral problems. The very same people who ridicule the contempo-

raries of Galileo Galilei (1564-1642) for not being too happy about his
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move, do not seem to notice that he started not only modern science but
also its shortsighted arrogance. In his DZalogue on the Two Main Systems
of the World, Galileo assumes naively that he has a fully developed self-
awareness and unrestricted insight in his own activities: "Only the blind
need a guide, but anyone with two eyes in his head and with a mind should use them to
guide himsel§." (Galileo, 1632). With this Galileo characterized the modern
scientist as a man without shadow, "one who imagines he actually is only what

he cares to know about himself" (Jung, Coll. Works, vol.8, par.409). Adopting
Galileo's doctrine of free inquiry, independent of the interference of
any authority other than our private means of information implies that

we rely on our own form of illumination. That is, we rely on inferences
drawn from some type of innate knowledge. Of course, we no longer speak
of the voice of God or the temptations of the Devil but simply and un-
critically rely on "natural knowledge" (such as the claim of the a

priori necessity of the connection between cause and effect, or the

claim that the tertium non datur is a basic principle of logic). This
natural knowledge is archetypal knowledge, emerging from the collective
unconscious into the individual's mind and replacing the old autorities.
The typical modern scientist has lost any understanding of why in ancient
times eating from the tree of knowledge was considered as a severe taboo
infringement. Nowadays, we insolently reject any guide and claim, as a
matter of course that "a scientist has no responsibility forn the truths he finds

Ain his neseanch”.

It is said that nothing could be more humanistic than the pursuit
of truth. However, there are truths and truths, shallow truths, one-
sided truths and some truths are more important to pursue than others.
There are even truths not compatible with other truths, or, as Niels
Bohr once put it: "A great twth {8 a tuwth whose opposite {4 also a great thuth"
(quoted in Hans Bohr, 1967, p.328). It is not at all plain that the
pursuit of scientific truth is compatible with our humanistic principles.
The rationalist's traditions of scientific thought are often regarded as
destructive since it is felt that the scientific world view is too nar-
row, scorning metaphysical, religious and artistic approaches, and since
we should not increase our scientific knowledge if we cannot at the same
time advance our wisdom and virtue. On the other hand, the preponderant
view among contemporary scientists is that it is better to have scientif-
ic knowledge than not to, and that "there {s simply no way of deciding in ad-
vance where a basic scientific exploration will come out, orn what the nisk and benefits
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will be." (Thomas, 1978). Many scientists find moral problems associated
with purely scientific activities unintelligible, perhaps because
moral considerations could seriously damage basic scientific research.
"1t 45 not consistent with the genius of the American people to restrict the pro-
gness of scientific knowledge by Legisfation on othermwise" (Packard and Cope,
1883) . Nowadays this ideology is firmly established. Although there
were no good indications that the new technologies would be used re-
sponsibly, John von Neumann reconfirmed this ideology in a testimony
before a Committee on Atomic Energy of the United State Senate, given
on January 31, 1946: "I do not believe that the nation would act wisely in
attempting to fonbid to itself to do certain things" (von Neumann, Coll. Works,
Vol.6, p.50). And some years later: "For progress there 4s no cure" (von Neu-
mann, 1955a). The old idea that the world was put at man's disposal by

God degenerates into a new boldness: what can be done must be done.

Modern philosophers have a different view. We quote as an example
Georg Picht: "Humanitdt, die ihre Eingebundenheit in die Natur verfeugnet, schligt
notwendig um in Bestialitit und entfesselt dann ein Spiel von desonganisierten Instink-
ten, die win sonst bel keinem Raubtien kennen. Die 'bestia nationalis' wirnd von de-
struktiven Impulsen getnieben, deren sie nicht How zu werden vermag, wedl sie mit ei-
nen Geisteskrankheit geschlagen is%t, die man als 'dementia rationalis' bezeichnen
kann. Charakternisieren Ldsst sich die Krnankheit dadunch, dass eine partikularisiente
Rationalitit in offenem Widernspruch zu allen jenen Formen dern Ernkenntnis getreten ist,
die in unseren philosophischen Tradition mit dem Namen 'Vernunft' bezeichnet worden
sk, Verndngtig denkt, wer in den Lage £st, die Konsequenzen seines Denkens und Han-
delns zu dbenblicken, und wen berneit ist, die Verantwortung fin diese Konsequenzen auf
sich zu nehmen. In diesem Sinne {8t eine Wissenschaft, die auf eine Theorie ihren ei-
genen Konsequenzen verzichtet und nicht bereit ist, die Verantwortung §in {hre techni-
sche und praktische Auswirkung zu (bernemmen, widerverniingtig.” (Picht, 1976). Adop-
ting Picht's definition of rationality, we have to admit that, starting
with Galileo, science has become more and more irrational. Science #Zas a
moral content but we scientists lost the sense of moral responsi-
bility for our activities. Pure scientists cannot escape the problem of
responsibility; at least they are guilty of not seeing that there is

no sharp dichotomy between pure science and technology.

The imaginative and creative activity of scientists and artists
is not very different, To be sure, artists are usually well-informed

about the irrational nature of creative processes while most scientists
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pretend or even believe that they proceed rationally. The driving force
in an artist's or scientist's work is not the desire to benefit humani-
ty. "Wahnlich, es ist nicht das Wissen, sondern das Lernen, nicht das Besditzen, son-
dern das Enwenben, nicht das Da-seyn, sondern das Hinkommen, was den ghissten Genuss
gewdhnt" (C.F. Gauss to W. Bolyai, letter of 2.9.1808, cf. Bolyai, 1899).
For a creative scientist, research is fascinating, and fascination can-
not be quenched. Both artists and scientists often work with extraordi-
nary enthusiasm and great intensity, they even devote their life to their
work. Loyalty to their vision is more important than humanistic consid-
erations. The creative scientist is in danger of thinking that 7t is he,
who has the great idea, not realizing that the great idea %Zas him. The
idea goes back to an archetype, and as long it remains unconscious it
takes possession of the ego. A scientist possessed by archtypal power
has an enormous dynamism within himself but becomes utterly unfree and
suffers a loss of consciousness. Such an inflation of the consciousness
"occwns whenever people are overpowered by knowledge on by some new realization. ...
The inglation has nothing to do with the kind of knowledge, but simply and sofely
with the fact that any new knowledge can 50 seize hold a weak head that he no Longen
sees and heans anything else. He is hypnotized by it, and <instantly believes he has
solved the rniddle of the universe” (Jung, Coll. Works., vol.7, par.243).

A modern scientist as a rule has no idea what is going on when he
has a great idea. He uses shallow razionalizations, wonders about
the bad image science has, and explains it by projecting his own
irrationality on an irrational behavior of the mass media. A cre-
ative possession is never harmless but our culture has lost the in-
stinct of the older cultures for the peril of the gods. There is the
danger of losing our freedom of consciousness by succumbing to
the automatism of the collective unconscious. "An inflated consciousness Lis
always egocentric and conscious of nothing but its own existence, Tt L& Lincapapble
0§ Learning grom the past, incapable of understanding contemporary events, and in-
capable of drawing night conclusions about the future. It is hypnotized by itself
and therefore cannot be argued with". (Jung, Coll. Works, vol.l2, par.563).
In the perspective of our critics, a pretty good description of a

scientist.

Modern science has badly neglected the forces in man that shape sci-
ence, technology and human affairs. Nevertheless, a good part of the

responsibility for modern technological developments is taken by sci-
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entists. Why? "... sdie haben in ihren wissenschaftlichen Atbeit besser gelennt,

objektiv, sachlich und, was das wichtigste ist, in grossen Iusammenhingen zu denken”,
as Werner Heisenberg (1969, p.272) lets his friend Carl Friedrich von
Weizsicker argue. However, how can a scientist think objectively, with-
out losing track of bigger contexts, if he is completely in the dark
about the driving forces of his work? It never seems to occur to the
brilliant experts that they assume a responsibility that goes beyond
all reasonable bounds of their competence. It is no longer possible

to close our eyes to all but the most optimistic predictions. We have
to learn to escape the danger of identification with primordial ideas
and the associated possibility of an inflation which threatens the con-
sciousness. Good theories are risky since they can be ideal carriers
for projections, representing an unconscious content cut off from all
influence of the conscious mind. The great danger is that we are not
aware of our ignorance, or, as John Steinbeck (1902-1968) put it in

his The Winter of our Discontent: "T guess we're all, most of us, the wards

of that 19th centuny science which denied existence o anything it could not measure
on explain. We did not see what we couldn't explain, and meanwhile a great part of
the workd was abandoned to children, insane people, fools and mystics".
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2.7 SUMMING UP

Science, technology, art and religion have their origin in the
creative center of the psyche. Science assumes that there is order in
nature; scientific theories try to relate the order of external objec-

tive reality to the order of a transpersonal inner reality.

Depth psychology describes the introspectively recognizable
form of psychic orderedness by archetypes. Myths are well-known ex-
pressions of archetypes, they were not invented but experienced. Sci-

ence is the myth of modern man.

Scientific theories create order in the empirical material but
every theory goes far beyond the immediate knowledge, understanding
and insight. Theories are the result of creative imagination, they

necessarily have an intrinsic beauty.

The formalism of mathematically formulated theory allows to
describe experience on a deeper than a purely descriptive level. The
propositions of the syntactical formalism obtain meaning through (i)
their connection with empirical data, and (ii) their connection with
the conceptual order of the mind. Ideally, the structure of the formal-
ism of a theory should mirror both the order of the external and of

the internal reality.

Research is an intuitive artistic vocation so that pure science
should be considered on a par with the arts. All central concepts of a
theory are derived from archetypal structures. Ideas are not the result
of a conscious effort of will but they appear spontaneously. The genuine
creative process is always unconscious. Archetypal images decide the
fate of scientific theories just as much as do the realities of the ex-

ternal world.

A scientific theory is never an independent body of knowledge
but always relative to its historical and cultural context. The basic
preconception necessary for any scientific theory is called the paradigm.
The adopted paradigm reflects the "Zeitgeist", that is the general in-
tellectual and moral state of the culture. A paradigm establishes the
possibility of a standard of objectivity and truth.
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An empirically well-confirmed theory is unfalsifiable in the
context of its paradigm, it can only be overthrown by a new paradigm.
The driving forces that determine the dynamics of the paradigms are the
archetypes. On the other hand, a new paradigm is not accepted in empir-

ical science unless it has substantial explanatory success.

The classical scientific ideal of unprejudiced and objectively
demonstrable knowledge is not tenable. Reality has to be constructed

theoretically, it is dependent on the adopted point of view.

Philosophical questions are not without consequences in the
establishment of science. Some popular philosophical views, like posi-
tivism and operationalism, are not only untenable but a threat to man's

creative possibilities.

Science leads to an increase of consciousness harboring the
danger of inflation of the consciousness with unconscious contents. It
is doubtful if a further rapid and unrestricted development of science

is compatible with vital humanistic principles.

The pursuit of truth has moral content. Every scientist who
rejects external authorities has the full responsibility for the truths
he finds in his research. The current revulsion from science is at least
in part a sane reaction against an infantile and irrational behavior

on part of the scientific community.



3, PIONEER QUANTUM MECHANICS AND ITS INTERPRETATION

Believe nothing,

no matter where you read ift,

on who sadd it,

no matter if I have said it,
unless Lt agnees with your own reason

and your own common sense.,
Buddha

3.1 INTRODUCTORY REMARKS AND PREVIEW

Quantum mechanics was created in a unique effort of a small
group of ingenious physicists during the period of 1922 to 1927. The
leading pioneers were Niels Bohr, Louis de Broglie, Max Born, Werner
Heisenberg, Pascual Jordan, Wolfgang Pauli, Erwin Schrddinger and Paul
Adrien Maurice Dirac. By 1928 the new mechanics was sufficiently de-
veloped to be applied to the properties of atoms, molecules, solids
and radiation. The first really authoritative text was Dirac's "The
Principles of Quantum Mechanics" of 1930. Von Neumann's brilliant
"Mathematische Grundlagen der Quantemnmechanik” of 1932 contributed
much to the mathematical refinement of the new theory, while Pauli's
article "Die allgemeinen Prinzipien der Wellemmechanik" in the "Hand-
buch der Physik" of 1933 gives an encyclopedic coverage from a more
physical point of view. In spite of their slightly different positions,
we regard the expositions in these classical works by Dirac (1930),
von Neumann (1932) and Pauli (1933) as aspects of one single theory
which we call pioneer quantum mechanics. More recent accounts of pio-
neer quantum mechanics are the monograph by Bohm (1951) and by Ludwig
(1954) . Ludwig's text stresses the mathematical formalism and is easier
to read than von Neumann's classic, while Bohm's book is one of the
few texts that give a judicious and thoughtful discussion of the inter-

pretative problem of pioneer quantum mechanics.

Pioneer quantum mechanics is important, not only because it is
relevant for any theory of molecular matter but also because it implies
a striking departure from philosophical tradition, initiating a new and

deeper understanding of the structure of scientific theories. Clearly,
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quantum mechanics stands within certain historical traditions and
still undergoes - as does every great theory - further evolutions.

To understand quantum mechanics as a cultural enterprise in which man
has reached a new level of consciousness and to recognize the conti-
nuity of contemporary achievements with the past, we have the obliga-
tion to understand the principal historical roots. This does not mean
that we should try to make the visions of the pioneers our own, since,
as stressed by Martin Strauss (1970, p.262), "the history of science
knows of no instance of a physical theory correctly understood by its
author". This is an important reason why in order to understand quan-

tum mechanics it is necessary to know its history.

The history of quantum theory shows that even the most creative
scientists are often very conservative in the sense that they tend to
stick stubbornly to their own ideas. The theories they have developed
themselves are emotionally important to them, they are even obsessed
by their initial ideas. However, the integration of an idea or dis-
covery into the main body of science is a process of depersonalization
whereby the initial idea changes its content. Without exception, every
brilliant idea is also misleading and its final form emerges only in a
long process of gradual clarification. As a rule, the discoverer is
disappointed by the later reinterpretations; the development he started
does not correspond to his own vision of the meaning of "his" idea. The
development of an idea by the scientific community is independent of
the conceptions of its creator. The joy and excitement of the discov-
erer often changes into deep frustration. The development of pioneer
quantum mechanics is an outstanding example. The great pioneers Max
Planck, Albert Einstein, Louis de Broglie and Erwin Schrddinger have
been deeply worried about the development of quantum mechanics. In a
letter of December 22, 1950, Albert Einstein wrote to Erwin Schrédin-
ger: "Wenn man die Quantentheonie als (im Prinzip) endgiiltig ansehen will, 50 muss
man glauben, dass eine vollstindigere Beschreibung zwecklos wire, well es §in sie
keine Gesetze gdbe. Wenn es Ao wire, dann winde die Physik nur mehn §iin Kndmer und
Ingenieune Interesse beanspruchen kinnen; das ganze wire ein thauriges Pfuschwerk"
(Przibram, 1963, p.36).

The history of early quantum theory and pioneer quantum mechan-
ics is easily accessible and warrants but brief recapitulation here. A

profound exposition is due to Jammer (1966). Additional details can be

found in Whittaker (1953), Klein (1962), Kuhn et al. (1967), Scott (1967),
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v.d. Waerden (1967), Hermann (1969) and Gerber (1969). In section 3.2 we
give a deliberately narrow review of the historical development of the
Hilbert space formalism of pioneer quantum mechanics, focusing on those
aspects which were of importance for the further development of quantum
mechanics. We also give some examples for the odd but quite characteris-
tic feature of history of science that the pioneers of quantum theory
were not fully aware of the meaning and the implications of their dis-

coveries.

In section 3.3 we give a terse outline of the Hilbert-space
formalism of pioneer quantum mechanics from a modern point of view. It
is written in a more technical language and it may be skipped; the re-

maining sections can be read independently of this section.

It is tempting, but mistaken, to believe that we can use the for-
malism of quantum mechanics without entering into a discussion of its
interpretation. Only interpreted mathematical formulas express laws of
nature, the interpretation gives a physical meaning to the mathematical
symbols used. Interpretations never are inherent in the formalism but
must be assigned to it. Mathematical construction is such a marvelous-
ly effective creative principle that the formal structure of a new theo-
ry may be arrived at prior to the establishment of a consistent inter-
pretation. That is, we may be confronted with the amazing situation that
we know and can use the mathematical equations of a new theory without
exactly knowing what they mean. Pioneer quantum mechanics is an example:
it is the most controversial theory we have and even today no general
agreement exists on its interpretation (compare for example the review

given by Jammer, 1974).

The interpretation of quantum mechanics is a deep problem. It is
surprising how often vulgarized versions of various interpretations have
been presented and how uninformed some textbook authors are who pretend
to have studied Bohr's, Heisenberg's, and von Neumann's fundamental con-
tributions. A summary of the Copenhagen interpretation is given in sec-
tion 3.4. Our discussion is necessarily a very condensed summary; a
deeper understanding requires the study of the original papers which are
quoted rather completely. It is crucial to understand the Copenhagen

view, to appreciate both its wisdom and its inadequacy.
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The Copenhagen view has a distinct ring of phenomenalism and
instrumentalism. According to Bohr (1931, in the English translation on
p.18), "in oun description of nature the purpose i8 not to disclose the real essence
04 the phenomena but only to track down, s0 far as Lt is possible, relations between
the manifold aspects of our experience". The Copenhagen view is content with a
pragmatic description of laboratory experiments; what is "really" hap-
pening is not considered as a legitimate question. The first attempt to
adopt a broader view is the von Neumann-London-Bauer interpretation,
discussed in section 3.5. A lasting contribution is von Neumann's
caricature of quantum measurements. The aim of this theory of quantum
measurements is to show that the reduction postulate is compatible both
with the formalism of quantum mechanics and Born's probabilistic inter-
pretation of the state vector. In this respect, von Neumann has been
successful. However, von Neumann did not solve the so-called measurement
problem, that is, he did not deduce the reduction postulate from the time-
dependent Schrddinger equation. At this level of the theoretical develop-
ment, quantum mechanics can predict correctly and in a consistent manner
with what probabilities events will occur but it does not explain at all

the fact that quantum events do occur.

Von Neumann's rejection of Bohr's requirement that the observa-
tional means must be described by a classical theory creates great prob-
lems. The main stumbling block is the measurement problem. The solution
of this enigma should provide an explanation why interactions that lead
to measurements differ so fundamentally from interactions that do not in-
volve measurements. These difficulties have been considered to be so grave
that many scientists have questioned the universal validity of quantum
mechanics in the molecular domain. If we grant the unrestricted valid-
ity of the formalism of pioneer quantum mechanics, then we know only
three logically consistent interpretations of quantum mechanics: the ex-
orbitantly pragmatic Copenhagen view, the outrageously subjectivistic
von Neumann-London-Bauer interpretation, and the astounding Everett in-
terpretation. The Copenhagen view has no measurement problem because -
according to Bohr - '"there 45 no quantum world" (quoted from Petersen,

1963) . The von Neumann-London-Bauer interpretation "solves" the mea-
surement problem by claiming that the consciousness of the observer is
responsible for quantal events. These two interpretations are logically
consistent but reject the view that there are things existing objectively

and independently of any measurement or observer.
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The belief that there exists an objective reality outside of
any mind is a regulative principle accepted by almost everybody in
everyday life. A logically consistent interpretation of the formalism
of quantum mechanics that allows us to accept realism as a regulative
principle is possible; it is the Everett interpretation, discussed in
section 3.6. The Everett interpretation agrees with the empirical facts,
it has the advantage of an attractive simplicity, and it frees us from
all the unnecessary restrictions of the Copenhagen view and the von Neu-
mann-London-Bauer interpretation. However, the Everett interpretation
has an unambiguous meaning only if the measurement problem is solved in
a technical sense. That is, we have to explain how quantum mechanics
can account for the existence of classical properties of certain quan-

tal systems.

The existence of classical properties is, however, in direct
contradiction to the superposition principle of pioneer quantum mechan-
ics. The universal validity of the superposition principle implies a
wholeness of quantum mechanics quite foreign to classical physics. This
fact was put in evidence in a famous paradox due to Einstein, Podolsky
and Rosen; it is discussed in section 3.7. Nowadays, the existence of
the Einstein-Podolsky-Rosen correlation is experimentally well estab-
lished and forces us to break with an old tradition: the idea that most
physical situations can be described in excellent approximations by a
closed-system analysis involving only a small part of the entire uni-
verse. Because of the omnipresence of Einstein-Podolsky-Rosen correla-
tions, a complete description of processes localized in a small part of
the world seems to require the inclusion of the whole universe, or at
least, the inclusion of a background state due to the rest of the world.
Or in Bohr's language, the results of an experiment cannot be separated

from its conditions.

In section 3.8 we resume our discussion of the status of pio-
neer quantum mechanics and explain why it is - in spite of its empirical

success - inadequate as a fundamental theory of molecular matter.
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3.2 THE HISTORICAL DEVELOPMENT OF THE HILBERT-SPACE MODEL OF PIONEER
QUANTUM MECHANICS

The initial phase: the discovery of the quantum of action

The development of quantum theory is an excellent example of
the fact that science only rarely progresses in direct ways but that
basic problems are often solved by achievements in other fields appar-
ently having no connection with the problem at hand. The quantum revolu-
tion began at the intersection of thermodynamics and electrodynamics.
The birthday of quantum theory can be identified with the discovery of
the quantum of action by Max Planck (1858-1947). On December 14, 1900,
Max Planck presented his derivation of the distribution law for black-
body radiation to the "Deutsche Physikalische Gesellschaft" in Berlin.
Planck (1900) postulated that light could not be radiated continuously
but only in whole multiples of hv, where v is the frequency and h a new
universal constant, nowadays called Planck's constant of action. Planck
regarded his hypothesis as necessary for explaining the experimentally
known spectral distribution of black-body radiation; it signifies a

breach with classical physics and the emergence of a new paradigm.

Remark: Planck assumed as established that a classical system with a large number
of coupled degrees of freedom leads to the equipartition law of classical statis-
tical mechanics. As we know today, this assumption is not a logical consequence of
the equations of motions of classical physics (Bocchieri and Valz-Gris, 1972, 1974),
so that the Rayleigh-Jeansradiation law is not a consequence of classical physics.
Moreover, modern studies suggest that classical physics is not in such violent
contradiction with the experimental results on the black-body radiation as Planck
believed. (Bocchieri et al., 1974; Bocchieri and Valz-Gris, 1975; Wallace, 1974).
Boyer (1969) has shown that even if one assumes the equipartition law as valid, it
is possible to derive Planck's radiation law for black-body radiation from clas-
sical statistical mechanics without any quantum assumptions by postulating the ex-
istence of a classical fluctuating electromagnetic radiation with a Lorentz-invari-
ant spectrum (compare also Theimer, 1971). Hence, though quantum theory flourishes,
its historical foundation has been superseded to a large extent.

The next revolutionary step was made by Albert Einstein (1879-
1955). In 1905, in the same volume of the "Annalen der Physik" in which
his epoch-making papers on Brownian motion and on special relativity ap-
peared, Einstein (1905a) pointed out that the experimental data on the pho-
toelectric effect could be naturally interpreted by assuming that light
has a particle structure. The light quanta (later called photons) of a
monochromatic electromagnetic radiation of frequency v would then have an

energy hv, a momentum hv/c and move with the velocity c¢ of light. While
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Planck regarded the quantum of action as a property of the Znteraction
between radiation and light, Einstein put forward the different and more
radical hypothesis that energy quanta have an independent existence in

radiation.

Remark: This idea was too radical for Planck and he did not accept the idea of
light quanta. The driving force in Planck's work was the idea that thermodynamics
and electrodynamics could be unified into a consistent classical theory. When the
full implications of Planck's theory became apparent, Planck did not accept them.
In his proposal to elect Einstein as a member of the Prussian Academy of Science,
Max Planck wrote on June 12, 1913: "Dass er in seinen Spekulationen gelegentlich
auch einmal iber das Ziel hinausgeschossen haben mag, wie z.B, in seiner Hypothese
der Lichtquanten, wind man nicht allzuschwer amrechnen dinfen; denn ohne einmal ein
Risiko zu wagen, Ldsst sich auch in den exaktesten Wissenschagt keine wirnkliche
Neuerung eingiimren" (quoted from Kirsten and Kérber, 1975, p.202).

The third decisive step was taken by Niels Bohr (1885-1962) in
1913 by introducing the concept of stationary states, Bohr (1913)
postulated that electrons in stationary states do not radiate. He as-
sumed that electrons in atoms revolve in certain discrete orbits without
radiating, but when jumping from one stationary state to another they
emit a quantum of light of frequency v = (E,- E;)/h, where E; and E, are
the energies of the first and second orhit, respectively. With this Bohr

could explain the line spectrum of hydrogen.

A further crucial step in our understanding of black-body radia-
tion was taken by Satyendra Nath Bose (1894-1974). On June 4, 1924, Bose
sent a short paper in English to Albert Einstein, in which he deduced
Planck's law independently of classical electrodynamics, only as-
suming that the ultimate elementary regions in phase space have the
volume h®. Einstein was impressed, translated the paper into German and
submitted it to the "Zeitschrift fiir Physik" (Bose, 1924). Bose showed
that photons had the amazing property of being strictly identical. Bose's
result immediately was extended by Einstein (1924, 1925) to the study of

an ideal gas with particles of nonzero rest mass.

Remark: Einstein immediately grasped the meaning of Bose's hypothesis of the
indistinguishability of photons, and generalized it to particles of nonzero
rest mass. However, he never adopted the straightforward conclusion that strict
identity implies indistinguishability so that a reference to trajectories of
identical particles makes no sense. Einstein always insisted on a classical
space~-time description and rejected quantum theory as an exhaustive description
of nature.
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The discovery of the wave nature of matter

In 1923 Louis de Broglie (born 1892) arrived at the idea that
the notion of the coexistence of particles and waves, discovered by Ein-
stein in 1905 for light, extends to all particles. De Broglie (1923) as-
sumed that the particle is located at a well-defined point within the
wave at every instant, and that in the case of a monochromatic wave of
frequency v it possesses the energy E = hv and the momentum P = h/X\
where A is the wavelength. The sensational discovery of electron diffrac-
tion by Davisson and Germer (1927) gave an empirical verification of the

wave nature of matter, confirming the brilliant idea of de Broglie.

Remark: De Broglie tried to develop his ideas into a "theory of the double-
solution", where the particle in the wave is guided by the wave propagation.
Although de Broglie defended this view throughout life (compare the review by
de Broglie, 1971), it was never accepted by the majority of physicists.

Heisenberg's breakthrough

Werner Heisenberg's (1901-1976) first attempts to elucidate Bohr's
rules were inspired by a strictly positivistic outlook: to formulate a
new mechanics which is based exclusively on measurable quantities such as
the frequencies v and the intensities I of spectral lines (Heisenberg,
1925). He did not fulfill his own program but he proposed a theo-
ry in terms of energies E and coordinates x, related to measurable gquan-

. _ _ .- 2
tities by hvy =Ej - E and I [xjkl where v, and Xy referred to

a pair (j,k)JZf stationiry staiZs. By an imaginative Fourier analysis of
the intensity formulas of atomic spectroscopy, Heisenberg solved the fol-
lowing "quantization problem": given a quantity that replaces the clas-
sical dynamical variable x(t) in the new theory, which quantity re-
places the classical variable {x(t)}? ? By introducing a new type of pro-
duct, Heisenberg gave an explicit solution in terms of the quantities
xjk' Heisenberg already noted the noncommutativity of this new product

as a distressing difficulty but went ahead to develop his idea, arguing

that "{in spezidllen Filken ... tnitt diese Schmwierigkeit nicht aug”.

Remark: Heisenberg's guiding idea was to eliminate the orbits of electrons ar-
guing that they were not accessible to observation. He proposed a new mechanics to
be based only on directly observable quantities, such as the frequencies and
intensities of spectral lines. However, the full-fledged, algebraic formalism

of Born, Heisenberg and Jordan (1926) was based on the matrix calculus and did
not fulfill Heisenberg's original positivistic program.
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That the lack of commutativity of coordinates and momenta is
the central feature of Heisenberg's new mechanics was realized by Max
Born (1882-1970), and independently by Paul Adrien Maurice Dirac (born
1902) . Born recognized Heisenberg's multiplication as matrix multipli-
cation and together with Pascual Jordan (1902-1980) developed a matrix
formulation of the new mechanics (Born and Jordan, 1925; received on
September 27, 1925). Dirac's approach was more abstract but also math-
ematically more elegant and conceptually deeper. Dirac (1925; received
on November 7, 1925) already envisaged an axiomatic approach and
started with a quantum algebra of dynamical variables which satisfy
all the rules of normal numbers with the exception that the product is
not necessarily commutative. In later papers, Dirac (1926a,b) called
his mathematical structure the algebra of g-numbers (where g stands

for quantum); nowadays we speak of an algebra of observables.

In his first paper, Dirac made another essential contribution.
Bohr's correspondence rule was generally considered to be a reliable
guiding principle; it expressed the belief that under conditions where
the effect of Planck's quantum action can be considered to be negligible,
the predictions of quantum theory should coincide with those of classical
mechanics. By an ingenious application of this correspondence principle,
Dirac (1925) postulated that the commutator between two observables A

and B corresponds to ih times the Poisson bracket

. A 9B 3B 9A \
AB - BA = ih 2/-—-————————

2\ 9Q. JP. 3Q. 9P,

J\ QJ J QJ 3)
where Qj' Pj are the canonical dynamical variables of j-th degree of
freedom and the sum is over all degrees of freedom of the system. From
this general postulate it follows that the canonical g-numbers fulfill

the commutation relations,

Q. - . =0

QJQk QkQ] !

Pij - PkPj = 0 ,

Qij - Pkgj = 0 for j*k ,
P. - P.Q. = ih

2474 3% !

The corresponding equations were discovered independently by Born
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and Jordan (1925) in their matrix representation.

Remark: The term "matrix" did not appear in Dirac's first papers, he apparently
did not like this special representation of his g-numbers too much. More than Born
and Jordan, Dirac realized that the most important thing was the noncammutativity
of the dynamical variables. As Dirac reported "Helsenberg was Led very reluctantly
o noncommutative algebra, because it was 50 foreign to all ideas of physicists at
that time, and when it §inst tunned up he thought there must be something wriong
with his theony and tried to conrect it, but he was just forced to accept it"
(quoted from Mehra, 1972, footnote 37).

Quantum dynamics

One of the most powerful ideas inspired by Bohr's correspondence
principle was the conviction that most features of Hamiltonian mechanics
must be correct both in classical and quantum theory (compare the influen-
tial lectures Max Born gave in Gdttingen in the winter 1923/24, published
as "Vorlesungen iiber Atommechanik", Born, 1925). In his basic paper Hei-
senberg (1925) already postulated that the form of the classical equationsg
of motion can be retained and that only the kinematical interpretation of
the canonical variable g{(t) as a location has to be rejected. After Hei-
senberg's breakthrough, Born and Jordan (1925), and independently Dirac
(1925) postulated that the Hamiltonian formalism should be preserved with
the only modification that the dynamical variables be represented by
noncommuting quantities., With this the Hamiltonian equations of motion
of quantum mechanics are given by

) . 9
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where H = H(P,Q) is the Hamiltonian of the system. More generally, Di-

rac's correspondence principle in terms of Poisson brackets directly

gives the equation of motion for an arbitrary dynamical variable A as
inA = AH - HA .

In the following papers by Dirac (1926a,b,c) and in the famous
"Dreiminnerarbeit" by Born, Heisenberg and Jordan (1926) the new mechan-
ics had already reached the status of a fully developed theory of mechan-
ical systems of any finite number of degrees of freedom together with a
theory of angular momentum and a representation theory of the three-di-

mensional group of rotations.
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Remark: It shows the great genius of the pioneers that they were able to develop
a new mechanics in spite of the lack of deeper insight into their guiding princi-
ples. For decades the unexplained success of the correspondence principle and Ham-
iltonian formalism remained a mystery. As we know today, one reason is that clas-
sical mechanics was not yet fully understood.Although invariance principles played
a decisive role in Galileo Galilei's (1564-1642) thinking, and although Eugen Wig-
ner and Hermann Weyl saw the group theoretical implications of the new quantum
mechanics from its very beginning, the first full discussion of the Galilei group
in quantum mechanics is due to Valentine Bargmann (born 1908), thirty years after
Heisenberg's breakthrough! Bargmann's (1954) study led to an unexpected discovery:
the invariance under Galilei transformations implies a superselection rule (the
so-called Bargmann superselection rule) which guarantees the strict conversation
of mass. The corresponding discussion for classical mechanics was initiated by
Loinger (1962). The group theoretical background of the correspondence principle
became clear only after these works. Both classical mechanics and pioneer quantum
mechanics presuppose the Galilean spacetime geometry for the formulation of their
laws. This spacetime concept is given by the Galilei group and determines to some
extent the laws governing the behavior of matter. Both classical mechanics and
pioneer quantum mechanics are elementary but different representations of the
Galilei group. This common feature is the reason for many formal similarities
between classical mechanics and pioneer quantum mechanics. Nowadays the corre-
spondence arguments which were so important in the development of quantum mechan-
ics are obsolete; they are replaced by the representation theory of the Galilei

or the Lorentz group.

Schrddinger's wave mechanics

Inspired by the thesis of Louis de Broglie and by Hamilton's
comparison of classical mechanics and geometric optics, Erwin Schr&din-
ger (1887-1961) interpreted the classical trajectories of particles as
the "rays" associated with "matter waves". In 1926, Schrddinger created
a wave mechanics of matter, intended as a rival to matrix mechanics,
restoring the classical description of radiation. (Schrédinger, 1926a,
received on January 27, 1926). From a variation principle Schrddinger

obtained a differential equation which the wave Y must satisfy,

e, $ 5 v -ev@

where H(q,p) is the classical Hamiltonian function and 2wk is Planck's

constant.

In his second note, Schrédinger (1926b) introduced the dynamics

by a time-dependent wave function Wt satisfying the equation

ihBWt/Bt = HWt ’

nowadays called the time-dependent Schrddinger equation.
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In a stationary state, one can put

- e_lEt/hW

Wt ’

where Y satisfies the time-independent Schrddinger equation
HY = EY ,

which states that ¥ must be an eigenfunction and E an eigenvalue of the

Hamiltonian H.

In his first two papers, Schrddinger thought that the wave func-
tion ¥ described a matter wave in physical three-dimensional space.
In his fourth communication, Schrédinger (19264, received on June 21,
1926) interpreted ¥ as a scalar field and |¥|? as the electrical charge
density but already realized that this interpretation breaks down for
many-electron problems. Schrddinger's function ¥ of an n-electron problem
refers to a 3n-dimensional configuration space, but originally Schr&din-
ger develdbed his equations for one particle (n=1) so that the 3-dimen-
sional physical space coincided with the 3n-dimensional configuration
space. Realizing this situation, Schrddinger was forced to abandon de
Broglie's ideas on particle localizations and - much against his own mo-
tivating ideas - the interpretation of his wave function ¥ as a matter
wave in three-dimensional physical space. In contradistinction to the
electromagnetic field, Schrddinger's Y-field is not a "real wave", being
propagated in physical space, but an abstract entity in a high-dimension-

al configuration space.

In his paper "Ueber das Verhdltnis der Heisenberg-Born-Jordan-
schen Quantenmechanik zu der meinen", Schrédinger (1926c; received on
March 18, 1926) showed that from a formal mathematical viewpoint his wave
mechanics was identical with the matrix mechanics. Independently, a much
more precise equivalence proof was given by Wolfgang Pauli (1900-1958)
in a letter to Pascual Jordan on April 12, 1926 (the letter is reprinted
in v.d, Waerden, 1973).

Remark: Schrddinger had a deep aversion to Heisenberg's new mechanics. "Ich hatte
von seinen Theorie natintich Kenntnis, fiihlte mich aber dunch die min sehr schuie-
rig Schedinenden Methoden der transzendenten Algebra und durch den Mangel an Anschau-
Lichkeit abgeschreckt, um nicht zu sagen abgestossen” (footnote 2 in Schrédinger,
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1926¢c). In private discussion, Schrédinger was more articulate. During a visit

at Bohr's institute in Copenhagen in September 1926, Schrédinger reportedly ex-
claimed desperately: "Wenn es doch bedl dieser verdammten Quantenspiingerel bleiben
s0LL, 80 bedaurne ich, mich mit der Quantentheorie iberhaupt beschiftigt zu haben"
(quoted from Heisenberg,1956g). Heisenberg expressed his aversion to Schrddinger's
wave mechanics in a letter to Wolfgang Pauli on June 8, 1926: "Je mehn Lch dben
den physikalischen Teil den Schridingerschen Theornie nachdenke, desto abscheulichen
ginde ich ihn" (quoted from Hermann, 1963, p.65). Note that from a modern point of
view, both Schrédinger and Heisenberg refer to one and the same physical theory:
pioneer quantum mechanics.

The revelation of the meaning of Schridinger's ¥Y-funection

When it became plain that Schrédinger's original idea of matter
waves was untenable, the question of a correct interpretation of Schré-
dinger's Y-function became urgent. Referring to the early development of
the formalisms of matrix and wave mechanics, Born (1955) reminisced in
his Nobel lecture: "Was aber dieser Formalismus eigentlich bedeutetfe, war keines-
wegs klarn. Die Mathematik war, wie es Ggterns vorkommt, REigen als das sinngebende Den-
ken", Almost simultaneously with Schr&dinger's qualms about the interpre=~
tation of ¥ as a matter wave (Schrddinger, 19264, received on June 21,
1926), Max Born (1882-1970) published his "Quantenmechanik der Stossvor-
gédnge" (Born, 1926a, received on June 25, 1926), where he preferred
Schrddinger's wave mechanics over the matrix mechanics as "die tiefste
Fassung der Quantengesetze", and introduced a new probabilistic interpre-
tation of Schrddinger's ¥-function. According to this probabilistic in-
terpretation of wave mechanics, Schrédinger's Y<function is a probability
amplitude so that the absolute square |¥|? is a probability density in
configuration space. When an event can occur in several alternative ways,
the probability amplitude for the event equals the sum of the probability
amplitudes for each way separately (superposition principle for probabil-
ity amplitudes). Accordingly, the probability of this event is not given
by P = [¥;|% + |¥,]? but by P = |¥;+¥2|2, so that one speaks of an inter-
ference of probability amplitudes. Born's probabilistic interpretation
(Born, 1926a-b, 1927) was quickly accepted by most physicists (with the

notable exceptions of Erwin Schrddinger and Albert Einstein).

Remark: Born's representation of Schrédinger's Y-function had far-reaching conse-
quences: for physics and philosophy. However, Born has never formulated his proba-
bility postulate in a precise way; even his later discussions of the role of prob-
ability in quantum mechanics are rather confusing (campare e.g. Born, 1961). In
particular, he did not make it clear that the probabilities of quantum mechanics are
canditional probabilities, conditioned by a measuring process performed on the sys-
tem. Likewise, it is disconcerting to find that Born even in his Nobel lecture
(Born, 1955) speaks of a statistical explanation of quantum mechanics. What he means
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is probabilistic, and not statistical (compare also Fock, 1957). According to the
orthodox interpretation, quantal probabilities are primary, and belong to a funda-
mentally different category than, say, the probabilities of population statistics.

A truly statistical interpretation of quantum mechanics has been proposed by Ein-
stein. This interpretation - which is not accepted by the majority of scientists -
claims that a pure state refers to the statistical properties of an ensemble of
individual systems but that it does not provide a camplete description of an indi-
vidual system. Born did not accept this view but confirmed that he did accept Bohr's
view that quantum mechanics is a complete theory. Curiously, in a letter to Einstein
(Born, 1969, letter no. 96, dated September 4, 1959), Born nevertheless claims that
his interpretation is a statistical one, where he uses the notion "statistical" in
the same sense as insurance agencies. So, Born is a further example of a pro-
pounder of a revolutionary idea who does not recognize it as such.

The discovery of the logical symmetries of quantum mechanics

A logical symmetry of a theory is a transformation that preserves
the essential logical structure of the theory. The logical symmetries of
elassical mechanics are given by the canoniecal transformations, i.e. a
one-to-one transformation in phase space that leaves the Poisson bracket
of coordinates and momenta invariant. An attempt to transfer the classi-
cal theory of canonical transformations to quantum mechanics is known un-
der the name transformation theory, introduced independently at about the
same time by Dirac (1926a,d) and Jordan (1926a,b). The transformation
theory showed that one could pass by a canonical transformation from any
mode of description to any other by an appropriate choice of the basic
variables. For example, one could transform the state vector ¥(q) in the
configuration space representation into an equivalent description having
a state vector @(p) in the momentum representation so that the absolute
square lg(p)[2 was the probability density corresponding to the momentum
distribution. However, at that time, the proper mathematical tools to
formulate precisely the logical symmetries of the new mechanics were not
yet available. Nevertheless, a clear and prophetic statement can be found
in a paper by F. London (1926): "Die Uebertragung der Thansformationstheonie den
Matrnizenmechanik auf die Schaddingensche Eigemwerttheonie §iint zu einen sehn generali-
sdenten Augfassung derselben unter den allgemeinen Gesichtspunkten einer Invardianten-
theondie Linearen Funktionaloperationen., Diese Operationen Lassen sich darstel-
Len als Drehungen im Hilhentschen Funktionenraume, welcher von dem Onthogonal-
system der ‘Pk auggespannt wind". In the modern language, this means that the
logical symmetries of pioneer quantum mechanics are the unitary trans-
formations of the state space., With this result the way was free for a

general definition of the state space of the new mechanics.
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The introduction of Hilbert space by John von Neumann

The final mathematical formulation of pioneer quantum mechanics
is due to Johann von Neumann (1903-1957). During the winter term of
1926/27 David Hilbert (1862-1943) - one of the greatest mathematicians
of the first half of the 20th century - gave a series of lectures on the
mathematical foundations of quantum mechanics. In the published version
(Hilbert et al., 1927) it is stated: "Wichtige Stiicke der mathematischen Durch-
§ldhung nihren von J, v.Neumann her". A short time later, von Neumann (1927a)
introduced a new mathematical framework for quantum mechanics based on
the concept of an abstract Hilbert space and its operator calculus. This
new tool enabled von Neumann to develop a statistical ensemble formalism
for quantum mechanics with an associated measuring theory (von Neumann,
1927b), and quantum statistical mechanics (von Neumann, 1927c). His
spectral theorem for observables (v.Neumann, 1929a) allowed him to give
a precise characterization of the mathematical status of observables and
to prove the uniqueness of the irreducible representations of the Heisen-
berg-Schrbdinger canonical operators P,Q fulfilling QP-PQ = ik (v.Neu-
mann, 1931), His classic "Mathematische Grundlagen der Quantemmechanik"
(v.Neumann, 1932) summarizes in a brilliant way pioneer quantum mechanics

as a grand and well-thought-out mathematical theory.

Von Neumann's most spectacular contribution to pioneer quantum
mechanics was the insight that the state space of the new mechanics had
the structure of an infinite-dimensional vector space with an inner prod-
uct characterizing its geometry. Two special realizations of Hilbert

spaces were known long before the advent of quantum mechanics. In his

famous theory of integral equations, David Hilbert (1904) introduced
the sequence space (nowadays denoted by £,) as an infinite-dimensional
extension of the notion of a Euclidean space. This space £, consists of
all infinite systems {x } of numbers x for which Zn:1|xn|2 is finite,

and for each pair of elements x={xn} and y={yn} the inner product is
given by (x|y) = Zn:1x;yn. In his further work from 1904 to 1910, Hilbert
(1912) developed a rather complete spectral theory of bounded operators
on the space £,. Hilbert's pupil Erhard Schmidt (1876-1959) introduced
essential conceptual simplifications by introducing the concepts of Eu-
clidean geometry (such as function space, subspace, orthogonal projection,
norm, orthonormalization) into Hilbert's theory of functions with infi-

nitely many variables (Schmidt, 1907a,b, 1908), so that a large part of

the spectral theory necessary for quantum mechanics was ready by the end
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of the first decade of the twentieth century.

Remark: Hilbert called his studies "spectral analysis" and introduced the notions
spectrum, point spectrum and continuous spectrum. Hilbert had no intention at all
to connect these concepts with a theory of atomic spectra and, according to Con-
stance Reid, he was taken by surprise when he learned that his theory had applica-
tions in the theory of atomic spectra: "I developed my theony of infinitely many
variables grom purely mathematical interests, and even called it 'spectral analysis’
without any presentiment that it would Later find an application Zo the actual spec-
trum of physics” (quoted from Reid, 1970, p.183).

At about the same time as David Hilbert was developing his theory
of integral equations and £;-spaces, the French analyst Henri Lebesgue
(1875-1941) was creating a new integral which now bears his name (Lebes-
gue 1901, 1902). Lebesgue's work is characterized by deep insight based
on intuitive geometric concepts and he was, according to Norbert Wiener
(1948, chapt.II) an "exponent of the extremely exacting modern standards of mathe-
matical nigon, and a wiiten whose wonks, as far as 1 know, do not contain one single
example of a problem on a method oniginating directly grom physics”. But Lebesgue's
work has influenced almost every branch of modern mathematical physics.
It may not be easy for the mathematical layman to grasp the fact that it
is easy to measure the length of an interval of smooth curve but that one
needs very sophisticated concepts to measure sets consisting of infinite-
ly many points scattered irregularly on a curve. Lebesgue extended the
notion of length, area or volume to the most extreme situations. Measure
is a generalization of these simple concepts and applies to point sets
which may be much more general than an interval, the inside of a square
or a cube. As stressed by Norbert Wiener (1933, pp.4-5), it is
impossible to establish a reasonable theory of natural phenomena on a
less inclusive concept such as that of the popular Riemann integral. The
Lebesgue integral is the cornerstone of modern measure theory, mathemat-
ical probability theory and functional analysis. The space of all summa-
ble and square-integrable functions in the sense of Lebesgue over a set Q
is denoted by L, (R) with L standing for Lebesgue. Independently from each
other but practically simultaneously, Ernst Fischer (1907, presented on
March 5, 1907) and Friedrich Riesz (1907, presented on March 9, 1907)
linked Lebesgue's integration theory and Hilbert's spectral theory by
showing that Hilbert's sequence space £, is isomorphic to the function

space L, of the Lebesgue square-integrable functions.

Recognizing the fact that matrix mechanics used an £,-space and
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wave mechanics an L,-space, and that the equivalence of these two theo-
ries was nothing but the Fisher-Riesz isomorphism of the £,- and L,-
spaces, von Neumann abstracted from the inessential special structures

of these spaces and defined a Hilbert space abstractly as a space iso-
morphic to Hilbert's sequence space £,. Here isomorphic means (as always
in mathematics) that the essential properties of these spaces are the
same. More pedantically, we may describe an isomorphism as a one-to-one
correspondence between the elements of these spaces which preserves the
essential structure. The essential properties of these spaces were wide-
ly recognized to be those of a vector space with an inner product which was
complete and separable (i.e. having a countable dense subset). According-
ly, von Neumann defined a Hilbert space axiomatically as an abstract,
infinite-dimensional, separable complete inner product space. In this
original definition the requirement of countable infinite dimensionality
characterized a Hilbert space as a (within isomorphism) unique mathemat-
ical object. Nowadays, mathematicians have found it convenient to

drop the axioms of dimensionality and of separability. According to the
modern definition a Hilbert space is an inner-product space which is
complete in the metric induced by the norm, so that von Neumann's Hilbert
space of pioneer quantum mechanics is referred to as an infinite-dimen-

sional, separable Hilbert space over the complex numbers.

The Hilbert-space model of pioneer quantum mechanics

The Hilbert-space formalism of pioneer quantum mechanics as in-
troduced by von Neumann chooses as the basic mathematical object an ab-
stract Hilbert space, called the state space H. Schrddinger, in his pio-
neering work, used a special realization of this state space, namely the
Hilbert space LZ(R3n) of square-integrable functions over the configu-
ration space R3n of n particles, where R3n denotes the 3n-dimensional
Euclidean space. That is, Schrddinger's wave functions ¥ are normalized
elements of LZ(R3n). Abstracting from this special realization of the
state space, one calls a normalized vector Ye€H, [¥|=1, describing a
quantum mechanical state a state vector. Since only |¥|? has a physical
interpretation, a phase factor does not matter so that for all real a
the vectors ¥ and eiaW represent the same physical state. From this view-
point one should say that the state space is a projective Hilbert space.

But it is more convenient to stick to the Hilbert-space structure and to

define a state as a one-dimensional subspace of the state space H. Every
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normalized vector lying in this one-dimensional subspace is referred to
as a state vector representing the state. Note that in the superposition
¥,4+¥, of two state vectors ¥;, ¥, an overall phase factor is immaterial

while a relative phase between ¥; and ¥, is physically relevant.

Von Neumann (1929) recognized the need to extend Hilbert's spec-
tral analysis from bounded to unbounded operators. Operators on a Hil-
bert space are transformations mapping one vector on another. A bounded
linear operator T on a Hilbert space H is defined as a mapping of H into
itself so that T assigns to each vector ¥ in H a vector TY in H such that
T(Y+06) = TY+T® and T(c¥) = cTY for every vector ¥, & and every number c.
The product TS of two operators T and S is defined by (TS)Y = T(SY) for
every vector ¥ in ., Von Neumann generalized this concept and defined an
operator on a Hilbert space H as a linear transformation defined only on
some subset of H, called the domain of the operator. Every linear opera-
tor with a dense domain has a unique adjoint operator T*, defined by the
relation (¥|T®) = (T*¥|¢) for all vectors ¢ in the domain of T. An opera-
tor is called self-adjoint, if T=T* (we use the modern terminology, von

Neumann called self-adjoint operators hypermaximal).

The new concept of self-adjointness replacing the weaker concept
of symmetric or Hermitian operators was crucial for a rigorous develop-
ment of quantum mechanics., Von Neumann (1929a) successfully extended
Hilbert's spectral theory to arbitrary (bounded or unbounded) self-ad-
joint operators. If T is a self-adjoint operator, then there exists a

unique spectral resolution E on the spectrum Q of T such that
T = JwE(dw) .
Q

For every Borel subset B of Q, the operator E(B) is a projection opera=-
tor, i.e. E(B) = E(B)* = E(B)?, and the set of these projection opera-

tors form a Boolean algebra satisfying the relations

def ix

E(Q=B) = 1-E(B) ET(B)
E(AUB) = E(A)+E(B)-E(A)E(B) %€F E(A)VE(B)
E(ANB) = E(A)E(B) def £ (A)AE (B)

(In addition, E is ¢-additive in the strong operator topology, a tech-



3.2 The Historical Development 63

nically important regularity condition which promotes E to the status of

a projection-valued measure.

In classical mechanics an observable is represented mathematical-
ly by a real valued function of the position q and the momentum p. In pi-
oneer quantum mechanics p and g are replaced by noncommutative quantities
P and Q fulfilling Heisenberg's commutation relations. Von Neumann (1927a)
recognized that the theory of operators acting on an abstract Hilbert
space provides a most effective and elegant setting for formulating the
new mechanics. He showed that the proper mathematical entities correspond-
ing to the notion of observables are self-adjoint operators acting on the
state space H (v.Neumann, 1932)., If T is a self-adjoint operator corre-
sponding to some observable, then its spectral values are interpreted as
the possible values which one may obtain in an ideal measurement of this
observable (ideal measurements are Pauli's (1933) "measurements of the
first kind"). A real Borel function F of an observable T represents a new
observable F(T) which can be measured by the very same apparatus used for
T by replacing the scale of its meter by a new one in which every number
w is replaced by F(w). In terms of von Neumann's spectral theorem, this

means that the spectral resolution of T

T = JmE(dw) ,
Q

implies the spectral resolution of F(T)

Fﬂ)=JNMEMM.
Q

If the system is in the state ¥ and if we perform an experiment
to determine the value of the observable T, then the probability that
the ideal measurement has as outcome a value within the Borel set 8, is

given by
y(B) = (Y|E(B)Y) .
Thus

(T 9E qu(dm) = (¢|TY)
2
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is the expected value of the observable T, and

(F(r)) 9F JF(w)u(dm) = (Y|F(T)¥)
Q

is the expected value of the observable F(T), conditioned by a prior
ideal measurement with a T-apparatus. An observable T is said to be d7s-
persion-free with respect to a state vector ¥ if (Y|T?Y¥) = (¥|T¥)? from

which it easily follows that
Y = w¥ with o = (¥|TY) .

That is, an observable T has the value w€Q with certainty if and only if

Y is an eigenvector of T with the eigenvalue w.

Remark: In order to grasp the notion of an observable it is useful to ask why the
self-adjointness of the operators representing observables is required. The stan-
dard answer is that measured values correspond to real numbers. This remark is
grossly misleading because such a requirement is neither necessary nor sufficient.
There is absolutely no problem to construct an apparatus which gives a complex
number as the result of a measurement. On the other hand, the restriction to real
valued expectation values leads us only to operators whose numerical range consists
of real numbers. Any Hermitian operator fulfills this requirement but not every
Hermitian operator is self-adjoint. The crucial point is not that a self-adjoint
operator has a real-valued spectrum but that it generates a Boolean algebra. It is
the Boolean character that leads to a possible classification in the sense of a
classical logic, and these classical classifications can be related to physical
operations in the sense of laboratory measurements. Fram a modern point of view,
the essential representative of an observable is a Boolean algebra. The representa-
tion of an observable by a particular generating self-adjoint operator may be con-
venient but contains inessential elements. Because any normal operator generates a
Boolean algebra, normal operators are (in spite of their complex-valued spectra)
perfectly legitimate observables.

The decisive mathematical structure associated with an ideal mea-
surement is a projection-valued measure and not a particular observable
constructed from it. Relative to a fixed state vector ¥, every projec-
tion-valued measure E defines via nu(B) = (¥Y|E(B)Y) a probability measure
H in the sense of Kolmogorov's (1933) mathematical probability theory.

An observable T with the spectrum Q and having E as its spectral resolu-
tion can be regarded as a random variable on the sample space { with the
probability measure p. The expectation value of the observable F(T) re-

lative to the state Y is uniquely determined by the probability measure u

7 (T) = [F(w)u(dw) :
Q
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Accordingly, pioneer quantum mechanics in the formulation of von Neumann
contains as a special case the whole probability theory as axiomatized
by Andrei Nikolaevié¢ Kolmogorov (born 1903) in his epoch-making "Grund-
begriffe der Wahrscheinlichkeitsrechnung" of 1933. But in contrast to
classical probability theory the set of all observables of a quantal sys-
tem in a given state cannot be regarded as a set of random variables on

a Kolmogorov probability space.

Von Neumann's spectral resolution of observables allows the re-
placement of observables by the conceptually much simpler projection op-
erators. In his book, von Neumann (1932, sect.III.5) proposed to consid-
er projection operators as representing propositions. If a proposition E
is true (e.g. by a verifying measurement) then one assigns to it the nu-
merical value 1, if the proposition is false, one assigns to it the nu-
merical value 0. This idea, first formulated in the framework of pioneer
quantum mechanics, proved to be extremely fruitful and became later the
starting point of a fundamentally new development (the so-called gquantum
logic) where propositions and not observables and states are basic for

the description of natural phenomena.

Remark: Von Neumann invented the abstract Hilbert space and introduced it into
quantum mechanics, but he did not regard Hilbert space as indispensable for gquantum
theory. In a letter to Garrett Birkhoff (dated Wednesday, November 13, presumably
1935), von Neumann wrote: "I would £ike to make a confession which may seem {mmoral:
1 do not believe absolutely in Hilbert space anymore, ... Now we begin to believe,
that it is not the vectons which matter, but the Lattice of all Linear (closed)
subspaces. Because : (1) The vectons ought to nepresent the physical states, but
they do it nedundantly, up to a complex facton, only, (2) and besides, the states
wie menely a dedved notion, the pruimitive (phenomenofogically given) notion being
the qualities, which correspond to Linear closed subspaces. ..." (quoted fram
Birkhoff, 1961, p.158).
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3.3# OUTLINE QOF THE HILBERT-SPACE FORMALISM OF PIONEER QUANTUM MECHANICS

The outline in this section is provided for readers who want to
grasp the mathematical structure that underlies pioneer quantum mechanics.
It is not necessary to study this section in order to follow the sub-

sequent discussions.

We summarize the formalism of pioneer quantum mechanics from a
modern point of view, correcting trivial slips in the original formula-
tion and adding some newer results without going beyond the conceptual

limits of pioneer quantum mechanics.

The mathematical structure of pioneer quantum mechanics is a cat-
egory having Hilbert spaces as objects and unitary or antiunitary trans-
formations as morphisms. Formerly, the preferred observables and the dy-
namics were determined by the correspondence principle, that is by a
functor "quantization" from the category of classical mechanics (having
symplectic manifolds as objects and symplectic transformations as mor-
phisms) to the category of pioneer quantum mechanics. Nowadays, such quan-
tization procedures are considered as obsolete and are replaced by the
representation theory of the kinematical group of mechanics. In classical
mechanics as well as in pioneer quantum mechanics the Galilei group acts
as kinematical group. In what follows we explain this highbrow sketch in

a less terse language.

The logical symmetries of pioneer quantum mechanics

The state space of a quantum system is an abstract Hilbert space
of finite or countably-infinite dimension. A state (synonym, used in the
statistical interpretation: pure state) is a one-dimensional subspace of
the state space f (synonym: a ray). Any normalized vector in the one-di-
mensional subspace of a state can be used to represent this state, and is
called a state vector. Two state vectors ¥ and ¢ represent the same state

if and only if ¢=cY¥, where c is a complex number of absolute value one.

The original formulation of pioneer quantum mechanics assumed a
one~to-one correspondence of one-dimensional subspaces of the state space
with physical states, implying the unrestricted validity of the su-
perposition principle for state vectors. This requirement is equivalent

to von Neumann's (1932) Zrreducibility postulate. In modern termi-
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nology we say that pioneer quantum mechanics has no superselection

rules.

Remark: The physical nature of von Neumann's irreducibility postulate was first
recognized by Paulette Destouches-Février (1951, sect.IV 12). Strangely, the un-
restricted validity of the superposition principle was taken for granted until
Wick, Wightman and Wigner (1952) in a famous paper pointed out the existence of
superselection rules. A statement that selects some vectors, adding that they are
physically unrealizable as state vectors is called a superselection rule. If there
are superselection rules, then there exist subspaces of the state space that cannot
be connected to each other by any observable. Not all self-adjoint operators on the
state space are therefore cobservables. A subspace of the state space in which the
superposition principle holds unrestrictedly, is called a superselection sector.

Wick et al. (1952) proved the existence of superselection rules for the intrinsic
parity of elementary particles, conjectured a superselection rule that operates
between states of different total charge and postulated that every observable has to
commute with the charge operator. Similar superselection rules hold for the baryen
number and, probably, for the lepton number. These superselection rules of elementa-
ry particle physics will not be of immediate concern to us. In pioneer quantum me-
chanics, the following three superselection rules have always been supposed to hold
true: the superposition principle does not hold for two state vectors referring
either to different instances of time, nor to particles having different mass, nor
to particles having different electric charges. As a consequence, time, mass
and charge are represented by classical observables, that is by observables
which commute with every observable. A fourth superselection rule of pioneer
quantum mechanics relates to the symmetrization postulate requiring the state vec-
tors of a system of identical particles to be either symmetric or antisymmetric
under permutations. This postulate is a consequence of the fact that all observables
are invariant with respect to the interchange of identical particles (compare Gal-
indo et al., 1962; Casher et al., 1965; Liders, 1966; Kaplan, 1975).

These four superselection rules of pioneer quantum mechanics can easily be taken
into account in an ad hoc manner. Most probably, von Neumann (1932) did not recog-
nize the very profound physical meaning of his irreducibility postulate: it says
that the quantum system considered has no classical properties at all. Jauch (1960)
suggested to replace von Neumann's irreducibility postulate by a proper formula-
tion of Dirac's completeness postulate. This recasting of pioneer quantum mechanics
is necessary and easy but goes beyond the concepts of pioneer quantum mechanics. It
will be discussed in chapter 4.

The structure-preserving mappings (i.e. the morphisms) of the
formalism of a theory are called the logical symmetries of the theory.
The set of all logical symmetries of a theory form a group, called the
logical group of the theory. Ignoring superselection rules of pioneer
quantum mechanics, the states of a quantum system span a projective Hil-
bert space. Every vector ¥ in the Hilbert space H determines a 1-dimen-
sional subspace, called the ray ¥. The inner product of two rays ¥ and ¢

is defined by

(7|3 def [(¥]0) where V¥,%€H .
[l¥[[-fle]f
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The set of all rays in H is called the projective Hilbert space A asso-
ciated with the Hilbert space H (for technical details, compare Barg-
mann, 1954). A logical symmetry of pioneer quantum mechanics is an auto-
morphism of the projective Hilbert space H associated with the state
space H so that the logical group of pioneer gquantum mechanics is given
by the automorphism group Aut(H). A famous theorem by Wigner (1931)
asserts that the automorphism group Aut(H) can be represented by the
group of unitary operators acting on the state space H. Let H; and H,

be Hilbert spaces and T be a mapping from H; into H,. Then

(1) T is called linear if T (ay+be)

(ii) T is called antilinear if T (ap+bo)

aTy+bTo
a*Ty+b*T¢

(iii) T is called <sometric if [Tyl = ||v]]

for all ¢¥,¢€H; and all complex numbers a,b. If the range of a linear iso-
metric operator T:H,»H, is the whole space H,, then T is called unitary.
An antiunitary operator T:H;»H, is an antilinear isometric operator hav-
ing the range H,. Wigner's theorem implies that two realizations of pi-
oneer quantum mechanics whose state spaces are connected by a unitary or

antiunitary transformation are from a logical point of view equivalent.

Historical remarks: The fact that symmetries in quantum mechanics are described by
projective unitary representations has been known since the beginning of quantum
mechanics (compare Weyl, 1927). In his famous book on "Gruppentheorie und Quanten-
mechanik", Hermann Weyl states clearly: "In der Quantentheonie {inden die Darstel-
Lungen im Systemraum statt, dieser ist aber nicht als Vekton-, sondern als Strahlen-
kinper zu verstehen, weil den einzelne neine Fall wicht dunch den Vekton, sondenn
durch den Strahl reprisentient wind" (weyl, 1928, p.147). Wigner (1931) published
his theorem in his classic "Gruppentheorie und ihre Anwendung auf die Quantermecha-
nik der Atomspektren” but without full proof. A complete proof was given by Bargmann
(1954) (compare also: Hagedorn, 1959; Bargmann, 1964). Wigner's theorem character~
izes symmetries as bijective transformations that preserve absolute values. of inner
products. Its physical meaning hinges on the probabilistic interpretation which re-
presents the transition probability between two states by the absolute square of
their inner product. Accordingly, Wigner considers a symmetry as a mapping that pre-
serves the probabilistic structure of quantum mechanics. Since the probabilistic
structure of quantum mechanics follows from a discussion of the measurement process,
Wigner's definition of a symmetry is not quite satisfying. A conceptually much more
satisfying definition of a logical symmetry is due to Uhlhorn (1962): a logical sym-
metry is defined to be a one-to-one correspondence between the state vectors of a
state space Hy and the state vectors of a state space H, such that pairs of orthog-~
onal vectors correspond to pairs of orthogonal vectors. This definition also applies
in the presence of superselection rules. Uhlhorn (1962) showed that if the dimensions
of H; and H, are larger than two the logical symmetries aré implemented by unitary
or antiunitary operators,
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The kinematical symmetry of pioneer quantum mechanics

Like Newtonian mechanics, pioneer quantum theory is a mechanics
presupposing the existence of a space-time continuum whose symmetry is
governed by a group, called the kinematical group. In contradistinction
to Aristotelian mechanics, every mechanics considered in classical or
modern physics is a relativistic theory. It is conceptually very mis-
leading to call pre-Einsteinian classical mechanics a "nonrelativistic
theory". This is wrong since Newtonian mechanics complies with Galilei's
principle of relativity. It is.illuminating insofar as it shows that
the role of Galilean relativity has not been understood until the ad-

vent of Lorentz-invariant quantum mechanics.

In mechanics, space and time are primary concepts. In contrast
to time, the concept of space is by no means a necessary precondition
for language. Space is an empirical concept, an abbreviation for the
way solid bodies can be assembled (compare Einstein, 1922, chapt.l). "S{
done AL n'y avait pas de conps solides dans La nature, L n'y aurait pas de géométrnie",
says Henri Poincaré in his famous "La science et 1l'hypothése" (Poincaré,
1902, chapt.IV). We speak of a relativistic theory if space and time can-
not be considered independent of one another but must be combined to
give a four-dimensional space-time. A space-time is characterized by the

following three symmetry properties:

(1) all instants of time are equivalent,
(ii) all points in space are equivalent,

(iii) all directions in space are equivalent,

Note that the isotropy (iii) implies the homogeneity (ii), but not the
other way round. It can be shown that the only kinematical symmetries
compatible with this structure are the Aristotelian, the Galilean and
the Einsteinian symmetry (compare Bacry and Lévy-Leblond, 1968; Gorini,
1971).

Space is the 3-dimensional Euclidean space E® carrying the usual
Euclidean metric (defining the spatial separation) and possessing the
6-parameter Euclidean group (consisting of the 3-parameter translation
group and the 3-dimensional rotation group) as its symmetry group. Time
is the one-dimensional Euclidean space E! possessing the 1-parameter
translation group as symmetry group, while the metric of E! defines

time difference. A point (4,t) (QEE?,t€E) in space is called an event.
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Aristotelian kinematice presupposes the minimal symmetry of
space-time by assuming agbsolute space and absolute time, so that Aris-—
totelian space-time is simply the Cartesian product E’xE!. The corre-
sponding kinematical group is the direct product of the 6-parameter
Euclidean group of E® and the 1-parameter dynamical group of E!, i.e.

a 7-parameter group. With this, in Aristotelian kinematics it is meaning-
ful to speak of a spatial separation of two events (ag,tl) and (az,tz),
even if the time difference t;-t, is not zero. Just so, the time differ-

ence is always defined.

Galilean kinematics introduced the relativity of space but re-
tained absolute time. In Galilean space-time a spatial separation of two
events (Ex,tl) and (Ez,tz) is well-defined only if the events refer to the
same instant of time, t;=t,. On the other hand, the time difference is
meaningful for every pair of events. The most general group of space-
time transformations which respects the homogeneity of space-time and
the isotropy of space, and which leaves the time interval between every
pair of events invariant is a 10-parameter group, called the Galile:
group (compare: Bacry and Lé&vy-Leblond, 1968; Berzi and Gorini, 1971;
Lévy-Leblond, 1976). The minimal symmetry of Aristotelian space-time is
enlarged by the addition of the so-called pure Galilei transformations

a —— &l dgf 64.3'1\ , t o t.dgf t

where the 3-dimensional parameter Visa constant vector, having the
meaning of a translation velocity. The Galilei group is generated by the
time translations (1 parameter), the spatial translations (3 parameters),
the rotations (3 parameters), and the pure Galilei transformations (3 pa-
rameters); it can be shown to equal the semidirect product of the direct
product of the time-translation group and the rotation group with the di-
rect product of the spatial translation group and the pure Galilei group.

Einsteinian kinematics relativized not only space but also time.
In Einsteinjan space~time the time difference hetween two events (El,tl)
and (Ez,tz) is a priori only well-defined if the events occur at the same
space point,§1zaz. The most general group preserving this structure is a
10-parameter group, called the Poincaré group (synonym: inhomogeneous Lo-
rentz group). Since any group of transformations leaving invariant the
expression for the squared distance between infinitely near points in a
space of n dimensions can have at most n(n+1)/2 parameters, the Einsteinian

space-time has maximal symmetry. The Poincaré group contains a new uni-
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versal constant ¢, having the meaning of a maximal velocity. In a very
good approximation, c equals the velocity of light; if the rest mass of
the photon vanishes, this equality is exact. In the limiting case c+x,
the Poincaré group contracts to the (mathematically more complicated)
Galilei group. The so-called "nonrelativistic" theories refer to situa-
tions where the finiteness of the speed of light is negligible - the

only case we shall discuss in this essay.

At the very beginning of quantum mechanics, Hermann Weyl (1927)
proposed to describe the kinematical structure of a physical system
by a subgroup of the logical symmetries of the theory. This group
is called the kinematical group, it reflects our space-time concepts.
Pioneer quantum mechanics decided for the same choice as Newtonian me-
chanics: the Galilei group. More precisely: the kinematical group of
‘pioneer quantum mechanics is given by a projective unitary representa-

tion of the Galilel group on the Hilbert space of state vectors.

Historical remarks: The principle of relativity in classical mechanics is due to
Galileo Galilei (1564-1642). In his masterly written Dialogo sopra i due massimi
sistemi del mondo of 1632, Galilei considers a boat which is at rest and says: "And
particukarly Lf you put on the noof of a vessel, a bucket with a hole, §ull of wa-
ter, and then you mank to where the watern is dripping on the §Loon, and then you
Amagine that the boat moves extremely fast, abstraction made from the waves which
would distunb the movement, you will find that the watern is dropping down exactly
Zo the same place"”. An earlier intuitive formulation of the law of inertia was
found in 1614 by Isaac Beeckmann (1570-1637), a precise formulation was given in
1644 independently by René Descartes (1596-1650) in his Les Principes de la Philo-
sophie and by Evangelista Torricelli (1608-1647) in his treatise De Motu gravium
naturaliter descendentium et projectorum. Christiaan Huygens (1629-1695) general-
ized Galilei's principle of inertia to a principle of relativity, saying that it

is impossible that an observer in uniform rectilinear motion can discover his own
translation. Since Huygens rejected the concept of an absolute motion it is unclear
what he means by a "uniform" motion. In contrast, Isaac Newton (1643 {1642 accord-
ing to the Julian calendar} - 1727) assumed the existence of an absolute time

and an absolute space which exist "in {ts oun nature, without regard to anything
external", and in his Philosophiae naturalis principia mathematica of 1687 he
stated the principle of inertia as Lex I: "Corpus omne perseverare in statu suo
quiescendi vel movendi uniformiter in directum, nisi quatenus a viribus impressis
cogltun statun {LLum mutare", ("Every body continues in its state of rest, or of
uniform motion in a right line, unless it is compelled to change that state by
forces impressed upon it"). Newton was acutely aware that this law makes no sense
without the concepts of absolute time and absolute space but also that "the parnts
04 that immovable space, in which those (absofute) motions are performed, do by no
means come unden the observation of our senses™. In contemporary astronomy, the con-
cepts of cosmic time and a spatial frame of reference fixed to the average position
of galaxies provide a substitute for Newton's absolute time and absolute space.

The replacement of the concept of absolute space by the modern notion of inertial
' systems is due to Ludwig Lange (1885). Such inertial systems are defined as
reference systems in which the motion of an isolated particle is rectilinear and
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uniform, and they have been called Galilean reference systems by Albert Einstein
(1916). The name Galilei transformation for the group of transformations in space
and time connecting Galilean Cartesian reference systems was introduced by Philipp
Frank (1909).

In 1882 and 1895 Hendrik Antoon Lorentz (1853-1928) published two fundamental
papers showing that Galilei transformations do not play the same role in empty-
space-electromagnetism as in mechanics, and in 1904 he introduced a new transforma-
tion associated with electromagnetism in a similar way as Galilei transformations
are associated with Newtonian mechanics. This new transformation was named by
Poincaré (1905) the Lorentz transformation. Already in 1877, the creator of the
electromagnetic theory of light, James Clerk Maxwell (1831-1879) spoke of "the
doctrine of nelativity of all physical phenomena" and both Henri Poincaré (1854-
1912) in 1904 and Albert Einstein (1879-1955) in 1905 postulated the principle of
relativity as a general law of nature. Poincaré (1904) wrote: "The prainciple of
nefativity, acconding to which the Laws of physical phenomena should be the same
whether forn an observen fixed on for an observer cariied along in a uniform move-
ment on thanslation”, while Einstein (1905b) independently postulated: "The £aws
by which the states of physical systems undergo change are not agfected, whether
these changes of state be neferred fo one on the othen of two systems of coorndi-
nates in uniform translatorny motion". Since the acceptance of Einstein's special
theory of relativity it has been generally acknowledged that the Galilean trans-
formation is only an approximation to the Lorentz transformation, valid for veloc-
ities much smaller than that of light.

Newton's point mechanics has served as a paradigm for a physical theory for
more than two centuries but its group theoretical structure was found only
when the concepts of Newtonian mechanics had been superseded by those of the spe-
cial theory of relativity and of quantum mechanics. In 1845/46 Carl Gustav Jacob
Jacobi (1804-1851) showed in his lectures (published 1866) that within the canon-
ical formalism of mechanics the invariance under displacements in time, position
and angle gives rise to the conservation of energy, linear mementum, and angular
momentum, respectively. Under the direct influence of Felix Klein (1849-1925) -
whose enthusiasm for the group theoretical point of view was almost missiona-
ry - Emmy Noether (1882-1935) showed in 1918 the way in which invariance under a
continuous group gives rise to constants of motion and proved for the first time
that the well-known ten first integrals of Newtonian mechanics follow from the
invariance properties of the Lagrangian under the infinitesimal transformativtns
of the ten-parameter Galilei group. Little further work on the Galilei group was
done in the next three decades.

In 1939 Eugene Paul Wigner (born 1902) showed that invariance arguments suffice
to obtain a classification of the relativistic equations for elementary systems.
In particular, he shawed that the Poincaré group (i.e. the inhomogeneous Lorentz
group) is a type I group, so that all its unitary representations can be decomposed
into irreducible ones. With this result, Bargmann and Wigner (1948) could determine
all relativistically invariant wave equations for free elementary particles.

A general intrinsic definition of an elementary system as a state belonging to
an irreducible unitary projective representation of the appropriate symmetry group
of space-time was introduced by T.D. Newton and E.P. Wigner (1949) in a paper at-
tempting a Lorentz-invariant localization of elementary systems. The localization
problem consists in finding localized states of elementary systems and the corre-
sponding operator, representative of position such that the descriptions of the lo-
calization by observers in different inertial frames are equivalent. In a rigorous
way, A.S. Wightman (1962) showed that every elementary Galilei system with positive
mass is localizable in space-time in a Galilei-invariant manner. Independently,
Wightman (1962) and Mackey (1963a; representing his Harvard lectures of 1960/61),
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related the existence of three commuting position operators to Mackey's imprimitivi-
ty theorem (Mackey, 1949). For a Galilei system, a system of imprimitivity for the
action of the three-dimensional Euclidean group can be defined, and the three po-
sition operators can be obtained from the corresponding projection-valued measure.

While for the Poincaré group all projective representations are equivalent to
two-valued vector representations, the Galilei group is more complicated. The sim-
plicity of the Poincaré group has misguided even the experts. For example, Inéni
and Wigner (1952) in their study of the vectorial representations of the Galilei
group, wondered why position operators do not exist for vector representations of
the Galilei group. They did not seem to be aware that they did in fact investigate
Galilei systems of mass zero. Although the unitary projective representations
of the Galilei group are built into Schrédinger's "wave mechanics", they were
discussed explicitly for the first time by Valentine Bargmann (born 1908)
in 1954, Bargmann's study led to an unexpected discovery: the invariance under Ga-
lilei transformations implies a superselection rule which guarantees the strict
conservation of mass.

The fact that about thirty years elapsed between the publication of Maxwell's
equations, in 1861/64 and the proof by Lqrentz, that these equations are invariant
under the Lorentz group, may be explained by the slow emergence of a new point of
view. Considering the great popularity of group theoretical methods to solve
special problems in elementary quantum mechanics, it is much more surprising
that again almost thirty years elapsed between the publication of Schré-
dinger's differential equation for a free nonrelativistic particle and the proof
by Bargmann (1954) that this equation is uniquely given by a projective irreduc-
ible representation of the Galilei group. That Heisenberg's canonical commutation
relations have a group theoretical origin, was clearly realized by Hemmann Weyl
(1885-1955) as early as 1927 when he stressed that "the kinematical staucture o4
a physical system 4is expressed by an {vieducible Abelian ghoup of unitary ray ro-
tations Ain system space” (quoted from Weyl, 1928, English. translation of 1931,

p.275). However, he apparently did not notice the relation of his Abelian group
to the Galilei group.

Bargmann's superselection rule leads for the first time to a deeper understand-
ing of the role of mass in mechanics. Bargmann's superselection rule says that the
mass of an elementary particle in a Galilei-invariant theory is a classical ob-
servable. That is, the Galilei group gives the final explanation of the concept of
the conservation of matter introduced into chemistry by Antoine Laurent de Lavois-
ier (1743-1794) and of the law of definite proportions due to Joseph Louis Proust
(1754-1826) and John Dalton (1766-1844).

The corresponding discussion for classical mechanics was initiated by Loinger
(1962) who studied representations of the Galilei group in Koopman's Hilbert space
of classical mechanics. Only in retrospect has it become clear that the histori-
cally so important correspondence principle and the associated methods of quanti-
zation have their roots in the identity of the space-time symmetry groups in clas-
sical and quantum theories.

Additional material and references about the historical development of the con-
cepts of mechanics and space-time can be found in Dugas (1950), Whittaker (1951/53),
Jammer (1954, 1961) and Truesdell (1976).

Elementary objects in pioneer quantum mechanics

The problem of the existence and the nature of elementary objects

is a very old one and the early Greek atomists anticipated many of the
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current ideas. Titus Lucretius Carus (ca. 97-55 B.C.) characterized ele-
mentary objects in his surprisingly modern De rerum natura as follows:
"] Wikl set out to discowrse to you on the ultimate nealities of heaven and the gods.

T will neveal those atoms from which nature creates all things and increases and feeds
them and into which, when they perish, nature again resofves them, To these in my dis-
cowrse T commonly give such names as the "naw materinl", o "generative bodies" or
"seeds" of things. On T may call them "primary particles", because they come ginst and
everything else is composed of them" (quoted from the English translation by
Latham, 1951). We will call the "raw material" of modern physics elemen—

tary objects.

The prototype of an elementary object is the electron. Clearly,
an electron is not an entity having colour, texture or smell, Fifty years
ago, it was not yet plain that an electron is neither a particle nor a
wave. That is not to say that in particular states an electron cannot
behave as a wave or as a particle., Particle-likeness and wave-likeness
are potential but not intrinsic properties of an electron. They need
not be realized in every state, and we know that they cannot be
realized in the same state at the same time. Early quantum theory intro-
duced the particle-wave duality as two mutually exclusive and contradict-
ing models of the electron ("particles" vs. "waves"), the final form of
pioneer quantum mechanics eliminated it. The electron is neither a parti-
cle nor a wave, it has a nature of its own. Then, what is an electron
really? In pioneer quantum mechanics an electron is an irreducible pro-
jective representation of the Galilei group whose characterizing para-

meters (m,s) are given by m = 9,109...10—31kg and s = 2.

This characterization calls for some elaboration. The kinematics
of a theory is characterized by an abstract kinematical group which has
to be represented as a subgroup of the logical symmetries of the theory.
Pioneer quantum mechanics is (like Newtonian mechanics) a Galilei-re-
lativistic theory. Its kinematical group is the Galilei group, so
that we have to represent the Galilei group as a subgroup of the
group of all logical symmetries. Each unitary operator acting on the
state space of pioneer quantum mechanics defines a particular logical
symmetry. Two unitary operators define the same logical symmetry if and
only if one is a constant multiple of the other. The unitary operator
associated with a logical symmetry is therefore uniquely determined up to

multiplications by complex numbers of modulus unity. The set of all uni-
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tary operators of the form cU with a tixed operator U and arbitrary com-
plex numbers c with modulus unity is called the operator ray U generated
by U

U={cu|l cec, |c|=1} .

The representation of a group by unitary operator rays is called a ray
representation (compare e.g. Weyl, 1928). If we rephrase a ray represen-
tation in terms of its generating unitary operators, we speak of a pro-

jective representation.

A projective representation of a group G into the group U(H)of
all unitary operators acting on a Hilbert space H is a mapping G-U(H)
such that

(i) the neutral element of G is mapped on the identity operator on #,
(ii) the mapping g»UgEU(H) fulfills

Uggl = o(g9,9")U

Uy

949

for every g,g' in G, where o(g,g') is a complex number depending
on g and g' (called a multiplier of G).

If o(g,g')=1 for all g,g'€G, one speaks of a vector representation (syn-

onym: ordinary representation). For more details, compare e.g. Mackey,
1968, 1976.

The representations of physical interest in pioneer quantum me-
chanics are the projective representations of the Galilei group by uni-
tary operators acting on the Hilbert space of the state vectors. Instead
of projective representations one can equivalently but more conveniently
consider the vector representations of the extended Galilei group which
is the central extension of the covering group of the Galilei group by
an Abelian group (compare Bargmann, 1954). The generator by which this
extension can be made is called the mass operator M, it commutes with all

other generators of the Galilei group.

The generators of a projective representation of the kinematical
group are particularly interesting and are referred to as kinematical
observables. The algebra of the kinematical observables of pioneer quan-

tum mechanics is identified with the enveloping algebra of the infinites-
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imal generators of a unitary vector representation of the central exten-
sion of the Galilei group. The generators of the rotation subgroup are
the angular momenta Jx' Jy' Jz' the generators of the pure Galilei trans-
formations are the position operators Qx' Qy, Qz' the generators of the
space translations are the momenta PX, Py, PZ, and the generator of the
time translation is the Hamiltonian H. Apart from the mass operator M,
which generates the central extension of the Galilei group, there is only

one additional central element in the enveloping algebra, namely
§2 = (3 - &uB)2 .

In an irreducible representation the central elements of the algebra of ki-
nematical observables have a definite value. In an irreducible represen-
tation, the value of the mass operator M is denoted by m, while the val-

ue of 32 is denoted by s(§+1); m can be any real number, while the pos-
sible values of s are 0,%,1,%,2,... . (For the representation theory of

the Galilei group we refer to Bargmann, 1954; Lévy-Leblond, 1963; Voisin,

1965; Brennich, 1970. For a review, compare Lévy~-Leblond, 1971).

Intuitively, the concept of a Galilean object requires that it
preserves its individuality under Galilei transformations. If such an
object cannot be decomposed into several Galilean objects, it is consid-
ered as an elementary Galilean object. Accordingly, an elementary Gali-
lean object of pioneer quantum mechanics is defined to be an irreducible
projective unitary representation of the Galilei group on some Hilbert
space. It is characterized by a pair (m,s), m€R, 2s+1€N, where the para-
meter m is called the mass and the parameter s the spin of the elemen-
tary object. There exists an antiunitary operator transforming the Gali-
lean object (m,s) into the object (-ﬁ,s) so that these two systems are
logically equivalent (i.e. they cannot be distinguished in isolation).

By convention, we call an elementary Galilean object with positive mass

a Galileon. To every Galileon (m,s) there is a twin system (-m,s), called
anti-Galileon. In contradistinction to Einsteinian relativity, elementary
Galilean objects with negative mass seem to play no role in science. The
case of vanishing mass is somewhat pathological (Inénii and Wigner, 1952)
but Sen and Zahavi (1972) have shown that the zero-mass reducible repren-
tations of the Galilei group have just the same properties as Landau
excitations in superfluid helium.
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The generator 3 has the meaning of total angular momentum, while
6X§ is the external angular momentum (also called the orbital angular
momentum) . The difference § def E—GXE is the internal part of the angular
momentum, called the spin angular momentum. Historically, the proper in-
corporation of the spin angular momentum into quantum mechanics was
obtained in the framework of Einsteinian-relativistic quantum theory.
However, the often repeated statement that the spin is a purely Einstei-
ian-relativistic effect is wrong and very misleading {(compare also the
anthology collected by Lévy-Leblond, 1974, appendix A). A spin of a Gali-
leon appears in a natural way from first principles, it is a compelling
consequence of the isotropy of the 3-dimensional physical space. Lévy-
Leblond (1967) has shown that for a Galileon with spin s=§, Pauli's equa-
tion for the electron follows in a natural way so that even the Landé

factor g=2 of the electron is not an effect of Einsteinian relativity.

The group consisting of the spatial translations and the pure
Galilei transformations forms a 6-parameter Abelian subgroup of the Gali-
lei group. The projective irreducible representation of this Abelian
3 . . . > F > > > g
group is given by a non-Abelian unitary group {U(p), V(q)|p,q€R?*} ful-

filling the commutation relation
> T4 +/h > >
> 1p-
uEvV@ = e 'Y v@up) .

For the first time, this relation was derived by Hermann Weyl (1927) as
the basic equation of quantum kinematics governed by an Abelian group
of rotations of the rays associated with the state space. Accordingly,
the operators U and V are referred to as Weyl operators and the above com-
mutation relation as Weyl's canonical commutation relation. With a very
weak continuity assumption (in the case of a separable state space, the
Abelian groups U and V have to be weakly measurable)Stone's (1930, 1932)
theorem warrants the existence of two (unbounded) self-adjoint operators
6 and 3 such that

> > > >

U(E) = eip'Q/h and V(E) = e_iq‘P/h for all E,&ERa .

This representation and Weyl's commutation relation imply the famous

canonical commutation relations for the operators 5 and 3,

QP, - PQ, = ihe, 0 Ve =1,2,3 .
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Accordingly, the origin of the canonical commutation relations of pioneer
quantum mechanics s the assumption of a Galilean space-time. The triad
(Q1,Q2,Q3) is the only triad of mutually commuting operators which are in-
variant under transformations to moving coordinate systems, to which a
spatial displacement a adds the components of 3, and which transforms as

a vector under rotations. Because of this, the operator 6=(Q1,Q2,Q3) is

called the position operator.

Technical remark: The generators of a projective unitary representation of a Lie
group are in general unbounded operators that leads to various complications. In
order to avoid these difficulties, it may be convenient to use the general eigen-
function expansion and unitary representation theory of locally compact groups

in the associated rigged Hilbert space (compare Gel'fand and Vilenkin, 1961, and
Maurin, 1966, 1967). In the case of the Galilei group, this amounts to replacing the
topology induced by the Hilbert space of state vectors by a new topology such that
the canonical operators B and 6 became continuous operators (compare Kristensen et
al., 1965). The corresponding rigged Hilbert space is the famous Gel'fand triple
S(R?) < L,(R?) © $*(R?), where R® is the configuration space, L;(R®) the state

space (i.e. the Hilbert space of square integrable functions on R%), S(R?) the Schwartz
space of rapidly decreasing smooth functions, and $*(R®) the space of tempered
distributions. All kinematical observables are continuous on S (with respect to the
topology of S) and essentially self-adjoint (with respect to the Hilbert space L3)
(compare Nelson and Stinespring, 1959; Nelson, 1959). Since S is a nuclear space,
the nuclear spectral theorem assures that the dual space S* contains all gener-
alized eigenvectors of the kinematical observables. Every Hermite orthogonal func-
tion (i.e. every eigenvector of P2+Q2) is in S so that the Hermite orthonormal
functions form a kinematically preferred basis for the state space H=L, (R%).

The fact that the representations of the Galilei group in pioneer
quantum mechanics are of nontrivial projective nature has three physical-
ly most interesting consequences: (i) the possibility of a spin angular
momentum, (ii) the noncommutativity of the operators P and 6, (iii) Barg-
mann's superselection rule. Bargmann (1954) has shown that the way a
state of a Galileon transforms under the Galilei group depends on its
mass. Bargmann's superselection rule says that <n pioneer quantum mechan-
ies it is impossible to have pure states which are superpositions of
states deseribing Galileons of different mass. Bargmann's superselection
rule ensures the temporal stability of Galileons and guarantees the

strict conservation of mass in pioneer quantum mechanics.

The concept of a particle comes from classiecal mechanics. In clas-
sical mechanics, a particle is the same as an elementary Galilean object.
In classical mechanics an elementary Galilean object is a transitive re-
presentation of the Galilei group as a subgroup of the symplectic trans-

formations on the phase space. Both in classical and in quantum mechanics
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elementary Galilean objects are purely theoretical constructs, useful as
"raw material" in the sense of Lucretius. Both the raw material for
building classical mechanics and the raw material of pioneer quantum me-
chanics stems from Galilean space-time symmetry but there are differ-
ences: The Galileons of pioneer quantum mechanics are not particles in
the sense of Newtonian mechantics.
Historical remarks: The role of projective representations in quantum mechanics was
recognized by Hermann Weyl (1885-1955) in 1927. Without referring to the Galilei
group, he showed that both the canonical commutation relations for the position and
the momentum operators and the commutation relations for the spin kinematics could
be extracted from the projective representations of a 2-parameter Abelian group
(Weyl, 1927, 1928). John von Neumann (1935) stressed that the factors of absolute
value 1 in unitary projective representations are sometimes trivial, can be trans-
formed away on other occasions, but that there exist groups "for which neither is
the case and the extra terms play an essential role". Strangely, this crucial remark
was not elaborated until Bargmann's (1954) classical paper (at least implicitly) re-
cognized the importance of the cohomology theory of groups. The meaning of continu-
ity of a unitary projective representation of a topological kinematical group was
clearly stated in a fundamental paper by Wigner (1939). In the same paper, Wigner
introduced into Einsteinian relativity the concept of an elementary "particle" as
an irreducible representation of the Poincaré group. This definition is nowadays
widely accepted in high-energy "particle" physics. The work of Bargmann and Wigner
(1948) , Newton and Wigner (1948) and Bargmann (1954) made it clear that in pioneer
quantum mechanics the proper concept of an elementary object is given by the ab-

stract notion of an equivalence class of irreducible unitary projective representa-
tions of the appropriate space-time symmetry group.

Interacting Galileons

The elementary object associated with the n-fold direct product
of the Galilei group is called a system of n noninteracting Galileons.
With this, it follows that the state space of n noninteracting Galileons
is a subspace of the tensor product of the state spaces of the individu-
al Galileons (Dixmier, 1964, prop.13.1.8). Elementary Galileons do not
interact directly with each other but interact directly with a fZeld
that mediates the interaction between particles. In the macroscopic and
molecular domain the only two mediating fields of importance are the
electromagnetic field and gravitation. Moreover, physical space and in-
teractions are not independent but in some way expressions for the same
physical concept. The interactions between elementary objects depend on
some parameter in such a way that the interaction is small if the para-
meter is large. We usually say that the electromagnetic interaction is
weak if the spatial distance between two elementary objects is large.
The theorist should have the courage to define spatial distance as
an interaction parameter that is large if the interaction energy is

small.
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Some speculative remarks: It is not accidental that the only known two interactions
relevant for molecular and macroscopic phenomena are governed by inverse-square law
forces. In the language of quantum field theory this implies that these interactions
are mediated by zero-mass boson fields. In fact, the electromagnetic field can be
described by bosons having zero rest mass and spin 1 ("photons"), while gravitation
can be described by bosons having zero rest mass and spin 2 ("gravitons"). The
long-range character of these interactions (i.e. inverse-square force law) is due

to the vanishing rest mass (the "nonlocalizability") of the photon. It is tempting
to speculate that these bosons generate the space structure. The dynamical equations
for the bosons of the electromagnetic fields are nothing else but the Maxwell equa-
tions. The field vectors of the electromagnetic fields are 3-dimensional vectors
because photons have spin 1. So perhaps we should not say that the electromagnetic
field is described by 3-dimensional vectors because physical space is 3-dimensional,
but rather that physical space is three-dimensional since photons have spin 1. Note
that electromagnetic interactions dominate in our everyday life and that the tensor
character of the gravitation field (spin 2, corresponding to a 5-dimensional space)
is unimportant. It istherefore to be expected that we can describe our experiences
reasonably well in a 3-dimensional framework.

Galileons in external fields

Neglecting effects of radiation damping, the behavior of a
particle of mass m, charge e and velocity v in an external electromag-
netic field (E,ﬁ) is in classical physics described by the Lorentz force

f, (in SI-units)
F=e(E+vB) ,

and Newton's second law. The Hamiltonian H which yields the corresponding
equation of motion cannot be written simply in terms of the field
strength vectors E and B but one is forced to introduce the vector

potential K and the scalar potential ¢,
H=o (B-ch)? + ed
= 3n (P e e .
From these potentials the electromagnetic field can be calculated,
B = curl Z_ , E=- grad ¢ - 8X/Bt ,

but not conversely. The Lorentz force and the electromagnetic field are

invariant under a gauge transformation of the potentials

> >
A — A+ grad A ,

® — & - JA/0t ’
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where A:R*+R is an arbitrary single-valued smooth real function of space-
time. The Lorentz force and the electromagnetic field are observable
quantities. The potentials are not measurable, the gauge transformations
represent a symmetry of electrodynamics taking into account the redundance
of the potential. It is tempting but wrong to believe that the gauge in-
variance of electrodynamics has no genuine physical meaning but only en-
sures that the arbitrariness in the choice of the potentials does not
affect the field strength vectors. The fact that the interaction Hamil-
tonian between matter and the electromagnetic field depends in an essen-
tial way on the gauge-dependent potentials is of decisive importance: it
implies that not all aspects of our description of matter are gauge in-
variant. Those aspects of our description which are not invariant under
gauge transformations are not observable. As stressed by Wigner (1964a),
gauge groups refer to internal symmetries, they are very different from
the external geometrical symmetries, they do not correlate events but

they characterize interactions.

Traditionally, this situation is carried over into pioneer gquan-
tum mechanics by defining the time-dependent Schrédinger equation for a
Galileon of mass m, charge e and spin zero as

ih 3¥/ot = {o—(B - eX)? + eo}y .

2m

The result can be summarized by the following simple rule: The <nfluence
of an external electromagnetic field on a Galileon of charge e can be ex-
pressed by the substitution

> > >

P — P - el ,

/9t — 3/3t + i(e/n)d .

In the Schrddinger representation §=(h/i)a/3§, the substitution can be

written more elegantly as

ay —_ ap - i(e/h)A}1 .

where we have introduced Bp = 3/3xp, and the four-vectors xu and Au by

>
(%1,%2,%X3,%y) = (q,ict) ,

(A1,B,,As,A,) = (&,i0/c) .
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The Schrédinger equation of a Galileon in an external field is

invariant under the simultaneous substitutions

v - oile/mA,

Au — Au + auA B

where A is an arbitrary smooth real function of space-time, A:R*+R. The
group of all such substitutions is referred to as the gauge group. The
invariance of the fundamental laws of pioneer quantum mechanics is called
gauge tnvariance. The principle of gauge invariance indicates a depen-
dence between the laws of matter and electromagnetism. The conservation
of electricity is a double consequence of gauge invariance, "it follows from
the Laws of matten as well as electricity" (Weyl, 1929a). This fact suggests
that there should be a deeper reason for the most successful recipe

au—»au-i(e/h)Au of pioneer quantum mechanics.

The electromagnetic interaction is a consequence of the principle of

local invariance

The existence of electromagnetic interactions is related to in-

variance principles. Every time-dependent Schrddinger equation
in 9¥/3t = HY

is invariant under phase transformations

v — l¥%

where ¢ is a real constant. Such a transformation is called a global
phase transformation and defines a one-parameter Abelian Lie group,
called the group U(1). The invariance under the global phase group U(1)
implies by Noether's theorem the existence of a conserved quantity,
called the charge (for molecular matter it turns out that it is the
electric charge but for nuclear matter it could also be baryonic charge).
Hence, the invariance of pioneer quantum mechanies under global phase
transformations implies the global conservation of the total charge. This
result is highly interesting but insufficient on physical grounds, since
it would allow a situation in which the charge disappears in one place
and appears simultaneously in some other place such that the total charge

does not change. A tenet due to Albert Einstein says that such a thing is
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impossible but that the following prineciple of local invariance holds:

"{f anything is conserved, it must be conserved Locally" (Feynman, 1965, p.63).

The requirement that charge is conserved locally requires that
we can fix the phase of the state vector locally, without any reference
to far-away distances. In the Schrédinger representation of a single

Galileon, the charge density p is given by
> >
pla,t) =el¥ (@ [* ,

where Wt is the state vector at time t. This charge density is invariant
under the local phase transformation

> io(d,0, 2

Y@ — ey (@

where ¢:R“+R is now a function of space-time. The principle of the lo-
cality of all conservation laws suggests to adopt local phase transfor-
mations as symmetries of the theory. The requirement of local phase in-
variance is much stronger than the invariance under the global phase

group U(1).

Every symmetry principle says that some quantity is not observ-
able. The invariance under the global phase group U(1) implies that the
overall phase factor of the state vector ist not measurable, it can be
chosen arbitrarily but it must be chosen the same over the entire uni-
verse and for all time. Local phase invariance would mean that phase
differences are not observable for state functions at different points
in space-time and allow us to fix the phase of the state vector locally.
Since every experiment is confined to finite space-time regions, local
phase invariance is not only desirable but almost inevitable. But is it
possible? At first sight we seem to be in trouble since the Hamiltonian of
a Galileon is not invariant under local phase transformations. It turns
out that local phase invariance is possible provided we introduce a new
compensating field whose only duty is to restore the invariance under
local phase transformations. For Galileons, this compensating field is

just the well-known electromagnetic field.

There is a standard way of restoring invariance under local trans-

formations. As discussed in differential geometry, one has to replace
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the ordinary derivative Bu by a covariant derivative Du which is a first-

order differential operator transforming like the state function ¥ itself,

D¥(x) = e®®p yix) , xer* .
u u

The covariant derivative Du is given by

D =3 - i)A
u u u '

where the affine connection Au transforms as

1
A - + =
u TR G
and A is some real nonvanishing constant. In our physical context, the
function AU:R“+R is called the gauge field, and the real number A the
coupling constant. The fields AU are not gauge invariant but the fields
Fuv defined by

Fuv = avAu - auAv
are. The simplest gauge invariant free Lagrangian for the gauge is the

usual Lagrangian —%F F for the free electromagnetic field F .
uv uv

nv
The raison d'étre for the electromagnetic field is the local
phase invariance of quantum matter. The realm of electromagnetism is
space-time since the interactions between Galileons are determined by
local phase invariance. More precisely, electromagnetism is the conse-
quence of pioneer quantum mechanics and the following two additional

postulates:

(1) The locality postulate, saying that the local phase of the state
vector in the Schrédinger representation is not observable, so that
the transformation

¥(x) — ei(e/h)A(x)w(x) ,

with a differentiable real function A:R“»R is a symmetry causing

only a permutation of actually observable quantities.
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(ii) The minimal coupling postulate., The requirement of invariance under
local phase transformations necessitates the existence of a com-
pensating field. The principle of minimal electromagnetic inter-
action asserts that we have to include in the interaction Hamil-

tonian only those terms required by local phase invariance.

These two postulates imply that the derivative Bu has to be replaced by
the covariant derivation Du, determining completely the form of the in-
teraction Hamiltonian. The gauge symmetry principle determines all prop-
erties of the electromagnetic field (including Maxwell's equation and
the fact that the mass of the photon is zero) and its interaction with

matter.

Historical remarks: The gauge group was introduced by Hermann Weyl (1918) in an in-
genious but abortive attempt to unify the theories of gravitation and electricity,
based on the idea that lengths of measuring rods and times of clocks depend on

their history (compare also Weyl, 1923, §§ 40,41). After the advent of quantum me-
chanics, both London (1927) and Weyl (1928, 1929 a-c) recognized that the gauge
group does not tie together electricity and gravitation but rather electricity and
matter. Weyl also pointed out that global gauge invariance is analogous to Ein-
steinian special relativity while local gauge invariance is analogous to Einsteinian
general relativity.

Local non-Abelian gauge transformations where first introduced by Yang and Mills
(1954) in order to express the nonobservability of isospin phase differences at
different space-time points, aiming at the theory of strong interactions. Nowadays,
the term "Yang-Mills field" is used to denote any generalized gauge field accom-
panying a local conservation law. A general approach to a theory of compensating
fields was given by Utiyama (1956), who also showed that the Yang-Mills field as-
sociated with the extension of the Lorentz group from global to local symmetry is
the gravitational field. General relativity is associated with the Poincaré group
(Kibble, 1961), whereby the vierbein components act as compensating gauge fields.
This result is in accordance with the view of Fock (1959) who stressed that the in-
variance group of Einsteinian general relativity should not be interpreted as a
gecmetrical symmetry.

The principle of local invariance leads to the appearance of compensating fields.

The electromagnetic field is the compensating field of local phase transformations,
the gravitational field is the compensating field of local Lorentz transformations.
Such compensating fields cannot be scalars but are vector or tensor fields whose
associated rest mass vanishes. Nowadays, it is widely believed (Bernstein, 1974; Wein-
berg, 1974) that the strong, weak and electromagnetic interactions can be described
by gauge theories which combine gauge invariance with spontaneous symmetry breaking,
so that the gauge vector bosons acquire a mass, as first suggested by Schwinger
(1962). The phenomenon that the symmetry breaking of a gauge theory does allow the
existence of non-zero-mass bosons is well illustrated in the case of superconductivi-
ty (Anderson, 1963). The theory of superconductivity is an Abelian gauge theory

whose gauge symmetry is broken in the transition to the superconducting phase. The
theorem of Goldstone (which would predict the emergence of a massless boson) does

not apply to gauge fields, instead the photon acquires mass (this new boson is

called plasmon) as manifested by the experimental fact that a magnetic field can
penetrate only a short distance into a type I-superconductor (Meissner effect).
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The minimal coupling rule Bu-rD11 also allows us to derive the cor-
rect Hamiltonian for a Galileon with spin (cf. Lévy-Leblond, 1967; Celeghi-
ni et al., 1976). In the case of a Galileon of mass m, charge e and spin
s=%, one gets the well-known Pauli Hamiltonian (again in SI-units) by
the substitution §+§‘eK, 9/9t+3/9t+i(e/h)® in the free Hamiltonian

> >
(oP) (oP) /2m:

H = éﬁ {5(P-eR) }{5(BP-eR)} + ed
_ _1_ - d _ _e_fl >
= %m (P-eA) + e?d m oB ,

where ﬁ=curlX, and 3=(h/2)§ is the Pauli spin operator.

For a free Galileon, one interprets 5 as the observable of posi-
tion, 3 as the observable of momentum, and 3 as the observable of angu-
lar momentum. In the presence of an external field the Gali%ei symmetry
is broken, neither ? nor 3 is conserved, 3 does not equal ma and 3 does
not equal 6x§+§, so that the physical interpretation of 3 and 3 is not
plain if there are external fields. However, whether external fields are
present or not, the observable 5 has the interpretation of a position.
Even if the Galilei symmetry is broken, the observable 5 of position is
characterized by the usual transformation behavior under a pure Galilei

transformation with the velocity parameter v

- >

Q » Q r
3%t iru,31_ » 8+ v .
This principle of restricted Galilean invariance {(Jauch, 1964a) is the
trace left by breaking the full Galilean invariance with external fields.

This remarkable behavior is due to the locality of the coupling.

Interaction Hamiltonians

Since matter is the source of electromagnetism, the interaction
between Galileons can be evaluated by Maxwell's equations. Quite gener-—
ally, the four-current operator Ju asscociated with a system possessing

the Hamiltonian H in an external field Au is given by
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- - 4
JU(X) = GH/SAu(x) , XER' .,

According to Maxwell's equations, the four-current J}1 generates the four-

tensor Fuv=6uAv_6vA

Galileons,

u of the electromagnetic field acting on the other

where in SI-units k=1/e,c?. In this way the full interaction Hamiltonian

(with all spin-orbit and spin-spin terms) can be obtained.

References: A good discussion of the form of the molecular Hamiltonian of inter-
acting Galileons can be found in Moss (1973). Compare also Hirschfelder et al.
(1954), Bethe and Salpeter (1957), and Slater (1960). Sometimes it is

necessary to include Einsteinian-relativistic corrections; the most reliable
method is to derive these terms fram quantum electrodynamics as an approximation
where the velocities of the Galileons are sufficiently small compared to the ve-
locity of light. A good review of the results of these methods has been given by
Itoh (1965); compare also Brodsky and Primack (1968), and Primack and Brodsky
(1969) .

The dynamics of pioneer quantum mechanics

The time evolution of a closed system is given by a strongly

continuous one-parameter group {Ut|t€R} of unitary operators U_ acting

t
on the Hilbert space H of state vectors. In the Schrddinger picture, the

time development of a state vector is given by

where ¥ is the state vector of the initial state at t=0. According to

Stone's theorem, every dynamical group {U,_|t€R} is of the form
¥ t

Ut - e—lHt ,

where H is a unique (in general unbounded) self-adjoint operator on f.

In quantum mechanics, the generator H is called the Hamiltonian of the

system, Conversely, every self-adjoint operator acting on the state space

H generates some dynamical group t*Ut.
In order that a Hamiltonian can serve as a generator of the

dynamics, it has to be self-adjoint. The question of the self-adjointness

of the n-dimensional Schrddinger operator has a long history. First of

all, it is not obvious that the formal differential operator
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n n
H = . {-i .=A. -i -
321 k£1 a3y {-13/3q-A5 (@) H-13/3gq,-A (@} + ¢(@)

where qERn, ¢ and Aj are real-valued functions on Rn, and (a.,) is a

positive definite real symmetric matrix, defines an operatorjzn the
Hilbert space Lg(Rn,dq). However, H is a well-defined operator on the
set C?(Rn) of all infinitely differentiable functions vanishing outside
some bounded region, and is called the minimal operator Hmin‘ If the Aj
are continuously differentiable and if ¢ is locally square integrable,
the minimal operator Hmin is a symmetric operator, hence has a smallest
closed extension, called the closure of Hmin' If the closure of Hmin is
self-adjoint, then o0 is called essentially self-adjoint. In this case,
the formal operator H defines a unique self-adjoint extension on the Hil-
bert space Lz(Rn,dq), which we denote again by H. Note that a molecular
Hamiltonian never is a differential operator (in the strict classical

sense) but rather the self-adjoint extension of a differential operator.

Accordingly, the proper mathematical question is whether the
formal differential operator H is essentially self-adjoint. The essential
self-adjointness of the many-body Schr&dinger Hamiltonian for the usual
forces (e.g. the Coulomb force) remained an open problem for over twenty
years. The first important result was obtained by Kato (1951) who showed
that in the case of vanishing magnetic fields (Aj=0) it suffices to as-
sume that each potential is the sum of a function in L, and a bounded
function. Later Kato (1957) showed that the eigenfunctions of a molecular
Hamiltonian are infinitely differentiable and satisfy the elliptic par-
tial differential equation HY=EY¥ in the classical sense at each non-
singular point of the potential ¢. These results were generalized by
Ikebe and Kato (1962) to the case of nonvanishing magnetic fields. The
question of the essential self-adjointness of Schr&dinger operators with
more singular potentials aroused considerable interest among mathemati-
cians and there is an extensive literature. These investigations were
brought to a certain close by a definitive treatment again by Kato (1972,

1974).

References: A detailed treatment of the self-adjointness that covers most cases of
interest to quantum mechanics can be found in the texts by Kato (1966) by Reed and
Simon (1975), and rather comprehensively in Weidmann (1976).
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Modes of reactions: the stochastic time evolution

In pioneer gquantum mechanics, observables refer to dispositional
properties, that is to "induced stochastic transitions §rom one Atate fo anothen
one" (Strauss, 1970). In this framework the stochastic time evolution is
neither given by the unitary time evolution group nor explained in any
other sense (attempts to do so go beyond the limits of pioneer quantum
mechanics and are referred to as "theories of measurements"). Pioneer
quantum mechanics does not explain why a particular transition occurs but
gives the probabilities of transitions that are induced by the interac-

tion with macroscopic classical systems.

It has proven to be convenient (but conceptually rather question-
able) to discuss a class of stochastic state changes that behave in an
experimentally unrealistic but mathematically simple way: the so-called
ideal measurements (or, in Pauli's (1933) terminology: measurements of
the first kind). Ideal measurements fulfill von Neumann's (1932) repeat-

ability assumption:

After an ideal measurement of a physical quantity, an immediately sub-
sequent measurement is constrained to give a result which agrees with
the first.

An ideal measurement is a procedure for obtaining a value of an observ-
able that

(1) changes the state of the system such that
(ii) the final state is in some eigenspace of this observable

(iii) hence brings into existence the quantity measured.

There are no logical difficulties with this concept but it is important
to acknowledge that all actual laboratory experiments (including the
Stern-Gerlach experiment referred to by von Neumann) are not ideal mea-
surements but tremendously more complicated operations. Moreover, the
terminology is certainly not a fortunate one since a classical measure-

ment is a procedure that

(i) can be performed without a significant change of the state,

(ii) only determines what is already the case.

Hence, a measurement in the classical sense is very different from the

state changes called "ideal measurements”.

From the definition of an ideal measurement, it follows that
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for observables with a nondegenerate discrete spectrum the measured
values are eigenvalues of the observable, and that the state immediately
after the measurement is represented by the eigenspace corresponding to
the eigenvalue obtained. If this eigenspace is more than one-dimensional,
the repeatability assumption does not fully specify the measurement.
With an additional assumption of minimal interference, von Neumann's
(1932) projection postulate can be phrased in the following sharpened
form (Liiders, 1951):

Let E({A}) be the projector onto the eigenspace of an observable A
corresponding to the eigemvalue A. If the state before the ideal mea-
surement of A is given by the vector Y, then after measuring A with

outcome ) the state is given by E({A})VY.

Probabilistic interpretation of pioneer quantum mechanics

An ideal measurement of an observable A with nondegenerate
discrete spectrum leads to a particular eigenstate of A but even at the
most fundamental level it is not determined which eigenstate will be re-
alized. Born's probabilistic interpretation and the projection postulate

give the transition probability for the state change Y+E({A})Y¥ as
[ECAD Y2 = (v]EUANY .

This result can be generalized to arbitrary self-adjoint observables A.

Let the spectral resolution of A be given by

A = I AE (dA)
A

where A is the spectrum of A whose Boolean o-algebra of Borel sets will
be denoted by . The spectral measure E is a projection-valued set func-

tion on I having the properties:

(1) E is projection-valued, i.e.
E(B) = E(B)2 = E(B)* for each BEX ,
(ii) E is nonnegative definite, i.e.
E(B) > 0 for each BEx ,
(1ii) E is additive, i.e.
if B3;NB, = ¢, then E(B;UB;) = E(B;)+E(B3) ’
(iv) E is multiplicative, i.e.

E(B;nB,) = E(B;)E(B.) ,
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(v) E is continuous, i.e.
supE(Bn)= E(B) whenever {Bn} is an increasing sequence of sets

in £ whose union B is also in Z.

The probabilistic interpretation of pioneer quantum mechanics can be

phrased as follows:

Let A be an observable with spectrum A, the o-algebra I of Borel sets
of A, and spectral measure E. The probability that an ideal measure-
ment of A gives a value lying in the Borel set B is given by the prob-
ability measure u:Z+R+,

1) % (v|EG)Y)

where ¥ 7s the normalized state vector before the measurement.

This result implies that Kolmogorov's (1933) theory of probability is

an inbuilt feature of pioneer quantum mechanics., Kolmogorov's mathemat-
ical probability theory rests on a triple, consisting of a sample space A,
a Boolean c-algebra I of subsets of A, and a probability measure u:Z+R+.
Conditioned by an ideal measurement, the observable A (and every Borel
function of A) can be considered as a random variable on the probability
space (A,Z,u). The expectation value E(A) of this random variable is

given by

e = [ @ = (vavy
A

where, of course, ¥ refers to the state vector immediately before the
measurement. Note that a family of observables can be regarded as a
family of random variables on one and the same probability space if
and only if they commute (for a rigorous proof, compare e.g. Nelson,
1967, p.117).

The concept of a statistical state in pioneer quantum mechanics

The outcome of ideal measurements with the same initial con=
ditions exhibits variations from experiment to experiment which no amount
of control can remove. Statistical probability theory discusses such
stochastic experiments that can be repeated many times under well-con-
trolled conditions and whose outcomes stabilize as the number of ex-

periments is increased. These nonrandom regularities are called statis-



92 3. Ploneer Quantum Mechanics

tiecal properties. The limit theorems of mathematical probability theory
show that the relative frequency of the occurrence of events under large-
scale repetitions is given by the mathematical concept of probability.
Statistical probability theory is an ensemble theory, all statistical
properties are to be obtained by averaging over an ensemble of a large

number of identically prepared systems.

Let us consider an ensemble of quantum systems in Gibbs' sense,
i.e. "a Large number of hypothetical systems which are introduced to describe one
actual system of which owr knowledge {8 only of a statistical nature" (Dirac, 1929b).
The state that characterizes an ensemble is called a statistical state.
Note that a statistical state is a property of the virtual ensemble as
a whole, it does not refer to an individual actual system. A statistical
state may be thought to reflect the past history of the system. The
notion of a statistical state is used to make predictions about the fu-
ture behavior of the system. From experience, we know that we do not
need the full past history in order to make optimal predictions, so that
a statistical state should be defined in terms of the future behavior of
the system (Husimi, 1937). Different experimental procedures which lead
to the same future behavior are equivalent and define the same statisti-
cal state. Imitating the state definition Nerode (1958) has intro-
duced into automata theory (and which is fundamental in mathematical
system theory) we adopt the following conceptual definition of a statis-

tical state:

A statistical state is the equivalence class of all histories of a

system that give rise to the same predictions for all concetivable

future experiments on the system.

From an operational point of view "histories" may be replaced by "pre-

paration methods”.

In order to define a statistical state mathematically, we con-
sider families of individual systems prepared in identical fashions so
that a statistical state can be regarded as the result of a reproducible
experimental preparation procedure. The most commonly discussed state
preparation schemes are so-called "ideal measurements". Consider a homo-
geneous ensemble with all its members in the same state described
by the state vector ¥. Let A be an observable with a discrete spectrum,

and let {an} be a complete orthonormal set of eigenvectors of A,
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Ao = aa (un|am> = Sn

nn ’

m

so that the state vector Y can be expanded as
¥ =7 Ca ¥) o .
n

An ideal measurement of the observable A leads with probability

p=I¢a |¥)]? to the eigenvalue a_ as the value measured and to the eigen-
vector a, as final state. While every individual member of the ensemble
is in some particular eigenstate |un)<an|, the virtual ensemble contains
this state with the relative frequency p,r SO that the statistical state

of the ensemble after the measurement is given by the mixture
def
D = erpnlunNunl .

The operator D is a nonnegative-definite self-adjoint operator fulfil-
ling the normalization condition tr(D)=ann=1; it is called the statis-
tical operator of the ensemble after the measurement. A statistical
operator characterizes the corresponding ensemble but it can also be
used for the description of an individual member of which our knowledge

is only partial and of a statistical nature.

More generally, a statistical operator (synonym: density opera-
tor) is defined as a normalized, self-adjoint, nonnegative-definite
nuclear operator D acting on the separable Hilbert space H of state vec-

tors,
D =D* >0, tr(D) =1 .

Remark: D=0 means <W|DW)ZO for all Ye€H. An operator T is called nuclear (synonym:
an operator of the trace class) if it is compact and has a finite trace norm “T[l.
The trace norm of a compact operator is defined by HTH1=Zan, where A\, are the ei-
genvalues of YT*T, An operator T is nuclear if and only if there is at least one
orthonormal basis {@,} of H such that Zp|lTen||<ee.

Every statistical operator has a purely discrete spectrum consisting of
nonnegative eigenvalues p,r SO that its spectral resolution can be

written as

D =Y} pnPn
n
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i j i = 2 = *
with projections Pn Pn Pn and

tr(p) =1 , g p,=1, 0= P, < 1.

A statistical operator D fulfills the inequality D2<D, where the equal-
ity sign holds if and only if D is of rank one, i.e. A;=1 and Xj=0 for
j#1. A statistical operator D contains the same information as an in-
dividual state if and only if D is idempotent, D=D2, so that D is a
projection operator, projecting on the one-dimensional subspace con-
taining the state vector. In this case the ensemble is homogeneous
(i.e. all its members are in the same individual state), and we speak
of a pure statistical state. A statistical state which is not pure is
said to be mixed. According to the spectral theorem, every mized state
18 a convex linear combination of pure states. In contrast to the set
of all individual states, the set of all statistical states is a con-
vex set. That is, if D, and D, are two different statistical operators,
then every convex linear combination D=cD;+(1-c)D,, 0<c<1, is again a
statistical operator. A statistical operator D which cannot be decom-

posed in this way is called a pure statistical operator. A pure state

is an extremal point of the convex set of all statistical states.

Mixed states do not provide complete information about the
individual states of the constituting elements of a Gibbsian ensem-
ble. Moreover, ensembles that are created by mixing different collec-
tions of pure states may have the same statistical operator. That is,

a statistical operator cannot distinguish between ensembles that are
objectively different but nevertheless give rise to the same expecta-
tion values. The knowledge of a mixed statistical operator does not
imply the knowledge of the kind of ensemble to which it refers. There
exist infinitely many different ensembles having the same mixed statis-
tical operator, so that a consistent statistical interpretation of sta-
tistical operators is possible only if we go back to the interpretation
by individual states. The often used statistical interpretation of the
statistical operator via its spectral decomposition is just one of many
possible versions. There is no reason for requiring the mutual orthog-
onality of the individual states of the constituting subsytems of an
ensemble. Clearly, it is possible to prepare a Gibbsian ensemble by

mixing kinematically identical systems that are in arbitrary (i.e. non-
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orthogonal) individual states. This situation is characteristic for quan-
tal systems and due to the fact that the cone of all unnormalized statis-
tical states is not a simplex. In fact, a system is classical <f and only
if every mized state has a unique decomposition into pure states (Neu-

mann, 1974).

The duality of statistical states and observables

Conceptually, statistical states are directly related to statis-
tical ensemble expectation values. For every bounded observable A the
statistical expectation value p(A) with respect to an ensemble charac-

terized by the statistical operator D is defined by
p(A) = tr(DA) .

A linear functional p on the algebra B(H) of all bounded operators acting
on the Hilbert space H induces a o-additive measure Hp for every spectral
resolution EA'

uA(B) = p{E(B)} for every Borel set B,
if and only if p is generated by some density operator D,

p(A) = tr(DA) for every A€B(H) .
In pioneer quantum mechanics the set of all unnormalized statistical

states is taken as the positive cone of the Banach space Bj (H) of all

nuclear operators on some complex separable Hilbert space. The norm of

continuous linear functionals on B; is a Banach space under the induced

the Banach space B; is taken to be the trace norm

1. The totality of
supremum norm, and is called the dual B} of B;. It is well-known that the
dual of B; (H) equals the algebra B(H) of all bounded operators acting on

H,

By (H)* = B(H)

where the norm induced on B(H) equals the operator norm

~|| (compare e.g.
Schatten, 1960, p.47). In pioneer quantum mechanics an observable is re-
presented by a (bounded or unbounded) self-adjoint operator acting on the

separable Hilbert space H of the state vectors. Conversely, it is assumed
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that every self-adjoint operator in B(H) represents an observable. With
this, pioneer gquantum mechanics contains the following duality between

statistical states and observables:

The set of all unnormalized statistical states is given by the posi-
tive cone of the Banach space By (H) of nuclear operators on a separa-
ble complex Hilbert space. The algebra of observables is the algebra
B(H) of all bounded operators, which equals the dual By (H) of the sta-

tistical state space By (H).

Warning: Mathematicians call an element p of the dual B* of the algebra B a state

if it is positive (i.e. if A>0 implies p(A)=0) and has nomm 1 (so that p(1)=1.) Clear-
ly, the statistical states of pioneer quantum mechanics are normalized positive ele-
ments of B* but the converse is not true. The statistical states are precisely the
so-called normal normalized positive elements of B*. a positive linear functional
pEB* is said to be normal if it is completely additive, i.e. if p(Z Pa)=zap(Pa) for
every family {Pa} of mutually orthogonal projectors in B. This property is important
for the probablllstlc interpretation of linear functionals on the algebra B of ob-
servables since p€B* induces a O-additive probability measure for every spectral
resolution with values in B if and only if the state p is normal. The set of normal
linear functionals on B is called the predual By of B since the dual of By equals

B. So we have

B, =B*§B* ’ (B*)*:B .

Moreover, B*=By if and only if the Hilbert space H is finite-dimensional.

The algebra B(H) is <rreducible, that is, the only operators that
commute with every operator in B(H)are the multiples of the identity ope-
rator. This property characterizes the algebra of observables of pioneer
quantum mechanics, and is referréd to as von Neumann's (1932) <Zrreducibil-

ity postulate of pioneer quantum mechanics.

Remark: In the case of compound systems, the principle of indistinguishability of
identical particles requires a modification of the formulation of the irreducibility
postulate of pioneer quantum mechanics. Consider a system of n identical Galileons

of spin s. If Hy is the Hilbert space associated with a single Galileon, then not
every normalized vector in H =H,®H® _,@Hl (n times) is a state vector. In agreement
with the known experimental material, pioneer quantum mechanics restricts the state
space associated with n identical Galileons with half-integer spin to the antisym-
metric tensor product ffACZH (containing all antisymmetric vectors of Hp), and in
the case of n Galileons w1th integer spin to the symmetric tensor product H Cf{
(containing all symmetric vectors of H ). Von Neumann's irreducibility postulate then
means that the algebra of observables equals BA B UfA) and BS B Ufs), respective-
ly. With respect to H, and B(H,), the algebras BA and BS are redu01ble, and there
are nontrivial operators in B(Hn) which commute w1th all operators of BA and BS,

so that we may speak of superselection rules due to the indistinguishability of
Galileons.

The duality between statistical states and observables implies
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that states and observables of pioneer quantum mechanics transform con-
tragrediently under time evolution so that the Schrddinger picture is
equivalent to the Heisenberg picture. In the Schrddinger picture observ-
ables are fixed while the states vary with time. For a closed system,

the time evolution of a statistical operator D€B; (H) is given by

- = *
D -» D, = U.DU} € B, (H)

or as differential equation by

in 6t =[4Dp]1_ , D =D ,
where {Ut[tER} is the unitary time-evolution group, with Ut=exp(—itH/h).
The statistical expectation value (A)t of an observable A€B(H) at time t

is given by

<A>t = tr{DtA} .

The unitarity of U_ and the cyclicity of the trace imply that this rela-

t
tion can be written as

<A>t = tr{DAt}

with

def
A = U;AUt € B(H)
so that the statistical operator is fixed while the observables vary with

time.
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3.4 THE COPENHAGEN INTERPRETATION OF PIONEER QUANTUM MECHANICS

The basic ideas of the Copenhagen interpretation

The first physical interpretation of quantum mechanics is due to
Heisenberg (1927) and Bohr (1928). These two papers, both written in Co-
penhagen, were rather vague and programmatic. The interpretation of quan-
tum mechanics subsequently worked out on this basis by Bohr and his co-
workers is often called the Copenhagen interpretation. This terminology is
customary but unfortunate. There is no uniform opinion of what the Copen-
hagen interpretation should be. For example, Heisenberg's (1958) book
"Physics and Philosophy" is often regarded as an authoritative presentation
of the Copenhagen point of view. However, Leon Rosenfeld (1960) - one of the
closest coworkers of Niels Bohr - has claimed -that "...cetainly not one of the
physicists now working in Copenhagen would subscribe to the general philosophical atii-
tude underlying this account”, Not only did Bohr and Heisenberg defend rather
different views in their first papers but these interpretations them-
selves went through essential alterations and developments in the course
of time. The famous article by Einstein, Podolsky and Rosen (1935) and
the critique by Fock (1951, 1957, 1958) led to a significant change of
the viewpoint of Bohr (1935, 1958) (compare also Feyerabend, 1962; and
Witmer, 1967), and Heisenberg's philosophical opinions changed (compare
Heelan, 1965) as well.

Additional references: fundamental are the papers by Bohr (1928, 1935, 1936, 1948,
1949, 1958), Heisenberg (1927, 1930, 1955, 1956b, 1958), Pauli (1933, 1948, 1950,
1954a, 1955, 1957, 1958), Rosenfeld (1953, 1957, 1961), Fock (1951, 1957, 1958,
1965, 1969). For the history of the Copenhagen view compare the two books by Jammer
(1966, 1974). An elaboration of the Copenhagen interpretation from a pragmatic S-
matrix viewpoint is given by Stapp (1971). Stapp (1972) attempted to capture the
essence of the Copenhagen view and added some approving letters by Heisenberg and
Rosenfeld.

In the following we shall not consider the early versions of the
Copenhagen view but rather discuss the result of the long-lasting crit-
ical revision ,and development of Bohr's ideas. It should be noted that
expressions like "uncontrollable interaction", "duality of waves and
corpuscles” which apparently seemed to be so important in the older 1lit-
erature, no longer occur in Bohr's papers, and that unnecessarily sub-
jective phrases have been eliminated. Similarly, Heisenberg's uncertainty
relations are no longer at the heart of the interpretation but are simple

consequences of the basic mathematical formalism.



3.4 The Copenhagen Interpretation 99

Bohr's own writings are remarkably careful but highly implicit,
elusive and subtle; the clearest presentation of his view is his last
paper (Bohr, 1958). We consider this paper together with the profound
eludications by Pauli (1954a, 1957, 1958), Fock (1957, 1965) and Heisen-
berg (1958) as representative of the final Copenhagen view and compress

some of the essential ideas into the following theses:

1. Quantum mechanics refers to individual objects.

2. The probabilities of quantum mechanics are primary.

3. The placement of the cut between observed object and the means
of observation is left to the choice of the experimenter.

4, The observational means are to be described in classical
terms.

5. The act of observation is irreversible and creates a document.

6. The quantum jump is a transition from the potentially possible
to the actual.

7. Complementary properties cannot be revealed simultaneously.

8. Pure quantum states are objective but not real.

In the following, a short exposition of these main peints is given.

First thesis: Quantum mechanics refers to individual objects

All varieties of the Copenhagen view assume that the state vec-
tor refers to an individual system and not to an ensemble of similarly
prepared systems. According to the Copenhagen view, the probabilities of
quantum mechanics are theoretical object probabilities, that is, poten-
tial probabilities (Fock, 1957).

Second thesis: The probabilities of quantum mechanics are primary

It is impossible to predict an individual quantal event. If the
state of a system is known, we can in general make only probabilistic
predictions about the outcome of future observations. Individual quantal
events are not causally related. "Probabillity 45 to be negarded as an essential
element of the description and not as an indication of the incompleteness of owr knowl-
edge" (Fock, 1969). Because the quantum probabilities are a basic trait
of the world, they are called primary (Pauli, 1954a). Primary proba-
bilities are not reducible to deterministic laws of nature and they have

no bearings on the knowledge or ignorance of the observer.

At the fifth Solvay meeting in 1927, Dirac proposed to speak of
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a choice on the part of nature: "le choix, une fois gait, est {wnévocable et
affectera tout L'état futun du monde, La valewr de n choisie par La nature peut etre
détenminge pan L'expérience et Les ndsultats de toute expérience sont des nombres dé-
civant de pareils choix de La nature." (Solvay, 1928, p.262). However, this
terminology was rejected by Heisenberg (ib., p.264) and by Bohr (1949,
p.223) by the argument that there was no sense in talking about nature

making a choice.

Primary probabilities refer to potential possibilities
(Fock, 1965); thus, a series of experiments leads to a statistics with
a well defined probability distribution. According to the Copenhagen
view, quantum mechanics allows for the mazimal complete description of
individual systems; all information about an individual system can be
deduced from its state vector. There does not exist a still more de-
tailed (unknown to us until now) description of single systems. Pioneer
quantum mechanics is not only a statistically correct but incomplete

theory.

Third thesis: The placement of the cut between observed object and the

means of observation is left to the choice of the observer

According to the Copenhagen view, the physical world has to be
separated into two parts, the observed object and the observing system.
Heisenberg claims that there exists a sharp cut between the observation-
al means on the one hand and the observed system on the other. This sep-
aration can be made in an infinite variety of ways. The placement of the
cut is arbitrary (within certain limits) and left to the free choice of

the experimenter.

It should be noted that Heisenberg and Bohr have strikingly dif-
ferent notions about the measurement process (compare also Feyerabend,
1962, p.250 and p.271). Bohr's view was much more subtle than that of
Heisenberg but also very radical and amazing. According to Bohr, quantum
mechanics exclusively refers to propositions about macroscopic classical
systems; for Bohr it is impossible to abstract from the experimental
equipment and accordingly there is no atomic object to be observed. Bohr
never refers to a "cut" but proposes to restrict "the use 04 the word
phenomenon to nefern exclusively to observations obtained under specified cireum-
stances, including an account of the whole experiment" (Bohr, 1948). This

leads to the necessity to consider an experiment as an undivided whole
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that includes the observational means. According to Bohr, quantum sys-
tems should not be thought of as having properties detached from the
experimental arrangement so that in Bohr's view the state vector Y does
not refer to an isolated microphysical system but to such a system plus
the entire experimental apparatus used in making an observation. Bohr
never speaks of quantum systems as constituted of interacting particles
which exist separately from each other, he never mentions instruments
of observing quantum systems. "There {4 no quantum world" is a famous say-

ing, attributed to Bohr by Petersen (1963).

Fourth thesis: The observational means are to be described in classical

terms

On the empirical level the concepts of naive realism and of plain
language are to be used, " since the wond 'experiment' can Ain essence only be used
in hefering to a situation where we can tell otherns what we have done and what we have
Learned" (Bohr, 1948). Bohr considered this fact as a logical necessity,
while Heisenberg was more inclined to see it as a sociological fact. Our
empirical knowledge has to be formulated classically and all the evidence
of quantum phenomena has to be expressed in classical terms. From this
Bohr concludes that all observational means (measurement apparatus, means
of registration, human observers) have to be described in purely classi-
cal terms. While Bohr (1958) demands that the measurement apparatus has
to be described with the aid of classical physics, explicitly excluding
the quantum of action, Fock (1957) only requires that the measurement
apparatus allows a sufficiently exact classical description for the pur-

pose under consideration.

Fifth thesis: The act of observation is irreversible and creates a document

As only something that has actually happened can be communicated
unequivocally, an observation can be regarded as complete only if there
exists a macrophysical document. The observed result must therefore be
registrated permantly in objective reality: The act of observation shows
an intrinsic irreversibility (Bohr, 1958). If the final state of the mea-
surement could be connected in an entirely causal manner with the initial
state, then one could regain the initial state from the final state by
interference or inversion of motion. The increase of entropy that occurs
during the observation deprives us of precisely the information we would

need to build up the proper interference. In contrast to classical mea-
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surements, the total entropy of object and measurement apparatus in-
creases in quantum mechanics (Teller, 1961). On that account, the problem
of the quantum-mechanical measurement process is closely related to the
explanation of the occurence of irreversible phenomena in the framework

of a reversible mechanics.

Sixth thesis: A quantum jump is a transition from the potentially

possible to the actual

Every observation is an intervention of indeterminable extent
both into the observational means as well as into the observed system,
and interrupts the causal correlations (Pauli, 1950). Thus, the state of
the object is in general changed by a measurement. An ideal measurement
of an observable A with the (discrete and not degenerate) eigenvalues
ay and the eigenvectors oy in a system in the state Y produces the re-
sult a; with the probability |(ai|W>|2. If the result a; is realized,
then after the measurement the system is in the pure state o The

quantum jump
¥ = E(aklw>ak > oy

is also called the reduction of the wave packet. According to the Copen-
hagen view, this reduction does not follow from the quantal equa-

tion of motion but is to be interpreted as a new type of natural law.

In classical physics the time evolution is uniquely determined;
all that is potentially possible is also realized. There is therefore
no need to distinguish between the potentially possible and the actual.
In quantum mechanics on the other hand one must carefully distinguish
between potentiality and events. Deterministic laws are valid in the
realm of the potentially possible but what is realized factually can
be predicted only probabilistically (Heisenberg, 1958; Fock, 1957).
From this results a new formulation of the causality principle: In
quantum mechanics, the causality principle is related to the potentially
possible and not to the actually realized events. Mathematically this
causality principle is reflected in the well-posedness of the time
dependent Schrddinger equation, which has a unique solution for every
initial state. In contrast, the realization of one of the potentially

possible results (the "quantum jump", the "reduction of the wave packet")
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is a stochastic process which according to the Copenhagen view, is not

governed by the Schrédinger equation,.

Seventh thesis: Complementary properties cannot be revealed simulta-

neously

It is known empirically that microphysical systems have po-
tential properties that cannot manifest themselves simultaneously.
Niels Bohr introduced complementarity as a way of accommodating concepts
which were mutually exclusive but nevertheless necessary for a comprehen-
sive description, Two potential properties are called complementary if
their actualization is possible only under mutually exclusive conditions.
The existence of complementary properties implies that every physical
concept is only defined relative to a certain class of phenomena (Rosen-
feld, 1961). Fock (1965) speaks of a relativity with respect to the tools
of observation. The properties of a quantum object are revealed only in
their interaction with classical observational means. Every property has
the potential to appear, but its actual appearance depends on the exter-
nal conditions. Invariably, "every gain of knowledge of atomic objects by observa-
tions has to be paid for by a Loss of other knowfedge, ... Which knowledge is obtained
and which other knowledge is inrevocably Lost is Lefit to the gree choice of the ex-
perimentor, who may choose between mutually exclusive experimental arrangements" (Pau-
1i, 1948).

Eighth thesis: Pure quantum states are objective but not real

The classical ideal of an objective description of nature as sug-
gested by Newtonian mechanics, electrodynamics and relativity theory, has
been characterized by Einstein (1953a) as follows: "Es gibt 50 etwas wie den
nealen Zustand eines physikalischen Systems, was unabhdngig von jeder Beobachtung ob-
jektiv existient und mit den Ausdrucksmittefn der Physik im Prinzip beschrieben werden
kann", This narrow view of the notion of reality is not fulfilled in quan-
tum mechanics but according to Pauli (1955) there still remains "an objec-
tive neakity inasmuch as these theornies deny any possibility for the observer Zo influ-
ence the nesults of a measwiement once the experimental arrangement {5 chosen. There-
fore particulan qualities of an individual observer do not enter the conceptual grame-
work of the theony. ... In this wider sense the quantum-mechanical descriiption of atom-
Aic phenomena 44 stLLL an objective description, although the state of an object is not
assumed any Longer to nemain independent of the way in which the possible sources of
information about the object are inrevocably altered by obsewations. The existence of
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such alterations neveals a new kind of wholeness in natwre, unknown in classical phys-
ics, inasmuch as an attempt to subdivide a phenomenon defined by the whole experimental
arnangement used for its observation creates an entirely new phenomenon." The irre-

versibility inherent in the act of observation causes the description of

quantum events to have an objective character (Bohr, 1958).

Heisenberg tends to a more subjectively colored interpreta-
tion: "... we are §inally Led to believe that the Laws of nature which we gormulate
mathematically in quantun theory deal no Longer with the particles themselves but with
our knowledge of the elementary particles" (Heisenberg, 1956b), Now we must in
any theory carefully distinguish between objective and subjective ele-
ments. Objective elements relate to the intrinsic properties while sub-
jective elements refer to our knowledge about the systems. While accord-
ing to Heisenberg the probabilities of a mixture of pure states are sec-
ondary and represent an incomplete knowledge, Heisenberg (1955) also ac-
cepts unequivocally the objective character of pure quantum states. But
the identification of objective and real - permitted in classical theories -
must be given up. According to Heisenberg, a pure state represents the
potentially possible in an objective way, that is, in a way independent
of the observer. That being so, "the state of the closed system represented by
a Hilbernt vecton is indeed objective but not real" (Heisenberg, 1955).

Weizsicker (1941, 1961) takes a logically possible but ex-
tremely subjective position: "Man vermeidet also alle scheinbaren Paradoxien,
wenn man den lustandsvekton konsequent ... aks eine Angabe eines Wissens deutet”.
Furthermore: "Menschen, die Venschiedenes wissen, beniitzen dahen ohne Gefahn -eines
Widerspruchs verschiedene Zustandsvektoren” (Weiszdcker, 1961). The same point
of view is taken by Slissmann (1957, 1958). Accepting this view, one in-
deed eliminates most of the logical difficulties but only by introducing
a new problem: Why should the subjective state vectors satisfy the time-

dependent Schrédinger equation?

The subjective interpretation of the secondary probabilities is
consistent with Heisenberg's (1958) view that irreversibility is not
something entirely objective but ensues from the incomplete knowledge of
the observer. The sudden change of the mathematical description on the
occasion of a quantum jump then does not reflect anything but the sudden

change of our knowledge.
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The subjectitivistic way of speaking Heisenberg prefers is not
necessarily in conflict with the objectivistic language of Pauli. The
notions "objective" and "subjective" are problematic and do not essen-
tially stand in an exclusive relation. Specifying all assumptions and
qualifications, there exists in quantum mechanics an intersubjective

agreement, so that one can also use an objectifying language.

A logical analysis of Scheibe (1964) shows that in the framework
of classical logic the contingent propositions of quantum mechanics can-
not be ontic but only epistemic. That is, if we assume the validity of
Boolean logic for the properties, then the contingent propositions do
not refer to properties of the physical object but to our knowledge of
them.

Critique of the Copenhagen interpretation

Since its advent, the Copenhagen interpretation has been attacked
from very different positions. The vast literature against the Copen-
hagen view is mostly polemic, often even superficial and boring (for a
bibliography, compare Scheibe, 1967, and Nilson, 1976). Most attempts to
deviate basically from the Copenhagen view have been motivated philosoph-
ically or ideologically and do not aim at an understanding of new sci-
entific problems (compare the review given by Jammer, 1974). Again and
again, the expositions of Bohr's view are distorted beyond recognition.
An outstanding counterexample is the most instructive critique by Ein-
stein (1936, 1948, 1949, 1953a, 1953b). The controversy between Einstein
and Bohr ranks as one of the great philosophical debates in the history
of science (compare also Bohr, 1949).

In spite of the fact that most criticism of the Copenhagen view
is shallow in comparison with Bohr's insight, we should accept Benjamin
Disraeli's dictum that "it {5 the duty of Her Majesty's Loyal Opposition to op-
pose". It can hardly be denied that Bohr tended to be one-sided and to
emphasize excessively some novel aspects of quantum theory (compare also
the critique by Feyerabend, 1958a, and Hooker, 1972b). In the following,
we restrict ourselves to a discussion of those points that are of direct
relevance for theoretical chemistry and theoretical biology. The most
penetrating objection against quantum mechanics was formulated in a fa-
mous paper by Einstein, Podolsky and Rosen (1935). Because this so-called

Einstein-Podolsky~Rosen paradox goes to the heart of any interpretation
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of quantum mechanics, we discuss it separately in section 3.7.

The role of the observer in the Copenhagen interpretation

Bohr insisted upon the need to include the observational means
into the description of the experiment. It is undisputed that the obser-
vational means in quantum mechanics play a role that is utterly different
from the role they play in classical physics. Nevertheless, many scien-
tists have the impression that this logically incontestable standpoint is
often maintained much too dogmatically. At any rate, Bohr's view hardly
agrees with daily laboratory routine. Consider for example the decay of a
radioactive nucleus as discussed by Blokhintsev (1968). Suppose we pro-
duce at time t=0 a radioactive nucleus with the mean lifetime 1 and leave
the system to its fate. From experience we know that we barely need to
specify the environmental conditions. After a time T that is vastly
greater than the mean lifetime t, T >> T, we can surmise with overhelm-
ing probability that the nucleus has disintegrated. Of course, we can
carry out a control measurement at t=T, If we find the nucleus disinte-
grated, then it is intuitively absurd (though logically possible) to
assume that the control measurement might have something to do with the
radioactive decay. What, then, is the role of the observer? This is hardly
a question of logic but of the admissibility of an easy way of speaking.
It would be desirable if the interpretation of quantum mechanics would
allow us to say "the nucleus is decomposed", without having to refer
to an observer. This demand for a less operationalistic language becomes
imperative in a theory of molecular biological evolution. This‘evolution
happened before there were any observers and it happens today in spite

of observers.

There exist objective and real properties of quantal systems

Bohr (1948) emphasized that "an {nherent element of ambiguity is in-
vodved in assigning conventional physical attrnibutes to atomic objects”. This care-
ful statement is often exaggerated, as in the following quotation: "in
the usual interpretation of quantum theorny, an atom has no properties at all when it
45 not observed" (Bohm, 1957, p.92). This overstatement is wrong. Bohr cer-
tainly does not deny - but neglects to stress - the objectivity and real-
ity of such properties as the mass, the charge, the spin of an atomic
system. These properties exist objectively and factually and are indepen-

dent of any observation (compare also Fock 1951, 1958). Such properties
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that are invariant with respect to all particular observational contexts
are called <nvariants by Born (1953). According to Born, the idea of

invariants provides the key to a rational concept of reality.

The existence of objective and real properties is of outstanding
importance for chemistry and biology. The larger a molecular system be-
comes, the more such properties can exist. The proper way of dealing with
Born's invariants is to introduce classical observables into quantum me-

chanics (compare chapter 4).

What is a classical description?

The main flaw of the Copenhagen interpretation is the inadequate
elucidation of the meaning of the word "classical". Rosenfeld (1957, p.52)
considers it as altogether obvious that the fundamental concepts of quan-
tum mechanics have to be formulated within the framework of a classical
theory. But it is in no way clear a priori what a classical theory should
be. Rosenfeld and Bohr regard it as obvious that the language of clas-
sical physics (in the sense of Newton and Maxwell) is the proper basis
for the formulation of quantum mechanics. However, this assumption is
netther obvious nor undisputed. It is imperative that the metalanguage
used be compatible with classical logic. The only feature required of a
classical mode of description is Ythe assumption of complete independence of all
physical processes of the conditions of observation" (Fock, 1969).

Referring to the principle of correspondence, it is often maintain-
ed that classical mechanics is a limiting case of quantum mechanics. This
assertion is wrong. Quantum mechanics and classical mechanics are funda-
mentally different theories. Bohr categorically requires that the observa-
tional means must not be described by quantum mechanics. By this prere-
quisite, the objective and real character of the measurement documents is
guaranteed. Bohr considers the classical and the quantal description as
mutually exclusive in the sense of a generalized principle of complementar-
ity (compare also Shimony, 1963). According to Bohr, the classical nature
of the means of observation is an indispensable condition for the formula-
tion of quantum mechanics. From Bohr's standpoint it is basically impossi-
ble to deduce classical mechanics from quantum mechanics (compare also
Feyerabend, 1968).

To many theoreticians, this view is not convincing. As the mathe-
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matical formalism does not compel us to distinguish conceptually between
object and observational means, it has repeatedly been tried to merge
object and observational means into a single quantal system. The best
known attempts of this kind are those by von Neumann and by Everett to
which we shall come back in detail. However, a quantum-mechanical de-
scription of classical systems hits deep-rooted difficulties so that for
many theoreticians the consistency of Bohr's view is not obvious. Fock
argues that one should not formalize the measurement process and states:
"Ich glaube, man muss mehn dialektisch denken, und wenn man das tut kann man auch in
der gleichzeitigen Benitzung der klassischen Beschreibung des Messapparats und der quan-
tenmechanischen Beschreibung des beobachteten Systems keinen Widerspruch erblficken”
(Fock, 1971).

Does the state function describe a single system or an ensemble?

Since the interpretation of quantum mechanics in terms of
individual systems leads to profound (but by no means insoluble)
problems, there is a tendency among physicists to switch to an
ensemble interpretation. An ensemble interpretation refers to the
application of quantum mechanics to a statistical ensemble of infinitely
many systems, all of them constructed, prepared and selected in exactly
the same way. Of course, it may often be convenient to imagine that we
have an ensemble of equivalent, uncorrelated systems, and are able to
carry out a measurement on this ensemble. From the individual point of
view, such a use of virtual statistical ensembles is always legitimate.
However, the question at issue is whether quantum mechanics is exclusive-
ly an ensemble theory, that is, whether a state function never refers to
an individual system at all. Surprisingly many physicists do not accept
the view that quantum mechanics refers to single systems, and think that

only an interpretation in terms of statistical ensembles is logically
consistent.

References: The following authors fight for the exclusiveness of the ensemble inter-
pretation: Einstein (1936), Kemble (1937, 1951), Blokhintsev (1953, 1966, 1968),
Ludwig (1955, 196la), Margenau (1963a, 1963b), Groenewold (1964, 1971), Park (1968a,
1968b), Ballentine (1970), Elsasser (1968, 1969a, 1971, 1973).

The usual argument is that quantum mechanics allegedly makes no
predictions that bear on individual systems but that it predicts only
statistical frequencies. But it is not true that quantum mechanics cannot
predict anything for a single system. The inability to accept an individ-

ual interpretation often has its roots in a time-honored ideology, the
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determinism of the nineteenth century. Or in the words of Albert Einstein:
"Gott winfelt nicht". From a historical point of view it may be understandable
that it is less arduous to accept a statistical description than to accept
a truly stochastic law. A further reasonmight be that the original amalgam-
ation of the frequency interpretation of probability theory with quantum
mechanics was not well thought out. Again, this is understandable his-
torically: at the birth of gquantum mechanics both the mathematical

theory and the interpretation of probability were in a rather bad shape.
The often heard remark that empirically only an ensemble interpretation
can be corroborated is not correct. Because of the probabilistic nature

of quantal events, a single observation is indeed insufficient. Yet, no-
body is performing an infinite sequence of experiments as required by the
ensemble interpretation. The usual laboratory procedure is to do just a
few experiments. The empirical result is always a finite random sequence,
a concept which makes no sense in the statistical interpretation but is

a well defined and operational concept in the individual interpretation

of algorithmic probability theory (compare e.g. Schnorr, 1971b).

Since the individual interpretation is of great importance
for a rational theory of large molecular systems and for theoretical bi-
ology, we want to stress that there are positively no logical difficul-
ties connected with the individual interpretation of quantum mechanics
and that this point of view can be carried through consistently. "The
deepen neason for the circumstance that the wave function cannoit corrnespond to any sta-
tistical collective Lies in the fact that the concept of the wave function belongs Lo
the potentially possible (to experiments not yet performed), while the concept of the
statistical coffective belongs to the accomplished (to the nesults of experiments al-
neady carnied out)" (Fock, 1952, 1957).

The hunt for hidden variables

Pioneer quantum mechanics seems unsatisfactory to some philoso-
phers and to some physicists. They accept its elegant formalism, admit
its outstanding predictive power but claim that it does not provide an
intuitive picture of the world. Ever since the inauguration of quantum
mechanics it has been suggested that the stochastic nature of quantal
events is solely to be ascribed to an alleged incompleteness of quantum
mechanics. In saying this it is assumed that there exist dynamical vari-
ables which are not observable and which are not considered in quantum

mechanics but which would uniquely determine individual quantal events.
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The ultimate aim of such theories with hidden variables seems to be the
recovery of the determinism of classical physical theories of the nine-
teenth century. A large number of hidden variable theories have been

proposed, but not one has been successful.

References: For a review and the deeper motivation of hidden variable theories cam-
pare : Freistadt (1957), Bohm (1962), Bub (1968b), Capasso et al. (1970), Belinfan-
te (1973), Jammer (1974), PeNa-Auerbach and Cetto (1977), Claverie and Diner (1977),
Ghirardi et al. (1978).

However, there is one aspect of the quest for hidden variables
that is of fundamental interest. What precisely are the conditions under
which it is possible to show that gquantum mechanics does not allow the
introduction of hidden variables? The earliest result is due to von Neu-
mann (1932) who has shown that under certain (and, as we know today, un-
necessarily restrictive) assumptions, no hidden variable theory can re-
produce the results of quantum mechanics. Many objections have been
raised against this proof but there are several modern proofs that are
free from these objections and that give exact mathematical conditions
for the impossibility of embedding quantum mechanics into a classical

theory.

References: Pauli (1953), Gleason (1957), Weidlich (1960), Jauch and Piron (1963,
1968), Kamber (1964), Dambrowski and Horneffer (1964), Bell (1964, 1966, 197la),
Zierler and Schlessinger (1965), Bohm and Bub (1966a, 1966b), Kochen and Specker
(1967), Misra (1967), Gudder (1968a, 1968b, 1970a, 1972a), Plymen (1968c), Turner
(1968), Bub (1969, 1973, 1974, 1976), Wigner (1970a), Ochs (1971, 1972b), Deliyannis
(1971b), Bugajska and Bugajski (1972b), Demopoulos (1976).

These discussions have led to an essential clarification of the
foundations of quantum mechanics; furthermore, a different point of view
has evolved. Because ad hoc hidden variable theories can be con-
structed, it is pointless just to disprove the existence of such theo-
ries. The crucial question is: what is the price we have to pay for such
an undertaking? A very interesting result by Bell (1964) shows that the
price is very high indeed: no theory can simultaneously comply with the
demands of causality, individuality and locality, and be compatible with
the statistical predictions of quantum mechanics (to within a few per-
cent). Bell's theorem is the deathblow to all reasonable hidden variable
theories, provided the results predicted by guantum mechanics are
approximately correct. So, an interesting feature of hidden variable

theories is their potential to suggest new and stringent tests of quan-
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tum mechanics. All experimental tests carried out so far have confirmed
quantum mechanics and given strong evidence against any kind of local

hidden variable theories.

References: Papaliolios (1967), Kocher and Commins (1967), Clauser et al. (1969),
Pearle (1970), Kasday (1970, 1971), Fox and Rosner (1971), Fox (1971), Freedman
and Clauser (1972), Clauser (1972, 1974, 1976), Shimony (1971), McGuire and Fry
(1973), Fry and Thompson (1976), Lamehi-Rachti and Mittig (1976).
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3.5 THE VON NEUMANN-LONDON-BAUER INTERPRETATION OF PIONEER QUANTUM
MECHANICS

Why another approach?

The Copenhagen interpretation is fundamentally pragmatic. Accord-
ing to Niels Bohr "quantum theony merely offers rules of caleulation §or the deduc-
tion of expectations about cbservations obtained unden wefl-defined experimental con-
ditions specified by classical physical concepts” (Bohr, 1963, p.60). The Copen-
hagen interpretation focuses the attention on systems that are first pre-
pared in a specified manner and later examined in a specified manner.
What is "really" happening is considered as metaphysical or as unimpor-
tant. "In our descriiption of nature the purpose is not to disclose the neal essence
0f the phenomena but only to track down, 50 far as it is possible, nefations between
the manifold aspects o4 owr experience” (Bohr, 1931, in the English translation

on p.18).

Bohr's view is logically consistent and cannot be rejected
lightly. Moreover, the Copenhagen interpretation has proved to be ade-
quate for describing numerous experimental investigations in atomic and
nuclear physics. Nevertheless, it has unsatisfactory features. The
Copenhagen interpretation presupposes the classical level in a form
which makes it impossible to derive classical aspects of quantum sys-
tems, and even to discuss the logical consistency of the separation of
the world into an observed system and a classical observing system.

There are.genuine scientific problems that cannot even be formulated

in the framework of the Copenhagen view.

Perhaps the worst flaw of the Copenhagen interpretation is the
view that a theory is nothing but an elaborate system of algorithms for
computing experimentally measurable numbers. Such an approach is insuf-
ficient for understanding the behavior of matter; it is not false but it
provides an inappropriate setting for a creative theoretician. A black-
box theory which reduces science to the mere prediction of future events
from past ones may appeal to man the machine maker - homo faber - but
what about man the thinker - homo sapiens? Algorithms for calculating
numbers are important, but they do not provide aqha! reactions which are
the basis of any creative activity. 4 full-blooded interpretation

of quantum mechanics should provide an ontological model of nature.
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The orthodox view

Bohr was very careful in his discussion of the epistemology
of quantum mechanics but he always avoided formal mathematical discus-
sions. The aversion of the Copenhagen school against any formalization
is acridly defended by Rosenfeld (1965, 1968). We cannot share this
attitude, for only a formalization protects us against contradictions
and unwarranted preconceptions. That the Copenhagen view is free of

contradictions is certainly not self-evident.

The Copenhagen view cannot be considered as an interpretation
of the formalism of quantum mechanics because it does not enter into it.
Furthermore, the Copenhagen view regards quantum mechanics as a general-
ization of the classical mode of description. According to the Copenha-
gen view, the measuring instruments must be described in classical terms.
This attitude was challenged for the first time by John von Neumann in
his famous book of 1932 on the mathematical foundations of quantum me-
chanics. The von Neumann interpretation aims at a complete quantal de-
scription of every system. That is, it is assumed that quantum mechanics
can describe microphysical objects as well as all the observational
means. However, this view creates a new riddle: the notorious measurement

problem of quantum mechanics.

We must stress the fundamental difference between Bohr's view
and von Neumann's interpretation of quantum mechanics. Von Neumann's
interpretation is not a refinement of Bohr's arguments but he proposes
an entirely different program. According to Bohr, there are no "micro-
systems” that can be separated from the measuring instruments; the mea-
sured "objects" have a theoretical status entirely different from that
of the measuring instruments. Von Neumann's interpretation, by contrast,
ascribes the same theoretical status to object systems and measuring in-
struments, and it makes now sense to speak of an interaction between
these two systems. In Bohr's language it is impossible even to talk
about a "measurement problem". But in von Neumann's interpretation the
discussion of the measurement process is the central issue. Von Neu-
mann's (1932, chapt.6) discourse on the measurement process is not
yet a full interpretation of quantum mechanics. But accepting his
ideas, we are almost bound to arrive at the fuller picture London and
Bauer (1939) have given. Wigner (1963) proposed to call this interpreta-

tion the orthodox view. Note that some authors who speak of the "ortho-
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dox interpretation" have failed to realize the striking difference

between Bohr's view and von Neumann's interpretation.

Apart from the fundamental difference concerning the
theoretical status of measuring instruments, the orthodox interpretation
is in accordance with the Copenhagen view. We shall give all formulations
of the von Neumann-London-Bauer interpretation in terms of the individual
interpretation while von Neumann sometimes prefers a statistical formula-
tion. Despite the many assertions to the contrary, the use of statistical
operators is not more general and brings no conceptual advantages. As
stressed by Zeh (1970) ~ the use of statistical operators assumes a theo-
ry of the measurement process, and its use in the discussion of the mea-
surement problem thus amounts to using a circular argument. Furthermore,
it is well known that the structure of an ensemble cannot be rederived
from its statistical operator alone. This fact leads to severe difficul-
ties in the interpretation of the mixed state at the end of a measure-
ment process. For example, many authors failed to distinguish between
mixtures of the first and of the second kind (as introduced by d'Espagnat,
1966a) and so they have been led to erraneous interpretations. If we
accept the individual interpretation (which is also accepted by von Neu-
mann), then the only proper way to discuss the measurement problem is

in terms of state vectors.

Deterministie and stochastic time evolutions

Pioneer quantum mechanics in the Copenhagen interpretation is a
strangely dualistic theory. It has two types of fundamentally different
time-evolutions. If the system is closed and does not interact with the
observer, then the time-evolution is deterministic and given by a unitary
time-evolution operator. As opposed to this deterministic time-evo-
lution, the stochastic time-evolution refers to an irreversible measure-
ment process, due to an intervention of the observer, and describes the
"peduction of the wave packet". Born's probabilistic interpretation of
pioneer quantum mechanics refers to such induced stochastic transitions
from one state to another state (the so-called "quantum jumps"). Accord-
ing to the Copenhagen view, the stochastic time-evolution does not fol-
low from the formalism of pioneer quantum mechanics but has to be
added as a new and independent postulate, called the reduction postulate
(or, in the terminology introduced by von Neumann, 1932, projection pos-—

tulate). In this interpretation, pioneer quantum mechanics is a dualistie
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theory with respect to the time-evolution. The idea that the stochastic
time-evolution might be derived from the deterministic dynamics of the
combined object and measuring systems is due to von Neumann (1932). The
main result of von Neumann's theory of the measurement process was the
proof that both types of time evolution are compatible wherever the cut
between object and measuring instrument is placed. In addition, von Neu-
mann (1932) clearly stated, but did not solve, the famous and technically

difficult "measurement problem of quantum mechanics"”.

Explanatory notes: (i) The causal time evolution is continuous, applies only to

a strictly closed system, and is governed by the time-dependent Schrédinger equa-
tion. In other words, if Y is the state vector of a strictly closed system, then
its time evolution is given by a continuous unitary one-parameter group

{ut) : t€ER}, ¥(0) » ¥(t) = U(t)¥(0). According to Stone's theorem, this time evo-
lution operator can be represented as U(t) = exp(-iHt), where H is a self-adjoint
operator, called the Hamiltonian of the closed system. Since the inverse of the
time evolution operator exists, U~1l(t) = U(-t), the causal time evolution is re-

versible. .. s .
(ii) The stochastic time evolution of a system is discontin-

uous and applies only to measurements on this system. If a measurement takes place,
the system is no longer separated from the rest of the world because there is an
interaction between the object and the measuring apparatus. If the object system,
in a state represented by the state vector Y, is subjected to a measurement (of the
first kind) of an observable A with a simple discrete spectrum and the spectral re-

presentation
A=Ya P ,
n n'n
P = p¥ , PP = P, p =1 ,
n n nm nm - n n n
a = a¥* a a for m
n n " “n ? m n # !

then a discontinuous transition Y - Y. occurs where Wj = PjW/”P-W . The probability
that a measurement gives for the measured value the eigenvalue aj so that the state
after the measurement is ¥, is given by |[(¥|¥;)]|®. The stochastic time evolution is
not invariant under time reversal and leads to the intrinsic irreversibility of
quantal events. The stochastic time evolution represents the act of measurement, it
reduces the state of the system from whatever it was prior to the measurement act

to an eigenstate of the observable measured. This process describes a "gquantal
event" (or a "quantum jump"), and is called "state reduction” (or "reduction of the
wave packet"). Liiders (1951) has given the appropriate modification of von Neumann's
formalization for the case that the observable A has a degenerate discrete spectrum.
The method proposed by Liders corresponds to a measurement causing the least possible
interference (compare also Sissmann,1958; Goldberger and Watson, 1964; Bell and
Nauenberg, 1966; Herbut, 1969, 1974).

Von Neumann's theory of quantal measurements

In von Neumann's theory a measurement is regarded as an interac-
tion between the object system and the measuring apparatus. Both systems
are described by quantum mechanics in the individual interpretation. Von

Neumann's reasoning refers to a highly idealized abstraction, the so-
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called measurements of the first kind. A measurement is called of the
first kind if it gives the same value when immediately repeated. A
measurement of the first kind is therefore a state-preparing operation;
after such a measurement the system is in eigenstate of the observable
measured, and the observable kas a certain numerical value. In contrast
to such idealized measurements of the first kind, actual laboratory
measurements as a rule change the state of the object even for an im-
mediately repeated measurement. If this change of state by repeating
the measurement is completely controllable, then such a measurement is
said to be of the second kind (Pauli, 1933). There is no need to enter
the theory of measurements of the second kind because it amounts to an

inessential complication only (compare Landau and Peierls, 1931).

The substantial features of von Neumann's theory of quantal mea-
surements can be discussed by using the special case of a measurement of
the first kind of an observable represented by a self-adjoint operator A
with a purely discrete and nondegenerate spectrum. At the outset (t = o),
the object system and the measuring apparatus are assumed to be uncor-

related and in pure states.

Remark: This is a very strong assumption. As in von Neumann's theory there
are distinct difficulties to get a disentangled final state; the presupposition
of a disentangled initial state is not a trivial matter.

Let us assume that initially the object system is in the unknown
pure state ¢ and the apparatus in a certain pure state ¢, so that the
initial state of the combined system is given by ¥(t=0) = ¢ ® &. It will
be expedient to expand the initial state ¢ of the object system in terms
of the orthonormal eigenvectors oy of the observable A,

Aa, = a o, (anlum> =8 . -

so that the initial state is given by

Y(t = o) = g c oo ®¢ , with c = (qn|¢> .

Assume that the measuring instrument contains a digital indicator with
the values {b;,b;,b3,...}. In quantum mechanics, we have to describe

such an indicator by an observable B with the eigenvalues bn
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BB =Db B , where <6n|8m> =08 -

Von Neumann (1932) has shown that there always exists a measuring appa-
ratus (i.e. a Hamiltonian HM) that can interact (Hamiltonian V) with the
object system (Hamiltonian HO) in such a way that the time evolution of

the combined system is given by

[

¥Y(t) expl— it(HO + HM + V)}W(o)

g c (tha ®B8 .

In this case, the n-th eigenstate of the observable A is uniquely corre-
lated with the n-th eigenstate of the indicator B. That is, if we know
the state of the measuring apparatus, we also know the state of the ob-
ject system after the measurement. But the final state ¥Y(t) cannot be
interpreted to mean that the digital indicator Zs in one of its possible
states. The combined system is still in a quantum mechanical superposi-
tion of the pure states an®8n. Hence the apparatus, considered as a sub-
system, is not in a pure state and the observable B does not have a
definite value. If we are interested in the value of the observable B,
we have to measure it. That is we have to introduce another measuring
instrument with an indicator described by an observable C (with the ei-

genvalues <y and the eigenvectors Y,r SO that we get a new combined state

¥r(t) = 121 c (t) o ®B ®vy .
This iteration shows the consistency of von Neumann's procedure: if
we knew the state of the second measuring instrument, we would know
the state of the first measuring instrument, hence the state of the ob-
ject system. But we have not yet performed a measurement because the
state ¥'(t) of the combined system still is an entangled state. A further
addition of a new measuring instrument does not help, so it seems to be
impossible to terminate this chain of measuring instruments. According to
von Neumann, London and Bauer, the measuring chain is terminated by an

act of the comsciousness.

There is no cheap way out of the dilemma of the measuring instru-

ments that observe the measuring instruments but again call for an ob-
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server for their results. This dilemma is the result of the superposi-
tion principle of quantum mechanics. Von Neumann, London and Bauer pro-
pose an ingenious and logically perfect but hair-raising solution. These
authors claim that there is an ultimate end of this measuring chain: the
consciousness of the observer. According to von Neumann (1932) any part
of the world except the consciousness of the observer can be included
into the measuring chain. London and Bauer (1939) explicitly have claimed
that it is the conscious activity of the human mind which reduces the
quantal state. This point of view has been endorsed by Wigner (1962a,
1963, 1969). According to the von Neumann~London-Bauer interpretation,
the reduction of the state vector by consciousness is not attributable
to the deterministic time evolution of the formalism of quantum mechan-
ics. Quantum mechanics is not supposed to hold for consciousness;

the "faculty of introspection" of the human mind is claimed to be re-

sponsible for the stochastic time evolution.

Accepting the von Neumann-London-Bauer interpretation of gquantum
mechanics means that we adopt the world view of epistemological solip-
sism, To assume that the wave packet is reduced by an act of the con-
sciousness is logically irreproachable but hard to accept. The postu-
lated capacity of the consciousness to reduce the wave packet is not
supported by any empirical evidence and may be empirically wrong (com-
pare also Shimony, 1963). On the other hand, at the present state of our
knowledge of brain functions, such an assertion cannot be disproved em-
pirically. The von Neumann-London-Bauer interpretation is both logically
consistent and not in contradiction with any known empirical fact. There-
fore, any genuine objection against the von Neumann-London-Bauer inter-
pretation has to be extraphyiscal. Most scientists do not like
to adopt the regulative principles of von Neumann, Bauer and London.

We would prefer to posit in some sense the existence of an

external real world. Certainly, we have to be prepared to find that a
naive concept of reality contradicts quantum mechanics but we can still
hope that a more sophisticated realism is feasible. In that case

we attribute the reduction of the wave packet to some physical

process in the measuring instrument rather than to the consciousness of
the observer. However, a cheap modification of the von Neumann interpre-~
tation is not possible. In the framework of the traditional formalism

of quantum mechanics, the following theorem can be proved: there exists

no measurement interaction that can leave an object-apparatus sys-
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tem in a mixture of states, each state being connected with a definite

value of the apparatus observable.

References: Komar (1962), Wigner (1963), d'Espagnat (1966b), Earman and Shimony
(1968), Fine (1970), Stein and Shimony (1971), Fehrs and Shimony (1974), Shimony
(1974) .

This theorem holds for pure and mixed states, for measurements
of the first and the second kind as well as for the generalized measure-
ments considered by Fine (1969); it is a quite trivial consequence of
the superposition principle. The crucial ingredients of the proof are
the linearity of the equation of motion and the irreducibility of the
algebra of observables. This result rules out any reasonable explanation
of the reduction postulate of pioneer quantum mechanics, the only loop-
hole is a weakening of the superposition principle, say by superselection
rules. Or, as expressed in plain words by Jordan (1949): "We are unable fo
make a clock with a hand which does not always point to a definite gfigure on the dial.
This is a well-known fact, but a fact of which present theory gives no sufficient ac-
count,"

Objections against the reduction postulate

Some authors claim that the reduction postulate is untenable and
should be dropped. Despite their assertions to the contrary, these
authors do not present a complete and consistent alternative to Bohr's
view or von Neumann's interpretation. However, in the framework of von
Neumann's interpretation the reduction postulate is indispensable for a
complete theory. Any theory with an external observer cannot operate
without the reduction postulate, for without the stochastic time evolu-
tion there are no events! The only consistent interpretation without
external observer and without a reduction postulate is the Everett inter~-

pretation, discussed in section 3.6.

A further critique refers to the specialized and idealized char-
acter of measurements of the first kind. The Margenau school stresses
that measurements of the first kind do not correctly describe the state
after measurement if the process of recording the result of the measure-
ment destroys the object system. Although such situations often
arise in laboratory experiments, this argument is not a valid ob-

jection against von Neumann's theory of measurements. The confusion is
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due to the very unfortunate terminology common in the quantum theory of
measurement, At the risk of stressing the obvious, we may recall that
what is meant by a measurement in quantum mechanics is what we have de-
fined as a quantal measurement, and nothing else. Nobody is claiming
that a "measurement of the first kind" is a typical example of a mea-
surement as performed by an experimenter in the laboratory. The idea is,
that once we have understood this simple situation, we might be able to
go ahead and discuss the much more complex actual measurements, using
measurements of the first kind as elementary building blocks. Landau and
Peierls (1931) have given a theory of measurements of the second kind, a
still more general theory of quantal measurements has been worked out

by Fine (1969). For a discussion of some simple quantal experiments, com=
pare Lamb (1969). A general and realistic theory of laboratory experi-
ments, however, remains a great desideratum (compare also Primas and
Miiller~-Herold, 1978).

References: The reduction postulate has been criticized by Popper (1935, 1967),
Margenau (1936, 1937, 1949, 1958, 1963a, 1963b), McKnight (1957, 1958), Durand
(1960), Margenau and Hill (1961), Mould (1962), Albertson (1963), Margenau and
Park (1967), Bunge (1967a, 1967b), Park (1968a, 1968b, 1970), Park and Margenau
(1968), Gsonka (1971), Fujiwara (1972), Moldauer (1972a, 1972b). Von Neumann's
claim that the X-ray-electron collision experiment performed by Compton and Simon
(1925) gives direct empirical evidence in favor of the reduction postulate, has
been critically examined by Sneed (1966).

For a discussion of the measurement theory in a relativistic framework, compare
Schlieder (1968), Hellwig and Kraus (1970b), Antoine and Gleit (1971).

More recently generalizations of von Neumann's measuring scheme have been dis-
cussed in a mathematically rigorous way by Davies (1969b, 1970a, 1970b, 1971.

1972, 1976a), Davies and Lewis (1970), Benioff (1972a, 1972b, 1972¢c, 1973a, 1973b,
1974), Friedman (1972). These studies are related to repeated measurement pro-
cedures with a finite or infinite number of steps and with observables having an
arbitrary spectrum. Ali and Emch (1974) have introduced generalized observables
that cannot account for the fuzziness inherent in actual measurement processes.
These "fuzzy observables" reduce to the usual observables when the measurements

to which they correspond are of infinite precision.

What is the measurement problem of quantum mechanics?

The measurement process has to explain the existence of quantum
jumps, that is, the stochastic change of the state vector during a mea-
surement. At first sight, the stochastic time evolution of the object
system seems to be incompatible with the causal time evolution of the
combined system consisting of object and measuring instrument. The mea-

surement problem can be considered as resolved if - without adding new
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principles or ad hoc assumptions to quantum mechanics - we can deduce
the stochastic time evolution of the object system from the unitary time
evolution of the combined system. Of course, von Neumann, London and
Bauer did not solve this problem, They introduced the ad hoc and extra-
physical assertion that the reduction of the wave packet is effected by
our consciousness. An adequate theory of the measurement process should
stop von Neumann's infinite regress at the first true measuring in-

strument.

In a measurement one considers an object system with a Hilbert
space H;, a measuring system with a Hilbert space H,, and the joint sys-
tem with the Hilbert space H,®H, as state space. A quantal measurement

of the first or second kind consists of three consecutive stages:

(i) Preparation of an initial state in which the object state ¢ and
the apparatus state ¢ are disentangled. That is, after the pre-
paration the initial state ¥Y(t=o0) is given by the product state

vector ©®%.

(ii) Next the object and the measuring system interact for some time,
the effect of this interaction being represented by a unttary

transformation of the state vector.

(1id) After this interaction the system should again be in an uncorre-
lated state, so that the final state of the apparatus can
be determined by reading the scale of the measuring instrument.
The correlation established during the interaction period then

allows an inference about the object observables.

Can these three stages be explained by pioneer quantum mechanics? This
puzzle is "the measurement problem of quantum mechanice'"., It is a deep
problem, both from the mathematical and the epistemological point of
view. Many scientists have expressed the pessimistic view that the fun-
damental principles of quantum mechanics have only limited validity and
cannot properly describe the measurement process. On the other hand, no
interpretation of the formalism is complete if there is no satisfactory
account of the measurement problem. Moreover, the mathematical questions
involved in a proper solution of the measurement problem are crucial in

many important topics of the theory of larger molecular systems.



122 3. Pioneer Quantum Mechanics
Are the interference terms destroyed by an amplification process?

The relevance of quantum amplification processes in actual mea-
suring instruments and biological systems has been discussed in detail
by Jordan (1932b, 1936, 1938, 1941, 1944, 1949) and by Elsasser (1951).

The fact, often and properly commented upon, that all actual
measurement instruments contain an amplification device has been con-
fused with the essentials of the quantal measurement process. An ampli-
fication process is called for because a single quantal event is too
weak to be directly and conveniently perceived by humans. Usually, the
energetic amplification factor is so great that the measuring instrument
behaves as a metastable system. Typical practical examples are cloud
chambers, bubble chambers, spark chambers, scintillation counters, Ce-
renkov counters, photomultipliers, photographic emulsions, stimulation
of the optic nerves by a few quanta acting upon the retina, X-ray-in-
duced mutations. These amplification processes have to be clearly dis-
tinguished from the first appearance of a quantal event in the objective
reality. For example, the exposure of a photographic film induces a pri-
mary photochemical process; its result is objectively fixed in reality,
and is called the latent image. As we cannot directly see the latent
image, we use an amplification process - the development of the film by
processing in a bath containing a reducing agent like hydroquinone.
Evidently, the development is crucial for practical photography but of
no importance for the discussion of the measurement problem of quantum
mechanics. The occurence of a quantal event and its amplification to a
macroscopic scale are two conceptually quite distinct phenomena which

should not be confused.

Again and again, a solution of the measurement problem has been
attempted by appealing in some way to the metastable nature of most of
the practical measuring instruments. Many authors have suggested to re-
gard the measurement problem as a problem of statistical mechanics and
ergodic theory with metastable equilibrium states of the detecting
devices. All these investigations - as interesting as they may be in
other contexts - do not solve the measurement problem of quantum mechan-
ics. The claim (attributed to Rosenfeld by Daneri et al., 1966) that the
amplifier is the key to an understanding of the reduction of the wave

packet, is plainly wrong.
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References: The following authors have related the measurement problem to the opera-
tion of metastable detectors or ergodic behavior: Jordan (1949), Ludwig (1953,

1954, 1955, 1957, 1958a, 1958b, 196la, 1961b, 1963a, 1963b), Green (1958), Daneri
et al. (1962, 1966), Blokhintsev (1966, 1968), van der Waerden (1966), Loinger
(1968), Prosperi (197la, 1971b), Lanz et al. (1971), George et al. (1972), Prigo-
gine et al. (1973).

Compare also the critique by Tausk (1966), Jauch et al. (1967), Bub (1968a, 1971),
Krips (1968, 1969a), d'Espagnat (1971, 1974).

The destruction of the interference terms is necessary but not sufficient

for an explanation of the reduction of the state vector,

In the individual interpretation of quantum mechanics, the state

reduction is given by

Lx, o, ®2 > 0y ® 2y .
n
In the statistical interpretation, the state reduction is repre-

sented in the weaker form
2
E& KnK$|@n®¢n><@m®@m[ > E lKkl |¢k®¢k><wk®¢k| .

The state reduction of the individual interpretation implies the
state reduction used in the statistical interpretation, but not the other
way round. In the statistical interpretation a state reduction is achiev-

ed if and only if all interference terms vanish,
|wn ® @n)(wm ® @m[ =0 forn#m .
The reduced statistical state
E [k 12 lo, ® 2 0C0 ® 0|

is usually interpreted as a classical mixture of pure state. Such an in-
terpretation is not justified because the decomposition of a mixed state
into pure states is not unique. The uniqueness of the decomposition of a
mixed state into pure states can be enforced if we assume that the pure

states are pairwise orthogonal (provided all eigenvalues of the statisti-
cal operator are nondegenerate). But that is not a reaéonable assumption

since ensembles consisting of nonorthogonal pure states can easily be pre-



124 3. Pioneer Quantum Mechanics

pared. Furthermore, all the pure states of the decomposition of the
final mixed state of a statistical state reduction exist with the same
degree of reality. Hence one cannot say that the measuring apparatus is
in some definite but unknown pure state. There exists a vast literature
on models of the measurement process showing that interference terms in
certain systems can be neglected for all practical purposes. These mod-
els for the measurement process however do not achieve what they pre-
tend to achieve: the state reduction connected with an individual system
is not explained at all. We cannot disregard Aristotle's thesis that the
orders of being and of knowing are different. This deep difficulty is
the reason why so many authors withdraw from an individual interpreta-

tion .

Although an explanation of the destruction of interference
terms does not solve the measurement problem, it is still a crucial
question of any theory of quantal measurements. It seems to be
clear that the destruction of interference terms has something to do
with the "macroscopic nature" and the "essential complexity" of actual
measuring instruments. Indeed, it may be exceedingly difficult to dis-
tinguish between mixed and pure states of macroscopic systems (compare
the examples given by Bohm, 1951, and by Peres and Rosen, 1964a). If two
pure states differ from each other in a great many degrees of freedom,
the interference terms between these two states are not well defined
from an experimental point of view (compare also Wakita, 1960). Accept-
ing a pragmatic point of view, it seems to be reasonable not to distin-
guish between states whose interference terms cannot be observed with
the tools available to us. On that account, Jauch (1964) has proposed
to collect all states that are indistinguishable for a classical observ-
er into an equivalence class, called a macrostate. There are many de-
tailed investigations and models that favor such a point of view. The
general tenor of these studies is the assumption that interferences
that cannot be measured in practice are not observable even in principle.
Far from disavowing the substance of the basic idea, we should like to
stress that one has to distinguish between practice and principle. As
d'Espagnat (1966b) insists, such a distinction "{s 0f course necessary sdnce
otheruwise we would be Led o accept the idea that, fon instance, neutrinos did not
exist during the XIX century, when it was not possible to observe them”. The effec-
tive disappearance of the interference terms is thought to be due to

our limited ability to investigate the exceedingly complex correlations
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of the microstructure of a macroscopic instrument. However, as long as
we have no sound theoretical guiding principle, we should be very cau-
tious with claims of this type. We should never underrate the ingenuity
of the experimenters of the future. That we do not see any possibility
to measure extremely complex correlations does not imply that such cor-
relations do not exist. How complex must a system be to prevent us from

distinguishing between a coherent interference and a mixture?

References: The possibility of destructions of interference terms and its relevance
for the state reduction has been discussed by: Elsasser (1937, 1953), Groenewold
(1946, 1952, 1957, 1964, 1971), Bohm (1951, sect.22), Ludwig (1954, chapt.5), Feyer-
abend (1957, 1962), StGssmann (1958), Wakita (1960, 1962a, 1962b), Amai (1962, 1963,
1964), Wigner (1963), Shimony (1963) Peres and Rosen (1964a, b), Jauch (1964b, 1968a,
1971), Hack (1964), d'Espagnat (1965, 1971), Furry (1966), Blokhintsev (1966), Tausk
(1966), Bohm and Bub (1966a), Weidlich (1967), Bub (1968a, 1971), Grib (1968), Haake
and Weidlich (1968), Weidlich and Haake (1969), Krips (1969a, b), Jasselette and
Voisin (1970), Freundlich (1972), Hepp (1972), Emch (1972b), Reece (1973), Prosperi
(1974), Frigerio (1974), Whitten-Wolfe and Emch (1976).

In order that a system can qualify for a measuring instrument, it has to fulfill a
set of stringent conditions. The presence of additively conserved quantities re-
quires that a measuring instrument must be, in a well-defined sense, sufficiently
large. Compare: Wigner (1952, 1962b), Araki and Yanase (1960), Yanase (1961, 1964,
1971), Stein and Shimony (1971).

Is the superposition principle universally valid?

The reduction of the state vector is a nonlinear operation. Ac-
cepting the reduction postulate implies at the least a reinterpretation

of the superposition principle of quantum mechanics.

Von Neumann (1932) has remarked that the intellectual inner life
of the individual is extra-observational by its very nature. London and
Bauer (1939) have been much more explicit. According to London and Bauer,
the observer has a property not shared by any other system in nature:
the faculty of introspection. They have supposed that consciousness
can indeed perform the reduction of superpositions of quantal states.
Therefrom, Wigner (1962a, 1964b, 1969, 1970b) concludes that the super-
position principle fails when the consciousness becomes involved in a
quantal process, He even speculates that consciousness modifies the
usual laws of physics and that the action of the mind on matter is asso-
ciated with a grossly nonlinear time evolution equation for the state
vector. Since the introduction of ad %oc modifications can ruin any theo-

ry, the proposals of nonlinear time evolutions for quantal states have
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no power to convince.

Sehrddinger's cat

Accepting the unrestricted validity of the superposition prin-
ciple of quantum mechanics, one is led to grotesque situations. In
Schrédinger's (1935b) distinct prose: "Eine Katze wird in eine Stahlhammer
gesperrt, zusammen mit golgender HiLlenmaschine (die man gegen den direkten Zugnifg
den Katze sichern muss): in einem Geigerschen Zdhlrohn befindet sich eine winzige Men-
ge radioaktiver Substanz, so0 wenig, dass im Laufe einer Stunde vieflfeicht eins von
den Atomen zerfillt, ebenso wahrscheinlich aber auch keines; geschieht es, so0 spricht
das Ziktrohn an und betitigt dbern ein Relais ein Hdmmerchen, das ein Kilbchen mit Blau-
sdune zertrimment. Hat man dieses ganze System eine Stunde Lang sich sefbst dberfassen,
50 wird man sich sagen, dass die Katze noch Lebt, wenn inzwischen kein Atom zerfal-
Len ist, Dern enste Atomzenfall wirnde sie vergiftet haben, Die ¥-Funktion des ganzen
Systems winde das s0 zum Ausdruck bringen, dass in ihn die Lebende und die tote Katze
zu gleichen Teilen gemischt oder verschmient sind".

English translation: "A cat is locked up in a steel chamber, together with the
following infernal machine (which must be protected against the direct grip of the
cat): In a Geiger counter there is a minute amount of a radioactive substance, so
little that within an hour may-be one of the atoms decays but equally probably
none. If an atom decays, the counter triggers and activates a relay so that a
little hammer breaks a flask containing prussic acid. If one has left this whole
system for one hour, one would say that the cat is still alive if no atom has de-
cayed. The first decay would have poisoned the cat, The ¥-function of the whole
system would express this in such a way that in it the living and the dead cat are
mixed or smeared in equal parts."”

Certainly, everybody would say that either the cat <s alive or the cat
18 dead, but if the chamber is not opened yet, we just do not know. In
the von Neumann-London-Bauer interpretation of quantum mechanics we can-
not make such a statement because the state reduction is made by the
consciousness of an observer. In this sense, we speak of the paradox of
Sehrddinger's cat. Note that the dilemma is not yet resolved by showing
that the interference terms between the living and the dead cat are neg-
ligible small, because in the closed steel chamber no state reduction
has been achieved. Yet, provided the interference terms are no longer
observable, no contradiction to our experience can be constructed. Schrd-
dinger's paradox refere to the regulative principles adopted by von Neu=
mann, London and Bauer. In our everyday life we decide upon realism and

reject solipsism as a regulative principle.
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The crux of Schrddinger's paradox is the interpretation of the
state ¥ = ?L+WD , where WL is the state of the living cat and WD the
state of the dead cat. Furthermore, we should be able to explain why
the self-adjoint operator A = |WL)(WD| + [WD><WL| cannot be an observ-
able. If A were an observable, we could transform a dead cat into
a living cat, |WL> = A]WD>. Schrédinger's paradox should not be ridi-
culed, it focusses on the essentials of the measurement problem of guan-
tum mechanics. To be sure, the cat was introduced by Schrddinger in or-
der to dramatize the story. Nevertheless, there is an instructive fea-
ture gained by this dramatization. Is it really true that all events of
our everyday life are strictly objectifiable? Consider the dying of a
poisoned cat in terms of classical biology and medicine. If the concepts
"living cat" and "dead cat" refer to an objective reality, then any cat
is either living or non-living. Hence we are allowed to ask: at what
time exactly does death occur? Admittedly, we can adopt a conventional
definition of the moment of death. Any reasonable conventional defini-
tion of the moment of death will take into account the present state of
medical art. In spite of the fact that "for all practical purposes" we
can give a reasonable definition of the moment of death, there is no ab-
solute definition that is independent of the tools available to the
physician., Dying is not a fully objectifiable event. It may be worth-
while to ponder this problem, and to ask whether we do not require too

much if we want fully objectifiable events in our theories.
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3,6 THE EVERETT INTERPRETATION OF PIONEER QUANTUM MECHANICS

A monistic interpretation

Simplicity is the most difficult thing to achieve; thus the most
straightforward interpretation of quantum mechanics had to wait until
1957 when Hugh Everett III in his Ph.D. thesis initiated a most fasci~
nating and simple view, called by him the relative state interpretation.
According to Bohr's view and according to the von Neumann-London-Bauer
interpretation, the object of quantum mechanics cannot be the whole uni-
verse because the observer is distinct from it. The Everett interpreta-
tion asserts that it makes sense to talk about the state of the entire
universe. In the following discussions, "universe" always means "uni-
verse of discourse", including all measuring instrument and observers.
In the Everett interpretation, pioneer quantum mechanics is a self-con-

tained theory, describing the universe with the observer <n it.

References: The basic papers on the Everett interpretation are Everett (1957) and
the assessment of Wheeler (1957); compare also the longer exposition of Everett
(1973) . Not knowing the papers by Everett and Wheeler, Cooper and Vechten (1969),
and Zeh (1970, 1971) have put forth a similar interpretation. For a discussion
of Everett's interpretation, compare also DeWitt (1968, 1970, 1971b).

Everett takes the mathematical formalism of guantum mechanics
without adding the reduction postulate; no external observer is consid-
ered. In many respects, Everett's interpretation is nothing put a
consistent formulation of von Neumann's theory of quantal measurements,
in which the object plus the apparatus plus the observers are regarded
as one single closed system. Measurement-like interactions within the en-
tire system lead to a splitting of the universe into a number of branches,
each of them being considered as real as any other one., In each branch
a measurement gives a definite result, all possible outcomes of a
quantal measurement are realized in separate but real worlds. The uni-
Qerse is constantly splitting into a stupendous number of mutually unob-
servable but equally real worlds. Of course, if we include ourselves in-
to the universe under discussion, we are ourselves being split. The fact
that we do not feel ourselves being split is explained by Everett in the
simplest and most natural manner: the laws of quantum mechanics do not
allow us to feel the split. The different 