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INTRODUCTION

In twentieth – century physics, the two main paradigm shift are the theory of relativity and quantum theory. The former caused a major reassessment of the concepts of space and time; the latter challenges our ideas of existance itself. 
Examples of seemingly innocuous terms that arise in discussions of quantum theory include system, observable, property physical quantity, measurement, state, causality, determinism. Any serious discussion of such concepts leads at once into deep issues in the general philosophy of science, such as:

· the object matter of scientific investigations;

· the status of theoretical terms and postulated entities;

· the relation of mathematical models to the physical world;

· the question of if and how scientific statement can be verified or falsified;

· the nature of space and time.

Issues of this type lead us to augment our list of innocuous terms with words such as

· realist

· antirealist
To begin with the realism in quantum physics can be stated as follows:

· It is appropriate in quantum theory to say that an individual system possessed values for its physical quantities.

The anti – realist position is characterized as:

· The notion of an individual physical system having or possessing values for all its physical quantities is inappropriate in the context of quantum theory.

In this pedagogical exposure of the Schrödinger equation we present the both interpretations of quantum mechanics.

In introductory Chapter 1 the origins of wave mechanics is presented. Chapter 2 presents the anti – realistic description of wave mechanics by S. Weinberg. Chapter 3 is devoted to the realistic attitude to quantum mechanics by J. S. Bell and D. Bohm. In Chapter 4 the perspective for realistic interpretation of wave mechanics is outlined. Appedix  A contains the presentation  of the part of Schrodinger Alma Mater Vienna  University quantum tradidion.
Introductory note

At the outset of every discussion a physicist must define his symbols and notation. Let it therefore be known that by “he” we mean “he or she”, by “him”,”him or her”,etc.  If we are using the traditional language in this talk ,it is solely for the sake of brevity
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                          Chapter1  

               Origin of the wave mechanics

 Basic papers on Schrödinger Wave  Mechanics

   Schrödinger, E., 1926a,    'Quantisierung ales Eigenwertproblem 

                                                   (Erste   Mitteilung)'         Ann. Phys., 79, 361.

  Schrödinger, E., 1926b,  'Quantisierung als Eigenwertproblem

                                                (Zweite   Mitteilung)'      Am. Phys., 79, 489.

   Schrödinger, E., 1926d, 'Quantisierung als Eigenwertproblem

                                                (Dritte Mitteilung:)'           Ann. Phys., 80, 437.

   Schrödinger, E., 1926e, 'Quantisierung als Eigenwertproblem

                                                  (Vierte Mitteilung)'              Ann. Phys., 81, 109.

    1. 1  The mystery 

   There has always been an intriguing element of mystery about the origin of wave mechanics, in marked contrast to the case of quantum mechanics. The invention of quantum mechanics, starting in the year 1926-27, was the achievement of a number of remarkable physicists having clear ends in view and freely exchanging ideas with each other. Foremost among these were the young contemporaries P. A. M. Dirac (1902-84) W. Heisenberg (1901-76) P. Jordan (1902-) and W. Pauli (1900-58). They had advice from well known senior colleagues including N. Bohr (1885—1962)
M. Born (1882-1970) R. H. Fowler(1889-1944) and H. A. Kramers  1894-1952). Although all were strongly independent thinkers, none worked in isolation  from the rest. All those named belonged in fact to a Cambridge-Copenhagen-Gottingen circuit. The contemporaneous early development of wave mechanics was far otherwise. This was the achievement of the single physicist E. Schrodinger (1887-1961) working in isolation from other physicists. In the year 1926 he presented its formulation, together with detailed examples of its application, and he demonstrated its unanticipated equivalence to the quantum mechanics advanced by those others.

  How came it that this not widely-known, middle-aged Austrian holder of a Swiss professorship, in papers appearing at about the rate of one per month, produced

  unheralded a theory that transformed fundamental physics and chemistry? This has been the mystery. Much about Schrödinger's work and thought has been recorded by himself, by colleagues after his death, and by historians of science; some is listed in the references at the end of this notice. By far the most extensive study to the end of 1926 is that by Mehra and Rechenberg in these two books, here quoted as MR. That is history; this review is an attempt to interpret some of it; and is intended to be a tribute to the immense labours of those authors.

  As one who knew Schrodinger personally—although our direct contacts were all within the years 1940-42, I seek to display the features in the history that appear best to help to answer the question here posed, and then to see whether the mystery is dispelled. Most of the factual historical information is from MR; opinions regarding significance are those of the reviewer.

1.2.   Main elements contributing to Schrödinger's  production of wave mechanics

     Three principal strands in Schrödinger's mathematical-physical education and experience combined together to yield the outcome:

He had a splendid schooling in 'the more sophisti​cated schemes of mechanics and the eigenvalue problems of the physics of continua ... just as I would need them later on' (S1935a references to Schrödinger being made in this style; italics throughout are those of the present writer).

Scientifically speaking, Schrödinger grew up in the ethos of the Vienna school of L. Boltzmann in statistical physics. By the time that he reached scientific maturity the predominant relevant interest in this field, inspired by Planck and by Einstein, was in quantum statistics. This led to Schrödinger becoming immersed in funda​mental aspects of quantum physics.

Schrödinger's cast of mind caused him to be fasci​nated by unification in physics, in particular the possible unification of gravitation and electrodynamics, and then in the unification of particle and wave aspects of physical phenomena. As early as 1922 he published (SI922) an unwitting anticipation of L. de Broglie's proposal for a 'wave' quantization of electron orbits that, remarkably, sprang from his study of Weyl's proposal for a unified treatment of gravitation and electromagnetism.

1.3
Contacts with scientists

   While Schrödinger had, and sought, no collaborators in the usual sense in his scientific research, he welcomed contacts of a more occasional character. He owned that he seldom had the first word on any question; but he often had the second, arising from his reaction of wanting to criticize, improve upon, and extend what somebody else had initiated (S1935a). Before 1926 he had met eminent contemporaries in the course of his ^fc travels in Germany, and at two notable physics confer​ences during 1924. He and they enjoyed subsequent scientific correspondence. Thus, he gained stimulation from, in particular, A. Einstein (1879-1955) A. Sommerfeld (1868-1951) P. Debye (1884-1966) and H. Weyl (1885-1955). The last two were specially signifi​cant since they were working in E.T.H. in Zurich while Schrödinger was in the University there from 1921 to 1927.

 1.4   De  Broglie matter-wane conjectures

Experience shows the transmission of electromagnetic radiation to exhibit characteristics of a wave phe​nomenon. Other experience shows it to possess charac​teristics of particle motion (in the phenomena attributed to 'light-quanta' or 'photons'). Experience shows the transmission of electric charge to exhibit characteristics of particle motion (in phenomena attributed to electrons, etc.). de Broglie suggested that it might also possess characteristics of a wave phenomenon. If so, the particles would have to be regarded as quanta associated with the waves. This suggests a relation between wave​length and particle energy, de Broglie systematically explored possible consequences of such a concept. In particular, he inferred that the length of the Bohr (closed) electron orbit for a quantum state of an atom would be an integral multiple of the wavelength for the energy of that state, this multiple being the (principal) quantum number of the state.

   Apparently Schrödinger first learned of these ideas from a mention in a paper published in 1925 by Einstein (see MR page 412). He first had an opportunity to read de Broglie's own account in October of that year. Features that evidently struck chords of sympathy in Schrödinger's mind were:

(a) The notion of this new unification in physics, and of particle and wave concepts in general.

A possible realization here of the correspondence between mechanics and optics recognized in Hamilton's analytical dynamics.

The similarity between Schrödinger's own work of 1922 and de Broglie's treatment of atomic quantum states.

The treatment offered the possibility of a physical understanding of the occurrence of quantum states and of the origin of quantum numbers. This was in consonance with Schrödinger's early acquaintance with, and subse​quent exploitation of, the mathematics of eigenvalues; it contrasted with the introduction of quantum numbers by edict in the 'old' quantum theory.

1.5 Zurich Colloquium

   Despite all these reasons why de Broglie's work should appeal to Schrödinger his mere reading the work did not immediately stimulate him to pursue the subject for himself. I think this was because de Broglie's presenta​tion lacked analytical mathematical formulation.

  The subject then happened to arise in conversation between Schrodinger and Debye. Both professed not to have understood the work. Result: Debye proposed that Schrödinger should give a colloquium about it! This he did in November or December 1925 as one of their current joint E.T.H.-University series. Not for the only time in history did the call to explain to an audience something that the speaker had not understood trans​form it into his major concern. That colloquium denoted a turning-point in the history of physical science, simply because it made Schrödinger look for a way of deriving a wave equation to be associated with a given physical system.

   De Broglie, in developing and applying his matter-wave conjecture, had employed 'geometrical' or 'picto​rial' methods. He proposed no way to write down a wave equation for any of the physical systems he discussed, so that he could obtain his waves as appropriate solutions of the equation. For Schrödinger, a 'proper' theory would start by formulating such an equation.

   It was manifestly Schrödinger's particular style of working that then determined the ensuing course of history. He always kept himself busy with physics and, as we have noted, he had certain enduring channels of thought and interest. But he never for long worked to a deliberately planned programme (S1935, page 87). When he had done all that seemed interesting and feasible on one topic, he would switch to the most attractive challenge next on offer. Towards the close of the year 1925, Schrödinger was evidently due for a switch; happily he took up the challenge to find a wave equation.

     The outcome was the invention of wave mechanics in Schrödinger's sequence of famous papers of the year 1926. These were soon collected and republished, in book form, first in the original German and then in an English translation (S1927, 1928).

1.6.
Finding a wave equation

   How did Schrödinger obtain his equation? Little of the answer is to be learned from the papers themselves. However there survives a short Memorandum which he is inferred to have written in December 1925. Along with a brief record of what he later told Dirac this gives some insight; MR refer also to a research notebook of Schrödinger's of some 70 pages, but this seems to comprise little more than drafts of material for the published papers.

   Guided by the wave equation that would be satisfied by de Broglie plane waves associated with an electron in uniform motion in an inertial frame, Schrodinger conjec​tured a form for the wave equation for the case of an electron in a Coulomb field. He attempted to determine the eigenvalues. These turned out to be in disagreement with accepted energy quantum states of the hydrogen atom. This brought Schrödinger to the verge of aban​doning the subject.

  That discredited treatment had purported to be relativistic. As what appears to have been an inspired afterthought, Schrödinger took the trouble to see what he could make of a non-relativistic treatment. Again the wave equation seems to have been a matter of conjec​ture. Having got it, by whatever means, he found he could evaluate the eigenvalues; he found them to repro​duce the accepted observational results for the hydrogen atom. He resolved to publish.

   As soon afterwards appeared from the work of Dirac, the attempted relativistic treatment had given wrong results because it had not taken account of electron spin.

1.7
The papers of 1926

.   WAVE MECHANICS

The Editor of Annalen der Physik received Schrödinger's paper Quantisierung als Eigenwertproblem (Erste Mit-teilung) on 27 January 1926; it was published on 13 March. Schrödinger began with the Hamilton-Jacobi equation for an electron (non-relativistic, non-radiating, non-spinning) moving in a Coulomb field of force; he used this somehow to suggest a variational problem; he asserted, "The quantum conditions are replaced by this variation problem'. There emerged a wave-function; he derived the acceptable eigenvalues mentioned above. The eigensolutions appeared in a rather nebulous man​ner, no use being as yet proposed for them.

The wave equation that thus made its appearance was indeed the first example of what was due to be the standard equation of wave mechanics. It is a waste of time trying to understand how Schrodinger purported to obtain it, as he himself indi​cated in his next paper. This Zweite Mitteilung was received on 23 February 1926 and published on April 6. He begins again with a mention of the general corre​spondence that exists between the Hamilton-Jacobi differential equation for a problem in mechanics and the 'allied' wave equation. He produces the standard wave equation of wave mechanics for any system spe​cified by a given Hamiltonian. As regards one of the steps that had appeared to play an essential part in obtaining the wave equation in the first paper he now describes it as being 'in itself unintelligible', and another as 'equally incomprehensible'!

   It has to be said then that the proceeding in the second paper, which must rank as the foundation     paper of wave mechanics, is no great improvement in lucidity over that in the first.

  
From the discussion in paragraphs 1-3 of this review it may be claimed that there remains little mystery about what led Schrödinger to do what he did, even if it all involved a whole train of unusual and unlikely circum​stances. But how in the end he actually did it, how he wrote down the general form of the wave equation, the be-all and end-all of the entire story—that is still mysterious. It seems impossible now to do anything better than guess that it came from lucky guesses stimulated by the particular circumstances of the mo​ment, his particular scientific background, and his very particular scientific genius. At the time he appeared to believe that he was in some way thinking along lines laid down by Hamilton.

 
In brief, the main outcome of the first two papers in the series (S1926a,b) was the Schrödinger wave equation for the wavefunction Ψ for any given system,

                                            H(q,p) φ  =E φ

  in a familiar shorthand, where H(q,p) is the classical Hamiltonian of the system, and H(q,p) - E = 0 is the classical energy integral. The fourth (S1926e) gave the more general equation for the time-dependent wave-function Ψ, namely

                                           ih
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     φ, or Ψ.  Schrödinger himself did not write the wave equation explicitly in terms of the Hamiltonian H. I do not know who first did this. But when other workers saw this recipe for getting these equations they were convinced that what they needed was this or nothing. And they were going toof wave mechanics' by Schrödinger is that written by Whittaker (1953, Chapter IX). Whittaker's own inti​mate familiarity with classical analytical dynamics evidently gave him special insight into the working of Schrödinger's mind in arriving at his wave equation. On his part, Schrödinger (SI926b) had referred to Whittaker's (1904) classic treatise on the subject, which had also been of crucial assistance to Dirac in his formulation of quantum mechanics. Also, having mentioned Courant and Hilbert (1924), one should add that Whittaker's treatise Modern Analysis, in the guise of Whittaker and Watson (1927), came to serve English-reading students of wave mechanics in much the way in which Courant and Hilbert served German-readers.

   When this notice was being made ready for the printer there came to hand Professor Walter Moore's impressive work Schrödinger, life and thought (Moore 1989). This appears likely to be the most comprehensive 'life' that will ever be written about Schrödinger. As regards simply his science, however, by their nature the MR books provide much more detailed information about his work and that of his contemporary physicists. It is hoped that the brief sketch given here of just one theme in the history may serve as some guide to readers of any such so vastly more substantial accounts.

1.8.   Events and dates

Until the winter 1920-21 Schrödinger had little con​tact with quantum theory and workers in that field. In order to see the circumstances under which Schrödinger became involved, and to help to put the foregoing account into perspective the following 'time-table' may be of assistance.

Events relevant to Schrödinger's concern with quan​tum theory, leading up to invention of wave mechanics:   Sommerfeld and W. Pauli.

1920
Spent spring semester in post in University of Jena under Max Wien.

1920-21 Winter semester spent as Ausserordenlich Professor in Technische Hochschule, Stutt​gart, started correspondence with N. Bohr and H. A. Kramers.

1921
Spring semester spent as Professor in Univer​sity of Wrocław, colleague R. Ladenburg  involved in quantum physics.

1921
October: became Professor of Theoretical Physics, University of Zurich,      

1922
October:   submitted  paper  (S1922)  'On  a  notable property of quantised orbits of a single electron. December: gave inaugural lec​ture (S1929 chapter VI) 'What is a law of Nature?'

1924 April: attended Solvay Conference in Brus​sels, met in particular P. Debye and H. A. Lorentz.

1924
September: attended  Naturforscherversammlung in Innsbruck, met in particular   Max Born, P. P. Ewald, H. A. Kramers, A. Som​merfeld, W. Pauli, A. Einstein and M. Planck. Correspondence with Sommerfeld ensued.

1924  November: Sommerfeld sent Atombau 4th edition. Correspondence with Einstein, and read Einstein (1925).

1925
October: read de Broglie thesis on matter- waves.

1925  November-December: gave Zurich collo​quium on de Broglie's work, started looking for wave equation.

1926 January: submitted paper (SI926a) 'Quan​tization as eigenvalue problem I'.

1926
February: submitted paper (S1926b) II in series. 

1926  March: submitted paper (S1926c) 'On the relation between the quantum                      mechanics of Heisenberg, Born and Jordan, and that of Schrödinger'.
1926
May and June: submitted papers III, IV in series.

Erwin Fues worked in Zurich as Schrodinger's 'first student'.

1926  October: attended fifth Solvay Conference in Brussels, met de Broglie, both expounded their theories.

1927  Autumn: succeeded Max Planck in Berlin     Professorship.
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                                                    Chapter  2

         Relativistic Wave Mechanics  *

* S.Weinberg, The Quantum Theory of Fields
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Wave mechanics started out as relativistic wave mechanics. Indeed, as
we shall see, the founders of wave mechanics, Louis de Broglie and
Erwin Schrodinger, took a good deal of their inspiration from special
relativity. It was only later that it became generally clear that relativistic
wave mechanics, in the sense of a relativistic quantum theory of a fixed
number of particles, is an impossibility. Thus, despite its many successes,
relativistic wave mechanics was ultimately to give way to quantum field
theory. Nevertheless, relativistic wave mechanics survived as an important
element in the formal apparatus of quantum field theory, and it posed a
challenge to field theory, to reproduce its successes.

The possibility that material particles can like photons be described in
terms of waves was first suggested! in 1923 by Louis de Broglie. Apart
from the analogy with radiation, the chief clue was Lorentz invariance: if
particles are described by a wave whose phase at position x and time ¢
is of the form 2a(x - x — v). and if this phase is to be Lorentz invariant.
then the vector x and the frequency v must transform like x and ¢. and
hence like p and E. In order for this to be possible x and v must have the
same velocity dependence as p and E. and therefore must be proportional
to them. with the same constant of proportionality. For photons. one had
the Einstein relation £ = hv. so it was natural to assume that. for material
particles.

Kk=p'h . v=E/h . (LLD

just as for photons. The group velocity év/¢x of the wave then turns
out to equal the particle velocity. so wave packets just keep up with the
particle they represent.

N/By assuming that any closed orbit contains an integral number of
particle wavelengths 4 = 1. k.. de Broglie was able to derive the old
quantization conditions of Niels Bohr and Arnold Sommerfeld. which
though quite mysterious had worked well in accounting for atomic spectra.
Also. both de Broglie and Walter Elsasser” suggested that de Broglie's
wave theory could be tested by looking for interference effects in the
scattering of electrons from crystals: such etfects were established a few
years later by Clinton Joseph Davisson and Lester H. Germer.” However.
it was still unclear how the de Broglie relations (1.1.1} should be modified
for non-free particles. as for instance for an electron in a general Coulomb
fleld.

Wave mechanics was by-passed in the next step in the history of
quantum mechanics. the development of matrix mechanics* by Werner
Heisenberg. Max Born. Pascual Jordan and Wolfgang Pauli in the years
1925-1926. At least part of the inspiration for matrix mechanics was the

A




[image: image4.png]insistence that the theory should involve only observables, such as the
energy levels, or emission and absorption rates. Heisenberg’s 1925 paper
opens with the manifesto: ‘The present paper seeks to establish a basis
for theoretical quantum mechanics founded exclusively upon relationships
between quantities that in principle are observable.” This sort of positivism
was to reemerge at various times in the history of quantum field theory.
as for instance in the introduction of the S-matrix by John Wheeler and
Heisenberg (see Chapter 3) and in the revival of dispersion theory in the
1950s (see Chapter 10), though modern quantum field theory is very far
from this ideal. It would take us too far from our subject to describe
matrix mechanics in any detail here.

As everyone knows. wave mechanics was revived by Erwin Schrodinger.
In his 1926 series of papers.® the familiar non-relativistic wave equation
is suggested first, and then used to rederive the results of matrix mechan-
ics. Only later. in the sixth section of the fourth paper, is a relativistic
wave equation offered. According to Dirac® the history is actually quite
different: Schrodinger first derived the relativistic equation, then became
discouraged because it gave the wrong fine structure for hydrogen, and
then some months later realized that the non-relativistic approximation
to his relativistic equation was of value even if the relativistic equation
itself was incorrect! By the time that Schrédinger came to publish his
relativistic wave equation, it had already been independently rediscovered
by Oskar Klein” and Walter Gordon,® and for this reason it is usually
called the ‘Klein-Gordon equation.’

Schrédinger's relativistic wave equation was derived by noting first
that, for a ‘Lorentz electron’ of mass m and charge e in an external vector
potential A and Coulomb potential ¢, the Hamiltonian H and momentum
p are related by*

0= (H+ep) —(p+eA/ef —mic*. (1.1.2)

For a free particle described by a plane wave exp {Zni(x X — vt)}, the de
Broglie refations (1.1.1) can be obtained by the identifications

p=hk > —ikvV , E=m~m%, (1.1.3)

where h is the convenient symbol (introduced later by Dirac) for h/2n.
By an admittedly formal analogy, Schrodinger guessed that an electron
in the external fields A, ¢ would be described by a wave function y(x,t)
satisfying the equation obtained by making the same replacements in

* This is Lorentz invariant, because the quantities A and ¢ have the same Lorentz transformation
property as cp and E. Schrédinger actually wrote H and p in terms of partial derivatives of an
action function, but this makes no difference to our present discussion.

)
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In particular, for the stationary states of hydrogen we have A = 0 and
¢ = e/4nr, and y has the time-dependence exp(—iEt/h), so (1.1.4) becomes

2

_ _‘i-_zzz_z«z""
0—[<E+4m> RV mc]w(x). (1.1.5)

Solutions satisfying reasonable boundary conditions can be found for the
energy values®

5 2 ot n 3
E=mc [1—?—ﬁ<m—z>+“}, (1.1.6)

where x = e /4nhc is the ‘fine structure constant. roughly 1/137; nis a
positive-definite integer, and /, the orbital angular momentum in units of
h. is an integer with 0 </ < n—1. The 2° term gave good agreement
with the gross features of the hydrogen spectrum (the Lyman, Balmer,
etc. series) and. according to Dirac.® it was this agreement that led
Schrédinger eventually to develop his non-refativistic wave equation. On
the other hand. the z* term gave a fine structure in disagreement with
existing accurate measurements of Friedrich Paschen.!®

It is instructive here to compare Schrddinger’s resuit with that of Arnold
Sommerfeld.!“ obtained using the rules of the old quantum theory:

- % o /n 3\
E=mc't‘-l—ﬁ—ﬁ(ﬁ—z)f“l, (L1T)

where m is the electron mass. Here k is an integer between | and n. which
in Sommerfeld's theory is given in terms of the orbital angular momentum
/h as k = /£ + 1. This gave a fine structure splitting in agreement with
experiment: for instance. for n = 2 Eq. (L.17) gives two levels (k = 1
and k = 2). split by the observed amount x*me?/32. or 4.53 x 1077 eV, In
contrast. Schrodinger's result {1.1.6) gives an n = 2 fine structure splitting
x*me” /12, considerably larger than observed.

Schrodinger correctly recognized that the source of this discrepancy
was his neglect of the spin of the electron. The splitting of atomic
energy levels by non-inverse-square electric fields in alkali atoms and by
weak external magnetic fields (the so-called anomalous Zeeman effect)
had revealed a multiplicity of states larger than could be accounted for
by the Bohr-Sommerfeld theory: this led George Uhlenbeck and Samuel
Goudsmit'! in 1925 to suggest that the electron has an intrinsic angular



[image: image6.png]momentum fi/2. Also. the magnitude of the Zeeman splitting!? allowed
them to estimate further that the electron has a magnetic moment

u= ﬂ . (1.1.8)
dme
It was clear that the electron’s spin would be coupled to its orbital
angular momentum, so that Schrédinger’s relativistic equation should not
be expected to give the correct fine structure splitting.

Indeed. by 1927 several authors'® had been able to show that the
spin—orbit coupling was able to account for the discrepancy between Sch-
rodinger’s result (1.1.6) and experiment. There are really two effects here:
one is a direct coupling between the magnetic moment (1.1.8) and the
magnetic field felt by the electron as it moves through the electrostatic
field of the atom: the other is the relativistic ‘Thomas precession’ caused
(even in the absence of a magnetic moment) by the circular motion of
the spinning electron.!* Together. these two effects were found to lift the
level with total angular momentum j =/ + % to the energy (1.1.7) given
by Sommerfeld for k =/ + 1 = j + L. while the level with j =/ — § was
lowered to the value given by Sommerfeld for k =/ = j + % Thus the
energy was found to depend only on n and j. but not separately on /:

5 4 N
5 P % n 3 B
E=mc {lvﬁ_fn“ (j—+%—z>+' } . (1.1.9)

By accident Sommerfeld's theory had given the correct magnitude of the
splitting in hydrogen (j + ! like k runs over integer values from 1 to n)
though it was wrong as to the assignment of orbital angular momentum
values ¢ to these various levels. In addition. the multiplicity of the fine

structure levels in hydrogen was now predicted to be 2 for j = % and

2(2j 4+ 1) for j > 1 (corresponding to 7 values j + ). in agreement with
experiment. . .

Despite these successes, there still was not a thorough relativistic theory
which incorporated the electron’s spin from the beginning. Such a theory
was discovered in 1928 by Paul Dirac. However, he did not set out
simply to make a relativistic theory of the spinning electron; instead, he
approached the problem by posing a question that would today seem
very strange. At the beginning of his 1928 paper,!> he asks ‘why Nature
should have chosen this particular model for the electron, instead of
being satisfied with the point charge” To us today, this question is like
asking why bacteria have only one cell: having spin %/2 is just one of
the properties that define a particle as an electron, rather than one of the
many other types of particles with various spins that are known today.
However, in 1928 it was possible to believe that all matter consisted
of electrons, and perhaps something similar with positive charge in the
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atomic nucleus. Thus, in the spirit of the times in which it was asked,
Dirac’s question can be restated: ‘Why do the fundamental constituents
of matter have to have spin /27

For Dirac, the key to this question was the requirement that probabilities
must be positive. It was known!® that the probability density for the non-
relativistic Schrodinger equation is {y|?, and that this satisfies a continuity
equation of the form

3 o ik . .
(v = 3V - (Ve —pWyT) =0

so the space-integral of |y|? is time-independent. On the other hand,
the only probability density p and current J, which can be formed from
solutions of the relativistic Schrodinger equation and which satisfy a
conservation law,

Liv=o, (1.110)
ét
are of the form
B LfC e
p=NImy (§—T>u (L1.11)
J=NctImy® <V+ﬁ> v. (L112)
ke

with N an arbitrary constant. It is not possible to identify p as the
probability density. because (with or without an external potential @) p
does not have definite sign. To quote Dirac’s reminiscences!’ about this
problem

I remember once when I was in Copenhagen. that Bohr
asked me what I was working on and I told him [ was trving
to get a satisfactory relativistic theory of the electron. and Bohr
said "But Klein and Gordon have already done that" That
answer first rather disturbed me. Bohr seemed quite satisfied
by Klein’s solution. but I was not because of the negative
probabilities that it led to. I just kept on with it. worrying about
getting a theory which would have only positive probabilities.

According to George Gamow.!8 Dirac found the answer to this problem
on an evening in 1928 while staring into a fireplace at St John's College.
Cambridge. He realized that the reason that the Klein-Gordon (or
relativistic Schrédinger) equation can give negative probabilities is that
the p in the conservation equation (1.1.10) involves a time-derivative of the
wave function. This in turn happens because the wave function satisfies
a differential equation of second order in the time. The problem therefore

5




[image: image8.png]was to replace this wave equation with another one of first order in time
derivatives, like the non-relativistic Schrodinger equation.

Suppose the electron wave function is a multi-component quantity y,(x),
which satisfies a wave equation of the form,

¥y, (1.113)
ct

where & is some matrix function of space derivatives. In order to have a
chance at a Lorentz-invariant theory, we must suppose that because the
equation is linear in time-derivatives, it is also linear in space-derivatives,
so that # takes the form:

H = —ihca - V +a4mc?, (1.1.14)

where a), 22,23, and x4 are constant matrices. From (1.1.13) we can derive
the second-order equation

aa 0
&y fa”™
B e -
ét? Exifx;j
6 .
—ifime® (2524 + 24%;) Eu + m2c41§u~ .
Xi

(The summation convention is in force here; i and j run over the values
1, 2. 3, or x, ¥, z.} But this must agree with the free-field form of the
relativistic Schrodinger equation (1.1.4), which just expresses the relativistic
relation between momentum and energy. Therefore, the matrices « and 24
must satisfy the relations :

A2+ a% = 2(5,’]‘1 N (1.1.15)
%4 + a2, =0, (1.1.16)
13 =1, (1.1.17)

where d;; is the Kronecker delta (unity for i = j; zero for i # j) and 1 is
the unit matrix. Dirac found a set of 4 x 4 matrices which satisfy these
relations

0001 0 00 —i
4|00 10 me |0 00
0100} =lo -0 of”
1000 i 00 0

(1.118)
0 01 0 10 0 0
e |0 00 - o |01 0 0
1 00 of° 00 -1 0
0-10 0 00 0 -1
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To show that this formalism is Lorentz-invariant, Dirac multiplied
Eq. (1.1.13) on the left with a4, so that it could be put in the form

0 2
[hcy"m +mc ] p=0, (1.1.19)
where

= —ioga, Y0 = —ioy . (1.1.20)

(The Greek indices y, v, etc. will now run over the values 1, 2, 3, 0, with
x® = ¢t. Dirac used x4 = ict, and correspondingly y4 = x4.) The matrices
y# satisfy the anticommutation relations

. +1 p=v=123
O Y=t =g -1 u=v=0 : {1.121)
0 uFv

Dirac noted that these anticommutation relations are Lorentz-invariant,
in the sense that they are also satisfied by the matrices A%,*, where A is
any Lorentz transformation. He concluded from this that A*,7* must be
related to y# by a similarity transformation:

ARyY = STHARS(A).

It follows that the wave equation is invariant if, under a Lorentz transfor-
mation x* — A*,x", the wave function undergoes the matrix transforma-
tion y — S(A)y. (These matters are discussed more fully, from a rather
different point of view, in Chapter 5.)

To study the behavior of electrons in an arbitrary external electromag-
netic field, Dirac followed the ‘usual procedure’ of making the replacements

S LS tep  — iRV — —iRV+ oA (1.1.22)
ét ét ¢
as in Eq. (1.1.4). The wave equation (1.1.13) then takes the form
(ih% +e¢) Y = (—ihicV + eA) - ayp + mc gy . (1.1.23)

Dirac used this equation to show that in a central field, the conservation
of angular momentum takes the form
[, —ift x V +h6/2] =0, (1.1.24)

where  is the matrix differential operator (1.1.14) and o is the 4 x 4
version of the spin matrix introduced earlier by Pauli'®

01
a . (1.1.25)

(=R = N )
[=J =R )

00
00
1 0
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Dirac also iterated Eq. (1.1.23). obtaining a second-order equation.
which turned out to have just the same form as the Klein-Gordon equation
(1.1.4) except for the presence on the right-hand-side of two additional
terms

[—ehco - B — iehca - E] y . (1.1.26)

For a slowly moving electron. the first term dominates. and represents a
magnetic moment in agreement with the value (1.1.8) found by Goudsmit
and Uhlenbeck.!! As Dirac recognized. this magnetic moment. together
with the relativistic nature of the theory. guaranteed that this theory
would give a fine structure splitting in agreement {to order 2*me?) with
that found by Heisenberg, Jordan, and Charles G. Darwin.!? A little later.
an ‘exact’ formula for the hydrogen energy levels in Dirac’s theory was
derived by Darwin®® and Gordon™!
-1z

E=m |1+ X . TRy s)

{n—j—’f+ [(H%):—f]é}—

The first three terms of a power series expansion in x° agree with the
approximate result (1.1.9).

This theory achieved Dirac’s primary aim: a relativistic formalism with
positive probabilities. From (1.1.13) we can derive a continuity equation

L Lv.J=0 (1.1.28)
ét

with

p=lyl. J=cylay, (1.1.29)
so that the positive quantity |y|° can be interpreted as a probability
density, with constant total probability [ |y|’d*x. However, there was
another difficulty which Dirac was not immediately able to resolve.

For a given momentum p, the wave equation (1.1.13) has four solutions
of the plane wave form

P o eXp {%(px—Et}] . (1.1.30)

Two solutions with E = ++/p2cZ + m2c* correspond to the two spin states
of an electron with J. = +h/2. The other two solutions have E =
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[image: image11.png]T suppose one could imagine laws of physics which would dictatc that a
world be exactly so, and not otherwise, allowing no detail to be varied. But
what could dictate that those laws of physics be ‘the’ laws of physics? By
considering a spectrum of possible laws, one could again consider a
spectrum of possible worlds.

In fact the laws of physics of our actual world, as presently understood,
have no such dictatorial character. So that even with the laws given, a
spectrum of different worlds is possible. There are two kinds of freedom.
Although the laws say something about how a given state of the world may
develop, they say nothing (or anyway very little) about in what state the
world should start. So, to begin with, we have freedom as regards ‘initial
conditions’. To go on with, the future that can evolve from a given present is
not uniquely determined, according to contemporary orthodoxy. The laws
list various possibilities, and attach to them various probabilities.

The relation between the set of possibilities and the unique actuality
which emerges is quite peculiar in modern ‘quantum theory’ - the contem-
porary all-embracing basic physical theory. The absence of determinism,

Fig. 1. Electron gun.




[image: image12.png]the probabilistic nature of the assertions of the theory, is already a little
peculiar... at least in the light of pre-twentieth-century ‘classical’ physics.
But after all everyday life, if not classical physics, prepares us very well for
the idea that not everything is predictable, that chance is important. So it is
not in the indeterminism that the real surprise of quantum theory lies. There
are other aspects of quantum theory for which neither classical physics nor
everyday life prepares us at all.

As a result some very different conceptions, and some very strange ones,
have arisen, about how the visible phenomena might be incorporated into a
coherent theoretical picture. It is to several such very different possible
worlds that the title of this essay refers, rather than the permissible variation
of incidental detail within each. Before giving some account of these
schemes, we recall some of the phenomena with which they have to cope.

Atoms of matter can be pictured, to some extent, as small solar systems.
The electrons circulate about the nucleus as do the planets about the sun.
Since Newton we have very accurate laws for the motion of planets about
suns, and since Einstein laws more accurate still. Attempts to apply similar
laws to electrons in atoms meet with conspicuous failure. It was such failure
that led to the development of ‘quantum’ mechanics to replace ‘classical®
mechanics, Of course our ideas about electrons in atoms are arrived at only
indirectly, from the behaviour of pieces of matter containing many
electrons in many atoms. But in extreme conditions quantum ideas are
essential even for ‘free’ electrons, extracted from atoms, such as those which
create the image on a television screen. It is in this simpler context that we
will introduce the quantum ideas here.

In the ‘electron gun’ of a television set (Fig. 1} a wire W is heated, by
passage of an electric current, so that some electrons ‘boil off". These are
attracted to a metal surface, by an electric field, and some of them pass
through a hole in it, H1. And some of those that pass through the hole H1
pass also through a second hole H2 in a second metallic surface, to emerge
finally moving towards the centre of a glass screen G. The impact of each
electron on the glass screen produces a small flash of light, a ‘scintillation’,
In a television set in actual use the electron beam is redirected, by electric
fields, to the various parts of the screen, with varying intensity, to build up a
complete picture thereon. But we want to consider here the behaviour of
‘free’ electrons, and will suppose that between the second hole H2 and the
screen G there are no electric or magnetic fields, or any other obstacle to
‘free’ motion.

Consider the following question: how accurately can we arrange that
each clectron reaching the glass screen does so exactly in the centre? One




[image: image13.png]thing to avoid, to this end, is that different electrons jostle one another. This
can be done by ‘pulsing’ (i.c. by applying for only a very short time) the
electric field that attracts electrons from W towards H1, and by making H1
very small. Then it becomes very unlikely that more than one electron will
emerge from the hole H1 on a given occasion. Then one might reasonably
think that to avoid any particle striking the glass screen off centre it is
sufficient to make H2 as well as H1 sufficiently small and central. Up to a
point that is true. But beyond that point there is a surprise. Further
reducing the size of the holes does not reduce further the inaccuracy of the
gun, but increases it. The pattern built up, by pulsing the gun many times
and photographicaily recording the electron flashes, is something like

Fig. 2. Pattern built up by many pulscs of electron gun of Fig. 1.

Fig. 3. Electron gun with two holes in second screen.
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[image: image14.png]Fig. 2. The flashes are scattered over a region which gets bigger, rather than
smaller, when the holes by which we try to determine the electron trajectory
are reduced beyond a certain magnitude.

There is a still greater surprise when the hole H2 is replaced by two holes

Fig. 4. Guess, on basis of classical particle mechanics, for pattern built
up by many pulses of electron gun of Fig. 3.





[image: image15.png]close together, Fig. 3. Instead of the contributions of these two holes just
adding together, as in Fig. 4, an ‘interference pattern’ appears, as in Fig. 5.
There are places on the screen that no electron can reach, when two holes
are open, which electrons do reach when either hole alone is open. Although
each electron passes through one hole or the other (or so we tend to think) it
is as if the mere possibility of passing through the other hole influences its
motion and prevents it going in certain directions. Here is the first hint of
some queerness in the relation between possibility and actuality in
quantum phenomena.

Forget for a moment that the patterns in Fig. 2 and Fig. 5 are built up
from separated points (collected separately over a period of time) and look
only at the general impression. Then these patterns become reminiscent of
those which occur in classical physics in connection not with particles but
with waves. Consider for example a regular train of waves on the surface of
water. When they fall on a barrier with a hole, Fig. 6, they proceed more or
less straight on, on the other side, when the hole is large compared with the
wavelength. But when the hole is smaller, they diverge after passing
through, Fig. 7, and to a degree which is greater the smaller the hole. This is

Fig 6. Propagation of waves through hole much larger than
wavelength.
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Fig. 8. Propagation of waves through two small holes.
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[image: image17.png]called ‘wave diffraction’. And when the barrier has two small holes, Fig. 8,
there are places behind the barrier where the surface of the water is
undisturbed with both holes open, but disturbed when either separately is
open. These are places where the waves from one hole try to raise the surface
of the water while the waves from the other hole are trying to lower it, and
vice versa. This is called ‘wave interference’.

Returning to the clectron then, we cannot tell in advance at just which
point on the screen it will flash. But it seems that the places where it is likely
to turn up are just those which a certain wave motion can appreciably
reach.

It is the mathematics of this wave motion, which somehow controls the
electron, that is developed in a precise way in quantum mechanics. Indeed
the most simple and natural of the various equivalent ways in which
quantum mechanics can be presented is called just ‘wave mechanics’. What
is it that ‘waves’ in wave mechanics? In the case of water waves it is the
surface of the water that waves. With sound waves the pressure of the air
oscillates. Light also was held to be a wave motion in classical physics. We
were already a little vague about what was waving in that case...and even
about whether the question made sense. In the case of the waves of wave
mechanics we have no idea what is waving...and do not ask the question.
‘What we do have is a mathematical recipe for the propagation of the waves,
and the rule that the probability of an electron being seen at a particular
place when looked for there (e.g. by introducing a scintillation screen) is
related to the intensity there of the wave motion.

In my opinion the following point cannot be emphasised too strongly.
When we work out a problem in wave mechanics, for example that of the
precise performance of the electron gun, our mathematics is entirely
concerned with waves. There is no hint in the mathematics of particles or
particle trajectories. With the electron gun the calculated wave extends
smoothly over an extended portion of the screen. There is no hint in the
mathematics that the actual phenomenon isa minute flash at some particular
point in that extended region. And it is only in applying the rule, relating the
probable location of the flash to the intensity of the wave, that indeter-
minism enters the theory. The mathematics itself is smooth, deterministic,
‘classical’ mathematics. .. of classical waves.

So far it was only the single electron, proceeding from the hole H2 to the
detection screen G, that was replaced by a wave in the mathematics. The
screen G, in particular, was not discussed at all. It was simply assumed to
have the capacity to scintillate. Suppose we wish to explain this capacity.
Suppose we wish to calculate the intensity, the colour, or indeed the size of




[image: image18.png]the scintillation (for it is not really a point)? We see that our treatment of
the electron gun so far is neither complete nor accurate. If we wish to say
more, and be more accurate, about its performance, then we have to see it as
made of atoms, of electrons and nuclei. We have to apply to these entities
the only mechanics that we know to be applicable... wave mechanics.
Pursuing this line of thought, we are led, in the quest for more accuracy and
completeness, to include more and more of the world in the wavy quantum
mechanical ‘system’...the photographic plate that records the scintill-
ations, the developing chemicals that produce the photographic image, the
eye of the observer...

But we cannot include the whole world in this wavy part. For the wave of
the world is no more like the world we know than the extended wave of the
single electron is like the tiny flash on the screen. We must always exclude
part of the world from the wavy ‘system’, to be described in a ‘classical’
‘particulate’ way, as involving definite events rather than just wavy
possibilities. The purpose of the wave calculus is just that it yields formulae
for probabilities of events at this ‘classical’ level.

Thus in contemporary quantum theory it seems that the world must
be divided into a wavy ‘quantum system’, and a remainder which is in
some sense ‘classical’. The division is made one way or another, in a
particular application, according to the degree of accuracy and complete-
ness aimed at. For me it is the indispensibility, and above all the shiftiness,
of such a division that is the big surprise of quantum mechanics. It
introduces an essential ambiguity into fundamental physical theory, if only
at a level of accuracy and completeness beyond any required in practice.
It is the toleration of such an ambiguity, not merely provisionally but
permanently, and at the most fundamental level, that is the real break
with the classical ideal. It is this rather than the failure of any particular
concept such as ‘particle’ or ‘determinism’”. In the remainder of this essay
1 will outline a number of world views which physicists have entertained
in trying to digest this situation.

First, and foremost, is the purely pragmatic view. As we probe the world
in regions remote from ordinary experience, for example the very big or the
very small, we have no right to expect that familiar notions will work. We
have no right to insist on concepts like space, time, causality, or even
perhaps unambiguity. We have no right whatever to a clear picture of what
goes on at the atomic level. We are very lucky that we can form rules of
calculation, those of wave mechanics, which work. It is true that in principle
there is some ambiguity in the application of these rules, in deciding just
how the world is to be divided into *quantum system’ and the ‘classical’




[image: image19.png]remainder. But this matters not at all in practice. When in doubt, enlarge
the quantum system. Then it is found that the division can be so made that
moving it further makes very little difference to practical predictions.
Indeed good taste and discretion, born of experience, allow us largely to
forget, in most calculations, the instruments of observation, We can usually
concentrate on a quite minute ‘quantum system’, and yet come up with
predictions meaningful to experimenters who must use macroscopic
instruments. This pragmatic philosophy is, I think, consciously or un-
consciously the working philosophy of all who work with quantum theory
in a practical way... when so working. We differ only in the degree of
concern or complacency with which we view. .. out of working hours, so to
speak. .. the intrinsic ambiguity in principle of the theory.

Nicls Bohr, among the very greatest of theoretical physicists, made
immense contributions to the development of practical quantum theory.
And when this took definitive form, in the years following 1925, he was
foremost in clarifying the way in which the theory should be applied to
avoid contradictions at the practical level. No one more than he insisted
that part of the world (indeed the vastly bigger part) must be held outside
the ‘quantum system’ and described in classical terms. He emphasized that
at this classical level we are concerned, as regards the present and the past,
with definite events rather than wavy potentialitics. And that at this level
ordinary language and logic are appropriate. And thatit is to statements in
this ordinary language and logic that quantum mechanics must lead,
however esoteric the recipe for generating these statements.

However Bohr went further than pragmatism, and put forward a
philosophy of what lies behind the recipes. Rather than being disturbed by
the ambiguity in principle, by the shiftiness of the division between
‘quantum system’ and ‘classical apparatus’, he scemed to take satisfaction in
it. He seemed to revel in the contradictions, for example between ‘wave’ and
‘particle’, that seem to appear in any attempt to go beyond the pragmatic
level. Not to resolve these contradictions and ambiguities, but rather to
reconcile us to them, he put forward a philosophy which he catied ‘com-
plementarity’. He thought that ‘complementarity’ was important not only
for physics, but for the whole of human knowledge. The justly immense
prestige of Bohr has led to the mention of complementarity in most text
books of quantum theory. But usually only in a few lines. One is tempted to
suspect that the authors do not understand the Bohr philosophy sufficiently
to find it helpful. Einstein himself had great difficulty in reaching a sharp
formulation of Bohr's meaning. What hope then for the rest of us? There is
very little I can say about ‘complementarity’. But I wish to say one thing. It




[image: image20.png]seems to me that Bohr used this word with the reverse of its usual meaning.
Consider for example the elephant. From the front she is head, trunk, and
two legs. From the back she is bottom, tail, and two legs. From the sides she
is otherwise, and from top and bottom different again. These various views
are complementary in the usual sense of the word. They supplement one
another, they are consistent with one another, and they are all cntailed by
the unifying concept ‘elephant’. It is my impression that to suppose Bohr
used the word ‘complementary’ in this ordinary way would have been
regarded by him as missing his point and trivializing his thought. He seems
to insist rather that we must use in our analysis elements which contradict
one another, which do not add up to, or derive from, a whole. By
‘complementarity’ he meant, it seems to me, the reverse: contradictariness.
Bohr seemed to like aphorisms such as: ‘the opposite of a deep truthisalso a
deep truth®: ‘truth and clarity are complementary’. Perhaps he took a subtle
satisfaction in the use of a familiar word with the reverse of its familiar
meaning.

‘Complementarity’ is one of what might be called the ‘romantic’ world
views inspired by quantum theory. It emphasizes the bizarre nature of the
quantum world, the inadequacy of everyday notions and classical concepts.
It lays stress on how far we have left behind naive 19th century materialism.
1 will describe two other romantic pictures, but will preface each by related
unromantic notions.

Suppose that we accept Bohr’s insistence that the very small and the very
big must be described in very different ways, in quantum and classical terms
respectively. But suppose we are sceptical about the possibility of such a
division being sharp, and above all about the possibility of such a division
being shifty. Surely the big and the smail should merge smoothly with one
another? And surely in fundamental physical theory this merging should be
described not just by vague words but by precise mathematics? This
mathematics would allow electrons to enjoy the cloudiness of waves, while
allowing tables and chairs, and ourselves, and black marks on photographs,
t0 be rather definitely in one place rather than another, and to be described
in ‘classical terms’. The necessary technical theoretical development
involves introducing what is called ‘nonlinearity’, and perhaps what is
called ‘stochasticity’, into the basic ‘Schrédinger equation’. There have
been interesting pioneer efforts in this direction, but not yeta breakthrough.
This possible way ahead is unromantic in that it requires mathematical
work by theoretical physicists, rather than interpretation by philosophers,
and does not promise lessons in philosophy for philosophers.

There is a rornantic alternative to the idea just mentioned. It accepts that
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that there is a division, whether sharp or smooth, between ‘linear’ and
‘nonlinear’, between ‘quantum’ and ‘classical’. But instead of putting this
division somewhere between small and big, it puts it between ‘matter’ (so to
speak) and ‘mind’. When we try to complete as far as possible the quantum
theoretic account of the electron gun, we include first the scintillation
screen, and then the photographic film, and then the developing chemicals,
and then the eye of the experimenter...and then (why not) her brain. For
the brain is made of atoms, of electrons and nuclei, and so why should we
hesitate to apply wave mechanics. .. at least if we were smart enough to do
the calculations for such a complicated assembly of atoms? But beyond the
brain is.... the mind. Surely the mind is not material? Surely here at last we
come to something which is distinctly different from the glass screen, and
the gelatine film. .. Surely it is here that we must expect some very different
mathematics, (if mathematics at all), to be relevant? This view, that the
necessary ‘classical terms’, and nonlinear mathematics, are in the mind, has
been entertained especially by E. P. Wigner. And no one more eloquently
than J. A. Wheeler has proposed that the very existence of the ‘material’
world may depend on the participation of mind. Unfortunately it has not
yet been possible to develop these ideas in a precise way.

The last unromantic picture that I will present is the ‘pilot wave’ picture.
It is due to de Broglie (1925) and Bohm (1952). While the founding fathers
agonized over the question

‘particle’ or ‘wave’
de Broglie in 1925 proposed the obvious answer
‘particle’ and ‘wave’.

Is it not clear from the smallness of the scintillation on the screen that we
have to do with a particle? And is it not clear, from the diffraction and inter-
ference patterns, that the motion of the particle is directed by a wave? De
Broglie showed in detail how the motion of a particle, passing through just
one of two holes in screen, could be influenced by waves propagating
through both holes. And so influenced that the particle does not go where
the waves cancel out, but is attracted to where they cooperate. This idea
seems to me so natural and simple, to resolve the wave—particle dilemma in
such a clear and ordinary way, that it is a great mystery to me that it was so
generally ignored. Of the founding fathers, only Einstein thought that de
Broglic was on the right lines. Discouraged, de Broglie abandoned his
picture for many years. He took it up again only when it was rediscovered,
and more systematically presented, in 1952, by David Bohm. In particular
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generalization is straightforward. There is no need in this picture to divide
the world into ‘quantum’ and ‘classical’ parts. For the necessary ‘classical
terms’ are available already for individual particles (their actual positions)
and so also for macroscopic assemblies of particles.

The de Broglie-Bohm synthesis, of particle and wave, could be regarded
as a precise illustration of Bohr’s complementarity. . . if Bohr had been using
this word in the ordinary way. This picture combines quite naturally both
the waviness of electron diffraction and interference patterns, and the
smallness of individual scintillations, or more generally the definite nature
of large scale happenings. The de B-B picture is also, by the way, quite
deterministic. The initial configuration of the combined wave-particle
system completely fixes the subsequent development. That we cannot
predict just where a particular clectron will scintillate on the screen is just
because we cannot know everything. That we cannot arrange for impact at
a chosen place is just because we cannot control everything.

‘We come finally to the romantic counterpart of the pilot wave picture.
This is the ‘many world interpretation’, or MWL It is surely the most
bizarre of all the ideas that have come forth in this connection. It is most
easily motivated, it seems to me, as a response to a central problem of the
pragmatic approach...the so-called ‘reduction of the wavefunction’. In
discussing the electron gun, I emphasized the contrast between the
extension of the wave and the minuteness of the individual flash. What
happens to the wave where there is no flash? In the pragmatic approach the
parts of the wave where there is no flash are just discarded...and this is
effected by rule of thumb rather than by precise mathematics. In the pilot
wave picture the wave, while influencing the particle, is not influenced by
the particle. Flash or no flash, the wave just continues its mathematical
evolution...even where it is ‘empty’ (very roughly speaking). In the MWI
also the wave continues its mathematical way, but the notion of ‘empty
wave’ is avoided. It is avoided by the assertion that everywhere that there
might be a flash. .. there is a flash. But how can this be, for with one electron
surely we see only one flash, at only one of the possible places? It can be
because the world multiplies! After the flash there are as many worlds (at
least) as places which can flash. In each world the flash occurs at just one
place, but at different places in different worlds. The set of actual worlds
taken together corresponds to all the possibilities latent in the wave. Quite
generally, whenever there is doubt about what can happen, because of
quantum uncertainty, the world multiplies so that all possibilities are
actually realized. Persons of course multiply with the world, and those in
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With one electron, each of us sees only one flash.

The MWI was invented by H. Everett in 1957. It has been advocated by
such distinguished physicists as J. A. Wheeler, B. de Witt, and S. Hawking.
It seems to attract especially quantum cosmologists, who wish to consider
the world as a whole, and as a single quantum system, and so are
particularly embarrassed by the requirement, in the pragmatic approach,
for a ‘classical’ part outside the quantum system...i.e. outside the world.
But this problem is already solved by the ‘pilot wave’ picture. It needs no
extra classical part, for ‘classical terms' are already applicable to the
electron itself, and so to large assembiies of particles. The authors in
question probably did not know this. For the pilot wave interpretation was
rather deeply consigned to oblivion by the founding fathers, and by the
writers of text-books.

‘The MWT is sometimes put forward as a working out of the hypothesis: the
wavefunction is everything, there is nothing eise. (Then the parts of the
wavefunction cannot be distinguished from one another on the grounds of
corresponding to possibility rather than actuality.) But here the authors, in
my opinion, are mistaken. The MW1 does add something to the wavefunc-
tion. I'stressed in discussing the electron gun that the extended wave haslittle
resemblance to the minute flash. Inspection of the wave itself gives no hint
that the experienced reality is a scintillation. .. rather than, for example, an
extended glow of unpredicted colour. That is to say, the extended wave does
not simply fail to specify one of the possibilities as actual. .. it fails to list the
possibilites. When the MW postulates the existence of many worlds in each
of which the photographic plate is blackened at particular position, it adds,
surreptitiously, to the wavefunction, the missing classification. of possi-
bilities. And it does so in an imprecise way, for the notion of the position of a
black spot (it is not a mathematical point), and indeed the concept of the
reading of any macroscope instrument, is not mathematically sharp. One is
given no idea of how far down towards the atomic scale the splitting of the
world into branch worlds penetrates.

There then are six possible worlds to choose from, designed to accommo-
date the quantum phenomena. It would be possible to devize hybrids
between them and maybe other worlds that are entirely different. I have
tried to present them with some detachment, as if 1 did not regard one more
than another to be pure fiction. I will now permit myself to express some
personal opinions.

It is easy to understand the attraction of the three romantic worlds for
journalists, trying to hold the attention of the man in the street. The




[image: image24.png]opposite of a truth is also a truth! Scientists say that matter is not possible
without mind! All possible worlds arc actual worlds! Wow! And the
Jjournalists can write these things with good consciences, for things like this
have indeed been said. . . out of working hours. ... by great physicists. For my
part, I never got the hang of complementarity, and remain unhappy about
contradictions. As regards mind, I am fully convinced that it has a central
place in the ultimate nature of reality. But I am very doubtful that
contemporary physics has reached so deeply down that that idea will soon
be professionally fruitful. For our generation I think we can more profitably
seek Bohr's necessary ‘classical terms’ in ordinary macroscopic objects,
rather than in the mind of the observer. The ‘many world interpretation”
seems to me an extravagant, and above all an extravagantly vague,
hypothesis. T could almost dismiss it as silly. And yet...It may have
something distinctive to say in connection with the ‘Einstein Podolsky
Rosen puzzle', and it would be worthwhile, 1 think, to formulate some
precise version of it to see if this is really so. And the existence of all possible
worlds may make us more comfortable about the existence of our own
world. .. which seems to be in some ways a highly improbable one.

The unromantic, ‘professional’, alternatives make much less good copy.
The pragmatic attitude, because of its great success and immense continu-
ing fruitfulness, must be held in high respect. Moreover it seems to me that
in the course of time one may find that because of technical pragmatic
progress the ‘Problem of Interpretation of Quantum Mechanics’ has been
encircled. And the solution, invisible from the front, may be seen from the
back. For the present, the problem is there, and some of us will not be able
to resist paying attention to it. The nonlinear Schrédinger equation seems
to me to be the best hope for a precisely formulated theory which is very
close to the pragmatic version. But while we get along so well without
precision, the pragmatists are not going to help to develop it. The ‘pilot
wave’ picture is an almost trivial reconciliation of quantum phenomena
with the classical ideals of theoretical physics.. . a closed set of equations,
whose solutions are to be taken seriously, and not mutilated (‘reduced’)
when embarrassing. However it would be wrong to leave the reader with
the impression that, with the pilot wave picture, quantum theory simply
emerges into the light of day, with the transparency of pure water. The
very clarity of this picture puts in evidence the extraordinary ‘non-locality’
of quantum theory. But that is another story.

To what extent are these possible worlds fictions? They are like literary
fiction in that they are free inventions of the human mind. In theoretical
physics sometimes the inventor knows from the beginning that the work is




[image: image25.png]fiction, for exampie when it deals with a simplified world in which space has
only one or two dimensions instead of three. More often it is not known till
later, when the hypothesis has proved wrong, that fiction is involved. When
being serious, when not exploring deliberately simplified models, the
theoretical physicist differs from the novelist in thinking that maybe the
story might be true. Perhaps there is some analogy with the historical
novelist, If the action is put in the year 1327, the Pope must be located in
Avignon, not Rome. The serious theories of theoretical physicists must not
contradict experimental facts. If thoughts are put into the mind of Pope
John XXI1, then they must be reasonably consistent with what is known of
his words and actions. When we invent worlds in physics we would have
them to be mathematically consistent continuations of the visible world
into the invisible...even when it is beyond human capability to decide
which, if any, of those worlds is the true one. Literary fiction, historical or
otherwise, can be professionally good or bad (I think). We could also
consider how our possible worlds in physics measure up to professional
standards. In my opinion the pilot wave picture undoubtedly shows the
best craftsmanship among the pictures we have considered. But is that a
virtue in our time?




BOHM INTERPRETATION*

The Bohm interpretation of quantum mechanics, sometimes called Bohmian mechanics, the ontological interpretation, or the casual interpretation, is an interpretation postulated by David Bohm in 1952 as an extension of Louis de Broglie’s pilot-wave theory of 1927. Consequently it is sometimes called the de Broglie-Bohm theory. Bohm interpretation is an example of a hidden variables theory. It is hoped that the hidden variables would provide a local deterministic objective description that would resolve or eliminate many of the paradoxes of quantum mechanics, such as Schrödinger cat, the measurement problem, the collapse of the wave function, and similar concerns. However, Bell inequality complicates this hope, as it demonstrates that there is no local hidden variable theory that is compatible with quantum mechanics. Thus, one is left with choosing between the lesser of two evils: discarding locality, or discarding realism. The Bohmian interpretation opts for realism, albeit non-local. It is unclear, however, how it can be compatible with quantum field theory, which is essentially local.

Background

The Bohm interpretation can be thought of as taking its cue from what one sees in the laboratory, say, in a two-slit experiment with electrons. We can see localized flashes whenever an electron is detected at some place on the screen. The overall pattern made by many such flashes is governed by a pattern closely  matched by simple wave dynamics. Bohm and de Broglie posited that in the world of quantum phenomena, every kind of particle is accompanied by a wave which guides the motion of the particle, hence the term pilot wave. Mathematically, the pilot wave is described by the wave function of conventional quantum mechanics, but with an added piloting influence on the motion of the particles.

We can formulate the pilot waves influence using a wave function-derived potential called the quantum potential. which acts upon the particles in a manner analogous to the interaction of p[articles and fields in classical physics. The pilot wave governs the motion of the particle and evolves according to the Schrödinger equation. Unlike the Everett many-worlds interpretation. the Bohm interpretation does not assume that the universe splits when a measurement occurs. and unlike the Copenhagen interpretation it is both objective and deterministic. It says the state of the universe evolves smoothly through time, with no collapsing of wave functions. Thus, Bohm called the hidden variable or pilot wave the quantum potential force or dark force, in comparison to dark matter and dark energy.

Two-slit experiment

Thus, in this theory all fundamental entities, such as electrons, are point-like particles that occupy precisely defined regions of space at all times. When one performs a double-slit experiment), one is concerned with noting the positions on a screen at which electrons arrive individually, one at a time. Over time, the positions at which the electrons arc detected build up a pattern characteristic of wave interference. The usual Copenhagen interpretation is puzzling in that a single entity, the electron, is said to exhibit characteristics of both particle and wave. The Bohm interpretation accounts for the same phenomena by saying that both a particle and a wave do exist. The particle aspect is present because each electron traverses one slit or another, but never both. The wave aspect is present because the electron pilot wave traverses both slits.

Thus, the Bohm interpretation resolves the puzzle quite simply and naturally. The electron motion is guided — both in its choice of slits and its subsequent trajectory towards the screen — by the wave. The characteristic wave-interference pattern seen in the detection of the electrons arises by considering that the guiding wave exhibits interference in the familiar way one learns in the elementary physics of waves.

One might also note that what is measured in such an experiment — the position on the screen at which each electron arrives — is itself none other than the „hidden variable” the Bohm interpretation adds to the description, as we show in the formulation below. It might seem that the term „hidden variables” is an inappropriate name for the positions of particles, the quantity that is apparently most conspicuously manifested in the experiment. However, the particle position has no influence on the guiding wave and hence is unobservable or „hidden” in some sense (see criticisms).

Nonlocality

Now we must address the question of nonlocality. Within Bohm interpretation, it can occur that events happening at one location in space instantaneously influence other events which might be at large distances: thus we say that the theory fails to obey locality, i.e., it is non-local. The response many physicists have to Bohm theory is often related to how they regard this concept.

The question of nonlocality hinges upon the attitude one takes towards the Einstein-Podolsky-Rosen paradox and Bell’s theorem   According to one camp, it has been shown that quantum mechanics itself is nonlocal and that this cannot be avoided by appealing to any alternative interpretation. The same Bell responsible for Bell theorem was a member of this group [ „It is known that with Bohm’s example of EPR correlations, involving particles with spin, there is an irreducible nonlocality.” If this is indeed the case, then the nonlocality of the Bohm interpretation can hardly be regarded as a strike against it. 
Others see the consequences of EPR and Bell’s theorem in a different way. They regard the correct conclusion to be related not so much to quantum theory itself, but only to deterministic interpretations of the same (i.e., to hidden-variable theories such as Bohm’s interpretation). According to the people who think this way, what has been shown is that all deterministic theories must be nonlocal. For example, N. Bohr was a member of this group. This group would claim that  retaining orthodox quantum mechanics — with its probabilistic character — permits one to retain locality, or at least to avoid the EPR type of nonlocality, at the expense of haying no way to picture particles as objective elements of reality that occupy definite regions of space at all times. Armed with such a viewpoint, these physicists tend to be less receptive to Bohm interpretation.
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In a rough sense, one might conceptualize Bohm's theory by an analogy with a system of charged
particles in motion due to electromagnetic ficlds. Within electrodynamics, one regards the electric
and magnetic fields as functions defined for every position in space and for all times
E(q,t),B(q, ). The evolution of these fields is governed by Maxwell's equations.

Ifwedﬁignatet.hepmdeposiﬁmasq.d:enthefomeonaparﬁcleofchaxgecatsomeﬁmetis
given by

F= CE(Q,t) +ov x B(Q,t)
where we note that the field strength is evaluated at the particle's position Q in each case.
It is important to note that the fields E and B generally exist throughout space, and hence are
defined for all positions q. The influence they have on the particle depends upon the value they take
at the particle's position Q.
One-particle formalism

The Schrodinger equation for one particle of mass m is

iﬁBL"(x, t) _ R

5 = V2(x, 1) + V(x)v(x, 1)

where the wavefunction 2*(X, ¢) is a complex function of the spacial coordinate X and time 1.
The probability density p(x, 1) is a real function defined by
Px,t) = R(x,1)* = |i(x,1)[* = ¢*(x, t)e:(x,2).

Without loss of generality, we can express the wavefunction 2* (x, ) in terms of a real probability
p(x,t) = |v(x, t)l2 and a complex phase that depends on the real variable S, as follows:

v(x,t) = /p(x, 1)’ SEAM,

TheSchrodingerequationcanthenbesplitintotwocoupledequaﬁonsbymkingtherea.land
imaginary terms;
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is called the quantum potential. The momentum of Bohm's "hidden variable" particle is defined by
p=mv=VS {3

and the particle's energy as £ = —85/6t ;the particle's position is not yet defined. Equation (1)
is interpreted as simply the continuity equation for probability with

vs

m

j=pV=pE—
m

and equation (2) is a statement that total energy is the sum of potential energy, quantum potential and
the kinetic energy. It is by no means accidental that § has the units and typical variable name of the
action.

Many-particle formalism

The many-particle Schradinger equation is a straightforward generalisation of the one-particle
example:

A X1, x2 = Z V 1{X1,X2, .. 1)+ ViXg, Xa, . 0(Xq, Xa, ...

where the i-th particle has mass 77%; and position co-ordinate Xi at time ¢. The wavefunction
2'(X1, Xa, ...t | is a complex function of the Xi and time ¢. Viis the grad operator with respect
to Xi, i.e. of the i-th particle's position co-ordinate. As before the probability density

piXy, X, ..., {} is areal function defined by

N ) . 9
p(X1,Xa, . 1) = R(xX1,Xa, .. 117 = |[0(Xg,Xa, ., 117 =27 (Xq, X2, ..., E12(X

The complex phase depends on the real variable S{X1, Xa, ..., ) so that we can define the same
relationship as in the 1-particle example:

is h
1= \/pe

Again, the Schrdinger equation can be split into two coupled equations by taking the real and
imaginary terms;

8, iS
_Ep= Vi'(pv—l'l (1




[image: image28.png]|
®| R

="+Q+Z %(V}SP (2

where

' ViR v P (Vie (V,—p)_

Q=— =
M Z 2m; R G 2m; \ 2p 2p

is the N-particle quantum potential.

The momentum of Bohm's i-th particle’s "hidden variable" is defined by

pi = mvi = VS 31

and the particles’ total energy as £ = — 5,/ 5t ; equation (1) is the continuity equation for
probability with
pi VS
Ji=pyi=p— =p—/—,
m; m;

and equation (2) is a statement that total energy is the sum of the potential energy, quantum potential
and the kinetic energies.




For supporters, Bohm interpretation provides a better formulation of quantum mechanics because it is defined more precisely than the Copenhagen interpretation, which is based on theorems that are not expressed in precise mathematical terms but in natural words, like „when measuring.” Indeed, the Bohm interpretation subsumes the quantum concepts of measurement, complementarity, decoherence, and entanglement into mathematically precise guidance conditions on position variables. Although it implies the existence of the EPR type o nonlocality, it avoids the need for positing other types of nonlocality, such as wave collapse or splitting universes.

The minimum benefit of Bohm interpretation, independent of the debate about whether it is the preferable formulation, is a disproof of the claim that quantum mechanics implies that particles can not exist before being measured.

Because it is based on familiar concepts of realism, the Bohm interpretation gives simple, intuitive, non-mystical, and natural answers to what in the standard theory are often perplexing philosophical questions. For example, every particle exists all the time and has a unique position, eyen when it is not being measured. In the double-slit experiment for electrons, each electron travels through only one slit, but the e1ectron pilot wave causes the interference pattern. Not only the wave, but the trajectory of each electron can be calculated when one knows the position where the electron hit the screen. This basis in realism strengthens the Bohm interpretation ties to the concepts of classical physics.

Criticisms

The main points of critics, together with the responses of Bohm-interpretation advocates, are summarized in the following points:

• Bohm interpretation does not reproduce quantum field theory, which is the modern theory of quantum mechanics, which has been verified experimentally remarkably well. Since locality is essential to quantum field theory, it is unclear that it is possible to reproduce it via Bohm interpretation.

• The main weakness of Bohm theory is that it looks contrived — and gives the same measurable predictions which are in all details identical to conventional quantum mechanics, It is not really a scientific theory.?

Response: Bohm deliberately designed his theory to give the same predictions as the conventional approach. His original aim was not to make a serious counterproposal but simply to demonstrate that hidden-variables theories are indeed possible, contrary to the earlier belief (due to von Neuman) that they are not possible. To accomplish this aim it was necessary that the predictions of the two theories be the same. However, Bohm’s hope was that this demonstration could lead to new insights and experiments. Bohm theory can be extended in ways that cannot even be contemplated in the conventional theory, and these extensions may lead to new measurable predictions.

Furthermore, in clarifying theoretical issues such as nonlocality the theory already has been highly successful. The theory inspired John Stewart Bell to prove his now-famous theorem, which in turn led to the Bell test experiments. This would be a rather amazing accomplishment for a theory that is „not really scientific.”

The wave function must „disappear” or „collapse” after a measurement, and this process seems highly unnatural in the Bohmian models.

Response: Collapse is a main feature of von Neumann theory of quantum measurement. In the Bohm interpretation, a wave does not collapse. Instead, a measurement produces what Bohm called „empty channels” consisting of portions of the wave that no longer affect the particle. This explains why physical systems behave as if parts of the wave function had disappeared, despite the fact that there is no true disappearance or collapse. (The process whereby a quantum system interacts with its environment to give the appearance of wave function collapse is called decoherence.)

• The theory artificially picks privileged observables: while orthodox quantum mechanics admits many observables on the Hilbert space that are treated almost equivalently (much like the bases composed of their eigenvectors), Bohm interpretation requires one to pick a set of „privileged” observables that are treated classically — namely the position. There is no experimental reason to think that some observables are fundamentally different from others.

Response: Every physical theory can be rewritten based on different fundamental variables without being different empirically. The Hamilton-Jacobi equation formulation of the classical mechanics is an example. Positions may be considered as a natural choice for the selection because positions are most directly measurable.

• The Bohmian models are truly nonlocal: this nonlocality violates Lorentz invariance; contradictions with special relativity are therefore expected; they make it highly nontrivial to reconcile the Bohmian models with up-to-date models of particle physics, such as quantum field theory or string theory, and with some very accurate experimental tests of special relativity, without some additional explanation. On the other hand, other interpretations of quantum mechanics, such as consistent histories or the many-worlds interpretation, allow us to explain the experimental tests of quantum entanglement without any nonlocality whatsoever.

Response: Nonlocality and Lorentz invariance are not in contradiction. An example of a nonlocal Lorenz-invariant theory is the Feynman-Wheeler theory of electromagnetism.

Furthermore, it is questionable whether other interpretations of quantum theory are in fact local or are simply less explicit about nonlocality. See for example the EPR type of nonlocality. And recent tests of Bell Theorem add weight to the belief that all quantum theories must abandon either the principle of locality or counterfactual definiteness (the ability to speak meaningfully about the definiteness of the results of measurements, eyen if they were not performed).

That said, it is true that finding a Lorentz-invariant expression of the Bohm interpretation (or any similar nonlocal hidden-variable theory) has proved difficult, and it remains an open question for physicists today whether such a theory is possible and how it would be achieved.

• The Bohmian interpretation has subtle problems with incorporating spin and other concepts of quantum physics: the eigenvalues of the spin arc discrete, and therefore contradict rotational invariance unless the probabilistic interpretation is accepted.

Response: This criticism is based on the false assumption that the particle position variables in Bohm equations must carry spin. There are natural variants of the Bohm interpretation in which such problems do not appear. In these, spin is a property of the wave only; the particle variables have no spin in the mathematical formulation.

The Bohmian interpretation also seems incompatible with modern insights about decoherence that allow one to calculate the „boundary” between the „quantum microworld” and the „classical macroworld”; according to decoherence, the observables that exhibit classical behaviour are determined dynamically, not by an assumption.

Response: When the Bohm interpretation is treated together with the von Neumann theory of quantum measurement, no incompatibility with the insights about decoherence remains. On the contrary, the Bohm interpretation may be viewed as a completion of the decoherence theory. It provides an answer to the question that decoherence by itself cannot answer: What causes the system to pick up a single definite value of the measured observable? And the fact that the theory does not postulate the existence of any boundary between two „worlds” can be viewed as one of its major advantages.

Another possible route to new predictions is opened up by current developments in quantum chaos. In this theory, there exist quantum wave functions that are fractal and thus differentiable nowhere. While such wave functions can be solutions of the Schrödinger equation taken in its entirety, they would not be solutions of Bohm coupled equations for the polar decomposition of into p and S, given above. The breakdown occurs when expressions involving p or S become infinite (due to the non differentiability), even though the average energy of the system stays finite, and the time-evolution operator stays unitary. As of 2005, it does not appear that experimental tests of this nature have been performed.

• The Bohm interpretation involves reverse-engineering of quantum potentials and trajectories from standard QM. Diagrams in Bohm book are constructed by forming contours on standard QM interference patterns and arc not calculated from his „mathematical” formulation.

Response: The Bohm interpretation takes the Schrödinger equation even more seriously than does the conventional interpretation. In the Bohm interpretation, the quantum potential is a quantity derived from the Schrodinger  equation not a fundamental quantity. Thus, the interference patterns in the Bohm interpretation are identical to those in the conventional interpretation. 

                                            CHAPTER 4

         QUO  VADIS  QUANTUM   MECHANICS?
The present status of the Schrodinger wave mechanics was dominated by the interpretations of the Bell inequality. Bell inequality is rooted in two assumptions. The first is what we call objective reality – the reality of the external world, independent of our observations; the second is locality – no faster than light signalling. Aspect’s experiment appears to indicate that one these two has to go!


J. S. Bell sees the solution of this dilemma in the reformulation of SWT, as it was before Einstein, when people like Lorentz and Poincaré thought that there was an ether - a preferred frame of reference – but that our measuring instruments were distorted by motion in such a way that we could not detected motion through the ether. Now in that way we can imagine that there is a preferred frame of reference, and in this preferred frame of reference things do go faster than light. Behind the apparent Lorentz invariance of the phenomena, there is a deeper level which is not Lorentz invariant.


The reason J. S. Bell wanted to go back to the idea of an ether is because in the EPR experiment there is the suggestion that behind the scenes something is going faster than light. Now, if all Lorentz frames are equivalent that also means that things can go back in time.


This approach introduces great problems paradoxes of causality and so on. And so it’s precisely to avoid these that J. S. Bell wants to say that there is a real causal sequence which is defined in the ether. Now the mystery is, as with Lorentz and Poincaré that  this ether does not show up at the observational level. It is as if there is some kind of conspiracy that something is going on behind of scenes which is not allowed to appear on the scenes.

In conclusion J. S. Bell prefers to retain the notion of objective reality and throw away one of the tends of relativity: that signals cannot travel faster than the speed of light.


It seems that it is to be able to take a realistic view of the world to talk about the world as it is really there, even when it is not being observed. And I believe that most physicists take this point of view when they are being pushed into a  corner.. by Bohr.


As was stated by J. S. Bell: “… quantum theory is only a temporary expedient”. 

It does not really explain things; in fact the founding fathers of quantum mechanics rather pried themselves on giving up the idea of explanation. They were proud that they dealt only with phenomena: they refused to look behind the phenomena.


As stated by J. S. Bell the discussions about what quantum mechanics means will lead to still more and more tricky experiments which will eventually find some soft spot, some point where quantum mechanics is actually wrong.

APPEDIX A
Wave Nature of Biomolecules and Fluorofullerenes
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We demonstrate quantum interference for tetraphenylporphyrin, the first biomolecule exhibiting  wave nature, and for the fluorofullerene C60F48 using a near-field Talbot-Lau interferometer. For the porphyrins, which are distinguished by their low symmetry and their abundant occurrence in organic systems, we find the theoretically expected maximal interference contrast and its expected dependence on the de Broglie wavelength. For C60F48, the observed fringe visibility is below the expected value, but the high contrast still provides good evidence for the quantum character of the observed fringe pattern.

The fluorofullerenes therefore set the new mark in complexity and mass (1632 amu) for de Broglie wave experiments, exceeding the previous mass record by a factor of 2.
The wave-particle duality of massive objects is one of the cornerstones of quantum physics. Nonetheless, this quantum property is never observed in our everyday world. The current experiments are aiming at exploring the limits to which one can still observe the quantum wave nature of massive objects and to understand the role of the internal molecular structure and symmetry.


 Coherent molecule optics was already initiated as early as 1930 when Estermann and Stern confirmed de Broglie’s wave hypothesis [1] in a diffraction experiment with He atoms and H2 molecules [2]. In contrast to the rapidly evolving field of electron and neutron optics, atom optics became only feasible about 20 years ago and has led from experiments with thermal atoms to coherent ensembles of ultracold atoms forming Bose- Einstein condensates. Molecule interferometry was only taken up again in 1994 with the first observation of Ramsey-Borde´ interferences for I2 [3] and with the proof of the existence of the weakly bound He2 in a far-field diffraction experiment [4]. Experiments with alkali dimers in the far-field [5] and in near-field [6] interferometers followed. Recent interest in molecule optics has been stimulated by the quest for demonstrations of fundamental quantum mechanical effects with mesoscopic objects [7–9].
 In the present Letter, we report the first demonstration of the wave nature of both t tetraphenylporphyrin    (TPP) and of fluorinated fullerenes using near-field interference.The porphyrin structure is at the heart of many complex biomolecules, serving as a color center, for instance, in chlorophyll and in hemoglobin. The fluorofullerene C60F48 is the most massive (1632 amu) and most complex (composed of 108 atoms) molecule for which the de Broglie wave nature has been shown thus far (see Fig. 1). 
 In order to demonstrate the wave property of a massive object with a short de Broglie wavelength, it is advisable to use a near-field diffraction scheme. In particular, a Talbot-Lau interferometer (TLI, for details see [11–14]) is compact and rugged, has favorable scaling properties, permits one to work with acceptable grating constants even for large molecules, and allows one to work with an initially uncollimated and spatially incoherent beam. The basic structure of our interferometer has been described elsewhere [13]. The experiment is set up in a vacuum chamber at a base pressure of 2 _ 10_8 mbar, which is sufficient to avoid molecule loss or decoherence by residual gas scattering in the interferometer [15]. The molecular beam is created by sublimation in an oven. TPP was heated to 690Kcorresponding to a vapor pressure of 46 Pa [16]. C60F48 was sublimated at 560 K with a vapor pressure of 2.3 Pa [17].
 The initial thermal velocity distribution is rather broad (full width at half maximum _50%), both for TPP and for C60F48. We therefore apply a gravitational v-selection scheme: Three horizontal slits restrict the beam to a welldefined free-flight parabola. The first slit is given by the orifice of the oven (200 _m high). The central height limiter is situated at 138 cm (for TPP) and 126 cm, respectively (for C60F48) behind the oven. Its opening is set to 150 _m. The third horizontal slit (100 _m) is positioned 10 cm from the molecule detector. For porphyrin   we achieve a velocity resolution between    Δv/vm = 30% (full width at half maximum) at a mean velocity of vm=160 m/s and _v=vm= 40% at vm= 235 m/s. For C60F48, the value is _v=vm = 20% at vm= 105 m/s. The velocities can be varied by changing the vertical position of the source and they are measured using a time-of-flight method. The interferometer itself consists of three identical gold gratings with a grating period of g= 991.3nm+- 0.3 nm, a nominal open fraction of f= 0:48+-- 0:02, and a thickness of b _ 500 nm (Heidenhain, Traunreut).

The first grating prepares the transverse coherence of the molecular beam. The second grating is responsible for the diffraction and interference. The third grating is used to mask the molecular interference pattern and is therefore already part of the detection scheme, providing high spatial resolution. The distance L between the first and the second grating and that between the second and the third grating are equalized to within 100 _m and are of the order of the Talbot length LT _ g2=_dB for the most probable wavelength of the thermal molecular beam. They are set to 0.22 m for the porphyrins and to 0.38 m for C60F48. The alignment and distance of the gratings have been carefully set in a calibration experiment using C70. To record the molecular interferogram, the third grating is scanned across the molecule beam using a piezoelectric translation stage. The number of transmitted molecules as a function of the third grating position is then the measure for the spatial molecular distribution.

The quantum wave nature of the resulting molecule pattern is reflected in the strong wavelength dependence of the fringe visibility. 
A previous Talbot-Lau setup had proven successful before [13] but the detector was limited to the special case of fullerenes since it employed a thermal laser ionization scheme which cannot be applied to those molecules which have an ionization energy exceeding the binding energy. In contrast to these earlier experiments, all results presented here were obtained using electronimpact ionization. Although this ionization mechanism has a much lower efficiency than the optical scheme, it is more universal and can be applied to virtually any molecule up to a mass of about 2000 amu. The universality of electron-impact ionization is important but it also implies the necessity of a mass selection stage to prevent the residual gases in the vacuum chamber from contributing to the signal. In our experiment, this selection is done using a quadrupole mass spectrometer (ABB Extrel, 2000 amu).

The first set of experiments reported here was done with meso-tetraphenylporphyrin (TPP), C44H30N4, with a purity of 98% as purchased from Sigma-Aldrich (Fig. 1, left). It has a diameter of _20 ~A, which is about twice the size of C60. The flat geometry of TPP (aspect ratio _7) is rather different from the highly symmetric structure of the fullerenes which were used in previous studies. One might imagine two possible effects of the asymmetric structure which can influence the interference contrast. First, there could be an orientation-dependent coupling between the molecules and the gratings. Molecules with an anisotropic polarizability will experience an angle dependent phase shift due to the van der Waals interaction with the grating walls. This may change the interference contrast considerably (see, e.g., [13]). However, at several hundred Kelvins the molecules rotate at a frequency of about 1013 s_1 which should lead to an effective averaging of orientation-dependent effects. Second, the structure might give rise to ‘‘internal’’ decoherence. This could be the case if one molecular axis acted as the hand of a pointer showing finally in different directions depending on which path the molecule took through the interferometer. If stray field gradients vary on the scale of the molecular path separation, as for instance caused by patch fields in the grating slits, they might encode which-path information in the internal (e.g., rotational) state. The electric or magnetic moments required for the coupling to the local fields usually grow with increasing size and decreasing symmetry of the molecules. 
To confirm the absence of any effect of the molecular geometry on the de Broglie interference, it is important to reach experimentally the fringe contrast which is predicted from the description of the center of mass motion and the scalar molecular properties alone.

Figure 2 now shows the TPP interference fringes obtained for a mean velocity of vm _ 160 m=s as the third grating is shifted in steps of 100 nm across the molecular density profile. At each step the intensity was recorded over a period of 2 s. This figure is the sum of 20 scans. For our particular grating design, quantum mechanics predicts a nearly sinusoidal molecule intensity as a function of the grating displacement [14]. We therefore fit a sine function on top of a mean count rate and a fixed, measured background to the data. The fringe visibility is then determined as the ratio of the amplitude to the mean count rate of this fit. The observed contrast is very close to the theoretically predicted value of 34%, and differs significantly from the classically expected value of 14%

(see discussion below).

In order to further support the interpretation of our data as being due to the molecular wave nature, we show in Fig. 3 (full dots) the wavelength (i.e., velocity) dependence of the fringe contrast. Four different velocity distributions were selected from the initial thermal distribution.

For each of them, the contrast was determined by averaging ten scans as described above. The quantum mechanical calculation (continuous line)—which includes the molecule/wall interaction [14]—fits the experimental data rather well within the experimental errors. The error bars in Fig. 3 give the measured statistical standard deviation within a series of ten scans [18]. 
However, one might argue that a periodic density pattern behind grating three could in principle also result from classical dynamics. Simple shadow images of two gratings are commonly known as moire´ fringes. They also depend slightly on the velocity of the passing object if we take into account the molecule-wall interaction. The classically predicted contrast differs significantly from the measured visibility both in magnitude and in velocity dependence (Fig. 3, dashed line).
 Having proven the perfect contrast for a molecule of low symmetry, it is encouraging to investigate a more complex object. C60F48 is among the heaviest objects that can be thermally vaporized and detected in our mass spectrometer. It was purchased from Sidorov (State University Moscow) and had a specified purity of 95%. The fluorofullerenes are present in several isomers with D3 and S6 symmetry. Typical count rates were only about 100 counts/s (cps) including a spectrometer background of 70 cps with a noise of 30%. In addition, the background increased up to 130 cps towards the last recording. The much reduced signal-to-noise ratio (with respect to TPP), the extended measuring time, and the correspondingly larger drifts require a very careful data evaluation.

The total intensity is recorded as a function of the position of the third grating, which was shifted in steps of 40 nm over a distance of 3 _m. In total, a series of 68 scans were recorded over 5 h. Every second scan was a background scan, where the source was blocked. Repeated background measurements were necessary since the dark count rate was changing over time. The single scans are shifted with respect to each other due to thermal drifts of the gratings of up to a few 100 nm between subsequent scans. Therefore a simple average of all data is not reasonable.

The best fitting sine curve of each single interference pattern was evaluated using a Fourier transformation and each pattern was shifted to a common origin according to its phase. Averaging over all recorded scans, regardless of their individual quality, yields an interference contrast of 13%, which would still be explicable in classical terms.

However, this includes scans with high background noise which show no interference at all and which lower the resulting contrast considerably. In order to eliminate the noisy graphs without introducing an additional bias by the selection, all scans were sorted according to their _2 value obtained from the Fourier transformation. The _2 value is here a measure for the distribution of spatial frequencies in the molecular density pattern. A large _2 occurs if there is more than a single relevant spatial frequency; i.e., it is increasing with increasing deviation from the expected sine wave shape of the interferogram.

It is important to note that this procedure selects recordings with a clear period, but it explicitly avoids any restrictions on the particular value of this period. Taking only the fraction R of all scans with the lowest _2 value, we find an increasing interference contrast for decreasing R. A maximal contrast of about 27% is observed for R _ 0:1; . . . ; 0:5, while single scans are too noisy to reach this

value. We estimate the error of the visibility for the selected set to _3%. It is also significant and important that the only high contrast variation in the molecular density pattern is found at the expected spatial period of _1 um. Figure 4 shows three periods of the interference fringes of C60F48 selected with R _ 0:4.

It is important to note that this procedure selects recordings with a clear period but it explicitly avoids any restrictions on the particular value of this period. Taking only those 40% of all scans with the lowest _2 value, we find an interference contrast of 27%. The statistical error of the selected set amounts to _3%. It is also significant and important that the only observed high contrast variation in the molecular density pattern is found at the expected spatial period of _1um. Figure 4 shows three periods of the thus selected interference fringes of C60F48.

This high visibility is good evidence for the quantum wave character of the interference fringes since it lies significantly above the classically expected contrast of 12%. However, the expected quantum mechanical value of 36 _ 3% is still higher than the experimental contrast. Some information on the origin of this discrepancy is provided by the fact that pure C70, which can be detected using cw-laser ionization and which does not suffer from any significant detector noise, exhibits perfect interference in the same Talbot-Lau setup at a velocity of 200 m=s but it shows a contrast reduction by up to 40% with respect to the numerical calculations for molecules as slow as the fluorofullerenes, i.e., with v _ 100 m=s. 
We are therefore led to assume that the reason for the difference between model and experiment is independent of the molecular species. While we cannot exclude unexpected contributions to the molecule-wall interaction or more fundamental phenomena, it is certain that mechanical vibrations of the setup become more relevant for longer transit times. The strong influence of floor vibrations was already recognized in earlier fullerene interferograms and could be drastically reduced by the pneumatic vibration isolation of the optical table which supports the experiment. But one has to note that grating motions around 100 nm are already detrimental to the interference contrast and slow relative motions cannot be excluded with our available vibration sensors. Further investigations are required to clarify this point.
 In conclusion, we have demonstrated the wave nature of both the biomolecule TPP and the fluorofullerene C60F48 in a near-field interferometer. The experimental visibilities of the interference fringes have been compared to a quantum and a classical model, both taking into account the grating/wall interaction. For the porphyrin experiment, the visibility is in full agreement with predictions by quantum mechanics and in clear disagreement with the classical model. This is also the case for the velocity dependence, i.e., wavelength dependence, of the contrast. For C60F48, the measured interference contrast is somewhat below the maximally expected quantum visibility but it is still significantly above the classical value. This result provides very good evidence for the wave nature of fluorofullerenes which are therefore currently the largest and most complex molecules to show quantum interference.

This work has been supported by the Austrian Science
FIGURES

[image: image29.png]s / % ©
14
FIG. 1. 3D structure of tetraphenylporphyrin (TPP)
CuHyN, (left) and the fluorofullerene CeoFgg (right) [10].
TPP (m = 614 amu) is composed of four tilted phenyl rings
attached to a planar porphyrin structure. The fluorofullerene
(m = 1632 amu) is a deformed Cy, cage surrounded by a shell
of 48 fluorine atoms. Only an isomer with D symmetry is
drawn here.
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FIG. 2 (color online). De Broglie near-field inlerfcrencc
fringes of meso-tetraphenylporphyrin (TPP) resulting from an
average over 20 scans at mean velocity o_f Un = 1 60 m/s (dots).
Line: Fit with a sine function. The resulting visibility compares

favorably with the theoretical expectation of 34 = 3% .
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FIG. 3 (color online). Velocity dependence of the contrast of
the TPP-interference fringes. The experimental data (full
circles) are rather well described by the quantum mechani-
cal prediction (continuous line), which is based on wave
propagation and takes also into account the Casimir-Polder
interaction between the molecules and the grating walls. A

0;
455 460 465 470 475 480 485
Position of 3rd grating (um)

classical ‘model —alsoincluding the attractive molecule/ FIG. 4. Quantum interference fringes of CagFsg. The beam
grating force —is shown as a dashed line and it fails in has a mean velocity of v,, = 105 m/s and a velocity spread

describing the experiment.

(FWHM) of Av/v,, = 20%. To obtain this pattern, 14 scans
with the lowest noise were selected and summed after sub-
tracting the individually measured background (see text). The
observed interference contrast of 27% lies significantly above
the value of 12% expected by a classical model.
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